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Abstract

Net ecosystem exchange of CO, (NEE) as well as fluxes of water vapor and energy were measured in
a wind-throw-disturbed upland spruce forest in the Bavarian Forest National Park (Germany) contin-
uously over five years, from 2009 to 2013, by the eddy covariance method. Estimated annual NEE
(positive values stand for a net carbon source) of the non-cleared wind-throw resulted in 347 +104,
255 +77, 221 +66, 240 £52, and 167 +50g C m for the successive years, respectively. However, two
to six years after the storm event (windstorm Kyrill, January 2007) gross ecosystem production (GEP)
was already strong, increasing from 393 (2009) to 649 g C m2yr™* (2013). Ecosystem respiration
showed a high inter-annual variability during the measurement period, ranging from 656 to
816 g C myr™. Carbon dioxide (CO,) fluxes during snow-covered periods averaged about 0.8 pmol
m2s ™ with only little variation. The present study is worldwide the first to track the post-disturbance

C-exchange continuously over more than a year in an intact wind-throw area.

The contributions of spruces and grasses to the overall carbon exchange, and the differentiation into
autotrophic and heterotrophic respiration were estimated by the biogeochemical model Land-
scapeDNDC. Results have shown that this model can reasonably represent the measured carbon di-
oxide fluxes, apart from a slight but systematic underestimation of ecosystem respiration at very high
fluxes and during winter. Thus, model deviations tend to increase with time. A long-term simulation
of the carbon balance development predicts that the ecosystem most likely will switch from a net
carbon source to a net carbon sink within the next 10 years. Simulations also show that the “biome-
time-scale” — the time scale over which all post-disturbance emitted carbon will have been fixed

again by the ecosystem —is about 20 years.

Overall, the results show that 1) low productive mountainous forest sites may switch from a carbon
source to a carbon sink within relatively few years after disturbance, and 2) main uncertainties in
process understanding originate from poorly resolved dynamics in soil respiration, decomposition of
large debris, and succession of ground cover species development. Evidence from the present study
suggests that the carbon release of non-cleared wind-throws does not follow a simple pattern which
is mainly a function of biomass, but that changing structural and micro-climate conditions have to be

taken into account.

An additional outcome of the present work was a simple model for incoming short-wave radiation,
requiring only screen-level relative humidity data (and site specific astronomical information). The
model was developed and parameterized using high quality global radiation data, covering a broad
range of climate conditions. Despite its simplicity, the new model clearly outperforms conventional

approaches, and it comes close to more labor- and data-intensive alternative models.
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Zusammenfassung

Von 2009 bis 2013 wurden der Netto Okosystemaustauch von CO, (net ecosystem exchange - NEE)
sowie Energie und Wasserdampffliisse lber einem naturbelassen Windwurfgebiet im Bayerischen
Wald mittels der Eddy Kovarianz Methode bestimmt. Die jeweiligen Nettosummen fiir den CO,-
Austauch dieser Jahre (positive Werte bedeuten CO,-Emission) ergaben 347 +104, 255 +77, 221 +66,
240 £52 und 167 £50 g C m2. Zwei bis sechs Jahre nach dem Sturm (Wintersturm Kyrill, Januar 2007)
war jedoch die jahrliche brutto CO,-Aufnahme (gross ecosystem production - GEP) bereits sehr hoch
und stieg von 393 (2009) auf 649 g C m™? (2013) an. Die Respiration des Okosystems (Rec,) zeigte eine
hohe Variabilitit tiber den Messzeitraum mit Werten zwischen 656 und 816 gCm?2a™. Die CO,-
Austauschraten wahrend Zeitraumen mit geschlossener Schneedecke betrugen im Mittel etwa
0.8 pmol m™s™. Die vorliegende Arbeit ist weltweit die erste, die den stérungsbedingten Kohlenstoff

Haushalt kontinuierlich iber mehr als ein Jahr in einem intakten Windwurf Gebiet verfolgt.

Die Beitrdge von Fichten und Grasern zum gesamten Kohlenstoffumsatz und die Unterscheidung
zwischen autotropher und heterotropher Respiration wurde mit Hilfe des biogeochemischen Models
LandscapeDNDC bestimmt. Die Ergebnisse haben gezeigt, dass dieses Modell die gemessenen CO,-
Flisse korrekt wiedergibt, abgesehen von einer geringen aber systematischen Unterschatzung der
Respiration bei hohen Emissionsraten und im Winter. Die kumulativen Modellabweichungen steigen
dabei mit der Zeit an. Eine Langzeitsimulation des Kohlenstoffumsatzes prognostiziert dass sich das
Okosystem innerhalb der nichsten 10 Jahre von einer netto CO,-Qelle zu einer netto CO-Senke ent-
wickeln wird. Die Simulationen zeigen auch, dass die ,Biom-Zeitskala” — die Zeitskala in der der ge-
samte Kohlenstoff, der nach der Stérung emittiert wurde, wieder fixiert worden ist — ungefahr 20

Jahre ist.

Im Allgemeinen zeigen die Ergebnisse, dass 1) sich Standorte an langsam wachsenden Bergwaldern
innerhalb weniger Jahre nach einer Stérung von einer Kohlenstoffquelle wieder in eine Senke um-
wandeln dirften und 2) die hauptsachlichen Unsicherheiten beim Prozessverstandnis in der Boden-
respiration, in der Zersetzung von Totholz und in der Entwicklung der Bodenvegetation begriindet
sind. Die Resultate dieser Studie weisen darauf hin, dass die Kohlenstofffreisetzung naturbelassener
Windwurfgebiete nicht einem einfachen Schema abhangig von der Biomasse folgt, sondern dass sich
standig verdandernde strukturelle und mikroklimatische Bedingungen ebenfalls beriicksichtigt werden

miussen.

Ein zusatzliches Produkt dieser Arbeit war ein einfaches Model zur Bestimmung der eingehenden
kurzwelligen Solarstrahlung (Globalstrahlung) welches nur die relative Feuchte (und astronomische
Informationen) als Eingangsparameter benétigt. Das Model wurde mit qualitdtsgepriften Glo-

balstrahlungsdaten, die ein breites Spektrum von Klimaverhaltnissen umfassen, entwickelt und pa-
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rametrisiert. Trotz seiner Einfachheit, tibertrifft das Modell herkémmliche Ansatze und reicht nah an

mehr Arbeits- und Datenintensivere Modell heran.
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1 Motivation

Motivation

On January 18"/19" in 2007 the severe winter storm Kyrill, with gusts up to 60 m s™, swept over
large parts of Europe (Figure 1) and left a trail of devastation. The overall economic damage was es-
timated at ten million USS (=7.4 million €) (Munich Re, 2007) and 49 people lost their lives. Public
transport systems were disrupted for some days in many places. For the first time in its history the
German railway company DB had to stop all intercity rail-traffic in the evening of January 18" due to
Kyrill. Thousands of houses were without electricity for many hours during these two days. In addi-
tion, the silvicultural damage was disastrous. An amount of almost 60 million m? of timber all over
western Europe was uprooted — 37 million m® of these in Germany. Although Kyrill had the biggest
impacts in the mid-western parts of Germany (e.g., Thuringia and North-Rhine-Westphalia), there
were also large areas affected within the southern part of Germany, especially in the Bavarian Forest
National Park. A large area about 600 m in diameter (30 ha) of a Norway spruce forest (Picea abies

(L.) H. Karst) on the Lackenberg hill was almost completely uprooted by Kyrill.

After such a severe wind-storm all fallen
trees are usually removed, to salvage the
wood, and to protect the remaining forest
from insect infestation. Thus, the whole
wind-throw is commonly cleared and
eventually new seedlings of the predomi-
nant trees are planted afterwards. Not so
in the Bavarian Forest National Park. Due

to a policy of conservative forest man-

. . “
Figure 1: Storm track of Kyrill. The color indicates the maximum wind agement, succinctly put in the slogan “Na-

speed from green (22-25 ms'l) to red (> 40 ms'l). From: Munich Re

(2007) tur Natur sein lassen”, engl.: “let nature

be nature”, the administration of the Na-
tional Park decided not to clear this area. All dead-wood remained on site at the Lackenberg wind-
throw, thereby creating an almost unique opportunity to investigate and observe an ecosystem that
was recently affected by severe disturbance during ecological succession without anthropogenic
intervention. Within the project “bark-beetle-attack on wind-throw areas: process analysis for course
of action” (Schopf et al., 2008; funded by Bavarian State Ministry of the Environment and Public
Health), the first part was to study the development of bark-beetles (Ips typographus (L.)) on wind-
throw disturbed Norway spruce forests. In the second part of the project the climatic parameters,
energy budget, and exchange of water vapor, VOCs (Wolpert, 2012) as well as of CO, were estimat-

ed.
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Particularly concerning the exchange of carbon and energy between such disturbed ecosystems and
the atmosphere there is only sparse knowledge up to now. Therefore, investigating carbon and ener-
gy exchange in this wind-throw was promising to deliver new scientific findings about the basic pro-
cesses of carbon and energy transport (short time-scales) but also about the long-term dynamics of
carbon cycling in this particular ecosystem over longer time periods. Thus, in this work the carbon
and energy exchange of the wind-throw disturbed forest at the Lackenberg is examined. With regard
to anthropogenic global warming, understanding the processes and dynamics that are driving carbon
exchange within all kinds of ecosystems is of high importance, not only for scientists, but also for
policy makers. Sound knowledge of these processes and dynamics will help to specify the expected
consequences of global warming more reliably and is necessary for the evaluation of future climate

mitigation actions (Pan et al., 2011).
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1 Introduction

1.1 Global carbon cycle and climate change

Anthropogenic global warming as a major driver of climate change with all the associated risks, such
as rising temperatures, rising sea-levels, increasing extreme weather situations, extinction of many
species, and many more is well documented and widely accepted (e.g., IPCC, 2013). However, there
is still uncertainty about the magnitudes of climate change impacts on Earth. That is, how much will
the temperature increase be, how fast will sea-levels rise, and so on. Constraining these uncertainties
is an important contribution to improve scientifically based climate change impact assessment and

decision support.

In this context it is essential to quantify regional and global greenhouse gas (GHG) budgets. CO, and
CH, are the two main contributors of human-induced climate forcing - “CO, alone accounts for 80%
of the current growth in climate forcing...” (Canadell et al., 2010). Thus, CO, has been the focus of

much research for many years (IPCC, 2013).

Global carbon dioxide budget The global carbon budget is roughly divid-
(gigatonnes of carbon per year)
2ote ed into a terrestrial part (net Land sink),
e Atmospheric an oceanic part (net Ocean sink), atmos-
Sement growth e Land sink
8.6 + 0.4A 43 +0.1 change 26+0.8 . .. .
pheric growth, emissions from fossil fuel

0.8 £ 0.5

Ocean sink
2.6 0.5

combustion and cement production, and
emissions from land-use change. Dynam-
ics and global magnitudes of the several
fluxes are shown in Figure 2 and Table 1.

Estimates of these exchange rates are

_ based on energy use statistics, statistics of
Geological
Plnfe

ongy reservoirs 2 . ..
g, land use change (fossil fuel emissions and

8 Py,

the
ey, ey,

am,
L Ror &

emissions from land-use change respec-

tively), atmospheric measurements (at-

Figure 2: Global carbon dioxide budget from 2003 - 2012

. mospheric growth), and models (ocean
Source: globalcarbonproject.org

sink). The terrestrial (land) sink is usually
calculated as the residual of the sum of all sources minus atmosphere + ocean sinks. However, as Le
Quéré (2010) notes, “this equation transfers all uncertainties to the land CO, sink, and does not test
our understanding of the underlying processes”. Thus, in recent years there have been efforts to
calculate the terrestrial sink also from models (Canadell et al., 2007b; Heimann and Reichstein, 2008;

Le Quéré et al., 2009; Le Quéré, 2010).
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Table 1: Global carbon budget of recent years. Values are in gigatonnes of carbon per year. Data from: Le Quéré et al.

(2012)
Year Fossil fuel + Land-use change Atmospheric Ocean sink Land sink
cement growth
2004 7.81 0.85 3.41 2.36 2.88
2005 8.09 0.83 5.15 2.45 1.32
2006 8.37 1.06 3.69 2.51 3.23
2007 8.57 0.66 4.45 2.55 2.22
2008 8.78 0.68 3.77 2.39 3.30
2009 8.74 0.77 3.50 2.61 3.40
2010 9.17 0.68 5.17 2.60 2.07
2011 9.46 0.63 3.63 2.71 3.75
2012 9.67 0.85 5.15 2.90 2.46
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Due to the rising level of CO, concentra-

J tion in the atmosphere (Figure 3), the
potential of individual ecosystems to emit
or store carbon, that is whether they act

as a carbon source or sink, is of growing
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interest. As can be seen in Figure 2, there
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is still a high uncertainty of the estimated
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carbon exchange, especially in the terres-

Figure 3: Atmospheric carbon dioxide. Data until 1958 is estimated
from Antarctic ice cores. Data from 1958 onward is from the Mauna
Loa Observatory in Hawaii. Inner graph shows monthly Mauna Loa
measurements; main graph shows annual means. From: Sarmiento et
al. (2010)

trial part (Goodale et al., 2002; Houghton,
2003).

Figure 4 shows that, for the terrestrial part of the global carbon balance, there is also a large inter-
annual variability (Le Quéré et al., 2009; Schimel et al., 2001). The high uncertainty, together with
this large inter-annual variability, indicate that there is still lack of knowledge, which has led to in-
tense efforts quantifying the net exchange of CO, in different terrestrial ecosystems. Thus, natural
carbon sources and sinks were studied with increasing intensity (Baldocchi et al., 2001; Canadell et
al., 2007a; Falkowski et al., 2000; Le Quéré et al., 2013; Raupach, 2011). Forests, as large and highly
dynamic carbon pools, attract special attention in this respect (Bonan, 2008b; Janssens et al., 2005;
Luyssaert et al., 2008; Pan et al., 2011; Schulze et al., 1999). Generally, forest ecosystems are report-
ed to serve as strong carbon sinks (Dragoni et al., 2011; Gruenwald and Bernhofer, 2007; Knohl et al.,
2003; Valentini et al., 2003). Analyzing carbon accumulation of European forests, Ciais et al. (2008)
emphasized that European forests are important carbon sinks and could maintain this property for

several decades. Nabuurs et al. (1997) report a carbon sink strength of European forests on the order
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of 0.10 GtCyr™. From 2001 to 2007 the
European terrestrial biosphere took up
about 0.17 GtCyr™ as estimated by Peters
et al. (2010).

In comparison to oceans, the land surface
is very heterogeneous with a large variety
of ecosystems. The amount of carbon that
is exchanged between the atmosphere

and the terrestrial biosphere varies not

only in time but also in space. Thus, the Figure 4: Land sink: average from calculations of five different models

up-scaling from regional to continental or (L€ Quéréetal, 2013).

even global scale of the global carbon balance is very difficult over the land surface, due to its high
degree of heterogeneity. For this reason there is a high demand for CO, flux-data over every kind of
ecosystem and a need for a global network of CO,-flux measurements, in addition to inventory data,
remote sensing, terrestrial biosphere models, or a global air sampling network.

The eddy covariance (EC) method is a well approved tool to quantify the carbon exchange between
biosphere and atmosphere at the ecosystem scale (Baldocchi, 2003; Canadell et al., 2000). By captur-
ing the net exchange of matter of a relatively large area (up to = 1km?) from measurements at a sin-
gle point, the eddy covariance technique is the most direct flux measurement at this scale. To be able
to obtain more and better flux datasets, regional networks of flux observation stations, each estimat-
ing exchange of carbon, water vapor, and energy at the ecosystem scale, were established — globally
coordinated in the FLUXNET project. The scope of this “network of networks” is to collect flux-data in
all kinds of ecosystems, providing a database for synthesis and modeling. This dataset enables, for
instance, comparisons across environmental gradients and across biomes. Results from this global
project lead, on the one hand, to a better understanding of processes at the ecosystem level, on the
other hand they can be used to validate and improve existing models. Both applications provide a
basis for constraining the uncertainty in estimating carbon exchange of different compartments in
the terrestrial carbon cycle (Friend et al., 2007).

However, datasets on carbon exchange are available primarily for more or less undisturbed terrestri-
al ecosystems (mostly forests or grasslands) so far (Bolin et al., 2000; Friend et al., 2007; Prentice et
al.,, 2002). One reason for this is that disturbed ecosystems usually are very heterogeneous, which
makes it difficult to conduct representative measurements for large areas. Another reason is that
disturbed ecosystems often are located in very remote areas and therefore are hard to access.
Though, especially in forest ecosystems, any kind of disturbance can lead to a fast release of its

stored carbon to the atmosphere. The above mentioned large inter-annual variability, as well as the
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high uncertainty of the terrestrial carbon balance, is mainly caused by variations in temperature,
precipitation and radiation, in part arising from El Niflo-Southern Oscillation variability (Heimann and
Reichstein, 2008; Le Quéré, 2010; Sarmiento et al., 2010), but disturbances, like fires or wind-storms,
are likely partly responsible for it (Lindroth et al., 2009; Magnani et al., 2007). Large scale disturb-
ances can change not only the magnitude, but also the sign of carbon fluxes for extended time peri-
ods (Canadell et al.,, 2000). With respect to carbon exchange there is a need to increase the
knowledge about the timing, location and magnitude of ecosystem disturbances for better under-
standing and reducing uncertainty of regional carbon cycles (Canadell et al., 2000; Potter et al.,

2003).

1.2 Terrestrial carbon balance and ecosystem disturbances
Running (2008) stated that results from the FLUXNET community (Figure 5), showed that "disturb-

ance was the primary mechanism that changes ecosystems from carbon sinks to carbon sources”.

FLUXNET

September 2013 ] el o T
560 Sites

7
o
P

-

Figure 5: Location of the CO, flux observation sites that are part of the FLUXNET network (source: www.fluxnet.ornl.gov
accessed: December 2013)

Areas with wind-throw events, for instance, where dead wood remains on the ground, may turn into
a substantial carbon source for extended periods, in contrast to the general carbon sink behavior of
even mature intact forest ecosystems (Knohl et al., 2002; Lindroth et al., 2009; Schulze et al., 1999).
On the other hand, nutrients provided by dead wood may accelerate the process of re-growth, so the
non-cleared wind-throw could become a net carbon sink again faster than a cleared wind-throw ar-
ea. Ulanova (2000) stated that tree uprooting plays an important role in “maintaining stable tree and
grass population structures in forest communities” and that “spruce regenerated better on mounds

and fallen trees than on undisturbed surfaces”.


http://www.fluxnet.ornl.gov/
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This would be of high importance for forest management in terms of carbon exchange (Kozlowski,
2002). Peters et al. (2012) stated that “moderate frequency disturbances are a relatively less im-
portant control on productivity than climate, soil, and species traits”. However, disturbance-caused
damage of forest ecosystems, in particular from wind-storms, insect infestation, and wildfires is ex-
pected to increase in the future, due to climate change (Moore and Allard, 2011; Overpeck et al.,
1990), and can have strong effects on terrestrial carbon exchange (Donat et al., 2011; Liu et al., 2011;

Luyssaert et al., 2008; Running, 2008; Schelhaas et al., 2010; Seidl et al., 2011).

Thus, within the big picture of the carbon cycle, the importance of disturbance is far from negligible.
Chen et al. (2004) write: “There is a critical need for predicting net carbon exchange under different
disturbance regimes and at different stages of development”. In summary, there is still a lack of
knowledge about carbon exchange in disturbed forest ecosystems, and in non-cleared wind-throw-
disturbed forest ecosystem in particular, due to the scarcity of available datasets. To our knowledge,
the only published reports to date refer to short time-period measurements in Siberia and Sweden
(Knohl et al., 2002; Lindroth et al., 2009). As a result of this knowledge gap, most current models do

not properly account for ecosystem disturbances and land management impacts.

1.3 What s a “disturbance”?

Because of its importance to the present work, the expression “ecological disturbance” will be short-

ly discussed and the terms defined here.

Ecological disturbance has been defined as “a temporary change in average environmental condi-
tions that causes a pronounced change in an ecosystem. Outside disturbance forces often act quickly
and with great effect, sometimes resulting in the removal of large amounts of biomass. Ecological
disturbances include fires, flooding, wind-storm, insect outbreaks, as well as anthropogenic disturb-
ances such as forest clearing and the introduction of exotic species” (Dale et al., 2001)“. Another
definition describes disturbance as “a cause; a physical force, agent, or process, either abiotic or bio-
tic, causing a perturbation (which includes stress) in an ecological component or system; relative to a
specified reference state and system; defined by specific characteristics” (Rykiel, 1985). Pickett et al.
(1999) and Picket and White (1985) defined environmental disturbance as a relatively discrete event
in time and space that alters the structure of populations, communities, and ecosystems and causes

changes in resource availability or the physical environment.

All these definitions are somewhat vague. What are average environmental conditions? How to spec-
ify a reference state or system? That is, what are the specific characteristics of the ecosystem? What

makes a change pronounced? How long is temporary?
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It is evidently not easy to find a precise and universal definition of disturbance. Stand-killing insect
outbreaks, for instance, usually quantify as disturbance with these definitions, whereas low intensity
herbivory is commonly treated as average condition or steady state of an ecosystem. However, there
is a continuum of intensity ranging from infestation (clearly a disturbance) to herbivory (clearly not).
The question is where to set the threshold for disturbance. Thus, a clear definition of disturbance can
only be given in context of the average environmental conditions, and furthermore one has to keep
in mind that “disturbance is clearly not an external event that happens to an ecosystem. Like other
interactive controls, disturbance is an integral part of the functioning of all ecosystems that responds
to and affects most ecosystem processes” (Chapin et al., 2002). The trigger of disturbance may be
external (e.g., a wind-storm), but whether a given trigger causes a disturbance depends on the state

and functioning of the ecosystem (see also: Angelstam and Kuulivainen, 2004).

