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AT M O S P H E R I C  S C I E N C E

The impact of emissions controls on atmospheric 
nitrogen inputs to Chinese river basins highlights the 
urgency of ammonia abatement
Sijie Feng1,2, Mengru Wang2, Mathew R. Heal3, Xuejun Liu1, Xueyan Liu4, Yuanhong Zhao5,  
Maryna Strokal2, Carolien Kroeze2, Fusuo Zhang1, Wen Xu1*

Excessive nitrogen (N) deposition affects aquatic ecosystems worldwide, but effectiveness of emissions controls 
and their impact on water pollution remains uncertain. In this modeling study, we assess historical and future N 
deposition trends in Chinese river basins and their contributions to water pollution via direct and indirect N depo-
sition (the latter referring to transport of N to water from N deposited on land). The control of acid gas emissions 
(i.e., nitrogen oxides and sulfur dioxide) has had limited effectiveness in reducing total N deposition, with notable 
contributions from agricultural reduced N deposition. Despite increasing controls on acid gas emissions between 
2011 and 2019, N inputs to rivers increased by 3%, primarily through indirect deposition. Simultaneously control-
ling acid gas and ammonia emissions could reduce N deposition and water inputs by 56 and 47%, respectively, by 
2050 compared to 2019. Our findings underscore the importance of agricultural ammonia mitigation in protecting 
water bodies.

INTRODUCTION
Over the past several decades, human activities associated with energy 
and food production have greatly increased the availability of reac-
tive nitrogen (Nr) in Earth’s ecosystems (1, 2). Atmospheric Nr 
predominantly comprises ammonia (NH3) and nitrogen oxides 
[NOx = nitric oxide (NO) + nitrogen dioxide (NO2)] and enters 
natural and semi-natural ecosystems in the form of reduced (NHx) 
and oxidized (NOy) atmospheric deposition, respectively (below, we 
use NH3 and NOx when referring to emissions, and NHx and NOy 
when referring to deposition) (3). Excessive atmospheric N deposition 
(hereon the term N deposition means Nr deposition) has adverse 
impacts on the soil and water chemistry of terrestrial and aquatic 
ecosystems (4, 5), including soil acidification (6), increased nutrient 
transport by rivers to sub-basins (7) and coastal waters (8), eutro-
phication (9), and biodiversity loss (10).

Aquatic ecosystems are sensitive to external N inputs, and global 
water quality has been adversely affected by increased N in rivers 
(11, 12). The United Nations (UN) lists “Clean Water and Sanitation” 
and “Life Below Water” among its Sustainable Development Goals 
(SDGs) (13). As a consequence of intensive human activities, atmo-
spheric N deposition has become a notable source of N in inland wa-
ter in some regions (7, 9, 14, 15). For example, N deposition sources 
contributed approximately 35% to the dissolved inorganic N (DIN) 
in China in 2012 (16), and N deposition accounted for over half the 
N inputs in 49% of watersheds in the United States in 2008–2009 
(17). Meanwhile, the proportion of N deposition to total N loads 

increased to 27 to 48% in summer in Lake Dianchi (the sixth largest 
freshwater lake in China) in 2010–2011 (9). Atmospheric Nr con-
tributes to aquatic N directly by deposition to open-water bodies 
(direct N deposition) or indirectly via increasing the N transported 
from watershed soils to nearby waterbodies (indirect N deposition) 
(18). Existing studies in China have separately focused on the im-
pacts of direct N deposition on water bodies (15) or the indirect N 
deposition transport from land to rivers at a sub-basin scale (7, 14, 
16). The latter has been achieved by applying water quality models, 
such as the Chinese Model to Assess River Inputs of Nutrients to Seas 
(MARINA-Nutrients, versions 1.0, 2.0, and 3.0). However, these 
models often do not account for the contribution from direct N de-
position on water bodies. They also rely on the application of na-
tional average N deposition to quantify the indirect N deposition in 
the models due to the absence of high-resolution simulated/moni-
tored N deposition data for each sub-basin. Evaluation of the com-
bined impacts of direct and indirect N deposition on water pollution 
has not yet been undertaken. Chemical transport models (CTMs) 
that incorporate N emission sources and simulate the physical and 
chemical processes of atmospheric N pollution have been imple-
mented at global (19) and national scales (20–22), which can simu-
late the direct N deposition on water and land at grid scale. Here, we 
couple the calculated N depositions on land and water from a CTM 
as input to a water quality model to understand the trends in the 
direct and indirect N deposition contributions to water pollution 
in China.

N deposition in China is the highest in the world, with atmo-
spheric bulk N deposition (i.e., the sum of wet deposition and part 
of dry deposition) nearly doubling between the 1980s and 2010s (1). 
In partial response to these challenges, the Chinese government has 
implemented various policies over recent decades to control NOx 
emissions, which are an important source of N deposition (19, 23). 
However, there has been no corresponding implementation of poli-
cy to reduce emissions of NH3 (24, 25), which are another crucial 
source of N deposition. According to Xu et al. (26), NH3 emissions 
from fertilizer application and livestock accounted for nearly half 
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(46%) of the total inorganic Nr deposition across eastern China. In 
addition, the influence of meteorology (e.g., precipitation) and the 
lag between emissions and deposition (27) mean that the effective-
ness of current policies to control N deposition to inland water, if 
any, remains unclear. It is therefore essential to determine the sourc-
es and relative contributions of N deposition to inland water so as to 
develop effective strategies for mitigation of its impacts.

