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ARTICLE INFO ABSTRACT

Keywords: The partitioning of evapotranspiration (ET) into surface evaporation (E) and stomatal-based transpiration (T) is
Carbon diox-ide fluxes essential for analyzing the water cycle and earth surface energy budget. Similarly, the partitioning of net ecosystem
Eddy Covariance exchange (NEE) of carbon dioxide into respiration (R) and photosynthesis (P) is needed to quantify the controls on its
Evapotranspiration d sinks. Promisi h btain th from field includ e
Flux partitioning sources and sinks. Promising approaches to obtain these components from field measurements include partitioning
Photosynthesis models based on analysis of conventional high frequency eddy-covariance data. Here, two such existing approaches,
Respiration based on similarity between non-stomatal (R and E) and stomatal (P and T) components, are considered: the Modified

Relaxed Eddy Accumulation (MREA) and Flux-Variance Similarity (FVS) models. Moreover, a simpler technique is
proposed based on a Conditional Eddy-Covariance (CEC) scheme. All approaches were evaluated against independent
estimates of transpiration and respiration. The CEC method agreed better with measurements of transpiration over a
grass field, with a smaller root mean square error (5.9 W m~2) and higher correlation (0.96). At a forest site, better
agreement with soil respiration was found for FVS above the canopy, while CEC and MREA performed better below the
canopy. Further application of these methods over a vineyard and a pine forest across different seasons provided insight
into the main strengths and weaknesses of each approach. FVS and MREA converge less often when ground flux
components dominate, while CEC might result in noisy P and R for small NEE. Finally, in the CEC and MREA framework,
the ratio T/ET is shown to be related to the correlation coefficient for carbon dioxide and water vapor concentrations,
which can thus be used as a qualitative measure of the importance of stomatal and non-stomatal components. Overall,
these results advance the understanding of the skill and agreement of all three methods, and inform future studies where
the various approaches can be applied simultaneously and intercompared.
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E. Zahn et al.
1. Introduction

The total evapotranspiration (ET) is composed of transpiration (T),
defined as water flowing through plants, and evaporation (E) from soil
and other surfaces. While ET is essential in studies of water and energy
budgets, the characterization of its individual components is often
required, e.g. when assessing limitations to ecosystem services. For
instance, T is usually associated with plant productivity, and this flux
can be used to improve irrigation practices and crop management
(Peddinti and Kambhammettu, 2019; Sun et al., 2019). Similarly, the
carbon dioxide flux (F.) measured above canopies is the net flux
composed of plant photosynthesis (P), which is directly related to
transpiration, and respiration from soil (R) and other above-ground
biomass components.

A practical barrier to flux partitioning is that the most common
method to measure water and carbon fluxes, the eddy-covariance (EC)
approach, only provides the total net fluxes. As a result, much remains to
be improved and understood regarding partitioning methods for both ET
and F,. Advancement in this area is becoming increasingly necessary for
understanding the controls on water and carbon fluxes at multiple
spatial scales. For instance, it would improve calibration and validation
of satellite-derived fluxes and of land-atmosphere interaction schemes in
Earth system models (Stoy et al., 2019; Sun et al., 2019; Wang et al.,
2016).

Given the importance of the subject, various partitioning techniques
have been proposed in the last few decades. A detailed review of current
available methods for ET partitioning, some of which can also be applied
to F,, is provided elsewhere (Kool et al., 2014). In certain cases, one of
the ET components can be measured independently of the
eddy-covariance method. For example, sap-flux (Kostner et al., 2017)
and chamber measurements (Koskinen et al., 2014; Thomas et al., 2013)
can be employed, respectively, to determine transpiration and soil res-
piration/evaporation. When coupled with total fluxes obtained by the
EC approach, the other components can then be inferred by assuming a
simple budget equation, although any error in the determination of one
component will be mirrored with an opposite sign in the other compo-
nent computed as a residual. An even simpler approach using below- and
above-canopy ET and F, measurements to infer all four components has
also been used (Ma et al., 2020; Misson et al., 2007; Paul-Limoges et al.,
2017; 2020; Roupsard et al., 2006; Wilson and Meyers, 2001). Although
not a direct method, another technique that has been gaining popularity
consists of partitioning both ET and F. by discriminating the isotopic
signatures related to CO, and H20 from each source and sink (Good
et al., 2014; Lee et al., 2020; Wichura et al., 2017). While all of these
approaches have been improved in the last decade or so, most of them
still require laborious measurements and/or expensive sensors, which
prevents their implementation over a broad range of ecosystems. In
addition, even direct measurements still require parameterizations and
physical assumptions, all of which can potentially add uncertainties to
flux estimates.

Because of the general similarity between sources and sinks of the
different components of F, and ET, and given their simultaneous mea-
surements by the same instruments in EC systems, previous studies
developed partitioning methods of EC fluxes into their individual com-
ponents. The level of complexity of recently proposed methods (Li et al.,
2019; Nelson et al., 2018; Scanlon and Sahu, 2008; Scott and Biederman,
2017; Thomas et al., 2008; Wei et al., 2017; Zhou et al., 2016) ranges
from machine learning approaches (Nelson et al., 2018) and optimiza-
tion models (Perez-Priego et al., 2018) to regression models (Reichstein
et al., 2005; Scott and Biederman, 2017; Zhou et al., 2016). Nonetheless,
independent of the complexity of the model, some of these approaches
may require knowledge of various environmental variables (e.g., soil
temperature), as well as canopy and plant characteristics (e.g., leaf area
index and plant conductance), or even variables that are difficult to
measure at the scale of interest such as water-use efficiency (WUE).
Furthermore, a subset of these methods (Li et al., 2019; Nelson et al.,
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2018; Scott and Biederman, 2017; Zhou et al., 2016) rely on prior
knowledge of the two carbon dioxide flux components, which already
has its own uncertainty. In such formulations, gross primary produc-
tivity (GPP) is a required input variable, to be later related to WUE.
These additional requirements prevent the implementation in sites
without such information or measurements, and add uncertainties when
these inputs are unavailable and need to be parameterized. In this re-
gard, simpler models that only require commonly measured variables
offer many advantages.

Such simpler models have been proposed to partition both ET and F.
components based on the use of high-frequency turbulence data from EC
systems. Their first assumption is that the transpiration and photosyn-
thesis (stomatal T and P) share the same sources and sinks, which are
distinct from those of evaporation and respiration (non-stomatal E and
R). Subsequently, these approaches postulate that both HoO and CO; can
be treated as passive scalars, with similar turbulent Schmidt numbers,
and are thus transported similarly by turbulence from a given source
(plants or soils). Such formulations not only reduce the complexity of the
model, but also decrease or eliminate the need for external variables
such as GPP or WUE, although the latter is still needed in some of these
approaches. Furthermore, they allow simultaneous partitioning of both
carbon and water vapor components. To this end, two models were
previously proposed (Scanlon and Sahu, 2008; Thomas et al., 2008), and
will be described in detail in Section 2. The method developed by
Thomas et al. (2008) combines octant analysis and the relaxed eddy
accumulation technique, and is here called Modified Relaxed Eddy
Accumulation (MREA), while the first approach (Scanlon and Kustas,
2010; Scanlon and Sahu, 2008) is based on Flux-Variance Similarity, and
is here referred to as the FVS method.

Many studies have investigated the performance of FVS (Klos-
terhalfen et al., 2019a; 2019b; Peddinti and Kambhammettu, 2019;
Rana et al., 2018; Scanlon et al., 2019; Sulman et al., 2016; Wang et al.,
2016) and, to a lesser extent the performance of MREA (Klosterhalfen
et al., 2019a; 2019b; Thomas et al., 2013), over different ecosystems.
The challenge, which is common to all partitioning studies, is how to
evaluate their results. While independent and reliable estimates of E and
T are rarely available at the scale of interest, comparing different tech-
niques that are premised on different assumptions may be viewed as a
logical first step. When these techniques agree, the confidence in the
component-wise inferred fluxes is increased. However, a recent com-
parison of MREA and FVS (Klosterhalfen et al., 2019a) across many sites
showed variable agreement, not only between the two methods, but also
relative to independent measurements and parameterizations of soil
respiration and evaporation. At present, it remains unclear what is
causing divergence or agreement between the methods.

One shortcoming of the FVS method is that it requires an a priori
estimate of ecosystem water-use efficiency. The usual lack of WUE
measurements then necessitates its parameterization. The most common
formulation requires the intercellular carbon dioxide concentration, for
which many models are available (Katul et al., 2000). However, it has
been shown that the results of the FVS method are sensitive to WUE
(Scanlon et al., 2019; Skaggs et al., 2018). In addition, FVS does not
converge to realistic solutions in many situations (Skaggs et al., 2018),
which may lead to biases in the integrated results of mean ecosystem
exchanges of water vapor and carbon dioxide. The MREA method, on the
other hand, has been less explored. Nonetheless, the study by Klos-
terhalfen et al. (2019a) indicated that the method has a tendency to
underestimate soil components.

The similarity between stomatal and non-stomatal pathways for H,O
and CO; exchanges is further exploited here to offer another partitioning
approach for ET and F, that is solely based on eddy-covariance data. This
new proposed method, hereafter referred to as Conditional Eddy
Covariance (CEC), is evaluated along with FVS and MREA, against in-
dependent E and T estimates obtained over an irrigated grass field using
leaf-level measurements, and against soil respiration measured at a pine
forest. The predictions of all three models are then compared over two
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additional sites across seasons: a vineyard and a sparse forest. The aim is
to address the following questions:

1. When do partitioning approaches solely based on eddy-covariance
data provide biophysically meaningful results over different
ecosystems?

2. How do estimates from CEC compare to those from previously
developed methods (FVS and MREA), and under which conditions do
they agree?

3. Which assumptions limit the validity of these models and what
experimental design considerations are important when collecting
measurements for the their application?

2. Description of partitioning methods

A description of the previous partitioning methods (FVS and MREA)
is provided to establish their assumptions. The newly proposed method,
the CEC approach, is then developed. All three methods can be imple-
mented to obtain simultaneous non-stomatal (respiration and evapora-
tion) and stomatal (photosynthesis and transpiration) components
during the day. Note that the term we here call “photosynthesis” rep-
resents a net photosynthesis, which is carboxylation minus photorespi-
ration and leaf respiration (see the discussion of Wohlfahrt and Gu
(2015) about different definitions of photosynthesis). The non-stomatal
component may also comprise stem respiration, in addition to ground
respiration. Note that none of the methods is able to distinguish between
autotrophic respiration from the plant roots and heterotrophic
respiration.

While we do not expect significant photosynthesis and transpiration
during nighttime hours in the ecosystems studied here, CEC and MREA
can still be applied during these periods. This is possible because their
formulations do not require a measure of water-use efficiency. Under
such conditions, ideally, both methods would indicate F, = R and ET =
E.

