
1. Introduction
Nitrous oxide (N2O) is both a long-lived greenhouse gas and ozone depleting substance whose atmospheric 
abundance is increasing at an accelerating rate (Lan et al., 2022; Liang et al., 2022; Ravishankara et al., 2009; 
Thompson et al., 2019). N2O is produced through nitrification and denitrification in soils, freshwater and oceans 
by microbes that use nitrogen substrates, including synthetic N fertilizers, for their energetic metabolism. The 
anthropogenic N2O source is growing in magnitude and now accounts for more than 40% of the total N2O source 
(Canadell et al., 2021). Direct agricultural emissions are estimated to contribute more than half of the anthro-
pogenic N2O emissions. Substantial indirect agricultural emissions also occur due to the volatilization of other 
N-based gases, such as ammonia and nitrogen oxides, which are re-deposited on the earth's surface, and due to 
the leaching of organic N and nitrates into waterways (Canadell et al., 2021).

The countries participating in the UN Framework Convention on Climate Change estimate national emissions of 
N2O from agricultural soils with a bottom-up methodology that assumes that such emissions occur mainly during 
the crop growing season (de Klein et al., 2006; Hergoualc'h et al., 2019; USEPA, 2021). However, recent litera-
ture has suggested that non-growing season emissions associated with winter freeze-thaw (FT) cycles in north-
ern agricultural lands may be a substantial but previously overlooked source of anthropogenic N2O that should 
be included in the IPCC methodology, which is used by countries for reporting to the UNFCCC (Del Grosso 
et al., 2022; Wagner-Riddle et al., 2017).

FT emissions are associated with bursts of microbial activity due to the readily available nitrogen and carbon in 
thawing soils and the anaerobic conditions occurring with the cycling between frozen and thawed phases in the 
late winter and early spring period. Wagner-Riddle et al. (2017) found that FT dynamics were a major control on 
the N2O flux from agricultural land in Canada. They estimated, using a simple regression model, that the neglect 
of FT emissions potentially leads to an underestimation of global agricultural N2O emissions of up to nearly 30%. 
Del Grosso et al. (2022) estimated, using a process-based model, that inclusion of FT dynamics increases annual 
N2O emissions from croplands and grasslands by 11% nationwide in the U.S.

While the mechanisms are not fully understood, Congreves et al. (2018) present a conceptual diagram depicting 
how FT N2O emissions might arise (see their Figure 2a). Such emissions typically occur as sporadic or transient 
pulses associated with changes in soil, for example, moisture or substrate availability, that are conducive to micro-
bial denitrification. These sporadic pulses may be missed by bottom-up methods that are based on intermittent 
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soil sampling. In contrast, top-down regional atmospheric inversions of N2O are particularly sensitive to large 
pulses, provided that atmospheric sampling frequency and spatial coverage are adequate to capture them (Nevison 
et al., 2018). Del Grosso et al. (2022) used results from the CarbonTracker-Lagrange (CT-L) regional inversion 
as supporting evidence for late winter/early spring FT N2O pulses in the north central region of the United States. 
However, the inversion did not provide specific mechanistic evidence that the late winter/early spring peaks in 
N2O are caused by FT dynamics.

In this paper, we compare remotely sensed FT status products from two satellites and correlate them to regional 
and interannual variability in winter/spring N2O emissions from 2011 to 2018. We next derive a quantitative 
relationship to predict the interannual variability in the magnitude of N2O FT emissions. Finally, we examine 
the relative importance of FT and growing season emissions from agricultural land across northern and more 
southerly latitudes in Canada and the United States.

2. Methods
2.1. Inversion Methodology

CT-L is a regional Bayesian inversion that begins with an objective “cost function” J(s) written as,
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, (1)

The cost function is minimized and solved for optimized fluxes using algorithms described by Yadav and 
Michalak (2013).
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where, s(m×1) is the surface flux in nmol m −2 s −1. 𝐴𝐴 �̂�𝐬(𝑚𝑚×1) is the optimized surface flux in nmol m −2 s −1. sp(m×1) is the 
prior estimate of s. z(n×1) is a vector of N2O observations, corrected by subtracting an empirical background value, 
in ppb. H(n×m) is a transport matrix, in ppb/(nmol m −2 s −1) that describes the relationship between the surface 
fluxes s and the observations z. R(n×n) is the model-data mismatch error covariance matrix, in ppb 2. Q(m×m) is the 
prior flux covariance error matrix in (nmol m −2 s −1) 2, which is computed from a prescribed prior flux error vector 
σs in nmol m −2 s −1, temporal correlation length in days and spatial correlation length in km.

