Dear Professor Gentine,

Please find in the document our responses. We formatted the referees’ original comments in
blue italic, while our responses are formatted in black. We indicate text modifications with
quotation marks. Furthermore, we attached a marked-up manuscript after the responses to the
reviewer.

Best regards,

Sebastian Gebler, on behalf of all authors



We appreciate the constructive comments of the reviewers on our manuscript and addressed
all recommendations in the revised version of our paper.

The main changes made are:

e We added motivation to the introduction part of the revised version. More emphasis was
put on scientific merit and novelty by pointing out better the differences to previous
studies.

e A clarification of the link between evapotranspiration differences and grass cover height
differences for the study site field on one hand and the lysimeter on the other hand was
included as requested by reviewer #1.

e We pointed out that a wind-shielded precipitation device commonly decreases the
underestimation of solid precipitation, but was not available for the study. Additionally,
we added a precipitation comparison between lysimeter measurements and precipitation
from corrected tipping bucket records according to the method of Richter (1998).

e It was also requested by reviewer #2 to add information about the cumulative drainage
flux and soil water storage. This is now added in the manuscript.

e A concern of reviewer #2 was also the justification of the chosen time window for the
calculation of energy balance deficit and evaporative fraction. In the revised version of the
manuscript, we give additional explanation to clarify this.

e As suggested by reviewer #2, we computed evapotranspiration with the full combination
equation for the lysimeters. This was done on the basis of the reconstructed lysimeter
grass length. The results showed an underestimation of evapotranspiration by the Kc
method and improvement of the relationships between differences in grass length
(between lysimeter and field) and evapotranspiration differences for the different
locations. Therefore, we replaced the empirical Kc evapotranspiration calculation with the
outcome of the full-form Penman-Monteith equation in the revised manuscript.

We think that these new results underpin the scientific merit of the paper.

Please note that the recalculation of ET with the full-combination Penman-Monteith equation
as well as additional comparison with wind-corrected precipitation resulted in larger
modifications to the sections 2 and 3. We can only address the most relevant changes of text
passages given reviewer comments. The line numbers indicate the position in the revised
manuscript. The complete revisions including modified figure and table labeling, abstract and
conclusions can be tracked in the attached marked-up manuscript.



Comments of anonymous referee #1
General Comments:

In the introduction part, the authors reviewed some literature on the topics of comparison
between EC method and LYS method. The findings of previous literature include

(1) A strong underestimation of EC-ETa compared to LYS-ETa is probably due to strong
advection and vegetation status; (2) Errors of precipitation measurements by tipping
buckets of rain gauges are caused by wind and different precipitation types (rime, dew,
fog, drizzle, snow, sleat, etc.) The current study draws the similar conclusions as those
finding in previous literature. Thus the novelty and scientific merit of the current paper
need more justification.

We added additional motivation to the introduction part in the revised version. The relevant
changes in the manuscript are:

“Moreover, measurement methods (e.g. condensation plates, optical methods) to estimate the
contribution of rime, dew and fog to the total precipitation, exhibit a high uncertainty (Jacobs
et al., 20006). A short term lysimeter case study by Meissner et al. (2007) and a long term
investigation with a surface energy budget model calibrated with micro-lysimeters by Jacobs
et al. (2006) show that rime, fog and dew contribute up to 5 % to the annual precipitation at a
humid grassland site, and are usually not captured by a standard precipitation gauge.”

(line 64-70)

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

(line 111-116)

“Whereas above mentioned studies conclude that deviations between ET, measurements are
related to vegetation differences, the EC footprint and the ability to close the energy balance
gap, the uncertainties of lysimeter measurements in this context are hardly investigated.
Lysimeter ET, estimations often rely on relatively low temporal resolution due to challenges
in noise reduction, which impedes a simultaneous estimation of both P and ET,, by lysimeters.
Furthermore, studies with cost and maintenance intensive lysimeters are either with a few or
without redundant devices, so that measurement uncertainty cannot be addressed well.”

(line 138-145)

“(4) analysed the variability of the measurements by the six lysimeters under typical field
conditions with identical configuration and management.”
(line 165-167)



Minor Comments:

Table 3. Two columns should be better for presenting Sum and Mean.

We changed Table 3 as suggested by the reviewer.

Page 10, Line 12. The meaning of Sres,i in equation (1) and Sdat,i in equation (2) should be
explained.

Thank you, we corrected this error:

“The average residual s ; of measured and predicted values (Eq. 1) and the standard
deviation of measured values sq,¢; (Eq. 2) lead to the quotient B;, which gives information

about the explained variance of the fit and is related to the coefficient of determination (R?):”
(line 246-249)

Page 12, Line 16-Line 19. “For the analysis of P and ETa, we compared the estimations of
the TB and the eddy covariance method with the mean of six redundant lysimeter devices
(unless specified otherwise) assuming that the lysimeter average is the most representative for
estimating precipitation and actual evapotranspiration”. This sentence is confusing for
readers. My understanding is that the author wants to first compare precipitation derived
from lysimeter and from tipping bucket and then compare evapotranspiration derived from
lysimeter and from eddy covariance method. I suggest the author to rewrite this sentence
(maybe separate into 2 sentences) and clarify two objectives clearly.

The text was modified for clarification:

“In this study precipitation measured by lysimeter and TB are compared, as well as
evapotranspiration measured by lysimeter and eddy covariance. The precipitation or ETa
averaged over the six redundant lysimeters are used in this comparison. We assume that the
lysimeter average of six redundant lysimeter devices is the most representative estimation for
the lysimeter precipitation and actual evapotranspiration (unless specified otherwise).”

(line 290-295)

Page 19, Line 14-16. A comma is needed before “the relationship : : :” And a table showing
the values of wind speed and the precipitation differences or a figure showing the relationship
is preferred.

We corrected this and included a new figure to the manuscript showing the relationship
between wind speed and precipitation differences.

Page 21, Line 1. Can the authors explain why evapotranspiration was limited by energy not
by water according to the result that ETa-EC is close to ETc-FAO? The explanations on
physical mechanisms should be elaborated.

For better explanation we added:
“This indicates that in general over the year 2012 evapotranspiration was limited by energy

and not by water, as actual evapotranspiration was close to a theoretical maximum value for
well watered conditions as estimated by ETpy. This also implies that our assumption of a



stomatal resistance corresponding to well-watered conditions was justified. Water stress
conditions would lead to decreased plant transpiration rates and increased stomatal
resistance.” (line 544-549)

Page 23, Line 5. “positiv” should be “positive”.
Thank you, we corrected this error.

Fig.7. The grass height evolution trends for lysimeter field and EC station are different from
July to Sep. Will this cause differences of measured evapotranspiration by the two methods
and how?

With the help of the video surveillance system and the maintenance protocols we were able to
reconstruct the grass length at the lysimeter. We added the grass length at the lysimeter to the
figure of grass length evolution for clarity. We further added an explanation how grass lengths
affect the (evapo)transpiration and cause therefore differences between the different
measurement locations.

“The grass length is related to the LAI, which impacts water vapor flow at the leaf surface.
Under well-watered conditions more surface for plant transpiration leads in general to higher
transpiration rates by decreasing the bulk surface resistance.”

(line 592-594).

“It is assumed, on the basis of information from the video surveilance system, that grass
heights generally are in good agreement between lysimeters (lysimeter site) and the
surrounding field (lysimeter field), which allows a reconstruction of the grass length
illustrated in Fig. 9. However, the grass harvesting dates of lysimeters and surrounding field
deviate in August and September and are given for the lysimeters in Fig. 9.”

