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Peatlands hold up to one-third of the global organic carbon (C) stock and are
considered a critical C sink. Climate models project that the rate of warming in
northern peatlands will continue throughout the 21st century, with the greatest
warming occurring during the non-growing season (NGS), which is poorly
represented in current in-situ measurements. As a result, the contribution of
NGS fluxes to annual peatland CO, budgets remains uncertain. Remotely sensed
and modeled data products offer a potential means to estimate year-round fluxes,
but their performance in peatland ecosystems has not been fully evaluated. In this
study, we used the remotely sensed and modeled Soil Moisture Active Passive
Level 4 Global Daily EASE-Grid C NEE (SMAP-NEE) data product to acquire 9 years
(2015-2023) of SMAP-NEE data for five peatlands. We compared these values to a
subset of year-round eddy covariance NEE (EC-NEE) measurements within this
time frame at each of the five peatland sites. The analyses showed that the SMAP-
NEE data product reports a stronger growing season (GS) sink and a weaker NGS
source than the EC-NEE measurements. Using the relationship between SMAP-
NEE and EC-NEE, we produced a Corrected-SMAP-NEE dataset, which provided
an estimate of seasonal and annual carbon dioxide (CO,) budgets. Our data
analyses of the Corrected-SMAP-NEE dataset showed that NGS CO, emissions
represented a highly variable proportion (33%—-256%) of the GS CO, uptake, that
reduced the annual CO; sink strength proportionally. This work demonstrates the
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necessity of monitoring during the NGS and highlights the importance of
incorporating peatland data into model training to improve CO, flux estimates
in these environments.

KEYWORDS

carbon dioxide, eddy covariance, growing season, net ecosystem exchange, non-growing

season, peatland, remote sensing

1 Introduction

Peatlands are wetlands that have accumulated a layer of
organic soil, or peat, of 30 cm or deeper (NWWG - National
Wetlands Working Group, 1988). Despite occupying only 3% of
global terrestrial land area, they are critical stores of organic
carbon (C), storing 15%-30% of the terrestrial soil C pool
(Gorham, 1991; Post et al, 1982; UNEP, 2022). Specifically,
northern (boreal and subarctic) peatlands, representing 57% of
the global distribution of peatlands (UNEP, 2022), are estimated
to store up to 88% of the total peatland C stock (Yu et al., 2010),
with yearly C sequestration capacity in this region as high as
96 Tg Cyr' (Gallego-Sala et al., 2018). Organic C accumulation in
peatland ecosystems occurs because carbon dioxide (CO,)
fixation from the atmosphere by vegetation via gross primary
production (GPP) exceeds CO, loss via ecosystem respiration
(ER), which is the sum of plant (autotrophic) respiration and
respiration by heterotrophic microorganisms (Chapin et al,
2006). The difference between ER and GPP is the net
ecosystem exchange (NEE), (NEE = ER-GPP) (Chapin et al,
2006). NEE varies seasonally, typically switching from negative
(net CO, uptake) during the growing season (GS) (Coffer and
Hestir, 2019; Lund et al., 2010) to positive (net CO, release)
during the non-growing season (NGS; i.e., fall, winter, and spring)
(Natali et al., 2019; Rafat et al., 2021). However, due to variability
in C cycling processes, both uptake and release of CO, could occur
in either the GS or NGS (Lund et al., 2010; Lafleur et al., 2003). An
understanding of C dynamics in both the GS and NGS, as well as
their interaction, is crucial in predicting how peatland CO,
emissions will respond to a changing climate.

With climate change, the rate of increase in air temperature in
the Northern hemisphere is greater than the global average (Hu
et al., 2021; Jeong et al., 2012). As a result, there is concern about
northern peatlands’ future CO, sink strength due to the strong
temperature sensitivity of C cycling processes (Rafat et al., 2022;
Ward et al., 2019). Recent climate projections for boreal peatlands
indicate higher air temperatures of about 2.5 “C-7.5 °C by the year
2,100 (Jensen et al., 2019). These rising temperatures and the
associated response of peatland ecosystems could result in
substantial releases of CO, to the atmosphere (Limpens et al.,
2008; Lunt et al., 2019). At these high latitudes, warming is more
pronounced during the NGS, while, at the same time, the duration
of the NGS is decreasing (Rafat et al., 2022; Barnard et al., 2018;
Liu et al., 2018). While there is a wealth of literature examining the
impacts of temperature-based effects on CO, fluxes in northern
peatlands, the outcomes have been highly variable across a range
of peatland types. In some cases, increased precipitation and a
longer GS may increase GPP, resulting in greater annual net CO,
uptake in northern peatlands (Gallego-Sala et al., 2018; Liu et al.,
2019; Lunt et al.,, 2019). However, rising temperatures may also
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accelerate soil organic C (SOC) decomposition, thereby
increasing C losses by respiration, resulting in reduced annual
net CO, uptake or net release of CO, (Coffer and Hestir, 2019;
Luntetal., 2019). GPP and ER are also interdependent on nutrient
availability, as faster SOC decomposition makes soil nutrients
more available and most of the vegetation nutrient supply comes
from recycling plant detritus, fostering GPP (Hobbie and George,
2014). It is generally accepted that both GPP and ER will increase
with climate change, but their relative changes and, in turn, the
change in the balance between them will ultimately impact how
peatlands’ annual NEE fluxes respond to climate warming
(Gallego-Sala et al., 2018).

