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Section S1: Methodology 

Text S1 Equations for N2O emissions from each source 

This part is converted and modified from 2006 IPCC Guidelines for National Greenhouse Gas 

Inventories. 

S1.1 Manure management systems (A1 and A2) 

( ) ( )( ), 3 ,
44=
28MS T S T S

T S
E MS EF⋅ ⋅∑∑ ,

                  
   

 
(S1a)

 

where 

( ) ( ) ( ), ,TT S T T SMS LP Nex η= ⋅ ⋅
              

         
 
(S1b)

 

( ) ( ) ( ) /1000T TTNex Nrate DAY= ⋅
             

         
 
(S1c)

 

and ( ),T SMS is annual average N excretion in management system S for livestock species/category 

T, kg N⋅yr−1; Livestock species/category considered in PKU-N2O include swine, dairy cattle, 

other cattle, sheep, poultry, house, ass, and mule; TN is number of head of species/category T;

( )TNex is annual average N excretion per head of species/category T, kg N⋅head−1⋅yr−1; ( ),T Sη  is 

fractions of manure managed in each management system S for each livestock species/category 

T, %; ( )TNrate is N excretion rate for livestock species/category T, g N⋅head−1⋅day−1; ( )TDAY is 

number of feeding day for livestock species/category T; ( )3 ,T SEF is emission factor for direct N2O 

emissions from manure management system S for livestock species/category T, kg N2O-N⋅kg−1; 

when S=1, ( )3 ,T SEF is equal to the emission factor for direct N2O emissions ( 1( , )T REF );44/28 is 

conversion coefficient of N2O-N emissions to N2O emissions. 

 

S1.2 Synthetic fertilizers (A3) 

( ) ( )( ) 1( , ), ,
44=
28SF T RT R T R

T R
E NS NC EFα ⋅ + ⋅ ⋅ ∑∑ ,                  (S2) 
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where ( ),T RNS and ( ),T RNC are annual amounts of chemical and compound fertilizers for crop type 

T in county R, kg N⋅yr−1; α is N content in compound fertilizer set as 30% kg⋅kg−1 suggested by 

Gao et al. 1, 1( , )T REF  is emission factor for direct N2O emissions from agricultural soils for crop 

type T in Agro-Climate Zone R, kg N2O-N/kg N. The corresponding Agro-Climate Zone and 

other Administrative divisions (regions and provinces) of China are shown in Figure S1 

(http://en.wikipedia.org/wiki/Administrative_divisions_of_China and http://www.data.ac.cn/). 

 

 
Figure S1. Administrative divisions (regions and provinces) of China 

 

S1.3 Organic fertilizer (A4) 

( ) ( )( ) ( )( , ) 1( , ), , ,
44=
28ON T R T T RT R T R T R

T R
E RP LP Crop Nr EFη ⋅ + + ⋅ ⋅ ⋅ ∑∑ ,          (S3)
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where ( ),T RP is number of rural population, or livestock species/category T or productivity of oil 

plant T for cake fertilizers in county R, capita⋅yr−1 or head⋅yr−1 kg⋅yr−1, oil plants considered in 

PKU-N2O are divided into rapeseed, soybean, peanut, sesame, and the others; ( ),T RNr is annual 

average N excretion per head of species/category T for county R, or per capita of human, or N 

content in oil plant T, kg N⋅capita−1, kg N⋅head−1 or kg N⋅kg−1; ( )Tη is fraction of human or 

livestock excretion return to cropland, %. 

 

S1.4 Crop residues (A5) 

( )( , ) ( , ) 1( , )
44
28CR T R T R T R

T R
E Crop CRN EF= ⋅ ⋅ ⋅∑∑ ,                

 
(S4a) 

where 

( )( , ) ( , ) ( , )1T R T R T T R f TCrop Yield DRY Burnt C Renew= ⋅ ⋅ − ⋅ ⋅ ,            
 
(S4b) 

( )( , ) ( , )1AG AG BG AG
T R T T T R T TCRN R N Remove R N= ⋅ ⋅ − + ⋅ ,              

 
(S4c) 

and ( , )T RCrop is annual dry matter yield for crop T in county R excluding that burnt, kg⋅yr−1;

( , )T RYield is annual fresh yield for crop T in region R, kg⋅yr−1; Crop types considered in PKU-N2O 

consist of rice, wheat, maize, barley, soybean (including other soybeans), potato (including other 

potato), peanut, rapeseed, sesame, other oilplants, sugarcane, millet, sorghum, highland barley, 

and alfalfa; DRYT is dry matter fraction of crop T, %; ( , )T RBurnt is area fraction of crop T burnt in 

region R, %; fC is combustion factor, %; ( )TRenew is fraction of total area under crop T that is 

renewed annually set as 1 in PKU-N2O; AG
TR is ratio of above-ground residues dry matter (d.m.) 

to TCrop , %; AG
TN is N content of above-ground residues for crop T, kg N⋅(kg d.m.)−1;

( , )T RRemove is fraction of above-ground residues of crop T removed annually in region R, %;
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BG
TR  is ratio of below-ground residues dry matter to TCrop , %; AG

TN  is N content of 

blew-ground residues for crop T, kg N⋅(kg d.m.)−1. 

 

S1.5 Mineralization of soil organic matter (A6) 

( , ) 1( , )
44 1= 1000
28SOM T R T R

T R
E C EF

CN
 ⋅ ⋅ ∆ ⋅ ⋅ 
 

∑∑                   
 
(S5) 

where ,Mineral LUC∆  is annual loss of soil carbon for crop type T in grid R simulated and averaged 

by global ecosystem models (ORCHIDEE2, LPJ3, and LPJ-GUESS4) shown in Figure S2, 

tC⋅yr−1; CN is C:N ratio extracted from Harmonized World Soil Database v1.2 5. 

 

 
Figure S2 Results of annual soil carbon change (0.5°×0.5°) simulated and averaged by 

ORCHIDEE2, LPJ3, and LPJ-GUESS4. 

