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Impacts of drought events on terrestrial ecosystems have been studied extensively in the last decades in light
of the long-term human-induced global warming trend and the recent occurrence of severe heat waves and
droughts across the globe. The 2003 European summer heat wave sparked high attention towards such events
in Switzerland, where ecosystems were largely affected again by summer dry periods in 2015 and 2018.
With a newly applied processing scheme of calculating fluxes of net ecosystem exchange of CO,, latent and

sensible heat from eddy-covariance measurements, the impact of droughts on GPP and exchange of energy
between land and atmosphere are investigated at a managed grassland site in Switzerland. The rate of primary
production is considerably reduced under the influence of dry conditions. This effect is further intensified
by grassland management. Evapotranspiration, on the other hand, seems to be unaffected by the lack of

precipitation at the site.

1. Introduction

Since the extensive 2003 summer drought-heat event (Fink et al.,
2004; Garcia-Herrera et al., 2010; Seneviratne et al., 2012), Europe
has again been greatly affected by summer heat waves and droughts
in 2015 (Orth et al.,, 2016; Dong et al., 2017; Hauser et al., 2017;
lonita et al., 2017; Sippel et al., 2017) and 2018 (Hari et al., 2020),
with severe impacts on ecological systems (Bastos et al., 2020a; Schuldt
et al., 2020; Smith et al., 2020) resulting in extensive consequences for
food security and public health across the continent. The recent 6th
Assessment report of the Intergovernmental Panel on Climate Change
(IPCC ARG6) assessed that such events have become more frequent and
intense in Central and Western Europe in the observational record,
and are projected to further increase in frequency and intensity with
increasing global warming (Seneviratne et al.,, 2021). A comparison
of the record-breaking European heat waves in the last two decades
with regard to historical records is provided in Hanel et al. (2018),
Bastos et al. (2020b), Buras et al. (2020). In Switzerland, the 2015 and
2018 droughts, henceforth named DH1518, had serious consequences
such as supply issues in agriculture, low water quality due to warm
temperatures, endangerment of water life, and accelerated melting of
glaciers (BAFU, 2016; BAFU et al., 2019; Gharun et al., 2020). This
study focuses on the response of evapotranspiration (E) and gross pri-
mary production (G P P) during dry spells at the managed grassland site
Biiel-Rietholzbach in a pre-alpine watershed in Switzerland. The used
eddy-covariance data series of sensible heat flux (H), latent heat flux
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(AE) and net ecosystem exchange of CO, (N EE) were calculated with
a standardized data processing software, in contrast to the processing
scheme previously deployed at this site. The new data series are com-
pared in detail to the earlier version of flux calculations. Considerable
differences between the two datasets arise mainly from different gap-
filling methods. The presented data series will serve as the reference
for future use of the data.

The lack of precipitation was most notable in resulting persistently
low records of soil water content. Additionally, both the management
(grass cutting) and water availability in the two dry years have a
large impact on daily GPP, i.e., result in a substantial reduction of
primary production in summer compared to average years. The effects
of droughts, characterized by low soil moisture levels, on net ecosys-
tem exchange and gross primary production has been documented in
several studies, including (Wolf et al., 2014; Zhang et al., 2016; von
Buttlar et al., 2018; Stocker et al., 2019; Liu et al., 2020). With a focus
on the 2018 European dry spell, the effects have been investigated
based on eddy-covariance (EC) measurements by Fu et al. (2020),
Ramonet et al. (2020), Thompson et al. (2020), Gharun et al. (2020):
In general, these recent studies show that the carbon uptake was lower
in 2018 compared to normal years in regions where conditions were
dry. Yet, Gharun et al. (2020) found that dry conditions bring high
elevations closer to conditions favorable to plant-growth, which led to
an increase of GPP of 14% on average at Swiss sites above 1000 m
a.s.l. in 2018.
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Fig. 1. Observation site Biiel-Rietholzbach (rectangle) and surrounding area. The wind rose indicates the frequency (sector size) of wind direction and velocity based on the period
2009 to 2019. For reference, the highest frequency class (daytime westerly wind) corresponds to a frequency of 35%. The outlined areas denote different grassland management
schemes. Yellow: cutting, farmer 1; orange: cutting, farmer 2; white: grazing. Aerial view: © 2021 GeoContent, Maxar Technologies. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

We investigate here the water, energy and carbon fluxes at a site
in northeastern Switzerland, with a focus on the 2015 and 2018 heat
and drought events. In particular, we also assess the relation between
grass management and the grassland response in terms of fluxes, both
in normal and extreme years. The results provide valuable new insights
on plant-water—carbon relationships in managed grasslands.

The structure of the article is as follows: The methods and data are
introduced in Section 2. Results are presented in Section 3. The conclu-
sions are provided in Section 4. We also include an appendix describing
the application of a new processing scheme for the eddy-covariance
measurements at the site.

2. Material and methods
2.1. Rietholzbach research site

The present study has been conducted at the hydrometeorologi-
cal research site Biiel in the Rietholzbach catchment in northeastern
Switzerland (47.38°N, 8.99°E). The pre-alpine hilly catchment drains
the relatively small area of 3.31 km? and is situated in the Thur
river basin, a tributary to the Rhine (Seneviratne et al., 2012). The
region is characterized by a temperate humid climate with a mean air
temperature (7') of 7.1 °C and abundant precipitation (P) with a mean
sum of 1434 mm a~! (data basis 1976-2020). The predominant land
cover in the watershed is grassland and pasture (approximately 72%),
the vegetation along the creek and on the slopes is dominated by forest
(26%), the remaining sparse area is used for settlements. The soil type
and depth exhibit a high spatial variability. Overall, shallow Regosols
dominate on steep slopes, deeper Cambisols are found in flatter areas,
and gley soils are located in the vicinity of small creeks. Since the
beginning of the measurements in 1976 land use in the watershed has
not changed significantly.