2.1. Nomenclature

Throughout, the following nomenclature is used: a Cartesian coor-
dinate system is defined with x along the mean wind direction, y along
the lateral direction, and z along the vertical direction with z = 0 being
the ground or forest floor (positive upwards). The instantaneous velocity
components along x, y, z are designated as u,v,w, respectively, while CO3
and H,0 concentrations are designated as ¢ and q. Instantaneous flow
variables are decomposed into a time-averaged (indicated by overlines)
and fluctuating (indicated by primes) quantities. All flows are assumed
to be stationary and horizontally homogeneous. The coordinate system
here is selected so that ¥ =w = 0. For an arbitrary scalar s = § +s with

root-mean squared fluctuations o5 = (5’7)1/ 2 the mean mass balance
reduces to

a5 0F (z)

—=0=- Sy, 1
ot 0z + )

where t is time; F(z) is the total vertical flux of the scalar; and S, are net
sources (positive) and sinks (negative) from the vegetation volume.
Upon integrating this expression from z = 0 to the measurement height
zm above the canopy we obtain

"Zm

WY (2) = F,(0) + / S, (2)dz, @

0

where W's' (z,) is the turbulent flux measured by the EC method at
height z,, and assumed to dominate over its molecular counterpart at 2,
due to the high Reynolds number at that height; F;(0) is the ground flux
(ground evaporation or respiration when s = q or s = c, respectively);

ém Sy(2)dz is the integral of net sources or sinks, transpiration and
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photosynthesis, within the canopy volume. The partitioning methods to
be discussed next seek to partition w's (z,) into its two components:
stomatal canopy fluxes and non-stomatal fluxes, the latter being mainly
from the ground but with contributions from stem respiration and
evaporation.

2.2. Flux-variance similarity (FVS) method

The derivation of the FVS method starts by decomposing the high-
frequency time series of carbon and water vapor into their stomatal
(cp and g, related to photosynthesis and transpiration) and non-stomatal
components (¢, and q., related to respiration and evaporation) (Scanlon
and Kustas, 2010; Scanlon and Sahu, 2008). The budget equations for
their variances and fluxes are then manipulated and related to a
flux-based water-use efficiency (WUE = P/T) in terms of the slope be-
tween the fluctuations g, and ¢, (c, = WUEQ,). The final equations for
the flux components take the following form

Ervs 5 2 ) 252 / 52

R A R (1-wueez /a2 ), (3a)
Revs 5 2 > 2 /2

frs g Jiopz (1-a /o), (3b)
Prvs piCr 'p:Cr psCr P

where Peyer is the correlation coefficient between ¢, and c;; 6. and g are
the standard deviations of carbon dioxide and water vapor concentra-
tion fluctuations, respectively; and o, is the standard deviation of car-
bon dioxide fluctuations that are related to photosynthesis. Two
complementary equations (shown in Appendix A) are also derived to
compute p. . and o,. More recently, Scanlon et al. (2019) derived the
following conditions to obtain physically meaningful fluxes (P < 0 and
R,T,E >0),

]

wc

,1Ur O
— < ==<p.,— [ <0, and 4
Peg 0, " wq Peg s, Oor Py ; an (4a)
g < p(.‘qﬁ for p., > 0. (4b)
wq 0Oq

As noted in previous studies (Klosterhalfen et al., 2019b; Scanlon
et al., 2019), one of the main sources of uncertainty in the FVS method
arises from approximations used to represent the correlation coefficient
between carbon components (pwp) and water vapor components (p, , )-
Using synthetic time series from large eddy simulations (LES), Klos-
terhalfen et al. (2019b) determined multiplicative constants to correct
these approximations, which improved the performance of the method.
However, it is not possible to obtain such correction factors when
dealing with field measurements, or to ascertain the applicability of LES
determined ones. Therefore, no corrections are applied in our imple-
mentation of the method, and uncertainties regarding this approxima-
tion thus remain.

The only variable not directly obtained from eddy-covariance mea-
surements is the water-use efficiency, usually parameterized as
Cc — G

—_, (%)
de —d4s

WUE = 0.65

where q. and ¢, are H,O and CO, atmospheric mean concentrations
near the canopy, while g; and ¢, are the mean intercellular concentra-
tions. The factor 0.65 originates from the ratio of molecular diffusivities
of CO;y to Hy0. The near-canopy concentrations are found using the
logarithmic profile (and using mean concentrations from EC data), while
qs is calculated by assuming stomatal saturation and that the leaf tem-
perature is the same as the air temperature (well-coupled leaf). The
largest source of uncertainty in this model is the computation of ¢c;.
Here, we test different models for ¢; (described in Appendix A),
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obtaining different estimates for all four components. Therefore, for
each 30-minute time interval we end up with up to five different values
for Trys, one for each parameterization of ¢;. To facilitate comparison
with the other two methods, and to maximize the number of 30-minute
time intervals with available solution for the FVS method, we compute
the ensemble average of all valid Trys estimates (same for other com-
ponents) found by the method for each 30-min interval.

2.3. Modified relaxed eddy accumulation (MREA) method

The MREA is a combination of the relaxed eddy accumulation
(Baker, 2000; Katul et al., 1996; Pattey et al., 1993) and conditional
sampling based on multi-scalar octant analysis (Detto et al., 2008;
Scanlon and Albertson, 2001). The method relies on the assumption of
similarity of turbulent transport of non-stomatal components from the
soil. It selects from ejections (defined by w' > 0) only those which are
enriched in both carbon (¢’ > 0) and water vapor (¢ > 0), defining the
first octant (O1) of an octant analysis between the three variables
(Scanlon and Albertson, 2001). The derivation is presented elsewhere
(Thomas et al., 2008) and is not repeated here.

Using only statistics obtained from EC data, respiration is computed
by the following expression

S iIne

= (6)
Z?I:IIHJ’H

Rurea = poy,

where o, is the standard deviation of vertical velocity and N is the total
number of points in the time series. Furthermore, § is a similarity con-
stant computed as f = oy, /(W; —w_) (Baker et al., 1992; Katul et al.,
1994), where w; and w_ are the mean vertical velocities in updrafts and
downdrafts, respectively. To avoid sampling points close to the origin
that are possibly related to transpiration and photosynthesis, a hyper-
bolic threshold H may be introduced (Thomas et al., 2008) leading to the
following indicator functions Iy and Iy,

, , / : Ho,
1 ifw>0,¢>0,4 >0, |<]> "%
Iy = c q (72)
0  otherwise
. | |Ho| || |H
1oiftw >0, |4 > |2 S s |20
Iy = 0y c Oc q (7b)

0 otherwise.

An expression for evaporation Eygea can be found by substituting ¢
by ¢ in Eq. (6), thereby allowing both non-stomatal components to be
directly computed from EC measurements. The stomatal transpiration
and photosynthesis components are then found as the residuals from the
total ET and F.. This formulation might result in negative transpiration if
Eurea > ET. In such cases, overestimation of respiration may also be
expected during periods when photosynthesis is known to be negligible,
characterized by Ryrea larger than F.. Thus, we only consider solutions
for both ET and F. components to be biophysically meaningful when
Ewvrea < ET was satisfied. We also added an additional constraint
regarding the number of points in the first (O1: w>0,qg >0,c >0)
and second (02: w > 0, ¢ > 0, ¢’ < 0) octants. Based on analyses con-
ducted with the MREA and CEC method (introduced in Section 2.4), we
require that at least 20% of the total number of points be present in these
two octants. Furthermore, MREA is only applied if at least 5% of the
points are in O1; otherwise, we assume that ground flux components are
negligible and attribute all fluxes to Tygrga and Pyrga (more details about
these constraints are presented in Section 2.4).

Thomas et al. (2008) evaluated the MREA method against indepen-
dent estimates of soil respiration and found that H = 0.25 resulted in the
best match between estimates. In our tests, we verified that MREA was
no longer very sensitive to H when the new constraint Eyirga > ET on
Rmrea Was imposed. Thus, we did not use a hyperbolic threshold in the
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present analyses, i.e., H = 0.

2.4. A new partitioning approach: The conditional eddy covariance
(CEC) method

The main motivation of this approach is to continue to exploit the
assumption of transport similarity between stomatal and non-stomatal
pairs, while circumventing the need for WUE and GPP. While the
basic idea was reported in Thomas et al. (2008, see their Eqgs. 1 & 2), it
was not developed further. Similar to MREA, CEC uses the information
carried by ejections to represent the signature of the surface. As
described in Section 2.3, the MREA method computes respiration (or
evaporation) directly from the first octant, i.e., the method assumes that
the covariance or relaxed eddy accumulation method applied to the
fluctuations following conditions (7b) yields the soil flux component.
CEC diverges from MREA in this latter part: we consider that the co-
variances computed from O1 (defined in the same way as for MREA) are
conditional statistics, fr and fg, that only characterize the non-stomatal
components of water vapor and carbon dioxide, respectively. In other
words, these covariances are akin to “sample” fluxes that represent, but
are not equal to, the respective soil components. To represent canopy
fluxes, we additionally include information from the second octant (02),
from which we compute conditional covariances representing transpi-
ration fr and photosynthesis fp (Fig. 1 shows a conceptual framework of
the method). These sample fluxes are obtained by the covariance of both
scalars with the vertical velocity for ejections only, conditioned on the
respective octant. For example, fz and fr are given as

1 ' 1 '
fe=yd lewq and fr=13 hwq @®

where Ig and It are indicator functions given by

I = 1 if ¢ >‘0,w >0,qg >0 (9a)
0  otherwise

I = 1 1tc<.0,w >0,qg >0 (9b)
0 otherwise.

Limiting these sample fluxes to w' > 0 serves to only interrogate the
ejections, which should carry the signature of surface fluxes, as opposed
to sweeps (Thomas et al., 2008, see their Fig. 3). It is also well estab-
lished that the skewness of w is positive above vegetated canopies
(Poggi et al., 2004); therefore, large perturbations in w' are likely to be
associated with ejective motion. Furthermore, ejections that are
depleted in water vapor (regardless of their ') are assumed to be asso-
ciated with air parcels that are swept to the surface from aloft, but do not
interact with the surface (or canopy) for a time long enough to capture
an evaporation or transpiration signal. These events are thus excluded in
the computation of the ratios, but included in the computation of the
total eddy covariance fluxes where they do contribute (negatively or
counter to the gradient) to the total. We also conducted tests where these
events were included, with a minimal impact on the results. We addi-
tionally tested the method with a hyperbolic threshold H and found that
the results were not sensitive to the choice of H; therefore, we did not
include such a threshold. Following the steps above, similar expressions
are then obtained for CO, (fz and fp) by substituting ¢ by ¢’ in Eq. 8. Note
that the indicator functions Iz and I, remain the same as Iz and Ir,
respectively.

