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Abstract Nitrous oxide (N,0) is a potent greenhouse gas with its radiative forcing 265-298 times stronger
than that of carbon dioxide (CO,). Recent field studies show N,O emissions from northern high latitude (north
of 45°N) ecosystems have increased due to warming. However, spatiotemporal quantification of N,O emissions
remains inadequate in this region. Here we revise the Terrestrial Ecosystem Model to incorporate more detailed
processes of soil nitrogen (N) biogeochemical cycling, permafrost thawing effects, and atmospheric N
deposition. Terrestrial Ecosystem Model is then used to analyze N,O emissions from natural terrestrial
ecosystems in the region. Our study reveals that regional N,O production and net emissions increased from 1969
to 2019. Production rose from 1.12 (0.82-1.46) to 1.18 (0.84-1.51) Tg N yr_l, while net emissions increased
from 0.98 (0.7-1.34) to 1.05 (0.72-1.39) Tg N yr_l, considering permafrost thawing. Emissions from
permafrost regions grew from 0.37 (0.2-0.57) to 0.41 (0.21-0.6) Tg N yr™'. Soil N,O uptake from the
atmosphere remained relatively stable at 0.12 (0.1-0.15) Tg N yr ~'. Atmospheric N deposition significantly
increased N,O emission by 37.2 + 2.9%. Spatially, natural terrestrial ecosystems act as net sources or sinks of
—12t0 900 mg N m~2 yr~! depending on changing temperature, precipitation, soil characteristics, and
vegetation types. Our findings underscore the critical need for more observational studies to reduce the
uncertainty in N,O budget.

1. Introduction

Global climate change entails rising air temperatures, a change in precipitation patterns, and a more frequent
occurrence of extreme weather events. The prevailing consensus is that temperature increase will be most pro-
nounced in the northern high latitudes (Overland et al., 2014). The Arctic has already warmed to more than 2°C
above the preindustrial levels, and this rapid warming is expected to double by the middle of this century (Natali
etal., 2021; Post et al., 2019). The northern high latitude (north of 45°N) land areas are predicted to warm up to 3—
7°C by the end of this century (IPCC, 2013), leading to widespread permafrost degradation and thaw (Borge
et al., 2017; Jones et al., 2016; Romanovsky et al., 2010) and substantial changes in ecosystem functioning
(Grosse et al., 2016) and microbial activities (Monteux et al., 2020). These changes are projected to accelerate the
decomposition of permafrost soil organic matter (SOM) and stimulate greenhouse gas (GHG) emissions (Natali
et al., 2021; Sierra et al., 2015; Voigt et al., 2017; Yang et al., 2010).The actual area underlain by permafrost
covers approximately 14 million km?, constituting about 15% of the exposed land surface area in the Northern
Hemisphere, while a majority of this area is in the northern high latitudes (Obu, 2021), accounting for 32.5%
(13.2 % 10° km?) of northern high latitude land area (Brown et al., 2002). Permafrost soils are also large nitrogen
(N) reservoirs (Post et al., 1985), with a conservative estimate of 55-67 Pg N in the upper 3 m and 21 Pg N in the
upper 1m (Harden et al., 2012; Palmtag et al., 2022) soil layer. Experimental permafrost thawing with snow
fences has shown that the nitrogen availability increases in tundra ecosystems (Salmon et al., 2016).

While past studies on GHG emissions from the northern high latitudes have mainly focused on carbon-based
compounds, recent studies have shown that soils might also be a significant source of N,O from peatlands
(Marushchak et al., 2011; Repo et al., 2009), with high N,O production potential in soils after permafrost thaw
(Elberling et al., 2010). Elevated soil N,O concentrations have been observed in upland tundra due to thawing
permafrost (Abbott & Jones, 2015). Furthermore, rising temperatures also promote N,O emissions from tundra
ecosystems, including both upland tundra and vegetated peat plateau complexes (Voigt et al., 2017), which cover
8% of the global land surface (McGuire et al., 2012) and 17.9% of the northern high latitudes (Melillo et al., 1993).
However, how permafrost thaw affects N,O emissions by potentially unlocking the vast N stocks currently stored
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in soils is not yet explored (Harden et al., 2012). Although the northern high latitude N,O fluxes are low on a mass
basis, they are important since N,O is a more potent GHG with a radiative forcing of 265-298 times stronger than
that of CO, (IPCC, 2013). N,O contributes nearly 10% of the total anthropogenic radiative forcing and is among
the key chemicals destroying the stratospheric ozone layer (Ravishankara et al., 2009).

Soil temperature, moisture, acidity, SOM content, C/N ratio, and plant growth have been identified as the key
regulators of N,O emissions from cold soils (Marushchak et al., 2011; Smith et al., 1998; Voigt et al., 2017). Soil
temperature is a key factor in both organic (e.g., decomposition) and inorganic processes (e.g., mineralization) in
the N cycle (Conant et al., 2011; Dai et al., 2020). Soil moisture determines soil oxygen availability. High water
content leads to low oxygen condition, which is associated with an anerobic environment, whereas less water
leads to an oxidizing environment. The soil oxygen condition influences microorganism activities, thus the
nitrification and denitrification rates (Bateman & Baggs, 2005). Soil acidity controls the chemical reactions
involving H* or OH™, both of which influence the activity of microorganisms and enzymes (Kunhikrishnan
etal., 2016). Traditionally, N,O emissions originating from areas of high latitudes were viewed as an insignificant
source (Martikainen et al., 1993; Potter et al., 1996) due to a slow mineralization rate under low temperature,
humid conditions, and low atmospheric deposition of nitrogen (Dentener et al., 2006). In natural terrestrial
ecosystems of northern high latitudes, the limited shortage of mineral N used to be one of the main reasons for the
low nitrous oxide (N,O) emissions measured from tundra soils (Ludwig et al., 2006; Ma et al., 2007). However, in
recent decades, the warming climate and loss of permafrost may disrupt the past closed N cycling and cause
significant export of inorganic N (Frey et al., 2007; Hansen & Elberling, 2023; Marushchak et al., 2021;
McClelland et al., 2007). Such patterns may result from the introduction of previously frozen N into the cycling
pool due to gradual degradation of permafrost that deepens the zone of seasonally thawed soils, or from direct
effects of temperature on microbial processes.

The net N,O emissions at the soil surface are the result of gross N,O production, uptake, and consumption, which
are co-occurring processes. N,O consumption occurs when soil water content increases and oxygen content
decreases, and soils transition from aerobic to anaerobic conditions. Soil water or oxygen content, mineralization,
temperature, soil pH, and concentrations of electron donors and acceptors all influence soil N,O uptake (Chapuis-
Lardy et al., 2007; Wen et al., 2016). In northern high latitudes, negative N,O fluxes are observed at various
ecosystems, particularly in dry soils (where nitrification is dominant), continuously flooding soils (where com-
plete denitrification occurs, with N, as the main product), or in soils with low N concentration (Butterbach-Bahl
et al., 1998; Cantarel et al., 2011; Cui et al., 2018; Goldberg & Gebauer, 2009; Gong et al., 2019; Groffman
et al., 2006; Matson et al., 2009; Morishita et al., 2014; Takakai et al., 2008; Teepe, Vor, et al., 2004; Ullah &
Moore, 2011; Wu et al., 2019; Zhou et al., 2016).