The surrounding vicinity of the observation site is characterized
by temporally and spatially moderate management, i.e., cutting of
the grass during the growing season (April-October) and grazing by
cattle. The effect of vegetation management around the site is most
eminent in the signal of net ecosystem exchange, which was measured
at this location with an eddy-covariance system. Due to a pronounced
mountain—plain circulation the prevailing source area of N EE during
the day (westerly wind) is the upvalley grassland slope west of the

site. During the night (easterly wind) the prevailing source area is a
mix of grassland adjacent to the measurement site and a pasture crop
farther in the east, see Fig. 1. For a more detailed description of the
Rietholzbach catchment including maps of topography and land use,
see Seneviratne et al. (2012). For more information on the research site
Biiel-Rietholzbach including instrumentation and the surrounding area,
see Hirschi et al. (2017), Ruth et al. (2018). Apart from the climatology,
which is based on the long-term 1976-2020 measurements, the period
analyzed in this study spans from 15 May 2009 until 31 December
2020, covering the time series since the EC measurements have been
in operation. For analyses with respect to the annual cycle of EC
observations, only full years (2010-2020) are considered.

2.2. Site management

The largest part of the measured N EE footprint area (daytime and
nighttime) is a moderately managed grass crop used for producing hay,
see Fig. 1. Four to five times a year the grass is cut with a mowing
machine at the beginning of the grass heading stage and during dry
weather periods. The cutting is performed by two farmers cultivating
the land. Typically, the plants are cut down to approximately 5 cm
above ground, i.e. the large majority of the biomass is removed within
one day. The management periods are shown in Fig. 2. The first
and second cutting event usually take place around the end of May
and beginning of July, respectively, with approximately one month of
growth in between. In 2017, the first cutting was performed consider-
ably earlier, given an almost two months earlier start of the growing
season. In late summer and early fall the cutting dates vary largely
between years, depending firstly on the plant growth during summer
and secondly on the occurrence of dry weather conditions. Generally,
there were four cutting events within one growing season except for
2015 and 2017, with five cutting events. Except for the years 2013
and 2015, the last cutting was performed before the end of October.
The described cutting regime is mostly affecting daytime NEE, as
shown in Fig. 1. The nighttime NEE is additionally influenced by
grazed pasture crop east of the observation site. In general, the state
of the vegetation in the nighttime footprint is comparable to that of
the daytime conditions.
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Fig. 2. Overview of cutting dates provided by the farmer for the grassland area around the measurement site Biiel-Rietholzbach in single years (circles) and emerging seasonal
pattern (vertical lines) from 2009 to 2020. The first cut and last cut of the season are given as day of year, n days denotes the length of the growing season (between first and
last cut). The cutting dates 24 Aug 2016 and 24 May 2017 have been determined from visual inspection of GPP data, which indicate cutting events, even though they were not

reported by the farmer.

2.3. Flux measurement and data processing

The net ecosystem exchange and fluxes of sensible heat and latent
heat (AE ) presented here were measured using the eddy-covariance
method. The subscript in Eg refers to eddy-covariance measurements,
as opposed to other mentions of E. The method measures the turbulent
vertical exchange of CO,, sensible heat, and water vapor in a given time
interval based on the fluctuations of the desired scalar and vertical wind
velocity. The different fluxes are calculated as:

NEE =uw'c’ (@D)]
H = pcpw’T’ 2)
AEgc = Aw'q, 3

where w is the vertical wind velocity, ¢ is CO, concentration [pmol
m~3], T is temperature [K] and ¢ is the water vapor density [kg
m~3]. The prime denotes the turbulent part of the measured variable.
p is the density of air, ¢, is the specific heat capacity of air and
A is the heat of vaporization. The fluxes were measured using an
eddy-covariance system consisting of a CSAT3 ultrasonic anemometer
(Campbell Scientific Inc., USA) and an infrared open-path gas an-
alyzer (Li-7500, LI-COR Biosciences, USA), mounted on a tower at
2 m above ground in the southeast corner of the observation site
Biiel-Rietholzbach. The horizontal separation distance between the gas
analyzer and the sonic anemometer was 0.2 m. A sampling rate of 10 Hz
was used. The instrumental set-up of the EC measurements has been
described comprehensively in Hirschi et al. (2017), hereafter referred
to as H17. Apart from filtering data when turbulence was disturbed by
the EC tower, i.e., in cases of wind directions between > 310 and <
50 degrees (see H17) the raw data processing, data filtering as well as
the gap-filling scheme applied in the present study is different from the
H17 data processing scheme. The differences in data processing result
in deviations of the calculated fluxes of H17 and the present flux data
set, hereafter named M22. The differences are presented in detail in
Appendix C.

2.3.1. Flux calculation and filtering

A standard EC data processing tool (EddyPro, LI-COR Biosciences,
USA, version 7.0) was newly used for processing raw EC data and
calculating fluxes (see also Appendix A). Raw data processing includes
spectral correction (Massman, 2000, 2001; Moncrieff et al., 2005) of
low-pass and high-pass filter effects, tilt correction (Wilczak et al.,
2001), SND-correction (Schotanus et al., 1983) and compensation for

Table 1

Percentage of discarded data after nighttime u, -filtering based on
median bootstrapping (u,s) and after applying all filtering procedures
during the night, during the day and in total.

