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HIGHLIGHTS

e Canadian cropland emits 0.08 + 0.08 Tg N>O-N/yr according to a regional inversion.

o This represents ~1% of the global anthropogenic N,O source.

e Including 4 new Canadian monitoring sites modestly improves inversion uncertainty.
e Canadian cropland N,O fluxes have comparable freeze-thaw and growing season peaks.
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Canadian nitrous oxide (N20) emissions over 2011-2015 are estimated using the CarbonTracker-Lagrange (CT-L)
regional inversion. The uncertainty in the whole-country total is high, on the order of 100% or more, with a net
flux not significantly different from zero. Emissions are better resolved in Canadian cropland, primarily in
Alberta, Saskatchewan, and Manitoba, where the total flux is estimated at 0.08 + 0.08 Tg N/yr. The uncertainty
is improved by the addition of 4 new Canadian sites to the inversion, but remains large, mainly due to the low

signal to background ratio at all Canadian N2O measurement sites. The seasonal patterns in Canadian cropland
emissions suggest a dual maximum, with a late winter freeze-thaw pulse and a growing season flux of similar
magnitude. Overall, Canadian cropland accounts for ~1% of the global anthropogenic N2O source according to
the inversion, although some process-based models suggest a source more on the order of 2%.

1. Introduction

Nitrous oxide (N2O) is a long-lived greenhouse gas that has increased
from 275 ppb preindustrially to over 336 ppb in 2022, contributing
about 6% of the total enhanced anthropogenic greenhouse gas radiative
forcing [MacFarling-Meure et al., 2006; Stocker et al., 2013; Lan et al.,
2022a]. The photochemical destruction of N5O in the stratosphere yields
NOy, a catalyst of stratospheric ozone depletion [Ravishankara et al.,
2009; Prather et al., 2023]. N3O is produced in soils, freshwater, and
oceans, in association with microbial nitrogen cycling, although emis-
sions from individual sources are still highly uncertain [Canadell et al.,
2021]. Enhanced microbial N cycling following the application of syn-
thetic nitrogen (N) fertilizer to cropland is thought to be responsible for
most of the observed increase in atmospheric NoO [Crutzen et al., 2008;
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Park et al., 2012]. However, the partitioning between emissions directly
from agricultural fields vs. downstream, e.g., in drainage water, streams
or estuaries, is not well known [Beaulieu et al., 2011; Wells et al., 2018].

Atmospheric inversions are a “top-down” method for quantifying
N-O emissions that can be run on a global or regional scale [Miller et al.,
2012; Saikawa et al., 2014; Thompson et al., 2014; Wells et al., 2015;
Nevison et al., 2018]. Inversions provide a check on “bottom-up”
emission estimates, which are based on extrapolations of generally
sparse surface flux measurements and/or uncertain process-based
models [Xu et al.,, 2021]. Deng et al. [2022] found that inversions
tend to predict higher emissions of N,O than bottom-up national
greenhouse gas inventory methods in tropical countries.

In general, previous N2O inversions have not explicitly distinguished
Canadian N,O emissions from the broader source region of the North

Received 31 May 2023; Received in revised form 31 August 2023; Accepted 5 September 2023

Available online 7 September 2023

1352-2310/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:Cynthia.Nevison@colorado.edu
www.sciencedirect.com/science/journal/13522310
https://www.elsevier.com/locate/atmosenv
https://doi.org/10.1016/j.atmosenv.2023.120075
https://doi.org/10.1016/j.atmosenv.2023.120075
https://doi.org/10.1016/j.atmosenv.2023.120075
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2023.120075&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Nevison et al.

American continent [Saikawa et al., 2014; Nevison et al., 2018; Xu et al.,
2021]. However, Canada is one of the largest countries in the world in
terms of land area and is an important player in the budget of other
greenhouse gases, e.g. for the CO3 land sink [Deng et al., 2022]. More-
over, Canada has set a national goal of reducing on-farm nitrous oxide
emissions from synthetic N fertilizer by 30% by 2030 [Gamble and
Heaney, 2022], which suggests the value of exploring a potential role for
atmospheric inversions in tracking progress toward meeting this target.