(line 596-601)

In Page 23, Line 13-16. The author mentions that the evapotranspiration differences
between ETa-EC and ETc-LYS and grass length differences show a good correlation
(R2=0.52) during the period from May 24 to June 24. From Fig. 7, we can only see
that the grass height evolution trend is the same from May 24 to June 24. Can the
authors present a plot with the evapotranspiration difference as y-axis and grass length
difference as x-axis?

We changed this according to the suggestions of the reviewer to clarify this. We added a
figure to the manuscript and extended the period from May 21* to July 31,

“For the period from the 21* of May to the 3" of July, a period with high grass length

differences (Fig. 9) between the lysimeter site and the field behind the EC-station, ET,
differences (ET,-EC - ET,-LYS) and grass length differences show a good correlation

(R?=0.58), which is illustrated in Fig. 11.”

(line 607-611)



“The differences between ET,-EC and ETpy do not show such a significant correlation with
grass heights, although the relationship in August is in correspondence with the differences of
ET,-EC and ET,-LYS. This could be related to the EC-footprint, because the EC station is
centrally located in between the two investigated fields with different grass lengths. The EC-
footprint might also include other surrounding fields with different grass heights.”

(line 612-616)

In Figure 5, I would like to see the differences between P-LYS and P-TB rather than
the absolute value P-LYS and P-TB.

The differences are already plotted in the figure (see upper part of figure).



Comments of anonymous referee #2
Major comments

A weighing rain gauge with wind shield (such as the Geonor one) is usually recommended to
measure solid and liquid precipitation, often in conjunction with snow pillows and snow
height measurements. The underestimation of solid precipitation could be decreased by this
system, it should be pointed out in the document. I guess using a combination of those
instruments (which are easier to install than a lysimeter and have similar measurements
footprints) could lead to a difference in total rainfall of the same order as that of the total
evapotranspiration. Did you try classical wind correction algorithms for raingauge systems
(even if you acknowledge that the error residual do not correlate well with wind)?

The device available for our study was not equipped with a wind shield. We acknowledge this
by adding a comparison of the corrected tipping bucket precipitation according to the method
of Richter. Please note that we adapted the original method for hourly data to compare with
the lysimeter data. The method is described in detail in the new section 2.2.4. We furthermore
emphasized in the introduction and methods sections that the “standard precipitation gauge”
(tipping) we used for comparison is without a wind shield and referred to literature which
shows the potential measurement improvement of such a device.

“Intercomparison studies between different rain gauge designs of the World Meteorological
Organization (WMO) indicated that shielded devices can considerably reduce this undercatch
compared to unshielded gauges, in particular for snow and mixed precipitation (Goodison et
al., 1997).”

(line 59 — 62)

“For our study, we (1) compared precipitation measurements by lysimeters and a
(unshielded) standard tipping bucket device and interpreted the differences.”
(line 160 — 161)

“The unshielded gauge was temporary heated during winter time to avoid freezing of the
instrument.
(line 221 - 222)

“It was checked whether correcting the tipping bucket data (TBqr) according to the method
of Richter (1995) could reduce the precipitation difference between lysimeter and TB. The
total precipitation sum after correction is 996.9 mm for 2012, only 3% smaller than the yearly
lysimeter average and within the range of the individual lysimeters. The correction of TB data
in general decreased the differences in the winter period (January — March, November -
December). However, for the summer period the monthly precipitation sum of TBo mainly
overestimated precipitation and tended to slightly increase the precipitation differences.”

(line 502 — 508)

“An additional comparison with corrected tipping bucket precipitation measurements
according to the method of Richter (1995) shows in general a decrease of the monthly and
yearly difference, which was 3 % after correction.”

(line 667 — 669)



What is the difference between the 6 lysimeters with respect with the other components of the
water balance (drainage, integrated soil moisture storage) ? (it could be useful to show
cumulative differences between the 6 instruments and those 2 fluxes)

We added a figure (Figure 5) showing drainage and changes in soil water storage to the
revised manuscript. From drainage measurements we calculated the soil water storage term
with the water balance. The changes in section 3.1 are:

“In order to further address the lysimeter uncertainty, we calculated the average cumulative
drainage and soil water storage with minimum and maximum ranges for the individual
lysimeters (Fig. 5). The soil water storage was determined by the remaining term of the water
balance on a daily basis. The total drainage, averaged over the six lysimeters was 411.2 mm
for 2012 with a variation between 385.5 and 440.4 mm. The soil moisture storage change over
the year varies between -5.1 mm to 28.3 mm with an average of +11.2 mm. The assessment of
drainage volumes and changes in soil water storage was somewhat hampered by erroneous
data related to drainage leakage (January) or system wide shut down due to freezing.
However, the uncertainty in the water balance during those periods should have a minor effect
on the short term calculations of lysimeter P and ET,.”

(line 449-458)

Minor comments
P13808: error in relating eq. 6 and 7 and the methods to derive P and ETa (lines 4-6)
We corrected this link to:

“Supposing that no evapotranspiration occurs during a precipitation event and assuming a
fixed water density of 1000 kg m™, precipitation (P) [M T"'] can be derived from the
lysimeter water balance (Eq. 7) as:”

(line 279 — 282)

PI13809L17 and L27: why 3h ? why 7 days ? Those 2 figures sounds fairly large to me, please
Jjustify,; moisture status can change a lot in 7 days.

We added an explanation of the selected time windows to section 2.2.2:

“The moving window of three hours is a compromise between two sources of error. First, it
guarantees a relatively small impact of random sampling errors and therefore increases the
reliability of the EBD calculation. Second, the relatively short interval ensures that the
calculations are not too much affected by non-stationary conditions.”

(line 324 — 327)

“Kessomkiat et al. (2013) investigated the impact of the time window on the calculation of
the EF and found that a moving average over seven days gives good results, whereas a too
short time window of one day gives unstable, unreliable results.”

(line 335 —338)

PI13810L7: I don’t understand how EBD3h(EF) is computed.



We added some explanation below equation (10):

“The EBD is added to the uncorrected LE according to the partitioning of heat fluxes in the
EF. Further details on the EBD correction method can be found in Kessomkiat et al. (2013).
(line 344 — 346)

P13818L23: why didn’t you compute Eta with the full Combination Equation instead of the
empirical Kc method ? (using actual roughness length derived from vegetation height for
instance, esp. for such a well known grass cover)

The Kc method is often used as a standard method for ET calculations, but probably
underestimated ET for our specific grass cover conditions. We used this simple estimation of
ET as the original idea of the paper was to use ET Kc solely as reference to compare with ET-
EC and ET-LYS. For the revised version we considered the full-combination Penman-
Monteith equation for the ET calculation. We used aerodynamic and stomatal resistance
calculated on the basis of the reconstructed lysimeter grass length measurements for this
approach. From our point of view the results of these calculations strengthen the conclusions
regarding the role of the differences in grass height.

