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J. Lüers1,g, J.-C. Mayer2, A. Moravek2, D. Plake2, M. Riederer1, F. Rütz1,
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Abstract

To investigate the energy, matter and reactive and non-reactive trace gas exchange
between the atmosphere and a spruce forest in the German mountain region,
two intensive measuring periods were conducted at the FLUXNET site Waldstein-
Weidenbrunnen in September/October 2007 and June/July 2008. They were part of5

the project “ExchanGE processes in mountainous Regions” (EGER). Beyond a brief
description of the experiment and links to the already published results of both exper-
iments, the main focus of the paper is the problem of the coupling of the trunk space,
the canopy and the atmosphere. Therefore, the relevant coherent structures were
analyzed in different canopy levels and an already published coupling classification10

was applied to gradients and fluxes. It could be shown that fluxes above the canopy
are only related to the gradient between the canopy and the atmosphere in the case
of a fully coupled system. Changes in the concentration of especially reactive trace
gases (NO-NO2-O3 and HONO) could only be interpreted together with the coupling
stage. Finally it was pointed out that the combination of air chemical measurements15

with micrometeorological turbulence measurements is urgently needed to understand
the biosphere-atmosphere interaction.

1 Introduction

The scientific focus on forest ecosystems has long been the privilege of more than
the ecologist. The forest is also a real challenge for micrometeorologists and atmo-20

spheric chemists. In the book by Hutchinson and Hicks (1985) the very complex
character of the exchange processes between the atmosphere and the forest was
highlighted and some of the specific problems like counter-gradients and their con-
sequences were made public for a larger community (Denmead and Bradley, 1985).
Other issues like the roughness sublayer (Garratt, 1978, 1980) were taken into ac-25

count. For a better understanding of the forest atmosphere interaction the mixing layer
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hypothesis became an important contribution (Finnigan, 2000; Raupach et al., 1996)
and recently a common theory for the roughness sublayer and mixing layer has seemed
to be possible (Harman and Finnigan, 2007, 2008). The approach of the mixing layer
theory is closely connected with coherent structures (Collineau and Brunet, 1993a, b;
Katul et al., 1997) which generate typical ramp structures in the time series of scalar5

quantities measured above a forest. Such ramp structures could also be found in
trace gas fluctuations (Rummel et al., 2002). While for the measurement of turbulent
fluxes of momentum, sensible heat, water vapour and carbon dioxide the fast response
and direct eddy-covariance technique is state-of-the-art, slow response flux measuring
techniques had be applied for most trace gases and aerosol particles, like the aerody-10

namic method (Arya, 2001; Monteith and Unsworth, 2008) or the modified Bowen-ratio
method (Businger, 1986). During the last decade, however, the eddy-covariance tech-
nique has become applicable for aerosol particles and a selected number of trace
gases – particularly, nitrous oxide (N2O), methane (CH4), ozone (O3), nitric oxide (NO)
and nitrogen dioxide (NO2) (e.g. Rummel et al., 2002; Güsten and Heinrich, 1996; Horii15

et al., 2004; Pryor et al., 2007; Griffith et al., 2002).
Concepts of micrometeorological measurements, focusing on the exchange of en-

ergy and carbon dioxide in and above tall vegetation, have already been formulated in
such a way that related phenomena like advection (Aubinet et al., 2003; Lee, 1998),
roughness sublayer and mixing layers (Finnigan, 2000; Raupach et al., 1996), as well20

as coherent structures (Collineau and Brunet, 1993a, b) could be detected. However,
better understanding of turbulence structures in and above forest canopies require the
investigation of coherent structures in greater detail. Furthermore, as shown by Rau-
pach (1981) and Bergström and Högström (1989), coherent events of low frequency
contribute significantly to the budgets of momentum, heat and trace substances in and25

above forest canopies.
While the eddy-covariance flux measuring technique is relevant and state-of-the-

art for intensive investigations of fluxes of energy and trace substances in and above
forest canopies, the corresponding flux methodology still needs better understanding
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(Aubinet et al., 2000; Moncrieff et al., 1997). It soon became obvious that the concept of
a flux through an interface had to be replaced by a flux through a volume element; con-
sequently, (3-D) advection became a substantial problem (Aubinet et al., 2003; Lee,
1998; Paw U et al., 2000). Though this problem could not be solved satisfactorily
(Aubinet, 2008; Aubinet et al., 2010), advection-related field experiments performed to5

date have supported our understanding of forest ecosystems.
Forest canopies as well as forest soils absorb and/or emit carbon dioxide, water

vapour and a variety of non-reactive and reactive trace substances (e.g. SO2, N2O,
CH4, VOC, O3, NO, NO2, HONO, HNO3, NH3), and corresponding aerosol compounds
(SO2−

4 ,NH+
4 , NO−

2 , NO−
3 ). Canopy uptake of air pollutants (SO2, O3, NO, NO2, NH3,10

NH+
4 ) and acidic compounds (H2SO4, HONO, HNO3, SO2−

4 , NO−
3 ) is a known and long-

standing issue of air pollution control and forest dieback. However, the ability of forest
canopies to absorb trace gases, which are biogenically emitted by plants and/or by the
soil below, became recently known to be an important aspect of atmospheric budgets
of trace substances (cf. Ganzeveld et al., 2002). In the case of soil CO2 respiration15

and soil biogenic NO emission, considerable amounts of these trace gases can be
(re-)absorbed by understory and/or forest canopy vegetation before they can escape
the forest into atmospheric surface and boundary layers, and finally into the free tropo-
sphere (Vogel, 1978). Generally, the amount of absorbed/escaping trace gases is con-
trolled (a) by physiological and/or surface characteristics of forest vegetation and soils,20

and (b) by the interaction of turbulent transport (in and above canopy) with processes of
the gas exchange itself and atmospheric transformations of chemically reactive trace
compounds. The latter issue can be focused on the question of coupling, namely
how strongly is the entire forest atmosphere (or parts of it) coupled to (or de-coupled
from) the surface layer above the canopy. This has substantial consequences for the25

mean residence time (hence, the in-canopy recycling) of trace compounds (cf. Aubinet
et al., 2003; Meixner et al., 2003). Low coupling (de-coupled) situations, resulting in
longer residence times, generally favor the efficiency of reactions and transformations
between chemically reactive trace gases (e.g. triads of NO-NO2-O3 and HNO3-NH3-
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NH4NO3,aerosol). For example, once NO is emitted from the forest soil, it is oxidized by
O3 (imported from aloft) to NO2, which may undergo reverse photo-dissociation. Char-
acteristic time scales of both reactions are in the order of minutes and might be in the
same order as, or even faster than, characteristic time scales for in-canopy transport
(cf. Gut et al., 2002). Consequently, 100 % of the soil biogenic NO can easily be con-5

verted to NO2 close to the forest floor, since shading reduces photolysis of NO2 there
(Meixner et al., 2003). To a certain extent, the generated NO2 is deposited to soil and
vegetation surfaces over the whole depth of the canopy and only a fraction of the soil
emitted NO (in form of NO2) will escape to the surface layer above the canopy.

For the investigation of in-canopy storage, canopy cycling, and whole ecosystem10

exchange of reactive trace gases, measurements of vertical profiles of concentrations
and fluxes are essential. While methodologies to measure vertical concentration pro-
files for NO, NO2, O3, NH3, HONO, HNO3 (NH+

4 , NO−
3 ) are state-of-the-art (cf. Trebs et

al., 2004), flux measurements of these compounds by the eddy covariance technique
have been (and still are) hampered by the unavailability of fast and specific chemical15

sensors. However, Rummel et al. (2002) have demonstrated operational eddy covari-
ance flux measurements of NO by applying a specific and fast chemiluminescence
analyzers. Horii et al. (2004) applied operational eddy covariance flux measurements
of NO and NOx over a temperate deciduous forest, and recently Farmer et al. (2006)
presented a thermal-dissociation laser-induced fluorescence method to perform fast20

(EC) measurements for fluxes of HNO3, Σalkyl nitrates, Σperoxy nitrates, and NO2.
Against this background the authors joined forces to study diel cycles of energy, wa-

ter, non-reactive and reactive trace compounds in the soil–vegetation–boundary layer-
system. In the frame of the project “ExchanGE processes in mountainous Regions
(EGER)” joint field experiments focusing on the micrometeorology and the behaviour25

of trace compounds of a spruce-forest site have been performed at the FLUXNET site
DE-Bay (Waldstein-Weidenbrunnen) in the Fichtelgebirge mountains (Germany).

From the micrometeorological perspective, primary focus of our field studies was
the contribution of coherent structures to the transfer of energy, carbon dioxide,
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water vapour, and trace compounds at the Waldstein-Weidenbrunnen site. Our
previous investigations on atmosphere-forest ecosystem coupling at the Waldstein-
Weidenbrunnen site have been based on the mixing layer theory (Finnigan, 2000;
Raupach et al., 1996). Our first approach defined coupling in relation to character-
istic length scales of the distance between coherent eddies and the wind shearing5

(Wichura et al., 2004; Wichura, 2009). Later, a wavelet transform based technique
(Thomas and Foken, 2005, 2007b) has been used, which had been developed for the
WALDATEM-2003 experiment (Thomas and Foken, 2005, 2007b). There, the mean
temporal scales of coherent structures were estimated via the fitting of a normal Gaus-
sian distribution function to the probability density function of the results from the indi-10

vidual 30-min intervals. In 2003, Thomas et al. (2006) extended our research at the
Waldstein-Weidenbrunnen site by the first investigation of the boundary layer structure
over the forest with particular emphasis on coherent structures.

The rationale for both the experimental and modelling design of the EGER studies
was based on the analysis of the spatial and temporal scales of the relevant exchange15

processes in the forest atmosphere, plants and soil (see Sect. 2.4.1 for details). As
a first consequence, we limited the overall spatial scale of our experiment to some
100 m×100 m (“stand/plot scale”). The constraint on the temporal scales to be consid-
ered originates from the Damköhler number (Damköhler, 1940), a ratio of two particular
time scales, namely the characteristic turbulent transport time over the characteristic20

chemical reaction time. A Damköhler number (DA) less than unity indicates that turbu-
lent transport is faster than chemical reaction; for DA ≤ 0.1 reactive trace compounds
are considered to be treated as (quasi-)passive scalars.

While characteristic chemical reaction times simply result from ambient concen-
trations, reaction kinetics, (photo-) chemical constants (NO-NO2-O3), and thermody-25

namic equilibrium considerations (NH3-HNO3-NH4NO3), determination of the corre-
sponding spatial scale is more difficult. The characteristic turbulent transport time
is a measure of the intensity of turbulent transport. In the surface layer and un-
der near neutral conditions (cf. Wyngaard, 1982), it may be defined by roughness
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length, height above ground, and the ratio of the vertical velocity variance and the
friction velocity (Vilà-Guerau de Arellano, 2003). Mayer et al. (2011) present an alter-
native, stability-dependent definition of the turbulent transport, based on the gradient
approach. The questions of both definition and determination of characteristic trans-
port time scales (i.e. available volumes for chemical reactions) within the forest canopy5

remain open; here, we attempt to tackle the problem through investigation of coher-
ent structures and their effect on coupling of different layers within the canopy with the
surface layer above the canopy.

Concentrations of a variety of trace substances can only be measured by slow-
response analyzers, like the compounds of the NH3-HNO3-NH4NO3 triad (Trebs et10

al., 2004). Consequently, application of all kinds of gradient approaches (e.g. aero-
dynamic gradient method) is necessary to determine corresponding vertical turbulent
fluxes (cf. Thomas et al., 2009). However, over (aerodynamically rough) forest vege-
tation, the application of these methods is constrained to heights of about twice the
canopy height, because below this height the similarity laws may be considerably dis-15

turbed due to enhanced surface roughness of the forest. This layer is the so-called
roughness sublayer (Garratt, 1978, 1980; Raupach and Legg, 1984; Raupach et al.,
1980). In this layer weaker vertical gradients were found, but the turbulent transport
is very effective due to coherent structures in the mixed layer (Finnigan, 2000; Rau-
pach et al., 1996). To account for the impact of enhanced roughness, flux-gradient20

formulations are extended by including a further function, the so-called enhancement
factor (Raupach and Legg, 1984; Simpson et al., 1998); explicit functions were given
by Garratt (1992) and by Cellier and Brunet (1992). Recently, Harman and Finni-
gan (2007, 2008) presented a more sophisticated method to consider coherent struc-
tures in the mixing layer for the determination of momentum and scalar fluxes, featur-25

ing dependence on the mixing layer length scale. In our study, particular emphasis in
this direction is given to the application of the aerodynamic method to vertical gradi-
ents of the NH3-HNO3-NH4NO3 triad. As already mentioned above, turbulent fluxes of
carbon dioxide, water vapour and the NO-NO2-O3 triad have been measured by the
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eddy covariance technique, accompanied by careful analysis of all radiation and en-
ergy fluxes. To investigate horizontal in-canopy structures (advection), special setups
of carbon dioxide measurements have been designed.

In order to elucidate formation pathways of nitrous acid (HONO), an important
precursor of OH radicals in the lower troposphere, we included in- and above5

canopy measurements of HONO mixing ratio in our study. There is agree-
ment that in the absence of light the heterogeneous HONO formation (net reac-
tion: 2NO2 +H2O→HONO+HNO3) is the most important formation pathway, but the
mechanisms have not yet been clarified. The reduction of NO2 by organic species
might also be important under atmospheric conditions (Ammann et al., 2005; Gutzwiller10

et al., 2002). During daytime the main HONO sink is the photolysis HONO+hυ →
NO+OH. However, recent measurements showed that gas-phase formation and the
parameterized dark formation are too slow to explain measured HONO concentrations
during daytime, which are significantly higher than those calculated from the photosta-
tionary state (Kleffmann et al., 2005). An additional daytime source was postulated and15

described by a recent overview (Kleffmann, 2007). The forest canopy provides a large
surface for heterogeneous reactions as well as shading of below canopy space, result-
ing in different source and sink strengths above and below canopy. These differences,
mirrored in concentration differences, were analysed with respect to the coupling of the
forest and the air layer above the forest by coherent structures.20

In-canopy models FLAME (Berger et al., 2004; Inclan et al., 1996) and CACHE
(Stockwell and Forkel, 2002; Forkel et al., 2006) have already been tested at the
Waldstein-Weidenbrunnen site. Here, the modelling concept involves a 3-D model with
a nested structure (STANDFLUX, Falge et al., 1997, 2000) and a 1-D canopy-surface
layer model (ACASA, Pyles et al., 2000). The application of a higher order closure25

model like ACASA is necessary to overcome the counter-gradient problem and also to
model the probable influence of coherent structures.

We will present an overview of the EGER project, its design, the applied meth-
ods, and particularly of first results from both Intensive Observation Periods, namely
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September/October 2007 (IOP-1) and June/July 2008 (IOP-2). Concerning the latter,
we focussed our analysis on the coupling between the (above canopy) surface layer,
the canopy and the sub-canopy and its consequences for (a) the structure of the tur-
bulent exchange, (b) above canopy fluxes, as well as (c) concentration gradients of
non-reactive and reactive trace gases between the surface layer and the forest floor.5

2 Material and methods

2.1 Site description

As the research area for this study the Waldstein-Weidenbrunnen site (50◦08′31′′ N,
11◦52′01′′, 775 m a.s.l.) in the Fichtelgebirge Mountains (Germany) was selected. It is
located in the Lehstenbach catchment in NE Bavaria (Germany), a research area of the10

Bayreuth Center of Ecology and Environmental Research (BayCEER). It is a FLUXNET
(Baldocchi et al., 2001) site (DE-Bay) with carbon-dioxide flux measurement above the
spruce forest since 1996 and intensive ecological and meteorological studies in this
area (Matzner, 2004). The site is located NW of the upper EGER river valley (Fig. 1).

The site rates as one of the best of the European FLUXNET sites in terms of data15

quality. Regarding footprint classification, it is one of the good sites with more than 85 %
of the flux originating from the target area “spruce”, with the remainder comprising ar-
eas of the clearing and some of the quarry (Göckede et al., 2008). It is an extensively
investigated location with the good logistical conditions. At Waldstein-Weidenbrunnen,
CarboEurope quality control tools have been developed. This included the use of20

Waldstein-Weidenbrunnen data sets for the comparison of eddy-covariance software
(Mauder et al., 2008) and the test of the footprint classification scheme (Göckede et
al., 2004, 2006, 2008; Rebmann et al., 2005). Many experimental efforts of the Uni-
versity of Bayreuth have been realized at our site, particularly a comprehensive mi-
crometeorological experiment in 2003 (Thomas and Foken, 2007a), as well as the25

BEWA 2001 and 2002 field experiments (Klemm et al., 2006). The measurements for
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many parameters of the FLUXNET data set started between 1992 and 1996 (Reb-
mann et al., 2004). Meanwhile, the Waldstein-Weidenbrunnen FLUXNET data set has
been used in several publications and is partly available in the so-called La Thuile
data set (http://www.fluxdata.org/). More detailed information of the site can be found
in Gerstberger et al. (2004), recently updated by Staudt and Foken (2007) within the5

EGER project.
The dominating trees are Norway Spruce (Picea abies) with a canopy height of

25 m in 2008. Biometric data of the trees have been obtained by measurements of
tree circumferences, tree positions (Forest Laser, Criterion Survey Laser Series 400,
Laser Technology Inc., USA), and tree heights and crown lengths (inclinometer, Su-10

unto, Finland). Horizontal distribution of Plant Area Index (PAI) was measured with
two optical area meters (Plant Canopy Analyzer, LAI2000, LiCor, USA). This site in-
ventory, available for the fenced area of the Waldstein-Weidenbrunnen site (1.3 ha),
was used for the parameterization of the 3-D STANDFLUX model. The plant area
index is 5.6±2.1 m2 m−2 for the overstory trees (average and standard deviation of15

532 measurements within the fenced area). The measured PAI was converted to LAI
(4.8 m2 m−2) and SAI (0.8 m2 m−2) using allometric relations from inventory data gath-
ered during IOP-1 and IOP-2 at the site. Two thirds of the fenced ground area is
covered with bare litter or understory composed of mainly Deschampsia flexuosa and
mosses, with an LAI of 0.5 m2 m−2 and less. In the remaining third, open places with20

frequent sun spots are covered with Picea abies and Vaccinium myrtillus, with under-
story PAI of 3.5 m2 m−2. The average vertical profile of the plant area index is given in
Fig. 2 (average from 5 profile measurements).