The next step is to define a ratio of the sample fluxes, and this ratio is
then assumed equal to the ratio of the total stomatal and non-stomatal
fluxes from all octants

fr E i R

= = — d rpe="=— 10
TET 5T an TFe &P (10)
The rationale for this assumption is that the sample fluxes, while not
equal to the full components due to some unavoidable turbulent mixing
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Ejections only (w' > 0)
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Fig. 1. Conceptual framework underlying the Conditional Eddy Covariance (CEC) partitioning method. The quadrant plot displays a 30-min time series measured
over a grass site in Kenya. The quadrants used are conditioned on ejections; thus only points that obey w > 0 are included in the figure.

and smearing of source/sink signatures and due to the ignored complex
role of sweeps, remain good statistical surrogates for them. Thus, the
ratio of the sample fluxes is now proposed as a measure of the ratio of the
component fluxes. Combining these ratios with total fluxes, ET = T +E
and F. = P + R we obtain

ET ET
Ecpe = ——— and Tepe = ——— 11
CEC 1+$ an CEC 1+ e an
F. F.
RCEC = H—T and PCEC = I+ " . (12)

TFe

In this expression, the total fluxes are computed using all data from
all octants (conventional EC) and should also include any additional
post-processing corrections that are not applicable to instantaneous
fluctuations. For instance, while ¢ and ¢’ should already be corrected for
density fluctuations (Detto and Katul, 2007), only ET and F, would be
affected by frequency loss corrections. Thus, the total fluxes used in Eqs.
11 and 12 should already take any additional corrections for the mean
statistics into account. The same applies to the MREA and FVS methods.

To ensure that fluxes are computed with a representative number of
points, we apply the constraint that together, the first and second octants
(O"Ip + " Ir) must contain at least 20% of the data points. In addition, if
any of the two octants contains less than 5% of points, all fluxes are
attributed to the other component; for instance, if the indicator func-
tions in Eq. (9b) register at least 20% of points, and O1 and O2 inde-
pendently have more than 5% of points, the partitioning method is
implemented as described. On the other hand, if both octants add to
20%, but O1 (02) contributes to less than 5% of points, all fluxes are
attributed to plant (ground) components. For consistency across
methods, the same constraint is applied to MREA despite the fact that it
only uses direct observations from the first octant.

The only mathematical constraint on this method occurs when R ~ —
P (i.e., whenrg ~ — 1), which is near a singularity of the equations for P
and R. In this limit, two cases are possible: either both components are
negligible (less likely to occur in vegetated ecosystems), or P and R
nearly balance. The same constraint is also applicable for the FVS
method, given that it computes the ratios Rgys /Prys from equation (3b),

and later computes the components using the same expressions as shown
in equation (12). Thus, the results for F, components for both CEC and
FVS must be scrutinized near this singularity. This constraint on F, does
not pose problems for the results of ET components, which are not
subject to similar mathematical constraint since both component fluxes
are directed upward and thus have the same sign. The mathematical
singularity when rgr ~ 0 for the CEC method, which might happen when
there are few points in the first octant, is thus handled by assuming that
all ET fluxes originate from canopy transpiration.

3. Description of sites and data processing

Four datasets over different ecosystems were selected to evaluate the
performance of the three partitioning techniques. The first site — an
irrigated grass field in Central Kenya — contains independent estimates
of both transpiration and evaporation obtained by leaf-level measure-
ments and isotopic techniques during a controlled experiment (Good
et al., 2014). Despite the associated uncertainties of these approaches
and additional uncertainty arising from upscaling to the footprint of the
EC method, they can still offer an independent means of evaluation. The
second site is a mature Ponderosa (MP) pine forest in Oregon that con-
tains independent estimates of soil respiration measured by chambers.
The same dataset — with data sampled below, mid, and above canopy —
was previously used by Thomas et al. (2008) to evaluate the MREA
method. The other two sites are a vineyard in California (Knipper et al.,
2019) and a pine forest in the state of Washington. The latter site is
located at the Wind River Experimental forest and is referred to as WRE
forest here. These two sites do not have independent estimates of any of
the components. Nonetheless, they have yearlong data allowing us to
compare the performance of all three methods across different seasons
(and foliage amounts) at these two different ecosystems. A description of
the sites and their data is given below and also summarized in Table 1.

3.1. Sites description

The grass site is located at the Mpala Research Center in central
Kenya (0.3229°N, 36.9028°E) (a picture of the site is shown in Fig. S1 in
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Table 1

Agricultural and Forest Meteorology 315 (2022) 108790

Summary of sites and eddy-covariance (EC) measurements used in the analyses. Shown are leaf-area index (LAI), mean canopy height (h), EC measurement height (2),
and EC sampling frequency. The MP forest stands for mature Ponderosa forest, and WRE forest stands for Wind River Experimental forest.

Site Coordinates Period LAI (m? m~?) h (m) z (m) Freq. (Hz)
Grass field Central Kenya 0.3229°N-36.9028°E Feb 6, 2011-Feb 21, 2011 0.1 0.05 0.40 10
MP forest Oregon, USA 44.425°N-121.557°W June 16, 2006-July 16, 2006 2.8 15 33.5,10, 4 20
Vineyard California, USA 36.8492N-120.1760W May, 2018-March, 2019 3.7 2-2.5 4 20
WRE forest Washington, USA 45.8205°N-121.9519°W July, 2018-May, 2019 1.4 74 50 20

the supplementary material). The experiment took place between the 6
and the 21% of February 2011, the middle of the dry season. A circular
plot of 530 m? was manually watered for 3 days starting on the 8" (the
site had not received rainfall for 49 days prior the experiment). One
additional rainfall event was registered on February 16. Following the
irrigation of the soil, measurements of isotopic composition of water in
the soil, atmosphere and leaves were obtained (for details of the
methods and sensors see Good et al. (2014)). Green leaf coverage (GLC)
was estimated by surveying two 26-m line transects, and was then
related to LAI as LAl = —In(1 — GLC) (Nilson, 1971). Following this
procedure, the maximum LAI observed throughout the experiment was
0.1 m>m~2

At the site, transpiration was estimated by leaf-level measurements
using a chamber-based hand-held photosynthesis system (model Li-
6400XT, LiCor Biosciences', Lincoln, NE, USA), with measurements of
three to five leaves at approximately hourly intervals between 10 am
and 5 pm local time each day. Transpiration rates per unit leaf area were
later scaled by measurements of LAI based on transect surveys to esti-
mate transpiration values per square meter within the watered area.
Moreover, an EC system consisting of a three-dimensional sonic
anemometer (model CSAT-3, Campbell Scientific, Logan UT) and an
infrared gas analyzer (model Li-7500, LiCor Biosciences, Lincoln NB)
was setup at 40 cm above the ground. This height is ~ 4 times the sonic
path length, and as such the EC signal mainly resolves the largest eddies
contributing to the fluxes. However, since the measurements are mainly
during the daytime, the contribution of the unresolved eddies is not
expected to be large in the convective boundary layer (we will discuss
possible implications in the results section).

The second site is a mature ponderosa pine forest (MP forest) located
east of the Cascades Mountains crest near Sisters, Oregon, USA
(44.425°N, 121.557°W). With a mean tree height of 15 m, this forest has
a mean tree density of 325 trees ha ™! and a maximum LAI of 2.8 m? m~2
(Irvine et al., 2008; Thomas et al., 2009). The understory canopy is
sparse, with an LAI of approximately 0.2 m? m~2, mainly composed of
bitterbrush (Purshia tridentata) and Manzanita (Arctostaphylos patula
Greene). The same dataset originally used by Thomas et al. (2008) to
evaluate the MREA method is used here. Eddy-covariance measure-
ments from three vertical levels are available: 33.5 m (above canopy),
10 m (mid canopy), and 4 m (below canopy). All levels were instru-
mented with the same sonic anemometer and infrared gas analyzers
(CSAT-3 and Li-7500, respectively). In total, one month of data (June
16, 2006-July 16, 2006) is used. The site received 55 mm of rainfall in
the two weeks before the start of record (between June 1st and June 16)
and an additional 16 mm during the period of analysis. Concurrent to
eddy-covariance data, automated chambers (Irvine and Law, 2002;
Irvine et al., 2008) were used to measure soil respiration. In total, ten
spatially distributed chambers of 0.21 m? each were used. Soil respira-
tion was sampled every 60 min and all 10 chambers were spatially

! The use of trade, firm, or corporation names in this article is for the in-
formation and convenience of the reader. Such use does not constitute official
endorsement or approval by the US Department of Agriculture or the Agricul-
tural Research Service of any product or service to the exclusion of others that
may be suitable.

averaged. To compare with EC estimates, hourly estimates were inter-
polated to half-hourly values.

Data over a vineyard, located 25 km west of Fresno (36.8492°N,
120.1760°W), California, were collected as part of the USDA-ARS grape
remote sensing atmospheric profile and evapotranspiration experiment
(GRAPEX) (Kustas et al., 01 Sep. 2018). Vines are 1.5 m apart and
planted in parallel rows separated by a distance of 3.35 m (Knipper
et al., 2019). The vineyard is divided into four sections of nearly iden-
tical areas, each equipped with an eddy-covariance tower in the south-
west corner to maximize fetch within the block (Knipper et al., 2019).
Given the similarities across the four blocks during most periods of the
year, we report results for only one of them. The site is equipped with a
variable rate drip irrigation system capable of applying specific amounts
of irrigation on a 30 m x 30 m gridded basis (a schematic of the position
of the vines, the tower and the irrigation lines is shown in Fig. 1 of
Knipper et al. (2019)). However, as a controlled stress experiment, the
site was not irrigated between June 14, 2018 and July 23, 2018. The EC
flux measurements were obtained by a Campbell Scientific, Inc. (Logan,
UT) IRGASON H30/CO; sensor, which integrates the open path gas
analyzer and the sonic anemometer. The EC system was mounted 4 m
above ground level, while the mean canopy level varied between 2.0 and
2.5m.

We used data measured over the vineyard from May 2018 to March
2019. To facilitate the assessment of the results, we separate the data
into three ranges that characterize the vegetated conditions at the site:
green foliage, transition, and bare soil (pictures of the site taken in each
period can be seen in the supplementary material). Green foliage in-
cludes the period between May and September (late spring to early fall).
In this phase, vines reach their maximum leaf area index (LAI nearly 3.7
m? m’z, measured through ground sampling (White et al., 2018)) and
are photosynthetically active; the interrows, on the other hand, are
either bare soil or senescent cover crop. In addition, the green foliage
season is a hot and dry period, drip irrigation being the only source of
water. As a consequence, the volumetric water content (VWC) is low in
the interrows, being larger near the points of irrigation under the plant
canopy (see Fig. 2a; pictures of the drip irrigation system are available in
the supplementary material). By mid-fall, leaves undergo senescence
and there is a cover crop planted in the interrows (LAI nearly 1.4 m?
m_z). This transition period (here defined from October to January) is
wet because of the rainfall events, increasing soil moisture. It is also
characterized by lower temperatures and vapor pressure deficit (VPD).
February to late March is a period of bare soil, with complete absence of
vegetation.