Eddy covariance (EC) is a micrometeorological technique that
provides a means to derive nearly continuous net CO, exchange
(i.e., NEE) by calculating the covariance between the fluctuations
of vertical wind velocity and the CO, mixing ratio (Baldocchi
etal,, 2018). The EC setup could consist of either an open-path or
closed-path infrared gas analyser (IRGA) (Haslwanter et al,
2009). Open-path analysers are typically located in the same
location as the sonic anemometer, measuring gas
concentrations at that location, whereas, closed-path analysers
are typically located inside a weather-proof enclosure, measuring
gas concentrations that come down from an intake near the
location of the sonic anemometer (Haslwanter et al., 2009).
Open-path  analysers, while

requiring less power and

maintenance, are exposed to the elements influencing
measurement accuracy and resulting in more data gaps when
the sensor is dirty or wet (Haslwanter et al., 2009). In northern
peatland sites, which are typically remote, collecting EC data may
be both expensive and logistically challenging, notably during
harsh winter conditions (Coffer and Hestir, 2019; Limpens et al.,
2008; Lunt et al., 2019). Additionally, direct measurements of
NGS NEE are still relatively rare due to the challenges of using
open-path EC equipment in the winter (Dutch et al., 2024).

To combat these challenges, we tested NASA’s Soil Moisture
Active Passive Level 4 C Net Ecosystem Exchange (SMAP-NEE)
data product (Kimball et al., 2022). This data product provides daily
estimates of NEE, GPP, and heterotrophic respiration (HR) from a
satellite data-driven terrestrial C flux model at a 9 km spatial
resolution (Kimball et al, 2022). The following variables are
input into the algorithm to produce the derived C data product:
500 m resolution Moderate Resolution Imaging Spectroradiometer
(MODIS)-based global plant functional type (PFT) classification
(from MCD12Q1 Type 5) (Friedl and Sulla-Menashe, 2019), 500 m
resolution Fraction of Photosynthetically Active Radiation (fPAR)
(from VIIRS VPN15A2) (Giglio, 2024), 9 km resolution SMAP
Level-4 soil moisture data (SPLASMGP) (Reichle et al., 2025), %
degree resolution pre-processed global, daily averaged meteorology
data from the GEOS-5 Forward Processing (GEOS-5 FP) system

(Rienecker et al., 2008; Kimball et al., 2022; Jones et al., 2017). The
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SMAP algorithm uses a light use efficiency model to estimate GPP
and a terrestrial C flux model to estimate respiration, NEE, and soil
organic carbon pools (Kimball et al., 2022). GPP is calculated from
environmental inputs (minimum air temperature, vapor pressure
deficit, freeze-thaw status, soil moisture, fPAR, and solar radiation)
using plant functional type specific modifiers that account for
differences in vegetation responses to environmental conditions
(Kimball et al, 2022). NEE is then calculated using GPP, soil
moisture, and surface temperature (Kimball et al., 2022). The
model parameters are defined using a biome properties look-up
table calibrated against a global network of in-situ EC CO, flux
(2000-2008) from the FLUXNET La Thuile
Collection, representing eight major plant functional types (i.e.,

measurements

Evergreen needleleaf, evergreen broadleaf, deciduous needleleaf,
deciduous broadleaf, shrub, grass, cereal crop, and broadleaf
crop) (Kimball et al., 2022; Endsley et al., 2023). While previous
work has explored peatland-specific applications of a similar
terrestrial C flux modelling framework (Watts et al, 2014),
the SMAP model does not include a peatland-specific plant
functional type. This model instead represents peatlands through
revised soil properties in the soil moisture product (i.e., higher
soil porosity), which impacts these inputs for the C flux model
(Endsley et al., 2023). The targeted accuracy for the SMAP-NEE
data product is a mean unbiased root-mean-square error
(MURMSE) of 1.6 g C m? day”, or 30 g C m? year™, which is
reported as similar to the accuracy of EC observations (Endsley
et al., 2023).

The SMAP-NEE data product has been used to estimate NEE in
northern regions where in-situ measurements are relatively sparse,
particularly in western Siberia where there is extensive peatland
coverage (Karlsson et al., 2021; Zolkos et al., 2022). Karlsson et al.
(2021) found that monthly mean NEE ranged from -1.88 to
0.64 g C m? day" in the western Siberian lowlands, using the
SMAP-NEE data product (Karlsson et al., 2021). In the Mackenzie
Lowlands and Travaillant Uplands, in the Northwest Territories in
Canada, Zolkos et al. (2022), estimated that NEE ranged
from —0.60 to —0.82 g C m™ day™ for the period of June through
August of 2016 (Zolkos et al., 2022). They highlight, however, that
SMAP-NEE has higher applicability at multi-kilometer spatial
scales, evidenced by their comparison of mean summertime
SMAP-NEE to EC flux tower observations (Zolkos et al., 2022).
While the SMAP-NEE data product has been evaluated against EC
towers in the United States, Australia, and recently the Arctic Boreal
Zone (Jones et al., 2017; Madelon et al., 2025), its assessment in
peatlands remains limited.

In this study, we analyzed observations of net CO, fluxes from
five Canadian peatland sites, spanning four ecoclimate zones, to
determine: (1) the difference between daily SMAP-NEE estimates
and daily eddy covariance NEE (EC-NEE), (2) the proportion of the
net GS CO, uptake offset by net NGS emissions, and (3) inter-
seasonal and inter-site differences in NEE trends. The quantification
of NGS and GS CO, fluxes will improve our understanding of
annual NEE dynamics in peatland ecosystems and how resilient
their CO, sink status may be to changes in climatic conditions. This
study presents the first direct comparison between EC tower
measurements and the SMAP-NEE data product in peatlands,
providing a critical evaluation of its performance and its
suitability for estimating NEE in these ecosystems.
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FIGURE 1

Map of five peatland sites located in Canada and associated

climate stations within Ecoregions of Canada. The five peatland sites
are included: Delta Burns Bog (CA-DBB), Kinoje Lake Peatland (CA-
KLP), Robinsons Natural Bog (CA-RPn), Robinsons Peatland

Pasture (CA-RPp), Scotty Creek Bog (CA-SCB).

