
 1

Appendix 2: Atmospheric Depositions (SI2) 

SI2-1. Data Source and Methods 

We estimate deposition fluxes of nutrients based on the observational data from 153 

stations with ca. 430 data sets across the Changjiang watersheds for the period of 

1983-2014 (Figs. SI2-1; Table SI2-1). Because most of observational sites are located 

in the middle and lower reaches and in order to fill the gap of data in spatial and 

temporal dimensions, we used measurements from remote and/or national reference 

stations from Qinghai-Tibetan Plateau in calculating deposition fluxes for the 

upstream part of the Changjiang watersheds. Also, to calculate the deposition flux and 

species ratio we used the data from stations outside the Changjiang watersheds to 

interpolate the concentration and rainfall at the boundary of catchment areas. In the 

watersheds of the Changjiang, 69% of atmospheric sampling stations are located in 

the suburb areas of the residence (Group 1), another 31% from countryside and 

remote areas (Group 2) including forest and grassland (Fig. SI2-1). 

In evaluating the significance of atmospheric inputs on the annual scale, we separated 

wet from dry depositions in data processing. As for wet deposition flux, the volume 

weighed average concentration (Ci: μmol l-1) is used, and the annual deposition flux 

( i
wF : mol km-2 yr-1) at a given station is calculated as below: 
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where Qi is the rainfall (mm). Thus, the annual wet deposition ( wF ) of nutrients over 

the watersheds can be obtained by: 
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where n is the number of sampling stations, Ai is the surface area (km2) represented by 

Group 1 and/or 2 stations in the watersheds. Then the overall flux of wet deposition 
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for a given watershed (i.e., tributary) is the integration taking into account the 

proportion of urban vs remote areas from the GIS data. 

With regard to the dry deposition, aerosols and gases species are both considered. As 

for the aerosols, the deposition flux (Fp) is usually defined as products of aerosol 

concentration for species of interest (μg m-3) and deposition (piston) velocity (m s-1), 

taking into consideration of element solubility (%) as well. 

It should be noted that spatial and temporal coverage is much less for the atmospheric 

dry deposition samples than rainfall measurements in China. To reduce the bias owing 

to unbalanced data sets and uneven distribution of observation sites, we estimated the 

ratio of dry to wet depositions for aerosols ( i
wpf / ) and gas species ( i

wgf / ), respectively, 

at those stations when both measurements are available: 
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Then the dry deposition flux over the watersheds is the integration, taking into 

account the proportion of urban (Group 1) vs remote (Group 2) areas for a given 

tributary drainage basin. 

SI2-2. Nitrogen 

SI2-2.1 Nitrogen deposition flux 

With regard to the wet depositions, we focus on NO3
- and NH4

+, since NO2
- is a minor 

component and represent only 1%-4% of dissolved inorganic nitrogen (DIN), and data 

are rather limited in the literature (Zhang et al., 2004; Deng et al., 2009). There is a 

spatial and temporal variations of nitrogen species across the watersheds of the 

Changjiang. For example, concentrations of nitrate are 1.69 μM-198 μM 
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(Average±1sd: 43.4±32.3 μM) in rain waters, with the lowest value at stations from 

the Qinghai-Tibetan Plateau at high elevations and the highest concentration was 

observed at Nanjing in coastal area. Concentration of NH4
+ in wet depositions is 8.70 

μM-263 μM (Average±1sd: 112±94.3 μM), with the highest value at Xi’an and lowest 

concentration from the Lijiang. Overall, concentration of nitrogen in wet depositions 

is higher in urban areas of middle and lower reaches than the remote region from 

upper stream of the Changjiang watersheds, with NO3
-/NH4

+ molar ratio of 0.1-2.4 

and average of 0.49±0.38 (1sd), indicating the dominance of NH4
+. Dissolved organic 

nitrogen (DON) concentration and deposition flux in wet depositions are reported 

from only 31 stations over the whole watersheds of the Changjiang, with DON to DIN 

ratio (i.e., DON/DIN) of 0.01-1.19, again the highest level of DON was found at 

Nanjing. Statistically, DON/DIN from Group 1 stations is 0.01-1.19 (Average±1sd: 

0.26±0.34) and 0.01-0.41 (Average±1sd: 0.08±0.14) from Group 2 stations, 

respectively. 