The dimensions of the equation are defined as follows: m is the number of surface fluxes solved for in both time 
and space. n is the number of atmospheric observations.

The model configuration used here is similar to that described in detail in Nevison et al. (2018). Briefly, the prior 
was adapted from the year 2000 posterior flux of the global atmospheric N2O inversion of Saikawa et al. (2014). 
Spatial and temporal correlation lengths of 300 km and 35 days, respectively, were used in Q. Two alternative sets 
of parameters for σs and R were used to represent alternative scenarios of more constrained prior/relaxed model-
data mismatch (Case 1) and more relaxed prior/constrained model-data mismatch (Case 2). The square root σr of 
the main diagonal components of R was 0.84 and 0.75 for Cases 1 and 2, respectively.

The H matrices used in this study were constructed with footprints from two alternative particle dispersion 
models: (a) the Stochastic Time-Inverted Lagrangian Transport (STILT) model (Lin et  al., 2003), which was 
driven by a Weather Research and Forecasting model (WRF) simulation customized for Lagrangian modeling 
(Nehrkorn et al., 2010) and (b) the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) (Draxler 
& Hess, 1998; Stein et al., 2015) driven by the North American Mesoscale Forecast System (NAM) model, which 
has ∼12 km resolution. NAM is the primary operational model used for mesoscale forecasting by the National 
Weather Service (NWS). The NAMS meteorological fields provided by NOAA's Air Resources Laboratory are 
archived in collaboration with the NWS, where the “S” in NAMS signifies that the meteorological fields are 
archived on the native “sigma” vertical levels of the model.

Atmospheric N2O data used in the inversion were from the National Oceanic and Atmospheric Adminis-
tration (NOAA) Global Greenhouse Gas Reference Network (https://gml.noaa.gov/ccgg/about.html). The 
NOAA GGRN includes ∼weekly paired flask samples (Lan et  al.,  2022) as well as tall towers (Andrews 
et al., 2014, 2022) and small aircraft (McKain et al., 2022; Sweeney et al., 2015) sites that use programmable 

https://gml.noaa.gov/ccgg/about.html
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12-flask sampling systems. At tower sites, air samples are mostly collected in mid-afternoon, with a typical 
sampling frequency between 1 and 3 days. At aircraft profiling sites, the sampling system units are collected at 
different altitudes from ∼500 magl up to ∼8,000 masl. All samples are shipped to the NOAA Global Monitor-
ing Laboratory in Boulder, Colorado, USA, for analysis of N2O on a gas chromatograph with electron capture 
detection, calibrated with a suite of standards on the WMO X2006A scale maintained by NOAA GML (Hall 
et al., 2007). Uncertainties of the measurements (68% confidence interval) for the period of this study range 
from 0.26 to 0.43 ppb. The data were filtered to exclude air samples collected 4,000 m or more above the 
local surface. These data generally had small surface influence footprints but were occasionally influenced 
by episodic stratospheric intrusions of highly N2O-depleted air, which the inversion framework is not well 
equipped to handle.

The atmospheric N2O observations were adjusted by subtracting an empirically determined background value 
to compute the vector z. The background value was estimated based on the intersection of the back trajectories 
used to compute the footprints in H with a four-dimensional time-varying field covering North America and its 
surrounding oceans. The inversion was run with a daily time step for each year from 1 January 2011 to 31 Decem-
ber 2018, the time frame corresponding to the overlapping availability of remote sensing-based freeze thaw data 
and HYSPLIT and STILT footprints. For computational reasons, this 8-year time span was divided into eight 
separate, partly overlapping inversions. To avoid end effects, these were centered around each calendar year but 
padded by the previous December and the following January (except for the 2018 STILT footprints, which extend 
only through 31 May).

2.2. Agricultural Data Sets

The area of cropland was based on the agricultural data set described in Levis et al. (2012), which was adapted 
from earlier work by Ramankutty and Foley (1998) and is in units of percentage of total grid area planted in major 
crop types, including corn, soybean and wheat, on a 0.5° × 0.5° global grid. Since the land area used for corn and 
soybean substantially overlaps, these were consolidated into a single category designated as corn/soybean. The 
crop area data set was used to identify three North American regions of special interest (Figure 1). Two of these 