Over the past century, anthropogenic activities have doubled fixed nitrogen levels (Fowler et al., 2013), with a
continuous increase observed in recent years due to agricultural and industrial practices (Vishwakarma
et al.,, 2023). A significant portion of this anthropogenic nitrogen enters ecosystems, including the natural
terrestrial ecosystems in the northern high latitudes, through atmospheric deposition (Ackerman et al., 2019),
thereby causing profound alterations in ecosystem processes, nitrogen cycling, and GHG emissions.

To date, a group of process-based biogeochemistry models have been used to quantify N,O fluxes, including a
version of Terrestrial Ecosystem Model (TEM) (Qin et al., 2014, 2015; Yu & Zhuang, 2019), the Community
Land Model, Carbon and Nitrogen cycles (CLM-CN) (Saikawa et al., 2013), the daily Century (DayCent) model
(Del Grosso et al., 2000; Parton et al., 1996), and the Denitrification/Decomposition (DNDC) Model (Li, 1992).
More recently, the TEM QUINCY (Quantifying Interactions between terrestrial Nutrient Cycles and the climate
system) accounted for the effects of soil freezing and thawing to study the effects of increased nutrient availability
on plant growth and N,O emission at the site level, and find that nitrogen released from permafrost thaw provides
only a modest fertilization effect on plant growth, due to a timing mismatch between nitrogen release and plant
uptake but leads to increased N,O emissions and nitrogen leaching into downstream rivers (Lacroix et al., 2022).
However, none of these has combined the permafrost thawing effects on N,O emission and uptake from the
atmosphere. Quantification of the N,O emission across the whole northern high latitudes is still outstanding. Here
we further develop the biogeochemistry model TEM based on the version of Yu and Zhuang (2019) by incor-
porating the effects of permafrost thawing on the nitrogen cycle, latest spatially explicit and depth-resolved
permafrost C/N stocks, the soil N,O uptake from the atmosphere, and the atmospheric nitrogen deposition.
The revised TEM is calibrated and validated and then applied to quantify N,O emissions from the natural
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Figure 1. Nitrogen cycle and N,O production in the revised Terrestrial Ecosystem Model. Blue arrows represent nitrogen
(N) inputs, while orange arrows represent nitrogen outputs. The active layer depth varies over time. Net mineralization: The
difference between mineralization (organic N mineralized to inorganic N) and immobilization (inorganic N to organic N);
Litter: organic N from plant litters; Uptake': inorganic N uptake by plants; Deposition: atmospheric deposition of N;
Emission: N,O emissions from soils; Uptake®: Atmospheric N,O uptake in soils.

terrestrial ecosystems in the northern high latitudes (north of 45°N, including bother permafrost and non-
permafrost areas) from 1969 to 2019.

2. Method
2.1. Model Description

Terrestrial Ecosystem Model is a global-scale biogeochemical model designed to quantify the cycling of carbon
(C) and nitrogen (N) in terrestrial ecosystems (McGuire et al., 1997; Melillo et al., 1993; Zhuang et al., 2003). The
major processes of nitrogen (N) dynamic module were inherited from McGuire et al. (1997) and Yu and
Zhuang (2019), including nitrogen input from plant litters, nitrogen uptake by vegetation, net soil mineralization,
nitrogen lost from ecosystem, as well as the principles of the stoichiometry of carbon and nitrogen dynamics in
soils. Detailed equations can be found in McGuire et al. (1997) and Yu and Zhuang (2019). Here we revised the N
cycling algorithms in TEM by enhancing the representation of physical effects on nitrification and denitrification
modeling and incorporating the loss of nitrogen through gas emissions with empirical equations, the uptake of
N,O from the atmosphere, and additional inputs of total nitrogen and organic carbon resulting from permafrost
thawing, and atmospheric N deposition (Figure 1 and Equations 1-12).

The net N,O emission (N,O,,,;) is calculated as the difference between N,O production (N,O,,,) in soils and soil
N,O uptake (N,O,,) from the atmosphere (Equation 1). We incorporate N,O originating from nitrification
(N,Oy) and denitrification (N,Opy) into the total N,O production (Equation 2):

N2Oemi = NZOpro_NZOupt (1)
N,0pr0 = NoOy + N,Opy @)

The amount of N,O uptake (N,O,,,) was calculated according to Fick's law of gas diffusion (Equation 3), where
C,;rand C,,; represent N,O concentration in air and soils, respectively. We used atmospheric N,O concentrations
of 331.1 ppb. kg represents the diffusion coefficient. The N,O diffusion coefficient used in this study is
126 X 10 m™2 ™! (van Bochove, Bertran, & Caron, 1998). We assume that the produced N,O accumulates
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within the top 30 cm of the soil before emitting into the atmosphere. Therefore, the calculation of soil gas
concentration is derived by dividing the N,O produced in a 1 m? area by the 30 cm height of the soil layer.

N2Oupt = (Cair - Csuil) kS (3)

The N,O production rate from nitrification (N,Oy) was determined by k,, the fraction of the nitrified N lost,
which is 0.02 in the DayCent model (Delgrosso et al., 2000; Parton et al., 1996), and 0.0006 in the DNDC Model
(Li, 1992), and the nitrification rate N; (Equation 4). In this study, we calibrated k,, within the range of 0.0006—
0.02 using observational data. The nitrification rate algorithm (Equation 5) is based on Parton et al. (2001), where
k; represents the fraction of net mineralization to be nitrified, N,;, is the net mineralization rate, k,,,, is the
maximum fraction of NH,* nitrified, and NH," is the model-derived soil ammonium concentration (g N m~2).

nit

The factors fi,, f,.,» and f,, account for the effects of temperature, soil moisture, and soil pH, respectively.
Detailed equations can be found in Huang and Gerber (2015), Parton et al. (1996), and Parton et al. (2001).

