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Abstract

:

The accurate estimation of ammonia emission is essential for quantifying secondary inorganic aerosol formation and reactive nitrogen deposition. During the last decades, both fertilizer type and the total amount of nitrogen fertilizer in China have changed, while the resulting changes in ammonia emissions and their spatio-temporal variations are unclear. In this study, we compile a long-term (2005–2020) high-resolution ammonia emission inventory for synthetic fertilizer in China with bottom-up method. We parameterized emissions factors (EFs) considering the impacts of soil properties, method of fertilizer application, fertilizer type, crop type, ambient temperature and wind speed. Meanwhile, the monthly nitrogen fertilizer application is calculated by detailed information on crop-specific fertilizer application practices. For the spatial distribution, the ammonia emissions from fertilizer mostly concentrate in eastern and southwestern China, coincident with the high density of agriculture activity and population in these regions. For the seasonal variation, the ammonia emissions from fertilizer application peak in spring and summer because of dense fertilizer application and high ambient temperature. For the long-term trend, we estimate that the emissions from synthetic fertilizer increased from 5.38 Tg in 2005 to 5.53 Tg in 2008 and remained nearly unchanged during 2008–2012, then decreased to 3.96 Tg in 2020. Urea, ammonium bicarbonate (ABC) and nitrogenous compound fertilizer are major fertilizer types used in China. Despite the increased use of nitrogen fertilizer, ammonia emissions remained stable throughout 2008–2012 with the declined use of ABC. This stable period also reflects ammonia emission increases in western China, offsetting the decreases in eastern China. Furthermore, our emission inventory provides a monthly estimation at a spatial resolution of 0.1 degrees, which can be applied to global and regional atmospheric chemistry model simulations.
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1. Introduction


Ammonia (NH3) is the most abundant alkaline gas in the atmosphere and has an irritating smell [1]. Over 85% of NH3 is emitted from agriculture activities [2,3,4], including synthetic nitrogen fertilizer application and livestock waste management. NH3 emitted from the soil after nitrogen fertilizer application contributed 40% of NH3 concentration at the altitude of 320 m in urban Beijing [5]. The chemistry industry, residential, human waste and traffic are other important anthropogenic sources of NH3 [6,7]. NH3 also has natural sources, such as natural soil [8]. NH3 in the atmosphere would react with acid components (nitric acid and sulfate acid) both in the gas phase and aerosol phase to form sulfate ammonium ((NH4)2SO4) [9] and nitrate ammonium (NH4NO3) [10,11], which accounts for 20–42% of PM2.5 (PM2.5 is a kind of microscopic solid or liquid matter in the atmosphere, which has an aerodynamic diameter of less than 2.5 μm and is also referred to as fine particles [12]) in China [13,14]. Severe fine particle pollution increases the hospital visits and hospital admissions in Beijing [15] and causes thousands of premature deaths in the US [16] by increasing the risk of suffering respiratory diseases, blood diseases and even cardiovascular diseases. Particulate matter also plays an important role in the climate by altering radiative transport in the atmosphere as well as changing the physical properties of clouds [10]. Moreover, these nitrogen particles are deposited on earth in both terrestrial and aquatic ecosystems, and too much nitrogen will deteriorate ecosystems through, e.g., soil acidification, water eutrophication, decreasing the diversity of ecosystems [17,18] and even increasing NO and N2O emissions [19,20].



