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ABSTRACT

Water budgets and climate are related in many ways and at all scales. Therefore, we expect climate change to
trigger changes in all water budget components at any scale. For Central Europe observed and projected climate
change indicates higher variability of precipitation, while evapotranspiration (ET) should increase due to higher
temperatures, yielding lower and more variable infiltration and runoff. However, evidence in ET records is
limited, as long-term measurements of ET are methodologically challenging and as factors other than climate are
changing in parallel, like vegetation and land use.

In this study, we take advantage of long-term hydro-meteorological data from the small research catchment
Wernersbach (4.6 km?, dominated by Norway spruce) in operation since 1967 and from two eddy-covariance
(EC) flux towers, all located in the Tharandt Forest, Germany. The tower DE-Tha is located a few kilometres
east of the catchment, is spruce dominated and in operation since 1996. After a wind break of a spruce stand
(situated inside the catchment) and planting of deciduous oaks, the tower DE-Hzd was set up in 2009. For the
first time, we report systematically about observation, correction methods and metadata of the long data series of
the observatory, represented by the Wernersbach catchment and the EC flux towers.

Climate change signals in the region are mirrored in the Tharandt Forest records. They show rising air tem-
perature with a breakpoint around 1988 and complex changes in solar radiation associated to a regional peak in
air pollution around the same time. The catchment and both towers did not show any systematic differences in
climate or meteorological data, allowing us to address observed changes in the water budget components as
related to (i) climate change, (ii) change in vegetation, and (iii) different responses due to different soil and
hydrogeological characteristics as well as methodological aspects. The catchment term ET plus storage, derived
from precipitation minus runoff, showed the expected high variability with a significant increase over the more
than 50 years of operation. The flux-tower DE-Tha showed much lower inter-annual variability in ET with an
average annual total of 486 mm (1997 to 2019), but no significant trend. For the same period, average catchment
ET was 734 mm/yr. The younger flux-tower DE-Hzd showed ET values in between, closer to catchment ET at the
very dry end of the ten-year record (2010 to 2019). An analysis of decadal trends in a Budyko framework at
catchment level revealed the dominating response of ET to land use or vegetation change until around 1990. The
climate induced change of ET increased in the last decades, on the one hand directly due to an increased at-
mospheric demand. On the other hand, extreme weather events exerted harmful effects on vegetation, especially
triggered by two dry years at the end of the record.

Furthermore, we found that the mean annual tower ET was about 250 mm lower than catchment ET despite
the careful correction for energy balance closure. We attribute this difference to soil and to a lesser extend to
vegetation characteristics, but also to methodological uncertainties. There is evidence from interception and
transpiration measurements at the flux tower as well as from water budget modelling that a major contribution of
this difference is related to an insufficient EC closure correction during interception events. A careful
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consideration of rain events and evaporation from interception is recommended when addressing ET of similar
evergreen forests in a humid climate, as EC records might be generally too low. This illustrates the necessity of
redundant and complementary measurements when dealing with large system complexity.

1. Introduction

Climate change and its possible effects on the water budget is of
increasing concern among environmental scientists as well as among
decision makers (WWDR, 2020). Expected shifts towards higher tem-
peratures, higher evapotranspiration (ET) and higher variability in
precipitation (IPCC, 2014) would lead to lower and/or more variable
runoff and eventually lower groundwater recharge. Climate change thus
threatens freshwater resources (Bates and Kundzewicz, 2008). However,
water and land management will often hide these effects especially for
large catchments with many competing factors of influence (Bates and
Kundzewicz, 2008). This adds to the general delay in catchment
response to atmospheric drivers due to storage effects. Thus, trends in
discharge and ET cannot be attributed to climate change alone, as other
effects influence the system response (Kundzewicz et al., 2013).

However, for small catchments with an unchanged land cover and
land management, a warming climate should lead to an increase of ET or
at least, a change of ET we can understand from non-climatic effects, like
forest management (e.g., Arbeitskreis KLIWA et al., 2018). Therefore,
additional information on non-climatic drivers of the water balance is
crucial when we investigate catchment response to climate change.

The area of investigation is the Tharandt Forest, a large (60 km?)
managed forest dominated by spruce stands (about 2/3 of the forest)
south-west of Dresden, the capital of Saxony (Germany). The time
period covered is 1968 to 2019. Climate change is already remarkably
evident in Central Europe. A temperature increase of 1.5 K and a shift
towards less frequent but more intense precipitation events are observed
(Bates and Kundzewicz, 2008; IPCC, 2014) increasing the risk of floods
and droughts (Bernhofer et al., 2006). In Saxony, this pattern is most
pronounced in summer. The start of the warming trend can be associated
to a regional breakpoint around 1988 (Renner and Bernhofer, 2011).
Seasonally only fall contributed a bit less to this trend (Bernhofer et al.
2015). Regional and local changes in precipitation are always subject to
uncertainty due to the large temporal and spatial variability of precip-
itation. However, a decrease of late spring precipitation (Apr/May/Jun)
and an increase in late summer (Jul/Aug/Sep) were observed consis-
tently relative to 1961-1990. According to precipitation sums, the
occurrence and intensity of heavy precipitation decreased in late spring
and increased in late summer, a fact which might aggravate hydrological
droughts in both seasons (Bernhofer et al. 2015). At the end of the period
under investigation, a serious drought occurred (2018/19/20) with an
accumulated deficit relative to normal conditions of around 400 mm
throughout Saxony. This drought was driven by low precipitation and
high air temperature, leading to high vapour pressure deficit and high
evaporative demand (Pluntke et al., 2021).

Additionally, the regional climate was affected by air pollution. Since
the 1960 s, large sulphur dioxide emissions from fossil fuel burning led
to a high aerosol density in the upper troposphere reducing the global
(or solar) radiation via scattering over most of Europe and North
America. While this effect was reduced by filtering the emissions else-
where in the early 1980 s, leading to a “global brightening” (Philipona
et al., 2009), it continued in neighbouring parts of today’s Germany,
Poland, and Czech Republic (the so called “Black Triangle”, see e.g.,
Kolar et al. 2015) until the early 1990. Please note that this “regional
brightening” (i) shows a delay of about ten years relative to the global
effect and (ii) was accelerated by the fast reductions of emissions, at
least in Saxony.

In higher elevations of the Black Triangle, a severe forest dieback
occurred due to this heavy air pollution and the associated deposition.
This caused a reduction in forest cover and forest vitality between 1970

and 1990 with effects on the water budget. Discharge increased for most
forested catchments in the area. Renner et al. (2014) disentangled the
typical land use/land cover (LULC) changes from climate change to
show these hydro-climatological consequences for a large set of catch-
ments in Saxony. After curbing the sulphur dioxide emissions in the
early 1990 s and the following regrowth of the forest, by 2010 forest
conditions and catchment response had almost returned to conditions
before 1960.

Other typical LULC changes in the area included water management
of agricultural areas (drainage of wet areas, but also irrigation) and
changes in field size and cropping system due to the use of heavy ma-
chinery and the move to large agricultural units (cooperatives). Even
forested areas were often drained to improve growth. After 1990, some
of the monospecific spruce forests were managed towards a larger pro-
portion of deciduous trees, like beech or oak. Therefore, we should
expect complex responses of the hydrological system depending on the
LULC and its management as well as depending on regional and global
climate change.

This study focusses on the catchment Wernersbach (WB) and two
accompanying flux towers. The WB catchment is a small, forested
research catchment (Dyck and Peschke, 1995; Bernhofer 2002, 2018)
with a data record starting in 1967. This catchment was much less
affected by the sulphur dioxide deposition than the forests close to the
border of the Czech Republic. This is due to the lower elevation, lower
wind speed, and lower exposure to the emissions. It is completely
forested mostly by spruce since at least 100 years, and no larger reser-
voirs or agricultural activities had been recorded. Such small experi-
mental catchments with a single land use and long-term monitoring
(climate, hydrology, management) offer the chance to single out climate
effects.

Since 1996 an eddy covariance (EC) flux tower monitors energy,
water and carbon fluxes in the same area above an old, managed forest
dominated by spruce (Griinwald and Bernhofer, 2007). In the ICOS
network (Alam et al., 2019) the identifier is DE-Tha, which will be used
also in this study. 2009/10, additionally the flux tower “Hetzdorf” DE-
Hzd went into operation. This tower is within the catchment and col-
lects flux data from a growing young oak forest after a wind break in
2007. EC based flux networks like FLUXNET (Baldocchi et al., 2001),
ICOS or NEON enlarged our understanding of the global carbon cycle
(Fernandez-Martinez et al., 2017; Petrescu et al., 2015), but also provide
insight into the terrestrial energy and water balance (Teuling et al.,
2010; Yao et al., 2016), including disturbances like droughts (Graf et al.,
2020; Teuling et al., 2013).

Only a few studies exist on co-located catchments with appropriate
measurements of precipitation and runoff, and flux towers with EC
based flux measurements of ET, like the pioneering comparison of
catchment vs tower ET by Amiro and Wuschke (1987) or the multi-site
study of Teuling et al. (2013). The only long-term data set with some
similarity we are aware of is the Rietholzbach catchment (Seneviratne
et al., 2012) in the Swiss Alps. However, the Rietholzbach catchment is
grassed and a weighing lysimeter provides ET. Comparisons for much
shorter periods of three to five years were published (Graf et al., 2014;
Kosugi and Katsuyama, 2007) and showed mostly good agreements of
catchment and flux tower ET. For the catchment WB and the flux tower
DE-Tha Friihauf et al. (1999) found a good correspondence between
both ETs for the water budget year 1997/98. Teuling et al. (2013)
deduced from the combination of WB and DE-Tha, and soil moisture
estimates of the GRACE satellite that low precipitation and high ET can
occur simultaneously at catchment level, as long as the storage
component is sufficiently large.
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Fig. 1. Study area relative to Germany (upper panel), land use (2005), elevation, catchment of WB, footprint area of the EC towers, meteorological and hydrological
measurement sites at WB and nearby (central panel) as well as soil types (lower panel, for abbreviations see Appendix B). Soil information is based on data from the
Saxon State Office for Environment, Agriculture and Geology.
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Share of dominant soil sub-types in WB, DE-Hzd and DE-Tha and relevant soil parameters: skeletal fraction SKV (average) and usable field capacity (UFC) within the

rooting depth.

NUM Code Soil sub-type Share in DE-Tha (%) Share in WB (%) Share in DE-Hzd (%) SKV (Vol %) UFC *' (mm)
291 SSg Slope-Pseudogley 1% 1% 49 % 39 145

294 GG-SS Gley-Pseodogley 0% 6 % 0% 20 125

265 SSn Norm-Pseudogley 0% 22 % 23 % 8 178

279 GG-AB Gley-Vega 0% 10 % 0% 24 268

261 BBn Norm-Brown Earth 12% 21 % 28 % 31 185

543 BBn Norm-Brown Earth 19 % 4% 0% 75 76

346 SSn Norm-Pseudogley 19 % 8% 0% 4 162

295 BB-PP Braun Earth-Podsol 20 % 0% 0% 80 83

531 Gga Alluvial Gley 10 % 0% 0% 40 133

*1 Usable field capacity at pF 1.8 for the profile until 1.2 m or the potential rooting depth.

The major research question of the study is, whether a response of
actual ET to observed climate change can be identified. To answer this
question, we have to test the data for consistency including a careful
evaluation of the ET monitoring techniques, potential methodological
bias of ET and to sort out other factors like storage or land management.
This leads to the following objectives: (i) to investigate the long-term
data of the catchment WB (52 years) and the flux tower DE-Tha (23
years) for the dynamics in the water and energy budget components, (ii)
to analyse short-term dynamics of ET and storage and its contribution
for the evolution of droughts, (iii) to attribute ET changes to land use
and climate changes, respectively, and (iv) to check on the respective
representativeness of the co-located research sites, WB and the EC flux
towers DE-Tha and DE-Hzd.

