
Abstract  Carbon fluxes in terrestrial ecosystems and their response to environmental change are a 
major source of uncertainty in the modern carbon cycle. The National Ecological Observatory Network 
(NEON) presents the opportunity to merge eddy covariance (EC)-derived fluxes with CO2 isotope ratio 
measurements to gain insights into carbon cycle processes. Collected continuously and consistently across 
>40 sites, NEON EC and isotope data facilitate novel integrative analyses. However, currently provisioned 
atmospheric isotope data are uncalibrated, greatly limiting ability to perform cross-site analyses. Here, 
we present two approaches to calibrating NEON CO2 isotope ratios, along with an R package to calibrate 
NEON data. We find that calibrating CO2 isotopologues independently yields a lower δ13C bias (<0.05‰) 
and higher precision (<0.40‰) than directly correcting δ13C with linear regression (bias: <0.11‰, 
precision: 0.42‰), but with slightly higher error and lower precision in calibrated CO2 mole fraction. The 
magnitude of the corrections to δ13C and CO2 mole fractions vary substantially by site, underscoring the 
need for users to apply a consistent calibration framework to data in the NEON archive. Post-calibration 
data sets show that site mean annual δ13C correlates negatively with precipitation, temperature, and 
aridity, but positively with elevation. Forested and agricultural ecosystems exhibit larger gradients in CO2 
and δ13C than other sites, particularly during the summer and at night. The overview and analysis tools 
developed here will facilitate cross-site analysis using NEON data, provide a model for other continental-
scale observational networks, and enable new advances leveraging the isotope ratios of specific carbon 
fluxes.

Plain Language Summary  The magnitude and variability in the exchange of carbon 
between ecosystems and the atmosphere is a major source of uncertainty in carbon cycle models. These 
uncertainties have motivated substantial effort to measure these fluxes. Most observational methods 
provide an estimate of net carbon exchange, and efforts to break the net flux into its constituents requires 
a model, which without further constraints risks compounding observational uncertainties. Variations in 
the ratio of heavy-to-light carbon isotopes, 13C/12C, arise from photosynthetic responses to environmental 
conditions, and create a natural tracer to evaluate ecosystem fluxes. The NEON collects measurements 
of carbon isotope ratios of atmospheric carbon dioxide and plants and represents the largest network 
of consistently collected carbon isotope data associated with eddy covariance measurements to date. 
However, the accuracy of NEON's atmospheric carbon dioxide isotope ratios could be improved by using 
reference gas measurements to reduce bias and drift in these measurements. We develop and evaluate two 
correction methods and analyze continental-scale patterns in the corrected atmospheric carbon dioxide 
isotope data. Further, we make these tools available as an R package to enable further cross-site analyses 
using NEON's carbon isotope data.
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1.  Introduction
The terrestrial carbon cycle and its response to increasing CO2 concentrations, increased temperatures, and 
altered water availability is one of the least certain aspects of the climate system (e.g., Bonan et al., 2019; 
Friedlingstein et al., 2014). Terrestrial carbon cycling is fundamentally linked with the terrestrial energy 
balance and water cycle, as more than half of the water leaving the land surface during evapotranspiration 
passes through plants as transpiration (Bowen et al., 2019; Good et al., 2015; Schlesinger & Jasechko, 2014). 
As a result, several approaches have been developed to improve constraints on terrestrial carbon fluxes. 
Eddy covariance (EC) has emerged as a popular and powerful technique to investigate fluxes of carbon, 
water, and energy between the land surface and the atmosphere (e.g., Baldocchi et al., 2001; Loescher et al., 
2006), but additional measurements and/or assumptions must be made to estimate constituent fluxes (e.g., 
Reichstein et al., 2005). For example, partitioning net ecosystem exchange (NEE) from EC measurements 
into ecosystem gross primary productivity and ecosystem respiration components requires a model (Lasslop 
et al., 2010; Reichstein et al., 2005). Given current limitations of these models, the resulting component 
fluxes still exhibit substantial uncertainty (Keenan et al., 2019; Wehr et al., 2016). When paired with EC 
measurements, complementary measurements of additional tracers that better capture underlying process-
es driving these component fluxes present a promising approach to reduce these uncertainties.

Stable carbon isotope ratios provide synergistic process-level information on the exchange of carbon be-
tween ecosystems and the atmosphere that cannot be gleaned from net carbon fluxes alone. Carbon isotope 
ratios in atmospheric CO2 (hereafter δ13C-CO2) have been used in a wide array of applications, including: (1) 
constraining anthropogenic CO2 emissions, as CO2 from combusted fossil fuels are comparatively depleted 
in heavy isotopologues (Pazdur et al., 2007; Sonnerup et al., 1999; Suess, 1955), (2) examining patterns of 
CO2 exchange between the land surface, ocean, and the atmosphere, as oceanic fluxes of CO2 have higher 
δ13C values than terrestrial fluxes (Ciais et al., 1995; Trolier et al., 1996), (3) partitioning NEE into assimila-
tory and respiratory components (Bowling et al., 2001; Knohl & Buchmann, 2005; Wehr & Saleska, 2015), 
(4) probing the abundance of C3 and C4 photosynthesis and their relative roles in the carbon cycle (Bu-
chmann & Ehleringer, 1998; Ehleringer et al., 1997; Still et al., 2003), (5) examining recycling of respired 
CO2 within vegetation canopies (Yakir & Sternberg, 2000), and (6) estimating plant water use efficiency 
(Baldocchi & Bowling,  2003; Farquhar & Richards,  1984; Medlyn et  al.,  2017; Seibt et  al.,  2008). Initial 
studies of δ13C-CO2 used flask samples (Ciais et al., 1995; Keeling, 1958, 1961; Trolier et al., 1996), which 
limited both the spatial and temporal frequency of sampling and our ability to infer process controls and 
flux magnitudes in terrestrial systems. Advances in laser spectroscopy have allowed for higher frequency 
measurements and the resolution of δ13C-CO2 atmospheric profiles (Bowling et al., 2005; Griffis et al., 2007; 
Raczka et al., 2017). These efforts have typically been driven by individual research groups with site-specific 
protocols and instrumentation; unfortunately, this lack of coordination introduces challenges and uncer-
tainties into cross-site comparison efforts. Furthermore, record lengths vary substantially, and the lack of 
concurrent multi-year records limits the comparability and information content of existing δ13C-CO2 data 
sets.

The National Ecological Observatory Network (NEON; Metzger et al., 2019; Thorpe et al., 2016), supported 
by the U.S. National Science Foundation, has established a new data stream documenting atmospheric δ13C-
CO2 across the United States using standardized instrumentation, data collection and processing protocols. 
These observations are collocated with EC measurements, as well as periodic measurements of δ13C values 
in other ecosystem pools, such as soil, litter, and plant matter. Measurements of δ13C-CO2 are made at mul-
tiple heights on NEON EC towers as part of the EC storage exchange system. At present, NEON calibrates 
isotopic analyzers once annually, but these observations are otherwise uncalibrated to remove instrumental 
drift and variation in the base calibration. Yet, three reference standards with known δ13C and CO2 mole 
fractions are run daily at each analyzer. By making use of these standards, the accuracy of the NEON raw 
δ13C-CO2 data streams can be corrected to remove this bias associated with drift and tie the absolute values 
at the network of sites to a common scale. Without this step, robust cross-site data comparison and analyses 
cannot be guaranteed since the bias may equal or exceed the size of the ecological signal of interest and give 
rise to spatial difference between sites. In this study, we present calibration strategies and an R package for 
NEON's δ13C-CO2 measurements and highlight trends apparent across the first 2–3 years of observatory 
data.
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2.  Background
2.1.  NEON Site Locations and Data Preprocessing

NEON features 20 ecoclimatic domains that span major variations in ecosystem type and climate conditions 
across the United States. Each domain has a “core” terrestrial site, which is expected to operate for NEON's 
30-year mission. In addition, each domain (with the current exceptions of domain 12-Northern Rockies, 
domain 15-Great Basin, and domain 20-Pacific Tropical) possesses at least one “relocatable” terrestrial site 
that could potentially move. Both core and relocatable terrestrial sites feature a central instrumented tower, 
supporting a suite of standard meteorological measurements, an EC system at the tower top, and additional 
measurements of CO2 and H2O concentrations and isotope ratios at four to eight vertical levels, depending 
on ecosystem structure. Atmospheric isotope data and EC fluxes are bundled together within NEON data 
product DP4.00200.001. Additional details on the design, construction, and operation of NEON's EC storage 
exchange system are provided in the NEON document library (Luo et al., 2019; Metzger et al., 2019).

δ13C-CO2 values are measured at each terrestrial NEON site using a Picarro G2131-i. Ambient air is sampled 
from each tower intake sequentially, with each height being measured at for 10 min at a time. For each 
10 min measurement period, the first minute of each sampling period is excluded to minimize instrumen-
tal memory affects associated with switching between intake heights. The Picarro G2131-i analyzer reports 
δ13C values and CO2 mixing ratios at ∼1 Hz; these measurements are aggregated to 9 min averages during 
NEON's data processing using the eddy4R software (Metzger et al., 2017; Xu et al., 2019). The return inter-
val for measurements at each height varies by site with tower structure, and ranges between 40 and 80 min 
under normal operating conditions. As part of the data aggregation from native sensor resolution to 9 min 
averages, eddy4R calculates quality flags and quality metrics along with data. However, the current iteration 
of the data flagging framework is overly restrictive for the EC storage exchange system in which δ13C-CO2 
measurements are made. These quality flags are currently being reevaluated by NEON, and as a result, 
NEON quality flags were not utilized in this study. Once per year, the analyzers are shipped from the field 
to NEON headquarters in Boulder, CO, where the instruments are calibrated using a common laboratory 
setup. While this approach ensures that measured δ13C values throughout the year are generally close to cal-
ibrated values, instrumental drift can cause measured values to diverge from the Vienna Pee Dee Belemnite 
(VPDB) scale throughout the year. Three reference gases with known CO2 concentrations and δ13C values 
are measured once per day for 10 min each at each NEON site. At present, these measurements are not used 
to correct measured CO2 and δ13C values for instrumental drift as part of NEON's data processing pipeline. 
Therefore, the quality and utility of NEON-provisioned δ13C-CO2 measurements could be improved by mak-
ing use of these daily reference gas measurements.