N,On = Ky Nig )
Nnit = kl Nmin + kmax (NHI).ﬁn f;nn f;)hn (5)

The N,O production rate (N,Opy) from denitrification was determined by the denitrification rate (N.,,;) and k,,,
the fraction of denitrified N lost as N,O fluxes (Equation 6). N ,,; represents the denitrification rate (Equation 7),
which relates nitrogen gas flux to soil respiration (CO,) and nitrate levels (NOs), f,,3x and f.,; are related co-
efficients, and the effects of soil temperature (f,,,), moisture (f,,4, ), and pH (f,44,)- These functions are derived
from Del Grosso et al. (2000), Hénault et al. (2005), and Wagena et al. (2017). k,,, is calculated based on the ratio
of N, to the sum of N, and N,O (N,/(N,+N,0), r,,,) from denitrification (Equation 8), which is influenced by soil
moisture (f,,), pH (f,;,,,) and electron level (f,., Equation 9). The pH function for N/N,O ratio (fy, ,) is derived
from the SWAT model (Wagena et al., 2017) (Equation 10). The effects of electron donor to the substrate (f,,,.
Equation 11) and water function to N, ratio (f,,, Equation 12) are derived from Del Grosso et al. (2000), in which
ko TEpresents soil gas diffusivity coefficient, calculated as a function of porosity and field capacity; NO;/CO,
represents the ratio of NOj; to heterotrophic CO, respiration; wfps represents water filled pore space.

N>OpN = kg Ngeni (6)

N Foozk NO3™ foan Frdin Fonans (NO3 < COy) o
deni =
Foork CO2™ foan Fonan fonans (NO3 > COy)

_ 1
_1+rn2

®)

kdn

Ty = f;tcf;:nﬁ)h,nz (9)

0.1, (pH<4.5)

f?hm = 1 (10)
Pl 147Oe—l.lpT‘l’(pH > 45)

NOy

sz
fre = max| kyce */,0.16 kg, (11)

£, = max (0.1,0.015 wfps — 0.32) (12)

To assess the impact of permafrost thawing on N mineralization, we accounted for the additional nitrogen and
carbon input due to permafrost thaw depth changes. The thawing depth is calculated monthly. Each month's thaw
depth for the current year is compared to the maximum thaw depth from prior years, beginning from 1969, which
always reaches its peak during summer. If the thawing depth in the current month exceeds the previous maximum
thawing depth, the thawing depth difference is considered the change in thawing depth, and the total N and
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organic C between the two depths were added to soil C and N cycle pools. Conversely, if the thawing depth in the
current month is less than the previous maximum, the carbon and nitrogen in previously thawed layers are used.
We based our calculation of thawing depth on a soil thermal model, which is tested effectively against the ob-
servations. Detailed information is well documented in Liu et al. (2022) and Zhuang et al. (2001). We utilized the
latest spatially explicit northern permafrost soil carbon and nitrogen dataset (Palmtag et al., 2022), which provides
the vertical and horizontal distributions of organic carbon and total nitrogen stocks at depths of 0-30 cm, 30—
50 cm, 50-100 cm, 100-200 cm, and 200-300 cm at 300 m pixel resolution. This dataset was resampled to
0.5° % 0.5° grid cells for model input. The maximum soil depth was set to 13 m (Tao et al., 2019; Liu et al., 2022).
For depths beyond 300 cm, we assumed that carbon and nitrogen stocks follow the distribution in the 200-300 cm
layer. Based on the mineral nitrogen to total nitrogen ratios reported by Marushchak et al. (2021) and Beermann
et al. (2017), we estimated that 98% of total nitrogen is organic, which was added to the soil organic nitrogen pool
for mineralization. We further assumed that 1.8% of total nitrogen is NH,* and 0.2% is NO;~, given the
significantly higher NH, " concentrations in permafrost than NO;~ (Hansen & Elberling, 2023; Marushchak
et al., 2021) and allocated these proportions to the soil NH,* and NO;~ pools accordingly.

2.2. Model Calibration and Validation

We used 520 observations at 47 natural ecosystem sites from the northern high latitudes in this study. The ob-
servations were obtained through requests from authors or digitized from figures in cited publications. To
facilitate meaningful comparisons, all these observations were aggregated into monthly emission data. N,O flux
measurements taken over 5 months or more were selected for model calibration, while measurements from shorter
campaigns were used for model validation. We conducted model calibration using 338 (out of 520) observations
from 24 sites across the northern high latitudes, including 6 wet tundra (WT)/peatland sites, 6 alpine tundra/dry
tundra sites, and 12 boreal forest sites (Table S1 in Supporting Information S1, Figure 2). Model validation was
performed with the remaining 182 out of 520 observations from different locations or time periods, including10
alpine tundra/dry tundra sites, 7 WT/peatland sites, and 6 boreal forest sites -(Table S1 in Supporting Infor-
mation S1, Figure 2).

Data of soil density and pH were obtained from the same publications or relevant publications associated with the
same site, or from the global soil bulk density map (GLOBAL SOIL DATA TASK, 2000) and Global Database of
Soil Properties (Carter & Scholes, 2000). Meteorological data used as the model forcing, including monthly air
temperature, water vapor pressure, precipitation, and cloudiness, were collected from the literature or the Climate
Research Unit (CRU TS v. 4.05) (Harris et al., 2020).

We used PEST (V17.2 for Linux) for calibration (https://pesthomepage.org/) of optimal nitrification and deni-
trification parameters for major natural ecosystem types in the region (Table 1). Calibration for each site was
conducted individually and each site was given the same weight. The parameters were obtained through iterative
optimization method based on the Gauss-Marquardt-Levenberg (GML) gradient search algorithm, where the
parameters were adjusted to minimize the sum of squared weighted residuals between the simulated and observed
N,O emissions at each site. Some observations were measured on an hourly basis and included sporadic high-
emission events that were not sustained over a full month. Aggregating these hourly measurements into
monthly data could therefore overestimate monthly emissions. We assign less weight to these high-emission
events in the calibration process to minimize this but still display the raw observation data in comparison
(Figure 3a).