2. Location, measurements and methods
2.1. Location

2.1.1. General information and geology

The WB catchment is situated in the Tharandt Forest at the low el-
evations of the Erzgebirge/Ore Mountains in Saxony/ Germany (Fig. 1).
The small river or creek WB is a tributary of the river Triebisch which
itself drains into the river Elbe in Meissen. The WB is about 3 km long,
and small tributaries are N-Bach, Etzenbach and Triebenbach. The
catchment size is 4.6 km?. If not additionally specified, information on
the catchment refers to the complete WB watershed, regardless of, e.g.,
different runoff or infiltration characteristics within the catchment. For
a characterisation of the EC towers, a reference area is assigned to each
tower (footprint according to Mellmann et al., 2003; Kljun et al., 2004).
The footprint is not static, but for simplicity, we choose a typical day-
time footprint according to EC measurement height and canopy struc-
ture. As a result, a fixed area is used within a 500 m radius around DE-
Tha and 130 m around DE-Hzd tower.

Geologically, the catchment belongs to the Ore Mountains (Erzge-
birge) and consists of the volcanic rock Palaeorhyolite, which is strongly
fissured in its upper zone. Palaeorhyolite weathers cohesively causing a
cementation of the fissures. Cretaceous sandstones from the Elbe valley
deposited on top of the Rhyolite, but they can be found only in the pe-
ripheral areas of the catchment nowadays. In the western part of WB,
these sandstones are tilted, likely causing a groundwater flow to the
adjacent catchment. A reduction of the below surface catchment size by
about 0.2 km? is commonly assumed (Miiller, 1998). The topography is
characterized by pronounced small scale heterogeneity with mainly
gentle slopes (40 % <1°, 54 % between 1 and 3°). Height above sea level
ranges from 323 to 420 m (mean 388 m).

2.1.2. Soil types

Spatial distribution of soil types is shown in Fig. 1 and some char-
acteristics are summarized in Table 1. Information is based on the soil
map 1:50 000 of the Saxon State Office for Environment, Agriculture and
Geology. Crucial soil characteristics, which determine the ET dynamics,

are the skeletal fraction (SKV, grain fraction 2-200 mm) and the usable
field capacity (UFC) of the soil profile at root level. SKV was averaged
over the whole soil profile, with a weighing according to layer depth.

Dominant soil type in WB is Norm-Brown Earth, which developed
over Rhyolite rocks (according to World Reference Base for Soil Re-
sources: Albeluvisols). Typically, they have high infiltration rates. The
alluvial zones and some neighbouring areas are groundwater and
backwater influenced. There, they changed to gley (Gleysols) and
pseudo-gley soils (Stagnosols, Planosols). Gley soils are often saturated
leading to fast direct runoff after precipitation events. Generally, the
soils in WB show a relative high water retention capacity (mean UFC
over all relevant soil types having at least a share of 10% is 210 mm, see
Table 1) and low infiltration rates (SKV 21 vol%).

At DE-Tha, the dominating soil types are Norm Brown Earth and
Brown Earth Podsol, which have high infiltration rates, and Norm
Pseudogley, which is a backwater influenced soil with low infiltration
rates. Overall infiltration is better but water retention capacity is worse
than in WB, which is reflected by a UFC of 127 mm and SKV of 48 vol%.
The dominant soil type in the footprint of the tower DE-Hzd is Slope-
Pseudogley (backwater influenced soil), two soil types of DE-Hzd are
also common in WB. The SKV is slightly higher (26 vol%) and the UFC
lower (169 mm) than in WB.

2.1.3. Land cover and land use

The main land cover in the WB catchment is coniferous forest. Ac-
cording to data of the 1980 s, Norway spruce (Picea abies) was domi-
nating (35 % in pure stands and 47 % in mixed stands), accompanied by
12 % Scots pine (Pinus sylvestris) in mixed stands and a minor portion of
deciduous and coniferous species. Forest management has changed
throughout the period covered here. Three main clear-cutting periods
took place in 1965-1970, 1978-1981 and 1985-1988, before clear-
cutting was practically abandoned. In 2007, a larger area was subject
to a severe wind storm damage. After removing the spruce stems, a
deciduous stand was planted with two oak species (Quercus rubra,
Quercus robur) in 2008. As this offered the unique opportunity to study
the effects of a disturbance, a micrometeorological tower including EC
was set up to monitor the dynamics at the regrowth site in 2010 (DE-
Hzd).

The tree species distribution at WB and DE-Tha has been very similar
until today. However, the Saxon Forest management is slowly convert-
ing these forest stands from spruce dominated to mixed stands at this
elevation. The spruce forest at DE-Tha was established by a special
seeding technique called Platzesaat in 1887 that already uses seedlings
instead of seeds. Further replanting took part in 1890, 1891 and 1899.
However, a tree ring analysis of four spruce trees in September 2020
arrived at ages between 114 and 118 years, which shows a small
discrepancy to the official seeding date. In the footprint of the EC tower,
the forest was composed of 87 % coniferous and 13 % deciduous trees in
1999 (Appendix A). The understory consists mainly of Fagus sylvatica
(20 %, planted) and Deschampsia flexuosa (50 %). The young beeches
had been introduced to mirror the typical forest management of Saxony
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Fig. 2. Left: Thompson weir at the outlet of WB. Right: measurements of water level and discharge (open circles) and the resulting rating curve (blue). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

aiming at a more resilient species composition. Forest management at
DE-Tha also included thinning of the old stand (2002, 2011, and 2016).
Recently, white fir (Abies alba) has been introduced as an additional
species in the understorey. Appendix A gives an overview of the devel-
opment of land cover over time of all three sites. Comparisons between
inventories are hampered, because only in 2013 non-forested areas were
quantified and understorey is not considered in each inventory. The
apparent increase in spruce in DE-Tha from 2013 to 2019 and the
decrease in deciduous trees originates from the latter issue. In reality,
beech is growing as understorey here. Nevertheless, trends towards
more deciduous trees are recognizable at all three sites.

2.1.4. Climate and climate change

In Germany, the climate is oceanic according to Koppen-Geiger (type
Cfb, Kottek et al., 2006). Cfb represents a warm temperate year-round
humid and summer warm climate. The continental influence increases
from NW to E. Saxony is consequently more continental. At WB the
mean temperature was 7.7 °C (Grillenburg) and the yearly precipitation
sum corrected for wind loss was 921 mm/yr (1968-2019). The driest
month was April 2007 with 0.3 mm and the wettest month August 2002
with 397 mm. The main part of the Tharandt Forest including WB is
characterized by a gentle topography and a considerable variation in
microclimate. Cold air pooling can lead to freezing temperatures close to
the ground in any time of the year. Wind and precipitation are influ-
enced as well by small scale orography.

There is a clear trend to higher temperatures in all seasons, but no
clear effect on annual precipitation. However, there is evidence for
precipitation changes in Saxony that differ between seasons (Hansel
et al. 2009). The first part of the summer half year (Apr-May-Jun) shows
reduced precipitation, while the second part (Jul-Aug-Sep) was slightly
wetter. This is in accordance with a positive trend of heavy precipitation
(Schaller et al., 2020).

2.1.5. Hydrologic characterisation

The hydrological response of the WB catchment was associated to
four hydrologically distinctive area types (Peschke et al., 1999): (i) 16 %
are wet and saturated areas along the creeks, which form direct flow, (ii)
3 % are areas with dominant hypodermic flow, well connected to the
creek, which form direct and hypodermic flow, (iii) 39 % are backwater
influenced areas with soils of low infiltration rates but high water
retention, barely connected to the creek, and (iv) 42 % are infiltration
areas, which form base flow. A drainage system was created in the 1960
s to improve the site conditions for forest production. The drainage

system was serviced until 1990 only. Therefore, over the past 30 years
drainage should have slowly returned to smaller values, decreasing
runoff.

2.2. Measurements

In December 1967, measurements started at the catchment WB,
while the flux towers were in full operation only by 1996 (DE-Tha) and
2010 (DE-Hzd), respectively. All data (meteorological, hydrological and
metadata) are stored in an internal database of the Chair of Meteorology.
No initial harmonization was performed. In case of instrumental
changes, overlapping observations are stored separately. For this work,
daily data were prepared, which includes checks on homogeneity, ho-
mogenization and gap filling (see below). Practically all time-series
consist of data with different equipment and site characteristics.
Recent and historic instrumentation and further metadata are docu-
mented in Appendix B. As an example and as support in teaching, a
subset of the data is released in parallel to this paper (see chapter 6). It
consists of monthly hydro-meteorological data of the period 1968-2019,
and an exemplary daily dataset of the year 2017 of WB and the data of
the two EC towers. Generally, EC data are available via the European
Fluxes Database Cluster (http://www.europe-fluxdata.eu/), the ICOS
Carbon Portal (https://www.icos-cp.eu/) and the global FLUXNET
initiative (https://fluxnet.org/), e.g., the FLUXNET2015 dataset was
described in Pastorello et al. (2020).

2.2.1. Wernersbach catchment

The WB catchment was established by Hermann Plei (first holder of
the Chair of Meteorology at TU Dresden) for education and research
within the former Faculty of Forestry between 1965 and 1967. The main
outlet of the WB catchment is defined by a Thompson weir with a 90° V-
notch and a width/ total height/ notch depth of 200 cm/ 90 cm/ 40 cm,
respectively. Bypass-flow is blocked by a concrete wall across the valley
floor perpendicular to the creek. The weir defines the catchment size,
which was estimated to be 4.6 km?. Discharge or runoff (R) is computed
from water level (mechanical recording and additionally with a pressure
sensor since February 1992) at the weir using the rating curve (water
level - discharge relationship) as depicted in Fig. 2. Observations were
manually corrected in case of clogging or ice formation. Discharge
measurements by a flow meter (various propeller velocimeters; OTT or
similar) were performed regularly to establish the rating curve, but
thereafter additional measurements were done only on demand (esp. at
high discharges). Later, it was checked again on special occasions, like
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after the summer floods in 1980 and in 2002.

Extreme floods transport considerable amounts of sediments. In
August 2002, the two upstream sections of the weir were filled with
about 3 to 4 m® of sediments along with the peak discharge. In 2018 on
the occasion of the 50th anniversary of the WB, the complete weir
including the concrete wall and the bypass channel were renovated. An
ultrasonic sensor to detect the water level and a second ultrasonic sensor
for flow velocity were installed for a continuous recording of the water
level — discharge relationship by 2019. Main power was available at the
weir until 1990. It was re-established in 2021 and allows a continuous
sediment and water quality monitoring.

Five Hellmann precipitation (P) gauges (200 cm?) were installed in
December 1967 in and close to WB (see N1 through N6 in Fig. 1) in order
to capture the spatial variation. To reduce wind induced errors, Tre-
tyakov shields were installed in 1974. Recording rain gauges with higher
temporal resolution were installed additionally in 1969/1972
(siphoning recorders), tipping bucket rain gauges in 1995 and a
weighing gauge in 2003. Daily values are collected from the Hellmann
gauges and temporally distributed according to the recorder values
during post-processing. Episodic re-location of rain gauges became
necessary due to growing trees in the vicinity to avoid shading effects.
Typically, parallel measurements at the old and the new site were per-
formed for some period of time to check for consistency.