Therefore, we replaced the Kc-based ET estimation with the new results (ETpy). The revision
includes a description of the used equations for ET, aerodynamic and stomatal resistances in
the methods section. New results are reported in the results section. In general, ETpy was
found to be slightly larger than measured ET by lysimeters and eddy covariance method.
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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€bhod, andpetential-erep
evapotranspiratiomeecording-toFAO{EFFAOcalculated with the full-form Penman-Monteith
equation (EFy) for the Rollesbroich site in the Eifel (Westerar@any). The comparison of ET

measured by EC (including correction of the endrglance deficit) and by lysimeters is rarely

reported in literature and allows more insight intee performance of both methods. An
evaluation of ET for the two methods for the year 2012 shows a gogréement with a total
difference of 3.8 % (19 mm) between the,EBtimates. The highest agreement and smallest
relative differences (< 8 %) on monthly basis betmwéoth methods are found in summer, ET
was close teEF-FAOETRy, indicating that ET was energy limited and notiled by water
availability. ET, differences between lysimeteET.-FAO; and EC were mainly related to
differences in grass height causedHayvesting-managementharvasid the EC footprint. The
lysimeter data were also used to estimate pretigiteamounts in combination with a filter
algorithm for high precision lysimeters recentlyraduced by Peters et al. (2014). The estimated

precipitation amounts from the lysimeter datew-significant-differences-compared-to_thediffer

significantly fromprecipitation amounts recorded with a standand gaiuge at the Rollesbroich

test site. For the complete year 2012 the lysimeteords show a 16 % higher precipitation

amount than the tipping buckeifter a correction of the tipping bucket measuretsemy the

method of Richter (1995) this amount was reduce?l %. With the help of an on-site camera the

precipitation measurements of the lysimeters wasdyaed in more detail. It was found that the
lysimeters record more precipitation than the tygpbucket in part related to the detection of
rime and dew, which contributes 17 % to the yedliffjerence between both methods. In
addition, fog and drizzle explain an additional %50of the total difference. Larger differences
are also recorded for snow and sleet situationgin@usnowfall, the tipping bucket device
underestimated precipitation severely and thesetsiins contributed also 7.9 % to the total
difference. However, 36% of the total yearly diffiece was associated to snow cover without
apparent snowfall and under these conditions snadgds and snow drift seem to explain the
strong uhnderestimationoverestimatioof precipitation by the lysimeter. The remaining
precipitation difference (about 33 %) could notebgplained, and did not show a clear relation

with wind speed. Thearatiensvariationof the individual lysimeters devices comparedtte t
2




39 | lysimeter meamf2012 are small showing variations up to 3 % for prdeipon and 8 % for

40 evapotranspiration.
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1. Introduction

ition.Precise

estimates of precipitation and actual evapotrapipm are important for an improved

understanding of water and energy exchange proeegsteeen land and atmosphere relevant for

many scientific disciplines and agricultural mamagat. Information about measurement errors

and uncertainties is essential for improving mesm@nt methods and correction techniques as

well as for dealing with uncertainty during calibom and validation of model simulations.

Although first devices for modern scientific purposes weeseloped in Europe during the™.7
century (Kohnke et al., 1940; Strangeways, 20M8owever,), the accurate estimation of
precipitation P) and actual evapotranspiration (f£Ts still a challenge. Common precipitation
measurement methods exhibit systematic and randmrsedepending on the device locations
and climatic conditions. Legates and DeLiberty @98oncluded from their long-term study of
precipitation biases in the United States that rHaH type gauges (US standard) undercatch
precipitation amounts. Undercatch is larger in aalsenowfall and larger wind speeds. Wind-
induced loss is seen as the main source of errewr@s, 1981 & 1996; Yang et al., 1998;
Chvila et al., 2005; Brutsaert, 2010). Precipitatgauges are commonly installed above ground
to avoid negative impact on the measurements kaskplvater, hail, and snow drift. However,
this common gauge setup causes wind distortiorpamahotes the development of eddies around
the device. Wind tunnel experiments with Hellmapetyauges (NeSpor and Sevruk, 1999) have
shown precipitation losses of 2 — 10 % for rain @0d- 50 % 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 predgpitaitensity (Sevruk, 1989)tercomparison

studies between different rain gauge designs oted Meteorological Organization (WMO)

indicated that shielded devices can consideraldvae this undercatch compared to unshielded

gauges, in particular for snow and mixed precigtat(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;198chelson, 2004). Moreover,

measurement methods (e.qg. condensation platesabpiethods) to estimate the contribution of

rime, fegdew and dew,—whichfog to the total precipitation, exhibibeh uncertainty (Jacobs et

al., 2006). A short term lysimeter case study byidsieer et al. (2007) and a long term

investigation with a surface enerqy budget modébiied with micro-lysimeters by Jacobs et

al. (2006) show that rime, fog and deantribute up to 5 % to the annual precipitatiba aumid

4
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grassland sitédJacobs—et-al—2006,Meissheret-al—2007),, anedusually not captured by a

standard precipitation gauge.

The eddy covariance (EC) method is one of the mesiblished technigues to determine the

exchange of water, energy and trace gases betwedand surface and the atmosphere. On the

basis of the covariance between vertical wind spa®tl 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 amépe of the measurement area (EC footprint)

varies strongly with time (Finnigan, 2004). Undenditions of limited mechanical and thermal
turbulence the EC method tends to underestimatedlfWilson et al., 2001; Li et al., 2008)

Energy balance deficits are on average found tbdieveen 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 stramderestimation. The energy balance closure

problem can be corrected by closure proceduresguie Bowen ratio. However, this is

controversially discussed, especially because nbt the underestimation of the land surface

fluxes, but also other factors like the underedtiomaof energy storage in the canopy might play
a role (Twine et al., 2000; Foken et al., 2011).

As an alternativeo classical rain gauges and the eddy covariarethod state-of-the-art high

precision weighing lysimeters are able to capthesfluxes at the interface of soil, vegetation and
atmosphere (Unold and Fank, 2008). A high weiglaoguracy 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 withe help of the lysimeter water
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 measuremé&fitad or animal induced mechanical
vibrations can influence the weighing systdmt can be handled by accurate data processing
using filtering and smoothing algorithms (Schraeleal., 2013; Peters et al., 2014). Vaughan and

Ayars (2009) examined lysimeter measurement nasenfrutelyreselveddataat a temporal
resolution of one minuteaused by wind loading. They presented noise redutdéchniques that

rely on Savitzky-Golay (Savitzky and Golay, 196#)o®thing. Schrader et al. (2013) evaluated

5
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the different filter and smoothing strategies fggiineter data processing on the basis of synthetic
and real measurement data. They pointed th#t the adequate filter method for lysimeter
measurements is still a challenge, especiallygtt temporal resolution, due the fact that noise of
lysimeter measurements varies strongly with weattwerditions and mass balance dynamics.
Peters et al. (2014) recently introduced a filttlyoathm for high precision lysimeters, which
combines a variable smoothing time window with gsaaependent 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 precaiibn estimation with a lysimeter is presented.

One of the points of attention in the study is twmtribution of dew and rime to the total

precipitation amount. The novelty compared to tlogkwby Meissner et al. (2007) is the length of

the study and the fact that a series of six lysemseis used. Our work allows corroborating results

from Jacobs et al. (2006), which used in their Idagn study a different, more uncertain

measurement method.
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In the literature we find several comparisons betwk/simeter 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-Mdntegproach of the California Irrigation
Management Information System. Wegehenkel and G&8&3) compared lysimeter ET with
reference ET and ET estimated by a numerical gewth 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 evapotranspirétioa grassland site related to the energy
balance deficit. However, only a few comparisonsveen ET estimated by EC and lysimeter
data were found in literature. Chavez et al. (2@8&)luated actual evapotranspiration determined
by lysimeters and EC in the growing season forttondield 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 EDy the EC-method for maize fields. An energy be¢dadlosure based
on the Bowen-Ratio method was able to reduce thairlErestimation. Alfieri et al. (2012)
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 fidilett et al. (2012) found an 18 %
underestimation of corrected EC-Edompared to EJestimated by lysimeter and attributed the

difference to differences in vegetation growtlihereas above mentioned studies conclude that

deviations between ETmeasurements are related to vegetation differeticed€=C footprint and

the ability to close the energy balance gap, theedainties of lysimeter measurements in this

context are hardly investigated. Lysimeter;E3timations often rely on relatively low temporal

resolution due to challenges in noise reductionciwimpedes a simultaneous estimation of both

P and ET, by lysimeters. Furthermore, studies with cost arant@nance intensive lysimeters

are either with a few or without redundant devices that measurement uncertainty cannot be

addressed well.

