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TEXT SECTION: THE RF ALGORITHM AND EVALUATION 

Basic algorithm of RF model 

Decision tree (tree) is a basic classification and regression prediction model. It presents a tree structure that 

uses sample features as criteria and values as branches. 

For tree = 1 to 1000: 

 The samples and characteristic variables are randomly selected by the method of sampling with return 

(Liaw and Wiener, 2002); 

 The best partition features and eigenvalues are found by minimizing the square error between the 

observation value and the mean value; 

 The final output value of the base decision tree is obtained by the mean value of the response variables. 

The model output is the average of the predictions of all trees. 

The algorithm of RF regression model consists of a set of regression subtrees to form a set of combination 

models (Breiman, 2001), as expressed in Eq. (S1): 

ℎ�(𝑥𝑥) = 1
𝑁𝑁
∑ {ℎ(𝑥𝑥k,𝜃𝜃n)}𝑁𝑁
𝑛𝑛=1                                     (S1) 

where h(𝑥𝑥k,𝜃𝜃n) denotes the base decision tree of random forest; θn denotes a random vector with independent 

and identically distribution; 𝑥𝑥𝑘𝑘 denotes an interpretation variable. 

The best partition features j and eigenvalues s are determined by the square error minimization criterion, as 

expressed in Eq. (2) (Li et al., 2020): 

min
𝑗𝑗,𝑠𝑠

[min
𝑐𝑐1

∑ (𝑦𝑦𝑖𝑖 − 𝑐𝑐1)2𝑥𝑥𝑥𝑥∈𝑅𝑅1(𝑗𝑗,𝑠𝑠) + min
𝑐𝑐2

∑ (𝑦𝑦𝑖𝑖 − 𝑐𝑐2)2𝑥𝑥𝑥𝑥∈𝑅𝑅2(𝑗𝑗,𝑠𝑠) ]               (S2) 

The min of inner layer is the minimum value selected by each feature at its own feature level, i.e., the best 

partition feature point is selected for each feature; and the outer layer min is the selected feature with the 

smallest error at each feature level. R1 and R2 denote the two regions divided by partition condition (the 
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eigenvalue s of feature j is the logical judgment condition). 

The model traverses all the characteristic variables j, scans the segmentation point s for the fixed partition 

variable, and selects the pair (j, s) that makes the Eq. (S2) reach the minimum value. 

Determination of the relative importance of interpretation variables (RIV) 

The idea of using RF to evaluate the RIV (dimensionless) is to see how much contribution of each feature 

has made to each tree, and finally we compare the contribution between features (Grömping, 2009; Wei et al., 

2019). Conventional RIV calculation methods are divided into two types, i.e., calculated based on Gini index 

(𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) and out-of-bag (OOB) data error rate (𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝑂𝑂𝑂𝑂𝑂𝑂). 

(1) Calculation based on Gini index(𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺). 

The calculation based on Gini index (GI) is expressed in Eq. (S3): 

𝐺𝐺𝐺𝐺𝑚𝑚 = ∑ 𝑝̂𝑝(1 − 𝑝̂𝑝)𝐾𝐾
𝑘𝑘=1                                  (S3) 

where K denotes the number of the features; 𝑝̂𝑝 denotes the probability estimation value of node m sample 

belonging to class K. 

The RIV to variable Xj on the node m, i.e., the Gini index change before and after node m branching, can 

be determined in Eq. (S4): 

𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝑗𝑗𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐺𝐺𝐺𝐺𝑚𝑚 − 𝐺𝐺𝐺𝐺𝑙𝑙 − 𝐺𝐺𝐺𝐺𝑟𝑟                               (S4) 

where 𝐺𝐺𝐺𝐺𝑙𝑙 and 𝐺𝐺𝐺𝐺𝑟𝑟 denote the Gini index of two new nodes after m node splitting. 

The final RIV is calculated with Eq. (S5): 

𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 1
𝑛𝑛
∑ 𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝑗𝑗𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑛𝑛
𝑖𝑖=1                                (S5) 

(2) Calculation based on the OOB error rate (𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝑂𝑂𝑂𝑂𝑂𝑂). 