2 Materials and methods
2.1 Site descriptions

The AmeriFlux and Fluxnet databases were searched for
peatland sites across Canada for the availability of EC-NEE data
for any period aligning with the SMAP-NEE data product’s
collection period for both the GS and NGS. Five peatlands had
data for the period that aligned with SMAP-NEE (from
2015 onwards), including Kinoje Lake Peatland (CA-KLP) in
Ontario, Robinsons  Peatland  Pasture =~ (CA-RPp) in
Newfoundland, Robinsons Natural Bog (CA-RPn) in
Newfoundland, Delta Burns Bog (CA-DBB) in British Columbia,
and Scotty Creek Bog (CA-SCB) in the Northwest Territories
(Figure 1). Sites differed in their conditions, including climate
and vegetation (see Tables 1, 2).

2.2 Data acquisition and processing

The eddy covariance (EC) CO, flux data were acquired directly
from site principal investigators and the Ameriflux network. The EC
instrumentation and data processing procedure differed between
sites (see Supplementary Table S1). Processing of the EC data for
CA-SCB and CA-DBB was performed according to the method
outlined in Wang et al. (2018), as this was also how the data for CA-
RPp and CA-RPn were treated prior to use for this study. This
method was adopted to standardize the quality control, gap-filling,
and flux partitioning procedure. The gap-filled datasets were used to
calculate daily average fluxes for each site, using only days where
70% or more of the half-hourly fluxes were present. In the case of
CA-KLP, the dataset was acquired as daily average fluxes pre-
processed according to Humphreys et al. (2014), and as such
were only post-processed by removing days with <70% of the
half-hourly fluxes present. Notable data gaps, as well as the
timespans used in further calculations, are presented in
Supplementary Table S1. The SMAP-NEE data were acquired
from the Oak Ridge National Laboratory Distributed Active
Archive Center (ORNL DAAC) using NASA’s Fixed Sites Subset
Tools and their satellite remote sensing and modelled data products
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TABLE 1 Site descriptions including climate types and historical meteorological parameters (Christen and Knox, 2021; Environment and Climate Change
Canada, 2023; Environmental Protection Agency, 2024; Humphreys et al., 2014; Sonnentag and Quinton, 2021; Wang et al., 2018).

Site full Site Coordinates Ecoregion** Koppen Nearest  Mean daily air Mean Mean
name shortform climate weather temperature annual annual
classification station ("C) rainfall  snowfall
(km from (mm) (mm)
site)
Delta CA-DBB 49.1293°N, MWCF Csb Vancouver 104 1,153 38
burns bog 122.9849°W Int’l A* (16)
Kinoje lake CA-KLP 51.5902°N, HP Dfb Moosonee (85) -0.5 503 227
peatland 81.7684°'W
Robinsons CA-RPn 48.2604°N, SS Dfb Stephenville 5.0 995 393
natural bog 58.6632°W A* (31)
Robinsons CA-RPp 48.2632°N, SS Dfb Stephenville 5.0 995 393
peatland 58.6670°"W A* (31)
pasture
Scotty CA-SCB 61.3089°N, TP Dfc Fort simpson -2.8 239 187
creek bog 121.2984°W A* (50)

*Indicates a station that meets the United Nations World Meteorological Organization standards.
**Shortforms for the ecoregions are as follows: Taiga Plain (TP), Hudson Plain (HP), Softwood Shield (SS), and Marine West Coast Forest (MWCF).

TABLE 2 Site descriptions including dominant vegetation, peatland classification, and peat depth.

Site Coordinates Dominant vegetation Peatland Peat Citations
classification depth (m)

CA- 49.1293°N, White beakrush, sphagnum mosses Disturbed and 5.83-5.9 Christen et al. (2016); Lee et al. (2017);

DBB 122.9849°'W rewetted bog 4-7; 1-9 D’Acunha et al. (2019)

CA- 51.5902°N, Sphagnum mosses, lichen, sedges, shrubs Low shrub bog 14-2.7 Humpbhreys et al., (2014)

KLP 81.7684°W

CA- 48.2604'N, Sphagnum mosses, ericaceous shrubs, sedges Natural bog 1.8-2.4 Wang et al. (2018)

RPn 58.6632°W

CA- 48.2632°N, Reed canary grass, sedges, forbs Disturbed bog 1.7-2.2 Wang et al. (2018)

RPp 58.6670°W

CA- 61.3089°N, Sphagnum mosses, shrubs, isolated black spruce Collapse-scar bog >3 Helbig et al. (2017)

SCB 121.2984'W and tamarack

(Kimball et al., 2022; ORNL DAAC, 2024). For each site, the SMAP
pixel NEE value was assigned according to the location of the EC
tower. As a result of the data product’s spatial scale, ecosystem types
other than peatlands could be represented in the pixel. To account
for these spatial differences, we identified the land cover class
(Government of Canada, 2024) of the EC tower and determined
the fractional area of this land cover class within the respective
SMAP pixel (Supplementary Table S2). Then we multiplied the NEE
value for the SMAP pixel by the fractional area resulting in the final
SMAP-NEE variable.

The NGS was initially defined using a method based on Rafat
etal. (2022), where the start of the NGS was defined as the first day of
three consecutive days when the daytime air temperature fell below
1 °C, and the end of the NGS was defined as the first day of three
consecutive days where the temperature rose above 1 °C. Using this
method, we found that CA-DBB did not have a NGS for each year of
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study. Since there were periods with lower temperatures and solar
radiation aligning with periods of CO, release occurring during the
winter, we adapted our definition.