 

S1.6 Histosol management (A7) 
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( )( , , ) 2( , , )
44=
28OS T R N T R N

T R N
E Area EF⋅ ⋅∑∑∑                      

 
(S6) 

where ( , , )T R NArea is total annual area of drained/managed organic soils for vegetation type T with 

soil nutrient availability in climatic zone R, which is also extracted from Harmonized World Soil 

Database v1.2 based on FAO definition, ha; 2( , , )T R NEF  is emission factor for N2O emissions from 

drained/managed organic soils, kg N2O-N⋅ha−1. 

 

S1.7 Energy combustions and wildfires (including E1~E5, A8, L) 

( ) ( )( ), 5 ,=EC T I T I
I T

E Fuel EF⋅∑∑                            (S7a) 

( )5=W T T
T

E W EF⋅∑                                 (S7b) 

where ( , )T IFuel is consumption of fuel T in energy sector I and WT is dry matter burned of 

vegetation T. Energy sectors considered in PKU-N2O include public electricity and heat 

production, manufacturing industries and construction, residential and other sectors, road 

transportation, rail transportation and other energy sources, TJ⋅yr−1; ( )5 ,T IEF is emission factor of 

Energy combustions, kg N2O⋅TJ−1, and ( )5 ,T IEF is emission factor of wildfires, kg N2O⋅(kg d.m. 

burned)−1. 

 

S1.8 Production of chemicals (including I1and I2) 

( )4( ))
44=
28PC TT

T
E P EF⋅ ⋅∑ (                              (S8) 

where ( )TP is production of chemical industry T, t⋅yr−1, chemical productions considered in 

PKU-N2O include nitric acid (NAP) and Oxalic acid (OX); 4( )TEF is emission factor for direct 

N2O emissions from chemical industry T, kg N2O-N⋅t−1. 
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S1.9 Wastewater handling (W1) 

( )6
44=
28WH

T
E TN EF⋅ ⋅∑                              (S9a) 

where 

( )= NPR NonCon Ind SludgeTN UP Protein F F F N⋅ ⋅ ⋅ ⋅ ⋅ −                    (S9b) 

and UP is human population, in which only urban population is considered in PKU-N2O since 

wastewater from rural region in China is mainly recycled for feeding or irrigation 2; Protein is 

annual per capita protein consumption, kg⋅capita−1⋅yr−1; FNPR is fraction of nitrogen in protein set 

as default (=0.16 kg N⋅kg protein 3); FNonCon is factor for non-consumed protein added to the 

wastewater set as 1.5 4; FInd is factor for industrial and commercial co-discharged protein into the 

sewer system set as 1.25 4; NSludge is nitrogen removed with sludge set as 0 4. Here domestic 

sewage from urban region was only considered due to the lifestyle in China’s rural region where 

sewage would be generally reused or recycled for agricultural irrigation and animal feeding. EF6 

is emission factor from wastewater handling, kg N2O-N⋅kgN−1. 

 

S1.10 Indirect emissions through atmospheric nitrogen deposition (ID1) 

( )3 7
44 - -
28AD xE NH N NO N EF= ⋅ + ⋅ ,                      (S10) 

where 7EF is emission factor for indirect N2O emissions through atmospheric nitrogen deposition, 

kgN2O-N⋅kg−1; NH3-N and NOx-N are N contents of NOx and NH3 emissions, kg N⋅yr−1. 

 

S1.11 Indirect emissions from N leaching and runoff (ID2) 

( ) ( )( )8, ,=LR T R T R
T R

E N Leach EF⋅ ⋅∑∑ ,                      (S11) 

where ( ),T RLeach is ratio of N loss by leaching/runoff to N applications on managed soils for crop 
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type T in region R, %; 8EF is emission factor for indirect N2O emissions by leaching/runoff, 

kgN2O-N⋅kg−1. 

 

 

Text S2 Methodology of spatial allocations of county-level PKU-N2O to 0.1 degree grid 

County-level N2O emissions in 2008 were further allocated into 0.1 degree grid using various 

proxies recommended by previous works 6,67,71, with the exception of histosols management, fuel 

consumptions, and 14 major chemical companies for oxalic acid productions, for which 

emissions were directly determined to individual grids based on their geographic positions. 

Proxy dataset are obtained from Institute of Geographic Sciences and Natural Resources 

Research of Chinese Academy of Science or Human-Earth Systems Databases: 

http://www.data.ac.cn/.  

Cropland was used as a proxy for direct and indirect emissions from crop residues, synethic 

and organic fertilizers. Grassland was used as a proxy for direct and indirect emissions from 

manure in pasture/range/paddock. Urban and built-up was used as a proxy for N2O from product 

uses. Total population was used as a proxy for indirect emissions due to atmospheric depositions 

of NOx. Rural population was used as a proxy for manure management systems. Urban 

population was used as a proxy for waste handling. The 0.5°×0.5° simulated N-mineralization in 

soil was simply re-sampled to 0.1°×0.1° for the year 2008. 

 

 

Text S3 Methodology and results of provincial disaggregated regression analysis for fertilizers, 

livestocks, and crops 

For comparison with actual county-level data, simulated data was estimated based on a set of 

provincial disaggregated regression models. 

http://www.data.ac.cn/
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A range of parameters including total and rural populations, GDPs of various combinations, 

areas of cropland, grassland, forest, urban region, and rural region, annual mean/max 

temperature, annual mean precipitation, average slope were examined for their quantitative 

relationships with various types of fertilizers consumptions, livestock productions, and crop 

productions. Most parameters were not employed in the final models either because of an 

absence of quantitative relationships or the lack of full data sets by county.  

Both linear and nonlinear regression models were tested for quantitative relationships 6. For 

the most part, a univariate linear model was preferred for simplicity. However, a good regression 

could not be determined for poultry, rice, wheat, maize, soybeans, oilplants, and sorghum 

without including introduction of a nonlinear independent variable. Although regression models 

were developed by trial-and-error, the final format could be interpreted reasonably well. 

Regressions and statistical analysis were conducted using MATLAB® (Mathworks, Inc). 

Potatoes, highland barley, alfalfa, and other livestocks (horse, asses, and mules) were equally 

allocated into counties within each province, since the regression lines imperfectly fit the data. 

The regression results for activity data were listed as follows and Figure S3. 