Precipitation observations of Hellmann gauges were corrected for
the typical losses: wetting and evaporation loss according to Karbaum
(1969) and wind induced loss according to Richter (1995). As the types
of rain gauges changed over time, as well as site conditions and manual
reading frequency were not always according to standards, the correc-
tions had to be adjusted. These gauges were Zinc-coated until November
2002 and were replaced by stainless steel gauges later. Wetting loss for
Zinc-coated Hellmann rain gauges was corrected by adding 0.15 mm per
precipitation event. Evaporation loss from the collecting vessel was
corrected: in spring and autumn 0.05 mm, in winter 0 mm and in
summer 0.1 mm per day for the period from the first precipitation event
until the observation (three times per week). Depending on the exact
start of the rain event and the time of observation, calculation is carried
out with an accuracy of half a day. If necessary, half the surcharge is
added. Before the installation of wind shields in February 1974, the
Tretyakov shields were tested against measurements at the forest
clearing close to the EC tower DE-Tha (WA). Little need for additional
correction was found. Therefore, after the installation of wind shields,
no wind correction was applied. For Hellmann gauges from stainless
steel (in use since 2002) the total correction (note: here only wetting and
evaporation loss) is generally 5.5 %. This factor was determined from
long-term parallel observations at the Chair of Meteorology in Tharandt.

In wintertime (October through April) between 1968 and 1988, and
1990/91 the Hellmann gauges in WB were partly filled with brine to
minimize losses due to evaporation and wetting. Snow detection
improved as the concentrated solution melted the snow and the resulting
water was less sensible to further wind loss. A thin film of petroleum at
the surface of the liquid reduced evaporation errors. To arrive at pre-
cipitation, the volume and density of the liquid were determined.
However, results did not drastically improve despite the effort, but gave
a general picture of the associated bias.

Areal precipitation for the whole catchment is calculated as the
arithmetic mean of available reliable stations according to the careful
judgement of trained personal. From December 1967 until April 1990
stations N1-N5 were available, until December 1992 N1-N6, until
December 1999 N2, N3, N5 and N6, until October 2008 N1, N2, N3, N5
and N6 and since then N1-N5.

Temperature (T) observations are available for the complete period
from the forest clearing WA (part of DE-Tha) and from Grillenburg GB.
Both data series are complete. GB is used for further analysis, because it
is very close to the catchment and almost standard conditions prevail.

Wind speed (WS) is available from GB above grassland, at WA from a
19 m tower until 1996 and at DE-Tha at 33 m and 42 m (both heights are
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above canopy). None of the stations cover the complete period. To get a
consistent time series for WB is challenging, because of different site
characteristics and measuring heights. The station with the most similar
condition to the forested WB is DE-Tha. Therefore, the time series at 42
m was gap-filled via a regression with the DWD station Dresden-
Klotzsche (1972-2019). Remaining missing values were filled with
mean daily values (of a yearly cycle), where a Gaussian white noise was
added.

Relative Humidity (RH) is observed at GB since 1968, but a gap of
several years exists in the 1980 s and 1990 s. The gap was filled using
minimum temperature observations (adapted Magnus approach from
Murray, 1967). The quality of this procedure is good as a cross valida-
tion shows with a coefficient of determination of R? = 0.89. The sensor
has a drift since 2010, i.e., 100 % is never reached. This typical error was
corrected applying a de-trending approach according to Korner et al.
(2020).

Global radiation (RG) measurements at the top of the observation
towers in DE-Tha and at WA were used. For consistency, parallel mea-
surements were performed with each new sensor or at the beginning of
the operational measurements at the new tower. When necessary, ob-
servations were corrected and referenced to the current radiation sensor
(Kipp & Zonen CNR1/CNR4) using linear regression models. Largest
differences exist between first measurements at WA (with an analogue
recorder and manual analysis for daily and hourly values) and the
following digital records at DE-Tha (R? = 0.95).

At the flux tower DE-Tha, net radiation (Rn) was measured by a
Schulze net radiometer (Dr. Lange, Germany), short- and longwave ra-
diation were separated using a combination with a Sonntag pyranometer
(Lambrecht, Gottingen, Germany) at DE-Tha until 2007. Since 2007, a
four-component net-radiometer (Kipp & Zonen CNR1/CNR4) is used.
Inconsistencies were found in a later analysis only. To avoid misleading
bias, the record was adjusted to the recent data. This procedure
increased net radiation systematically before 2007, increasing the en-
ergy balance closure gap of the early years of DE-Tha. The closure cor-
rected latent heat flux increased on dispense of a slightly increased
uncertainty, as the correction of Rn is based on the assumption of con-
stant site conditions.

Groundwater level measurements were available from three sites in
the catchment (Miiller, 1998); two sites are still in operation. Site 1
represents the conditions of the upper part of Oberer Wernersbach and
reacts fast after precipitation events. Site 3 is situated at the ridge be-
tween Triebenbach and Wernersbach and is representative for a large
groundwater storage, leading to considerable damping of the surface
signal.

Soil water content was measured with a neutron probe (S-23) at 13
sites in the catchment, generally every 10 cm until a depth of 100 cm
from 1970 to 2000. Tensiometers were used additionally close to the
tributary N-Bach between 1991 and 2001. Today, inside the catchment,
at DE-Hzd, four sites are probed regularly by FDR and TDR devices.

2.2.2. Measurements at the flux towers

All surface energy budget components including net radiation, soil
heat flux, storage related fluxes, as well as turbulent heat fluxes are
measured at two towers, one within WB at the oak regrowth site (DE-
Hzd), the other one is the long term ICOS spruce site (DE-Tha) close to
the catchment. Sensible and latent heat, momentum, as well as water
vapour (H20), and carbon dioxide (CO3) fluxes are determined using the
eddy-covariance (EC) technique.

The flux tower at the spruce site was established for an investigation
on forest decline in the early 1990 s. The rising interest in the carbon
balance of forests led to the EUROFLUX project, which established the
first continent wide network of EC stations including Tharandt (Valen-
tini et al., 2000). The EC measurements started in DE-Tha in July 1996,
establishing the longest continuous EC record of water and carbon ex-
change in Germany. The site DE-Hzd was added in 2010. Various
additional information is available from the literature (e.g., Moderow
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and Bernhofer, 2014) and via the international cooperation in ICOS
ERIC (https://www.icos-cp.eu/) or FLUXNET (https://fluxnet.org/).

The DE-Tha setup at 42 m above ground includes ultrasonic ane-
mometers (GILL-R3, GILL-HS, Gill Instruments Lymington, UK) and
closed-path gas analysers (LI-6262, LI-7000, LI-7200, LiCor Inc.,
Lincoln, NE, USA) (Bernhofer et al. 2003, Griinwald and Bernhofer,
2007). At DE-Hzd, EC measurements started at a height of 5 m above
ground using an ultrasonic anemometer (CSAT, Campbell Scientific Itd.,
Logan, Utah, USA) and an open-path infrared gas analyser (LI-7500,
LiCor Inc., Lincoln, NE, USA). Due to the growing forest the EC mea-
surement level has been increased to 12 m/17 m above ground in 2017/
2021. Details of the setups are given in Griinwald and Bernhofer (2007).
The post-processing of fluxes follows the ICOS standard (Sabbatini et al.,
2018) and FLUXNET procedures (Pastorello et al., 2020) including flux
correction, quality control, footprint calculation, flux partitioning, gap
filling, and correction for energy balance closure gap. The EC towers and
their surroundings are equipped to collect additional meteorological
(precipitation, radiation components, temperature, humidity), soil
(ground heat flux, moisture, temperature), and biomass (diameter at
breast height, litter fall, LAI sap flow, leaf area and mass data, at DE-Tha
also nutrients at leaf level) data.

2.3. Methods

2.3.1. Water budget method

ET of WB can be determined as a residual of the water budget over a
multi-year integration time (P minus R). For shorter integration periods,
groundwater, soil, and snow storage cannot be neglected, introducing a
considerable challenge. In the following we will refer to this term as
catchment ET. To understand the short-term dynamics of ET and storage
and its contribution for the evolution of droughts, we applied an
approach according to Teuling et al. (2013). It is based on the water
balance of a catchment.

P=R+dS+ET (@)

with precipitation P, net discharge or runoff R, change in catchment
water storage (mainly by changes in soil moisture) dS and evapotrans-
piration ET. All terms in Eq. (1) are mass flux densities in kg m2s™! or
mm d’! for convenient comparison with precipitation standards.

In terms of anomalies (see Teuling et al. 2013), it can be written as

ds —dS, = / (P —R —ET)dr (2)

where dSp is an arbitrary integration constant. From Friihauf et al.
(1999) and hydrological reasoning, we know that a balanced soil water
status was typically reached in late winter or early spring (March or
April). Despite this we choose to use the hydrological year starting at
November 1st for the purpose of better acceptance in the hydrological
community. Climatological values of the water balance components, i.
e., mean monthly values of the period 1997-2019 were calculated and
used for anomaly calculations.

2.3.2. Eddy-covariance method

At the flux towers, the eddy-covariance method yields direct mea-
surements of the turbulent fluxes above canopy. Typical formulation for
ET is given as

ETgc=p,wWq 3)

P, is air density, w is vertical wind speed, q stands for specific hu-
midity, ‘ denotes the deviation of the instantaneous value from the mean
and the overbar the mean of a methodologically reasonable time period.
For mostly pragmatic reasons, a frequency of 20 Hz and a half-hourly
time period is commonly applied. The method is the state-of-the-art
approach (i.e., the new standard) to measure turbulent energy and
matter transport between the surface and atmosphere (Aubinet et al.
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1999). This is associated to the surface energy balance of an “ideal site”,
as shown in Eq. (4).

Rn—G—J=AE=H+L.ET (@)

On the left side of Eq. (4), Rn stands for net radiation, G for ground
heat flux, and J for the flux total due to storage changes between the
measurement levels of net radiation and soil heat flux (Bernhofer et al.
2003). The sum of values at the left side of Eq. (4) is often treated as
available energy (AE) for the two turbulent fluxes at the right side:
sensible heat flux H and latent heat flux L.ET. L is the heat of vapor-
ization (appr. 2.5 MJ kg~!). However, uncertainties arise from hetero-
geneity in canopy structure or terrain (limited fetch) or by periods of
insufficient turbulence (Falge et al., 2001). Also, the sum of the turbu-
lent fluxes often does not match the available energy, which is called the
energy balance closure gap (Foken, 2008; Panin and Bernhofer, 2008).
Therefore, evapotranspiration from EC is smaller than the ‘true’ ET.
After correcting for energy balance closure (Mauder et al., 2020) and
proper gap filling (Reichstein et al., 2005), uncertainties are considered
stochastic in nature and within the range of 10 % of the available energy.

However, an additional systematic underestimation of ET is associ-
ated to rain interception, which is especially relevant in evergreen
(coniferous) forests (Van Dijk et al., 2015). Measurements during and
after rainfall might show a systematic underestimation of ET, when the
canopy and the instruments are both wet and the sensible flux is directed
downward. In this case, both turbulent fluxes have different signs and
the standard closure correction scheme is bound to fail. At least in cases
of low net radiation, as in fall and winter, this leads to a systematic
underestimation. An additional sizeable correction of annual ET from
eddy-covariance might occur primarily for the spruce site (Fischer et al.,
2022). As catchment ET could be used as ‘true ET’, a comparison to ETg¢
should consider this potential systematic difference.

2.3.3. Water budget related indicators

As an indicator of the evaporative demand of the atmosphere, we
used the grass reference evapotranspiration (Eg) of the Food and Agri-
cultural Organization FAO (Allen et al., 1994). It utilises the Penman-
Monteith equation and is a common tool to estimate water demand of
crops via scaling Eg by crop coefficients.