Based on the PAI profile (Fig. 2), the turbulence structure within the Waldstein-
Weidenbrunnen forest site appears to be similar to those observed at other sites:25

there, the measures of integral turbulence characteristics (σu/u∗, σv /u∗, σw /u∗; stan-
dard deviations of the horizontal, u, v , and vertical, w, wind components; u∗: friction
velocity) typically decrease from their values observed in the surface layer (above the
canopy=100 %) to values between 15 and 40 % at 2 m above ground (Fig. 3, Amiro,
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1990; Raupach et al., 1996). Inside the forest (z < hc; z: height; hc: canopy height) the
parameterization proposed by Rannik et al. (2003) is nearly fulfilled (see Appendix A),
which was used in the footprint model for the Waldstein-Weidenbrunnen site (Göckede
et al., 2006).

Since 1994, meteorological data have been monitored at a clearing (Waldstein-5

Pflanzgarten, 50◦08′35′′ N, 11◦51′49′′ E, 765 m a.s.l.) about 200 m west of the
Waldstein-Weidenbrunnen site. Corresponding climate data are given in Table 1, com-
plemented by recent climatic trends. According to this classification, the Fichtelgebirge
Mountains are located in the transition zone from maritime to continental climates.
Since 1985 there has also been continuous monitoring of ambient O3, NO, NO2 and10

sulphur dioxide (SO2) concentrations at the Waldstein-Pflanzgarten site (up to 1993
station Wülfersreuth of the Bavarian Environment Agency). Since 1985, median an-
nual O3 concentrations have ranged between 20 and 30 ppb, and median annual NOx
(= NO+NO2) concentrations between 2 and 5 ppb. Those of sulphur dioxide have,
since 1995, been less than 1 ppb (Foken, 2003; Lüers et al., 2009).15

On 18 January 2007, shortly after the start of the EGER project the “hurricane like”
low pressure system “Kyrill” destroyed large forested areas south of the Waldstein-
Weidenbrunnen site (Fig. 4). Results of a footprint analysis performed for the condi-
tions after “Kyrill” (Siebicke, 2008) are shown in Fig. 5, indicating that “Kyrill” related
clearcuts are outside of the major footprint area. It can be assumed that the footprint20

of the target area “spruce” of Waldstein-Weidenbrunnen is not significantly affected.

2.2 Intensive Observation Periods (IOPs) of the EGER project

The first Intensive Observation Period (IOP-1) of the EGER project at the Waldstein-
Weidenbrunnen site took place in September and October 2007, the second in June
and July 2008 (IOP-2). Mainly wet autumn weather conditions characterized IOP-1,25

while sunny summer weather conditions with scattered showers prevailed during IOP-
2. An overview of the meteorological conditions and ambient O3, NO, NO2, and SO2
concentrations is given in Tables 2 and 3. Wet deposition of the ionic components of
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rain (in mg m−2), integrated over the entire time period of IOP-1 and IOP-2, was found
to be typical for the region. Highest wet deposition rates were observed in the rain
fall just after the “Golden Days” of IOP-1 and during the heavy rainfall on 3 July 2008
(IOP-2), respectively. Average O3, NO, NO2, and SO2 concentrations, observed at
31 m (a.gr.) at the main tower were within the typical range of the long-term data (mon-5

itored at the Waldstein-Pflanzgarten site (3 m a.gr.). During IOP-2, maximum SO2 and
NO2 concentrations (10.8 ppb and 15.1 ppb, respectively) occurred on 9 June 2008,
when easterly air masses have reached our site from the industrialized regions of the
Czech Republic.

Within the scope of this overview paper, we have selected for each IOP a so-called10

“Golden Days” period to present some of our results: 20 to 24 September 2007 (IOP-1)
and 28 June to 2 July 2008 (IOP-2), respectively. These periods were characterized
by high radiation, no precipitation and hardly any clouds (to emphasize photochemical
aspects of our studies). The “Golden Days” period of IOP-2 was warmer and drier than
that of IOP-1, with higher air and soil temperatures, higher maximum water vapour15

pressure deficits and lower soil moistures. Wind speeds were moderate and compara-
ble for both “Golden Days” periods. While the year 2007 was the warmest in the region
since permanent weather observations have started in Bayreuth (1850), the summer
2007 was warm but not extreme. IOP-1, starting just at the end of summer 2007,
was always under influence of cyclonic conditions and it was only during the “Golden20

Days” that the anticyclone “Katrin” dominated Central Europe. From 18 June 2008 on-
ward, IOP-2 (in the beginning cold and cyclonic) experienced warmer air, which was
bordering colder air masses to the north. Under these warm and cyclonic conditions,
thunderstorms passed through the Fichtelgebirge region including our site on 25 June
(8.5 mm, 15:10–16:50 CET). The IOP-2 “Golden Days” period, starting on 28 June, was25

characterized by dry summer weather, not dominated by an anticyclone, and ended on
3 July with the cyclone “Renate” (44.1 mm of rain). Up to the end of IOP-2 cyclonic
conditions (with some showers) returned.
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2.3 Measurements

2.3.1 General set-up of towers and instrumentation

The so-called “main tower” (31 m, walk-up type) of the Waldstein-Weidenbrunnen site
(see Fig. 6a, Table 4) served for standard meteorological measurements (e.g. vertical
profiles of wind velocity, dry and wet bulb temperature) as well as for the measurements5

of vertical profiles of trace gas concentrations and trace gas fluxes. An additional, 35 m
tall and slim tower for turbulence measurements was set up approx. 60 m south-east
of the “main tower” (see Fig. 6b). This action was aimed to increase the data quality
of micrometeorological in- and above canopy flux measurements in the footprint area
of the Waldstein-Weidenbrunnen spruce forest (canopy height 23–25 m). 60 m north-10

west of the “main tower” another walk-up tower (“bio-tower”) for plant physiological
measurements was installed (see Fig. 6c). Along the NE-SW slope (approx. 3◦) of the
site, where catabatic flows could be expected, five 2 m high masts, equipped with sonic
anemometers (not all masts) and intakes for CO2 concentration measurements, were
set up, while another six masts (identical instrumentation) were placed between the15

“bio-tower” and the “turbulence tower” perpendicular to the slope and along a small trail
(for more details see Serafimovich et al., 2008a, b). During IOP-1, turbulent fluxes were
measured at “main” and “turbulence” towers only; during IOP-2 a Modified Bowen-ratio
system (Liu and Foken, 2001) was installed at the clearing north-east of the “turbulence
tower” (50◦08′30.32′′ N, 11◦52′11.0′′ E, 780 m a.s.l.), close to the position of the mini-20

sodar, see Sect. 2.3.2).

2.3.2 Remote sensing measurements of the atmospheric boundary layer

In complex terrain like the Waldstein-Weidenbrunnen site, monitoring of the atmo-
spheric boundary layer’s structure became an important tool for interpretation of the
turbulent exchange data. For this monitoring a composite of several remote sensing25

instruments was used: a sodar/RASS and a mini-sodar system at the field site, a
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482 MHz-windprofiler of the German Meteorological Service about 25 km south of the
field site, and a 2D sonic anemometer at the top of the “main tower” (Table 5). Data
from the two sodar systems and the sonic anemometers at the “turbulence tower” were
also used to investigate coherent structures in both the canopy and the atmospheric
boundary layer (Thomas et al., 2006).5

2.3.3 Measurements of turbulent fluxes

As shown in Table 6, six levels of the “turbulence tower” and up to four levels of the
“main tower” have been equipped with 3D sonic anemometers, most of them also with
fast-response open-path CO2 and H2O analyzers, some of them with fast-response O3
analyzers, and one level (IOP-2) with the intake for fast-response measurements of10

NO and NO2 concentrations. The EUROFLUX methodology (Aubinet et al., 2000) and
recent updates of the TK2 software (Mauder and Foken, 2004; Mauder et al., 2008)
provided the basis of all calculations for the turbulent fluxes of momentum, sensible
heat, latent heat, CO2, O3, NO, and NO2. Furthermore, all flux measurements for
the Waldstein-Weidenbrunnen site were footprint controlled (Foken and Leclerc, 2004;15

Göckede et al., 2004, 2006) and data quality checked (Foken and Wichura, 1996;
Foken et al., 2004). The coordinate system for all 3-D wind measurements was chosen
parallel to the stream lines using the planar-fit method (Wilczak et al., 2001). This was
also the basis for determining advection through adaptation of the concept by Aubinet
et al. (2003).20

During IOP-1, only the turbulent O3 flux was measured, but during IOP-2 turbu-
lent fluxes of NO, NO2, and O3 were measured using eddy-covariance systems. In
case of NO and NO2, high frequency (5 Hz) time series of NO and NO2 concentra-
tions were recorded with a specialized, fast-response, state-of-the-art, high precision
2-channel NO-NO2 chemiluminescence analyzer (model CLD 790SR-2, Ecophysics,25

Switzerland). While one channel was used for the direct measurement of the NO con-
centration, the measurement of the NO2 concentration was indirect, following high effi-
ciency conversion of NO2 to NO (through two up-stream solid state blue light converters
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in series) and consecutive NO detection in the second channel of the chemilumines-
cence analyzer. To maintain continuous time series of the fast-response NO and NO2
measurements, NO and NO2 signals have not been calibrated on-line; instead, they
have been related to NO and NO2 concentrations which were measured side-by-side
by slow-response NO-NO2 chemiluminescence analyzers (see Sect. 2.3.3). During5

IOP-1 and IOP-2, these analyzers revealed detection limits (3σ-definition) ranging be-
tween 0.05–0.12 ppb (NO) and 0.22–0.76 ppb (NO2), respectively; data found to be
below the limit of detection have been discarded. A sonic anemometer (CSAT3, Camp-
bell Scientific Inc., USA) was used to measure fluctuations of the 3-D wind velocities at
20 Hz. A 53 m long insulated bundle containing the Teflon inlet tubes, tube heating as10

well as interface cables from the data logger ran from the top of the “main tower” to the
analyzer and control computers in a nearby air-conditioned shelter (container). In the
case of O3, high frequency (20 Hz) time series of O3 concentration were recorded by
fast-response solid-phase chemiluminescence analyzers (Güsten and Heinrich, 1996)
designed by different manufacturers (s. Table 6). Sonic anemometers were deployed15

next to the O3 analyzers (s. Table 6). Combining the signals of 3-D wind velocity fluc-
tuations with those from the fast-response O3-analyzers provided turbulent O3 fluxes
above (IOP-1, IOP-2) and, within (IOP-2), the Waldstein-Weidenbrunnen spruce forest.
Solid-phase chemiluminescence analyzers provide O3 concentration only in relative
units (voltage), and the analyzers’ sensitivity is not temporally constant (due to the influ-20

ence of relative humidity on the chemiluminescent dye). However, absolute O3 concen-
trations were simultaneously measured side-by-side each fast-response O3-analyzer
by UV-absorption based ozone analyzers (see Sect. 2.3.3). Based on these data, fast-
response O3 signals could be converted to O3 concentration and hence, after applying
the above mentioned procedures for correction and quality check of eddy-covariance25

measurements, the turbulent O3-fluxes and deposition velocities were calculated.
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2.3.4 Profile measurements

Measurements of the vertical profiles of wind speed and dry and wet bulb temper-
atures are part of a standard and continuously running monitoring programme at
the Waldstein-Weidenbrunnen site (www.bayceer.de). Cup anemometers, character-
ized by low distance constant (approx. 3 m), and Frankenberger type psychrometer5

(Frankenberger, 1951), all equipped with high precision sensors, have been mounted
at different levels along the “main tower” (s. Table 7). During both IOPs, these sen-
sors (system I, see Table 7) have been amended by additional wind speed sensors
(A100ML, Vector Instr., UK) and home-built, thermocouple-based psychrometers (sys-
tem II, see Table 7).10

Along the “main tower”, vertical profiles of CO2, H2O, NO, NO2, and O3 concentra-
tions were measured at nine (IOP-1) and eleven (IOP-2) levels, respectively (see Ta-
ble 7). Due to the limited absolute accuracy (but generally much better precision) of the
trace gas analyzers, concentrations from different levels have been measured sequen-
tially by one set of analyzers in order to resolve even small vertical differences of con-15

centrations. To keep the time period required to “scan” the full profile short (<30 min),
two identical but independently operating sets of analyzers have been deployed. One
set was applied to levels of the upper part of the profile (>24 m, IOP-1; >16.5 m, IOP-
2), the other set for the lower levels of the profile (i.e. within canopy and particularly
close to the soil–trunk space interface). Both sets of analyzers had overlapping levels20

(24 m, IOP-1; 16.5 m, IOP-2), where concentration measurements (from side-by-side
intakes) provided a continuous data set to cross-check (and to correct) for system-
atic offsets. Ambient air was drawn from the different intake levels through heated
and insulated PTFE-tubing (4.1 mm inner diameter; opaque; length: 55 m each) into
an air-conditioned container (housing the two sets of analyzers) on the forest floor25

close to the “main tower”. All sampling lines were continuously purged, and the “ac-
tive” sampling line was sequentially switched between the different levels (switching
interval: 1.5 min). NO and NO2 concentrations were measured by 1-channel chemilu-
minescence analyzers (CLD TR780, Ecophysics, Switzerland). NO was detected first,
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then NO2, after the sampling air has passed a solid-state blue light converter (installed
upstream from the analyzer for species specific conversion of NO2 to NO). Detection
limits (3σ) for NO and NO2 during the experiments were <0.12 and <0.76 ppb, respec-
tively. Precision was <0.6 % (10 ppb NO) and <4 % (20 ppb NO2), respectively. For
measurements of O3 concentrations, UV absorption spectrometers (TEI 49c/I, Thermo5

Electron, USA) which had a precision <2 % were used. Concentrations of CO2 and wa-
ter vapour were measured by NDIR absorption analyzers (Li7000 and Li840, LI-COR
Biosiences, USA); corresponding precision was <0.2 % for both CO2 and H2O. All an-
alyzers were calibrated at least weekly, using certified CO2 standards (pressurized
cylinders), a dew point generator (Li-COR Biosiences, USA), and a certified NO stan-10

dard (5±0.09 ppm, Air Liquide, Germany) in combination with a gas-phase-titration
unit (model 146c, Thermo Electron, USA) to generate suitable concentrations of NO,
NO2, and O3.

During IOP-1, concentrations of the NH3-HNO3-NH4NO3 triad were measured at two
heights above the forest canopy using a novel wet chemical instrument, the GRAEGOR15

(GRadient of AErosols and Gases Online Registrator, Thomas et al., 2009). Gaseous
NH3 and HNO3 and particulate NH4NO3 constitute a thermodynamic equilibrium which
strongly depends on relative humidity and temperature as well as on aerosol compo-
sition, especially SO2−

4 concentrations (Mozurkewich, 1993; Nenes et al., 1998; Stel-
son and Seinfeld, 1982). GRAEGOR is capable of measuring the interacting species20

gaseous NH3 and HNO3 as well as particulate NH+
4 , NO−

3 , and SO2−
4 selectively and si-

multaneously at two different heights. For the first time, such highly time resolved mea-
surements of the complete triad were performed above a forest canopy. The instrument
was thoroughly characterised for its ability to resolve vertical concentration differences
above the forest (and a grassland site) for a range of atmospheric conditions (Wolff et25

al., 2010a). From the experimentally determined errors of the concentration differences
the resulting flux errors were estimated. For the Waldstein-Weidenbrunnen forest ex-
periment median instrumental flux errors were: 50 % (NH3), 38 % (HNO3), 57 % (NH+

4 ),
and 68 % (NO−

3 ), respectively (Wolff et al., 2010a).
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During both IOPs, ambient HONO mixing ratio were measured with a wet-chemical
instrument, the Long Path Absorption Photometer (LOPAP, Kleffmann et al., 2002; He-
land et al., 2001). This underlying technique offers a high temporal resolution (5–7 min)
and a very low detection limit of about 0.001 ppb. During IOP-1, we had set up two
LOPAP instruments, one close to the forest floor (0.5 m) and the other one just above5

the canopy (24.5 m). The data set provides valuable information to study potential
HONO formation processes on the different surfaces, which may be heterogeneous or
even photo-enhanced sources of HONO.

