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of square kilometers and lasts for days or even weeks, drawing
increasing attention from the public and the government. Many
measurements are indicative of a remarkably high proportion (20−60%)
of secondary inorganic aerosols in PM2.5 mass concentration, in-
cluding sulfate, nitrate, and ammonium, during haze pollution (9–11).
The Chinese government has devoted great effort to control

SO2 and NOx emissions to mitigate acid rain and haze pollution
(12, 13). In 1990s, China set out to control SO2 emission for the
purpose of mitigating acid rain pollution. Accordingly, SO2
emissions significantly decreased during the 2000s as a result of
widespread implementation of flue gas desulfurization (Fig. 1A).
Measurements from ground and space also showed a notable
decrease (>50%) of atmospheric SO2 in the past decade (Fig. 1
B–D). As a result, acid rain pollution was gradually alleviated,
even though it remains an important issue in the southern part of
China (1, 14). In contrast, NOx emission control started relatively
late and has resulted in a moderate reduction of ∼20% from
2012 to 2015. Although air quality has been mitigated slightly in
the past few years as a result of SO2 and NOx emission reduction,
it is still a challenging problem facing China. According to a
report issued by the government, 74.3% of 74 key cities in China
exceeded the national air-quality standard of annual mean PM2.5
concentrations (35 μg·m−3) in 2017 (15). To further improve the
air quality, China will continue to implement stringent emission

controls on SO2 and NOx with the aim reduce their emissions by
15% during the period of 2016–2020 (16).
More recently in China, NH3 control has been advocated as a

potential measure by policy makers given that atmospheric NH3
facilitates secondary PM2.5 formation, i.e., ammonium sulfate/
bisulfate and ammonium nitrate (17). The Chinese Premier recently
announced that a new fund will be set up to discover the cause of
frequent haze pollution, with special attention devoted to agricul-
tural NH3 emission control (18). In northern China, a highly pol-
luted area, abatement options for NH3 agricultural emissions have
been integrated in the air pollution control plan for 2016–2020.
However, it should not be neglected that atmospheric NH3

plays a vital role in neutralizing precipitation acidity and there-
fore helps to weaken acid rain (19, 20). Decrease in ambient
NH3 level is likely to induce more acidic precipitation and expose
terrestrial systems to acid rain pollution, especially in southern
and southwestern China, where soil systems are generally less
buffered and particularly sensitive to acid input (21). Thus, a
problem arises that, under the circumstance of tremendous emis-
sions of acid gas (SO2 + NOx), China’s NH3 emission abatement
may significantly worsen acid rain by increasing rainfall acidity. It is
still unclear, and we are aware of no study that has quantified this.
The impacts of NH3 emissions are complex in China, with distinct
effects on air quality and human and ecosystem health. Previous
studies mainly focused on the role of NH3 emission in particle
pollution on global and regional scales, and there is still a lack of
studies on these comprehensive impacts in China, particularly in
terms of acid rain and nitrogen deposition.
In this study, we performed an integrated analysis of multiple

impacts of NH3 emission control strategy on PM2.5 pollution, nitro-
gen deposition, and acid rain by combining the Weather Research
and Forecasting model with Chemistry (WRF-Chem) simulation,
ground-based and satellite-retrieved observations, as well as economic
assessment. We have developed a high-resolution NH3 emission
model and used it to forecast the potential NH3 emission reduction in
the agricultural sector based on Chinese agricultural practice. We then
intend to provide optimized and cost-effective strategies for China’s
NH3 emission abatement policy in the near future.

NH3 Emission and Its Potential Reduction in China
As a large agricultural country, China produces a huge amount
of NH3 emission (Fig. 1A), with agricultural activities accounting
for more than 80% (22–24). In this study, we use a compre-
hensive high-resolution inventory developed by our research
group (PKU-NH3) that covers agricultural activities, biomass
burning, industry, transportation, and other sectors (25). It has
been demonstrated to accurately describe the magnitude and
spatial and seasonal patterns of China’s NH3 emission and has
been applied in chemical transport modeling to reproduce sec-
ondary inorganic aerosols (details are shown in the SI Appendix).
NH3 emission in China (∼10.0 million tons annually) exceeds

