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            Abstract
Through its important role in the formation of particulate matter, atmospheric ammonia affects air quality and has implications for human health and life expectancy1,2. Excess ammonia in the environment also contributes to the acidification and eutrophication of ecosystems3,4,5 and to climate change6. Anthropogenic emissions dominate natural ones and mostly originate from agricultural, domestic and industrial activities7. However, the total ammonia budget and the attribution of emissions to specific sources remain highly uncertain across different spatial scales7,8,9. Here we identify, categorize and quantify the world’s ammonia emission hotspots using a high-resolution map of atmospheric ammonia obtained from almost a decade of daily IASI satellite observations. We report 248 hotspots with diameters smaller than 50 kilometres, which we associate with either a single point source or a cluster of agricultural and industrial point sources—with the exception of one hotspot, which can be traced back to a natural source. The state-of-the-art EDGAR emission inventory10 mostly agrees with satellite-derived emission fluxes within a factor of three for larger regions. However, it does not adequately represent the majority of point sources that we identified and underestimates the emissions of two-thirds of them by at least one order of magnitude. Industrial emitters in particular are often found to be displaced or missing. Our results suggest that it is necessary to completely revisit the emission inventories of anthropogenic ammonia sources and to account for the rapid evolution of such sources over time. This will lead to better health and environmental impact assessments of atmospheric ammonia and the implementation of suitable nitrogen management strategies.
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                    Fig. 1: IASI nine-year oversampled average, hotspots and source regions.[image: ]


Fig. 2: Examples of industrial and agricultural point sources.[image: ]


Fig. 3: Satellite-derived emission fluxes versus a bottom-up emission inventory.[image: ]


Fig. 4: Examples of satellite-based ammonia emission trends.[image: ]
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                Data availability

              
              The NH3 map is available in NetCDF and KMZ formats. The latter file includes the identified hotspots and source regions and is provided in the Supplementary Information. The supplement also includes the 28 hotspot illustrations. The NetCDF file of the NH3 map and the reanalysed IASI NH3 dataset (ANNI-NH3-v2.1R-I) described in Methods are available from the PANGAEA repository (https://doi.org/10.1594/PANGAEA.894736); more recent versions of IASI NH3 datasets are available from the AERIS data infrastructure (http://iasi.aeris-data.fr). The NH3 product from IASI will also be operationally distributed by EUMETCast, under the auspices of the EUMETSAT Atmospheric Monitoring Satellite Application Facility (AC-SAF; http://ac-saf.eumetsat.int).
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Extended data figures and tables

Extended Data Fig. 1 Source areas and hotspot locations.
Global nine-year NH3 average (in molecules per square centimetre) with identified hotspots, their associated flux estimates (black circles), and source areas (white rectangles). In total 248 hotspots and 178 source areas are indicated (see Supplementary Information for details). The locations and names of the hotspots discussed in the main text are also provided. The largest average NH3 column is found over the Indus Valley (Pakistan) with a value of 1.1 × 1017 molecules cm−2.


Extended Data Fig. 2 Satellite footprint averaging.
Example of two days (20 and 21 July 2016) of IASI/Metop-A morning NH3 observations (in molecules per square centimetre) over the Po Valley. The elliptical footprints of IASI are averaged on a 0.01° × 0.01° high-resolution grid and weighted by the inverse of their footprint area. Map data from Google Earth and Landsat/Copernicus.


Extended Data Fig. 3 Binned and oversampled averages over the Nile Delta and Valley.
The right panel demonstrates the oversampled average (on a 0.01° × 0.01° grid; maximum value of 3.1 × 1016 molecules cm−2); the left panel shows the traditional binned average (on a 0.25° × 0.25° grid; maximum value of 2.2 × 1016 molecules cm−2) of IASI/Metop-A morning NH3 observations from 2008 to 2016 (in molecules per square centimetre; 12 × 12 km2 at nadir); see Methods for details. The increase in resolution allows the identification of two point sources in the north of the Gulf of Suez, Ain Sukhna (1) and Al-Adabiya (2), which cannot be singled out with a more traditional gridding approach.


Extended Data Fig. 4 IASI NH3 yearly distributions.
Yearly NH3 maps (in molecules per square centimetre) over several hotspots: (from top to bottom) Marvdasht (Iran), Ferghana (Uzbekistan), Torreón (Mexico), Secunda (South Africa), Nicaro (Cuba; blue in Fig. 4), Bacau (Romania; orange in Fig. 4), Alto Laran district (Peru; green in Fig. 4), Anju (North Korea; purple in Fig. 4) and Wucaiwan (China; yellow in Fig. 4). The 2008 and 2009 distributions are noisier owing to reduced data availability (see Methods). The Wucaiwan industrial point source can be seen to appear in Landsat-5 (2008–2009), -7 (2010–2012) and -8 (2013–2016) images (bottom panels). Map data from Google Earth and Landsat/Copernicus.





Supplementary information
Supplementary Information
This file contains: Hotspot illustrations – a detailed six-panel figure is provided for each of the 28 hotspots (their location is indicated in Figure SI1) mentioned in the paper; NH3 lifetime table listing ammonia lifetime estimates reported in the literature; Uncertainty analyses of the different factors (data sampling, vertical profile, diurnal variability –Figure SI2– and background correction –Figure SI3–) that contribute to the overall uncertainty in the satellite-based NH3 emission estimates (Table SI2 and Figure SI4) and Supplementary References.


Supplementary Data
Catalogue of ammonia hotspots and regions - identified, categorized and quantified NH3 hotspots and source regions. For the hotspots, the file includes latitude (LAT, degree north), longitude (LON, degree east), name, province or state, country, source, satellite-based emission flux (IASI, kg/s), EDGAR emission flux from industry (EDGAR IND, kg/s), EDGAR emission flux from agriculture (EDGAR AGR, kg/s), area of the box considered (AREA, km2) and satellite based emission fluxes per hectare and per year (IASI, kg/ha/yr); for the source regions, the file includes latitude limits (MIN LAT and MAX LAT, degree north), longitude limits (MIN LON and MAX LON, degree east), name, province or state, country, source, satellite-based emission flux (IASI, kg/s), EDGAR total emission flux (EDGAR, kg/s), area of the region (AREA, km2) and satellite based emission fluxes per hectare and per year (IASI, kg/ha/yr).


Supplementary Data
Ammonia map and catalogue (KMZ). Global 9-year average of the IASI NH3 satellite observations at a hyperfine resolution (0.01°×0.01°) in KMZ format. The map has been saturated to 2∙1016 molec/cm2. The “IASI_NH3_9yr_AM_2e16_KMZ.zip” file includes a KMZ file that can be directly opened in Google Earth (once uncompressed) and consists of the NH3 map, the identified hotspots (industrial –NH3_hotspots_ind−, agricultural −NH3_hotspots_agr−, natural −NH3_hotspots_nat− and not determined −NH3_hotspots_nd−) and the source regions (NH3_regions).
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