The SMAP-NEE was used to determine the GS start and end
dates, based on when NEE transitions from positive to negative
(Barnard et al., 2018), due to the extensive gaps in the EC-NEE data.
The period inside these dates represents the GS, whereas the period
outside these dates represents the NGS. To determine these dates, we
used three different methods and then took the mean (Barnard et al.,
2018; Zeileis and Grothendieck, 2005; Grolemund and Wickham,
2011; Wickham et al.,, 2023a; Wickham et al.,, 2023b). The first
method was the variable length regression (VLR) method which
calculates linear regressions on subsets of daily SMAP-NEE from
three to 7 days in length during Spring (March 1 to June 21) and Fall
(September 1 to December 1). The day with the steepest positive
slope (SMAP-NEE to the day of year (DOY)) marks the start of the
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TABLE 3 Direct comparison of average SMAP-NEE and EC-NEE and Corrected-SMAP-NEE and EC-NEE (g C m2 day™) from five study sites. Negative values
indicate underestimation, whereas positive values indicate overestimation. The p-value represents the comparison between SMAP-NEE and EC-NEE for

each site within that season.
Site Sample

size (n) Cl)

(g C m2 day™)

GS NGS p-value NGS

SMAP-NEE compared to EC-NEE, mean (95%

Corrected-SMAP-NEE compared to EC-NEE,
mean (95% Cl)
(g C m2 day™)

p-value NGS

p-value p-value

All sites | 5 5 0.37 (~0.10,0.84) 0.065 -0.20 (~0.41,0.02) 0.065 -0.01 (=0.05,0.03) 0.062 ~0.002 (~0.08,0.07) 0.062
CA-DBB | 268 | 232 0.38 (0.22,0.54) >0.001 ~0.19 (~0.30,-0.08) >0.001 ~0.04 (~0.19,0.12) 0.9 ~0.01 (=0.12,0.10) >0.001
CAKLP | 155 51 0.28 (0.18,0.37) >0.001 0.02 (~0.08,0.12) 0.012 ~0.01 (~0.08,0.06) 0.46 ~0.02 (~0.09,0.05) 0.85
CA-RPn | 36 47 | 0.1 (=0.11,0.32) 0.085 ~0.39 (~0.47,-0.30) >0.001 0.03 (~0.19,0.24) 0.40 ~0.08 (~0.16,0.01) 0.09
CA-RPp | 36 46 1.01 (0.42,1.60) 0.002 ~0.34 (~0.44,-0.25) >0.001 -0.05 (~0.57,0.47) 0.59 0.09 (-0.01,0.19) 0.005
CA-SCB | 179 149 0.07 (0.01,0.13) 0.078 ~0.09 (~0.12,-0.06) . >0.001 . 0.01 (~0.05,0.07) 0.82 0.01 (~0.02,0.04) 0.96

GS, whereas the day with the shallowest negative slope (SMAP-NEE
to DOY) marks the end of the GS. The second method is the low
smooth threshold method (LST), which marks the start of the GS as
the day when an interval averaged NEE crosses and remains below a
threshold (zero) across 5 days, whereas the end of the GS is marked
when the interval averaged NEE remains above the threshold (zero)
for 5 days, after the last possible GS start of the year. The third
method is the high smooth threshold method (HST), which is
functionally identical to the LST method, but for 10 days. The 9-
year time series (2015-2023) was separated into years from the first
GS start to the GS start of the following year, including only one GS
and one NGS per year. The average start dates for both seasons are
shown in Supplementary Table S3.

2.3 Data analysis

All data analyses were performed in R (R Core Team, 2023).
After splitting the data into the NGS and GS, based on SMAP-NEE,
the dataset was split into training and validation subsets using a
stratified random sampling approach stratified by site and season,
and also using only the dates where EC-NEE was available (no gaps)
(Kuhn, 2008). The training data represented 75% of the EC-NEE
data without gaps, whereas the validation subset represented 25%.
The training data was used to run a linear regression to identify the
relationship between SMAP-NEE and EC-NEE on a site-by-site
basis separated seasonally. The resulting equations were applied to
the original SMAP-NEE dataset to generate a Corrected-SMAP-
NEE dataset, reflecting the substantial mismatch between the
SMAP-NEE and EC-NEE (Table 3). This approach was adopted
to quantify and correct for biases observed in the SMAP-NEE data
product, consistent with our objectives of evaluating its performance
in peatland ecosystems, rather than developing a new predictive
model. A linear correction was selected as a transparent and
interpretable method appropriate for the number of study sites
and was applied on a site- and season-specific basis to capture spatial
and temporal variability in model bias, thereby improving the
accuracy of subsequent analyses. The validation data was used to
determine how well the SMAP-NEE/Corrected-SMAP-NEE data
product estimates EC-NEE, by first calculating the difference
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between daily SMAP-NEE/Corrected-SMAP-NEE and daily EC-
NEE for all available days and then taking the average. As an
additional validation metric, the root mean squared error
(RMSE) was calculated, given the large sample size, to compare
with the target mean unbiased RMSE for the SMAP-NEE/
Corrected-SMAP-NEE data product using:

T )
RSME = 1 /;Zi=1 (yi-5.)

where # is the number of data points, y; is the estimated value
(SMAP-NEE and Corrected-SMAP-NEE) for the ith data point, and
$; is the measured value (EC-NEE) for the ith data point.
Additionally, the Kruskal Wallis and Wilcoxon comparisons were
used to determine the differences between different measures of
daily NEE, partitioned by site, and year.

