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ARTICLE INFO ABSTRACT

Multi-layer Lagrangian models could be useful techniques for studying stable isotope exchange within and just
above plant canopies. The main objective of this study was to evaluate the use of an analytical Lagrangian
analysis (localized near-field theory, LNF), to study '>CO, and C'®00 isotope exchange in different plant ca-
nopies by comparing the LNF estimates with those provided by the eddy covariance (EC) technique and the
isotope flux ratio method (IFR). Mixing ratios of stable isotopes of CO, were measured within and above a
temperate deciduous forest, tallgrass prairie and corn field using a multi-port sampling system and the tunable
diode laser spectroscopy technique. Wind velocity data and the net CO, ecosystem exchange (NEE) were
measured above the plant canopies using an EC system. The wind velocity data and CO, stable isotope mixing
ratios were combined with the LNF theory to infer NEE and source/sinks of isotopes inside canopies. The LNF
NEE estimates were likely affected by the flux decoupling in the forest canopy, resulting in a low correlation (R?
ranging from 0.03 to 0.35) between LNF and EC NEE estimates. On the other hand, LNF NEE estimates for corn
and grassland canopies showed better correlation with EC NEE estimates (R? ranging from 0.58 to 0.85), sug-
gesting better coupling between in and above canopy air flows. Although, both LNF and IFR estimates showed
large variability, our results show that the LNF approach reduced the uncertainties of the isotope compositions of
NEE when compared to the IFR approach. These results suggest that LNF is a useful tool to study CO, isotope
exchange within short canopies where flux measurements are more challenging than inside tall canopies.
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isotope sources and sinks in the biosphere (Raupach, 2001).
Micrometeorological approaches, such as the eddy covariance technique

1. Introduction

Stable isotopes of carbon dioxide and water vapour are useful tools
to investigate biophysical processes in ecosystems (Griffis, 2013;
Werner et al., 2012). High temporal resolution and accurate isotope
measurements suitable for ecosystem scale studies have become avail-
able with recent advancements in laser spectroscopy techniques. These
advancements allowed the development of field-deployable trace gas
analysers capable of providing accurate and near-continuous isotope
measurements under field conditions (Griffis, 2013). Recently, atmo-
spheric concentrations of CO, and H,O isotopologues started to be
monitored continuously at different ecosystems across the United States
(SanClements et al., 2014). These concentration measurements can
bring new insights into the biophysical mechanisms governing the
isotope exchange in ecosystems as they provide a transient imprint of
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(Griffis et al., 2011; Sturm et al., 2012; Wehr et al., 2013; Wehr and Saleska,
2015) and the flux gradient approach (Griffis et al., 2005b, 2004; Santos
et al., 2012; Yakir and Sternberg, 2000) have been used to study isotope
exchange in ecosystems. The eddy covariance (EC) approach is a well-
stablished micrometeorological method widely used to measure CO, and
energy fluxes in several sites around the world (Baldocchi, 2003; Xiao et al.,
2012). Griffis et al. (2008) applied the EC technique to measure CO, isotope
exchange above a soybean canopy. They found a relatively good agreement
between the isofluxes measured using the EC method with the ones pro-
vided by the flux gradient method. However, the high cost of fast response
sensors required for EC measurements constrains the widespread use of the
EC technique to quantify stable isotope exchange in ecosystems.

The isotope flux ratio (IFR) method has been used as an alternative to
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measure isotope exchange in ecosystems (Griffis et al., 2005b, 2004; Santos
et al., 2012). The IFR method is based on the gradient-diffusion theory (K-
theory), which relates the mean turbulent vertical flux to mean con-
centration gradients measured above plant canopies (Denmead and Bradley,
1987; Griffis et al., 2004). When compared to the EC approach, a major
advantage of the IFR method is that this approach does not require fast
response gas analysers. In addition, flux gradient approaches allow multiple
sites to be measured near-simultaneously with a single trace gas analyser
combined with a multiport sampling system (Brown and Wagner-Riddle,
2017). However, the accuracy of the IFR estimates is quite sensitive to er-
rors in measurements of concentration gradients. Small gradients of con-
centration often lead to large uncertainties in estimates of the isotope ex-
change due to the small signal to noise ratio of concentration gradients
(Griffis, 2013; Griffis et al., 2005a). One alternative to increase the signal to
noise ratio of concentration gradient measurements is to take concentration
measurements inside plant canopies where vertical gradients of con-
centration are often strong (Buchmann et al., 1996). However, flux-gradient
methods are prone to errors within the canopies due the proximity of
source/sinks of scalars as well as to the presence of turbulent eddies with
length scales larger than the distance over which vertical gradients of
concentration are measured (Corrsin, 1975; Denmead and Bradley, 1987;
Raupach, 1987).

Multi-layer Eulerian and Lagrangian models have been applied to study
the dispersion of scalars within plant canopies (Katul et al., 1997; Katul and
Albertson, 1999; Raupach, 1989a, 1989b; Siqueira et al., 2000; Warland
and Thurtell, 2000). The Lagrangian dispersion models infer the average
scalar concentration field by tracking the position of small fluid particles
(Raupach, 2001). This leads to a better description of the turbulent motions
responsible for the dispersion of scalars within plant canopies in comparison
to the flux-gradient theory (Raupach, 1987; Warland and Thurtell, 2000).
Lagrangian dispersion models can be used to solve the so-called forward
problem, i.e. to determine a scalar concentration field from scalar source/
sink distributions (S). But for most practical applications these models are
used to solve the inverse problem, in which S is inferred based on turbulent
statistics and mean scalar concentration gradients measured above and in-
side plant canopies (Raupach, 1989a, 1989b).

