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a  b  s  t  r  a  c  t

Net  uptake  of  carbon  dioxide  (CO2) was observed  during  the  winter  when  using  the  eddy  covariance  (EC)
technique  above  a ∼90-year-old  Scots  pine  (Pinus  sylvestris  L.)  stand  in  northern  Sweden.  This  uptake
occurred  despite  photosynthetic  dormancy.  This  discrepancy  led  us  to  investigate  the  potential  impact
of decoupling  of  below-  and  above-canopy  air  mass  flow  and  accompanying  below-canopy  horizontal
advection  on  these  measurements.  We  used  the  correlation  of  above-  and  below-canopy  standard  devi-
ation of  vertical  wind  speed  (�w), derived  from  EC  measurements  above  and  below  the  canopy,  as  the
main  mixing  criterion.  We  identified  0.33  m  s−1 and 0.06 m  s−1 as site-specific  �w thresholds  for above
and  below  canopy,  respectively,  to reach  the fully  coupled  state.  Decoupling  was  observed  in  45%  of  all
cases  during  the measurement  period  (5.11.2014–25.2.2015).  After filtering  out  decoupled  periods  the
above-canopy  mean  winter  NEE  shifted  from  −0.52 �mol  m−2 s−1 to  a more  reasonable  positive  value
of  0.31  �mol  m−2 s−1. None  of  the  above-canopy  data  filtering  criteria  we  tested  (i.e.,  friction  velocity
threshold;  horizontal  wind  speed  threshold;  single-level  �w threshold)  ensured  sufficient  mixing.  All
missed  critical  periods  that  were  detected  only  by the  two-level  filtering  approach.  Tower-surrounding
topography  induced  a predominant  below-canopy  wind  direction  and  consequent  wind  shear  between
above-  and  below-canopy  air masses.  These  processes  may  foster  decoupling  and  below-canopy  removal
of  CO2 rich  air.  To  determine  how  broadly  such  a topographical  influence  might  apply,  we  compared

the  topography  surrounding  our  tower  to  that  surrounding  other  forest  flux  sites  worldwide.  Medians  of
maximum  elevation  differences  within  300  m and  1000  m  around  110  FLUXNET  forest  EC towers  were
24  m  and  66 m,  respectively,  compared  to 24  m  and  114  m,  respectively,  at our  site.  Consequently,  below-
canopy  flow  may  influence  above-canopy  NEE  detections  at many  forested  EC  sites.  Based  on  our  findings
we  suggest  below-canopy  measurements  as  standard  procedure  at  sites  evaluating  forest  CO2 budgets.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Global warming, driven by the greenhouse gas concentrations in
he atmosphere, affects the entire earth in manifold ways (e.g. IPCC,
014). Forests play a crucial role in this context as they sequester
arbon dioxide (CO2) − a major greenhouse gas − all over the world.
onsequently, confident predictions of both the future climate and

orest carbon cycle require a thorough understanding and measure-

ents of the processes determining the CO2 sink strength of forest

cosystems.

∗ Corresponding author.
E-mail address: Georg.Jocher@slu.se (G. Jocher).

ttp://dx.doi.org/10.1016/j.agrformet.2016.08.002
168-1923/© 2016 Elsevier B.V. All rights reserved.
The eddy covariance (EC) method has become the state-of-the-
art method for quantifying the net ecosystem exchange (NEE) of
CO2 in various ecosystems all over the world. Around 40% of the
683 registered sites (as of April 2014) are classified as forest sites by
FLUXNET, a worldwide network of EC flux measurement stations.
The EC data are frequently used as the reference for compartmen-
tal fluxes of forest ecosystems and biometric measurements (e.g.
Meyer et al., 2013; Peichl et al., 2010; Zha et al., 2007) or for valida-
tion of modeling approaches estimating gross primary production
(GPP) and NEE (e.g. Beer et al., 2010; McCallum et al., 2013). Further-
more, EC data have been the basis for several high impact synthesis

studies on global forest CO2 sink strength (e.g. Beer et al., 2010;
Fernández-Martínez et al., 2014; Keenan et al., 2013; Luyssaert
et al., 2007; Mahecha et al., 2010; Schwalm et al., 2010). Misson
et al. (2007) presented a synthesis study using EC data derived

dx.doi.org/10.1016/j.agrformet.2016.08.002
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2016.08.002&domain=pdf
mailto:Georg.Jocher@slu.se
dx.doi.org/10.1016/j.agrformet.2016.08.002
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bove and below the canopy at ten EC forest sites located in dif-
erent climate zones worldwide. They stressed the importance of
nderstory measurements for the interpretation of above canopy
erived data. However, the clear majority of synthesis studies are
ased on single-level EC data derived above the forest ecosystem(s)
ithout explicit analysis of the coupling behavior between below-

nd above-canopy air masses.
In a forest, the below-canopy airflow can be influenced by the

ocal topography and thereby cause horizontal exchange of the
elow-canopy air (e.g. Belcher et al., 2012). For instance, local wind
ight flow preferentially downslope or upslope due to pressure

radients created in clear and calm weather situations (e.g. Butler
t al., 2015; Kutsch and Kolari, 2015). The horizontal below-canopy
ow needs special considerations in terms of data interpretation
e.g. Aubinet et al., 2005; Feigenwinter et al., 2004; Staebler and
itzjarrald, 2004), especially if the vertical exchange between air
asses below and above canopy is inhibited. Under such conditions

he results based on above-forest measurements do not sufficiently
eflect the whole ecosystem CO2 exchange. Consequently, when
ecoupling and below-canopy horizontal flow occur there is poten-
ial for a considerable overestimation of the above-canopy derived
orest CO2 sink strength as below-canopy respiratory fluxes might
ot be detected at the EC system above canopy (Goulden et al.,
996).