Though corresponding data are not reported here, it should be mentioned (for the
sake of completeness of the EGER overview) that the above-mentioned measurements10

of turbulent fluxes and vertical profiles were complemented by measurements of the
soil-atmosphere exchange of CO2, 220Rn, and 222Rn (static chamber), NO, NO2, and
O3 (dynamic chambers), measurements of the plant-atmosphere exchange of CO2,
H2O, NO, NO2, and O3 (dynamic branch/twig cuvettes), as well as by laboratory incu-
bation measurements of biogenic NO emission from soil samples taken from plots of15

the Waldstein-Weidenbrunnen site covered by different understory vegetation (moss,
grass, blueberries, young spruce, see Bargsten et al., 2010).

2.4 Scale and coupling analysis

As stated in the introduction, the experimental and also the modelling design of the
EGER studies was based on the analysis of the spatial and temporal scales of the20

relevant exchange processes in the forest, atmosphere, plants and soil. The temporal
scales were thereby compared with the characteristic chemical reaction time and the
time scales of coherent structures. Furthermore, the coupling between the atmosphere
and the canopy was taken into account. In the following the basics of these methods
of investigation are briefly presented.25
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2.4.1 The scale problem

The physical, chemical and biological processes controlling the exchange of energy
and trace substances are characterized by time scales extending from femto-seconds
(e.g. electron transport in chloroplasts), over several hours (e.g. horizontal advection),
to several years (climate, Beniston, 1998), and by spatial scales ranging from a few5

micrometers (e.g. reactions of heterogeneous chemistry) to the size of landscape ele-
ments (about 10×10 km2). Investigations of the EGER project are focussing on widely
overlapping scales (Jarvis, 1995) from contributions of the individual physical, chem-
ical and biological processes, whereas our measuring and modelling techniques are
related to specific scales.10

The extent of the scale problem is illustrated in Fig. 7, where spatial and tempo-
ral scales of atmospheric, biological, soil and chemical processes, which control the
exchange of energy and trace substances, are schematically shown. Within the en-
tire range of atmospheric processes (light blue squares, ranging from micro scale γ
to meso scale α, as defined by Orlanski, 1975), the scales concerning the exchange15

processes of energy, water, and trace substances comprise (i) turbulent transport in
canopies (white star), (ii) advection in canopies (white circle), (iii) turbulent transport
above canopies (white diamond), (iv) coherent structures in and above canopies (blue
double arrow), (v) footprint related turbulent fluxes (white square), and (vi) horizontal
advection at canopy top (white triangle). In Fig. 7, the typical scales of processes in20

plants (Schoonmaker, 1998), those in soil (Vogel and Roth, 2003), in the saturated
and unsaturated zone (Blöschl and Sivapalan, 1995) are shown by the brown framed,
spotted area. While there is a broad overlapping of the spatial and temporal scales
of plant and soil processes, there is only a marginal overlapping of these with the
scales of atmospheric processes; with increasing time scales, atmospheric processes25

separate more and more from plant and soil processes with regard to space. Not in-
cluded in Fig. 7 are spatio-temporal scales of the measuring techniques from plant
enclosures and soil chambers (a few tenths of square metres) to eddy-covariance data
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with a footprint up to some square kilometres. Remote sensing techniques have even
larger areas, depending on the height from where the signal originates. Note that
coherent structures have a significantlylarger length scale in the vertical than in the
horizontal direction, and time scales are also longer. This important issue was recently
underlined by Mahrt (2010) regarding the averaging technique for eddy-covariance5

measurements.
Gas-phase and heterogeneous reactions of relevant reactive trace gases (see reac-

tions 1–15 in Fig. 7) are only attributed to corresponding temporal scales (1/e reaction
times). These characteristic chemical time scales (see Dlugi, 1993) simply result from
ambient concentrations of the reaction partners, reaction kinetics or thermodynamic10

equilibrium considerations, and (photo-) chemical constants or variables. However,
most of the corresponding (photo-)chemical constants have been derived from labora-
tory experiments in well-mixed reaction chambers (see Atkinson et al., 2004). There-
fore, corresponding spatial scales (most likely <<1 mm) seem not to be relevant for
real atmospheric conditions, particularly not within tall canopies, where (strong) de-15

coupling by vertical thermodynamic stratification is (at least during night) more likely
than full coupling with the (above canopy) surface layer, or even complete turbulent
mixing throughout trunk and canopy spaces. The latter, however, is the prerequisite of
corresponding volume averaging of chemical processes, which is a volume averaging
of soil and plant processes – the basis of coupling of turbulent, soil, plant, and chemical20

processes.

2.4.2 The Damköhler number

As already mentioned in Sect. 1, the Damköhler number (DA) is the ratio of two par-
ticular time scales, namely the characteristic turbulent transport time (τturb) over the
characteristic chemical time scale (τchem):25

DA=
τturb

τchem
(1)
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Dominance of the turbulent transport over chemical reaction (hence, treating a trace
substance as “non-reactive” during transport through the forest or considering a trace
substance as “non-reactive” for “volume averaging”) is given, if DA ≤ 0.1. Defined by
the K-approach, the characteristic turbulent time scale, τ turb, may be computed from
the mean transfer velocity vt and the thickness ∆z of the layer being considered (Mayer5

et al., 2011)

τturb =
∆z
vt

(2)

The final expression for the time scales of turbulent trace gas transport thus reads:

τturb =
∆z2ϕH (ς) ·Sct

κ ·zm ·u∗
(3)

with ϕH the universal function for the heat exchange (also used for trace gases), ς=z/L10

with the Obukhov-length L, the von-Kármán-constant κ, the measuring height zm, the
turbulent Schmidt number Sct, and the friction velocity u∗. It should be stated that
Eq. (3) is only applicable under Monin-Obukhov similarity conditions.

Typical time scales for reactions of chemically reactive compounds are given in Fig. 7
(Reactions 1–15, see Dlugi, 1993). However, assuming reasonable vertical mixing and15

considering given (measured) concentrations of reaction partners, the characteristic
chemical reaction times can be calculated using (i) kinetic constants (Atkinson et al.,
2004), (ii) radiation fluxes for photolysis (e.g. for O3, NO2, and HONO), and (iii) known
thermodynamic quantities, NH3-HNO3-NH4NO3, (see Wolff et al., 2010b), respectively.
As in Mayer et al. (2011), in the following we consider for the chemical timescale (τchem)20

only the NO–NO2–O3 triad including the (photo-) chemical reactions O3 + NO→NO2 +

O2, characterized by the reaction coefficient k1 =1.40×10−12 exp−1310/T (see Atkinson
et al., 2004) and NO2 + hυ→NO+O3 (λ<420 nm, characterized by the NO2 photol-
ysis frequency j(NO2), which has been measured directly). The chemical destruction
of NO2 is then controlled by j(NO2) only and, in turn, the chemical production of NO25
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and O3. From simple reaction kinetics, the time scales for NO, NO2 and O3 are given
by τNO = (k1NO3)−1, τNO2 = (j(NO2)−1, and τO3 = (k1NNO)−1 (where NNO and NO3 repre-
sent the molecule number density of NO and O3). The overall chemical timescale of the
NO–NO2–O3 triad (τchem), a measure of the extent of chemical conversions (for com-
parison with the turbulent time scale τturb), has been formulated by Lenschow (1982):5

τchem =
2√

(j (NO))2+k2
1 (NO3

−NNO)+2k1j (NO2)(NO3
+NNO+2NNO2

)
(4)

2.4.3 Coupling between the atmosphere and the ecosystem

The coupling between the atmosphere and the canopy is related to the development of
the mixing layer, which for the Waldstein-Weidenbrunnen site has already been studied
in detail (Thomas and Foken, 2007a; Wichura, 2009; Wichura et al., 2004). For the10

Waldstein-Weidenbrunnen site the characteristic length scale of the mixing layer

LS =δw/2=
u(zB)

(∂u/∂z)z=zB

(5)

was found to be on the order of 7–8 m in day time and 6–7 m in night time except in the
SE sector where it was only 5 m. Therefore, with the wavelength of the initial Kelvin-
Helmholtz instability Λx a linear relation exists between both scales (Raupach et al.,15

1996)

Λx =m Ls, (6)

The coefficient m ranged from 7–10 and for the SE sector up to 16 (Thomas and
Foken, 2007a). This was found in 2003 for a canopy height of about 19 m. Following
the determination of the thickness of the roughness sublayer according to Verhoef et20

al. (1997) z∗= hc+cLs with c= 2...3, it follows for the Waldstein-Weidenbrunnen site
that approx. z∗ = 40 m and for the present canopy height about 50 m and in the SE
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sector even less. This is much lower than for other sites (Mölder et al., 1999), probably
because of the special location near a ridge.

The wavelength of the initial Kelvin-Helmholtz instability is also necessary to deter-
mine the flux contributed by coherent structures between different layers in the canopy
and atmosphere (Thomas and Foken, 2007b). Thereby the coherent structures were5

detected with a wavelet tool (Thomas and Foken, 2005). On this basis an exchange
classification was proposed, and a brief description is given for the five exchange
regimes:

Wave motion (Wa). The flow above the canopy is dominated by linear wave motion
rather than by turbulence (Thomas and Foken, 2007a; Cava et al., 2004).10

Decoupled canopy (Dc). The air above the canopy is decoupled from the canopy
and subcanopy.

Decoupled subcanopy (Ds). The atmosphere is coupled with the canopy, but
decoupled from the subcanopy. The region of coherent exchange is limited to the
canopy.15

Coupled subcanopy by sweeps (Cs). The exchange between the above-canopy
air and the subcanopy is forced by the strong sweep motion of coherent structures
only.

Fully coupled canopy (C). The atmosphere, the canopy and the subcanopy are in
a fully coupled state.20

2.5 Aerodynamic method and roughness sublayer

For many trace gases the use of the eddy-covariance technique is not yet feasible due
to the lack of fast response sensors. In our case for the GRAEGOR measurements
of gaseous NH3 and HNO3 and particulate NH4NO3 with a sampling time of 30 min
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(Wolff et al., 2010a) the application of the flux gradient similarity (Monin-Obukhov simi-
larity) was a useful tool. From integration of flux-gradient equations between two levels
follows the aerodynamic method for the trace gas flux (Foken, 2008b; Monteith and
Unsworth, 2008):

Fc =−
κ2(u2−u1)(c2−c1)

{ln[(z2−d )/(z1−d )]}2
(ΦmΦc)−1 (7)5

This equation was already formulated for the application above a canopy with the zero-
plane displacement height d . Furthermore, for the integrated universal functions Φm,c
the use of the universal function according to Businger et al. (1971) in the modification
by Högström (1988) is recommended (Foken, 2008b; Jacobson, 2005). The function
Φc already contains the turbulent Prandtl number (Foken, 2006) and therefore, with10

Pr t∼Sct, Eq. (7) was formulated without the turbulent Schmidt number.
According to the definition of the profile functions in the roughness sublayer, the

integrated universal function of the roughness sublayer must be included in the profile
function for scalars and momentum and therefore both must be included in Eq. (7).
While the integrated universal function for the roughness sublayer for momentum is15

known, this function is missing for scalars because of the lack of a suitable experimental
control.

Because of all these deficits a very pragmatic method was chosen for the application
of the aerodynamic method. The enhancement factor for scalars was assumed to be
1/ϕ∗

c(z/z∗)≈1.20

Instead of using an enhancement factor for momentum, the friction velocity was di-
rectly determined with eddy-covariance measurements at the relevant height of the
application of the aerodynamic method. With this assumption it follows for Eq. (7)

w ′c′ =−
κu∗(c2−c1)

ln[(z2−d )/(z1−d )]
Φ−1

c (8)

Therefore, an unknown error due to the enhancement factor for scalars must be as-25

sumed which underestimates the fluxes up to 30–60 %, if the enhancement factor for
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scalars is in the same order as that for the momentum exchange (Mölder et al., 1999).
On the other hand similar errors must be assumed for the universal function for scalars
and the turbulent Prandtl and Schmidt numbers (Högström, 1996). Probably the error
increases because the turbulent Prandtl number used by Högström (1988) was very
high (Foken, 2006).5

2.6 Modelling

The ACASA model (Advanced Canopy-Atmosphere-Soil Algorithm, Pyles, 2000; Pyles
et al., 2000) is a multi-layer model that incorporates a third-order closure method to
calculate turbulent transfer within and above the canopy (Meyers, 1985; Meyers and
Paw U, 1986, 1987). Such a higher order closure method overcomes the limitations of10

turbulence modules found within many stand-scale models that apply the flux-gradient
relationships (K-theory) within forest canopies (Denmead and Bradley, 1985; Shaw,
1977). Important features of the ACASA model are: long- and shortwave radiative
transfer within the canopy (Meyers, 1985), the calculation of leaf, stem and soil surface
temperatures using the fourth-order polynomial of Paw U and Gao (1988); plant phys-15

iological response to ambient conditions by the use of a combination of the Ball-Berry
stomatal conductance (Leuning, 1990; Collatz et al., 1991) and the Farquhar and von
Caemmerer (1982) photosynthesis equation following Su et al. (1996) and a soil mod-
ule adapted from MAPS (Mesoscale Analysis and Prediction System, Smirnova et al.,
1997, 2000)20

The model STANDFLUX (Falge et al., 1997, 2000) provides a framework for inte-
grating three-dimensional aspects of forest stand structure and light interception, one-
dimensional vertical aspects of stand microclimate, and gas exchange behaviour of
plant organs distributed throughout a forest stand. It consists of three nested compo-
nents with a leaf or branch gas exchange module at the innermost level (for needled25

portions of branches), a three-dimensional single-tree light interception and gas ex-
change module as the next step in the hierarchy, and a three-dimensional forest-stand
gas exchange model occupying the outermost shell. The model structure is designed
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for separate validation at each organizational level. Predicted net photosynthesis and
conductance of foliage elements (for spruce needled branch ends) can be compared
with dynamic cuvette gas exchange measurements and simulated single tree tran-
spiration results with xylem sap flow estimates, while stand level predictions may be
validated via eddy-covariance measurements.5

Results from measurements of a portable gas exchange system (GFS3000, Walz,
Effeltrich, Germany) enabled us to parameterize the response of needle CO2 and H2O
exchange under assorted micrometeorological factors during the field campaigns. Pa-
rameters for a leaf gas exchange model (Farquhar type) were derived, utilizing infor-
mation from both single factor dependencies on light, temperature, CO2 concentration,10

and relative humidity, and diurnal time course measurements of gas exchange.

3 Results and discussion

The following sections concentrate on two fair weather periods in both IOPs, namely
20–24 September 2007 (fall, DOY 263–267, IOP-1), and 29 June–2 July 2008 (sum-
mer, DOY 181–184, IOP-2). Both periods were characterized by high and nearly iden-15

tical radiation fluxes, no precipitation, hardly any clouds and very similar wind forcing.
This facilitates the comprehensive interpretation of our first results, particularly with
respect to photochemical aspects.

3.1 Roughness sublayer

The procedure used to characterize the roughness sublayer (described in Sect. 2.5)20

could not be realized for the Waldstein-Weidenbrunnen site, because none of the
EGER towers were tall enough to install a sufficient number of measurement levels be-
tween the top of the canopy (23–25 m a.gr.) and the roughness sublayer height z∗ (pre-
sumably >50 m a.gr.). Data from the sodar/RASS and the mini-sodar cannot be used
because their (large) footprint is not representative for the Waldstein-Weidenbrunnen25
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forest. Therefore, we preferred using the following alternative to derive the desired cor-
rection function ϕ∗(z/z∗). The function ϕ∗ has been determined from data obtained
during the recent field experiment COPS (Wulfmeyer et al., 2011), performed over a
growing maize field (for details see Eigenmann et al., 2009).

In Fig. 8 the results of the COPS experiment over maize are shown in comparison5

with the data from the Waldstein-Weidenbrunnen site (only in the range z/z∗ =0.41–
0.45) and the equations

ϕ∗(z/z∗)=exp[−0.7(1−z/z∗)] (9)

(Garratt, 1992) and

ϕ∗u = (
z
z∗

)η (10)10

(Cellier and Brunet, 1992). A strong dependence on the friction velocity was found, but
for moderate friction velocities up to 0.6 m s−1, Eq. (10) gives the best approximation
with η=0.6, which was also found by Mölder et al. (1999). A slight but not signifi-
cant dependence on stability was also recognised. The enhancement factor for the
momentum exchange at 31 m height is therefore approximately 1.6.15

Similar to other authors (Mölder et al., 1999), the number of measuring points and
the accuracy of the data were not adequate for the calculation of the universal function
of the roughness sublayer for scalars. For the temperature profile over the maize field
a linear relationship with η=1.0 was in agreement with Mölder et al. (1999). At the
forest site the scalars at a height of 23 m, at the top of the canopy, already showed20

an increased gradient to the top of the tower and no reduced gradient according to
the roughness sublayer assumption. Therefore, for scalars no additional enhancement
factor should be used (see Sect. 2.5).