The localized near-field (LNF) theory, proposed by Raupach (1989a), is
a multi-layer Lagrangian canopy model that has been used for inferring
scalar source/sink distributions and fluxes of heat, water vapour, CO, and
other traces gases within different plant canopies (Harper et al., 2000; Katul
et al., 1997; Katul and Albertson, 1999; Leuning et al., 2000; Raupach et al.,
1992; Siqueira et al., 2000; Ueyama et al., 2014). Currently, studies ap-
plying multi-layer Lagrangian models to quantify isotope exchange in plant
canopies are scarce (Haverd et al., 2011; Santos et al., 2012; Styles et al.,
2002). Styles et al. (2002) applied a canopy scale model, based on the LNF
theory, combined with a sun and shade photosynthesis and energy balance
model, to infer scalar source/sink distributions, including for CO,, in a
Siberian mixed-coniferous forest. Their results showed great deviation be-
tween modelled and measured §'°C profiles, which was attributed to in-
strument precision limitations, and insufficient isotope sampling rate that
did not capture rapid isotope concentration changes mainly at sunrise and
sunset. Haverd et al. (2011) used the LNF theory combined with source/
sink distributions of deuterium (HDO) composition of water vapour, esti-
mated using an isotopically enabled soil vegetation atmospheric transfer
model, for partitioning the evapotranspiration into soil evaporation and
transpiration in a forest canopy. Both of these studies were limited to
sampling campaigns in forest canopies over a few weeks. A more complete
evaluation of the potential in combining the LNF theory to study isotope
exchange could be obtained using larger datasets for canopies with different
heights and structures.

In the present study, we used several months of near-continuous
measurements of stable isotopes of CO, collected in three different
ecosystems to quantify canopy level isotope exchange. The main ob-
jective of this study was to evaluate the performance of the LNF theory
to estimate isotope exchange in plant canopies by comparing its esti-
mates with values provided by the IFR method.
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2. Material and methods
2.1. The localized near-field theory

The concentration field near plant canopies can be regarded as the
result of contributions of different instantaneous sources inside the
canopy. The LNF theory is a semi-Lagrangian dispersion analysis that
divides the concentration field into near-field (C,) and far-field (Cp
regions (Raupach, 1989a, 1989b). In the near-field region, the fluid
particle dispersion is governed by the persistence of the Lagrangian
velocity relative to the scalar source, while in the far-field region
random motions of fluid particles dominate the scalar transport (Taylor,
1922). The LNF theory centres on the evaluation of a transition prob-
ability function, which is divided into far-field and near-field terms, and
provides statistical means of determining the marked-fluid particle
position distributions (Raupach, 2001).

The discrete form of the LNF theory assumes that for a horizontally
homogeneous plant canopy and steady turbulent conditions, the scalar
source densities and concentrations are only a function of height (). In
addition, the scalar concentration at a given level inside the canopy is
assumed to be the result of near-field and far-field contributions from m
horizontally homogenous source/sink layers with thickness Az; located
inside the canopy. The mean scalar concentration (c;) can be related to
the source/sink strength through a dispersion matrix (Raupach, 2001),
as follows:

m
ci—Cgr= Z Dy;S;Az;

Jj=1 @
where i and j are indices corresponding to concentration (c) and source
(S) layers, respectively, cg is the scalar concentration at a reference
level (zg), and Dy is the dispersion matrix. The dispersion matrix (Dy) is
essentially a discrete form of a particle distribution transition prob-
ability function and provides a prediction of the position of the fluid
particles within and above the canopy over time. For the calculation of

Dy terms, Dy is divided into far field (D,(jF )) and near field (D,(f’ )) parts:

D; = D + D" ©)
The elements of D,(J-F ) are given by:
ZR

S o=
02 ()T (2)

max(zi, Zj)

Dz(;:) =
3
where z; is the concentration measurement heights, Zj is the height in
the center of the source layer, g, is the standard deviation of the wind
vertical velocity and Tj is the Lagrangian time scale.

The near-field part of Dy is given by
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for z; in (2.1, 2j)

where ky () is the “near-field kernel” which represents the near-
field contribution for a unit plane source at 2y, and Iy ({) is defined as
the integral of ky (¢) from 0 to {. The adimensional variable { represents
the height interval z - 2o (Raupach, 1989c). Further details about the
calculation of the far-field and near-field parts of D;; can be found in
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Fig. 1. Normalized profiles of Lagrangian time scale (T;, red solid line) and
standard deviation of vertical wind velocity (o, blue dashed line) calculated
using the turbulence statistics parameterization proposed by Leuning (2000).
The symbols 2, u- and h denote: above ground height, friction velocity and
canopy height, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).

Raupach (2001).

In this study, profiles of T; and o,, were estimated using para-
meterization of turbulence statistics proposed by Leuning (2000)
(Fig. 1). The generated turbulent statistics profiles (o0, and T;) were
corrected for atmospheric stability conditions as suggested by Leuning
(2000).

To infer source strength using scalar concentration measurements,
the dispersion matrix (Dj;) is computed by dividing the canopy into m
source layers (S;). Measurement errors in concentration profiles can
introduce uncertainties in the LNF results. Raupach (2001) re-
commended the use of redundant concentration data to minimize these
uncertainties, by ensuring that m is smaller than n.

The scalar source strength is obtained from Eq. (1), by solving a
system of m linear equations (Raupach, 1989a):

n
. Ajc = ), DyAzDy Az,
D ApSc = B; with L
k=1 Bj = Z (ci — CR)(means)DijAZj
i=1

©
The scalar flux for each source layer (F)) is given by:
m
=) 5
j=1 @

The net flux (Fy) is obtained by adding F; values for all source layers.
The estimated Fy for lighter and heavier isotopes were converted to
delta notation (S, %o) as follows:

R _
Rypps ®

where Ry is the ratio of the heavier to lighter isotopologues fluxes (Fy /

5N=

Table 1

Location, vegetation type and measurement periods at the three experimental sites:

and Elora Research Station (ERS).
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FL) defined as F¥/ Fk for '*CO, and '2CO, fluxes, or 0.5 Fi¥/ Fi® for
C'80'%0 and C'°0, fluxes, and Ryppg represents the standard molar
ratio (**C/*2C or C*8/C'®) of the Vienna Pee Dee Belemnite.