U, Allfilters
Night Day Total
NEE 3.40 41.14 15.16 56.3
H 3.40 25.94 13.88 39.8
AE 3.40 29.79 14.65 44.4

air density fluctuations (WPL terms, Webb et al. (1980)) as well as sen-
sor separation in the case of AE- and N EE. Covariance maximization
is applied for detection of time lag between the turbulent components
of these two flux variables. The time interval used for averaging high
frequency raw data in the present study is 30 min, resulting in a half
hourly resolution of the fluxes.

The following filtering scheme describes, which data are discarded,
i.e., flagged as missing, and are later gap-filled: In the case of precip-
itation, all EC-derived fluxes were discarded, because liquid water or
snow is distorting the sensor signals of the EC system, most importantly
those of the gas analyzer. Negative nighttime N EFE data (potential
shortwave radiation < 10 Wm~2) were discarded, as there cannot be
any photosynthesis in the absence of shortwave radiation. In order to
avoid a weight shift towards positive nighttime fluxes as a result of
this step, a trimmed mean approach was applied on the positive fluxes,
i.e., respiration, discarding the same amount of positive as negative
values. The data were filtered with the tests for stationarity and well-
developed turbulence proposed by Foken and Wichura (1996), Mauder
and Foken (2004), rejecting fluxes with the flag 2 for bad turbulence
conditions. An additional filtering step for removing cases of low
nighttime turbulence intensity was applied using a method based on
the relation of N EE and the friction velocity (u,) within temperature
subsets (Papale et al., 2006), see Appendix A. The percentage of missing
data after performing the entire filtering procedure is indicated in
Table 1 for the individual flux time series. Note that the amount of 3.40
percent of data being discarded due to nighttime u, filtering represents
the case after all preceding filtering steps. In general, more nighttime
values are filtered out due to wind direction filtering, which is effective
mostly during nighttime conditions, see H17. N EE suffers the largest
loss of data due to the nighttime photosynthesis filtering.

NEE is converted from pmol m=2s~! to g C m~=2 d~! for daily
values to be consistent with the units of G P P and ecosystem respiration
(Section 2.4).
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Fig. 3. Top panel: Percentage of missing half-hourly values replaced with quality A.1 data (< +7 day window), A data (< +14 days window) and B data (< +28 days window) in
the three time series. Bottom panels: Correlation of original measurements to estimated half-hourly latent heat flux (left), sensible heat flux (middle) and CO, flux (right) data. For

quality flag C, no original measurements are available for testing the procedure (<1%).

2.3.2. Gap-filling

After the filtering procedure, gap-filling the half-hourly flux data
was performed using the so-called marginal distribution sampling
(MDS) by Reichstein et al. (2005a), which relies both on the covariance
of fluxes with meteorological conditions (i.e., look-up table approach,
LUT) and auto-correlation of fluxes (i.e., mean diurnal cycle approach,
MDQ).

The LUT approach uses binning of the measured fluxes according
to meteorological conditions similar to the missing period, i.e., global
radiation (R,,), vapor pressure deficit (V' PD) and T. The binned fluxes
are averaged to replace the missing values. Similar meteorological
conditions are assumed be given, when R,;, T and V PD do not deviate
more than 50 Wm~2, 2.5 K and 5 hPa, respectively, within a window
of +7 days of the missing data point. If no according conditions can
be found, the window is increased to +14 days. With still no match,
R,; and T are omitted within +7 days. After still not finding similar
conditions with V' PD only, the MDC approach is looking for available
measured flux data within one hour and then one day, respectively.
This procedure is repeated while increasing the window size, if neces-
sary (but not for longer than 60 days). The MDS approach is described
in detail in Reichstein et al. (2005a). An accuracy test of the gap-filling
procedure yields R? correlation coefficients of 0.96, 0.88 and 0.87 for
AE, H and NEE between original (measured) and gap-filled data.
These correlations represent the case, where the maximum window
size of the MDS procedure is 14 days. This accounts for more than
96% of the data (Fig. 3). A more detailed description of the gap-filling
performance with the presented data is given in Appendix B.

2.4. Flux partitioning

Partitioning of N EE measurements into daytime G PP and ecosys-
tem respiration (R,.,) was performed using the standardized method
by Reichstein et al. (2005b,c). Based on nighttime data, when R,
equals NEE, as there is no photosynthetic activity, the temperature
sensitivity of R,., is determined with the (Lloyd and Taylor, 1994)
model. Using the temperature-respiration relationship, daytime R,,,
can be used to calculate GPP = R,,,— NEE.

In order to disentangle cutting effects and meteorological effects
on GPP, we established an estimate of its undistorted seasonal cycle

at Biiel-Rietholzbach using in-situ measurements. Based on the results
presented in Fig. 8, data affected by cutting were removed within
a window starting 10 days prior to and 21 days after the cutting
event. This period is identified as substantially affected by cutting. The
resulting gaps were then linearly interpolated between the last and first
available data point within the artificial gap. A 15-days running mean
filter was applied to this “no-cut” time series to obtain an estimate of
the primary production without the cutting effect (GPP,.). An idealized
daily time series of the annual G PP seasonality was produced by using
the 95th percentile of the 11 daily values of GPP available from
2010-2020 for each day of year in the “no-cut” time series, referred
to as GPPys). This step reduces the daily variability of GPP due to
meteorological effects. A running mean filter with a window size of
15 days was applied to this time series to smooth out the variability
resulting from the rather small sample size per day.