2.2.  Carbon Fractionation Background

δ13C-CO2 values provide constraints on carbon cycle processes from ecosystem-to-global spatial scales. At 
the ecosystem level, variations in δ13C-CO2 primarily reflect the dynamics of net carbon exchange between 
the ecosystem and the atmosphere via photosynthesis and respiration. These variations in 13C/12C manifest 
in part-per-thousand magnitudes, and therefore, isotope ratios are commonly reported in “delta” notation:


 

   
 

13 1000 1
VPDB

RC
R

� (1)

where R is the molar ratio of 13CO2 and 12CO2 isotopologues and RVPDB is the heavy-to-light isotope ratio in 
VPDB (RVPDB = 1.11797 × 10−2) (Griffis et al., 2004; Tans et al., 2017). Carbon isotope ratios for plants are 
also commonly expressed in terms of an isotopic discrimination for 13C with respect to the atmosphere:
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The photosynthetic pathway used by plants is the primary determinant of the magnitude of the isotopic 
difference between atmospheric CO2, currently approximately −8.5‰ VPDB, and plant organic carbon. 
Plants using the C3 photosynthetic pathway, which dominate most of the sites analyzed here, exhibit a wide 
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range of isotopic compositions of −20‰ to ∼ −35‰ (Tipple & Pagani, 2007) that are quite distinct from 
atmospheric values. A common representation of carbon isotope discrimination at the leaf level relates two 
distinct kinetic fractionations with respect to atmospheric CO2, weighted by the concentration gradient 
between the atmosphere and that inside leaves:

   13
plants3Δ i

C
a

cC a b a
c� (3)

where a is the fractionation due to diffusion (4.4‰), and b is the fractionation associated with Rubisco 
carboxylation (27‰), ci is the intercellular (i.e., sub-stomatal) partial pressure of CO2 and ca is atmospheric 
partial pressure of CO2 (Farquhar et al., 1989). This expression is a simplified representation of carbon iso-
tope fractionation and omits potential impacts of photorespiration (Farquhar et al., 1982; Seibt et al., 2008; 
Wingate et al., 2007) and smaller fractionations associated with molecular diffusion across the leaf bounda-
ry layer and dissolution of CO2 in the leaf mesophyll (e.g., Farquhar et al., 1989; Suits et al., 2005).

In contrast to C3 plants, carbon isotope fractionation in C4 plants (many warm-weather herbaceous grasses 
and sedges) is both less variable and smaller in magnitude, with C4 plant carbon isotope ratios typically 
ranging between −10 and −14‰. The primary difference between C3 and C4 fractionation arises from the 
first enzyme carboxylated during carbon uptake. Further details on carbon isotope fractionation during 
photosynthesis at the leaf-level and its response to environmental variability can be found in the literature 
(Cernusak et al., 2013; Farquhar et al., 1989; Tipple & Pagani, 2007).

2.3.  Carbon Isotope Fluxes

Photosynthetic fractionation creates an isotopic signal that propagates through the ecosystem and can be 
used to probe ecosystem-scale processes. As described above, carbon assimilation selects for 12C, which in 
isolation would leave the remaining CO2 comparatively enriched in 13C. Isotopic discrimination during 
photosynthesis is difficult to measure at ecosystem scales (e.g., Tissue et al., 2006; Wingate et al., 2010), and 
as a result, it is more common to estimate discrimination using a photosynthetic model for photosynthesis 
(Bowling et al., 2001; Knohl & Buchmann, 2005; Ogée et al., 2003; Wehr & Saleska, 2015). In turn, photosyn-
thetic discrimination sets the baseline for post-photosynthetic plant metabolism and ecosystem respiration.

Yet, projecting leaf-scale controls on assimilatory and respiratory carbon isotope ratios to the ecosystem 
scale remains a challenge (e.g., Unger et al., 2010). Keeling plots, which rely on the covariance of δ13C-CO2 
and CO2 mole fractions to estimate the isotope ratio of the net CO2 flux, are the most common way to esti-
mate the isotope ratio of ecosystem-scale respired CO2 (Keeling, 1958; Pataki et al., 2003). Interpretations 
of carbon isotope ratios made from ecosystem-scale δ13C measurements can diverge from those that would 
be made with leaf-level measurements. For example, feedbacks between the land surface and the atmos-
phere can decouple ecosystem-level water use efficiency (e.g., assimilation/transpiration) from intrinsic 
water use efficiency recorded by leaf δ13C (Baldocchi & Bowling, 2003; Jarvis & McNaughton, 1986; Medlyn 
et al., 2017; Seibt et al., 2008). NEON observations of δ13C values in the atmosphere and in plant organic 
matter, in addition to new ecosystem modeling frameworks, provide the opportunity with harmonized data 
collection to test the applicability and generality of these relationships across scales.

3.  Methods
3.1.  Calibration Data

We implement a series of data screening and correction methods and use two different methods to cal-
ibrate observed ambient data to the VPDB scale. The first calibration method, modified from a method 
proposed by Bowling et al. (2003), estimates calibration parameters for each isotopologue (12CO2 and 13CO2) 
independently. The calibrated isotope ratios and CO2 mole fractions are then calculated directly from the 
calibrated isotopologue mole fractions. The second method uses ordinary least squares (OLS) linear re-
gression to generate an equation relating measured and known reference material isotope ratios to directly 
correct observed isotope ratios and CO2 mole fractions without intermediate conversions to isotopologue 
mole fractions. While these methods are similar, two of the calibration gases often have similar δ13C values, 
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and therefore, 12CO2 and 13CO2 mole fractions may be more broadly distributed through the measurement 
range than δ13C values, potentially yielding superior calibration from the Bowling et al. (2003) approach.

Internal instrument calibration parameters are corrected annually at the NEON Calibration, Validation, 
and Audit Laboratory in Boulder, which ensures that the average bias of the reported values for properly 
functioning instruments is reasonably small, but day-to-day instrumental drift can cause substantial de-
viations from these parameters. Calibration parameters are calculated using two calibration gas measure-
ment periods bracketing a period (typically a day) of ambient atmosphere measurements. We impose a 
set of quality checks, common to both calibration approaches, on the calibration gas measurements that 
are distinct from the quality metrics calculated by eddy4R. First, calibration gas measurements are used 
only if known and measured CO2 concentrations and δ13C values are all present. Second, calibration gas 
observations are used to calculate calibration parameters only if the measured CO2 concentration of the 
calibration gas is within 10 ppm of the known CO2 concentration and the variance of the CO2 concentration 
over the 9 min measurement interval is less than 5 ppm. This filter helps to remove standard observations 
where the tank may have been empty or where there are other issues with the gas delivery system. Third, 
measured mean δ13C values are required to be within 3‰ of the known reference values. The choice of a 
3‰ threshold is somewhat arbitrary and arises due to an observed gap in the distribution of the difference 
between measured and reference δ13C values between clearly erroneous and higher quality measurements. 
In addition, several sites were found to have incorrect reference gas values in the currently provisioned files; 
we have provided corrected values in the Table S1. This filter generally removes only a very small fraction 
of reference gas measurements, which most typically occur in the first day or two of measurements after 
an instrument has been inactive for an extended period. The code for correcting and calibrating the NEON 
carbon isotope data described here is available as an R package, NEONiso, that can be installed from GitHub 
(https://doi.org/10.5281/zenodo.3836875). Version 0.3 of the NEONiso package was used to produce the 
calibrated data presented here. The NEON data comprising this analysis are very similar to those contained 
within the 2021 EC data release issued by NEON (RELEASE-2021; 2021); deviations from this data release 
are described in the Tables S1 and S2.

3.2.  Gain-And-Offset Method Calibrating Individual Isotopologues

The Bowling et al. (2003) approach seeks to correct 12CO2 and 13CO2 mole fractions independently and uses 
these values to calculate calibrated CO2 and δ13C values. Mole fractions for measured and reference 12CO2 
and 13CO2 are calculated from measured and reference CO2 and δ13C values using the definition of delta 
notation and mass balance considerations:

Equation 1 can be rearranged for the ratio of 13CO2 and 12CO2 in the measured gases as:

            

13 132

12
2

CO
1

1000CO
VPDB

CR R� (4)

Considering the total CO2 mole fraction as a sum of all possible isotopologues yields:

              
12 13

2 2 2 2CO CO CO COf� (5)

where f (0.00474) is the fraction of CO2 comprised of isotopologues other than 12C16O2 or 13C16O2 (e.g., 14CO2, 
12C16O18O). In theory, f varies with the isotope ratio of the measured gas but these variations are negligibly 
small in practice and therefore f is treated as constant (Griffis et al., 2004). Equation 4 and 5 can be rear-
ranged to give expressions for [12CO2] and [13CO2]:

        
212

2
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Gain and offset factors to correct measured 12CO2 and 13CO2 mole fractions based on reference values are 
calculated using measurements of two different reference gases. For reference gases A and B, gain factors 
(Gi) and offsets (Oi) are calculated as:





,ref ,ref

,meas ,meas

B A
i

B A

X X
G

X X� (8)

 ,ref ,measi B i BO X G X� (9)

where XB,ref and XA,ref are the known mole fractions for the reference gases and XB,meas and XA,meas are the 
measured mole fractions of isotopologue i (either 12CO2 or 13CO2), respectively.