Figure 1. Mean posterior N2O emissions averaged over Cases 1 and 2 and over 2011–2017 using National Oceanic and 
Atmospheric Administration N2O data only and STILT-WRF footprints. Black, blue and red boxes show the geographic 
bounds of Midwestern Corn/Soybean, Northern Wheat, and Canadian Cropland respectively. These regions are narrowed 
further based on crop coverage, where dotted stippling shows areas in which more than 5% of land is planted in corn/soybean 
and wheat inside the Midwestern Corn/Soybean and Northern Wheat box, respectively, and cross hatched stippling shows 
areas in which more than 10% of the land is planted in crops of any kind in the two northern boxes.
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regions were delineated based on mutually exclusive latitude/longitude bounds, with the additional requirement 
of a minimum grid cell coverage of 5% corn/soybean or wheat, respectively:
 Midwestern Corn/Soybean: 36°N to 47°N, 102°W to 80°W, >5% coverage of corn/soybean in the U.S.;
 Northern Wheat: 47°N to 54°N, 115°W to 95°W, >5% coverage of wheat, spanning the U.S. and Canada.

 An additional region, Canadian Cropland, was defined. This largely overlaps with Northern Wheat but 
includes all crops and is centered farther to the north, entirely in Canada.

 Canadian Cropland: >49°N, >95°W, >10% coverage of all crops combined.

Statewide crop progress data were used as a proxy for the timing of synthetic N fertilizer application, which 
generally occurs around the time of planting (Lu et al., 2022; Nishina et al., 2017). Crop progress data record the 
weekly percentage of a given crop planted within a given state and were obtained from the USDA Quick_Stats 
Lite database (www.nass.usda.gov). These data were used to distinguish the post-fertilization N2O emissions 
maximum from the pre-fertilization, presumed FT peak. For Midwest Corn/Soybean, corn data from Iowa were 
used because Iowa lies in the heart of the region and corn is fertilized at much higher rate than soybean (a legu-
minous N2 fixing crop). For Northern Wheat, wheat crop progress data from North Dakota were used.

For each integrated region, we computed a regionally aggregated posterior flux covariance matrix to estimate 
the random uncertainty in the aggregated fluxes. The posterior flux covariance matrix was computed monthly 
as a function of Q, H, and R (e.g., Yadav & Michalak, 2013) and was extrapolated daily by linearly interpolat-
ing between months. In addition to individual annual seasonal cycles, the mean seasonal cycle over 2011–2017 
(N = 7 years) was computed and the corresponding mean posterior flux uncertainty was estimated as the inverse 
square root of 1/N times the sum of the inverse square root of the uncertainties for each year. This mean uncer-
tainty was designed to represent the typical uncertainty in any given year with the assumption that there was no 
reduction in uncertainty achieved by averaging over the 7-year span. (Note: the multi-year mean excluded 2018 
due to the incomplete coverage of STILT footprints for that year).

2.3. Remote Sensing Soil Freeze/Thaw (FT) Status

Three different satellite products reflecting soil FT status in North American soil were compared as daily inte-
grals over the three crop regions described above.

The first two products were from the polar orbiting Soil Moisture Active-Passive (SMAP) mission (https://smap.
jpl.nasa.gov/) accessed at https://search.earthdata.nasa.gov/. The SMAP mission primarily uses passive (radi-
ometer) L-band microwave remote sensing to determine the land surface soil moisture and FT state. SMAP was 
launched in November 2014. Operational data became available starting 31 March 2015 and continue through the 
present, thus overlapping with CT-L results through December 2018. SMAP Enhanced L3 Radiometer Global 
and Northern Hemisphere Daily 9 km EASE-Grid FT State V003 consists of a daily composite of landscape FT 
state for the boreal land region north of 45°N latitude. SMAP L4 Global Daily 9 km EASE-Grid Carbon Net 
Ecosystem Exchange V006 FT data were also analyzed. This second data set is a model-derived value-added 
product provided as part of the carbon net ecosystem exchange package that supports key SMAP applications.

Additional FT status data were obtained from the European Space Agency's Soil Moisture and Ocean Salinity 
(SMOS) mission. SMOS is a sun-synchronous, polar orbiting satellite. The SMOS Level 3 Freeze and Thaw 
product, available at https://smos-diss.eo.esa.int/oads/access/, provides daily information on the soil state in the 
Northern Hemisphere based on SMOS observations. SMOS was launched on 2 November 2009, with the first 
FT data available from July 2010. The SMOS data overlap with the CT-L inversion for nearly a decade from 
December 2010–December 2018. SMOS data are reported daily on an irregular grid, nominally at 25 km resolu-
tion. Unlike SMAP, which reports only two possible soil states: thawed and frozen, SMOS has a third “partial” 
category. As a default assumption “partial” was assigned as 50% frozen, but alternative assumptions of 25% and 
75% were also tested. The results of these assumptions as well as the differences between SMOS L3 and SMAP 
L3 and L4 are discussed below.