2.2. The isotope flux ratio method

The isotope flux ratio (IFR) method proposed by Griffis et al. (2004)
is based on the flux-gradient theory, which assumes that: (1) the tur-
bulent transfer in the inertial sublayer above plant canopies is analo-
gous to molecular diffusion, and (2) the turbulent flux is proportional to
the product of the mean vertical concentration gradient and the eddy
diffusivity (Corrsin, 1975). The IFR method allows calculating the ratio
between fluxes of heavier and lighter isotopologues, as follows:

B _ ~(K p/Ma)d[H]/dz
Fi ~ —(K p/M,)d[L]/dz ©)

where K is the eddy diffusivity, which is assumed to be the same for
heavy and light isotopologues, @, is the mean density of dry air, M, is
the molar mass of dry air, and d[L]/dz and d[H]/dz are the time-aver-
aged vertical gradients of the heavy and light isotopologues. After some
simplifications, Eq. (9) can be rewritten in a discrete form as follows:

Fizcl — [H]zz - [H]m
F1]\7 [E]zz - [E]m (10)

where [H] and [L] are the half-hourly mean mixing ratios of iso-
topologues at two heights (z; and 2,) above the canopy.

Lastly, the ratio of isotopologues fluxes (Fi!/ F&) were converted to
delta notation using Eq. (8). Thus, the isotope composition of Fy (8n)
provided by the IFR method was directly compared with the LNF esti-
mates.

2.3. Experimental sites

Field experiments were carried out at three sites: 1) the Borden
Forest Research Station; 2) the Konza Prairie Biological Station; and 3)
the Elora Research Station. The site locations, vegetation types and
measurement periods are summarized in Table 1. Further experimental
details about the sites is given by Santos et al. (2012), (2011) and
Stropes (2017).

2.4. Isotope measurements

The mixing ratios of the CO, isotopologues (*2c*®0,, *CO, and
C'800 for the forest; 12C'°0, and *3CO, for grassland and corn) were
measured at a frequency of 10 Hz using tunable diode laser trace gas
analysers (TGA100A or TGA200, Campbell Sci., Logan, UT, USA).
Table 2 provides information of isotope measurements for each site.
The ambient air was sampled using eight air intakes, set up within and
above the canopies. Each air intake consisted of a 1 m-long stainless
tube (0.43 cm 1.D.) with a rain diverter. Inline-stainless filters (SS-4F-
K4-7, 7 um sintered element filter, Swagelok, OH, USA) were positioned
downstream from each air intake. To prevent water vapour condensa-
tion inside the filters and sampling lines, the filter holder was heated
using a 0.5 W heater connected to a 12V DC power supply, and a cri-
tical flow orifice located downstream of the filter was used to reduce
the air pressure in the sampling line. The sampling lines were directed

Borden Forest Research Station (BFRS), Konza Prairie Biological Station (KPBS)

Site Location Vegetation Measurement period

BFRS Borden, ON, Canada (44° 19N, 79° 56'W) mixed deciduous forest August to September, 2009
KPBS Manhattan, KS, USA (39° 59'N, 96°34'W) native tallgrass prairie September to November, 2015
ERS Elora, ON, Canada (43° 39N, 80°25’W) corn (Zea mays L.) August to October, 2008
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Table 2
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Isotope measurement instrumentation, measured isotopologues, canopy and air intake heights at the three experimental sites. Refer to Table 1 for the meaning of the

site acronyms.

Site Gas analyzer Measured isotopologues Canopy height (m) Air intake heights (m)

BFRS TGA100A 12¢1%0,, *C0O, and C**00 22.0 0.45, 1.45, 5.51, 9.65, 16.69, 20.77, 25.81 and 36.81
KPBS TGA200 12¢1%0, and '3CO, 1.3 0.18, 0.31, 0.45, 0.56, 0.73, 1.29, 2.00 and 3.00

ERS TGA100A 12¢1°0, and '3CO, 2.4 0.16, 0.63, 1.03, 1.47, 1.86, 2.25, 2.75 and 3.15

to a custom-made manifold (Campbell Scientific, Logan, UT) that con-
trolled the flow of ambient air from the air inlets and calibration gases
through the TGA. The air was drawn continuously through all air in-
takes at a flow rate of approximately 600 mL min~ ' using a vacuum
pumps. A sub-sample of the total flow was directed to the TGA with a
flow rate of approximately 200 mL min~'. The manifold also kept the
TGA sample cells at constant operating pressures (TGA100A at 1.8 kPa
and TGA200 at 3 kPa). Each air intake was measured for 15s at BFRS
and ERS sites and for 30 s at KPBS. The longer intake sampling time at
KPBS took into account the longer residence time of the air within the
TGA200 sampling cell.

2.5. Flux measurements

At all sites, the NEE was measured continuously above the canopies
by EC systems. A sonic anemometer (CSAT3, Campbell Sci.) and open-
path CO,/H,0 infrared gas analyzer (LI-7500, LI-COR, Lincoln, NE,
USA) were used to measure the three wind components and CO, mixing
ratios, respectively. The EC system was installed at 33.4m for the
forest, 2.5m for the grassland and 2.84m for the corn canopy. All
sensor signals were recorded at 20 Hz using dataloggers (CR3000 and
CR23X, Campbell Sci.).

3. Results and discussion
3.1. CO, mixing ratio and isotope composition of the air

The CO, mixing ratios were usually higher near the ground than
near the canopy top and during the nighttime periods at all sites
(Fig. 2d-f) when compared to daytime values. The grassland site
showed a smaller spatial variability in [CO,] in comparison to the corn
and forest canopies (Fig. 2b and e). The smaller [CO,] gradients at the
grassland site can be explained by the fact the measurements at this site
were taken near the end of the growing season (Table 1), when [CO5]
gradients and fluxes were often smaller than the ones expected for the
peak of the growing season. The average ( = SD) NEE over the mea-
surement  period ranged from -85 + 11.1pmolm %s” !,
-1.1 + 8.4umolm 25! and -0.4 + 7.3umolm 2s~' for the
corn, forest and grassland ecosystems, respectively. The forest and corn
sites showed a distinct [CO5] diel pattern, with the highest [CO,] values
being observed just before sunrise (4-6:00h) and low [CO,] during
mid-day (Fig. 2a and c). The high [CO,] in the early morning is a result
of continuous build-up of respiratory CO, throughout the night when
turbulent mixing is low (Buchmann et al., 1996). The diel [CO5] var-
iation is in agreement with previous studies and is a result of the
changes in atmospheric boundary layer and turbulent mixing, as well as
photosynthetic uptake and ecosystem respiration (Buchmann et al.,
1996; Buchmann and Ehleringer, 1998; Hsieh et al., 2003).