Calibrated mole fractions of 12CO2 and 13CO2 are then calculated from these gain and offset functions as:

 i,calibrated , measi i iX X G O� (10)

While the initial implementation in Bowling et al. (2003) used only two calibration gases, using the third 
as a check on the calibration, we have estimated the gain and offset parameters using linear regression of 
measured and reference values of 12CO2 and 13CO2 using all three reference gases from two consecutive ref-
erence gas measurement periods. If the R2 value of the regression is ≥ 0.95 for both isotopologues, the period 
of ambient measurements bracketed by the data used in this regression are calculated based on these gain 
and offset parameters. Using the calibrated 12CO2 and 13CO2 mole fractions from Equation 10, δ13C values 
are calculated with Equation 1, and calibrated CO2 values are calculated by rearranging Equation 5:

          

12 13
2 2

2

CO CO
CO

1 f
� (11)

Where the R2 of these regressions was below 0.95, ambient measurements were excluded from further 
analysis.

3.3.  Direct Calibration of δ13C Values and CO2 Mole Fractions Using Linear Regression

We have also developed a calibration routine using linear regression to directly calibrate measured isotope 
ratios to the reference VPDB scale. Calibration gas measurements from two adjacent periods are used to es-
timate the slopes and intercepts of lines to correct δ13C and CO2 values to the known values. If all candidate 
data points passed the initial quality checks, six data points are used for each linear regression (two for each 
reference material, spread one day apart). If the R2 value of the regression is ≥ 0.95, this regression is used 
to calibrate the period of ambient measurements bracketed by the data used in this regression using the 
estimated slope (m) and intercept (b) values:

  13 13
cal 1 meas 1C m C b� (12)

       2,cal 2 2,meas 2CO COm b� (13)

where the R2 of either regression was below 0.95, ambient measurements were excluded from further 
analysis.

3.4.  Post-Calibration Data Processing

Despite the QA/QC filtering steps above, a small fraction (<0.01% for both calibration methods) of cali-
brated δ13C values were outside of a plausible range, which we defined as −25‰ to 0‰ and were removed 
from subsequent analysis. Impulse spikes in the δ13C and CO2 measurements were removed using a me-
dian-absolute-deviation filter (Brock, 1986; Starkenburg et al., 2016). Additionally, a few sites exhibited an 
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apparent step change in isotope ratios that persisted for at least a month and could not be tied to an obvious 
calibration issue. The cause of these issues was not immediately apparent but could be related to instrument 
or sampling manifold performance issues. Visual inspection of calibrated timeseries led us to remove 8 
months of data from further analysis: (a) May to September 2019 for UNDE, (b) July 2019 for SRER, and (c) 
August and September 2018 for TEAK. After these months were removed, the processed dataset consisted 
of 1,654 months from 47 NEON sites.

Calibration uncertainties are reported as both differences (to reflect bias) and root-mean-square errors 
(RMSE, to reflect uncertainty) using the predicted calibrated δ13C and CO2 values relative to the known 
reference δ13C and CO2 values. To generate these error estimates, a leave-one-out analysis was used, with 
calibration routines applied to two of the three standards and leaving the third to estimate the error. This 
procedure was repeated three times, leaving each standard out in turn, and is analogous to a jackknife style 
error estimation procedure. Errors for all three permutations were pooled together to generate a distribution 
of error estimates for each site. This procedure likely overestimates the true calibration error, as it only uses 
information from two of the reference gases while our final calibrated data used all three reference gases, 
and thus were constrained by a greater amount of information.

For a standardized estimate of the difference between calibrated and uncalibrated values across sites, we 
also calculated a root-mean-squared difference for each ambient measurement point. Seasonal comparisons 
are based on meteorological seasons: summer is defined as June, July and August while winter is defined as 
December, January, and February. For analyses on diurnal timescales, we approximate night as 10 p.m. to 
5 a.m. local time and day as 10 a.m. to 5 p.m. local time. Site elevations and mean annual precipitation and 
temperature are derived from NEON-provided metadata (Table 1), while analyses using an aridity index, 
approximated by precipitation over potential evapotranspiration (P/PET) are extracted from the GCIAR 
Consortium for Spatial Information Global Aridity Index dataset (version 2), using the pixel value corre-
sponding to the NEON tower location (Zomer et al., 2008). NEON sites were divided into forest, grassland, 
shrubland, tundra, or agricultural classes based on the dominant NLCD land class reported by NEON for 
their tower footprint plots (Table 1). We also estimate the δ13C of respired CO2 (hereafter δ13CR) to gain 
insight into large-scale controls on ecosystem-level carbon isotope fractionation. To estimate δ13CR we use 
a Keeling style plot by regressing the product of the observed CO2 mole fraction and δ13C value against the 
measured CO2 mole fraction in the nighttime data during JJA (Miller & Tans, 2003). Site-mean summer 
δ13CR values are compared against mean summer maximum daily vapor pressure deficit (VPD) to explore 
the ecosystem response to evaporative demand across ecosystems. Sites were classified as either primarily 
C3 or mixed C3/C4 ecosystems based on whether C4 species were present within the flux-tower survey plots 
in NEON's “Plant presence and percent cover” data sets (data product DP1.10058.001; NEON., 2020).

4.  Results and Discussion
4.1.  Performance of Calibration Methods

Calibrated isotope ratios and CO2 concentrations across the NEON network are similar for both calibration 
methods (Figure 1). For δ13C, the between-calibration differences were <1‰ for >99.9% of data points and 
<0.25‰ for 98% of points. Deviations in δ13C values away from the 1:1 line suggest rare periods where one 
calibration method deviates strongly from the other. Differences in CO2 mole fraction are also generally 
small across the two calibration methods, with both calibrations yielding CO2 mole fractions that were 
always within 1 ppm of each other (Figure 1b).

Despite similar results, the gain-and-offset approach produced lower-error calibrations than directly cali-
brating δ13C values and CO2 mole fractions. For 31 of 47 NEON sites reporting atmospheric carbon isotope 
data, the gain-and-offset approach produced lower δ13C error estimates than direct calibration of δ13C values 
(Figures 2a and 2c), but with lower calibration quality for CO2 mole fractions (Figures 2b and 2d). In addi-
tion, high CO2 RMSE values were observed for a few sites where there were issues with reference gas deliv-
ery, most notably SCBI (Figure 2d). Across all sites, the median bias for δ13C (CO2) was 0.05‰ (0.04 ppm) 
and the uncertainty, quantified by RMSE, for δ13C (CO2) was 0.40‰ (0.26  ppm) for the gain-and-offset 
calibration. Direct calibration of δ13C and CO2 values yielded median bias estimates of 0.11‰ (0.01 ppm) 
for δ13C (CO2), and RMSE values for δ13C and CO2 of 0.42‰ (0.15 ppm). For the gain-and-offset calibration, 
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Code Name Domain Lat Lon
MAT 
(°C)

MAP 
(mm) Ecosystem type

Canopy 
height 

(m)

NEON terrestrial core sites

HARV Harvard Forest 1-Northeast 42.54 −72.17 8 967 Deciduous forest 23.0

SCBI Smithsonian Conservation 
Biology Institute

2-Mid-Atlantic 38.89 −78.14 13 1,054 Deciduous forest 30.0

OSBS Ordway-Swisher Biological 
Station

3-Southeast 29.69 −81.99 20 1,290 Evergreen forest 20.0

GUAN Guanica Forest 4-Atlantic Neotropical 17.97 −66.87 25 1,168 Evergreen forest 6.0

UNDE UNDERC 5-Great Lakes 46.23 −89.54 3 854 Mixed forest 23.0

KONZ Konza Prairie Biological 
Station

6-Prairie Peninsula 39.10 −96.56 12 860 Grassland 1.0

ORNL Oak Ridge National Laboratory 7-Appalachians and Cumberland 
Plateau

35.96 −84.28 15 1,222 Deciduous forest 28.0

TALL Talladega National Forest 8-Ozarks Complex 32.95 −87.39 17 1,350 Mixed forest 25.0

WOOD Woodworth 9-Northern Plains 47.13 −99.24 5 490 Grassland 0.5

CPER Central Plains Experimental 
Range

10-Central Plains 40.82 −104.75 8 370 Grassland 0.3

CLBJ LBJ National Grassland 11-Southern Plains 33.40 −97.57 18 840 Deciduous forest 16

YELL Yellowstone Northern Range 12-Northern Rockies 38.25 −109.39 0 509 Evergreen forest 16.0

NIWO Niwot Ridge 13-Southern Rockies and Colorado 
Plateau

40.05 −105.58 0 758 Tundra/Alpine shrubland 0.6

SRER Santa Rita Experimental Range 14-Desert Southwest 31.91 −110.84 20 290 Desert shrubland 2.0

ONAQ Onaqui 15-Great Basin 40.18 −112.45 9 388 Sage shrubland 1.0

WREF Wind River Experimental 
Forest

16–Pacific Northwest 45.82 −121.95 8 2,530 Evergreen forest 53.0

SJER San Joaquin Experimental 
Range

17-Pacific Southwest 37.11 −119.73 17 270 Mixed forest 12.0

TOOL Toolik 18-Tundra 68.66 −149.37 −4 331 Tundra shrubland 0.2

BONA Caribou-Poker Creeks 
Research Watershed

19-Taiga 65.15 −147.50 −1 399 Mixed forest 6.4

PUUM Pu'u Maka'ala Natural Area 
Reserve

20-Pacific Tropical 19.55 −155.32 12.7 2,657 Evergreen forest 22.0

NEON terrestrial relocatable sites

BART Bartlett Experimental Forest 1-Northeast 44.06 −71.29 8 1,056 Mixed forest 20.0

SERC Smithsonian Environmental 
Research Center

2-Mid-Atlantic 38.89 −76.56 14 1,107 Deciduous forest 37.2

BLAN Blandy Experimental Farm 2-Mid-Atlantic 39.06 −78.07 12 950 Farm transitioning to 
forest