The daily percentage of frozen soil in each of the three agricultural regions described above was defined by (a) 
averaging the frozen fraction of all satellite pixels in each 1° × 1° grid in the CT-L domain and multiplying by the 
grid area, (b) integrating these fractional frozen areas over all grids in each agricultural region, (c) dividing by the 
total area of the region and multiplying by 100. In addition, the cumulative frozen days (CFD) total in each region 
was computed by integrating the daily frozen percentages each day over a specified time interval. The CFD was 
also calculated at the 1° × 1° grid level, as shown in Figure 2.

http://www.nass.usda.gov/
https://smap.jpl.nasa.gov/
https://smap.jpl.nasa.gov/
https://search.earthdata.nasa.gov/
https://smos-diss.eo.esa.int/oads/access/
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Surface soil temperature data were obtained from the North American Regional Reanalysis (NARR). These data 
are provided at 3-hourly mean resolution on the NARR 32 km Lambert grid (Mesinger et al., 2006; NCEP, 2005), 
which were averaged daily and within each CT-L grid and integrated over the regions of interest in the same 
manner described above for the FT data.

3. Results
The three remote sensing FT products show distinct features but follow a generally similar temporal course of 
soil thawing in the Midwestern Corn/Soybean belt. On a given day, SMAP L4 predicts a substantially larger area 
of frozen soil than SMAP L3, with SMOS L3 falling in between the two SMAP datasets (Figure 3). Alternative 
assumptions of 25%, 50%, or 75% frozen for the SMOS FT “partial” category yield similar results, when inte-
grated over Midwestern Corn/Soybean (Figure 3b). NARR soil temperature data independently corroborate that 
the soil has warmed above freezing around the time that the satellite FT products show near-complete thawing 
of soil (Figure 3c).

Figure 3 focuses on 2017 due to a large probable freeze thaw emission pulse in mid to late February of that year. 
Two exceptionally high excursions from background in atmospheric N2O of 12 and 22 ppb were observed in 
NOAA data at West Branch, Iowa. In addition, excursions of 11 ppb or higher were observed over Iowa in four low 
altitude flask samples collected by the ACT-America aircraft campaign (Davis et al., 2018; Eckl et al., 2021; Wei 
et al., 2021). The corresponding STILT-WRF influence footprints extended across Iowa and parts of Nebraska, 
South Dakota, and Wisconsin (Figure S1 in Supporting Information S1), leading to a large late-February emis-
sion pulse in the inversion results across much of the Midwest (Figure 3). All FT products show a near complete 
thawing of Midwestern soil during the third week of February 2017, coincident with the N2O pulse (Figure 3). 
Notably, the 2017 thaw occurred unusually early compared to other years in the decade (Figure 4).

The Midwestern Corn/Soybean belt, the hotspot of N2O emissions for North America, shows a distinct dual 
maxima seasonal pattern (Figures 1 and 4). The second maximum invariably begins its rise around or slightly 
after the time of corn planting, which serves as a proxy for the approximate time of nitrogen fertilizer application. 
In contrast, the early peak occurs well before the time of corn planting, generally between mid-February and 
mid-April. It also displays more interannual variability, both with respect to timing and magnitude, and is gener-
ally shorter in duration than the later growing season peak. In some years, the early peak is hardly discernible, 
while in other years, it is comparable or even larger than the growing season peak.

Figure 2. Soil cumulative frozen days from 1 December to 31 May (182 days total) from SMOS averaged over the winter 
seasons of 2011–2012 to 2017–2018. Stippling shows areas receiving synthetic N fertilizer input at a rate (divided over the 
total grid area) of at least 10 kg N/ha/yr (single diagonal lines) or at least 50 kgN/ha/yr (cross hatched lines) based on the 
Sustainability and the Global Environment (SAGE) data set (www.sage.uwisc.edu) (Nevison et al., 2018). FT N2O pulses are 
most likely in regions that experience winter freezing and that may also contain excess soil nitrate due to regular N fertilizer 
input.

http://www.sage.uwisc.edu/
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The relationship between the early N2O flux peak and soil FT status was explored by plotting the cumulative 
N2O emissions from 15 February to 15 April against cumulative frozen days (CFD) of soil over the previous 1 
December–31 January. CFD was found to be correlated significantly (p < 0.001) to the subsequent cumulative 
N2O emission in late winter/early spring (i.e., the 2 months encompassing the approximate period after soil thaw 
but prior to synthetic N fertilizer application) (Figure 5). Similar correlations were found when the N2O integral 
was extended to late April or the CFD period was extended into mid-February, but the correlation weakened 
substantially (p = 0.09) when the previous December was omitted from the CFD integral (Figure S2 in Support-
ing Information S1). The correlation also weakened (p = 0.07) when the N2O integral was extended to encompass 
the full winter/early spring period from 1 December to 15 April (Figure S3 in Supporting Information S1).