Our aims here are to: (i) examine long-term (1990s to 2010s) 
trends and spatial distributions of N deposition via different path-
ways (wet and dry) and in various chemical forms (NHx and NOy) 
in 33 Chinese sub-basins (fig. S1), (ii) assess the impacts of the im-
plemented emission control policies on N deposition during the last 
three decades and the anticipated changes in N deposition in the 
future (2050), and (iii) evaluate the effects on N inputs to rivers from 
current (2010s) and future (2050) direct and indirect N deposition. 
To do so, we first applied the GEOS-Chem CTM at 0.5° × 0.625° 
spatial resolution over China to simulate N deposition on land and 
rivers directly by source for six target years representing the 1990s to 
2010s (specifically: 1991, 1999, 2001, 2009, 2011, and 2019). In ad-
dition, we simulated N deposition for the year 2050 using optimal 
anthropogenic emissions. We then coupled GEOS-Chem with the 
MARINA-Nutrients model (version 2.0) to quantify N inputs to rivers 
from direct and indirect N deposition over the sub-basins in 2011, 
2019, and 2050. The research framework for this study is shown in 
fig. S2. Our results improve our understanding of the effects of his-
torical atmospheric policies on N pollution abatement in Chinese 
sub-basins and help identify a scientific basis for curbing N deposi-
tion in sensitive aquatic ecosystems.

RESULTS AND DISCUSSION
N deposition across three decades
We used the GEOS-Chem model to quantify the annual total N de-
position to the 33 Chinese sub-basins across three decades from the 
wet and dry depositions of the individual contributing species: NHx, 
comprising ammonium (NH4

+) and NH3; and NOy, comprising ni-
trate (NO3

−), nitric acid (HNO3), NO2, and other NOy gases (fig. S3 
and table S1). Between 1991 and 2019, the mean total N deposition 
(NHx + NOy) to these river basins increased by 55%, reaching 23.7 kg 
N ha−1 year−1 in 2019 (Fig. 1 and table S1). The increase in mean 
total N deposition was notably greater to the southern river basins 
(Hanjiang, Jiulong, Menjiang, Oujiang, Fuchun, Pearl, and Yangtze) 
(77%) than to the northern river basins (Yellow, Huai, Hai, Liao, 
Yalu, and Luan) (18%). The 55% increase in mean total N deposition 
in China far exceeded the world average increase of 8% over a simi-
lar period (28). Our results for 1991 to 2011 are consistent with pre-
vious reports of long-term increasing N deposition in China (19, 
29). The mean total N deposition in this study for 2011 (21.2 kg 
N ha−1 year−1) closely matches the value reported by Yu et al. (29) 
for the period 2011 to 2015 (21 kg N ha−1 year−1).

The NOy deposition more than doubled on average across the 33 
sub-basins during the 1990s and 2000s, reaching 12.6 kg N  ha−1 
year−1 in 2011 before decreasing to 11.3 kg N ha−1 year−1 in 2019 
(fig. S4A), mirroring the trend observed in NOx emission from 1991 
to 2019 (fig. S5C). Specifically, between 1991 and 2011, the southern 
and northern river basins experienced increases in NOy deposition 
of 118% (from 6.2 to 13.5 kg N ha−1 year−1) and 77% (from 6.2 to 
11.0 kg N ha−1 year−1), respectively (fig. S6A). Between 2011 and 
2019, NOy deposition to the southern river basins did not change, 

while it reduced by 25%, on average, to the northern river basins. In 
contrast, NH3 emissions remained around 8 Tg N year−1 during the 
last three decades (fig. S5B), causing average NHx deposition across 
the 33 sub-basins remained constant at around 9 kg N ha−1 year−1 
between 1991 and 2011 but with an increase to 12.4 kg N ha−1 year−1 
in 2019 (fig. S4B). Most of this increase in NHx deposition occurred 
in the southern river basins: On average, NHx deposition in these 
basins increased by 59% (from 7.5 to 11.9 kg N ha−1 year−1) between 
2011 and 2019 (fig. S6A). The differences in deposition amounts and 
trends between northern and southern river basins are explained by 
both human activities (29) and meteorological conditions (27). The 
substantial variations in NHx deposition in southern river basins 
can be attributed to dense agricultural activities, such as livestock 
density (30) and fertilizer application (31). In addition, the high 
precipitation over the southern river basins (fig. S7) is very effec-
tive at removing water-soluble gaseous pollutants and aerosol par-
ticles from the atmosphere (32), increasing the NHx deposition in 
these basins.

Our results from the sensitivity test 1 (ST1) model simulations 
show that anthropogenic emissions were the dominant contributors 
to the decadal variations in total N deposition (1990s: 103%; 2000s: 
88%; 2010s: 89%; fig. S5A). Nevertheless, note that the 2000s and 
2010s were, respectively, subjected to 12 and 11% increases in total 
N deposition due to changes in meteorology only (fig. S5A), which 
could lead to lags in observing responses of, for example, NOy depo-
sition, to policy implementations (27). Therefore, to understand the 
policy-driven anthropogenic effects on N deposition, it is necessary 
to simulate using fixed meteorological conditions, as described in 
the following section.

N deposition response to the implementation of policies and 
current source contributions
Figures S5, S8, and S9 summarize the spatial and temporal changes 
in N deposition in each decade when using actual meteorology and 
when using fixed meteorology in each decade (the ST1 simulations). 
The total N deposition fluxes resulting from human activities only 
increased by 18.3% in the 1990s, decreased by 2.7% in the 2000s, 
and increased by 0.5% in the 2010s (fig. S9). The responses of N de-
position over these decades can be discussed in the context of the 
timeline of air pollution and agricultural policies in China shown 
in fig. S10.

At the beginning of the 1990s, intensive industrial expansion led 
to an increase in NOx and sulfur dioxide (SO2) emissions, resulting 
in increased NOy deposition during this decade (fig.  S5C), espe-
cially in the southern river basins (fig. S8A). Before the mid-1990s, 
intensive agricultural activities also increased NH3 emissions and 
NHx deposition. However, the implementation of agricultural poli-
cies to reduce the use of N fertilizer and improve the N use effi-
ciency (fig. S10) (29), together with the Asia financial crisis in 1997 
(33), led to reductions in both livestock numbers and synthetic fer-
tilizer industries and to no net change in NHx deposition in the 
1990s (fig. S5B).