China is one of the global hotspots of ambient NH3 concentrations from the satellite observations of IASI [21,22,23] and AIRS [24]. Because China needs high-density agricultural activities to support its large population. According to the World Bank Group, the Chinese population reached 1.411 billion in 2020 [25]. China consumes over 25% of the global total of nitrogen fertilizer [26]. In addition, an increasing trend of NH3 concentration in China has been discovered over the past decades [27,28]. Reducing ammonia emissions is an effective way to mitigate PM2.5 pollution [29,30]. Backes et al. [31] reported that decreasing 50% NH3 emissions can remove 24% of total PM2.5 in northwest Europe. Quantifying the reducing rate of NH3 emissions to mitigate PM2.5 pollution efficiently in China relies on the accuracy of NH3 emissions inventory. However, total NH3 emissions in China estimated by different inventories vary by greater than a factor of two [4]. In research by Yan et al. [32], ammonia emissions over China in 1995 was 7.01 Tg, while 18.3 Tg was estimated by Zhao et al. [33] for 2010. The uncertainty of NH3 emissions in China exists in both total amount and spatio-temporal distributions [4]. Most NH3 is emitted from the North China Plain, which is one of the major agricultural regions in China [2,3,4]. Emission Database for Global Atmospheric Research [34] (EDGAR) has a more even distribution of NH3 emissions than other estimates, such as the Regional Emissions in ASia (REAS v2) inventory [35] as well as inventories developed by Huang et al. [3] and Streets et al. [36] NH3 emissions usually peak in summer due to the high fertilizer application rate and the highest temperature throughout the year [2,3,4]. However, the seasonal pattern of NH3 emissions shows large varieties among inventories. For example, the NH3 emissions in EDGAR and REAS v2 [35] don’t show the annual cycle, while the NH3 emissions in Huang et al. [3] peak in summer. The MASAGE_NH3 [2] inventory peaks in April and July because fertilizer applications are assumed at three periods (at planting, at growth and after harvest) during crops’ growth.



It is essential to have a better understanding of NH3 emissions in recent decades in China to evaluate the associated environmental effects and their changes in China. The Chinese government proposed NH3 emission reduction in the Three-Year Action Plan in 2018 without a strictly binding target [37]. In 2021 the Chinese authorities issued a circular on further promoting the nationwide battle to prevent and control pollution and required a 5% NH3 emissions reduction from the large-scale farm by 2025 compared to 2020 levels in Beijing–Tianjin–Hebei and surrounding regions [38]. In recent years, some studies have tried to investigate the NH3 emissions in China. Kang et al. [39] estimated the NH3 emissions in China during 1980–2012 using the bottom-up method. Adalibieke et al. [40] employed a data-driven model to estimate NH3 emissions from cropland in China from 1980 to 2017 at a 1 km resolution. In a previous study, we developed an NH3 emission inventory for 2008 in China by combing the bottom-up and top-down methods [4] and then extended it to the period of 2005–2016 [41]. However, the trend of NH3 emissions from nitrogen fertilizer varies widely among existing research [3,39,42,43,44,45,46,47,48,49]. In this work, further study will focus on the bottom-up method and updated datasets are adopted. We estimate NH3 emissions from synthetic nitrogen fertilizer during 2005–2020 over China by considering the changes in (1) farmland area; (2) fertilizer types and (3) meteorology conditions. The NH3 emission inventory is built on a fine spatial resolution of 0.1° latitude by 0.1° longitude. Future studies that focus on atmospheric nitrogen deposition and PM2.5 pollution on a regional and national scale in China with atmospheric chemistry models will benefit from this long-term and high spatial resolution NH3 emission inventory.




2. Materials and Methods


In this study, we adopt the bottom-up method, which estimates the ammonia emissions (E) with activity data (A: nitrogen fertilizer application rate) and corresponding emission factors (EF: NH3 emissions from per-unit activity) through Equation (1) [4]. We estimate the spatial pattern of fertilizer application in each month based on the cropland area, fertilizer application time and rate for 18 crops and fruits (including early/late rice, spring/winter wheat, spring/summer maize, cotton, potato, sweet potato, rapeseed, soybean, groundnut, apple, banana, citrus, pear and grape) and 3 remaining groups (vegetables, other crops and other fruits) [4]. Generally, the fertilizer is applied to cropland by broadcast and injection. The emission factor of broadcast is larger than injection because of the larger area exposed to air. Therefore, the fertilizer application for basal dressing (at planting, typically through injection) and top dressing (at growth, typically through broadcast) are calculated separately. We classify the synthetic nitrogen fertilizers used in China as urea, ammonium bicarbonate (ABC), ammonium sulfate (AS), ammonium nitrate (AN), ammonium phosphates, NK (nitrogen + potassium), other NP (nitrogen + phosphorus) + NPK (nitrogen + phosphorus + potassium) and other nitrogen fertilizer, according to their differences in emissions factors [50].