The Northern Wheat and Canadian Cropland regions also show hints of the same dual maxima seasonal pattern 
in N2O flux, although these northern regions are less well resolved by the inversion and have substantially higher 
posterior flux uncertainty than Midwest Corn/Soybean. In Northern Wheat (Figure S4 in Supporting Informa-
tion S1), the second N2O flux peak generally begins to rise after the time of spring wheat planting, while the 
early peak occurs before spring wheat planting. The early peak appears to coincide with soil thawing in some 
years (e.g., 2012 and other even years). However, in some odd years (2011, 2013 and, for the HYSPLIT configu-
ration, 2017) the early peak occurs when soil in the Northern Wheat region is still nearly 100% frozen. Notably, 
the exceptionally large February 2017 FT peak seen in Midwest Corn/Soybean is barely discernible in Northern 
Wheat in the STILT configuration and is relatively small even in the HYSPLIT configuration.

The climatological mean seasonal cycle in N2O emissions across all three regional integrals (Midwest Corn/
Soybean, Northern Wheat, Canadian Cropland) shows an N2O flux maximum that coincides with the onset of 
soil thawing. In Midwestern Corn/Soybean, the large FT N2O pulse in February 2017 shifts the range of the 
climatological mean FT pulse to a broad low peak spanning February and March (Figure 6). The 2017 excursion 
has relatively less impact on the more northerly regions, where the pulse remains centered around late March.

Figure 3. Posterior N2O flux integrated over Midwest Corn/Soybean in 2017, which had an exceptionally strong FT N2O 
pulse during February. Results using the STILT-WRF and HYSPLIT-NAMS particle dispersion models are shown in red and 
green, respectively, with Case 1 covariance parameters for both models. The top panel compares Soil Moisture Active-Passive 
L3 and L4 soil FT status, shown as the area of frozen soil integrated over the Corn/Soybean Belt as a percentage of the total 
area. The middle panel shows SMOS L3 FT, comparing the sensitivity of assuming 25%, 50%, and 75% frozen soil when 
freeze thaw status is reported as “partial.” The bottom panel compares North American Regional Reanalysis soil temperature. 
Note that the X axis extends from the previous December 1 (day −30) of 2016 through the end of June 2017.
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The relative magnitude of the FT N2O maximum compared to the later fertilizer/growing season maximum also 
decreases along the north to south gradient (Figure 6). In Midwestern Corn/Soybean, the FT maximum is clearly 
dominated by the growing season maximum, but the two maxima are more comparable in magnitude for the 
Northern Wheat region. In Canadian Cropland, the FT maximum tends to exceed the growing season maximum, 
at least for the Case 2 parameters.

4. Discussion
In the agricultural regions of the central U.S. and Canada, the N2O annual cycle has two distinct maxima, which 
vary interannually but are readily distinguishable in the multi-year mean. The second maximum appears closely 
related to crop planting dates and synthetic N fertilizer application. The early N2O peak, which appears related to 
soil FT dynamics, is the focus of this paper.

Pulses of N2O emissions are well known to occur during freeze thaw cycles as the season changes from winter 
to spring based on field studies and soil modeling (Del Grosso et al., 2022; Tenuta et al., 2019; Wagner-Riddle 
et al., 2017). The current study provides additional top-down evidence for the phenomenon. First, the timing of 
the FT N2O peak predicted by the inversion, typically between day 70–90 in the Midwest Corn/Soybean belt (with 
the exception of the early peak in 2017 around day 50), is consistent with flux data measured at a long-term exper-
imental cropland site at a similar latitude (43.7°N) located in Ontario (Wagner-Riddle et al., 2017). Second, the 
observed early N2O peak in the Midwest Corn/Soybean belt shifts year to year depending on the timing of thawing. 
Third, the magnitude of the peak varies depending on the cumulative period of frozen soil earlier in  the winter. The 

Figure 4. Posterior N2O flux integrated over Midwestern Corn/Soybean from 2011 to 2018. Results using the STILT-WRF and HYSPLIT-NAMS particle dispersion 
models are shown in red and green, respectively, with Case 2 covariance parameters for both models. The percentage area of frozen soil is shown in blue bars for the 
SMOS satellite, integrated over Midwestern Corn/Soybean. Also shown is the percentage of corn planted in Iowa from USDA crop progress data. Note that the X axis 
extends from the previous December 1 (day −30) to November of the current year.
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extent of freezing from December to January appears particularly important for the magnitude of the FT peak. In 
years without substantial early winter freezing, the FT N2O peak is not easy to discern or is even absent from the 
seasonal pattern. Conversely, the peak is most prominent in years with more widespread freezing in early winter. 
This relationship can be inferred by visual inspection (Figure 4) and is supported by the significant correlation 
between late winter/early spring N2O emissions and the CFD from the preceding winter months (Figure 5).