Even if we cannot define ecosystem disturbances precisely, perhaps one can classify them in concep-

tual framework.

Figure 6 shows ecosystem disturbance

Ecosystem Disturbances

classified in terms of carbon and nitrogen

exchange (Schulze et al., 1999). In the left

Continuous forcing
of Cand N cycle by
changes in:

Disruption of Cand N

cycle but maintaining

organic matter in the
ecosystem:

Flush-type-losses
exporting Cand N
but not through
heterotrophic
respiration:

temperature (frost)
co,

radiation
Precipitation

late frost
pest and insects
wind-throw

» harvest, grazing
» fire

box changes of, for instance, tempera-
ture, or radiation lead to a continuous
forcing of the C and N cycle. In the right

box disturbances like fire or harvest lead

YV Y YV
A A

severe drought

drought to a rapid export pulse of carbon and ni-

Figure 6: Classification of ecosystem disturbances with respect to trogen out of the ecosystem, but not

effects on the carbon and nitrogen cycle. (modified from: Schulze et

al., 1999) through comparatively slow heterotrophic

respiration. The box in the middle refers
to disturbances like insect outbreak or wind-throw. If an ecosystem has been hit by such a disturb-
ance its carbon and nitrogen cycle is disrupted, but all biomass remains on site (although the carbon
and nutrients contained in the dead biomass may not be available for re-growth for many years). As
mentioned above, these boxes are maybe somewhat permeable and it is very difficult to define clear
borders between them. For example, if it lasts too long or is too intense, a continuous forcing may
lead to a severe stand replacing disturbance event, where C and N cycle are disrupted. Again, the
difficulty is to define the border between forcing and disruption of C and N cycle. It becomes obvious
that classification of ecosystem disturbance is very difficult also due to the lack of a clear and sharp

border between biotic or abiotic forcing and severe ecosystem disturbance.
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Globally, the most important ecosystem disturbances are caused by biotic forcings. In 2005 about 40
million hectares were affected by insects and diseases worldwide (FAO, 2010). Next to these biotic
disturbances fire plays a major role and affected ca. 20 million hectares in 2005. About 8 million hec-
tares were affected by other abiotic disturbances, like wind-throw (also see: Moore and Allard,

2011).

However, these values are mostly based on very sparse data. For Europe, where forestry is of high
economic importance, severe wind-storms are seen to be at least as important as fire or insect-

outbreaks (FAO, 2010; Gardiner et al., 2010).

1.4 Main processes of carbon exchange in ecosystems and related terms

Photosynthesis In this section some ecological terms usually used in

Autotrophic . . .
GPP respiration carbon accounting are defined (see Figure 7).

I Gross primary production (GPP) stands for the amount

of carbon in plants fixed by the process of photosyn-

Heterotrophic
HRF respiration thesis at ecosystem scale (Chapin et al., 2002). Some-

A 4
I times the term GEP (gross ecosystem production) is

also used. GEP is defined as GPP minus plant respira-

-NEE = |NEP E&iﬁ,‘.‘,‘;ﬁ.;‘; tion (Schmid et al., 2000). Autotrophic respiration (R,)
. T denotes the loss of carbon by internal plant metabo-

A lism. The difference between GPP and R, results in the

NBE =lNBP net primary production (NPP). Heterotrophic respira-
tion (Ry) is the amount of carbon which is lost by other

Figure 7: Flow-chart of ecological expressions in terms  Organisms than plants (primary producers) including
of carbon exchange within ecosystems. (Source:

Kirschbaum et al., 2001) carbon release through decomposition of dead trees,

and coarse woody debris (CWD). The difference be-
tween NPP and R;, is the net ecosystem production (NEP) or net ecosystem exchange (NEE). NEE and
NEP are different only in terms of the reference medium. For net ecosystem production the refer-
ence medium is the biosphere. Thus, positive NEP means net carbon gain to the ecosystem. For NEE
the reference medium is the atmosphere. Thus, positive NEE means net carbon emission or upward
directed flux. In other words: NEP = -NEE. Furthermore, NEE is usually used for describing fluxes on a
half-hourly or hourly basis, while the integrated carbon exchange of one year or longer is expressed
by NEP. Schulze and Heimann (1998) proposed another expression called net biome produc-
tion/exchange (NBP/NBE) to take carbon losses through disturbance (L) also into account (NBP =
NEP — Lp). In this context disturbance is related to so-called flush type disturbances (e.g., fire or har-

vest) where heterotrophic respiration is bypassed.
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However, the expression NBE might not only be connected to these so called flush-type disturbances.
“Biome is a general class of ecosystems” (Chapin et al., 2002) and is often identified with particular
patterns of ecological succession and climax vegetation including natural mortality. A biome is there-

fore the quasi-equilibrium state of the local ecosystem and, as such, mainly a theoretical concept.

“An ecosystem consists of a biological community with its abiotic environment, interacting as a sys-
tem” (Chapin et al., 2006). So with respect to the Bavarian Forest National Park there are several
ecosystems at different successional stages. A recent wind-throw is next to an old growth forest eco-
system, and nearby there are ecosystems somewhere in between these classes. All these ecosystems
differ in structure, flora and fauna, nutrient availability, but are within the same biome. In terms of
carbon exchange this means that the NEE of an ecosystem generally represents only a single stone in
the mosaic of the whole biome. To estimate NBE, one needs to measure either for a very long time,
or in all ecosystems of the biome. So, to get information of NBP one has to measure either long
enough or over sufficiently large areas. The question is how long is long enough, or how large is large

enough?

1.5 Conceptual framework of the carbon balance development at ecosystem scale

Odum (1969) published a hypothesis of

ecosystem development, where a forest is

a strong carbon sink at the early stage of

Schulze et al., 2000

succession or growth. Then, after reaching

= = = = = = Disturbance Event

= = = = — == Disturbance Event

a maximum, the sink strength of the forest

Odum, 1996

decreases until the now old-growth ma-

ture forest reaches some sort of equilibri-

Net Ecosystem Production

um where uptake through photosynthesis 1 e

I see text)

rotation period 1

equals loss through respiration (see Figure ! i

8).

T T
years after disturbance

Figure 8: Conceptual framework of forest carbon balance develop-
ment based on Odum (1969) and Schulze et al. (2000). The hashed
In contrast, Schulze et al. (2000) postulate area defines the biome time-scale used in the present work, but
assumes that the initial disturbance is a stand-replacing disturbance

that terrestrial forest ecosystems do not (see text).

equilibrate (at least not in an instantane-

ous sense), but continue as small net carbon sinks over consecutive rotations of stages as sinks and
sources over long periods of time. The relevant mechanism is that more and more carbon is trans-
ferred from intermediate pools (carbohydrates, leaves) to permanent pools (passive soil organic mat-
ter, black carbon) during every rotation period. A rotation period lasts from one disturbance event to
the next. The longer the rotation period lasts, the more carbon is stored in permanent pools, as

Schulze et al. (2000) further claim. However, the predicted increase of severe disturbance events due
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to climate change could lead to an opposite situation. If the rotation periods are too short, maybe

some ecosystems switch from long-term net carbon sinks to net carbon sources.

Actually, these two mentioned scenarios of carbon balance development after disturbance are not
universal. As Goetz et al. (2012) notes, “the time of zero crossing, the peak uptake and its timing, and
the time a new equilibrium is reached vary considerably for boreal, temperate conifer, temperate
broadleaf and other forest types...”. In Addition, there can also be large differences in type and sever-
ity of disturbance (also see Thornton et al., 2002). This means, that the shape of the curve in Figure 8
likely looks different for different ecosystems which are hit by the same disturbance, and it also likely

looks different for the same ecosystems that are hit by different types of disturbance.

Many researchers have therefore tried to test these hypotheses with estimated annual carbon ex-
change e.g., with inventory data or eddy covariance data. Mostly they used the chronosequence
approach with data from roughly same ecosystems but different age and succession stage respec-
tively (Bond-Lamberty et al., 2004; Gough et al., 2008; Howard et al., 2004; Janisch and Harmon,
2002; Law et al., 2003; Payeur-Poirier et al., 2012). Long-term Eddy Ccovariance measurements get
more and more important in this respect (Baldocchi, 2003; Barford et al., 2001; Dragoni et al., 2011).
As mentioned above, most of the available datasets of carbon exchange are from mature or old-
growth more or less intact forests. With reference to Figure 8, there is much information about the
middle and end of a rotation period, but we have only sparse knowledge about the behavior of an
ecosystem immediately after disturbance. So, we have only little information about the beginning of

a rotation period in Figure 8.

Carbon Dioxide Balance of an Ecosystem

Scale of Timescales:

Minutes to hours Season Year Decades

»
>

*Photosynthesis (GPP)

*Autotrophic Respiration (R,) *Heterotrophic Respiration (R,)

(soil organic matter, black
carbon)

* “intact”
ecosystem
*Net Fluxes of CO,
+(NEE/NEP)
*Heterotrophic Respiration (R;)

(litter, coarse woody debris) Disturbance:

*Fire
*Harvest

*Diseases/pests
Annual integration: /p

~annual NEP/NEE (GPP-R_) Wind-throw
NBP/NBE
Inter-annual variations:
*Growth
Mortality Hypothesis:
astressors — old growth in balance ->NBP=0

- climate change (A [CO,]) ->NBPz0

Figure 9: Processes affecting ecosystem/biome carbon balance over several timescales.
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Figure 9 shows NEP regulating processes in terms of several time scales. Within the range of minutes
to hours relevant processes are Photosynthesis (GPP), and autotrophic Respiration (R,). Since the
main procedure of calculating turbulent fluxes with eddy covariance usually contains block averaging,
gap-filling also happens within this time interval. Considering longer time periods from season to
year heterotrophic respiration of litter and CWD as well as the net flux (NEP/NEE) gets more im-
portant. Integrated net fluxes over such time periods can already reflect inter annual variations of an
ecosystem like growth strength, mortality, stressors, and so on. After decades or so, the impact of
disturbance events and of carbon pools with longer turnover times can be recognized wherefore the

expression NBE/NBP has been proposed (Schulze and Heimann, 1998).

After the concept of Odum (1969) and Schulze et al. (2000), NBP of an ecosystem should be zero or
even positive if time and space are large enough. However, if ecosystem disturbances occur more
often, e.g., due to climate change, the next disturbance event may happen before the ecosystem is
able to equilibrate. On the one hand, young emerging forests are usually large carbon sinks. But on
the other hand, this does not necessarily compensate for carbon emissions from a disturbance that
occurs too early. Thus, in ecosystems which are hit by disturbances more frequently, NBP would be
no longer zero but negative (carbon source). Many ecosystems that are currently net carbon sinks,
could therefore shift to net carbon sources within the next decades and remain like this for a very
long time, depending on the frequency and intensity of disturbances. Similar illustrations of this con-
ceptual framework can be found for example in Randerson et al. (2002), in IGBP Terrestrial Carbon

Working Group (1998), in Ehman et al. (2002), in Nave et al. (2011), or in Schulze et al. (2000).

In this context we could think of another sort of timescale namely a “biome-timescale” tz (see Figure
8). The biome-timescale represents the period it takes for the ecosystem to re-gain the lost carbon
due to a disturbance event. If disturbance events are spread shorter than 1z, NBP is negative. In such

cases the biome must change to a lower level over time.

Calculating exchange rates of CO, within time scales up to several years, we are often dealing with
more or less intact ecosystems. However, disturbance history, as well as forest stand age, mainly
influence the carbon exchange over longer time scales (Desai et al., 2005). It may take several dec-
ades, until an ecosystem is affected by episodic forcing like fire, harvest, wind-storm, and only by
taking also such disturbance events into account one can get information of the overall Carbon Diox-

ide Balance of an ecosystem.

Therefore, up-scaling current available results of NEP and NBP respectively might not reflect long-
term reality (Dragoni et al., 2011; Hommeltenberg et al., 2014) and could lead to an overestimation

of global carbon sink strength (Dore et al., 2008; Kérner, 2003).
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There are several studies in the literature about eddy covariance measurements in disturbed forest
ecosystems but only few about carbon exchange in wind-throw-disturbed forest ecosystems in par-
ticular. Amiro et al (2010) summarized results from more than 180 site years of EC measurements.
Forest ecosystems were losses of Carbon following disturbance and shifted to carbon sinks after ten
years in most cases, as they have found out. Fire disturbed coniferous forests in northern latitudes
remain carbon sources for about 20-30 years, as hypothesized by Amiro et al. (2006) and confirmed
by Dore et al. (2008). Results of a chronosequence of mixed deciduous forest in northern lower Mich-
igan however (Gough et al., 2007) showed that the harvested and burned forest had become a net
carbon sink even 6 years after disturbance event. Bond-Lamberty et al. (2004) estimated annual NEE
using inventory data from a chronosequence of a boreal black spruce after wildfire. Their results
implied that young stands are carbon sources of about 100 g C m™yr™, middle aged stands are carbon
sinks with about -100 to -300 g C m2yr™, and old-growth stands are nearly carbon neutral. Lindroth
et al. (2009) studied fluxes of CO, in two cleared wind-throw areas in Sweden after the Storm Gudrun
and, after some modeling, stated that the wind-throws are large sources of carbon of about 897 to
1259 g C m2yr™. They mentioned that this efflux is mainly due to strong enhanced soil respiration
caused by soil destruction through heavy machinery. This assumption could partly be confirmed by
results from Knohl et al. (2002) who published results of 3-month eddy covariance measurements in
a non-cleared wind-throw in the western Russian taiga. In this time period NEE was 180 g C m?, lead-
ing to an estimated annual NEE of about 400 g C m2yr". Based on additional deadwood analysis,
they projected that the non-cleared wind-throw will likely emit 100 g C m?yr™ even 30 years after

disturbance.

As can be seen, there is a strong demand for more, and particularly long-term, NEP measurements in
disturbed forest ecosystems to adequately consider the impact of disturbance on regional carbon
balance (Amiro, 2001; Law et al., 2002; Lindroth et al., 2009; Pregitzer and Euskirchen, 2004). Accord-
ing to non-cleared wind-throws the only available dataset of net ecosystem exchange is three

months in duration (Knohl et al., 2002).

In summary, there is a high demand for CO,-fluxdata of disturbed forests to better understand the
source and sink relationship of different ecosystems (Canadell et al., 2010; Potter et al., 2003). Addi-
tionally extreme weather situations like wind-storms have increased since past years and will further
increase in the future as a result of climate change (Dale et al., 2000; Moore and Allard, 2011;
Schelhaas et al., 2003; Seidl et al., 2011). For these reasons this work investigates the ecosystem-
atmosphere exchange over a wind-throw-disturbed upland spruce forest in the Bavarian Forest Na-

tional Park.
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1.6 Research questions

The overall objective of the study is to examine how the disturbance and the recovery from it affect
the carbon cycling of this forest ecosystem. To this end CO, exchange (net ecosystem exchange —
NEE) was measured by eddy covariance and combined with an ecosystem exchange model that in-

cludes dynamic vegetation.

The overall long-term question of this research is: How does this wind-throw-disturbed ecosystem
behave after disturbance in terms of carbon exchange? Within this question it is also interesting, for

instance, how long it will take the ecosystem to switch from carbon source to net carbon sink again.

Answering this overall long-term question is beyond the scope of this work. However, there are other

important sub-questions which this study intends to address in this context:

¢ How large is the CO, efflux from the wind-throw area after the storm event?

¢ This net CO, exchange can be separated into gross ecosystem production (GEP) and ecosys-
tem respiration (Re). How large are these component fluxes and...

¢ How do the dynamics of R, and GEP behave within the measurement period?

¢ What is the behavior of the carbon balance development predicted over the next 10 years

and beyond by model simulations of a physical cohort model?
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2 Site and Methods

2.1 Geography and ecological description
Measurements were taken within the Bavarian Forest Sl
National Park (BFNP) in the eastern part of Bavaria, Ger-

many close to the border of the Czech Republic (see Fig- : ' !

ure 10 and Figure 11). Together with the adjacent Czech af B?*r“"i\?
. )
Sumava National Park it forms the biggest contiguous \‘Wﬁ/ }
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Figure 10: The study site in the Bavarian Forest
National Park on the border between Germany

m® of deadwood (BFNP 2008, Jahresbericht 2007; 2and the Czech Republic (red arrow) modified,
based on www.weltkarte.com.

www.nationalpark-bayerischer-wald.bayern.de).  Figure

Within the BFNP storm Kyrill caused about 160 thousand

11 shows one extensive wind-throw area on Lackenberg before and after the event. At 1337m eleva-
tion, the Lackenberg is one of the highest mountains of the national park. In this area Kyrill has dev-
astated about 30ha of forest and almost all trees were uprooted. Also shown in Figure 11 are aerial
photographs of the study site from 2009 to 2011 where the impact of the storm can clearly be seen.
Despite the policy of conservative forest management, the administration of the national park logged
of a small zone around the wind-throw area in 2009, to protect the surrounding forest from bark-
beetle infestation (also see Figure 11). Fortunately, this does not have any influence on the meas-

urement quality at the study site (see section 2.4.2).

The terrain slopes from north to south (=9¢). The pre-storm forest was about 150 years old (BFNP
Administration, personal communication) with a tree density of approximately 1000 trees ha™. Aver-
age height was about 18 m and average girth was about 1.5 m (estimated from aerial photography
and a survey of fallen trees). The number of new seedlings after the storm was estimated at about
2500 seedlings ha™ (stem count in July 2010). The present vegetation mainly consists of Norway
spruce (Picea abies (L.) H. Karst) even though at the Lackenberg site only few individuals of this spe-
cies have survived the storm Kyrill. However, many new seedlings have since emerged almost every-
where between the fallen trees (see Figure 12). The other live vegetation is dominated by grasses

(Deschampsia flexuosa (L.) Trin, Luzula sylvatica (Huds.) Gaudin, Juncus effuses (L.), fern (Athyrium
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extensive windthrow
in the National Park
Bavarian Forest
I inthe National Park
Sumava

271 scattered windthrow

individual uprooting

core area

Figure 11: Chronosequence of the Lackenberg site from 2006 until 2010. Blue and orange point is the position of the main
tower and satellite tower, respectively (red channel has been replaced by near-infrared). Upper right shows wind-throw
areas caused by Kyrill in the Bavarian Forest National Park. (Source: Administration of the Bavarian Forest National Park)

disten-tifolium Tausch ex Opiz), few blue berries (Vaccinium myrtillus L.), and very few rowan berries
(Sorbus aucuparia L.). The vegetation period roughly lasts from May to August. The snow cover peri-
od usually extends from November to March but can also last from September to May in some years.
For a more detailed discussion of the vegetation period, see section 3.2.1.2. The Diameter of the
root-plates from the uprooted trees, which is 2 m on average, was taken as the typical height of
roughness elements, because most remaining and new emerging vegetation does not exceed this
height yet. Predominant soil types in this region are Typic Dystrudepts (Dystric Cambisols),Andic
Dystrudepts (Dystric Cambisols with low bulk density), and Entic Haplorthods (Entic Podzols) (Spath,
2010; Spielvogel et al., 2006). Soils at Lackenberg are well drained and not very deep, with the avail-

able root zone rarely exceeding 50-100 cm depth (also see section 3.1).
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As explained in the introduction, this area
is very well suited for conducting long-
term measurements of carbon and energy
exchange within a disturbed forest eco-
system. Thus, the measurement tower for
this study was installed in the middle of
this large wind-throw area (30 ha,
49.100°N, 13.305°0; 1308 m a.s.l.) at the

beginning of 2009. For reference meas-

urements of several parameters an addi-

. . . Figure 12: New emerging vegetation between fallen uprooted trees
tional tower (satellite tower) was installed  (photo: M. Lindauer)

ca. 200 m south of the main tower
(49.098°N, 13.305°0; 1269 m a.s.l.). The positions of the main tower (blue dot) and the satellite tow-

er (orange dot) are shown in Figure 11.

2.2 Climatological description

“Three-quarters of the year it is wet and one-quarter of the year it is cold!” This is how the vernacu-
lar describes the climate of the BFNP. Of course this is not the whole truth, as the climate of this re-
gion is quite varied and mainly depends on the altitude. Table 2 shows annual mean air tempera-
tures, annual sums of precipitation and sunshine duration measured at two meteorological stations
of the German Weather Service (DWD) in the vicinities, as well as temperature and rain amount at
the Lackenberg site. Both DWD stations are located very close to the Bavarian Forest National Park
and close to the measurement site but are at different altitudes. As expected, the climate at the low-
er station is warmer and drier than at the higher station. Measured precipitation at the Lackenberg
site does not contain the amount of solid precipitation, because the type of precipitation gauge used

is not able to gauge snowfall (see section 2.3).
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Table 2: Climatic parameters of two German Weather Service (DWD) stations and at the Lackenberg site (sunshine duration
was not measured at the study site)

GroBer Arber Zwiesel Lackenberg
latitude 49.114° N 49.029° N 49.100
longitude 13.135° 0 13.240° 0 13.305
altitude 1436 m 615 m 1308 m
distance to Lackenberg ca. 12.2km ca. 10.5km -
air temperature (mean)
2009 3.78°C 6.53°C 4.81
2010 2.52°C 6.41°C 3.43
2011 4.60°C 7.76°C 5.48
2012 3.73°C 7.34°C 4.73
2013 3.30°C 7.22°C 4.28
Precipitation (sum) only rain!
2009 1538 mm 1166 mm 480 mm
2010 1493 mm 1003 mm 653 mm
2011 1315 mm 1036 mm 600 mm
2012 1439 mm 1245 mm 1001 mm
2013 1410 mm 1031 mm 729 mm
sunshine duration (sum)
2009 1534 h 1724 h -
2010 1412 h 1486 h -
2011 1935 h 1939 h -
2012 1736 h 1815 h -
2013 1417 h 1371 h -

The region is located within the transitional-zone from maritime to continental climate. Continental
influence is reflected in dry and cold conditions in winter, with temperature minima often down to
-25 °C or less in some locations (Elling et al., 1987). Summers are typically dry and warm, with occa-
sional thunderstorms in the uplands. The Central German Uplands in the south-eastern part of Bavar-
ia where the BFNP is located, are a barrier for the moist westerly air. Maritime influence leads to
annual precipitation from 600-700 mm in the valleys and up to 1400-1800 mm or even more in the

higher altitudes causing abundant snowfall in winter (ca. 30-40% of the annual precipitation is snow).