The last site is located at the Wind River Experimental Forest
(45.8205°N, 121.9519°W), 60 km northeast of Vancouver, WA. This site
is part of the National Ecological Observatory Network (NEON). While
best known for its old-growth Douglas fir (Pseudotsuga menziesii) and
western hemlock (Tsuga heterophylla) stands, the forest is a mosaic of
tree ages due to management practices and wildfire history (National
Ecological Observatory Network, 2020b). It is dominated by an ever-
green forest with a mean canopy height of 50 m (phenocam images of
the site (National Ecological Observatory Network, 2021c) are shown in
the supplementary material). The leaf area index, estimated from flight
line images taken in July 2019, is on average 1.4 m? m~2 (National
Ecological Observatory Network, 2021e). At the site, the EC system was



E. Zahn et al. Agricultural and Forest Meteorology 315 (2022) 108790
30 Green foliage Transition Bare soil
O 201 r
S
o«
= 10 -
0 L
20
2 W
E
. 101
8 -o == interrow |
s SSeo — irrigated =~ @)
& ettt =
(I)\/Iay J1'11 Sép Nov Jan Mar Ma
2018 2018 2018 2018 2019 2019 2019
(a) Vineyard
30 Summer Fall Winter Spring
// /C-U\ -
O 2041,/ -2 A,
: 10 g | 18
F -1 -
/ \MA‘Q il mr w\\r,’f > L
/ PO ™ L
O T T T T O -
75 0.37
= £
g 50 0.2 o
S 5
é 251 L - 0.1 5
SN 79 | 1|| 0.0 2
Jun Sep Dec Mar Jun
2018 2018 2018 2019 2019

(b) WRE Forest

Fig. 2. Summary of meteorology and soil moisture at (a) the vineyard in California and (b) the WRE forest in Washington. Shown are daily averages of air tem-
perature (Tar), net radiation (R,), vapor pressure deficit (VPD), and soil volume water content (VWC). Daily accumulated precipitation is also depicted. The VWC
was measured 5 cm below the surface at the vineyard and 6 cm below the surface at the forest. For the vineyard site, we show VWC measured in the middle of the
interrow (dashed line) and measured 37 cm from one of the drip irrigation points (continuous line). Hatched areas indicate periods when data were not available

(forest) or not included (vineyard) in the partitioning analysis.

placed at 74 m above the ground and includes an enclosed gas analyzer
(model Li-7200, LiCor Inc., Lincoln, NB) and a three-dimensional sonic
anemometer (model CSAT-3, Campbell Scientific Inc., Logan, UT)
acquiring data at 20 Hz. The raw data were downloaded from NEON EC
Level 0 prime (LO) product (National Ecological Observatory Network,
2020a). Precipitation (National Ecological Observatory Network,
2021a), radiation (National Ecological Observatory Network, 2021b)
and soil water content (National Ecological Observatory Network,
2021d) were also downloaded from NEON Data Products (National
Ecological Observatory Network, 2021f). Here, we used nearly a year of
data from July 2018 to May of 2019, which we grouped into four

seasons, with summer including only July and August of 2018. The
summer was very dry and did not register any rainfall event, but as
shown in Fig. 2b, the volumetric water content was high at the begin-
ning of that season, declining to nearly 0.06 cm® cm ™2 in early fall. With
the increase in rainfall events, VWC increases to an average ~0.16 cm®
em ™3 from fall to spring.

To summarize, we are contrasting four ecosystems with different
canopy structures and leaf area indices. Two of them (grass site and MP
forest) have independent estimates of ET or F, components available.
The other two sites (vineyard and WRE forest) do not have independent
estimates, but can be analyzed across different seasons to investigate the
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annual evolution of the partitioned fluxes. The grass site has the lowest
vegetation height of about 5 cm, with a maximum LAI of 0.1 m? m~2; the
EC system is placed at 8 times the grass height. The vineyard has a peak
LAI of 3.7 m? m 2 during summer, which decreases as the crop matures
and reaches zero in the bare soil phase. The EC system is placed at 4 m,
about 2 times the typical vines height (between 2 and 2.5 m). The WRE
forest, on the other hand, has a lower average LAI of 1.4 m? m’z, but a
higher canopy (=~ 50 m); its EC system is at about 1.5 times that
elevation. The MP forest, with an LAI of about 2.8 m? m 2, has three
measurement levels where z/h is in the range 0.26-2.2. The differences
in LAL canopy height and EC system height offer a range of conditions
that challenge the applicability of the three methods in different ways,
as we will discuss.

3.2. Data processing

Post-processing controls were performed to ensure that only high
quality raw time series were retained. Values outside realistic bounds
were deleted (for instance, negative concentrations), and outliers were
detected with a despiking routine (Zahn et al., 2016) and then removed.
In addition, when available, the diagnostic flag of the sonic anemometer
and the signal strength (the replacement of the Automatic Gain Control
(AGQC) indicator in LiCor systems) for CO5 or Hy0 were used. In this case,
CO» or H20 measurements with a signal strength < 70% (below which
the windows of the analyzer should be cleaned) were deleted. Small gaps
(up to four consecutive points) were filled by linear interpolation.
Finally, we only retained periods where at least 90% of the instanta-
neous data points were available. For the NEON forest site with an
enclosed-path system, a correction for the velocity-concentration time
lag was applied by performing a cross correlation analysis (Metzger
et al., 2018; Rebmann et al., 2012).

Double coordinate rotation was performed to align the mean velocity
with the streamwise direction, and linear detrending of the mean was
applied before computing fluctuations. Strongly non-stationary periods
were filtered out based on the test proposed by Foken (2017, p. 175);
periods were removed whenever the non-stationarity statistic for w'c' or
wq (instantaneous products) was above 25%. Pre-hoc density fluctua-
tions of carbon and water vapor measured by the open-gas analyzers
(LI-7500 and IRGASON) were corrected to take into account the effect of
external fluctuations (Detto and Katul, 2007) (equivalent to the post-hoc
Webb-Pearman-Leuning correction (Webb et al., 1980), but correcting
instantaneous values). To avoid distortion in the flow field caused by the
tower, we also excluded periods when the mean wind direction is from
behind the tower. All fluxes were computed over 30-min periods.

The water-use efficiency, which is required by the FVS method, was
computed using Eq. (5). The mean concentrations near the canopy, ¢,
and ¢, were computed based on the gradient function from the Monin-
Obukhov similarity theory. However, these functions were not applied
to data sampled below the canopy at the MP forest. Instead, we assumed
that the same WUE computed on a half-hourly basis above the canopy
was also valid at the levels below the canopy.

The intercellular CO, concentration (c;) is the most challenging
variable and is parameterized with different formulations outlined in
previous implementations of FVS (Skaggs et al., 2018). It can be
assumed that ¢; is a constant value, that its ratio to near canopy
concentration € /C; is constant, or that ¢, /c. is a function (linear or to
the 1/2 power) of the atmospheric vapor pressure deficit (a summary of
formulations for ¢, is given in Katul et al. (2000)). More recently,
Scanlon et al. (2019) proposed an optimization model for WUE that
circumvents the parameterization of ¢;. This model, which maximizes
carbon assimilation while minimizing water losses, is computed using
only EC data. In our implementation of FVS, all five models (constant c;,
constant ratio, linear and 1/2 power function of VPD, and optimization
model) were used (as described in Appendix A). None of these models
takes plant stress into account (i.e., plant response to conditions of
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limiting water or high VPD). The results presented here are the ensemble
average of different estimates of the four flux components, computed
when at least one parameterization of ¢; resulted in valid solutions of the
FVS partitioning. For example, the component transpiration shown in
our results for this method represents the ensemble average of up to five
Trys values (one for each parameterization of ¢, ), depending on which
parameterizations resulted in valid estimates.

4. Results and discussion
4.1. Convergence to physical solutions

In this section we report the frequency at which all three methods
successfully found physically plausible solutions given the constraints
imposed on their formulation, as detailed in the previous sections. Note
that this analysis only indicates how often solutions are available for
each method, but cannot inform on how accurate these solutions are.
Thus, a method that results in more solutions is not necessarily a more
accurate approach.

Because all three methods result in more variability in time for F,
than ET components, we also imposed the following additional condi-
tions to admit the calculated carbon dioxide fluxes (for all three
methods): R and |P| <2.5 mg CO, m~2 s™! over the vineyard and WRE
forest, R and |P| <1.0 mg CO, m~2 51 over the MP forest, and R and
|P| <0.5 mg CO; m 257! over the grass field. These values were selected
to be plausible upper limits based on results from half-hour periods and
to ensure removal of outliers. A summary of the main causes of dis-
carded solutions for each method is shown in Table A1 and Table A2.

In Fig. 3, we show the percentage of periods when an admissible
solution was found by each of the three methods over the MP forest (3 a),
vineyard in California (3 b) and WRE forest in Washington (3 c). It only
includes cases when all four components were successfully found; for
instance, if CEC did not find a valid solution for R and P since they nearly
balance each other as previously explained, we do not count this period
even though E and T were successfully computed. In addition, we keep
results obtained by FVS during nighttime periods (shaded area in the
figures), although in principle the method is not appropriate for this
time of the day because of the absence of photosynthesis and transpi-
ration (and an undefined WUE). In this case, we still compute the water-
use efficiency using the same equations we apply during the day, but the
results may be unphysical. Nonetheless, FVS is not applied over the
vineyard during the bare soil period because of the absence of leaves in
this period (the computation of WUE involves defining the leaf
temperature).

The large fraction of solutions found between hours 8 and 16 in-
dicates that all methods perform better during daytime when fluxes are
stronger. Among the methods, FVS has the lowest rate of convergence,
which is mainly caused by the failure to satisfy Eq. (4). For instance, the
method did not converge most of the time below the canopy at the MP
site. MREA, on the other hand, has a high rate of convergence during
daytime, but it drops during night-time hours. In most of these periods,
the constraint E < ET (also R < F,) was not satisfied. Visual inspection of
these results confirmed that in such cases E was significantly greater
than ET and not only an artifact of round-off errors. Regarding CEC, it
found acceptable solutions more frequently, particularly during night-
time when it was able to attribute the total fluxes ET and F, to E and R
components, respectively, most of the time.

