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The eddy covariance (EC) technique has emerged as the method of choice for observing ecosystem-atmosphere
interactions across biomes and climate zones. However, EC measurements are biased when the turbulent flow
is decoupled from the underlying surface, severely limiting the applicability of the technique in observing
surface-atmosphere fluxes. Friction velocity (u,) is typically used to detect and filter these periods from EC

Keywords:
Decoupling flux time series. The processes that control decoupling are understood qualitatively, including the strength of
Gas flux vertical turbulent mixing, stable stratification and canopy drag. However, the standard practice utilising u,

Eddy covariance
Vertical mixing
Canopy drag

Stable stratification

misses most of these processes, resulting in a significant uncertainty in detecting decoupling. Consequently, a
quantitative metric, £2, which encapsulates all these processes in a unified framework, was recently proposed.
However, it has not yet been systematically tested over a range of ecosystems and site characteristics. The
objectives of this study were therefore to test the efficacy of 2 at a diverse range of EC sites, to quantify the
processes controlling decoupling across sites, and to compare 2 against other decoupling metrics, such as u,. A
similar 2 threshold value for coupling was observed at all the 45 tested EC sites, with a value of 0.59 (median;
0.5...0.63 interquartile range). This indicates that the £ metric captured the essential features of decoupling
across sites, thereby enabling deeper analyzes of the causes of decoupling. For example, £2 indicates that (1)
flows above dense forest canopies can be decoupled from the forest floor also during the daytime due to
canopy drag and that (2) during stable stratification decoupling is more likely with tall towers. These findings
significantly enhance our scientific understanding of the underlying causes of decoupling, will inform improved
analyzes of EC data and support near-surface turbulence transport analyzes in open and forested landscapes.

1. Introduction

measurement network (FLUXNET) has a key role in improving our
understanding on ecosystem-atmosphere interactions and changes in

Human activities and the rapidly changing climate are causing un-
precedented changes to global biomes and knowledge of these changes
is insufficient, primarily due to uncertainty of processes involved and
lack of suitable measurements to constrain process models (e.g. Arneth
et al., 2017; Huntzinger et al., 2017). During the recent decades the
eddy covariance (EC) technique has emerged as the method of choice
for observing the exchange of gases, heat and momentum between
ecosystems and the atmosphere (Baldocchi, 2020) at the ecosystem
scale across biomes and climate zones. Consequently, the global flux

these interactions in a changing climate. Furthermore, EC observations
form the backbone of several long-term research infrastructures such
as Integrated Carbon Observation System (ICOS; Franz et al. (2018),
Heiskanen et al. (2022)) and National Ecological Observatory Network
(NEON; Metzger et al. (2019)) to name a few.

Despite its pivotal role in monitoring ecosystem-atmosphere inter-
actions, the fluxes measured with the EC technique do not always relate
to ecosystem-atmosphere exchange, especially during low turbulent
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mixing periods taking place primarily at night (e.g. Aubinet et al.,
2012). EC relies on the observation of vertical turbulent flux of a
constituent ¢ (e.g. carbon dioxide, CO,). Mass balance of a control
volume on top of a target ecosystem reads

NEE =F, +S.+ Fypq + Fraap + Fraao = Fe + S¢ + Frgg, (€8]

where NEE is the net ecosystem exchange of ¢, F, is the vertical
turbulent flux, S, is the change in storage term and F,,, is the sum
of horizontal turbulent flux divergence (Fy,,,) and horizontal (F},,,)
and vertical (F,,,,) advection (e.g. Finnigan et al., 2003; Foken et al.,
2012). At many EC sites S, is measured along with F,, however the
terms lumped in F,,; are unmeasurable with current techniques (e.g.
Leuning et al., 2008; Aubinet et al., 2010). During rigorous turbulent
mixing, the approximation NEE ~ F, (or NEE ~ F,+S,) holds and EC
measurements can be used to monitor N EE (but see Katul et al. (2006),
Poggi and Katul (2007), Ross (2011), Ross and Harman (2015), Kanani-
Siihring and Raasch (2015, 2017), Chen et al. (2019), Ma et al. (2020)).
However, during low mixing the turbulent flow decouples from the
surface since vertical mixing is resisted by strong vertical movement
opposing forces such as buoyancy and canopy drag (Peltola et al.,
2021b), F,,; becomes important and hence EC observations depart
from the ecosystem-atmosphere exchange (i.e. NEE) (e.g. Aubinet,
2008; Feigenwinter et al., 2008; Leuning et al., 2008; Aubinet et al.,
2010; Feigenwinter et al., 2010). As a result, EC observations can be
severely biased if not handled correctly and this can result e.g. in biased
ecosystem carbon balance estimates due to underestimated nocturnal
ecosystem respiration (e.g. Platter et al., 2024). This issue is still largely
debated despite decades of studies on the subject (Aubinet et al.,
2003; Feigenwinter et al., 2004; Aubinet et al., 2005; Marcolla et al.,
2005; Staebler and Fitzjarrald, 2004; Mammarella et al., 2007; Aubinet,
2008; Feigenwinter et al., 2008; Kutsch et al., 2008; Leuning et al.,
2008; Aubinet et al., 2010; Feigenwinter et al., 2010; Thomas, 2011;
Siebicke et al., 2012; Vickers et al., 2012; Galvagno et al., 2017; Rannik
et al., 2020) and it arguably forms one of the main hindrances for the
accuracy of EC observations.

A pragmatic approach to overcome this problem has been to filter
out the low turbulence periods from EC time series. These periods are
typically identified using friction velocity (u,) (Goulden et al., 1996; Gu
et al., 2005; Reichstein et al., 2005; Papale et al., 2006; Aubinet et al.,
2012; Barr et al., 2013; Wutzler et al., 2018; Pastorello et al., 2020)
which assumes that the density normalised shear induced momentum
flux is a good indicator for the resulting effective mixing strength
for the entire air column below the EC setup. Another assumption
at the basis of u, filtering is that nighttime N EE, representing only
respiration, is independent respect to the turbulence intensity (u,) when
the biological drivers are similar (e.g. temperature, water availability,
substrate). Under low turbulence conditions this independence is not
any more present and this is used to estimate a minimum level of
turbulence (u, threshold, u,,,) needed to consider the EC observations
representative of ecosystem-atmosphere interactions. All the measure-
ments collected at u, values below the threshold are removed because
they are considered to be affected by potential advection. This approach
views the problem from a biological standpoint and evaluates the
best available estimate for nocturnal NEE (typically F.+S.) against
turbulence metrics such as u,. Determination of the site-specific u,,, is
uncertain and this uncertainty dominates the overall uncertainty of EC
observations (Papale et al., 2006; Wutzler et al., 2018; Pastorello et al.,
2020).

However, the use of u,, square root of momentum flux, as a filter-
ing metric can be challenged from a fluid dynamics standpoint. For
instance, in forested landscapes majority of momentum flux between
the atmosphere and the underlying ecosystem is related to the upper
parts of the forest canopy represented e.g. by the roughness of the
canopy crowns, their spacing, their differences in height etc. (e.g.
Finnigan, 2000; Yi, 2008; Brunet, 2020) and hence u, does not relate
to the fact that whether the above-canopy turbulent flow is in direct

Agricultural and Forest Meteorology 362 (2025) 110326

interaction with the forest floor or not (see also van Gorsel et al.,
2011; Thomas et al., 2013). Furthermore, its values can be contam-
inated by non-turbulent large scale motions not directly related to
local conditions (Acevedo et al., 2009). The selection of u, as a low
turbulence metric can be considered merely as a practical choice, since
u, observations are available at all EC sites, lacking a strong physi-
cal justification (Vickers et al., 2012). Hence alternative approaches
including comparison of flow statistics across multiple levels of flux
measurements have been proposed as well (Van Gorsel et al., 2007;
Mammarella et al., 2007; Acevedo et al., 2009; van Gorsel et al.,
2009; Vickers et al., 2012; Alekseychik et al., 2013; Thomas et al.,
2013; Jocher et al.,, 2017; Freundorfer et al., 2019; Jocher et al.,
20205 Schilperoort et al., 2020; Stiegler et al., 2023). However, these
approaches also rely on site-specific threshold values and similarly to
u, typically lack a direct connection to forces hindering the vertical
coupling with the exception of the multi-layer EC measurement stud-
ies (Freundorfer et al., 2019; Thomas et al., 2013). However, even the
latter make use of evaluating the flow statistics at distinct heights where
observations are available and not continuously throughout the canopy
profile and rely only on vertical turbulent kinetic energy (TKE) obser-
vations. Some of the above-mentioned studies used standard deviation
of vertical wind speed component (¢, square root of vertical TKE) as
a filtering metric instead of u, and estimated the ¢, threshold from
comparison between subsequent above- and below-canopy turbulence
measurements. However, difference between this approach and the
approach based on u, is likely marginal as u, and o, are tightly
correlated and follow linear dependence (6,, ~ 1.25u,) over a wide
range of atmospheric stability conditions and ecosystem types (Kaimal
and Finnigan, 1994).