  E = A × E F  



(1)







The fertilizer application amount is estimated by the crop area multiplied by fertilizer application rate. The basic crop harvest area on a 5’ latitude by 5’ longitude resolution for each crop is from EarthStat [51,52]. With rapid urbanization, the crop planting area in China has dramatically changed during the past decades. Cropland changes in this study are derived from Moderate Resolution Imaging Spectroradiometer (MODIS) during 2005–2020 [53] at 0.05 latitude by 0.05° longitude resolution. With gridded crop-planting dates [54] and fertilizer application rate and time for each crop [4], we calculate the fertilizer applications in China and further constrain the provincial totals with the latest data from China Rural Statistical Yearbook during 2005–2020 [55].


  E F =  e   f  p H   +  f  C E C   +  f  t y p e   +  f  c r o p   +  f  m o d e       × α  



(2)






  α =    e  0.0223  T i  + 0.0419  W i       1  12     ∑   i = 1   12    e  0.0223  T i  + 0.0419  W i       



(3)







The emission factors of fertilizer use are estimated through Equation (2) [4,50], where the factors (f) are determined by soil properties (pH and CEC), fertilizer type, crop type and fertilizer application mode (broadcast and injection), and a monthly scalar based on meteorology conditions (α) [4,56,57]. We account for the seasonality of emission factors by applying 2 m air temperature (Ti) in °C and 10 m wind speed (Wi) in m/s for month i through equation (3) [4]. We use updated soil pH and CEC from Soilgrids at a spatial resolution of 250 m [58,59]. As introduced by our previous paper, fertilizer types have been changed from low nitrogen efficient fertilizer—ABC to higher efficient fertilizer—compound fertilizer [41]. For fertilizer types changes, we use the fertilizer application amount of 8 fertilizer types in China from International Fertilizer Association (IFA) [26]. Temperature and wind speed data are extracted from ERA5 (the fifth generation of the European Center for Medium-Range Weather Forecasts atmospheric reanalysis of the global climate), which provides monthly averaged data at 0.1° latitude by 0.1° longitude resolution [60]. All datasets (Table S1) are interpolated to resolution at 0.1° by 0.1° to estimate the NH3 emissions from nitrogen fertilizer in China during 2005–2020.




3. Results and Discussion


3.1. Annual Changes in NH3 Emissions from Nitrogen Fertilizer Application


Figure 1 and Figure 2 show the amount of major synthetic nitrogen fertilizer applications and resulting NH3 emissions from nitrogen fertilizer during 2005–2020 in China. Previous studies demonstrate that urea and ABC are major direct nitrogen fertilizer in China [39,40]. Our results show that compound fertilizer is also a major nitrogen fertilizer in China, which is consistent with Li et al. [61]. Urea, compound fertilizer and ABC accounted for 49.4%, 31.7% and 18.7% of the total synthetic nitrogen fertilizer, respectively, during 2005–2020 in China. To compare with urea and ABC, we label ammonium phosphates, NK and other NP + NPK as compound fertilizer and label AN, AS and other fertilizer used as other fertilizers. Based on field and lab observations, the emission rates of urea, ABC and NPK compound fertilizer are approximately 14% [4,50,62,63], 30% [62,63,64,65] and 7% [4,50,66], respectively. As present in Figure 1b, NH3 emissions from urea, compound, ABC and other fertilizers account for 49.3%, 31.7%, 18.7% and 0.2% of the national total average from 2005 to 2020.



The annual national total NH3 emissions from nitrogen fertilizer applications were 5.38 Tg in 2005, then slightly increased to 5.53 Tg in 2008 and remained nearly unchanged during 2008–2012, then decreased to 3.96 Tg in 2020 (Figure 1b). With updated soil pH, CEC and finer meteorology conditions from ERA5, the estimations in this study are 0.3 Tg higher than our previous work [41]. The trend of annual NH3 emissions was different from that of the national total nitrogen fertilizer application amounts, which increased from 24.2 Tg N in 2005 to 27.1 Tg N in 2014 and then decreased to 21.5 Tg N in 2020. The usage of ABC was 5.2 Tg in 2005 and decreased to 1.2 Tg N (−77.6%) in 2018, then almost remained stable until 2020, as presented in Figure 2. Meanwhile, the consumption of compound fertilizer, which has a much lower emission factor [4,50], increased by 6.7 Tg N (76.7%) from 2005 (8.7 Tg N) to 2016 (15.4 Tg N), then decreased to 12.7 Tg N (12.3%). The application amount of urea increased from 10.2 Tg N in 2005 to 11.5 Tg N in 2013, accounting for approximately 43% of nitrogen fertilizer. After 2013, the usage of urea decreased to 7.6 Tg N in 2020. So we conclude that before 2014, the difference between the trend in fertilizer application and NH3 emissions from fertilizer use can be attributed to the switch of fertilizer type under the guidance of the National Soil Testing and Nutrient Recommendation Program [67]. After 2014, changes in fertilizer type associated with decreased total nitrogen fertilizer application accelerated the decrease of the NH3 emissions from nitrogen fertilizer. Kang et al. [39] and Adalibieke et al. [40] also point out that the changes in fertilizer type led to the decline in the mean emission factor of NH3 emissions from synthetic nitrogen fertilizer application in recent decades.