The u,-filtering, MDS gap-filling and flux partitioning are imple-
mented in the R package ReddyProc (Wutzler et al., 2018).

2.5. Additional measurements

Ancillary data used in the present study for filtering and gap-filling
EC data were all measured at the observation site Biiel-Rietholzbach
next to the EC tower and with a one-hourly resolution. As M22 EC
data are half-hourly, the corresponding ancillary hourly value was used
for both values of M22 in the respective hour. R, and the reflected
shortwave radiation was measured with CM21 pyranometers, the long-
wave radiation components were measured with two CG4 pyrgeometers
(Kipp & Zonen, Netherlands, ventilated), to calculate net radiation (R,,).
T and relative humidity (RH) were recorded with a Thygan VTP6
(Meteolabor, Switzerland). Precipitation was measured with a Joss-
Tognini type tipping-bucket gauge mounted at 1.5 m above ground
(Lambrecht, Germany). Wind-induced precipitation under-catch was
corrected according to Gurtz et al. (2003). Wind velocity and direction
was recorded with a propeller wind vane at 10 m above ground (Young,
USA). Air pressure was monitored with a PTB100 A barometer (Vaisala,
Finland), the storage-corrected ground heat flux (G) was measured as
the average of four HFPO1 ground heat flux plates at 5 cm depth (Huk-
seflux, The Netherlands). Air pressure, R, and G are used to calculate
evapotranspiration with the Priestley-Taylor equation, (Eq. (4)).

N
s+y

Epr=a (R, - G), ()]
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where « is the Priestley-Taylor coefficient, s is the slope of the sat-
uration vapor density curve, and y is the psychrometric constant, see
Section 3.

All mentioned sensors have been operational before 2006. Since
1976 and until 2006, long-term data series of T, RH and P have
been homogenized as described in Gurtz et al. (2006) and Moesch
(2001). The soil water content (§) was monitored at a depth of 0.05,
0.15, 0.25, 0.35 and 0.55 m with CS616 volumetric water content
reflectometers (WCR, Campbell Scientific Inc., USA) since 2009 as part
of the SwissSMEX soil moisture network (Mittelbach and Seneviratne,
2012). The chosen depths should reflect the dynamics in water storage
in the grass-root zone. The data presented here are integrated soil water
content series from depths Om to 0.55m to produce the equivalent soil
water column in mm. There are large data gaps of WCR-measured 0
from September 2014 to end of July in 2015 when the soil moisture
station was not operational due to technical difficulties.

In addition to the long-term data set, a large weighable lysimeter
provides hourly evapotranspiration since 1976 (Ey ). Its grass covered
surface area is 3.14 m? (diameter of 2m) and the depth is 2.5m.
Gravitational discharge at the bottom is recorded with a 50 mL tipping-
bucket. The lysimeter is described in detail in H17 and Ruth et al.
(2018). With its measurements the annual change in water storage
(4S) in mm can be calculated using the water balance equation 4S5 =
P - Ep, — Qp,, where O, is the gravitational discharge in mm.
The lysimeter-based change in water storage helps describe the inter-
annual variability of soil water content, when those measurements
are not available in the period 1976-2009. In total for the respective
year, a positive value of AS indicates that the soil water storage is
replenished via precipitation, a negative value indicates that the soil
water storage is consumed by evapotranspiration and discharge. AS is
scaled to mm soil water column equivalent for a soil depth of 0.55m
(instead of 2.5m) for better comparability with the annual WCR water
content. Since 2006, continuous hourly recordings of the total weight
of the lysimeter vessel (w Lys) i kg are available. Thus, the annual
change in soil water storage could additionally be determined from
the annual anomalies of w;,; wrt. to the overall mean, making this
record of change in water storage independent of precipitation and
discharge measurements, while accounting for the state of the soil
moisture in the previous year. The values are scaled to mm soil water
column to a depth of 0.55m. From the w,,, data, a lysimeter-based
estimate of daily soil water content (0,,,) was produced by adding
the daily change of water storage to the average of WCR-based soil
water content from 2010 to 2020 and scaling with the ratio between
the standard deviations of lysimeter-based WCR-based data series. For
2015, the standard deviation of ¢ in 2018 was used, as not enough
data were available. Annual anomalies are calculated as the deviation
of annual means from the overall mean of the respective time period,
i.e., including DH1518, if not indicated otherwise.

