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This Supplementary Materials provide expanded methodological details, supporting analyses, and additional tables and figures that substantiate the core findings presented in the main manuscript. 

1. Calculation of NH4+ and DOC concentrations
The adsorbed and dissolved NH4+ are assumed to reach equilibrium and follow the Langmuir model as below (Sieczka & Koda 2016):
	
	(S1)


where  is the concentration of adsorbed NH4+,   is the maximum adsorption capacity of NH4+,  is the Langmuir constant, and  is the concentration of dissolved NH4+. Moreover, dissolved NH4+ and dissolved NH3 are assumed to reach equilibrium as below (Maggi et al. 2008):
	
	(S2)


where  is the concentration of dissolved NH3, and  is the equilibrium constant. 
The exchange rate between dissolved organic carbon (DOC) and soil adsorbed organic carbon (SOC),, was estimated as below (Yan et al. 2018):
	
	(S3)


where  is the mass transfer coefficient,  is the adsorption and desorption equilibrium constant of DOC,  is the moisture constant,  is the SOC content, and  is the DOC concentration. 


2. Calculation of nitrogen flows  
	During the simulations, the N flows from initial NH4+ to NO2− () and from initial NO3−to NO2− () can be calculated by the following equations,
	
	(S4)

	
	(S5)


where  is the volume of ith voxel,  is the total volume of soil,  is the moisture content of ith voxel,  is the averaged moisture,  is the number of time step,  is the number of numerical voxels, and  is the time step.

3. Procedures of model parameterization 
The values of  , , , , , , , and were initially determined by comparing simulated concentrations of NH4+ and NO3−, and N2O production as well as its attributing ratio from denitrification () with measured ones. The value of  was determined by NH4+ concentrations under different moisture conditions. The values of   and  were determined by NO3− concentrations under different moisture conditions. The values of  and  were mainly determined by N2O fluxes under 40% and 60% WFPS.  The values of  and  were mainly determined by N2O fluxes under 70-90% WFPS. The value of  was mainly determined by N2O flux under 100% WFPS. Afterwards, the values of  and  were further adjusted based on the values of  under different soil moisture conditions. Finally, all the parameters were optimized using Markov chain (MC) approach by allowing the parameter values to change randomly 1000 times from half to double of the initially estimated ones. 




Table S1. Parameter values given by literature or assumed

	Symbols
	Descriptions
	Values
	Units
	Sources and notes

	
	Half-saturated concentration of NH4+ 
	1.71×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of NO2− from NO2− to N2O in the nitrification process
	1.00×10-5
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated concentration of NO from NO to N2O in the nitrification process
	8.33×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of NO2− from NO2− to NO3−
	3.93×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of NO3− from NO3− to NO2−
	8.33×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated concentration of NO2− from NO2− to NO in the denitrification process
	8.33×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated concentration of NO from NO to N2O in the denitrification process
	8.33×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated concentration of N2O
	8.33×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of DOC from NO3− to NO2−
	4.17×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of DOC from NO2− to NO in the HD process
	4.17×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of DOC from NO to N2O in the HD process
	4.17×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of DOC from N2O to N2
	8.34×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of DOC from NO2− to NH4+
	4.17×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of DOC from DOC to CO2
	8.33×10-4
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of O2 from NH4+to NO2−
	1.25×10-5
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of O2 from NO2− to NO3−
	6.88×10-5
	Mol/l
	(Chang et al. 2022)

	
	Half-saturated Concentration of O2 from DOC to CO2
	1.13×10-3
	Mol/l
	(Chang et al. 2022)

	
	Inhibition constant of O2 from NO3− to NO2− in the denitrification process
	1.49×10-4
	Mol/l
	Assumed

	
	Inhibition constant of O2 from NO2− to NO 
	1.49×10-4
	Mol/l
	Assumed

	
	Inhibition constant of O2 from NO to N2O 
	1.49×10-4
	Mol/l
	Assumed

	
	Inhibition constant of O2 from N2O to N2
	5.95×10-7
	Mol/l
	Assumed

	
	Maximum reaction rate of CO2 from DOC
	2.80×10-4
	mol/g/s
	Assumed

	
	Henry’s law constant of NH3
	1.46×103
	-
	(Sander 2015)

	
	Henry’s law constant of NO
	0.047
	-
	(Sander 2015)

	
	Henry’s law constant of N2O
	0.6
	-
	(Sander 2015)

	
	Henry’s law constant of N2
	0.016
	-
	(Sander 2015)

	
	Henry’s law constant of O2
	0.032
	-
	(Sander 2015)

	
	Henry’s law constant of CO2
	0.82
	-
	(Sander 2015)

	
	Equilibrium constant between NH4 and NH3
	1.00×109.24
	-
	(Maggi et al. 2008)

	
	Diffusion coefficient of gaseous NH3 in air
	2.28×10-5
	m2/s
	(Spiller 1989)