the sum of those in the European Union (3.7 million tons) and
the United States (3.9 million tons) (24, 26). Moreover, the NH3
emission rates per amount of fertilizer applied or animal excre-
tion in farms are almost twice those in developed countries (SI
Appendix, Table S2). Much evidence manifests that poor agri-
cultural production management and low efficiency of nitrogen
use are the main causes of the large NH3 emissions over China
(details are shown in the SI Appendix). The implementation of
feasible abatement measures during agricultural activities could
sharply reduce China’s NH3 emissions.
Here, a series of options for NH3 emission reduction are com-

piled (SI Appendix, Table S1) based on existing literature and local
agricultural practice. To abate NH3 emission in croplands, rational
fertilization (i.e., avoidance of overfertilization and implementa-
tion of deep application of fertilizers) can be implemented during
growing seasons (mostly spring and summer months) when emis-
sion from nitrogen fertilizers peaks. For livestock NH3 emissions,

Fig. 1. (A) Interannual trends in SO2, NOx, and NH3 emissions in China during
2005–2015. SO2 emissions were provided by the Ministry of Ecology and En-
vironment of China (MEE; www.mee.gov.cn/), Lu et al. (35), and Multi-
resolution Emission Inventory for China; NOx emissions were derived from
MEE and Liu et al. (12); and NH3 emissions were derived from Kang et al. (25).
(B) Interannual trends in wet deposition (mean ± SD) of sulfate, nitrate, and
ammonium averaged over four Acid Deposition Monitoring Network in East
Asia stations (Jinyunshan, Shizhan, Xiaoping, and Xiangzhou) in China. (C)
Normalized vertical column densities (VCDs) of SO2 and NO2 retrieved from
ozone monitoring instrument measurements over China relative to the 2005
levels. (D) Ground-based concentrations of SO2 and NO2 averaged over
31 cities in China. These annual averaged values for each city were provided
by the China Environmental Statistics Yearbook (www.stats.gov.cn/).
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• SO2 and NO2 emissions decline
significantly in recent years. 

• Not much changes on NH3
emissions.

Annual emission trends of SO2, NO2 and NH3 in China



Average contribution of the agricultural NH3 emissions in the NCP 
was ∼30% of the PM2.5 mass (or ∼42 μg·m−3) during a severe haze 
event in December 2015 .

Increasing evidences indicate the critical role of NH3
in forming haze in China
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China has been experiencing fine particle (i.e., aerodynamic diame-
ters ≤ 2.5 μm; PM2.5) pollution and acid rain in recent decades, which
exert adverse impacts on human health and the ecosystem. Recently,
ammonia (i.e., NH3) emission reduction has been proposed as a stra-
tegic option to mitigate haze pollution. However, atmospheric NH3 is
also closely bound to nitrogen deposition and acid rain, and compre-
hensive impacts of NH3 emission control are still poorly understood
in China. In this study, by integrating a chemical transport model
with a high-resolution NH3 emission inventory, we find that NH3

emission abatement can mitigate PM2.5 pollution and nitrogen de-
position but would worsen acid rain in China. Quantitatively, a 50%
reduction in NH3 emissions achievable by improving agricultural
management, along with a targeted emission reduction (15%) for
sulfur dioxide and nitrogen oxides, can alleviate PM2.5 pollution
by 11−17% primarily by suppressing ammonium nitrate formation.
Meanwhile, nitrogen deposition is estimated to decrease by 34%,
with the area exceeding the critical load shrinking from 17% to 9%
of China’s terrestrial land. Nevertheless, this NH3 reduction would
significantly aggravate precipitation acidification, with a decrease
of as much as 1.0 unit in rainfall pH and a corresponding substantial
increase in areas with heavy acid rain. An economic evaluation
demonstrates that the worsened acid rain would partly offset the
total economic benefit from improved air quality and less nitrogen
deposition. After considering the costs of abatement options, we
propose a region-specific strategy for multipollutant controls that
will benefit human and ecosystem health.

ammonia emission | China | PM2.5 | acid rain | nitrogen deposition

During recent decades, growing fossil fuel consumption re-
sulting from rapid economic development and intense agri-

cultural production has brought about huge emissions of multiple
air pollutants and associated environmental issues in China: (i)
acid rain, (ii) enhanced nitrogen deposition, and (iii) air quality
deterioration caused by fine particulate matter (i.e., aerodynamic
diameters ≤ 2.5 μm; PM2.5). In the 1980s, acid rain was recognized
as a top environmental issue in China; it was characterized by
precipitation acidification with a pH less than 5.6 as a result of
high levels of sulfur dioxide (i.e., SO2) and nitrogen oxide (i.e.,

