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Abstract

This study provides evidence of substantial increases in atmospheric ammonia (NH3) 

concentrations (14-year) over several of the worlds major agricultural regions, using recently 

available retrievals from the Atmospheric Infrared Sounder (AIRS) aboard NASA's Aqua satellite. 

The main sources of atmospheric NH3 are farming and animal husbandry involving reactive 

nitrogen ultimately derived from fertilizer use; rates of emission are also sensitive to climate 

change. Significant increasing trends are seen over the US (2.61% yr−1), the European Union (EU) 

(1.83% yr−1), and China (2.27% yr−1). Over the EU, the trend results from decreased scavenging 

by acid aerosols. Over the US, the increase results from a combination of decreased chemical loss 

and increased soil temperatures. Over China, decreased chemical loss, increasing temperatures, 

and increased fertilizer use all play a role. Over South Asia, increased NH3 emissions are masked 

by increased SO2 and NOx emissions, leading to increased aerosol loading and adverse health 

effects.
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1 Introduction

Atmospheric ammonia (NH3) is an important component of the global nitrogen cycle 

[Galloway et al., 2002, 2008; Sutton et al., 2007, 2008; Erisman et al., 2008, 2013; Fowler et 

al., 2013, 2015]. In the troposphere ammonia reacts rapidly with acids such as sulfuric 

(H2SO4), nitric (HNO3) to form fine particulate matter (PM2.5) [Malm et al., 2004]. These 

ammonium (NH4
+) containing aerosols affect Earth’s radiative balance, both directly by 

scattering incoming radiation [Adams et al., 2001; Martin et al., 2004; Henze et al., 2012] 

and indirectly as cloud condensation nuclei [Abbatt et al., 2006]. PM2.5 endangers public 

health by penetrating the human respiratory systems, depositing in the lungs and alveolar 

regions [Pope et al., 2002], and causing premature mortality [Lelieveld et al., 2015]. A 

precursor of these inorganic aerosols, gaseous NH3 is often the limiting species in their 

formation [Wang et al., 2013; Lelieveld et al., 2015]. Excess reactive nitrogen reduces 

biodiversity and causes harmful algal blooms and anoxic conditions. Dry deposition of 

gaseous ammonia may have substantially greater adverse impacts on ecosystem health than 

deposition of ammonium in aerosols or precipitation [Sheppard et al., 2011]. In contrast, 

PM2.5 has greater impact on human morbidity and mortality. In this article we quantify 

recent (~14-year) increases in tropospheric ammonia and suggests likely causes for these 

trends.

Major sources of atmospheric ammonia involve agricultural activities including animal 

husbandry, especially concentrated animal feeding operation, and fertilizer use [Streets et al., 

2003; Huang et al., 2012; Hauglustaine et al., 2014; Riddick et al., 2016]. Ammonium 

fertilizers are essential in high-yield crop production, and contribute substantially 

atmospheric NH3. Fertilizer usage in China (~31.2 TgN yr−1 and ~+2.7% yr−1) and India 

(~18.8 TgN yr−1 and ~+3.6% yr−1) has increase several fold in the last two decades, from 

Earth Policy Institute (http://www.earth-policy.org/data_highlights/2014/highlights43) and 

according to the World Bank (http://data.worldbank.org/indicator/AG.CON.FERT.ZS). It is 

estimated that 50% of the total NH3 emission in 2000 in China came from fertilizer 

application and another 38% from other agricultural sources [Streets et al., 2003]. Ammonia 

emissions increase with increasing nitrogen content and pH of soils and manure storage 

facilities, and increase exponentially with temperature (emissions roughly double between 

300 and 306 K), except below freezing when emissions are near zero [Riddick et al., 2016]. 

A minimum level of soil moisture is also required for the microbial activities, such as urea 

hydrolysis, that generate NH3. Biomass burning, highly episodic in nature, accounts for 

<10% of the global total, but can be a locally important source [Dentener and Crutzen, 1994; 

Roelle and Aneja, 2002; Galloway et al., 2004].

Major sinks of atmospheric ammonia involve dry deposition and wet removal by 

precipitation, as well as conversion to particulate ammonium by reaction with acids. These 

acids arise primarily from the oxidation of pollutants SO2 and NOx (NO + NO2) generated 

in the combustion of fossil fuels. Ammonium sulfate is generally removed by precipitation. 