These deficiencies of commonly used approaches motivated Peltola
et al. (2021b) to develop a physics-based alternative for the u, filtering.
Their decoupling metric £ incorporates the vertical turbulent kinetic
energy and the forces hindering vertical movement, i.e. buoyancy and
canopy drag, hence providing possibly more rigorous scientific basis
for identifying periods when the turbulent flow is not coupled with the
surface and hence EC measurements do not represent N EE. Peltola
et al. (2022) were able to track the growth of large canopy eddies as 22
increased and they observed attachment of these eddies to forest floor
at specific © values partially validating the physical basis of the de-
coupling metric. However, their analyzes focused only on two sites and
hence the main aim of this study is to evaluate the applicability of 2 in
detecting flow decoupling above wide range of ecosystems and evaluate
processes controlling decoupling. Furthermore, we evaluate whether Q
is suitable for delineating decoupling without site-specific thresholds
and derive commonly applicable Q2 threshold and its uncertainty. We
leverage data from 45 flux sites spanning from deserts to agricultural
grasslands and dense evergreen forests and compare 2 based filtering
with the traditional approach using u, and o,,,.

2. Materials and methods
2.1. Identifying flow decoupling with the metric Q2

For a thorough description of the decoupling metric £, see Peltola
et al. (2021b), here only the main details are reiterated. The approach
relies on the concept of downward moving air parcels and forces
hindering their movement and is akin to the approach of Bougeault
and Lacarrere (1989) for estimating turbulent mixing lengths imple-
mented in some numerical weather prediction models (Lac et al.,
2018; Maroneze et al., 2020). The movement of a downward moving
air parcel at the canopy height (h) is hindered by canopy drag and
buoyancy force. The work performed against these forces during the
descent can be calculated as a line integral over the vertical trajectory
assumed to be from z = A to z = 0 m. The air parcel reaches the ground,
e.g. forest floor, if its kinetic energy matches or exceeds this work. From
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this, a minimum vertical speed (w, ;) required for the air parcel to
reach the ground can be derived (see Peltola et al., 2021b):

A R 2 0, — 6
We crit = _ychAIUh - (ychAIUh) + 2gh é > (2)

where y = 0.277, ¢, is drag coefficient (=0.2 throughout the study),
PAI is one-sided plant area index (m? m~2) describing the density of
the forest canopy, U,, is mean wind speed at the canopy height (ms~!),
g is acceleration due to gravity (ms~2), 6 is potential temperature (K)
and 6, potential temperature of the air parcel which is assumed to be
the same as the mean 6 at its point of origin, i.e. canopy height. Hat (())
denotes average below 4. When deriving Eq. (2), it was assumed that
(1) humidity gradients are small meaning that buoyancy force can be
calculated using 6, (2) canopy density and ¢, are constant with height
and that (3) mean horizontal wind speed and air parcel downward
speed below canopy decay exponentially with height (e.g. Inoue, 1963;
Cionco, 1965; Amiro, 1990; Poggi et al., 2004) and the coefficients con-
trolling the decay are lumped in y (Peltola et al., 2021b). y was assumed
constant for simplicity, however, the accuracy of this assumption can
be questioned (see Brunet (2020) and references therein). Furthermore,
w, ..;; does not consider horizontal heterogeneity in canopy charac-
teristics such as variability of PAI in different wind directions. Also,
horizontal variability in temperature profiles is not accounted for and
single temperature profile is assumed to sufficiently describe the study
domain at each time step. Such temperature horizontal heterogeneity
might prevail in heterogeneous forested ecosystems (Thomas, 2011) or
other complex measurement locations such as lake shores (e.g. Jammet
et al.,, 2017). In essence, Eq. (2) neglects any horizontal variability in
PAI or temperature profiles and Q is a metric for vertical decoupling
only. Note that most of the assumptions made above are related to
canopy drag and similar assumptions are often made when deriving
simple models describing canopy flows (see e.g. Kunadi et al. (2024)
and references therein). The assumptions were made in order to facil-
itate the calculation of £ from a minimal set of micrometeorological
measurements, i.e. turbulence at EC height and temperature profile be-
low it. Despite these simplifications, we argue that Eq. (2) captures the
essential features hindering vertical mixing. When w, .., is imaginary,
e.g. during unstable stratification, its value is set to zero.

By using Eq. (2) and standard deviation of vertical wind speed (5,,),
the decoupling metric £2 was defined as

= 3

|we,crit|

Q approaches infinity when the hindrances for the coupling are neg-
ligible, i.e. |w, ;| approaches zero, and all the descending air parcels
reach the ground. During weak turbulence o, is small when compared
to |w, ;| and hence @ approaches zero and none of the air parcels
reach the ground. A threshold for flow coupling can be determined
somewhere between these two extremes. Peltola et al. (2021b) used
Q,, = 0.61, but this threshold value will be re-evaluated in this study.
If we assume Gaussian distribution for w fluctuations, then €,, = 0.61
suggests that coupling takes place when over 5% of w fluctuations are
below (i.e. stronger) the threshold w, ., and hence reach and couple
with the ground. Widely applicable universal Q threshold for coupling
might apply since £ combines the main processes controlling vertical
mixing in a single dimensionless metric and hence all EC measurement
locations can be analyzed similarly. For a schematic description of Q2
and processes controlling decoupling, see Fig. 1. Based on £2, the flow
can decouple from the ground if turbulent mixing (¢,) decreases or
hindrances for the vertical mixing (Jw, ., |) increase. This latter part
is missing from the more traditional low turbulence filtering metrics,
i.e. u, and o,,. In practice, EC measurements are done at some distance
above the canopy, see Peltola et al. (2021b) how this is taken into
account in the calculation of €. In this study, canopy drag was approx-
imated to have negligible contribution to w,,;, at low vegetation sites
(h < 1 m) and was neglected when calculating w, ,;, and Q. Appendix B

e,cri,
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shows how € is linked to different length scales used in prior studies
to describe turbulent flows.

Various measurements are needed for calculating the decoupling
metric 2 and these measurements can contain uncertainties which
result in potentially erroneous values for Q. Hence sensitivity of Q to
the accuracy of different input variables is evaluated in Appendix C.
Also, a thumb rule describing the amount of temperature measurement
levels needed for 2 calculation is derived.