NOx) emission from fossil fuel combustion (1–3). Moreover, large
amounts of NH3 emission from dense agricultural activities has
made China a global hotspot for nitrogen deposition (4, 5). It is
estimated that approximately 15% of the land area of China ex-
ceeds nitrogen critical load (6).
In recent years, China has been experiencing frequent haze

pollution, which is characterized by extremely high PM2.5 con-
centration and rapid deterioration of visibility (7, 8). In winter,
severe haze pollution with PM2.5 concentrations of hundreds of
micrograms per cubic meter often engulfs tens of thousands

Significance

Atmospheric ammonia plays important roles in fine particle
pollution, acid rain, and nitrogen deposition. China, known as
the world’s top emitter of gaseous ammonia, plans to control
ammonia emissions to mitigate the haze pollution that has
recently emerged. However, the complex side effects are still
unclear. By integrating a chemical transport model, nationwide
measurements, and a sophisticated ammonia emission model,
we find that ammonia emission control would significantly
aggravate acid rain pollution, thereby offsetting the benefit
from reduced fine particle pollution and nitrogen deposition.
Our work suggests that region-specific ammonia-control strate-
gies provide a more rational and effective way to achieve the
dual benefits of protecting human and ecosystem health in China.
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Regional severe haze represents an enormous environmental
problem in China, influencing air quality, human health, ecosys-
tem, weather, and climate. These extremes are characterized by
exceedingly high concentrations of fine particulate matter (smaller
than 2.5 μm, or PM2.5) and occur with extensive temporal (on a
daily, weekly, to monthly timescale) and spatial (over a million
square kilometers) coverage. Although significant advances have
been made in field measurements, model simulations, and labora-
tory experiments for fine PM over recent years, the causes for
severe haze formation have not yet to be systematically/comprehen-
sively evaluated. This review provides a synthetic synopsis of recent
advances in understanding the fundamental mechanisms of severe
haze formation in northern China, focusing on emission sources,
chemical formation and transformation, and meteorological and cli-
matic conditions. In particular, we highlight the synergetic effects
from the interactions between anthropogenic emissions and atmo-
spheric processes. Current challenges and future research directions to
improve the understanding of severe haze pollution as well as plau-
sible regulatory implications on a scientific basis are also discussed.

severe haze | synergetic effects | anthropogenic emission | atmospheric
chemistry | climate change

Rapid industrialization/urbanization in developing countries
has resulted in increased air pollution, along a trajectory

similar to that previously encountered in many developed na-
tions. As the world’s largest developing country, China has ex-
perienced haze pollution over the recent decades (1–3), which is
defined as a weather phenomenon with a horizontal visibility of
less than 10 km due to dense accumulation of fine particulate
matter (particles with an aerodynamic diameter smaller than
2.5 μm, or PM2.5) (4). PM is emitted directly into the atmosphere
(referred to as primary particles) or produced in the atmosphere
via gas-to-particle conversion (referred to as secondary particles)
(5–7). In addition, primary and secondary PM undergo chemical
and physical transformations and are subjected to cloud pro-
cessing and removal from air (5, 6). Severe haze events with
exceedingly high PM mass loading (from 100 to 1,000 μg·m−3)
and large temporal/spatial coverages have occurred persistently
in northern China, particularly in the North China Plain (NCP).
Noticeably, a haze extreme occurred in January 2013 that lasted
close to 1 mo and affected a total area of ∼1.3 million km2 and
∼800 million people.
High emissions of primary particles and gaseous PM precur-

sors from multiple sources, efficient secondary PM formation,
regional transport, adverse meteorological and climatic condi-
tions, and their synergetic effects have been identified as the
main factors regulating the frequency and severity of haze for-
mation in northern China (8–15). Noticeably, high levels of PM

gas precursors lead to significant production of secondary PM, as
documented by large fractions and high abundances of secondary
organic aerosol (SOA) and secondary inorganic aerosol (SIA)
from field measurements (8, 9, 12, 16). Also, PM accumulation
and secondary formation are enhanced under stagnant meteoro-
logical conditions, characterized by high relative humidity (RH),
low planetary boundary layer (PBL) height, and weak surface
winds (12, 17). In addition, climate change represents another
plausible factor influencing haze formation in the NCP (18).
The wintertime daily average mass concentrations of PM2.5 in

many major cities in northern China are typically one to two
orders of magnitude higher than those in urban areas of the
United States and Europe (19, 20). Elevated PM levels are often
accompanied by a sharp increase in respiratory diseases (21).
Long-term exposure to high levels of PM2.5 is estimated to have
resulted in 1.1 million deaths in 2015 in China (22). Also, aerosols
absorb and scatter solar radiation, leading to important conse-
quences for atmospheric stability and energy budget. Such an effect,
commonly referred to as an aerosol-radiation interaction (ARI),
contributes importantly to cooling (by scattering and absorption) at