In the 2000s, emission controls of vehicles and industry caused 
NOx emissions to decrease slightly (by 1.2% between 2001 and 2009) 
(fig. S5C), leading to a slight reduction (2.7%) in total N deposition 
from human activities (fig. S9). Although China’s coal-based energy 
structure and rapid growth of energy consumption contributed to 
substantial SO2 and NOx emissions before 2005, effective measures 
were taken to reduce emissions of these acid gases after 2006. 
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Consequently, NOy deposition declined in China from 2006 to 2010 
(27). The lack of notable changes in NHx deposition during the 2000s 
(fig. S5B) can be explained by atmospheric chemistry. There is a 
preferential and nonreversible reaction of NH3 with sulfuric acid 
(H2SO4) compared with its reversible reaction with HNO3 or hydro-
gen chloride (HCl). When SO2 is high, the deposition of NHx is de-
creased because less is present as NH3, which has a higher deposition 
velocity than particulate N (29). Thus, in the 2000s, a decline in NHx 
deposition due to rising SO2 emissions during the first part of the 
decade was counterbalanced by an increase in NHx deposition 
caused by the reductions in SO2 emissions in the latter part. Con-
current implementation of agricultural NH3 emission management 
measures (such as implemented discharge standard of pollutants of 
livestock and poultry breeding, and proposed the Soil Testing and 
Fertilizer Recommendation Project) also played a role in limiting 
the growth of NHx deposition (fig. S10).

From the 2010s onward, more stringent policies were imple-
mented to jointly control both NOx and SO2 emissions and improve 

air quality (fig. S10), leading to a substantial decrease (24%) in NOx 
emissions from human activities between 2011 and 2019 (fig. S5C). 
A previous study also showed that implementation of the Action 
Plan in China reduced NOx emissions nationally by 21% from 2013 
to 2017 (34). The positive effects of these measures on N deposition 
to river basins are illustrated in our work: NOy deposition from hu-
man activities to the river basins decreased by 2.4 kg N ha−1 year−1 
between 2011 and 2019 (table S2), and the NOy proportion of the 
total N deposition decreased by 12% during this period (Fig. 2). The 
decrease in NOy deposition after 2011 shown here is consistent with 
previous modeling and empirical studies (19, 23) and further con-
firms that strict emission control led to reductions in NOy deposition 
in the 2010s (fig. S5C). The reductions in NOy deposition include a 
reduction in dry deposition of HNO3 (−7%) (Fig. 2) and in other 
dry-deposited species that are particularly sensitive to changes in 
emissions (27). However, the decrease in NOy deposition was offset 
by increased NHx deposition (fig. S5B), leading to no notable reduc-
tion in total N deposition during the decade (0.5% increase in total 

Fig. 1. Modeled annual total N deposition to land in 33 Chinese sub-basins for six years (1991, 1999, 2001, 2009, 2011 and 2019) spanning three decades (1990s, 
2000s, and 2010s) (unit: kg N ha−1 yr−1) using GEOS-Chem at 0.5° × 0.625° horizontal resolution. The boxed numbers are the average total N deposition to land 
across all 33 sub-basins in the given year. The depositions from oxidized N (NOy) and reduced N (NHx) separately are shown in fig. S4.
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N deposition from human activities in the 2010s) (fig. S9). Our re-
sults show that the contribution of NHx deposition to total N depo-
sition increased from 40% in 2011 to 52% in 2019 (Fig. 2), becoming 
the larger component of total N deposition. The increase in NHx 
deposition is primarily driven by the increases in wet NH4

+ deposi-
tion (Δ = 1.3 kg N ha−1 year−1) and dry NH3 deposition (Δ = 1.3 kg 
N ha−1 year−1) (table S2).

Our sensitivity test 2 (ST2) enable us to determine the sources 
of the changes in NHx and NOy deposition in the 2010s. Figure 3  
illustrates the fractional contributions of six emission sectors to the 
total N deposition over the 33 Chinese sub-basins in 2011 and 2019. 
During the 2010s, agriculture was the main contributor to total N 
deposition, with its fractional contribution increasing by 7 percentage 
points from 30% in 2011 to 37% in 2019, while fractional contribu-
tions from power plants and residential decreased by 8 percentage 
points and 5 percentage points, respectively. The substantial reductions in 
atmospheric concentrations of SO2 and NO2 (fig. S11), brought about 
by policy controls on power plant and residential source (34), coupled 
with insufficient N management in agriculture (30, 35) and spillover 
effects of strictly controlled areas (such as Beijing-Tianjin-Hebei)  
(36) mean that NH3 concentrations have been increasing (23, 29). 
Meanwhile, a comparison of the spatial variation in changes of con-
tributing emission sectors between 2011 and 2019 (fig. S12) shows 
that the northern sub-basins experienced greater decreases in con-
tributions from the residential sector (average decrease of 6 percentage 
points) compared to the southern sub-basins (average decrease of 
3 percentage points). These results reveal the positive impacts on N 
deposition in northern China resulting from the substitution of di-
rect coal burning with electricity and natural gas (34). In contrast, 
the southern basins experienced a 7 percentage points increase in 
the contribution to N deposition from agricultural sources, com-
pared to a 5 percentage points increase in northern river basins. This 

can be attributed to the more intensive agricultural production in 
the south area. For example, national N fertilizer data shows that the 
average amount of applied N fertilizer in southern China was higher 
than that in northern China (fig. S13B). Given the considerable cur-
rent impact of NH3 emissions on N deposition, it is important to 
prioritize better N management practices within agriculture in the 
future (37).