4.0

JERC Jones Ecological Research 
Center

3-Southeast 31.19 −84.47 19.5 1,307 Mixed forest 22.0

DSNY Disney Wilderness Preserve 3-Southeast 28.12 −81.44 22 1,150 Pasture 2.0

LAJA Lajas Experimental Station 4-Atlantic Neotropical 18.02 −67.08 25 1,168 Pasture 1.0

STEI Steigerwaldt Land Services 5-Great Lakes 45.51 −89.59 5 782 Deciduous forest 9.5

TREE Treehaven 5-Great Lakes 45.49 −89.59 5 782 Mixed forest 24.0

KONA Konza Prairie Biological 
Station - Relocatable

6-Prairie Peninsula 39.11 −96.61 12 860 Cultivated crops 1.5

Table 1 
NEON Site Characteristics
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72% and 15% of sites had mean RMSE better than 0.5‰ and 0.25‰ for δ13C values respectively, whereas 
these thresholds were met for 66% and 21% of sites for the direct δ13C and CO2 calibration approach. Larger 
uncertainties in the calibration of δ13C, but not CO2, are observed at most sites for the direct δ13C and CO2 
calibration approach compared to the gain-and-offset calibration approach due to an increase in high-δ13C-
error calibrations (Figure S1), driving a larger range of RMSE values (Figure S2). The most likely explana-
tion for this pattern is that for many sites, two of the reference gases have similar δ13C values but different 
CO2 mole fractions; in this setup, estimation of the third reference gas δ13C value would have a high error 
due to a large uncertainty in the calibration slope. Estimation of total CO2, or of 12CO2 and 13CO2 in the 
gain-and-offset method, is not subject to the same limitation as there is a larger variation in these quantities 
despite the similarity of the δ13C values. As these calibration methods yielded similar performance, we focus 
our results on calibrated carbon isotope data using the gain-and-offset calibration.

The magnitude of the correction applied in calibrating necessary to yield calibrated δ13C and CO2 mole frac-
tions was highly site specific, underscoring the need to apply a consistent calibration approach to each site of 
a multisite network (Figure S3). Median root-mean-square differences for δ13C varied from 1.07‰ (UNDE) 
to 0.14‰ (YELL), with occasional larger excursions of up to 2‰ observed for some sites (Figure S3a). The 
range of median root-mean-square differences for CO2 was 2.9  ppm (SCBI) to  <0.1  ppm (ORNL), with 
occasional deviations greater than 5 ppm (Figure S3b). These differences are likely a reflection of varying 
drift characteristics of each instrument across time, and apparently poor internal calibration of CO2 mole 
fractions or mismatched calibration metadata for a handful of NEON sites (Table S1). The magnitudes of 
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Table 1 
Continued

Code Name Domain Lat Lon
MAT 
(°C)

MAP 
(mm) Ecosystem type

Canopy 
height 

(m)

UKFS The University of Kansas Field 
Station

6-Prairie Peninsula 39.04 −95.19 12 870 Deciduous forest 18.0

GRSM Great Smoky Mountains 
National Park, Twin Creeks

7-Appalachians and Cumberland 
Plateau

35.69 −83.50 13 1,396 Deciduous forest 31.0

MLBS Mountain Lake Biological 
Station

7-Appalachians and Cumberland 
Plateau

37.38 −80.52 13 1,030 Deciduous forest 18.9

DELA Dead Lake 8-Ozarks Complex 32.54 −87.80 18 1,290 Evergreen forest 30.0

LENO Lenoir Landing 8-Ozarks Complex 31.85 −88.16 18 1,429 Deciduous forest 38.7

NOGP Northern Plains Research 
Laboratory

9-Northern Plains 46.77 −100.92 5 400 Grassland 0.4

DCFS Dakota Coteau Field School 9-Northern Plains 47.16 −99.11 5 490 Grassland 1.0

RMNP Rocky Mountain National 
Park, CASTNET

10-Central Plains 40.28 −105.55 4 520 Evergreen Forest 11.0

STER North Sterling, CO 10-Central Plains 40.46 −103.03 8 370 Cultivated crops 3.0

OAES Klemme Range Research 
Station

11-Southern Plains 35.41 −99.06 15 670 Grassland 1.5

MOAB Moab 13-Southern Rockies and Colorado 
Plateau

38.25 −109.39 11 200 Desert shrubland 0.2

JORN Jornada LTER 14-Desert Southwest 32.59 −106.84 17 173 Desert shrubland 1.0

ABBY Abby Road 16-Pacific Northwest 45.76 −122.33 8 2,530 Evergreen forest 6.0

TEAK Lower Teakettle 17-Pacific Southwest 37.01 −119.01 7 941 Evergreen forest 27.0

SOAP Soaproot Saddle 17-Pacific Southwest 37.03 −119.26 10 1,246 Evergreen forest 24.4

BARR Barrow Environmental 
Observatory

18-Tundra 71.28 −156.62 −12 331 Tundra shrubland 0.3

HEAL Healy 19-Taiga 63.88 −149.21 −4 320 Evergreen forest 0.3

DEJU Delta Junction 19-Taiga 63.88 −145.75 −2 300 Evergreen forest 6.1
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these changes with calibration and their variations across time and space demonstrate that necessity of ap-
plying these repeated recalibrations. Fortunately, correcting both δ13C values and CO2 mole fractions using 
a consistent calibration framework is possible, which would enable robust cross-site comparisons.

4.2.  Cross-Site Annual Patterns

The post-calibration data reveal cross-site responses to environmental drivers. Mean δ13C isotope ratios 
across all available data for each site exhibit negative correlations with mean annual precipitation (Fig-
ure 3a), aridity (Figure 3b) and mean annual temperature (Figure 3c), but a positive correlation with site 
elevation (Figure 3d). Isotopic discrimination during assimilation is known to be higher when plants are 
not water stressed and stomata are open, promoting higher ci/ca ratios and lower 13C values (e.g., Cernusak 
et al., 2013), which likely underlies the observed relationships with mean annual precipitation and aridity. 
Reduced carbon isotope discrimination has also been observed at high elevations in plant samples (e.g., 
Körner et  al.,  1988), consistent with our observations of higher mean δ13C in atmospheric CO2 at high 
elevations (Figure 3d). The mechanisms responsible for decreased carbon discrimination at high elevation 
remain debated; for example, both increases in plant photosynthetic capacity and changes in water vapor 
and oxygen partial pressures perhaps contribute (e.g., Wang et al., 2017). Data shown in Figure 4 are from 
the lowest tower level at each site, but qualitatively equivalent patterns are observed when considering the 
highest tower level at each site.

Differences in δ13C (Figure 4) and CO2 (Figure 5) mole fractions across the tower depth were most pro-
nounced in forests, less pronounced at agricultural sites, and nearly absent in shrubland, grassland, and 
tundra sites. Observed differences in annual median δ13C between top and bottom measurement levels 
ranged from −0.06‰ (OSBS) to 0.94‰ (TEAK) at forest sites, and from 0.02‰ (KONA) to 0.34‰ (LAJA) at 
agricultural sites. In contrast, only one tundra site (NIWO), one grassland site (CPER), and no shrubland 
sites had a difference in median δ13C larger in magnitude than 0.15‰. Similarly, vertical differences in CO2 
mole fraction were also greater in forest and agricultural sites than in the shrubland, grassland, or tundra 
sites. Top-to-bottom differences in annual median CO2 values ranged from −21.6 ppm (TEAK) to 0.6 ppm 
(OSBS) at the forest sites, and −0.2 ppm (KONA) to −20.1 ppm (LAJA) at the agricultural sites. The larger 
gradients at forest sites are likely attributable to both higher carbon uptake (e.g., JERC) and de-coupling of 
air exchange between canopy levels (e.g., WREF), whereas the gradients at agricultural sites are likely only 
attributable to higher carbon uptake. Across grassland, shrubland, and tundra sites, only BARR (3.4 ppm), 
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Figure 1.  Comparison of calibrated (a) δ13C (‰) and (b) CO2 (ppm) values across the National Ecological Observatory Network (NEON) network using the 
gain-and-offset calibration or the direct calibration of δ13C and CO2 using ordinary least squares linear regression. Color indicates the number of points across 
the NEON network corresponding to each bin.

−20

−15

−10

−5

0

−20 −15 −10 −5 0

400

600

800

1000

400 600 800 1000

δ CO

δ
C 

(‰
 V

PD
B)

, d
ire

ct
 δ

C/
CO

CO
 (p

pm
), 

di
re

ct
 δ

C/
CO

10

10

10

10
Count

(a) (b)



Journal of Geophysical Research: Biogeosciences

NIWO (−1.7 ppm) and CPER (−1.2 ppm) exhibited annual CO2 differences from tower top to bottom larger 
than 1 ppm. Further investigation into 13C variations across sites, and how they may be driven by assimila-
tion and respiration rates (section 2), can be further evaluated as a more extensive and continuous CO2 EC 
dataset becomes available.

4.3.  Temporal Variation in Vertical Profiles

Vertical differences observed in δ13C values and CO2 mole fractions vary across seasons and time of day. 
Median top-to-bottom profile differences are larger in magnitude in summer than winter for 30 of 47 NEON 
sites for δ13C (Figure S4) and 35 of 47 sites for CO2 (Figure S5). As was observed at the annual scale, the 
largest magnitude differences through the tower depth are observed during summer at forest sites. The av-
erage δ13C top-to-bottom difference in summer was 0.70‰ for forested sites, but 0.02‰, <0.01‰, −0.05‰, 
0.02‰ for agricultural, shrubland, tundra, and grassland sites, respectively. δ13C differences between tower 
top and bottom were smaller in magnitude during winter at all site classes except for agricultural sites: 
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Figure 2.  Comparison of estimated error for (a) δ13C (‰) and (b) CO2 (ppm), and calibration root-mean-square errors (RMSE) for (c) δ13C (‰) and (d) CO2 
(ppm) for the two calibration methods tested. RMSE values in (c) and (d) are plotted on a logarithmic scale. Gray shading in panels (a) and (b) indicate lower 
absolute error for the gain-and-offset calibration than the direct calibration of δ13C and CO2.
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forests, shrublands, tundra, and grassland sites exhibited winter differences of 0.23, 0.03, 0.01, and −0.05‰ 
respectively, while agricultural sites exhibited a winter δ13C difference of 0.22‰.