The Terrestrial Environmental Observatories (TEREMN®@er the possibility of detailed long-

term investigations of the water cycle componenhts lagh spatio-temporal resolution (Zacharias
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et al., 2011). This study compares precipitatiod eamapotranspiration estimates calculated with
a set of six weighing lysimeters (LYS) with nearlegldy covariance and precipitation
measurements for the TERENO grassland site Robdedbr Additional soil moisture, soll
temperature and meteorological measurements at TBRENO test site enable a detailed
analysis of differences between the different mesment techniques. The lysimeter data£ET
LYS) are processed with the AWAT filter (Petersaét 2014), which allows a simultaneous
estimation ofP and ET, in a high temporal resolutioand the comparison is carried out with

energy balance corrected EC data {ET). Actual ET estimates are additionally compated
I : irationo ol b
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form Penman-Monteith equatigAllen,-20600). et al., 1998) accounting for the effedtgaviable

grass cover heighPrecipitation measurements by a classical Hellntgpe tipping bucketwith

and without accounting for wind and evaporationucetl loss (Richter correctionyere

compared with lysimeter data for one year (2012).

For our study, we (1) compared precipitation measients by lysimeters and (anshielded)
standard tipping bucket device and interpreteddifferences. For example, the vegetated high
precision lysimeters potentially allow better esttas of precipitation accounting for dew, rime
and fog; (2) compared eddy covariance and lysim&®er estimates and tried to explain
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 methdyiahalysed the

variability of the measurements by the six lysimetender typical field conditionwith identical

configuration and management.
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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.
FigureFig.1 shows a map of the study site and gives an @werof 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 cent@dged service unit, which hosts the
measurement equipment and data recording devicash Bysimeter contains silty-clay soil
profiles from the Rollesbroich site and is covewgth 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 mizgd to prevent thermal regimes which
differ between the lysimeter and the surroundietglf(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 matric potential desithe 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 remogirwater 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 alteomahysteresis effects. For short term signal
processing the relative accuracy for accumulatedsnchanges of soil monolith and leachate is
10 g. For the year 2012 measurements were madebememnd averaged to get minute values. In

the winter season a connection between the snawg lgn the lysimeter and the surrounding
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snow layer potentially disturbs the weighing systémsnew-separation-systemA mechanical

vibration plateis engaged at all lysimeter devices to preverd #iluationby—a—mechanical
vibrationplate,—whieh, ants activated once in 5 s between two measuremé&hts.lysimeters

are also equipped with soil moisture, matric potérand temperature sensors at different depths
(20, 30, 50 and 140 cm). Amongst others, soil teatpee is determined in 10, 30 and 50 cm
depth with PT-100 sensors integrated in TS1-tensiera (UMS GmbH, Munich, Germany). A
schematic overview of the lysimeter device (FigsBdws thernstallinginstallationlocations and
the different sensor types. The lysimeter site west under video surveillance by a camera
taking a photo of the lysimeter status every h&urther 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 mountedbong 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 gasralyseranalyzein a height of 0.57 m. Air humidity and temperatur
were measured by HMP45C, Vaisala Inc., Helsinknldfid (at 2.58 m above the ground
surface). Radiation was determined by a four-compbmet radiometer (NRO1, Hukseflux
Thermal Sensors, Delft, Netherlands). Soil heat as determined at 0.08 m depth by a pair of
two HFPO1 (Hukseflux Thermal Sensors, Delft, Ndtets).

Precipitation measurements are made by a standalhthd&hn type tipping bucket balance (TB)
rain gauge (ecoTech GmbH, Bonn, Germany) with alugsn 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). Thanshieldedgauge

was temporary heated during winter time to avoé@ing of the instrument.

Additional soil moisture and soil temperature meaments were carried out with a wireless
sensor network (SoilNet) installed at the studg @bgeraQuet al.,26102013. The 179 sensor

locations at the Rollesbroich site contain six SEAd@nsors (model 3.04, sceme.de GmbH i.G.,

10



248 Horn-Bad Meinberg, Germany) with two redundant sesnisat 5, 20 and 50 cm depth. Further
249 technical details can be found in Qu et al. (2013pil water content and temperature were also

250 measured by two sensor devices installed nearblysimeter site.
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2.2 Data Processing

2.2.1 Lysimeter

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

2. Smoothing of measurement signal with the AWATefiroutine onminutely-basisthe 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 &nkbfor the leachate weight to 0.1 kg. The
lysimeter readings are affected by large randorotdlations 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 seathfeachate and on the weights for each
individual lysimeter. First, the AWAT routine gatsdnformation 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 optimiahccording 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 causeddwentualoutliers. Measures-of The average residsal ;

of measured and predicted valu@sg. 1) and the standard deviation of measured values

sqati (EQ. 2) lead to the quotieBt, which gives information about the explained vac of the

fit and is related to the coefficient of determioat(R?):

1
Sres,i = _Z[Yj - 5\/]]2 (1)

()

Sdat,i =

12
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Bl — Sres,L — ’1 _ Rlz (3)
dat,i

272 | wherey; [M] is the measured dat#; [M] the fitted value at eactime intervaktime j, y [M] the
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mean of the measurements anthe number of measurements within the given istleod data
pointi. B; = 0 indicates that the polynomial totally reproducke tange of data variation in
contrast toB; = 1 shewing-thatwheraothing of the variation in the data is explairi®dthe
fitted polynomial. Second, AWAT smoothes the dasing a moving average for an adaptive

window widthw; [T], which is a time dependent linear function&Rf(Eq. 4):

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

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

to distinguish between noise and sigaatrelatedo the dynamics 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
(ty75, ) for the 95 % confidence level at each time s&&g, [M] is the minimum and,,.x [M]

is the maximum provided threshold for the mass ghaithe product of Studentands,g; is a
measure for the significance level of mass chanlgesg flux calculation. Hence, thg value
indicates the rangetl,.s; " to75, ), Where the interval data points differ not sigrafitly from

the fitted polynomial at the 95 % confidence le\dhss changes above the adaptive threshold
§; are significant and interpreted as signal, whevezight differences below; are interpreted as
noise. The adaptive threshold is limited &y;, andd,,.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

13
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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 ofmindtely—meanlysimeter and leachate weightaveraged over a period of one

minute)are exclusively related to precipitation and negatlifferencesare-dueto ET, [M T™7].
Supposing that no evapotranspiration occurs duaigecipitation event and assuming a fixed
water density of 1000 kg T precipitation(P) [M T™] can be derived from the lysimeter water

balance (Eg67) as:
dSs
=p—L— — 6
ET,=P-L— — (6)

dSs
= —_— 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 theainutelhyfluxes at one minute resolutionere cumulated

to hourly sums oP and ET.