2.2. Data sources and processing

In this study we leverage readily available data from EC mea-
surement networks where all the needed variables are collected and
shared, namely ICOS (Franz et al., 2018; Heiskanen et al., 2022) and
NEON (Metzger et al., 2019) in addition to a few other sites. F, and
S, were observed using standardised EC equipment and concentration
profile measurements in each network. In total 45 sites were included.
Site listing and characteristics are given in Table 1. In summary the
sites range from short towers (3 to 8 m) above low vegetation to
medium-height (20 to 30 m) and tall towers (30 to 60 m) above
forests with various canopy densities (PAI between 0.5 and 9.4 m?
m~2). The ecosystem types range from deserts and grasslands to dense
and tall forests and hence the sites cover the variability across typical
EC towers. NEON EC and profile data (Metzger et al., 2017, 2019)
were acquired from NEON data portal (National Ecological Observa-
tory Network (NEON), 2023). One-sided PAI values calculated with
HemiPy (Brown et al., 2023) from the NEON fisheye images (National
Ecological Observatory Network (NEON), 2022) were retrieved from
the Ground Based Observation for Validation service (Brown et al.,
2020). Processed data (EC, profiles and PAI) (Sabbatini et al., 2018;
Gielen et al.,, 2018) from the ICOS sites were retrieved from the
ICOS carbon portal (see data citations in Table 1). Discontinuous PAI
observations were linearly interpolated to match each EC data time
step for sites with over five PAI observations, whereas at sites with
less observations constant value was used. Long gaps (longer than
three months) in PAI time series were filled with mean annual pattern.
Handful of other sites were also included and data were processed by
the site Pls.

Atmospheric stability was evaluated based on Monin—Obukhov sta-
bility parameter ¢ = zpc=d (Monin and Obukhov, 1954), where d and L
are the displacement height and Obukhov length, respectively. d was
approximated as %h for sites for which it was not provided with the
data. U, was approximated from wind speed at the EC height (U) using
Monin-Obukhov similarity scaling (Dyer, 1974):

u*¢m
m(ZEC —h), (C)]
where k is von Kirmén constant (=0.4) and ¢,, is stability scaling
function (Kaimal and Finnigan, 1994) estimated as ¢,, = 1 + 5¢ for
stable conditions and for simplicity as ¢,, = 1 for unstable conditions.

Initial analyzes revealed systematic biases in the temperature pro-
files at some sites such as clearly different temperature values at certain
height when compared to adjacent measurement heights. In order
to minimise their effect on the calculation of 2, they were rectified
by assuming that in near-neutral situations 6 does not strongly vary
between adjacent measurement heights and then by cross-calibrating
the measurement levels against each other using linear interpolation.
Here near-neutral periods were defined as periods when the absolute
value of above-canopy sensible heat flux was below 5 W m~2 and
friction velocity was above 0.5 m s~!. If there were less than 100
data points that met these criteria, then the limits were loosened to
10 W m~2 and 0.3 m s~!, respectively. Data processing and analysis
was done with Python (3.11.6) and scientific color maps were used in
visualisations (Crameri et al., 2020).

Data quality filtering was done by site PIs or by centralised process-
ing (ICOS/NEON). In addition, also the following periods were removed
prior to analysis: o,,/u, > 3 or ¢, /u, < 0.5 oru, > 2ms~! or U >

U,~U-—
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Vertical mixing increases

Decoupled canopy flow

Fig. 1. Middle: Description on how Q (2 = 2

1We crir]

) incorporates strength of vertical mixing and forces opposing vertical mixing in a single decoupling metric and how different

coupling regimes (decoupled regime: 2 € [0, £2,,]; coupled regime: 2 € (£2,,,)) depend on these two aspects. When @2 > ,,, then vertical mixing is strong enough for overcoming
the hindrances for the coupling and the flow couples with the ground. Note that the traditional metrics for coupling (e.g. u, or o,,) vary only along the x-axis of this diagram and
neglect any variability along the y-axis. Top and bottom: Three schematic illustrations on the flow in decoupled and coupled regimes.

20ms~! or F, > 20 pmol m~2s~! or F, < —40 pmol m~2s~! or during night
time F, < —10 pmol m~2s~!. While F, values below —40 pmol m~2s~! are
plausible, we observed only spurious outliers beyond these F, limits
and hence opted to remove them. After this filtering, the residual
spikes in the 30-min flux time series were filtered using the algorithm
proposed by Papale et al. (2006). Throughout the study, night time was
defined as periods when global radiation was below 10 W m~2.

In order to collapse nocturnal CO, fluxes across seasons and sites
when plotting against decoupling metrics, we normalised fluxes with
reference fluxes (F), ) estimated by calculating 10-day running median
of night time F, data that were measured when u, was above 75th
percentile of night time u, observed at each site. This approach assumes
that (1) ecosystem respiration does not noticeably change with time
scales shorter than 10 days and (2) the 75th percentile limit for
u, allows sufficiently accurate estimation of night time respiration.
Due to these assumptions this gives only a rough estimate for the
unbiased night time fluxes but most importantly the normalisation is
independent of Q. S, was not included in the normalisation. Note

that the normalised fluxes were used only for illustration purposes in
Section 3.1 and normalisation does not have an impact on the relative
change in normalised flux against the decoupling metric, but only on
the magnitude of F,/F,,, and (F, + F)/F,.,

Friction velocity thresholds (u,,,) related to insufficient vertical
mixing were derived for each site using the tool implemented in the
ONEflux code package (Pastorello et al., 2020), specifically with the
moving-point-transition approach. Shortly, the approach consists of two
main steps: (1) the data are divided into categories based on season
and air temperature. Within each season/temperature group the data
are then divided into 20 u, classes and bin-averages of fluxes in these
u, classes are calculated. (2) for each season/temperature group u,,,
is selected from the u, class in which the average flux reaches more
than 99% of the average flux at the higher u, classes and if this is
valid also for the following u* class in order to reduce noise effect.
Then the median of the u,,, estimated for the same season at different
temperature classes is calculated and the maximum threshold among
the 4 seasons selected as final overall threshold value for that particular
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Eddy covariance measurement sites included in this study. For canopies with height below 1 m PAI are not reported as canopy drag is approximated to have
insignificant influence on ©Q at these locations. IGBP = vegetation IGBP classification. z;. = EC measurement height above ground, h = canopy height and N =
amount of half-hourly data points available. NEON = National Ecological Observatory Network (NEON) (2023). Significant slope = slope angle between 5% and

10%. Medium slope = slope angle between 2% and 5%.

D Reference Latitude (°N) Longitude (°E) IGBP z - (m) h (m) PAI(m> m™2) Topography Years N #

CH-Dav  Gharun et al. (2020) 46.81533 9.85591 ENF 35 27 3.9 significant slope  2019...2020 9984

DE-Hai Knohl et al. (2021) 51.079407 10.452089 DBF 44 35 1.9..5.8 significant slope  2019...2020 26155
DE-HoH Rebmann et al. (2020) 52.085306 11.219222 DBF 45 33 1.2..5.1 significant slope  2019...2020 23654
FI-Hyy Mammarella et al. (2021) 61.84741 24.29477 ENF 27 21 2.1..3.6 hilly terrain 2018...2020 24837
FI-Jok Lohila et al. (2004) 60.8986 23.5134 GRA 3 <1 - flat terrain 2002 10359
FI-Ken Aurela et al. (2015) 67.98728 24.28105 ENF 23 14.5 1.9 hilly terrain 2018...2021 28255
FI-Sod Thum et al. (2007) 67.3624 26.6386 ENF 245 12 1.2 flat terrain 2006...2008 30045
FR-Aur Tallec et al. (2021) 43.54965 1.106103 CRO 3 <1 - medium slope 2019...2020 10804
FR-Bil Loustau et al. (2020) 44.493652 —0.956092 ENF 15.6 9.4 1.4 flat terrain 2019...2020 12536
FR-Fon Dufréne et al. (2020) 48.476357 2.780096 DBF 37 25 1.7..6.2 medium slope 2019...2020 15070
IT-SR2 Arriga et al. (2020) 43.73202 10.29091 ENF 24.3 18 2.5 flat terrain 2019...2020 7514

PR-xGU NEON 17.96955 —66.8687 EBF 20.1 6 1.4..4.2 hilly terrain 2019...2021 11368
PR-xXLA  NEON 18.021261 —67.076889 GRA 79 <1 - flat terrain 2019...2021 9727