Similar patterns are observed for CO2 mole fractions (Figure S5). Average CO2 concentrations at the top 
of the tower in forested sites are 18.8 ppm lower than CO2 concentrations at the lowest tower level during 
summer, but this difference is only 2.6 ppm and 1.1 ppm for agricultural and grassland sites, respective-
ly. Summertime CO2 concentration gradients are reversed but lower magnitude at shrubland and tundra 
sites, where CO2 concentrations are higher at the tower top by 0.2 and 1.5 ppm, respectively, than at the 
tower base. Winter CO2 differences between top and bottom tower intakes are lower in magnitude for for-
est (−4.6 ppm), shrubland (−0.3 ppm), tundra (−0.3 ppm), and grassland (0.5 ppm) sites, but higher than 
summer values for agricultural sites (−9.2 ppm).

The larger magnitudes of CO2 and δ13C gradients in summer relative to winter likely reflect that photo-
synthetic and respiratory fluxes are generally highest during the growing season, which is meteorological 
summer for most of these sites. Multiple factors may contribute to the larger differences observed in forests, 
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Figure 3.  Relationship between mean lowest-level δ13C values and potential environmental drivers of δ13C variation: 
(a) mean annual precipitation (mm/year); (b) a basic aridity index of mean annual precipitation divided by mean 
annual potential evapotranspiration (P/PET; Zomer et al., 2008); (c) mean annual temperature (°C), and (d) site 
elevation (masl). Best-fit models are included in each subpanel, with shading indicating a 95% confidence interval for 
the regression.
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including: (1) photosynthetic and respiratory fluxes are high in forests (Beer et al., 2010; Bonan, 2008; Buch-
mann & Schultze, 1999), and (2) forest canopies may be partially decoupled from the overlying atmosphere, 
which inhibits mixing that would reduce the gradient (Aron et al., 2019; Jarvis & McNaughton, 1986; Ras-
togi et al., 2018). In contrast, winter patterns for the agricultural sites are primarily driven by a single site in 
this category, LAJA, which appears to have a dominant growing season in meteorological winter.

Substantial summer variations in δ13C (Figure 6) values and CO2 (Figure 7) mole fractions differences are 
also observed on diurnal timescales. Most sites exhibit marked decreases in near-surface δ13C and increases 
in CO2 mole fractions at night, and a more uniform profile during the day. All sites but five (BARR, TOOL, 
KONZ, OAES, and MLBS) exhibit δ13C gradients that are larger in magnitude at night than during day 
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Figure 4.  Annual δ13C distributions shown as a fraction of tower height for each NEON site. The mean value at each 
height is shown as a red diamond, with a red line connecting heights. Red shading indicates denotes the 10th–90th 
percentiles. A representative mean background atmospheric δ13C value of −8.5‰ is shown as a solid black line in each 
plot. Colors at the head of each plot indicate the dominant ecosystem type, while a gradient indicates a transition from 
one ecosystem to another (Blandy Experimental Farm [BLAN]). Tower heights are listed next to each site name.
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(Figure 6), and only BARR, TOOL, and OAES exhibit a larger magnitude CO2 gradient during the day com-
pared to during night. All ecosystem types exhibit larger δ13C top-to-bottom differences at night, on average, 
though this pattern is most pronounced in forest ecosystems (1.37‰ at night, 0.29‰ during the day). Differ-
ences in CO2 mole fraction (Figure 7) are most pronounced in forest (−39.9 ppm from top to bottom at night, 
−7.1 ppm during the day) and agricultural ecosystems (−41.4 ppm at night, 2.1 ppm during the day). Larger 
nighttime gradients are the product of reduced atmospheric mixing at night, which allows the buildup of 
respired CO2 near the surface and allows estimation of the δ13C value of the respiratory flux using Keeling 
plots (e.g., Pataki et al., 2003). The comparatively small change in δ13C gradients, but large change in CO2 
mole fraction gradients observed at agricultural sites likely results from the substantial presence of C4 veg-
etation at all four agricultural sites (LAJA, STER, KONA, and DSNY). Sites with C4 vegetation can exhibit 
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Figure 5.  Annual CO2 distributions shown as a fraction of tower height. The mean value at each height is shown as a 
red diamond, with a red line connecting heights. A background CO2 value of 410 ppm is shown as a vertical black line. 
Colors at the head of each plot indicate the dominant ecosystem type, while a gradient indicates a transition from one 
ecosystem to another (BLAN). Tower heights are listed next to each site name.
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large increases in respiratory CO2, as they are highly productive, but small decreases in δ13C associated with 
the respiratory flux since the isotopic composition of organic carbon produced by C4 vegetation is closer to 
the atmospheric value (Still et al., 2003).

Strong variations in the estimated δ13C value of the summer respiration flux were observed across the NEON 
network (Figure 8), with estimated JJA δ13CR values ranging from −29.4‰ (NIWO) to −16.6‰ (LAJA). Sites 
with primarily C3 vegetation had lower mean δ13CR values (−26.9 ± 0.9‰) than sites with mixed C3/C4 veg-
etation (−22.3 ± 2.9‰), with the larger standard deviation in mixed C3/C4 sites likely reflecting variations 
in the C4 abundance and role in the local carbon cycle across these sites. JJA δ13CR values at C3-dominated 
sites also exhibited a strong dependence on VPD, with higher atmospheric demand corresponding to a 
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Figure 6.  δ13C values at day (red) and night (blue) for Northern Hemisphere summer at each site and measurement 
height, normalized by the tower height. A representative mean background atmospheric δ13C value of −8.5‰ is shown 
as a solid black line in each plot. Canopy height is shown as a dashed gray line, and tower heights are listed next to each 
site name. Mean values for each measurement height are shown diamonds, with a solid line connecting values between 
points. Shaded areas indicate the central 95% of the data for each height.



Journal of Geophysical Research: Biogeosciences

higher value of δ13CR (Figure 8, slope = 0.58 ± 0.18‰/kPa, r = 0.516, p = 0.002). In contrast, no relationship 
between δ13CR values at mixed C3/C4 sites and VPD was observed.

5.  Conclusions
We have outlined two potential calibration strategies for CO2 isotope ratio measurements made as part of 
NEON EC storage exchange measurement system. We find that independent calibration of 12CO2 and 13CO2 
(after Bowling et al., 2003) using linear regression produces a lower error calibration than a direct calibra-
tion of δ13C and CO2 values, but at a slight cost to CO2 mixing ratio precision. Wen et al. (2013) reached a 
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Figure 7.  CO2 values at day (red) and night (blue) for Northern Hemisphere summer at each site and measurement 
height, normalized by the tower height. A representative mean background atmospheric CO2 value of 410 ppm is 
shown as a solid black line in each plot. Canopy height is shown as a dashed gray line, and tower heights are listed next 
to each site name. Mean values for each measurement height are shown diamonds, with a solid line connecting values 
between points. Shaded areas indicate the central 95% of the data for each height.
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similar conclusion with an earlier generation of the Picarro carbon iso-
tope analyzer. Furthermore, we have demonstrated the importance of 
applying a consistent calibration technique across all NEON sites, as: (a) 
deviations between uncalibrated and the calibrated, drift-corrected δ13C 
and CO2 values were strongly site dependent, and (b) the removed errors 
were often comparable in magnitude to the signal of interest (Figures 2, 
S1–S3). In addition to the functionality demonstrated here, the NEONiso 
R package also contains functions to produce diagnostic plots of calibra-
tion data and ambient δ13C-CO2 and CO2 mole fractions. Future devel-
opments to the NEONiso R package, as well as anticipated operational 
improvements at NEON field sites with time, will likely further improve 
the quality of the calibration, as well as expand the range of integrative 
analyses that can be performed with NEON data products.

We have documented broad network-wide patterns in this work, demon-
strating the ability of the post-calibration NEON CO2 isotope ratios to 
capture meaningful macroscale biogeochemical and ecological patterns. 
Mean δ13C values at NEON sites appear to vary with mean annual pre-
cipitation, aridity, mean annual temperature, and site elevation (Fig-
ure 3). These findings echo earlier works based principally on isotopic 
analysis of leaf material (Diefendorf et al., 2010; Farquhar et al., 1989; 
Kohn, 2010; Körner et al., 1988, 1991). Gradients within the tower obser-
vations vary strongly with ecosystem type, season, and time of day (Fig-
ures 4–7). Gradients are largest within forested ecosystems, particularly 
during the summer, when NEE is higher and more variable, and at night, 
when the overlying atmosphere is stable. The calibrated data products 
described here will enable much more advanced analyses than have been 
previously possible by merging these data with the larger catalog of eco-
logical and meteorological data collected by NEON. For example, while 
some studies have shown a strong response of the δ13C value of the respi-
ration flux to VPD (Bowling et al., 2002), other studies have shown that 

this relationship is highly site dependent (e.g., Raczka et al., 2017). Standardized data collection protocols 
over a large range of ecosystem types and climates may help clarify this relationship, and the methods pro-
posed here could be used for standardization of future continental-scale observations of atmospheric stable 
isotope ratio measurements. Similarly, canopy conductance is often estimated using a re-arrangement of 
the Penman-Monteith equation and latent heat fluxes (e.g., Novick et al., 2016), but the addition of carbon 
isotope ratios allows estimation of canopy conductance from the estimated assimilatory flux and δ13C value 
(Griffis et al., 2004; Knohl & Buchmann, 2005; Wehr & Saleska, 2015). As NEON data catalogs of EC and 
atmospheric isotope ratio data continue to grow, it will be possible to constrain isotope ratios of individual 
carbon fluxes (e.g., Bowling et al., 2001, 2014) and improve our understanding of individual processes driv-
ing NEE and their representation in ecosystem and land surface models.