Therefore, we conducted a modeling analysis to assess the poten-
tial benefits of implementing acid emissions control alongside strict 
regulation of agricultural NH3 emissions [sensitivity test 3 (ST3)] on 
future N deposition in the 33 Chinese sub-basins. We used the com-
prehensive future scenario developed by Tong et  al. (38), which 
encompass diverse sectors such as power, industry, residential, 
transportation, and agriculture (table S3). This scenario aims for 
optimal economic growth while prioritizing a clean environment 
and public health in China by 2050, and the future scenario is de-
scribed in detail in ST3 of Materials and Methods. The changes in 
total SO2, NH3, and NOx emissions in China in 2050 compared to 
2011 and 2019 are shown in fig. S14. The projections indicate that by 
2050, the total N deposition from human activities in 33 Chinese 
sub-basins is expected to decline to 9.3 kg N ha−1 year−1, representing 
a 56% decline compared to the levels modeled during the 2010s 
(Fig. 4). Specifically, compared to the emissions changes observed 
between 2050 and the 2019 (averaging a 54% decrease), the reduc-
tion in NOy deposition by 58% aligns with the decrease in NOx 
emissions. This correspondence suggests a direct influence of an-
thropogenic emissions on future NOy deposition through changes 
in NOx emissions. However, the average 27% decrease in NH3 emis-
sions is anticipated to lead to a 51% reduction in NHx deposition, 
with notable decreases observed in some southern sub-basins such 
as Jinsha and Jialing, where the NHx deposition is expected to 
decrease by 70 and 60%, respectively. Our findings underscore the 

Fig. 2. Average contributions of different species of nitrogen (N) to total N deposition in 33 Chinese sub-basins in the 2010s under the same meteorology. 
(A) The year of 2011 and (B) the year of 2019. The results derive from the ST1 simulations using the GEOS-Chem model.
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notable impact of emission control measures in the agricultural sec-
tor, including intensified cultivation, grazing management enhance-
ments, and the promotion of slow-release fertilizer (table S3) in 
achieving substantial reductions in total N deposition in the future 
(fig. S14).

Impacts of current and future N deposition on 
water pollution
Figure 5 shows the quantification of the contributions of direct and 
indirect N deposition on water pollution in the 33 sub-basins in this 
study. Direct N deposition refers to N deposition on water directly; 
indirect N deposition refers to the transportation of N to water from 
N deposition on land. Our findings reveal that indirect N deposition 
accounted for 77 to 99% of N inputs to rivers from N deposition 
between 2011 and 2019. N inputs to rivers from direct and indirect 
deposition were 289 and 3901 kiloton (kton) in 2011 and 311 and 
4472 kton in 2019, respectively (Fig. 5A). This substantial propor-
tion from indirect N deposition is primarily attributed to the total 
river area (approximately 103 km2) across the 33 sub-basins being 
much smaller than the land area (approximately 3.8 ×  106 km2).  
A previous study reported a total direct N deposition of 237 kton 
year−1 to inland waters of China during the 2010s, resulting in an 
average increase in riverine N concentrations of 64 g m−3 year−1 
(15). While our findings regarding directly deposited N inputs to 
rivers (2011: 289 kton; 2019: 311 kton) align with this earlier study, 
the contribution of N deposition to the N concentrations in rivers is 
much higher if indirect N deposition is included. These elevated N 

inputs substantially increase the total N/total phosphorus (P) ratio 
(39, 40) and trigger eutrophication in inland water bodies (41).

The N inputs to rivers from both direct and indirect N deposition 
from human activities increased by 3% averaged over the 33 sub-
basins in the 2010s (based on the ST1 experiment; Fig. 5B). How-
ever, this spatially averaged decrease masks substantial geographical 
variations. While N inputs from total (direct and indirect) N deposi-
tion increased by between 2 and 14% between 2011 and 2019 for the 
most of the southern river basins (Yangtze, Pearl, Menjiang, Hanjiang, 
and Jiulong), in all northern river basins (Fuchun and Oujiang), 
N inputs to rivers from N deposition decreased by 1 to 17%. This 
is attributed to the decrease of NOy deposition in the northern sub-
basins and the increase of NHx deposition in the southern sub-
basins from human activities, as illustrated in fig. S8. These findings 
suggest that N deposition impacts on water pollution were highly 
dependent on regional NOx and NH3 emission control policies. On 
the basis of these findings, we assessed the potential impacts of N 
deposition from human activities on water pollution in 2050, ac-
cording to the results of ST3 scenario (Fig. 5C). With the implemen-
tation of acid emissions control alongside stringent regulation of 
agricultural NH3 emissions (table S3), N inputs to rivers from total 
N deposition are expected to decrease by an average of 47% across 
all river basins in 2050 compared to 2019. Particularly noteworthy is 
the reduction of more than 50% in the southern river basins, except 
for the Jiulong sub-basin (which is projected to decrease by 48%). 
The results provide compelling evidence of the notable positive 
impact of the coordinated implementation of acid emissions and 

Fig. 3. Fractional contributions of six emission sectors to total N deposition in each of the 33 Chinese sub-basins in the 2010s. (A) Year of 2011 and (B) the year of 
2019. The emission sectors are agriculture, industry, power plant, residential, transportation, and others (includes transboundary sources, soil, lightning, and biomass 
burning). The numbers in the boxes are the average contribution of each source across all sub-basins. The results derive from the ST2 simulations using the GEOS-Chem model.
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agricultural NH3 emission control measures in mitigating the effects 
of N deposition on water pollution in the future. As a result, if there is 
a 50% reduction in N deposition inputs by 2050 compared to 2012, 
coupled with enhancements in nutrient use efficiencies within the ag-
ricultural sector (such as implementing balanced fertilization prac-
tices for crop production and refining management strategies for 
animal production), then the inputs of DIN into rivers are forecasted 
to decrease by 64% compared to the baseline scenario of SSP5-8.5 
(41). These findings emphasize the critical importance of embracing a 
comprehensive approach that takes into account the interplay be-
tween water and air quality dynamics from N deposition.

The inclusion of meteorological changes between 2011 and 
2019 revealed distinct differences in the changes of N inputs to 
rivers from N deposition across various sub-basins, as compared 
to changes solely attributed to anthropogenic activities (shown by the 
numbers in Fig. 5, A and B). These disparities primarily stem from 
the influence on N deposition of differences in meteorological con-
ditions between these 2 years. Precipitation is a crucial meteoro-
logical influence on wet N deposition (27). Notably, we found a 
notably greater difference in average precipitation rate between 
2011 and 2019 in the southern sub-basins (0.2 g m−2 s−1) compared 
to the northern sub-basins (0.03 g m−2 s−1) (fig. S7). Consequently, 
the average wet N deposition exhibited a notable increase of 4 kg 
N ha−1 year−1 in all southern sub-basins, in contrast to a decrease 
of 1 kg N ha−1 year−1 in the northern sub-basins (fig. S15). These 
discrepancies further resulted in a substantially higher increase in 
N inputs to rivers from N deposition in southern river basins (such 

as the Yangtze, Pearl, Fuchun, and Oujiang river basins) in 2019 
(Fig.  5A). As climate change–induced precipitation changes may 
also considerably increase riverine total N loading (11), it is essen-
tial for water quality management strategies in China to take ac-
count of this factor as well.