The correlation is consistent with the theory that agricultural soil needs to undergo a period of freezing for the 
N2O pulse to occur in late winter/early spring (Congreves et al., 2018; Del Grosso et al., 2022; King et al., 2021). 
The frozen period creates selective pressure that favors microbes capable of efficient denitrification and permits 
the accumulation of soluble C in soil from microbial death during the frozen period (King et al., 2021). Upon 
thawing of soil, this C fuels high rates of microbial denitrification with associated N2O emission. In the case of a 
warm late fall and winter, the lack of freezing decreases the amount of soluble C substrate that becomes available, 
preventing high rates of denitrification during spring thaw (King et al., 2021). This leads to relatively low rates of 
N2O emissions that are not detected as a pulse based on the atmospheric observations and the inversion analysis. 
Notably, there is no discernible difference in the N2O emissions in warmer versus cooler Decembers; the fluxes 
are low in either case, suggesting that the pulse is not displaced to the fall or early winter with warmer conditions 
(Figure 4). This result is consistent with laboratory soil core incubations showing that a longer period of freezing 
is needed to activate the mechanisms leading to FT pulses (King et al., 2021). However, the weakening of the 
N2O flux versus CFD correlation when N2O emissions are summed over 1 December–15 April rather than just 15 
February–15 April suggests that some compensating early winter N2O emissions in years without a discernible 
FT pulse cannot be ruled out given the uncertainties of the inversion.

The cumulative emission of N2O over the whole late fall to early spring period ranges from about 0.11 to 0.24 Tg 
in years with a discernible FT pulse and on the order of 0.1 Tg N in years without a discernible pulse (Figure S3 
in Supporting Information S1). Dividing by the area (∼1,300 × 10 5 ha) of the Midwestern Corn/Soybean belt, 
as defined in Section 2.2, yields a typical cold season N2O flux of 0.8–1.8 kg N/ha. This is consistent, within the 
large uncertainties, of the cumulative cold season (November–April) release of 0.2–2.3 kg N2O-N/ha estimated 
by Wagner-Riddle et al. (2017) based on observed N2O fluxes from agricultural land in Michigan. In addition, a 
comparison to site specific observations at Glenlea, Manitoba (Tenuta et al., 2019) suggests that the inversion is 

Figure 5. Posterior N2O flux by year from 15 February to 15 April versus soil cumulative frozen days from SMOS L3 FT 
from the previous 1 December–31 January. N2O flux and percent frozen soil are integrated daily over Midwestern Corn/
Soybean. Both Stochastic Time-Inverted Lagrangian Transport and HYSPLIT N2O fluxes are included and shown as filled 
and open circles with black and gray labels, respectively.
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capturing the timing and magnitude of the observed FT and growing season fluxes reasonably well, within the 
large margin of uncertainty (Figure S5 in Supporting Information S1).

Although the FT emissions occur before the current year's planting of crops, ultimately, the substrate for the N2O 
pulse is influenced by fertilizer, which is added to the previous year's crop and may still be present as residual soil 
inorganic N (Glenn et al., 2012; Wagner-Riddle et al., 2017). This may be especially true for spring FT emissions 
in years when soil N loss during the previous year's growing season is relatively low. For example, in the drought 
year 2012, nitrate loss to the Gulf of Mexico, via the Mississippi River which drains the Midwestern soybean belt, 
was a factor of 2–3 times lower than in surrounding years (NCCOS, 2022). Denitrification loss of soil nitrate was 
also likely substantially reduced in 2012, as evidenced by the abnormally low growing season N2O flux (Figure 4) 
(Nevison et al., 2018). If extra residual soil N remained after the 2012 growing season, it may have contributed to 
the strong FT peak in spring 2013, despite the only modest CFD value for the previous winter (Figure 5).