Data Availability Statement
Code to calibrate NEON carbon isotope data are available as the NEONiso R package from GitHub: https://
doi.org/10.5281/zenodo.3836875. The CGIAR Global Aridity Dataset are available for download from: 
https://figshare.com/articles/Global_Aridity_Index_and_Potential_Evapotranspiration_ET0_Climate_Da-
tabase_v2/7504448/3. NEON data are available from the NEON data portal: https://data.neonscience.org. 
The National Ecological Observatory Network program is sponsored by the National Science Foundation 
and operated under cooperative agreement by Battelle Memorial Institute.
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Figure 8.  Variation in the estimated JJA δ13C value of ecosystem 
respiration (δ13CR) with mean daily maximum VPD. A positive correlation 
between δ13CR and VPD was observed in sites dominated by plants using 
the C3 photosynthetic pathway. The best fit line between δ13CR and VPD 
at C3 sites is shown as a black line, with gray shading indicating the 95% 
confidence interval of the regression. In contrast, sites that also had plants 
using the C4 photosynthetic pathway tended to have higher δ13CR that were 
not correlated with VPD.

https://doi.org/10.5281/zenodo.3836875
https://doi.org/10.5281/zenodo.3836875
https://figshare.com/articles/Global_Aridity_Index_and_Potential_Evapotranspiration_ET0_Climate_Database_v2/7504448/3
https://figshare.com/articles/Global_Aridity_Index_and_Potential_Evapotranspiration_ET0_Climate_Database_v2/7504448/3
https://data.neonscience.org


Journal of Geophysical Research: Biogeosciences

References
Aron, P. G., Poulsen, C. J., Fiorella, R. P., & Matheny, A. M. (2019). Stable water isotopes reveal effects of intermediate disturbance and canopy 

structure on forest water cycling. Journal of Geophysical Research: Biogeosciences, 124, 2958–2975. https://doi.org/10.1029/2019JG005118
Baldocchi, D. D., & Bowling, D. R. (2003). Modelling the discrimination of 13CO2 above and within a temperate broad-leaved forest canopy 

on hourly to seasonal time scales. Plant, Cell and Environment, 26(2), 231–244. https://doi.org/10.1046/j.1365-3040.2003.00953.x
Baldocchi, D. D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running, S., et al. (2001). FLUXNET: A new tool to study the temporal and 

spatial variability of ecosystem-scale carbon dioxide, water vapor, and energy flux densities. Bulletin of the American Meteorological 
Society, 82(11), 2415–2434.

Beer, C., Reichstein, M., Tomelleri, E., Ciais, P., Jung, M., Carvalhais, N., et al. (2010). Terrestrial gross carbon dioxide update: Global dis-
tribution and covariation with climate. Science, 329, 834–839.

Bonan, G. B. (2008). Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science, 320(5882), 1444–1449. 
https://doi.org/10.1126/science.1155121

Bonan, G. B., Lombardozzi, D. L., Wieder, W. R., Oleson, K. W., Lawrence, D. M., Hoffman, F. M., & Collier, N. (2019). Model structure 
and climate data uncertainty in historical simulations of the terrestrial carbon cycle (1850–2014). Global Biogeochemical Cycles, 33(10), 
1310–1326. https://doi.org/10.1029/2019GB006175

Bowen, G. J., Cai, Z., Fiorella, R. P., & Putman, A. L. (2019). Isotopes in the water cycle: Regional- to global-scale patterns and applications. 
Annual Review of Earth and Planetary Sciences, 47(1), 453–479. https://doi.org/10.1146/annurev-earth-053018-060220

Bowling, D. R., Ballantyne, A. P., Miller, J. B., Burns, S. P., Conway, T. J., Menzer, O., et al. (2014). Ecological processes dominate the 13C land 
disequilibrium in a Rocky Mountain subalpine forest. Global Biogeochemical Cycles, 28, 352–370. https://doi.org/10.1002/2013GB004686

Bowling, D. R., Burns, S. P., Conway, T. J., Monson, R. K., & White, J. W. C. (2005). Extensive observations of CO2 carbon isotope content in 
and above a high-elevation subalpine forest. Global Biogeochemical Cycles, 19(3), 1–15. https://doi.org/10.1029/2004GB002394

Bowling, D. R., McDowell, N. G., Bond, B. J., Law, B. E., & Ehleringer, J. R. (2002). 13C content of ecosystem respiration is linked to precip-
itation and vapor pressure deficit. Oecologia, 131(1), 113–124. https://doi.org/10.1007/s00442-001-0851-y

Bowling, D. R., Sargent, S. D., Tanner, B. D., & Ehleringer, J. R. (2003). Tunable diode laser absorption spectroscopy for stable isotope 
studies of ecosystem-atmosphere CO2 exchange. Agricultural and Forest Meteorology, 118(1–2), 1–19. https://doi.org/10.1016/
S0168-1923(03)00074-1

Bowling, D. R., Tans, P. P., & Monson, R. K. (2001). Partitioning net ecosystem carbon exchange with isotopic fluxes of CO2. Global Change 
Biology, 7(2), 127–145. https://doi.org/10.1046/j.1365-2486.2001.00400.x

Brock, F. V. (1986). A nonlinear filter to remove impulse noise from meteorological data. Journal of Atmospheric and Oceanic Technology, 
3(1), 51–58. http://doi.org/10.1175/1520-0426(1986)003<0051:anftri>2.0.co;2

Buchmann, N., & Ehleringer, J. R. (1998). CO2 concentration profiles, and carbon and oxygen isotopes in C3 and C4 crop canopies. Agricul-
tural and Forest Meteorology, 89, 45–58.

Buchmann, N., & Schultze, E.D. (1999). Net CO2 and H2O fluxes of terrestrial ecosystems. Global Biogeochemical Cycles, 13(3), 751–760.
Cernusak, L. A., Ubierna, N., Winter, K., Holtum, J. A. M., Marshall, J. D., & Farquhar, G. D. (2013). Environmental and physiological 

determinants of carbon isotope discrimination in terrestrial plants. New Phytologist, 200(4), 950–965. https://doi.org/10.1111/nph.12423
Ciais, P., Tans, P. P., White, J. W. C., Trolier, M., Francey, R. J., Berry, J. A., et al. (1995). Partitioning of ocean and land uptake of CO2 as 

inferred by δ13C measurements from the NOAA climate monitoring and diagnostics laboratory global air sampling network. Journal of 
Geophysical Research, 100(D3), 5051–5070. https://doi.org/10.1029/94JD02847

Diefendorf, A. F., Mueller, K. E., Wing, S. L., Koch, P. L., & Freeman, K. H. (2010). Global patterns in leaf 13C discrimination and impli-
cations for studies of past and future climate. Proceedings of the National Academy of Sciences of the United States of America, 107(13), 
5738–5743. https://doi.org/10.1073/pnas.0910513107

Ehleringer, J. R., Cerling, T. E., & Helliker, B. R. (1997). C4 photosynthesis, atmospheric CO2, and climate. Oecologia, 112, 285–299. https://
doi.org/10.3760/cma.j.issn.0254-6450.2011.05.005

Farquhar, G. D., Ehleringer, J. R., & Hubick, K. T. (1989). Carbon isotope discrimination and photosynthesis. Annual Review of Plant Phys-
iology and Plant Molecular Biology, 40, 503–537.

Farquhar, G. D., O'Leary, M. H., & Berry, J. A. (1982). On the relationship between carbon isotope discrimination and the intercellular 
carbon dioxide concentration in leaves. Australian Journal of Plant Physiology, 9(2), 121–137. https://doi.org/10.1071/PP9820121

Farquhar, G. D., & Richards, R. A. (1984). Isotopic composition of plant carbon correlates with water-use efficiency of wheat genotypes. 
Australian Journal of Plant Physiology, 11(6), 539–552. https://doi.org/10.1071/PP9840539

Friedlingstein, P., Meinshausen, M., Arora, V. K., Jones, C. D., Anav, A., Liddicoat, S. K., & Knutti, R. (2014). Uncertainties in CMIP5 cli-
mate projections due to carbon cycle feedbacks. Journal of Climate, 27(2), 511–526. https://doi.org/10.1175/JCLI-D-12-00579.1

Good, S. P., Noone, D., & Bowen, G. (2015). Hydrologic connectivity constrains partitioning of global terrestrial water fluxes. Science, 
349(6244), 175–177. https://doi.org/10.1126/science.aaa5931

Griffis, T. J., Baker, J. M., Sargent, S. D., Tanner, B. D., & Zhang, J. (2004). Measuring field-scale isotopic CO2 fluxes with tunable diode 
laser absorption spectroscopy and micrometeorological techniques. Agricultural and Forest Meteorology, 124(1–2), 15–29. https://doi.
org/10.1016/j.agrformet.2004.01.009

Griffis, T. J., Zhang, J., Baker, J. M., Kljun, N., & Billmark, K. (2007). Determining carbon isotope signatures from micrometeorological 
measurements: Implications for studying biosphere-atmosphere exchange processes. Boundary-Layer Meteorology, 123(2), 295–316. 
https://doi.org/10.1007/s10546-006-9143-8

Jarvis, P. G., & McNaughton, K. G. (1986). Stomatal control of transpiration: Scaling up from leaf to region. Advances in Ecological Re-
search, 15(C), 1–49. https://doi.org/10.1016/S0065-2504(08)60119-1

Keeling, C. D. (1958). The concentration and isotopic abundances of atmospheric carbon dioxide in rural areas. Geochimica et Cosmochim-
ica Acta, 13, 322–334.