 In each tree of RF, the training self-service samples are randomly selected to build the tree, and the 

prediction error rate of the out of bag data (OOB) is calculated. 
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 The observation value of the variable Xj is randomly replaced, and the prediction error rate of OOB is 

calculated again.  

 Finally, the difference between the two OOB error rates is calculated.  

After standardization, the mean value in all trees is the 𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗𝑂𝑂𝑂𝑂𝑂𝑂 of variable Xj. 
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Table S1. Social-economical and geo-climatic conditions for six regions of China. 

Regions 
The percentage of China 

Climatic conditions 
Area GDP 

NC 10% 28% temperate monsoon climate 
NE 6% 9% temperate monsoon climate 
NW 35% 5% temperate continental climate 
SE 13% 46% subtropical monsoon climate 
SW 14% 12% subtropical and plateau monsoon climates 
TP 20% 0.5% alpine mountain climate 
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Table S2. Input variables in the RF algorithm. 

Class Symbol Description 

Response variable Fd Observed ground-level concentration×modeled Vd, kg N/S ha-1 yr-1    
Interpretation variables   

Satellite-derived VCD SAT Satellite-derived vertical columns densities, 1015mol cm-2 
Meteorology sp Surface pressure 

 wind Wind direction, ° 
 t2m Temperature at 2 meters, K 
 pre Precipitation, mm 
 si10 Wind speed at 10 meters, m s-1 
 blh Boundary layer height, m 
 tcw Total column water, kg m-2 
 tclw Total column liquid water, kg m-2 
 d2m Dewpoint temperature at 2 meters, K 
 tco3 Total column ozone, kg m-2 
 kx K index, K 
 zust Friction velocity, m s-1 
 gwd Gravity wave dissipation, J m-2 
 tcc Total cloud cover 
 bld Boundary layer dissipation, J m-2 
 magss Magnitude of turbulent surface stress, N m-2 s 

Emissions eNOX Emission of NOX, Mg grid-1 
 eNH3 Emission of NH3, Mg grid-1 
 eSO2 Emission of SO2, Mg grid-1 

Geography Lai_lv Leaf area index, low vegetation, m2 m-2 
 lai_hv Leaf area index, high vegetation, m2 m-2 
 ROAD Road density, km grid-1 
 DEM Elevation, m 
 LUCC Land use type proportion, % 
 GDP Gross Domestic Product, 10000 yuan km-2 
 POP Population density, people km-2 
Modeled concentrations from CTM c_species Including HNO3, NH3, NH4

+, NO3
-, SO4

2-, ug m-3 
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Table S3. Comparison of the annual Fd of N and S in this and other studies (kg N/S ha-1 yr-1). 

Reference Study region Study period 
Dry deposition Wet/bulk deposition Total deposition 

NO₂ HNO₃ NO₃⁻ NH₃ NH₄⁺ SO₂ SO₄²⁻ NH₄⁺ NO₃⁻ SO₄²⁻ N S 

This study China 2005-2020 3.4 5.3 1.7 10.3 4.2 15.5 1.2 3.3 4.6 6.4 32.9 23.1 

Nowlan et al. (2014) China 2005-2007 0.2            

Lye and Tian (2007) China 2003 2.9       7.1 2.8  12.9  

Jia et al. (2014) China 1980-2010             

Jia et al. (2016) China 2005-2014 0.6 1.1 0.1 5.4 0.3   13.9    

Tan et al. (2022) China 2010        4.2 3.4    

Itahashi et al. (2018) China 2010        3.5 2.5    

Zhao et al. (2017) China 2008-2012 0.3 1.7 1.0 0.5 2.6   6.6 3.4  18.1  

Xu et al. (2015) China 2010-2014 0.2-9.8 0.2-16.6 0.1-4.5 0.5-16.0 0.1-11.7   1.0-19.1 0.5-20.1  39.9  