Condensed ammonium nitrate (NH4NO3) exists in equilibrium with NH3 and gas-phase 

HNO3. Lower temperatures favor the aerosol phase.
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Measurements of ambient NH3 are sparse, but satellites provide a means to monitor 

atmospheric composition globally. Through recent improvements in retrieval algorithms, the 

Atmospheric Infrared Sounder (AIRS) aboard NASA's Aqua satellite now provides daily 

global measurement of atmospheric NH3. Warner et al. [2016] described global NH3 

concentrations using the averaged 13-year satellite data record (2003–2015) from AIRS and 

provided a global perspective on its emissions, distributions, and spatial variability. They 

also discussed the retrieval algorithm, preliminary validation, and qualitative comparisons to 

measurements from other sensors. In this study, we focus on the NH3 temporal variability, or 

trends, from September 2002 to August 2016 and discuss possible mechanisms underlying 

these trends. These AIRS NH3 retrievals have greater daily coverages and a longer record 

than those from the Tropospheric Emission Spectrometer (TES) [Beer et al., 2008]; and are 

based on higher channel sensitivities, due to the afternoon overpasses, than the Infrared 

Atmospheric Sounding Interferometer (IASI) [Clarisse et al., 2009]. Van Damme et al. 

[2015] showed six-year time series of NH3 total column values over six regions of the world 

from IASI’s early morning (9:30am local time overpass) and evening (9:30pm local time 

overpass) measurements. Whereas they identified the relatively large emission peaks in the 

time series as resulting from biomass burning events, their study did not indicate clear 

increasing or decreasing trends. Schiferl et al. [2016] used a combination of observations 

(including IASI) and a model to evaluate variability in NH3 over the US and concluded that 

variability in meteorology and reduced SO2 and NOx emissions drive NH3 changes observed 

between 2008 and 2012.

In Section 2, we describe the methods and data used in the analyses, and in Section 3, we 

present global ammonia trends. In Section 4, we focus on the ammonia trends in the primary 

regions of interest and discuss the driving mechanisms.

2 Methods and data

2.1 AIRS NH3 VMRs

Warner et al. [2016] discussed in detail the AIRS NH3 retrieval method, quality assurance, 

global NH3 distributions, and preliminary validation. We applied additional thresholds for 

the trend computations. We used only NH3 data with Degree Of Freedom for Signal (DOFS) 

greater than 0.1, in addition to other retrieval quality assurance flags (e.g., χ2, retrieval 

residual, cloud-cleared-radiance quality flags, etc.). All retrieval results were screened by a 

minimum thermal contrast determined by AIRS L2 products. If the lower layers of the 

atmosphere and Earth’s surface have similar temperatures, (low thermal contrast), they emit 

similar amounts of thermal radiation [Deeter et al., 2007], and AIRS cannot quantify NH3 in 

these layers. While AIRS NH3 products are outputted at multiple levels from 500 hPa to the 

surface, here we use NH3 VMRs at 918 hPa, where the peak sensitivity is, for this study.

For the seasonal cycles, we used a 7-day average for each region and applied an n-point 

smoothing [Garcia, 2010]. We averaged the seasonal cycles into three periods: from 2002 

through 2008, from 2009 through 2013, and from 2014 through 2016, with the mean and the 

1-σ standard deviations. Since we only included NH3 concentrations from frequent sources 

with elevated NH3 VMRs, the values shown in all figures maybe higher than the average 

concentrations in a region.
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2.2 Meteorological data sources

As meteorological conditions influence the rate of ammonia emission and deposition, we 

examine surface skin temperature and total precipitation anomalies using European Centre 

for Medium-Range Weather Forecasts (ECMWF) era-interim reanalysis (EI) [Berrisford et 

al., 2011; Dee et al., 2011]. The precipitation anomalies were computed using the 12-hour 

forecast accumulated in each month for each ECMWF grid (0.75°×0.75°). Only grids 

containing AIRS NH3 retrievals were considered.