3.2. Changes in Spatial Distribution of NH3 Emissions from Nitrogen Fertilizer Application


Figure 3 and Figure 4 show the spatial distribution of synthetic nitrogen fertilizer application and associated NH3 emissions in 2005 and further changes in 2010, 2015 and 2020, respectively. During 2005–2020, the high emissions of NH3 from nitrogen fertilizer over 30 kg ha−1 occurred in Henan, Jiangsu, Shandong, Hebei, Hubei, Sichuan and Anhui provinces, which are major areas that have intensive agriculture activities in China [3,4,39]. Averaged during 2005–2020, the total NH3 emissions from these seven provinces reached 3.6 Tg, accounting for 49.5% of national total emissions from fertilizer use. The proportion of NH3 emissions from these seven provinces was 52.8% in 2005 and then declined to 47.8% in 2020. Northeast China (Heilongjiang, Jilin, Liaoning provinces) and Fengwei Plain also emit a great amount of NH3 due to their intensive agriculture activities. The number of NH3 emissions hotspots, with more than 10 kg ha−1 declined in 2020 when compared with 2005 in Hebei, Shandong and Jiangsu provinces. The associated nitrogen fertilizer decrease was over 40 kg N ha−1. The NH3 emissions from top dressing are over twice larger than basal dressing, which has a ca. 32% smaller emission factor than top dressing [50].



The nitrogen fertilizer application and resulting NH3 emissions both decreased in eastern China but increased in the western China from 2005 to 2020 (Figure 3, Figure 4 and Figure 5). Fertilizer application in western China increased by 1.94 Tg N (29.3%) from 2005 to 2015 and began to decline afterwards. Overall, fertilizer uses in western China increased by 0.58 Tg N (8.7%) in 2020 compared to 2005. In eastern China, nitrogen fertilizer application increased by 1.00 Tg N (5.7%) from 2005 to 2012, remained stable from 2012 to 2014 and decreased by 3.21 Tg (18.3%) in 2020. Taking the above-mentioned changes in fertilizer use amounts and fertilizer types into consideration, the corresponding NH3 emissions decreased by 1.32 Tg (33.2%) and 0.10 Tg (7.5%) in eastern and western China from 2005 to 2020, respectively.



Annual changes in NH3 emissions from nitrogen fertilizer differ from region to region. Beijing–Tianjin–Hebei (BTH), Fengwei Plain (FWP), Sichuan Basin (SCB), Yangtze River Delta (YRD) and Pearl River Delta (PRD) are the regions with dense human activities (Figure S1) and relatively poor air quality in China. The NH3 emissions from fertilizer among these regions decreased during 2005–2020, ranging from −27.3% in PRD to −41.9% in BTH. NH3 emissions show continuous decrease in BTH and YRD, while emissions first increased and then decreased in PRD, SCB and FWP. NH3 emissions in PRD and SCB peaked in 2008, while they peaked in 2012 for FWP. The trend of NH3 emissions is not consistent with fertilizer application in Figure 5a,b, which is also due to fertilizer type changes. Compared with SCB, the fertilizer application amount in BTH is smaller while the NH3 emissions are larger (Figure S2). This can be explained by the relatively high emission factor for nitrogen fertilizer associated with higher soil pH in BTH (Figure S3).