The *3CO, (and C'®00 for the forest) compositions of atmospheric
air (6}* and &%, respectively) were less negative during daytime than
night-time (Fig. 3). These diel patterns of &> and &.° are driven pri-
marily by the isotope enrichment of the atmospheric air during daytime
due to photosynthetic fractionation and changes in the atmospheric
boundary layer (Farquhar et al., 1989). The opposite trend was ob-
served during night-time, when ecosystem respiration releases CO, to
the atmosphere depleted in heavy isotopologues (}*CO, and C'®00)

and atmospheric mixing is low (Flanagan et al., 1996; Yakir and
Sternberg, 2000).

There was also a clear distinction between 61* (and &2° for forest)
daytime and night-time profiles (Fig. 3b, d, f and h). For grassland
(Fig. 3e and f) and corn (Fig. 3g and h) canopies, the §.° gradients were
smaller than the ones measured at the forest site, which could be in part
explained by the lower discrimination against 3CO,, by C, species (corn
and grassland) in comparison to the forest vegetation. In addition, in
taller forest canopies the large air volume and lower air mixing within
the canopy contribute to large gradients of scalar concentration (Fig. 3b
and d). Conversely, in short canopies such as grassland and corn, the air
volume within the canopy is smaller which could promote better tur-
bulent mixing in these short canopies.

3.2. LNF estimates of CO source strength distributions and CO; fluxes

To investigate the performance of the LNF theory in estimating net
scalar fluxes, the NEE computed by LNF was compared with the NEE
measured using the EC technique. We also investigated the effect of
different friction velocity (u-) values on the relationship between LNF
and EC estimates (Table 3). In general, the correlation and agreement,
expressed respectively by the R? and refined index of agreement (d,)
(Willmott et al., 2012), for LNF and EC NEE relationships, improved as
the u. values increased (Table 3). However, for the grassland site, a
slightly better correlation between EC and LNF NEE estimates were
found for wu.>0.3ms ! (R?=0.91) than for u:>0.4ms !
(R? = 0.88), where very good agreements (d, = 0.99) were found for
both cases. Considering only the NEE data for u- > 0.4ms™?, the
grassland canopy showed the best correlation (R? = 0.88) and agree-
ment (d, = 0.99) between EC and LNF NEE estimates, followed by corn
(R?=0.72 and d,=0.83) and forest canopies (R?= 0.35 and
d. = 0.96). Although stricter u- values tended to improve correlation
and agreement between the methods, they also resulted in a drastic
decrease in the number of NEE available data points (Table 3).

To evaluate the dependence of LNF on atmospheric stability, we
separated the observed and modelled NEE in classes based on the at-
mospheric stability conditions (Table 4). The atmospheric stability
condition was determined by the ratio between the canopy height and
the Obukhov length (h/L), and classified as: unstable (—0.01 < h/L),
neutral (—0.01 < h/L < 0.01) and stable (h/L = 0.01). Considering
only the NEE data for u. > 0.1 ms~ ! (Table 4), the forest showed a
very poor correlation between measured and modelled NEE under un-
stable conditions (R = 0.21), and a reasonable to poor correlation
under neutral (R? = 0.43) and stable conditions (R = 0.35), respec-
tively. For the grassland, higher correlation between measured and
modelled NEE was found when the atmosphere was unstable
(R? = 0.87), following by near neutral (R =0.61) and stable
(R? = 0.20) conditions. For the corn canopy, a very poor correlation
between measured and modelled NEE was found when the atmosphere
was stable (R? = 0.12), however, higher correlation was observed
under unstable (R? = 0.38) and near neutral (R? = 0.55) conditions.

The poor performance of the LNF theory to estimate NEE above the
forest canopy in our study is in agreement with the results reported by
Siqueira et al. (2000), who applied the LNF theory to study CO, ex-
change at the Duke Forest in North Carolina. They also evaluated the
impact of atmospheric stability conditions on LNF CO, fluxes. They
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Fig. 2. a, b and c) diel ensemble CO, mixing ratio for forest, grassland and corn ecosystems, and d, e and f) mean vertical profiles of CO, mixing ratio during daytime
(10:00-15:00 h, red dashed lines) and night-time (22:00-3:00 h, blue solid lines). The shaded areas in the bottom panels represent the standard deviation (o) of CO,
mixing ratio. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

found that LNF performed best for near neutral stability conditions
(R? =0.25), followed by the unstable atmospheric condition
(R? = 0.23) and stable atmospheric conditions (R? = 0).

Leuning et al. (2000) found that the LNF performance to estimate
daytime NEE in a rice canopy was better when u. > 0.1ms~ ! and
under a near neutral stability condition. They also observed that NEE
was overestimated by the LNF theory at night, which they attributed to
the lack of atmospheric stability corrections to their o,, and T;, profiles.
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Santos et al. (2011) applied an analytical Lagrangian dispersion ana-
lysis, proposed by Warland and Thurtell (2000), to infer CO, and en-
ergy fluxes for a corn canopy. They also applied the atmospheric sta-
bility corrections on o, and T; profiles and found the best correlation
between measured and modelled NEE for unstable atmospheric condi-
tions and the poorest correlation under stable conditions.

The atmospheric stability corrections used in this manuscript do not
account for variations in the local stability regime within plant
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Fig. 3. a, c e and g) ensemble averages of CO, isotope compositions of the ambient air (5}* and §!*) measured within and above forest, grassland and corn canopies;
and b, d, f and h) averaged daytime (10:00-15:00 h, red dashed lines) and night-time (22:00-3:00 h, blue solid lines) vertical profiles of §,° and &;® (for forest) for the
same canopies. The shaded areas represent the standard deviation (o) of 61° or &:%. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).
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Table 3

Linear regression coefficients for the relationship between net ecosystem CO,
exchange (NEE) obtained using the eddy covariance method and the LNF theory
for different friction velocity screening thresholds.