3.2 Coherent structures – coupling between the atmosphere and canopy

The method described in Sect. 2.4.3 was also used to separate the flux into a Reynolds25

averaged flux and a flux transported by coherent structures (upper panel in Fig. 9). It
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was found that momentum and sensible heat transport by coherent structures is domi-
nant in the canopy and carbon dioxide and latent heat transport by coherent structures
increases with height within the canopy and reaches a maximum at the upper canopy
level. The flux contribution of the ejection and sweep phase of coherent exchange were
also determined. The flux contribution of the ejection phase decreases with increas-5

ing height within the canopy and becomes dominant above the canopy level. The flux
fraction transported during the downward directed sweep phase increases with height
within the canopy and becomes the dominating exchange process at the upper canopy
level. Close to the ground surface in the subcanopy space, ejection and sweep phase
contribute equally to the flux transport. This issue is discussed in more detail by Ser-10

afimovich et al. (2011). Furthermore Fig. 9 shows the coupling classification and, for a
better understanding, also selected meteorological parameters and fluxes

Conditional sampling analysis shows a domination of coherent structure signatures
in vertical wind measurements (Fig. 10) with probable temporal scales in the range 10 s
to 40 s. The number of coherent structures detected at the turbulence tower is lowest15

directly under the crown (5 m) and higher in the trunk space and above the canopy
with a maximum at the canopy level. Most of the structures were found in the vertical
wind velocity followed by the temperature. There were more structures found in water
vapour flux than in carbon dioxide flux.

The analysis was extended to the lower boundary layer according to Thomas et20

al. (2006) using sodar measurements. To derive characteristics of coherent structures
from sodar/RASS individual soundings, data preparation and the wavelet analysis were
used. Due to the effect on the measurements of occasional environmental noise detec-
tion and discarding of erroneous data, gap filling and de-noising were applied (Cres-
centi, 1998; Miller and Rochwarger, 1970; Neff and Coulter, 1986). In a first step,25

the data were filtered using the error flag output by the sodar/RASS system. As a next
step, a quality control described in Thomas et al. (2006) was applied. An example of the
spectra of wavelet variance for different observation levels is presented in Fig. 11. The
data for the lower observation heights exhibit the first maximum at ∼30 sec, whereas
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the observation levels above show the stronger maximum at ∼50–60 sec.
The classification of the coupling was used in the following sections for a better

understanding of the chemical processes. The first analysis showed that the attribution
of coupling states into the classes C and Cs as well as W and Dc is difficult. Therefore
the coupling classes C/Cs and W/Dc were combined to show a more significant picture5

of the results. First the statistics of the coupling classes is shown in Fig. 12 for both
IOPs.

The typical difference between IOP 1 and 2 is the domination of class W/Dc in the
autumn IOP-1 whereas in the summer IOP 2 in the same hours the case Ds is dom-
inating. But the cases of well coupled situations are not significantly different for both10

IOPs. The typical asymmetry in the stability with stronger unstable situations in the
morning, already stable situations in the afternoon and the strongest stable situation in
the first half of the night can easily be seen in the distribution of the coupling classes as
well (see Fig. 9). Obviously, IOP 2 shows an oasis effect (necessary energy of evapo-
ration is on the cost of sensible heat flux, see Stull, 1988) with a stronger decoupling15

already in the hours 15–18 which is usually expected not to occur before the hours
18–21 (e.g. IOP-1). Situations with a good coupling were found in the nights of both
IOPs, probably connected with low-level jets and gravity waves (see Sect. 3.3).

The analysis of coherent structure was also used to apply a relaxed eddy accumu-
lation conditional sampling to determine the daytime soil respiration from turbulence20

measurements above the canopy. The method based on quadrant analysis (Shaw et
al., 1983) with regard to CO2 and water vapour contents can be used for identifying
the origin of CO2 fluxes (Scanlon and Albertson, 2001): this method was improved
for a practical application and applied for different canopies by Thomas et al. (2008).
However, for the dense Waldstein-Weidenbrunnen spruce forest corresponding results25

were not very satisfactory. Therefore the method was again tested during IOP-1 with
some site specific modification for the conditional sampling characteristics. For the
Waldstein-Weidenbrunnen satisfactory results were achieved leading to an integrated
five-day flux.
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In Serafimovich et al. (2011) the vertical coupling according to Fig. 9 was investigated
as well as the horizontal coupling between the small towers in the trunk space used for
advection investigation. This coupling concept was applied to advection investigations
(Siebicke, 2011). The coupling was found to be much stronger along this trail (no
understory) and not along the slope (understory up to 1 m height).5

Although advection is very important for the carbon balance of a forest (Finnigan,
2008), the problem posed by measurement of the advection has still not been solved.
The classical approach with a more or less steady-state flow through a volume ele-
ment was, in many experiments, unsuccessful (Aubinet et al., 2010; Aubinet, 2008;
Feigenwinter et al., 2008). This was also tested on the Waldstein-Weidenbrunnen site10

in 2003 and during both IOPs. Even very careful analysis of the data including a planar
fit analysis (Wilczak et al., 2001) adapted to the process could not make the necessary
progress. Therefore Siebicke (2011) tried to explain the measured horizontal carbon
dioxide gradients along both tower lines with the complicated structure of the canopy
and understory. He found significant correlations between the horizontal gradients,15

which were measured during IOP-2 with a high time resolution, and the duration and
intensity of coherent structures.

3.3 Influences of the atmospheric boundary layer

To understand influences of the dynamics of the atmospheric boundary layer on surface
exchange processes, information about the spatio-temporal behaviour of the boundary20

layer’s temperature and wind fields must be known. The two installed sodar systems
at the experimental site (see Sect. 2.3.2) showed a good agreement at those heights,
which are covered by both systems. Also, upper levels of sodar and windprofiler mea-
surements showed only very small differences. Therefore, the results of the three
systems were combined to make available a composite picture of the boundary layer25

structure.
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The specific aim of the investigation was the flow characteristics in the
roughness sublayer and potential influences of the clear-cut south of the
Waldstein-Weidenbrunnen site on trace gas fluxes. For stronger winds, the wind di-
rection of the entire boundary layer dominates down to the canopy level. In contrast,
Fig. 13 shows the influences of the clear cut on the wind field at the site. These situa-5

tions (cloudy conditions) are related to very small horizontal wind velocities above the
canopy and significantly lower vertical wind velocities (not shown). In general the main
wind directions – in the south-west sector – are nearly identical at 200 m (sodar) and
1050 m (windprofiler) heights. A strong SE component, coming up the Lehestenbach
valley, could occur as well, but only below 100 m at night.10

Furthermore, the low-level jets (LLJ) found in 2003 were investigated more carefully
and found to be similar to those in other studies (Banta et al., 2002). They were se-
lected when the wind velocity above and below the jet was at least 2 m s−1 lower (Stull,
1988) and the duration of the jet was longer than 90 min. An example of this is shown
in Fig. 14. The wind velocity of the jet was found to be above 10 m s−1 for about 6 h at15

a height of 300 m, decreasing up to 200 m. The wind direction of the jet was SE while
above the jet the wind direction moved from SE over S to W. In the jet the vertical wind
was negative. During IOP-1 LLJs were found on nine nights, mainly at about 150 m
height with a typical wind velocity of 9 m s−1. During the summer IOP-2 LLJs were
found on 11 nights but typically at 250 m height with about 10 m s−1.20

Low level jets have a significant influence on the night-time exchange of a forest.
Karipot et al. (2008, 2005) found that low-level jets enhance turbulence and mixing
close to the ground due to increased shear. CO2 fluxes are very small during calm
periods following early evening hours and large fluxes are observed corresponding to
the LLJ periods. The flux increases up to 9–15 µmol m−2 s−1, though the u∗ values25

increased only just above 0.2 m s−1. This is an indication that during intermittent tur-
bulent periods associated with features such as sporadic jets, high fluxes are possible
from the large fluctuations in the accumulated CO2, in phase with moderate vertical ve-
locity fluctuations. CO2-rich ejections from the canopy contribute more to the positive
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flux during weak-LLJ events. For the LLJ shown in Fig. 14 similar conditions (Karipot
et al., 2005, 2008) were found with an increase of the friction velocity and of the carbon
dioxide flux from 4 µmol m−2 s−1 to 8 µmol m−2 s−1.

The vertical distribution of the concentrations of NO, NO2, O3 and CO2 is shown in
Fig. 15 for the situation with the Low-Level-Jet (Fig. 14). Due to the increased shear a5

better mixing was found during the period with the LLJ between 02:00 and 08:00, with
a maximum at 04:00. The better mixing resulted – for all trace gases – in a reduction
of the accumulated concentrations near the surface (Fig. 15). In the early morning,
at approximately 04:00, when the LLJ occupied lower heights, the atmosphere close
to the surface is suddenly mixed with high NO2 concentrations, probably an outflow of10

the upper Eger river valley during easterly winds. However, this picture contains some
other features. The most impressive is the inflow of fresh air with low NO2 and high O3
between 22:00 and 24:00, connected with gravity wave influences. For high NO (and
(NO2) concentrations during the morning hours (06:00–12:00), see next Sect. 3.4.

3.4 Local advection of reactive trace gases15

Concerning the interpretation of fluxes and vertical concentration gradients of the re-
active NO-NO2-O3 triad, the Waldstein-Weidenbrunnen site shares a rather general
problem with any other site located in polluted, but also in rural areas: the proximity to
anthropogenic sources of NOx (industrial, domestic and/or traffic). Within the disper-
sion plume close to these sources, freshly emitted NO of high concentration (several20

hundreds of ppb) titrates ambient O3 and starts the formation of NO2. However, it de-
pends upon the day/night situation, on the actual boundary layer stability regime, and
above all on the distance of the site to the source, to what extent flux and concentration
gradient measurements will be biased by advection of high NO (or NO2) concentra-
tions. In the case of the Waldstein-Weidenbrunnen site, the unavoidable NO source25

consists of the nearby district road (HO18), characterized by a rather high traffic volume
of 2100 cars per day (working days). The nearest distance of HO18 to the site is about
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1.2 km. However, since main wind sectors of the site are SW to NW, and HO18 runs
west of the site from SSE to NNW, “advective disturbance” of desired homogeneous
concentration fields is more than likely. Exemplarily for the entire periods of IOP-1
and IOP-2, NO concentrations, measured with 5 Hz resolution (s. Sect. 2.3.2) above
the canopy (30 m a.gr.), have been averaged to 30 min means and are shown for the5

“Golden Days” period of IOP-2 in Fig. 16. NO concentrations are observed every day
to increase strongly at 06:00, reaching maximum values around 09:00, and to decline
to <0.1 ppb after noontime. The early morning increase can definitely be attributed to
the emission and subsequent accumulation of NO in the still existing shallow nocturnal
boundary layer over the site with the begin of the commuting traffic (to district capitals10

Hof and Bayreuth) which starts at 05:30–06:00. Until 09:00, high NO concentrations
(30 min averages) are associated with large standard deviations, indicating high vari-
ability and consequently low stationarity of NO concentrations. Although not shown
here, mean NO2 and O3 concentrations also reveal large standard deviations. Notice-
able growth of the daytime convective boundary layer (after 10:00) leads to substantial15

dilution of traffic emissions and consequently to much lower NO concentrations at the
site. Following our sodar/RASS measurements, the convective boundary layer at the
site is still present until 18:00–19:00; most likely for that reason, enhanced NO concen-
trations due to the return commuting traffic (16:00–19:00) could not be observed.

When enhanced NO concentrations from the district road arrive at any position of20

the forest edge, the actual surface layer flow will transport the NO from there to the
measurement site. This will lead, particularly for NO, to the generation of chemically
induced vertical concentration gradients. The wind speed at the forest floor is approx-
imately one order of magnitude lower than above the canopy. This, in turn, allows a
tenfold longer time for O3 to react with NO at the forest floor. The reaction product NO2,25

however, will be photolyzed back to NO above the canopy, while in the shadow at the
forest floor this reaction is at least strongly suppressed. Both effects lead at the mea-
surement site, finally, to noticeable differences of NO concentrations between above
canopy and forest floor. A clear example is shown in the upper panel of Fig. 15, where
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a vertical NO gradient (between 31.5 m and 0.9 m a.gr.) of ≥0.3 ppb was observed
during 08:00–10:00 (1 July 2008).

Since in the presence of strong horizontal advection and low stationarity of con-
centrations the interpretation of measured fluxes and/or vertical gradients in terms of
turbulent exchange is generally not meaningful, we omitted all NO, NO2, and O3 data5

measured between 06:00 and 12:00 CET from our analysis in Sects. 3.5.2, 3.5.3, and
3.6.2.

3.5 Trace gas fluxes

3.5.1 Time series

Trace gas fluxes which have been measured by eddy covariance technique are shown10

in Fig. 17 (IOP-1: left panels, a–c; IOP-2: right panels, a–e). They comprise fluxes of
water vapor (FH2O), carbon dioxide (FCO2

), ozone (FO3
), nitrogen dioxide (FNO2

), nitric
oxide (FNO), and the composites FOx

= FO3
+FNO2

and FNOx
= FNO +FNO2

. During the
selected fair-weather days, FH2O clearly followed diel variations of available energy and

H2O gradients; it was close to zero during night, and up to 200 W m−2 flux during15

day (Fig. 17a). Classic daily variations were found for FCO2
, featuring negative fluxes

during daytime (CO2 uptake by vegetation) and positive (respiration) fluxes during night
(Fig. 17 b). As expected, FO3

reflected during both IOPs the well-known O3 deposition
to forest vegetation and ground (Fig. 16c, black symbols), and FOx

followed closely
that of FO3

(Fig. 17 c, grey symbols) for the reason explained below (see Sect. 3.5.2).20

In contrast, FNO2
(measured during IOP-2 only) was mostly directed upwards, with

large fluxes during most of the daytime and smaller fluxes during night (Fig. 17d, right
panel). For NO, however, peaks of downward directed fluxes were determined during
the morning hours, whereas FNO was indistinguishable from zero for the rest of the day
and also during night-time (Fig. 17e, right panel).25

Data gaps in FNO and FNO2
were due to routine calibration. The flux of the chemically

conservative composite NOx showed a very similar pattern to that of FNO2
(Fig. 17d,
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right panel, grey symbols), with the exception of those time periods between 06:00 and
12:00 CET, when FNOx

was substantially lower than FNO2
(due to noticeable FNO < 0),

which in turn is most likely the result of advection induced, positive, strong vertical
gradients of NO concentration above the canopy. Otherwise, FNO2

≈FNOx
, because the

contribution of FNO to FNOx
is one order of magnitude lower than that of FNO2

. Therefore,5

both FNOx
and FOx

(the flux of the chemically conservative composite Ox =O3 +NO2),
and also the respective concentration differences, will not further be considered for the
analysis of fluxes and concentration gradients vs. coupling stages (see Sects. 3.4.2
and 3.5.2).

During IOP-2, in the afternoon (12:00–18:00), turbulent NO2 fluxes measured10

by eddy-covariance technique at 31.5 m (a.gr.) ranged between + 0.5 and
+∼1.8 nmol m−2 s−1, i.e. the Waldstein-Weidenbrunnen spruce forest appeared as a
significant NO2 source during this time period. Without loss of generality, we may con-
sider this flux just as a net NO2 flux, namely as the result of a downward directed
deposition flux (NO2 uptake by spruce needles) and an upward directed flux (due to15

complete oxidation (NO+O3 → NO2 +O) of the NO, which is biogenically emitted from
forest soil). Ignoring potential (small) emission of NO2 from spruce needles (Lerdau et
al., 2000) and estimating the NO2 deposition flux to approx. −0.2 nmol m−2 s−1 (cf. Bre-
uninger et al., 2011), the corresponding biogenic NO flux from the forest soil should
then range between +0.3 and +1.6 nmol m−2 s−1. From the results of Bargsten et20

al. (2010), where soil samples of the Waldstein-Weidenbrunnen site were quantified for
their net potential NO soil emission, maximum soil NO emissions of +1.7 nmol m−2 s−1

were estimated for the conditions of IOP-2.
The fluxes of FNH4+,tot and FNO3−,tot are shown in Fig. 17 (left panels, d and e) and

were mostly directed downward to the forest canopy with pronounced diel variations.25

Wolff et al. (2010b) provide a detailed discussion about the magnitude of FNH4+,tot and
FNO3−,tot with respect to comparable previous studies reported so far. Turbulent time
scales (τturb, Eq. (2)) are also shown in Fig. 17 (panels f); they remained mostly below
50 s during both IOPs.
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For reasons given above (Sect. 3.4) those values have been removed from all those
data sets of measured fluxes (as well as concentration differences, time scales and
Damköhler numbers), which were obtained between 06:00–12:00 CET every day. The
remaining data have been classified two-fold: (a) by day- and night-time (defined by
time of sunrise and sunset, and (b) by corresponding coupling regimes Dc/Wa, Ds,5

Cs/C, and then summarized into box-and-whisker plots.

