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Abstract: The Yangtze River Delta (YRD) is one of the regiavith air pollution and high
ammonia (NH) emission in China. A high-resolution ammonia esiais inventory for the YRD
region was developed based on the updated souecdispemission factor (EFs) and the
county-level activity data. Thexl km gridded emissions were allocated by usingaitf@opriate
spatial surrogate. The total Niemissions changed insignificantly from 2006 to £@hd varied

in the range of 981.65 kt - 1014.30 kt. The femdili application and livestock were the major
contributors of total emission. Humans, biomassnimgr and vehicles were the top three
contributors of non-agricultural sources, accounfior 37.24%, 31.02% and 10.85%, respectively.
Vehicles were calculated to be the non-agricultsoairce with the fastest annual growth rateg NH
emissions from the nitrogen fertilizer applicatigenerally peaked in summer, corresponding to
the planting schedule and relatively high tempeeatkligh NH; emissions occurred in the north
as opposed to low emissions in the south of the YREe cities of Xuzhou, Yancheng and
Nantong with more agricultural activities were demsivated to have relatively high NH
emissions, contributing 10.0%, 9.0 and 7.1% ofltetaissions, respectively. The validity of the
emission estimates was further evaluated basedch@rumcertainty analysis by Monte Carlo
simulation, comparison with previous studies, apdeaiation analysis between NHmission
density and observed ground hNebncentration. A detailed NHemission inventory is the basis of
regional-scale air quality model simulation and camovide valuable information for

understanding the formation mechanism of pollutants

Keywords: Ammonia (NH); Emission inventory; Spatial distribution; Evaiioa
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1. Introduction

Ammonia (NH) is one of the most important trace gases in timeosphere and has an
important impact on the atmospheric environment eswbystem. As the most abundant alkaline
gas in the atmosphere, Mldan easily react with NOand SQ in the atmosphere and produce
ammonium forms, such as (NSO, NHMHSO, NH/NO; and NHCI. These forms of
ammonium are important components of fine aeroadigles (Wang et al., 2011; Wu et al., 2015),
which can cause aerosol pollution and can affeabgpheric visibility. NH can also accelerate
the nucleation process of sulphate particles, tbastributing to the formation of cloud
condensation nuclei. In addition, most gaseous amanand particulate ammonium can be
returned to soil or water by wet and dry deposijtiwhich may lead to the acidification of soail,
eutrophication of water and even a decrease idicdl diversity (Anderson et al., 2003; Krupa,
2003; Matson et al., 2002). Although China hascagd great importance to the treatment of air
pollution, NH; was not a monitoring project stipulated in theidlal Environmental Air Quality
Standard (http://www.mee.gov.cn/). There are varipallution sources of Nitlue to the lack of
corresponding reduction targets, causing sourags asiindustry and agriculture to dischargesNH
without restraint.

The previous study indicated that the ammoniumrdmuted approximately 23% and 17% of
the total ion concentration in Nanjing and Shangwaile this ratio reached 29% during the haze
event in Suzhou, which significantly drove the fatran of PM s during air pollution episodes in
the YRD (Chen, 2017; Tian et al., 2016; Yu et 2019). For deposition of nitrogenous species,
the study showed that nitrogen deposition was datath by deposition of reduced nitrogen

(NHz+NH,"), which contributed approximately 67% to the tdtak (Pan et al., 2012). The NH



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

dry deposition flux in Nanjing was 855.03 pg’m™ in 2017 and 1273.20 ugh® in 2018,
respectively (Zhao, 2019). Because JNplays a key role in the formation of fine partidad
nitrogen deposition, a detailed and accurate iorgndf NH; are crucial to the control strategies
of particulate pollution, and the guidance of Nishitation measures.

Since the early 1990s, many scholars have perforom$iderable research on ammonia
emission inventories from anthropogenic sourcedtyBeet al., 2003; Olivier et al., 1998) and
natural sources (Sarwar et al., 2005; Van et &98L According to the EEAs (European
Economic Area) NHKl assessment report in 2013, the total sN#nissions of EEA member
countries were calculated to be 428 wt in 2011, agicultural sources accounted for 93.7% of
the total emission. The Nf€mission inventories indicated that nitrogen figgr application and
livestock contributed more than 57% of global emiss (Bouwman et al., 1997) and more than
80% of the total Nk emissions in China (Kang et al., 2016; Zhou et 2015). Compared to
agricultural sources, ammonia emissions from naicalgural sources (including human
excrement, traffic, waste treatment, industries fsgil burning) were calculated to be 739.6 ki,
accounting for approximately 7.5% of the total ammoemissions (Huang et al., 2012). NH
emission inventories have been established onual&vels, such as national scale (Kang et al.,
2016; Huang et al., 2012; Zhang et al., 2018),ragibnal scale, including the North China Plain
(Zhang et al., 2010), the Beijing-Tianjin-Hebei (dhet al., 2015), the Pearl River Delta (Zheng et
al.,2012), and the YRD (Dong et al., 2009), and asme provincial scale including Henan,
Fujian and Sichan (Feng et al., 2015; Wang et28l1,8; Wu et al., 2017). However, previous
emission inventories do not entirely reflect theadloemission characteristics. The reason can be

attributed to low-resolution activity data, the amgplete NH emission sources and different
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emission factors.