Xu et al. (2019) China 2010-2015 3.1 5.2 1.4 9.6 3.7   11.4 10.3    

Wen et al. (2020) China 2011-2018 22.5   19.4    

Pan et al. (2012) 
Northern 

China 
2007-2010 0.8-4.5  2.2-3.1 8.1-64.2 1.7-5.5   10.3-22.0 3.4-10.2  60.6  

Pan et al. (2013) 
Northern 

China 
2007-2010      32.4 12.8   19.6  64.8 

Zhu et al. (2015) China 2013        7.3 5.9    

Yu et al. (2016) China 2009-2014         32.9 116.0   

Yu et al. (2019) China 1985-2015 0.8 2.0 2.7 0.5 4.3   5.9 4.2  20.4  

Li et al. (2019) China 2010          71.5   

Li et al. (2020) China 2011-2016        5.9 13.3 33.4   

Liu et al. (2016a) 
Southwest 

China 
2003-2013        17.5 8.2 21.7   

Liu et al. (2016b) China 2003-2014        6.8 5.4    

Liu et al. (2016c) China 2000-2013          23.0   

Liu et al. (2017a) China 2010-2012         5.8    
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Table S3 (continued) 

Reference Study region Study period 
Dry deposition Wet/bulk deposition Total deposition 

NO₂ HNO₃ NO₃⁻ NH₃ NH₄⁺ SO₂ SO₄²⁻ NH₄⁺ NO₃⁻ SO₄²⁻ N S 

Liu et al. (2017b) China 2012   1.5          

Liu et al. (2021) China 2008-2016        6.5     

Luo et al. (2016) China 2010-2012      2.3-26.5 0.5-3.4      

Ge et al. (2014) China 2007        9.1 9.1 48.8 35.0 83.3 

Kuribayashi et al. 

(2012) 
China 2001-2005      23.5 3.8   49.4   

Zhang et al. (2016)            10.4   

Zhang et al. (2017) China 2007-2014 0.005-8.54            

Zhou et al. (2021) China 2013-2018 2.1-3.1     7.5-18.4       

Qiao et al. (2015b) 
Sichuan Province, 

China 
         0.3 2.8   

Qiao et al. (2015a) 
Sichuan Province, 

China 
2010-2011        1.4 1.3 8.1   

Zhang et al. (2022) Tibetan Plateau         2.6 7.4    

Larssen et al. (2011) 
Four Chinese Study 

Sites 
2001-2004        0.4-0.9 0.2-0.5 0.9-1.9 0.4-2.5 1.5-10.5 

Jiang et al. (2020) 
Hunan Province, 

China 
2015-2016      8.6    18.2  26.8 
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Table S4. Comparisons of total deposition fluxes of different species between our study in China and 

two networks in other countries (kg N/S ha-1 yr-1). 

 Period RDN OXN N S 

USA 1990-2020 2.0  3.0  5.0  5.4  

Europe 2000-2019 1.1  1.1  2.2  1.4  

China 2005-2020 20.2  15.2  35.4  25.9  
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Table S5. The ratios of deposition of different forms and species for the six regions as well as eastern 

(SE+NC with Inner Mongolia excluded), western (NW+TP), and whole China. 

Regions NC NE NW SE SW TP 
Eastern 
China 

Western 
China 

Whole 
China 

Nitrogen 
Rdry/wet 1.9  2.9  2.5  1.4  2.0  2.6  1.6  2.5  2.3  

RRDN/OXN 1.3  1.2  1.4  1.2  1.1  1.7  1.2  1.5  1.3  
Sulfur Rdry/wet 1.2  1.9  2.4  0.8  1.1  3.7  0.9  2.7  1.8  
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Table S6. The annual emissions, deposition, and D/E by land use type, according to the latest Land-Use and Land-Cover Change (LUCC) 

information(http://www.resdc.cn/). “Urban” includes city/town and building categories, and “Rural” includes cropland and countryside categories. 