Implications
This study coupled atmospheric chemistry and water quality models 
to assess the effectiveness of atmospheric emissions policies in miti-
gating the impact of N deposition on water pollution in China. Our 
integrated air-water method is the first to assess the impacts of all N 
deposition on water quality. Our findings reveal that acid gas emis-
sion control policies did not effectively reduce N deposition to land 
and therefore that the associated water pollution from N deposition 
also did not reduce during the last decade. The 33 Chinese sub-
basins investigated experienced a substantial increase of 55% in to-
tal N deposition between 1991 and 2019. Removing the effects of 
different annual meteorology showed that, despite the implementa-
tion of emission controls in China, human activities caused the total 
N deposition to increase by 18.3% in the 1990s, decrease by 2.7% in 
the 2000s, and increase by 0.5% in the 2010s. Especially in the 2010s, 
NHx deposition increased because of the increased agricultural con-
tribution to total N deposition (30% contribution in 2011 and 37% 
in 2019). Consequently, N inputs to rivers via both direct and indi-
rect deposition increased by 3% between 2011 and 2019, with indi-
rect N deposition as the main contributor (77 to 99% of the N inputs 
to rivers from N deposition).

Fig. 4. Future N deposition and projected changes between 2019 and 2050. (A) Modeled total N, reduced N (NHx), and oxidized N (NOy) deposition to land only from 
human activities in 33 Chinese sub-basins for 2050 using GEOS-Chem at 0.5° × 0.625° horizontal resolution (ST3). The boxed numbers are the average total N, NHx, and 
NOy deposition to land across all 33 sub-basins. (B) Changes in total N, NHx, and NOy deposition only from human activities between 2019 (table S2) and 2050. The num-
bers in the boxes are the average changes of total N, NHx, and NOy deposition across all sub-basins.
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Ensuring access to clean water is vital to achieving UN SDGs 
(42), but human activities are putting enormous pressure on fresh-
water systems (43). Current policies on water quality in China focus 
on controlling sources directly adding aqueous pollution to rivers, 
such as industry and agricultural run-off. Our findings reveal that 
atmospheric N deposition is an important source of water pollution, 

especially for the overlooked indirect N deposition from the atmo-
sphere to the watershed land (average contribution >90% in the 
2010s) in previous studies. Hence, it is crucial to consider both di-
rect and indirect N deposition to water bodies when quantifying 
and managing water pollution in individual sub-basins. Emission 
controls in areas with high N deposition levels, such as the southern 

Fig. 5. N inputs to rivers from direct and indirect deposition across various research years. (A) N inputs to rivers from direct and indirect N deposition in simulations 
including both human activities and meteorological conditions in 2011 and 2019. (B) N inputs to rivers from direct and indirect N deposition considering human activities 
only (ST1 in Materials and Methods) in 2011 and 2019. (C) N inputs to rivers from direct and indirect N deposition considering human activities only (ST1 and ST3 in Ma-
terials and Methods) in 2011, 2019, and 2050. The columns with light colours, direct_Ndep, represent N deposition to water via the direct path (N deposition to open water 
bodies directly); the columns with dark colors, indirect_Ndep, represent N deposition in water via the indirect path (N deposition via transfer from soils to rivers). The arrows 
and percentage values above the columns in (A) and (B) indicate the changes in N inputs to each river from total N deposition (direct and indirect) between 2011 and 2019. 
The arrows and percentage values above the columns in (C) indicate the changes in N inputs to each river from total N deposition (direct and indirect) between 2019 and 
2050. Direct N deposition was simulated by the GEOS-Chem model, and indirect N deposition was simulated by coupling the GEOS-Chem and MARINA-Nutrients models (fig. S2).
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sub-basins (fig. S1), should be more stringent, while more moderate 
controls may be appropriate in areas with lower N deposition levels, 
such as Jinsha, Lanzhou, and Toudaoguai sub-basins. This approach 
could support the formulation of effective control of N deposition 
while minimizing the impact on regional economic development.

We found that agriculture was the dominant contributor to total 
N deposition in the 33 sub-basins in the 2010s (2011 and 2019). 
Despite the implementation of air pollution control policies since 
the 2010s, the estimated increases in NHx deposition in our model 
simulations suggested that current efforts are insufficient to reduce 
N deposition and its impact on water pollution effectively. Reducing 
NH3 emissions from agricultural sources should be a priority to re-
duce N deposition in the sub-basins. Our future scenario simulation 
confirms that coordinating acid and agricultural NH3 emission 
controls is projected to decrease total N deposition and its inputs 
to water by 56 and 47%, respectively, by 2050 compared to the 
levels observed in the 2010s. Areas with high NHx deposition areas, 
especially in most southern sub-basins, show notable potential for 
reducing the impact of N deposition on water N inputs (expected 
to decrease by more than 50% in 2050). While future scenarios 
account for controls such as intensified cultivation, grazing man-
agement enhancements, and the promotion of slow-release fertilizer, 
further reductions in NHx deposition can be achieved by improving 
animal manure and management practices, such as using manure 
surface covers, injection, and rapid manure drying. Furthermore, it 
is also important to identify the contributions of different types of 
animals and crops to N deposition from agricultural sources. This 
will contribute to providing precision management for crop and 
animal production. Agricultural activities played a crucial role in 
water pollution, exploring synergistic measures involving water and 
air should be a priority, as this will help simultaneously reduce N 
deposition and water pollution.