3.3. Monthly Variation of NH3 Emissions from Nitrogen Fertilizer Application


As presented in previous studies [2,3,4,39,41], the NH3 emissions from the fertilizer application peak in spring and summer because of the seasonal variability of fertilizer application and meteorological conditions. Figure 6 presents the seasonal variations of fertilizer application and resulting NH3 emissions for each year in China during 2005–2020. Consistent with previous studies, our estimates also show a spring and summer peak for NH3 emissions from fertilizer application in China. In general, the largest emissions occurred in late spring and summer (May to July), accounting for 45.4–47.0% of annual NH3 emissions from synthetic nitrogen fertilizer, which can be attributed to dense fertilizer use and high ambient air temperature. With less fertilizer application and lower air temperature, the NH3 emissions in winter (December–February) only account for 7.4–8.5% of annual NH3 emissions.



The detailed daily synthetic nitrogen fertilizer application for 18 crops and 3 groups in China throughout the year is given in Figure 7. Vegetables, maize, rice and wheat are major crops, which consumed about 20%, 17%, 16% and 15% of synthetic nitrogen fertilizer in China during 2005–2020, respectively. It can be concluded that the first heavy nitrogen fertilizer application period is around March, which is the time for the first top dressing for winter wheat, basal dressing for tobacco and top dressing for pear. Most crops begin to be planted in April with basal fertilization, which often adopts the injection method. The following fertilizer application period is basal dressing for spring wheat, early rice, spring maize and summer maize in April and May. Generally, nitrogen fertilizer applications from April to June account for 42.5% of the annual total amount. With increased fertilizer application and ambient air temperature, the NH3 emissions from fertilizer application continuously increase before June. The top dressing for late rice is mainly applied in August. The basal dressing for winter wheat generally happens in late September and early October around the North China Plain. Therefore, we can observe a small peak in fertilizer application in October (Figure 7). In winter, the fertilization of cash crops, such as pears and vegetables, contribute to the small amount of NH3 emissions from fertilizer.




3.4. Comparison with Previous Studies


Our estimates provide monthly and annual spatio-temporal variations in NH3 emissions from fertilizer applications in China from 2005 to 2020. Figure 8 presents a comparison between this study and previous studies, including MIX [3,39,42] (a mosaic Asian anthropogenic emission inventory), Community Emissions Data System (CEDS) [43,44], EDGAR v6.1 [45], REAS v3.2.1 [46,47], Liu et al. [48], Zhang et al. [49] and Kang et al. [39]. The ammonia emissions from cropland in REAS v3.2.1 contains emissions from the decomposition of returned crop residue, the use of synthetic fertilizer, biologically fixed nitrogen, crop residue and livestock manure used as organic fertilizer [32]. In China, synthetic fertilizer emissions account for 61.6% of total NH3 emissions from cropland [32]. Therefore, we use this fraction to extract the NH3 emissions from synthetic fertilizer in REAS v3.2.1 as presented in Figure 8. Our estimates are close to REAS v3.2.1, CEDS and Zhang et al. [49]; lower than EDGAR v6.1; and higher than MIX, Kang et al. [39] and Liu et al. [48]. The differences with other inventories are mainly attributed to the differences in nitrogen fertilizer use and corresponding emission factors. The NH3 emissions in MIX and Liu et al. [48] are extensions of emissions in Kang et al. [39] and Huang et al. [3]. The synthetic fertilizer application in Huang et al. [3] is 22.4 Tg, which may underestimate the use of compound fertilizer in 2006 in China. The total amount of fertilizer application used in MIX, Kang et al. [39] and Liu et al. [48] is close to NBSC-D (direct nitrogen fertilizer), which is less than that used in this study (NBSC, direct nitrogen fertilizer + compound fertilizer (N)). The emission factors used in MIX, Kang et al. [39] and Liu et al. [48] are smaller than ours as well. The fertilizer use data in EDGAR v6.1 is from IFA, which is larger and more fluctuant than this study. CEDS uses a larger nitrogen fertilizer use amount from FAO than ours but adapts smaller emissions factors. Thus, our results are comparable with CEDS. Zhang et al. [49] evaluated NH3 emissions in China with a mass balanced approach, which is different from all other studies shown in Figure 8.