For surface skin temperatures anomalies and trends, we selected ECMWF EI daytime data to 

match the NH3 daytime product by only using the model outputs between 9am and 3pm 

local times. Skin temperatures trends were based on daily means and only included the cases 

with NH3 retrievals. Additionally, to avoid partial year trends, we use only skin temperatures 

for the period from March to August when it is sufficiently high to be most relevant to the 

Northern Hemisphere NH3 emissions. The linear fits of surface skin temperatures, however, 

are not statistically significant as indicated by high p-values; they are discussed as references 

only. We used the published ammonia temperature dependence [Dentener and Crutzen, 

1994; Galloway et al., 2004; Riddick et al., 2016], with the expression: E2/E1 = {exp 

[−10380 (1/T2 − 1/T1)] − 1} * 100%, where T1 is assumed to be 300K, T2 is T1 plus the 

observed annual temperature increase, E1 and E2 are NH3 volume mixing ratios 

corresponding to T1 and T2.

2.3 Thermal contrasts

Remote sensing measurement sensitivities depend on surface thermal contrasts of the target 

areas, and in the case of NH3, higher thermal contrast generally results in a higher retrieved 

NH3 concentrations. Surface thermal contrasts are defined as the differences between 

surface skin temperatures and surface air temperatures, however, we approximate the 

ECMWF 2-meter air temperatures as surface air temperatures. While sufficient thermal 

contrast is needed for good signal-to-noise ratio, the influence of thermal contrast on the 

retrieved NH3 concentrations and variability needs to be addressed, especially in trend 

related studies. When we examine retrievals using separate ranges of thermal contrasts in 

2°K degree increments, we found that, although the rates of increase/decrease in NH3 are 

different in each thermal contrast range especially during winter season, the tendencies and 

the magnitudes are similar. Furthermore, the 14-year thermal contrast from ECMWF EI in 

the regions of our study shows slight decreases (i.e., −0.016°K yr−1, p=0.002, for the US 

Midwest, −0.021°K yr−1, p=0.000, for the EU, −0.011°K yr−1, p=0.053, for China, and 

−0.069°K yr−1, p=0.000, for South Asia). This indicates that the increasing trends of the 

NH3 concentrations are not the results of the thermal contrast increasing, since the thermal 

contrast has decreased. We used thermal contrast daily means in March to August for trend 

computations and only included regions where there are NH3 pixels.

2.4 OMI SO2 and NO2

We examine ammonia trends jointly with SO2 and NO2 changes to determine the scavenging 

by acid aerosols. We used OMI Level-3 SO2 planetary boundary layer Volume Column 

Density (VCD, in DU) spanning October 2005 through August 2016 (http://

disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/omso2e_v003.shtml). Strong volcanic 
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emissions are removed from the dataset by examining the daily region-wide 99.9-percentile 

of SO2 VCDs. If the percentile is found to exceed a threshold value (US 5 DU, Europe 8 

DU, China 10 DU, India 8 DU), all data from that day were excluded [Krotkov, et al., 2016]. 

Note that there are still a few large jumps of SO2 values associated with volcanic eruptions 

(e.g., in 2006 and 2008), but volcanoes with a large spatial impact tend to send SO2 into the 

upper troposphere where there is little NH3.

We used OMI cloud-screened tropospheric column NO2 (molecules/cm2) datasets similarly 

to SO2. As for meteorological variables, SO2 and NO2 concentrations were averaged only in 

the areas where NH3 retrievals were used. For OMI SO2, the trends are only significant at 

95% confidence level over China. The OMI NO2 trends are significant at 95% confidence 

level for the Western US and the EU. The SO2 concentrations over the US are often below 

OMI detection limit, and therefore, not used.

3 Observed global ammonia trends

Figure 1 top panel depicts a global map of the rate of change of NH3 volume mixing ratio 

(VMR) in parts-per-billion by volume (ppbv) per year computed using linear regression of 

daily mean values in each 1°×1° latitude-longitude grid cell. We used daily mean values in 

each grid to obtain Fig. 1 top panel. We further smoothed the results using a 2-dimensional 

penalized least squares method allowing fast smoothing of data in one and higher 

dimensions by means of the discrete cosine transform [Garcia 2010]. In addition to the 

general quality assurance described in Methods and Data, we added constraints of only 

including grids with at least 10% of the pixels greater than 2 ppbv and records longer than 

10 years. The years and locations of the biomass burning (BB) events are determined from 

Moderate Resolution Imaging Spectroradiometer (MODIS) fire products [Giglio et al., 

2010] and shown on Fig. 1 top. The main agricultural (AG) regions are determined from 

Friedl et al. [2010]. The years of the regular fires are not shown. The fertilizer information 

(i.e., annual usage, trends between 2002 and 2013, and percentage trends) from the World 

Bank (http://data.worldbank.org/indicator/AG.CON.FERT.ZS) is plotted on Fig. 1 bottom.