2.3. Regional Extrapolation

To obtain spatiotemporally explicit estimations of N,O emissions at the regional scale, we used the data of land
cover, soils, and climate from various sources at a spatial resolution of 0.5° X 0.5° to drive TEM. We used
monthly climate forcing data including those derived from CRU TS v. 4.05 data (Harris et al., 2020) during 1969—
2019. Data on soil density and pH were obtained from the global soil bulk density map (GLOBAL SOIL DATA
TASK, 2000) and the Global Database of Soil Properties (Carter & Scholes, 2000). The permafrost region with
coverage greater than 0%, as estimated by Obu (2021), and the northern permafrost region soil carbon and ni-
trogen horizontal and vertical distribution dataset from Palmtag et al. (2022) were used. These data were
resampled to a 0.5° X 0.5° resolution for simulations under the permafrost thawing scenario. N deposition effects
were simulated during 1984-2016. The regional N deposition data from 1984 to 1986, 1994 to 1996, 2004 to
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Figure 2. Locations of observation sites used in this study. Four alpine tundra sites on the Tibetan Plateau, located south of
45°N, are not shown on this map. The blue area represents the permafrost region with more than 0% coverage, as estimated
by Obu (2021), and is used in this study.
Table 1
Statistics of Calibrated Parameter Values in N,O Emission Processes Used in This Study, Including the Mean + Standard Error, Median, and Q1-Q3 Quartiles”
ky Ko Jriosk Jeozk ky
Boreal Forest Mean + SE 0.21 £ 0.05 0.22 + 0.08 1.24 + 0.1 0.08 + 0.01 0.016 £+ 0.001
Median [Q1, Q3] 0.2 [0.13, 0.31] 0.1 [0.04, 0.26] 1.15 [1.15, 1.15] 0.1 [0.09, 0.1] 0.02 [0.01, 0.02]
Wet Tundra Mean + SE 0.13 + 0.08 0.003 £ 0.002 0.6 +0.23 0.067 £ 0.02 0.007 £+ 0.004
Median [Q1, Q3] 0.06 [0.00001, 0.16] 0.00001 [0.00001, 0.0009] 0.56 [ 0.14, 0.95] 0.1 [0.03, 0.1] 0.0007 [0.0006, 0.015]
Alpine Tundra Mean + SE 0.24 + 0.07 0.13 £ 0.07 0.93 £ 0.15 0.08 £ 0.017 0.012 £+ 0.004
Median [Q1, Q3] 0.22 [0.18, 0.29] 0.1 [0.03, 0.11] 1.15 [0.64, 1.15] 0.1 [0.1, 0.1] 0.016 [0.004, 0.02]

“Mean values were applied in the base, permafrost thawing, and deposition scenarios. Mean + SE was used to quantify the model uncertainty (the lower and upper
bounds). Detailed parameter definitions and calibration methodologies were provided in the 2.3 Model description.
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Figure 3. Comparison between the simulated and observed N,O emissions of calibration (a) and validation using the mean value of parameters (b) for alpine tundra
(AT), boreal forest (BF) and wet tundra without permafrost thawing effects. The gray line represents y = x. The observations used for calibration (a) are independent of

those used for validation (b).

2006, and 2014 to 2016 was sourced from re-gridded model results from GEOS-Chem (Ackerman et al., 2018),
with gaps between modeled years were filled with the average values between two adjacent time periods. We
assumed that half of the inorganic N deposition is NH,*. We used the first-year climate data for model spin-up for
at least 50 years to achieve a steady state for the state and flux variables for each grid cell. The regional
extrapolation was conducted under three scenarios: base, permafrost thawing, and deposition. In the base sce-
nario, parameter values were set to the mean, mean + SE, mean—SE, median, Q1, and Q3. Since simulations
using the mean and median values closely align throughout the period (Figure S1 in Supporting Information S1),
only mean values were used in the permafrost thawing and deposition scenarios.

2.4. Model Uncertainty and Sensitivity Analyses

All parameters calibrated in this study (Table 1, Equations 4-7) were positively correlated with nitrification,
denitrification and N,O emission. Therefore, the lower and upper bounds of parameter values (mean—SE and
mean + SE) will result in the minimum and maximum estimations of N,O fluxes. The differences between the
maximum and minimum estimations were used as the range of parameter-driven uncertainty in regional nitri-
fication, denitrification and N,O emissions.

The forcing uncertainties were evaluated with the variation in N,O emissions, nitrification, and denitrification by
changing +3°C temperature or +30% precipitation in regional simulations. All other meteorological inputs
remained constant from 1969 to 2019. Mean parameter values were used for the sensitivity analyses.

2.5. Statistical Analysis

To assess the significance of differences in annual N,O emissions between the baseline and permafrost thawing
simulations, we performed both linear regression and Mann-Kendall tests. A one-way analysis of variance was
conducted to evaluate differences in N,O emission rates among vegetation types, followed by Tukey's honest
significant difference test for post hoc comparisons. A #-test was also performed to compare the base simulation
with the nitrogen deposition simulation. Statistical analyses were conducted using R version 4.3.3 (R Core
Team, 2024). The “trend" package was used for Mann-Kendall tests, while the “stats" package was employed for
general statistical analyses.

YUAN ET AL.

7 of 22

85U80|7 SUOWILLIOD 8A 111D 8|l [dde 8Ly Aq peuleob ek Spie YO ‘8sn JO s3I0} ArIqIT8UIUO AB]IM UO (SUORIPUCD-PUB-SWB LD A3 1M AReiq 1 jBu [UO//:SdnY) SUORIPUOD pUe Swiid | 38U &8s *[520z/70/2g] Uo Ariqiauljuo A8|1Im ‘SnsexereAuouuon Aq 6£1800997202/620T OT/10p/wioo" B[ 1m Aeiq puljuosgndnBe//sdny wo.y pepeojumod ‘v ‘5202 ‘v2g6vveT



Asu g
M\I Global Biogeochemical Cycles 10.1029/2024GB008439
AND SPACE SCIENCES

A B 1.5
- —_ — Base
- \?\/E}tsr?permafrost thawing S = With permafrost thawing
1.4 B
z X Hugelius et al. (2024) Bottom-up A
o > Hugelius et al. (2024) Top-down
— - ® Ramage et al. (2024)
ey Z 1.01 A Voigt et al. (2020) Mean
= o + Voigt et al. (2020) Median
z 12 2
g g t ®
S 0
8 . = E 0.5
€ 1.0 = = o P
9] )
Q o
z ] .
0.8 g 0.0
9]
o
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
Year Year

Figure 4. Panel A shows annual net N,O emissions from natural terrestrial ecosystems in the northern high latitudes from 1969 to 2019. Panel B shows net annual N,O
emissions from permafrost regions within the northern high latitudes. For both panels, the blue line represents the annual mean emissions of the base simulation (without
considering permafrost thawing effects). The red line represents the annual mean emissions considering permafrost thawing effects. Dashed curves are locally estimated
scatterplot smoothing (LOOSE) lines for the base simulation and “with permafrost thawing” simulation, respectively. Gray bands around the dashed curves represent
95% confidence intervals of annual emissions for the study period. Black solid dots in panel B represent N,O emission estimates from the literature, with values
estimated for the permafrost area used in this study for direct comparisons. The light blue shading area represents the lower and upper bounds of the regional N,O
emissions simulated with lower and upper bounds of parameter values.

3. Results
3.1. Annual N,O Production, Emissions, and Uptake From the Northern High Latitudes

Terrestrial Ecosystem Model estimated that the annual net N,O emissions (production—emission) from natural
terrestrial ecosystems in the northern high latitudes (north of 45°N) slightly increased from 1969 to 2019, with the
highest value of 1.02 (0.72-1.39) Tg N yr™" in 2011 and the lowest value of 0.98 (0.7-1.34) Tg N yr™"' in 1995,
without considering the effect of permafrost thawing (hereafter, referred to as the base simulation). When
permafrost thawing effects were included (hereafter, referred to as the permafrost thawing simulation), the
emissions were highest in 2019 (1.05 Tg N yr~ 1) and the lowest in 1995 (0.98 TgN yr_l) (Figure 4a). In northern
high latitudes, the net N,O emission from permafrost thawing simulation is significantly higher than that from the
base simulation (p < 0.001) and the difference between the base simulation and permafrost thawing simulation
increased with time, with the largest difference in 1997, 2018, and 2019 (0.03 Tg N yr_l, 3%).