The resulting Corrected-SMAP-NEE dataset was used for the
remainder of the analyses where the cumulative fluxes of the NGS to
the GS were compared by calculating the percentage of net GS NEE
to net NGS NEE ((net NGS NEE/net GS NEE) x 100%). The Kruskal
Wallis and Wilcoxon tests were also used to determine if there were
differences in annual and seasonal estimates of Corrected-SMAP-
NEE between sites and to determine if there were differences in
Corrected-SMAP-NEE between seasons. Statistical significance was
assessed at p < 0.05. To evaluate the relative variability of respective
measures of NEE, we calculated the coefficients of variability (CV),
which is defined as the standard deviation divided by the mean and
reported as a percentage. We then used the Kruskal-Wallis and
pairwise Wilcoxon tests to determine if there were differences
between these measures.

3 Results

3.1 Direct comparison of daily SMAP-NEE
and EC-NEE

Comparing the daily GS SMAP-NEE to the daily GS EC-NEE
(Figures 2a-e), with all sites considered, on average SMAP-NEE
values were greater than EC-NEE values by 0.37 g C m™ day™ (95%
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FIGURE 2

Scatterplots of Eddy Covariance NEE (EC-NEE; g C m™ days™) vs. Soil Moisture Active Passive NEE (SMAP-NEE; g C m™? days™) by site with their linear
regression relationships and associated R? and p-values. The top row represents the growing season (GS), whereas the bottom row represents the non-
growing season (NGS). The dashed black line represents the 1:1 line. Sites are represented by colour and shape. Sites are represented by colour and by the
following labels: CA-DBB (a,f), CA-KLP (b,g), CA-RPn (c,h), CA-RPp (d,i), CA-SCB (e,j).

confidence interval (CI)=(-0.10,0.84)) (Table 3). Greater SMAP-
NEE values relative to the EC-NEE values were also found at each of
the five sites (Table 3). When comparing the daily NGS SMAP-NEE
to the daily NGS EC-NEE (Figures 2{-j), with all sites considered, on
average SMAP-NEE values were smaller than EC-NEE values by
0.20 g C m™? day ' (95% CI= (-0.41,0.02)) (Table 3). All sites during
the NGS, except CA-KLP, share this finding of SMAP-NEE values
being smaller than EC-NEE values, whereas at CA-KLP, SMAP-
NEE values were greater on average than EC-NEE values by
0.02 g C m™ day" (95% CI=(-0.08,0.12)) (Table 3). With all sites
considered the RMSE for the daily fluxes for SMAP-NEE during the
GS was 1.06 g C m” day™’, whereas during the NGS the RMSE was
0.62 g C m” day'. Both RMSE values are within SMAP’s target
mean unbiased RMSE indicating that the model performs within
their target.

The correction (Corrected-SMAP-NEE) performed on a site-by-
site basis greatly reduced the variability of the SMAP-NEE fluxes,
particularly during the NGS. After the correction, with all sites
considered for the GS, on average Corrected-SMAP-NEE were
smaller than EC-NEE values by 0.01 g C m™ day' (95% Cl=
(=0.05,0.03)) (Table 3). CA-KLP, CA-RPp, and CA-DBB also
share this tendency, whereas at CA-RPn and CA-SCB Corrected-
SMAP-NEE values were greater than EC-NEE values by 0.03 (95%
CI=(-0.19,0.24)), and 0.01 (95% CI=(-0.05,0.07)) g C m™ day’,
respectively (Table 3). After the correction, with all sites
considered for the NGS, on average Corrected-SMAP-NEE were
smaller than EC-NEE values by 0.002 g C m™ day” (95% Cl=
(—0.08,0.07)). CA-KLP, CA-RPn, and CA-DBB share this tendency,
whereas at CA-RPp, and CA-SCB Corrected-SMAP-NEE values
were greater than EC-NEE values by on average 0.09 (95% CI=(-
0.01,0.19)), and 001 (95% CI=(-0.02,0.04)) g C m? day’,
respectively (Table 3). Additionally, the RMSE with all sites
considered for the daily fluxes for the Corrected-SMAP-NEE
during the GS was 0.94 g C m™ day’', whereas during the NGS
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0.57 g C m™ day . These RMSE values are lower than those for the
SMAP-NEE dataset, representing a more accurate model estimation
of measured fluxes. For the coefficients of variation, we found that
SMAP-NEE after correcting for LULC within the pixel had the
highest CV followed by unprocessed SMAP-NEE (Supplementary
Table S4). The variability of the SMAP-NEE dataset was greatly
reduced when we implemented the site-by-site correction, but it
better reflected the variability of the EC-NEE dataset
(Supplementary Table S4).

The target mean unbiased RMSE for SMAP-NEE is less than or
equal to 1.6 g C m™ day’, which they report as similar to the
accuracy of EC observations (Endsley et al., 2023). The unprocessed
SMAP-NEE dataset meets this target where the RMSE for the GS is
1.06 g C m? day™, but for the NGS is 0.62 g C m™ day'. However,
given the lower productivity of peatlands, reaching these targets
could still lead to erroneous source or sink attributions at these
sites. We found that based on mean daily NEE, SMAP-NEE
generally captured the interannual variability in shifting from
sink to source (Supplementary Figure S1). Based on annual
NEE SMAP-NEE, these differences in measures of NEE have a
cumulative effect in which SMAP-NEE does not capture the
sink or source trend of that site in that year (Supplementary
Figure S1). The correction (Corrected-SMAP-NEE) reduced
the RMSE in the GS to 0.94 g C m™” day” and to 0.57 g C m’
> day' for the NGS. Overall, the correction reduced the
difference between the SMAP-NEE and EC-NEE fluxes, resulting
in seasonal and annual budgets that better reflect the in-situ
environment (Table 4).