With the rapid development of industrialization amwdban agglomeration, the regional
secondary pollution is becoming more serious inYRD region. The prior study of ammonia
emission cannot meet the needs of the current sindygional air quality and acid deposition.
Therefore, a comprehensive BEmission inventory in the YRD (25 cities) with higesolution
and a 1 km x 1 km gridded emission allocation wreeloped in 2014 based on the activity data
and emission factors of various ammonia emissionces.

2. Method and data

In this study, fertilizer application and livestogkere regarded as agricultural sources. The
non-agricultural sources included humans, the ctanmdustry, fossil burning, biomass burning,
garbage treatment, sewage treatment, vehiclesapdtarban grassland.

NH3 emissions of each source were calculated as aigroéithe activity data and specific EFs,

according to the following equation (1):
E=> (A [¥EF )
) 1)
where E is total NH; emissions, i, j represent the source type and prefecture-level city
respectively, A ; is the activity data, ancEF, ; is the corresponding=F . The activity data of
each source are derived from the local statistegrbooks. The emissions factors are mainly
adopted from the Technical Guidelines for Prepamatdf Atmospheric Ammonia Emissions
Inventory from Ministry of Ecology and Environmeoitthe People’s Republic of China (2014) as
well as domestic and foreign research results tlaadormer is preferred.

2.1 Agricultural source

2.1.1Synthetic fertilizer application
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Nitrogen fertilizer contains elemental nitrogenttieapplied to crops. NHis discharged into
the atmosphere through microbial action or decoitipasresulting in significant volatilization of
NH; in farmland areas. In general, BlEmissions from fertilizer are a function of thetifezer
type, soil properties (pH values, water contenlgiom content, etc.), meteorological conditions
(temperature, precipitation, and wind speed), appbn rate and method of application (injection
or surface). In this study, we classified the sgtithfertilizers used in the YRD region as urea,
ammonium bicarbonate (ABC), ammonium nitrate (ABjpmonium sulphate (AS), and other
fertilizers (compound fertilizer related to NHemissions were also considered, such as
three-nutrient compound fertilizer and ammoniumggite). In the statistical yearbooks, the first
four types are classified as N fertilizer, whilestbther fertilizers are classified as phosphate
fertilizer and compound fertilizer, respectivelyhel ratios of different fertilizer applications are
listed in Table S1.

According to the method used in the National Amraodtrategy Evaluation System
(NARSES) N fertilizer module (DEFRA, 2001), the ssion factor for fertilizer type is modified
by functions relating to soil pH, land use, appiima rate, rainfall and temperature. TEE for a
given scenario is calculated according to formaa (

EF=ERyax* Ry X R xR 5inX R ate* Ritandus )

where EF__, is the highest emission associated with eachlifertitype, RFs represents the

X
reduction factors expressed as a proportion.

The EF_,, for urea AS and ABC were considered to be 45%,en#i for AN and other
nitrogen fertilizers (Zhang and Luan, 2009). Whem®nium nitrate was applied to lime soil and

other soils, theRF,,, was considered to be 1 and 0.0889, respectivebn@/ét al., 2018). The
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RF,,, was also considered to be 1 when other typestodgein fertilizer were applied to all
soils.

Because the partial pressure of NiH solution increases exponentially with tempemtu
temperature is likely to be the most important meigical factor for synthetic fertilizer
application. According to the characteristics ahperature distribution in China, th&F; of the
original NARSES model was not suitable for the YRIgion. Therefore, we used the modified
functions for the estimation of ammonia volatilivatassociated with nitrogen fertilizer (Zhang et
al., 2011), and calculated thRF; for non-calcareous soil and calcareous soil usiugtons (3)

and (4), respectively.

RE; = EXP (02197225 (Trouh ~ Tannual )/3%
2 @)

R = EXP (0.1386% (Trnouth —Tyear )/ 3%
4)

where Tonmand Tannua@re the local mean values of monthly and annuagpégature, respectively,
and Tear is the mean annual temperature in China. The matepcal parameters were derived
from MICAPS (Meteorological Information Combine Awsis and Process System) ground
observation data.

When urea is applied to soil, it hydrolyses to miE ammonium bicarbonate, an unstable
compound that can quickly decompose to releaseogasBhH. In the NARSES model, the
influence of land use on NHemissions was considered due to the reducing wpekd and

temperature at the soil surface. In this studyalaesof 0.7 was used foRF, for fertilizer

anduse
applications in maize fields (Zhang and Luan, 2009k higher fertilizer application rate and the

pH value of soil surface causes a greater losdHaf N

2.1.2Livestock and poultry



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

In this study, the ammonia emissions of livestoo#t poultry were estimated for each livestock

category using headcount information at the colexgl and specific ammonia EFs. Livestock

and poultry covered 9 subcategories: duck, chickaipbit, sheep, pig, buffalo, cattle, cow and

beef cattle. The activity data of each subcategay obtained from the China Rural Statistical

Yearbook and local Statistical Yearbook, and dethiEFs for each animal listed in Table S7. We

chose the number of stocks stored at the end ofghewhen the breeding period was longer than

one year, while the number of slaughters was chésetine livestock with a breeding period of

less than one year.