Fertilizers: y = 0.1103x (agricultural GDP, 104 CNY), R² = 0.8676, p<0.001 

Cattles (including dairy cattle): y = 66.898x (Cropland area, km2), R² = 0.4749, p<0.001 

Sheeps (including goats): y = 25.877x (Total area, km2), R² = 0.6129, p<0.001 

Swine: y = 0.8165x (Rural population, person) – 994925, R² = 0.7201, p<0.001 

Poultry: y = 1.162E-10x2 + 7.277E-04x (Agricultural GDP, 104 CNY) + 4.017E+03, R² = 

0.885, p<0.001 

Rice: y = 2.22E-09x2 + 9.79E-02x (Total population, person), R² = 0.794, p<0.001 

Wheat (including barley): y = 0.191 x2 + 4.436 x (Rural area, km2), R² = 0.859, p<0.001 

Maize: y = 1.19E-03x2 + 4.21E+00x (cropland area, km2), R² = 0.811, p<0.001 

Soybeans: y = 2.82E+04e3.76E-05x (cropland area, km2), R² = 0.819, p<0.001 
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Oilplants: y = 7.22E-10x2 + 5.21E-03x (Rural population, person), R² = 0.862, p<0.001 

Sorghum: y = 1281.33 x2 - 65704.91 x (Maximum temperature, °C) + 794111.02, R² = 0.84, 

p<0.001 

Millet: y = 2.84E-03x (Agricultural GDP, 104 CNY), R² =0.844, p<0.001 

Sugarcane: y = 282,681.98 x (Maximum temperature, °C) - 5,037,146.91, R² = 0.63, p<0.001. 

 

 

 

    

 

Figure S3. Dependences of activity data on predictive variables at province level 
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Section S2: Data on activity data, EFs, and EPs 

Activity data. The data source of county-specific (county-average, raster-type, 

point source location) activity data for each source S and for each predictive variable 

R and related auxiliary data are shown in Table S1. 

Table S1 Spatial resolutions and data sources of activity data and auxiliary data 

No. Activity 
data Definition Unit 

Spatial 
resolutio
n 

Data source 

1 NS(T,R) Total N straight kg N⋅yr−1 County 
 Mainland China: 333 municipal 

Socioeconomic Statistics 
Yearbooks for 2859 counties 7 

 Taiwan: Yearly Report of Taiwan's 
Agriculture for 23 counties 8 

 Hong Kong Annual Digest of 
Statistics 9 

 Macau Demographic Statistics 10 

2 NC(T,R) Total N compound kg⋅yr−1 County 
3 Yield(T,R) Fresh yield for 

crops  
kg⋅yr−1 County 

4 LP(T,R) Livestock number head⋅yr−1 County 
5 RP(T,R) Rural population capita⋅yr−

1 
County 

6 UP(T,R) Urban population capita⋅yr−
1 

County 

8 Area(T,R) Area of organic 
soils c 

ha⋅yr−1 1km  Harmonized World Soil Database 
5 

9 NAP Nitric acid 
production 

t⋅yr−1 Point  SRI Consulting 11 but corrected by 
provincial-level actual 
productions in 2008 from China 
Industrial Economic Statistical 
Yearbook 12 

10 OAP Oxalic acid 
production 

t⋅yr−1 Point  China Oxalic Acid Industry 
Research Report 13 

11 NOx−N N content of NOx 
emissions 

Gg⋅yr−1 0.1°  EDGAR v4.214 

12 NH3−N N content of NH3 
emissions 

Gg⋅yr−1 1km  Re-calculated by using above 
activity data and methodology of 
Huang et al. 15 

13 Fuel(T,I) Amount of fuel 
consumptions 

TJ⋅yr−1 0.1°  Extrapolating PKU-FUEL-200716 
to 2008 by taking the ratio of 
provincial fuel consumptions 
between the year 2007 and 2008 

14 WT dry matter burned 
of vegetation 

km2 0.1°  Extrapolating PKU-FUEL-200716 
to 2008 by taking the ratio of 
burned areas between the year 
2007 and 2008 from Global Fire 
Emissions Database17 

15 ∆C(T,R) 
Loss of soil carbon t C⋅yr−1 0.5°  Modeled by ORCHIDEE2, LPJ3, 

and LPJ-GUESS4 
16 GDP Gross Domestic 

Product 
Million $ County  Same as NS(T,R) 

17 LU land use km2 1km  Institute of Geographic Sciences 
and Natural Resources Research 
(IGSNRR) 18 

18 TEMP Annual temperature °C Point  http://cdc.cma.gov.cn/home.do 
19 PRE Annual mean 

precipitation 
mm Point  http://cdc.cma.gov.cn/home.do 

20 SLOPE Average slope - 1km  IGSNRR18 
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The sum of regional/ sub-national data from local governments is quite different 

with national data from international organizations. The differences of activity data 

among county-level, national, and international statistics is shown in Table S2, where 

activity data that could be obtained in international statistics are only listed. For 

international results, synthetic fertilizers, as sum of total N straight and N compound, 

were derived from IFA, crops and livestocks were obtained from FAO 

(http://faostat.fao.org/), whereas population was obtained from UNSD 

(https://unstats.un.org/) and World Bank (http://data.worldbank.org/).  

 
Table S2 Differences of activity data among county-level, national, and international  

statistics in 2008 

Item Unit County-level National International 
Synthetic fertilizers Million tonne 28.6 28.7  34.0  
Rice Million tonne 196.4 191.9  193.3  
Wheat Million tonne 127.7 112.5  112.5  
Barley Million tonne 3.4 2.8  2.8  
Maize Million tonne 195.3 165.9  166.0  
Soybeans Million tonne 19.0 15.4  15.5  
Potatoes Million tonne 34.5 33.3  70.8  
Rapeseed Million tonne 8.5 12.1  12.1  
Sesame seed Million tonne 0.5 0.6  0.6  
Millet Million tonne 1.1 1.3  1.3  
Sorghum Million tonne 2.3 1.8  1.8  
Cattle Million head 127.8 105.8  106.1  
Sheep Million head 280.5 281.1  280.0  
Horses Million head 6.4 6.8  7.0  
Asses Million head 6.7 6.7  6.9  
Mules Million head 3.5 3.0  3.0  
Pigs Million head 698.2 610.0  446.7  
Poultry Billion head 15.1 10.2  5.4  
Urban population Million capita 462.6 467.2  622.8  
Rural population Million capita 891.7 884.6  702.3  
 

The CV of each activity data is assumed to be equal to the absolute value of the 

average difference between a given dataset from China used in PKU-N2O, and a 
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default global dataset (e.g. FAO, IFA, UNSD). A CV value of 0.2 is set for the 

following activities in absence of global datasets15, 16: productions of peanut, 

sugarcane, other oilplants, highland barley and alfalfa, loss of soil carbon, area of 

organic soils, nitric and adipic acid production, NH3 and NOx emissions, and dry 

matters burned of vegetation. The CV of energy consumption is set to 0.05 19 (Table 

S3). 