Ecosystem u. (ms™t) n R? Slope Intercept d,
Forest >0.1 617 0.03 0.47" 12.8 0.93
> 0.2 465 0.09 0.56" 12.5" 0.94
>0.3 345 0.18 0.60" 12.1 0.95
> 0.4 240 0.35 0.81" 13.6" 0.96
Grassland > 0.1 564 0.84 0.80" -0.16" 0.99
> 0.2 412 0.89 0.84" —-0.22% 0.99
>0.3 299 0.91 0.85 -0.27" 0.99
> 0.4 179 0.88 0.81" -0.22" 0.99
Corn > 0.1 1190 0.45 0.58" 2.04" 0.79
>0.2 865 0.48 0.67" 3.11° 0.80
>0.3 545 0.57 0.73" 3.84" 0.82
> 0.4 267 0.72 0.83" 5.21" 0.83

*significant by a t-test at a 5% probability level.

Table 4

Statistical coefficients of the relationship between net ecosystem CO, exchange
(NEE) obtained using the eddy covariance method and the LNF theory under
u- > 0.1ms™! for different atmospheric stability conditions: unstable (h/
L < —0.01), neutral (—0.01 < h/L < 0.01) and stable (h/L = 0.01) where h/L
is the ratio between canopy height and the Obukhov length.

Ecosystem Stability NEE
n R? Slope Intercept d,
Forest Unstable 250 0.21 1.92" 43.0° 0.91
Neutral 25 0.43 1.05" 10.1° 0.97
Stable 356 0.35 0.97" 2.80" 0.96
Grassland Unstable 183 0.87 0.81" -0.35" 0.99
Neutral 136 0.61 0.72" -0.03"¢ 0.98
Stable 245 0.20 0.73* 0.45" 0.99
Corn Unstable 623 0.38 0.76" 4.97" 0.77
Neutral 204 0.55 0.65 2.10" 0.79
Stable 363 0.12 0.42" 1.77 0.42

canopies. Nevertheless, the stability regime within the canopy can be
quite different than the one above the canopy where the wind velocity
was measured in this study (Cava et al., 2006). Neglecting the local
nature of stability regimes within plant canopies is expected to be quite
problematic within dense canopies, such as the forest in this study. In
dense canopies, the local temperature variance profile is more complex
than inside short canopies with more vigorous turbulent mixing. Con-
sequently, local thermal stratification could alter the relationship be-
tween scalar fluxes and mean gradients leading errors in LNF estimates
(Cava et al., 2006; Juang et al., 2006).

Therefore, the poor performance of the LNF theory above the forest
canopy, when compared to EC NEE measurements, could be related to
some degree to the effects of the decoupling between within and above-
canopy air flows (Haverd et al., 2009) and local thermal stratification
(Cava et al., 2006). Similar to other canopy multilayer models, the LNF
assumes that the turbulent transport occurs under steady state condi-
tions, so changes in mass or energy storage within the canopy volume
affect the LNF performance.

Katul et al. (1995) used Monin and Obukhov (1954) variance si-
milarity functions to estimate momentum, latent and heat fluxes above
a forest canopy. These flux estimates were compared with EC mea-
surements. They reported disagreements between measurements and
estimates of latent heat flux which they attributed to water vapour
source heterogeneity within the forest canopy. Following Katul et al.
(1995), we used the sensible heat flux (H), estimated using the flux-
variance relation (FV), as an indicator of the thermal source in-
homogeneity within the canopies at the three sites. The FV sensible heat
flux is given by:
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G Ta an
where p and cp are the mean air density (kg m ™) and the specific heat
capacity of dry air at constant pressure ( = 1005J kg K1), respec-
tively. C1 ( = 0.95) is the similarity constant, k ( = 0.4) is von Karman’s
constant, g is the gravitational acceleration (m s~ 2), oy is the standard
deviation of sensible heat flux and T, is the absolute air temperature
X).

We compared the estimated H using Eq. (11) with measurements of
H obtained using the EC method. For the forest canopy, the linear re-
lationship between sensible heat fluxes measured using the EC ap-
proach and estimated from Eq. (11) had an R? of 0.55 and d, of 0.68.
Higher correlation and agreement for the same relationship were found
for the grassland canopy (R? = 0.72 and d, = 0.67). For the corn ca-
nopy, we observed the strongest correlation and agreement between
measured and modelled H, with an R? of 0.84 and d, of 0.76. These
results indicate that the canopy heat heterogeneity is higher in the
forest than grassland and corn canopies (Cava et al., 2006; Katul et al.,
1995). This leads to higher temperature variance for a given sensible
heat flux in the forest canopy in relation to the short canopies in this
study. This indication of thermal source heterogeneity in the forest
canopy could explain, in part, the poor performance of LNF for that
canopy.

We also calculated the change in CO, storage flux (hereafter CO,
storage), which was used as an indicator of the degree of flow decou-
pling between with and above-canopy air flows. The CO, storage was
calculated following Aubinet et al. (2001) and Papale et al. (2006), as
follows:

P 9[CO,()
CO; st = — ———0
, storage RT{ m Z

a2

where P is the atmospheric pressure (Pa), R is the molar gas constant (J
mol~! K~ 1), Tis the air temperature ( K), [CO,] is the CO, mixing ratio
(umol mol ~ 1), measured at a given height z (m) along a vertical profile
with height z;,, and t is time (s). Half-hourly profiles of CO5 mixing ratio
were used in this study to estimate CO, storage.