MATERIALS AND METHODS
Study area
We quantified the N deposition to 13 Chinese river basins, which 
collectively drain 40% (approximately 4 million km2) of China’s land 
area (fig. S1). To facilitate a better understanding of the spatial varia-
tions in human activities within the three largest river basins, the 
Yellow, Yangtze, and Pearl River drainage basins were divided into 6, 
11, and 6 sub-basins, respectively (14), yielding a study domain of 
33 sub-basins in total. The other 10 river basins comprise the Huai, 
Hai, Luan, Liao, Yalu, Fuchun, Oujiang, Menjiang, Jiulong, and 
Hanjiang Rivers. All sub-basins were further classified as southern 
or northern (table S4).

Estimating atmospheric N deposition and its response to 
anthropogenic emission changes
We used the GEOS-Chem v12.9.3 (http://geos-chem.org) three-
dimensional global CTM to simulate N deposition over the 33 
Chinese sub-basins for six target years (1991, 1999, 2001, 2009, 
2011, and 2019) in three decades (1990s, 2000s, and 2010s). The se-
lected target years did not include any extreme weather conditions 
so as to focus attention on the impacts of the implemented emis-
sions policies on N deposition across the decades. The target years 
also allow assessment of any lag effect of policies on N deposition. 
The CTM is driven using MERRA-2 assimilated meteorological data 
from the Global Modeling and Assimilation Office (GMAO) of the 

National Aeronautics and Space Administration (NASA). The 
meteorological fields of temperature, relative and specific humidity, 
vertical pressure velocity, and surface pressure have a temporal reso-
lution of 3 hours, while sea-level pressure, tropopause pressure, and 
other surface variables have a temporal resolution of 1 hour. The 
model has 47 vertical layers from the surface to 0.01 hPa, and the 
midpoint of the lowest layer is 58 meter above sea level (44). In this 
study, we used a nested version of GEOS-Chem with a horizontal 
resolution of 0.5° × 0.625° over China and 4° × 5° for the rest of the 
world. All simulations were initiated after a half-year spin-up.

The model provides detailed simulations of tropospheric ozone-
NOx-hydrocarbon-aerosol chemistry (45, 46). Gas and aerosol-phase 
chemistry are coupled through heterogeneous aerosol chemistry 
that is parameterized as reactive uptake coefficients (47), aerosol 
effects on photolysis rates (48), and gas-aerosol partitioning of 
total NH3 and HNO3 using the ISORROPIA II thermodynamic 
equilibrium model (49). Dry deposition fluxes are calculated by 
multiplying the concentration in the lowest model layer with the 
dry deposition velocity, which is parameterized using the standard 
resistance-in-series model (50, 51). The dry deposition flux out of 
the lowest model layer is calculated as

Fd is dry deposition flux, na (molecules cm−3) is the number density 
of air, C(z1) is the mixing ratio of the deposition species at height z1, 
and vd is the dry deposition velocity (cm s−1) at the specific height.

The deposition velocity is a function of the local meteorological 
condition and surface type

Here, Ra (Z1, Z0) is the aerodynamic resistance to turbulent 
transfer from Z1 to the roughness height Z0 close to the surface 
where turbulence vanishes, Rb is the boundary layer resistance to 
molecular diffusion from Z0 to the actual surface, and Rc is the canopy 
or surface uptake resistance (21). The land use types include urban 
land, agricultural land, range land, deciduous forest, coniferous 
forest, mixed forest including wetland, water (both salt and fresh), 
barren land (mostly desert), nonforested wetland, mixed agricul-
tural and range land, and rocky open areas with low-growing 
shrubs. Wet deposition fluxes are estimated through the parameter-
ization of in-cloud and subcloud clearance processes caused by 
large-scale precipitation and convective updrafts.

Emissions in the GEOS-Chem model were processed using 
HEMCO (Harvard-NASA Emission Component) (52). Anthropo-
genic emissions of SO2, carbon monoxide (CO), NOx, and NH3 in 
2009, 2011, and 2019 over China were obtained from the Multi-
resolution Emission Inventory for China (MEIC; http://meicmodel.
org) (34, 53). Anthropogenic emissions in 1991, 1999, and 2001 over 
China were processed using the Community Emissions Data System 
(CEDS) according to the annual ratio of the grid in the MEIC inven-
tory. The CEDS is a global dataset including annual historical 
anthropogenic reactive gases like CO, CH4, NH3, NOx, SO2, and 
NMVOCs from 1750 to 2014. The CEDS emission inventory reports 
annual country-total emissions from six main sectors (energy 
production, industry, transportation, agriculture, waste, and RCO 
(“residential, commercial, and other”) (54). Emissions over Asia 
used the MIX inventory (www.meicmodel.org/dataset-mix) (55), 
with those for China overwritten by the MEIC inventory. Natural 

Fd = naC(z1)vd(z1)

Vd =
1

Ra

(

Z1,Z0

)

+ Rb + Rc
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emissions of NOx from biomass burning, soil, and lighting were 
also included.

In ST1, three additional model sensitivity tests were conducted 
to explore variations in N deposition caused only by human activi-
ties in each decade (the 1990s: ST1-1990s, the 2000s: ST1-2000s, 
and the 2010s: ST1-2010s). The ST1 simulations used the anthropo-
genic emission inventory relevant to the given year but with 1991, 
2001, or 2011 fixed meteorology; for example, the ST1 simulations 
for the 1990s used 1991 and 1999 anthropogenic emissions but only 
1991 meteorology. This allowed our analysis to focus solely on the 
responses of N deposition to changes in anthropogenic emissions 
caused by emission control policies in each decade while also allow-
ing for the lag effects of the policies, the effects of China’s phased 
tasks in atmospheric emission policies over each decade (after two 
5-year plan), and consistency with the years of actual N deposition 
simulations.

In ST2, simulations were conducted to assess the contributions 
to N deposition in the 2010s from the following emission sectors: 
agriculture, industry, power plants, residential, transportation, and 
others (includes international transport, soil, lightning, and biomass 
burning). The individual contribution of each emission source to N 
deposition was determined from the difference between simulations 
from ST1-2010s with a sector source turned off and one that 
included all emissions. These model experiments have been described 
in detail previously (20, 22).