In this paper we quantify N3O emissions from Canada and their
uncertainty using the top-down CarbonTracker-Lagrange regional
inversion, which is based on National Oceanic and Atmospheric
Administration (NOAA) data. We test the sensitivity of the inversion
results to the inclusion of 4 additional monitoring sites from Canada as
well as to the use of two alternate atmospheric transport models. We
examine emissions from the whole country and specifically from Ca-
nadian croplands. Finally, we characterize and compare the seasonality
of Canadian cropland emissions to those from the U.S. Midwest.

2. Methods
2.1. Inversion methodology

The model used in this study is the CarbonTracker-Lagrange (CT-L)
regional inversion. CT-L is a Bayesian inversion that begins with an
objective “cost function” J(s),

3 =2 H)R Uz Hs) + (s - ,)TQ (5 5), &)

2 2
The cost function is minimized and solved for optimized fluxes using
algorithms described by Yadav and Michalak [2013].
§ =sp + (HQ)™(HQH" + R)™*(z-Hsp) (2)
where,
S¢m x 1) is the surface flux in nmol m2s L,
S¢m x 1) is the optimized surface flux in nmol m2s
Sp (m x 1) is the prior estimate of s.
Z(n x 1) 1S a vector of NoO observations, corrected by subtracting an
empirical background value, in ppb.
H¢, x 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.
Rn x ny is the model-data mismatch error covariance matrix, in ppb2.
Q(m x my is the prior flux covariance error matrix, in (nmol m2s1H)?
which is computed from a prescribed prior flux error vector o5 in
nmol m~2 571, temporal correlation length in days and spatial cor-
relation length in km.

-1

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]. The prior was adapted from the year
2000 posterior flux of the global atmospheric N2O inversion of Saikawa
et al. [2014] (Fig. S1). Spatial and temporal correlation lengths of 300
km and 35 days, respectively, were used in Q. Two alternative sets of
parameters for 65 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) (see Table S1
for details). The square root o, of the main diagonal components of R
was 0.84 and 0.75 for Case 1 and 2, respectively.

The H matrices in Nevison et al. [2018] were constructed from
10-day back trajectory surface influence footprints from a single particle
dispersion model, the Stochastic Time-Inverted Lagrangian Transport
(STILT) model [Lin et al., 2003], where STILT was driven by a Weather
Research and Forecasting model (WRF) simulation customized for
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Lagrangian modeling [Nehrkorn et al., 2010]. The current study uses
both WRF-STILT and, alternatively, the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) [Draxler and Hess, 1998;
Stein et al., 2015], which is driven by the North American Mesoscale
Forecast System (NAM) model. NAM has ~12 km resolution and is the
primary operational model used for mesoscale forecasting by the Na-
tional Weather Service (NWS). The NAMS meteorological fields pro-
vided by the NOAA 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.

The atmospheric N,O data used in CT-L are primarily from the NOAA
Global Greenhouse Gas Reference Network (GGGRN) (https://gml.noaa.
gov/ccgg/about.html). For the current study, additional flask-air and in
situ data from Environment and Climate Change Canada (ECCC) were
incorporated to expand the network coverage to central and eastern
Canada (Fig. 1). CT-L does not require an initial condition. Rather, each
atmospheric NoO observation is adjusted by subtracting an empirically
determined background value to compute the vector z. The background
values are estimated based on the intersection, at the time and location
that they leave the CT-L North American domain, of the 10-day back
trajectories (which are used as described above to compute the surface
influence footprints in H) with a 4-dimensional time-varying field
covering North America and its surrounding oceans [Nevison et al.,
2018].

The NOAA GGRN includes ~ weekly paired flask samples from
ground-based sites [Lan et al., 2022], as well as tall towers [Andrews
et al.,, 2014, 2022] and small aircraft [Sweeney et al., 2015; McKain
et al., 2022] that use programmable 12-flask sampling systems. All
samples are shipped to the NOAA Global Monitoring Laboratory in
Boulder, Colorado, USA for analysis of N3O on a gas chromatograph with
electron capture detection (ECD), 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 4000 m or more above the local surface.
These data generally had small surface influence footprints but were
influenced occasionally by episodic stratospheric intrusions of highly
NO-depleted air, which the inversion framework is not well equipped to
handle.