Our calibration provides lower and upper bounds of parameters for each ecosystem type in the northern high
latitudes (Table 1). Based on these parameter values, our model estimated that uncertainties of regional N,O
emissions increased from 0.7 to 0.73 Tg N yr~! (lower bound, parameters set mean—SE) and from1.34 to
1.4 Tg N yr~' (upper bound, parameters set mean + SE) for the periods of 19692019 (Figure 4a). The upper and
lower bounds of annual regional nitrification, denitrification, and N,O emission, compared to the base simulation,
are summarized in Table 2.

The estimated total N,O production showed a slight increase from 1969 to 2019. In the base scenario, the lowest
value was observed in 1995 (1.12 Tg N yr™ "), while the highest value was observed in 2015 (1.15 Tg N yr™ ).
When accounting for permafrost thawing, the peak value reached 1.18 Tg N yr™' in 2019.

Total N,O uptake in northern high latitudes slightly declined in both base and permafrost thawing simulations, but
with small variations from year to year at 0.12 Tg N yr™" in base and permafrost thawing simulations (Figure S2B
in Supporting Information S1). The upper bound was 0.15 Tg N yr~'and the lower bound was 0.1 Tg N yr~'. N,O
uptake accounts for 10.3%—11.1% of the total production and 11.7%-12.6% of the total emission in the base
simulation, 10%-11% of total production and 11.3%-12.5% of the total emission in the permafrost thawing
simulation.
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Table 2

Absolute and Percentage Differences of Parameter-Driven Uncertainties of Annual N,O Emissions, Nitrification Rates, and Denitrification Rates Across the Northern
High Latitudes and Permafrost Regions Relative to Baseline Conditions

Nitrification rate Denitrification rate N,O emissions
(Tg) (%) (Te) (%) (Tg) (%)
Northern high latitudes Upper bound 337 £0.11 7.93 +0.33 0.47 = 0.01 18.27 + 0.42 0.37 + 0.003 36.57 £ 0.26
Lower bound —5.25 £ 0.08 —12.5+£0.13 —0.37 £ 0.01 —14.02 + 0.57 —0.29 £+ 0.01 —28.81 £ 0.42
Permafrost region Upper bound 229 £0.03 17.32 £ 0.31 0.3 £ 0.01 41.61 £ 0.55 0.21 £ 0.002 54.98 £ 0.38
Lower bound —2.72 £ 0.05 —20.55 = 0.16 —0.25 + 0.01 —352 +0.62 —0.18 £+ 0.002 —46.28 +£ 0.3

Note. Results are derived from 51-year simulations (1969-2019), expressed as mean + standard deviation (SD).

3.2. Annual N,O Production and Emissions in Permafrost and Non-Permafrost Regions

We estimated permafrost areas are 19.95 x 10° km? in this region based on Obu (2021) and Palmtag et al. (2022).
The net N,O emissions from these areas ranged from 0.37 (0.2-0.57) to 0.39 (0.21-0.6) Tg N yr~" from 1969 to
2019 in the base simulation. Under permafrost thawing, the net N,O emission ranged from 0.37 to 0.41 Tg N yr™'
(Figure 4b). In the permafrost region, the net N,O emission from the permafrost thawing simulation is signifi-
cantly higher than that from the base simulation (p < 0.001) and the difference in total N,O emissions between the
base and permafrost thawing scenarios increased over time, reaching a maximum difference of over
0.02 Tg N yr~' (more than 5%) in 1997 and from 2015 to 2019. In non-permafrost regions, the total N,O
emissions remained more stable over time, ranging from 0.61 to 0.64 Tg N yr~! across both the base and
permafrost thawing simulations (Figure S3 in Supporting Information S1).

Similar to the annual net N,O emissions (N,O production—N,O uptake), the N,O production from permafrost
regions generally increased from 1969 to 2019 (Figure 7d), with the highest value of 0.46 Tg N yr~! in 2019 and
the lowest value of 0.44 Tg N yr~" in 1986 in the base simulation, and the highest in 2019 (0.48 Tg N yr™") and
lowest in 1986 (0.44 Tg N yr ') in the permafrost thawing simulation. The difference in N,O production in
permafrost regions between the base simulation and permafrost thawing simulation increased from 1969 to 2019,
with the largest difference in 2015-2019 (>5%).

In permafrost regions, the average annual N,O emission in our simulation from boreal forest, dry tundra and WT
are significantly different from each other (P < 0.001). Under permafrost thawing conditions, tundra ecosystems
have higher N,O emissions than boreal forest in this region (Table 3, Figure S4 in Supporting Information S1).

3.3. Spatial Variability of N,O Emissions

For each of the base and the permafrost-thawing simulations, two 5-year time slices (1969—-1973 and 2015 to
2019) were taken for the spatial pattern analysis. Spatially, in the base simulation, the N,O emissions ranged from
—12.47 t0 555.25 mg N m~2 yr~" in 1969-1973 and from —12.34 to 555.35 mg N m~2 yr~! in 2015-2019. The
ecosystems with net sinks of N,O (net emissions <0.0) were mainly scattered in higher latitude regions (>65°N),
while the hotspots for net N,O sources were concentrated in the lower latitude regions (<65°N) (Figures 5a and
5b). The overall spatial pattern of net N,O emission remained relatively stable from 1969 to 2019 (Figures 5a and
5b). However, over this period, changes varied by latitude. Higher latitude grids generally showed an increase in

Table 3
Simulated Annual N,O Emissions Across Boreal Forest, Dry Tundra, and Wet Tundra Grids in Permafrost Regions Under
Thawing Scenarios From 1969 to 2019

Boreal forest (mg N m™2 yr') Dry tundra (mg N m™2 yr™') Wet tundra (mg N m™2 yr™')

Median [Q1, Q3] 12.17 [8.21, 14.9] 18.86 [10.34, 20.46] 15.21 [5.17, 24.33]
Mean + SD 11.44 + 6.29 19.92 + 18.98 15.93 £+ 16.17

Note. Results are presented as grid-level statistics (mean *+ standard deviation, median, and Q1-Q3 quartiles) reflecting
spatial variability in emissions.
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Figure 5. Averaged net annual N,O emissions in the northern high latitudes from 1969 to 2019: (a) Shows the baseline emissions from 1969 to 1973, (b) presents the
baseline emissions from 2015 to 2019, and (c) displays the emissions from 2015 to 2019 considering permafrost thawing effects. In each map, blue areas indicate net
N,O sinks (negative values). Panels (d—f) illustrate the absolute differences: (d) Is the difference between (a, b, and e) shows the difference between 1969-1973 and
2015-2019 under permaftrost thawing effects, and (f) represents the difference between (b, c). Panels (g—i) correspond to the percentage differences related to (d—f),
respectively.

emissions, while lower latitude areas in this region exhibited a slight decrease (Figure 5g). The extent of net sink
areas of N,O reduced from 3.29% to 2.58% over the natural terrestrial ecosystems in the region.