3.5.2 Influence of the coupling situations

All measured fluxes (as well as concentration differences, time scales and Damköhler
numbers) have been classified two-fold, (a) by day- and night-time (defined by time
of sunrise and sunset, and (b) by corresponding coupling regimes Dc/Wa, Ds, Cs/C,10

and then summarized into box-and-whisker plots. Figure 18 shows the results of clas-
sification (according to Wa/Dc, Ds, Cs/C coupling stages) of turbulent fluxes of water
vapor (FH2O), carbon dioxide (FCO2

), ozone (FO3
), nitrogen dioxide (FNO2

), nitric oxide
(FNO), total ammonium (FNH4+,tot), and total nitrate (FNO3−,tot). It has to be kept in mind,
that daytime temperature of the air (Tair) and relative humidity (rH) showed relatively15

similar medians and dispersion for the three different coupling regimes. In contrast,
daytime median and dispersion of global radiation data (Rg) were much lower during
the coupling regime Wa/Dc as compared to the decoupled subcanopy and fully coupled
stages, because of the low total number of data and the occurrence of daytime Wa/Dc
stages in early morning or late afternoon hours. As expected, night-time values of Tair,20

were lower, and night-time rH were higher than daytime data, and global radiation was
zero. Hence, a direct comparison of fluxes (and later concentration differences) for the
three coupling stages was only possible at night, or between the Ds and Cs/C stage,
as these major driving variables showed similar distributions over the investigated time
periods. Daytime fluxes of FH2O, FCO2

, FO3
, FNO2

, FNO, FNH4+,tot, and FNO3−,tot replicate25

the pattern described for global radiation, with less available energy during the Wa/Dc
stage compared to Ds and Cs/c stages. As a consequence, upward directed fluxes
(FH2O, FNO2

) are smaller during Wa/Dc, and downward directed fluxes (FCO2
, FO3

, FNO,
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FNH4+,tot, FNO3−,tot) are larger during Wa/Dc. While FH2O during night was close to zero
and showed small dispersions for all coupling stages and both IOP’s (Fig. 18a), FCO2

was positive for both IOPs during night (Fig. 18b). However, when comparing fluxes
of different coupling stages, they repeated the pattern of air temperature only in the
summer period (IOP-2): lowest medians in Wa/Dc were associated with lowest air tem-5

peratures (Fig. 17b, right panel). FO3
during night was more negative in the fall period

than in the summer period (Fig. 18c), even though air temperatures were higher (by
approx. 4 K) and relative humidity was lower (by approx. 12 %). During both IOPs,
night-time FO3

were approx. 50 % lower than daytime O3 fluxes, which is due to stom-
ata closing during night. However, FO3

6=0 during night points to a strong non-stomatal10

component of O3 uptake, as extensively described by Fowler et al. (2001). FNO2
(mea-

surements during IOP-2 only) showed small fluxes during night (Fig. 18d, right panel).
Here, the median during Wa/Dc was lower than those during Ds and Cs/C regimes.
However, FNO2

was always significantly > 0, indicating the strong (chemically induced)
NO2 source within the canopy (s. Sect. 3.4.1). During Ds and Cs/C conditions, FNO2

15

exceeded that NO2 flux where coupling was (very) low by a factor of approx. 10. This
strongly points to the fact that deep canopy mixing is necessary to export the soil emit-
ted NO from the forest floor into the above canopy surface layer (oxidized by O3 to NO2
in the first half meter above the forest floor, cf. Fig. 15, top panel).

For NO, night-time fluxes were indistinguishable from zero (Fig. 18e, right panel)20

and daytime NO fluxes were always negative. During night, zero NO fluxes are due
to stomata closure and due to the fact that the solubility of NO is extremely low, and
consequently NO hardly deposits to any vegetation elements. Small – but downward
directed – NO fluxes during day are most likely resulting from the fact that in the middle
of the forest canopy, usually the minimum of the vertical NO distribution is observed25

(cf. Fig. 15, top panel). This is due to long residence times which favor the nearly
complete reaction with O3 (being 10–100 times higher in concentration than NO). The
NO flux then simply follows the NO concentration gradient between above and mid-
canopy levels. Both FNH4+,tot and FNO3−,tot, which have only been measured during
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IOP-1 (Fig. 18d and e, left panels) showed small negative values, again with medians
during Wa/Dc closer to zero than those during Ds and Cs/C regimes.

3.5.3 The Damköhler number

Turbulent and chemical time scales, as well as Damköhler numbers, have been deter-
mined for the above – canopy layer only and all data obtained between 06:00–12:005

have not been considered (s. Sect. 3.4). During daytime, turbulent time scales (τturb)
showed a distinctive pattern of higher medians for the decoupled conditions (Wa/Dc),
when comparing different coupling stages (Fig. 19a, b). During night time a similar
pattern of higher medians during Wa/Dc conditions can be found (limited by availability
of data in certain classes). During IOP-1 and IOP-2, τturb was longer at night than10

at day for partly and fully coupled conditions. Chemical time scales (τchem), however,
were fairly constant when comparing different coupling stages separately for day or
night-time (Fig. 19 c, d), yet slightly longer at night. When comparing the fall period
(IOP-1, Fig. 19c) with the summer period (IOP-2, Fig. 19d), interquartile ranges of
τchem were wider during fall, and τchem was also longer than during the summer period.15

Given the relatively constant behavior of τchem, corresponding Damköhler numbers
(DA= τturb/τchem, Fig. 19e, f) reflect the daytime pattern already described for τ turb,
with higher medians for decoupled conditions (Wa/Dc). During night-time, medians are
still highest for Wa/Dc stages, but dispersion is widest for the Cs/C stages of the sum-
mer period. Only during partly or fully coupled summer daytime conditions does part of20

the interquartile range of Damköhler numbers fall below DA < 0.1 (i.e. where reactive
trace gases may also be treated as “passive tracers”). Damköhler numbers (Eq. 1),
given in Fig. 17g, reflected this pattern, because chemical time scales were relatively
constant during the time of our observations (data not shown).

Not surprising is that the turbulent time scales and Damköhler numbers for the cou-25

pling stages Ds and Cs/C are nearly identical. Both are determined above the canopy
under coupled situation but in the case of Ds the forest floor is, of course, decoupled.

Further research is necessary to investigate whether the use of the turbulent time
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scale derived by the gradient approach (Mayer et al., 2011) is the appropriate method
in cases when coherent structures dominate the flux (see Sect. 3.2). Therefore, co-
herent structures should also be detected below 10 s, which is the lowest indicated
duration for coherent structures with software used in this paper (Thomas and Foken,
2005). Consequently their duration time and the vertical scale of the structure should5

be used as the turbulent time scale for the Damköhler number. With such an approach
Damköhler numbers may even be significantly below 0.1.

3.6 Above-below canopy concentration differences

We have not pursued determination of in-canopy fluxes according to the classical gra-
dient approach simply for the fact that, particularly in the case of the strong influence10

of coherent structures, so-called “counter gradients” of meteorological quantities and
concentrations may exist throughout the canopy. Therefore, we confined ourselves to
typical concentration differences between the trunk space and the top of the canopy.
For that, we selected the measurement heights of 24 m (immediately above the canopy)
and 1 m (above the forest floor). The latter is, for reactive trace gases, no longer influ-15

enced by the strong concentration gradients within the first tens of centimeters above
the forest floor (see Fig. 15). For the investigation of vertical gradients (Sect. 3.6.2) all
data obtained between 06:00–12:00 have not been considered (see Sect. 3.4).

3.6.1 Time series

During both IOPs, H2O concentration differences (∆[H2O] = [H2O]24m - [H2O]0.9m) be-20

tween the 24 m (canopy top) and 0.9 m (above understory) levels were for most of
the daytime negative, and positive during summertime nights, confirming that we have
observed well-known fair weather in-canopy gradients with moister conditions below
the canopy compared to those above during day, and opposite gradients during night
(Fig. 20a). Most of the time, ∆[CO2]= [CO2]24m – [CO2]0.9m was negative, however,25
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during daytime it was close to zero; highest CO2 concentrations were found close to
the forest floor at night (Fig. 20b). As expected, ∆[O3]= [O3]24m – [O3]0.9m was pos-
itive during both IOPs, as well as during respective day- and night-times, reflecting
the well-known O3 deposition to ground and vegetation (Fig. 20 c, black symbols).
During the fall period (IOP-1), ∆[NO2]= [NO2]24m – [NO2]0.9m exhibits a small diurnal5

course (negative during daytime, positive or close to zero during night, Fig. 19d, left
panel, black symbols); during most of the summer period (IOP-2), ∆[NO2] was clearly
negative (see Fig. 20d, right panel, black symbols), once again indicating the already
mentioned strong source of NO2 within the canopy. Gradients of NOx (=NO2 +NO)
between 24 m and 0.9 m (Fig. 20d, grey symbols) show patterns very similar to those10

of NO2, and gradients of Ox (=O3 +NO2, Fig. 20c, grey symbols) follow closely those
of O3. The latter is due to O3 concentrations being one order of magnitude larger
than NO2 during the investigated time periods. Since the forest soil acts as a bio-
genic source of NO, ∆[NO]= [NO]24m – [NO]0.9m has actually been expected to be
negative (and presumably small). However, positive NO gradients, particularly in the15

morning hours (06:00–12:00 CET), confirm the advective impact of traffic related NO
sources (see Sect. 4.4), especially during IOP-1 (Fig. 20e, left panel), but still vis-
ible in IOP-2, too (Fig. 20e, right panel). Only for IOP-1 were gradients of HONO
(∆[HONO]= [HONO]24m – [HONO]0.9m) available (Sörgel et al., 2011). During many of
the daytime hours, ∆[HONO] was negative or close to zero, but positive during much20

of the night (Fig. 20f).

3.6.2 Influence of the coupling situations

For the following analysis, all data sets of measured concentration differences which
have been obtained between 06:00–12:00 CET every day have been removed (see
Sect. 4.3). During IOP-1, medians and interquartile ranges of H2O concentration differ-25

ences (∆[H2O] = [H2O]24m - [H2O]0.9m) between the 24 m and 0.9 m levels were always
negative, indicating moister conditions below the canopy. During IOP-2, night-time
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medians were positive, indicating drier below-canopy conditions compared to those
above, whereas during the day mostly opposite gradients were observed (Fig. 21a).

For ∆[CO2]= [CO2]24 – [CO2]0.9m, medians and interquartile ranges were negative
but were, however, closer to zero during the day than during night (Fig. 21b). During
daytime Wa/Dc regimes these negative CO2 gradients were largest, again possibly due5

Wa/Dc stages close to night-time, with more pronounced CO2 gradients between above
and below canopy. Medians and inter-quartile ranges of ∆[O3] were positive for both
periods, day- and night-time, and all coupling stages (Fig. 21c). However, during both
IOPs larger ∆[O3]’s were observed at night (medians >12 ppb) as compared to daytime
(medians <12 ppb). In the fall period (IOP-1), ∆ [NO2]= [NO2]24 – [NO2]0.9m was nega-10

tive during daytime for the Ds and Cs/C regimes, and positive or close to zero otherwise
(Fig. 21d, left panel); during IOP-2 (summer) medians and inter-quartile ranges were
clearly negative, with medians slightly more negative (up to −1.3 ppb) and larger inter-
quartile ranges at night (Fig. 21d, right panel). Small negative medians of ∆[NO] were
observed for most of the summer period (IOP-2) and during fall (IOP-1) at night-time15

hours (Fig. 21e). During hours where Ds and Cs/C prevailed, ∆ [HONO]= [HONO]24m
– [HONO]0.9m was negative during the daytime hours, and positive during much of the
night (Fig. 21f). Under Wa/Dc regimes, medians of ∆[HONO] change sign (day: neg-
ative, night: positive), but also show much wider dispersion as indicated by the large
inter-quartile range.20

Any trial to synthesize Figs. 17 and 21 based on the common flux/gradient relation-
ship F =−vex [m(z2) – m(z1)], for z2 >z1 are flawed because fluxes F were measured
in 32 m, while concentration differences ∆m were evaluated between 24 and 0.9 m.
Proportionality between the data shown in Fig. 17 (fluxes) and 21 (concentration differ-
ences) is therefore not expected. This may sound trivial at first glance, but has rather25

interesting implications. Comparing Figs. 17 and 21, it is very remarkable that during
IOP-1 and IOP-2 the signs of ∆m and F for the examined scalars (H2O, CO2, O3,
NO2, and NO) are always compatible under night-time conditions, and nearly always
correspond under daytime conditions. That is, negative ∆m concur with positive F , and
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positive ∆m concur with positive F.
However there are two exceptions: negative daytime FNO coincide with negative

∆[NO], and negative daytime FCO2
coincide with negative ∆[CO2], with the exception

of Wa/Ds stages in IOP-2 (7 values only). What distinguishes daytime CO2 and NO
from the other scalars and from night-time conditions? The answer lies within the5

“control volume” (i.e. between z = 0 m and z = 32 m) for a flux measured at z = 32 m.
Whereas for the sign-conforming cases (night-time conditions and daytime H2O, O3,
and NO2) the control volume contains either sources or sinks, for the non-conform
scalars (daytime CO2 and NO) the control volume contains both sources as well as
sinks for the respective scalar.10

For daytime CO2, the control volume contains CO2 sources from soil, trunk and
leaf respiration and the even stronger CO2 sink, i.e. the assimilation by green leaves
in understory and canopy. Hence, the mixture of biological sources and sinks within
the control volume distorts the conformity between flux and concentration differences.
This is completely different during the night, where the CO2 sink term “assimilation” is15

missing, only source terms remain, and signs of flux and ∆[CO2] are consistent again.
Now, for daytime NO, which is biogenically formed in the soil and emitted from the

soil surface to the forest atmosphere, there are no known biological sinks in the control
volume. However, most of the emitted NO is oxidized by ozone to NO2 in the first few
tenths of a meter above the forest floor, and a part obviously also still above the first20

meter. The typical “back reaction”, the photolysis of NO2 to O3 and NO, is suppressed,
since it is comparatively dark below/within the canopy or in the understory. Most of the
NO2 (the former NO) can leave the control volume at z= 32 m, because the uptake by
the needles is much lower than for O3 (Breuninger et al., 2011; Geßler et al., 2002).
Hence, in the case of NO, the mixture of mainly biological sources and mainly chemical25

sinks within the control volume is responsible for the non-conformity between flux and
concentration differences.
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In summary, the attempted – rather qualitative – synopsis of Figs. 17 and 21 made
evident a common problem of non-reactive as well as reactive trace gases, namely
that a mixture of source and sink terms in the control volume of a flux requires careful
assessment of primary sinks and sources, turbulence, and photochemical interactions.
Corresponding questions are the subject of ongoing analyses.5

Regarding the HONO mixing ratio, differences for Ds and Cs/C regimes are very
similar at daytime (slightly negative or close to zero), which can be attributed to the
photolytic sink above the forest and heterogeneous formation at the forest floor in the
late afternoon. At night time no clear result is possible due to the very limited number
of measurements. Sörgel et al. (2011) concluded that differences in source and sink10

processes in and above the forest canopy became obvious only for the decoupled
situations (Wa, Dc, Ds). Otherwise mixing ratio differences were close to zero. The
positive values during night could partly be attributed to advection of HONO rich air
above the canopy which only partly penetrated the canopy.

A more quantitative analysis of fluxes (or concentration differences) with respect to15

the coupling stages is, on the one hand, limited by the small number of data points
within some of the coupling stages (daytime Wa/Dc during IOP-1 and IOP-2, and night-
time Ds during IOP-1). On the other hand, and even more importantly, coupling stages
are subject to a typical diurnal and annual variation (see Fig. 12), and therefore super-
imposed with meteorological differences between the coupling stage categories (see20

Sect. 3.5.2). Differences in the magnitude of fluxes between the coupling stage classes
are therefore mainly due to differences in available energy, atmospheric demand or
available soil water (in the case of FH2O), and only partially influenced by the coupling
stage itself. Similarly, the magnitudes of FCO2

(or FO3
) may be modulated by the asso-

ciated coupling stages, but certainly are driven by radiation, temperature and humidity,25

which affect stomatal opening (or chemical conversions) and consequently deposition
velocities.
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3.7 Modelling of fluxes

For EGER IOP-1 campaign, latent heat exchange was analyzed with the three dimen-
sional microclimate and gas exchange model STANDFLUX (Falge et al., 1997, 2000),
and the one dimensional model ACASA (Pyles, 2000; Pyles et al., 2000). Both mod-
els were parameterized for the Waldstein-Weidenbrunnen site. Parameters common5

to both models included information on vertical leaf area distribution, and specific sets
of physiological parameters for top, middle, and bottom canopy leaf gas exchange.
STANDFLUX employed, in addition, horizontal leaf area distribution, tree positions
and tree sizes. Further information on model theory and setup is found in Staudt et
al. (2011). Latent heat exchange is modelled as the energy equivalent of the sum10

of evaporation from interception pools and upmost soil and litter layer, and tree and
understory transpiration.