Although the six lysimeters have a similar soil fpeg technical configuration and management
(i.,e. grass cut, maintenance), differences in nredswalues between lysimeters are not
exclusively related to random errors. Systematightevariations may for example be caused by
soil heterogeneity, mice infestation and differenge plant dynamicsFe+the-analysis—oP-In
this study precipitation measured by lysimetedEF. - weTB arecomparedhe-estimations-of-the
FB-, as well as evapotranspiration measured bynggrandthe-eddy covariancerethod-with

the-mean . The precipitation or Edveraged over the six redundant lysimeters ard uséhis

comparison. We assume that the lysimeter aveohgix redundant lysimeter devicésnless

specified-otherwise}assuming-that the-lysimeteragels the most representatigstimationfor
tratingthe lysimetegprecipitation and actual evapotranspiratiomless 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 dewviadieof raw measurements, a time lag
correction for vertical wind speed with temperatared water vapor concentration based on
maximizing cross-correlations between the measumgsnef 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 exmperature (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 moderateityudhta were used, while low quality data
were treated as missing values. To assign halflydluxes 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 fluxdKen, 2008; Foken et al., 2011)n this study

the energy balance deficit (EBD) was determinechgisa 3-h 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?, Hs;, 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 hourdpenound a particular 30 miBC-

measurement. EC-measurement. The moving windovareethours is a compromise between

two sources of error. First, it guarantees a nahtismall impact of random sampling errors and
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therefore increases the reliability of the EBD o#dtion. Second, the relatively short interval

ensures that the calculations are not too muchctaffeby non-stationary conditionk. was

assumed that the energy balance deficit is caugeahhunderestimation of the turbulent fluxes
and therefore the turbulent fluxes are correctecomting to the evaporative fraction. The

evaporative fraction (EF) was determined for a timredow of seven days:

o iE,
" LE,q + Hyq

9)
whereLE4LE,4 and H,4 [M T3] are the latent and sensible heat fluxes averaged seven
days. The chosen time period increases the ratiafol EF calculation compared to single days.

Dark days with small fluxes may not give meaningfekults. Kessomkiat et al. (2013)

investigated the impact of the time window on th&glation of the EF and found that a moving

average over seven days gives good results, wharéas short time window 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)

where LE;-LE o}, is the latent heat flux (for a certain measurenmoint in time; i.e. a 30

minutes period for our EC datafterthe-correction-of-energy-balance-deficBEg-). The EBD
is added to the uncorrected LE according to thditijpming of heat fluxes in the EF. Further

details on the EBD correction method can be founiddssomkiat 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.

16



377

378

379

380
381

382
383
384

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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385 2.2.3 Grass Reference Evapotranspiration

386 The measurements of Eby the EC-method and lysimeters were in this stcaippared with
387 hearly—gpass—refe#en{m/apotransplratlomat—wascalculatedaGGMmg—te—the—angl&eFep—FAO-

388 mewith full-form Penman-Monteith
389 | equationfas presented b&llen,—2000): et al. (1998). This approach accounts/émetation and
390 | ground cover conditions during crop stage considebulk surface and aerodynamic resistances

391 | for water vapor flow. The calculations were adagtechourly intervals according to Eq. 12:

2
39 ETO,
37
393 o
— ETPM
394 Ay +H034un
0.408A(R, — G) + 70008 . (eo(Ty) —e,) (12)
395 where _ 'T, R(’”“ ) ? "
A+ )/(1 + a)

396 | ET0,ETpy is the hourlyrefereneePenman-Monteiévapotranspiration [L ], R, is net radiation

397 | at the grass surface [NI?], G is soil heat flux density [MI®], T, is mean hourly virtual

398 | temperature ], R is the specific gas constant for dry air’[L*07], r, is the aerodynamic

399 | resistance [T 1], r, is the (bulk) surface resistance [T]L¢ is the ratio molecular weigth of

400 | water vapour (dry air) [-]T}, is mean hourly air temperatur@),(A slope of the saturated vapour

401 | pressure curve af, [ML=T? 07, yis psychrometric constant [M1tT267, e° (T},) is

402  saturation vapour pressure for the given air teatpee [M L* T2, e, is average hourly actual
403 vapour pressure [M LT3, andu, is average hourly wind speed [L'JTat 2 m height. All

404 | required meteorological input parameters for caliing the—reference—evapotranspiaiidi,
405 | were taken from the EC station. The wind speed dat& corrected tére2 musing theFAO-

406 standardePEFgealeulaHen%u&ng%wmd profile relatlonshlmeee@ﬂg%oﬂllen (2000). For
407

408 | erop-heightof0-12-m.et al. (1998).

409 | According to Allen (2000) the reference EFHL—AQ) for a specific crop can be obtained
410 | inveki i i .

18



411 | We approximated aerodynamic resistangg (bulk) surface resistance ) and leaf area index (LAI)
412 | with help of grass height according to Allen et(2D06):

413 E—"['?——FAQ;K?E—"PO;—ra
I plant plant
n 0 123 hplant o1 (0 123 Rptant) (13)
s = LALy 14)
LAl = (0.3 LAD + 1.2 = 0.5 (24 hpyant) (15)
414
415
416
417
418
419
420
421
422
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where z,, _is the height of the wind measurement [lz}, is the height of the humidity

measurement [L]h,;q4,._iS the grass length [L] at the lysimetgris 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-wdterass 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 lenggtween 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 (Eqg. 16, 17) on a

daily basis to account for wind, evaporation andttwg losses of the tipping bucket

precipitation:

POT = P 4 AP (16)
AP = bP¢ a7

where P¢°" is the corrected daily precipitation [M'T P is the measured tipping bucket

precipitation [M T*], AP the estimated precipitation deficit [M'T, b the site specific wind

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

This correction method is widely used for Germarather 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 asdutinat temperatures below 0 °C result in solid

precipitation, temperatures between 0 °C and 4i9€ pixed precipitation and air temperatures

above 4 °C only liguid precipitation. Furthermottee rain gauge is located in an open area and

the summer period was defined from May to Septembdrthe 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. 12 shows the monthly precipitation sums measured Hegy ttpping bucket (TB) and
calculated from the lysimeter balance data for year 2012. The precipitation difference
between both devices for the year 2012 is 145.0gnewingimplyinga 16.4 % larger average
lysimeter precipitation than TB. For the individiydimeters the yearly precipitation ranges from
996.2 mm to 1037.7 mm (-3.0 to +1.0 % comparechélysimeter average). This implies that
the minimum and maximum precipitation differencesaeen individual lysimeters and TB were
114.1 mm (12.9 %) resp. 155.6 mm (17.6 %), wheezipitation for lysimeters waslways
higher than for TB. The monthly precipitation sufmsthe period April-October measured by the
tipping bucket are smaller than the ones from tmnieter average and differences range
between 1 % in July and 42 % in September. Theawimbnths show higher relative differences.
The highest difference was found in March 2012, milee lysimeters registered an amount of

precipitation double as large as the TB. The priatipn sums measured by lysimeter and tipping

bucket correlate well on an hourly basis, espacifibm April to October with R varying
between 0.74 (Apr) and 0.99 (May), but with the eption of September (0.58). For winter
months the explained variance is smaller with aimmim of 13% for February 2012.

dlifferences.The period April — August

shows the smallest precipitation differeneesong the six lysimetemith monthly values of +5