There are very limited studies on the dry depositions of nitrogen in the watersheds of 

the Changjiang. Xu et al. (2015) compiled dry deposition data of nitrogen (i.e., NH3, 

NO2, HNO3, and aerosol-NH4
+ and NO3

-) from 43 stations across the country for a 

study period of 5-years, which showed an average of 1.30±0.54 (Range: 0.79 to 2.35) 

of dry to wet deposition ratio of nitrogen for Group 1 and 1.17±0.93 (Range: 0.30 to 

4.34) for Group 2 areas, respectively, shown in Figure SI2-2. 

Wet deposition flux of DIN over the Changjiang watersheds has an important spatial 

structure, i.e., ranging from 14.5×103 mol N km-2 yr-1 from remote and upstream 

stations (e.g., Lijiang) to 535×103 mol N km-2 yr-1 at coastal and urban areas (i.e., 

Tongling). Generally, in the lower part of watersheds, such as provinces of Anhui, 

Jiangxi and Hunan etc., elevated wet deposition flux from atmospheric pathway has 

been recorded. In order to constrain the uncertainty in nitrogen depositions over the 

watersheds of the Changjiang, we compare DIN flux and the proportions of Group 1 

vs Group 2 areas for different types of landscape, and then integrate data for the 

whole drainage basin. Assuming that NO2
- is 2.5% of [NO3

-]+[NH4
+] on average, the 
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results show that DIN deposition amounts to (257±160)×109 mol N yr-1 (1sd) over the 

whole watersheds of the Changjiang, with Group 1 being 70% higher than for Group 

2 areas. 

Furthermore, if we adopt the DON/DIN and the dry to wet deposition ratios 

mentioned above, a total deposition flux from atmospheric pathways can be obtained, 

that is (594±367)×109 mol N yr-1 (1sd) over the whole drainage basin of the 

Changjiang with 52% from dry depositions. 

SI2-2.2 Trend of nitrogen deposition via atmospheric pathways 

Owing to the fact that data of nitrogen of atmospheric depositions are still limited to 

examine the spatial and temporal dimensions from the Changjiang watersheds, we 

focused on exploring trends of NO3
- and NH4

+ in wet depositions in this study. In 

Group 1 samples concentration of NO3
-+NH4

+ continues to increase over last 30 years, 

with a rate of 0.91×109 mol N yr-1. However, Group 2 samples do not show any 

statistical trend for NO3
- and NH4

+ over a period of 3 decades, and hence the wet 

deposition fluxes. 

SI2-3. Atmospheric Deposition Flux of Phosphorus and Silicon 

When compared to nitrogen, data of dissolved phosphorus (P) and silicon (Si) from 

atmospheric pathways are even more limited in the literature. Historically, P and Si 

were not included in atmospheric deposition studies in China, for instance in the 

national monitoring network for acid rains. In order to estimate the deposition flux of 

P and Si from atmospheric pathways, we have to compare and summarize the 

available data in the literature from the whole country (Gan et al., 1995; Bi, 2006; Luo 

et al., 2007; Yang et al., 2007; Fu et al., 2008; Jiang, 2009; Li et al., 2010; Zhu, 2011; 

Han, 2013; Qiao et al., 2014; Sun et al., 2014; Zhu et al., 2015; Liao et al., 2015; 

Wang et al., 2015). 

Measurement of P in wet depositions is usually done through oxidation by potassium 

persulfate according to national protocol GB11893-89 and the results can be 

considered as the total dissolved phosphorus (TDP-Wet), which include both the 
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inorganic (DIP-Wet) and organic (DOP-Wet) P species. Dissolved inorganic phosphate in 

rainwater could be analyzed in photometrical method without digestion. Dry 

deposition (e.g., aerosols) of dissolvable phosphorus (TDP-Dry) was determined based 

on the measurement of water and/or KCl soluble fractions, and the sum of TDP-Wet 

and TDP-Dry represent the total dissolved phosphorus (TDP-Total) via atmospheric 

pathways. It has been estimated that DIP-Wet/DOP-Wet in rainwater is about 1.46 (Bi, 

2006; Jiang, 2009), and using this ratio we can estimate that the DIP-Wet/TDP-Wet in 

rainwater is about 0.59. According to the literature reports, TDP-Dry/TP-Dry in aerosols 

is about 0.52, in which TP-Dry refers to phosphorus measured in aerosols using 

potassium persulphate method (Bi, 2006; Jiang, 2009; Zhu, 2011; Han, 2013). For 

stations where only DIP in aerosols (DIP-Dry) were determined, the TDP-Dry was 

estimated using the TDP-Dry/ DIP-Dry of 1.90 (Bi, 2006; Jiang, 2009). 