Keeling, C. D. (1961). The concentration and isotopic Abundances of Carbon Dioxide in rural and marine air. Geochimica et Cosmochimica 
Acta, 24, 277–298.

Keenan, T. F., Migliavacca, M., Papale, D., Baldocchi, D., Reichstein, M., Torn, M., & Wutzler, T. (2019). Widespread inhibition of daytime 
ecosystem respiration. Nature Ecology and Evolution, 3(3), 407–415. https://doi.org/10.1038/s41559-019-0809-2

Knohl, A., & Buchmann, N. (2005). Partitioning the net CO2 flux of a deciduous forest into respiration and assimilation using stable carbon 
isotopes. Global Biogeochemical Cycles, 19, GB4008. https://doi.org/10.1029/2004GB002301

Kohn, M. J. (2010). Carbon isotope compositions of terrestrial C3 plants as indicators of (paleo)ecology and (paleo)climate. Proceedings 
of the National Academy of Sciences of the United States of America, 107(46), 19691–19695. https://doi.org/10.1073/pnas.1004933107

FIORELLA ET AL.

10.1029/2020JG005862

18 of 20

Acknowledgments
Richard P. Fiorella, Scott T. Allen, Jessi-
ca S. Guo, William R. L. Anderegg, and 
Gabriel J. Bowen were supported by 
NSF EF1802880 while Stephen P. Good, 
David C. Noone, and Christopher J. Still 
were supported by NSF EF1802885. 
Christopher Florian, Hongyan Luo, 
and Natchaya Pingintha-Durden were 
supported by NSF 1724433.

https://doi.org/10.1029/2019JG005118
https://doi.org/10.1046/j.1365-3040.2003.00953.x
https://doi.org/10.1126/science.1155121
https://doi.org/10.1029/2019GB006175
https://doi.org/10.1146/annurev-earth-053018-060220
https://doi.org/10.1002/2013GB004686
https://doi.org/10.1029/2004GB002394
https://doi.org/10.1007/s00442-001-0851-y
https://doi.org/10.1016/S0168-1923(03)00074-1
https://doi.org/10.1016/S0168-1923(03)00074-1
https://doi.org/10.1046/j.1365-2486.2001.00400.x
http://doi.org/10.1175/1520-0426(1986)003%3C0051:anftri%3E2.0.co;2
https://doi.org/10.1111/nph.12423
https://doi.org/10.1029/94JD02847
https://doi.org/10.1073/pnas.0910513107
https://doi.org/10.3760/cma.j.issn.0254-6450.2011.05.005
https://doi.org/10.3760/cma.j.issn.0254-6450.2011.05.005
https://doi.org/10.1071/PP9820121
https://doi.org/10.1071/PP9840539
https://doi.org/10.1175/JCLI-D-12-00579.1
https://doi.org/10.1126/science.aaa5931
https://doi.org/10.1016/j.agrformet.2004.01.009
https://doi.org/10.1016/j.agrformet.2004.01.009
https://doi.org/10.1007/s10546-006-9143-8
https://doi.org/10.1016/S0065-2504(08)60119-1
https://doi.org/10.1038/s41559-019-0809-2
https://doi.org/10.1029/2004GB002301
https://doi.org/10.1073/pnas.1004933107


Journal of Geophysical Research: Biogeosciences

Körner, C., Farquhar, G. D., & Roksandic, Z. (1988). A global survey of carbon isotope discrimination in plants from high altitude. Oecolo-
gia, 74(4), 623–632. https://doi.org/10.1007/BF00380063

Körner, C., Farquhar, G. D., & Wong, S. C. (1991). Carbon isotope discrimination by plants follows latitudinal and altitudinal trends. Oec-
ologia, 88(1), 30–40 https://doi.org/10.1007/BF00328400

Lasslop, G., Reichstein, M., Papale, D., Richardson, A., Arneth, A., Barr, A., et al. (2010). Separation of net ecosystem exchange into as-
similation and respiration using a light response curve approach: Critical issues and global evaluation. Global Change Biology, 16(1), 
187–208. https://doi.org/10.1111/j.1365-2486.2009.02041.x

Loescher, H. W., Law, B. E., Mahrt, L., Hollinger, D. Y., Campbell, J., & Wofsy, S. C. (2006). Uncertainties in, and interpretation of, carbon 
flux estimates using the eddy covariance technique. Journal of Geophysical Research, 111, (D21). http://doi.org/10.1029/2005jd006932

Luo, H., Pingintha-Durden, N., & Smith, D. (2019). NEON Sensor Command, Control and Configuration (C3) Document: Eddy-covariance 
storage exchange. NEON.DOC.000465vF. NEON (National Ecological Observatory Network). Boulder, CO, USA. https://data.neonscience.
org/api/v0/documents/NEON.DOC.000465vF

Medlyn, B. E., De Kauwe, M. G., Lin, Y. S., Knauer, J., Duursma, R. A., Williams, C. A., et al. (2017). How do leaf and ecosystem measures 
of water-use efficiency compare?. New Phytologist, 216(3), 758–770. https://doi.org/10.1111/nph.14626

Metzger, S., Ayres, E., Durden, D., Florian, C., Lee, R., Lunch, C., et al. (2019). From NEON field sites to data portal: A community re-
source for surface-atmosphere research comes online. Bulletin of the American Meteorological Society, 100(11), 2305–2325. https://doi.
org/10.1175/BAMS-D-17-0307.1

Metzger, S., Durden, D., Florian, C. R., Luo, H., Pingintha-Durden, N., & Xu, K. (2019). Algorithm Theoretical Basis document (ATBD): 
Eddy-covariance data products bundle. NEON.DOC.004571vB. NEON (National Ecological Observatory Network). USA. https://data.ne-
onscience.org/api/v0/documents/NEON.DOC.004571vB

Metzger, S., Durden, D., Sturtevant, C., Luo, H., Pingintha-Durden, N., Sachs, T., et al. (2017). Eddy4R 0.2.0: A DevOps model for commu-
nity-extensible processing and analysis of eddy-covariance data based on R, Git, Docker, and HDF5. Geoscientific Model Development, 
10(9), 3189–3206. https://doi.org/10.5194/gmd-10-3189-2017

Miller, J. B., & Tans, P. P. (2003). Calculating isotopic fractionation from atmospheric measurements at various scales. Tellus Series B Chem-
ical and Physical Meteorology, 55(2), 207–214. https://doi.org/10.1034/j.1600-0889.2003.00020.x

NEON. (2020). (National Ecological Observatory Network). Data products DP4.00200.001, DP1.00036.001, and DP1.10058.001. Battelle. 
http://data.neonscience.org

NEON. (2021). (National Ecological Observatory Network). Bundled data products – eddy covariance. RELEASE-2021. DP4.00200.001 
https://doi.org/10.48443/bway-hc74

Novick, K. A., Ficklin, D. L., Stoy, P. C., Williams, C. A., Bohrer, G., Oishi, A. C., et al. (2016). The increasing importance of atmospheric 
demand for ecosystem water and carbon fluxes. Nature Climate Change, 6(11), 1023–1027. https://doi.org/10.1038/nclimate3114

Ogée, J., Peylin, P., Ciais, P., Bariac, T., Brunet, Y., Berbigier, P., et al. (2003). Partitioning net ecosystem carbon exchange into net assimi-
lation and respiration using 13CO2 measurements: A cost-effective sampling strategy. Global Biogeochemical Cycles, 17(2), 1070. https://
doi.org/10.1029/2002gb001995

Pataki, D. E., Ehleringer, J. R., Flanagan, L. B., Yakir, D., Bowling, D. R., Still, C. J., et al. (2003). The application and interpretation of 
Keeling plots in terrestrial carbon cycle research. Global Biogeochemical Cycles, 17(1), 1022. https://doi.org/10.1029/2001GB001850

Pazdur, A., Nakamura, T., Pawelczyk, S., Pawlyta, J., Piotrowska, N., Rakewski, A., et al. (2007). Carbon isotopes in tree rings: Climate and 
the Suess effect interferences in the last 400 years. Radiocarbon, 49(2), 775–788.

Raczka, B., Biraud, S. C., Ehleringer, J. R., Lai, C.-T., Miller, J. B., Pataki, D. E., et al. (2017). Does vapor pressure deficit drive the season-
ality of δ13C of the net land-atmosphere CO2 exchange across the United States?. Journal of Geophysical Research: Biogeosciences, 122, 
1969–1987. https://doi.org/10.1002/2017JG003795

Rastogi, B., Berkelhammer, M., Wharton, S., Whelan, M. E., Itter, M. S., Leen, J. B., et al. (2018). Large uptake of atmospheric OCS observed 
at a moist old growth forest: Controls and implications for carbon cycle applications. Journal of Geophysical Research: Biogeosciences, 
123(11), 3424–3438. https://doi.org/10.1029/2018JG004430

Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P., et al. (2005). On the separation of net ecosystem exchange 
into assimilation and ecosystem respiration: Review and improved algorithm. Global Change Biology, 11(9), 1424–1439. https://doi.
org/10.1111/j.1365-2486.2005.001002.x

Schlesinger, W. H., & Jasechko, S. (2014). Transpiration in the global water cycle. Agricultural and Forest Meteorology, 189–190, 115–117. 
https://doi.org/10.1016/j.agrformet.2014.01.011

Seibt, U., Rajabi, A., Griffiths, H., & Berry, J. A. (2008). Carbon isotopes and water use efficiency: Sense and sensitivity. Oecologia, 155, 
441–454. https://doi.org/10.1007/s00442-007-0932-7

Sonnerup, R. E., Quay, P. D., McNichol, A. P., Bullister, J. L., Westby, T. A., & Andereson, H. L. (1999). Reconstructing the oceanic 13C Suess 
effect. Global Biogeochemical Cycles, 13(4), 857–872.