2.2 Non-agricultural sources

NH; emissions from humans increase with the incredstheo population. Generally, NH

emissions from humans include normal metabolic ¢sses (respiration, perspiration and

excretion). Population and sanitation are the ketemininants of human NHemissions. In this

study, due to the different sanitary conditionghs toilet systems in rural and urban areasg NH

emissions in rural and urban areas were consida@pdrately. Nklemissions from human were

estimated by multiplying the year-end resident pafen in rural and urban areas by the

corresponding emission factors (Shen, 2014).

Chemical industry sources include synthetic ammaaa nitrogen fertilizer production.

Ammonia emissions were estimated using the citgll@voduction output of industrial process,

which was obtained from the local Statistical Yeatband the corresponding EFs. The sources of

ammonia in the combustion of fossil fuels mainlglide natural gas, coal, gasoline, diesel, and

kerosene. Nkl emissions from fuel combustion were calculatedhasproduct of industrial and

domestic consumption and specific EFs. Biomassibgrsources include waste straw burning,
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household straw burning, household firewood burniagd forest and grassland burning.
Considering the topography and vegetation of th®Y&gion, the NH emissions from forest and
grassland fires were not considered. Based orotted tropping structure, a total of 7 crop types
were considered and divided into domestic burnimgy ia-field burning in this study. The related
parameters of crop straw incineration were maidiected from results related to the whole
country and the adjacent areas of the YRD regibe. ahnual yield data of the main crops in each
city were obtained from the local Statistical Yemok, and the total amount of pollutants
discharged from the open-air combustion of waste egdculated according to equation (5):

E =X (R, XN; xF xEF) xB) ©)
where E is the ammonia emission, kt/a; i and jespnt the area and crop type, respectively; P is
the annual yield of crops, t/a; N is the ratiotwd trop straw amount to crop yield; B is the drying
ratio of straw; F is the burning rate of straw bognin open air; and EF is the ammonia emission
factor of crops. Because the recommended EFs ésetbrop residues are significantly different,
specific EFs are selected for each type of crog Vdlues of N, B, D and F are shown in Table
S2.

NH; emissions from sewage treatment mainly come fitmeet processes: microbial absorption
in activated sludge of sewage treatment plantsjemittreatment of digested sewage and sludge
spreading. Referring to Gu et al. (2012), we calmd the NH emissions based on the sewage
discharge. Chinese Urban Construction StatistiealrYook shows that waste disposal in the YRD
region includes incineration and landfill. We estted the NH emissions according to the amount
of domestic garbage disposal in each city. The Biidissions from the waste incineration process

were calculated based on equation (1). Sutton. ¢2@00) showed that NHemissions produced



199 by landfills was considered to be 0.0073 times efirane emissions. The methane emissions can
200 be calculated according to equation (6):

201 E = MSWxMCF x DOCx DOCp- xF x16/12 )

202  where E represents the methane emissions, t/a; MSk¢ landfill amount of domestic garbage,
203 t/a; MCF is a methane correction factor, i.e., ID@C and DOE represent the content of
204 degradable organic carbon in waste and the decatigpopercentage of degradable organic
205 carbon; the recommended values from the IPCC arer@® 7%, respectivel¥; is the content of
206  methane in landfill gas with a value of 0.5; af6/12 is the coefficient of carbon conversion to
207 methane.

208 The exhaust emission of vehicle is an important;[$burce in urban areas. Considering the
209 rapid increase in the vehicle population from 2Q084 in the YRD, the NHemissions caused by
210 on-road vehicles may change more significantly the other non-agricultural sources. Activity
211 data of vehicles are obtained by the Statisticadrlyeok of Jiangsu, Shanghai and Zhejiang
212  provinces. Referring to the classification by Zhaeigal. (2013),a total of 9 vehicle types are
213 considered in this study, and the definition of eaehicle type has been listed in Table S3.
214  According to the technical guideline (Ministry oft@ogy and Environment of the People’s
215 Republic of China, 2014), light-duty passenger #iglsi, mini-duty passenger vehicles, light-duty
216  truck and mini-duty truck are grouped into lighttgwehicles, and medium-duty passenger
217 vehicles, heavy-duty passenger vehicles, medium-tiutk and heavy-duty truck are grouped
218 into heavy-duty vehicles. According to vehicle sifisation and fuel type, motor vehicles can be
219 divided into light gasoline vehicle, light gasolitreick, heavy gasoline vehicle, heavy gasoline

220  truck, light diesel vehicle, light diesel truck, awy diesel vehicle, heavy diesel truck and

10
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motorcycle. Because the fuel type data for vehitdesification in past years are rather limited,
we referred to the fuel type share of various Mehfteets observed by Che (2010). The NH
emissions of on-road vehicles were the produdh@fumber of vehicles, the total annual mileage
and the specific EFs. The annual average mileagelitles and specific EFs were adopted by
Che (2010) and Ministry of Ecology and Environmehthe People’s Republic of China (2014)
(See Table S4). In this study, we did not consitlerimpact of vehicle driving cycle on specific
EFs due to the lack of fleet average speed.