As shown in Table SI2-2, the estimated TDP-Wet ranged from 65 mol P km-2 yr-1 to 

6900 mol P km-2 yr-1, and TDP-Dry ranged from 67 mol P km-2 yr-1 to 1900 mol P km-2 

yr-1, respectively. The total deposition of dissolved phosphorus via atmospheric 

pathways was estimated to range from 0.68×109 mol P yr-1 to 16.4×109 mol P yr-1, 

with an average of (3.44±4.43)×109 mol P yr-1 (1sd), in which an amount of 0.06×109 

mol P yr-1 to 2.20×109 mol P yr-1 is for Group 1 area with an average of 

(0.63±0.75)×109 mol P yr-1 (1sd), and 0.62×109 mol P yr-1 to 14.2×109 mol P yr-1 is 

for Group 2 region with an average of (2.80±3.68)×109 mol P yr-1 (1sd), respectively. 

In should be indicated that gaseous and matrix-bound PH3 is not included in the flux 

calculation of phosphorus from atmospheric pathways, because the deposition flux is 

far much less constrained, with only a few measurements available compared to other 

P species (cf. Li, 2009). 

Data of dissolved silicon (DSi) in atmospheric depositions are much less than 

phosphorus, and the information available is essentially based on the studies from 

coastal areas in China (Bi, 2006; Fu et al., 2008; Jiang, 2009; Zhu, 2011; Han, 2013). 

If we use the data from coastal area as first approximation for the budgetary 

calculations, DSi deposition over the Changjiang watersheds can be elaborated. At 
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this time, atmospheric pathway is (2.86±1.75)×103 mol Si km-2 yr-1 (1sd), and DSi 

flux ranges from 0.10×103 mol Si km-2 yr-1 to 7.40×103 mol Si km-2 yr-1 for wet 

deposition (i.e., water and/or HCl soluble fractions). Dry deposition flux ranges from 

0.30×103 mol Si km-2 yr-1 to 8.50×103 mol Si km-2 yr-1, with an average of 

(1.82±3.03)×103 mol Si km-2 yr-1 (1sd). The sum of dry and wet depositions integrated 

over the whole drainage basin of the Changjiang provides an estimate of total 

atmospheric depositions for soluble Si from 0.82×109 mol yr-1 to 32.8×109 mol yr-1, 

with an average of (9.64±9.84)×109 mol yr-1 (1sd) in this study, which represents an 

amount ca. 10% of DSi flux of the Changjiang exported to the East China Sea. 
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Table SI2-2. Deposition flux of phosphorus via atmospheric pathways in China (Unit: 

mol P km-2 yr-1). 

 Wet Depositions Dry Depositions 

References GroupsLocation 

/City 
DIP-Wet DOP-Wet TDP-Wet DIP-Dry DOP-Dry TP-Dry TDP-Dry 

Wuxi   516     
Luo et al., 

2007 
1 

Suzhou   2000     
Luo et al., 

2007 
1 

Changzhou   581     
Luo et al., 

2007 
1 

Jintan   1065     
Luo et al., 

2007 
1 

Jingdong   3548     
Gan et al., 

1995 
2 

Hangzhou   65   146 76c 
Wang et 

al., 2015 
1 
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Jiaxing   73   152 79c 
Wang et 

al., 2015 
1 

Huzhou   88   129 67c 
Wang et 

al., 2015 
1 

Nanjing   3548    1290 
Xie et al., 

2008 
1 

Zhoushan 150 170 320 a 180   342d Sun, 2014 2 

Zhoushan 110 110 220 a     Jiang,2009 2 

Zhoushan 80  136b     Zhu, 2011 1 

Zhoushan 110  186 b     Han, 2013 1 

Fulongshan 570 290 860 a 1000   1900 d Sun, 2014 1 

Fulongshan 70  119 b 600 160  760 a Zhu, 2011 1 

Fulongshan 3700 3200 6900 a 400   760 d Jiang,2009 1 

Qianliyan 450 130 580 a 220   418 d Sun, 2014 1 

Qianliyan 280  475 b 240   456 d Jiang,2009 1 

Qianliyan 790  1339 b 240 490  730 a Zhu, 2011 1 

Qianliyan 400  678 b 310 360  670 a Han, 2013 1 

Taihu   281   713 371 c 
Yang et 

al., 2007 
2 

Rize   484   516 268 c 
Qiao et al. 

2014 
1 

Goukou   419   581 302 c 
Qiao et al., 

2014 
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