posterior flux

pmol/m2/s
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Fig. 1. Mean posterior N,O emissions for 2011-2015 for Cases 1 and 2 using
NOAA N0 data only and STILT-WRF footprints [Lin et al., 2003; Nehrkorn
et al., 2010]. Stippling shows areas in which more than 10% of the land is
planted in crops. N,O observation sites from NOAA GGGRN (circles = surfa-
ce-based, magenta squares = aircraft) are superimposed. Selected stations are
labeled where permitted by legibility. The locations of the 4 additional ECCC
sites are shown in red.
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Over the past two decades, ECCC has built an observational network
for greenhouse gases that currently stands at 25 continuous ground-
based stations in Canada. Some of these sites are augmented with
weekly flask sampling. The network has focused primarily on CO2 and
CH4 and has recently phased out most N,O measurements, but high
quality N,O data are available for about a decade, from 2007 to late
2015/early 2016 at 4 ECCC sites, as summarized in Table 1. For the CT-L
inversion, the ECCC flask-air measurements were merged with in situ
data at EGB, FRD, and ETL to fill various gaps in the continuous data.
The in situ data were measured continuously, but were provided as daily
averages, using afternoon data only, to match the 2 p.m. time stamp of
the WRF-STILT surface influence footprints. If both in situ and flask data
were available on the same day, in situ data were used preferentially. The
ECCC data were measured by gas chromatography with electron capture
detection (ECD) on the same scale as NOAA. Intercomparisons of weekly
flask air samples at Alert (1999-2016) between ECCC and NOAA show
that the mean offset between NOAA and ECCC is less than 0.05 ppb but
with variations in offsets from one year to the next in the range of +0.3
ppb. ECCC flask and in situ data intercomparisons at FRD and ETL over a
10+ year period show a similar mean offset near zero and also a range of
+0.3 ppb from one year to the next.

For the current study, the CT-L inversion was run with a daily time
step for each year from January 1, 2011 to December 31, 2015, the time
frame when ECCC coverage was densest. For computational reasons, this
5-year time span was divided into 5 separate, partly overlapping in-
versions. These were centered around each calendar year but padded by
the previous December and the following January to avoid end effects
that could occur if Equation 2 in the inversion were solved without in-
formation about fluxes preceding or following the start or finish of the
year, respectively. The combined NOAA + ECCC simulations were run
only with WRF-STILT H matrices, since only WRF-STILT footprints were
available for the ECCC sites, while the NOAA-only simulations were run
for both WRF-STILT and NAMS-HYSPLIT.

2.2. Countrywide and regional integrals

The analysis of the posterior inversion fluxes included integrating
daily N,O fluxes over 1) Canada as a whole and 2) Canadian Cropland.
These regions were delineated based on a gridded database that
distinguished national boundaries. A further filter was applied to iden-
tify Canadian Cropland using an agricultural dataset with units of per-
centage of total grid area planted in major crop types, based on the 10
km resolution dataset of Ramankutty and Foley [1998], which was
regridded to 0.5° x 0.5° degree by Levis et al. [2012]. Canadian Cropland
was defined as the region in which at least 10% of land was covered in
crops of any kind. This region mainly encompasses the agricultural belt
in Alberta, Saskatchewan, and Manitoba, with extensive plantings of
crops such as wheat, canola, and barley, but also includes agricultural

Table 1
Environment and Climate Change Canada (ECCC) N,O measurement sites used
in the inversion.

Site Latitude Longitude In Situ N Flask N
N) W) Dates Dates
Egbert (EGB) 44.23°N 79.78°W 1/ 4198  3/05- 173
07-8/ 2/16
19
Fraserdale 49.87°N 81.57°W 1/07 - 2117 1/07 - 654
(FRD) 7/14 2/16
East Trout 54.35° 104.99°W 1/07 - 2540 10/ 549
Lake (ETL) 2/15 05-12/
15
Churchill 58.74°N 93.82°W NA 0 4/ 616
(CHU)" 07-12/
15

@ Flask only. All other sites maintained continuous in situ sampling augmented
with weekly flask sampling.
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land in southern Ontario and Quebec. The entire N,O flux within each
agricultural grid cell was included in the Canadian Cropland integral.

For each integrated region, a regionally aggregated posterior flux
covariance matrix was computed to estimate the uncertainty in the
aggregated fluxes. The posterior flux covariance matrix was computed
monthly as a function of Q, H and R [e.g., Yadav and Michalak, 2013]
and was extrapolated daily by linearly interpolating between months. In
addition to individual annual seasonal cycles, the multi-year mean
seasonal cycle over 2011-2015 (N = 5 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 uncertainty 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 5-year span.