The climatic water balance (CWB) is often used as an indicator for
the availability of water for runoff and infiltration. CWB is defined as the
difference between corrected P and Eg here. Alternative definitions
exist, e.g., P relative to E;. However, the bias between the two ap-
proaches is small. CWB is often used as drought or wetness indicator
because it is related to the soil water status and therefore a well-accepted
indicator for the growing conditions of crops and forests.

2.3.4. Statistical tools

Main meteorological (T, P, RG, RH and WS) and hydrological vari-
ables (R) and derived variables such as Eg and CWB are considered for
the climatological and eco-hydrological analysis. The analysis is based
on process understanding in climatology, hydrology and ecology and is
performed applying statistics mostly provided in ‘R’ language packages.
As a commonly used check on long-term variations, linear trends of
yearly sums or averages are tested for significance applying the Mann-
Kendall trend test (Kendall, 1955; Mann, 1945) after the necessary
check for autocorrelation. A block bootstrapping has to be applied in
case autocorrelation exists. In this study, no significant autocorrelation
was found. We term trends with a calculated p-value of p < 0.1 a
“tendency”. P-values of p<=0.05 are termed as “(significant) trend”.

In a linear regression model, it is assumed - besides linearity - that the
relationship does not change over time. An approach to check the latter
assumption is to test the cumulative sum of the Ordinary Least Square
residues, which was developed by Ploberger and Kramer (1992). The so
called OLS-CUSUM test (and others) was implemented in the R-package
“strucchange” (Zeileis et al., 2002). Linear and alternative thresholds
levels (depending on chosen significance level) are derived from the test
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Fig. 3. Energy-water partitioning diagram (Renner et al., 2014, modified). Pure
land surface changes develop along the axis (0, 0) and (qo, fo) (red line), which
can be interpreted as an aridity index. Perpendicular to above axis, climate
changes develop (blue arrow). An observed change, e.g., from (qo, fo) to (qi,
1)), carries mostly the signals of both factors. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

statistic, whereby the alternative threshold is more appropriate, if
structural breaks are suspected at the beginning or the end of the time
series. An indication of a significant deviation from stationarity is the
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crossing of the CUSUM estimate with the threshold. CUSUM is a
standardised, dimensionless quantity and is interpreted as follows: A
CUSUM line fluctuating around 0, would imply a temporal stationary
process. Segments with upward slopes indicate above average condi-
tions, while downward slopes indicate below average conditions.
Smooth or abrupt peaks indicate the time of a change in the mean. Due
to the standardisation, magnitude and time of changes are comparable
between different series. The shape of the CUSUM line is not sensitive to
the selected time interval, which allows for robust structural change
testing.

2.3.5. Budyko framework to separate effects of climate and land use on ET

An attribution of changes in ET to changes in land use and climate is
performed according to Renner et al. (2014). The approach is based on
Budyko (1974) and Tomer and Schilling (2009) and allows to disen-
tangle climate change effects on the catchment water balance from land
use effects. From the long-term water balance, ET can be derived as the
difference between P and R. Water storage can generally be ignored for
long-term considerations. Under the assumption that the available en-
ergy can be described by potential evapotranspiration (Ep), Eg composes
the energy limit for ET. The diagram in Fig. 3 (from Renner et al., 2014)
describes two dimensionless measures: water partitioning as q = ET/P
and energy partitioning f = ET/E. The line from the origin of the co-
ordinate system through a point (e.g., qo, fo) can be interpreted as an
aridity index for the specific catchment. A more humid catchment would
lie on a line more to the left. An ET change caused by a pure land surface
change manifests through a change of the position along the specific
aridity line. Contrarily, a change in the aridity index, i.e., the climatic
conditions, manifests through perpendicular deviations from this line.
For example, a climatic change towards more humid conditions would
increase relative energy partitioning f while decreasing the relative
water partitioning q. An observed change in ET (from point qq, fp to
point qy, f1) can henceforth be separated into a land surface change part
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Fig. 4. Yearly values and linear trends of precipitation P, runoff R, climatic water balance CWB, reference evapotranspiration Eg, P-R for WB and ET from EC

observations at the two flux towers DE-Tha and DE-Hzd for hydrological years.
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Table 2
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Climatological values of important climate elements (precipitation is corrected for losses), runoff and evapotranspiration for hydrological years for WB, WA, GB and
the EC station DE-Tha. Absolute decadal trend and two-sided p-value are shown for the period 1969-2019.

Global radiation [W/ Mean air Ep [mm/ Precipitation [mm/ Runoff [mm/ P-R [mm/ ETEC"' [mm/
mz] temperature [°C] yr] yr] yr] yr] yr]
Station / Period DE-Tha GB WA GB WB WA WB WB DE-Tha
1969-1990 117 7.2 7.7 644 898 916 256 642
1991-2019 126 8.2 8.7 705 938 934 209 730
1997-2019 130 8.4 8.9 713 942 935 208 734 479
Absolute decadal trend and p- +3.6 W/m? +0.4 K +0.4 K +25 mm +41 +4 mm —15 mm +21 mm +12 mm
value p <0.01 p<0.01 p<0.01 p < 0.01 mm p=0.78 p =0.06 p = 0.04 p=0.53
p=
0.65

"1 Closure gap corrected ET measurements with EC at DE-Tha; trend calculations are limited to the period 1997-2019.

Table 3
Main hydrological characteristics of WB for the period 1968-2019.
Lowest Mean annual Mean Mean annual Highest
discharge ever =~ minimum discharge peak known
recorded discharge discharge discharge
0.11/s 1.91/s 33.31/s 688.7 1/s 8000 1/s
17 August (estimated)
2018 12 August
2002

(AETL, = ETp — ETy, red arrow in Fig. 3) and a climate change part
(AET¢ = ET; — ETp, blue arrow). Following Renner et al. (2014) ETy, can
be approximated by

ETy =Po(fofi qo+ay )/ (f5 + 43)

We also used the Normalized Difference Vegetation Index (NDVI)
from the two MODIS (Moderate Resolution Imaging Spectroradiometer)
Instruments to estimate the vegetation status independently within the
area of WB and the flux towers. The launch of the satellites 20 years ago
limits the study period to 2002-2019. The data of the product MYD13A3
Version 6 are provided monthly at 1 km spatial resolution by NASA’s
Earth Observing System Data and Information System (https://Ipdaac.
usgs.gov/). Monthly values of nine grid cells centred over the investi-
gation area were used. We used the median NDVI value of the months in
the main growing period (May till August) for further analysis.

3. Results
3.1. Time series analysis

3.1.1. Dynamics of hydro-climatological variables

For a first climatological characterisation of WB and the flux towers,
means of three periods are shown in Table 2: 1969-1990, representing
almost the reference climate without climate change, 1991-2019, the
first almost 30 yr. period with greenhouse gas related increase in tem-
perature (+1K), and 1997-2019, the period of parallel measurements at
WB and DE-Tha. Time series are visualized along with their linear trends
in Fig. 4. All data refer to hydrological years (November to October). We
start with the atmospheric control of ET (radiation, temperature, and
wind speed) and continue with precipitation, runoff, and ET at catch-
ment level and for the flux tower footprints.

Global radiation shows a significant positive trend over the 50 years.
Looking deeper, a declining tendency until the 1980 s followed by a
significant increasing trend becomes visible. This is similar to global
dimming and brightening (Wild, 2005), however, it is somewhat post-
poned by at least a decade compared to data from Western Europe. A
related change in temperature might exist, but global warming and this
regional effect are hard to separate.

The mean annual temperature from Grillenburg has a significant
positive trend of 0.4 °C per decade. Mean temperature was 7.2 °C in the

period 1968-1990 and 8.2 °C in 1991-2019. The increases occur in all
seasons but are most pronounced in summer months.

The mean annual wind speed at 42 m at the forest site (vegetation
height changed from approx. 24 m in 1970 to approximately 31 m in
2018) was 3.9 m/s. No additional statistic is given, because the time-
series is not homogeneous, as until 1990 data from a no-longer-
existing smaller tower had to be used.

The precipitation totals are very similar for the six stations in WB and
for the station at WA, according to the analysis of the overlapping period
from May 1980 until August 2010. Maximum differences between the
stations in WB are mostly around 10 mm but can reach up to 70 mm for
single months. However, these differences are not significant and
therefore primarily of random nature. A slight altitudinal gradient in
mean monthly precipitation sums exists with highest values at the upper
stations N1 and N2 (79 mm) and the lowest value at the northerly sit-
uated, lower station N4 (72 mm). This gradient of about 105 mm per
100 m height increment is more than the average for Saxony (about 70
mm per 100 m; Bernhofer et al., 2008). The mean monthly catchment
average of WB is 77 mm, identical to WA, which is part of DE-Tha.
Yearly precipitation sums slightly increased from 898 mm in
1969-1990 to 938 mm in 1991-2019 (not significant), whereby in-
creases occurred in winter months and in July. Until 2017 the precipi-
tation increase was larger; recent dry years reduced it again.

Runoff decreased tendentially between the periods 1969-1990 and
1991-2019 by about 18 % or 50 mm/yr. Within the year, runoff was
largest in March and April and lowest in September for 1968-1990 (not
shown here). In the period 1991-2019, winter runoff increased due to
increased precipitation and due to a decreasing contribution of snowfall
and snowmelt. A runoff peak in March and lower runoff in all successive
months are contributing to a consistent picture with earlier snowmelt
and may be an increase in ET.

The main hydrological characteristic numbers (in German: Hydro-
logische Hauptzahlen) of WB for the period 1968-2019 (Table 3) illus-
trate the broad range of runoff conditions, especially occurring in recent
years: from minimum runoff of 0.1 1/s in 2018 to maximum runoff of
around 8000 1/s during the most severe flood in 2002. From analysis of
the hydrographs (Schwarze, 2002) runoff components had been sepa-
rated. Direct flow has a high share of total runoff (54 %), fast base flow
(from infiltration areas) is 35 %, and slow base flow plays a minor role
(11 %). Isotope measurements proved that a large part of direct flow is
water from the time before the flood event. The water has a mean transit
time of 38 years (ranging between 8 and 650 years) (Schwarze, 2002).

The catchment ET estimate P-R increased significantly (Fig. 4). This
is in accordance with significant trends of grass reference evapotrans-
piration E as well as of temperature and of global radiation over the
complete period of 51 years. However, the closure gap corrected EC data
of ET at the tower DE-Tha increased only slightly and statistically not
significant. For a broader picture, ETs from both flux towers are included
in Fig. 4. While values of DE-Tha are consistently lower than their
catchment equivalents P-R by about 250 mm, DE-Hzd seems to catch up
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Fig. 5. Results of the CUSUM analysis. Upper panel: Analysis of temperature T, precipitation P, global radiation RG and runoff R. The dashed horizontal line
represents the standard boundary for detection of significant changes. Lower panel: Analysis of reference evapotranspiration Ey and P-R in WB.
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Fig. 6. Left panel: figure from (Renner et al., 2014) plus the green star for WB for the change from 1970 to 1979 to 1980-1989. Right panel: all further decadal
changes from 1970 until 2019 for WB. P-R is used as an estimate for ET here. The red arrow illustrates the contribution of land cover changes to observed ET changes
from the 2000 s to the 2010 s, and the blue arrow the contribution of climatic changes. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

with P-R around 2014, when canopy closure was reached.