Considering permafrost thawing effects, simulated N,O emission ranged from —12.47 to 554.25 mg N m~> yrtin
19691973 and from —10.59 to 946.69 mg N m~2 yr~" in 2015-2019. Similar to the base simulation, the general
spatial pattern did not have an obvious change from 1969 to 2019 (Figures 5a and 5c¢). However, compared with the
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Table 4
Sensitivity of Annual N,O Emissions, Nitrification Rates, and Denitrification Rates to Temperature and Precipitation
Changes in the Northern High Latitudes Between 1969 and 2019, Relative to Baseline Simulations

Temperature +3°C Temperature —3°C Precipitation +30% Precipitation —30%

N,O emissions (%) 20.6 £ 0.53 —19.6 + 0.44 3.4 +0.49 -23+£0.7
Nitrification rate (%) 8.5+0.34 —16.0 £ 0.27 03+02 —1.6 £ 0.28
Denitrification rate (%) 23.8 + 0.69 —21.3 £ 048 1.6 £ 0.54 0.2 +0.63

Note. Results are expressed as mean + standard deviation (SD), derived from 51-year average simulations spanning the study
period. Parameter uncertainties were excluded to isolate the direct impacts of climatic drivers on ecosystem nitrogen
dynamics.

base simulation, there are many areas having increased emissions from 1969 to 2019, particularly in the higher
latitudes (Figures Se and 5h), with permafrost coverage greater than 90% in Obu (2021). The proportion of grid cells
acting as net sink of N,O decreased from 3.29% to 2.38%.

Although the total N,O emissions from northern high latitudes, including permafrost regions, increase only
slightly compared with base simulations, the spatial variation of emissions is substantial, ranging from 0 to
925 mg N m~2 yr~'. Some grids show changes greater than 10 mg N m~> yr~' and more than 100% compared
with the base simulation in 2015-2019 (Figures 5f and 51). The mean N,O emission increase compared with base
simulation is 3.35 mg N m™2 yr™', with a median of 0.97 mg N m™2 yr™". Overall, permafrost thawing signif-
icantly elevates the regional N,O emissions.

3.4. Model Sensitivity

Model sensitivity analysis shows that N,O emissions are highly sensitive to changes in temperature (£3°C) but
less sensitive to precipitation change (£30%). In general, higher temperature and precipitation levels enhance
N,O emissions in the region, while lower temperature and precipitation inhibit the emission. The regional
nitrification rate increased by 8.5%, while denitrification increased by 23% under 3°C temperature increase,
leading to an N,O emission increase of 21% (Table 4). Conversely, decreasing temperature by 3°C resulted in a
similar magnitude decrease in N,O emissions and nitrification rate, but denitrification tended to decrease more.
The total nitrification and denitrification rates in the northern high latitudes exhibited smaller sensitivity to
precipitation. Precipitation changes by 30% did not induce dramatic changes in both the nitrification rate and
denitrification rate; thus, the regional net N,O emissions. This is primarily due to our method that evenly assigns
monthly precipitation data to each day within the month; the low daily precipitation did not yield substantial
changes in daily soil moisture despite a 30% variation in monthly precipitation. Consequently, both nitrification
and denitrification rates did not experience substantial shifts. However, different sites displayed varying re-
sponses. Spatially, there were various responses to the changes in precipitation in nitrification and denitrification
rates (Figure S8, S9 in Supporting Information S1). Nitrification exhibits a non-linear optimal response to soil
moisture; thus, soil moisture differences in the region result in substantial differences in nitrification rates under
both higher (+30%) and lower (-30%) precipitation conditions compared with their initial soil moisture condi-
tions. In addition to the effect of precipitation on soil moisture, the denitrification rate is also influenced by the
nitrification rate since nitrification provides substrate NO;~ for denitrifiers; thus, even when soil moisture
conditions become more conducive to denitrification, the denitrification rate may not experience a significant
increase, which leads to variation in the denitrification rate in different grid cells in the region.

4. Discussion
4.1. Comparison With Other Studies

Global N,O emissions from natural sources have been estimated to range from 8 to 12.5 Tg N yr~' in recent
decades (Syakila and Kroeze., 2011; Bouwman et al., 2013; Yu & Zhuang, 2019; Tian et al., 2020), while the
specific estimates for net N,O emissions from the northern high latitudes have been lacking thus far. From site-
level studies, the median and Q1, Q3 growing season N,O emissions range from 19 to 60 [-9, 481] pg N,O-N
m~> day~" in all vegetated permafrost landscapes including peatlands, uplands, wetlands (Voigt et al., 2020),
which aligns with the range of our simulation. A modeling analysis for the high Arctic showed an increase in N,O
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emissions after permafrost thawing with an average value of 2 mg N m~2 yr~'(Lacroix et al., 2022), consistent
with our simulation.

Voigt et al. (2020) estimated that the annual N,O budget of northern hemisphere regions (17.8 X 10%km?) is 0.07-
0.51 (median-mean) Tg N yr ~' over a 100-day growing season, and 0.14 to 1.03 (median-mean) Tg N yr ' by
upscaling from experimental flux studies in the growing season. In a new study (Hugelius et al., 2024), bottom-up
and top-down approaches show that estimates of N,O from 18.42 x 10° km? northern permafrost regions are 0.7
(0.1, 1. 3) and 0.09 (—0.19, 0.37) Tg N yr!, respectively. Ramage et al. (2024) projected that the N,O emissions
from the northern permafrost region (18.5 x 10° km?) ranged from 0.07-1.3 Tg N yr ~'. For the same area, the
simulated N,O emissions from Voigt et al. (2020), Hugelius et al. (2024) and Ramage et al. (2024) are 0.16-1.15
(median-mean) Tg N yr =, 0.11 to 1.41 (bottom-up) and —0.21 to 0.4 Tg N yr™! (top-down), 0.08 to 1.4 Tg N
yr ~!, respectively. Our estimated N,O emission from the permafrost region falls within these ranges (Figure 4b).