AIRS reveals both increases and decreases over disparate parts of the globe. Biomass 

burning related decreases are seen over Alaska, the central district of Russia and Eastern 

Europe, Mongolia, Inner Mongolia and NE China, the Yucatan of Mexico, and the Amazon 

in western Brazil; increases are seen over Siberia and Indonesia. These large fire events are 

highly episodic, often driven by one or two outlier years (see Fig. 1 top), and are not 

statistically robust. We focus on regions where such events have minimal influence. 

Significant NH3 increases are seen over the American Midwest and southern California 

(SoCA) (US), east central China, the European Union (EU) countries (e.g., The Netherlands, 

Germany, Denmark, and Po Valley, Italy), and parts of South Asia (i.e., Bangladesh, India, 

Pakistan, Cambodia, and Viet Nam), South America (Brazil, Colombia, Ecuador, and parts 

of Peru), and central Africa (Nigeria, Ghana, Sierra Leone, and Guinea), the Nile Delta of 

Egypt, and Fergana Valley, Uzbekistan. Regions with increasing trends are generally 

associated with anthropogenic emissions due to intense agricultural (e.g., related to NH3 

emissions) and changing acid precursor (SO2 and NOx) emissions.
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Parts of Brazil and parts of Africa have seen substantial increases in ammonia 

concentrations, but trends in the tropics are complicated by their proximity to major areas of 

biomass burning, a highly variable source of NH3. Fertilizer use increase in 2002 – 2013, 

e.g., 4.3 kg ha−1 yr−1 (+2.9% yr−1) over Brazil and 0.71 kg ha−1 yr−1 (+8.9% yr−1) over 

Nigeria (see Fig. 1 bottom), can largely explain the NH3 increase over these regions.

4 Regional ammonia trends and their driving mechanisms

Figure 2 left panels show 14-year mean NH3 VMRs for four regions with intense 

agricultural activities, the US, China, the EU, and South Asia, where the blue boxes in each 

panel outline the areas used in the trend computations. The underlying maps were selected 

using previously defined frequent occurrences of elevated NH3 concentrations and good 

measurement sensitivities of AIRS [Warner et al., 2016]. Highest concentrations were 

observed over densely populated and heavily farmed South Asia followed by Northeast 

China where a high percentage of land is used for fertilized crops [Huang et al., 2012].

AIRS trend analysis (Fig. 3) shows that NH3 concentrations have increased over the US by 

0.056 ± 0.011 ppbv yr−1 (~2. 61% yr−1), over China by 0.076 ± 0. 020 ppbv yr−1 (~2. 27% 

yr−1), and the EU by 0.053 ± 0.021 ppbv yr−1 (~1.83% yr−1); error bars represent ± 1 σ 
standard deviations and the percent increase is based on the mean concentration. The 

increasing trends in Fig. 3 are significant at the 95% confidence level for NH3 over the 

American Midwest, the EU, and China with p-values at 0.0003, 0.026, and 0.0028, 

respectively. South Asia shows only a slight increase (0.0098 ± 0.019 ppbv yr−1) that is not 

statistically significant (p-value =0.61). In Fig. 3, the monthly mean AIRS NH3 VMRs at 

918 hPa are plotted from September 2002 to August 2016 with proper quality assurance and 

screening by frequent occurrences. The trends, however, were linearly fitted using the yearly 

averaged values.

Over the US, the Midwest shows significant increases in NH3, but fertilizer use has grown 

only modestly (~1.3% yr−1) and total food consumption has remained constant within 

observational uncertainty. Additionally, wet deposition of NH4
+ does not show any 

discernable trend [Lajatha and Jones, 2013].