Prerequisite of comparisons between measured and modeled energy fluxes is a
closed energy balance (Falge et al., 2005), because physical models are based on
energy balance closure. In former studies, a value of 77 % (Aubinet et al., 2000; Foken,15

2008a) was found according to

100 %−Res=
H+LE +G

Rn
·100 % (11)

with the net radiation Rn, the sensible heat flux H , the latent heat flux LE , the ground
heat flux G, and residual Res. In this study the heat storage was neglected. During
both IOPs similar values were found with approx. 80 % for both IOP’s (Fig. 22).20

Coupling state analysis of measured data and model predictions, based on Thomas
and Foken (2007a), complement traditional analyses of data-model comparisons.
Three coupling stages are distinguished: wave motion and decoupled canopy (code
Wa/Dc, n= 8 during daytime, n= 57 during night-time), decoupled subcanopy (code
Ds, n=28 during daytime, n=1 during night-time), coupled subcanopy by sweeps and25

entirely coupled (code Cs/C, n = 68 during daytime, n = 18 during night-time). The
use of coupling states demonstrates which turbulence stages are well represented and
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which are poorly represented by the model, and thus can serve as a diagnostic tool to
improve turbulence parameterizations. By visualizing the data with respect to coupling
stages, data-model mismatch at the different stages can be identified (see Fig. 23).

Figure 23 shows that for the daytime decoupled cases (Wa/Dc), both models largely
overestimated eddy-covariance measurements, probably resulting from the difficulties5

in performing eddy-covariance measurements under decoupled conditions. During
daytime, STANDFLUX underestimates the measured evapotranspiration, especially for
the Cs/C stage (Fig. 23a), when comparing the model results to the eddy covariance
data from the turbulence tower at 36 m (Staudt et al., 2011). The performance of
STANDFLUX improves when compared against eddy covariance data from the main10

tower at 32 m (data not shown), because the eddy covariance fluxes measured at
the main tower are lower than those measured at the turbulence tower (LE32m =0.92
LE36m – 8.8, r2 = 0.88, for 20–24 Septebmer 2007, and quality flags 1–6), potentially
because the two towers sample different footprints. ACASA gave slightly better re-
sults compared to the measured evapotranspiration at Ds, and Cs/C stage (Fig. 23b).15

However, ACASA underestimates canopy transpiration (Staudt et al., 2011); an over-
estimation of evapotranspiration implies therefore an overestimation of the evapora-
tion sources (soil and interception pool) by the model. For night-time conditions, both
models underestimated eddy-covariance measurements during all coupling stages.
Reasons for this underestimation might either originate in the models or the eddy-20

covariance measurements which might be underestimates themselves due to the lack
of energy balance closure, exacerbating the underestimation of the models even more.
Then again, the eddy-covariance estimates might be overestimating the uniform forest
below the tower due to the contribution of clearings to the flux footprint. These clear-
ings were found to act as a source of moisture and thus increase eddy-covariance esti-25

mates. The reasons for the modeled underestimation of eddy-covariance transpiration
measurements are different for the two models ACASA and STANDFLUX. Ecosystem
evapotranspiration modeled with the ACASA model agreed better with eddy-covariance
measurements (Fig. 23b), but partly for the wrong reason: an overestimation of soil and
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understory evapotranspiration with a constant offset of about 10 W m−2, compensated
the modeled canopy transpiration which was too low. In contrast, the STANDFLUX
model underestimated both, canopy transpiration and soil and understory evapotran-
spiration. However, it should be noted that, even though relative errors of the models
were large, absolute errors were only 8 W m−2 for ACASA and 10 W m−2 for STAND-5

FLUX during decoupled conditions, and 15 W m−2 for both models for coupled condi-
tions.

High variances are expected because the dynamic footprint always adds to the flux
variance at halfhourly time scales, that is, the eddy covariance method does not sample
the same patch all the time, whereas the model setup is static. In addition, the relative10

errors might show larger variances, because the models do not account for sweeps
and ejections or for the conditions of the W stage, where neither the assumptions for
the model nor for eddy covariance theory are fulfilled. In the stable canopy space
stimulation of gravity waves occurs at times (Cava et al., 2004; Lee et al., 1997). Under
certain conditions, such waves become nonlinear and lead to ejections from the canopy15

(Fitzjarrald and Moore, 1990). Because of difficulties in resolving the Reynolds mean,
effects of such singular events may be improperly calculated in a halfhourly eddy flux
record.

4 Conclusions and outlook

It was the aim of this study (i) to introduce the research project EGER (ExchanGE20

processes in mountainous Regions), (ii) to present an overview of its conceptual and
instrumental design, (iii) to describe the applied methods and multi-scale methodolo-
gies, (iv) to investigate site-specific meteorological and micrometeorological conditions
(i.e. forest roughness layer, coupling between surface layer and canopy, influence of
boundary layer features), and (v) to present first results of above canopy exchange25

fluxes and concentration differences (above canopy forest floor) of non-reactive and
reactive trace gases. The main results and findings are concluded as follows:
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– For the investigation of the in- and above-canopy exchange of energy, non-
reactive and reactive trace gases, the consistent application of the scale concept
(Fig. 7) is necessary, since the underlying soil, biological, chemical and (turbulent)
transport processes form a complex multi-scale problem.

– While the individual processes widely overlap in the temporal domain, there is5

a larger (chemical) or smaller (soil, biological) separation from the turbulent pro-
cesses regarding the spatial domain. Since for the exchange over tall vegetation
(forests) the concept of a flux through an interface has to be replaced by a flux
through a volume element, not only 3-D advection became a substantial problem.
Volume averaging, necessary to bridge the spatial scale gap between chemical10

and turbulent processes, is immediately confronted with the reactivity of trace
gases (e.g. is the (turbulent) transport through the canopy fast enough to allow
soil/plant emitted reactive traces gases to reach the surface layer unchanged?).
For the surface layer above the canopy, the ratio of the turbulent time scale over
the characteristic chemical time scale, the Damköhler number, seems to be the15

suitable measure to distinguish trace gases between “passive tracers” and those
compounds which will change their concentration significantly during turbulent
transport.

– According to Fig. 7, coherent structures do not always follow the typical scaling
system and this might increase turbulent mixing (Mahrt, 2010), which would con-20

sequently reduce the influence of fast chemical reactions to measured fluxes and
concentration differences. First analysis of EGER data sets has already shown
that the coupling concept (Thomas and Foken, 2007a) is without doubt a new
and substantial tool for the interpretation of above-canopy fluxes and concentra-
tion differences (above-canopy versus forest floor). But it seems meaningful that25

the more point-related approach of the turbulent time scale (necessary for the
calculation of the Damköhler number above the canopy) should be replaced by
the spatio-temporal scale of coherent structures, which is based on the coupling
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concept. At least, this is definitely necessary when the contribution of coherent
structures to vertical transport processes dominates (night time, see Figs. 18, 19
and 21).

– It was important to complete the experimental EGER studies by boundary-
layer profiling measurements, because boundary-layer phenomena also influence5

transport processes at the site scale. One of the most investigated phenomena
in this respect is that of low-level jets, which may re-distribute vertical concentra-
tion profiles (s. Fig. 15) and increase surface fluxes due to strong vertical shear.
Similar effects are caused by gravity waves. However, both phenomena are very
much related to site- specific conditions.10

– The analysis of the coherent structures and the coupling can be applied to an
even wider range than shown above. The method of the analysis of coherent
structures even offers the selection of sweeps and ejections in and above the
canopy. Serafimovich et al. (2011) have shown that coupling is not only a vertical
exchange effect but also a horizontal. This horizontal coupling depends substan-15

tially on the canopy structure, which may be represented by subcanopy density
and the PAI. Therefore a careful analysis of both quantities is essential. This was
applied by Siebicke (2011) to give a more general explanation of the night-time
in-canopy CO2-advection problem.

– By comparison the sign of fluxes and gradients, initially only for water vapor and20

carbon dioxide, the fluxes show the expected diurnal cycle and are widely similar
for all days. In contrast to this the gradients only follow these diurnal cycles for
some selected periods and show an irregular pattern. This is a strong indication
that the concentration measurements near the forest floor are decoupled from the
flux and concentration measurements above the canopy. Because the sign of25

the flux often disagrees with the direction of the gradient, typical counter gradient
fluxes occur (Denmead and Bradley, 1985). Further analysis of such situations
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needs indicators for a deeper analysis other than the forcing parameters wind
and radiation.

– The aerodynamic method of using concentration gradients (observed above the
canopy) for the determination of turbulent exchange fluxes can be applied to the
Waldstein-Weidenbrunnen site only within certain limits, simply because the trees5

are too high to develop a site-specific roughness-sublayer correction. Further-
more, as shown by Ruppert et al. (2006) for temperature, CO2 and H2O, the scalar
similarity is not fulfilled for all scalars and not in all spectral ranges. Although
not shown here, the application of the Modified Bowen-ratio method (Businger,
1986; Müller et al., 1993) to observed above canopy concentration gradients10

of the NO–NO2–O3 triad also failed due to insufficient significance of the (very
small) concentration differences. Nevertheless, the analysis of exchange fluxes
of the NH3–HNO3–NH4NO3 triad between the forest canopy and the atmosphere
was successful and indicated the importance of dry deposition of total ammonium
and total nitrate as an input of reactive nitrogen to the Waldstein-Weidenbrunnen15

ecosystem (Wolff et al., 2010b).

– Within EGER-IOP-2, one of the first eddy covariance data sets (over any ecosys-
tem) was obtained which consists of high resolution measurements of the com-
plete NO-NO2-O3 triad. Data have been quality assured by application of the
EUROFLUX methodology (Aubinet et al., 2000) and recent updates of the TK220

(latest version: TK3) software (Mauder and Foken, 2004; Mauder et al., 2008;
Mauder and Foken, 2011) and delivered significant NO, NO2 and O3fluxes over
the Waldstein-Weidenbrunnen spruce forest. However, a considerable part of flux
measurements might be biased by advection of traffic related NO from the nearby
district road. Nevertheless, the results confirm the picture of the exchange of the25

NO–NO2–O3triad over tall vegetation, which is to some extent “contrary” to that
observed over low vegetation (e.g. Mayer et al., 2011). While over low vegetation,
usually upward directed net NO fluxes (due to biogenic NO emission from soil)
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and downward directed net fluxes of NO2 and O3 (due to stomata uptake) are
observed, there are still downward net O3 fluxes over tall vegetation, but upward
net NO2 fluxes and downward net NO fluxes. Through a modelling study, Jacob
and Bakwin (1991) firstly provided an explanation for this behaviour, namely the
oxidation of soil emitted NO by O3 (from aloft) in the low turbulence regime of the5

trunk space, which was first experimentally confirmed by Meixner et al. (2003)
through measurements of net O3 and NO fluxes above and NO-NO2-O3 concen-
tration profiles within and above a Brazilian primary rainforest. As in the dense
rainforest, biogenic NO from the forest floor of the Waldstein-Weidenbrunnen site
is completely oxidized to NO2, most likely within the first half meter above the for-10

est floor, and escapes in form of NO2 to the surface layer above the canopy. First
quantification of the NO2 uptake by spruce needles (field measurements, EGER
IOP-2) allowed the estimate of the soil related contribution of the net NO2 flux
over the canopy which agrees well with the soil emitted NO flux (estimated from
laboratory measurements).15

– Classification of the above canopy net NO2 fluxes with respect to coupling stages
revealed 10-fold higher fluxes for fairly and fully coupled conditions (Ds, Cs/C),
compared to the de-coupled conditions (Wa/Dc). This is a very clear indication
that deep canopy mixing was necessary to export the soil emitted NO from the
forest floor into the surface layer above the canopy.20

– The diurnal evolution of HONO mixing ratio differences in and above the for-
est canopy could be well explained by the different source and sink processes
(e.g. photolysis, heterogeneous formation and advection) in combination with the
coupling regimes (Sörgel et al., 2011). During periods of complete coupling of the
forest to the atmosphere (C and Cs), mixing ratio differences were close to zero,25

despite large differences (factor 10 to 25) in the photolytic sink during daytime.
This was less obvious in the beginning of the dry period since HONO values were
still influenced by the previous rain period (wet surfaces, low mixing ratio levels).
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During night-time, higher values above canopy could be partly explained by ad-
vection of HONO rich air, whereas higher values below canopy in the afternoon
when the forest was decoupled (mostly Ds and later afternoon Dc and Wa) from
the atmosphere pointed to a local source at the forest floor. In summary, the
magnitude of the differences in mixing ratios above and below canopy were de-5

termined by the amount of vertical mixing, whereas the sign was determined by
different source or sink processes.

– Eddy-covariance measurements are, in combination with footprint and data qual-
ity analysis, a well established tool for flux investigation, not only above the forest
but also – in the case of developed turbulence – within the forest. This was shown10

not only with the measurements themselves but also in comparison with model
results (Staudt et al., 2011).

– Keeping the uncertainties of the measurements in mind, the performance of the
one-dimensional ACASA and the three-dimensional STANDFLUX models for wa-
ter exchange of the forest depends on the time of the day and the coupling condi-15

tions. Both models fall short of describing night-time evapotranspiration measure-
ments, yet there is a better performance of the third-order closure model ACASA
with an advanced representation of turbulence at night. Regardless of the individ-
ual model setup, i.e. three-dimensional versus one-dimensional representation of
the stand, both model performances improved considerably during daytime, par-20

ticularly for coupled and partly coupled situations.

Summarizing the first results of EGER, the combination of a scale (micrometeorolog-
ical) concept, based on detailed investigations of the structure of atmospheric turbu-
lence, and measurements of reactive and non-reactive trace gases showed interesting
and new results which could only be briefly covered in this study. Classification of25

(i) exchange fluxes observed above the canopy, (ii) turbulent and chemical time scales,
and (iii) concentration differences (above-canopy versus forest floor) according to cou-
pling stages, provides a powerful tool for qualitative (and most likely also quantitative)
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analysis of exchange processes of non-reactive, and particularly of reactive, trace com-
pounds, and hence allows a better understanding than by interpretation of time series
alone. There is certainly more effort and research necessary to make this tool a stan-
dard interpretive tool.

Finally, it should be emphasized that the investigation of the surface exchange of re-5

active trace gases, particularly those which are related to nearby anthropogenic (traffic)
sources, could be strongly biased (if not endangered) by horizontal advection of tempo-
rally highly variable concentrations. Furthermore, there are different phenomena (LLJ,
gravity waves) in the atmospheric boundary layer which might have drastic effects on
the vertical distribution of non-reactive and reactive trace compounds and consequently10

on the observed exchange fluxes. Future field experiments should be designed such
that these phenomena could be quantitatively considered, which may have decisive
effects on above and in-canopy concentration profiles as well as exchange fluxes.

However, the potential influence of the nearby clear-cut with convection and advec-
tion events, and probably a circulation system at times – as suggested as a result of the15

energy balance closure – between the clear-cut and the forest has not been addressed
so far. To investigate these influences a special experiment was realized in June/July
2011 in combination with Large-Eddy Simulations. However there are still issues which
need further investigations, such as gradients and fluxes close to the ground. These
issues are under investigation. And finally, the large data set also offers the possibility20

for cooperation with other partners.

Appendix A

In-canopy turbulence structure

The turbulence structure can typically be described with the so-called integral tur-25

bulence characteristics (normalized standard deviations), which are nearly constant
(Panofsky and Dutton, 1984) or have a small sensitivity to stratification (for an overview
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see Foken, 2008b). While the profiles of the mean wind speed above a canopy are
strongly affected by the existence of the roughness sublayer (see Sect. 3.1), the ef-
fect on integral characteristics is not well investigated and only a few investigations are
available (Finnigan, 2000; Raupach et al., 1996). The turbulence characteristics within
a forest are spatially heterogeneous and distinct from those associated with the surface5

boundary layer (Baldocchi and Meyers, 1998). For measurements inside the canopy
(z <hc) a parameterization was proposed by Rannik et al. (2003)

σi

u∗
=αi

{
exp

[
−αi

(
1− z

hc

)βi
]

(1−γi )+γi

}
i =u,v,w;z <hc (A1)

and above the canopy constant values were assumed10

σi

u∗
=αi

i =u,v,w;z <hc (A2)

The values are given in Table A1. These are based on the measurements shown in
Fig. 3.
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Göckede, M., Rebmann, C., and Foken, T.: A combination of quality assessment tools for eddy

covariance measurements with footprint modelling for the characterisation of complex sites,
Agric. Forest. Meteorol., 127, 175–188, 2004.
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Table 1. Climate data for Waldstein-Pflanzgarten (period 1971–2000, Foken, 2003) and climate
trends (Foken, 2004; Seifert, 2004).

Parameter Climate (1971–2000) Climate trend

height a.s.l. 765 m
climate zone * Dc
annual mean 5.3 0.33 K/10 a, 99 % sign.
temperature in ◦C winter: 0.52 K/10 a, 95 % sign.
annual temperature
amplitude in K

18.1

annual sum of pre-
cipitation in mm

1162.5 19 mm/10 a, not significant

month with maxi-
mum of precipitation

December, July

snow cover ** approx. 80 days −10 days/10 a, 95 % sign.

* Classification by Köppen/Trewartha/Rudloff according to Hendl (1991)
** Fichtelberg-Hüttstadl, 662 m a.s.l.
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Table 2. Overview of the meteorological conditions at Waldstein-Pflanzgarten site during IOP-1
and IOP-2.