% in relation to the lysimeter average. In conir&stbruary, September, and December exhibit

the highest absolute and relative precipitatiorfedéincesamong lysimeterswith variations

between -13 and 13 mm (+35 %) with respect to tleamm Fig. 4 shows the absolute daily
differences in precipitation between lysimeter ar8l measurements. It shows that the cases
where lysimeters register slightly higher monthiggpitation sums than TB are related to single
heavy rainfall events (June, July). In contraspeeglly for February, the beginning of March,
and the first half of December, larger fluctuatiansdifferences between daily precipitation
measured by TB and lysimeter are found, with lessipitation for TB than for lysimeters most

of the days. These periods coincide with freeziogditions and frequent episodes with sleet or
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snowfall. According to NeSpor and Sevruk (1999)sthewveather conditions are typically
associated with a large tipping bucket undercatatabse snowflakes are easier transported with
the deformed wind field around a rain gauge. Theellance system, which is installed at the
lysimeter site, gives support for these findingst &xample, a sleet precipitation event on March
7™ explains 70 % (8.5 mm) of the monthly precipitatitifference between lysimeter and TB. At
this day the wind speed during the precipitatiorrevwas relatively high (4.4 mi's and
precipitation intensity varied between 0.6 and té h'. In general, winter measurement
inaccuracies can be caused by frozen sensors and @anice deposit on the lysimeter surface.
This situation may cause ponding effects closda¢osbil surface in the lysimeter and superficial

runoff. In order to further address the lysimeter uncetyaiwe calculated the average cumulative

drainage and soil water storage with minimum andimam ranges for the individual lysimeters

(Fig. 5). The soil water storage was determinedheyremaining term of the water balance on a

daily basis. The total drainage, averaged oversthdysimeters was 411.2 mm for 2012 with a

variation between 385.5 and 440.4 mm. The soil amsstorage change over the year varies

between -5.1 mm to 28.3 mm with an average of +fiin? The assessment of drainage volumes

and changes in soil water storage was somewhatdraohjpy erroneous data related to drainage

leakage (January) or system wide shut down dueegring. However, the uncertainty in the

water balance during those periods should havenamaffect on the short term calculations of

lysimeterP and ET.

In order to explain differences in precipitation@amts between lysimeter and tipping buckie¢
contribution of dew and rime to the total yearlggpitation amount was determined. The hourly
data of lysimeter and TB were filteraegsing—distinctaccording meteorological criteriarsEi

meteorological conditionsvere selected which favor the formation of dewwer, fog and mist.
Selected were small precipitatiemounts-in-the-lysimeter-data—ocecurring-beforeevbetween
sunset angunriseand-after-sunsaissociated with high relative humidity (> 90%), atge net
radiation and low wind speed (< 3.5 if).sUnder these meteorological conditions it is e
that dew or rime is formed after sunset and bedareise on cloud free dayBhese-filtercriteria
also-includefogand-mist period=or these days the difference in precipitatiomieen TB and

lysimeter is calculated if TB shows no precipitatggnal or if the lysimeter has no precipitation

signal. For the first case (P-TB=0) the total antoointhe lysimeter precipitation is 24.5 mm,
which contributes 16.9 % to the total yearly préefpon difference with the TB (and 2.4% of the
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yearly lysimeter precipitation). The period from rApto August shows in general smaller
precipitation amounts related to such situationsdntrast, likely dew and rime conditions where
lysimeter precipitation is zero have a registeremant of TB-precipitation of 1.7 mm, which is
only 0.2 % of the total measured TB amount fordbesidered period. A closer inspection of the
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 resolntibreshold 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 theeetqul 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 temgkerres close to or below°C rime was seen on
the photos. For days that fulfilled the conditi@msl temperatures aboveé© 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 transpovii 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 four@-mm-forFB-and-14-mm-for-LY-S)which contributes 5.5 % to
the yearly difference of both devices. Fig.illustrates the example of May 5 — May 6 2012. The
hourly photos of the site show drizzle, light rand fog for this period. For both days the air
temperature is close to the dew point temperatfline. precipitation difference between tipping
bucket and lysimeter over this period was 4.0 BiiB: 12.8 mmX LYS: 16.8). The maximum
difference was 0.5 mm and foundé&its hon the §' of May in combination with fog. On May 5
during these conditions hourly TB precipitationoiéen zero and LYS mean precipitation rates
are small (0.02 - 0.2 mm . The comparison of individual lysimeter devicé®ws that not
every lysimeter exceeds the predefined lower thrieisbf 0.055 mm for the AWAT filter (i.e."s

of May 15:00, & of May 01:00- 03:00 LT). However, in these caseteast three lysimeters
show a weight increase, which supports the assomfiat a real signal was measured instead of

noise.
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With the purpose of explaining the remaining défece in precipitation amount between TB and
lysimeter the relationship between wind speed and the ptatign differences was examined.
Altheugh The determined precipitation differences couldhiaory be explained by undercatch
related to wind (Sevruk, 1981 & 1996a—general—correlation—between—wind—speed and

precipitationresiduals-wasnetfound{R2=0.0d).)vas checked whether correcting the tipping
bucket data (TBy) according to the method of Richter (1995) cowdduce the precipitation

difference between lysimeter and TB. The total ipieation sum after correction is 996.9 mm for

2012, only 3% smaller than the yearly lysimeterrage and within the range of the individual

lysimeters. The correction of TB data in generadrdased the differences in the winter period

(January — March, November - December). However, tii®@ summer period the monthly

precipitation sum of TR, mainly overestimated precipitation and tendedighty increase the

precipitation differences. In order to exploresthelation further we examined the correlation

between wind speed and precipitation residuals fandd almost no correlation (Fig. 7A

possible explanation is that other potential dewirae situations are not properly filtered by the
used criteria (e.g, dew occurs in case the netatiadi is slightly positive or close to zero).

Additionally, the correlation between undercatchl avind speed is dependent on precipitation
type, intensity and drop size, for which informatiwas limited during the investigation period.

To investigate these relations wkssifiedusedhe classification ofprecipitationtype—with-the

aTallalla 2 emberatue a3 LHARHAE Na aVaalaVa¥adal V4 1211Vl !' _SH N oHa-bfre a '=l nd

above4—°C-only-liguid-precipitation-oeccurstypesaaslined 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 <) 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
precipitationeemecamealong with small precipitation intensities (< Trn h') and low wind
speeds (<2.0m%. The surveillance system allowed to further inigege these large
precipitation differences for air temperatures belero. The snow depth at the lysimeters and

surrounding areas is also an indication of pregffmh amounts, assuming that 1 cm snow height
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corresponds to 1 mm precipitation. This method atckthat for conditions of light to moderate
snowfall (< 4 mm H precipitation intensity) the TB had a precipitationdercatcliuring-winter
weather-conditionin January, February and December of 11.4 mm (7 %tal precipitation
difference). The registered precipitation amounttled lysimeter under those conditions was
realistic. However, during periods where the lysene were completely covered by snow (e.g. 1
— 15 February) precipitation estimates by lysimétay to 16 mm @ difference with tipping
bucket) could not be confirmed by the camera sysdech were most probably influenced by
snow drift or snow bridges. These situations expg&5.8 % (51.9 mm) of the total precipitation
difference for 2012. For solid precipitation eveatselationship (R?=0.5) between precipitation
differences and wind speed was found, but the numwibéatapoints was very limited (n=7). For
conditions of liquid precipitation no correlationag found between residuals and wind speed
(R2<0.02).
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3.2 Comparison of Evapotranspiration