What, then is the cause of the definitive growth in the concentration of NH3? Increases can 

be attributed to a larger fraction remaining in the gas phase due to decreased removal to the 

condensed phase. For the period of 2003 to 2014 (latest year for which data are available) 

the USEPA reports an average NO2 emissions decreasing at an average of 5.3% yr−1 and 

SO2 decreasing at 9.0% yr−1 (https://www.epa.gov/air-emissions-inventories/air-pollutant-

emissions-trends-data). Measurements from the Interagency Monitoring of Protected Visual 

Environments (IMPROVE) network indicate that US annual mean ambient SO2 and SO4
2− 

concentrations have demonstrated consistent decreases [Hand et al., 2012]. Satellite 

measurements from the Ozone Monitoring Instrument (OMI) [Krotkov et al., 2016] of 

tropospheric NO2 indicated a steady decrease (−1.54% yr−1; p-value=0.003) from 2004 to 

2016 (Fig. 3, top panel). Emissions of SO2 and NOx from the electric power sector in 2012 

declined to their lowest level since the passage of the Clean Air Act Amendments of 1990. 

The sum of emission level of SO2 and NOx in 2012 is approximately half of those in 2005 
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when Clean Air Interstate Rule, a cap-and-trade program intended to reduce SO2 and NOx 

beyond the levels defined by the acid rain program in the eastern half of the US, was 

announced. The decline in emissions is due primarily to an increasing number of coal-fired 

units retrofitted with scrubbers, to coal plants switching to lower sulfur coal and low NOx 

burners to limit NOx emissions. Much of the increase in NH3 over the US, especially after 

2011, is thus an unintended consequence of successful measures to control acid deposition.

Year-to-year NH3 variations over the US are also affected by meteorological conditions. The 

highest NH3 concentrations occurred in 2012 when the surface skin temperature anomaly 

was up to 4 K in the spring and summer months and the total precipitation anomaly was the 

lowest in the 14-year history (Fig. 3; negative 3 cm; shaded areas). Increased skin 

temperatures facilitate higher NH3 emission rates, and decreased precipitation reduces 

scavenging of NH3 gas, although a minimal level of soil moisture is necessary for NH3 

release. Hot, dry summers were conducive to high NH3 concentrations in 2012 and 2006. 

From September 2002 to August 2016, the average surface skin temperatures in the US 

Midwest increased by an average of 0.056 K yr−1 using March – August data. Using the 

published ammonia temperature dependence (see section 2.2), we can approximate the 

contribution from increasing temperatures during this period as 0.65% yr−1 or approximately 

25% of the total (2.61% yr−1) increase observed. Note that these temperature trends are 

highly uncertain considering the fitting is not significant (p-value = 0.19). The effects of 

variability in climate, which strongly influence NH3 emission, also influence deposition of 

NH3 and the partitioning between gas and aerosol phase [Fowler et al., 2015]. Higher air 

temperatures will reduce the stability of ammonium nitrate aerosols, leading to higher 

VMRs of NH3.

The seasonal cycle for the US (Fig. 2 top right panel) shows a broad peak from April to 

September corresponding to growing season and warmest temperatures; most of the increase 

is seen in these months. This figure also shows a recent broadening of the maximum, 

possibly related to warmer temperatures in spring and fall.

Over the EU region, increased NH3 concentrations appear to be due almost entirely to the 

decline of SO2 (−0.0021 ± 0.0007 DU yr−1 and −14.12% yr−1) and NO2 (−0.12 ± 0.0196 

×1015 molecules/cm2 yr−1 and −2.44% yr−1), according to OMI observations (Fig. 3 bottom 

panel); aerosol loading over Europe has likewise declined between 1998 and 2010 [Hsu et 

al., 2012]. A number of regulations on air quality protection existed in EU since 1980, yet a 

Directive of the European Parliament and of the Council on ambient air quality and cleaner 

air for Europe was established in 2008 as a basic legal instrument regulating air quality 

management [Kuklinska et al., 2015]. This new directive obligates the EU members to 

implement plans to meet the permissible levels of certain substances. Possibly due to this 

action, as well as the economic crisis, the OMI SO2 showed a sudden reduction and AIRS 

NH3 showed a sudden increase in 2009 and remained at nearly the same level. The relatively 

small NH3 increase compared to other major agricultural regions may be partially due to 

decreases in nitrogenous fertilizer use, e.g., −5.2 kg ha−1 yr−1 (−0.3% yr−1) from the World 

Bank 2016 data base and USDA, World Fertilizer Consumption Statistics, and International 

Fertilizer Industry Association, Paris, 2015 (http://www.fertilizer.org/Statistics). 