LUCC Cropland Forest Grassland Water body City/town Countryside Building Unused land  Urban Rural 

Emissions (kg N/S ha-1 yr-1) 

NOX 27.3  8.9  4.5  22.7  86.1  53.8  62.0  1.4   78.7  29.1  

NH3 22.3  8.8  3.1  11.4  29.3  34.1  20.6  1.1   26.6  23.1  

SO2 28.2  9.9  5.2  25.0  68.0  44.7  70.9  1.3   68.9  29.3  

Deposition (kg N/S ha-1 yr-1) 

Dry OXN 13.1  13.0  8.9  9.9  15.5  14.3  14.2  7.2   15.1  13.2  
Wet OXN 7.4  5.0  3.9  5.7  9.0  8.5  7.5  2.9   8.6  7.5  
Total OXN 20.5  18.0  12.8  15.7  24.5  22.8  21.7  10.2   23.6  20.7  
Dry RDN 16.8  13.8  13.7  14.6  19.1  19.3  17.0  13.8   18.4  17.0  
Wet RDN 8.7  5.8  4.8  7.3  11.2  11.9  10.2  4.6   10.9  8.9  
Total RDN 25.5  19.6  18.5  22.0  30.3  31.2  27.2  18.3   29.3  25.9  

Dry N 29.9  26.8  22.6  24.6  34.5  33.6  31.2  21.0   33.5  30.2  
Wet N 16.1  10.8  8.7  13.0  20.2  20.4  17.7  7.5   19.5  16.4  
Total N 46.0  37.6  31.3  37.6  54.8  54.0  48.9  28.5   53.0  46.6  
Dry S 17.8  17.3  16.0  17.6  17.4  18.0  18.6  16.0   17.8  17.8  
Wet S 14.9  12.9  5.7  10.2  18.1  17.8  16.6  4.0   17.6  15.1  
Total S 32.7  30.2  21.7  27.8  35.5  35.8  35.1  20.1   35.4  32.9  

D/E 

Dry OXN 0.48  1.46  1.99  0.44  0.18  0.27  0.23  5.26   0.19  0.45  
Wet OXN 0.27  0.56  0.88  0.25  0.10  0.16  0.12  2.14   0.11  0.26  
Total OXN 0.75  2.03  2.87  0.69  0.28  0.42  0.35  7.40   0.30  0.71  
Dry RDN 0.75  1.58  4.34  1.29  0.65  0.57  0.83  12.23   0.69  0.74  
Wet RDN 0.39  0.66  1.52  0.64  0.38  0.35  0.50  4.05   0.41  0.39  
Total RDN 1.15  2.24  5.86  1.93  1.03  0.91  1.32  16.28   1.10  1.12  

Dry S 0.63  1.75  3.10  0.70  0.26  0.40  0.26  12.46   0.26  0.61  
Wet S 0.53  1.30  1.10  0.41  0.27  0.40  0.23  3.14   0.26  0.52  
Total S 1.16  3.05  4.21  1.11  0.52  0.80  0.50  15.61   0.51  1.12  
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Figure S1. The RF algorithm monthly performance of CNEMC with the 10-fold cross validation. R2 

and RMSE are calculated with equations below the figure (the unit of RMSE are kg N/S ha-1 yr-1). 

 
Note: The R2, RMSE, MPE and RPE were calculated using following equations (P and O indicates the results from 

prediction and observation, respectively): 

R2 =
∑ (𝑃𝑃𝑖𝑖 − 𝑂𝑂)2𝑛𝑛
𝑖𝑖=1

∑ (𝑂𝑂𝑖𝑖 − 𝑂𝑂)2𝑛𝑛
𝑖𝑖=1

 
RMSE = �

1
𝑛𝑛
�(𝑃𝑃𝑖𝑖 − 𝑂𝑂𝑖𝑖)2
𝑛𝑛

𝑖𝑖=1
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Figure S2. The same as Figure S1 but for NNDMN. 
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Figure S3. China average total precipitation and 2m temperature data, from ECMWF: 

https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/. 
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