SE-Deg Nilsson et al. (2020) 64.18203 19.55654 WET 3 <1 - flat terrain 2019...2020 14744
SE-Htm Heliasz et al. (2020) 56.09763 13.41897 ENF 27 18 3.9..4.7 medium slope 2018...2020 38886
SE-Nor Molder et al. (2020) 60.0865 17.479504 ENF 36 28 2.8 flat terrain 2018...2020 29957
SE-Svb Peichl et al. (2020) 64.25611 19.7745 ENF 345 20 3.4 sloped terrain 2019...2020 7161

US-MRf  Thomas et al. (2013) 44.646 -123.551 ENF 38 28 9.4 complex terrain = 2006...2007 11444
US-xAE NEON 35.410599 —99.058779 GRA 79 <1 - flat terrain 2019...2021 27721
US-xBA  NEON 71.28241 -156.61936 WET 7.9 <1 - flat terrain 2019...2021 8273

US-xBR  NEON 44.063889 —-71.287375 DBF 354 20 1.0...6.2 hilly terrain 2019...2021 30332
US-xCP NEON 40.815536 —104.74559 GRA 79 <1 - flat terrain 2019...2021 23628
US-xDC  NEON 47.16165 —-99.10656 GRA 79 <1 - hilly terrain 2019...2021 35243
US-xDL  NEON 32.541727 —87.803877 MF 42.1 30 0.7...5.3 flat terrain 2019...2021 14574
US-xDS NEON 28.12505 -81.43619 CVM 7.9 2 1.0...1.7 flat terrain 2019...2021 20469
US-xHA  NEON 42.53691 -72.17265 DBF 387 23 2.3..4.9 hilly terrain 2019...2021 27222
US-xHE  NEON 63.875798 —-149.21335 OSH 79 <1 - hilly terrain 2019...2021 20587
US-xJE NEON 31.194839 —84.468623 ENF 421 22 0.7..4.7 flat terrain 2019...2021 25983
US-xJR NEON 32.590694 —-106.84254 OSH 7.9 <1 - flat terrain 2019...2021 23855
US-xKA  NEON 39.110446 -96.612935 GRA 79 <1 - flat terrain 2019...2021 26024
US-xKZ  NEON 39.100774 -96.563075 GRA 79 <1 - hilly terrain 2019...2021 30323
US-xMB  NEON 38.248283 —109.38827 OSH 7.9 <1 - hilly terrain 2019...2021 22391
US-xNG  NEON 46.76972 -100.91535 GRA 8 <1 - flat terrain 2019...2021 26804
US-xXNQ  NEON 40.177599 -112.45245 OSH 7.9 <1 - flat terrain 2019...2021 26305
US-xNW  NEON 40.05425 —105.58237 ENF 8 <1 - hilly terrain 2019...2021 16441
US-xRN  NEON 35.964128 —84.282588 DBF  38.7 28 0.8...5.4 hilly terrain 2019...2021 24238
US-xSB NEON 29.689282 —81.993431 ENF 354 20 0.5...4.7 flat terrain 2019...2021 25889
US-xSC  NEON 38.892925 —78.139494 DBF 521 30 0.5...6.6 hilly terrain 2019...2021 13017
US-xSE NEON 38.890131 -76.560014 DBF 62.2 37.2 0.6...5.6 flat terrain 2019...2021 28121
US-xSL NEON 40.461894 -103.02929 CRO 79 3 1.6 flat terrain 2019...2021 20226
US-xSR  NEON 31.9107 -110.8355 OSH 7.9 <2 - flat terrain 2019...2021 27285
US-xST NEON 45.50894 —89.58637 DBF 21.3 9.5 0.8...4.6 flat terrain 2019...2021 42315
US-xTL  NEON 68.66109 —149.37047 WET 7.9 <1 - hilly terrain 2019...2021 17547
US-xUN  NEON 46.23391 —89.537254 MF 36.9 23 0.9...4.8 flat terrain 2019...2021 36502
US-xWD NEON 47.1282 —99.241334 GRA 79 <1 - flat terrain 2019...2021 26307

year (see Pastorello et al., 2020). Uncertainty for the threshold is
derived by bootstrapping 1000 times the available data (see Papale
et al.,, 2006). This procedure is executed for each year separately,
resulting in a u,,, value and its uncertainty for each year. Here we
estimate u,,;, from both F, and F,+.S, time series for each site and year.

The Q2 threshold value for decoupling (£2,,) and its uncertainty were
estimated by bootstrapping the normalised F, data 1000 times and
evaluating the threshold with change point detection algorithm (Barr
et al., 2013) from the bootstrapped data. In addition to this boot-
strapping approach, the change point detection algorithm was used
separately for each site and site-specific ©2,, values were estimated. The
same was done also for the F, + .S, time series in order to verify the
hypothesis that when S, is added, the £ threshold will be more variable
and difficult to constrain due to the processes involved in the storage
flux evolution that are not represented in the Q formulation.

Matthews correlation coefficient (MCC) was used to evaluate the
agreement between two binary time series of low turbulence flags
(0=decoupled, 1=coupled) derived based on u, and £ thresholds (u,,,
and &,;,, respectively). MCC can be calculated as

(CC %= DD)— (DC % CD)

V(CC+ DC)(CC + CD)DD + DC)(DD +CD)_

MCC = ()

where CC, DD, CD and DC are the amounts of data in “Coupled-
Coupled”, ‘“Decoupled-Decoupled”, ‘“‘Coupled-Decoupled” and
“Decoupled-Coupled” groups, respectively. “Coupled-Coupled” group
relates to periods which both £,, and u,,, categorise as coupled,
“Decoupled-Decoupled” relates to periods which both metrics cate-
gorise as decoupled and in “Coupled-Decoupled” and “Decoupled—
Coupled” groups the two metrics disagree. See Fig. 2 for an example
how the thresholds delineate data into these four groups. MCC=+1
means that there is complete agreement between the two binary low
turbulence flags (DC = 0 and CD = 0), MCC=0 means that there is
no relation between the flags, i.e. same amount of data in all of the
four groups, and MCC=-1 means complete disagreement between the
flags (CC = 0 and DD = 0). Hence MCC is essentially a correlation
coefficient between the two binary time series. For comparing u,
and @ based low turbulence flags, MCC was calculated between low
turbulence flags derived using fixed £,, and all the possible u,,, values
at each site.

Two-sample Kolmogorov—-Smirnov test was used to evaluate whether
the flux (F, + S,) data distributions after € filtering with a fixed
threshold or u, filtering with site-specific threshold came from the same
probability distribution. This analysis was done separately for daytime
and night time flux data.
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Fig. 2. Agreement between 2 and u, at DE-HoH. 2 and u, (derived using F,) thresholds shown with black dashed lines delineate the data into four groups (Decoupled-Decoupled,
Decoupled-Coupled, Coupled—Coupled and Coupled-Decoupled) which are used to calculate MCC (see Section 2.2). Note that data with specific u, value can correspond to either

coupled or decoupled regime depending on w,,;, (i.e. hindrances for coupling).

3. Results and discussion

This section includes analyzes of night time CO, fluxes against
different metrics for flow decoupling, comparisons between the metrics,
analysis on the processes controlling decoupling and the effect of
filtering flux time series based on the different metrics on the flux data
distributions.

3.1. Analyzing night time fluxes against different metrics for flow decou-
pling

Fig. 3 shows normalised nighttime F, plotted against u,, 5, and
Q. This kind of analysis views the decoupling from fluid dynamics
perspective, i.e. vertical turbulent flux is evaluated against metrics for
vertical turbulent mixing. u, and ¢,, dependencies are similar (Figs. 3a
and 3b) which could have been expected since u, and o, are strongly
correlated (e.g. Kaimal and Finnigan, 1994) albeit representing differ-
ent facets of the flow. This suggests that they both perform equally well
in identifying low turbulence periods (but see Acevedo et al. (2009),
Jocher et al. (2017)). Different sites show different u, (c,,) thresholds
and also otherwise the dependencies between normalised F, and u,
(or ¢,) vary between sites. Generally, u, (6,) thresholds increased
with measurement height (Fig. 3a and 3b) in accordance with prior
literature (e.g. Pastorello et al., 2020). All these findings are consistent
with prior literature and confirm the fact that the definition of a u, (or
c,,) threshold must be done for each site and a single value valid for
all conditions cannot be used.