Parameter IOP-1 (6 Sep to
7 Oct 2007)

IOP-2 (1 Jun to
15 Jul 2008)

mean temperature in ◦C 9.9 ◦C 15.2 ◦C
relation to normal Sep too cold (t1.2 K);

Oct too cold (t0.6 K)
Jun too warm (+1.5 K);
Jul normal (+0.2 K)

absolute maximum
temperature in ◦C 21.0 ◦C at 24 Sep 2007 28.9 ◦C at 22 Jun 2008
absolute minimum
temperature in ◦C 2.8 ◦C at 19 Sep 2007 3.7 ◦C at 14 Jun 2008
precipitation sum in mm 113.2 mm 112.8 mm
relation to normal Sep too wet, from 30 Sep

no rain; Oct to dry.
Jun too dry, no rain
from 18 Jun to 3 Jul
except a thunderstorm
at 25 Jun 2008; Jul normal

maximum daily sum
precipitation in mm 22.1 mm at 27 Sep 2007 44.1 mm at 3 Jul 2008
mean incoming shortwave
radiation in W m−2 (24 h)

80.4 W m−2 225.6 W m−2

maximum daily mean
incoming shortwave
radiation in W m−2 152.5 W m−2 at

15 Sep 2007
342.7 W m−2 at 1 Jun 2008
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Table 3. Overview of trace gas concentrations (ppb) and total of wet deposition (ionic compo-
nents; mg m−2) during the Intensive Observation Periods of the EGER project (IOP-1, IOP-2),
measured at the Waldstein-Weidenbrunnen site (31 m a.gr.) and Waldstein-Pflanzgarten site
(wet deposition, 1.5 m a.gr.), respectively.

Trace gas IOP-1
6 Sep–3 Oct 2007

IOP-2
1 Jun–11 Jul 2008

ozone (O3) 33 ppb (average)
50 ppb (95 % quantile)

55 ppb (average)
76 ppb (95 % quantile)

maximum O3 59 ppb (23 Sep 2007) 85 ppb (6 Jun 2008)
nitric oxide (NO) 0.3 ppb (average)

1.1 ppb (95 % quantile)
0.2 ppb (average)
0.6 ppb (95 % quantile)

maximum NO 2.5 ppb at (2 Oct 2007 3.4 ppb (7 Jun 2008)
nitrogen dioxide (NO2) 3.1 ppb (average)

6.7 ppb (95 % quantile)
2.5 ppb (average)
4.6 ppb (95 % quantile)

maximum NO2 28.5 ppb (28 Sep 2007) 15.6 ppb (9 Jun 2008)
sulphur dioxide (SO2) N/A 0.8 ppb (mean)

2.6 ppb (95 % quantile)
maximum SO2 N/A 10.8 ppb (9 Jun 2008)

total of wet deposition
(ionic components)

IOP-1 IOP-2

Cl − 55 mg m−2 <22 mg m−2

NO−
2 <7 mg m−2 <4 mg m−2

NO−
3 297 mg m−2 187 mg m−2

SO2−
4 199 mg m−2 114 mg m−2

NH+
4 107 mg m−2 78 mg m−2

K+ <30 mg m−2 <18 mg m−2

Mg2+ 5 mg m−2 <6 mg m−2

Ca2+ 32 mg m−2 36 mg m−2
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Table 4. Towers at the Waldstein-Weidenbrunnen site during the Intensive Observation Periods
of the EGER project (IOP-1: 2007; IOP-2: 2008).

Coordinates Height [m] Major equipment

“main tower” 50◦08′31.2′′ N
11◦52′00.8′′ E
775 m a.s.l.

31 FLUXNET station
Wind-, dry and wet bulb temperature profiles
Profiles of trace gas concentrations and fluxes
Measurements of soil related quantities and trace
gas soil flux measurements (dynamic chambers),
within a radius of 10–50 m

“turbulence tower” 50◦08′29.9′′ N
11◦52′03.1′′ E

35 Profile of turbulent energy and carbon dioxide
fluxes

“bio-tower” 50◦08′32.9′′ N
11◦51′57.8′′ E

36 Vertical profile of sapflow, temperature, humidity,
and net radiation
CO2 and H2O exchange measurements on spruce
branches (dynamic cuvette)
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Table 5. Remote sensing techniques used during the Intensive Observation Periods of the
EGER project (IOP-1: 2007; IOP-2: 2008).

Device Coordinates Location

2-D sonic anemometer
(Thies)

50◦08′31.2′′ N,
11◦52′00.8′′ E
775 m a.s.l. + 32 m

Waldstein-Weidenbrunnen, ,,main tower“

mini-sodar, SFAS
(Scintec AG)

50◦08′30.3′′ N,
11◦52′11.0′′ E
785 m a.s.l.

clearing, NE of Waldstein-Weidenbrunnen site

Sodar/RASS,
DSDPA90.64
(METEK GmbH)

50◦08′35.3′′ N,
11◦51′48.8′′ E
764 m a.s.l.

Waldstein-Pflanzgarten

UHF-windprofiler
(Vaisala)

49.98◦ N, 11.68◦ E
514 m a.s.l.

Oschenberg near Bayreuth
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Table 6. Turbulent flux measuring instrumentation at the Waldstein-Weidenbrunnen site during
the Intensive Observation Periods of the EGER project (IOP-1: 2007; IOP-2: 2008).

Height [m] Sonic anemometer Trace gas Trace gas analyzer

“main tower”
(IOP-1)

32 Solent R2, Gill Instruments Ltd. CO2, H2O LI-7500, L-COR Inc.

O3 GEFAS GmbH***
1**** Solent R2, Gill Instruments Ltd. O3 GEFAS GmbH***

“main tower”
(IOP-2)

32 USA-1, METEK GmbH CO2, H2O LI-7500, L-COR Inc.

32 CSAT3, Campbell Sci. Inc. NO, NO2 CLD 790SR-2, Ecophysics
O3 NOAA/ATDD***

25 Solent R2, Gill Instruments Ltd. O3 Enviscope GmbH***
17 Solent R2, Gill Instruments Ltd. O3 Enviscope GmbH***
1 Solent R2, Gill Instruments Ltd. O3 GEFAS GmbH***

“turbulence
tower”
(IOP-1, IOP-2)

36 USA-1, METEK GmbH CO2, H2O LI-7500, L-COR Inc.

23 CSAT3, Campbell Sci. Inc. CO2, H2O LI-7500, L-COR Inc.
18 Solent R3-50, Gill Instrum. Ltd. CO2, H2O LI-7500, L-COR Inc.
13 CSAT3, Campbell Sci. Inc. CO2, H2O LI-7500, L-COR Inc.**
5.5 CSAT3, Campbell Sci. Inc.* CO2, H2O LI-7500, L-COR Inc.
2.5 CSAT3, Campbell Sci. Inc. CO2, H2O LI-7500, L-COR Inc.

* During IOP-1 Solent R2, Gill Instruments Ltd.;
** during IOP-1 KH20 Campbell Scientific, Inc.;
*** all fast-response O3-analyzers were based on solid-phase chemiluminescence technique
(Güsten and Heinrich, 1996), but designed by different manufacturers (indicated);
**** O3-flux measurements at 1 m have been performed one week before those at 32 m
(using the same instrumentation).
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Table 7. Profile measurements at the “main tower” of the Waldstein-Weidenbrunnen site during
the Intensive Observation Periods of the EGER project (IOP-1 and IOP-2).

IOP-1 6 Sep–7 Oct 2007 IOP-2 1 Jun–15 Jul 2008

measurement levels at “main tower” (in m)

wind speed I
wind speed II

4.6, 10.0, 16.5, 18.0, 21.0, 25.0, 31.0
7.6, 13.3, 19.8, 24.3, 26.3, 31.3

4.6, 10.0, 16.5, 18.0, 21.0, 25.0, 31.0
7.6, 13.3, 19.8, 24.3, 26.3, 31.3

dry & wet bulb temperature I
(aspirated)
dry & wet bulb temperature II
(aspirated)

5.0, 13.0, 21.0, 31.0
4.9, 9.9, 15.9, 19.5, 24.4, 26.6, 30.9

5.0, 13.0, 21.0, 31.0
4.9, 9.9, 15.9, 19.5, 24.4, 26.6, 30.9

CO2, H2O, O3, NO, NO2 5.0, 10.0, 16.0, 24.2 (2x), 31.0 3.0, 10.0, 16.5 (2x), 20.5, 25.0, 31.5
NH4NO3, NH3 and HNO3 24.2, 30.4 N/A
HONO 24.5 N/A
NO, NO2, O3, CO2 and H2O
exchange measurements on spruce
branches (dynamic cuvette)

13.0 N/A

measurement levels at “forest floor” (in m)

wind speed I
wind speed II

2.0
0.04, 0.30, 1.0, 2.00

2.0
0.04, 0.3, 1.0, 2.0

dry & wet bulb temperature I
(aspirated)
dry & wet bulb temperature II
(aspirated)
air temperature
(non-aspirated)

0.05, 2.0
0.09, 0.26, 1.00, 2.05
0.01, 0.02, 0.04, 0.08, 0.16, 0.32

0.05, 2.0
0.09, 0.26, 1.00, 2.05
0.01, 0.02, 0.04, 0.08, 0.16, 0.32

CO2, H2O, O3, NO, NO2 0.05, 0.3, 1.0, 2.0 0.005, 0.03, 0.1, 0.3, 0.9
220Rn/222Rn 0.04, 0.27 0.00, 0.03, 0.1, 0.3
HONO 0.5 1.0

measurement levels at “bio-tower” (in m)

air temperature & rel. humidity
(aspirated)

9.3, 11.7, 14.8, 17.2, 20.2, 22.6 9.3, 11.7, 14.8, 17.2, 20.2, 22.6

net radiation 11.9, 17.4, 22.8 11.9, 17.4, 22.8
CO2 N/A 0.03, 1.0, 16.0, 18.7, 21.4, 24.1,

29±3, 36.0
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Table A1. Coefficients for Eq. (A1).

Reference i ai αi βi γi

Rannik et al. (2003), neutral, for Hyytiäla site

u 2.30 1.0 1.0 −0.3
v 1.75 1.0 0.85 −0.2
w 1.25 0.9 1.2 −0.63

Waldstein-Weidenbrunnen site, IOP-1

u 2.01 8.97 1.37 0.29
v 1.60 5.18 1.11 0.34
w 1.13 0.9 1.2 −0.63
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Fig. 1. Map of the “Fichtelgebirge” region (Gerstberger et al., 2004). The Waldstein-
Weidenbrunnen site is located in the Lehstenbach catchment north-west of the small town
Weissenstadt and the upper Eger river valley. Hatchings indicates elevations >500 m and
>750 m a.s.l, respectively.
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Fig. 2. Vertical profile of the (left) cumulative and (middle) absolute overstory plant area index
(PAI) of the Waldstein-Weidenbrunnen site. Profiles are mean values of the five cumulative and
absolute PAI profile measurements. Furthermore, the right figure shows the vertical distribution
of the normalized shortwave radiation for both IOPs. The height is normalized by a canopy
height of 25 m.
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 1890 

Figure 3. Results of measurements (x, black line) and model parameterizations (red dot-1891 

dashed line) for profiles of the integral turbulence characteristics of wind velocity 1892 

components u,v and w within the Waldstein-Weidenbrunnen forest stand and inside 1893 

the lower roughness sublayer (near neutral stratification). For u and v the paramete-1894 

rization of Rannik et al. (2003) was modified to fit the measurements during IOP-1, 1895 

for w the original coefficients were used, see Appendix.  1896 
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Figure 3. Results of measurements (x, black line) and model parameterizations (red dot-1891 

dashed line) for profiles of the integral turbulence characteristics of wind velocity 1892 

components u,v and w within the Waldstein-Weidenbrunnen forest stand and inside 1893 

the lower roughness sublayer (near neutral stratification). For u and v the paramete-1894 

rization of Rannik et al. (2003) was modified to fit the measurements during IOP-1, 1895 

for w the original coefficients were used, see Appendix.  1896 

1897 

Fig. 3. Results of measurements (x, black line) and model parameterizations (red dot-dashed
line) for profiles of the integral turbulence characteristics of wind velocity components u,v and
w within the Waldstein-Weidenbrunnen forest stand and inside the lower roughness sublayer
(near neutral stratification). For u and v the parameterization of Rannik et al. (2003) was
modified to fit the measurements during IOP-1, for w the original coefficients were used, see
Appendix.
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 1898 

 1899 

 1900 

Figure 4. The Waldstein-Weidenbrunnen site shortly after the “hurricane like” low pressure 1901 

system “Kyrill” (view from south, photograph: T. Foken, March 15, 2007). The “main tower” 1902 

can be seen within the Waldstein-Weidenbrunnen field site; “turbulence” and “bio” towers 1903 

were set-up after 15 March 2007, but their locations are marked. The Modified Bowen-ratio 1904 

system has been located at the wind throw north-east of the “turbulence tower”.  1905 

1906 

Fig. 4. The Waldstein-Weidenbrunnen site shortly after the “hurricane like” low pressure system
“Kyrill” (view from south, photograph: Foken, T., 15 March 2007). The “main tower” can be seen
within the Waldstein-Weidenbrunnen field site; “turbulence” and “bio” towers were set-up after
15 March 2007, but their locations are marked. The Modified Bowen-ratio system has been
located at the wind throw north-east of the “turbulence tower”.
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 1907 

Figure 5. Clear cuts in the planning phase of EGER (2003) and after “Kyrill” (Jan. 18, 2007). 1908 

“Emma” on March 1, 2008 has affected the SW corner of the map. The black and white 1909 

crosses indicate main and turbulence tower positions, respectively. White isolines indicate 1910 

relative flux contribution to the footprint for 2003 data (Siebicke, 2008). 1911 

1912 

Fig. 5. Clear cuts in the planning phase of EGER (2003) and after “Kyrill” (18 January 2007).
“Emma” on 1 March 2008 has affected the SW corner of the map. The black and white crosses
indicate main and turbulence tower positions, respectively. White isolines indicate relative flux
contribution to the footprint for 2003 data (Siebicke, 2008).
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Fig. 6. Towers at the Waldstein-Weidenbrunnen site: (a) permanent main tower since 1996
(height 31 m) for routine measurements, FLUXNET station and chemical measurements,
(b) turbulence tower (height 35 m) since 2007 with second FLUXNET complex and turbulence
measurements, (c) biological tower (height 36 m) for gas exchange measurements at needles.
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 1920 

 1921 

 1922 

Figure 7. Temporal and spatial scales of atmospheric, turbulent, plant, physiological, soil and 1923 

relevant chemical processes forming the conceptual backbone of the EGER project. 1924 

Atmospheric Processes (Orlanski, 1975) are given in light blue squares of one order of 1925 

magnitude (from micro γ to meso α). Forest canopy related transport processes comprise 1926 

turbulent transport in canopy (white star), vertical advection in canopy (white circle), 1927 

transport above canopy (white diamond), coherent structures (blue double arrow), footprint 1928 

Fig. 7. Caption on next page.
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Fig. 7. Temporal and spatial scales of atmospheric, turbulent, plant, physiological, soil and
relevant chemical processes forming the conceptual backbone of the EGER project. Atmo-
spheric Processes (Orlanski, 1975) are given in light blue squares of one order of magni-
tude (from micro γ to meso α). Forest canopy related transport processes comprise turbulent
transport in canopy (white star), vertical advection in canopy (white circle), transport above
canopy (white diamond), coherent structures (blue double arrow), footprint averaged turbulent
flux (white square), and horizontal advection at canopy top (white triangle). The scales of
plant processes, relevant for energy and matter exchange with the atmosphere (Schoonmaker,
1998), those of soil processes are shown by the brown framed, spotted area (Vogel and Roth,
2003; Blöschl and Sivapalan, 1995). Time scales of relevant chemical reactions are shown ac-
cording to Dlugi (1993, updated): (1) HO2 + HO2 → H2O2 + O2, (2) HNO3 + NH3 ↔ NH4NO3,
(3) O3 + NO → NO2 + O2, (4) O3 + isoprene → reaction products (P), (5) O3 + monoterpenes
→ P, (6) NO3 + monoterpenes → P, (7) NO3 + isoprene → P, (8) OH + isoprene → R, (9) OH
+ monoterpenes → R, (10) O3 + olefins → R, (11) O3 + NO2 → NO3 + O2, (12) N2O5 + H2O
→ 2HNO3, (13) HNO3 (+ H2O) → H+ + NO−

3 , (14) H2O + 2NO2 (het) → HNO2 + HNO3 (g),
(15) NO2 + hυ → NO +O (for details of concentration ranges see Dlugi, 1993).
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 1941 

Figure 8. The calculated υ* values of the EGER data are presented by crosses, upward-1942 

pointing triangles, diamonds, and plus signs. The crosses represent u* values smaller than 0.4 1943 

and larger than 0.2. Further the upward-pointing triangles represent 0.4<u*<0.6, the diamonds 1944 

0.6<u*<0.8 and the plus signs 0.8<u*<1.2. The calculated φ* values of the COPS data for a 1945 

canopy height of 1.2m are represented by squares and circles. The squares represent 1946 