3. Results

The NOAA-only inversion finds that the major hotspot of N3O
emissions from North America occurs in the U.S. Midwest corn and
soybean belt, which receives heavy input of synthetic N fertilizer
(Fig. 1). The spatial pattern of the emissions is similar for both Case 1
and Case 2 parameters (Fig. S1). Although much smaller than in the U.S.
Midwest, the largest emissions from Canada are also in agricultural re-
gions, particularly the belt extending from the southwest corner of
Manitoba through southern Saskatchewan and into Alberta. Much of the
remainder of Canada, as well as Alaska, has near zero or even negative
fluxes (see discussion below). The four newly added ECCC sites form a
ring around a negative flux region centered in northern Ontario (Fig. 1).

The addition of the ECCC data creates modest changes in the pos-
terior N3O flux over North America (Fig. 2). The largest change is an
enhancement in the flux in southern Ontario near the EGB site (Fig. 2¢).
In contrast, the fluxes decrease slightly near FRD in northern Ontario.
The (flask-only) CHU site in Manitoba has little impact either way, i.e.,
the fluxes are similar with or without the ECCC data. Small enhance-
ments in the fluxes near ETL are discernible, although these occur
mainly to the north of cropland in Saskatchewan. Overall, inclusion of
the ECCC sites leads to a 0.01 to 0.02 TgN/yr increase in emissions from
Canadian Cropland, representing a ~10-25% increase in the total flux
relative to the NOAA-only configuration, which is not significant within
the range of uncertainty (Table 2). The ECCC sites lead to a small (~1%)
decrease in the U.S. flux (Table 2). The impact of the sites on total U.S. +
Canada N,O emissions is similarly very small, since U.S. fluxes dominate
Canadian fluxes by more than a factor of 10.

The addition of ECCC data also modestly improves the flux uncer-
tainty reduction achieved by the inversion, most notably in the vicinity
of the ECCC sites and by 3-9% over much of central Canada (Fig. 2d).
The absolute uncertainty reduction is brought up to about 35% in south
central Canada but is still only about 15% at best over the rest of Canada
(Fig. 2b). In comparison, in the U.S. Midwest, the best resolved region of
the inversion, the uncertainty reduction is on the order of 50%.

The daily integrated N2O fluxes over Canadian Cropland are char-
acterized by a large regionally aggregated uncertainty, especially for the
Case 2 parameters (Fig. 3). The inclusion of ECCC data increases the flux
in most times of the year, particularly in summer, and improves the
uncertainty reduction throughout the year (Fig. 3a). The STILT and
HYSPLIT transport models yield generally comparable results, with a
tendency toward larger uncertainty with HYSPLIT (Fig. 3c). Similar
patterns occur when comparing STILT and HYSPLIT for the Case 1
configuration, except that the uncertainty envelope is smaller for both
transport models compared to Case 2 and is less prone to encompassing
negative fluxes (Supplementary Fig. S2).

When averaged over 2011-2015, a dual maximum seasonal cycle is
discernible in the posterior fluxes in Canadian Cropland, with peaks of
similar magnitude centered around the end of March and the middle of
June. The inclusion of ECCC data tends to preferentially enhance the
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Fig. 2. a) Same as contour plot in Fig. 1 except shows mean posterior NoO emissions using NOAA data plus the 4 ECCC sites. b) Reduction in posterior N,O flux
uncertainty relative to the prior using NOAA plus ECCC data. c) Difference in mean posterior N,O emissions using NOAA plus ECCC data minus NOAA only data. d)
Difference in the reduction in posterior flux uncertainty relative to the prior for NOAA plus ECCC minus NOAA only. All results reflect the 2011-2015 mean. Stippling

shows areas in which more than 10% of the land is planted in crops.