In contrast, the sites show more similar behavior when normalised
F, is plotted against £ (Fig. 3c). Normalised F, plateau roughly when
Q > Q, with similar @, value at all sites (Peltola et al., 2021b).
However, when the Q,, values are estimated separately for each site
from F, (circles in Fig. 5), variability across sites does exist but there

is no systematic pattern akin to the one observed with u, or o,
e.g. threshold value increased with height. It can be speculated that
the cross-site variability in Fig. 3c and between the circles in Fig. 5 is
related to the uncertainty and assumptions made in the calculation and
derivation of £, uncertainty in F, normalisation and to the stochas-
tic nature of turbulent flow. In particular, the canopy drag term in
W, iy is uncertain due to several assumptions made in the derivation.
For instance, canopy density was assumed constant with height when
deriving Q and this is typically a poor assumption in deciduous or
pine forests. However, w,,;, integrates canopy drag over the whole
vertical column which may partly remedy the inaccuracy stemming
from this assumption. In addition, vertical wind speed fluctuations are
likely differently distributed at different sites, i.e. above-canopy flows
are typically dominated by sweeps (e.g. Brunet, 2020) whereas flows
above smoother surfaces are more evenly balanced between sweeps
and ejections. Hence at canopy flows smaller Q2 value might suffice
for coupling. Nevertheless, we argue that these uncertainties do not
prevent meaningful analyzes to be made with © and stress that the sites
ranged from agricultural grasslands (z ;=3 m, FI-Jok) to dense and tall
forests (zp-=38 m and one-sided PAI=9.4 m? m~2, US-MRS) and they
all show similar 2 dependence. This suggests that despite uncertainties
Q captured the dominant features of decoupling.

Violinplot in Fig. 3c shows the distribution of the £,, values ob-
tained with bootstrapping. The distribution is slightly skewed to the
right (skewness=0.35), but values are centered around the median (me-
dian=0.59, interquartile range=0.5...0.63). This value for the threshold
(2,,=0.66) is similar to the one derived heuristically in Peltola et al.
(2021b). Site-specific £,, values derived from F, agree with these
statistics obtained with bootstrapping (Fig. 5).

Note that the change in storage term (.S.) was not included in the
analysis above. When included, the scatter between sites increased and
a common dependence was not as evident when plotted against 2
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Fig. 3. Bin medians of normalised night time F, against different metrics for flow decoupling. Here the flow decoupling is analyzed from fluid dynamics perspective, i.e. turbulent
flux is analyzed against metrics for turbulent mixing strength. Medians for bins with more than 30 data points were plotted. Nighttime data from days when daily mean air
temperature was above 5 °C were used. Each curve corresponds to a specific site and colors were defined based on three EC measurement height bins and unique shade of color
for each site. Circles (errorbars) denote means (standard deviation) over all the sites. Subplot c: horizontal violinplot shows the distribution of €2, values obtained by utilising
change-point detection algorithm (Barr et al., 2013) on bootstrapped data and vertical dashed line shows the universal value for ©,,. It should be noted that the comparison of

u, against F, does not strictly follow standard procedures of e.g. ICOS.

(compare Figs. 4c and 3c). Furthermore, the £,, values estimated from
F, + S, time series separately for each site show pronounced scatter,
especially for tall tower sites (Fig. 5). This kind of analysis of F,+S,
concurs with the flux measurement community standard practices using
u, where night time F,+S, is analyzed against u, (Pastorello et al.,
2020) and in general to the biological standpoint on decoupling in
which the best available estimate for nocturnal respiration is analyzed
against turbulence metrics. We hypothesise that the lack of universal Q2
threshold when analyzed against F.+.S. might be due to the possibility
that at some sites the flux underestimation at low Q (2 < £,,) was
caused by storage of respired CO, close to the ground, and hence
captured by S., whereas at others transport via advection (F,,,) was
more important and hence not captured by S,. The importance of S,
versus F,, at each site likely depends on local conditions, such as local
topography and surface heterogeneity.

Fig. 6 summarises these findings and we delineate three regimes:
regime 1 where F, dominates the mass balance (2 > Q,, and NEE ~
F.), regime 2 where S, is also important (NEE ~ F, + S.) and
regime 3 where F,,, makes a significant contribution to mass balance
(NEE = F, + S, + F,,). For the rest of the study we assume that a
universal value for 2, applies with value 0.59 meaning that regime 1
can be estimated without site-specific thresholds. However, the results
indicate that similar universal £ threshold cannot be delineated for
the approximation NEE ~ F, + S,, in other words transition between
regimes 2 and 3 depends on local site characteristics. 2 is a metric for
vertical turbulent mixing and as such is not able to distinguish which
mass balance terms (S, or F,,,) would explain the flux underestimation
during low mixing.

Deriving a globally unified metric for identifying when NEE ~ F, +
S, is valid is likely very difficult as the metric would need to combine
at least two different aspects: processes controlling vertical turbulent
mixing (related to F,) and processes controlling the storage (i.e. S,).
S, is significant only in the absence of processes that transport gases,
advective or turbulent, and hence the variability of .S, is controlled by
both vertical and horizontal transport processes. Therefore, the ideal
metric for identifying periods where NEE ~ F, + .S, is valid should
encompass all these transport processes, in essence it should describe
the whole mass balance (Eq. (1)). However, this has proven to be very
difficult task in the past studies, as the scientific understanding on gas
transport processes is still undeveloped.

One should also note that S, is almost always estimated from
single tower measurements and such estimates will always be biased as

spatiotemporal gas concentration observations would be needed for ac-
curate .S, estimation (Finnigan, 2006). As such spatiotemporal observa-
tions are very demanding, protocols aiming at maximising the accuracy
of single tower S, estimates have been developed (Montagnani et al.,
2018; Xu et al., 2019) but not always followed outside standardised
measurement networks. Therefore for the time being it might be pru-
dent to utilise metrics (e.g. £2) that identify periods when NEE =~ F,,
assign higher degree of trust on those periods in all the further flux data
analyzes (based on either F, + S, or F,) and treat periods where S, is
high relative to F, with extreme caution.

3.2. Comparison between €2 and u,

While u, and o, represent different facets of the flow, i.e. verti-
cal turbulent momentum flux and vertical turbulent kinetic energy,
respectively, they are still strongly correlated (Kaimal and Finnigan,
1994) and this correlation induces also a correlation between u, and
Q (Fig. 2). If we assume that Q describes the physics behind the de-
coupling accurately, then this correlation explains the relative success
of using u, as a low turbulence filtering metric. However, there is
scatter between 2 and u, (Fig. 2), especially at tall tower forested sites,
indicating that the flow can be coupled or decoupled (based on ) at
specific u, value depending on w, ;. At low u,, the flow is almost
always decoupled, at mediocre u, flow can be coupled or decoupled
depending on w, ., and at high u, flow is almost always coupled (see
Fig. 2). This means that when night time CO, fluxes are analyzed as a
function of u, a gradual dependence of CO, fluxes on u, can emerge,
simply due to the fact that decoupled and coupled periods are mixed to
varying degree in the analysis and respiration is underestimated during
decoupling but estimated accurately during coupling. This might partly
explain why at some EC sites a clear u, threshold is not observed and
the CO, fluxes increase gradually as a function of u,, but this common
finding is likely also related to F,,,. This behavior can be seen also in
Fig. 3a and 4a. At tall tower sites normalised fluxes increase gradually
as a function of u, or ¢, whereas at short tower sites more clean-cut
u, threshold can be observed. In contrast, dependence on Q is more
similar across all sites.