During the last decades several studies have addressed the-
retical issues regarding the complex energy and CO2 exchange
ehavior in forests and between forest and atmosphere (e.g.
aldocchi and Meyers, 1988; Belcher et al., 2008; Finnigan, 2000;
röhlich and Schmid, 2006; Launiainen et al., 2007; Lee, 2000;
aupach and Thom, 1981). Furthermore, a number of case stud-

es have been published dealing with canopy decoupling and
ts carbon budget consequences for different sites and forest
ypes. Feigenwinter et al. (2010), for instance, interpreted the CO2
xchange of an alpine spruce forest in terms of a persistent local
lope wind system. Vickers et al. (2012), Oliveira et al. (2013)
nd Alekseychik et al. (2013) investigated nocturnal sub-canopy
orizontal flow regimes and their impact on above canopy CO2
xchange during the growing season at their pine forest sites in
regon (USA), southern Brazil and southern Finland, respectively.
onetheless, even if the topic is not new, decoupling is still not con-

idered at many EC forest sites. Most rely on above-canopy based
escriptions of the coupling behavior, which may  introduce a bias

n the stand-scale CO2 exchange estimates.
Currently, the most common filtering procedure to ensure good

oupling is to use a friction velocity threshold derived from above-
anopy EC measurements. The friction velocity threshold depends
n canopy roughness, which in turn depends on site-specific
uantities such as stem density, leaf area index and the vertical
istribution of canopy foliar and branch biomass in the stand (e.g.
oken, 2008; Poggi et al., 2004). Nevertheless, in certain cases it
ight not be possible to determine a friction velocity threshold

e.g. chapter 5 in Aubinet et al., 2012) or it might not be sufficient
o use such a threshold (e.g. Speckman et al., 2015).

The behavior of coherent structures of the flux of interest in
he vertical column from soil to above canopy can also be used as
n indicator of mixing (e.g. Foken et al., 2012; Serafimovich et al.,
011; Thomas and Foken, 2007). This method requires several EC
easurements below, inside and above canopy and is therefore not

ffordable for most EC sites.
Another above-canopy variable for investigating the canopy-

tmosphere mixing behavior is the standard deviation of the
ertical wind velocity (e.g. Acevedo et al., 2009; Launiainen et al.,

005). Moreover, the relation of this variable between below- and
bove-canopy measurements can describe the coupling behav-
or: if air masses below and above canopy are fully coupled then
his relation is linear (Thomas et al., 2013). This quality check is,
 Meteorology 232 (2017) 23–34

however, not commonly used as it requires an additional EC system
below the canopy.

Eddy covariance data from our site situated in northern
Sweden indicate occurrences of net CO2 uptake during winter
periods. These observations are highly questionable since con-
tinuous gas exchange measurements in boreal Scots pine stands
have shown that there was no net CO2 uptake during the winter
months November to February (e.g. Kolari et al., 2007; Linder and
Lohammar, 1981; Troeng and Linder, 1982). Thus, some measure-
ment artifact is highly likely. The biasing influence of decoupling
and accompanying horizontal below-canopy air flow on the above-
canopy derived NEE values has been shown for several forest types
and stand densities during summer, both for daytime and nighttime
conditions (e.g. Alekseychik et al., 2013; Thomas et al., 2013). An
analysis of decoupling events during wintertime is, to our knowl-
edge, currently lacking. Even if forest floor respiration is normally
at a low rate during winter, it still contributes significantly to the
annual ecosystem carbon budget (e.g. Goulden et al., 1998; Haei and
Laudon, 2015; Ilvesniemi et al., 2005; Lindroth et al., 1998; Öquist
and Laudon, 2008; Winston et al., 1997). Hence, decoupling and
accompanying horizontal below-canopy flow may  have an impact
on the apparent carbon budget even during wintertime.

In this study, we analyzed a winter period
(5.11.2014–25.2.2015) of NEE measurements above a boreal
Scots pine forest and assessed coupling/decoupling and horizontal
below-canopy flow. We  used EC measurements below and above
the canopy, following the approach proposed by Thomas et al.
(2013). The overall aim was to examine to what extent decou-
pling and below-canopy horizontal flow were responsible for the
observed negative NEE during winter despite the complete lack of
photosynthesis during most of this period.

The main study objectives were:

i) to quantify the frequency of decoupling during wintertime.
ii) to investigate the potential implications of decoupling and hor-

izontal below-canopy flow on the above-canopy derived NEE.
ii) to explore the potential of several filtering approaches for

addressing coupling/decoupling, using quantities derived from
above-canopy EC measurements.

iv) to compare the topography surrounding our EC tower to others
in the worldwide network of forest flux sites (FLUXNET) as a
means for determining how common such biased NEE results
might be.

2. Materials and methods

2.1. Site description and characteristics

This study was  conducted during the winter period of
5.11.2014–25.2.2015 at Rosinedalsheden experimental forest
which is a ∼90-year-old Scots pine (Pinus sylvestris L.) stand near
Vindeln in northern Sweden (64◦10′N, 19◦45′ E; 155 − 160 m above
sea level). The overall experiment was  initiated in 2006 to study the
effect of nitrogen (N) availability on stand-scale carbon cycling and
consists of stands with high and low N addition rates, respectively,
and a non-fertilized reference stand. Each stand is equipped with an
EC tower for measuring the turbulent exchange of momentum, sen-
sible heat, latent heat, and CO2. The current study was conducted
at the stand with the high N addition rate, which has received 100
and 50 kg N ha−1 yr−1 since 2006 and 2012, respectively, applied
over an area of 15 ha around the EC tower.
The mean annual temperature in this region is 1.8 ◦C and
the mean annual precipitation is 614 mm (Laudon et al., 2013;
30-year averages between 1981 and 2013 at the Svartberget
field station, ca. 8 km away from the study site; www.slu.se/en/

http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
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Fig. 1. Lidar derived digital elevation map  (DEM) of the region of interest. The flux
tower is marked by a black cross, the red rectangle shows the fertilized area. The
additional lines with numbers in the figure mark the outer border of the areas, where
in  50%, 80% and 95% of all cases the half-hourly flux values originate from (represen-
tative period 2.12.2014–15.12.2014). Calculation of footprint has been done with a
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agrangian stochastic forward model, based on Rannik et al. (2000, 2003). (For inter-
retation of the references to color in this figure legend, the reader is referred to the
eb  version of this article.)

epartments/field-based-forest-research/experimental-forests/
indeln-experimental-forests/environmental-analysis/). Snow
over commonly occurs from early November to late April (Laudon
nd Ottosson Löfvenius, 2016) and the growing season usually
asts from early May  to late September, following the growing
eason definition in Mäkelä et al., 2006 (cf. Lim et al., 2015), which
s based on the behavior of snow cover and air temperature.
ontinuous shoot-level gas exchange measurements in the stand
how that net photosynthesis is almost completely inhibited
rom the beginning of November until late March/early April
Göran Wallin, unpublished data). Consequently we assumed that
hotosynthesis was negligible for the winter period investigated in
his study. The mean monthly temperatures below canopy during
he investigation period (November 2014 to February 2015) were
1.5 ◦C, −3.2 ◦C, −3.3 ◦C and −3.3 ◦C, respectively.