0 30
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wind class frequency distribution [%)]

0-1 1-2 23 34 45 56 67 89 9-10 >10

wind class [ms™]

Figure 13: Distribution of wind direction (left) and wind class frequency distribution at the Lackenberg site (9m) estimated
from measured half-hourly values 2009 — 2011.
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Snow depths of 2 m or higher are not unusual, and hence, the region is very popular for its richness
in snow - in these uplands the snow cover period can last seven months and more. Annual average
temperatures of the region are 3 to 4 °C in the uplands, and 6.5 to 8°C in the lower parts. Regional
cold-air-pools causing temperatures below 0°C in the morning of even early summer days are charac-
teristic for the BFNP in the lower regions (Elling et al., 1987). An evaluation of wind measurements at
the Lackenberg site from 2009-2011, show that prevailing wind directions are west to south-west,
except for continental weather conditions when wind is blowing from easterly directions. Wind
speeds mainly range from 1 to 5 m s * (half-hourly averages) but gusts of up to 60 m s were detect-

ed within the measured 10-minute averages (Figure 13).

Figure 14 shows time series plots of measured air temperature, net radiation and rain amount from
the Lackenberg site from 2009 to 2013. Missing values (blue) of air temperature were filled either
with data from the satellite tower or with data from a meteorological station on top of the nearby
hill GroBer Falkenstein (49.086 °N, 13.282 °E, 1307 m a.s.l. distance to Lackenberg ca. 2 km, data
provided by BFNP Administration). Temperatures fell beneath -20 °C and less in winter and went up
to 25°C or more in summer within the measurement period. Measured rain amount only shows lig-
uid precipitation, as the sensor used is not able to measure snowfall adequately (Section 2.3). Miss-

ing values of rain amount were filled with data from the satellite station. Unfortunately there is no
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Figure 14: Daily mean values of air temperature (6m) and incoming short-wave radiation. Gray bars indicate range of values
(max/min). The lower graph shows daily rain amount (solid precipitation could not be detected by the used sensor). Blue
color indicates missing values substituted with data from nearby weather station or modeled values (see text).
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sensor for incoming short-wave radiation installed at the satellite tower or at meteorological stations
in the surrounding area. Thus, the incoming short-wave radiation was modeled based on calculated
extra-atmospheric radiation and using an empirical relationship between atmospheric turbidity and

relative humidity. The procedure is described in detail in Section 3.1.

2.3 Instrumentation

The main Tower at the Lackenberg site is shown in Figure 15. It is 9 m high and is made of hot-dip
galvanized steel. The eddy covariance (EC) system consists of a CSAT3 sonic anemometer (Campbell
Scientific, Logan, UT, USA) for measuring three dimensional wind components and sonic temperature
and an open path infra-red gas analyzer (IRGA) LI-7500 (Li-Cor, Lincoln, NE, USA) for measuring volu-
metric concentrations of CO, and water vapor. LI7500 IRGA was calibrated regularly every 4 to 8
weeks by the zero and span calibration procedure recommended by the manufacturer. Zero CO, and
H,0 concentration was calibrated with a standard mixture of synthetic dry air from Air Liquide Paris,
France). CO, span was calibrated with a CO, standard (delivered from Deuste Steiniger GmbH, Muhl-
hausen, Germany), containing 381 ppm CO, + 0.5%. H,O span was determined using a dew point
generator Li610 (Li-Cor), which was referenced to an optical dew point sensor Hygro-M3 (General
Eastern, Woburn, MA, USA). The EC sensors were mounted on top of the 9 m tower, together with
an HMP45 (Vaisala, Vantaa, Finland) for measuring relative humidity and air temperature in a pas-
sively ventilated shield. Wind profile measurements (wind speed and direction) were performed by
three two-dimensional sonic anemometers at 0.8 m (WMT52), 2.5 m (WMT52), and 6 m (WXT520)
height (all three sensors are from Vaisala). The WXT520 at 6 m also contains integrated sensors for
air temperature, relative humidity, rain intensity, and air pressure. A four component net radiometer
CNR 1 (Kipp&Zonen, Delft, The Netherlands) was also installed at 9 m height together with a Li-190
(Li-Cor) for measuring photosynthetically active photon flux density (PPFD). Surface radiation tem-
perature was measured with an infra-red remote temperature sensor IR120 (Campbell Scientific),
mounted at about 6 m height. Instruments for soil measurements included TCAV-L averaging Soil
Temperature Probes, CS616 Water Content Reflectometer (both from Campbell Scientific), and two
HFP0O1SC Soil Heat Flux Plates (Hukseflux, Delft, The Netherlands). Sensors for soil temperature and
soil volumetric water content were installed at 4 cm depth, and the soil heat flux plates were in-
stalled at 8 cm depth. A Garmin 16-HVS GPS Receiver (Garmin, Olathe, KS, USA) was used for exact
time synchronization of all measurements. Data logging was done by a CR3000 micro logger (Camp-
bell) and data were additionally stored on a MSEP800/L minicomputer (Kontron, Eching/Miinchen,
Germany). Power was supplied by 12V batteries which were charged either by solar panels or by fuel

cells (Udomi, Neuenstein, Germany).
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As mentioned above, for reference meteorological measurements a satellite tower (49.098°N,
13.305°0, 1269m a.s.l.) was installed ca. 200 m south of the main tower. Another WXT520 (Vaisala)
sensor, measuring air temperature, relative humidity, air pressure, wind speed, wind direction, and
rain intensity was mounted on top of this 9 m high satellite tower. All instruments, the measured

parameters, and their temporal resolution are summarized in Table 3
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Figure 15: Measurement tower at the Lackenberg site (main tower) with instrumentation. (Photo: B. Wolpert). For Details
of the instruments see Table 3
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Table 3: Measured parameters with unit, temporal resolution, height, notation, and manufacturer

Parameter Unit Temporal resolution Sensor height Instrument Company
3-d wind components ms* 10 Hz 9m CSAT-3 Campbell
H,0 gm? 10 Hz 9m LI-7500 LI-COR
co, mgm> 10 Hz 9m LI-7500 LI-COR
air temperature °C 10 Hz 9m HMP 45 C Vaisala
relative air humidity % 10 Hz 9m HMP 45 C Vaisala
radiation Wm? 10 min 9m CNR 1 Kipp&Zonen
photosynthetically active pumol 10 min 6m LI-190 LI-COR
radiation m?’st
surface radiation tem- °C 10 min 6m IR 120 Campbell
perature
air temperature °C 10 min 6m WXT 520 Vaisala
relative air humidity % 10 min 6m WXT 520 Vaisala
precipitation mmh™ 10 min 6m WXT 520 Vaisala
air pressure mbar 10 min 6m WXT 520 Vaisala
wind direction ° 10 min 6m WXT 520 Vaisala
wind speed ms* 10 min 6m WXT 520 Vaisala
2x wind direction ° 10 min 2.5m/0.8m WMT 50 Vaisala
2x wind speed ms’ 10 min 2.5m/0.8m WMT 50 Vaisala
soil temperature °C 10 min -0.04m TCAV-L Campbell
soil heat flux Wm? 10 min -0.08m HFP 01 SC Hukseflux
soil volumetric water % 10 min -0.04m CS 616-L Campbell
content
time leveling GPS 16HVS Garmin
/coordinates
data acquisition CR3000 Campbell
Satellite tower:
air temperature °C 10 min 9m WXT 520 Vaisala
relative air humidity % 10 min 9m WXT 520 Vaisala
precipitation mmh™ 10 min 9m WXT 520 Vaisala
air pressure mbar 10 min 9m WXT 520 Vaisala
wind direction ° 10 min 9Im WXT 520 Vaisala
wind speed ms’ 10 min 9m WXT 520 Vaisala

2.4 Eddy covariance

The eddy covariance (EC) technique uses fast measurements (10-50Hz) of vertical wind velocity and
mixing ratios of trace gases (e.g., CO,) to calculate the net exchange of such trace gases between the
atmosphere and the biosphere on an ecosystem scale (Kaimal and Finnigan, 1994). The usual average
period for the calculated covariance is half an hour or an hour. In this work we used half an hour as
averaging period. Ideally, summing up such half-hourly values over one year yields the net carbon
dioxide balance of the ecosystem or net ecosystem productivity (see Section 1.4). Thus, with meas-
urements at a single point, one can — with some assumptions — estimate the net exchange at the
ecosystem scale. As already explained in Section 1.1, the eddy covariance method has gained more

and more attention for estimating trace gas exchange over various ecosystems and has become a
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useful and a popular tool not only for micrometeorologists by now. However, there are lots of things
to consider before getting from high frequency measurements of vertical wind velocity and CO, con-
centration to CO, fluxes, and finally to the annual net ecosystem exchange of CO,. As the theory,
requirements, and limitations of the EC method are described in detail and comprehensively in the
literature (e.g., Aubinet et al., 2012; Burba and Anderson, 2010; Foken, 2008; Kaimal and Finnigan,
1994), this section only briefly discusses the major assumptions that the EC method is based on, and
summarizes the necessary flux corrections that have to be applied. A short summary of the most
important gap-filling methods follows. At the end of the section the semi-empirical models namely
the non-linear regression model is described in detail as it is the probably most used one for filling

missing CO, flux-data and as it is also used in this work.

2.4.1 Major assumptions for applying EC method

To explain the use of the eddy covariance method for estimating trace gas exchange we start with
the complete budget equation of the component s with its mixing ratio x, (from: Aubinet et al.,

2012).

dxs 0X, Opyu'x's Op_dv‘)('S OpyW'X's
1
ts = 4L2f ff Ipd ot Pqy x+pc| dy By Pa¥ dz+ ox dy MY dzdxdy (1)

v
Il I v

Where F; (term V) is the flux of the component between the atmosphere and the ecosystem; h,, is
the measurement height; p4 is the density of dry air; u, v, and w are the wind speeds in x, y, and z
direction, respectively. Term | describes the storage of the component below the measurement
height, term |l describes the transport by advection, and term Il as well as term IV describe the tur-

bulent transport (horizontal and vertical, respectively).

Using some assumptions, equation (1) can be very much simplified. The most important assumption
is that the measurements are conducted in homogeneous and flat terrain. Thus, all horizontal gradi-
ents in (1) can be neglected. Therefore, the one-point measurement can be assumed representative
for the whole volume. Furthermore, assuming vertical advection to be zero, the rest of term I
— o , . . .

(pdwf) can generally be neglected as well. If we additionally assume high turbulence intensity,

meaning good mixing of the air below the measurement height, we can also neglect the storage term

(term 1). Thus, if these major assumptions are fulfilled sufficiently F; can be calculated simply as

Fs = paw'X's (2)
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This net flux (usually in units of pmol m™s™) between the biosphere and the atmosphere can be di-
rectly estimated as the covariance between the vertical wind speed and the mixing ratio of the sub-
stance of interest, for instance, CO, by the eddy covariance method. Furthermore, it is equal to the

net ecosystem exchange: F, = NEE. (see section 0).

Whether or not the assumptions leading from eq. (1) to (2) are valid needs to be examined for each
site and flux-averaging period. Procedures to perform such tests, and criteria to accept or reject
measured fluxes as compliant with (2) are included in the data quality assurance and quality control

methods described in the Sections following below.

2.4.2 Data post processing

To satisfy some of these assumptions there are corrections, for others there are not. Therefore, the
location where the measurements are conducted should be chosen very carefully. As mentioned
above, ideally the terrain should be homogeneous and flat, which is often not the case. One example
for such a non-ideal site in ‘complex terrain’ is the Lackenberg site. There is a large (30 ha) contigu-
ous wind-throw area which is very homogeneous. However, the terrain is not perfectly flat, but is
inclined (see Section 2.1). Thus, one has to look more carefully at the measured fluxes and the cor-
rections that have to be applied. One correction which is necessary to make w=0 (no vertical advec-
tion, which is one of the above mentioned major assumptions), is the rotation of the coordinate sys-

tem of the 3D wind sensor.

There are several methods for this coordinate rotation. One is the double rotation (e.g., Kaimal and
Finnigan, 1994) where the coordinate system is first rotated into the mean wind direction (v=0). The
second turn is through the new y-axis to
make w=0. These rotations are done for

every half-hourly or hourly value. Another

method is the so called Planar-Fit regres- 15
sion (Paw U et al.,, 2000; Wilczak et al., 1.0
2001) where a hypothetical plane is esti- 05
mated from measured 30-min averages of H‘E o0
1=z -05

U, v, and w data. Therefore, a long meas-
urement period (at least a month) is

needed. The coordinate system is then
5

aligned with this average stream-plane. | @=-0.003+0.1337+ 0.095V
R®=0.95

Flms-y -10

The main problem with the double rota-
Figure 16: 3D plane (blue) fitted to u, vV, and w values of the sonic

tion is that the resulting angles can be anemometer in spring and summer 2011. Time period is from end of
snowmelt till the sensor has been replaced (21.03 — 02.08.)
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very high, which often makes no physical sense. By contrast the Planar Fit method fits the coordinate
system to the average wind field. In this method, the 30-min average of W is not necessarily zero
anymore, only over longer time periods, e.g., one month. Today, the Planar Fit method is the accept-
ed standard for EC applications and has also been applied in this work. The regression periods for
calculating the coefficients of the plane were subdivided into non-snow-covered period and snow-
covered period every year. In summer 2011 the sonic anemometer had to be calibrated and was
therefore replaced by another one. Thus, the coefficients had to be estimated also for the time peri-
od of the replacement unit. An example of such a plane is shown in Figure 16 for spring and summer

2011.

Term | of Equation (1) describes the change of storage within the control volume. If there is no closed
canopy and if we can assume well-mixed air (high turbulence intensity), which is mainly the case at
daytime, this storage term may also be negligible. However, at nighttime this is hardly the case any-
more. At night there are usually stable conditions with low mixing of the air. Under such conditions
neglecting the storage term is no longer valid. Then the emitted CO, from the ecosystem is likely
stored at the ground and cannot be detected by the EC system anymore. This change in storage can
be estimated using profile measurements of CO, concentration below the EC sensors (e.g., Schmid et
al., 2003)). Measuring in complex (not totally flat) terrain, CO, might even be transported laterally
down the slope (drainage flows) and bypass the sensor. In such cases, also profile measurements of
CO, concentration would not be sufficient for estimating the change in CO, storage. This is one of the
most important problems of measuring CO, exchange via the EC method during nighttime. A more
detailed explanation of this problem and how it is commonly handled is given in section 2.4.4. Alt-
hough the major assumptions are fulfilled there are some additional corrections which have to be

applied to the calculated covariance that is to the estimated flux.

Especially with closed-path infra-red gas analyzers (IRGA) but also with open-path IRGAs there could
be a time lag between the 3D-sonic measurement and the IRGA measurement. To account for this, a
lagged correlation analysis is applied to find the maximum covariance, which is supposed to be the
“real” value. For each half-hour the time lag is estimated that maximizes the covariance between
IRGA and sonic measurements to correct for the time which it takes for an eddy to get from one sen-

sor to the other.

Another important adjustment is the WPL-conversion (Webb et al., 1980) which compensates for
density fluctuations that affect the measured fluctuations in CO,, CH,, and other gases. In other
words, an instrument would measure a flux just because of volume expansion. The WPL-correction

compensates for these fluctuations by converting measured absolute concentrations (mole m?) into
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mixing ratios relative to dry air (mole mole™). This is not necessary if the used IRGA measures already

mixing ratios (e.g., LI7200).

Also important is the correction to adopt the spectral resolution of the measurement system to the
actual turbulence spectrum. This was done via transfer functions after Moore (1986) using spectral

models by Kaimal et al. (1972) and Hgjstrup (1981).

There are quite a lot so-called post processing software packages available by now, e.g., EddyPro
(LI-COR), TK3 (Mauder et al., 2013), EDDYSOFT (Kolle and Rebmann, 2007), and others. These soft-
ware packages promise a better and easier handling of the huge raw-data-sets and usually include all
common post-processing steps like despiking of high frequency data, coordinate rotation, buoyancy
correction, correction for spectral loss, etc. All of the packages are very flexible, i.e. users can decide
whether they want to activate a given correction or not. The main reason for this flexibility is that
there is no universal best procedure for the post-processing which is applicable for all sites. There is
no standard procedure to get from high frequency data to high quality half-hourly or hourly fluxes.
To name only one example, the Planar-Fit correction is the commonly used method, though in some
cases the double rotation might be more useful (e.g., when the measurement period is very short).

Some of the corrections are still under debate (e.g., Lee and Massman, 2011).

Data Post Processing in this work, including all the steps, was done with the software package TK3

(Turbulence Knight) developed at the University of Bayreuth (Mauder et al., 2013).

Below all applied corrections and post-processing adjustments for this work are summarized in se-

quential order:

1. Despiking of high frequency data after Vickers and Mahrt (1997) based on Hgjstrup (1993)

2. Time-lag-correction by maximizing covariances

3. Planar Fit coordinate rotation (Wilczak et al., 2001)

4. Corrections for spectral deficiencies after Moore (1986) via transfer functions using spectral
models by Kaimal et al. (1972) and Hgjstrup (1981)

5. Accounting for effects of density fluctuations, and conversion of CO, and H,0 fluxes to mass-
conserving units, after Webb et al. (1980)

6. Iteration of correction steps (2-5) because of their interdependence until heat fluxes and CO,

fluxes do not change more than 0.01 % from one step to the next one

Also implemented in the software package is a Quality Assurance and Quality Control QA/AC method
according to Foken and Wichura (1996) where each flux-value is flagged regarding to its quality in

terms of fulfilling particular EC conditions (flags range from 1 - good data quality to 9 - bad data qual-
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ity). According to Foken et a. (2004) all half hourly values with an overall flag > 6 were rejected. For

the gap-filling models (see section 2.4.4 and 3.2) we only used values with flag < 4.

Another quality criterion would be that the footprint (upwind area where the atmospheric flux
measured by an instrument is generated) during the average period has to be adequate, i.e. that the
measured flux preferably completely represents the area of interest. This might be not the case in
very stable conditions as it is usually at night or when measuring in a very heterogeneous and patchy
terrain including different types of land-use. There are many suitable footprint models published by
now, e.g., Kljun et al. (2004), Kormann and Meixner (2001), or Schmid (1997). These models describe
the source area of the estimated flux and give information about the percentage of the estimated
flux coming from / going to the area of interest. In this work the footprint model after Kormann and
Meixner (2001), which is also implemented in the software package TK3, was used. The footprint was
divided into target area (wind-throw) and non-target area (wind-throw or forest, respectively). If less
than 75% of the measured flux could be assigned to the target area, the respective half-hourly flux
value was rejected. A circle with approximately 250 m radius around the measurement tower rough-
ly represents the estimated annual mean footprint area (80% of the estimated flux can be attributed

to this area) for the EC measurements.

As have been shown above not every measured CO,-flux value is of high quality fulfilling all major
assumptions of the EC method. Furthermore, even the high-quality flux-data-set after data-post-
processing can still contain some outliers. These outliers probably do not affect the annual sum of
NEE but they can have a drastically influence on the gap-filling quality. However, it is quite difficult to
find an objective method to detect such spikes in the flux-time-series. Papale et al., (2006), for in-
stance, used the median absolute deviation about the median (MAD) for outlier detection in the flux
time-series, while Kochendorfer et al. (2011) consider all values outside a certain range (mean * 30)
as outliers. Anthoni et al. (1999) define all values as outliers if |Fc| > 25 pmol m™s™. Similar borders
for outliers can be found e.g., in Elbers et al. (2011). In this work we used a little different method to

detect spikes within the raw fluxes.

CO,-fluxes were sorted into time-windows DOY 00:00 00:30 01:00 01:30 02:00 02:30

of 3 consecutive half-hourly values during 1

25 days (for example 00:00 — 01:30 of 25 2 b°$ boq\
consecutive days; see Figure 17). Values . e’r‘.’\ e’,é\o
within each time-window were consid- - « «

ered to be normal distributed. Therefore, 25

any CO, flux was considered as outlier if it
y 2 Figure 17: Scheme of the time-windows for which the outlier test was

performed



Site and Methods 28

exceeded mean t 2.50 of the respective time-window.

2.4.3 Annual sums of NEE — how to do gap-filling

Bad weather conditions, instrument failure, technical problems, or rejected values lead to a more or
less patchy annual CO, flux-dataset with many gaps depending on the used instruments and the cli-
mate or weather at the measurement site. To get information whether the study site is a net source
of carbon or a net sink of carbon and how big the source or sink is on an annual timescale, all the
missing values i.e. all the gaps have to be filled. There are many gap-filling methods described in the
literature to get annual carbon balances from hourly or half-hourly flux-values. Here we give a short
overview of the most common gap-filling methods. As used in this work the non-linear regression

method is described in more detail at the end of this section as well as in the results (section 3.2).
Gap-filling methods can roughly be divided into non-parametric and parametric methods.