NHz; emissions from pets and urban grasslands werecalsalated according to the method
reported by Wu et al. (2017). According to the ey Wu et al. (2015), an average of one in 13
people keeps a pet in China, accounting for apprateély 62% for dogs and 19% for cats,
respectively. Homeless pets were not considerglisiresearch. For urban grasslands, the annual
NH; EF was 2.5% of the applied N fertilizer, and the &as calculated to be 5 kg har*
(Chinkin and Ryan, 2002). In this study, the enoissdata and factors of each source were
summarized in Table S5, Table S6 and Table S7.

2.3 Spatial distribution of Nklemission

The 1 kmx1 km gridded NfHemissions were established by the various souvesed on
ArcGIS software version 10.2 and different disttibn modes (Wang et al., 2017a; Wang et al.,
2017b). Based on the results of emission inventtry, gridded ammonia emission can be
obtained by appropriate allocation factors. Thdiapdistribution area of anthropogenic ammonia
was selected between the latitude of 27.14°N ant3H, and between the longitude of 116.35°E
and 122.95°E. The 1 k’l km spatial resolution was set, covering Shanghiangsu Province

and Zhejiang Province. Model domain information aedtral point coordinates are listed in S8
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for the mapping of the several different emissionrses and for estimating the total emissions.

The form of spatial distribution includes pointidi and area sources distribution based on the

emission characteristics, spatial distribution gedgraphic information of emission sources. The

point sources are regarded as stationary emissiorcess such as nitrogen fertilizer production,

power plants and industrial boilers, while vehielaission as the line source. The area sources

include nitrogen fertilizer application, livestockiel and biomass combustion, and urban green

land. The spatial allocation of point sources idoiwate the emission to the corresponding grid

according to the longitude and latitude coordinatesach enterprise. The spatial distribution of

line source is based on the information of traffic road

(including the national road, provincial road, cyuroad, and urban expressways).  Firstly, all

kinds of road information are combined to calcul#te total length of roads within the

administrative area of each city. Then, the tatabth of roads in grid cell is calculated according

to the defined grid. The ratio of the length ofdsawithin the grid to the administrative area is

taken as the distribution factor, and the ammomission of traffic sources in 2014 is taken as the

distribution target to calculate the gridded amraoamission. The allocation method from area

sources is similar to that of line sources. Foesiock, emissions from free-range and intensive

livestock production were redistributed based ormalrypopulation density. Emissions from

fertilization application and urban greenland wallecated by type of land use. Emissions from

fuel combustion, pets, sewage treatment, garbagément and human waste were also regridded

on the basis of population distribution. The datdand use types, population grids and rural

residential area/land used in spatial distribuao@ from the National Earth System Science Data

Centre (http://www.geodata.cn/index.html).
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2.3 Uncertainty analysis

Quantitative analysis has great importance for sigsinventories and can help to identify
sources with high uncertainty to help make poimeigrences for the inventory in future work
(Streets et al., 2003). The uncertainty parametacs sources of probability distribution are as
follows: 5% uncertainty for statistical data frometyearbook, 10% uncertainty for department
survey data and 15% uncertainty for data estimbiedxperts. The input data can generally be
considered to be a normal distribution when thestiamty range is less than 60%. Therefore, we
assumed that the activity data and emission fadwlswed a normal distribution. The NH
emission range was estimated using a Monte Camalation, and we ran 10000 Monte Carlo
simulations to estimate the NKmissions for each source. In this article, theelolimit range
and upper limit range of the 95% confidence inteevad the emission amount of each source
were selected to calculate the uncertainty range.
2.4 Observed NHconcentration and analysis

Ammonia can easily be converted into ammonium {§lHy chemical reactions with acidic gas
in the atmosphere. The concentration of ammoniuseied in the environment can be used as
the main chemical index for ammonia emission inegnassessment. Assuming that the emission
of NHj; is separated simply and rapidly between gaseous v particulate NiH or between
gaseous Nkland wet NH', the concentration of environmental feh the ground can be directly
related to the emission density of NffVang et al., 2018). Ambient Nhvas observed in Nanjing
from September 2015 to August 2016 using ANALYSBgd&e samplers. The samplers were
installed on the rooftop of the Meteorology Builgliaf Nanjing University of Information Science
and Technology (NUIST, lat: 3ZR, long: 118.7E, 30 m). The ANALYST sampler for NHises

13
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a treated glass microfibre filter as an absorb&aich sampler was exposed for one month.

Samples were retained in their airtight vials aadhained frozen in the laboratory refrigerator

until they were analysed within one month. The demprere extracted and analysed according to

the analysis method recommended by the manufactdHywas absorbed as ammonium by the

samplers and was determined by ion chromatograpimg b ml of deionized water to extract the

exposed filters. The filters were placed in glasdsvcontaining 5 ml deionized water and were

extracted for 1 hour with shaking every 5 or 6 nésu The samples were then ready for

ammonium analysis by ion chromatography.