0.2<u*<0.3 and the circles represent 0.3<u*<0.6. The calculated φ* values of the COPS data 1947 

for a canopy height of 2.9m are represented by downward-pointing, right-pointing, and left-1948 

pointing triangles. The downward-pointing triangles represent 0.2<u*<0.3, the right-pointing 1949 

triangles display 0.3<u*<0.4 and left-pointing triangles 0.4<u*<0.5. Furthermore, the solid 1950 

line represents the equation developed by Garratt (1992) and the dashed line represents the 1951 

equation developed by Mölder et al. (1999). 1952 

 1953 

1954 

Fig. 8. The calculated φ∗ values of the EGER data are presented by crosses, upward-pointing
triangles, diamonds, and plus signs. The crosses represent u∗ values smaller than 0.4 and
larger than 0.2. Further the upward-pointing triangles represent 0.4< u∗ <0.6, the diamonds
0.6< u∗ <0.8 and the plus signs 0.8< u∗ <1.2. The calculated φ∗ values of the COPS data
for a canopy height of 1.2m are represented by squares and circles. The squares represent
0.2< u∗ <0.3 and the circles represent 0.3< u∗ <0.6. The calculated φ∗ values of the COPS
data for a canopy height of 2.9m are represented by downward-pointing, right-pointing, and left-
pointing triangles. The downward-pointing triangles represent 0.2<u∗ <0.3, the right-pointing
triangles display 0.3<u∗ <0.4 and left-pointing triangles 0.4<u∗ <0.5. Furthermore, the solid
line represents the equation developed by Garratt (1992) and the dashed line represents the
equation developed by Mölder et al. (1999).
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a) 

1955 

 1956 

b)  1957 

Figure 9. Measurements and characterisation of the turbulent exchange for the period Sept 20 1958 

to 24, 2007 during IOP-1 (a) and June 29 to July 02, 2008 during IOP-2 (b). Upper panel: 1959 

relative flux contribution of coherent structures FcsF
−1

tot for carbon dioxide (open circles), 1960 

buoyancy (crosses) and latent heat (pluses) at 1.44hc; second panel: kinematic buoyancy flux 1961 

of coherent structures Hcs at 1.44hc (filled circles), 0.93hc (grey triangles) and 0.72hc (open 1962 

circles); third panel: friction velocity u* (solid line), incoming shortwave radiation Rg (open 1963 
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Figure 9. Measurements and characterisation of the turbulent exchange for the period Sept 20 1958 

to 24, 2007 during IOP-1 (a) and June 29 to July 02, 2008 during IOP-2 (b). Upper panel: 1959 

relative flux contribution of coherent structures FcsF
−1

tot for carbon dioxide (open circles), 1960 

buoyancy (crosses) and latent heat (pluses) at 1.44hc; second panel: kinematic buoyancy flux 1961 

of coherent structures Hcs at 1.44hc (filled circles), 0.93hc (grey triangles) and 0.72hc (open 1962 

circles); third panel: friction velocity u* (solid line), incoming shortwave radiation Rg (open 1963 

Fig. 9. Measurements and characterisation of the turbulent exchange for the period 20 to
24 September 2007 during IOP-1 (a) and 29 June to 2 July 2008 during IOP-2 (b). Upper
panel: relative flux contribution of coherent structures FcsF

−1
tot for carbon dioxide (open circles),

buoyancy (crosses) and latent heat (pluses) at 1.44hc; second panel: kinematic buoyancy flux
of coherent structures Hcs at 1.44hc (filled circles), 0.93hc (grey triangles) and 0.72hc (open cir-
cles); third panel: friction velocity u∗ (solid line), incoming shortwave radiation Rg (open circles)
and wind direction (filled circles) at 1.44hc; lowest panel: coupling situations.
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 1966 

  

2.25 m                                5.5 m 

  

13 m 18 m 

  

23 m 36 m 

 1967 

Figure 10. Total number of coherent structures (CS) detected from 14.09.2007 until 08.10.2007 1968 

in carbon dioxide CO2, water vapour H2O, wind direction phi, sonic temperature Ts, horizontal 1969 

Fig. 10. Total number of coherent structures (CS) detected from 14 September 2007 until
08 October 2007 in carbon dioxide CO2, water vapour H2O, wind direction phi, sonic temper-
ature Ts, horizontal wind velocity vh, and vertical wind velocity w from measurements at the
turbulence tower on six levels.
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 1973 

 1974 

Figure 11. Normalized spectra of the wavelet variance for different observation levels for the 1975 

vertical wind during IOP-1 September 14, 2007, 00:00 – 00:25 CET. 1976 

1977 

Fig. 11. Normalized spectra of the wavelet variance for different observation levels for the
vertical wind during IOP-1 14 September 2007, 00:00–00:25 CET.
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 1978 

  

 1979 

Figure 12. Percentage of different coupling classes during the Golden Days of IOP-1(left, 30 1980 

three-hour periods) and IOP-2 (right, 24 three-hour periods) in the daily cycle. 1981 

1982 

Fig. 12. Percentage of different coupling classes during the Golden Days of IOP-1(left, 30
three-hour periods) and IOP-2 (right, 24 three-hour periods) in the daily cycle.
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 1983 

 1984 

 1985 

 1986 

Figure 13. Time-high profile from sodar and mini-sodar data of the wind direction (above) 1987 

and the wind velocity (below) on June 28, 2008. Periods with southerly winds directly above 1988 

the canopy originating from the clear-cut are highlighted.  1989 

1990 

Fig. 13. Time-high profile from sodar and mini-sodar data of the wind direction (above) and the
wind velocity (below) on 28 June 2008. Periods with southerly winds directly above the canopy
originating from the clear-cut are highlighted.
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 1991 

 1992 

Figure 14. Time-high profile from windprofiler, sodar, mini-sodar and sonic data of the 1993 

horizontal wind velocity (above), the wind direction (middle), and vertical wind velocity 1994 

(below) in the night from June 30 to July 01, 2008. The axis of the low-level jet is 1995 

highlighted.  1996 

1997 

Fig. 14. Time-high profile from windprofiler, sodar, mini-sodar and sonic data of the horizontal
wind velocity (above), the wind direction (middle), and vertical wind velocity (below) in the night
from 30 June to 1 July 2008. The axis of the low-level jet is highlighted.
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 1998 

 1999 

 2000 

 2001 

Figure. 15. Averaged vertical profiles in the night from June 30 to July 01, 2008 (compare 2002 

with Fig. 14) for NO, NO2, O3 and CO2 time in CET. For each trace gas the concentration at 2003 

different levels, the concentration in and above the 25m high forest and close to the forest 2004 

floor are shown.  2005 

2006 

Fig. 15. Averaged vertical profiles in the night from 30 June to 1 July 2008 (compare with
Fig. 14) for NO, NO2, O3 and CO2 time in CET. For each trace gas the concentration at different
levels, the concentration in and above the 25 m high forest and close to the forest floor are
shown.
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 2007 

Figure 16. Diel variation of NO concentration measured at Waldstein-Weidenbrunnen main 2008 

tower (above canopy; 30 m a.gr.) from 29 June to 02 July, 2008 (IOP-2). Original 5 Hz data 2009 

have been averaged to 30 min means, error bars indicate corresponding standard deviations. 2010 

Every day, between 06:00 and 12:00 (CET), when the convective boundary layer was still 2011 

emerging, particularly high NO concentrations with large standard deviations were observed 2012 

due to advection of freshly emitted exhaust gases from a busy (2100 cars/day) district road 2013 

(WUN3) running from SSE to NNW between 1 and 2 km distance west to the Waldstein-2014 

Weidenbrunnen site. The occurrence of canopy coupling stages (Cs/C, Ds, Wa/Dc) is given at 2015 

the bottom. 2016 

Fig. 16. Diel variation of NO concentration measured at Waldstein-Weidenbrunnen main tower
(above canopy; 30 m a.gr.) from 29 June to 2 July 2008 (IOP-2). Original 5 Hz data have been
averaged to 30 min means, error bars indicate corresponding standard deviations. Every day,
between 06:00 and 12:00 (CET), when the convective boundary layer was still emerging, partic-
ularly high NO concentrations with large standard deviations were observed due to advection
of freshly emitted exhaust gases from a busy (2100 cars day−1) district road (HO18) running
from SSE to NNW between 1 and 2 km distance west to the Waldstein-Weidenbrunnen site.
The occurrence of canopy coupling stages (Cs/C, Ds, Wa/Dc) is given at the bottom.
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 2017 

 2018 

Figure 17. Results of flux measurements of gaseous and particulate trace compounds at the “main 2019 

tower” during 20 – 24 September 2007 (IOP-1, DOY 263-267, left panels) and for 29 June to 02 July 2020 

2008 (IOP-2, DOY 181-184, right panels). (a) FH2O, (b) FCO2, (c) FO3 (black symbols) and FOx (grey 2021 

symbols, IOP-2 only), (d) FNH4+,tot (left panel) and FNO2 and FNOx (right panel, black and grey symbols, 2022 

respectively), (e) FNO3-,tot (left panel) and FNO (right panel), (f) turbulent time scale τturb (24–32 m), (g) 2023 

Damköhler number DA (24–32 m), (h) coupling regimes (determined from measurements at the 2024 

„turbulence tower‟, see section 3.2). Measurement heights were 32 m (a. gr.) for all fluxes measured by 2025 

eddy covariance during IOP-1 (a–c), and during IOP-2 (a–e); fluxes of total ammonium and total 2026 

nitrate (d and e, IOP-1), determined by aerodynamic gradient technique, refer to 27.1 m (geometric 2027 

mean of the heights of both intake levels). 2028 

 2029 

 2030 

2031 

Fig. 17. Results of flux measurements of gaseous and particulate trace compounds at the
“main tower” during 20–24 September 2007 (IOP-1, DOY 263–267, left panels) and for 29 June
to 2 July 2008 (IOP-2, DOY 181–184, right panels). (a) FH2O, (b) FCO2

, (c) FO3
(black symbols)

and FOx (grey symbols, IOP-2 only), (d) FNH4+,tot (left panel) and FNO2
and FNOx

(right panel, black
and grey symbols, respectively), (e) FNO3−,tot (left panel) and FNO (right panel), (f) turbulent time
scale τturb (24–32 m), (g) Damköhler number DA (24–32 m), (h) coupling regimes (determined
from measurements at the “turbulence tower”, see Sect. 3.2). Measurement heights were
32 m (a. gr.) for all fluxes measured by eddy covariance during IOP-1 (a–c), and during IOP-2
(a–e); fluxes of total ammonium and total nitrate (d and e, IOP-1), determined by aerodynamic
gradient technique, refer to 27.1 m (geometric mean of the heights of both intake levels).
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 2032 

 2033 

 2034 

Figure 18. Statistical dispersion and skewness of turbulent fluxes (F) of gaseous and particulate trace 2035 

compounds at the „main tower‟ for 20–24 September 2007 (IOP-1, DOY 263-267, left panels) and for 2036 

29 June to 2 July 2008 (IOP-2, DOY 181-184, right panels): FH2O (a), FCO2 (b), FO3 (c), FNH4+,tot (d, left 2037 

panel), FNO2 (d, right panel), FNO3-,tot (e left panel), and FNO (e right panel). Data were classified by 2038 

coupling regimes (Wa/Dc, decoupled conditions; Ds, decoupled subcanopy; Cs/C, coupled subcanopy 2039 

Fig. 18. Caption on next page.
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Fig. 18. Statistical dispersion and skewness of turbulent fluxes (F ) of gaseous and particulate
trace compounds at the “main tower” for 20–24 September 2007 (IOP-1, DOY 263–267, left
panels) and for 29 June to 2 July 2008 (IOP-2, DOY 181–184, right panels): FH2O (a), FCO2

(b),
FO3

(c), FNH4+,tot (d, left panel), FNO2
(d, right panel), FNO3−,tot (e left panel), and FNO (e right

panel). Data were classified by coupling regimes (Wa/Dc, decoupled conditions; Ds, decou-
pled subcanopy; Cs/C, coupled subcanopy by sweeps and fully coupled subcanopy) and day-
(open box-plots) and night-time (grey shades). Remark: the bottom and top of each box rep-
resent the 25th and 75th percentile, the horizontal bar within each box is the 50th percentile
(median); horizontal bars at the end of the whiskers stand for the lowest (highest) value still
within 1.5 times the inter-quartile range of the lower (upper) quartile. Values exceeding those
whisker ends (minimum and maximum outliers) are not depicted in the graphs, yet their number
m (of the total number n) is indicated at the bottom of each box as “n/m”.
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 2046 

 2047 

Figure 19. Statistical dispersion and skewness of turbulent time scale τturb (a,b), chemical time 2048 

scale τchem (c,d), and Damköhler number DA (= τturb / τchem.; e,f) at the „main tower‟ for 20–24 2049 

September 2007 (IOP-1, DOY 263-267, top panels), and for 29 June to 2 July 2008 (IOP-2, 2050 

DOY 181-184, bottom panels), classified by coupling regimes (Wa/Dc, decoupled conditions; 2051 

Ds, decoupled subcanopy; Cs/C, coupled subcanopy by sweeps and fully coupled subcanopy) 2052 

and day- (open box-plots) and night-time (grey shades). See remark on Fig. 18. 2053 

. 2054 

 2055 

2056 

Fig. 19. Statistical dispersion and skewness of turbulent time scale τturb (a, b), chemical time
scale τchem (c, d), and Damköhler number DA (= τturb / τchem.; e, f) at the “main tower” for
20–24 September 2007 (IOP-1, DOY 263–267, top panels), and for 29 June to 2 July 2008
(IOP-2, DOY 181–184, bottom panels), classified by coupling regimes (Wa/Dc, decoupled con-
ditions; Ds, decoupled subcanopy; Cs/C, coupled subcanopy by sweeps and fully coupled sub-
canopy) and day- (open box-plots) and night-time (grey shades). See remark on Fig. 18.
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 2057 

 2058 

Figure 20. Concentration differences Δ[C] = [C]24m –[C]0.9m between the 24 m and the 0.9 m 2059 

level at the „main tower‟ for 20–24 September 2007 (IOP-1, DOY 263-267, left panels), and 2060 

for 29 June to 2 July 2008 (IOP-2, DOY 181-184, right panels): (a) Δ[H2O], (b) Δ[CO2], (c) 2061 

Δ[O3] and Δ[Ox] (black and grey symbols, respectively), (d) Δ[NO2] and Δ[NOx] (black and 2062 

grey symbols, respectively), (e) Δ[NO], (f) Δ[HONO] (IOP-1 only); (g) coupling regimes 2063 

(determined from measurements at the „turbulence tower‟, see Sect. 3.2). 2064 

 2065 

2066 

Fig. 20. Concentration differences ∆[C]= [C]24m – [C]0.9m between the 24 m and the 0.9 m level
at the “main tower” for 20–24 September 2007 (IOP-1, DOY 263–267, left panels), and for
29 June to 2 July 2008 (IOP-2, DOY 181–184, right panels): (a) ∆[H2O], (b) ∆[CO2], (c) ∆[O3]
and ∆[Ox] (black and grey symbols, respectively), (d) ∆[NO2] and ∆[NOx] (black and grey
symbols, respectively), (e) ∆[NO], (f) ∆[HONO] (IOP-1 only); (g) coupling regimes (determined
from measurements at the “turbulence tower”, see Sect. 3.2).
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 2067 

Fig. 21. Statistical dispersion and skewness of concentration differences ∆ at the “main tower”
for 20–24 September 2007 (IOP-1, DOY 263–267, left panels) and for 29 June to 2 July 2008
(IOP-2, DOY 181–184, right panels): ∆H2O (a), ∆CO2 (b), ∆O3 (c), ∆NO2 (d), ∆NO (e), and
∆HONO (f, IOP-1 only). Data were classified by coupling regimes (Wa/Dc, decoupled condi-
tions; Ds, decoupled subcanopy; Cs/C, coupled subcanopy by sweeps and fully coupled sub-
canopy) and day- (open box-plots) and night-time (grey shades). See remark on Fig. 18.
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 2076 

 

 2077 

Figure 22. Energy balance closure at the turbulence tower during IOP-1 (left) and IOP-2 2078 

(right) 2079 

2080 

Fig. 22. Energy balance closure at the turbulence tower during IOP-1 (left) and IOP-2 (right).
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 2081 

 2082 

Figure 23. Statistical dispersion and skewness of relative model error with respect to coupling 2083 

stages (for definition see text) from a) STANDFLUX, and b) ACASA; measured and 2084 

modelled evapotranspiration data ranged from Sept. 20 through Sept. 24, 2007 (IOP-1, DOY 2085 

263-267); measured evapotranspiration from turbulence tower 36m level. Data were classified 2086 

by coupling regimes (Wa/Dc, decoupled conditions; Ds, decoupled subcanopy; Cs/C, coupled 2087 

subcanopy by sweeps and fully coupled subcanopy) and day- (open box-plots) and night-time 2088 

(grey shades). See remark on Fig. 18. 2089 

Fig. 23. Statistical dispersion and skewness of relative model error with respect to coupling
stages (for definition see text) from (a) STANDFLUX, and (b) ACASA; measured and modelled
evapotranspiration data ranged from 20 September through 24 September 2007 (IOP-1, DOY
263–267); measured evapotranspiration from turbulence tower 36 m level. Data were classified
by coupling regimes (Wa/Dc, decoupled conditions; Ds, decoupled subcanopy; Cs/C, coupled
subcanopy by sweeps and fully coupled subcanopy) and day- (open box-plots) and night-time
(grey shades). See remark on Fig. 18.
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