	
	Diffusion coefficient of gaseous NO in air
	2.11×10-5
	m2/s
	(Massman 1998)

	
	Diffusion coefficient of gaseous N2O in air
	1.68×10-5
	m2/s
	(Massman 1998)

	
	Diffusion coefficient of gaseous N2 in air
	2.12×10-5
	m2/s
	(Cadogan et al. 2014)

	
	Diffusion coefficient of gaseous O2 in air
	2.10×10-5
	m2/s
	(Weast 1997)

	
	Diffusion coefficient of gaseous CO2 in air
	1.92×10-5
	m2/s
	(Weast 1997)

	
	Maximum adsorption capacity of NH4+
	5.00×10-6
	Mole/l
	(Sieczka & Koda 2016)

	
	Langmuir constant of NH4+
	7.20×103
	l/Mole
	(Sieczka & Koda 2016)

	
	Mass transfer coefficient of SOC desorption
	2.00×10-6
	1/s
	(Yan et al. 2018)

	
	Adsorption/desorption equilibrium constant between SOC and DOC
	0.039
	l/g
	(Yan et al. 2018)

	
	Moisture constant
	0.10
	m3/m
	(Yan et al. 2018)

	
	Initial biomass concentration of heterotroph
	5.3×10-3
	g/l
	(Maggi et al. 2008)

	
	Initial biomass concentration of ammonia-oxidizing bacteria
	2.57×10-2
	g/l
	(Maggi et al. 2008)

	
	Initial biomass concentration of nitrite-oxidizing bacteria
	5.0×10-4
	g/l
	(Maggi et al. 2008)

	
	Initial biomass concentration of  denitrifiers
	6.0×10-3
	g/l
	(Maggi et al. 2008)

	
	Bulk density of incubated soil
	1.0×103
	kg/m3
	(Wang et al. 2023)

	 
	Depth of incubated soil
	8×10-3
	m
	(Wang et al. 2023)

	 
	Total volume of incubated soil
	2×10-5
	m3
	(Wang et al. 2023)

	
	cementation exponent for dissolved species
	1.5
	-
	(Hamamoto et al. 2010)

	
	cementation exponent for gaseous species
	1.5
	-
	(Hamamoto et al. 2010)

	
	saturation exponent for dissolved species
	2.5
	-
	(Hamamoto et al. 2010)

	
	saturation exponent for gaseous species
	2.5
	-
	(Hamamoto et al. 2010)




Table S2. Parameter values determined by Markov chain (MC) optimization
	Symbols
	Descriptions
	Units
	Well-mixed model
	PBM-T-NF model

	
	Maximum reaction rate of NO2− from NH4+ 
	mol/g/s
	8.63×10-6
	8.72×10-6

	
	Maximum reaction rate of NO from NO2− in the nitrification process
	mol/g/s
	8.84×10-8
	6.11×10-8

	
	Maximum reaction rate of N2O from NO in the nitrification process
	mol/g/s
	2.10×10-4
	3.21×10-5

	
	Maximum reaction rate of NO3− from NO2− 
	mol/g/s
	5.10×10-3
	5.97×10-2

	
	Maximum reaction rate of NO2− from NO3−
	mol/g/s
	2.47×10-5
	2.19×10-5

	
	Maximum reaction rate of NO from NO2− in the denitrification process
	mol/g/s
	4.43×10-7
	1.38×10-7

	
	Maximum reaction rate of N2O from NO in the denitrification process
	mol/g/s
	1.80×10-1
	5.70×10-3

	
	Maximum reaction rate of N2 from N2O
	mol/g/s
	1.20×10-4
	1.22×10-5




Table S3 Initial concentrations of NH4+ and NO3 under different soil moisture contents
	Soils 
	Concentrations
mg-N/kg-soil
	40% WFPS
	60% WFPS
	70% WFPS
	80% WFPS
	90% WFPS
	100% WFPS

	LC
	NH4+
	25.83
	26.23
	26.22
	27.08
	26.53
	28.36

	
	NO3−
	125.02
	132.37
	127.50
	117.76
	107.83
	64.91

	SZ
	NH4+
	24.80
	24.19
	24.25
	23.99
	23.33
	24.33

	
	NO3−
	100.67
	94.83
	94.08
	93.42
	80.92
	64.92




 [image: ]
Fig. S1 Simulated N2O fluxes by the PBM-T-NF model as (a) , (b) , (c) , (d) , (e) , (f) , (g) , or (h) was increased (5.0 ) or decreased (0.2 ) by five times. LC soil was used to evaluate the effects of parameters.
 [image: ]
Fig. S2 Simulated N2O fluxes by the PBM-T-NF model as (a) NH4+ concentration, (b) NO3− concentration, (c) bulk density, or (d) soil depth was doubled (5.0 ) or halved (0.2 ).  Virtual soil core was used in the simulations.
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