Table S3 Coefficients of variations (CVs) for each type of activity data 

Activity data CV Activity data CV 
Synthetic fertilizer 9.2% Cattle/dairy cattle 5.6% 
Compound fertilizer 0.6% Sheep 7.4% 
Rice 1.3% Swine 3.8% 
Wheat 0.5% Poultry 5.2% 
Maize 0.9% Horses 1.7% 
Barley 4.9% Asses 2.7% 
Soybean 1.1% Mules 3.1% 
Potato 29% Rural population 0.9% 
Peanut* 20% Urban population 1.3% 
Rapeseed 0.5% Loss of soil carbon 20% 
Sesame 0.1% Area of organic soils 20% 
Other oilplants 20% Nitric acid production 20% 
Sugarcane 20% Oxalic acid productions 20% 
Millet 1.7% NH3 emission 20% 
Sorghum 4.9% NOx emission 20% 
Highland barley 20% Energy consumptions 5.0% 
Alfalfa 20% Dry matter burned of vegetation 20% 

 

EFs. 8 types of emission factors and their mean, standard deviation [SD], and 

sample size were assessed using published field measurements in China within the 

period from 1994 to 2013. For example, EF1(T,R) were compiled individually for 

different cultivation type (T) in 6 Agro-Climate Zone (R, Figure S2) based from 620 

individual values from 73 experiment locations (Figure S4). Yet few of data was 

eliminated because of no control treatment in those experiments (Table S4). 
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Figure S4 Geographic distributions of EFs observations in agricultural soils 

conducted in previous works in China. Panel a: locations and mean values of EFs, 

Panel b: record number. 

 

a b 
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Table S4 Emission factors (EFs) listed as mean (M) and Standard deviation (SD) and sample size (n). 

EFs Type T Condition R IPCC 
default M   SD×  n Ref. 

EF1(T,R) 1-Upland 1-Region I* 0.01 0.0065 0.179 65 20-38 
  2- Region II 0.01 0.0149 0.264 45 39-54 
  3- Region III 0.01 0.0079 0.234 134 21, 55-90 
  4- Region IV 0.01 0.0157 0.428 158 67, 73, 91-155 
  5- Region V 0.01 0.0086 0.439 14 156 
  6- Region VI 0.01 0.0093 0.204 20 157, 158 
 2-Paddy 1-Region I 0.003 0.0052 0.064 7 86, 159 
  2- Region II 0.003 0.0161 0.346 11 39, 42, 43, 45, 46, 48, 49, 53, 

54, 160 
  3- Region III 0.003 0.0060 0.205 11 55, 57, 67 
  4- Region IV 0.003 0.0114 0.256 145 67, 73, 80, 91, 94, 95, 100, 

101, 103-105, 110, 114, 115, 

117-119, 123-131, 133-135, 

137-140, 142, 145-147, 149, 

153-155, 161-177 
  5- Region V 0.003 0.0059 0.314 4 178 
  6- Region VI 0.003 0.0059 0.223 6 179 
EF2(T,R) 1-Cropland & Grassland 1-Temperate 8 5.8 0.5§ 1 180 
 2-Tropical (Cropland) 16 107 10.24 6 181 
 2-Forest 1-Temperate & nutrient rich 0.6 1.00 0.202 9 182-184 
  2- Temperate & nutrient poor 0.1 -- -- -- -- 
  3-Tropical 8 3.39 0.096 3 183 
EF3(T, S) 1-Cattle, poultry & pigs 1-Pasture/Range/Paddock 0.02 0.02 0.5 1 185 
 2-Sheep & others 2-Pasture/Range/Paddock 0.01 0.01 0.5 1 185 
 3-All animals 3-Uncovered anaerobic lagoon 0 -- -- -- -- 
  4-Liquid/Slurry 0.005 0.0051 0.5 1 186 
  5-Solid storage 0.005 -- -- -- -- 
  6-Dry lot 0.02 0.03 0.147 3 187 
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  7-Daily spread 0 -- -- -- -- 
  8-Anaerobic digester 0 -- -- -- -- 
EF4(T) 1-Adipic acid production 300 300 0.036 3 185 
 2-Nitric acid production 5.1 4.9 0.5 1 188 
EF5(T, I) 1-Coal 1-Energy production 1.5 4.83 0.226 6 189, 190 
  2-Industry 1.5 3.1 0.344 6 190 
  3-Residential/commercial 1.5 0.87 0.5 1 190 
  4-Rail transportation 1.5 1.5 0.5 1 185 
 2-Petroleum 1-Energy production 0.6 0.6 0.5 1 185 
  2-Industry 0.6 0.6 0.5 1 185 
  3-Residential/commercial 0.6 0.6 0.5 1 185 
  4-Rail transportation 28.6 28.6 0.5 1 185 
  5-Road transportation 3.9 5.28 0.194 12 191 
 3-Natural gas 1-Energy production 0.1 0.03 0.5 1 189 
  2-Industry 0.1 0.03 0.5 1 189 
  3-Residential/commercial 0.1 0.03 0.5 1 189 
 4-Soil waste 1-Energy production 4 4 0.5 1 185 
  2-Industry 4 -- -- -- -- 
  3-Residential/commercial 4 4 0.5 1 185 
 5-Biomass 1-Energy production 4 4.35 0.217 9 192, 193 
  2-Industry 4 -- -- -- -- 
  3-Residential/commercial 4 4.35 0.217 9 192, 193 
  4-Agricultural 4 4.35 0.217 9 192, 193 
 6-Biogas 1-Energy production 0.1 -- -- -- -- 
  2-Industry 0.1 0.1 0.5 1 185 
  3-Residential/commercial 0.1 0.1 0.5 1 185 
 7-Wildfires 1-Forest fires  0.21 0.10 3 194 
  2-Savanna/Grassland fires  0.21 0.10 3 194 
  3-Woodland fires  0.21 0.10 3 194 
  4-peat fires  0.20 0.10 3 194 
  5-deforestation  0.20 0.10 3 194 