Before the 2015 growing season, mean tree height at the study
ite was 17.3 m and the basal area 25.8 m2 ha−1. Maximum leaf
rea index in 2013 was ∼3 m2 m−2 (Lim et al., 2015). The sparse
nderstory vegetation consists mainly of bilberry and cowberry
Vaccinium myrtillus L. and Vaccinium vitis-idaea L.), and a ground
ayer of mosses (Hasselquist et al., 2012).

The ground surface around the tower is rather flat up to a
istance of ∼200 m from the tower with a maximum elevation dif-

erence of ∼2 m (Fig. 1). The maximum elevation differences within
00 m and 1000 m distance from the tower are 24 m and 114 m,
espectively. These elevation differences are mainly caused by the
eep river canyon southwest and a gentle slope northeast of the
easurement site (Fig. 1). The footprint of fluxes above the canopy,

alculated for a representative period with a lagrangian stochastic
orward model based on Rannik et al. (2000, 2003), is also presented
n Fig. 1.

.2. Instrumentation

Flux data were obtained by two EC systems. The first system was
nstalled above the forest at a height of 21.5 m and consisted of a Gill

3-100 (Gill Instruments Limited, Hampshire, UK) sonic anemome-
er for detecting wind components and sonic temperature and

 LI-7200 (LI-COR Environmental, Lincoln, USA) gas analyzer for
etecting H2O and CO2 mixing ratios. The second system (CPEC200
 Meteorology 232 (2017) 23–34 25

closed-path infrared gas analyzer combined with a CSAT3A sonic
anemometer; Campbell Scientific, Logan, USA) measured the same
quantities below the forest canopy at 2.5 m height and was  located
near the base of the high tower. Both systems sampled at a rate of
20 Hz. Before starting the experiment the two systems were com-
pared by running them in parallel at the same height to ensure that
there were no significant systematic differences in performance.
The systems showed good agreement for best quality half-hourly
data following the quality flagging scheme by Foken et al. (2004).
A linear regression between the 30 min  averages of vertical wind
variances (m s−1; key parameter for the considerations in this
study) measured by the two systems (x = CPEC200, y = Gill/Li-7200)
yielded a regression line slope of 1.04 and a zero intercept, sug-
gesting a negligible bias. The comparison of the CO2 concentration
values provided by the two systems yielded a systematic deviation
of ≈10 ppm (Gill/Li–7200 < CPEC200) which was accounted for the
considerations in 2.4 and for Fig. 6.

2.3. Turbulent flux calculation

All vertical turbulent fluxes were calculated using the EC method
(described in detail by e.g. Aubinet et al., 2012; Lee et al., 2004).
Using this method vertical turbulent fluxes are derived from the
covariance between the high frequency fluctuations of vertical
wind and the quantity of interest (e.g. CO2). Fluxes were calcu-
lated using TK3 which is a widely used EC software developed at
the University of Bayreuth (Fratini and Mauder, 2014; Mauder and
Foken, 2015). The TK3 software includes a quality flagging scheme
which tests the data for stationarity and, if parameterizations of the
stability-dependent integral turbulence characteristics are avail-
able for the quantity of interest, for development of turbulence.
Turbulence is assessed by comparing the calculated and param-
eterized integral turbulence characteristics (Foken et al., 2004).
However, similar to other EC software, it does not include any
explicit test for detecting decoupling. In the subsequent analyses
we used only the data flagged for best quality (class 1–3 according
to Foken et al., 2004), exceptions are explicitly stated in the text.

2.4. Identification of coupled/decoupled periods

We used two  parameters to identify decoupled periods: first
we analyzed the correlation between the standard deviation of
vertical wind velocity (�w) below vs. above the canopy. If the
layers are coupled, �w for below and above canopy are linearly
correlated (e.g. Thomas et al., 2013). We  verified the threshold
for �w above canopy following Thomas et al. (2013), considering
the following correlation of above-canopy �w and above-canopy
NEE: NEE ≈ constant if �w,abovecanopy > �w,threshold. The threshold
for �w below canopy was  determined by considering the cor-
relation between below-canopy �w and the CO2 concentration
difference (�CO2) between the below- and above-canopy EC sys-
tem: �CO2 ≈ 0 if �w,belowcanopy > �w,threshold.

Secondly, we  used the wind directional shear between below
and above canopy (vertical wind shear) to get additional insight
into the coupling behavior. As we observed no distinct relation
between vertical wind shear and above canopy NEE in our data set,
we adopted the wind shear threshold between canopy middle and
bottom that Alekseychik et al. (2013) used for a similar boreal pine
forest site. Because the below-canopy flows were generally slow at
our site, we added 10 ◦ and thus used 50 ◦ as wind shear threshold
instead of the 40 ◦ used by Alekseychik et al. (2013). Additionally we

assumed, according to Alekseychik et al. (2013), that wind direc-
tional shear is negligible above the middle and below the bottom of
the canopy. In a parallel approach, we  used above-canopy �w, fric-
tion velocity and horizontal wind speed to evaluate the feasibility

http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
http://www.slu.se/en/departments/field-based-forest-research/experimental-forests/vindeln-experimental-forests/environmental-analysis/
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Fig. 2. Wind roses for above-canopy wind speed <1.5 m s−1 and Ri >0.25 conditions; a) above canopy, b) below canopy. In c) the buoyancy forcing (cf. Section 3.1) in
d ) and

o
e
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ependency of wind direction below canopy is given for the same conditions as in a

f using above-canopy derived parameters as filter for decoupling
vents.

We also built a CO2 flux benchmark data set by filtering all
bove-canopy derived CO2 fluxes for quality and decoupling. We
xcluded all CO2 flux values which did not have the best quality
ag, leaving 30% of the initial data. We  then filtered the remaining
ata ensuring that both �w below and above canopy were higher
han the defined decoupling thresholds, which removed another 8%

f the observations. In the end, 22% of the original above-canopy
O2 flux measurements met  these stringent criteria.