In our simulation, N,O uptake primarily occurs during winter, when soils exhibit the lowest N,O production, with
maximum uptake rates reaching 0.05 mg N m~2 day~!. Among the observational studies we have examined,
seven studies, including those by Butterbach-Bahl et al., Dinsmore et al. (2017), Glatzel and Stahr. (2001), Lohila
et al. (2010), Jgrgensen and Elberling (2012), Cantarel et al. (2011), and Drewer et al. (2010), report negative N,O
fluxes in winter. The observed winter N,O uptake rates across these studies ranged from 0.014 to
0.36 mg N m~2 day™". Siljanen et al. (2020) reported that N,O uptake in boreal forest soils can reach up to
0.4 mg N m~2 day~'. The highest uptake occurred during the low-temperature seasons, which aligns with our
estimates. A previous study suggests that the median uptake potential is 4 pg N m~2 h™' and the total global
consumption is less than 0.3 Tg N yr™' (Schlesinger, 2013). The projected sink is about 5% of the currently
estimated global net N,O fluxes from soils to the atmosphere (Schlesinger, 2013), which is lower than our es-
timates in the northern high latitudes.

Stable isotope analysis has indicated that in soils with a water-filled pore space of 50%—55%, nitrification is the
dominant (>80%) process contributing to N,O emissions (Ma et al., 2007). Conversely, in soils with a water-filled
pore space ranging from 60% to 70%, high N,O emissions are linked to denitrification (Gil et al., 2017; Mar-
ushchak et al., 2011; Voigt et al., 2020). Our simulations suggest that nitrification is more widespread than
denitrification in the northern high latitudes. However, denitrification remains the primary source of N,O
emissions throughout the entire northern high latitudes (Figures 6g and 6h).

4.2. The Role of Permafrost Thawing

Permafrost thawing releases more soil organic N for mineralization as well as the inorganic N for nitrification and
denitrification. Consequently, increasing the amount of inorganic N availability resulted in higher nitrification
and denitrification rates (Figures 6a, 6b, 6¢).

In the base and permafrost thawing simulations, the regional nitrification rate, denitrification rate, production of
N,O resulting from nitrification, and production of N,O resulting from denitrification showed upward trends from
1969 to 2019 (Figures 6e, 6f, 6g, 6h). The higher N,O production from both nitrification and denitrification
contributes to an overall increase in total N,O production. The pulse in denitrification, N,O production and net
N,O emission is associated with the pulse of high nitrogen input driven by the extensive permafrost thawing depth
increase (Figures 6a and 6b).

The averaged maximum permafrost thawing depth in the northern high latitude permafrost region increased by
0.5 m in our simulation (Figure S5B in Supporting Information S1), meaning that the organic nitrogen and carbon
stored in the 0.5 m thawed layer were made available for decomposition. Average temperature in the northern
high latitude permafrost region increases from—~8.8°C to—6.4°C during 1969-2019 according to CRU Ts v.
4.05. The increasing thawing depth from 1969 to 2019 is small in the current simulation. However, the Arctic
region is predicted to warm up to 3—7°C and the top 3 m permafrost is expected to degrade (Schuur and Abbott.,
2011) for 47%—61% area by 2100 under a high warming scenario, which will likely significantly intensify N,O
emissions from the region.

4.3. The Role of N Deposition in Regional N,O Emissions

In field observations, nitrogen deposition has been shown to induce a substantial increase in N,O emissions by
95% in dry alpine meadows (Yan et al., 2018), grasslands (Du et al., 2021), and boreal and temporal forests
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Figure 6. Simulated area experiencing the increase of maximum active layer depth in permafrost region(a), SOC and TN input (b), total N,O emission (c), total N,O
production (d), nitrification rate (e), denitrification rate (f), N,O production from nitrification(g) and N,O production from denitrification (h) in the base (blue) and
permafrost thawing simulations (red), respectively, from 1969 to 2019. Dashed curves are locally estimated scatterplot smoothing (LOOSE) lines, and the gray bands
around the dashed curves are 95% confidence internals of annual results for the study period.
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northern high latitudes.

(Deng et al., 2020). In our simulation, the impact of N deposition on N,O emissions varies spatially depending
on the initial N contents and the amount of N deposition.

Our simulation indicates that nitrogen deposition from the atmosphere leads to a significant increase
(37.2 = 2.9%, p < 0.001) in the total N,O emissions compared with the simulation without N deposition
(Figure 7). With N deposition from the atmosphere, although the spatial distribution of net N,O sink and the
source remains the same, there are more grid cells in lower latitudes (<60°) that have high N,O emissions
(>100 mg N m~2 yr~', Figure 8), generally following the spatial pattern of nitrogen deposition (Ackerman
et al., 2018). N,O emissions from grids in higher latitudes show a slight increase in absolute values
(<10 mg N m~2 yr™"), but with a more than 50% increase compared to simulations without nitrogen deposition
(Figures 8c and 8d). This is primarily because these areas, which were previously nitrogen-limited, now benefit
from increased nitrogen availability.

The effects of N deposition are greater than the effects of permafrost thawing, primary because the N inputs from
N deposition (>10 Tg N yr™", Figure 7) are much greater than the total nitrogen input from permafrost thawing in
this region (<0.1 Tg N yr™', Figure 6b).

4.4. Limitations and Future Studies

This study is subject to several limitations that warrant consideration. Primarily, the current calibration and
validation rely on observational datasets with limited spatiotemporal coverage, particularly evident in Arctic
permafrost regions. While the absolute emission trends remain statistically constrained by current observational
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Figure 8. Estimated net N,O emissions from the northern high latitudes from 2014 to 2016 with (b) and without (a) considering N deposition effects. Blue indicates net
sink (negative values). The absolute difference in N,O emissions between A and B is shown in panel (c), while the percentage difference is illustrated in panel (d).

limits, our estimation uncertainty characterization establishes critical priorities for the necessity for expanding
observational networks in these areas to better resolve the variability of critical drivers (e.g., soil moisture,
temperature, and nitrogen availability) that govern N,O emissions and advance our mechanistic understanding of
the heterogeneous environmental drivers modulating N,O fluxes across northern permafrost domains. Such
improvements would not only refine parameter accuracy and reduce uncertainties in current estimates, but also
significantly improve process representation in biogeochemical models, thereby strengthening predictive capa-
bilities under various climate change scenarios.

Second, N,O uptake is calculated based on the constant N,O concentration in the atmosphere and the
physical process of diffusion in the current model. However, the soil released N,O increases, leading to
higher N,O concentrations in the atmosphere, consequently, increasing the N,O uptake from the atmo-
sphere. N,O is consumed through several reactions of nitrification (Wrage et al., 2004), and under anaerobic
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conditions, incomplete denitrification produces N,O, whereas the terminal step of denitrification (i.e., the
reduction of N,O to N, with the absence of nosZ gene) consumes N,O (Shan et al., 2021; Wen
et al., 2016). In addition, within the soil profile and in the soil air-filled pores, N,O can be further reduced
to N, during its transport to the soil surface (Chapuis-Lardy et al., 2007; Wen et al., 2016; Yang &
Silver, 2016). We expect an increase in N,O uptake by taking these processes into account in our future
modeling.