Table 2
Mean annual N,O flux for different configurations of the CT-L inversion.
Transport CT-L ECCC data Canada Canada USA
Model Case included Cropland TgN/yr TgN/yr
TgN/yr
STILT 1 No 0.08 £ 0.06 0.13 + 1.02 +
0.16 0.13
STILT 1 Yes 0.09 £ 0.05 0.15 + 1.01 +
0.13 0.12
HYSPLIT 1 No 0.08 £ 0.07 0.09 + 1.10 +
0.18 0.15
STILT 2 No 0.07 £0.11 0.08 + 1.00 +
0.26 0.21
STILT 2 Yes 0.09 £ 0.08 0.12 + 0.99 +
0.21 0.18
HYSPLIT 2 No 0.08 £ 0.13 0.02 + 1.08 +
0.30 0.24

June peak (Fig. 3, Supplementary Fig. S2). In all configurations, the 5-
year mean seasonal cycle smooths over the substantial interannual
variability in individual years, with some years showing no clear sea-
sonal pattern (Supplementary Fig. S3).

The integrated whole Canada 2011-2015 mean time series has a
maximum typically in March and a tendency toward negative values in
late summer, particularly in July and particularly for Case 2 and for
HYSPLIT (Supplementary Fig. S4). The annual mean total flux ranges
from 0.02 to 0.15 Tg N/yr. The annual mean uncertainty is comparable

in magnitude to the mean flux in both STILT Case 1 configurations (i.e.,
100% uncertainty) and generally substantially exceeds the mean flux (i.
e., 200% uncertainty or more) in all Case 2 and HYSPLIT configurations.

4. Discussion
4.1. Countrywide totals

The CT-L posterior N2O fluxes in Canada have a large variability
across configurations, and a large uncertainty that eclipses the annual
mean in 7 out of 8 model configurations (Table 2). Even in the remaining
configuration, which uses NOAA and ECCC N2O data with Case 1 pa-
rameters and STILT footprints, the uncertainty is nearly 100% of the
mean (0.15 + 0.13 TgN/yr). Collectively, these results suggest that
Canada as a whole is not well resolved by the regional inversion.

Global inversions also have given widely varying estimates of the
total N2O flux from Canada, although Canadian fluxes per se generally
are not distinguished from the broader continent of North America. In an
analysis of output from a recent model intercomparison, the annual
mean Canadian flux ranged from 0.057 to 0.175 TgN/yr, with wide
areas of negative fluxes in 3 out 5 global inversions [Thompson et al.,
2014, 2019; Wilson et al., 2014; Wells et al., 2015; Patra et al., 2018; Xu
etal., 2021]. The mean total Canadian flux was 0.12 + 0.044 Tg N/yr, in
good agreement with CT-L within the (large) margin of uncertainty. The
global inversions included 3 Canadian sites, all of which are part of the
NOAA GGGRN: Alert (82.45°N, —62.52°W), Estevan Point, British
Columbia (49.4°N, —126.55°W), and Lake La Biche, Alberta (54.95°N,



C. Nevison et al.

Atmospheric Environment 313 (2023) 120075

CTL N20 Flux Canadian Cropland

1 1 ] ] 1 1 ] 1 1 81!"_1' c 1 2 1 1
0.3 2011-2015 e
é 0.2
IE’ 0.1
0
-0.1
0.3 m— STILT Casei
==msm STILT Case2
;! 0.2 LCITTTITTT Prior
f_” 0.1
0
-0.1
1 1 1
L L L
0.3 m— STILT Case2
- =smam HYSPLIT Case2
; 0.2
f_” 0.1
0
-0.1
0 30 60 20 120 150 180 210 240 270 300 330 360
Day

Fig. 3. Posterior N,O flux integrated over Canadian Cropland. The three panels compare the 2011-2015 mean: a) using the STILT particle dispersion model and Case
2 parameters (more relaxed prior/constrained model-data mismatch) for NOAA only N5O (red) vs. NOAA + ECCC (green), b) Case 1 (red) and Case 2 (blue) using
NOAA only and STILT, c) Case 2 using NOAA only and STILT (red) vs HYSPLIT (cyan). The prior flux is shown as a gray dotted line.

—112.45°W), as well as 2 sites in Alaska.

4.2. Negative fluxes

Negative NoO fluxes from Canada are common in both CT-L and
global inversion results. While soil uptake of N2O has been observed in
some field studies, particularly in arid regions [Schlesinger, 2013], it is
believed to be a relatively small term in the global budget [Ciais et al.,
2013]. Therefore, the negative N,O fluxes predicted by regional and
global inversions are probably not biogeochemically realistic.