Concentrated animal feeding operations are another major contributor to NH3 emissions and 
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have increased in the EU countries (e.g., Food And Agriculture Organization Of The United 

Nations, http://faostat.fao.org) and in the US (http://www.factoryfarmmap.org/-

animal:cattle;location:US;year:2012). The surface skin temperature influence on the NH3 

trends in the EU regions was not studied, due to low temperature trends and lack of 

significance (e.g., −0.0125 K yr−1 with p-value = 0.70). The seasonal cycle over the EU 

(Fig. 2 3rd right panel) is modest, reflecting the weak seasonality in temperature and 

precipitation.

Over China, the increasing trend of NH3 (0.076 ppbv yr−1) appears to be related to 

decreased sulfur emissions, increased fertilizer use, and increasing local temperatures. The 

OMI SO2 indicate an irregular but discernable decreasing trend (Fig. 3) while fertilizer 

application has increased at a rate of 3.5% yr−1 over roughly the time period of our AIRS 

measurements, according to the World Bank (http://data.worldbank.org/indicator/

AG.CON.FERT.ZS). Decreases in OMI SO2 (−0.028 ± 0.0052 DU yr−1, or −8.48% yr−1) 

(Fig. 3 middle panel) generally track NH3 increases. An exception to the anti-correlation 

between SO2 and NH3 is the reduction of both species in 2008 driven by aggressive 

pollution reduction measures associated with the Beijing Olympic Games [Wang et al., 

2009]. Chinese pollution control legislations are in 5-year increments, with the 11th five-year 

plan (FYP) in 2005 – 2010 aiming to reduce SO2, while the 12th between 2011 and 2015 

aiming to reduce SO2 and NOx (http://wenku.baidu.com/link?url=LdcQKxIkl-

HYhK7uONVne4e5-

ikl5Ukvg3iiMVMX37E4LLbIYYfR0s0kdRUbwxydVmZYUcVCFbKyytqxxJPG4kbMQqi

UyVahVdc95ZKTiG). The significant SO2 emission drop in Northeastern China in 2008, 

and later, are because the 11th FYP mandates the installation of emission control devices for 

power and steel plants. The NH3 concentrations increased in 2009 and stayed consistently 

higher than before 2009 period (see Fig. 2 2nd right panel), correlating well with the SO2 

reduction. The OMI NO2 shows increases over China through 2014, then a fast decreasing in 

2015 and 2016 at the end of the 12th FYP. The NH3 concentration has reached the highest 

values in China in 2014, 2015, and 2016 in response to the lowest SO2 and NO2 values in 

our data records. Studies of the response of ammonia emissions to temperature have been 

conducted primarily in North America and Europe, making extrapolation to Asian soils 

more uncertain, but if we apply these factors to China, increases in surface skin temperature 

of 0.0969 K yr−1 (p-value = 0.0057) in spring and summer explain an increase of 

approximately 1.12% yr−1 NH3.

The seasonal cycle over China (Fig. 2 2nd top right panel) shows a sharp peak in June and 

July corresponding to the warmest temperatures and local precipitation maximum. The 

monsoons generate a strong seasonal cycle in precipitation not seen over the US or EU. A 

secondary maximum in spring corresponds to peak fertilizer application. The growing 

season has broadened over China during the period of study, as was observed for the US.

South Asia (Figs. 2 & 4) shows the highest concentrations and strongest seasonal cycle, but 

no significant trend over the past 14 years. Heavy fertilizer use and the highest reported 

number of cattle of any country lead to strong emissions in the warmer months. South Asia 

has a distinctive monsoon with ~80% of the precipitation falling in between June and 

September in Delhi. While winters are warm relative to the US, EU, and China, lack of soil 
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moisture inhibits NH3 production and release. Fertilizer use in South Asia has increased by 

6.9 kg ha−1 yr−1 (+4.8% yr−1) from 2002 to 2013, according to the World Bank. The surface 

skin temperature influence on the NH3 trends in South Asia is not studied, due to missing 

data arising from the uncertainties in summer monsoons, and the small NH3 trends. 