Non-parametric methods:

Linear interpolation as the simplest way to fill gaps should only be used for short gaps (not more than
3 missing observations). Another empirical method is for instance ensemble mean diurnal variation
where missing values are replaced by the average of a data ensemble that is similar to the missing
one. A missing value at 10 a.m. would for example be replaced by the average of the 10 a.m. values
from the last 10 days and the next ten days. Choosing the length of the time window is somehow
subjective at this. More based on meteorological conditions are look-up-tables. For predefined time
periods classes of temperature and photosynthetically active radiation (PAR) are created. Intervals
for these classes could be for instance 2°C (temperature) and 100 pmol m?s™ (PAR) depending on
the site characteristics and the local climate. Missing CO, flux values are replaced with the average

value from all measured values within the corresponding class.

Parametric methods (non-linear regression models)

The non-linear regressions use non-linear equations which express relationships between the NEE
flux and environmental variables such as temperature and light. Usually, there is one equation used
for R.o and one for GEP. The parameterized equations are fit to the observed data and then used to
fill missing NEE values. As we used such non-linear regressions in this work, the method is explained

in more detail in the following section (see section 2.4.4 and 3.2).

Generally, important gap-filling procedures are explained and discussed in more detail, for instance

in Falge et al. (2001) or in Moffat et al. (2007).

2.4.4 Local gap-filling procedure

Equation (3) shows the budget equation of carbon on ecosystem scale:
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NEE = Fyoc-GEP+R, +R,+AFc,_ (3)

where NEE. is the net carbon exchange of the ecosystem, Fyoc is the carbon flux contribution from
volatile organic compounds. GEP is the carbon assimilated by the process of photosynthesis, R, and
R, are the carbon emitted through heterotrophic and autotrophic respiration, respectively which can
be summarized as ecosystem respiration (R..,). AFi.; is the net lateral transport of carbon e.g., advec-
tion or leaching, as well. This has already been explained partially in the introduction. The EC method

only accounts for the vertical turbulent net flux of CO, which can be divided into R.., and GEP

NEE: = -GEP+R., = Fec (4)

Fec is the CO, flux measured by the EC method. Due to no photosynthetic activity at night we can

define
FECnight = Reco (5)

Respiration is a microbiological process, thus it is mainly driven by temperature and this relationship
is somehow exponentially. Therefore, with a simple two-parametric Arrhenius-type function of tem-

perature we can express ecosystem respiration as:

Reco = a*e”T , (6)

where a and b are free parameters and T is either air or soil temperature. The equation of Lloyd and
Taylor (1994) as a special form of an Arrhenius-type function is also often used in modeling R, by

now
1 1
Reco = Rrefe(Tref'ToiTK'TO) (7)

Rref is the respiration at T,.; Eg is 309K; Ty is air or soil temperature, Tt is 298,16K. R and Ty were
fitted to the respective dataset (Falge et al., 2001; Lloyd and Taylor, 1994). In this work we used

equation (6) to model ecosystem respiration (see section 3.2.1.1).

At nighttime there are often very stable conditions with very low wind speed. Under such conditions
turbulent mixing is suppressed. As turbulent transport is one of the major assumptions of the EC
application, measured fluxes in calm nights are not reliable. The respired carbon from the ecosystem
will likely be accumulated close to the ground and will therefore not or just partly be detected by the
EC sensors. Additionally depending on the terrain the emitted CO, will be “flushed” away by drainage

flows. At the Lackenberg site the terrain is very rough enhancing turbulent mixing but the terrain also
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slopes abetting such drainage flows. Thus, EC based calculated nighttime CO, fluxes during such con-
ditions do not reflect actual CO, exchange processes and lead to an underestimation of nighttime
CO, emissions due to low mixing conditions. Accounting for this problem is one of the biggest chal-
lenges concerning nighttime EC measurements (Aubinet, 2008; Mahrt, 2010; van Gorsel et al., 2009;
Vickers et al., 2012). As an example, despite lots of effort it was not possible so far to measure hori-
zontal advection even not by using several EC towers within one fetch (Aubinet et al., 2010). The
most common method to solve the problem is still to reject every flux-value during such ‘low-mixing’
conditions and replace it with modeled values. Usually friction velocity (u+), that is friction in scale of

a speed, is used as a scale for turbulence or for mixing intensity, respectively

Bl

Uy = [(u'w')2+(v'w')2] (8)
Plotting Reco against us, R, Nnormally first increases with increasing friction velocity but at a certain
threshold Reco becomes independent of ux. The usual way is to reject all measured flux values below
this us-threshold (this procedure is explained in detail in section 3.2.1.1). It is to say that this
us-threshold strongly depends on the ecosystem and in some cases the expected independence
could not be determined with the desired reliability (Ruppert et al., 2006). As us only accounts for the
mechanical generated turbulence it is not the best parameter describing turbulence. Suggestions for
other parameters which can describe in some way how well the air is mixed can be found, for in-
stance, in Gu et al. (2005), Wharton et al. (2009), or in Acevedo et al. (2009). However, the discussion
concerning this problem in the scientific community has not been finished, therefore, we decided to

use the usual u«-filter to separate well-mixed and not well-mixed conditions (section 3.2.1.1)

Assuming that the model for nighttime ecosystem respiration can reasonable represent also daytime
respiration we can calculate GEP by subtracting the modeled daytime respiration from the measured

daytime net CO, flux (9)

GEP =~ _FECdaytime+Reco (modelled) (9)

As GEP stands for ‘Productivity’ we arranged (9) in a way that GEP is positive.

Photosynthesis is an enzymatic process thus usually a hyperbolic Michaelis-Menten-type function is
used to model this process (Michaelis and Menten, 1913). The main driver for this enzymatic reaction
is light that is photosynthetically active flux density (PPFD). Although happening at the leaf-level this

can also be applied to the ecosystem level (see e.g., Falge et al., 2001; Schmid et al., 2003)
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aGEP,,,PPFD

GEP= — 2
GEP,+aPPFD

(10)
Here a is the initial slope of the curve (quantum yield efficiency) and GEP,, is the saturated (poten-
tial) rate of ecosystem uptake. If this model can be applied for the whole growing-season or must be

applied to several time periods is very site specific.

Using these two models every missing CO,-flux value can be filled and the annual carbon budget can
be calculated. As one advantage of this gap-filling method also the annual sums of the component
fluxes can be estimated while other gap-filling methods are mostly not able to account for this flux

partitioning.

Exemplarily for 2011 out of 17520 half hourly values of the year 10281 (59%) could be estimated
using EC measurements. 169 flux values have been rejected due to any rain event during the half-
hour average period. Another 564 flux values have been rejected due to quality criteria (CO, Flag
after Foken and Wichura (1996) was bigger than 6. Applying the footprint criterion led do the rejec-
tion of only 42 values during the whole year. 372 values have been considered to be outliers and
therefore have been removed. Most values had to be rejected due to the u.-threshold. 3589 values
(35% of all measured values) had a u. value beneath 0.3 ms™ and therefore were additionally reject-

ed. All the rejected values had to be replaced by modeled fluxes (see section 3.2.1.1 for details).
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2.5 Quality Control — Daily Plot
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Figure 18: Daily Plot from the 03.09.2012 of meteorological parameters. Exemplarily for air temperature, wind speed and
direction in 6 and 2.5 m height

As already mentioned, the measurements were made on a very remote site. Thus, problems with the
measurement system or with the energy supply might be recognized very late after they have oc-
curred, leading to potentially large data gaps. For this reason, remote access was established to the
minicomputer via GPRS connection (Router C1500, TDT, Essenbach, Germany) at the site and all me-
teorological parameters each of the last day were copied to a web server. By examining the time
series plots of the last day for a suite of important variables,

the status of measurements could be checked quite easily in

this way. In consequence, most problems could be detected
and responded to very quickly and larger data gaps could be : g
avoided by this method. This link was implemented in summer | !
2010 and large (technically caused) data gaps like at the end of i
2009 or the middle of 2010 did not occur anymore since then. i
The eddy covariance system is now running since the end of ' £ L\
May in 2009. Longer contiguous periods of missing data usual-
ly occur in winter when temperatures are very low and the

instruments are frozen (Figure 19). These periods can last up

to several months in this region. There has been another long

time period with missing data in spring and summer 2010 due Figure 19: Measurement tower in January
2012. Most time of the winter instruments

to technical problems. These large data gaps in 2010 led to an are frozen. (Photo: B. Wolpert)
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increased uncertainty of the estimated annual NEE (see also section 3.2.1.7).

2.6 Carbon balance model LandscapeDNDC

To estimate the relative contribution grass, trees and soil to ecosystem fluxes, we applied a combina-
tion of models that were coupled within the modeling framework LandscapeDNDC (Haas et al.,
2013). This framework is a new implementation of the ecosystem model MoBILE (Modular Biosphere
simulation Environment; Grote et al., 2009a; Grote et al., 2009b; Holst et al., 2010). The model runs

were done in close cooperation with Dr. Ridiger Grote from KIT IMK/IFU.

2.6.1 Model description

The central parts of LandscapeDNDC are the physiologically-based vegetation model PSIM (Physio-
logical SImulation Model; Grote, 2007) and the biogeochemical soil process model DNDC (De-
Nitrification-De-Composition; Li et al., 1992). These were complemented with models that describe
micro-environmental conditions within the biosphere (e.g., light distribution, soil temperature devel-
opment, water availability). The PSIM model was designed for the parallel use of various vegetation
types or plant species. It has been evaluated for grasslands (Grote et al., 2009b) and various homo-
geneous forests (Grote et al., 2011a). It has also been applied at a mixed forest, simulating several
tree species simultaneously (Grote et al., 2011b). The present study, however, is the first application
of LandscapeDNDC where trees and grasslands are simulated simultaneously, with special focus on

their mutual interactions that change dynamically with time.

The model framework calculates environmental conditions for a number of canopy- and soil layers,
depending on meteorological parameters and ecosystem layer properties (e.g., leaf area for above
ground, and water holding capacity for below ground layers). The exposure conditions of a specific
vegetation type (group of plants with homogeneous properties) are defined by the layers it is occu-
pying, according to its height, canopy architecture, and rooting depth. Foliage and fine root biomass
are explicitly distributed across the occupied layers, which are shared with other vegetation types
that occupy the same layers. On the other hand, vegetation types affect the ecosystems by resource
use (nitrogen, water) and shading. Thus, above ground competition is dominated by shading from
other cohorts, which concentrate their foliage in higher canopy layers (asymmetric competition),
while below ground competition only depends on the presence of fine roots in a particular soil layer
and the species-specific uptake capacity. Since the model considers all processes as ‘one-
dimensional’, the emerging ecosystem is horizontally homogeneous, implying an even distribution of
plants. Ground coverage of each plant type or species is updated at the beginning of each year,
based on net biomass growth in the previous year. This is done either by assuming a constant size of

an individual (in case of ground vegetation) or a constant number of individuals that expand by in-
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creasing their average crown diameter (in case of trees). These assumptions also allow a decrease in
coverage for ground vegetation if net growth is negative. Negative net growth in trees would lead to

less assimilating tissue but does not decrease coverage.

Meteorological data (air temperature and global radiation) are driving a common photosynthesis
model that calculates the carbon uptake depending on light, temperature, and enzyme activity based
on Farquhar et al. (1980) and the water constraint according to Ball et al. (1987). This approach de-
termines carbon gain (GEP) by iteratively adjusting stomatal conductivity and thus transpiration de-
mand, which in turn is limited by water availability. The light saturated carboxylation rate is reduced
when (a) nitrogen concentration in the leaf tissue is below optimum, and (b) the seasonal phenology.
The latter impact is assumed to occur in deciduous species in parallel with bud burst and senescence
and is calculated for evergreen species with the sigmoidal approach presented in Makeld et al.
(2004). Further, vegetation modules simulate phenology (Grote, 2007; Lehning et al., 2001), plant
respiration (Thornley and Cannell, 2000), senescence and allocation of carbon and nitrogen (Grote,
1998), as well as nitrogen uptake (ammonia and nitrate separately accounting for). Total plant up-
take capacity is determined by demand according to a defined optimum nitrogen concentration with-
in the plant, fine root biomass and specific uptake capacity (per root biomass). Similarly, water up-
take is simulated using potential transpiration as the demand term that is defined by assimilation and
water use efficiency of the plant species. Uptake thus depends on the seasonal biomass development
as well as the spatial distribution of fine roots throughout the root profile. Additional plant model
procedures describe mortality and increase of diameter and height in trees using the taper functions
presented in Zianis et al. (2005). The model is based on a set of physiological processes that are as-
sumed universal for all plant species but are steered by species-specific parameters, the most im-

portant of which are presented in Table 4.

Ecosystem respiration (Re,) is modeled as the composite of total plant respiration (or autotrophic
respiration), including growth- and maintenance respiration as well as carbon usage for transporting
and transforming nitrogen (Thornley and Cannell, 2000), and heterotrophic respiration. Hetero-
trophic respiration, in turn, is the sum of numerous energy consuming processes related to microbial
activities such as decomposition, nitrification and denitrification, the majority of which take place in
the soil, including litter layer and CWD. These processes are calculated as dependent on tempera-
ture, acidity, water-, carbon- and nitrogen contents separately for each soil layer (Li et al., 2000; Li et
al., 1992). Heterotrophic respiration, fine root respiration and the fraction of wood respiration that is

attributed to coarse roots together are termed ‘soil respiration’ here, for simplicity.
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Table 4: Important species-specific parameters

Description Unit Spruce Source Grass Source
maximum RubP saturated rate of carboxylation pumol m®s’ 39.5 Wang et al. 33.50 adjusted
at 25 °C for sun leaves (2003) (Urban et al.
2007)
maintenance respiration coefficient at reference - 0.25 Grote et al. 0.9 adjusted
temperature (2011a)
activation energy for photosynthesis Jmol™ 75750 Falge et al. 55125 Wohlfahrt et al.
(1997) (2001)
activation energy for dark respiration Jmol™ 63500 Falge et al. 49942 Wohlfahrt et al.
(1997) (2001)
activation energy for Michaelis-Menten con- Jmol™ 65000 Falge et al. 59356 Farquahr et al.
stant for CO, (1997) (1980)
activation energy for Michaelis-Menten con- Jmol™ 36000 Falge et al. 35948 Farquahr et al.
stant for O, (1997) (1980)
activation energy for electron transport Jmol™ 37000 Farquhar et al. 46270 Wohlfahrt et al.
(1980) (2001)
ratio between maximum electron transport rate - 2.47 Grassi et al. 2.98 Urban et al.
and RubP saturated rate of carboxylation (2001) (2007)
ratio between dark respiration rate and carboxy- - 0.011 Farquhar et al. 0.045 Urban et al.
lation capacity at 25 °C (1980) (2007)
slope of foliage conductivity in response to - 6.4 Medlyn et al. 10.4 Baldocchi and Xu
assimilation in BERRY-BALL model (2001) (2005)
maximum water use efficiency mgCo, gH,0™ 4.8 Cienciala et al. 6 Urban et al.
(1994) (2007)
minimum water use efficiency mgCo, gH,0™ 4.8 (assumed con- 2 Urban et al.
stant) (2007)
maximum stomata conductivity mmol H,0 m?s™ 125 Sellin and Kup- 588 Tjoelker et al.
per (2004) (2005)
minimum stomata conductivity mmol H,0 m?s™ 10.4 Medlyn and 21.9 Wohlfahrt et al.
Jarvis (1999) (2001)
max. spec. NH;-uptake rate kgNH4-N kg™ DWfine | 0.0001 McFarlane and 0.012 Osone and
root day™ Yanai (2006) Tateno (2005)
max. spec. NOs-uptake rate kgNOs-N kg DW 3.36E-05 McFarlane and 0.006 Osone and
fine root day'1 Yanai (2006) Tateno (2005)
time interval necessary to complete growth of Days 90 Bergh et al. 20 Durand et al.
new foliage (1998) (1999)
total leaf longevity from the first day of the Days 1825 Gower et al. 300 Li et al. (2005a)
emergend year on (1993)
time interval necessary to complete litterfall of Days 590 Grote et al. 60 Li et al. (2005a)
foliage (2011b)
minimum temperature sum for foliage activity °C 350 Andersson et al. 0 Li et al. (2005a)
onset (2002)
foliage biomass under optimal, closed canopy kgDW m ground 1.1 Bergholm et al. 0.35 Hussain et al.
condition (2007) (2011)
maximum fraction of nitrogen retranslocated - 0.3 Berger et al. 0.54 Aerts (1996)
before tissue loss (2009)
fraction of dying fine root biomass 1day™ 0.003 Brunner et al 0.002 Tjoelker et al.
(2013) (2005)
fraction of dying sapwood biomass 1day™” 0.0007 Longuetaud et --
al. (2006)
optimum nitrogen concentration of foliage kgN kgbw™* 0.015 Wang et al. 0.019 Tjoelker et al.
(2003) (2005)
optimum nitrogen concentration of fine roots kgN kgbw™ 0.01 Withington etal. | 0.011 Tjoelker et al.
(2006) (2005)
optimum nitrogen concentration of sapwood kgN kgDW* 0.001 Ukonmaanho et --
al. (2008)
specific leaf area under full light m’ kgbw™* 6.3 Meir et al. 9.9 Tjoelker et al.
(2002) (2005)
specific leaf area in the shade m’ kgDW* 4.2 Meir et al. 9.9 (assumed con-
(2002) stant)
optimum ratio between fine root- and foliage -- 0.33 Borken et al. 2.7 Jackson et al.
biomass (2007) (1997)
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2.6.2 Model set up

The model was run with the two plant types ‘Norway spruce’ and ‘Perennial grass’, assuming an even
grass distribution and a random distribution of trees. Soil properties are derived from soil samples,
assuming that soil properties were not significantly affected by the storm event. The first spin-up
simulation year was 2005 (4 years before measurements started), and we introduced a disturbance
at the beginning of year 2007 (the date of the storm event). By this disturbance, tree biomass was
transferred to the litter compartment of the model and the ‘Norway spruce’ plant type was re-
initialized. No change in biomass of the ‘Perennial grass’ type was assumed. This spin-up ensures that

the effects of uncertainties in the carbon pool initialization of the soil are minimized.

The initialization of the ‘undisturbed’ forest was done according to the number (app. 1000 trees per
ha) and average size (18 m height) of fallen trees, making sure that the amount of debris at the site is
correctly represented. After the storm event, the ‘Norway spruce’ compartment was re-filled with
2500 young trees (initialized with 0.4 m height) based on a stem count in year 2010. The parameteri-
zation of spruces is derived from previous studies (i.e. Grote et al., 2011a; Grote et al., 2011b) and
the parameters for grasses are mostly derived from literature. It should be noted that a literature-
based parameterization is bound to have relatively large uncertainty, because grassland is always
heterogeneous. In order to get as close as possible to the site specific ground vegetation properties,
model parameters from gramminoids at other mountainous sites were used to supply reference pa-
rameters (e.g., Urban et al., 2007; Wohlfahrt et al., 2000; Wohlfahrt et al., 2001). The parameteriza-

tion was completed with parameters used for other grassland sites (see Table 4).

The only data-tuning adjustments applied were on two parameters for grasslands: 1) maximum RubP
saturated rate of carboxylation and 2) the coefficient for maintenance respiration. These two param-
eters are affecting photosynthesis and plant respiration. The adjustment procedure was to start with
the lowest values available from literature (33.5 and 0.1, respectively; see Table 1) and increase iter-
atively by steps of 0.05 until daily values for measurements and simulations over the total investiga-

tion period gave a 1:1 slope.

Measured daily meteorological data (average air temperature and humidity, sum of precipitation and
global radiation) are used to drive the model. Including the spin-up period, the model was run over

the years 2005 — 2017 and for the long-term run from 2005 - 2025 (section 0).
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3 Results and discussion

3.1 Seasonal course of ecosystem characteristics

In this section some more measured environmental parameters like soil temperature, soil heat flux,
and photosynthetically active radiation in addition to those already shown in the methods are pre-
sented. Further, the models to fill missing values of short-wave incoming solar radiation and soil

temperature are described followed by estimated energy fluxes.

Some meteorological and climatological parameters have already been described in section 2.2. In
this section, seasonal courses of soil temperature, soil heat flux, and photosynthetically active radia-
tion (PAR) or photosynthetically active photon flux density (PPFD), respectively are described. As
temperature and PPFD are the main drivers for carbon exchange processes (Falge et al., 2001), and

are therefore used for the gap-fill modeling (see section 2.4.3), missing values of these “drivers” have

to be filled.
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Figure 20: Soil temperature at the DWD station Zwiesel vs. | Figure 21: Relationship between incoming short-wave radia-
soil temperature at the Lackenberg site during the meas- | tion (Rg) and photosynthetically active photon flux density
urement period. Missing values were filled with the blue | (PPFD) at the Lackenberg site
equation.

Missing values for soil temperature were modeled with the relationship between soil temperature
from the nearby weather station of the German weather service (DWD) in Zwiesel (49.03°N; 13.24°E;

615m a.s.l.) and soil temperature at the Lackenberg site (see Figure 20).