Third, high N,O emissions during spring thawing and later fall freeze squeezing have been observed. Three
studies used for model calibration and validation reported these “shoulder season” emissions (Heinzle et al., 2023;
Jgrgensen & Elberling, 2012; Merbold et al., 2013). The higher shoulder emission pattern was also simulated in
the arctic tundra by Lacroix et al. (2022). Two sources have been proposed to contribute to the enhanced N,O
emissions upon permafrost thawing, including the seasonal freeze-thaw cycles that physically release N,O
produced throughout the winter and trapped under frozen surface layers and the emission of newly produced N,O.
While early studies suggested that the physical release of accumulated N,O from subsurface soil layers was the
primary mechanism contributing to spring thaw emissions (Risk et al., 2013), most current studies favor the newly
produced N,O as microorganisms remain active during both periods (Risk et al., 2013; Rover et al., 1998; Teepe,
Brumme, et al., 2004) because the timing and amount of N,O release during thawing do not correspond to the
amount of N,O trapped in soils (Furon et al., 2008; Wagner-Riddle et al., 2008). These ‘“shoulder season”
emissions have not been well modeled as the model requires considering the snow dynamics and soil physical
models need to be driven with daily data to capture these finer temporal scale dynamics. The time step in the
current model is not fine enough to account for these freeze-thaw processes. In current modeling, the N,O
emission mainly happens in the growing season, with N,O emission in winter being negligible. This may cause an
underestimation of annual N,O emissions.

Fourth, while our model simulates nitrogen mineralization and denitrification by taking into account of soil ni-
trogen availability and environmental factors, recent studies also suggested that soil carbon to nitrogen (C/N) ratio
may play a role in influencing nitrification (Bengtsson et al., 2003; Elrys et al., 2021). This ratio affects the
abundance of ammonia-oxidizing bacteria and archaea (AOA) (Xiao et al., 2021) Missing this stoichiometric
control factor in our model may introduce uncertainties to our estimates.

Fifth, in our simulation, plant N uptake was based on gross primary productivity and soil N concentration.
However, the extent to which plants can utilize the newly available N from permafrost thaw is complex and often
constrained by factors such as the vertical distribution of N within the soil profile, the timing of N release, and
competition with other plants and microorganisms (Lacroix et al., 2022; Pedersen et al., 2020). Permafrost thaw
experiments have shown a strong increase in total root length and growth in the active layer, with deep roots
extending into the newly thawed permafrost layer beneath (Blume-Werry et al., 2019). This adaptation of Arctic
vegetation to deeper thaw depths could limit soil N availability and reduce N,O emissions due to the increased N
uptake by vegetation, which may bias our simulation.

Sixth, our model was run at a 0.5° X 0.5° resolution, which covers a large area with significant spatial hetero-
geneity in landscapes, vegetation types, and soil organic carbon (SOC) and total nitrogen (TN) storage, partic-
ularly in the Yedoma permafrost region (Mishra et al., 2021; Strauss et al., 2022). Finer-scale simulations could
help reduce the uncertainty in N release through gas or other pathways.

Seventhly, our freeze-thaw modeling estimated the active layer dynamics, which were used to quantify the
additional organic and inorganic N for N,O production. However, we have not explicitly modeled the effects of
permafrost thaw on soil moisture conditions because of the lack of spatially explicit ice content information for
the region. Moving forward, we will revise the soil thermal and hydrological components of our modeling
framework to incorporate the extra water from thawing permafrost and melting ground ice. This enhancement will
allow us to estimate soil moisture more accurately, a critical driver for improving N,O emission estimation
(Zhuang et al., 2001, 2003).

Lastly, although we have included four vegetated peatlands in the calibration process and four peatlands in
validation, and our total estimated N,O emission from permafrost regions aligns with other studies, our model
does not include a module specifically for simulating peatland N,O emissions. Voigt et al. (2020) demonstrated
that permafrost peatlands currently represent the highest N,O emitters from the Arctic permafrost-affected soils.
Northern peatlands are estimated to cover 3.7 + 0.5 million km? and stored 10 + 7 Pg N. However, they are a
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minor source for nitrous oxide, emitting 0.022 + 0.005 Tg N yr~' (Hugelius et al., 2020), 0.07 Tg N yr~' (Zhao &
Zhuang, 2024) and 0.03 to 0.1 Tg N yr~! (Martikainen et al., 1993), which is equivalent to less than 5% of our
simulated total N,O emissions for the entire northern high latitudes. Nonetheless, they represent a larger pro-
portion of permafrost regions in northern high latitudes (10%-30%). Consequently, the absence of an explicit
peatland N,O emission modeling is unlikely to make a significant difference from our current estimates for the
northern high latitudes.

5. Conclusions

This study advances the quantification of N,O fluxes in northern high-latitude ecosystems and permafrost regions
with a process-based modeling framework that integrates three critical mechanisms: (a) enhancing the repre-
sentation of physical effects in nitrification and denitrification modeling while incorporating nitrogen loss
through gas emissions with empirical equations, (b) accounting for permafrost thaw-induced biogeochemical
changes, and (c) incorporating the latest spatially explicit and depth-resolved permafrost C/N stocks, atmospheric
N,O uptake dynamics, and anthropogenic nitrogen deposition effects. Our findings demonstrate that the
confluence of climate warming and nitrogen enrichment has transformed these ecosystems into progressively
stronger net N,O sources over the past five decades, with permafrost degradation emerging as a key amplifier of
regional emission heterogeneity. While the modeled 5% (over 0.02 Tg N yr™") emission increase from thawing
permafrost may appear modest at the regional scale, localized hotspots exhibit over 900 mg N m™2 yr™'
enhancement, underscoring the high spatial variability.

Parameter-driven uncertainties in N,O emission range from —28.81% to 36.57% (—0.29 to 0.37 Tg N yr™") for the
northern high-latitude region and from —46.38% to 54.98% (—0.18 to 0.21 Tg N yr™") for the permafrost region,
underscoring the need for expanded observational studies to reduce uncertainties. Long-term monitoring beyond
the growing season and at finer temporal resolutions is crucial to improving model calibration and reducing
uncertainties. Further experimental research on microbial functional processes and nitrogen isotope dynamics
will provide valuable insights into nitrogen cycling mechanisms in these climate-sensitive northern high latitude
ecosystems. Additionally, incorporating more high-latitude observations and refining soil thermal and hydrology
dynamics in freeze-thaw processes, permafrost-plant-microorganism interactions will be essential for advancing
our understanding of N,O fluxes in northern high latitudes.

Data Availability Statement

The TEM codes, outputs, and samples of the running directory can be accessed via the Purdue University
Research Repository Yuan et al. (2023) and Yuan et al. (2025) (https://purr.purdue.edu/publications/4285/1 and
https://purr.purdue.edu/publications/4285/2).
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