Single annual values of P-R cannot be interpreted directly, but they
would have to be corrected with annual water storage change to
reproduce actual ET. This can be illustrated by two examples: In the very
wet year 2002, P-R is 200 mm higher than Eq. And in the very dry year
2003, P-R is far below E. In reality, a large portion of P contributed to
storages in 2002 and supported sustained ET in dry 2003. We selected an
accumulation time of five years as a compromise between largely

10

reduced bias and sample size of the five years periods. Long-term ET
from P-R estimations are very close to Eg (Table 2). However, grass
reference Ey is reflecting well-watered short grass and is not represent-
ing the maximum ET of a forest stand, which might allow even higher
rates of ET.

Fig. 4 includes CWB, which is close to observed runoff R. Wet years
(1980, 1995 and 2002) result in higher and dry years (1976, 2003 and
2018) in lower CWB than observed R due to storage effects dampening
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Table 4
Decadal values of P, RG/L, R, Eo, ET (in mm/yr or °C for T) and corresponding absolute and relative changes between decades as well as the ratios ET/Eq and ET/P.
Decade P AP RG/L ARG/L T AT R AR Eo AEg ET AET ET/Eq ET/P
1960 s 798 1307 7.1 707
1970 s 877 80 1274 -33 7.3 0.2 260 686 -1 618 0.90 0.70
(10 %) (-3%) (-3%)
1980 s 855 —22 1274 0 7.5 0.2 271 11 693 7 584 -33 0.84 0.68
(-3%) (0 %) (4 %) (1 %) (-5%)
1990 s 838 -17 1346 72 7.9 0.4 192 -79 742 49 646 62 0.87 0.77
(-2%) (6 %) (-29 %) (7 %) (11 %)
2000 s 918 80 1389 44 8.4 0.5 208 16 747 6 709 63 0.95 077
(10 %) (3 %) (9 %) (1 %) (10 %)
2010 s 866 —-52 1622 232 8.6 0.2 214 5 937 190 652 —-57 0.70 0.75
(—6%) 17 %) (3 %) (25 %) (-8%)
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Fig. 7. Left panel: Annual course of the decadal climatic water balance (P-E¢) for WB. Right panel: Maximum summer (MJJA) NDVI at WB.

the catchment response. Precipitation is contributing to storage in wet
years, less is converted to R (and vice versa for dry years).

The CUSUM analysis allows detecting structural changes in time.
Significant changes are indicated if the curve crosses the horizontal line
in Fig. 5. The alternative thresholds levels (mentioned in chapter 2.3.4)
form an eclipse. They were omitted in the graph for the sake of clarity, as
here they provide no additional information compared to the linear
threshold. The P CUSUM series does not show a significant structural
change, but rather below average conditions in the early 1990 s, then
above average conditions until 2013 and finally a shift towards the dry
years of 2018 and 2019. Note that the graph in this analysis will always
return to zero by the end of the period analysed. T and RG series show
significant structural changes: below average conditions until 1990 s
and above average conditions beginning in the late 1990 s. This pattern
of RG is typical for the regional effects of air pollution and resulting
aerosols (see “Black Triangle” in the chapter 1). T change shows the
often-observed breakpoint around 1988 (Renner and Bernhofer, 2011)
associated with global warming due to the global increase of greenhouse
gas concentrations, and possibly the independent regional effect of
changing aerosol concentration. The CUSUM curve of R is very similar to
P and is also not significant.

The CUSUM curve of Ey (lower panel of Fig. 5) shows a very signif-
icant breakpoint and reflects the structural changes of T and RG (input
data for Eo). This change of Eg might be more drastic than elsewhere as
the global and the regional forcing are in line. The structural change of
P-R (actual ET of the catchment including water storage changes) is also
significant, despite the complex interplay between the strongly changing
driving forces (T and RG) and the hydrologic response of the catchment
(R), which also reflects storage and land use. So, climate change alone
does not fully explain the observed changes in P-R.
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3.1.2. Analysis of ET changes to separate effects of climate and land use

Renner et al. (2014) applied a Budyko framework on 68 catchments
in Saxony, Germany to determine the relative share of long-term
changes of climate change and land-management on ET (here quanti-
fied as P-R). For this study the WB was added (green star in Fig. 6, left
panel). The points and the star show the mean conditions of the decade
1970-1979, and the arrows indicate the changes to the average value of
the next decade 1980-1989. Most forested catchments in Fig. 6 show the
effect of increasing sulphur dioxide emissions until 1990 which led to
forest die-back in elevated regions of Saxony. Consequences were
decreasing ET between the 1960 s and the 1990 s, whereby WB shows a
similar tendency (not significant). The influence of other factors deter-
mining the water balance like forest management (e.g., more frequent
clear-cuts until 1990/ 1992) and well operating drainage channels
cannot be excluded. Only minor or no changes occurred in non-forested
basins.

The right panel of Fig. 6 zooms into the diagram (ET/P and ET/Eg for
the range 0.6-0.9) to facilitate an analysis of WB. It shows decadal
changes, whereby the centre of the decade is labelled. Besides the
visualization of ET changes in Fig. 6, absolute values and changes in
percent relative to the previous period are given in Table 4.

There are always contributions of both land use and climate. The
reduction of ET from the 1970 s to the 1980 s is more influenced by the
land use or surface effects, which is recognizable by the direction of the
arrow, namely mainly along the aridity index. The reason for the
reduction of ET is not completely clear. But air pollution (from local
sources) and resulting damage of the forest or forest management (clear-
cuts, drainage) may play a role. The change from the 1980 s to the 1990 s
shows an increase in ET, both surface effects and climate change are
relevant. The change towards the 2000 s is characterized by a continued
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Fig. 8. Comparison of annual cycles of ET for the period 2015-2019. ET was directly measured with EC at DE-Tha (left) and at DE-Hzd (right). E, — averaged over the

period — was added as dashed line.

increase of ET (10 %), which is related to an increase in precipitation by
10 % resulting in the wettest decade of the 50-year sample. Energy
availability increased by only 1 %, henceforth, the ratio ET/E( rose
considerably. The framework suggests an increased vitality of the forest
despite the disturbance due to the cyclone ‘Kyrill’, which caused sig-
nificant windbreaks and needle losses in January 2007 (Spank 2010).
The following vegetation period showed a minimum in NDVI as
demonstrated by MODIS data for WB (Fig. 7). Nevertheless, the forest
was able to convert the increase in P into high ET rates.

A pronounced change occurred from the 2000 s to the 2010 s. A large
increase in RG (17 %) and in T (0.2 K) led to a strong increase in Eq (25
%), while precipitation decreased compared to the 2000 s.The aridity
index (Eo/P) shifted from 0.8 to more than 1, indicating “semi-arid”
conditions in the last decade. The CWB (P-E() shows a pronounced water
deficit in the growing period (April to August) in the last decade (Fig. 7).
A summer water scarcity per se is normal but this severe deficit is un-
precedented in the 50-year record. Without water stress, the increase in
Eo of 190 mm/yr should lead to a similar increase in ET. However, we
find that ET decreased by 57 mm/yr (-8%). Looking at the Budyko
framework in Fig. 6, we see a pronounced drop of the normalized ratio
ET/Ey, while the ratio of ET/P remained almost constant, since both ET
and P decreased similarly. Hence, climatic conditions and land use
change appear to be equally contributing to that change (visualized by
the red and blue arrow in Fig. 6). However, the vegetation changes were
also related to meteorological conditions! In this decade, there was no
drastic change in forest management (excluding potentially still effec-
tive consequences of the no longer serviced drainage system), but a se-
ries of disturbances affected the forest: windstorms with windbreaks and
needle losses in October 2017 (‘Herwart’) and January 2018 (‘Frieder-
ike)’ followed by strong summer droughts and insect infestations (bark
beetle, Ips typographus) in 2018 and 2019 as well as damage due to snow
load in January 2019 (‘Benjamin’). The low NDVI in 2018 and 2019
reflect the impact of these events on the forest stands in the area (Fig. 7).

3.2. Comparing ET from catchment and flux towers

One of our objectives was to clarify whether ET measurements at DE-
Tha are representative for WB. While earlier studies show a good
resemblance (Frithauf et al., 1999), this study shows a remarkable and
persistent difference of around 250 mm/yr (Fig. 4 and Table 2), despite
of the practically identical climate and similar land cover. The tower
within WB (DE-Hzd) had similarly low ET values as DE-Tha in the first
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years, but annual values increased until the oak stand reached its canopy
closure and showed ET values in the same range as the catchment ET by
2014. Fig. 8 compares seasonal ET variations measured at both EC
towers in the period 2015-2019. ET at both EC sites is quite similar in
winter and spring. Normally, there is no water limitation because soil
water storages are high or even saturated after snowmelt in winter. The
ET increase in spring slows down at DE-Tha and reaches its peak in June
or July (between 90 and 110 mm/month), whereas the ET maximum at
DE-Hzd is between 110 and 140 mm/month in July. Noteworthy is the
persistently high evaporation until October at DE-Hzd, which is due to
the larger water storage capacity of the soil. In the very dry years 2018
and 2019, the summer maximum is reached one or two months earlier.
This is more pronounced at DE-Tha and can be explained with soil and
forest stand characteristics (see Appendix A). At DE-Tha, winter losses
by interception are higher (evergreen forest) compared to the deciduous
forests at DE-Hzd. Combined with the limited soil water storage at DE-
Tha this leads to an earlier transpiration reduction at DE-Tha in dry
years. Although the record of DE-Hzd is still too short for a final
judgement, ET of this flux tower is closer to ET from WB, at least for the
most recent and unusually dry years. Potential reasons for the higher ET
are soil characteristics, smaller interception losses and different stomatal
regulation.

Measurements of the soil water content (not shown here) at DE-Tha
show a much earlier drop in dry years than in wet years, reflecting the
limited soil water storage capacity. Thus, the difference in ET between
the two flux towers is probably larger in dry years than in wetter years.

3.3. Storage analysis

To gain a deeper insight into dynamics of the water balance elements
of WB especially during dry years, a water storage analysis similar to
Teuling et al. (2013) was performed. But, instead of using ET of DE-Tha
for the catchment, we apply a simple approach to obtain plausible
monthly ET values for WB. We assume that a) the intra-annual variation
of ET in WB can be derived from EC measurements, allowing us to scale
ET from EC towers to fit the long-term P-R, and b) that the main reason
responsible for ET differences of the two sites — besides methodological
uncertainties - are their soil characteristics (discussion in chapter 4.2).
Therefore, the oak-regrowth site at DE-Hzd with its similar soil can
potentially serve as reference for WB. A simple two-step approach is
proposed: (1) The annual difference between catchment ET (including
storage change) and ETgc at DE-Tha (excluding storage change) is added
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Table 5
Sum of mean fluxes and anomalies during dry conditions for the summer half
year (April-September).

Water balance Climatology Anomaly Anomaly Anomaly
component 1997-2019 2003 2018 2019
[mm/SHY] [mm/SHY] [mm/SHY] [mm/SHY]
ds —148 -112 -84 -37
P 504 -196 —200 —146
R 75 -57 -50 —45
ET 577 -27 —67 —64
o
3
o
a
T o |
£ 0
o
£ .
£ Y7 AL
£ o
=2l . .
& s All years
i 2003
® 2018
3 ® 2019
v T T T T T T T
8 150 -100 -£0 [4] 50 100 150
o |
pu—re]
£
=
o
§ of sitevo N °
E o °
£
x
T o
3 -
o
o
5 T T T T T T T
-150 -100 -£0 [ 50 100 150
o
= -
£ R :
o b
£ )
£ o+ L)
E 3
mEs
o
S -
T T T T T T T
-150 -100 -50 0 50 100 150
dS'/dt [mm/month]

Fig. 10. Contribution of precipitation P, runoff R and evapotranspiration ET
anomalies to water storage dS anomaly for all months in the summer half year
of 1997-2019. The months of the three dry years are highlighted. This is an
update of Fig. 4 in Teuling et al. (2013), whereby corrected ET values were
use here.

to the values of ETgc. As the difference became smaller over the years,
mean annual differences for 5-year intervals were calculated and added.
(2) For a monthly partitioning of the added part, weighting factors were
determined that assure a congruence to DE-Hzd for the period
2015-2019. The 12 weighting factors are 0.02, 0.02, 0.01, 0.01, 0.02,
0.15,0.19,0.17,0.16, 0.12, 0.05 and 0.08. Large factors from June until
October assure that largest corrections are imprinted during summer
and fall months, according to the findings from Fig. 8.