PPFD (Figure 21) is highly correlated with incoming short-wave radiation (global radiation: R,) which
in turn was modeled using the relationship between extraterrestrial incoming short-wave radiation
and relative humidity. Therefore, this extraterrestrial radiation (Rg) was calculated as described, for

instance, in Stull (2000):
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Rg=-S*T,*sin W (11)

S is the solar constant, Tr is a net sky transmissivity (depending on path length through the atmos-
phere, atmospheric absorption characteristics, and cloudiness) which can be approximated by:
Tr = 0.6+0.2*sinW. W is the local elevation angle of the sun. Then, measured values of R, were divided
by Re to get the fraction of expected incoming short-wave radiation which is somehow the same as
the actual transmissivity of the atmosphere. This fraction was plotted against binned values of rela-
tive humidity (see Figure 22). In this way missing half hourly values of global radiation for each rela-

tive humidity class could be modeled.
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Figure 22: transmissivity (fraction of expected incoming short-wave radia- | Figure 23: Observed vs. modelled values of
tion) against binned values of relative air humidity (black diamonds). Only | PPFD - exemplarily for 2013.

sparse data (grey bars show frequency) was available for relative humidity
from 0 to 30%. Thus, the transmissivity for these values was set to 1 (blue
circles).

Considering the sparse parameter input of this model (astronomical information, time, and relative
humidity) the applicability for modelling short-wave incoming radiation and on that way PPFD is ex-

ceptionally good, at least for the study site (Figure 23).

Therefore, the relationship in Figure 22 was further developed and tested at different sites (see Ap-

pendix).
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Figure 24: Daily averages of soil temperature, soil heat flux, and photosynthetically active radiation at the Lackenberg site.
Grey bars show range of values during the day (maximum and minimum). Blue dots indicate gap-filled values.

Figure 24 shows daily averages of soil temperature, soil heat flux, and PPFD. Daily PPFD roughly
ranges between 5 and 700 pmol m?s™ with maximum 10-min averages of over 2000 pmol m?>s™.
Daily integrated PPFD was highest in June of each year with 61.8 (2009), 58.2 (2010), 61.3 (2011),
58.2 (2012), and 60.7 mol m?d™ (2013). Lowest values of daily PPFD were observed in winter and
range between 0.1 and 0.5 mol m?d™ (2012). The daily variation was much higher in summer than in
winter. Monthly integrated PPFD ranged from about 57 mol m?month™ (December 2009) up to
about 1200 mol m2month™ (May 2011). Average daily soil temperature was highest in the end of
summer with values up to 20 °C while single values in summer sometimes reached almost 25 °C. It
can be clearly seen, that even in winter soil temperature in 4 cm depth only rarely goes beneath 0 °C.
This is due to the isolating effect of the snow cover in the winter months. Soil heat flux is also very
constant during the snow-covered periods. Considering these two parameters, the snow covered
periods can be estimated. In winter 2009/2010 the site was snow covered from approximately

25.11.2009 - 07.04.2010, in winter 2010/2011 the site was snow covered from 01.12.2010 -
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Figure 25: Snow depth at the DWD weather station GroRer Arber from 01.01.2009 to 01.01.2014.

20.03.2011, in winter 2011/2012 from 30.11.2011 - 28.04.2012, and in winter 2012/2013 from
30.11.2012 - 27.04.2013. Pictures from a web cam that was also installed on the measurement tower
support this result. Unfortunately the web cam was installed not before spring 2010. Additional in-
formation about the snow cover at the Lackenberg site was derived from the snow height measure-
ments at the DWD weather station GrofRer Arber already mentioned in section 2.2. Since this weath-
er station is at a similar elevation and is with about 12 km distance not far away from the study site,
the snow covered periods are assumed to be quite similar between the two locations. Figure 25

shows the time series of the snow depth

100 1 -i,' -: at Groller Arber. There the surface was

% 801 l'i;i é continuous covered with snow from

I A :ﬁ 01.12.2009 - 25.04.2010, 24.11.2010 -

_’g 0 { ‘1 ‘,i 08.04.2011, 04.12.2011 - 01.05.2012, and
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2009 2010 2011 2012 2013 o014 riods matches quite well with the above
Figure 26: Daily averages of midday albedo (12:00 — 14:00). mentioned ones.

Midday albedo did not show any marked variations outside the snow-covered periods in all three
years. In winter with rising snow cover midday albedo values sharply increase up to about 100%

(Figure 26). Excluding snow covered periods average albedo of this site was about 14%.
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of measured SWC values were between 30 and 40% Figure 27: Soil volumetric water content (SVWC)

(Figure 27).
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Figure 28: Net Radiation (R,), soil heat flux (G), sensible heat flux (HTs), and latent heat flux (LvE) during four golden days
in August 2011 (half-hourly averages).

Figure 28 shows net radiation (R,.), soil heat flux (G), sensible heat flux (HTs), and latent heat flux

(LVE) from 20" till 23" of August in 2011.

During these cloudless “golden days” energy input at noon was about 600 Wm™ but reached (half-
hourly avg.) maximum values of over 800 Wm™ during summer time within the 5-years measure-
ment period. During nighttime, depending on the weather situation, net radiation fell down to -100
Wm™. The soil heat flux is comparably small with maximum daily means not beyond -20 to 20 Wm™
during the measurement period (see Figure 24). Fluxes of sensible and latent heat are quite similar
within these “golden days” and in average during the whole measurement period, as well (Figure 29).
Bowen-ratio (Bo - ratio between sensible and latent heat) was in average 1.05, 1.14, 1.46, 1.19, and
1.15 for 2009 to 2013. That means the residual available energy after subtracting soil heat flux is
almost equally split into heating of the surface and evapotranspiration. These values are higher com-
pared to intact spruce forests but are much lower than, for instance, in clear-cuts where Bo values up

to 5 can be found (Schulze et al., 1999).
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Figure 29: Time series plots of measured sensible heat flux (HTs) and latent heat flux (LvE) from 2009 to 2013.
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The portion of daytime available convective energy used for evapotranspiration can be estimated via:
LVE/(HTs+LVvE). On average 49%, 47%, 43%, 55%, and 50% of the available convective energy was
used for evapotranspiration in 2009, 2010, 2011, 2012, and 2013.

3.2 CO, exchange (NEE)

In this section, the CO, exchange estimated via eddy covariance and via the LandscapeDNDC model
framework is shown. Main aspects concerning the eddy covariance measurements include the gap-
filling procedure, and diurnal and seasonal courses, as well as, annual sums of NEE, GEP, and Rec.
After a discussion of uncertainty, a short discussion of the CO, exchange during snow covered peri-

ods is following.

Main results from the LandscapeDNDC model simulations are the relative contributions of grass,
trees, and soil to ecosystem fluxes, as well as the prediction of the carbon balance development of
the Lackenberg site during the next years (mid-term and long-term). The most important results of

this section are published in Agricultural and Forest Meteorology (Lindauer et al., 2014)

3.2.1 CO, exchange via eddy covariance
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Figure 30: Fingerprints of measured CO, fluxes. X-axis shows half-hour of day. Y-axis shows day of year. Each “pixel” repre-
sents one half-hourly value. Scale is from blue (net carbon emission) to yellow (net carbon uptake)

Figure 30 shows fingerprints of measured CO, fluxes. The measurement period started in the begin-
ning of May 2009. Measured values roughly range from about -15 pmol m?2s™ (net carbon gain) at
daytimes in summer to 7 umol m?s™* (net carbon emission) at nighttime. White space indicates miss-
ing values caused by, for instance, bad weather conditions, technical problems, or quality criteria
(see section 2.4.4). Despite the missing values, it is obvious that summertime day-time net fluxes are
negative, indicating that GEP exceeds ecosystem respiration during such time periods. Considering
the substantial amount of dead-wood of about 4 kg C m™ (Wolpert, 2012) lying on the ground and
the short time-period after the storm event, this result was somewhat surprising. In fact, we as-

sumed the area to be a net source of carbon at daytime in summer, as well. Relatively cold tem-
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peratures and the fact that much of the coarse woody debris (CWD) is not yet in direct contact with
the soil, and thus stays relatively dry, are likely causes for reduced decay processes in this disturbed
ecosystem. In addition the remaining and new emerging vegetation (see section 2.1) leads to an al-

ready strong GEP.

For calculating annual sums of NEE and its component fluxes R.., as well as GEP all gaps in Figure 30
have to be filled. Hence gap-filling of missing values is very important. For this gap-fill-modeling we
use a standard method with site specific biophysical information (section 2.4.4.). As the measured

net flux consists of two opposing/different (R.../GEP) processes they were modeled separately.

3.2.1.1 Nighttime CO, Fluxes - R.co

Reco €an be directly derived from nighttime CO, measurements. At the Lackenberg site there is only
sparse vegetation and a high amount of dead-wood is lying on the ground hence most of the respired
CO, is assumed to come from the soil or the surface. Thus, the model for ecosystem respiration was

derived by plotting nighttime CO, fluxes against soil temperature in 4 cm depth. Higher R? values
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Figure 31: Normalized R, — i.e. ratio between measured and modeled values — against binned values of u.. Black circles
denote the average within the u.-bins; error bars show one standard deviation; grey bars show number of values within the
u,-bins. Left: model was derived using all values. Right: model was derived only using flux values with u, > 0.3ms™ (exempla-
rily for 2009).

compared to plotting nighttime respira-
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., very likely to underestimate respiration
Figure 32: Nighttime CO,-fluxes against soil temperature. u,>0.3 ms L

exemplarily shown for 2009 (all year). during calm nights using the EC method.
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Therefore, we rejected every flux value where there was not enough turbulent mixing using a us-
filter. To derive a threshold for distinguishing between non-turbulent and turbulent conditions we
plotted normalized R, (i.e. the ratio between measured values and modeled values of nighttime
respiration) against binned values of u« (Exemplarily shown for 2009 in Figure 31). It is obvious that at
about a u- value of 0.3 ms™ fluxes became independent of u-. Therefore, if u- was below 0.3 ms™ the
estimated CO, flux was rejected and replaced by a modeled value. In Figure 31 left, the plateau is at
about 1.2 of normalized R, because all values were used to estimate this first model. After rejecting
all flux values with u-< 0.3 m s, normalized R is at about 1.0 as it should be by definition (Figure
31 right). The final model for ecosystem respiration was derived by plotting measured nighttime
fluxes which have a u- value bigger than 0.3 m s™* against soil temperature (see Figure 32). This u.-

threshold of 0.3 m s™ was also applied to derive Re., models for the other years.
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Figure 33: Binned values (n=100) of normalized ecosystem respiration plotted against volumetric soil water content (left)
and against time (right). Error bars show one standard deviation.

As can be seen in Figure 33 no marked relationship could be recognized between normalized R, and
volumetric soil moisture or season. Therefore, the model for ecosystem respiration was derived from
measurements over one whole year and without adopting for different soil moisture conditions or
seasonal aspects.

Coefficients for the respiration model in  Table 5: Model parameters for the Re., model (equation (6),

uncertainty estimates in brackets)

2009, 2010, 2011, 2012, and 2013 are shown

. a (Ro) b Qi R? n

in Table 5. 2009 0.77 0.09 248 049 1036
(0.04) (0.003)

In contrast to the nighttime model, the 2010 0.63 0.11 2.88 0.69 643
) (0.03) (0.003)

model for daytime values has to be adapted 2011 058 ol YT o 1623
to the seasonal stage of plant development. (0.02) (0.002)

2012 0.78 0.10 2.59 0.65 1337
In deciduous forests, for instance, this is (0.03) (0.002)

2013 0.93 0.09 2.46 0.54 656

mostly not a big problem. At this the model
(0.04) (0.003)
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periods can be divided into growing season and non-growing season while the growing season lasts
from bud-burst until leaf-fall. However, at the Lackenberg site with its young and mixed vegetation it

is not easy to define sharp borders of the growing season.

3.2.1.2 Growing season — vegetation period

There are several methods to estimate the length of the growing season of an ecosystem. One way is
to estimate the beginning of bud burst of the predominant species of the ecosystem. Menzel (1997)
and Menzel & Fabian (1999) developed a model for estimating the beginning of bud burst consider-
ing the number of cold days in the recent winter. According to this model the beginning of spruce
bud burst at the Lackenberg site would have been at about 14.05.2009, 29.05.2010, 18.05.2011, and
10.05.2012, respectively. Another model has been developed by Rotzer et al. (2004), where bud
burst starts if a critical temperature sum is reached until DOY = 140. Applying this method to the
Lackenberg site, the critical temperature sum was not reached in any year of the measurement peri-
od. Therefore, the burst would have been on DOY 140 (20.05) at all five years for the Lackenberg site
based on this model. However, at the Lackenberg site there are only few spruces remaining which
are still very young. Thus, beginning of the growing season is most probably not equal to the begin-

ning of spruce bud burst.

Knohl et al. (2003), for instance, define the growing season from the first day when daily NEE was
negative until the last day when it was negative. As there were few days during the measurement
period with no missing value it is not possible to estimate the growing season based on daily NEE.
Dragoni et al. (2011) define start of growing season not only if daily NEE is negative but on the first
day when NEE during daytime goes down. Applied to the Lackenberg site, growing season would

have been started on 08.05.2009, 17.05.2010, 25.03.2011, 28.04.2012, and 26.04.2013, respectively.

The end of the growing season can, for instance, be estimated after Wilpert (1990), saying that the
growth of xylem ends if the running mean air temperature on 5 consecutive days is below 10°C but
not later than October 5. Based on this method end of xylem growth at the Lackenberg site would

have been on 03.10.2009, 31.08.2010, 22.09.2011, 14.09.2012, and 05.10.2013.

A general method is to define the growing season when daily mean air temperature exceeds 5°C
(Kolari et al., 2009). Accordingly at the Lackenberg site growing season would be roughly from
02.04.2009 — 11.10.2009 (192 days), 18.04.2010 — 13.10.2010 (178 days), 18.04.2011 — 18.10.2011
(183 days), 10.04.2012 — 14.09.2012 (157 days), and 14.04.2013 — 29.09.2013 (168 days).

It has become clear that it is not possible estimating sharp borders of the growing season at the

Lackenberg site. All methods yield several dates resulting in different length of the growing season.
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Therefore, the model for GEP was estimated for every month, to account for seasonal differences but
keep available data for each model as high as possible. Also this classification according to months is
very subjective it is widely used if no sharp borders of the vegetation period could be found (e.g.,

Morgenstern et al., 2004; Zha et al., 2004).

3.2.1.3 Daytime CO, fluxes - GEP
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Figure 34: GEP against photosynthetically active photon flux density (PPFD) with hyperbolic regression lines. Exemplarily
shown for 2011.

With the relationship shown in Figure 32 R.., could be modeled. With modeling daytime values of

Reco it is possible to calculate GEP via GEP = -NEE + R (see section 2.4.4). These calculated GEP

€COmodelled

values were plotted against photosynthetically active radiation or photon flux density (PPFD), respec-
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tively (see Figure 34). A hyperbolic Michaelis-Menten-type function was used to model GEP (Equa-
tion 10). Before the model could be derived, also all daytime values with u« < 0.3 ms™ were rejected.
As GEP is highly variable during the year the parameters for this model were estimated for every
month. A clear hyperbolic relationship was generally found not before May. However, in the begin-
ning or at the end of the growing season, it makes no difference whether the model or the average
of all measured values of the respective month is used for gap-filling (Figure 34). Therefore, the aver-
age was used in April and November. As already mentioned above, no measurements were available
before beginning of May in 2009. During this large data-gap from 01.01.2009 to 01.05.2009 GEP was
also assumed to be zero because the surface was most probably covered with snow up to this date
(see section 3.1). December to March, GEP was set to zero (average of estimated values is zero).

Model parameters for the measurement period are shown in Table 6.

Measured GEP values (Figure 34) show high scatter compared to their magnitude leading to the small
R? values in Table 6 which do not exceed 0.52. The main reason for this high scatter is that GEP or
carbon assimilation by photosynthesis is influenced also by environmental factors other than PPFD,
including temperature, water or nutrient availability. However, at least in summer months there is a
marked hyperbolic relationship visible. Therefore, we decided to use these ecophysiologically-based

gap-fill models instead of non-parametric gap-filling methods (Falge et al., 2001).



Results and discussion

48

Table 6: Model parameters for hyperbolic Michaelis-Menten-type GEP model (equation (10), uncertainty estimates in brackets). Due to technical problems no
August 2013. Parameters for July were therefore used for August, as well. Units for a and GEP,; are in [umol CO, m?s™.

2009 2010 2011 2012
o GEP,,, R? n a GEP,,, R? n o GEP,, R? n o GEP,,, R? n a C
May 0.014 5.10 0.15 408 0.018 3.62 0.15 299 0.022 5.16 0.15 444 0.033 4.09 0.11 545 0.029
(0.004)  (0.40) (0.006)  (0.32) (0.005)  (0.29) (0.008)  (0.17) (0.009) {
Jun 0.025 8.43 0.41 413 0.028 6.67 0.14 95 0.047 9.55 0.30 421 0.033 11.44 0.51 443 0.042 ]
(0.004)  (0.34) (0.014)  (0.75) (0.01)  (0.31) (0.004)  (0.37) (0.008) (
Jul 0.027 9.19 0.40 372 0.036 10.11 0.35 288 0.031 11.21 045 385 0.037 11.67 0.52 376 0.041 i
(0.004)  (0.40) (0.007)  (0.45) (0.010)  (0.47) (0.005)  (0.42) (0.006) {
Aug 0.029 6.66 0.32 420 0.026 9.67 0.43 285 0.037 6.49 0.31 354 0.059 8.51 0.15 351
(0.005)  (0.23) (0.005)  (0.54) (0.008)  (0.22) (0.012)  (0.28)
Sep 0.031 5.03 0.19 290 0.044 5.29 0.18 278 0.036 5.01 0.19 280 0.034 6.91 0.23 293 0.046
(0.007)  (0.24) (0.011)  (0.24) (0.006)  (0.24) (0.007)  (0.31) (0.011)
Oct 0.033 3.62 0.14 127 0.006 3.83 0.27 189 0.033 2.67 0.07 273 0.090 3.72 0.02 114 0.027 |
(0.012)  (0.32) (0.003)  (0.79) (0.007)  (0.17) (0.107)  (0.43) (0.007) (
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Figure 35: a) Q,; black cross donates the annual value. b), ), and d) a, GEP,,;, and GEPqq, respectively. Grey diamonds are

the values for June, July, and August. Black cross denotes the average of the 3 months. Units for a, GEP,,, and GEPyoare in
-2 -1

umol CO, m™“s .

Figure 35 shows parameters of the data-derived parametric models for flux partitioning and gap-
filling from Table 5 and Table 6 as well as GEP1q00. Qi generally serves as a measure describing the
rate of change of a biological or chemical system after increasing the temperature by 10 °C. Qy val-

ues (calculated as Qo = €'®

) denotes the increase of the respiration rate when temperature is in-
creased by 10°C. The variations in Qiowere small, and it is inconclusive whether the initial increase
and later decline is due to offsetting trends in autotrophic and heterotrophic respiration, or whether
this simply reflects inter-annual variability. Nevertheless, estimated Qi values are in the range of

other comparable European forests (e.g., Van Dijk and Dolman, 2004).

The quantum yield efficiency a (Figure 35b), describes the efficiency of the ecosystem to convert
light into fixed carbon. This parameter, as well as GEP,,; (GEP at light saturation, Figure 35c), and
GEP1000, (GEP at PPFD = 1000 umol m™?s™, Figure 35d), steadily increased during the measurement
period. a was 0.027 (2009), 0.030 (2010), 0.038 (2011), 0.043 (2012), and 0.042 (2013). GEP,,; aver-
aged at 8.09 (2009), 8.82 (2010), 9.08 (2011), 10.54 (2012), and 13.31 (2013) umol m?s™. GEP1g00
was 6.19 (2009), 6.77(2010), 7.23 (2011), 8.27(2012), and 10.09 (2013) umol m?>s™. The compara-
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tively low (e.g., Buchmann and Schulze, 1999) but increasing values of a, GEP,, and GEPyy are a

marked indication for the resilience of the ecosystem.

3.2.1.4 Daily and seasonal course of CO, fluxes

F. 2009 F. 2010 F. 2011 F 2012 F. 2013

Soobob0oa?
E888888888

DOY
BN BWNEOL A hdugns

g28838a88:

hour of day hour of day hour of day hour of day hour of day

Figure 36: Fingerprints of measured and gap-filled CO, fluxes. X-axis shows half-hour of day. Y-axis shows day of year. Each
“pixel” represents one half-hourly value. Scale is from blue (positive - net carbon emission) to yellow (negative - net carbon
uptake). Values in the legend are in umol m?s?t

With the now derived models for R, and GEP every missing CO, flux value can be filled leading to

Ill

the complete fingerprints in Figure 36. Here one can see the typical “egg-shape” of the negative
(yellow) daytime net fluxes in between the positive (blue) nighttime net fluxes. Additionally the start
of the growing season is indicated with the relatively sharp border from grey/blue colors to yellow
colors in the midday flux values at about DOY 125 (2009), 125 (2010), 80 (2011), 125 (2012), and 100
(2013). However, this could mainly be caused by the gap-filling procedure for GEP (section 3.2.1.3).
Time periods with large data-gaps become also apparent in Figure 36. Gap-filling of these periods

leads to quite blurred sections in the fingerprints especially in the winter months and for example

from DOY 155 — 180 in 2010.

Table 7: Estimated maximum and minimum values of daily carbon fluxes after gap-fillingin g C m2d™. Date is in brackets.

2009 2010 2011 2012 2013
NEE, ., 2.6 (27.04.) 2.7 (09.10.) 2.9 (27.08.) 2.2 (28.04.) 1.9(11.11.)
NEE in -1.5 (05.06.) -1.8 (26.07.) -1.9 (16.07.) -2.1(18.07.) -3.3(15.07.)
GEP o 4.4 (12.07.) 5.1(01.07.) 5.0 (15.06.) 5.7 (06.07.) 7.0 (21.06.)
ReCOmax 4.3(17.07.) 5.1(16.07.) 5.1(25.08.) 4.9 (06.07.) 5.9 (03.08.)
RecOmin 0.8 (12.01.) 0.6 (07.04) 0.6 (06.03.) 0.7 (29.03.) 0.7 (31.01.)