The ensemble-averaged CO, storage values calculated from [CO,]
profiles for the different canopies are shown in Fig. 4a. The forest ca-
nopy showed the largest depletion rate of stored CO, in comparison to
the other canopies. The forest depletion rate peak was observed at
about 9:00 h and by 15:00 h the canopy air was usually completely well
mixed with the air aloft and CO, storage approached zero. This diel
pattern is in agreement with the results reported by Iwata et al. (2005)
who estimated the CO, storage in an Amazonian rainforest. The corn
canopy showed a much lower depletion rate peak due to the smaller
canopy air volume in comparison to the forest. The corn depletion rate
peak occurred at about 7:00 h and about 11:00h the canopy was al-
ready well mixed with the atmospheric flow. The grassland canopy
showed a negligible change in CO, storage throughout the day.

To evaluate the magnitude of the storage term with respect to NEE,
we calculated the ratio between CO, storage and absolute values of NEE
measured by the EC system, following Iwata et al. (2005). The storage/
NEE values for the forest canopy were larger than for grassland or corn
even under vigorous above canopy turbulence (u- > 0.4ms™ 1)
(Fig. 4b). These results suggest that atmospheric layers above and
within the forest canopy may be fully or partly decoupled leading to
large changes in CO, storage within the canopy (Haverd et al., 2009;
Van Gorsel et al., 2011). This could explain the low correlation between
EC and LNF estimates for the forest canopy and a better performance of
LNF for the corn and grassland canopies. These results are supported by
Gockede et al. (2007)’s findings who used a wavelet tool to characterize
several typical states of coupling and decoupling between within-ca-
nopy airspace flow and above-canopy flow. They concluded that the
flow decoupling is likely to occur in tall canopies with moderate
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density, and also suggested that improvements in turbulence statistics
considering the decoupling effects could minimize errors in Lagrangian
stochastic model estimates.

The ensemble-averaged profiles of CO, source strengths (S.) and
CO,, fluxes (F.) modelled using the LNF are shown in Fig. 5. We only
show S, estimates for the grassland and corn canopies since the LNF
performance to estimate NEE for the forest, and consequently F, and S,,
was affected by the flow decoupling as discussed previously. We ob-
served a distinct diel variation of S, for both corn and grassland ca-
nopies (Fig. 5a and c), with lower S, values during daytime than during
night-time periods. Corn canopy showed a large CO sink (on average of
13.0umolm~3s~!) in the upper layers (z/h > 0.6) and a large CO,
source (on average of —11.0 pumolm™2 s™1) in the bottom layers(z/
h < 0.4) during the daytime (Fig. 5c). At night, the corn canopy had a
more homogeneous S, profile, with an average S. of 2.7 ymolm ™35!
throughout the canopy. The CO, flux values also showed a diel trend for
both ecosystems (Fig. 5b and d). For the corn canopy (Fig. 5d), a
maximum assimilation of —7.0 umolm~2s~! was observed at midday
for top canopy layer (z/h > 0.8). The bottom layers, on the other hand,
showed a predominance of respiratory fluxes. A maximum release of
8.9 umol m 25~ ! was observed between 6:30 and 8:30h at z/h < 0.4
due to a build-up of respiratory fluxes overnight, which extended over
all canopy layers during the referred period. For the grassland (Fig. 5b),
most assimilation occurred at z/h < 0.6 with a maximum value of
—4.2pmolm~2s™! at 14:00h and a maximum release of
7.5umolm~2s~1 observed at bottom layers around 4:00 h. The low
assimilation observed for the grassland is related to a reduction in the
photosynthetic rates due to the end of growing season. These results
suggest that the LNF theory was able to capture the expected spatial and
temporal patterns of CO, source/sink and CO, fluxes for corn and
grassland canopies.

The S, spatial and temporal variability in this study is consistent
with the results reported by Hsieh et al. (2003) who proposed the use of
a two-dimensional Lagrangian stochastic dispersion model to compute
source/sink spatial-temporal variations within a forest canopy. Our
results are also in agreement with CO, source/sink and flux profiles
reported by Leuning et al. (2000) for a rice canopy. They found F, to be
always positive in the lower layers, which agrees with our F. predic-
tions for the corn canopy. Most studies to date have used the LNF theory
to examine scalar exchange in forests, but our results indicate that the
LNF theory could be a valuable tool to study scalar exchange in short
canopies in which within-canopy EC measurements are not possible
with the currently available EC instrumentation.

3.3. Comparison between IFR and LNF isotope compositions of CO fluxes

To investigate the performance of the LNF theory to study isotope
exchange in different plant canopies, we compared the LNF estimates of
isotope compositions of NEE (8y) with the ones provided by the IFR
approach (Eq. 10). Previous studies have shown that the magnitude of
CO, concentration gradients have great impact on IFR estimate un-
certainties (Griffis et al., 2005a; Santos et al., 2012). The LNF perfor-
mance is also expected to be dependent on the accuracy of scalar
concentration gradients. In this study, the influence of [CO,] gradient
magnitude on IFR and LNF Jy estimates was evaluated by calculating
the moving coefficient of variation (CV) of dy. To do that, §y values
were sorted based on the ascending order of magnitude of [CO,] gra-
dients measured by the two highest air intakes. The §y CV was then
calculated for both methods using the moving standard deviation and
moving averages of 8y for a window size corresponding to four data
points.

Fig. 6 shows the relationship between absolute gradients of [CO,],
measured using the two intakes above the canopies, and the CV of 8y
estimated by IFR and LNF approaches. Both methods showed large
uncertainties with the IFR 8y estimates having a larger CV for a given
[CO,] gradient when compared to the LNF estimates. On average, the
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CV values decreased to less than 100% when [CO,] gradients exceeded
0.4ppmm™"! for LNF and 0.9ppmm™! for IFR (Fig. 6a, b and d).
However, for the grassland canopy, both methods showed similar 8y
uncertainties, with CV values above 100% for basically all ranges of
[CO,] gradients for both methods (Fig. 6¢). Larger gradients of [CO5]
were usually observed for the corn canopy in comparison to the [CO5]
gradients for the other ecosystems (Fig. 6d). These gradients above the
corn canopy were likely a result of the placement of the two intakes in a
region with strong [CO,] gradients above the corn canopy (i.e. rela-
tively closer to canopy height) as well as to larger CO, fluxes during the
growing season when compared to grassland, where CO, fluxes were
usually smaller near the end of the growing season (Section 3.1).