Another consideration is that fall fertilizer application, a common practice in the U.S. Midwest corn/soybean belt 
(Nowatzke & Arbuckle, 2016), may provide additional inorganic N substrate for the FT pulse. Fall fertilization typi-
cally involves injecting anhydrous ammonia 30–45 cm deep in the soil after temperatures have cooled below ∼10°C, 
typically in October/November after harvest, with a nitrification inhibitor added to prevent conversion to nitrate. Both 
of those factors tend to suppress microbial metabolism of the applied fertilizer, which may explain why the inversion 
does not show a discernible uptick in N2O fluxes in late fall (Figures 4 and 6). Consistent with the above discussion, 
field observations in Manitoba suggest that late-fall fertilizer application does not trigger immediate emissions of 
N2O but does lead to an increased FT pulse of N2O during the subsequent year's thaw (Tenuta et al., 2016).

4.1. Implications for Global N2O Inventories

While much of the field-based evidence for the FT peak comes from croplands in Canada (Tenuta et al., 2019; 
Wagner-Riddle et  al.,  2017), some global emission inventories, for example, EDGAR v 4.3.2, prescribe a 

Figure 6. Mean annual cycle in the posterior N2O flux averaged over 2011–2017 and integrated over Canadian Cropland, 
Northern Wheat, and Midwestern Corn/Soybean. Cases 1 and 2 results are shown in gray and red, respectively, with the 
STILT-WRF particle dispersion model used for both cases. The percentage of frozen soil from SMOS, integrated over each 
respective region and averaged over 2011–2017, is shown in blue bars. Note that the bottom panel has an expanded Y axis 
scale compared to the upper panels and that the X axis extends from the previous December 1 (day −30) to November of the 
current year in all panels.
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universal March maximum in N2O emissions (see discussion below) with relatively low emissions in summer 
(EDGAR4.3.2., 2017). Other inventories, for example, EDGAR 5.0 and GEIA, do not resolve seasonality and 
provide only a mean annual value of agricultural N2O emissions (EDGAR5.0., 2019; Miller et al., 2012). Either 
approach has led to confusion when inventory fluxes are used to force atmospheric transport models for compar-
ison to atmospheric N2O data measured by aircraft campaigns over the U.S. Midwest. These campaigns typi-
cally are confined to a restricted time frame, for example, 1–2 months, often in summer. Thus, if the aircraft 
campaigns coincide with the peak enhancements in atmospheric N2O in May or June, they may infer large fluxes 
and conclude that the inventories significantly underestimate N2O emissions and/or have inappropriate seasonal-
ity (Eckl et al., 2021; Kort et al., 2008; Miller et al., 2012).

Interestingly, the EDGAR 4.3.2 March peak appears to be based not on FT emissions measured in northern 
regions and extrapolated globally but rather on agricultural modeling of ammonia emissions with seasonality 
extrapolated to N2O (Asman, 1992; Janssens-Maenhout et al., 2019). Regardless, the results presented here add 
to the evidence that March is generally not the appropriate month for the primary N2O maximum in the U.S. 
Midwest Corn/Soybean belt, which is the largest source region of N2O in North America.

In the Midwestern Corn/Soybean belt, by far the highest emissions are in the post fertilization period from May 
to July. In the Northern Wheat and Canadian Cropland regions, the FT peak appears relatively more important 
and is similar in magnitude to the growing season N2O peak. That said, there is similarity of the seasonal timing 
across the North-South gradient (Figure 6). This, when combined with the stronger signal-to-noise ratio of the 
N2O data in the U.S. Midwest than in other regions, suggests that N2O monitoring sites in the U.S. Midwest, with 
10-day back trajectory footprints extending northwest into Canada, may in part drive the seasonal cycle across 
all latitudes. In particular, the FT peak occurs in March for 2011 and 2013 based on the inversion in Northern 
Wheat region, when soil in that region is still 80% or more frozen (Figure S4 in Supporting Information S1). It 
is also notable that site-level measurements at a long-term agricultural research site in Manitoba, Canada show 
larger peak N2O fluxes in response to spring fertilizer application than to FT events (Figure S5 in Supporting 
Information S1) (Tenuta et al., 2019).