3. Results

The severity of the European summer heat and drought events in
DH1518 as observed at the Biiel-Rietholzbach research site is clearly
visible with regard to the long-term records, as shown in Fig. 4. The
discussed dry years stand out as the driest years since 2003 in terms of
the precipitation and soil water content as well as AS. In the records
of air temperature, a general warming trend over the last 45 years is
noticeable (0.08 °C per year, p-value 3.2e~11), while the recent records
(2015 to 2020) of soil moisture indicate an increase in frequency of
dry years compared to the preceding 11-year period since the drought
in 2003 (2004-2014). Annual evapotranspiration does not reflect the
lack of available water in the dry years, but rather above-average
sums, which relates to high photosynthetic activity and soil evapora-
tion due to ample available energy and, most importantly, sufficient
water availability even during dry periods. The resilience of soil water
availability at the site Biiel-Rietholzbach even during pronounced dry
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spells is underlined by Rassl et al. (2022). Hence, we see rather an
increase in annual evapotranspiration from 2010 to 2020 in the case
of the EC measurements (11.54 mm per year, p-value 0.02) as function
of the available energy indicated by T. In the case of DH1518 and
with respect to the long-term time series, T and E,, lie above the
inter-quartile range, P and AS lie below the inter-quartile range, which
underlines the impact of DH1518 conditions on the environment. Note
that the range of E. in the 11-year time series is substantially higher
that the range of the long-term time series of E, . This highlights
the increasing trend of E mentioned above one the one hand, and
is a result of the inherently different methodologies used. A detailed
comparison of E observations between lysimeter and EC measurements
at the site Biiel-Rietholzbach is given in Hirschi et al. (2017). The
impact of DH1518 on the hydrological conditions on a seasonal scale
at the site Biiel-Rietholzbach with regard to the climatological situation
is analyzed on the basis of soil water content and precipitation, as
well as the turbulent fluxes of heat and CO,. Apart from precipitation,
the seasonal cycle of 6 at the Biiel-Rietholzbach site is controlled by
atmospheric conditions with high soil evaporation and transpiration in
summer. The use of soil water for E results in a minimum of soil water
storage during June until late August, even when the average amount
of daily precipitation is highest (Fig. 5). The annual evolution of 6 is
characterized by wet periods in winter, when there can also be snow,
i.e., January-February and November-December. In between, a drying
phase starts mid-March, which is paused from April to beginning of May
and then is followed by further drying to a minimum soil water content
in July/August. The ample amount of precipitation in summer is thus
mostly evaporated rather than put into soil storage. Evapotranspiration
is driven by available energy and does not seem to be constrained
by water availability. This is reflected in the seasonal cycle of the
latent heat flux, which reaches its maximum in summer, when the soil
water content is at its lowest level. From August until the end of the
year the soil water storage is replenished with P, when E starts to
decrease. The consumption of soil water in spring coincides with a drop
to negative N E E mid-March, indicating a strong carbon assimilation in
the beginning of the growing season, while the average rate of NEE
is decreasing towards the end of the growing season. The undulating
pattern of N EE as the year progresses is a result from the cutting, with
less negative N EE (i.e., reduced sink) after a cutting event, indicating
that carbon assimilation is reduced.

The response of soil water content to the precipitation deficit during
the dry spells in DH1518 is very distinct. Both dry years stick out
with below-average precipitation and soil water content even below
the 5th percentile in July/August. In 2015, the soil water content,
indicated by 0, ,,, was characterized by a surplus due to above-average
precipitation amounts in spring (March to mid-May). Both years end
with a soil water deficit compared to the long-term average. H and 1E
are mostly higher than the median in both dry years, again underlining
the fact that atmospheric drivers control evaporation. In 2015, the high
amount of precipitation in spring is reflected as a substantial rise in
primary production, i.e., negative net ecosystem exchange. This surplus
of GPP in spring coincides with reports in Bastos et al. (2020a), Smith
et al. (2020) across Europe. This episode is followed by below-average
carbon assimilation in the second half of 2015 (and 2018) as a result
of the dry-down in soil water below a critical amount.

With regard to a categorization of DH1518 conditions, we high-
lighted the year 2016 for all variables shown in Fig. 5, which is used
as a reference for normal conditions.

After the above discussion on the seasonal pattern of hydrological
conditions as well as their impact on NEE, we now focus on the
implication of the site management, i.e., grass cutting, for gross primary
production under dry conditions (Fig. 6). The course of N EE and how
it is partitioned into GPP and R,,, is shown in Fig. 6 for DH1518. GPP
decreases dramatically after cutting events, with daily values close to
zero in some cases. This effect is more pronounced at the considered ob-
servation site Biiel-Rietholzbach compared to other sites in Switzerland,
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as mentioned, e.g., in Wolf et al. (2014). The distinct drop in primary
production is related to the applied cutting practice, i.e., how much of
the biomass is removed. In the case of Biiel-Rietholzbach, the grass is
cut very close to the surface, and only a short stubble is left, shutting
down G PP almost entirely.

Evapotranspiration, on the other hand, shows no clear response to
cutting events, although transpiration is expected to be dramatically
reduced. We assume that increased soil evaporation due to higher
exposure to solar radiation is compensating the reduction of transpi-
ration after removing the vegetation. As mentioned above, the soil
water storage is able to sustain the water supply for evaporation
even during the dry periods. The resilience of E to dry atmospheric
conditions at this location is underlined with the Priestley-Taylor evap-
oration. The Priestley-Taylor equation calculates Epy as function of
the available energy, the slope of the saturation vapor density curve
and the psychrometric constant only, see Eq. (4). In Fig. 6, we used
the empirical coefficient « = 1.26 for saturated surfaces, i.e., potential
evaporation (Priestley and Taylor, 1972). It is apparent, that E closely
follows the energy-driven Ep, even under dry conditions. There is,
however, a tendency towards lower actual E during the summer of
2018.