Significance

Severe haze events with large temporal/spatial coverages have
occurred frequently in wintertime northern China. These ex-
tremes result from a complex interplay between emissions and
atmospheric processes and provide a unique scientific platform
to gain insights into many aspects of the relevant atmospheric
chemistry and physics. Here we synthesize recent progress in
understanding severe haze formation in northern China. In
particular, we highlight that improved understanding of the
emission sources, physical/chemical processes during haze evo-
lution, and interactions with meteorological/climatic changes are
necessary to unravel the causes, mechanisms, and trends for
haze pollution. This viewpoint established on the basis of sound
science is critical for improving haze prediction/forecast, formu-
lating effective regulatory policies by decision makers, and
raising public awareness of environmental protection.
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Rapid agricultural intensification, industrial and urban devel-
opment, and increased fuel use in transportation and energy 
production have caused a dramatic increase in anthropo-

genic reactive nitrogen emissions over recent decades1,2, which 
have been predicted to increase in China. Reactive N in the 
atmosphere is deposited via both dry and wet pathways involving 
reduced NHx and oxidized NOy species1,3. Despite their impor-
tant and very different influences on the structure and function 
of terrestrial and marine ecosystems4–7, few studies have quanti-
fied the separate components and N deposition pathways at the 
large (especially national) scale. Increased N deposition has pro-
found consequences for natural and anthropogenic ecosystems. 
For example, N deposition provides a new source of fertilizer for 
plant growth but, conversely, can impact human health, modify 
biogeochemical cycles3, change ecosystem structures and func-
tions, and even result in species extinction8–12. N deposition may 
also influence ecosystem carbon cycles and, consequently, global 
climate change11,13.

China is one of the three regions with the highest N deposition 
in the world14. It has increased by approximately 60% over the past 
3 decades15. Previous studies have analysed the temporal and spatial 
variations of wet N deposition (FWet) and its components in China16–18,  
but have not explored the temporal dynamics of dry deposi-
tion (FDry), mostly because of the difficulty in directly measuring  
and monitoring dry deposition19,20. The lack of information on dry 

deposition, the ratio of dry to wet N deposition (RDry/Wet) and the 
ratio of reduced to oxidized species ( ∕RNH NOx y

) hinders our under-
standing of the spatial and temporal patterns of the flux of total N 
deposition (FTot).

Using a remote sensing model and nonlinear regression func-
tions linking reactive N emissions and N deposition, we constructed 
herein a dataset for FDry across China for the period of 1980–2015. 
Together with the FWet data collected from 956 monitoring sites across 
China (2,376 site years of data) during 1980–2015, we explored the 
spatiotemporal patterns of the components of atmospheric N depo-
sition (for example, FTot, FDry, FWet, RDry/Wet and ∕RNH NOx y

) and their 
underlying mechanisms. Given the rapid socioeconomic changes in 
China and the parallel evolution of industries, combustion technol-
ogies and agricultural intensification, understanding the patterns 
of N deposition and the environmental and climate implications 
of N deposition is essential for environmental policy decisions in 
China—the largest developing country. However, such an improved 
understanding can also provide insights for other developing coun-
tries, and the global community generally, on managing and miti-
gating N cycles under the balance of socioeconomic development 
and controlling pollution.

Current status of atmospheric N deposition in China
The average FTot for China has been estimated as 
20.4 ± 2.6 kgN ha−1 yr−1 in 2011–2015, where FDry and FWet were 

Stabilization of atmospheric nitrogen deposition 
in China over the past decade
Guirui Yu! !1,2,11*, Yanlong Jia3,11, Nianpeng He! !1,2,4,11, Jianxing Zhu! !1, Zhi Chen1, Qiufeng Wang1,2, 
Shilong Piao! !5, Xuejun Liu6,7, Honglin He1,2, Xuebing Guo1, Zhang Wen6,7, Pan Li8, Guoan Ding9 and 
Keith Goulding! !10