Furthermore, as additional information about atmospheric
tability while investigating decoupling, we  calculated the
 b).

dimensionless Richardson number Ri (bulk version) across the air
column between the below- and above-canopy EC systems accord-
ing to Eq. (1). The Bulk Richardson number is an approach for
the Gradient Richardson number, for which the critical Richardson
number Ric is assumed to be approximately in the range from 0.21
to 0.25 (Stull, 1988). That means, that Richardson number values
higher than Ric indicate suppressed turbulence and consequently
stable atmospheric stratification. We  used for the subsequent anal-

ysis a critical Richardson number of 0.25 which is in agreement
with the Glossary of Meteorology of the American Meteorological
Society (http://glossary.ametsoc.org/wiki/), even though several

http://glossary.ametsoc.org/wiki/
http://glossary.ametsoc.org/wiki/
http://glossary.ametsoc.org/wiki/
http://glossary.ametsoc.org/wiki/
http://glossary.ametsoc.org/wiki/
http://glossary.ametsoc.org/wiki/
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Fig. 3. Standard deviation of vertical wind velocity (�w) above canopy vs. �w below
canopy (m s−1) for the period 5.11.2014–25.2.2015, 30 min  averages in black dia-
monds. The red filled circles represent median values of twelve binning classes of
the 30 min  �w averages. The crossing point of the two  blue dashed lines marks the
transition point from decoupling to coupling (relating coordinate values added in
r
r

d
G

R

t
d
a
f

gradients. The sample drawing and treating was identical to the

F
f

ed). (For interpretation of the references to color in this figure legend, the reader is
eferred to the web  version of this article.)

ifferent recommendations to Ric exists in the literature (cf. e.g.
alperin et al., 2007).

i = g

T
·
��⁄�z(
�u⁄�z

)2
(1)

In Eq. (1) g stands for the gravitational acceleration (m s−2), T is
he absolute temperature (mean across the layer of interest; K), the

enominator of the second fraction describes the potential temper-
ture gradient across the layer of interest and the nominator of this
raction the changes in horizontal wind speed across this layer. All

ig. 4. Absolute value of wind shear (degree) between above and below canopy as a functi
or  decoupling using the site specific �w thresholds (c.f. Section 3.2).
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needed quantities for Eq. (1) came from the two EC systems above
and below canopy.

2.5. Estimating below-canopy respiration

As a first approach to estimate below-canopy respiration we
applied Conditional Sampling on our unfiltered below-canopy EC
data according to Eq. (2). Conditional Sampling, introduced by
Desjardin (1977), is a modification of the EC method which assumes
that the turbulent flux of the quantity of interest (here CO2) can
be derived by adding the separately determined flux components
for positive (+; updraft) and negative (-; downdraft) vertical wind
speeds w when the mean vertical wind speed is zero.

w′CO
′
2 = w+CO′

2 + w−CO′
2 (2)

Consequently, interested in the upward motion of CO2
(≈respiratory flux), we  estimated the below-canopy respiration
flux using the first summand on the right side of Eq. (2) building
the covariance (5 min  averaging intervals) between CO2 and verti-
cal wind only for positive vertical wind speeds. The short averaging
interval was chosen here to minimize potential instationarities
caused by motions other than turbulence (cf. Thomas et al., 2013).

On top of the Conditional Sampling approach we estimated the
below-canopy respiration using the below-canopy CO2 flux data
(30 min  averages) which were processed as follows. Firstly, the
30 min  below-canopy data had to fulfill the precondition of sta-
tionarity; for this we used the relating quality flag inherent in
TK3. By doing this we justified the use of the 30 min  averages as
we could neglect a substantial change in the flux values between
shorter covariances (5 min  averages) and the final 30 min  values in
cases when stationarity can be assumed. Secondly, the �w values
for decoupling for both measurement heights had to be below the
thresholds for decoupling. Strongly coupled periods were thereby
excluded as we  were interested in estimating the amount of CO2
resulting from below-canopy respiration that could be lost via hor-
izontal advection during decoupled periods.

We cross-checked our EC derived estimates of below-canopy
respiration with independent measurements of CO2 diffusion
through the snow pack based on snow pack CO2 concentration
procedure in Zhao et al. (2016), fluxes were calculated following
Sommerfeld et al. (1993) and Seok et al. (2009). The measurements
were conducted during the winters of 2011/2012 (n = 1; March 14)

on of above canopy wind speed for a) all unfiltered data and b) all data after filtering
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Fig. 5. The CO2 exchange values (�mol  m−2 s−1) measured by the below-canopy EC
system at 2.5 m and treated according to Section 2.5. The black circles indicate the
Conditional Sampling results (5 min  averages), the red triangles the output of TK3
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30  min  averages). The red solid line denotes the mean CO2 exchange of the 30 min
verages, the dashed lines ± 1 SD. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of this article.)

nd 2012/2013 (n = 3; December 18, January 30, February 25). On
ach occasion samples were taken from six locations distributed in

 150 m long transect ca. 100 m west of the EC tower.
For subsequent analysis we refer mainly to the filtered EC

0 min. CO2 exchange values as estimate of below-canopy respi-
ation during winter and decoupling. Even though only ≈2% of
ata passed the stringent quality checks we assessed these data
s the best possible estimate of below-canopy respiration due
o the extensive filtering procedure. At these high latitudes the

elow-canopy respiration rates do not follow a significant diurnal
adiation-induced temperature cycle during winter, mainly due to
ow insolation and the insulating effect of the snow covering the
orest floor (e.g. Winston et al., 1997). Fig. A1 demonstrates that the

ig. 6. Above-canopy NEE (�mol  m−2 s−1) and Richardson numbers (blue; both upper lef
anopy, �w (m s−1; upper right panel) above (black) and below (red) canopy and wind dire
xample period in November 2014. The red dashed line in the upper left panel is a zero 

.25.  The black and red horizontal lines in the upper right panel marks the �w threshold
olor  in this figure legend, the reader is referred to the web  version of this article.)
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below-canopy CO2 exchange stayed nearly constant when global
radiation reached values equal or higher than 20 W m−2 (which
serves as a common global radiation threshold to separate between
day and night conditions). Therefore, we  considered this method as
unlikely to result in large errors while extrapolating these few data
for the entire observation period.