3. Results and discussion

3.1 Annual NH; emissions

Fig. 2 illustrates the trends of total AEmissions from 2006 to 2014 in the Yangtze Rivelt®

The total ammonia emissions showed an unobviouatiar from 2006 to 2014 with the range

from 982.95 kt to 1014.30 kt. From 2006 to 2014ragen fertilizer application was the most

important source of NHemission in the YRD, and the average emission ftbim source

accounted for approximately 55% of the total J\dthissions. This ratio was much higher than that

reported in Fujian (39.4% in 2015, Wu et al., 20ai)l the Beijing-Tianjin-Hebei region (28.6%

in 2010, Zhou et al., 2015). Similar ratios haverbebserved in the YRD (49.3% in 2004, Dong

et al., 2009) and all of China (54.0% in 2006, Deng@l., 2010). Livestock was also an important

source and contributed 26-33% of the totalsMirhissions. This result was mainly attributed &® th

breeding of a large number of livestock. On averagfeogen fertilizer application and livestock

combined accounted for 85%-90% of the total sN#issions. However, the non-agricultural

sources accounted for 10%-15%, which is consistithtthe results of Kang et al. (2016) and Xu

14
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et al. (2016).

3.2 Contributions by different sources

3.2.1  Agricultural sources

Figure 3 shows the estimations of Nemissions from nitrogen fertilizer application fibre

period 2006-2014. Annual Nfemissions from nitrogen fertilizer application aoonly showed a

decreasing trend, with a range of 532 kt to 60Qdlting 2006-2014. From Figure 3, urea

application was the largest source of nitrogerililsst application, accounting for approximately

60% of the emissions. NHemissions from ammonium acid carbonate (ABC) rdrfgam 159 kt

to 202 kt and contributed to approximately 30% bé temissions from nitrogen fertilizer

application. NH emissions from urea and ABC decreased by appraeind5 kt and 23 kt,

respectively, from 2006 to 2014. It is worth notitigat the emissions of NHfrom other

nitrogenous fertilizers increased by approximafiefykt from 2006 to 2014. In general, the annual

variation in NH emissions reflects the changes in agriculturavidéies in the YRD. A distinct

seasonal variation in NHemissions from nitrogen fertilizer applicationtime YRD in 2014 is

shown in Figure 4. Obviously, the maximum Némissions occurred in summer, and minimum

emissions occurred in winter. The monthly Némissions were highest in July, with a value of

310 kt. This seasonal variation in BlHemissions was mainly related to temperature and

agricultural activities. The winter wheat-summecerirotation or two season rice system is

common farming characteristic in the YRD. NMolatilizations begin to rise with increasing

temperatures, the new spring seeding and basaligeertilizer application in spring. The higher

emissions occurred in summer were mostly attributedhe common contribution of higher

temperature, tillering stage dressing of early r@owl basal dressing of late rice. In fall, the

15



331 majority of crops began to be harvested, and theminter wheat was seeded with basal dressing.

332 Despite a large amount of fertilizer used in fdig lower NH emissions were mainly related to

333 the low temperature.

334 Ammonia emissions from livestock waste accounted dpproximately 27% of the total

335 emissions between 2006 and 2014. The livestocludieel beef, cattle, sheep, rabbit, buffalo,

336 cattle, cow and poultry. As shown in Figure 5, pigge the largest single source of livestocksNH

337 emissions (approximately 80% of the emissions), tiede emissions were significantly higher

338 than those from other livestock sources. The setanggst source was chickens, accounting for

339 approximately 5% of livestock NfHmissions. These results are related to peoplee ldemand

340 for pigs and chickens. The other livestock soumastributed approximately 15% of the AIH

341 emissions and varied from 38.47 kt to 57.54 kt.réheere relatively higher NfHemissions from

342  cattle and buffalo, which were due to the large am@f discharge of faecal material and urine

343  during the breeding process. On average, the ammigkions from livestock from 2006 to 2014

344  ranged between 255.99 kt and 328.11 kt, with tgadst emissions in 2012.

345 3.2.2 Non-agricultural sources

346 NH; emissions from the non-agricultural sources inYRD between 2006 and 2014 are listed

347 in Table 1. NH emissions from non-agricultural sources contriduligtle to the ammonia

348 emissions over the YRD region, accounting for agipnately 10%-15% of the total emission and

349 varying from 124.64 kt to 137.23 kt. This ratio wasnilar to a study in Fujian (17.5% in 2015,

350 Wu et al, 2017) and China (19% in 2012, Kang et 2016). Humans were the largest

351 non-agricultural sources for NHemissions and contributed 37.2%-43.0% from 200@Gd4.

352 NHj; emissions showed a declining trend for humans 286 to 2014, which was due to the

16



353 decrease in rural depopulation under sanitary ¢iomdi and demography transition. Biomass

354  burning was the second largest non-agriculturarcwf NH;, contributing from 31.02% to

355  34.88% of the NBlemissions from non-agricultural sources. Ndhissions commonly showed a

356 declining trend for humans, the chemical industrgt Aiomass burning from 2006 to 2014, while

357 NH3 emissions increased from vehicles, garbagéntesat, grassland, sewage treatment, pets and

358 fossil burning. It is worth noting that vehiclesarbage treatment and urban grassland were the

359 fastest growing sources of NHmissions, with emissions in 2014 being 2.9, 2d 2.2 times

360 higher, respectively, than those in 2006. Theseeweainly due to the increase in the number of

361 vehicles, the production of more garbage with thgprovement of living standards and

362 beautifying the environment in urban constructidanping. The NH emissions from fossil

363 burning, sewage treatment and pets showed a sljglvard trend with the city expansion. In

364 general, the NElemissions from non-agricultural sources increagadually, with the emissions

365 in 2014 being 1.1 times those in 2006.