The MCC values obtained by comparing u,,, based flagging and £,,
based flagging with a fixed value (0.59) showed a distinct maxima at
a certain u,,, value, specific to each site (Fig. 7a). The MCC values do
not reach +1, i.e. perfect agreement between the flags, at any u,,, value
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Fig. 4. Same as Fig. 3 but for F,+S.. Here the problem of decoupling is analyzed from biological perspective, i.e. by analyzing the best estimate for ecosystem respiration (F,+S,)

against different turbulence metrics. Line colors follow Fig. 3.
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Fig. 5. Site-specific Q thresholds estimated separately from F, and F, + .S, time series for each site plotted against EC measurement height. Horizontal dashed line and gray area
depict the universal value for € threshold and its uncertainty band of one standard deviation, respectively. Blue and gray colors refer to maximum PAI value observed at each
site. Note that the site-specific thresholds estimated from F, time series vary around the universal value, whereas thresholds estimated from F, + S, time series depart from it and

show more scatter.

indicating that there is a fundamental difference between 2 and u,
based low turbulence flagging and the two metrics flag partly different
periods. In addition, the peak MCC values decrease with increasing EC
measurement height and canopy density indicating that the difference
between u, based and 2 based low turbulence flagging increases. For
instance, the site with very thick and tall canopy (PAI=9.4 m?>m2,
US-MRf, Thomas et al. (2013)) and hence strong canopy drag has a
peak MCC of only 0.14 (Fig. 7a). These findings reflect the fact that
u, filtering does not consider temporal changes in forces hindering the
coupling below the measurement height which in contrast are reflected
in w, .,;, and hence in 2. While not shown, similar results apply when
comparing o,, and 2 based low turbulence filtering, since ¢,, and u,
are strongly correlated and follow ¢, ~ 1.25u, over a wide range of
stabilities and ecosystem types.

The u,,, values derived from the location of peak MCC were cor-
related (r=0.68) with u, thresholds derived from F, independently
with the tool implemented in the ONEflux software package (Pastorello
et al.,, 2020) (Fig. 7b). This indicates that Q explains the bulk of the
variability of u, thresholds observed across sites (e.g. Papale et al.,
2006; Barr et al., 2013; Pastorello et al., 2020) when estimating u,,,
from F,. To date, clear quantitative explanation for the u,,, variability

across sites has been lacking (Barr et al., 2013), while the variability
has been qualitatively explained in prior studies (e.g. Pastorello et al.,
2020).

3.3. Drivers of flow decoupling and surface flux underestimation

The similar Q threshold at all sites can be considered as an indicator
of the fact that once vertical turbulence was strongly enough coupled
with the ground, the contribution of F, to the mass balance (Eq. (1))
did not anymore change and that © was an appropriate metric for this
coupling. This however does not necessarily mean that under strong
coupling F, is an accurate estimate of the ecosystem exchange since
the above analyzes are ignorant of such contribution of e.g. advection
to the mass balance that does not correlate with Q. This might include
for instance the modulation of turbulent flux via advection caused by
topography induced re-circulation regions (Katul et al., 2006; Poggi and
Katul, 2007; Ross, 2011; Ross and Harman, 2015; Chen et al., 2019) or
surface roughness discontinuities such as forest edges (Kanani-Siihring
and Raasch, 2015, 2017; Ma et al., 2020). 2 is simply uninformed
of such two dimensional flow interactions induced by surface hetero-
geneities as it measures only the vertical coupling and the same applies
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Fig. 6. Schematic figure showing the importance of different mass balance terms as
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typical dependency. Three regimes are identified based on £ and different mass balance
terms are important in these regimes (see Section 3.1). Universal value for 2, is
assumed to delineate regime 1, whereas transitioning between regimes 2 and 3 depend
on local site characteristics.

to e.g. u, and o,. Nevertheless, 22 was able to delineate the periods
during which vertical turbulent transfer was an important contribution
to the mass balance. Hence, it can be inversely used to evaluate periods
and/or locations at which the contribution of F, to the mass balance
decreases and the importance of the other terms in the mass balance
increase.

In order to evaluate the effect of stability on decoupling, £ de-
pendency on Monin-Obukhov stability parameter ({) was analyzed
(Fig. 8). 2 decreased with ¢ and fell below the approximate thresh-
old for coupling (£,,) when ¢ >0.02...0.3, depending on site. Short
tower sites (zy- <10 m) without pronounced canopy showed similar
¢ threshold for coupling (0.15...0.3). This threshold is in the same
range where Mahrt et al. (1998) found flow to decouple from the
surface and Li et al. (2016) found the size of dominant momentum
transporting eddies (Ozmidov length scale) to fall below z, indicating
that turbulent flow detached from the surface.

For flux measurements above forests, similar widely applicable ¢
threshold could not be found (Fig. 8). We take this as an indicator
for the fact that above-canopy ¢ is a poor predictor for cross-canopy
coupling since it does not directly relate to below-canopy stratifica-
tion (Belcher et al., 2008; van Gorsel et al., 2011) and misses the
influence of drag on coupling.

Drag force hindering coupling increased with PAI and hence |w, |
increased and the increase was stronger than the co-occurring increase
in o, (Fig. 9). Hence, in near-neutral situations £ and the cross-
canopy coupling at the forested sites was related to PAI and L./h
(Eq. (B.2)) as shown in prior studies (Belcher et al., 2003; Nepf et al.,
2007; Ghisalberti, 2009; Harman and Finnigan, 2007, 2008; Cava
et al., 2008). At the very dense forest site (US-MRf, PAI=9.4 m? m~2)
6, was lower than at sites with sparser canopies (see Fig. 9), likely
due to tightly closed canopy at this forest site which suppressed the
generation of canopy eddies at the canopy height (Brunet, 2020) and
hence decreased o,,. The ¢, values show a broad maximum at PAI ~ 3
m? m~2 in Fig. 9. The maximum can be explained as follows: at lower
PAI surface roughness and hence turbulence generation increases with
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PAIL whereas at higher PAI the canopy gets more closed, surface is less
rough and hence turbulence generation is weaker.

Brunet (2020) argued that beyond an undefined PAI value, which
they approximate to be greater than 5 m> m~2, the above-canopy flow
is almost fully decoupled from the canopy sublayer. Our results in Fig. 9
are broadly in line with this argument and suggest that when PAI is
roughly above 4...5 m?> m~2 subcanopy air layer is decoupled from the
above canopy flow also in near-neutral situations (in these situations o,
is below 0.59|w, ., |). Another estimate for this limit can be acquired by
using Eq. (B.2) and assuming a representative vertical turbulent inten-
sity ¢,,/U,, of 0.35, which results to the finding that the flow decouples
from the surface in neutral conditions when PAIx5.4 m? m~2. These
results suggest that above dense forest canopies (i.e. low L, /h or high
PAI) decoupling is frequent and F, alone rarely represents ecosystem
exchange. See Thomas et al. (2013) for one practical approach how to
overcome this issue by utilising multi-layer EC measurements.

Besides stability and canopy density, also EC measurement height
had an impact on the occurrence of decoupling. The average night time
|w, ;| increased with EC height, indicative that stronger downdrafts
(i.e. higher ¢,) were needed in order to couple with the ground
(Fig. 10). However, o, did not show similar increase suggesting that
occurrence of flow decoupling increased with the EC measurement
height (Peltola et al., 2021b). The increase of |w, ;| with height was
due to thicker stable layer below EC height but also due to higher
canopy drag at sites with tall towers (short towers were mostly in open
terrain). We conclude based on this that EC flux measurements with
short towers are likely less affected by flux underestimation during low
turbulence.