The changes in annual NH3 emissions in this study are similar to MIX and Kang et al. [39]. Estimated NH3 emissions from nitrogen fertilizer in MIX, Kang et al. [39] and this study remain unchanged during the first period and start to decline afterwards. However, the year that NH3 emissions from nitrogen fertilizer started to decrease in our estimates is later than MIX and Kang et al. [39]. The increased consumption of compound nitrogen fertilizer from 2005 to 2016 in our estimates postpones the decreasing trend of NH3 emissions from fertilizer in China when compared with MIX and Kang et al. [39]. The increasing trend of NH3 emissions in Zhang et al. [49] is consistent with the increasing trend of NH3 concentrations and reactive nitrogen depositions observed by satellite and site observations. Previous studies indicated that the increasing trend of NH3 concentrations over the past decade in China was mainly driven by the decreasing emissions of SO2 and NOx [28,41,68]. The changes in NH3 emissions from fertilizer in EDGAR v6.1 almost follow the changes in nitrogen fertilizer uses. CEDS is scaled to MEIC (Multi-resolution Emission Inventory for China) [69,70] in China. The NH3 emissions from fertilizer in REAS v3.2.1 kept increasing during 2005–2015. The unchanged scaling factor [32] to estimate NH3 emissions from synthetic fertilizer applied in REAS v3.2.1 can distort the actual trend of NH3 emissions from fertilizer use. From the estimations in Fu et al. [68], the NH3 emissions from fertilizer decreased by 1.3% from 2008 to 2014, while increased by 13.9% from livestock. This change will decrease the percentage of fertilizer emissions and may reverse NH3 emissions from increase to decrease in REAS v3.2.1.




3.5. Uncertainty


Uncertainties in NH3 emissions from synthetic nitrogen fertilizer exist in both fertilizer application and emission factors. The distribution and uncertainties for activity levels are listed in Table S2 based on existing publications [3,71,72] or assumptions made for this study. The uncertainty of NH3 emissions from synthetic nitrogen fertilizer is 29–41% [72]. In this study, fertilizer applications are estimated by conventional crop planting experiences in China. Gridded datasets are adopted to capture the local situations in fertilizer applications and emission factors. Nevertheless, there is still large uncertainty due to the unchanged parameters in emission factors estimations. With the technology development, the fertilizer application time, rate and fertilizer type changed dramatically over time. With rapid urbanization, Chinese farmers have to improve crop yield to deal with the contradiction between the limited area of cropland and the growing population. Slow-release fertilizer and controlled-release fertilizer can increase crop yield meanwhile significantly improve nitrogen efficiency through much lower NH3 volatilization and nitrogen leaching [73,74,75]. In rural areas where there is a shortage of labor, single-layered deep-application is being introduced as a new pattern to replace the conventional fertilizer application [76]. With these new types of nitrogen fertilizer and fertilizer application methods, both the fertilizer application amount and emission factors changed over time. However, these changes are not considered in this study. We expect more measurements on emission factors and local investigations on fertilizer application activities will be carried out in the future.





4. Conclusions


In this study, we use the bottom-up method to refine the high-resolution NH3 emissions from synthetic nitrogen fertilizer from 2005 to 2020 in China. The annual average NH3 emissions from fertilizer use are about 5.1 Tg during 2005–2020 in China. Urea, nitrogenous compound fertilizer and ABC are major nitrogen fertilizers in China, accounting for 49.4%, 31.7% and 18.7%, respectively. Emissions from synthetic nitrogen fertilizer initially increased from 5.38 Tg in 2005 to 5.53 Tg in 2008, then slightly fluctuated at around 5.5 Tg from 2008 to 2012, despite the increasing use of total annual fertilizer application. This stable period of NH3 emissions from nitrogen fertilizer application can be explained by the increased use of low emissions factor fertilizer (compound fertilizer) and decreased use of high NH3 volatility fertilizer (ABC). The percentage of fertilizer NH3 emissions from urea remained at approximately 50% during 2005–2020, while the proportion of NH3 emissions from ABC decreased from 31.3% in 2005 to 9.6% in 2020 and the fraction of nitrogenous compound fertilizer increased from 21.0% to 42.0% during 2005–2020. Thus, the NH3 emissions began to slowly decrease between 2012–2015 and show a sharp decrease after 2015, which can be attributed to changes in fertilizer types and decreased total fertilizer application. With dense fertilization activities and relatively high temperature, NH3 emissions generally peak in late spring and summer.