From the now available full dataset of CO,-fluxes, daily, as well as the diurnal courses of CO,
exchange can be seen. Daily sums of carbon fluxes ranged between -1.5 and 2.6 in 2009, between
-1.8 and 2.7 in 2010, between -1.9 and 2.9 in 2011, between -2.1 and 2.2 in 2012, and between -3.3
and 1.9 g Cm™d" in 2013 (see Table 7 and Figure 37). Thus, the difference between maximum and
minimum daily values exhibited an increasing trend during the measurement period, and both
maximum R, as well as GEP were increasing over these years. GEP increase is attributable to the

recovery of the ecosystem, and R.,, most likely increased due to the progressive mobilization of
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early summer, when vegetation was fully Figure 37: Ensemble half-hourly averages of NEE 2009, 2010, 2011,
2012, and 2013. Error bars indicate the range of values (MIN/MAX)
established and temperature, as well as exemplarily for 2011

PPFD were high (see also Table 7).

However, compared to similar intact forest ecosystems the minimum (summed) daily NEE values are
quite small. In a mature intact spruce forest, (Tharandt: 50°57°49” N, 13°34’01” E, 380 m a.s.l., dis-
tance to Lackenberg ca. 210 km) daily sums of NEE reach values down to -10 g C m2d™* (Gruenwald
and Bernhofer, 2007). Even considering the roughly 1000 m lower elevation of Tharandt, this indi-

cates that the Lackenberg site is still at an early recovery stage.

2009 2010 2011 2012 2013 2014 Light-use-efficiency (LUE) can now be

calculated as SEP. if PPFD> 1000
PPFD

pumol m?s™? and averaged at 3.5 (2009),

LUE [mmol mol™]
(PAR>1000)

|
|
i
!
i
i 3.7 (2010), 3.7 (2011), 3.9 (2012), and 6.0
|

(2013) mmol mol™, respectively. Maxi-

mum half-hourly values of LUE reached

about 15 mmol mol™ (Figure 38). Water-

WUE [mmol mol™]

use-efficiency (WUE) was calculated as ?

a

2004 where F, is the water vapor flux in
mol m?s™ estimated by EC method. WUE

Figure 38: Light-use-efficiency (LUE) and water use efficiency (WUE)

at the Lackenberg in 2009, 2010, 2011, 2012, and 2013. Only values averaged at 1.4 (2009), 1.3 (2010), 1.4

with PPFD > 1000 umol m™s™ have been used.
(2011), 1.5 (2012), and 2.4 (2013)

mmol mol™ (Figure 38). LUE, as well as WUE tend to increase during the measurement period, again
suggesting an increase of plant biomass and therefore indicating the expected recovery of the upland

forest ecosystem.
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3.2.1.5 Annual sums of NEE
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Figure 39: Cumulative NEE for 2009, 2010, 2011, 2012, and 2013.

Annual patterns of cumulative NEE (see Figure 39) at the Lackenberg site showed an almost constant
carbon emission rate from about October to March or April. In the summer months there is a short
time period of net carbon gain (slope of the curve is negative), which is highly variable in length and
intensity over the five-year measurement period. Annual NEE was estimated at 347, 255, 221, 240,
and 167 g Cm™?yr™ from 2009 to 2013. Therefore, the wind-throw-disturbed ecosystem was overall
still a marked source of carbon two to six years after Kyrill. It is to say that no NEE measurements
were available before May 2009, thus the time period from January till May 2009 is completely mod-
eled, making uncertainty high. The cumulative patterns of NEE show similar behavior during autumn
and winter. During this time period CO, is lost to the atmosphere with almost the same intensity in
all five years. The length of the time period with net carbon uptake was varying during the 5 years as
well as the month with maximum carbon uptake or maximum carbon emission (Table 7), respective-
ly. Main differences between the annual patterns of NEE within the five years can only be found dur-

ing spring and summer.

3.2.1.6 Flux partitioning

In Figure 39 we can see a reduction of the ecosystem’s source strength from 2009 to 2011 while in

2012 annual NEE was little higher again. The question is whether this development can be fully ac-
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credited to either Re., or GEP. To answer this question annual NEE was separated in annual sums of
ecosystem respiration and gross ecosystem production. If the decreasing annual NEE would clearly
show the recovery of the ecosystem, as it would be expected from the classical theories (see section
1.5), we would see an equivalent increase in GEP, while ecosystem respiration would either be con-
stant or gradually declining during the measurement period. Annual sums of net ecosystem exchange
(NEE), ecosystem respiration (R.c,), and gross ecosystem production (GEP) are shown in Figure 40 for

2009, 2010, 2011, 2012, and 2013.

800

| NEE =-GEP +R

eco

NEE Reco GEP

Figure 40: Estimated annual sums for net ecosystem exchange, ecosystem respiration, and gross ecosystem production.
Uncertainty estimates are derived from an ad-hoc Monte Carlo simulation (see section 3.2.1.7)

Looking at Figure 40 one can see a marked increase in GEP during the measurement period from 393
(2009) to 649 g C m?yr™ (2013). The increase in GEP shows that the ecosystem is already able to fix a
considerable amount of atmospheric carbon during the vegetative season. At the same time ecosys-

tem respiration ranges between 656 and 816 g C m2yr ™ and therefore clearly exceeds GEP.

To conclude, despite a clear trend to higher carbon uptake in annual GEP the annual R, and thus,
also NEE values are quite variable. This maybe confirms the assumptions of other studies. Harmon et
al. (2011), for instance, stated that post-disturbance R, does not always follow the monotonic de-
cline assumed in the theory (also see: Janssens et al., 2001). The downward trend in annual NEE as
we would expect it, deriving from the successional development of the ecosystem is most likely still
masked by environmental drivers e.g., substrate availability, annual weather conditions, or length of

growing season.
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3.2.1.7 Uncertainty of annual NEE

With equation (3) the budget equation of carbon on ecosystem scale was shown. As mentioned in
2.4.4 all chemical forms of carbon should be considered when estimating annual sums of carbon
exchange (Lovett et al., 2006; Randerson et al., 2002). The contribution of chemical compounds other
than CO, is assumed to be negligible (e.g., Schmid et al., 2003). Furthermore, the coniferous vegeta-
tion is still sparse at the Lackenberg site. Lateral carbon fluxes, for example, dissolved organic carbon
(DOC) were assumed to be negligible, as well. Runoff DOC estimates adjacent to the study site of less

than 5 g C m?yr™ (Beudert B., personal communication) confirm this assumption.

Although the EC method has been used for many years now to estimate carbon exchange in different
ecosystems there is still an intensive debate about the uncertainties related to this method. While
the uncertainty of single half-hourly or hourly values is usually estimated to be about 10-20% (Foken,
2008), stating the uncertainty of annual sums of net ecosystem exchange is not trivial and the “uni-
versal best method” has not been found yet. An extensive description and discussion of all errors and
uncertainties regarding to eddy covariance measurements can be found, for instance, in Richardson
et al. (2012). Generally uncertainties can be divided into random errors and systematic errors. Ran-
dom errors include variability among averaging periods, inadequate sample size, varying flux foot-
print, or random noise in the signal. Systematic errors might be for example inadequate height above
the surface, incorrect application of the used corrections, or calibration errors. A more detailed ex-
planation and discussion of systematic and random errors is given, for instance, in Loescher et al.
(2006), or in Moncrieff et al. (1996). Even if we can distinguish between random and systematic er-
rors in theory, the uncertainty of every measured flux is most likely a combination of both (Moncrieff
et al., 1996). The resulting uncertainty due to random error is generally assumed to have a very small
influence on the annual NEE (Baldocchi, 2008). Moncrieff et al. (1996) estimated that the annual
random error is reduced to 1/+/N. However, Schmid et al. (2003) reported that this would only be the
case if assuming statistically independent samples which is questionable regarding to EC measure-

ments.

Derived from several studies Elbers et al. (2011) set the measurement error of annual NEE to +5%.
Hagen et al. (2006) found the uncertainty of annual NEE to be in the order of about 10%. However, if
annual values of NEE are very small these relative values likely would lead to a underestimation of
the uncertainty. Dragoni et al. (2007) investigated the cumulative effect of random errors on annual
sums of NEE. They found out that the uncertainty of annual NEE mainly depends on the contribution
of the gap-filling model. Furthermore, their results show that the impact of random errors to annual

NEE was very small compared to potential systematic errors. Systematic errors can contribute much
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more to the uncertainty of annual NEE than random errors (Lee et al., 2004; Massman and Clement,

2004).

Generally, there are three methods to estimate the random uncertainty for annual NEE (Richardson
et al., 2012). The paired tower approach (Finkelstein and Sims, 2001; Hollinger and Richardson, 2005;
Rannik et al., 2006), the 24h differencing approach (Hollinger and Richardson, 2005; Richardson et
al., 2008), and the model residual approach (Lasslop et al., 2008; Richardson and Hollinger, 2005;
Stauch et al., 2008). With the paired tower approach another tower with EC instrumentation is used
as reference for calculating the random error. By contrast, the 24h approach uses the flux measured
exactly 24h later at the same place under similar environmental conditions as reference. Differences
between modeled and observed values are used to estimate the random uncertainty via the model
residual approach. Using this approach it is assumed that the model error is negligible and all residu-

als derive from the random error.

Estimating the uncertainty via the model residual approach is described, for instance, in Moffat et al.

(2007), or in Aurela et al. (2002).

Estimating the effect of random errors on annual integrated NEE Kochendorfer et al. (2011) assume a
typical daytime NEE random error NEEg,wn Of 20 pmol m?2s* and calculated the annual random error

ANEE,,q Via:

17520
ANEE 5= | D (NEEyzont) (12)
i

This worst-case scenario yields an annual random uncertainty of about +57 g C myr™* At the Lacken-
berg site, even in summer measured daytime fluxes did not fall below -15 pmol m™?s™ during the
measurement period and the random error of each half-hourly value is therefore assumed to be
much below 20 umol m™?s™ (Figure 41). Furthermore, it is most unlikely, that the random error ac-
cumulates in one direction only. Thus, the above mentioned uncertainty of +57 gC m?yr™ is most

probably too high for the Lackenberg site.

In this work the 24h approach (Richardson et al., 2006) was therefore applied to estimate the distri-
bution of random errors during one year. As suggested by Hollinger and Richardson (2005) environ-
mental conditions are similar if PPFD is within 75 pumol m?2s?, T,, is between 3 °C, wind speed is with-

in 1 ms™, and vapor pressure deficit is within 0.2 kPa. The random error € was defined as



Results and discussion 56

0;-0
€=( t t+24h) (13)
V2
where o, is an estimated flux at time t and o..,4 an estimated flux 24 hours later. 174, 150, 314, 180,
and 94 observations in 2009 to 2013 could be found were the environmental conditions were similar

with random error averages of 0.16, 0.06, -0.09, -0.01, and -0.15 pumol m?s? respectively. The dis-

tribution of errors is shown in Figure 41. Assum-

120
100 [= 2009 ing a random error of +2 umol m™?s™ (over 95%
804 | mm 28:? of all estimated errors are within these borders)

= 2012
§ 601 |=m 2013 and applying equation (12) would yield an annu-
40 1 al random error of +6 g Cm™2yr™. However, by
201 " | | | h comparing the 24h approach with the paired

0 M l._|,|1 Ill ] . I_lll T W .

3 2 1 0 1 2 3 observations approach, Dragoni et al. (2007)
& [umol m*s™] found out that the 24h approach likely overes-

Figure 41: Distribution of € estimated with 24h approach for timates annual random error by as much as a
2009, 2010, 2011, 2012, and 2013.

factor of two.

However, it should be kept in mind that the potential magnitude of an unknown systematic bias

could markedly exceed these uncertainties (Dragoni et al., 2007; Loescher et al., 2006).

By contrast to the random uncertainty the systematic uncertainty is much more difficult to constrain
when calculating annual sums of NEE with the eddy covariance method (see beginning of this sec-
tion). The best example for that is probably the correction for advection which has not been achieved
yet (Aubinet et al., 2010). A careful selection of the measurement site, appropriate measurement set
up, regularly instrument calibrations, and strict quality control of the measurements can keep the
uncertainty related to the systematic error small. Baldocchi (2003), for example, stated that if meas-

uring in nearly ideal sites uncertainty of annual NEE estimates is less than +50 g C m™

However, often used for indicating systematic error of eddy covariance measurements is the surface
energy balance closure, i.e. the regression between net radiation minus soil heat flux against fluxes
of sensible and latent heat. Ideally the slope of this regression should be 1. Usually the residual in this
closure of the energy balance is about 30% depending mainly on the measurement site and time of
the day. Although measured with the same instrument the closure of the energy balance does not
allow any sound statement about the uncertainty of NEE as it is by no means sure, that the residual
can be fully accredited to the EC measurement (Schmid et al., 2003). Additionally it is by no means
clear whether the residual is a result of inadequate measurement or, for instance, other atmospheric

phenomena which cannot be detected by the EC method, like large scale transport mechanisms
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(large eddies with time-scales longer than an averaging interval of 30 or 60min), or non-propagating
circulations (eddies that are not transported by the mean wind) (Mahrt, 2010; Mauder et al., 2010;
Mauder et al., 2013). Foken et al. (2012) therefore suggested to correct fluxes of water vapor and
sensible heat to close the energy budget but not to apply this correction for fluxes of carbon dioxide

or other trace gases.

By contrast, Mauder et al. (2013) suggested to indirectly correct for a systematic error of the meas-
ured CO,-fluxes resulting from non-propagating circulations using the residual of the surface energy
balance closure. As these non-propagating circulations only can occur in a convective boundary layer
(Mauder et al., 2010), this method is only applicable to daytime fluxes (selective systematic error).
Applied to the present study, the selective systematic error of CO,-fluxes attributed to the energy
balance closure would be -2, -13, -7, -18, and -32gC m'zyr'l. However, since the correction of sys-
tematic and selective systematic errors is still under debate annual sums of NEE of this study were

not corrected for this selective systematic error.
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Figure 42: Energy balance closure — exemplarily shown for data from
2009 and 2010. X-axis shows net radiation (R,.;) minus soil heat flux
is in the range of most eddy covariance (G). Y-axis shows turbulent fluxes of sensible (HTs) and latent heat
(LvE). Graph from Wolpert (2012).

gy balance closure at the Lackenberg site

sites (Li et al., 2005b; Wilson et al., 2002).

Defining an adequate ux-threshold (see section 3.2.1.1) is also a marked source of uncertainty regard-
ing to gap-filled annual sums of NEE. Abdicating the us-filter, for instance, would lead to a marked
underestimation of annual NEE of 70 g C m?yr’, exemplarily for 2011. This large difference again
demonstrates why the u«filter is that important and why it is still that highly debated in the litera-

ture (see 2.4.4).

Due to missing values, caused by this u«filter but also caused by bad weather conditions or technical

problems, the gap-filling procedure has the biggest impact on uncertainty of annual NEE estimates
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(Dragoni et al., 2007). To get information about the overall impact of the used gap-filling procedure
on the uncertainty of annual NEE we compared our results with some other gap-filling models. The
gap-fill modeling after Reichstein et al. (2005), as well as the gap-fill modeling after Lasslop et al.
(2010) were used to fill missing values of our dataset. This was done using an online flux partitioning
and gap-filling tool from the Max Planck Institute for Biogeochemistry in Jena, Germany

(http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/). A comparison of all respective results is shown

in Table 8.

Table 8: Estimates of annual NEE (in g C m™) at the Lackenberg site using different gap-filling methods; u«filter is set to
03ms™.

local gap-fill modeling Reichstein et al. (2005) Lasslop et al. (2010)
2009 347 342 433
2010 255 219 223
2011 221 241 240
2012 240 226 318
2013 167 129 n.a.

The algorithm of Reichstein et al (2005) did not gap-fill the first months of 2009 as there are no
measurements available. However, the R values derived from the flux-partitioning sequence were
available for this time period. We therefore added the sum of all these R, values from 01.01.2009 -
01.05.2009 to the integrated NEE values derived by the online-tool for the rest of the year to get the

annual NEE.

Results of Table 8 demonstrate that estimated annual NEE values derived by different gap-filling
models are in good agreement (also see: Stoy et al., 2006) with maximum differences in annual NEE
ranging from 20 to 86 g C m™. Although such a comparison can give a kind of feeling how the esti-
mated annual NEE results should be classified, it cannot provide definite and absolute information

about the uncertainty.

The models for the gap-filling, used in this study, both have a certain range of uncertainty. Using a
Monte Carlo simulation the distribution of all possible NEE results can be obtained by running the
models with every possible parameter value (bootstrapping) within its uncertainty range (usually
95% confidence). For estimating the gap-filling uncertainty in annual NEE estimates such an ad hoc
Monte Carlo simulation (Zeeman et al., 2010) for 2012 yields an uncertainty of annual NEE in the
order of +70 g C m™ (95% confidence) which corresponds to about 30% of annual NEE. Due to limita-
tion of time this could not be conducted to the other years. Since the random error is very small
compared the error deriving from the gap-filling procedure (e.g., Dragoni et al., 2007) the +30% serve

as total uncertainty of the estimated annual NEE values in this work.
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Therefore, the absolute uncertainty of annual NEE in this study is 347 £104, 255 +77, 221 +66,
240 £70, and 167 +50 g C m™ for 2009, 2010, 2011, 2012, and 2013. Anyway, for the upcoming years
the uncertainty should be calculated by Monte Carlo simulation for each single year, because NEE

values get more and more small, thus, requiring an absolute value of uncertainty.

3.2.1.8 R, during snow covered periods

Estimating and understanding properly gas-exchange processes beneath, or within a closed snow
cover is still an ongoing process due to lack of data especially in mid-latitudes with seasonal snow
cover (Liptzin et al., 2009; Massman, 2006; Mast et al., 1998; Williams et al., 2009). Methods to esti-
mate CO, exchange beneath, through, or above a closed snow cover include among others eddy co-
variance, soil cambers, or gradient technique (llvesniemi et al., 2005; Liptzin et al., 2009; Monson et

al., 2006a).

However, it is clear that winter is by no means a period of low activity regarding to CO, exchange
processes (Brooks et al., 2005; Wang et al., 2011). Monson et al. (2006a) reported that wintertime
CO, efflux in a subalpine forest in the Rocky Mountains made up 7-10% of annual NEE. Liptzin et al.
(2009) estimated that at their site at Niwot Ridge, Colorado, wintertime CO, efflux contributed about
30% to the annual NEE. They also stated that their measured flux values were with about 0.71 to
0.86 pmol m?s ™ among the highest reported in the literature for snow covered ecosystems. II-
vesniemi et al. (2005) estimated wintertime CO, efflux in a boreal Scots pine stand, Finland, to be in
the order of 28 — 39 g Cm™ (soil chamber measurements) and 66 - 90 g Cm™ (eddy covariance
measurements). Their reported wintertime fluxes ranged from 0.95 - 2.21 pmol m?s™ in early No-
vember to < 0.13 umol m?s™ in January and February. Schindlbacher et al. (2007) reported winter-
time carbon fluxes from a mountain forest in Tyrol, Austria, of about 0.64 umol m~2s™. Their estimat-
ed accumulated carbon efflux during snow covered period was 62 g C m™ (12% of total annual soil

respiration).

The thickness of the snowpack significantly influences beneath snow microbiological activity (and
thus the magnitude of respiration) because insulation effect of snow can keep soil temperature high
even all winter long (Groffman et al., 2001; Mast et al., 1998; Monson et al., 2006b). Zimov et al.
(1996) stated, that global warming, could release large amounts of carbon that are presently stored
in permafrost. However, there is also much discussion to what extend other factors like substrate

availability/quality or soil moisture contributes to controlling wintertime CO,-efflux.
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Figure 43: Respiration under snow covered conditions exemplarily shown
German weather service (DWD) station at GroRer Arber (light blue line);

for beginning of 2012. a): snow depth from the
measured high quality flux values (black x); b):

ensemble mean of measured half hourly CO,-flux values (black dots - error bars show 1c) and ensemble half-hourly wind

speed (blue dots) for the time period of the upper graph; c: grey bars show

number of measurements in each half hour.

The five year measurement period of this study also includes numerous EC-measurements during

snow-covered periods. Thanks to frequent fair weather con

ditions, over 400 measured half-hourly

quality controlled CO,-flux values were available during times when snow depth was more than 1 m,

in winter 2012. This is more than in all three previous winters (2009, 2010, and 2011) together. An

example time series plot of measured CO,-flux values is
shown in Figure 43 for January to March 2012. Measured
CO,-flux values show high scatter and range from -0.4 to
3.4 pmol m?s™ during this time. No dependency on snow
depth can be seen. The lower graph in Figure 43 shows that
ensemble average efflux is about 0.5 to 1.5 pmol m?s™,
which is quite high considering the high snow depth (Figure
44). This relatively high CO,-efflux, despite the high snow-
depth, shows a weak correlation with mean wind-speed
(R =0.46), and thus may point to gas exchange mechanisms

such as pressure pumping, as described in Massman (2006)

Figure 44: Picture from webcam at the
Lackenberg main tower on 27.12.2011. Snow
depth can be estimated visually from the
depth marker (pole - blue arrow) which is 2 m.
Division marks are 20 cm. Therefore, snow-
dept on this day was about 1 m.
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or Bowling and Massman (2011), where pressure fluctuations can significantly enhance diffusive
fluxes through snowpack. However, currently available data are insufficient to draw a conclusion

here. Estimated flux-values during the snow-covered periods are shown in Table 9.

Table 9: Estimated CO,-fluxes during snow-covered (> 1 m) periods.