The corrected monthly ET for WB is now used for the storage anal-
ysis. Long-term averages of the water balance components of the period
1997-2019 are visualized in Fig. 9a. The graph is designed in such a way
that bars above the x-axis contribute to a storage increase and below the
x-axis to a storage decrease (note negative signs of R and ET!). For
example, high P sums in July (which increase the storage) face even
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higher ET sums plus small R sums (which reduce the storage). The
analysis is performed for water balance years, starting in April assuming
that soil is at its field capacity, because of low ET rates in winter and
early spring and completed snow-melt in early spring. A typical seasonal
cycle manifests with highest P and ET in summer, highest R in winter/
early spring and highest dS in winter. Cycles are clearly influenced by
ET: beginning with April, ET rates increase strongly until July. Sums
exceed precipitation causing a depletion of storage dS and low R values.
With the decline of ET in autumn, R increases and dS fills up again. The
uppermost plot shows the cumulative storage evolution throughout the
year: build-up of a storage deficit until September followed by a stepwise
reduction of the deficit until March.

Three dry years (2003, 2018 and 2019) were analysed using monthly
anomalies, which were calculated referring to long-term averages
(Fig. 9b, ¢ and d). The design of the graphs is similar. 2003 is charac-
terized by severe negative P anomalies from April to December, causing
negative R and ET anomalies nearly throughout the whole year (Fig. 9b).
A relief from the tense storage situation in January 2004 was not only
caused by a P surplus (+38 mm), but also from reduced R (-22 mm) and
ET (-1 mm) as a result of depleted soil water (dS = P-R-ET = 38- -22 -
—1 = 61 mm).

The water balance year 2018 started with a P surplus followed by
negative anomalies until November (Fig. 9c). Negative R anomalies
started in May and lasted until December. ET showed positive anomalies
until May, as RG and T were high due to a persistent anticyclone over
central Europe. Later on, increasing soil water deficit led to a drastic
drop in ET until January. The storage deficit continued throughout the
year and was reduced somewhat due to a P surplus in December and
January. Please note, in this analysis the deficit is not transferred to the
next year.

The characteristics of 2019 were very similar to 2018: warm, sunny
and a (less pronounced) negative P anomaly. Thus, ET was higher than
usual in the first three months. Beginning with July, ET was below
average and accompanied by very low soil moisture. R was extremely
low throughout the year, and again led to a large storage deficit in
December.

The sums of the anomalies accumulated over the summer half year
(SHY, i.e., April-September) show that water balance components dur-
ing dry conditions have changed between 2003 and 2019 (Table 5). P
anomalies are comparable in 2003 and 2018 (around —200 mm/SHY),
leading to an R anomaly of around —50 mm/SHY in both years. But, in
2018 the ET anomaly is much more pronounced than in 2003 (-67 vs
—27 mm/SHY). In 2019, this trend continues. Although the P deficit is
less (-146 mm/SHY), the R anomaly remains nearly constant (-45 mm/
SHY). And interestingly, the ET anomaly is of the same magnitude as in
2018.

To test for the influence of individual water budget components on
the water storage, all months of the summer half year of the period
1997-2019 were included (Fig. 10). We found a clear dependency of
storage anomalies to P anomalies (R2 = 0.74), while no significant in-
fluence of -R or corrected -ET anomalies could be detected (R® = 0.14
and 0.03, respectively). The thesis of the Teuling et al. (2013) that
months with below-average rainfall tend to have above-average ET,
which acts to amplify the storage deficit, is not supported by this dataset.
The increasing soil water deficit seems rather to reduce ET during
summer and fall in WB.

4. Discussion
4.1. Factors contributing to the dynamics of water budget components

The dynamics of the hydro-meteorological variables show the ex-
pected combination of climate related forcing during the 50 years of
operation, like (i) natural climate variations, (ii) global warming, and
(iii) regional climate specifics as exposure to certain weather patterns
and effects of local air pollution. Despite this climate signal, land surface
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Fig. 11. Land-surface and climate related contributions of the observed ET
anomalies (after Renner et al., 2014). The points illustrate the changes from the
previous decade. For example, the observed negative change in ET (-40 mm/yr)
from the 1970 s to the 1980 s are exclusively caused by land surface changes.

changes were equally important, such as changes due to forest man-
agement or forest damages.

The large natural climate variations are most obvious in the P series
(Fig. 5), the temporal variability being independent of the long-term
trends in T and RG. Global warming relates to a T increase starting
around 1988. However, the “regional dimming” between 1960 s and
1990 s and later the “regional brightening” starting in the late 1990 s
(similar to global dimming and brightening; Philipona et al., 2009) was
a special feature, modulating the global climate signal regionally.
Aerosols related to sulphur dioxide emissions from coal burning pro-
longed the dimming effect until 1997 compared to sites elsewhere in
Europe (Jones and Moberg, 2003).

Reference evapotranspiration Eq resembles the long-term changes of
T (and RG). A significant linear trend of Ej is in line with most catch-

complete inventory of the over storey within four plots (25 m diameter) around the tower DE-Tha, supplemented with further exemplary plots in a 500

random samples of over storey trees of existing forest plots were taken in a radius of 500 m around the tower DE-Tha (Mellmann et al., 2003)
m diameter (standardized ICOS method, compare Gielen et al., 2018).

complete forest inventory of over and under storey conducted by the Forestry Office Tharandt

biotope mapping based on airborne colour-infrared orthophotos (Troger, 2012)
complete forest inventory of over and under storey conducted by the Forest Agency of Tharandt

complete terrestrial inventory of over and under storey conducted by Saxon Forest Agency
complete terrestrial inventory of over and under storey conducted by Saxon Forest Agency
complete terrestrial inventory of over and under storey conducted by Saxon Forest Agency

2 Forest pathways were identified separately and account to 4-5%. These shares were - for the sake of consistency — added to the species according their shares.

1 Mainly larch (Larix decidua), beech (Fagus sylvatica), birch (Betula pendula) in WB and DE-Tha. Mainly oaks (Quercus robur and Quercus rubra) in DE-Hzd.
"4 For DE-Hzd no separation between spruce and pine was available. The 99% coniferous forest were divided according to the share in WB in 1988.

Land cover of study sites. If not stated otherwise, percentages refer to the catchment WB and the respective footprint of the towers in DE-Tha and DE-Hzd.

ments of Europe (Teuling et al., 2019). The breakpoint analysis revealed E

that the significant increase started around 2000. P-R, as an estimate for g
actual ET of WB, is significantly increasing, linearly, and a significant S
structural change was identified in early 1990 s. According to Renner ® ]
and Bernhofer (2011), Saxon catchments above an altitude of 740 m b 5
showed a breakpoint in T and in the runoff ratio (R/P) in 1988, probably g § E
due to a higher sensitivity of snow-melt driven catchments. This seems = 888R REn a a
to hold also for WB, despite the altitude of only around 400 m. @
Catchment response of actual ET to changes in climate or land use g ‘@
may differ in their temporal response. However, both factors contribute é ccce <e Q §
to different degrees on a decadal time scale, as the Budyko framework é‘j o DS 2'3 ;1 Cé ?&, ‘f: 'o\: [f: g
analysis has shown. Interannual variability of P-R reflects (i) the avail- 4
able buffer due to catchment water storage, and (ii) the atmospheric o -
drivers of ET (see Teuling et al. 2013). This favours high ET in dry years, g 2 ;5
as far as sufficient storage exists. For consecutive dry years, actual ET of e::) é 3 i f < i < e :\i < 2
the second dry year declines regardless of the high E. SE D [mmos eN = o 5
g
[}
4.2. Factors contributing to the lower ET from the EC flux tower = é ‘;
] £ £ £ 0¥ ]
For 1997 to 2019, the catchment ET estimate P-R could be directly z &8 RRRRE Rz &8 & k)
compared to the flux tower ET. Generally, the flux tower ETg variation é
is low, typically between 450 and 500 mm/yr. Extremes were recorded 5 3 3 v q E
with 380 mm in 2003 and 600 mm in 2017. The catchment response P-R g E e § § g § g g § g ;}
varies from 430 to 950 mm/yr. No statistical relationship was found ° P Caas o ass = | =
between both datasets. In the following we look at possible reasons for < < 9 o
the systematic differences between catchment and tower ET, namely % £ g E = g‘ T :

differences in climatic conditions, soil, land cover, and its management e © :
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Table B7
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Metadata of hydro-meteorological stations (WB-Wernersbach, WA-Wildacker, GB-Grillenburg, EC stations DE-Tha and DE-Hzd).

Variable

Stations

Observation
period

Temporal resolution

Instrument and site changes

Precipitation [mm]

Tmax [°C]

Tmin [°C]

Tmean [°C]

RH [%]

Wind speed [m/s]

Global Radiation [W/m?]

Water level [cm]

Groundwater level [m]

Spring runoff,
temperature [1/s], [°C]
Soil moisture [ ]

Energy balance and
sensible and latent heat
fluxes

WB, stations N1-N6

WA
GB
WA

GB
WA

GB

WA

GB

WA

GB
DE-Tha
WA

DE-Tha

WB

Oberer
Wernersbach, 1.0
km?

Triebenbach

1.5 km?

N-Bach
0.58 km?

Etzenbach
0.21 km?
Three sites
Two sites
27 gages

13 sites in WB, until
150 cm

20 sites at N-Bach

4 sites at DE-Hzd
DE-Tha,
experimental tower,
42 m

Since 12.1967
Né6:
05.1990-08.2010

Since 01.1968

Since 12.1967

Since 12.1967

Since 12.1967

Since 12.1967

Since 12.1967

01.1968-01.1997

Since 06.1998

Since 10.1995

01.1968-12.1996

10.1995-09.1998

10.1997-06.2012

Since 11.2007
Since 12.1967

Since 1992

1992-1998

1991-1998

1992-1998
1974-1998
Since 2010
1989-1998

1970-2000

1991-2001

Since 05.2009
Since 1996

- Daily

- Since 1992 hourly

- Since 2002 mostly and since
03.2011 all with 10 min in
summer

- Daily

- Since 1990 hourly (no snow)
- Since 1997 10 min

Daily:

- from 9 to 9 pm

- since 1984 from 7 to 7 pm
- since 1998 from 0 to 24 h

Daily:

- mean of 7 am, 9 pm and 2
times 9 pm

- since 1984 mean of 1 am,
7 am, 1 pm and 7 pm

- since 1998 30 min

- since 2005 10 min

- Until 11.1997 see Tmean for
GB

- Since 12.1997 30 min

- Since 8.2004 1 min

See Tmean

Daily: mean of 1 am, 7 am, 1
pm and 7 pm

— 30 min

- Since 08.2011 10 min

— 30 min

- Since 03.1997 10 min
Daily

— 30 min
- Since 03.1997 10 min

- Hourly
- Since 02.1992 10 mi

n

- Hourly
- Since 04.1994 10 min

- Hourly
- Since 04.1994 10 min

- Hourly
- Since 04.1994 10 mi

n
- Hourly

Occasionally

~ Monthly

~ Monthly

10 min
10 min

-Hourly
-Since 2016 30 min
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— 12.1967 Hellmann 200 cm? (zinc coated, since December 2002
stainless steel)

— 1969/72 additionally, recording rain gauge

— 02.1974 wind shield installed for Hellmann

— 1995 additionally, tipping rain gage with data logger

— 10.2003 additionally, Pluvio (Ott) at N2

- site changes:

N1: 05.1972, 10.1987, 05.1999, 10.2010

N2: 05.1972, 10.1988, 05.1994, 05.2008, 11.2012, 04.2016
N3: 01.1972, 09.1983, 01.1994, 05.2008, 04.2016

N4: 05.2010

N5: 06.1986, 04.1990, 05.2008, 01.2015

N6: 04.1997

— 12.1967 Hellmann 200 cm?