Spatial patterns of NH3 emissions from fertilizer are almost consistent over the past 16 years, with high emissions located in eastern and southwestern China, which represent the major regions with dense agricultural activities. The total NH3 emissions from synthetic nitrogen fertilizer in Henan, Jiangsu, Shandong, Hebei, Hubei, Sichuan and Anhui provinces reached 3.6 Tg, accounting for almost half (49.5%) of the national total amount. With changes in nitrogen fertilizer use amount and fertilizer type, the NH3 emissions from fertilizer decreased more in eastern China (−33.2%) than in western China (−7.5%) from 2005 to 2020.



We also compared our estimates with other studies. It should be noted that differences still exist among different inventories due to the varying choice in activity data and emission factors. The fertilizer application time, rate and type are different in different regions and for different crop types. What’s more, the agricultural activities mode and technologies are changing because of decreases in labor in rural areas and rapid economic development in recent decades in China. The quest for further air quality improvement in China emphasizes the importance of NH3 emission reduction [38]. The high resolution of monthly NH3 emissions during 2005–2020 constructed in this study can provide valuable information for policymakers to further mitigate NH3 emissions in China.
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Figure 1. Interannual variation in (a) synthetic nitrogen fertilizer application and (b) resulting NH3 emissions in China from 2005–2020; synthetic nitrogen fertilizer is categorized as urea (blue bars), ABC (ammonium bicarbonate, purple bars), Comp. (compound fertilizer, including NK—nitrogen + potassium, NP—nitrogen + phosphorus and NPK—nitrogen + phosphorus +potassium, red bars) and other (AS—ammonium sulfate, AN—ammonium nitrate, and others, yellow bars). 
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Figure 2. Interannual variation in (a) synthetic nitrogen fertilizer application and (b) resulting NH3 emissions in China from 2005–2020; synthetic nitrogen fertilizer is categorized as urea (blue bars), ABC (purple bars), Comp. (red bars) and other (yellow bars), each bar shows the absolute change in that year relative to 2005 (Tg N year−1 or Tg NH3 year−1, left y-axis), the black line shows the total relative change (%, right y-axis). 
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Figure 3. Spatial distribution of synthetic nitrogen fertilizer application in 2005 (first column) and changes in 2010, 2015 and 2020 (second, third and fourth column) compared to 2005 over China in total (first row), basal dressing (at planting, typically through injection, second row) and top dressing (at growth, typically through broadcast, third row), the national total values of the plot are embedded in the left corner. The numbers in the first column represent the total nitrogen fertilizer application in 2005, and the numbers in the second to the fourth column represent the total change in that year compared with 2005. 
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Figure 4. Spatial distribution of NH3 emissions from synthetic nitrogen fertilizer application in 2005 (first column) and changes in 2010, 2015 and 2020 (second, third and fourth column) compared to 2005 over China in total (first row), basal dressing (at planting, typically through injection, second row) and top dressing (at growth, typically through broadcast, third row), the national total values of the plot are embedded in the left corner. The numbers in the first column represent the total NH3 emissions from nitrogen fertilizer application in 2005, and the numbers in the second to the fourth column represent the total change in that year compared with 2005. 
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Figure 5. The relative changes of (a) synthetic nitrogen fertilizer application and (b) resulting NH3 emissions in western China (bold red line), eastern China (bold blue line), FWP (Fengwei Plain, light green line), SCB (Sichuan Basin, dark green line), PRD (Pearl River Delta, orange line), YRD (Yangtze River Delta, yellow line) and BTH (Beijing–Tianjin–Hebei, purple line) from 2005 to 2020 with 2005 as a base year. The black dashed lines are zero lines. 
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Figure 6. Monthly variations of (a) synthetic nitrogen fertilizer and (b) resulting NH3 emissions from 2005 to 2020 in China. 
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Figure 7. Daily variations of synthetic nitrogen fertilizer application for 18 crops and 3 groups in China. 
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Figure 8. Inter-annual variations of synthetic nitrogen fertilizer application (right y-axis; dashed lines) and NH3 emissions from fertilizer application (left y-axis; solid lines) from different inventories in China. 
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