For exemplifying how £ can be used to diagnose decoupling at spe-
cific sites, Fig. 11 shows the timing of decoupled and coupled periods
as identified with Q at two forest sites: evergreen needleleaf boreal pine
forest (FI-Hyy, Fig. 11a) and deciduous broadleaf temperate forest (US-
xSE, Fig. 11b). The seasonally varying PAI at the broadleaf forest had a
marked effect on seasonality of coupling at the site (Fig. 11b). During
leafless period with low PAI the above-canopy flow was almost always
coupled with the forest floor during daytime, but after leaf unfolding
during spring and resulting increase in PAI the canopy closed and the
above-canopy flow decoupled from the forest floor almost permanently.
PAI varied seasonally between 0.6 and 5.6 m? m~2 at this site. Below-
canopy stratification was slightly stable during daytime when PAI was
high, likely due to solar radiation heating the canopy, but not the forest
floor. In contrast, at the evergreen boreal pine forest the above-canopy
flow was almost always coupled with the forest floor during daytime
and decoupling took place primarily at night (Fig. 11), although it took
several hours after the sunrise for the flow to couple with the forest
floor during summer mornings. This was likely due to low elevation
angle of the Sun at these high latitudes which meant that the Sun
was heating the canopy, but not the forest floor during these morning
hours. The forest at FI-Hyy was thinned during the winter 2019-2020
which decreased the PAI from 3.6 to 2.1 m? m~2, and basal area by
ca. 30% (Aslan et al., 2024) and this is also reflected in the results
in Fig. 11a which show lower impact of canopy drag on decoupling
during the year 2020 due to the lower PAL This kind of diagnoses of
reasons behind decoupling are not possible with the more traditional
decoupling metrics, such as u, and o,,,.

3.4. Impact of low turbulence filtering on data coverage and flux data
distributions

Low turbulence filtering of flux time series based on £ removed
more data points from the flux time series than based on u, filtering
with u,,, derived from F,+.S, using ONEflux, especially during daytime
at tall towers (Fig. 12a) and night time irrespective of the tower
height (Fig. 12b). The higher data filtering percentage for 2 was to
be expected since it derives the regime where NEE ~ F,, whereas u,,
estimated from F, + S, derive the regime where NEE ~ F, + S, is
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valid and typically these periods are more common. There was a strong
variability across sites as shown by the scatter in Fig. 12, which indicate
that amount of data filtered is not solely dictated by the EC height but
is related also to local conditions, such as canopy density and typical
strength of nocturnal stable stratification. For instance, sites with soils
that have low heat capacity, hence are susceptible for strong nocturnal
cooling, or are located in depressions, hence are susceptible for noctur-
nal cold air pooling, may exhibit stronger nocturnal air stratification
and as a consequence have higher |w, ;| and lower Q. This results in
more data from these sites to be filtered out. Accordingly, high amount
of filtered data increases the need for flux time series gapfilling and
hence increases the uncertainty of carbon balance estimates.

One way to differentiate the performance of decoupling filtering
methods is to compare the carbon balances (Stiegler et al., 2023). How-
ever, this would introduce additional uncertainty to the analysis due to
site-dependent gap distribution which is a result of many additional
external factors (e.g., spikes, data logging, power cuts, instrument
malfunction and maintenance history etc.), affecting the accuracy of
gap-filling methodologies, hence cannot solely reflect the performance
of decoupling filtering methods. Instead, we evaluate the impact of low
turbulence filtering on flux data (F, + S,) distributions, see Figs. 13
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and 14. 42 sites were available for this analysis. By using Kolmogorov—
Smirnov test, at 27 out of 42 sites for night time and at 25 sites for
daytime we could reject (p<0.05) the null hypothesis that the sample
distributions came from the same distribution, i.e. at these sites the
filtering resulted in different distributions for the flux data.

While Kolmogorov-Smirnov test identified differences, the differ-
ences between mean night time and daytime fluxes after filtering with
Q or u, were small and below 15% of the site mean flux at 32 sites
during day and at 30 sites during night time. There was no clear
indication that either of the two filtering metrics would systematically
result in higher fluxes, but the differences between site means after
filtering varied around zero. Impact on flux data spread, as measured
with difference between standard deviations of flux data after filtering,
was not high during the day (absolute relative difference between
spread estimates was below 10% at 37 sites), but the spread estimates
varied slightly more during night time (absolute relative difference
between the estimates was below 15% at 28 sites). 2 filtering resulted
in a smaller spread of night time data at most of the sites (31 sites),
indicative that the night time flux data were less variable after Q
filtering than after u, filtering. These findings can also be seen in the
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distributions shown in Figs. 13 and 14. Especially at tall tower sites
with marked seasonality in PAI (e.g. US-xST, US-xBR, US-xUN, FR-Fon,
US-xRN, US-xDL, DE-HoH, US-xSE), the flux data distributions after
Q filtering were more peaked, showed smaller spread and were less
skewed to the right for night time and skewed to the left for daytime
data, respectively. Further scrutiny on the data suggested that this was
caused by the finding that Q retained more data from periods when
PAI was low, i.e. outside growing season with low fluxes, and filtered
more strictly periods when PAI was high, i.e. growing season with
high fluxes, due to the dense canopy hindering vertical exchange (see
Fig. 11b for an example). Similar seasonally varying filtering was not
observed when using u, as a filtering metric as u,, filtering was executed
with a constant threshold value for each site and this discrepancy
between filtering caused the differences between flux distributions.
The found differences in the flux data distributions will have an
effect on flux time series gapfilling, since the gapfilling algorithms will
then have different data at their disposal. Hence carbon balance esti-
mates will be affected by the choice of using Q2 or u, for low turbulence
filtering, especially if there is seasonality in the amount of filtered data.
However, uncertainties related to gapfilling algorithms themselves will
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analysis.

likely dominate the uncertainty of annual carbon balances. Therefore,
the selection of using either @, u,, o, or some other metric for filtering
low turbulence periods from the EC data should not be motivated by
the effort of obtaining more accurate annual carbon balance estimates,
but rather by the effort of trying to utilise scientifically sound and
robust techniques that are ideally based on robust physical principles.
With such techniques there is a clear defensible physical reasoning for
discarding and retaining flux data. Besides its physics-based derivation,
the added value of 2 comes from the fact that all the sites showed
similar threshold for identifying when NEE ~ F, is valid. This will
help in constraining the flow regimes without error prone estimation
of site-specific thresholds.

4. Conclusions

By using eddy covariance (EC) data from 45 contrasting sites span-
ning from dense forests to open landscapes, we confirmed the wide
applicability of € (Peltola et al., 2021b) in detecting periods when the
turbulent flow was decoupled from the underlying surface. 2 forms a
solid physical basis for detecting decoupling and hence provides key
insights on processes controlling the decoupling. Consequently, Q2 was
able to explain bulk of the friction velocity (u,) threshold variability
observed across sites.
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Based on 2, decoupling is driven by the strength of vertical turbu-
lent mixing, static stability below EC height, measurement height above
ground and in forested areas also by canopy density and turbulence
intensity at the canopy height. These findings lead us to conclude
that EC measurements at tall towers and/or above dense canopies
are more prone to underestimate ecosystem gas exchange (at least
at night) than measurements at shorter towers. Hence night time EC
measurements from tall towers especially in forests should be analyzed
very carefully when ecosystem gas (e.g. carbon dioxide) exchange is the
target since flow above dense forests (PAI roughly above 4...5 m? m~2)
can be decoupled from the subcanopy gas exchange also in daytime
near-neutral situations. In these conditions it could be also critical to
correctly estimate the storage fluxes using an appropriate and spatial
representative vertical concentration profile (e.g. Nicolini et al., 2018)
as turbulent fluxes alone rarely represent the ecosystem—atmosphere
exchange. We contend that for short EC towers measuring above short
vegetation, u, filtering with a site-specific threshold may be a practical
choice for detecting decoupling for instance if temperature profile is
not being measured.