3.2 NGS emissions compared to GS uptake
for corrected-SMAP-NEE

The cumulative NEE for the entire study period, as well as the
mean cumulative and daily Corrected-SMAP-NEE fluxes of CO, for
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TABLE 4 Derived and literature reported daily and cumulative non-growing season (NGS) and growing season (GS) and annual Corrected-SMAP-NEE fluxes of
CO; for the five peatland sites of a dataset from 2015 to 2023 (Kimball et al., 2022; ORNL DAAC, 2018; Satriawan et al., 2023). (a-e) Different superscript
letters indicate statistical significance between sites within that period.

Site Mean season Mean daily NEE (95% Cl) Mean cumulative NEE Literature reported Method
duration (95% (g C m2 day™) (95% CI) cumulative NEE (g and
Cl) (g C m™2 period™) C m™ period™) citation
(days)
GS [\ [€} Annual GS NGS Annual GS NGS Annual
All 146 218 -0.61 033 -0.05 -90.5 70.7 -19.8 -98.4 473 ~51.4 95% CI
sites (121,171) | (192,244) | (-1.07, —0.15) (0.07, (-0.23, 0.12) (~163.1 (16.6 (-82.5 (-174.7 | (15.1 (-105.5
0.59) -17.9) | 12438) 42.5) —22.1)% | 79.4) 2.8)*
CA- 177 188¢ -0.63¢ 0.27° ~0.17¢ ~1114° | 50.7° -60.7¢ -623+ | 500+ | -123% | 95% CI (2016-
DBB | (164,189) | (175202) | (-0.70,-0.57) | (027, | (-0.19,-0.15) | (-117.5 | (47.2 (-66.8 17.3 29.1 204 2021)
0.27) —-105.3) 54.2) —54.7) (Satriawan
et al., 2023)
CA- 132" 234° -0.55¢ 0.10° -0.14¢ -73.7° 23.0¢ -50.7¢ -59 + 9+ -51+ 95% CI (2011,
KLP | (118,147) | (219,248) | (<0.57,-0.53) | (0.10, | (=0.17,-0.11) (-850 (20.5 (-62.0 3 3¢ 15 2012)
0.10) -64.3) 25.4) -39.5) (Humphreys
et al,, 2014)
CA- 149 214° -0.26° 0.45° 0.16" -38.8° 97.2° | 584° (522 | -105+ | 59+ —46 + Mean +
RPn | (141,156) | (207,220) | (<0.29, -0.23) | (0.44, (0.14, 0.18) (-43.8 (915 64.6) 60 69 36 standard
0.47) -339) | 1028) deviation
(2014-2016)
(Wang et al,,
2018)
CA- 150° 2120 -1.21° 0.62* -0.14° -181.9¢ | 132.2° —49.7¢ 203+ | 79+ ~124 + Mean *
RPp | (143,157) | (205220) | (-1.35,-1.07) | (0.62, | (-0.2,-0.07) | (-206.7 | (127.2 (-74.0 78 89 56 standard
0.62) ~157.1) | 137.3) -25.3) deviation
(2014-2016)
(Wang et al.,
2018)
CA- 123¢ 241° -0.38" 0.21¢ 0.01° -46.6" 50.2° 3.6° (=35 | -62.8* 39.3 -235 95% CI (2015-
SCB | (116,130) | (233,250) | (-0.42,-0.34) | (0.20, | (-0.01, 0.03) (=527 (46.5 10.6) (-19.6 2016)
0.22) ~40.6) 53.9) -35.1) (Helbig et al.,
2017)

*Indicates a calculated value.

annual CO, sink from 2015-2018, then functioned as an annual CO,
sink from 2018-2023. Finally, at CA-DBB, net NGS emissions

the five peatland sites are presented in Table 4. These fluxes are
further divided into NGS, GS, and annual fluxes. The GS overall

consistently represented a period of CO, uptake, whereas the NGS
overall consistently represented a period of CO, output, despite
there being some variability at the daily scale (Table 4). At CA-KLP,
net NGS emissions accounted for on average 33.0% (95%
CI=(22.5,43.7)) of net GS uptake resulting in the site functioning
as an annual CO, sink for all years studied. At the CA-RPn site, net
NGS emissions accounted for on average 255.9% (95%
CI=(223.4,288.4)) of net GS uptake, resulting in the site
functioning as an annual CO, source for all years studied.
Moreover, at the CA-RPp site, net NGS emissions accounted for
on average 74.5% (95% CI=(65.2,83.8)) of net GS uptake, resulting in
the site functioning as an annual CO, sink for all years studied. At
CA-SCB, net NGS emissions accounted for on average 110.7% (95%
CI=(93.5,127.9)) of net GS uptake, and the site functioned as an
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accounted for on average 45.6% (95% CI=(42.2,49.0)) of net GS
uptake, resulting in the site functioning as an annual CO, sink for all
years studied.

3.3 Inter-seasonal and site differences for
corrected-SMAP-NEE

The boxplots for Corrected-SMAP-NEE separated by period
(GS, NGS, and annual fluxes) for the five peatland sites are presented
in Figure 3. Some notable patterns were that Corrected-SMAP-NEE
during the GS was always negative, whereas Corrected-SMAP-NEE
during the NGS was always positive. However, annual Corrected-
SMAP-NEE fluctuated between being positive or negative
(Figure 3). Notably, with all sites considered, the Corrected-

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2026.1838949

Hettinga et al.