The lowest rate of convergence for CEC happened at the mid canopy
level of the MP forest. The main cause of flagged nonphysical solutions
was the low F,, often S 0.2 mg CO m~2 s™! during the month. During
the day, such small fluxes were usually the result of the near balance
between P and R, which might lead to a singularity in Eq. (12) ifrg, & —
1. Thus, for this dataset we neglect solutions for F, components when-
ever — 1.2 <rp, < — 0.8. Note that ET components are not affected by
this convergence issue and are not neglected: even if the two carbon
fluxes cancel out to result in a small F., their correlation with the water
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Fig. 3. Percentage of available time blocks for which an admissible solution was found over the MP forest (a), the vineyard (b), and the WRE forest (c). For the MP
forest, convergence for a month of data (16 June-16 July, 2006) at three canopy levels is shown. Data obtained at the vineyard were split into three categories that
reflect different stages of the site: green foliage (May to September of 2018), transition (October of 2018 to January of 2019), and bare soil (February and March of
2019). Data for the WRE forest were split into the four seasons, with summer starting in July of 2018. The FVS was only applied when leaves were present, which
excluded months of bare soil in the vineyard. Shaded area represents nighttime periods. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

fluxes needed to partition ET is not affected. The same ry, constraint was
applied to the carbon dioxide flux components computed by the FVS
method. Nonetheless, the main cause for invalid solutions for the FVS
method across all sites was the violation of the condition in Eq. (4).
For the Kenya grass site (not shown in the figure), in total, two weeks
of data — sampled only during daytime — were available. For this site,
CEC converged to physically valid solutions 95% of the time. The main
cause of failure to its convergence in the remaining 5% of blocks
happened halfway through the experiment, when the increase in plant
photosynthesis reduced the net carbon dioxide flux to ~ 0.1 mg COy m ™2
s~L. Under these conditions, P and R were nearly balancing, leading to
the previously-discussed singularity in the equations. Similar to what
was noted at the mid canopy level of the MP forest, most of the noisy
periods were observed when — 1.2 <ry < — 0.8; thus, we neglected
Rcec and Pcge computed over the grass site when ry, was in this range.
Independent of the parameterization used to compute water-use ef-
ficiency, the FVS method did not find solutions over the grass site in
Kenya. In most of the half-hour time windows of the two-week dataset,

the mathematical constraints that ensure physically realistic fluxes
(equation (4)) were not satisfied. The removal of low frequencies — as
suggested by Scanlon and Kustas (2010); Scanlon and Sahu (2008) —
using a high-pass Gaussian filter did not increase the convergence of the
method. In Section 4.2, when comparing the partitioning approaches
over this site, we included the transpiration and evaporation computed
by FVS as reported in Good et al. (2014). Good et al. (2014)’s results
were obtained with a previous version of the model that consisted of
numerically finding solutions and did not include the constraints in Eq.
(4); in addition, the authors implemented wavelet filtering to continu-
ously remove low frequencies of the time series and search for a valid
solution, which increases the rate of convergence of the approach
(verified through analyses done for the present study).

Over the grass field, the MREA method found valid physical solutions
nearly 30% of the time. Invalid solutions were flagged for Tyrga < O or
Pyrea > 0 (at least one condition had to apply). These periods were
identified to happen more often during periods when the correlation
coefficient between water vapor and carbon dioxide densities was
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strongly positive (similar to FVS). In other words, MREA is more suc-
cessful in converging to physically valid solutions when plant compo-
nents dominate, i.e., when p., < 0. This behavior for both MREA and
FVS can be seen more clearly below the canopy at the forest in Oregon
(Fig. 3). As shown in the figure, at this site these methods found solu-
tions more often above and in the middle of canopy, where p_ , < 0 is to
be expected. Below canopy, on the other hand, non-stomatal compo-
nents dominate and the methods found solutions less frequently.

In contrast to FVS and MREA, CEC is less affected by the correlation
between the scalars. This result indicates that CEC can be applied to a
wider range of p. , conditions resulting in less gaps, although it does not
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guarantee that the solutions are accurate. Nonetheless, as shown both
above the grass site and in the middle of the canopy of the MP forest, its
convergence rate drops when a small F, is observed as a result of near
balance between R and P.

4.2. Evaluation of partitioned transpiration against leaf-level
measurements

A comparison of all partitioning estimates available for the grass site
in Kenya (three EC methods, isotope method, and leaf-level measure-
ments) is shown in Fig. 4. Daily averages and standard error based on the
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30-min fluxes (when at least three observations during the day were
available) are shown, with the exception of leaf-level transpiration for
which only the average is shown (grey bars). Note that each method may
have found valid solutions for different time blocks between 9 am and 5
pm; therefore, average transpiration and evaporation may not add to the
total ET for all methods. Furthermore, the FVS results are those reported
in Good et al. (2014) as our implementation of the method (with con-
straints that were suggested more recently by the developer, as discussed
above) did not converge to valid solutions.

Prior to the start of the experiment, the grass field was devoid of any
green vegetation as indicated by the green leaf coverage in Fig. 4 (top
plot). After three days of consecutive irrigation, green leaf coverage
increases and reaches its peak on day 16. As expected, this photosyn-
thetically active period leads to the increase in transpiration inside the
delimited plot as measured by leaf-level chambers. As shown by foot-
print analyses conducted by Good et al. (2014), the flux measured after
irrigation represents mostly the irrigated area (= 85% of total ET), as
opposed to nearly 57% when the field is dry.

The transpiration estimated by FVS, Tgys, does not follow the trend
found by leaf-level measurements over the observational period. It
overestimates transpiration on day 8, prior to the increase in green area
coverage, and again on day 13. Moreover, it shows weak variation be-
tween days 18 and 21, when all other methods capture a decrease in
transpiration that resulted from the decrease in green leaf density. The
MREA method also did not find solutions for all time intervals, where
nearly half of the days have less than three data points available.
Nonetheless, the trends and magnitudes of the daily averaged Tyrga on
days 14 to 19 are close to the other estimates.

The transpiration computed by CEC, Tcgc, seems to follow the same
trend as the green-leaf area coverage: it increases with green leaf
coverage between days 11 and 15 and later decreases from days 18 to
21, when the field is getting drier and less green. On day 16, it shows a
drop in transpiration (and increase in Ecgc), which, despite not matching
leaf-level estimates, is consistent with a decline seen in photosyntheti-
cally active radiation during this cloudy day (bottom plot in Fig. 4).
After day 17, Ecgc also decreases as the volumetric water content de-
creases. In addition, Ecgc dominates over Tcgc before and during irri-
gation (days 6 to 10). Overall, the ratio Tcgc/ET computed from the
respective daily accumulated values varies from 0.04 on day 9 to 0.51 on
day 15. However, the instantaneous value of Tcgc/ET (from half-hourly
fluxes) is as high as 0.74 at 1:30 pm on day 15. Note that Tcgc was non-
zero even before the irrigation (Tcpc/ET < 0.3); this signal is likely
coming from outside the delimited area where the presence of sparse
trees can be noted, which is corroborated by footprint analysis (Good
et al., 2014).

Table 2 shows the root mean square error (RMSE), bias, and corre-
lation coefficient (p) of transpiration found by CEC, FVS, and MREA
versus transpiration estimated by leaf-level measurements (T gar) and
the stable isotopes method (Tisp). CEC resulted in the smallest RMSE
(4.7-59 W m’z) and highest correlation coefficients (0.7-0.96); it also
had the lowest bias when compared to leaf-level measurements. Despite
many missing periods, the MREA also performed well in terms of cor-
relation, in particular against the leaf-level estimates (p = 0.86). The
FVS method, while having the smallest correlation coefficient (p
< 0.47), resulted in the smallest biases against the isotopic method, and
similar RMSEs to those of MREA (~6 W m 2 against the isotopic
method and ~ 10 W m™2 against leaf-level). Overall, both FVS and
MREA found less solutions at this site, which was mainly dominated by
soil flux components, resulting in positive p,,. Thus, such conditions
seem not to be ideal for the applicability of both approaches.

The sub-daily variation in transpiration and evaporation, as well as
respiration and photosynthesis, are shown in Fig. 5 (bottom panel).
Because our implementation of FVS did not find solutions for this site,
results from this method are not included. Comparing CEC and MREA,
evaporation was greater than or equal to transpiration during most of
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Table 2

Statistics of departure of transpiration found by the three partitioning methods
from independent estimates obtained by leaf-level measurements (T gar) and
stable isotopes (Tiso). Shown are the root mean square error (RMSE) in W m~?
mean bias in W m 2, and correlation coefficient (p). Rainy and cloudy day 16

was excluded from the computation of these statistics.

Tiear Tiso

RMSE Bias P RMSE Bias P
CEC 5.92 -0.09 0.96 4.72 -1.52 0.71
MREA 9.11 4.95 0.86 6.23 1.60 0.53
FVS 10.45 2.29 0.47 6.41 -0.28 0.18

the experiment. In addition, a diurnal cycle for both components is
clearly distinguishable, with larger transpiration in the middle of the day
when radiation, and consequently photosynthesis, are larger (with
exception of day 16, which was a cloudy and rainy day).

Before irrigation, most of the F, comprised of respiration according
to CEC (Fig. 5, top panel). A small fraction of fluxes is attributed to
photosynthesis (and transpiration), likely related to the contribution
from outside the control area as discussed above. During the three days
of irrigation, Rcgc decreases (as well as total F. as observed by the EC
system), while Pcgc is small and nearly constant. As the green leaf
coverage increases, Pcgc increases, which is expected given its coupling
to transpiration. On days 14 and 15, the magnitude of respiration gets
closer to the magnitude of photosynthesis as the total F. decreases; as a
result, CEC did not compute valid estimates of both components when
F.50.1 mg CO m 2 57!, which resulted in large oscillations between
negative/positive values in the estimates of Rcgc (and also Pcgc) and/or
magnitudes at least two times higher than those found in the remaining
periods of the same day. These values were removed and are not shown
in the figure. Following day 18, Rcgc suggests soil respiration returned to
the same magnitude that was observed in the first half of the experiment.

For days when MREA found a solution, the estimated T and E are
similar in magnitude to those found by CEC. However, the same is not
true for F, components. MREA suggests negligible photosynthesis be-
tween days 14 and 19, when CEC indicates the largest P fluxes. While we
do not have independent estimates of soil respiration to objectively
compare these results, the presence of green vegetation indicates that
photosynthesis should be at its maximum during these days. These re-
sults also illustrate the main difference between both approaches: CEC
includes information from the second octant to infer the ratio between
components used to compute the final component flux, potentially
mitigating the effects of partial signal loss due to mixing of the air
parcels, which affects both quadrants. MREA, on the other hand, com-
putes respiration directly from the first quadrant. In this case, it might
result in underestimated fluxes in case of partial mixing of the air par-
cels.

4.3. Evaluation of partitioned respiration against soil chamber
measurements

We now assess the soil respiration component computed by the three
methods against independent estimates obtained from chamber mea-
surements (Rcy) at the MP forest. In addition, this comparison is per-
formed below (z/h=0.1), mid (z/h=0.67), and above canopy (#h=2.3).
All results are shown in Fig. 6, where we plot half-hourly R estimated
from the three methods versus Rcy. To reduce scatter — which is ex-
pected given the underlying differences between EC and chamber
measurements — we plot the average and one standard deviation from
the mean for evenly spaced bins. Furthermore, following Thomas et al.
(2008), we only include daytime periods (8 am to 5 pm) and periods
when p., > — 0.5. This excludes periods when the canopy fluxes are
dominant and the ground signal is negligible.

The bin-averaged soil respiration (also comprising stem respiration)
computed by the FVS method, Rpys, resulted in the best agreement with
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s and evaporation (E) or transpiration (T, bottom panel) computed using CEC and

MREA for the grass site in Kenya. The dashed black lines represent total fluxes as observed by EC. Only fluxes between 9 am and 6 pm are shown. The MREA
partitioning of water fluxes is not shown for many days because E exceeded total ET.

the independent estimates of soil respiration above the canopy. It found
both the smallest RMSE and bias, 0.041 and —0.004 mg CO, m2s7,
respectively (Table 3; statistics were computed from bin averages). At
this level, CEC and MREA performed similarly (RMSE = 0.107-0.133 mg
CO, m 2 s~L, bias = 0.100-0.130 mg CO m 2 s’l), with both methods
underestimating Rcy. The data for the individual periods, however,
show more significant scatter, particularly for FVS.