— 1997 additionally, tipping rain gage with data logger

— 01.2000 additionally, balance rain gage Pluvio (Ott)

- Maximum thermometer, Pt100, VAISALA HMP 45

- Maximum thermometer

- Minimum thermometer, Pt100, VAISALA HMP45
- Minimum thermometer

- Thermo-Hygrograph, Pt100, VAISALA HMP45

- Thermo-Hygrograph

- Psychrometer, Thermo-Hygrograph, dew point sensor, VAISALA
HMP45
- Anemometer, 19 m, forest clearing

- Cup Anemometer, 12 m, grassland
- Cup Anemometer (THIES), 42 m, above forest
- Pyranometer, 20 m, shortwave upper half-space (old wooden tower)

- Pyranometer (LAMBRECHT), 41 m, shortwave upper half-space

- Radiation sensor (LAMBRECHT), 37 m, shortwave upper half-space
- Radiation sensor (CNR1/CNR4), 37 m, shortwave upper half-space
- Two level recorders (0 ... 40 cm resolution 1:1, >=40 cm resolution
1:5),

— 1992, additionally pressure sensor ,OTT Hydrus

- Level recorder and, additionally, pressure sensor , OTT Orpheus*

- Level recorder
— 1992, additionally pressure sensor , OTT Orpheus’

- Level recorder and pressure sensor

- Level recorder

- Whistle pipe
— 2016 submersible probe
- Bucket, stop watch and thermometer

— 1970 s and 1980 s with neutron probe
— 1989-2000 with neutron probe S-23 (Wittich Labortechnik)

- Tensiometer (SM-Tens, IMKO)

-three FDR probes (ML-2x, Delta T) and one TDR probe (SoilVUE 10)
— 03.1996 temperature and 3D wind speed with ultrasonic
anemometer (USA1 METEK) — 20 Hz

— 07.1996 CO, and H,0 concentrations with gas analyser (LI-6262,

(continued on next page)
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Table B7 (continued)

Journal of Hydrology 617 (2023) 128873

Observation
period

Variable Stations

Temporal resolution

Instrument and site changes

Energy balance and Eddy DE-Hzd Since 2010 30 min

Covariance

LiCor Inc., Lincoln, NE, USA) and temperature and 3D wind speed
with ultrasonic anemometer (GILL SOLENT R2, Gill Instruments
Lymington, UK)

— 11.2006 GILL SOLENT R3 (Gill Instruments Lymington, UK), LI-
7000 (LiCor Inc., Lincoln, NE, USA)

— 03.2016 additional GILL HS-50 (Gill Instruments Lymington, UK),
LI-7200 (LiCor Inc., Lincoln, NE, USA)

- soil moisture, soil heat flux, soil temperatures, short and long wave
radiation

- temperature and 3D wind speed with ultrasonic anemometer (CSAT3
from Campbell Scientific 1td., Logan, Utah, USA), 10 Hz

- CO; and H,0 concentrations with open-path infrared gas analyser
(LI-7500 from LiCor Inc., Lincoln, NE, USA)

- soil moisture, soil heat flux, soil temperatures, short and long wave
radiation

as well as at methodological aspects of the two methods to arrive at ET.

4.2.1. Climate and site characteristics

Climatic differences between WB and DE-Tha are small. Precipitation
at DE-Tha is 1.3 % higher than at WB. RG will be the same, while slope
and aspect will produce small differences in effective net radiation Rn.
Wind speed may be a bit lower for WB (Westphal, 2007). Overall,
neither of these factors nor their combination explain the observed
differences in ET.

The larger area of WB compared to the flux tower footprint, as well as
the location of the flux tower (an infiltration site at a small “plateau”; see
Fig. 1) lead to higher heterogeneity of WB as well as to some bias in the
site characteristics. Along the small tributaries of Wernersbach (IN-Bach,
Etzenbach and Triebenbach), groundwater influenced soils dominate,
where a riparian vegetation has prolonged access to water in dry pe-
riods. These parts of the catchment will disproportionally contribute to
ET.

To address soil characteristics, important data like usable field ca-
pacity UFC or skeletal share SKV are listed in Table 1 for WB, DE-Tha
and DE-Hzd. Soils in WB and at DE-Hzd are capable to store more
water in the soil column than soils at DE-Tha (high usable field capacity)
and have henceforth favourable conditions for ET. In other terms, soils
at DE-Tha have better infiltration characteristics due to high skeletal
fraction and probably due to preferential flow. This is supported by the
annual courses of ETg¢ (Fig. 8), which show significantly lower ET be-
tween July and October at DE-Tha compared to DE-Hzd, associated to
the limited soil water availability and the tighter control of stomatal
opening at the coniferous stand DE-Tha.

Land cover and its management are additional characteristics to be
addressed. Both sites, WB and DE-Tha, were covered with 75 % conif-
erous trees and around 20 % deciduous trees in 2013. The forest stand in
the footprint of DE-Tha is about 40 years older and approximately 10 m
higher. LAI was estimated to be 5.1 for WB, 5.6 for DE-Hzd (in summer)
and 4.9 m?>/m? for DE-Tha in 1999 (Wutzler, 2002). Despite lower
transpiration rates per LAI of older trees (Kostner, 2001), even the
combined effect of age and LAI does not explain the difference in ET of
WB and DE-Tha.

4.2.2. Uncertainty and bias of the different methods to derive ET

Finally, we need to address potential systematic differences in the
methodologies applied to arrive at ET values. Besides random un-
certainties, there are potential systematic effects that deserve attention.

The catchment water balance (“hydrological™) approach assumes
that the mean water storage of a sufficiently long record becomes small
enough to be ignored relative to mean ET. This is only true, when the
record is long enough, typically 5 to 20 years, and a few further as-
sumptions are met: (i) the precipitation measurements and their
correction, as well as the water level measurements and the rating curve
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are correct, (ii) the complete runoff is recorded at the catchment outlet
including groundwater contribution to R, and (iii) the groundwater
related catchment size is the same as the surface related size. Bias in
runoff by undetected sub-surface flow can be neglected, as the concrete
wall across the valley prevents any bypass at the weir (see chapter
2.2.1). Severe floods and instrument failure of the WB stream gauge
need careful correction and gap filling, respectively. In those cases, the
missing runoff was added manually after a careful analysis of other
gauges and indirect indicators of the water level or via modelling. For
the purpose of an uncertainty estimate, let us assume that the uncer-
tainty in R due to (i) and (ii) is small and its systematic effect for an
average of 50 years is below 1 %. Finally, the subsurface catchment
might be 0.2 km? or 4 % (Miiller, 1998) or even 0.4 km? (8 %, other local
experts) smaller than the surface catchment due to the underlying ge-
ology. Considering a subsurface catchment with a reduced area of 4.2
km? would increase R and henceforth reduce P-R values corresponding
to systematically lower ET. To estimate this bias, the following assess-
ment was made. Using the mean contribution of slow groundwater flow
of 11 % to R (Schwarze, 2002) and applying the reduced catchment size,
the maximum systematic effect of the sub-surface size difference will be
around 1 % for R and only —0.3 % relative to ET. Most of the above
effects are random for periods of five years or more, besides the small
catchment size effects. In summary, while catchment ET has a very low
time resolution with little random uncertainties, also the maximum
systematic bias of catchment ET is small. The estimate of the potential
bias is well below 2 %, explaining only a marginal part of the difference
between ET values of WB and DE-Tha.

Uncertainties and bias in ET from micrometeorological measure-
ments via EC originate from general shortcomings of the technique and
specifics related to water vapour flux. EC is considered as the state-of-
the-art technique to record fluxes from all kind of surfaces with suffi-
cient homogeneity in the footprint. Generally, EC requires turbulent
conditions, which are often missing at low wind speeds and stable
stratification. Data points (half-hourly fluxes) with insufficient turbu-
lence lead to low values of turbulent heat fluxes detected via EC. EC
typically fails to measure 100 % of the fluxes balancing the available
energy (net radiation minus soil heat flux minus heat storage change).
Some reasons of this closure gap had been identified, but a consistent
picture on this important issue is still only emerging (Mauder et al.
2021). Closure gap correction of ET is done based on redistributing ac-
cording to the Bowen ratio of the uncorrected EC fluxes (see, e.g., Falge
et al., 2001; Pastorello et al., 2020). However, Van Dijk et al. (2015)
conclude that standard FLUXNET correction approaches need to be
reworked for the stable conditions after rainfall. As interception under
stable conditions with a negative sensible heat flux is a common process
for evergreen needle leaf trees in humid temperate climates (Bernhofer
et al., 2003), we expect a considerable ET underestimation at the spruce
site DE-Tha. While providing a high temporal resolution, uncertainties
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in flux tower ET can be quite large and systematic. A more precise es-
timate of this systematic bias for DE-Tha is subject of the investigation
by Fischer et al. (2022), while in the following we continue to evaluate
its contribution relative to the observed ET difference. Here, the use of
the residual ET according to the energy balance (AE-H)/L cannot serve
as an upper limit of ET. For periods of negative H, actual ET can be even
larger than the measured residual. Nevertheless, the mean residual ET is
about 650 mm and therefore much closer to the catchment ET (compare
Table 2).

4.2.3. Quantification of ET differences

As plausibility checks we used interception and transpiration mea-
surements as well as simulations with a hydrological model.

Fortunately, various auxiliary measurements exist at DE-Tha and
many studies using data of DE-Tha had been published since the start of
the flux measurements in 1996. Recently, 25 years of site water budget
measurements were analysed to arrive at interception (Grunicke et al.
2020). They showed a mean annual below-canopy precipitation of
around 55 % and henceforth interception “losses” of around 45 % of P
for the vegetation period between April and October (1997-2018).
Because of a remarkably higher LAI at the location of the below-canopy
rainfall measurements compared to the LAI of the flux tower footprint,
we applied a scaling factor of 0.8 according to the LAI ratio. This yields
an interception of 36 % and a below-canopy precipitation of 64 % of P.
Sap-flow measurements at the same site for the period 2001-2007
(Clausnitzer et al., 2011) showed a 55 % contribution of transpiration
relative to below-canopy precipitation. Applying these relationships to
the period 2006 to 2019 leads to: 583 mm of rainfall, 210 mm of
interception and 205 mm of transpiration for the vegetation period. The
sum of interception and transpiration of 415 mm is already close to the
mean annual tower ET of 497 mm. Any additional ET in the November to
March period and the annual sum of soil evaporation is not supported. A
conservative estimate soil evaporation and understorey ET is 100 mm
for the flux tower site, while additional 30 mm is to be expected from
winter transpiration. For interception, especially in the presence of
snow, we have no serious estimate, but in mild winters interception
might be high. We assume here an interception loss of 24% of winter
precipitation (357 mm) which yields 86 mm. Adding up all ET compo-
nents results in 631 mm/yr, which is 134 mm/yr more than the observed
value of 497 mm/yr for DE-Tha in the period 2006 to 2019. Without
above mentioned LAI scaling factor (LAI estimates over a longer period
of time in larger areas are difficult.) we calculate 179 mm/yr more.
Therefore, ETgc at DE-Tha seems systematically too low by about 130 to
180 mm despite its correction for closure of the energy balance.