= =

-g 100 =

2 - — —

g e

o 0 ==
on

& i i

m —

m

z = __

g 100] g

2 E3Gs

§ 200 B3 NGs
§ “ Annual

CA-DBB CA-KLP CA-RPn CA-RPp CA-SCB
FIGURE 3

Boxplots of Corrected-SMAP-NEE (g C m™ period™) throughout

the study period (2015-2023). The fluxes are divided into the growing
season (GS) (green), non-growing season (NGS) (blue), and annual
(purple). The white points represent the mean, which deviates

from median values. The red line across 0 represents the CO, sink or

source line.

SMAP-NEE fluxes were always significantly more positive during
the NGS, compared to the negative values during the GS (Wilcoxon
rank sum, p < 0.001, W = 0) (Table 3). There were significant
differences in Corrected-SMAP-NEE between sites during both the
GS and NGS, as well as annually (Kruskal-Wallis and Pairwise
Wilcox Test: F = 39.7, p < 0.0001; F = 40.2, p < 0.0001; and F = 35.0,
p < 0.0001, respectively).

4 Discussion

4.1 Limitations of the SMAP-NEE
data product

The findings in this study highlight the discrepancy between
in-situ NEE fluxes measured in northern peatlands and those
estimated by the SMAP data product. Conversely, in this study the
SMAP-GPP values during the GS and NGS had generally good
agreement with the values of EC-GPP (Supplementary Figure S2),
consistent with global SMAP-GPP estimates matching well with
the literature (Endsley et al., 2023). There are a number of
uncertainties that could contribute to errors in the SMAP data
product, including errors stemming from inputs and uncertainties
associated with model parameterization, initialization, and
calibration (Kimball et al., 2022). The SMAP derived C fluxes
have been derived by calibrating the SMAP C cycling model
outputs via comparison against EC tower measurements from
global FLUXNET sites representing major plant functional type
classes (Kimball et al., 2022). Neither wetlands nor peatlands are
explicitly represented in the plant functional type classes used to
calibrate SMAP, as well as other land cover types may be
represented within the large 9 by 9 km pixel size modelled by
SMAP (Jones et al., 2017). The coarse spatial resolution of SMAP
introduces a mismatch with EC flux tower footprints, which
typically sample much smaller and more homogenous areas. As
a result, sub-pixel heterogeneity in SMAP pixels may mask the
individual contributions of specific land cover types (ie.,
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peatlands) leading to the observed discrepancies between
SMAP-NEE and EC-NEE that, when aggregated, lead to
erroneous sink or source attributions (Supplementary Figure
S1). Version 7 of the validation assessment report for the
SMAP data product (Endsley et al., 2023) detailed that they
specifically validated the data product in peatlands by
comparing the derived fluxes to peatland FLUXNET tower
sites and reported that SMAP data generally reproduces the
patterns of peatland sites, whereby peatlands have lower
seasonal NEE amplitudes compared to non-peatland sites. Our
finding that the SMAP-NEE values were higher than EC-NEE
values during the GS and lower during the NGS demonstrates that
using the uncorrected SMAP-NEE dataset would result in
peatlands being estimated to be stronger GS CO, sources and
weaker NGS CO, sinks. We propose that further validation
exercises of the SMAP-NEE data product leverage the wealth
of publicly available globally distributed peatland EC-NEE data
and make these comparisons available to end users. Moreover, the
EC-derived NEE data may introduce additional sources of
uncertainty and potential bias. Although efforts were made to
standardize processing, the data were subjected to site-specific
preprocessing prior to inclusion in AmeriFlux. Differences among
sites in record length, data completeness, and the relative
representation of GS versus NGS conditions may influence
model performance and lead to site-dependent variability in
results. These factors may lead to site-dependent variability in
model performance and could bias comparisons across sites. As a
result, part of the observed variability in model performance may
reflect differences in data quality and representativeness rather
than model performance alone. These uncertainties should be
considered when interpreting the results.

4.2 Correcting SMAP-NEE is valuable,
permitting data availability

The SMAP data product is advantageous because it (1) enables
the estimation of peatland C fluxes throughout both the GS and
NGS, with no limitations due to equipment failure during the harsh
conditions of the NGS in cold regions, and (2) allows for inexpensive
data collection throughout the NGS and GS and across years in
hard-to-access high latitude peatlands. However, our findings show
that the C fluxes derived by the SMAP data product have their
limitations. Additionally, while the correction of the SMAP data
improved the accuracy of the SMAP dataset, it is likely that several
years of in-situ data per site would be needed to have the correction
be meaningful. If there were several years of EC-NEE data, as well as
additional meteorological information resulting from the EC
method, a better route for long-term assessment of C cycling
trends would be to generate models on a site-by-site basis.
Moreover, while this study leveraged EC flux data from
Canadian peatland sites temporally coinciding with the SMAP-
NEE observation period, future work could extend this approach
by incorporating global peatland observations. An area for future
extension would be, upon the inclusion of additional peatland sites,
using the relationship between EC-NEE and SMAP-NEE at all sites
to correct SMAP-NEE (Supplementary Table S5; Supplementary
Figure S3), and extrapolating this correction relationship to
additional peatland sites. The relative similarity of the linear
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regression parameters between the EC-NEE and SMAP-NEE used
for the SMAP data correction across the 5 sites suggests that such a
general correction relationship for peatland sites may be possible.
However, the agreement between the Corrected-SMAP-NEE and
EC-NEE was better on a site-by-site basis. Future work should
consider implementing a spatial or temporal blocking approach to
provide a more independent evaluation of model performance. Such
approaches were not feasible with the dataset used in this study and
may result in more conservative performance estimates than those
reported here. Our findings suggest that the SMAP-NEE data
product should be corrected prior to generating estimates for
peatland sites. In addition, machine learning approaches could be
explored in future work to better capture potentially non-linear
relationships between SMAP-NEE and EC-NEE. This approach may
improve upon the relatively limited explanatory power of the linear
correction applied here, despite its improvement over the
uncorrected product.