Increased emissions are not reflected in the AIRS observations because recent increases in 

SO2, 3.25% yr−1 (p-value = 0.047), and NOx, 1.22% yr−1 (p-value = 0.0002), from 

uncontrolled coal combustion and other sources have led to greater conversion of gaseous 

NH3 into particulate sulfates and nitrates. Monitoring with sun photometers indicates a 

substantial increase in aerosol concentrations over recent years [Hsu et al., 2012].

5 Conclusions

The 14-year AIRS satellite record indicates substantial, statistically significant increases in 

ammonia over several of the world’s major agricultural regions, with deleterious effects on 

vegetation and ecosystem health. Over the US, increases in NH3 appear to be due to control 

of SO2 and NOx (an unintended consequence of successful acid rain regulations), and to 

regionally warming temperatures. Over the EU, NH3 concentrations have increased despite 

reduced fertilizer use, again due to improved control of sulfur and nitrogen oxide emissions. 

Over China, a combination of expanded agricultural activities, nascent SO2 control 

measures, and increasing temperatures cause the observed increases in ammonia. Over 

South Asia, increased NH3 emissions from growing fertilizer use are likely masked by 

simultaneous increases in SO2 and NOx emissions, resulting in increased concentrations of 

fine aerosols with adverse health effects.

The observed trends deduced here can guide numerical simulation of tropospheric ammonia 

and inform policy to mitigate disruption of biogeochemical nitrogen cycles and improve air 

quality. Complete validation of this satellite ammonia product is needed using long-term 

ground, as well as new airborne measurements as they become available. Ammonia trend 

monitoring efforts will continue through the lifetime of AIRS sensor, and with current and 

future operational sensors such as IASI and CrIS (Cross-track Infrared Sounder) preferably 

using consistent algorithms.
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Key Points

• First decade-long ammonia records (2002 – 2016) were retrieved from AIRS 

satellite daily measurements.

• Substantial increases in ammonia concentrations are observed over several of 

the world’s major agricultural regions.

• Causes of ammonia increase include increased fertilizer use, increasing 

temperatures, and decreased loss to aerosols.
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Figure 1. Trend in AIRS NH3

Top: Temporal trends (+ 0.3 to −0.3 ppbv yr−1). The locations and the last two digits of the 

years of biomass burning events (in square brackets) are marked as BB. The main 

agricultural regions are marked as AG. Bottom: national averaged annual N fertilizer usage 

in 2002 – 2013 in kg ha−1 and trends [percentage changes] in kg ha−1 yr−1 [% yr−1]; see text 

for details.
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Figure 2. 

Left: Regions with intense agricultural activities. The averaged 14-year NH3 VMRs are 

shown for the American Midwest (top left), China (2nd left), EU (3rd left), and South Asia 

(bottom left). The blue boxes outline areas used in the trend studies. Right: The seasonal 

variability in Midwest U.S. (top right), China (2nd right), EU (3rd right), and South 

Asia (bottom right). The 7-day means of NH3 VMRs at 918 hPa are averaged in 2002 – 

2008 (green color), 2009 – 2013 (blue color), and 2014 – 2016 (red color) temporal bands, 

where broad solid lines represent the averages; and shaded areas are within 1-sigma standard 

deviations.

Warner et al. Page 15

Geophys Res Lett. Author manuscript; available in PMC 2018 April 13.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



Figure 3. The recent (~14 year) trends of AIRS NH3 concentrations

The NH3 concentrations (i.e., VMRs in ppbv) at 918 hPa are shown in black dashed curves, 

with linear fits in solid lines, for Midwest US (top panel), China (middle panel), and EU 

(bottom panel) averaged in each region, respectively. The NH3 increasing trends are 

correlated with OMI SO2 decreasing trends (red color curve, shown only for China and EU) 

and NO2 trends (cyan color). Also shown are the surface skin temperature anomaly (K, in 

blue color bars) and total precipitation anomaly (cm, in green color bars) from the ECMWF 

era-interim reanalysis.
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