Having only a single measurement point below the canopy,
we followed the approach by Thomas et al. (2013) for assump-
tions about below-canopy horizontal advection. In this approach
the below-canopy respiration equals to below-canopy horizontal
advection during decoupling.

2.6. Investigating the influence of topography at FLUXNET sites
worldwide

To determine whether decoupling and horizontal advection
were especially severe at our site due to a more variable topog-
raphy than at forest EC sites worldwide we examined all registered
FLUXNET forest sites. The final selection included sites with an
accuracy in their coordinates of at least five digits (coordinate infor-
mation obtained in summer 2015 via www.fluxdata.org; n = 110).
For these sites, we determined the maximum elevation differ-
ences around each tower within a radius of 300 m and 1000 m,
respectively, using information from the U.S. Geological Survey
(www.usgs.gov; Shuttle Radar Topography Mission (SRTM) data,
reference height system: World Geodetic System 1984; access:
summer 2015). Due to their better resolution we used Swedish
and Finnish land surveying data (www.lantmateriet.se and www.
maanmittauslaitos.fi) to obtain this information for Swedish and
Finnish sites.

3. Results and discussion

3.1. Vertical wind shear across the canopy layer

Using a vertical wind shear threshold of 40 ◦ (separate from the
decoupling threshold), we found that 64% of the whole measure-
ment period was accompanied by vertical wind shear. Furthermore,

we detected a dominant below-canopy wind direction from the
north-east, which most likely reflects the influence of tower-
surrounding topography. Given the steep slope in the south and
west around 250 m away from the measurement tower and a

t panel), CO2 concentration (ppm; lower left panel) above (black) and below (red)
ction (degree; lower right panel) above (black) and below (red) canopy for a 8-days
line, the blue dashed line in the same panel marks the critical Richardson number
s for decoupling as defined in Section 3.2. (For interpretation of the references to

http://www.fluxdata.org;
http://www.fluxdata.org;
http://www.fluxdata.org;
http://www.usgs.gov;
http://www.usgs.gov;
http://www.usgs.gov;
http://www.lantmateriet.se
http://www.lantmateriet.se
http://www.lantmateriet.se
http://www.maanmittauslaitos.fi
http://www.maanmittauslaitos.fi
http://www.maanmittauslaitos.fi
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entle slope in the northeast around 600 m away (cf. Fig. 1), flow
rom northeast (downslope) might be expected. To visualize and
emonstrate the effect of wind shear and predominant below-
anopy flow direction Fig. 2 shows wind roses for relatively calm
ind conditions (above-canopy horizontal wind <1.5 m s−1) and

table stratification according to the Richardson number results (Ri
0.25). The strength of this feature gradually decreased with ris-
ng above-canopy wind speed and vanished when the horizontal

ind speed above canopy exceeded a threshold of around 4 m s−1

not shown here). Above- and below-canopy wind directions con-
erged then due to enhanced mechanical turbulent mixing, the flow
haracteristics at these two layers got synchronized.

An appropriate quantity to check whether an observed pref-
rential below-canopy flow might be topographically induced is
he buoyancy forcing. Negative buoyancy forcing associated with
referential flow directions near the ground are a clear hint for
opographically induced drainage flow (cf. Staebler and Fitzjarrald,
005). We  calculated the buoyancy forcing using Eq. (1) without
he wind gradient (i.e. buoyancy forcing = −(g/T · ��/�z)). Fig. 2c)
hows the buoyancy forcing in dependency of below-canopy wind
irection for the same conditions as in Fig. 2a) and Fig. 2b). Clearly
isible is the preferential wind sector from northeast (≈30 ◦) for
egative buoyancy forcing, the largest fraction of high absolute
umbers of negative buoyancy forcing are also evident during flow

rom this sector. The tower-surrounding terrain is rising (from the
ower’s perspective) in direction 30 ◦ for roughly 1300 m with a

ean inclination of ≈6.3◦. Consequently, these findings confirm
he assumption that the observed preferential below-canopy flow
s most likely, to a great extent, topographically induced by the
entle slope in the northeast of our measurement tower.

Additionally it got obvious, that the above-canopy wind field
y itself (and therefore the wind shear between below and above
anopy) is also influenced by the tower surrounding topography to
ome extent. Comparing the above-canopy wind field with inde-
endent wind field measurements at the Svartberget reference
limate station (at 38 m height, about 16 m above a spruce for-
st) revealed that channeling and shading effects might apply at
he EC system above canopy (Fig. A2). The wind field at the EC sys-
em above canopy shows a more pronounced west-east orientation
likely channeling along the river valley; cf. Fig. 1) and less wind
rom the sector between north and east (potential shading effect
f elevations north of the EC tower) than the wind field during the
ame period at Svartberget.

.2. Standard deviation of vertical wind velocity below and above
anopy

The linear correlation between �w below and above the canopy
roke down at thresholds of less than 0.06 m s−1 and 0.33 m s−1

elow and above canopy, respectively (Fig. 3; R2 = 0.56 for the data
ange above the thresholds). The mixing of air masses through
he canopy depends on the site-specific canopy roughness, which
s determined by forest properties like tree height, stem density,
eaf area index, and crown density (cf. e.g. Aubinet et al., 2012).
onsequently, other authors have reported slightly different �w

hresholds, e.g., 0.10 and 0.43 m s−1 during nighttime in summer
or a Scots pine stand in Hyytiälä, Finland (Alekseychik et al., 2013).
n addition to the roughness dependency this thresholds may  also
ary with the time of the day, especially during the summer. During
he day, turbulence and mixing are more pronounced. Thomas et al.
2013) discriminated between day and night in their analysis of the

oupling/decoupling behavior during summertime at a Douglas-fir
ite in Oregon. We  did not separate between day and night in our
ata analysis as the winter daylight period is short (i.e. 4–6 h) and
emperatures are continuously low at these high latitudes.
 Meteorology 232 (2017) 23–34 29

Moreover, when above-canopy turbulence is very weak (low �w

values above canopy), below-canopy turbulence can increase due
to greater vertical wind directional shear (Fig. 3; cf. Thomas et al.,
2013).