4.2. Uncertainties and Differences Among Satellite Freeze Thaw Products

Differences in satellite FT products also create uncertainty in our analysis. While the three FT products examined 
here follow similar patterns year to year, they also display distinct differences. For example, SMAP L4 predicts 
larger areas of frozen soil than SMAP L3 and is characterized by more frequent oscillations between frozen 
and thawed conditions. This may reflect the fact that L4 is an assimilated model product that is sensitive to air 
temperature, which may be more prone to fluctuation than soil-based temperature metrics (Xiaolan Xu, personal 
communication). Given the discrepancies between SMAP L3 and L4, combined with the fact that SMOS data are 
available for a longer period of time, that is, from late 2010 onward (whereas SMAP data are only available from 
April 2015 onward), we focused on SMOS in our comparison of FT data to the inversion results. Another consid-
eration was that SMAP FT data are optimally designed for latitudes north of 45°N, whereas the Midwest Corn/
Soybean belt lies mostly south of that latitude. Notably, in the Northern Wheat region, which is entirely north of 
45°N, SMOS, SMAP L3 and L4, FT have similar relative patterns, with SMOS mainly falling between SMAP L3 
and L4 (Figure S6 in Supporting Information S1). Finally, the SMOS transition from frozen to thawed soil was 
generally consistent with the rise in soil temperatures above 0°C seen in NARR, which provided an independent 
check on soil thaw status (Figure 3).

A separate source of uncertainty is the difference in spatial scales between the satellite data, available at 9 and 
25 km resolution for SMAP and SMOS, respectively, and the posterior inversion results, which assume a 300 km 
correlation length scale. For this reason, our analysis focused on large regional integrals rather than trying to 
correlate at the scale of individual satellite pixels. The inversion results themselves are variable depending on 
parameter assumptions and choice of particle dispersion model. In Midwest Corn/Soybean belt, the posterior 
fluxes were generally consistent between Cases 1 and 2 and between NAMS-HYSPLIT and STILT-WRF, but the 
differences were larger and the uncertainties greater in Northern Wheat and Canadian Cropland regions.

The sensitivity of the inversion was tested to a range of prescribed correlation length parameters in the prior flux 
covariance uncertainty matrix Q (Yadav & Michalak, 2013). The temporal correlation length was set alternatively 
at 7 and 14 days, in addition to the standard value of 35 days, and the spatial correlation length was set alternatively 
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at 100 and 500 km, in addition to the standard value of 300 km, based on the ranges used in applications of CT-L 
for other long-lived natural greenhouse gases (Hu et al., 2019). These choices led to nine different permutations 
of Q for each simulation year. The variance in the posterior results, as quantified by the standard deviation in the 
regionally integrated fluxes among the nine permutations, was used to define the parametric uncertainty.

In addition, the random uncertainty due to factors such as transport error, measurement error, the sparsity of the 
observation network, etc. for each simulation and region of interest was estimated by computing a regionally 
aggregated posterior flux covariance matrix. This matrix is a function of H, Q, and R and reflects the influences 
of the available influence footprints (represented by H) as they intersect with the prescribed Q and R covariance 
matrices (Yadav & Michalak, 2013).

The sensitivity tests reveal that the random uncertainty dominates the parametric uncertainty in Northern Wheat 
and Canadian Cropland. In contrast, the parametric uncertainty dominates the random uncertainty in Midwestern 
Corn/Soybean, especially during extreme events such as the February 2017 FT pulse (Figure S7 in Support-
ing Information S1). These disparate results are consistent with the naturally large posterior flux covariance in 
regions that are not well represented in H. In contrast, in regions that are well represented by influence footprints 
in H, such as Midwestern Corn/Soybean, the assumed correlation length scales over which signals in the atmos-
pheric data are extrapolated in time and space are the major uncertainty in the posterior fluxes.

5. Conclusions
N2O emissions from North American agriculture display two distinct maxima, one in late winter/early spring 
and the second in late spring early summer. The second maximum appears closely related to synthetic N ferti-
lizer application during the crop growing season, while the first appears related to soil FT dynamics. This study 
demonstrates for the first time a discernible relationship between remote sensing soil FT status and top-down 
estimates of N2O fluxes from an atmospheric inversion. Despite some discrepancies in satellite soil FT products, 
the cumulative frozen soil days across the previous December and January are correlated to the magnitude of 
subsequent late winter/early spring N2O emissions. A requisite frozen period appears to be needed to create 
conditions favorable for the microbial-driven N2O pulse during FT cycles. Global emissions inventories would 
more accurately capture the seasonality of North American N2O emissions with a May/June primary maximum 
and a smaller secondary maximum in late winter that increases in importance along a south to north gradient in 
agricultural regions.

Data Availability Statement
The data used in this study can be obtained through the NOAA Global Monitoring Laboratory at https://gml.noaa.
gov/aftp/data/trace_gases/n2o/ (Lan et al., 2022) or by contacting xin.lan@noaa.gov. The CarbonTracker-Lagrange 
inversion code is described at www.esrl.noaa.gov/gmd/ccgg/carbontracker-lagrange/doc/ (Thoning et al., 2019).
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