17 
 

EF6 Wastewater  0.05 0.0051 0.30 24∆ -- 
EF7 N deposition  0.01 Same as EF1(T,R) 
EF8 Rivers  0.0025 0.0022 0.261 21 195, 196 
 Estuary  0.0025 0.0029 0.055 3 197-199 
 Groundwater  0.0025 0.0014 0.422 18 200-205 
* Region I: Xinjiang (XJ), Qinghai (QH), Tibet (TB), Shanxi (SX), Gansu (GS), Shaanxi (SAX), Inner Mongolia (IM), and Ningxia (NX); Region II: 

Heilongjiang (HLJ), Jilin (JL), and Liaoning (LN); Region III: Beijing (BJ), Tianjing (TJ), Hebei (HB), Henan (HN), and Shangdong (SD); Region IV: 
Zhejiang (ZJ), Shanghai (SH), Jiangsu (JS), Anhui (AH), Jiangxi (JX), Hunan (HUN), Hubei (HUB), Sichuan (SC),and Chongqing (CQ); Region V: 
Guangdong (GD), Guangxi (GX), Hainan (HN), Fujian (FJ), and Taiwan (TW); Region VI: Yunnan (YN) and Guizhou (GZ)206. Spatial distribution of 
Agri-Climate Zone is also shown in Figure S1. 

× Standard deviation for logarithmic values of EFs 
§ A standard deviation was assigned as 0.5 if only one sample is available. 
∆ Determined by EF8 from river and estuary 
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EPs. 11 types EP are specified based on local statistics and literature data. Each EP 

name below is defined in Section S1. Manure management systems could be divided 

into five types: Manure in pasture/range/paddock (M1), slurry in intensive system 

(M2-S), drylot in intensive system (M2-D), slurry in extensive system (M3-S), drylot 

in extensive system (M3-D) 207-209. defining the fraction of manure managed in 

each waste management system (S) for each livestock type (T)
 
differs largely between 

provinces, animal types, and farm size in China 15, 210. was calculated as a 

product of the percent of intensive (or extensive) livestock production system by the 

proportion of waste management systems S, where the former is from China’s Animal 

Industry Yearbook 210 and the latter from Huang et al.15 (Table S5).  defining 

N excretion rate for each livestock species/category in different provinces is updated 

by National Pollution Source Survey database207, 208 (Table S6). Leach(T,R) defining 

ratio of N loss by leaching/runoff to N applications on managed soils was obtained 

from long-term observations (362 samples for leaching at 55 experiment locations and 

477 samples for runoff at 79 experiment locations, Figure S5) regrouped for each 

cultivation type and Agro-Climate Zone. The values of other EPs are listed and in 

Table S8. 

 
Figure S5 Geographic distributions of Leach(T,R) observations in agricultural soils. 

( ),T Sη

( ),T Sη

( )TNex
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Panel a: locations and mean values of EFs, Panel b: record number. 

Table S5 ( ),T Sη for diverse livestock type in different province (Unit: %)15, 210.  

Type Location S M1 M2-S M2-D M3-S M3-D 
Cattle* BJ 0.0 43.0 43.0 1.6 12.5 

 TJ 0.0 19.3 19.3 6.8 54.7 
 HB 15.1 22.9 22.9 4.3 34.9 
 SX 2.3 11.4 11.4 8.2 66.7 
 IM 70.0 7.0 7.0 1.8 14.3 
 LN 12.2 15.2 15.2 6.3 51.1 
 JL 29.8 18.8 18.8 3.6 29.0 
 HLJ 51.2 12.9 12.9 2.5 20.5 
 SH 0.0 49.4 49.4 0.1 1.2 
 JS 0.0 34.2 34.2 3.5 28.2 
 ZJ 0.0 12.3 12.3 8.3 67.1 
 AH 0.0 8.9 8.9 9.1 73.2 
 FJ 0.0 3.8 3.8 10.2 82.3 
 JX 0.0 1.7 1.7 10.6 86.0 
 SD 0.0 16.0 16.0 7.5 60.6 
 HN 0.0 8.2 8.2 9.2 74.4 
 HUB 0.0 5.2 5.2 9.9 79.7 
 HUN 0.0 1.3 1.3 10.7 86.8 
 GD 0.0 1.4 1.4 10.7 86.6 
 GX 0.0 0.3 0.3 10.9 88.5 
 HAN 0.0 0.4 0.4 10.9 88.4 
 CQ 0.0 1.9 1.9 10.6 85.6 
 SC 65.4 0.9 0.9 3.6 29.3 
 GZ 0.0 0.4 0.4 10.9 88.4 
 YN 0.0 0.6 0.6 10.9 87.9 
 TB 71.3 0.0 0.0 3.2 25.5 
 SAX 0.0 6.8 6.8 9.5 76.9 
 GS 34.0 2.9 2.9 6.6 53.6 
 QH 94.2 0.4 0.4 0.5 4.4 
 NX 19.4 9.3 9.3 6.8 55.3 
 XJ 69.3 6.9 6.9 1.9 15.0 