In terms of the water use efficiency index (WU E), which describes
how efficient water is used for carbon assimilation, this decorrelation
of GPP and E results in a substantial decrease of WU E in the days
after a cutting event (Fig. 8), as the water is vastly used in evaporation
instead of biomass production. Taking grass cutting into account when
deriving hydrological indices such as WU E can be of great importance
for characterizing responses of land-atmosphere systems to a changing
climate. Fig. 7 highlights the effect of dryness in DH1518 on GPP in
with respect to the range of all other years since 2010. The signal of
cutting is clearly visible in the average annual course for all normal

and dry years as distinct drops around the two first cutting events per
growing season in May/June and June/July (Fig. 2), as mentioned in
Section 2.2. Still, in DH1518 the attenuation of primary production
in summer as a consequence of the water deficit is clearly visible for
both years. The effect lasts as long as the end of the main growing
season end of October, when G PP reaches average values again and is
correlated to the soil water storage shown in Fig. 5. The surplus of GPP
in 2015 compared to the other years as a result of a wet spring allows
GPP to sustain a relatively high level until the dry conditions take
effect in July. Overall, the annual deficit of gross primary production in
DH1518, that was reported in different studies (Bastos et al., 2020a; Fu
et al., 2020; Smith et al., 2020) is intensified at the Biiel-Rietholzbach
site due to the rigorous cutting at the site Biiel-Rietholzbach, which
inhibits a full recovery of biomass production under the dry conditions.
We performed a superposed epoch analysis to help understand and
visualize the impact of cutting on biomass production under normal
and dry conditions at the site Biiel-Rietholzbach. The emerging patterns
of GPP, Egc, WUE and R,,, in the days before and after a cutting
event are demonstrated in Fig. 8. The distinct drop in G PP after cutting
is clearly detectable for both normal and dry conditions, as carbon
assimilating biomass is removed. Note that the minimum of GPP is
usually not reached immediately after the cut, but rather three days
later, on average. This might be related to an uncertainty between
the modeled daytime R,., and measured N EE in the days following
the cutting, when the carbon sink efficiency is reduced, while CO, is
released due to heterotrophic respiration. In general, the cut grass is
left to dry on the field. It may also be surprising that GPP is often
highest not right before the cut, but rather some days earlier. This
relates to the fact that the cutting often takes place after rain events,
i.e., at the beginning of dry periods. During the rainy events prior to
the cutting GPP is lower due to reduced photosynthetic activity. From
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dotted lines denote cutting events.

the emerging pattern of normalized GPP after cutting, we infer that
after 21 days, on average, the primary production rates are equal to
the case before cutting. We consider the time period from 10 days prior
to the cutting until 21 days after as the period, during which GPP is
substantially attenuated due to the cutting. Additionally, we assume
that the effect of cutting during that time outweighs meteorological
effects.

As shown earlier, E is not significantly affected by the loss of
vegetation on average, as soil evaporation compensates for the decrease

in transpiration. Consequently, as water is lost to the atmosphere via
evaporation and cannot be used for photosynthesis, the water use
efficiency is substantially declining along with GPP.

In order to quantitatively disentangle cutting effects from meteoro-
logical effects on GPP, the measured time series is compared to the
version minus the cutting effect (GPP,.) as well as the idealized undis-
torted climatology (G P Pys), see Fig. 9. The observed GPP in DH1518 is
plotted against G P Py5 and the mean of daily GPP to reveal the impact
of meteorological and hydrological effects on primary production. The
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difference between GPP,, and original GPP then accounts for the
influence of cutting the grass. For both dry years it becomes apparent
that GPP was substantially decreased in comparison to GPP,s after
the second cutting in July, when soil moisture was distinctively lower
than average in both cases. The propagation of GPP in both years
differs as function of precipitation, see Fig. 5. The year 2015 was rather
wet in the first half of the year, followed by a consistently increasing
water deficit in the second half of summer. The second cutting event
in July thus had a large impact on GPP, as the vegetation could not
fully recover afterwards in the dry conditions, which is indicated as a
consistent decline in GPP after the second cutting. The year 2018 was
already dry in spring and water availability almost constantly below
average. However, GPP seems unaffected by this in the first half of
the year. The even more distinct precipitation and soil water deficit
in July, however, which also coincided with a cutting event, led to a
substantial deficit in GPP by the end of the year. This is in contrast to
the evolution of GPP in 2016, which was an average year in terms of

meteorological conditions, i.e., soil moisture, and primary production,
see Fig. 5 and Table 2. In this case, G P P swiftly recovers after a cutting
event to the average level at the respective time of the year.

When the effect of cutting is corrected (see GPP,, in Table 2),
among DH1518 only 2018 stands out as a year with a pronounced
deficit in primary production. The rate of GPP after cutting seems
to be substantially more diminished in the dry conditions observed in
the second half of 2018, compared to the effect of the dry conditions
on GPP in 2015. It remains elusive from this analysis, whether the
seasonal evolution of GPP in 2015 would have been nearly average
without the cutting. The 2018 G PP deficit, in contrast, was most likely
to a great extent a result of the drought period and severe plant drought
stress (Bastos et al., 2020a), albeit strongly intensified by cutting. The
years 2010 and 2013 stand out with relatively high anomalies in the
case of GPP,.. This deficit is explained by a comparably slow and late
start of the growing season (not shown). Conversely, the high anomaly
of annual GPP in 2017 and especially 2020 is a result of the very early
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Table 2

Annual sums and anomalies of gross primary production (GPP). Sums are given in kg C
m~2a~! and anomalies are given in percent wrt. the overall mean without DH1518. The
subscript nc indicates the case where the effects of grass cutting have been removed.

The annual sum of GPPy; is 2.293 kg C m™2.