In ST3: The model simulations were conducted to assess the N 
deposition in 2050. The ST3 simulations used the anthropogenic 
emission inventory of SSP5-85–best health effect (BHE) from Tong 
et al. (38) but with fixed meteorology from 2011. Tong et al. (38) 
developed a dynamic projection model (the Dynamic Projection 
model for Emissions in China) to explore China’s future anthropo-
genic emission pathways and then connected a series of SSP, 
representative concentration pathway (RCP), and pollution control 
scenarios to present a wide range of China’s future emissions to 
2050 under different development and policy pathways. Specifically, 
we chose the socioeconomic pathway 5 (SSP5)–85–BHE scenario in 
our study to simulate N deposition as it represents high pollution 
control ambitions for 2050. It combines the shared SSP5 with 
climate forcing outcomes as described by the RCP 8.5. This scenario 
represents integrated global societies with low population growth, 
high consumption of fossil fuels, highly managed environmental 
conditions at local scales, and the highest greenhouse gas concentra-
tions for climate change (RCP8.5). The BHE component ensures 
a clean environment and maximum protection of public health. It 
requires the application of the best-available technology to eventually 
achieve the World Health Organization Interim Target 3 of 15 μg m−3 
annual mean PM2.5 by 2050. Under the accompanying global develop-
ment trend, the manufacture and end-of-pipe control technologies 
in China would gradually catch up with developed countries. The 
BHE controls for different sectors are shown in table S3, and the 
corresponding predicted anthropogenic emissions of SO2, NOx, and 
NH3 in China are shown in fig. S14.

Quantification of impacts of N deposition on water pollution
We used the MARINA-Nutrients (version 2.0) model to quantify 
the N inputs to rivers from indirect N deposition. The model was 
developed to quantify the annual river export at the sub-basin scale 
of total dissolved N (TDN) and total dissolved P from different 
sources (14). TDN is the sum of DIN and dissolved organic N. The 

model quantifies the export of nutrients to seas in three steps. First, 
nutrient inputs into rivers from diffuse and point sources are quan-
tified. Second, nutrient exports to the outlet of each sub-basin are 
quantified in which nutrient retentions (e.g., sedimentation, dam-
ming) and losses (e.g., denitrification and water consumption) are 
taken into account. Third, exports of nutrients from sub-basin out-
lets to river mouths are quantified (7). MARINA-Nutrients model 
therefore accounts for many factors influencing nutrient flow from 
Chinese rivers into Chinese seas, including human activities on 
land, basin hydrological characteristics, retention and loss of nutrients 
in soils and rivers, and distances that nutrients travel to the river 
mouth. In this study, we used the first step in the model for quantify-
ing N input to rivers from indirect N deposition on land. A detailed 
description of MARINA-Nutrients (version 2.0) is provided in the 
text S1 and fig. S16.

We quantified the direct deposition of N to open water bodies of 
the sub-basins (direct path) and the transportation of N deposition 
on agricultural and nonagricultural land to surface waters (indirect 
path) in the 2010s (years 2011 and 2019) and projected for 2050. The 
quantification steps are outlined as follows:

(i) The direct N deposition is calculated in two steps. First, the 
total N deposition on the sub-basin’s surface including both land 
and water was determined by multiplying the average N deposition 
intensity per unit area in each grid (kg N ha−1 year−1) by the grid 
area (ha) and then aggregating these values at the sub-basin scale 
(fig. S17). Second, the direct N deposition for each sub-basin in our 
study was calculated by multiplying the total N deposition on the 
sub-basin’s surface by the share of surface water area to total sub-
basin area (kton N year−1).

(ii) For N deposition via the indirect path, we used the MARINA-
Nutrients (version 2.0) model to quantify the N inputs to rivers 
from indirect N deposition. We first need to adjust the resolution 
from the CTM to match the scale of the MARINA-Nutrients model 
(at the sub-basin level). In detail, first, the GEOS-Chem model 
simulated N deposition across the entirety of China using a grid 
resolution of 0.5° latitude by 0.625° longitude (unit: kton N). This 
resolution is converted to 0.5° latitude by 0.5° longitude grids within 
ArcGIS (Resample Function). This adjustment is necessary because 
the sub-basin division is on a 30-arcmin grid scale (equivalent to 
0.5° × 0.5°) as it is based on a global drainage direction map at this 
resolution (56). The smallest area of sub-basins in this study (named 
Jiulong and Oujiang) encompasses six grids of 0.5° × 0.5°. Second, 
the gridded N deposition data on land were aggregated to sub-basin 
levels by summing the values of the grids that fall within each sub-
basin boundary. This aggregation process was performed using the 
“zonal statistics” function in ArcGIS. Further detail of resolution 
conversion is provided in fig S17. Third, the N deposition data at 
the sub-basin scale serves as the input for the MARINA-Nutrients 
model, enabling the calculation of indirect N deposition in our study 
via the following equations (7, 14)

RSdifDIN.dep.ant.j=WSdifN.dep.ant.j ⋅FEWS.DIN.j ⋅GDIN.j (1)

RSdifDIN.dep.nat.j=WSdifN.dep.nat.j ⋅FEWS.DIN.j (2)

GDIN.j = 1 −
(

WSdifN.ex.j ∕WSdifN.gross.j

)

(3)
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Here, RSdifDIN.dep.ant.j and RSdifDIN.dep.nat.j are inputs (kg year−1) 
of dissolved inorganic nitrogen (DIN) to surface waters in sub-basin 
j from atmospheric N deposition to agricultural and non-agricultural 
areas, respectively. WSdifN.dep.ant.j and WSdifN.dep.nat.j are the atmo-
spheric N depositions (kg year−1) in sub-basin j to agricultural and 
nonagricultural areas, respectively. FEWS.DIN.j is the export fraction 
of DIN entering surface waters of sub-basin j; the fraction is calcu-
lated as a function of annual runoff from land to streams. The 
parameters of FEWS.DIN.j in each sub-basin are shown in table S4. 
GDIN.j is the fraction of DIN applied to agricultural land that remained 
in the soils of sub-basin j after animal grazing and crop harvesting. 
WSdifN.ex.j is the export of nutrient elements from agricultural areas 
by animal grazing and crop harvesting (kg year−1). WSdifN.gross.j is 
the total input of N to agricultural soils from diffuse sources, includ-
ing the use of animal manure, synthetic fertilizer and human excre-
tion in agriculture, atmospheric N deposition to agricultural areas, 
and biological N2 fixation by agricultural crops (kg year−1).