The poor performance of CEC and MREA above the canopy might be
a consequence of the large distance between the canopy and the EC
sensors. As pointed out in previous studies (Klosterhalfen et al., 2019a;
2019b; Thomas et al., 2008), and further discussed in Section 4.5, the
measurement height is one of the most important constraints for the
applicability of similarity-based partitioning approaches. At z /h = 2.2
over this forest, air parcels carrying different scalar source and sink
fingerprints are more likely to be mixed, scrambling the soil signature
and resulting in large negative correlation coefficients between ¢ and q ,
which adversely impacted both methods.

The performance of the three partitioning approaches diverges more
at mid canopy. While CEC resulted in the smallest RMSE and bias (0.044
and —0.006 mg CO, m~2 s, respectively), it was also negatively
correlated to Rcy (which is not the anticipated trend). From all inves-
tigated datasets, the mid canopy level at the MP forest was the most
challenging for CEC in terms of CO; flux partitioning; the small F,
throughout the month resulted in noisier results for Rcgc than what was
observed for FVS and MREA (or at other sites). Filtering periods when
the ratio rgp was in the range —1.2 < rgp < —0.8 decreased — but did
not remove — all possibly affected periods. Thus, in future imple-
mentations of CEC, we recommend careful analysis of CO5 fluxes in this
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limit when a small net carbon flux results from non-negligible but
counteracting P and R. The best correlation with Rcy at mid canopy was
found by the FVS method (p = 0.81), although it also overestimated the
fluxes. MREA, on the other hand, underestimated Rcy, but correctly
resulted in positive correlation (0.47).

The FVS method did not find solutions below the canopy. Note that
we admitted the plausibility of below canopy P given the presence of a
sparse ground vegetation. The fact that FVS did not converge might be
indicative that P is negligible (non-negligible photosynthesis is required
by the method). However, its performance may also have been impacted
by the positive correlation between ¢’ and g below the canopy. As shown
over the Kenya site, the method converges less often when soil fluxes
dominate and p, , is positive. In both cases, the mathematical constraints
of Eq. (4) were not satisfied (more details in Table A1). The CEC and
MREA methods performed better below the canopy. The respiration
computed by both methods was highly correlated with Rcy (p > 0.87),
with CEC showing slightly smaller errors (RMSE = 0.024 mg CO3 m >
s~ ! and bias = —0.001 mg CO, m~2s™1). Overall, these results below the
canopy are encouraging and confirm that the proximity to sinks and
sources improves the performance of CEC and MREA.

4.4. Seasonal and diurnal variation of flux components

In this section, we investigate the partitioning results across seasons
over two contrasting ecosystems: a vineyard in California and a forest in
Washington (WRE forest). As a point of reference, we present the
average diurnal cycle of all four partitioning components; we also group
periods with similar characteristics at the vineyard (green foliage,
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Fig. 6. Comparison of soil respiration (in mg CO, m™2 s™!) estimated by the three partitioning methods (y-axis) versus soil respiration estimated by chamber
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(z/h = 2.2, first row), mid canopy (z/h = 0.67, second row), and below canopy (z/h = 0.25, third row) are shown. Mean value for nine evenly spaced bins are shown

in black, where the bars represent one standard deviation from the mean.

transition, and bare soil) and the four seasons at the forest. Averaged diel
cycles over each month are included in the supplementary material. As
detailed in the methods section, for FVS we plot the ensemble average
for each component based on all parameterizations of WUE that resulted
in solutions. To illustrate the variability across different options, we plot
in Appendix Fig. B1 the diel cycle for all flux components as found by
each WUE model for a selected period over the Vineyard and the WRE
forest. In the most extreme cases, differences of more than 100% were
seen across models.

Table 3

4.4.1. Vineyard

During the period defined as green foliage over the vineyard, FVS
attributes more weight to non-stomatal components than the other two
methods (Epys/ET ~ 0.2). CEC and MREA, on the other hand, exhibit
very similar behavior (Fig. 7; note that lines for CEC and MREA overlap
in the figure during this phase). Both methods attribute the daytime
carbon dioxide flux and evapotranspiration overwhelmingly to photo-
synthesis and transpiration, respectively, and attribute all nighttime
carbon dioxide flux to respiration in line with our expectation. We note

Error statistics of R estimated by the three (bin-averaged) partitioning methods against independent estimates of soil respiration obtained by chambers. Values for all

2 1

three levels are shown. The statistics were obtained from the averaged bins shown in Fig. 6. RMSE and bias are given in mg COo m™“s

Above Canopy Mid Canopy Below Canopy

RMSE Bias P RMSE Bias P RMSE Bias P
CEC 0.107 0.100 0.55 0.044 - 0.006 -0.23 0.024 -0.001 0.87
MREA 0.133 0.130 0.40 0.083 0.080 0.47 0.044 0.039 0.91
FVS 0.041 -0.004 0.81 0.075 -0.067 0.81 — — —
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that the MREA results were more sensitive to the newly imposed con-
straints of only accepting periods when E < ET and > Iz + > It > 20%.
Without these constraints, MREA tended to overestimate nighttime
respiration in all investigated sites, which resulted in non-negligible
photosynthesis during nighttime hours. Thus, we recommend the
adoption of these new constraints in future implementations of the
MREA method.

Both Rcgc and Ryrea are negligible during the day, indicating no soil
respiration. As a reminder, the photosynthesis computed here is the net
photosynthesis, which is the difference between carbon assimilation and
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leaf respiration. Therefore, if soil respiration is indeed negligible during
the day when compared to above-ground respiration (as both methods
indicate, though we cannot quantify the accuracy of this result), the
nighttime respiration would be mainly from leaves (which we cannot
compute separately during the day). While zero soil respiration might be
a contradictory result given its positive relation to temperature (Reich-
stein et al., 2005), a dramatic decrease in soil CO5 fluxes is to be ex-
pected during very dry periods (Xu et al., 2004). Thus, the low soil
moisture (Fig. 2a) in the interrows during this phase (from 0.10 cm?®

cm ™2 in early May to less than 0.03 cm3 cm™ in late September) would
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likely result in weaker soil fluxes (both respiration and evaporation)
compared to the canopy. In addition, the only irrigated patches during
this period are located under the dense vines and cover a very small area;
therefore, both sources of non-stomatal contributions are likely to be
overwhelmed by canopy fluxes because they might be much weaker
than their stomatal counterparts, might be decoupled (no E from inter-
rrows, just R), or might be recycled by leaf uptake before they reach the
instrument levels.

The ratio T/ET, computed by CEC and MREA, is close to unity during
the green foliage phase (Fig. 8). While it is expected that evaporation
would be smaller given that it is a dry period and the drip irrigation
system is an economic technique (and irrigation lines are located under
the vines, in the shaded region), it is not possible to affirm, without
independent estimates, that E is truly negligible. In a similar vineyard
also part of the GRAPEX, Kustas et al. (2019) found temporal and spatial
variability in radiation received in the interrrow and below canopy and
reported that although soil evaporation is less important than transpi-
ration, it is not negligible (they used micro-Bowen ratio systems).

A closer inspection of the quadrant plots between ¢ and q' during the
green foliage phase (figures not shown) indicated a nearly perfect anti-
correlation in the middle of the day. This result is also clear in Fig. 7,
which shows the diurnal average of p. ;. The proportionality between
CO; and HO fluctuations and the high correlation suggests that both
scalars are similarly transported (Hill, 1989). Similarity would be ex-
pected in this case if the pairs of flux components are consistently
correlated/anti-correlated in all sinks and sources (Li and Bou-Zeid,
2011; Li et al., 2012), or if the sampling height is outside the rough-
ness sublayer. Thus, another plausible and likely explanation for the
small soil flux estimates is that the height of the eddy-covariance system
is located too far from the canopy (similar to what was verified above the
canopy at the MP site), causing air parcels carrying the weak soil flux
fingerprint to be completely mixed with that from the stronger canopy
components before arriving at the sensor.

Overall, the implementation of the partitioning methods during the
green phase over the vineyard highlights the most important assump-
tions and weaknesses of the methods. While we cannot point to the main
cause of these results for CEC and MREA (or how accurate they are), we
can indicate conditions that are likely to impact their performance. Note
that our results do not allow for evaluating the performance of the FVS
method: it could be overestimating the soil fluxes. Not only do we not
have independent estimates to assess these results, but FVS also shares
similar assumptions to CEC and MREA that are not testable using con-
ventional field data.
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Moving to the transition period, the correlation coefficient p, ; drops,
indicating a mixture of signatures from stomatal and non-stomatal
components, which is captured by all three methods. The ratios T/ET
in this period are comparable, ranging from 0.70 (CEC) to 0.72 (MREA).
Results for carbon components, on the other hand, show more dispar-
ities. In particular, FVS overestimates respiration and photosynthesis
relative to the other methods, which again exposes the main challenge of
F, partitioning: because CO, components have different directions and
signs, potentially resulting in zero net flux, their sum cannot be con-
strained by the total flux. This complicates the interpretation of results
and comparison of different methods when independent estimates of
CO; flux components are not available. Furthermore, F, partitioning
results are usually noisier than ET results.

The vineyard is devoid of any green vegetation during the bare soil
phase. Therefore, we would expect positive carbon dioxide flux domi-
nated by respiration and ET dominated by evaporation, resulting in
Peq ~ + 1. However, as indicated in the last column of Fig. 7, this is not
the case. A slightly negative daytime total carbon flux (and p., < 0)
indicates that photosynthesis is still present, potentially associated with
contamination of the signal from the area outside the vineyard or some
vegetation present in the footprint area that is not captured by the
phenocam images. Under these conditions, CEC and MREA result in T/
ET =~ 0.55-0.60. Although these results are incompatible with the con-
ditions for the area of interest, the negative F, during the day suggests
that photosynthesis and transpiration are captured by the measure-
ments. This highlights the importance of having an adequate footprint
representation to obtain reliable flux estimates. The FVS method was not
applied in this period because of the absence of leaves (the parameter-
ization of the water-use efficiency requires the definition of the leaf
temperature).

4.4.2. WRE forest

The partitioning results over the WRE forest, in Washington, are
shown in Fig. 9. The three methods agree to some extent, particularly in
case of CEC and MREA. They result in similar flux magnitudes, even for
carbon dioxide flux components that usually result in more variability
(although carbon fluxes are noisier, which is more evident for FVS).
According to CEC, transpiration dominates in all seasons, varying from
Tcec/ET = 0.62 in the summer to Tcgc/ET = 0.79 in the spring (Fig. 8).
These ratios are in agreement with those reported in the compilation of
previous studies performed by Wei et al. (2017). According to Wei et al.
(2017)’s summary, needle-leaf forests with an average LAI of 1.4 m? m™2
were found to have T/ET ratios ranging from ~0.3 to ~0.8, with an
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average value equal 0.53. The large variability associated with a narrow
leaf area index range is likely related to seasonality, but can also be an
artifact caused by uncertainties in the different partitioning techniques
used in these studies.