4.3 CO; sink strength varies with
NGS emissions

The data analyses in this study showed that net NGS CO, release
represented between 33% and 256% of the net GS CO, uptake. This
range was higher than that reported by Zhao et al. (2016), who found
that NGS CO, emissions from four studies accounted for 16%-80%
of GS CO, uptake in boreal peatlands. Specifically, at CA-KLP, CA-
RPp, and CA-DBB GS CO, uptake offset by NGS CO, emissions fell
within the range reported by Zhao et al. (2016), whereas CA-SCB
was slightly higher than their reported range (110.7%), and CA-RPn
was over 3X higher than the maximum range value. The two
Newfoundland Sites (CA-RPp and CA-RPn) had the highest
daily NGS emissions (0.62, and 0.45 g C m™ day’, respectively)
despite having the shortest NGS period. We hypothesize this result
comes from climatic differences as the two Newfoundland sites had
substantially higher mean annual snowfall (Tables 1, 2). Snow can be
insulating resulting in higher soil temperatures that facilitate higher
microbial activity, and thereby CO, emissions (Gouttevin et al.,
2012; Zhao et al,, 2022). CA-RPp offset these high NGS emissions
due to fast growing vegetation, resulting in a proportion that falls
within the expected range, however CA-RPn had typical bog
vegetation and therefore resulted in the high emissions as they
were not offset during the GS (-1.21, and -0.26 g C m™ day’,
respectively) (Wang et al., 2018). The observed site-level differences
are not primarily attributable to the SMAP-NEE algorithm’s
sensitivity to vegetation and climate. Notably, sites located within
neighbouring SMAP pixels do not exhibit distinct SMAP-NEE,
despite clear differences in EC-NEE fluxes. Instead, these
differences are largely driven by the site-specific correction
applied in this study.

The estimated annual mean cumulative NEEs were ranged
from —60.7 to 584 g C m? yr' across the 5 sites (Table 4),
which are in line with measurements determined using EC
towers in the range of —90-100 g C m™ yr’' reported by Limpens
et al. (2008). These estimates are also in line with the mean annual
NEE of -48 g C m” yr' (95% CI=(-171,75) calculated from EC
measurements in high latitude peatlands (>45°N) (Strack et al,
2023). Additionally, the analyses in this study showed that the five
peatlands differed in their annual CO, sink capacity throughout the
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study periods (Table 4; Figure 3). This finding contrasts with a study
by Lund et al. (2010) that synthesized EC data for 12 arctic wetland
sites, maintaining that all sites acted as annual sinks for CO,. These
results suggest that applying a correction to the SMAP-NEE data
product improves its ability to capture the range and variability of
peatland CO, exchange reported in EC-based studies. However, this
improvement is contingent on the availability of in situ EC data and
is therefore primarily applicable in regions where sufficient
observations exist to support this correction. Even with the
correction, substantial mismatches remain, indicating that the
product may not be suitable for generating reliable site-level
estimates in peatlands.

5 Conclusion

We tested the remotely sensed and modeled SMAP-NEE data
product to estimate NEE for five Canadian peatland sites but found
it necessary to correct the data product based on a subset of eddy
covariance data, due to data mismatch of the tower data and the
original product. Based on the corrected data, we found the NGS to
represent a period of net CO, emission, whereas the GS represented
a period of net CO, uptake. The proportion of NGS emissions
compared to GS uptake varied substantially on a site-by-site basis
ranging from 33% to 256%. Our focus on seasonality and identifying
different correction factors for either season represents a novel
approach, and our findings highlight the importance of
considering the NGS when evaluating annual peatland C budgets.
Furthermore, while peatlands are likely sinks in the long term, their
annual sink status is dynamic, and multi-year measurements are
crucial for reducing the uncertainty in the estimates of a site’s
source/sink status. Peatland specific plant functional types should
be incorporated into the model in order for the product to be usable
in this application, and further validation exercises of the SMAP-
NEE data product should leverage the wealth of publicly available
globally distributed peatland EC-NEE data and make these
comparisons available to end users.

Data availability statement

Publicly available datasets were analyzed in this study. These
data can be found from NASA’s Fixed Sites Subset Tools under the
names used in this study: The SMAP-NEE data utilized in this study
are publicly available for download from NASA’s Fixed Sites Subsets
Tools under the names used in the study: CA-KLP (Fixed Sites
Subsets Tool), CA-RPp (Fixed Sites Subsets Tool), CA-RPn (Fixed
Sites Subsets Tool), CA-DBB (Fixed Sites Subsets Tool), and CA-
SCB (Fixed Sites Subsets Tool). The eddy covariance data that
support the findings of this study are available from AmeriFlux
under the names used in the study: CA-KLP (Site Info for CA-KLP-
AmeriFlux), CA-RPp (Site Info for CA-RPp- AmeriFlux), CA-RPn
(Site Info for CA-RPn- AmeriFlux), CA-DBB (Site Info for CA-
DBB- AmeriFlux), and CA-SCB (Site Info for CA- SCB-
AmeriFlux). Figures were made with RStudio version 4.3.0,
available from (RStudio Desktop - Posit) (R Core Team, 2023).
Maps were created using ArcGIS Pro version 3.1.0, available from
Download ArcGIS Pro—ArcGIS Pro andverbar; Documentation
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(Esri, 2023). GPS data relating to Ecoregions of North America were
sourced from Ecoregions of North America andverbar; US EPA
(Environmental Protection Agency, 2024). The equations needed to
transform SMAP-NEE data into Corrected-SMAP-NEE data are
presented within the manuscript.
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