Year GPP GPP,, Rel. anomaly Rel. anomaly,,
2010 1.419 1.580 -20.3 -11.3
2011 1.651 1.710 -7.3 -4.0
2012 1.475 1.697 -17.2 -4.7
2013 1.339 1.496 -24.8 -16.0
2014 1.733 2.054 -2.7 15.4
2015 1.491 1.772 -16.3 -0.5
2016 1.578 1.819 -11.4 2.1
2017 1.644 1.988 -7.7 11.6
2018 1.514 1.684 -15.0 -5.5
2019 1.586 1.839 -11.0 3.3
2020 1.621 1.845 -9.0 3.6
Mean 1.550 1.771

start of the growing season, which is reflected, at least for 2017, in the
early first cutting event in Fig. 2.

4. Conclusions

In this study we have presented and analyzed eddy-covariance flux
measurements of sensible heat flux, latent heat flux, and net ecosystem
exchange at a pre-alpine research site in temperate humid conditions.
We have focused on the impact of dry conditions on the gross primary
production of the managed grassland around the research site. In ad-
dition, we have evaluated the use of a standardized processing scheme
and compared it to a previously used processing scheme.

We identified at the presented site in Switzerland that managing
a grassland crop, i.e., cutting the grass when it has reached maturity,
has a major reducing impact on observed GPP on a short-term scale
of several days but also on annual total production. This effect is
enhanced in dry conditions, such as the drought events in 2015 and
2018, when the GPP deficit persists for the entire growing period.
This can be of importance if the measured net ecosystem exchange of
CO, is used to characterize a site by its sink potential or water use
efficiency. We have also introduced a simple way of disentangling and
quantifying the effects of cutting and dryness on biomass production.
This revealed that while the 2015 drought was of similar amplitude
as the one in 2018, the annual GPP deficit in 2015 at the site Biiel-
Rietholzbach was more strongly affected by grass cutting than from
vegetation drought stress. It is not clear, however, to what extent the
variability of cutting-depth, i.e., how much of the biomass is removed,
plays a role in the inter-annual differences of total GPP. The rather wet
conditions in spring (2015) and early summer (2018) in the considered
two dry years resulted in an increased growth prior to the dry spells,
consistent with results from (Bastos et al., 2020a; Smith et al., 2020).
This surplus of primary production mitigated the deficit of total annual
GPP in both years to some extent in comparison to other years.
Evapotranspiration, in contrast, was not significantly affected by these
dry periods, indicating that the reduced soil water storage was not
a limiting factor for evapotranspiration at this humid location due
to the ample water availability. This underlines a stronger resilience
to drought events in Switzerland to some degree in comparison to,
e.g., the Mediterranean region, where water availability is constrained
more substantially by precipitation. Consequently, water use efficiency
was diminished during the dry periods.

The effect of management is substantial at the presented research
site due to the way the grass is cut, but may vary at other sites.
Persistent water deficits during droughts substantially intensify the
impact of grass cutting by prolonging the recovery period.

With regard to an analysis of different sites in a network such
as FLUXNET (Baldocchi et al., 2001) or Swiss FluxNet (http://www.
swissfluxnet.ch) these findings can help to homogenize the results
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between managed and non-managed grassland sites, which would help
assess more robustly the responses of the environment to droughts and
global warming.

With regard to the eddy-covariance flux calculation in the previ-
ously used and the current processing scheme we conclude that the
differences between the data sets can be substantial, but are always
traceable and related to fundamental changes in how the data are
treated. The most important changes between the previously used and
current processing scheme are the length of the averaging interval
(30 min instead of 60 min), linear detrending the rawdata prior to
averaging instead of no detrending and the gap-filling procedures
(e.g., look-up table instead of linear regression), as well as performing
the tests for stationarity and well-developed turbulence. Also, all EC
measurements, i.e., AEp-, H and NEE during rain events are dis-
carded and gap-filled in the current scheme instead of set to zero in
the case of AEp.. The differences between the resulting datasets do
not allow for a seamless continuation of the EC data series with the
new processing scheme. The current processing scheme is rather used
to re-process the rawdata to produce an alternate time series, which
will serve as the standard data series of EC fluxes from this research
site.

Declaration of competing interest

One or more of the authors of this paper have disclosed potential or
pertinent conflicts of interest, which may include receipt of payment,
either direct or indirect, institutional support, or association with an
entity in the biomedical field which may be perceived to have potential
conflict of interest with this work. For full disclosure statements refer
to https://doi.org/10.1016/j.agrformet.2022.109166. Dominik Michel
reports financial support was provided by GCOS Switzerland.

Acknowledgment

We acknowledge financial support from GCOS Switzerland through
the SMiLE-ECV-CH project.

Appendix A. u,-filtering

The eddy-covariance method requires a certain amount of turbu-
lence intensity in order to work. N E E measurements, for instance, tend
to be underestimated when turbulence intensity is at the lower end of
the site-specific distribution of u,, which often occurs in stable stratifi-
cation during the night. Nighttime fluxes were classified as unreliable
and discarded, when u, falls below an annually estimated threshold.
The threshold was determined based on the relation of NEE and u,
within temperature subsets (Papale et al., 2006). The uncertainty of the
detection method was assessed applying a bootstrapping method 100
times on the measured u, (Efron and Tibshirani, 1986). The respective
median of the bootstrapping result was used as the u, threshold in
a specific year. The thresholds for 2010-2020 range from 0.03 to
0.05ms~!. The mean daytime shear stress velocity is 0.16 ms~!.