According to all three methods, E was greater in summer (around 70
W m~2 in the middle of the day), peaking near 100 W m~? in July
(monthly results are shown in the supplementary material). Despite
summer being a dry period, the volumetric soil water content measured
at the surface is high and decreases, almost linearly, from 0.15 cm® cm ™3
at the beginning of July to 0.06 cm3 cm™> at the end of August. Thus, the
large moisture availability, associated with a period of high net radia-
tion and VPD (Fig. 2b), likely resulted in a large evaporation component,
accounting for nearly 40% of total ET (according to CEC) during
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summer. Following summer, all methods attribute most ET to transpi-
ration during fall and winter (T/ET ~0.62-0.75), with the exception of
FVS during winter (Teys/ET ~ 0.45). One of the limitations of all
methods is related to water intercepted by leaves. Evaporation of water
intercepted by leaves may be mistakenly attributed to transpiration if air
parcels transported from the canopy are enriched in water vapor from
both leaf transpiration and intercepted water evaporation and depleted
in carbon due to photosynthesis. Since rainfall events were abundant in
both seasons, it is possible that the high estimated transpiration was a
combination of leaf transpiration and evaporation of intercepted water.

Regarding carbon dioxide flux components, respiration estimates
exhibited less variability across seasons compared to those of photo-
synthesis. In addition, the greatest discrepancy across methods occurs in
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Fig. 9. Comparison of partitioning flux components obtained over the WRE forest in Washington. The average diel cycle during each period is depicted, with dashed
black lines representing the total EC fluxes of water and carbon computed using all available data (i.e., it does not exclude data when solutions were not found by one
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spring, when FVS yields a much higher R, P, and evaporation relative to
the other methods. Again, the dominance of stomatal over non-stomatal
components, as found by all methods, is consistent with the negative
correlation coefficient.

One important aspect of turbulent transport in forests is the coupling
between below and above canopies (Freire et al., 2017; Gerken et al.,
2017; Paul-Limoges et al., 2017; Thomas and Foken, 2007; Thomas
etal., 2013). All three partitioning methods directly or indirectly assume
that they are coupled; that is, the below and above canopy spaces are
connected and the EC system above the canopy is able to sample air
parcels enriched with respired carbon emanating from the soil. For the
WRE site, a relatively sparse coniferous forest with an LAI of about 1.4
m? m~2 in July, such assumption is plausible in many of the analyzed
periods (except for very stable atmospheric conditions). However, over
other types of forests, it may not be valid during some periods of
maximum canopy density or conditions of low turbulence under the
canopy, as shown by previous authors (Paul-Limoges et al., 2017;
Thomas et al., 2013). Another implication of this decoupling is related to
carbon dioxide recycling by leaves (Brooks et al., 1997); as the air re-
mains confined in the lower canopy, respired carbon can be assimilated
before it lifts above the tree crowns to be detected by the measurements
(Greaver et al., 2005; Knohl et al., 2005; Kondo et al., 2005; Sternberg
et al., 1997). Therefore, all methods may underestimate soil respiration
if the released carbon dioxide from soil is further assimilated by plants or
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not transported by turbulence to the EC level above the canopy. Under
such circumstances, any partitioning method that uses EC fluxes (inde-
pendent of the formulation) will incur uncertainties. To overcome this
limitation, previous studies (Paul-Limoges et al., 2017; Thomas et al.,
2013) used below and above canopy EC data to investigate turbulent
mixing and to identify periods of decoupling, a topic that continues to
spawn research interest for ideal and non-ideal conditions alike (Jocher
et al., 2020).

4.5. Implications of the assumed coupling between carbon dioxide and
water vapor

One consequence of the assumed coupling between carbon dioxide
and water vapor fluxes is that all components are required to be non-
negligible. For instance, evaporation is tied to respiration since both
non-stomatal components are detected in air parcels enriched in carbon
and water vapor; therefore, to detect evaporation, respiration should be
present. Note that this is not a problem for stomatal components since P
and T have to happen simultaneously. In addition, near zero net carbon
dioxide flux does not preclude the application of the partitioning
methods as long as both photosynthesis and respiration are non-
negligible but are balancing each other. However, while CEC can still
be applied to ET components in such circumstances, it may not find valid
solutions for carbon components when R/P ~ — 1. Over the grass site,
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Data during 6 am to 6 pm (local time) for four sites (grass field, MP forest, vineyard and the WRE forest) are included in the figure.
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for instance, the method resulted in nonphysical oscillations for R and P
when F, decreased to values in the vicinity of 0.1 mg CO; m 2 s~ L.

In addition to being non-negligible, the application of the methods
require that all flux components have the “expected” direction. In this
case, we expect positive water vapor fluxes from the surface to the at-
mosphere (i.e. no condensation) to be associated with respiration.
Although this constraint is physically plausible during the day, negative
ET might happen (and was detected more often in the forested sites) due
to dew formation during nighttime. However, because daytime condi-
tions are the main focus of interest, the impact of dew formation on the
results should only be a concern during winter months or over cold
regions.

One challenge for all three methods is the interception of water by
leaves. CEC computes transpiration associated with photosynthesis and
evaporation linked to respiration (with the exception of leaf respiration,
as previously discussed). In this case, if water is being evaporated from
leaves or nearby branches at the same time that photosynthesis is
occurring, this evaporation will likely be accounted for as transpiration
since positive ¢ will be associated with negative c. Therefore, care must
be taken in interpreting the results of all methods over ecosystems when
interception is a large component of the water budget. For example,
periods following rainfall events can be removed from the analysis or
segregated from other periods.

Perhaps the most important constraint for successful application of
partitioning methods based on the similarity between scalars is the
measurement height z. More specifically, z must be sufficiently close to
the canopy to sample the mixed signal from the different sinks and
sources of water vapor and carbon dioxide (Klosterhalfen et al., 2019a;
2019b). If sampling heights are too far from the canopy, turbulence will
likely fully mix air parcels emanating from different flux footprints for E
and T or P and R, thereby significantly scrambling the signature from
soil and vegetation. Under such conditions, the conditional sampling
will no longer be robust.

This constraint may preclude the application of such methods in data
sets where z/h>1, and might suggest that the sensors should be placed
just above the canopy height at z/h ~ 1. However, this would pose
another problem related to measurement inside the roughness sublayer:
the signal might be strongly affected by individual canopy elements and
thus horizontal homogeneity of the turbulence is likely to be violated.
The roughness sublayer is usually estimated to extend up to 2-5h (Cellier
and Brunet, 1992; Raupach and Thom, 1981; Thomas et al., 2006), so at
present we could offer an empirical recommendation to place the EC
system at z/h < 2. One additional possibility would be the placement of
two EC systems, one closer to the canopy, which could be used to obtain
the ratios between components needed in Eq. (8), and one EC system
further from the canopy, which could ensure converged total fluxes. In
any case, further analysis is required to inform a better placement of the
sensors. An optimal placement should also consider the effect of canopy
density on the flow in the roughness sublayer, as recommended by
Klosterhalfen et al. (2019a,b). However, for reasons discussed earlier,
data sampled above very dense forests — despite the proximity to the
canopy top — are unlikely to yield accurate results.

4.6. Similarity between scalars and partitioning

The framework on which the partitioning methods were derived
requires that the stomatal and non-stomatal components are similarly
transported by turbulence given their collocated sources and/or sinks.
The implication is that the correlation coefficient between CO, and H,O
can serve as a measure of the importance of carbon dioxide and water
vapor components. Dominance by stomatal components of photosyn-
thesis and transpiration will result in p, , ~ —1 given that these fluxes
have opposite directions; similarly, p., ~ +1 indicates dominance by
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non-stomatal components. Correlation coefficients between these two
limits represent intermediate states where all flux components are
important.

Fig. 10 shows the ratio T/(E + T) and |P|/(R + |P|) obtained using all
three partitioning methods (from half-hourly fluxes) versus p. ,. Note
that we used R + |P| as the denominator instead of F, in order to set the
upper bound of this ratio to unity. In agreement with its theoretical
framework, CEC results are strongly related to the correlation coeffi-
cient. Transpiration and photosynthesis (evaporation and respiration)
dominate when p, ¢ ~ —1 (p. 4 = +1); whenp, ; ~ 0, theratio T/ET isin
the range 0.50 + 0.15. While this is not a substitute for the method, it is a
computable and informative measure of the relative importance of
transpiration over evaporation.

Note that having p., = —1 will not always indicate dominance by
plant flux components. The same applies for p., = + 1. As discussed
throughout the paper, other factors — such as EC system placement
outside the roughness sublayer or over dense canopies — might result in
high correlations even in the presence of different sinks and sources of
both scalars. Thus, such results must be interpreted in the context of the
specificity of the setup.

The MREA method shows a similar trend to CEC, indicating a strong
correlation between the flux component ratios and p.,. The similar
trends are not a surprise given the shared assumptions between both
methods. In contrast, FVS results for ET components show a weaker
dependence on p, 4 than the results for Fc components; for instance, for
the range from Peq=—-05top. 4 =+ 0.5, Trys/ET =~ 0.7. This weak
dependence is unexpected given that FVS is the only approach that
directly uses Peq inits formulation. The ratio |Pgys|/(Rrvs + |Prvs|), on
the other hand, shows a monotonous decrease with the increase in p g,
similar to CEC and MREA.

For both ET and F, partitioning, CEC and MREA agree well (on
average) under most conditions, and they both depart from FVS esti-
mates particularly when non-stomatal components are greater than their
stomatal counterparts. FVS also departs from the other two approaches
in the limit of weak non-stomatal components (p. ; ~ — 1). The range of
moderate negative correlations from p,, ~ —0.5 to ~ —0.15 seems to
result in closer CO5 flux ratios for all three methods; ET components, on
the other hand, are more similar in magnitude in a narrower range from
Peg~—04to~ —0.15.

5. Conclusions

Promising methods to partition H,O and CO; fluxes are based on
similarity between stomatal (transpiration and photosynthesis) and non-
stomatal (evaporation and respiration) pairs of component fluxes. Such
formulations combine measured high-frequency carbon dioxide and
water vapor EC data and find all four component fluxes simultaneously.
Based on this framework, we proposed a new approach, the conditional
eddy covariance (CEC), to partition ecosystem fluxes. The CEC method,
along with two previously developed techniques — the flux-variance
similarity (FVS) and the modified relaxed eddy accumulation (MREA)
— were tested against independent estimates of transpiration and soil
respiration from a grass site and a forest. These methods’ performance
was further investigated over a vineyard and a pine forest across con-
trasting seasons. The main findings are:

1. The CEC method performed better than MREA and FVS over the grass
site in Kenya. It yielded biophysically acceptable results more often
and its estimated daily averaged transpiration was highly correlated
with both independent estimates from leaf-level measurements (p =
0.96) and stable isotopes (p = 0.71). It also resulted in the smallest
RMSE (=59 W m’z) and bias (= —0.09 W m’z) against Tigar. In
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terms of CO5 components, Pcgc indicated higher magnitudes in the
middle of the two-week experiment, when the green leaf coverage
was at its peak.