2009/2010 2010/2011 2011/2012 2012/2013
31.01.2010 - 13.12.2010 - 21.12.2011 - 29.11.2012 -
31.03.2010 05.02.2011 19.04.2012 24.04.2013
maximum measured NEE 1.76 3.80 3.40 3.38
[umol m?s!]
maximum daily avg after 0.90 1.06 1.03 1.36
gap-filling [umol m?s!
avg measured 0.60 (n=118) 0.94 (n=225) 1.10 (n=470) 0.65 (n=299)
daily-sum after gap-filling 0.87 0.87 0.84 1.24
[gCm*day ]
Total R, per period 52 48 125 182
[gCm?]

3.2.2 CO,-exchange via Landscape DNDC

In conditions where storage-change or advective transport can be neglected, eddy-covariance meas-
urements represent the net carbon flux from the ecosystem to the atmosphere. From such meas-
urements alone it is not possible to distinguish between various R.., components or the contribution
of grass and spruce trees to GEP. Due to the remoteness of the site and the size of the CWD and the
quickly growing young spruce trees, it was impractical to measure carbon fluxes from individual eco-
system components. Therefore, we used the LandscapeDNDC model framework for simulations of
the carbon budget, to evaluate the relative contributions of different ecosystem components to NEE,
and to assess their evolution through time. The EC based estimated daily carbon fluxes (derived after
gap-filling) were compared with the modeled daily carbon fluxes in this section to test the model.

Additionally with this model the carbon balance development of the near future can be simulated.

3.2.2.1 Comparison between measured and simulated NEE

The ecosystem model PSIM within LandscapeDNDC simulated the carbon exchange of the wind-
throw area during the period of 2009 to 2013. Figure 45 shows simulated vs. measurement derived
values of daily GEP, R.,, and NEE. The linear regression models (blue lines) underpin the generally
good performance of the model simulation. The values around zero in the GEP column mainly derive
from measurements in autumn. When temperatures are low there is no carbon exchange according

to the model while the measurements indicate very little carbon fluxes.
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Figure 45: Simulated vs. observation-based estimates of daily CO,-flux components — units are in g C m™. GEP (left column),
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Annual patterns of GEP, Re.,, and NEE are shown in Figure 46 for simulated and observation-based

estimates, respectively.
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Figure 46: Annual patterns of simulated and observation-based (gap-filled) daily CO,-fluxes.

Simulated and measured carbon fluxes show a very good agreement in GEP while there appears a
marked underestimation in the simulation of R, leading to an equivalent underestimation in annual
NEE. This difference between measurements and simulations in Re, mainly derives from the winter-
months. It is not clear at this time whether this difference originates from an underestimation of the
simulation or an overestimation of the measurements. Maybe it is a combination of both. Overall the
model corresponds well to total ecosystem fluxes. The role of the model simulations is on the one
hand to evaluate relative contributions of grass, trees, and soil to ecosystem fluxes. On the other
hand they offer a view at a probable past and future development of the ecosystem’s carbon budget.
Therefore, a mid-term (2006-2017) as well as a long-term (2006-2025) simulation were conducted.

Measured climate data was used for projecting the respective climate variables for the model runs.

3.2.2.2 Mid-term simulation:
The simulated relative contributions of grasses, spruce trees and soil (including debris) to the carbon
exchange can be seen in Figure 47. The relative contribution of spruce trees to GEP is increasing, but

is still rather small (10-30% at the end of the investigation period). Two to six years after the disturb-
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Figure 47: Relative contribution of simulated CO,-flux to GEP (left) and R, (right). X-axis shows the year (20XX).
ance, soil respiration has the highest contribution to Re, (about 50% in summer and 90% in winter).

The contribution of spruce to R is still very small but tends to increase more strongly than that by

grass.

Concerning annual NEE, the simulations indicate that the ecosystem switched from a slight carbon
source even before the storm in 2006 (NEE = +50 g C m2yr’!) to a strong carbon source in 2007 (NEE
= +500 g C m™yr?) due to Kyrill. Annual NEE decreases quite fast in the following years to about
-50 g C m?in 2017 indicating that about 10 years after disturbance the ecosystem might switch from

a net carbon source to a net carbon sink (Figure 48).

The fact that NEE was positive even in 2006 has not 500

been expected, however, there are some things — “%] : :S;:';Zd
which can explain it: first thing is the cold climate Ei jzz:

and a very short vegetation period which constrains % 100 -

5

the period of net carbon uptake to only a few E 0 -\/;\‘
months. Second, the age of the forest was about -100 1

150 years and therefore a high mortality probably 0 0'5 0'7 0;3 0'9 1'0 1'1 1'2 1'3 1'4 1'5 1'5 1'7 1'3

led to near equilibrium between carbon gain and Figure 48: Mid-term simulated and observation-based
annual NEE. X-axis shows the year (20XX).

carbon loss. Maybe also the storm event in 2007

has hit the ecosystem in the middle of a recovering from earlier disturbance events. The vegetation

coverage most likely was very sparse even before the storm (Wolpert, 2012). Although to our

knowledge except of 2007 no severs disturbance events are reported at this site in the near past but

probably many little stressors (rough climate, occasional thinning) kept the carbon sink strength of

this ecosystem rather small in the past.

The simulations of the carbon balance development at the Lackenberg site show that the ecosystem
likely will switch from net carbon source to net carbon sink within the next ten years. It also shows

the gradual transition in GEP which is mainly dominated by grass-vegetation immediately after the
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storm but gets more and more dominated by spruce trees. A matter of uncertainty is the expected
tree mortality during ecosystem succession. Simulated biomass fits quite well to estimated biomass
but the model tends to overestimate the dimensions of the new growing trees. The relatively high
elevation of the study site and thus a cold and rough climate could probably explain the higher mor-
tality or slower growth rate of spruces in this high elevated region compared to forest ecosystems in
other regions. Additionally, the above mentioned large amounts of snow together with very high

wind speeds could enhance this effect.

These model simulations and simulations of the carbon balance development of other disturbed
ecosystems (e.g., Lindroth et al., 2009; Thornton et al., 2002; Thirig et al., 2005) suggest that gener-
ally ecosystems after disturbance are at first a carbon source and afterwards switch to a strong car-
bon sink that is gradually diminishing, while the recovery time from source to sink is longer with
higher amount of litter or CWD, respectively. This would confirm the hypothesis of Odum (1969),
which has been shown in section 1.5. However, simulating the development of carbon balances in
disturbed areas is still subject to major uncertainties. For example, the microclimate and thus condi-
tions for mineralization and re-growth on disturbed areas is different from intact forest ecosystems
as well as from grassland. Under natural conditions, the competition between grass or other herba-
ceous species and upcoming trees can be intense and is changing dynamically in dependence on the

specific environmental conditions (Grote R., personal communication).

Therefore, the carbon release of non-cleared wind-throws does most probably not follow a simple
pattern which is only a function of biomass, but changing structural and micro-climate conditions

have to be taken into account.

3.2.2.3 Long-term simulation

Despite the major uncertainties regarding to long-term simulations of the carbon balance in dis-

turbed forest ecosystems we took a glance into the farer future.

JE——— As such a “first-shot” a simulation from

)/s/ \ 2006 to 2025 was conducted to get an

idea about the long-term carbon balance

2000 1

development at this site. According to the
-2000 1
model simulations and assuming an aver-

integrated annual NEE [gC m™]

-4000 age underestimation (average difference

2005 2010 2015 2020 2025

. _ ) ) between observation based estimates and
Figure 49: integrated annual NEE (simulated) from 2006 to 2025 in

consideration of the underestimation of the model (light-blue dots).  simulation) of about 82 gC m'zyr'1 of the
Blue dashed line shows the disturbance event. X-axis shows the year.
model (light-blue dots in Figure 49), total-
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ly over 2700 g C m™ were emitted from the site from 2007 to 2015 when annual NEE is negative
again. Another seven years later almost all carbon that was emitted after disturbance has been fixed
again by the ecosystem given that no further disturbance event occurs during that time. Another
severe storm event or bark-beetle outbreak could switch the ecosystem to a net carbon source for
another long period of time. Thus, the “biome-time-scale” — the time period after disturbance till all
disturbance-related emitted carbon has been gained again by the ecosystem — would be about 20

years for this ecosystem and this type and severity of disturbance.

3.2.3 Comparison with other disturbed forest ecosystems
In this section the carbon balance of the Lackenberg site is discussed in relation to other topic related

publications.

Table 10 shows annual NEE of several forest ecosystems (“intact” and “recently disturbed”) and

should just give an idea about their magnitudes of CO, exchange.

Table 10: NEE of several ecosystems within Europe.

Study Ecosystem (forest type) NEE [gC m'zyr'll
intact ecosystems

Gruenwald and Bernhofer (2007) Norway spruce, Germany -395 to -698

Rebmann et al. (2010) Norway spruce, Germany -63 to -246

Valentini et al. (1996) Beech, Italy -470

Knohl et al. (2003) Beech, Germany -490 to -494

Etzold et al. (2011) mixed deciduous forest (montane level), Switzerland -366 to -662
Norway spruce forest (subalpine level), Switzerland -47 to -274

Lagergren et al. (2008) Scots pine, Finland ~-199
Beech, Denmark ~-196
Norway spruce; Scots Pine; mixed deciduous, Sweden ~ +52

Clement et al. (2012) Sitka Spruce plantation, Scotland = -600

recently disturbed ecosystems

Kowalski et al. (2004) Coppice-oak, Italy; Sitka spruce, Britain; Scots pine, Finland, Mari- +100 to +420
time pine, France (all after clear-cutting)

Lindroth et al. (2009) Norway spruce, Sweden (one year after storm, cleared wind-throw) +897 to +1259

Knohl et al. (2002) Norway Spruce, Russia (regeneration after wind-throw) +180°

This work Norway Spruce, Germany (regeneration after wind-throw) +167 to +347

Generally, an intact spruce forest in the temperate region of central Europe is expected to be a
strong annual carbon sink (Gruenwald and Bernhofer, 2007). This has been shown to be valid in sev-
eral cases for relatively undisturbed conditions (e.g., Van Dijk and Dolman, 2004), and could also be

captured very well with the model used in this study (Grote et al., 2011a)

However, to our knowledge there is no comparable long-term investigation of NEE in a wind-throw
disturbed ecosystem, where all biomass remained on site. Knohl et al (2002) estimated carbon diox-
ide exchange for one season only, in the center of a large wind-throw area in Fyedorovskoye (near

Nelidovo, about 300 km NW of Moscow) Russia, in 1998, two years after a storm event. Over the

«
3-months measurement period
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three-month measurement period from July to October, NEE was +180 g C m™. A rough extrapolation
to annual NEE yielded about +400 g C m™. The higher net carbon loss compared to our results from
the Lackenberg site is likely due to the difference in soil moisture (much higher at Fyedorovskoye),
leading to enhanced ecosystem respiration. Additionally, Fyedorovskoye was affected by other heavy
windstorms before 1996 (1969, 1987). Therefore, a higher amount of deadwood was likely contrib-

uting to R, at the Russian site.

Lindroth et al. (2009) estimated NEE in a Norway spruce ecosystem in Sweden after a severe wind-
disturbance by the storm Gudrun (2005). One year after the storm event the ecosystem was a large
source of carbon, with annual net carbon loss of over 1000 g C m™. The authors attribute this high
carbon emission (compared to NEE estimates after clear-cutting, e.g., in Kowalski et al., 2004) to the

intensive disturbance of the soil layer by heavy machinery used to clear the wind-throw area.

Amiro et al. (2003) reported that a Canadian boreal forest was a net carbon sink (at least in summer)
a few years after fire-disturbance. In further work, Amiro et al. (2006) showed that 4 and 8 years
after disturbance (fire and harvest, respectively) boreal forests were net sources of carbon with an-
nual NEE ranging from 50 to 130 g C m™, while a burned site was a net carbon sink (annual NEE:
-68 g Cm™?) 13 years after disturbance. Using a chronosequence approach (similar ecosystems at
different successional stages) with an age-range of 180 site years, Amiro et al. (2010) summarized
that after stand-replacing disturbance all ecosystems return to net carbon sinks, at the latest, 20
years after the disturbance event. They reported that maximum annual NEE after disturbance ranged
from +1270 (in Florida) to +200 g C m™ (in boreal forests). Comparing these reported values to each
other, or to the presented results, is quite difficult, because of the range of disturbance types, severi-
ty of disturbance, types of ecosystem, post-disturbance-management, climate, and vegetation zone

the ecosystems are located in.

However, one general emerging result is that, especially in the first few years, the severity of soil
perturbation associated with the post-disturbance management plays a major role in the longer term
carbon balance development. Severe disruption of the upper soil layer, as caused by heavy machin-
ery, can lead to an enormous CO, efflux immediately after disturbance (Janssens et al., 2001;

Lindroth et al., 2009).

In contrast, in disturbed ecosystems that are left in their natural state, carbon is mobilized much
more slowly, resulting in lower ecosystem CO, efflux. On the other hand, it must be expected that
the structural robustness of deadwood most likely leads to long-term but more moderate CO, emis-
sions in such ecosystems (Brown et al., 2012; Knohl et al., 2002). No heavy machinery was used at

the Lackenberg site (except on the periphery, outside the windfall area). Thus, our results of a con-
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sistent, albeit smaller, carbon loss in the years after disturbance are consistent with the results of

both Knohl et al. (2002) and Lindroth et al. (2009).

At the Lackenberg site, trends identified after five years of carbon exchange measurements indicate
that the wind-throw disturbed Norway spruce ecosystem is well on its way of regeneration toward
becoming a net annual carbon sink. The LandscapeDNDC simulations reveal that the sizable carbon
uptake even in the first summer seasons after the disturbance is predominantly due to grasses and
other ground cover vegetation, rather than new trees. This aspect is generally neglected in larger
scale models (Edburg et al., 2011; e.g., Eliasson et al., 2013; Williams et al., 2012), although the de-
pendence of recovery speed on tree species composition (Gough et al., 2013) and the importance of
plant driven processes for soil carbon dynamics (Litton et al., 2003) is well known. Large uncertainties
exist in the model representation of litter pools. In fact, the decomposition process of coarse woody
debris is quite different from that of fine litter in and directly above the ground, and (among other
things) depends on wood properties and microclimate (Herrmann and Bauhus, 2013). As with all
such models, heterotrophic respiration (and especially pertaining to coarse woody debris overlong
time periods) is fraught with a lack of direct measurements for evaluation and comparison. The pre-

sent work exemplifies the need to build up the database and process knowledge on these aspects.
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4 Summary and Conclusion

The Lackenberg site within the Bavarian Forest National Park, Bavaria, Germany, has been shown to
offer ideal conditions for estimating the carbon balance development in an upland disturbed forest
ecosystem and to get a better idea of the processes controlling CO, exchange in such disturbed eco-

systems.

As a centerpiece of this study the net ecosystem exchange, as well as the component fluxes GEP and
Reco Were estimated over a five year measurement period at the Lackenberg site. Measured fluxes of
NEE showed that, in daytime in summer, GEP already exceeds respiration. The main environmental
drivers for carbon exchange on this site were found to be soil temperature, mainly controlling eco-
system respiration, and photosynthetic photon flux density, mainly controlling carbon assimilation
(GEP). Using these biophysical parameters, an appropriate gap-filling model to replace missing NEE
values could be found. Due to the necessity for continuous time-series of these driving parameters,
we developed a simple model for incoming short-wave radiation, requiring only screen-level relative

humidity data (and site specific astronomical information) as presented in the Appendix.

Annual sums of NEE after gap-filling showed that the Lackenberg site is still a marked source of car-
bon with annual NEE of 347 +104, 255 +77, 221 66, 240 +52, and 167 +50 g C m? from 2009 to
2013. However, summertime GEP of the non-cleared wind-throw area was already high and exhibit-
ed a consistently positive trend. In contrast, ecosystem respiration showed no clear overall trend, but
high inter-annual variability. Despite the gradually increasing annual GEP, NEE is still dominated by
Reco Which again mainly depends on the annual course of weather conditions. The length of the vege-
tation period, which is not easy to estimate precisely in a grass and spruce dominated ecosystem,

seems to have an additional strong effect on the annual NEE.

A comparison with other gap-filling procedures indicates that the “local gap-filling” results are in
good agreement with the NEE estimates when using other gap-filling procedures. However, it has
also been shown that annual NEE estimates can be very sensitive to the application of a u*-filter,
depending on the gap-fill procedure used. Such systematic differences in NEE can amount to

+100gCm™.

Snow covered periods are not negligible in terms of carbon exchange at the Lackenberg site. CO,-flux
measurements during snow-covered periods averaged about 0.9 umol m?s™, with little variation.
The isolating snow-pack (up to 2 m deep) kept soil temperatures relatively high and allowed persis-

tent soil microbial activity.

Simulations of the carbon exchange, using a biogeochemical model LandscapeDNDC (Haas et al.,

2013), have shown that this model can reasonably represent the measured carbon dioxide fluxes
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through the early recovery period, apart from a slight but systematic underestimation of ecosystem
respiration at very high fluxes and during winter. The model served as a valuable tool to examine the
partitioning of carbon sinks and sources in various compartments in the disturbed ecosystem and to
explain the variability between years. In our case the slow year-to-year increase of the spruce contri-
bution to assimilation could be nicely demonstrated, but the partitioning of heterotrophic respiration
processes into below ground, litter, and coarse woody debris components remains a formidable chal-
lenge. Long-term simulations of the carbon balance development at the study site with this model
indicate that the ecosystem will most likely switch from carbon source to carbon sink within about
the next ten years. Always assumed, that no further disturbance event will hit the young re-growing

forest before that time.

In summary the answers to the research questions of section 1.6 are:

¢ Three to six years after the storm net CO, exchange ranged from 221 +11 to 347 +17 g Cm?yr*
and tends to decrease during the measurement period.

¢ In the same time period annual GEP estimates ranged from 393 to 529 g C m™. Rec, ranged from
656 to 786 g Cmyr™.

¢ While GEP shows a gradually increase during the measurement period Re., Was highly variable
and has a strong influence on the annual net exchange despite the already strong GEP values.
Environmental drivers and the length of the growing season are assumed to be mainly responsi-
ble for this high variability in annual R.., and thus in annual NEE, as well.

¢ A review of the current literature about carbon exchange in disturbed ecosystems leads to the
recognition, that there are marked differences in annual NEE between unmanaged and managed
disturbed forest ecosystems. One of the main differences is likely the status of the upper soil
layer after disturbance. Marked destruction e.g., by deadwood-clearing through heavy machin-
ery most likely leads to an enormous carbon efflux, in contrast to unmanaged disturbed ecosys-
tems (Lindroth et al., 2009). However, remaining deadwood in disturbed ecosystems which have
been left in their natural state will most likely lead to moderate but continuous long-term carbon
efflux (Knohl et al., 2002).

¢ The carbon release of non-cleared wind-throws does most probably not follow a simple pattern
which is only a function of biomass. Thus, changing structural and micro-climate conditions have
to be taken into account.

¢ Simulations of the carbon balance development with the modeling framework Landscape DNDC
have shown that the ecosystem will most likely switch from net carbon source to net carbon sink
within the next ten years.
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Summary and Conclusion

The principal innovative contributions of the present dissertation are summarized as follows:

¢

It was the first study to observe and examine carbon exchange of an intact wind-throw-
disturbed forest ecosystem for multiple years post disturbance

The combination of observations and modelling of main ecosystem components through the
disturbance event and the re-growth period. Modelling also sheds light on the transient roles of
different carbon pools and plant functional types in the period after disturbance.

This study also contains a valuable contribution to gap-fill modelling for upland, cool climate
spruce forest ecosystems.

A new and universally applicable parameterization model for global radiation was developed in

this study, dependent on screen level relative humidity only
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Appendix - Global Radiation Model

Following section has been submitted for publication in an international scientific journal. Title:

“A simple new model for incoming solar radiation dependent only on screen-level relative humidity”
Introduction

Insolation at the Earth’s surface (global incoming shortwave radiation, R,) is the primary energy
source for the majority of biogeochemical or physical land-surface processes, as well as for the oper-
ation of photovoltaic (PV) power production systems. Therefore, it is one of the most important driv-
ers for land surface models that calculate energy-, water-, and carbon balances, and site-specific
information about R, is essential to estimate the viability PV systems. With knowledge of albedo and
temperature, R, is the starting point for estimates of net radiation, evapotranspiration and the ener-
gy balance. Assumptions about the spectral composition of R, lead to estimates of photosynthetically
active radiation (PAR) and practical ecosystem-scale models of photosynthesis, biogeochemical cy-
cling, carbon uptake, and plant growth (e.g., Arora, 2002; Baldocchi and Meyers, 1998; Bonan,
2008a; Sellers et al., 1997; Wang and Jarvis, 1990; Williams et al., 1996). At the site level, such mod-
els are ideally driven with directly measured values of PAR, R, or net radiation at high temporal reso-
lution. However, such radiation measurements are not standard at most climate stations, and even
at FLUXNET stations (e.g., Baldocchi et al., 2001) data series often suffer from missing values. If direct
surface radiation measurements are unavailable, it is thus necessary to model or parameterize them

based on whatever data available.