Starkenburg, D., Metzger, S., Fochesatto, G. J., Alfieri, J. G., Gens, R., Prakash, A., & Cristóbal, J. (2016). Assessment of Despiking Methods 
for Turbulence Data in Micrometeorology. Journal of Atmospheric and Oceanic Technology, 33(9), 2001–2013. http://doi.org/10.1175/
jtech-d-15-0154.1

Still, C. J., Berry, J. A., Ribas-Carbo, M., & Helliker, B. R. (2003). The contribution of C3 and C4 plants to the carbon cycle of a tallgrass 
prairie: An isotopic approach. Oecologia, 136(3), 347–359. https://doi.org/10.1007/s00442-003-1274-8

Suess, H. E. (1955). Radiocarbon Concentration in Modern Wood. Science, 122(3166), 415–417.
Suits, N. S., Denning, A. S., Berry, J. A., Still, C. J., Kaduk, J., Miller, J. B., & Baker, I. T. (2005). Simulation of carbon isotope discrimination 

of the terrestrial biosphere. Global Biogeochemical Cycles, 19(1), 1–15. https://doi.org/10.1029/2003GB002141
Tans, P. P., Crotwell, A. M., & Thoning, K. W. (2017). Abundances of isotopologues and calibration of CO2 greenhouse gas measurements. 

Atmospheric Measurement Techniques, 10(7), 2669–2685. https://doi.org/10.5194/amt-10-2669-2017
Thorpe, A. S., Barnett, D. T., Elmendorf, S. C., Hinckley, E. L. S., Hoekman, D., Jones, K. D., et al. (2016). Introduction to the sampling 

designs of the National Ecological Observatory Network Terrestrial Observation System. Ecosphere, 7(12), 1–11. https://doi.org/10.1002/
ecs2.1627

Tipple, B. J., & Pagani, M. (2007). The Early Origins of Terrestrial C4 Photosynthesis. Annual Review of Earth and Planetary Sciences, 35(1), 
435–461. https://doi.org/10.1146/annurev.earth.35.031306.140150

Tissue, D. T., Barbour, M. M., Hunt, J. E., Turnbull, M. H., Griffin, K. L., Walcroft, A. S., & Whitehead, D. (2006). Spatial and temporal 
scaling of intercellular CO2 concentration in a temperate rain forest dominated by Dacrydium cupressinum in New Zealand. Plant, Cell 
and Environment, 29(4), 497–510. https://doi.org/10.1111/j.1365-3040.2005.01427.x

FIORELLA ET AL.

10.1029/2020JG005862

19 of 20

https://doi.org/10.1007/BF00380063
https://doi.org/10.1007/BF00328400
https://doi.org/10.1111/j.1365-2486.2009.02041.x
http://doi.org/10.1029/2005jd006932
https://data.neonscience.org/api/v0/documents/NEON.DOC.000465vF
https://data.neonscience.org/api/v0/documents/NEON.DOC.000465vF
https://doi.org/10.1111/nph.14626
https://doi.org/10.1175/BAMS-D-17-0307.1
https://doi.org/10.1175/BAMS-D-17-0307.1
https://data.neonscience.org/api/v0/documents/NEON.DOC.004571vB
https://data.neonscience.org/api/v0/documents/NEON.DOC.004571vB
https://doi.org/10.5194/gmd-10-3189-2017
https://doi.org/10.1034/j.1600-0889.2003.00020.x
http://data.neonscience.org
https://doi.org/10.48443/bway-hc74
https://doi.org/10.1038/nclimate3114
https://doi.org/10.1029/2002gb001995
https://doi.org/10.1029/2002gb001995
https://doi.org/10.1029/2001GB001850
https://doi.org/10.1002/2017JG003795
https://doi.org/10.1029/2018JG004430
https://doi.org/10.1111/j.1365-2486.2005.001002.x
https://doi.org/10.1111/j.1365-2486.2005.001002.x
https://doi.org/10.1016/j.agrformet.2014.01.011
https://doi.org/10.1007/s00442-007-0932-7
http://doi.org/10.1175/jtech-d-15-0154.1
http://doi.org/10.1175/jtech-d-15-0154.1
https://doi.org/10.1007/s00442-003-1274-8
https://doi.org/10.1029/2003GB002141
https://doi.org/10.5194/amt-10-2669-2017
https://doi.org/10.1002/ecs2.1627
https://doi.org/10.1002/ecs2.1627
https://doi.org/10.1146/annurev.earth.35.031306.140150
https://doi.org/10.1111/j.1365-3040.2005.01427.x


Journal of Geophysical Research: Biogeosciences

Trolier, M., White, J. W. C., Tans, P. P., Masarie, K. A., & Gemery, P. A. (1996). Monitoring the isotopic composition of atmospheric 
CO2: Measurements from the NOAA global air sampling network. Journal of Geophysical Research, 101(20), 25897–25916. https://doi.
org/10.1029/96jd02363

Unger, S., Máguas, C., Pereira, J. S., Aires, L. M., David, T. S., & Werner, C. (2010). Disentangling drought-induced variation in ecosystem 
and soil respiration using stable carbon isotopes. Oecologia, 163(4), 1043–1057. https://doi.org/10.1007/s00442-010-1576-6

Wang, H., Prentice, I. C., Davis, T. W., Keenan, T. F., Wright, I. J., & Peng, C. (2017). Photosynthetic responses to altitude: an explanation 
based on optimality principles. New Phytologist, 213(3), 976–982. https://doi.org/10.1111/nph.14332

Wehr, R., Munger, J. W., McManus, J. B., Nelson, D. D., Zahniser, M. S., Davidson, E. A., et al. (2016). Seasonality of temperate forest pho-
tosynthesis and daytime respiration. Nature, 534(7609), 680–683. https://doi.org/10.1038/nature17966

Wehr, R., & Saleska, S. R. (2015). An improved isotopic method for partitioning net ecosystem-atmosphere CO2 exchange. Agricultural and 
Forest Meteorology, 214(215), 515–531. https://doi.org/10.1016/j.agrformet.2015.09.009

Wen, X.-F., Meng, Y., Zhang, X.-Y., Sun, X.-M., Lee, X. (2013). Evaluating calibration strategies for isotope ratio infrared spectroscopy for at-
mospheric 13CO2 / 12CO2 measurement. Atmospheric Measurement Techniques, 6(6), 1491–1501. http://doi.org/10.5194/amt-6-1491-2013

Wingate, L., Ogée, J., Burlett, R., Bosc, A., Devaux, M., Grace, J., et  al. (2010). Photosynthetic carbon isotope discrimination and 
its relationship to the carbon isotope signals of stem, soil and ecosystem respiration. New Phytologist, 188(2), 576–589. https://doi.
org/10.1111/j.1469-8137.2010.03384.x

Wingate, L., Seibt, U., Moncrieff, J. B., Jarvis, P. G., & Lloyd, J. (2007). Variations in 13C discrimination during CO2 exchange by Picea sitch-
ensis branches in the field. Plant, Cell and Environment, 30(5), 600–616. https://doi.org/10.1111/j.1365-3040.2007.01647.x

Xu, K., Pingintha-Durden, N., Luo, H., Durden, D., Sturtevant, C., Desai, A. R., et al. (2019). The eddy-covariance storage term in air: 
Consistent community resources improve flux measurement reliability. Agricultural and Forest Meteorology, 279, 107734. http://doi.
org/10.1016/j.agrformet.2019.107734

Yakir, D., & Sternberg, L. D. S. L. (2000). The use of stable isotopes to study ecosystem gas exchange. Oecologia, 123(3), 297–311. https://
doi.org/10.1007/s004420051016

Zomer, R. J., Trabucco, A., Bossio, D. A., & Verchot, L. V. (2008). Climate change mitigation: A spatial analysis of global land suitability for 
clean development mechanism afforestation and reforestation. Agriculture, Ecosystems and Environment, 126(1–2), 67–80. https://doi.
org/10.1016/j.agee.2008.01.014

FIORELLA ET AL.

10.1029/2020JG005862

20 of 20

https://doi.org/10.1029/96jd02363
https://doi.org/10.1029/96jd02363
https://doi.org/10.1007/s00442-010-1576-6
https://doi.org/10.1111/nph.14332
https://doi.org/10.1038/nature17966
https://doi.org/10.1016/j.agrformet.2015.09.009
http://doi.org/10.5194/amt-6-1491-2013
https://doi.org/10.1111/j.1469-8137.2010.03384.x
https://doi.org/10.1111/j.1469-8137.2010.03384.x
https://doi.org/10.1111/j.1365-3040.2007.01647.x
http://doi.org/10.1016/j.agrformet.2019.107734
http://doi.org/10.1016/j.agrformet.2019.107734
https://doi.org/10.1007/s004420051016
https://doi.org/10.1007/s004420051016
https://doi.org/10.1016/j.agee.2008.01.014
https://doi.org/10.1016/j.agee.2008.01.014

	Calibration Strategies for Detecting Macroscale Patterns in NEON Atmospheric Carbon Isotope Observations
	Abstract
	Plain Language Summary
	1. Introduction
	2. Background
	2.1. NEON Site Locations and Data Preprocessing
	2.2. Carbon Fractionation Background
	2.3. Carbon Isotope Fluxes

	3. Methods
	3.1. Calibration Data
	3.2. Gain-And-Offset Method Calibrating Individual Isotopologues
	3.3. Direct Calibration of δ13C Values and CO2 Mole Fractions Using Linear Regression
	3.4. Post-Calibration Data Processing

	4. Results and Discussion
	4.1. Performance of Calibration Methods
	4.2. Cross-Site Annual Patterns
	4.3. Temporal Variation in Vertical Profiles

	5. Conclusions
	Data Availability Statement
	References