Aside from the atmospheric N deposition source, the other sources 
of N inputs (synthetic fertilizers, animal manure, human waste, and 
biological N2 fixation) to land in 2011 were taken from Wang et al. 
(57), which were aggregated from counties in China to 0.5° × 0.5° grids 
and sub-basins using ArcGIS in Wang et al. (14). On the basis of the 
previous study of the N budget in China by Zhang et al. (58), the 
nitrogen use efficiency of croplands in the 2010s was kept constant; 
thus, we assumed that GDIN.j was the same in 2011 and 2019. For the 
year 2050, we used the scenario (SSP5-RCP8.5) of other sources devel-
oped by Wang et al. (14). The SSP5 scenario assumes integrated global 
societies with low population growth, high consumption of fossil fuels, 
and highly managed environmental conditions at local scales. RCP8.5 
means the highest greenhouse gas concentrations for climate change.

eF is the watershed (land) export constant, which is 0.94 for DIN; 
this parameter is derived from the original Global Nutrient Export 
from WaterSheds 2 (NEWS 2) model by Mayorga et al. and Strokal 
et al. (7, 59). Rnatj is the annual runoff from land to streams in sub-
basin j (m). Qnatj is the natural river discharge at the outlet of sub-
basin j before water is removed for consumption (km3 year−1 km2); 
this model input was aggregated from a spatial resolution of 
0.5° × 0.5° to sub-basins for Chinese rivers using the approach de-
scribed in Strokal et al. (7). We used the water discharge values from 
five variable infiltration capacity model runs with climate inputs 
(e.g., precipitation and temperature) from different general climate 
models (GCMs): GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, 
MIROC5-ESM-CHEM, and NORESM1-M (60). Average water dis-
charge values from these five runs were used to harmonize the uncer-
tainties introduced by the GCMs. We used the ensemble-average 
(30-year average) annual water discharge for 2011 and 2019, so that 
our result was less affected by modelled discharge extremes. For 
example, the annual water discharge values from 1996 to 2026 were 
averaged to derive the water discharge in 2011. The specific Qnatj 
values over the 33 sub-basins in 2011, 2019, and 2050 are shown in 
fig. S18. Areaj is the drainage area of sub-basin j (km2) (table S4).

Observation data
GEOS-Chem model simulations of N deposition over China have 
been evaluated in previous studies (20, 61). We further evaluated 

our GEOS-Chem simulations using available observations for China. 
The annual mean NH4

+ and NO3
− wet deposition were compared 

with data from the Acid Deposition Monitoring Network in East Asia 
(EANET; www.eanet.asia/event-and-activities), the study of Liu et al. 
(1) and the Nationwide Nitrogen Deposition Monitoring Network 
(NNDMN) (23, 62, 63) from 1991 to 2011. Owing to practical diffi-
culties in obtaining observational dry deposition fluxes, these were 
usually estimated using measured surface concentrations and mod-
elled dry deposition velocities (44, 62, 64). Therefore, we compared 
the modeled surface NH3 concentrations with the available NNDMN 
observations for 2011. Details of the years and numbers of measure-
ment locations used for model evaluation for each dataset are shown 
in table S5. For 2019, the simulation of the annual mean NH4

+ and 
NO3

− wet deposition and surface NH3 concentrations was compared 
with measurements at 49 sites across China (fig. S19). Details of sam-
pling and analysis are provided in text S2.

To determine the SO2 and NO2 annual trends in China, we ob-
tained real-time data at 1498 monitoring sites including 367 cities dur-
ing 2015–2019 from the China National Environmental Monitoring 
Centre (www.cnemc.cn/). The distribution of monitoring sites and an-
nual mean observed concentrations of SO2 and NOx are shown in 
fig. S11.

Model evaluation
We evaluated the GEOS-Chem model simulation of N deposition 
over China using surface measurements available over the three de-
cades of NH4

+ and NO3
− wet deposition fluxes and NH3 gas con-

centration. As shown in fig. S20, correlation coefficients (r) between 
model simulations and observations for wet deposition were greater 
than 0.5, and normalized mean biases (NMBs) were less than 13%. 
The modeled surface NH3 concentrations reproduced the observed 
NH3 concentrations with r greater than 0.6 and NMB within 30%. 
On the basis of previous studies (45), the model could generally re-
produce the observed spatial and temporal variations in wet Nr de-
position and NH3 concentrations.

To evaluate the direct N deposition results, we compared our find-
ings with other studies focused on the same sub-basins. Detailed re-
sults are provided in text S3.

The MARINA-Nutrients model (version 2.0) was evaluated by 
Wang et al. (14). They applied three options that so-called “building 
trust” approach, including model validation by comparing the mod-
eled loads of nutrients with measurements, comparing results from 
other modelled studies and performing a sensitivity analysis. The 
validation provides confidence in using the modeling approaches 
for China in our analyses. Moreover, despite the updating of N 
deposition data for each sub-basin in our study, when as the input 
of the MARINA-Nutrients model, the simulated TDN and DIN 
export across 12 river basins remain consistent with both measure-
ment and modeling studies. Further details regarding the MARINA-
Nutrients model validation are described in text S4.

Supplementary Materials
The PDF file includes:
Supplementary Texts S1 to S4
Figs. S1 to S21
Tables S1 to S6
Legends for data S1 to S4
References

Other Supplementary Material for this manuscript includes the following:
Data S1 to S4

FEWS.DIN.j = Rnatj ⋅ eF (4)

Rnatj = Qnatj∕Areaj (5)
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