Q filtering with the universal threshold can result in a low data
coverage, especially at tall tower forest sites, since it retains only
data points corresponding to periods when NEE F,. The low
data coverage can be problematic when deriving e.g. annual carbon

~
~
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exchange. Hence an improved approach could be devised to identify
periods when N EE ~ F,+.S. by using multiple constraints at the same
time. The additional constraints should complement Q2 by being able
to identify periods when processes controlling the other mass balance
terms, e.g. horizontal transport, are important and consider also the
storage term when correctly measured. Ideally they should succinctly
describe especially the processes controlling horizontal transport, since
vertical turbulent transport is described with Q. Since scientific under-
standing on these processes is still poorly developed, a combination of
Q and u, might be a good practical starting point for devising such
multiple constraints approach, also due to the long history on using u,
in this kind of analysis. The approach utilising both £ and u, would also
provide a set of quality flags and indicators that identify the different
regimes (see Fig. 6) in order to allow the data user to decide what to
retain depending on the final data use.

In future work, £ could also be cross-compared against intensive
turbulence observations made at multiple towers with several mea-
surement levels in the same forest in an effort to better constraint the
processes, e.g. canopy drag, causing decoupling in canopy flows.

Finally, 2 showed similar decoupling threshold value at all the
tested sites (£2,, = 0.59 (0.5...0.63; interquartile range)), despite scatter
between sites which we attribute to the uncertainties of £ calculation
and data analysis approaches used in this study. Nevertheless, this
suggests that Q could be used to evaluate the degree of coupling
and to determine periods when NEE =~ F, holds at EC sites with-
out site-specific thresholds, with the precondition that the needed

~
~
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measurements are in place which is the case in several standardised
research infrastructures, e.g. ICOS and NEON. Accurate estimation of
Q requires standard EC equipment, temperature profile measurements
below the EC height, and in forest sites plant area index (PAI) time
series describing PAI variability at the site is needed as well. Put
together, these findings can be considered as major improvements in
our understanding on the reasons behind flow decoupling and low
turbulence filtering of EC data and hence can guide more accurate
analyzes of existing EC data and overall understanding of the turbulent
flow observed at EC sites.
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Table A.2
Description of all mathematical symbols used in this study listed in the order of
appearance.

Symbol

NEE Net ecosystem exchange
F, Vertical turbulent flux of gas

Description

S. The change in storage term

Fhira Horizontal turbulent flux divergence
Fradw Horizontal advection

Fouav Vertical advection

Fres Sum of Fy 4, Fpeqy and Fipg,

u, Friction velocity

Friction velocity threshold

Standard deviation of vertical wind speed component

Q Decoupling metric

h Canopy height

w, Minimum vertical speed required for the air parcel to reach the

ground

4 Parameter describing wind speed and air parcel speed profiles
below h

¢y Drag coefficient

One-sided plant area index

Mean wind speed at the canopy height

Acceleration due to gravity

Potential temperature

Potential temperature of downward moving air parcel

Q threshold

Monin-Obukhov stability parameter

EC measurement height

Displacement height

Obukhov length

Wind speed

Stability scaling function

Reference flux time series

Matthews correlation coefficient

Canopy adjustment length scale or penetration depth

Buoyancy length scale
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1676/BtuSQoDRWOCeHouJDbViHUpo), SE-Svb (https://hdl.handle.n
et/11676/QfqUnGlc6UY4Fb8bCdBQbjMB). NEON data DOI: Bundled
data products - eddy covariance (https://doi.org/10.48443/2ms3-a33
3) and digital hemispheric photos of plot vegetation (https://doi.org/
10.48443/x12v-n568).

Appendix A. Mathematical symbols
See Table A.2
Appendix B. Relating Q to different length scales

In locations without extensive canopy cover (e.g. short grass)
canopy drag can be neglected and then 2 reduces to

-_Ls (B.1)

2zpc

where L is buoyancy length scale (Mahrt, 1979; Moum, 1996; Sorbjan,
2006; Mahrt et al., 2012) calculated with the bulk 6 gradient (Lp =
Zw__) and zj is EC measurement height. On the other hand, above

g 0.0

0 zp¢

canopies in neutral conditions (6 gradient ~ 0), 2 reduces to
1 Uw LC

N — — —

2y U, h’

(B.2)

where L, = s canopy adjustment or penetration depth often
¢, PAI

used as a measure for the depth of the air layer directly interacting
with the above canopy flow (Nepf et al., 2007; Cava et al., 2008;
Ghisalberti, 2009; Harman and Finnigan, 2007, 2008). Note that Q
should always be calculated based on Egs. (2) and (3). Egs. (B.1) and
(B.2) are introduced only for showing the connection between Q and
different length scales (i.e. L and L_.) used in some prior studies.
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Fig. C.15. Sensitivity of £ based low turbulence flagging on the accuracy of available PAI data and the amount of temperature measurement levels (T heights). Baseline
estimates were obtained using all the available data and they were compared against flags estimated with reduced information. Coupled—Coupled=both flag as coupled; Decoupled-
Decoupled=both flag as decoupled; Decoupled—-Coupled=false identification of coupled regime; Coupled-Decoupled = false identification of decoupled regime.

Appendix C. Estimating the sensitivity of Q to input variables

Estimation of the sources and magnitude of 2 uncertainty is im-
portant for evaluating the accuracy at which the flow decoupling can
be determined with £, and for assessing the variables controlling the
uncertainty. We evaluated the sensitivity of 2 calculation and 2 based
low turbulence flagging and filtering on (1) accuracy of PAI data in
forest ecosystems and (2) amount of temperature measurement heights
below the EC measurement height. This was done for two contrasting
measurement sites: tall deciduous forest with temporally varying PAI
(DE-HoH) and open cropland (US-xKA). Both had detailed temperature
profile measurements (four measurement levels at US-xKA and 13
at DE-HoH) and PAI data at DE-HoH enabling accurate 2 baseline
estimation for sensitivity tests. Low turbulence flagging was not very
sensitive to the accuracy of PAI data (Fig. C.15). With 20% error in
PAI the accuracy of low turbulence flagging was above 96% (sum of
“Coupled-Coupled” and “Decoupled-Decoupled” fractions) and MCC
was 0.92...0.93. With 50% error in PAI the accuracy and MCC were
worse (88...92% and 0.79...0.85, respectively) and with constant PAI,
the accuracy was 94% and MCC was 0.88. Hence, 20% errors in PAI are
not critical when calculating 2, however for capturing seasonality of
decoupling due to plant phenology (seasonally varying PAI and hence
canopy drag) PAI time series is needed.

The accuracy of low turbulence flagging increased when increasing
temperature measurement heights used in Q2 calculation (Fig. C.15).
With seven temperature measurement heights an accuracy of 95% and
MCC of 0.90 was reached at the forest site (DE-HoH). At the crop-
land site with relatively short tower (US-xKA) only two measurement
heights were sufficient for reaching similar results (accuracy=96%,
MCC=0.91). When evaluating how many temperature measurement
levels are needed for accurate £ estimates, guidance can be sought from
literature on the storage change term, S, since both (£ and S.) rely
on accurate estimation of scalar (temperature for 2 and gas concentra-
tion for S,) profile. ICOS measurement protocols (Montagnani et al.,
2018) on S, measurement configuration suggest that zi_/g (zgc=EC
measurement height) measurement levels are needed for accurate S,
estimation. Our findings here suggest that ZL‘/ C2 levels produce already
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reasonably accurate results when detecting decoupling with Q. For
instance if zp- = 20 m, then four temperature measurement levels
would suffice (20'/2 ~ 4). These measurement levels should be located
at heights where the steepest temperature gradients are typically ob-
served (in addition to the EC height), meaning close to the ground
and forest canopy top (Peltola et al., 2021a; Schilperoort et al., 2020).
However, the optimal measurement configuration is to some degree
site-specific (Nicolini et al., 2018) and should be decided on site-by-site
basis.

Data availability

Python codes and data needed for reproducing the results shown
in this manuscript can be found in Zenodo (https://doi.org/10.5281/
zenodo.14259134). Additionally, the codes are shared also via Github
(https://github.com/OPeltola/EC_Omega filtering).
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