Previous studies reported large uncertainties in IFR 8y estimates for
small isotopologues concentration gradients, frequently observed just
above plant canopies, due to small signal to noise ratio of the con-
centration data (Griffis et al., 2005a; Santos et al., 2011; Zhang et al.,
2006). Our results confirm that §y estimate uncertainties are highly
dependent on the signal to noise ratio of isotope measurements and that
the LNF theory could reduce some of the §y uncertainties. Based on the
averages of CV, considering all sites, the CV for LNF §y estimates was
74% lower than the CV for IFR predictions.

We established an arbitrary screening criterion based on the CV to
exclude IFR and LNF 8y values with large uncertainties. For the CV
screening, the §y values associated with a CV larger than 70% were
excluded from our analyses. The utilization of a CV criterion of 70%
was necessary due to the data availability and higher variability of §y
values, mainly for the grassland. In addition to the CV filter, the LNF
and IFR 3 estimates smaller than -40%o and larger than 0%o were
excluded from our analyses. For LNF and IFR &, estimates for the
forest, the values excluded were smaller than -40%o and larger than
40%o.

The IFR and LNF &y comparisons are shown in Table 5. In general,
the IFR and LNF 8y estimates showed poor to moderate correlation (R?
ranging 0.11 to 0.41) and good agreement (d, ranging from 0.73 to
0.98). We hypothesize that uncertainties in CO, isotopologue con-
centration measurements above the canopies affected the performance
of the IFR method. An alternative to increase the signal to noise ratio of
the CO, isotopologue gradient measurements could be to increase the
distance between air intake, and thus the gradients of scalar con-
centration. In this study, increasing the spacing between air intakes
would require the use of air intakes just below the canopy.

The use of in-canopy data in IFR calculations could violate some of
the K-theory assumptions due to the proximity of scalar sources and the
length scale of turbulence within canopies, leading under some cir-
cumstance to counter-gradient fluxes (Corrsin, 1975). To investigate the
effect of using in-canopy data on IFR estimates, we calculated &y using
IFR and concentration data obtained using the highest air intake and
the first air intake immediately below the top of the canopies at z/h of
0.94, 0.99 and 0.94 for the forest, grassland and corn canopies, re-
spectively (Table 5). The use of data for larger intake spacing resulted
in better correlation (R? ranging from 0.57 to 0.68) and agreement (d,
ranging from 0.93 to 0.99) for the relationship between Jy values es-
timated using IFR and LNF for the grassland and corn canopies when
concentration data for larger intake separation were used in the IFR
calculations (Table 5). However, for the forest canopy the use of in-
canopy data did not improve the relationships between IFR and LNF &y
estimates, which could be an indication of K-theory failure for that
canopy. Using model simulations, Raupach (1987) demonstrated that
counter gradient fluxes resulting from near-field effects can be expected
to occur just below a strong scalar source within the canopy. It is
possible that due to the forest canopy structure near-field effects were
stronger than just below the canopy when compared to the grassland
and corn canopies. Furthermore, the IFR approach (Eq. 9) is based on
the flux-gradient relation which may be problematic under the complex
air flow of the roughness sublayer, especially for forest canopies
(Denmead and Bradley, 1987). In forest canopies, the scalar roughness
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Table 5

Statistical coefficients of the relationship between isotope signatures of net
ecosystem CO, exchange (8y) provided by IFR method and predicted from LNF
theory.

Ecosystem Sn z1/h n R? Slope Intercept d,
m
Forest 58 1.17 125 0.14 0.21% —20.01" 0.93
0.94" 216 0.01 -0.02™* —25.03" 0.98
51}18 1.17 43 0.11 0.43% —5.80™% 0.96
0.94° 185 0.12 0.08" —7.49" 0.95
Grassland sy 1.53 12 0.18 0.52%% —13.99™* 0.73
0.99" 36 0.68 0.78" —4.37™% 0.99
Corn sy 1.15 470 0.41 0.49° —8.40" 0.86
0.94" 594 057  0.55 -7.53" 0.93

n.s., not significant by a t-test at a 5% probability level.
@ significant by a t-test at 5% probability level.
b 2, slightly inside the canopy.

sublayer is much ‘thicker’ than its momentum counterpart (Raupach
and Thorn, 1981). Thus, local mean concentration gradients alone
could explain the local fluxes in the grassland and corn canopies, but
not likely in the forest.

Our results show that both IFR and LNF methods can capture sea-
sonal variation in & (Fig. 7). The seasonal averages of 5 provided by
IFR and LNF for the corn canopy were -20.6 and -18.5%o, respectively.
The temporal variation of 63* showed a downward trend toward the end
of the growing season. This seasonal variation in 55 was likely due to a
larger contribution of Cs residue in the soil organic matter to the eco-
system respiration in comparison to flux contributions from corn plants

(%o)

<13

220 240 260 280 300
Day of year

Fig. 7. Seasonal variation in the isotope composition of net ecosystem '>CO,
exchange (5%,3) estimated using the IFR (red circles) and LNF theory (blue
squares) for the corn canopy. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).

that were reaching senescence. A similar trend was observed in pre-
vious studies carried out in corn/soybean rotations (Griffis et al., 2008,
2005a).

Fig. 8 shows the half-hourly averaged vertical distribution of the
isotope composition of CO, flux (&) estimated by LNF for different
canopies. Unfortunately, we were unable to plot the §r vertical dis-
tribution for the grassland canopy due to the low data availability after
data screening procedures (Section 3.3). Larger variability in 6 were
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found for the forest canopy (Fig. 8a and b) in comparison to the g
variability observed for the corn canopy (Fig. 8c). For the corn canopy,
where the mean standard deviation (o) was lower than for the forest,
the average LNF §3° ( * 0) during the daytime was -17.8%o ( = 2.0%o)
for the source layer below z/h < 0.4 and -15.4%o ( + 2.9) for other
source layers. At night a similar pattern was observed, i.e. more de-
pleted LNF 5 for the source layers near the ground with a lower value
of -20.8%o ( + 1.8) than for higher source layers of —19.0%o ( = 1.9).
The range of §3° and S} values provided by the LNF in these vertical
distributions are in agreement with those found in previous studies with
C3 and C, ecosystems (Griffis et al., 2008, 2005a; Santos et al., 2014,
2012). The large variability in 533 could be a result of the high temporal
dynamics of the C'®00 isopologue at the forest ecosystem, which
agrees with the data provided by Santos et al. (2014) for that eco-
system.