Negative fluxes are a particularly prominent feature of the CT-L
HYSPLIT runs (Fig. 3, Supplementary Figs. S2 and S4). This result can
be traced in part to the HYSPLIT background value, which typically is
0.05 ppb on average higher than the corresponding STILT background
value. Since CT-L is based upon equations that use observed atmospheric
N2O minus a prescribed background value and since many Canadian
data are close to background, a small adjustment of 0.05 ppb can mean
the difference between net negative and net positive fluxes.

However, even the STILT CT-L configurations predict negative fluxes
in much of Northern Canada, especially in July and August. The latter
are months of the seasonal minimum in N,O at remote sites, likely due to
the influence of transport of depleted air from the stratosphere [Liang
et al., 2008; Nevison et al., 2018]. They are also months in which N,O
fluxes drop substantially, even in the well-resolved Midwestern U.S.
corn and soybean belt, possibly because the spring N fertilizer applica-
tion has either been sequestered in the growing crop by late summer or
already mainly lost from soil due to leaching and denitrification
[Nevison et al., 2018]. Given the current uncertainties, a parsimonious

interpretation of the inversion results is that NO fluxes are not signifi-
cantly different from zero from Canadian Cropland in late summer and
from much of the rest of Canada year round.

4.3. Canadian Cropland

Canadian Cropland is better resolved by CT-L than Canada as a
whole, with uncertainty as low as + 55% of the annual mean. The
average annual mean flux across different CT-L configurations is 0.08 +
0.08 Tg N/yr from Canadian Cropland, in good agreement with the
national GHG inventory method (~0.08 Tg N/yr) [Xu et al., 2021].
However, process-based models predict agricultural emissions from
Canada that are twice as high (~0.15 + 0.15 Tg N/yr) as those from the
national GHG inventory method [Xu et al., 2021]. The large uncertainty
of the CT-L estimate suggests that the inversion is currently of limited
utility in tracking progress toward Canada’s 30% N2O emissions
reduction target in fertilized cropland.

Compared to the prior flux, the posterior flux from CT-L, integrated
over Canadian Cropland, is generally lower in all months, except for the
March and June peaks (Fig. 3). The prior for this study was based on
global inversion results, which in turn used EDGAR-based prior NoO
fluxes that assumed a globally uniform emission coefficient of NyO from
N fertilizer (EDGAR, 2009). In contrast, CT-L results tend to suggest that
northern agricultural systems may have lower N2O emission coefficients
per unit fertilizer input compared to temperate systems [Nevison et al.,
2018], which may explain the discrepancy between the prior and pos-
terior fluxes in Fig. 3.

When the CT-L result for Canadian Cropland is divided by the total
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anthropogenic N2O source of 7.3 Tg N/yr [Tian et al., 2020; Canadell
et al., 2021], Canada accounts for an estimated 1.1% of the global total
(corresponding to ~0.07% of total enhanced anthropogenic radiative
forcing). In comparison, Canada consumed on average 2.7 Tg N/yr of
synthetic N fertilizer over 2016-2020, representing 2.4% of total world
consumption of 110 Tg N/yr [Food and Agriculture Organization of the
U. N. FAO, 2022]. Assuming that synthetic N fertilizer is the main driver
of the anthropogenic N5O source, Canada’s emissions appear commen-
surate with, if not substantially lower than, its share of fertilizer
consumption.

The N»O seasonal cycle in Canadian Cropland has a dual maximum
structure similar to that seen in the U.S. Midwest, with seasonal peaks in
March and June [Nevison et al., 2018]. The June peak is associated with
the agricultural growing season, while the March peak is likely a
freeze-thaw signal associated with a burst of microbial activity in pre-
viously frozen but recently thawed soil [Wagner-Riddle et al., 2017; Del
Grosso et al., 2022; Nevison et al., 2023]. Unlike some estimates in the
literature and by global inventories [Wagner-Riddle et al., 2017;
EDGAR, 2017; Janssens-Maenhout et al., 2019], the summer peak in
Canadian Cropland is comparable to, or in some configurations greater
than, the late winter/early spring peak.

4.4. Impact of environment Canada data on the inversion

The inclusion of ECCC data in CT-L tends to preferentially enhance
the June peak in the posterior N3O flux relative to the March peak. The
fact that ECCC data tend to weaken the March pulse suggests that the
presumed freeze-thaw signal in March is driven in part from U.S. Mid-
west NoO data that have 10-day back trajectory footprints in Canada.
However, the late winter peak in the U.S. Midwest is centered around
mid-March, about 10 days earlier than the Canadian Crop winter peak,
which suggests that data north of the Midwest Corn/Soybean belt also
contribute to the seasonal patterns and help drive the early peak later
toward the end of March [Nevison et al., 2023].