2. The evaluation of soil respiration computed from all three methods
against measurements by chambers at the MP forest resulted in
variable performance. Rrys computed above the canopy was closer to
Rcy than the estimates from CEC and MREA; however, Rgys over-
estimated Rcy in the middle of the canopy. The CEC and MREA
methods, on the other hand, performed better below the canopy,
where both converged to biophysically acceptable results more
frequently and resulted in higher correlations and smaller errors
relative to the chamber estimates. Although one must bear in mind
that chamber data have their own uncertainty that we cannot
quantify.

3. One main issue regarding the performance of the CEC method is its
implementation in conditions of small net CO, fluxes when both P
and R are non-negligible but nearly balance each other. Under such
conditions, noisier R and P estimates are expected. In extreme cases
when fluxes are consistently low (F.$0.1 mg COy m~2 s_l), and P and
R are expected to be both non-negligible, the method should be
avoided for CO5 flux partitioning; nonetheless, it can still be used to
partition ET fluxes.

4. The FVS method is more applicable and converges more often to
valid physical solutions when the correlation between ¢ and q is
negative. The sites where fewer solutions were found (grass site and
below canopy at the MP forest) were characterized by positive cor-
relations and dominance of soil flux components — in such regimes,
the mathematical constraints in Eq. (4) were usually not satisfied.
The MREA method also has a higher rate of convergence when plant
components are important: most of the cases when the method did
not converge were nighttime hours or situations when R and/or E
were large.

5. Because of the coupling between carbon dioxide and water vapor,
non-negligible fluxes of both soil components are required. There-
fore, CEC (also MREA and FVS) requires that soil respiration be
occurring simultaneously (and be spatially collocated) with evapo-
ration. Another limitation of all three formulations is related to
evaporation from water intercepted by leaves. In this case, evapo-
ration can be erroneously attributed to transpiration if photosyn-
thesis is simultaneously happening.

6. One of the most important factors to take into account in the
implementation of these methods is the measurement height relative
to the height of the scalar sinks and sources. Air parcels emanating
from the soil surface and canopy air space should not be completely
mixed for these methods to be applicable. Thus, measurements
should be obtained as close as possible to the canopy top. EC based
partitioning methods are also likely to fail above very dense forests
where the air layers below and above canopies are decoupled.
Although these limitations can prevent the application of these
methods at some sites, they can also be circumvented in future ex-
periments when designing the EC system site and position.

7. The correlation coefficient between carbon dioxide and water vapor
fluctuations is an adequate qualitative measure of the relative
importance of stomatal over non-stomatal components according to
CEC and MREA. Both methods showed a strong relation between T/
ET and p, ,, which is in agreement with the theoretical framework on
which they were formulated. For FVS, on the other hand, the ratios of
F; components were more dependent on p,, than the ratios of ET
components. Overall, p ; can also be used as an indicator of when the
various methods converge or diverge in their estimates, albeit more
investigation is needed along these lines.

More broadly, the investigation of CEC, MREA, and FVS methods
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over four sites elucidated the main weaknesses and strengths of these
approaches, and yielded findings on the conditions under which they
(dis)agree. The tests are not intended to find the best or most accurate
method, and indeed the results indicate that the three methods taken
collectively may be more useful than any single approach. For example,
conditions under which all methods find solutions that agree might be
optimal for obtaining reliable flux results to understand ecosystem
function under a set of restricted conditions. On the other hand, for long
term (e.g., annual) water or carbon budgets, it might be advantageous to
accept the results even when only a single method yields realistic par-
titioning to maximize the availability and representativity of flux data
(and minimize gap-filling). The present findings can guide such efforts to
use these approaches, and indicate important limitations and best
practices for their implementation. However, further testing and addi-
tional comparisons across all methods remain needed to characterize
their constraints. Thus, we recommend that future investigations of this
class of partitioning approaches implement all three methods simulta-
neously. Field experiments designed specifically for this purpose, with
EC systems at multiple heights below and above the canopy and inde-
pendent measurements of at least some of the components, would be
valuable to establish best practices and allow wider and more robust
application of flux partitioning from high frequency turbulence data.

Data Statement

The data generated during the current study are available from the
corresponding author. The raw datasets for the grass site, the vineyard,
and the MP forest can be requested from the respective principal
investigator. Data from the WRE forest is publicly available and can be
downloaded from www.neonscience.org. A python code containing all
three partitioning methods is available at https://github.com/einaraz/
PartitioningMethods.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

E.Z. and E.B.Z are supported by the Moore Charitable Foundation
Science-to-Action Fund from the School of Engineering and Applied
Science at Princeton and by the Army Research Office under contract
WO911NF2010216 (program manager Julia Barzyk). S.P.G. acknowl-
edges NSF grant DEB 1802885. G.K. acknowledges support from the U.S.
National Science Foundation (NSF-AGS-1644382, NSF-AGS-2028633,
and NSF-I0S-1754893). C.K.T. acknowledges support from the U.S.
National Science Foundation (NSF-AGS-0955444) and the European
Research Council (ERC) under the European Unions Horizon 2020
research and innovation programme (grant agreement no. 724629). N.L.
D. acknowledges Brazils National Research Council (CNPq) research
scholarship 301420/2017-3. B.K. ackowledges funding and logistical
support from E. & J. Gallo Winery and from the NASA Applied Sciences-
Water Resources Program (Grant No. NNH17AE39I) for the vineyard
data used in this study as part of the GRAPEX project. In addition, we
thank the staff of Viticulture, Chemistry and Enology Division of E. & J.
Gallo Winery and the cooperation of the vineyard management staff at
the Ripperdan Ranch for supporting the field measurements. USDA is an
equal opportunity provider and employer. Z.G. acknowledges the Na-
tional Natural Science Foundation of China (41875013). We thank the
reviewers and the editor for their detailed and thoughtful comments,
which helped improve the paper.


https://github.com/einaraz/PartitioningMethods
https://github.com/einaraz/PartitioningMethods

E. Zahn et al. Agricultural and Forest Meteorology 315 (2022) 108790

Appendix A. Details on the implementation of FVS
1. Additional equations of the Flux Variance Similarity method

To solve Eq. (3a) and (3b), the variance of c,, afp, and the correlation coefficient between ¢, and ¢, Pepc,> ATE needed. These turbulence statistics are

computed by the following expressions (Palatella et al., 2014; Scanlon et al., 2019)
2 (1 B piq) (aqgcw)z (UiW'c' - 20.,0,0W ¢ Wq +oiwq 2)
= R — —— _——— 12 ) (A.1)
[ofw’q’ +aow'c W—p, 00 (Wc +wq W)]
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T T 2
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2. Convergence of partitioning methods

Tables A1 and A2 provide further details on the main constraints or reasons for the non-convergence of the three methods.

Table Al

Percentage of the total half-hourly periods for which a valid solution was found by each partitioning method at the MP forest site. The three most common causes of
discarded solutions for each method are also shown. For both CEC and FVS, the solution is discarded whenever the ratio between respiration and photosinthesis, 7, is
close to — 1. Note that not all contraints apply to all methods. The original available data already discarded nonstationary periods and cases when ET < 0.

MP below MP mid MP above

CEC REA FVS CEC REA FVS CEC REA FVS
Valid solution 99.7 32.0 1.8 82.5 88.8 60.4 97.7 69.8 49.8
E>ETorP >0 — 68.0 — — 111 — — 30.0 —
Constraint Eq. (4) not met — — 97.2 — — 30.3 — — 44.7
—08<re< —12 0.3 — 0.9 17.5 — 9.3 2.3 — 5.5

Table A2
Same as Table Al for the grassland in Kenya, Vineyard in California, and WRE forest in Washington.
Grassland Vineyard WRE forest
CEC REA FVS CEC REA FVs CEC REA FVsS
Valid solution 94.6 28.9 1.5 98.9 87.9 47.2 97.6 77.9 49.5
E>ETorP>0 — 71.0 — — 12.0 — — 22.0 —
Constraint Eq. (4) not met — — 97.0 — — 49.6 — — 43.5
- 08<rpe< —12 5.4 — 1.5 1.1 — 2.6 2.4 — 5.5

3. Parameterization of intercellular COz concentration

The water-use efficiency (WUE) is a necessary variable to the FVS method. If not known (from measurements, for instance), it needs to be esti-
mated. In our implementation, we obtained five estimates of WUE for each half-hour period. Consequently, five estimates of each flux component
(later averaged) were obtained.

The first four estimates of WUE were obtained by implementing Eq. (5) with different formulations for ¢, the intercellular carbon dioxide con-
centration. The fifth estimate of WUE was obtained from a recent optimization model proposed by Scanlon et al. (2019). In the open-source Python
module developed by Skaggs et al. (2018), the authors implemented all five models as options to compute the water-use efficiency and the flux
components by the FVS method.

The simplest approach to solve Eq. (5) is to use a constant value for ¢; relative to ¢, . In our analyses, we used ¢; = 280 1 mol mol~! for C3 plants and
130 pmol mol~! for C4 plants (Campbell and Norman, 1998, p. 150). Following Skaggs et al. (2018), we also computed WUE by assuming that the ratio
Cs /Cc is constant and equal 0.7 for C3 and ¢, /c. = 0.44 for C4 plants (Sinclair et al., 1984).

The third formulations of ¢, follows the linear relation between ¢; /c; and water vapor pressure deficit D (based on the leaf-temperature, here
assumed to be saturated conditions at the air temperature), obtained by Morison and Gifford (1983),

1121

" ae, (A3)

c

o

wherea=1andb=1.6 x 107*Pa! orb = 2.7 x 1074 Pa~! for C3 and C4 plants (Skaggs et al., 2018), respectively. Finally, we also implemented a
second formulation that relates ¢; /c; to the square root of D (Katul et al., 2009),
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Ca Ca

where a = 1.6 is the relative diffusivity of water with respect to carbon. This formulation is based on stomatal optimization theories that maximize
carbon gain for a given loss of water from leaves assuming Rubisco limits photosynthesis. We used 1 = 22 x 10~° kg CO, m~3 Pa~! (Skaggs et al.,
2018), though A does vary with the soil moisture state as discussed elsewhere (Mrad et al., 2019).

Appendix B. FVS results for different WUE parameterizations

Fig. B1 shows the diurnal cycle of the four flux components — as found by the five parameterizations of the WUE — according to the FVS method.
Figures shown only for the green foliage phase at the vineard (a) and spring at the WRE forest (b).
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(a) Vineyard during green foliage phase
T (W m2) E (W m™?) R(mgm=2s71)
100 T
100 A 75 -
A
oA
50 4 50
25 1
0 I T 0 v T 1 0.0 L T
6 12 18 6 12 18 6 12 18
(b) WRE forest during spring season
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Fig. B1. Diurnal cycles for FVS results during the green foliage phase at the vineyard (a) and during the spring season at the WRE forest (b). The diurnal cycles of flux
components for five different parameterizations for WUE, as well as the average diurnal cycle, are shown. In the legend, Opt refers to the otimization model proposed
by Scanlon et al. (2019). A description of the remaining models is given in Appendix A. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

Supplementary material

Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.agrformet.2021.108790
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