366 3.3 Contributions by city

367 The NH; emissions from various sources and the relativeributions from 25 cities over the

368 YRD are summarized in Figure 6. Agricultural sogregere the major sources of cities in the

369 YRD, with a total contribution of 70%~90%. Nitrogéartilizer application was the largest source

370 in most cities in the YRD. However, livestock cdmited the most in Shanghai (40.73%),

371  Wenzhou (43.51%) and Zhoushan (41.63%) in 2014.aMeeage Nk emissions of cities in the

372  YRD reached 39.46 kt, which was much higher tha ith PRD (21.74 kt in 2006, Zheng et al.,

373 2012) and in Fujian (25.36 kt in 2015, Wu et a012), but lower than that in the BTH region

374  (121.05 kt in 2010, Zhou et al., 2015). Nmissions from Shanghai, Jiangsu and Zhejiang

17



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

provinces accounted for approximately 67.41%, 2% %hd 3.66%, respectively, of the YRD in
2014. Because the extensive breeding and larg¢imgaareas, high NHemissions occurred in
Jiangsu Province. Xuzhou had the highest; i¢hhissions, followed by Yancheng and Nantong,
which exceeded the average Neinissions by 59.84 kt, 49.30 kt and 30.35 kt, eespely. This
was mainly due to the high production of livestasid poultry and the large area of cultivated
agricultural land. Zhoushan had the minimumJNdrhissions and accounted for only 0.36% of the
total emissions. This can be attributed to the nslamds and lesser planting areas in Zhoushan.
3.4 Spatial distribution

The 1 km x 1 km gridded NdEmissions in 2014 in the YRD region are shownigufe 7. As
shown in Figure 7a, the nitrogen fertilizer appiica source showed a large emission area and
mainly concentrated in Jiangsu Province. It is tvorvting that high Nglemissions were found in
northern areas in Jiangsu Province, which was maathted to the large planting areas. ThesNH
emission was estimated to be 4 tfkim northern areas of Jiangsu Province, while timéssion
was only 2 tkrhin most areas of Zhejiang Province and Shangha. NH; emissions from
livestock showed a similar trend as that obseneechitrogen fertilizer application (Figure 7b).
The gridded value was below 40 tkin most areas, while the gridded ammonia emisgion
Nantong exceeded 80 t/krdue to the large amount of livestock. It is wartiting that there were
sporadic high gridded emissions in Lishui with \eswver 80 t/kf which can be explained by
the concentrated distribution of rural residerdiadas in Lishui.

The spatial distribution of ammonia emissions froomans, pets, garbage treatment, sewage
treatment and domestic fuel sources was deterntiasdd on the population density to avoid

unmanned areas such as oceans and forests. Thiedydiata of the population distribution in
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China were obtained from the National Earth Sys&esience Data Sharing Infrastructure. The
ammonia emissions from population-related sourcerewoncentrated in Shanghai and Jiangsu
Province, while the emissions were relatively sgat in Zhejiang Province (Figure 7c¢). The high
emission areas were mainly concentrated in Shanghaihou, Hangzhou and coastal areas of
Wenzhou. Figure 7d shows that the high jNémissions of urban grasslands were mainly
concentrated in Shanghai, Hangzhou, Suzhou andrgamind were dispersed in northern areas
of Jiangsu Province and southern areas of Zhejaaogince, which were related to the areas of
the urban scale and grassland areas. Obviouslhehi§lH; emissions from industry were
concentrated in the central part of the YRD, sieBlaanghai, Nanjing, Wuxi, and Suzhou (Figure
7e). These cities have many industrial enterpasesrelatively high energy consumption, which
led to a higher level of ammonia emissions. As shawFigure 7f, high NB emissions from
vehicles mainly occurred in urban areas with deogmilations, heavy traffic flows and crowded
road networks, especially in Shanghai, Hangzhowi\adod Suzhou.

The distribution of the agricultural sources shoveettend of high emissions in the northern
area and low emissions in the southern area offfRB, which was related to the amount of
livestock and planting areas. In contrast, the higlue of NH emissions from non-agricultural
sources in the YRD was concentrated in Shanghhiavigridded value higher than 8 tkmhile
the gridded value was less than 2 fkm most areas of the YRD. Obviously, this resuétsw
related to the emissions from humans and vehiellss;h accounted for 37.27% and 21.99%,
respectively, of NHemissions from the non-agricultural sources innghai.