3.3. Periods of decoupled canopy: quantification

As defined in the previous section, all periods with
�w < 0.06 m s−1 for the below-canopy system and �w < 0.33 m s−1

above canopy were considered as decoupled. On this filtered
data set a vertical wind shear of more than 50 ◦ was  applied as
supplementary decoupling indicator.

Filtering the original untreated data only with the above men-
tioned thresholds for �w excluded around 45% of all data. Including
vertical wind shear as an additional filter excluded around 65%
of the data. Consequently, the two filtering criteria (wind shear
and �w thresholds) did not exclude the same data populations. As
can be seen in Fig. 4a) and b), vertical wind shear still existed to
some extent even if the air masses below and above canopy were
fully coupled according to the derived �w thresholds. Furthermore,
higher wind speeds above canopy coincided with damped vertical
wind shear (Fig. 4a & b).

Several different layers of wind directional shear could develop
along the vertical column from the ground surface to a few meters
above the canopy (e.g. Alekseychik et al., 2013). Hence, investigat-
ing vertical wind shear in and above forest canopies with only two
measurement heights may  not be sufficient to fully account for the
problem.

3.4. Implications of decoupling on the forest carbon budget

The below-canopy CO2 exchange measurements were mostly
positive and indicated that respiration exceeded photosynthesis, as
expected. The mean below-canopy CO2 exchange was estimated to
be in the range from 0.07 ± 0.06 (average ± SD; Conditional Sam-
pling with 5 min  averages) to 0.30 ± 0.18 (average ± SD; 30 min
values) �mol  m−2 s−1 (Fig. 5). Independent measurements of CO2
diffusion through the snowpack sporadically conducted in pre-
vious winters yielded an average winter soil respiration rate of
0.14 ± 0.06 (average ± SD) �mol  m−2 s−1. These diffusion estimates
confirm our EC derived 30. min. results, considering the larger foot-
print and hence expectable higher fluxes at the EC system below
canopy. Consequently, for the following discussion the 30 min val-
ues will be used. Additionally, we  considered our EC based 30 min
results as a lower limit of respiratory flux at below-canopy EC
system measurement height as the measured below-canopy CO2
exchange is not necessarily equal to below-canopy respiration in
the absence of photosynthesis due to the potential influence of
downward drafts of air parcels in the decoupled below-canopy
layer (cf. Thomas et al., 2013). These downward drafts may  bias the
measured flux in negative direction. However, using only data with
best quality flags (i.e. well-developed turbulence, c.f. Section 2.5)
for the estimation of below-canopy CO2 exchange during decou-
pling should minimize this effect. Integrating the below-canopy
CO2 exchange over the whole investigated winter period sug-
gested a total emission from the forest floor of 126 ± 76 g CO2 m−2

(34 ± 21 g C m−2). Decoupling occurred during 45% of this period
when using only �w thresholds and during 65% of the time with
vertical wind directional shear was as an additional decoupling
indicator. In a worst-case scenario, i.e. assuming perfect decoupling
and 100% advective loss of the below-canopy air mass, those decou-
pled periods would amount to a total of 57 ± 34 (for using only the

�w thresholds) and 80 ± 48 (�w thresholds combined with wind
shear threshold) g CO2 m−2 (15.6 ± 9.3 and 21.8 ± 13.1 g C m−2),
respectively, not being captured with the above-canopy measure-
ments. This carbon loss would have a significant impact on the
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stimated forest ecosystem carbon budget. For instance, previous
tudies on annual boreal pine forest carbon budgets, using only
bove-canopy measurements, report annual EC NEE values ranging
rom 136 to 241 g C m−2 uptake for a ∼45-year-old Scots pine forest
Kolari et al., 2009) and up to 323 g C m−2 uptake for a ∼75-year-old
cots pine plantation (Kolari et al., 2004). Suni et al. (2003) reported
ptake values from 162 to 307 g C m−2 y−1 for a ∼80-year-old boreal
cots pine stand. Thus, our results suggest that the seasonal and
onsequently annual ecosystem-scale carbon sink strengths might
e considerably overestimated when not accounting for the below-
anopy carbon loss.

The above carbon loss estimates are upper limits on the potential
nfluence of decoupling and below-canopy horizontal advection on
bove-canopy derived NEE. There might be other processes that
ransport accumulated below-canopy CO2 after decoupled periods
p to the EC system above canopy. Furthermore, air masses which

eft the relevant below-canopy footprint could be transported back
s well. Thomas et al. (2013) give more information on potential
hortcomings of their approach to address decoupling and below-
anopy horizontal advection.

.5. Applicability of above-canopy derived parameters for
dentifying decoupling

Given that a large number of EC forest sites worldwide rely
nly on above-canopy measurements, a crucial question is whether
ny parameter available from above-canopy measurements might
erve as a robust indicator for detecting decoupled conditions.
he availability of such a parameter would furthermore offer the
pportunity to correct historical data for the potential bias in above-
anopy derived NEE values due to decoupling processes.

In our study, above-canopy net ecosystem CO2 exchange (NEE)
or the fully coupled periods was 0.31 ± 0.19 �mol m−2 s−1. This is
lightly lower but comparable with a previously reported value
f 0.44 �mol  m−2 s−1 for winter ecosystem respiration at a ∼40-
ear-old Scots pine stand in Southern Finland (Markkanen et al.,
001) with a leaf area index of 9 m2 m−2 (all-sided). We  set u*
nd horizontal wind speed thresholds such that the proportions
f the data that were filtered were equal to those in the benchmark
ecoupling dataset. This yielded an u* threshold of 0.26 m s−1 and

 horizontal wind speed threshold of 1.13 m s−1. However, these
wo data populations matched the benchmark population in only
o 81% and 76% of data points, respectively, indicating that the
* and wind speed filtering did not identify all decoupled peri-
ds. Filtering the initial NEE values with only the above-canopy �w

hreshold yielded a 90% match with the benchmark data popula-
ion. All three single-level above-canopy filtering methods resulted
n less positive estimates of mean NEE (±SD) in comparison to
he benchmark data set, namely 0.13 ± 0.20 �mol  m−2 s−1 for u*
ltering, 0.10 ± 0.20 �mol  m−2 s−1 for wind speed filtering, and
.14 ± 0.20 �mol  m−2 s−1 for single-level �w filtering (Table 1).
his indicates clearly that, even if there is a match of up to 90%
etween the single-level and two-level filtered data populations,