Sheep BJ 0.0 37.1 37.1 2.8 23.0 
 TJ 0.0 26.2 26.2 5.2 42.4 
 HB 7.2 16.0 16.0 6.7 54.2 
 SX 4.5 18.8 18.8 6.4 51.5 
 IM 77.3 11.3 11.3 0.0 0.2 
 LN 27.6 18.7 18.7 3.9 31.2 
 JL 30.0 27.4 27.4 1.7 13.6 
 HLJ 41.2 18.5 18.5 2.4 19.4 
 SH 0.0 12.5 12.5 8.3 66.8 
 JS 0.0 15.5 15.5 7.6 61.4 
 ZJ 0.0 16.9 16.9 7.3 58.9 
 AH 0.0 11.9 11.9 8.4 67.9 
 FJ 0.0 7.1 7.1 9.4 76.4 
 JX 0.0 19.8 19.8 6.6 53.8 
 SD 0.0 19.5 19.5 6.7 54.4 
 HN 0.0 7.1 7.1 9.4 76.5 
 HUB 0.0 16.6 16.6 7.3 59.5 
 HUN 0.0 16.5 16.5 7.4 59.7 
 GD 0.0 12.5 12.5 8.3 66.8 
 GX 0.0 4.8 4.8 9.9 80.5 
 HAN 0.0 3.8 3.8 10.2 82.2 
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 CQ 0.0 13.0 13.0 8.1 65.9 
 SC 50.0 7.7 7.7 3.8 30.8 
 GZ 0.0 4.0 4.0 10.1 82.0 
 YN 0.0 2.6 2.6 10.4 84.5 
 TB 67.8 0.0 0.0 3.5 28.7 
 SAX 0.0 2.3 2.3 10.5 85.0 
 GS 40.8 6.5 6.5 5.1 41.1 
 QH 84.3 6.2 6.2 0.4 2.9 
 NX 43.8 22.4 22.4 1.3 10.1 
 XJ 47.9 20.0 20.0 1.3 10.9 

Pig BJ 0.0 32.1 32.1 3.9 32.0 
 TJ 0.0 22.4 22.4 6.1 49.1 
 HB 0.0 25.9 25.9 5.3 42.9 
 SX 0.0 31.8 31.8 4.0 32.4 
 IM 0.0 10.3 10.3 8.7 70.8 
 LN 0.0 19.3 19.3 6.8 54.6 
 JL 0.0 41.8 41.8 1.8 14.7 
 HLJ 0.0 33.3 33.3 3.7 29.7 
 SH 0.0 36.2 36.2 3.0 24.6 
 JS 0.0 22.2 22.2 6.1 49.6 
 ZJ 0.0 28.6 28.6 4.7 38.2 
 AH 0.0 23.4 23.4 5.9 47.3 
 FJ 0.0 32.1 32.1 3.9 31.9 
 JX 0.0 30.6 30.6 4.3 34.6 
 SD 0.0 29.0 29.0 4.6 37.5 
 HN 0.0 40.2 40.2 2.2 17.5 
 HUB 0.0 26.6 26.6 5.2 41.7 
 HUN 0.0 23.9 23.9 5.8 46.5 
 GD 0.0 36.4 36.4 3.0 24.3 
 GX 0.0 14.2 14.2 7.9 63.7 
 HAN 0.0 28.8 28.8 4.7 37.7 
 CQ 0.0 10.9 10.9 8.6 69.6 
 SC 0.0 14.3 14.3 7.9 63.6 
 GZ 0.0 2.2 2.2 10.5 85.1 
 YN 0.0 5.3 5.3 9.8 79.6 
 TB 0.0 3.4 3.4 10.3 83.0 
 SAX 0.0 24.9 24.9 5.5 44.8 
 GS 0.0 14.4 14.4 7.8 63.5 
 QH 0.0 10.4 10.4 8.7 70.6 
 NX 0.0 17.4 17.4 7.2 58.1 
 XJ 0.0 30.9 30.9 4.2 34.1 

Poultry BJ 0.0 0.0 46.6 5.9 47.5 
 TJ 0.0 0.0 57.3 4.7 38.0 
 HB 0.0 0.0 33.1 7.4 59.5 
 SX 0.0 0.0 59.5 4.5 36.0 
 IM 0.0 0.0 27.2 8.0 64.8 
 LN 0.0 0.0 45.5 6.0 48.5 
 JL 0.0 0.0 63.5 4.0 32.5 
 HLJ 0.0 0.0 28.4 7.9 63.7 
 SH 0.0 0.0 26.3 8.1 65.6 
 JS 0.0 0.0 37.7 6.9 55.4 
 ZJ 0.0 0.0 23.8 8.4 67.8 
 AH 0.0 0.0 30.7 7.6 61.7 
 FJ 0.0 0.0 68.3 3.5 28.2 
 JX 0.0 0.0 10.2 9.9 79.9 
 SD 0.0 0.0 51.8 5.3 42.9 
 HN 0.0 0.0 51.6 5.3 43.1 
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 HUB 0.0 0.0 45.7 6.0 48.3 
 HUN 0.0 0.0 11.2 9.8 79.0 
 GD 0.0 0.0 25.3 8.2 66.5 
 GX 0.0 0.0 28.0 7.9 64.1 
 HAN 0.0 0.0 15.5 9.3 75.2 
 CQ 0.0 0.0 11.0 9.8 79.2 
 SC 0.0 0.0 11.5 9.7 78.8 
 GZ 0.0 0.0 13.0 9.6 77.4 
 YN 0.0 0.0 15.6 9.3 75.1 
 TB 0.0 0.0 0.0 11.0 89.0 
 SAX 0.0 0.0 33.5 7.3 59.2 
 GS 0.0 0.0 16.8 9.2 74.0 
 QH 0.0 0.0 9.7 9.9 80.4 
 NX 0.0 0.0 24.8 8.3 66.9 
 XJ 0.0 0.0 61.4 4.2 34.4 

* It is simply assumed to be applicable for horses, asses and mules. 
 

Table S6 N excretion rate for each livestock species/category (Unit: gN⋅head−1⋅day−1). 