In general, the yearly sums Bff-ECETpy and ET-LYS were slightly higher tha&ET-FAO;
ET,-EC; 616 % for EF-ECETpy and 5:62.4 % for ET,-LYS. The minimum ET of the
individual lysimeter measurements (HIYSmin) is 467.1 mm, which is 7.9 % smaller thae t
lysimeter average (507.4 mm); the maximum LEYSmax) is 523.1 mm (+ 3.1 %ETF-ECs

close—to—the—caleulated—EFAO—This indicates that in general over the year 2012
evapotranspiration was limited by energy and notwayer, as actual evapotranspiration was

close to a theoretical maximum value for well wateconditions as estimated bydmI This also

implies that our assumption of a stomatal resisgsazmresponding to well-watered conditions

was justified. Water stress conditions would leaddecreased plant transpiration rates and

increased stomatal resistan@@b. 3 lists the evapotranspiration results oluday — December

2012_ a na e-e= alaa A= =A'e_ aTaWlaalaValda alndala ='=n LHAA a LHateqg Om

houry-lysimeter-data_(In 2012 [y was always close tBT,LYS) and eddy—cevarance-data
{ET,-EC)_and thereare no _months that Edy is clearly higherlarger than the—ecaleutated

FAOmeasured actualevapotranspiration{E¥-FAO),—cenfirming—that —in—these—meoenths

a NO NSH O \A ala aalivaYa il alV a MO alaionidala a ehelrg\-—Howeve a I\ /| \/ une

oo e plom pbe s o Sl cenlep e sl ol B LS sne ST E D e el e o

FAODy lysimeter and eddy covariancRoot mean square errors of hourly ;ESums vary

between 0.01 mmin winter and 0.11 mm™hin summer months and are in phase with the

seasonal ET dynamics.

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 EJLYS 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 diffioe
in August (23 %) explains the yearly differencevessn ET-EC and ET-LYS. Hourly actual
evapotranspiration from lysimeter and hourly acteehpotranspiration 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 dsiaysimeters.
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Fig. 68 shows the cumulative curve of the daily HIYS and ET-EC compared td=T.-
FAOETpy for 2012. From end of March 2012 the sums of-EYS and ET-EC tend to
converge, but at the end of May ZHC exceeds EFLYS. In June and July EILYS and ET-
EC are very similar, but in August ELYS is larger than EFEC. After August the difference
between ET-LYS and ET--EC does not increase further. The area in greesemts the range of
minimum and maximum cumulative ELYS, measured by individual lysimeters. Until Asgu
ET,-EC andET-FAOETpy are slightly higher or close to the maximum meeduET-LYS.
Laterln August Efy increases further, wher&ST,-EC is-elose-to-the lowerlimit-and-EFAO
falls below the minimum lysimeter value. AdditiolyalFig. 68 shows the course of the EEC
without correction for EBD and foan—extreme—correctiorET,-EC max)-where—al-EBD-is
attributed-to-underestimation-of-the-latent-heatfl ET,-uncorr is ca. 411 mm over this period,
whereas EFEC max is 567 mm, which shows the large potentigertainty of the EC-data. The

comparison illustrates that the application of Bwven ratio correction to the EC data results in
an actual evapotranspiration estimate close tcatheal evapotranspiration from the lysimeter,
whereas EFEC uncorr is much smaller than the lysimeter ettr@ospiration. Tab. 4 lists the
monthly latent heat fluxes, the corrected LE fluXes the basis of the Bowen ratio) and the
mean differences between both. It was found thatathsolute difference is between 29.8 W m
(August 2012) and 3.2 W (February 2012). The EBD ranges from 12.6 % 2 24.for the
period April to September. The yearly maximum wasnid in February with 36.9 %. EB deficits
are site-specific, but these findings confirm ttmportance of EC data correction as suggested by
Chavez et al. (2009).

In order to explain the differences betwe&F-FAOETsy, ETAEC and ETLLYS, we
investigated the variations in radiation, vegetatemd temperature regime and their impact on
ET in more detail. The albedo could be estimatemiating to the measured outgoing shortwave
radiation at the EC-station divided by the incomshgrtwave radiation, also measured at the EC-
station. The yearly mean albedo is 0.228, whicllése to the assumed albedo of 0.23 for
grassland. However, some periods (i.e. periodk smow cover) have a much higher albedo.
AlbedoAlthough albedo variations between differeagetation growth stages at different fields

at the study site were considered as explanatiordifferenceseannot—explain—thefact-that
reference—ETis—smallerthanin ETwe assume similar albedo for EEC and ET,LYS
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measurement due to the central location of of #tkation measurements between the relevant

fields.

grass length is related to the LAI, which impactter vapor flow at the leaf surface. Under well-

watered conditions more surface for plant transipinaleads in general to higher transpiration

rates by decreasing the bulk surface resistange9ishows that the grass length measured at the

Rollesbroich site is up to 80 cm before cuttingfdstunately, grass height measurements are not
available for the lysimeters but only for the swmding field. It is assumed, on the basis of
information from the video surveilance system, tlgaass heights generally are in good
agreement between lysimeters (lysimeter site) hadstirrounding field (lysimeter field, which

allows a reconstruction of the grass length illatsid in Fig. 9. However, the grass harvesting

dates of lysimeters and surrounding field deviat&ugust and September and are given for the

lysimeters in Fig#-9.

Fig. 810 illustrates the differences of the measured d&ily 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 of EILYS and EF.-FAOETpy show smaller
fluctuations than the differences of EFYSEC andET.-FAOETp. It iswasfound that lysimeter
harvesting affects th&Tdifferences between BLYS and EF-FAO/ETpW/ETLEC. The
differences weresesitivpositivebefore harvesting and negative after harvestinlicating ET,

reduction due to the grass cutting effeétsrtheperiod-from-May21-teo-July-3,—grasstengths
: . . A L o the

\V/aYdaWla' m a¥a a¥la ar¥al N NA a Bl aYa' ala a N a ‘aVa Bl a aYaValida
v Y AW O—C ek P 0 - wiw

(Fig—7For the period from the $f May to the 8 of July, a period with high grass length
differences (Fig. P between the lysimeter site and the field behihg €EC-station, EJ

differences (ETEC - ET-LYS) and grass length differences show a good etation
(R2=052).58), which is illustrated in Fig. 1During the period with maximum grass length
difference (24 May — 1 June) EEC is 26 % higher than ELYS. The differences between
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ET,-EC and EF-FAOETpy do not show such a significant correlation withagy heights
although the relationship in August is in correspemce with the differences of EEC and ET-
LYS. This could be related to the EC-footprimitich , because the EC station is centrally latate
in between the two investigated fields with diffiergrass lengths. The EC-footprimight also

include othersurroundindfields with different grass heights. 80 % of th€ totprint is located
within a radius of 100 m of the EC tower, and 7@n% radius of 40 m, which is the approximate
lysimeter distance. Therefore, the FHC estimations represent a spatial mean of a vades,
where cutting effects are averaged compared tolyieneter point measurements. Figl2
shows the mean hourly ETates of lysimeter and EC as well as theO-referenceEdy for
2012. In general, the daily courses and the dadyima of ET-LYS, EF-FAOETpy and ET-
EC correspond well. EJEC shows higher peaks at noon in May and Septerir@pared to
ET,LYS-anrd-EL-FAO-, but corresponds well to k. In contrast, EFLYS exhibits the highest

rates from June to August. The absence of a haofete lysimeter in August and the first

September decade (in contrast to the surroundeids)i leads to potentially increased lysimeter

ET. measurements as compared to the surrounding® dureisland position.