The water budget model BROOK90 (Federer, 2021) is already widely
used (Luong et al., 2021; Schwarzel et al., 2009) to compute water
balance components for the Tharandt Forest, with a focus on ET com-
ponents. A recent study (Vorobevskii et al., 2022) highlights different
data environments of BROOK90 (local, regional and global) and the
importance of parameterization and forcing. There, DE-Tha was
modelled for the period 1997-2020. Three model set ups, which were
only parametrized and not calibrated, simulate an ET of around 650
mm/yr (compare Fig. 4 in Vorobevskii et al., 2022). In contrast, the
calibrated version (according to ETgc) simulates 480 mm/yr. The un-
calibrated models simulate a mean interception of 27 %, whereas the
calibrated models of only 8 %. Compared to observations of 39 % for the
late 1990 s and 33 % for the 2010 s (Grunicke et al., 2020, scaled as
mentioned above), this clearly shows uncertainties in ET partitioning,
especially for the calibrated version. We argue that the difference of
around 170 mm/yr between calibrated and uncalibrated models is
another hint for the significant underestimation of ‘true’ ET by EC
measurements at DE-Tha.

Based on the above reasoning, we speculate that the EC flux
correction algorithm for the closure gap is insufficient for interception
episodes, when negative sensible fluxes boost interception related latent
heat flux (Fischer et al., 2022). This process is most obvious for daily
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totals during late fall and winter with almost zero net radiation.
Nevertheless, it is also relevant for short periods after rainfall in spring
and summer.

Resuming, when tower ET is corrected for the interception loss in
ETgc of about 130-180 mm/yr (rough estimate, for details see Fischer
et al., 2022), we arrive at a tower ET value of 630 to 680 mm. The
remaining difference of 40 to 85 mm is attributed to site conditions.

4.3. Did ET change due to climate change?

As far as meteorological drivers are concerned, significant positive
trends were found for T and RG for the complete period 1968 to 2019,
and the CUSUM analysis revealed significant breakpoints around 1988
and 1996, respectively. Global radiation decreased between 1960 s and
1990 s but returned to normal between around 1997 and roughly 2010.
These changes led to a significant increase in Eq, which are in line with
other sites in Europe (e.g. Teuling et al., 2019) and which was also re-
ported earlier for the trends in T, P, RG, Ey and ET in the complete Elbe
catchment (Teuling et al., 2009).

The catchment ET at WB is significantly increasing, despite the
insignificant trends in P and R. The reason cannot be attributed to
climate alone, it is rather a combination of changes in forest manage-
ment (more harvesting before 1992; thereafter managing the pure
coniferous stands toward mixed or deciduous stands and by not
servicing the drainage system in WB), changes in the vegetation status,
and climate change.

By applying the analysis after Renner et al. (2014) for an assessment
of the respective contribution of climate change vs land use change for
the complete WB dataset until 2019, we could identify various phases in
changes of ET (Fig. 11). The transition from the 1970 s to the 1980 s is
characterized by a reduction of ET exclusively caused by land surface
changes, namely damaged vegetation due to “acid rain”. Climatic con-
tributions are always positive in the next decades due to the combina-
tion of global warming and regional “brightening”. From the 1980 s to
the 1990 s ET increased significantly besides climatic influence due to
healthier forest stands and altered management practices. The step to
the 2000 s is characterized by a further small increase in ET, which is
mostly due to favourable climatic conditions. The ET change in the last
decade, the 2010 s, is extraordinary: despite increasingly favourable
climatic conditions, a drastic drop of 57 mm/yr in ET was observed (see
Table 4). This decrease can only be explained by a reduction of ET by
changes in land-cover since the available energy increased considerably
in the last decade. Considering only the direct climatic impacts, ET
would have increased according to the attribution method. However,
land surface effects more than offset the climatic effects and led to a
decline in ET. We presume that climatic variations lead to changes in the
land surface reducing actual ET. The dry and hot years 2018 and 2019
caused direct drought damages and allowed an unprecedented bark
beetle infestation. Furthermore, heavy wind storm and snow load events
damaged the tree crowns practically in all of Saxony (e.g., SMUL, 2019).
Thus, these extreme events have lasting effects on “land use”. As their
intensity and frequency is probably associated with climate change, they
may trigger feedbacks intensifying climate change.

Applying an approach similar to Teuling et al. (2013), an analysis of
the dynamics of and the interactions between the water balance com-
ponents was performed and altered ET characteristics during droughts
were identified. Instead of using ET from the EC tower DE-Tha for WB,
we derived a more representative ET estimate combining monthly
catchment and tower ET. The dry years 2003, 2018 and 2019 were
analysed relative to the long-term average. In contrast to findings of
Teuling et al. (2013), these extremely dry years did not show above
average or average ET. Teuling et al. (2013) stated a “drought paradox”
for WB and two other catchments in Europe, which means that P deficits
are sometimes accompanied by high ET rates, amplifying water storage
anomalies. According to our analysis, this drought paradox was only
present at the beginning of the summer in the dry years 2018 and 2019.
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Differences between our results and those of Teuling et al. (2013)
result from a different data base. Teuling et al. (2013) used ET obser-
vations of the EC tower DE-Tha directly until 2011, assuming tower ET
to be representative for the catchment Wernersbach (e.g. Frithauf et al.,
1999). The current study is based on a combination of tower ET and
catchment ET observations until 2019. The systematic underestimation
of more than 200 mm/yr at DE-Tha was strongly reduced by combining
both data sets. Applying ET from DE-Tha for Wernersbach would result
in a long-term water storage of 255 mm/yr for the period 1997-2019 (P-
R-ETgc = 942-208-479, see Table 2). The basic assumption of catchment
ET is that the difference between precipitation and runoff represents the
actual ET for periods long enough to reduce storage variations consid-
erably (small compared to other uncertainties). Then long-term water
storage is set to 0 mm/yr.

Considering this difference in long-term storage explains the
different results in ET from Teuling et al. (2013) and this study. The
general higher level of storage in the work of Teuling et al. (2013) allows
higher ET values even during drought events, which contributed to the
drought paradox. We think that tower ET is too small (despite the EC
closure correction) and the overall ET is somewhat higher in Werners-
bach catchment (due to soil characteristics). During long-lasting drought
events, the soil water supports ET for some months, later followed by ET
reductions. As a consequence, our necessary correction (rescaling) of ET
changes the magnitude and sometimes even sign of ET anomalies.
Therefore, we arrive at different conclusions concerning ET for typical
dry years for the longer data set.

In fact, ET acts as a drought aggravating factor only when enough
soil water (and ground water) is available, which is generally the case in
spring. In summer, ET is considerably lower than average during
drought events. Main driver of the storage dynamics is P. Runoff was
reduced to the minimum of groundwater based discharge which is on
average 11 % of total R (Schwarze, 2002). With a residence time of 38
years, these runoff components are barely influenced by actual moisture
conditions, resulting in a relatively constant flow of “old” ground water.
The contribution of ET to storage evolution differs between dry years, as
the seasonal rainfall distribution, evaporative demand and antecedent
soil moisture conditions differ as well. A common drought pattern was
not detected, rather an intensification of ET anomalies becomes
apparent (compare Table 5). However, the sample size is too small for a
final judgement.

Nevertheless, there is no significant trend in ETgc at DE-Tha. But it is
still possible that such tendencies will be found after correcting ETg¢ for
interception effects on EC.

5. Conclusion

Actual evapotranspiration ET, land use, climate and its change are
non-linearly coupled, making simple cause-response relationships hard
to find. However, there is enough evidence for a set of well supported
statements on the water budget of the Tharandt Forest as an example for
other (coniferous) forests in a similar climate.

e Long data records are needed. The more than 50 years record of the
catchment Wernersbach WB did show a significant positive trend in
ET, but the almost 25 years ET record of the flux tower DE-Tha did
not.

e About five years of integration were applied to reduce the influence
of water storage on ET sufficiently for WB. The flux tower ET shows
the hourly and daily dynamics. On a monthly scale, both observa-
tions were combined to yield plausible monthly ET estimations for
WB.

e On the basis of this corrected and extended database for WB, we
showed that a decent amount of ET is supported only in early sum-
mer of drought years (“drought paradox”, see Teuling et al. 2013).
Later in the year, the depletion of soil water leads to a collapse of ET,
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a situation that has become increasingly common for WB in the last
two decades.

The long-term variability of hydro-meteorological variables is clearly
related to variability in regional climate, but is compensated or
enlarged by effects of land use and water management. Until the
1980 s, land use effects (most importantly, forest stands damaged by
acid rain) dominated and led to decreasing ET rates. Since the 1990 s,
both climate (increasing atmospheric demand) and land use
(improved management practices) led to an increase of actual ET. In
2010 s, climate induced damages of forest stands (due to droughts,
storms, snow load, and bark beetle infestations) counteracted and led
to an overall drastic decrease of ET in WB.

e On average, the systematic long-term difference in actual ET be-
tween WB and the nearby EC station DE-Tha is large (around 250
mm/yr). Strictly speaking, we conclude that ET in the footprint of the
flux tower DE-Tha is not representative for WB. We did not find any
large systematic bias in long-term ET data from the catchment
budget for the WB setup. Primarily different site characteristics and
methodological shortcomings of EC contributed to this bias. From
plausibility checks based on additional measurements and model-
ling, we found that the contribution of site characteristics, explaining
around 40-85 mm/yr, was smaller than the methodological bias,
explaining around 130-180 mm/yr of the observed difference.

The paired set up of catchment and flux tower helped to identify
potential systematic shortcomings of the standard EC closure
correction scheme during and after rain events. In contrast to low
vegetation, lysimeters are not a realistic option for a reference of ET
from tall mature forests. A small forested catchment is a potential
solution, which is a striking argument for the paired catchment - flux
tower concept with redundant and complementing measurements of
ET.

There is a clear answer to the main question of this study concerning
the impact of climate change on ET at the Tharandt Forest. While a
direct positive influence on ET exists via an increasing atmospheric
demand, and actual ET is increasing generally as well, there are also
land-use effects, which are associated to climate change. These indirect
effects of climate extremes on forest stands such as droughts, beetle
infestations, wind throws etc. will have a lasting impact (memory ef-
fect), even when the climate alone returns to “normal”. The last two
years of the investigated period (extremely dry and warm) could be -
according to some regional climate projections - a preview of future
conditions.

Further research should include simulations with physically based
hydrological/land surface models, as well as a careful integration of land
use/water management changes in these models. Parameterisation and
understanding will profit from highly resolved remote sensing infor-
mation (satellite and airborne). Finally, excellent data records will still
be needed; improvements like a better EC flux tower correction
included. After all, measurements will remain the benchmark for model
performance. They will be necessary to isolate and judge on existing
changes, and they should provide a robust reference for climate change
projection of water balance components.

6. Data

Along with this paper we provide a freely available monthly hydro-
climatological dataset for the period 1968-2019 and an exemplary daily
dataset of the year 2017 (Pluntke et al., 2022). This dataset should foster
research as well as teaching in this joint field of hydrology, ecology and
climatology. Data were quality checked, homogenized and gap filled.
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