Commonly, models of R; are based on the ratio of R, (at the surface) over the value of down-welling
solar radiation at the top of the atmosphere (extraterrestrial solar radiation, R¢), defining the overall
atmospheric transmissivity, T (e.g., Fortin et al., 2008). This transmissivity depends on path length
through the atmosphere, atmospheric absorption characteristics, and cloudiness. Full models of
global incoming shortwave radiation treat radiative transmission explicitly, from the top of the at-
mosphere to the surface, including scattering and absorption processes by ozone, water vapor,
clouds and aerosol throughout the atmosphere (e.g., Jia et al., 2013). Such models require detailed
information about the state of the atmosphere, are computationally expensive, and require too
much input information to be practical for most site-specific applications. Reanalysis datasets and
satellite derived energy balance products often include estimates of surface solar radiation, but they
are usually limited to coarse spatial resolutions and typically refer to averages between 3-hourly to
daily (e.g., Babst et al., 2008; Jia et al., 2013; Zib et al., 2012). Vuichard and Papale (2015) present a
method for deriving half-hourly estimates of R, based on ERA-Interim reanalysis data, using a spatial
and temporal downscaling approach. Their analysis was performed for a set of over 150 sites (part of

the so-called FLUXNET-Synthesis Dataset, see Vuichard and Papale, 2015) and indicated a fairly good
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performance of the approach. However, the method is quite involved and setting it up for individual
sites and time periods is likely very time consuming. For spatially and temporally explicit estimates of
Rg at individual locations and time periods, empirical models or parameterizations based on readily

available meteorological data have traditionally been the methods of choice.

Empirical models of R; must address the fact that cloudiness has commonly both the strongest and
the most variable effect on atmospheric transmissivity for shortwave radiation. Unfortunately, nei-
ther cloudiness, nor sunshine duration are standard variables reported by climate stations, and thus
such models need to revert to using a suitable proxy for cloudiness. As cloudiness also affects the
thermal regime at the surface, one obvious such proxy is the daily range of air temperatures
(Baigorria et al., 2004; Bristow and Campbell, 1984; Goodin et al., 1999; Lee, 2010). Among the most
frequently used R; models of this kind are those by Hargreaves and Samani (1982), and by Mahmood
and Hubbard (2002), which require only the daily range (minimum and maximum) of air temperature
as input variable. Since only one daily value is used as input in these models, they are also limited to
produce daily mean estimates of R, only. Daily means can then be distributed over a daily course
using prescribed (e.g., sinusoidal) functions (e.g., Berninger, 1994). However, if surface radiation data
are needed to parameterize processes at sub-daily resolution (e.g., to gap-fill eddy-covariance based
CO, exchange time-series; e.g., Reichstein et al., 2005), such estimates introduce considerable uncer-

tainty, as they are unable to respond to short-term atmospheric variability.

At a mountain-top carbon exchange flux station on the Lackenberg (1308 m elevation) in the Bavari-
an Forest National Park (southern Germany, see Lindauer et al., 2014) we found that cloud cover,
and thus R; and PAR, typically varied strongly over the course of the day. As the relationship between
carbon assimilation by photosynthesis and shortwave radiation is strongly non-linear (e.g., Reichstein
et al., 2005), daily mean values of a cloudiness-proxy were not sufficient to drive our carbon assimila-
tion model at times when we were lacking all but standard climate station data. We also found that
the atmospheric moisture regime that supports or suppresses the formation of clouds in elevated
layers of the troposphere appears to be fairly well coupled to surface humidity — at least at the
Lackenberg site. This very heuristic and speculative notion led us to use standard measurements of
relative humidity as a proxy for cloud cover, haziness, and thus variability of atmospheric transmissiv-
ity. Surprisingly, we have found no evidence that a relation between relative humidity and atmos-
pheric transmissivity has ever been explored before. In this work, we present a simple empirical
model of R, at sub-daily (e.g., half-hourly) resolution that requires only relative humidity as meteoro-
logical input. Relative humidity is a standard observation variable at most climate stations. We test
the model at a wide range of observation sites, and evaluate it against independent data sets. We

also investigate its accuracy at hourly and daily resolutions.
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Methods
Generally, short-wave incoming radiation at the surface (global radiation — R;) can be expressed as:

Rg=Re T , (A1)
where R; is the extraterrestrial radiation on top of the atmosphere and Ty is the atmospheric trans-
missivity. This transmissivity can be expressed as a net sky transmissivity, Tz, modified by the influ-

ence of the optical path-length through the atmosphere, L;:

Rg = RE I_p TR (AZ)

The extraterrestrial radiation, Rg, can be calculated as (e.g., Stull, 2000):

Re =SsinW , (A3)

where S is the solar constant (1368 Wm™) and W is the local elevation angle of the sun. The influence
of the path-length through the atmosphere was considered, for instance, in Holtslag and van Ulden

(1983), where the equivalent of our L; is described by:

Lp =a;sinW+a, , (A4)

where a; and a, are empirical coefficients. Stull (2000) proposed the values a; =0.2, and a,= 0.6 for a
clear-sky and average “clean” atmosphere. Thus, we find Rq as the reference surface radiation under

clear skies and optimal transmissivity:

Ro = Re Lp = R, (0.2sin W+ 0.6) (A5)

Lindauer et al. (2014) showed an ad-hoc empirical relation between the ratio of R, and R, (effective
local transmissivity, Tg) and relative air humidity to model R, (Figure 22). Based on this method we
developed the following equation:
b
Rg = RE Lp (1'er) ’ (A6)

S—— ——

Ro TR

where rHf denotes the local relative humidity at the surface (fraction, 0...1) and b is an empirical pa-

rameter.
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Table A 1: Parameters of sites selected for model development and evaluation. The first part contains 15 sites from the U.S.
Surface Climate Observing Reference Networks (data from 2012) which were used for model development and parameteri-
zation. The second part (below the bold line) shows parameters for six sites used for additional model evaluation. Station
names in the first column are followed by the common codes for states (for the USA stations) and countries. T,yg, Traxw Tmin
are the average, maximum and minimum air temperatures for the data period used; Prec is the annual precipitation; rH,,
and rH,ygdaytime) are the overall average and daytime average relative humidities; Cl is the continentality index (see text).
Data source references are: a) Diamond et al. 2013; b) Cleverley 2011; c) Grote et al., 2009c; d) Eder et al. 2014; e) Hanan et
al., 2004; f) Lindauer et al. 2014; g) Falge et al. 2005.

Station ng::e Laot. Lcin. Elev. 'I':,‘,g T:,,ax To,,,i,, Prec. rHoa‘,g rHavggdaytime) EI

[ [l [m] cl Pl [°C] [mm] [%] [%] °cl
Austin, TX, USA a 30.62 98.08 149 203 116 275 583 61 55 15.9
Baker, NV, USA a 39.01 114.21 1620 104 281 -13.2 300 41 35 22
Barrow, AK, USA a 7132 156.61 3 -10.8 12.8 -39.6 114 83 86 34.9
Bodega, CA, USA a 38.32  123.07 36 11 9.4 122 870 86 83 2.8
Boulder, CO, USA a 40.04 105.54 1655 31 198 -174 739 52 46 18.3
Champaign, IL, USA a 40.05 88.37 225 123 299 -11.2 727 71 62 26.6
Everglades City, FL, USA a 25.90 81.32 5 231 295 8.3 1290 78 67 10.2
Fairbanks, AK, USA a 64.97 147.51 136 -2 206 -344 299 63 57 41.2
Mauna Loa, HI, USA a 19.54  155.58 3397 7.1 123 0 164 31 34 3.8
Mercury, NV, USA a 36.62 116.02 1155 183 354 0.3 90 28 23 22
Northgate, ND, USA a 48.97 102.17 570 48 -79 213 415 72 64 29.2
Oakley, KS, USA a 38.87 100.96 934 1311 34.7 -13.8 362 53 44  27.8
Sitka, AK, USA a 57.06 135.33 8 54 179 -152 2300 89 85 12.9
Tucson, AZ, USA a 32.24 11117 728 216 34 5.2 232 30 25 16.3
Yuma, AZ, USA a 32.84 114.19 43 238 39 7.8 62.5 28 24 19.8
Alice Springs, AUS b -22.28 -133.25 600 222 405 -0.2 277 34 28 -18
Bontioli, Burkina Faso c 10.84 -3.15 330 289 354 2238 940 51 48 -2.8
Fendt (TERENO), D d 47.80 -11.07 580 8.6 325 -21.9 1200 77 70 16.2
Kriiger National Park, ZAF e -25.02 31.5 250 218 386 2.8 600 60 58 83
Lackenberg, D f 49.10 -13.3 1308 4.8 24 -189 1400 76 75 16.8
Manaus, BRA g -2.58 60.12 92 251 341 175 2431 88 82 0.7

For model development and parameterization we looked for freely available weather information
with high quality and resolution that cover a wide range of environmental conditions. Therefore, we
used data derived from U.S. Surface Climate Observing Reference Networks. For additional evalua-
tion, we used data from independent sites with consistent data that are not involved in the process
of model development and parameterization. These sites are Alice Springs (data from 2011 - 2013) in
Australia (part of the Australian Terrestrial Ecosystem Research Network, TERN,

www.tern.org.au),Fendt (data from 2011 - 2013) in southern Germany (part of the German TERres-

trial Environmental Observatories, TERENO, www.TERENO.net), Lackenberg (data from 2011-2013)

also in southern Germany, Manaus in Brazil (data from 1996), Kruger National Park in South Africa

(data from 2001-2002), and Bontioli (data from 2004-2005) in Burkina Faso.

High resolution meteorological data that include humidity and radiation are available at all of these

sites. Table A 1 shows general information about the selected sites.


http://www.tern.org.au/
http://www.tereno.net/

Appendix - Global Radiation Model 76

These sites cover a wide range of latitudes, longitudes, elevations, average air humidity, and conti-
nentality. A continentality index (Cl) was calculated as the difference between the average monthly

air temperature in January and July (e.g., Botta-Dukat et al., 2005; Holmlund and Schneider, 1997).

Figure A 1 illustrates the relation between Ry Rg'1 and rHf (a), and shows the resulting scatterplot of

modelled vs. observed R, values (b) at Boulder, CO in 2011.

Boulder, CO (Year = 2011) Rg_mod = R, (1-rHf)>*
10 1500
a) RgR," = (1 -rHf)" b) Rg_mod = a Rg_obs _
- 1 - 1000 §
mc> \ ;
) o
01 500 £,
b=0.38 a=0.87 <
R2=0.90
0.01 . . . ; 0
0.1 1 0 500 1000 1500
rHf Rg_obs [Wm™]

Figure A1: R, RO'1 against rHf at Boulder in 2011. The blue line shows the power-law regression with an estimated parame-
ter of b = 0.38. b) modelled values of R, against observed Values of R,. The blue line is the linear regression with slope a =
0.87.

This analysis was done for every site listed in the first part of Table A 1 (above the bold horizontal
line). Parameters b, and a, the coefficient of determination (R?), as well as the root mean square er-
ror (RMSE), and the normalized RMSE are listed in Table A 2. These parameters and model evaluation
measures were estimated with three years of data (2011 - 2013) at each site, to account for the year

to year variability.

In addition to R? we use the RMSE (root mean square error) and normalized RMSE for testing the

predictive power of the model in equation (6).

n

1
RMSE= ;Z(pi-oi)z (A7)

Where p; is a predicted or modelled value, respectively at time i and o; is a observed value at time i.

By dividing RMSE by the average of observed values, 0, one gets the normalized RMSE:

RMSE
NRMSE= — (A8)
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Results

Table A 2 shows the averages of b, a, R?, RMSE, and NRMSE of the three years for every site. The first
part shows again the sites in the U.S, which were used for model development and parameterization.
The shape-parameter, b, ranges between 0.17 and 0.53 with an average of 0.34, and the slope pa-
rameter, a, ranges from 0.74 to 0.99, with an average of 0.92. The average R? value of all sites is 0.92,
indicating a very good overall performance of the model. The NRMSE ranges between 24 and 74%

with an average of 40%.

Table A 2: Parameters of the regression functions in Figure A 1 and measures of predictive power (see text for definitions).

power-law linear regression

Site b o, a o, R op [vanf_E] FVF:/':/';Z? NMRSE  ONRMSE | rHfor  Guor
Austin 0.41 0.04 | 0.92 0.01 0.94 0.01 124.4 5.9 33% 3% | 0.52 0.03
Baker 0.31 0.05 | 0.94 0.01 0.92 0.01 147.4 7.9 37% 2% | 0.36 0.03
Barrow 0.20 0.02 | 0.81 0.01 0.88 0.01 97.2 2.5 53% 3% | 0.87 0.01
Bodega 0.17 0.01 | 0.90 0.02 0.90 0.02 136.4 6.6 42% 3% | 0.83 0.02
Boulder 0.40 0.02 | 0.88 0.02 0.90 0.01 158.5 1.7 44% 2% | 0.50  0.04
Champaign 0.35 0.03 | 0.90 0.02 0.91 0.02 135.5 9.6 43% 4% | 0.66 0.04
Everglades 0.30 0.01 | 0.93 0.01 093 0.01 137.0 3.7 35% 2% | 0.68 0.01
Fairbanks 0.45 0.01 | 0.90 0.01 0.91 0.02 99.0 5.1 46% 5% | 0.56 0.02
Mauna Loa 0.17 0.05 | 0.95 0.01 094 0.01 153.6 9.1 31% 3% | 0.39 0.04
Mercury 0.53 0.19 | 0.99 0.04 0.96 0.01 114.5 7.8 28% 1% | 0.23 0.02
Northgate 0.25 0.04 | 0.92 o0.01 0.90 0.02 132.3 11.1 44% 4% | 0.67 0.03
Oakley 0.33 0.02 | 0.94 0.01 0.94 0.01 120.7 6.1 32% 2% | 0.47 0.03
Sitka 0.49 0.06 | 0.74 0.01 0.84 0.02 119.1 53 74% 4% | 0.85  0.02
Tucson 0.39 0.08 | 0.98 0.00 0.96 0.01 118.7 6.6 27% 2% | 0.25 0.01
Yuma 0.40 0.15 | 0.99 0.02 0.97 0.01 105.5 1.7 24% 2% | 0.24 0.01
Average 0.34 0.91 0.92 126.7 40%

We did not detect any trend in the variation of shape-parameter b. In contrast, the slope-parameter

1.2 100%
a) b)
101 N\ o
* *
— 0.8 A1 .
L L
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8- 1 +* o . o X
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2 =
o | R2=0.68 ’ [ 209
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Figure A 2: a) slope of linear regressions against annual average daytime humidity (rHfy7); b) NRMSE against rHfp;
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a as well as the random uncertainty (NRMSE) show a linear relation to the annual average daytime

relative humidity rHfy; (Figure A 2a, b).

In summary, R, can be modeled based on equation (A6), using the average value of b = 0.34, and

dividing it by the site-specific climatology influence:

_ Rg (1-rHf)>*
& 1.05-0.25 rHfpr

(A9)
Applying this site-climate correction reduces the systematic bias of the model and raises the average
slope in Table A 2 from 0.92 to 0.98, but this gain in accuracy comes at a slight cost in random uncer-

tainty: average NRMSE increases from 40 to 43%.

To examine the applicability we used this generalized model (equation A9) to the sites listed in the
lower part of Table A 1 to test the model performance at independent sites which have not been

used in the model development.

Table A 3: Parameters of the linear regression functions after using equation A9 at independent sites.

linear regression
Site slope R? RMSE NMRSE rHfpr
[Wm?]
Alice Springs (2011) 0.98 0.94 152.2 32% 0.36
Alice Springs (2012) 0.96 0.95 134.4 26% 0.28
Alice Springs 2013) 0.97 0.95 140.6 28% 0.25
Bontioli (2004) 1.13 0.95 156.8 38% 0.48
Bontioli (2005) 1.13 0.96 144.0 33% 0.29
Fendt (2011) 0.98 0.89 145.1 55% 0.71
Fendt (2012) 1.05 0.88 151.9 58% 0.70
Fendt (2013) 1.07 0.87 158.6 65% 0.71
Kriiger National Park (2001) 1.06 0.91 169.2 55% 0.63
Kriiger National Park (2002) 1.03 0.92 163.5 50% 0.58
Lackenberg (2011) 0.97 0.88 131.4 52% 0.73
Lackenberg (2012) 0.98 0.89 126.9 49% 0.75
Lackenberg (2013) 0.97 0.88 130.2 59% 0.77
Manaus (1996) 1.05 0.92 144.8 41% 0.82

Table A 3 shows parameters of the linear regression functions after using equation A9 at the inde-
pendent sites. There, the slope parameter, a, ranges from 0.96 to 1.13, with an average of 1.02. The
average R? value of all sites is 0.91 and the NRMSE ranges between 26 and 74% with an average of
65%. These values are fairly in the range of those in Table A 2, and indicate that equation A9 can

generally be used for modelling R, at any site.
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Apart from model performance at an hourly temporal resolution, the question could arise if the rela-
tionship between global radiation and air humidity also holds for more aggregated data. Therefore,
we tested the relationship with daily input values of air humidity and compared the results with
those obtained with a conventional method. For this exercise, we used the same model as described
before for all sites in the investigation but restrict ourselves to the year 2012. Ry and rH are simply
replaced by daily values instead of hourly values. It should be noted that relative humidity is calculat-
ed from daytime values only to be consistent with the period where the radiation data are originat-
ing from. We compared the daily sum of measured R, values with the daily sum of modelled hourly
Rg values (Figure A 3a), with the results of this daily model (Figure A 3b), and with R, values derived

after the method of Hargreaves and Samani (1982) (Figure A 3c).

10000 10000 10000
c)
7500 7500 7500
E, 5000 E, 5000 E 5000
=] o j=d
© I3 ©
2500 2500 2500 .
Rg_mod = 1.02 Rg_obs Rg_mod = 1.01 Rg_abs Rg_mod = 0.87 Rg_obs
=0.79 R =0.77 R*=0.68
0 0 0
0 2500 5000 7500 10000 0 2500 5000 7500 10000 0 2500 5000 7500 10000
Rg_obs Rg_obs Rg_obs

Figure A 3: R, — daily values derived from hourly air humidity (a), daily air humidity (b), and minimum and maximum air
temperature after Hargreaves and Samani (1982) (c) compared with daily aggregated observations. Units in W m>.

These results show that using sub-daily values performs better than using daily values, and that using

daily values is still superior to using the method of Hargreaves and Samani (1982).

Discussion and Conclusions

To our knowledge, this work is the first study to present a relation between relative humidity and
atmospheric transmissivity as a basis for modeling down welling solar radiation (global radiation) at

the land surface.

The model has been tested for a variety of sites that represent a range of global terrestrial microcli-
mates. Thus, we are confident to propose it for general applicability. However, a rigorous cause-and-
effect chain between screen-level relative humidity, turbidity, cloud cover and transmissivity over the
entire atmosphere above a given site is not straightforward to establish, and we don’t attempt to try.
At our Lackenberg site, the necessity of filling large gaps in radiation data was literally the mother of
invention, to guide our intuition towards exploring relative humidity as a proxy. We were surprised

that our simple method worked as well as it did, and even more so, when we found that it performs
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well for a wide range of elevations and latitudes globally. As a variable, relative humidity combines
the moisture and temperature characteristics of air, and thus expresses the state of the air relative to
condensation conditions. Our finding that relative humidity near the surface evidently correlates well
with haze and cloud conditions aloft indicates that, overall, the general shape of atmospheric profiles
of moisture and temperature is fairly robust. For given local climatic conditions, relative shifts in the
profiles due to airmass changes appear to be anchored well to their surface values. Nevertheless, it
should be noted that the relation between transmissivity and relative humidity near the surface is
likely uncoupled under certain conditions. Such conditions include the presence of surface advection
(e.g., near coast lines or in katabatic flows), non-convective lifting (e.g., orographic or frontal lifting),
or strong dust/aerosol loading in arid/semi-arid environments. Some of our test sites may be affect-
ed by such factors at times. The relation linking atmospheric transmissivity to relative humidity in our
model for global radiation is non-linear: the sensitivity of radiation to changes in relative humidity is
particularly large under moist conditions and decreases with decreasing humidity. Therefore, the
uncertainty of our radiation model is less at dry (continental) sites than in humid regions (see Tables

A 1-A3).

It has been demonstrated that the model is applicable to sub-daily as well as daily temporal resolu-
tion of relative humidity. Even with daily resolution, and thus with the same detail of input required
for conventional approaches, the new model outperforms the most commonly used approaches
today (e.g., model of Hargreaves and Samani, 1982 - Figure A 3b and c; or model of Mahmood and
Hubbard, 2002 - data not shown). However, we have also shown that the accuracy increases when
sub daily resolution values are used, which underlines the importance of the non-linearity in the rela-
tion between transmissivity and humidity. Although the model performance statistics reported by
Vuichard and Papale (2015) are different from the ones used here, and are not given for individual
sites, it appears that the present model performs nearly as well as their ERA-interim based method.
However, as mentioned, retrieval and downscaling of site-specific reanalysis time-series is quite de-
manding. In addition, Vuichard and Papale’s method includes an intermediate step of de-biasing that
requires pre-existing representative site-level data of global radiation. The comparative simplicity
and general applicability of the present model, without recourse to pre-existing data except relative

humidity, comes at a relatively small cost of uncertainty.
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List of Abbreviations and Symbols

Bo Bowen ratio

Cco, Carbon dioxide

DOC Dissolved organic carbon

EC Eddy covariance

F. Eddy flux of a scalar c

GEP Gross ecosystem production

GEP,,; Maximum carbon uptake at infinitive PPFD

H,0 Water

Lp Influence of path-length through the atmosphere

LvE Latent heat flux

n Number

NEE Net ecosystem exchange

PAR Photosynthetic active radiation

R? Coefficient of determination

Re extraterrestrial incoming short-wave radiation

R Global radiation

rH Relative humidity

RMSE Root mean square error

Rref Respiration at a reference temperature of 10 °C

SOC Soil organic carbon

Tair Air temperature

Tr Net sky transmissivity

Tsoi Soil temperature

Us Friction velocity

VWC Volumetric water content

WUE Water-use-efficiency

y Direction of the lateral wind

o Apparent quantum yield efficiency

P Density of dry air

Y Local elevation angle of the sun
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