Appendix B. Gap-filling performance

As the bin size is increased in search of measured fluxes to replace
the missing value in the MDS method, different quality flags are as-
signed to the replaced value. In this study, quality flag A.1 is used
for cases with R,, T and V PD available within a +7 day window.
Quality flag A is used if either LUT is applied with a window of up
to +14 days (R,;, T and V PD available), +7 days (R,, available) or
MDC within +1 h. Quality flag B denotes cases, where either LUT is
applied with a bin size of +28 days (R,,;, T and V PD available), +14
days (R,, available) or MDC within +1 day, respectively. All further
increases of the window size in the respective method are assigned with
label C (not shown). Only gaps with a length up to 60 days are filled.
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Meteorological data used for the gap-filling-algorithm were measured
at the Biiel-Rietholzbach site (Section 2.5). Fig. 3 shows that the large
majority (<95%) of the gaps in all time series could be filled applying
the LUT approach with adjacent data within +7 days of the missing
values (quality flag A.1). With data within a maximum window of 14
days (quality flag A) more than 96% of the gaps are filled and with
a maximum window of +28 days (quality flag B) more than 99% are
reached. The remaining < 1% of the gaps is filled with quality flag C
values.

The performance of the gap-filling procedure on the three half-
hourly datasets AE, H and N EE is also shown in Fig. 3, where original
measurements are compared to their MDS-based estimates. Note that
for quality flag C there are no original values available to test the
gapfilling performance. There is no apparent difference of uncertainty
between the two gap-filling classes. This comparison, however, is not
significant with regard to the small sample size of flag B. The root mean

11

square error (RMSE) of the MDS-estimated data for DH1518 is 24.4
Wm~2 for AE, 14.6 Wm~2 for H and 3.1 pmol m~2s~! for NEE. In the
case of the normal year sample the respective RMSE is 24.5 and 14.3
Wm~2 and 3.2 pmol m~2s~1. The similarity of the RMSE values for dry
and normal conditions indicates that there is no bias in the gap-filling
procedure due to variability in meteorological conditions, which could
distort the correlation of normal to dry years in this study. The annual
distributions of the RMSE of gapfilled data are shown in Fig. B.10.

Appendix C. Consistency of H and AE processing with earlier
versions

While the H17 and M22 data sets are both based on the same
raw data, they are independent products. Only in M22 we present
CO, data from the Biiel-Rietholzbach research site. The derived fluxes
can substantially deviate in some cases, as different processing steps
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Fig. C.12. Frequency and magnitude of AE during rainy hours from gap-filled EC
measurements and as observed by the lysimeter in the period 2009 to 2015. Note that
the lysimeter only provides positive values.

are involved on the way to the final product. The discrepancies orig-
inate mainly from (a) calculating the covariance matrix, (b) the flux
correction procedure, and (c) the gap-filling procedure.

As the used EC raw data and flux correction sequences do not
fundamentally differ, the changes from uncorrected to corrected fluxes
are very similar in both H17 and M22. Fig. C.11 shows that the flux
correction procedures essentially act in the same way in both data
processing schemes. The present M22 data have been aggregated from
half-hourly to hourly values for this analysis. AE is increased by around
15% and H is reduced by approximately 10% after correction, as
indicated by the regression slope. These substantial effects mainly result
from the spectral correction for sensor separation in the case of AF and
the conversion of the buoyancy flux in the case of H. The apparent
difference between H17 and M22 is that while the EddyPro processing
corrects all data in a consistent fashion, certain few instances of AE are
only marginally changed in the H17 processing (i.e., the data stay on
the 1:1 line). This is due to the different spectral correction methods
used (Moore, 1986; Moncrieff et al., 2005), which act differently as
function of wind speed.

The comparison of the two different corrected flux series (bottom
panels in Fig. C.11) reveals a substantial spread of the data, while
the correlation is strong, as expected. The spread is explained mostly
by the different averaging methods. In M22 linear detrending of flux
components is performed within half-hourly windows for decomposing
them into mean and turbulent parts prior to calculating the covariances.
In the case of H17, no detrending is performed within hourly windows.
This can lead to over- or underestimation of the covariances especially
in H17, when a trend in the data, e.g., a temperature increase, af-
fects the magnitude of the turbulent fluctuations of T. For reference,
detrending the flux components and using half hourly data instead
of using the average of hourly values results in an overall difference,
expressed as RMSE, of 11.3 Wm~2 (3.4 Wm~2 in the 5 to 95% range)
in the case of AE and 4.8 Wm~2 (2.1 Wm~2 in the 5 to 95% range) in
the case of H.

In general, though, larger deviations between the final flux series
of H17 and M22 result from gap-filling, as H17 relies on interpolation
and a regression with solar radiation (Hirschi et al., 2017) in the case
of AE, which fundamentally differs from the MDS approach used in
M22. Fig. C.11 shows that the correlation of the gap-filled data is still
relatively high (R? of 0.85 and 0.54 for AE and H, respectively). Over-
all, the EddyPro gap-filled data are around 12% lower than the H17
gap-filled data. Note that the statistical metrics for AE are calculated
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without rainy hours, because rainy hours are handled differently in
H17 and M22. In H17 these values are replaced with zero and in M22
these values are discarded and replaced with MDS, which does not
take into account whether it rains or not. While assuming E to be zero
during rain as in H17 is physically sound, measurements of E with the
lysimeter during rain still indicate a substantial amount of evaporation
occurring. This has also been reported in Hirschi et al. (2017). Fig. C.12
shows that in light of the lysimeter measurements the magnitude of AE
during rain modeled by MDS is reasonable, with the majority being
below 25 Wm~2.
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