Of the four ECCC sites considered here, EGB has the largest impact on
the inversion and is the main reason for the modest 10-25% increase in
the total flux from Canadian Cropland relative to the NOAA only
configuration (Table 2). EGB has the greatest impact in part because it is
the most heavily sampled site, with twice as many days of in situ data
than the other ECCC sites (Table 1). Notably, EGB is located near Tor-
onto, and thus may be influenced by N3O sources from industry and
fossil fuel combustion. Indeed the in situ NoO time series at EGB is
characterized by variability suggestive more of urban pollution and
noise than of discernible agricultural signals.

EGB sits at 44°N, which is the same latitude as South Dakota and
southern Minnesota in the U.S. corn/soybean belt. This is far south of
most western Canadian cropland, which accounts for 80% or more of
total Canadian Cropland N2O emissions in all CT-L configurations. While
strong March N,O peaks are evident in CT-L results from the U.S. corn/
soybean belt at 44°N, CT-L predicts no March peak and only a small June
peak in cropland integrated over southern Ontario and Quebec (i.e.,
Canadian Cropland restricted to regions east of 95°W). This result sup-
ports the hypothesis above that the agricultural signals in Canadian
Cropland are driven in part from U.S. Midwest N2O data with 10-day
back trajectory footprints that originate in western Canada but gener-
ally don’t extend into eastern Canada.

The main reason for the modest impact of ECCC data on Canadian
emissions is that there are few strong excursions from background at any
Canadian sites, including the NOAA LLB site and the ECCC ETL site.
Since the inversion is based on the difference between observed N,O and
the prescribed background value, the increased coverage does not have a
major impact on the overall fluxes. It does, however, modestly improve
the confidence in the inversion results, through ~5-15% increases in the
posterior flux uncertainty reduction. In general, these results suggest
that even the addition of many new N,O monitoring sites will not lead to
a major increase in the estimated flux from Canada, unless a site situated
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in the heart of Canadian Cropland detects strong excursions from
background on par with those observed at the NOAA site in Iowa
[Nevison et al., 2018, 2023]. Two existing sites in the ECCC methane
and CO, monitoring network, Bratt’s Lake, Saskatchewan (50.2°N,
—104.7°W), located on a working grain farm, and Esther, Alberta
(51.7°N, —110.2°W), located in cattle ranchland, appear best situated to
capture potentially strong agricultural fluxes, but to date NO has not
been monitored at these sites [Global Atmosphere Watch, 2023]. Mea-
while, only modest excursions in N2O from background levels are
observed at the NOAA aircraft site in North Dakota, which is located just
southwest of the main Canadian agricultural belt. On a related note,
despite field reports of significant N2O emissions from tundra and
permafrost [Repo et al., 2009; Voigt et al., 2020], these emissions do not
have a discernible impact as yet on long-term Canadian monitoring sites.

5. Conclusions

Inclusion of 4 new Environment and Climate Change Canada (ECCC)
sites in the CarbonTracker-Lagrange (CT-L) regional inversion leads to
small net increases in Canadian N,O emissions and modest improve-
ments in posterior flux uncertainty by 10 + 5% over central Canada.
However, the absolute uncertainty reduction relative to the prior is at
best 35%. The relatively small impact of the ECCC sites on CT-L results is
due largely to the fact that N,O is generally close to background at those
sites, with no strong excursions from background. CT-L results in Canada
are relatively consistent across two different particle dispersion models.

CT-L predicts a total N2O flux of ~0.08 + 0.08 Tg N/yr from Cana-
dian Cropland, although this total may also include urban influences
from the Toronto metropolitan area. The Canadian Cropland flux has a
dual maxima pattern, similar to that found in the U.S. Midwest, but in
which the March (presumed freeze-thaw related) peak is more compa-
rable in magnitude to the June growing season peak. Emissions from
Canada as a whole are not well resolved by either CT-L or global in-
versions, due in part to the sparsity of Canadian monitoring sites, but
probably more importantly due to the lack of a strong signal in atmo-
spheric N,O data at existing Canadian sites.
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