 single-level filtering with above-canopy derived data might not
e sufficient to fully address the effects of decoupling and below-
anopy horizontal flow. The difference in the data captured by the
ingle-level filtering vs. the two-level filtering had a severe influ-
nce on the above canopy derived NEE. A reliable method is needed
o reduce the potential bias in ecosystem-scale CO2 flux estimates

ue to below-canopy fluxes not being captured in above-canopy
EE measurements during decoupled conditions. Eddy covariance
easurements below the forest canopy can provide a remarkable

mprovement here.
 Meteorology 232 (2017) 23–34

3.6. Apparent winter CO2 uptake due to decoupling

The photosynthetic apparatus is not always inactive during win-
ter in boreal forests. Short periods of net CO2 uptake do occur on
mild days (e.g. Troeng and Linder, 1982) even if the photosynthetic
efficiency is low (Kolari et al., 2007; Strand and Öquist, 1985). How-
ever, long-term means should not show negative NEE fluxes, i.e.
net CO2 uptake by the forest, during winter, as suggested by our
unfiltered EC measurements. This result contrasts with long-term
gas exchange measurements in boreal Scots pine forests (cf. Kolari
et al., 2007; Troeng and Linder, 1982).

Fig. 6 visualizes a 8-days example period showing the unfiltered
NEE above canopy and the corresponding Richardson numbers
(upper left panel), the CO2 concentration patterns below and above
canopy (lower left panel) and wind characteristics (�w and direc-
tion) below and above canopy (right panels). Between November
16 and 17 and later mid  of November 19 uptake above the canopy
is visible. This is associated with stable stratification (Ri > 0.25),
decoupling according to the �w thresholds and a temporary accu-
mulation of CO2 below the canopy. Obviously, decoupling events
take place here which leads to CO2 accumulation below the canopy
and a bias in the above-canopy NEE. Stable stratification is a
precondition for such an event, but Fig. 6 also shows that sta-
ble stratification alone does not always lead to a bias in the
above-canopy NEE (see the data around 14.11. in Fig. 6 where,
according to the �w thresholds, no decoupling but stable stratifi-
cation occurs). Interestingly, the ends of the decoupling events and
CO2 accumulation below canopy coincide with a rapid change in
above-canopy wind direction and consequently pronounced wind
shear between below and above canopy. This feature might be an
example of increased mixing produced by wind shear between
below and above canopy as it is e.g. reported in Thomas et al.
(2013). While with better mixing the NEE quickly returns to posi-
tive values stays below-canopy wind direction constant. Possibly,
parts of the accumulated CO2 are then horizontally transported
away via this below-canopy flow. Overall, a bias of NEE in neg-
ative direction is clear to see as the apparent uptake is not fully
compensated by corresponding positive values after the decoupling
events.

Considering the randomness of turbulence and winter NEE val-
ues near zero, we expected to still observe some negative NEE
values in our benchmark data set. The percentage of negative NEE
values in our wintertime data declined from 48% for the unfil-
tered fluxes to 41% for best quality data to 35% for the benchmark
data set, which was filtered for quality and decoupling. Further-
more, the mean NEE shifted from negative (CO2 uptake) to positive
(CO2 emission) values with increasing strictness of data filtering,
the frequency and magnitude of high and low instantaneous NEE
values declined as well (Fig. 7). It is noteworthy that most of the
remaining negative NEE values were obtained during periods when
the wind originated from north (wind direction ∼<90◦ or wind
direction ∼>270◦) while south winds yielded more positive NEE
values (Fig. 7). This may  demonstrate the influence of topography
on data, even when they were filtered for quality and decoupling
events. Wind from northern directions is flowing downslope fol-
lowing the local topography (cf. Fig. 1) and arrives at the sonic
anemometer with a vertical angle different from zero, which can
mimic  a negative (downward) flux. Effects like this should have
been excluded by the coordinate rotation done in the normal course
of the turbulent flux calculations. Still, there might be a small topo-
graphical influence on the flux results due to an imperfection in
the coordinate rotation. Especially in complex, forested terrain flux

calculations can be influenced by such issues (e.g. Ross and Grant,
2015).
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Table  1
Performance of different parameters for above-canopy EC NEE filtering regarding coupling/decoupling compared to completely untreated data and a benchmark data set.

Critical value (m s−1)§ Matching with benchmark data set£ Mean NEE (�mol m−2 s−1)$

Untreated – – −0.52 ± 2.10
Benchmark – 100% 0.31 ± 0.19
SD  vertical wind 0.33 90% 0.14 ± 0.20
Friction velocity 0.26 81% 0.13 ± 0.20
Horizontal wind 1.13 76% 0.10 ± 0.20

§  − required filter values to get the same amount of data points as the benchmark data set has.
£ − benchmark: above canopy NEE with best quality for fully coupled periods using a two-level filtering (cf. Section 2.4).
$  − mean NEE for data sets based on varying selection criteria.

Fig. 7. Wind direction (degree) above canopy vs. NEE (�mol  m−2 s−1) above canopy. Unfiltered flux results are shown in black, data with best quality considering all coupling
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.7. Global relevance of decoupling and below-canopy horizontal
dvection

Given the roughness of forest canopies (e.g. Poggi et al., 2004)
ecoupling may  occur at the majority of forested EC measurement
ites around the world. When decoupling coincides with sloping
errain horizontal advection below the canopy can be fostered.

As introduced in 2.1, the topography surrounding the tower
t our site is rather flat with a maximum elevation difference of

 m within a distance of ∼200 m from the tower. Beyond 200 m,
he maximum elevation differences are 24 m and 114 m within
00 m and 1000 m,  respectively, and a severe influence of topog-
aphy was reflected by a predominant wind direction below the
anopy (Fig. 2). This raises the question of how general such fea-
ures may  be. We  therefore compared the topography at our site to
hat of 110 forest FLUXNET sites (cf. Section 2.6). Medians of max-
mum elevation differences in a circle around these towers, with a
adius of 300 m or 1000 m,  were 24 m and 66 m,  respectively (Fig. 8).
hese results indicate that hilly topography within such distances

s a common feature which likely affects EC derived forest carbon
udget estimations at many forested EC sites worldwide.