Increasing atmospheric nitrogen deposition can influence food production, environmental quality and climate change from the 
regional to global scales. As the largest developing country, China is expected to experience a rapid increase in N deposition. 
However, the lack of information on dry N deposition limits our understanding of the historical trend of the total N deposition, 
as well as the main drivers of this trend. Here, we use extensive datasets that include both wet and dry N deposition to evaluate 
the spatiotemporal variation of N deposition and the changes of its components in China during 1980–2015. Three significant 
transitions in N deposition in China were observed. First, the total N deposition began to stabilize in 2001–2005, mostly due to 
a decline in wet NH4

+ deposition. Subsequently, a shift to approximately equal wet and dry N deposition occurred in 2011–2015, 
accompanied by increasing dry deposition. Finally, the contribution of reduced N components in the deposition decreased due 
to increasing NO3

− deposition. These transitions were jointly driven by changes in the socioeconomic structure in China and 
vigorous controls in N pollution. The three observed important transitions challenge the traditional views about the continuous 
increase in N deposition in China.

NATURE GEOSCIENCE | www.nature.com/naturegeoscience
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AMoN-China surface NH3 observaXons are
limited in temporal and spaXal

Monthly averages for one year
Sep 2015 – Aug 2016

Large spatial differences

53 sites in total
13 mountain and forest;
5 water body;
7 grassland;
4 desert;
11 farmland;
13 urban/suburban/industrial sites.

All of the sites are selected to be far 
away (>1 km) from a known source

Annual average

Pan et al., EST, 2018
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CrIS NH3 observations show good coverage
over China
• Launched in fall 2011
• Overpass time: 1:30 & 13:30
• Footprint: 14-km (diameter)
• Detection limit: ~0.5 ppbv
• CrIS most sensitive to NH3

between 950 and 700 mb (~0.5 to 
3 km)

• ~4x better noise than similar 
sensors

• TES-like sensitivity with IASI/AIRS-
like spatial coverage

CrIS NH3 algorithm was developed in collaboraXon between Canada (ECCC) and 
USA (AER, Inc). (Shephard & Cady-Pereira, AMT, 2015)

Cross-track Infrared 
Sounder (CrIS)
on the Suomi-NPP satellite
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CrIS surface NH3 can generally capture seasonal
variations of AMoN-China observations but lower



Standard GC underesXmates surface NH3 throughout China
but is improved with updated agricultural emissions

See Youfan Chen, Poster No. C29

• MIX emission inventory -- base
• Improved: 1)Better quantify how fertilizers are applied in China over 18 main crops;

2)Account for influences of meteorological conditions (near-surface temperature 
and wind) on the emission factors.

(Youfan Chen et al., in prep)
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• 0.25o x 0.3125o horizonal resolution
• Small domain: eastern China (110 oE -125 oE, 20 oN - 45 oN) (save

computational time & typical polluted/unpolluted regions & high
population density)

• CrIS NH3 observations (2013-2017)
• Improved NH3 agricultural emission inventories of China

(developed by Lin Zhang’s group)

Data assimilaXons with CrIS NH3 observaXons and
GC adjoint model

In processing …
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Summary
• AMoN-China surface NH3 observations are limited in

temporal and spatial.

• CrIS NH3 observations show good coverage over China

• CrIS surface NH3 can generally capture AMoN-China

seasonal variations but lower; vertical structure

should be considered.

• Incorporating ”bottom-up” and “top-down” methods

to estimated NH3 emissions over China.
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Please joint us!

hrp://atmos.sysu.edu.cn/teacher/524

Contact me:
zhuly37@mail.sysu.edu.cn

• Data assimilation/Model development

• Traffic related pollutants

measurements and public health

• Big data/machine learning

Current group members:
Sihui Wang (graduate student)
Undergraduate student:
Shengjun Xi, Jieyan ye, Minlin
Zhen, Haipeng Liu, Dong Fu, Ziji
Chen, Qirong Ding

Postdoc/associate research assistant
(well paid, sheee!)

Graduate student
Welcome!

http://atmos.sysu.edu.cn/teacher/524


We are hiring!

Sun Yat-Sen University
School of Atmospheric Sciences

Want to know more? Come and see on
19 May @ MIT Introductory sessions

Professors/Associate Professors/Research scienfsts

Beaufful campus in a
wonderful coast city！



CrIS NH3 column

[molec/cm2]

July 2016
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AMoN-China vs CrIS column
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