Note: Data is available from National Pollution Source Survey database207, 208 

Province 
N excretion 

Pig Dairy cattle Other cattle Poultry Sheep Others 
BJ 33.2 274.2 72.7 1.3 5.5 74.5 
TJ 33.2 274.2 72.7 1.3 5.5 74.5 
HB 33.2 274.2 72.7 1.3 5.5 74.5 
SX 33.2 274.2 72.7 1.3 5.5 74.5 
IM 33.2 274.2 72.7 1.3 5.5 74.5 
LN 57.7 257.7 150.8 1.9 7.0 95.5 
JL 57.7 257.7 150.8 1.9 7.0 95.5 

HLJ 57.7 257.7 150.8 1.9 7.0 95.5 
SH 25.4 214.5 153.5 1.0 5.1 69.3 
JS 25.4 214.5 153.5 1.0 5.1 69.3 
ZJ 25.4 214.5 153.5 1.0 5.1 69.3 
AH 25.4 214.5 153.5 1.0 5.1 69.3 
FJ 25.4 214.5 153.5 1.0 5.1 69.3 
JX 25.4 214.5 153.5 1.0 5.1 69.3 
SD 25.4 214.5 153.5 1.0 5.1 69.3 
HN 44.7 353.4 65.9 0.7 6.0 82.3 

HUB 44.7 353.4 65.9 0.7 6.0 82.3 
HUN 44.7 353.4 65.9 0.7 6.0 82.3 
GD 44.7 353.4 65.9 0.7 6.0 82.3 
GX 44.7 353.4 65.9 0.7 6.0 82.3 

HAN 44.7 353.4 65.9 0.7 6.0 82.3 
CQ 19.7 214.5 104.1 0.7 6.1 83.4 
SC 19.7 214.5 104.1 0.7 6.1 83.4 
GZ 19.7 214.5 104.1 0.7 6.1 83.4 
YN 19.7 214.5 104.1 0.7 6.1 83.4 
TB 19.7 214.5 104.1 0.7 6.1 83.4 

SAX 36.8 185.9 104.1 1.9 5.5 75.5 
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GS 36.8 185.9 104.1 1.9 5.5 75.5 
QH 36.8 185.9 104.1 1.9 5.5 75.5 
NX 36.8 185.9 104.1 1.9 5.5 75.5 
XJ 36.8 185.9 104.1 1.9 5.5 75.5 

 

Table S7 Ratio of N lost through leaching and runoff (Leach(T,R)) listed as mean (M) 

and Standard deviation (SD) and sample size (n) (Unit: % for M). Note: a standard 

deviation was assigned as 0.5 if only one sample is available. 

Path Type T Condition R IPCC 
default M SD n Ref. 

Runoff 1-Paddy 1-Region I -- 0.02 0.5 1 207 

  2- Region II -- 0.40 0.5 24 211 
  3- Region III -- 1.12 0.11 7 212 
  4- Region IV -- 3.12 0.492 95 213-233 
  5- Region V -- 1.09 0.179 28 234 
  6- Region VI -- 1.09 0.179 15 207 
 2-Non-paddy 1-Region I -- 0.30 0.358 3 235 
  2- Region II -- 0.23 0.436 3 235 
  3- Region III -- 0.35 0.585 65 236-239 
  4- Region IV -- 1.61 0.795 170 213, 216, 218-220, 

228, 231, 240-266 
  5- Region V -- 0.83 0.279 27 267-270 
  6- Region VI -- 0.56 0.408 39 271-274 
Leaching 1-Paddy 1-Region I -- 8.25 0.07 4 275 
  2- Region II -- 3.07 0.017 4 146 
  3- Region III -- 3.07 0.017 4 146 
  4- Region IV -- 0.27 0.581 30 276-282 
  5- Region V -- 0.27 0.581 30 276-282 
  6- Region VI -- 0.13 0.5 1 283 
 2-Non-paddy 1-Region I -- 6.23 0.269 41 284-290 
  2- Region II -- 0.37 0.316 6 291 
  3- Region III -- 4.12 0.520 73 292-297 
  4- Region IV -- 7.13 0.452 91 298-310 
  5- Region V -- 6.40 0.334 68 311-321 
  6- Region VI -- 1.03 0.550 10 283, 322, 323 
Runoff 
+ 
leaching 

1-Paddy 1-Region I 30 8.27 0.570 -- -- 
 2- Region II 30 3.46 0.517 -- -- 
 3- Region III 30 4.18 0.127 -- -- 

  4- Region IV 30 3.39 1.073 -- -- 
  5- Region V 30 1.36 0.76 -- -- 
  6- Region VI 30 1.21 0.679 -- -- 
 2-Non-paddy 1-Region I 30 6.53 0.627 -- -- 
  2- Region II 30 0.61 0.752 -- -- 
  3- Region III 30 4.48 1.105 -- -- 
  4- Region IV 30 8.74 1.247 -- -- 
  5- Region V 30 7.23 0.613 -- -- 
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  6- Region VI 30 1.60 0.958 -- -- 
Table S8 Parameters listed as mean (M) and Standard deviation (SD). Note: SD was 

assigned as 20% of mean except for Burnt%, which is determined based on previous 

studies. 

Parameter Crop or location IPCC 
Mean M SD Ref. 

DRYT 1-Rice 0.89 0.85 0.170 324 
2-Wheat 0.89 0.87 0.174 324 
3-Maize 0.87 0.86 0.172 324 
4-Barley 0.89 0.87 0.174 324 
5-Millet 0.9 0.90 0.180 324 
6-Sorghum 0.89 0.90 0.180 324 
7-Soybean 0.91 0.86 0.172 324 
8-Other Soybean 0.91 0.86 0.172 324 
9-Potato 0.22 0.45 0.090 324 
10-Other potato 0.22 0.45 0.090 324 
11-Peanut 0.94 0.94 0.188 324 
12-Rapeseed 0.88 0.82 0.164 324 
13-Sesame 0.88 0.82 0.164 324 
14-Other oilplant 0.88 0.82 0.164 324 
15-Sugarcane 0.22 0.45 0.090 324 
16-Alfalfa 0.90 0.90 0.180 324 
17-Highland barley 0.88 0.87 0.174 324 