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. Fi§.13shows the daily mean soil temperature differences
between the lysimeters, a nearby SoilNet device 38Nand the mean of all available SoilNet
devices installed at the southern study site. Siltdmperatures were measured 5 cm below
surface; lysimeter temperature measurements wergucted with SIS sensors in 10 cm depth.
The temperature differences between the lysimetétize 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 indécararmerhighedysimeter soil temperatures
than the surroundings. However, a clear indicatord bias caused by an oasis effect in the

lysimeter measurements was not found. FeldhakeBayeér (1986) describe the effect of soil
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temperature on evapotranspiration for differentsgreypes, which allow an estimation of ET
increase caused by a differing lysimeter tempeeatagime. They showed that daily Ehtes
can increase with an increase of soil temperatuee daily Bermuda grass ETate increases
from 4.3 mm/day to 6.4 mm/day (49 %) for a soil pemature increase from 13 to 29 °C). We
used this linear relationship to roughly estimaie ¢ffect on EJfor the period May — August on
a daily basis. For this period the measured soiperature with SN(30) for daylight hours
ranged between 9.5 and 15.1 °C and between 9.31&rd °C for the lysimeter mean (SIS
sensors). The mean difference is 0.67 K. This tesnla total ET increase of 8.8 mm or 2.5 %
in relation to the total EFLYS of 349 mm on the basis of hourly ET. Therefdtee effect of

increased soil temperature in the lysimeter is rposbably limited, but 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 eddyadamnce and precipitation measurements at a
TERENO grass land site in the Eifel (Germany) foe o/ear (2012). Theainutely—resolved
lysimeter dataat a temporal resolution of one minae processed with the AWAT filter (Peters

et al., 2014), which takes account of the lysimeigse due to random fluctuations caused by
changing weather conditions. Additional precipgatimeasurements were conducted with a
classicalunshieldedHellmann type tipping bucket and compared withrhystier data. For the BT
comparison eddy covariance (EC) data is correcbedtfe energy balance deficit using the
Bowen ratio method=AO-standard-grassreferenceAdditionadyapotranspirationerrected-for
grass—height—variations {(EFAO)—wasand the evapotranspiration according thkfdrm
Penman-Monteith equation wecalculatedaceording-to-the FAO-—crop—-approachforgrassland

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 srewsolid precipitation exhibit the lowest correlations beém lysimeter and

tipping bucket amounts. Precipitation was measurgdsix different lysimeters and yearly

amounts for individual lysimeters showed variatimis-3.0 to 1.0 % compared to the yearly

precipitation mean over all lysimetesn additional comparison with corrected tipping keic

precipitation measurements according to the metbibdRichter (1995) shows in general a

decrease of the monthly and vyearly difference, Wwhims 3 % after correctiodn order to

explain the differences in precipitation betwees dievices the contribution of dew, rime and fog
to the yearly precipitation was analyzed. This wWagre by filtering the data for typical weather
conditions like high relative humidity, low wind espd and negative net radiation which promote
the development of dew and rime. For the identiftedes a check was made with a visual
surveillance system whether dew/rime was visibleriily 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
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findings indicate an improved ability of the lysitess to measure dew and rime as well as fog
and drizzling rain. The remaining 78 % of the ppéetion difference between lysimeters and

tipping bucket is strongly related to snowfall etgeras under those conditions large differences
were found. Lysimeter precipitation measuremergsaffiected 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 duringditions 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
(ETs+LYS) 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 differences ummer. Both EFEC and ET-LYS; were
close to the calculatedrop—referenrcePenman-Monteigvapotranspiration EF-FAOETpy),

which indicates that evapotranspiration at the wasretenergyimited-by-sei-meisture—but-by
energy..The differences between ELYS, ET,-EC andEF-FAOETpy were mainly related to

harvesting management at the study site. A relshipnbetween grass length at the lysimeter and
differences betwee&T-FAOETpy and ET-LYS was found. Variable grass cutting dates for
different fields around the EC-station and the ratier harvest lead to differences in actual

evapotranspiration up to 2.1 mm ddgr periods with larger grass length discrepancies.

The correction of the energy balance deficit whie Bowen ratio method resulted in FHC
which was close to EILYS. 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.
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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 eemparisenscomparis@f temperature and soil water content with theaurding field. The

map on the right shows the location of the Rollesdbr catchment in Germany.
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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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981 | Fig. 5. Cumulated average of lysimeter drainage and soistare storage on a daily basis. The
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986 Rollesbroich site. The fog symbol indicates thersawith fog occurrence (detected with installed
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989 | Fig. 67. Relationship between wind speed and precipitatsiduals relative to TB precipitation

990 | on a daily basis. The relationsships are class#diecbrding precipitation intensities of 1-5 mm

991 | (a), 5-10 mm (b), and > 10 mm (c). Potential rinmel @ew situation are excluded from the

992 | calculation.
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994 | Fig. 8 Cumulative ET-LYS, ET,-EC (corrected according to Bowen ratird-ET-FAO), ETpy
995 on hourly basis for 2012. Displayed are alsq-ET max. and EFEC min. The area in grey
996 | shows the range of minimum and maximum cumulated f&f the individual lysimeters=er

997 | explanation see text.

49



o
©
T

!

® Lysimeter Field
x Field behind EC Station
O Lysimeter

o
[o2]
T

© o
(0] ~
T T

o o
N w
T T

1
®

gL | 1 : IH :
.Pan Feb Mar Apr May Jun Jul Aug Sep  Oct Nov  Dec

998

999 | Fig. #9. Grass heights at the lysimeter fiettle lysimeter deviceand the field behind the EC

1000 | station for 2012. Th&C-device-is-centrally-located-in-between-theseffeldsgrass length at the
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1006 | Fig. 810 Differences between daily ET for 2012. Displayed BT,-EC —EF-FAOETpy (a),
1007 | ETsLYS —EF-FAOETpy (b) and ET-LYS — ET,-EC (c). The dashed lines indicate harvest at
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1019 Tables

1020 | Tab. 1. Site specific wind exposition coefficiebt[-] and empiric precipitation type coefficient

1021 | € [-] for different precipitation types at an opayase 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




1022 | Tab. 2. Monthly precipitation sums for lysimeter, tippingidket, corrected tipping bucket data and a comparisetween the hourly
1023 | precipitation values of lysimeter and uncorrectd®l im terms of coefficient of determination (R2?),otomean square error and other
1024 | statistics at the Rollesbroich study site for 20Mssing data % refers to the percentage of hoprécipitation data not available for
1025 | comparison.
) ) L Tippin
Lysimeter Min. / Max. Tipping +1pping LYS/ L
Month Average Lysimeter Bucket cgr%léteet g E RMSE %’TB TBcorr I\él%zg/g
[mm] [mm] [mm] W 2 % =a 2

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 0.09 114.4 114.4 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. 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 1426  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 /56.9 38.3 45.8 0.84 0.08 144.4 120.7 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

1026




1027
1028
1029
1030

Tab. 3. Monthly ET, (by lysimeter and ECEF-FAOETry sums and R2 between different ET data productnomourly basis for 2012.
Missing datgprevides% refers tthe percentage of houraytimeET data(ETL,EC, ET,-LYS) between sunrise und sunget available
for comparison. Hence, the total yearly ET amosrta. 18 % reduced compared to gap free ET estinsatéissing-dataprovides-the
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|U)
c
3
>
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EC 5.2 1.3 27.8 384 84.3 62.7 80.3 94.2 56.0 25.2 936 488.3
[mm]
ETpm
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LYS 2.5 2.2 26.4 356 80.2 65.7 82.7 1217 52.7 23.96 75.9 507.4
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1 | Tab. 34. 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