3.4. Estimating the >C isoforcing

To quantify the effect of isotope biosphere-atmosphere exchange on
the 61> budget, we calculated the ecosystem-scale *3C isoforcing (Ir)
following Griffis et al. (2008) and Lee et al. (2009).

NEE

I = 513 _ 513
F Ca ( N a ) (13)

where, NEE is the net CO, ecosystem exchange (umol m~2s™1), ¢, is

the half-hour CO, concentration (umolm~3), and 8% is the **C com-
position of ambient air (%o).

We calculated Ir using two different approaches by combining EC
measurements of NEE: 1) with flux ratios (51113) estimated by the IFR
method and 2) § estimated using the LNF theory. Following Sturm
et al. (2012), we also calculated a hypothetical isoforcing for both IFR
and LNF methods. The hypothetical isoforcing were calculated using
constants of 53 of -20.6 and -18.5%o, which correspond to the average
5% estimated by IFR and LNF methods, respectively. Unfortunately, we
were unable to perform the same calculation for forest and grassland
canopies due to the low data availability after data screening proce-
dures (Section 3.3).

The ensemble-averaged diel of 65 calculated by IFR and LNF ap-
proaches for the corn canopy is shown in Fig. 9. Large fluctuations were
observed in IFR &% estimates mainly between 6:00 and 18:00h
(Fig. 9a). This large variability in 6% is a result of small concentration
gradients of [CO,] observed during daytime periods under turbulent
conditions (see Section 3.1). The LNF estimates of 53 were less variable
than IFR estimates (Fig. 9b).

The diurnal pattern of Ir was mainly driven by the NEE diel

10

variation. The large variability in IFR Ir estimates during daytime
periods were a result of the large uncertainties in IFR estimates
(Fig. 9c). The LNF Ir estimate uncertainties were lower than the IFR
estimates (Fig. 9d). Estimated LNF Ir show a small difference between
the hypothetical isoforcing and LNF Ir of 0.003ms™* %o ( = 0.003m
s~ ! %o) during daytime between 8:00 and 11:00 h. Large difference is
observed between 11:30 h and 15:30 of 0.005m s ™' %o ( + 0.002ms ™!
%o), which the maximum difference was found at 12:00 with a value of
0.009 ms ™! %o. This may be an indication that &}’ contributed to some
degree to the isoforcing’s diurnal variation, as supported by the LNF &
values that showed a small diurnal variation with &% values ranging
from —15.8%0 to —20.3%o0 (Fig. 9b). This suggests a small isotopic
disequilibrium for the corn ecosystem. The large inherent noises of the
IFR method (Fig. 9a) limited the use of IFR Ir for constraining isotope
budgets (Sturm et al., 2012)

4. Conclusions

In this study, we evaluated the use of the localized near-field theory
(LNF) to study '3CO, and C'®00 isotope exchange in different plant
canopies. The LNF estimates of NEE were highly sensitive to the below
and above canopy flow decoupling. The large depletion peak of CO,
storage associated with strong flow decoupling in the forest canopy was
shown to affect the NEE estimates from LNF, which showed the lowest
correlation (R? = 0.35) with NEE measured using the EC technique. For
the corn and grassland, where the depletion peak of CO, storage was
found to be very small or negligible, the model performed better than
forest with RZ of 0.72 and 0.88, respectively. These results suggest that
the LNF theory may provide better estimates for short canopies, in
which there is lower CO, storage within canopy airspace in comparison
to forest canopies. This could be a great advantage of LNF to study
scalar transport within short canopies since the EC instrumentation is
too bulky to be used to measure fluxes within short canopies.

The CV for LNF 8y estimates was 74% lower than the CV for IFR
predictions and, therefore the LNF theory can reduce some of the IFR &y
uncertainties. The period of measurement near the end of growing
season for the grassland contributed to a smaller spatial variation of
[CO,] than forest and corn, thus leading to an even smaller precision of
the methods in this specific case. On average, the CV values decreased
to less than 100% when [CO,] gradients exceeded 0.4 ppmm ~ ! for LNF
and 0.9ppmm™ " for IFR. However, for the grassland canopy, both
methods showed similar §y uncertainties, showing high relative varia-
bility with values of CV larger than 100% for practically all [CO,]
gradient ranges. The correlation (R?) between 8y IFR and 8y LNF esti-
mates for grassland and corn canopies increased, on average, from 0.29
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Fig. 9. a and b) ensemble average of >CO, compositions of NEE (5;) estimated using the IFR method and LNF theory for the corn canopy; and c and d) mean diurnal
13C isoforcing (I5) calculated combining eddy covariance NEE measurements with: 53’ provided by IFR method and &}’ predicted by the LNF theory. The dashed lines
represent the calculated hypothetical isoforcing with a constant 63° of —20.6 and —18.5%o for IFR and LNF, respectively. The shaded areas represent the standard

deviation (o) of flux ratio or I,

to 0.62 and the agreement approached one (d, increased, on average,
from 0.79 to 0.96) when IFR was calculated using one air intake of
measurement slightly inside the canopy.

Our study shows the first attempt to combine LNF predictions with
several months of near-continuous measurements of stable isotopes of
CO, in different vegetation canopies. These results indicate that LNF is
potentially a useful tool to provide new insights to study CO, exchange
processes within well-mixed short canopies, where the flux measure-
ments using traditional micrometeorological techniques are even more
challenging. In addition, LNF also can be useful for inferring isotope
exchange within plant canopies, which allows the separation of the
isotope exchange between soil and plant components.
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