Burnt% 1-BJ, SH -- 40 5.0 325 
2-TJ, JS, ZJ, FJ, GD, JL and HLJ -- 35 5.0 325 
3-SX, SAX, LN, HN, SD, HB, 

HN, JX, HUB, HUN and AH 
-- 25 5.0 325 

4-NX, GS, XJ, GX, SC, CQ, YN 
and GZ 

-- 15 5.0 325 

5-IM, QH and TB -- 5 5.0 325 
Cf 1-Rice 0.8 0.89 0.178 324 

2-Wheat 0.9 0.86 0.172 324 
3-Maize 0.8 0.92 0.184 324 
4-Barley, millet, sorghum, alfalfa, 

highland barley 
1.0 0.86 0.172 324 

5-Soybean/other Soybean 1.0 0.68 0.136 324 
6-Potato/other potato 1.0 0.68 0.136 324 
7-Peanut/ rapeseed/ sesame/other 

oilplant 
1.0 0.82 0.164 324 

8-Sugarcane 1.0 0.68 0.136 324 
RAG(T) 1-Rice 0.95 0.9 0.18 326-330 

2-Wheat 1.51 1.1 0.22 326-330 
3-Maize 1.03 1.2 0.24 326-330 
4-Barley 0.98 1.6 0.32 326-330 
5-Millet 1.43 1.0 0.2 326-330 
6-Sorghum 0.88 2.0 0.4 326-330 
7-Soybean/other Soybean 0.93 1.0 0.2 326-330 
8-Potato/other potato 0.1 0.5 0.1 326-330 
9-Peanut 1.07 0.8 0.16 326-330 
10-Rapeseed/sesame/other 

oilplant 
2.5 2.5 0.5 326-330 

11-Sugarcane 0.3 0.3 0.06 326-330 
12-Alfalfa 0.29 0.29 0.044 326-330 
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13-Highland barley 0.98 1.6 0.32 326-330 
NAG(T) 1-Rice 7 9.1 1.82 326-330 

2-Wheat 6 6.5 1.3 326-330 
3-Maize 6 9.2 1.84 326-330 
4-Barley 7 5.6 1.12 326-330 
5-Millet 7 8.2 1.64 326-330 
6-Sorghum 7 12.5 2.5 326-330 
7-Soybean 8 18.1 3.6 326-330 
8-Other Soybean 8 24.5 4.9 326-330 
9-Potato 19 26.5 5.3 326-330 
10-Other potato 19 23.7 4.7 326-330 
11-Peanut 16 18.2 3.64 326-330 
12-Rapeseed 8.7 8.7 1.74 326-330 
13-Sesame/ other oilplant 8.7 8.2 1.64 326-330 
14-Sugarcane 11 11 2.2 326-330 
15-Alfalfa 27 27 5.4 185 
16-Highland barley 7 5.6 1.12 326-330 

RBG(T) 1-Rice 0.16 0.125 0.025 324 
2-Wheat 0.24 0.166 0.033 324 
3-Maize 0.22 0.17 0.034 324 
4-Barley 0.22 0.166 0.033 324 
5-Millet 0.24 0.166 0.033 324 
6-Sorghum 0.24 0.166 0.033 324 
7-Soybean/ Other Soybean 0.19 0.13 0.026 324 
8-Potato/ Other potato 0.2 0.05 0.010 324 
9-Peanut/Rapeseed/Sesame/Other 
oilplant 

0.2 0.13 0.026 324 

10-Sugarcane -- 0.13 0.026 324 
11-Alfalfa -- 0.13 0.026 324 
12- Highland barley -- 0.15 0.030 324 

NBG(T) 1-Rice 7 

Same as IPCC 
default 

185 
2-Wheat 9 185 
3-Maize 7 185 
4-Barley 14 185 
5-Millet 7 185 
6-Sorghum 6 185 
7-Soybean/ Other Soybean 8 185 
8-Potato/ Other potato 14 185 
9-Peanut/ Rapeseed/ Sesame/ 
Other oilplant 

16 185 

10-Sugarcane 8 185 
11-Alfalfa 19 185 
12- Highland barley 14 185 

FracRemove(T) AH -- 55.1 11.02 15, 331 
 BJ -- 58.3* 11.66 15, 331 
 CQ -- 51.6* 10.32 15, 331 
 FJ -- 53.2 10.64 15, 331 
 GS -- 71.5 14.3 15, 331 
 GD -- 51.1 10.22 15, 331 
 GX -- 52.2 10.44 15, 331 
 GZ -- 55 11 15, 331 
 HN -- 37 7.4 15, 331 
 HB -- 44.7 8.94 15, 331 
 HLJ -- 61.9 12.38 15, 331 
 HN -- 60.2 12.04 15, 331 
 HUB -- 61.9 12.38 15, 331 
 HUN -- 16.8 3.36 15, 331 
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 IM -- 60.9 12.18 15, 331 
 JL -- 62.1 12.42 15, 331 
 JS -- 60.9 12.18 15, 331 
 JX -- 32.9 6.58 15, 331 
 LN -- 67.4 13.48 15, 331 
 NX -- 85.4 17.08 15, 331 
 QH -- 61.9 12.38 15, 331 
 SAX -- 61.6 12.32 15, 331 
 SC -- 82.7 16.54 15, 331 
 SD -- 70.6 14.12 15, 331 
 SH -- 44.7 8.94 15, 331 
 SX -- 40.9 8.18 15, 331 
 TB -- 50.8 10.16 15, 331 
 TJ -- 56.6 11.32 15, 331 
 XJ -- 55.4 11.08 15, 331 
 YN -- 55.7 11.14 15, 331 
 ZJ -- 64.1 12.82 15, 331 
 TW -- 56.2 11.24 15, 331 
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Section S3: Supplement results 

This section includes the results on uncertainty estimations of N2O emissions in 

China (Figure S6), geographic distributions of differences of total N2O emissions 

between PKU-N2O and EDGAR v4.2 (Figure S7), and Sensitivity analysis of moving 

means on fixed subset size (Figure S8). 

 

 

 
Figure S6 Uncertainty of N2O emissions from emission sources using MC simulation. 

Note: the bars using the color represented the four emission sources with the highest 

uncertainties 
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Figure S7 Geographic distributions of absolute and relative differences of total N2O emissions between PKU-N2O and EDGAR v4.2 (a, 

b), between PKU-N2O and S1test based on IPCC’s EFs and coefficients 185, (c, d) and between PKU-N2O and S2 test estimated by 

province-level disaggregated algorithm 6, (e, f). Note: Absolute (AD) and relative differences (RD) are defined as AD= E1−E2 and 

RD=(E1−E2)/E2, where E1 and E2 (>0) at 0.1°×0.1° resolution, are the emissions of each grid in EDGAR v4.2 and PKU-N2O, 

respectively. 

a c e 

b d f 
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Figure S8 Sensitivity analysis of moving means on fixed subset size. (a) Ecap, kg per 

capita, (b) Egdp, g per $ GDP, (c) Earea, t per km2. 
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