3.5 Comparison with previous estimates
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The comparison of ammonia emissions in differegtomes is listed in Table 2. Consistent with

the results of most studies, nitrogen fertilizeplagation was the largest source of Netissions

in the YRD. The total emission in this study wakgkted to be 1002.52 kt in 2006, which is less

than that calculated by Dong et al. (2010) and drighan that calculated by Huang et al. (2012) in

the same base year. This was mainly due to thereiftes in the emission sources and emission

factors. Dong et al. (2010) used uniform emissiactdrs for the same source over China, and

these factors were derived mainly from Europeareexgents rather than domestic measurements

in China. The 5 ammonia emission sources (nitroigetilizer application, livestock, humans,

vehicles and the industrial process of nitrogetilifagr production) were considered in the studies

by Wang et al. (1997), Dong et al. (2009) and Dehgl. (2010). In this study, we considered

more NH; sources (domestic fuel, grassland and pets). ditiad, some localized revision for

nitrogen fertilizer application sources was mad#acalculation of emission factors based on the

local soil pH, temperature and some agriculturatpces. The revised emission factors can better

reflect the actual Nklemission of the nitrogen fertilizer applicationtive YRD.

3.6 Uncertainty analysis of Nfemissions

The uncertainties of the emission inventory were tluthe lack of some activity levels and

localized emission factors. The uncertainties of; dhhissions from various sources are listed in

Table 3. Relatively high uncertainties were asgediavith livestock (-58%, 114%) and garbage

treatment (-52%, 72%) sources. The higher uncéytaimong these sources is mainly due to the

following: (1) the emission factors were mainly rfroother research results and showed

differences in different studies, especially fwebtock. The emission factors were selected as the

converted mean value, but there were differenceariission factors through different breeding
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methods. (2) In this study, the data related tdezabuffalo and poultry data in some cities were
calculated using provincial data because of themmplete statistics in the statistical yearbook.
The inaccuracy of source-level classification wk® another reason for the uncertainty. More
detailed parameters cannot be obtained from thestgtal yearbook, such as the proportion of
chickens and ducks. (3) In addition, there wastgueaertainty in garbage treatment due to the
emissions from the amount of Gkeleased from the landfill process. Compared wilter studies,
the reliability of ammonia emissions from nitrogsaurces is higher because of the use of
localized emission factors. As numerous parametacduding temperature, pH, precipitation,
application rate and landuse, were consideredtagen fertilizer application, the uncertainty was
relatively small. The overall estimated range of sNéission was 496.29 kt to 1784.33 ki,
corresponding to uncertainties of -55% to 60%.
3.7 Characteristics of ambient Nidoncentration

The NH; emissions in Nanjing in 2014 were compared with ¢fbserved data. As shown in
Figure S1, the concentration of observeds;SHowed obvious seasonal variation, and the ranking
of the seasonal average concentration was sumrBe25(fig- m°) > autumn (15.33ug-ni®) >
spring (12.54ug-m°) > winter (9.89ug-ni°). The observed Niiconcentration in summer was
twice as high as that in winter. The Bplebncentration distribution peaked in the warm seasd
decreased to the lowest value in the coldest sedsocompare and analyse the time variation in
ammonia emissions, we analysed the molar ratiq2 90, + NO,)/NH; from September 2015 to
August 2016n Nanjing. The molar ratio was used to determireestate of Nkt for example, NH
is suggested to be deficiemben the value is greater than 1. The molar rdtms June to August

were lower than that form other months, indicatingt ammonia emissions in summer are higher
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than in other months. This change was consistetht tive trend of the emission inventory in this
study.

In addition, linear regression analysis was perémnto investigate the relationship of the
observed NH concentrations with NHemission density and temperature (Figure S2).rékelts
showed that the observed MHoncentration increased with temperature @0.79) and
transformed NH emission density (R=0.57). The relationship suggests that the obseNf;
concentrations displayed a moderate correlatioh teitnperature and Nyemission density. This
may be explained by the fact that the observed; Mbhcentration can be affected by the
temperature, rainfall and position of the passigengler. Further multi-site observations are
required to quantify the contributions of local sms to the ambient NHconcentrations and
spatial-temporal variations.

4. Conclusions

A comprehensive NElemission inventory from 2006 to 2014 was develdpaskd on activity
data and specific EFs for agricultural and noneagfiral sources. Generally, the total ammonia
emissions changed insignificantly between 2006 20it4. The annual variations in emissions
were mainly attributed to the type of fertilizerdatne management of livestock. The Nifbm
nitrogen fertilizer application showed a decreasiegd, while the Nkifrom livestock showed an
increasing trend. N¥ emissions generally peaked in summer, correspgntinthe planting
schedule and relatively high temperature. Vehiclese calculated to be the fastest growing
non-agricultural source in NHemission inventory. In addition, the spatial gaitbcation of the
ammonia emission inventory was also carried ounfpwint, area and line sources. The spatial

pattern of the total emissions has been basida#lysame in recent years, with a trend of higher
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emissions in the northern area and lower emissiotige southern area of the YRD region.

The uncertainty range of emissions in the YRD vE&8%6 to 60% using Monte Carlo simulation

with 95% confidence. The assessments of uncertderyonstrated that high uncertainty occurred

in the emissions of livestock and waste treatmémbreover, the seasonal averaged ;NH

concentration in Nanjing ranked in the order of men > autumn > spring > winter. The molar

ratio of (2SQ + NGO,)/NH;3; was consistent with the emission density of oudgt A moderate

correlation was observed betweenNidncentration and temperature andshission density.