However, a potential influence of topographically induced
elow-canopy horizontal flow on the above canopy derived NEE
alues has to be evaluated for each site separately. Vickers et al.
2012) suggested that a conventional filtering of above-canopy
erived summertime flux data at a certain friction velocity thresh-
ld is sufficient for addressing the coupling/decoupling issue at
heir site. This study was conducted at a mature ponderosa pine
orest in Oregon with canopy height 10–16 m and leaf area index
.1–3.3 m2 m−2, situated on a flat saddle (∼500 × 500 m)  sur-

ounded by complex terrain. The maximum elevation differences
ithin a 300 m and 1000 m radius around the measurement tower

t this site were 14 m and 88 m,  respectively, and therefore lower
han the corresponding values for our site (24 m and 114 m).  In
ata set) in red (b). With strictness of data filtering, the percentage part of negative
wn on the right part of the panels). (For interpretation of the references to color in

contrast, a relatively high friction velocity threshold (Speckman
et al., 2015) could not solve the disagreement between EC derived
summertime carbon fluxes and compartmental estimates of the
carbon budget at the GLEES Ameriflux site. This site is character-
ized by a mixed spruce and subalpine fir stand with 18 m mean
tree height. It is situated in high elevated, steeply sloping, moun-
tainous terrain with maximum elevation differences of 68 m and
148 m,  respectively, within 300 m and 1000 m radius around the
measurement tower. These elevation differences are considerably
higher than at our site. Even when the leaf area index decreased
from around 6.1 m2 m−2 to 0.9 m2 m−2 after a massive bark bee-
tle infection, a disagreement still existed. The steep terrain at the
GLEES Ameriflux site might be a key factor in these difficulties.
However, as we  are lacking in more detailed information for both
the above sites, we can only speculate for now.

As previously mentioned, the use of a friction velocity thresh-
old has been established as the most accepted and widely used
approach to address the problem of inadequate turbulent mixing in
forest EC studies (e.g. Fernández-Martínez et al., 2015; Morgenstern
et al., 2004; Vickers et al., 2012). However, a growing number of
studies are strongly questioning the effectiveness of using only a
friction velocity threshold derived from above-canopy measure-
ments (e.g. Acevedo et al., 2009; Kutsch and Kolari, 2015; Speckman
et al., 2015; Thomas et al., 2013). Furthermore, just recently under-
lined by Kutsch and Kolari (2015), it is getting more and more
obvious that including a detailed analysis of the potential influence
of surrounding topography on above-canopy derived EC results is of
prime importance. Even though this topic is still intensely debated
and a general agreement has yet to be achieved, our study further
supports the call for a better understanding of above- and below-

canopy exchange dynamics and of the influence of topography
surrounding EC towers on above-canopy derived EC measure-
ments. Such knowledge will be crucial to improve estimates of the
CO2 sink-source strength of forest ecosystems worldwide.
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est  research station). The red dashed horizontal line marks the zero line, the black
ig. 8. Maximum height difference between tower base and any point within a cir
ites  (n = 110, see Section 2.6 for details). The vertical dashed lines mark the corresp

. Conclusions

Apparent CO2 uptake in above-canopy winter EC CO2 fluxes
ed us to investigate the decoupling between above- and below-
anopy air masses and potential accompanying below-canopy
orizontal advection. We  found that decoupling occurs frequently

n this boreal forest despite a low leaf area index and that tower-
urrounding topographical features are able to foster below-canopy
rainage flow even when the nearest vicinity around the mea-
urement tower is rather flat. Both decoupling and below-canopy
orizontal drainage flow may  promote below-canopy advective
O2 loss. Even in wintertime when CO2 fluxes are very low at these
igh latitudes, this potential advective carbon loss may  account

or a substantial part of the whole forest seasonal and, therefore,
nnual carbon budget.

We evaluated three different parameters derived from above-
anopy measurements for their usefulness for identifying periods
ith decoupling. Neither a filtering with an above-canopy derived

* threshold, nor a horizontal wind speed threshold, nor a filtering
ith an above-canopy derived �w threshold could reproduce the

bove-canopy CO2 flux data filtered with �w thresholds for both
bove- and below-canopy data.

Based on these findings we conclude that: (i) decoupling may
ccur even in quite open forest stands; (ii) filtering flux data with
ingle-level above-canopy derived parameters is not a sufficient
lternative for two-level investigations to address decoupling; (iii)
opography beyond the nearest vicinity to the flux tower might
ave a profound influence on the EC measurements.

Moreover, the maximum elevation differences around 110 for-
st FLUXNET sites within an area of 300 m and 1000 m distance
o the towers showed clearly that the topography at our site is
ot unusual; most of the forest EC towers are measuring CO2
uxes over topography that is similar or characterized by even
reater elevation differences than at our site. This indicates a poten-
ial for the influence of decoupling and below-canopy horizontal
ow at many forested sites worldwide. We  therefore recommend
hat additional below-canopy measurements should be included
s standard procedure for measuring the forest CO2 balance world-
ide.
onflicts of interest

The authors declare that there are no conflicts of interest regard-
ng the publication of this paper.
area with a radius of a) 300 m and b) 1000 m. Shown are selected FLUXNET forest
g values for the measurement site presented in this paper.

Acknowledgments

The Rosinedalsheden research site was  established with support
from the Kempe Foundations and the Swedish Research Coun-
cil for Environment, Agricultural Sciences and Spatial Planning
(FORMAS) and is since 2014 part of the “Swedish Infrastructure for
Ecosystem Science” (SITES) funded by the Swedish Research Coun-
cil (VR) and partner universities. This study received support from
the research programs “Future Forests” (Swedish Foundation for
Strategic Environmental Research − MISTRA), “Trees and Crops for
the Future” (Swedish Governmental Agency for Innovation Systems
− VINNOVA) and “Nitrogen and Carbon in Forests” (FORMAS). Fur-
thermore, the scholarship from Kempe Foundations to Georg Jocher
is gratefully acknowledged.

Appendix A.

Fig. A1. CO2 exchange below canopy (�mol m−2 s−1; unfiltered EC derived 30 min
averages) in dependency of global radiation (W m−2; measured at Svartberget For-
dashed vertical line marks the used global radiation threshold to separate between
day  and night conditions (20 W m−2). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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