Our results were different from previous publiststddies in this region, probably due to the

selection of EFs and emission sources. There vilrgags in the results of emission inventories

due to the lack of some activity data and emis&aamors. Therefore, our inventories should be

further improved, especially for the estimatioraaimonia emissions from agricultural sources.
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10 Table 1. Contributions to Nfmissions (kt) from non-agricultural sources ia ¥RD from 2006 to 2014.

1 2006 2007 2008 2009 2010 2011 2012 2013 2014
Humans 55.02 52.16 52.14 52.10 51.42 51.35 51.24 51.18 1151.
Chemical
) 9.94 10.42 9.74 11.72 8.92 8.81 9.86 9.59 8.99
industry

Fossil burning 6.74 6.74 6.30 6.39 6.52 6.80 6.97 6.94 7.37
Biomass
] 44.71 43.76 42.80 40.33 42.56 41.95 42.74 42.73 5742.
burning
Garbage
1.66 1.87 1.99 2.51 2.75 2.89 3.44 3.61 4.51
treatment
Sewage
1.36 1.48 1.71 1.81 1.91 2.01 2.14 2.17 2.17
treatment
Vehicles 5.15 5.22 5.95 7.10 8.52 10.04 11.48 13.26 14.89
Pets 2.39 2.47 2.53 2.60 2.78 2.84 2.89 2.94 2.99
Urban
1.21 1.38 1.50 2.06 2.14 2.32 2.47 2.53 2.63
grassland
Total 128.18 125.5 12466  126.62 127.52 129.01 133.23 9534 137.23




12 Table 2. Comparison of Nfemissions (kyr'®) with other published results in the YRD

Nitrogen
Base Year Total Fertilizer Livestock Humans Vehicles others
application
1991 711.41 226.85 314.65 160.22 — 9.69 Wang et al,
Dong et al,.
2004 460.68 227.33 203.28 4.11 — 25.96
2009
Dong et al.,
2006 1416.22 957.06 364.64 87.10 — 7.42
2010
Huang et al.,
2006 607.70 305.10 202.30 12.10 10.70 84.90
2016
2006 1002.52 584.23 290.10 55.02 5.15 68.02 Thidyst
2014 986.73 532.82 316.68 51.11 14.89 71.24 Thidyst
13
14
15 Table 3. Uncertainty of ammonia emissions fromawasisources in the YRD in 2014
Source Emission (kt) Mean (kt) Uncertainty range
Nitrogen fertilizer application 532.82 586.71 [-47968%]
Livestock 316.68 391.63 [-58%, +114%)]
Industry 8.99 7.49 [-49%, +27%)]
Fossil burning 7.37 7.39 [-42%, +60%]
Traffic 14.89 12.77 [-60%,+86%)]
Garbage treatment 451 4.40 [-52%, +72%)]
Sewage treatment 2.17 2.20 [-46%, +67%]
Human 51.11 56.44 [-34%, +71% ]
Biomass 42.57 40.20 [-36%, +40%]
Grassland 2.63 2.25 [-39%, +42%)]
Pets 2.99 2.91 [-36%, +47%)]
Total 986.73 1114.39 [-55%, +60%)]
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Figures:

Figure 1. Location and administrative divisiongleé Yangtze River Delta region

Figure 2. Interannual variation in total WEmissions in the YRD from 2006 to 2014

Figure 3. Annual variation in total NHemissions from nitrogen fertilizer application time YRD
from 2006 to 2014

Figure 4. Monthly variation of ammonia emissionsnfir nitrogen fertilizer application in the YRD in
2014

Figure 5. Interannual variation in total Nlidmissions from livestock waste in the YRD regicom
2006 to 2014

Figure 6. City-specific Nglemissions from different sources in the YangtzaeeRDelta in 2014
Figure 7. Spatial distribution of the major hBburces and the total emission in a 1 km x 1 kich gr
cell in the Yangtze River Delta
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Figure 1. Location and administrative divisiongluf Yangtze River Delta region
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Figure 2. Interannual variation in total Némissions in the YRD from 2006 to 2014. The souofemmissions

were divided into three categories: nitrogen fezeil application, livestock, and non-agriculturalsces (humans,
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Figure 3. Annual variation in total NHemissions from nitrogen fertilizer applicationtire YRD from 2006 to

2014. The types of sources included urea, ABC, aneratitrogenous fertilizers.
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Figure 4. Monthly variation of ammonia emissioranfrnitrogen fertilizer application in the YRD in 201
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Figure 5. Interannual variation in total NEmissions from livestock waste in the YRD regiamir2006 to 2014.

The types of sources included duck, chicken, rakhiep, pig, buffalo, cattle, cow and beef cattle.
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Figure 6. City-specific Nklemissions from different sources in the YangtzeeRRelta in 2014.
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Figure 7. Spatial distribution of the major BBources and the total emission in a 1 km x 1 kich cgll in the

Yangtze River Delta (2014). Non-point sources inellmimans, pets, garbage treatment, waste treaament

civilian fossil fuels.
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Highlights
1. The 1kmX 1km gridded NH3 emission inventory was developed based on county-level
activity data.
2. Theemission of ammoniain the YRD was 998.83 kt in 2014.

3. Uncertainty and correlation analysis were used to evaluate the inventory.
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