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a b s t r a c t
Atmospheric ammonia (NH3) is an alkaline gas and a prominent constituent of the nitrogen cycle that adversely
affects ecosystems at higher concentrations. It is a pollutant, which inﬂuences all three spheres such as haze formation in the atmosphere, soil acidiﬁcation in the lithosphere, and eutrophication in water bodies. Atmospheric
NH3 reacts with sulfur (SOx) and nitrogen (NOx) oxides to form aerosols, which eventually affect human health
and climate. Here, we present the seasonal and inter-annual variability of atmospheric NH3 over India in
2008–2016 using the IASI (Infrared Atmospheric Sounding Interferometer) satellite observations. We ﬁnd that
Indo-Gangetic Plains (IGP) is one of the largest and rapidly growing NH3 hotspots of the world, with a growth
rate of +1.2% yr−1 in summer (June–August: Kharif season), due to intense agricultural activities and presence
of many fertilizer industries there. However, our analyses show insigniﬁcant decreasing trends in annual NH3
of about −0.8% yr−1 in all India, about −0.4% yr−1 in IGP, and −1.0% yr−1 in the rest of India. Ammonia is positively correlated with total fertilizer consumption (r = 0.75) and temperature (r = 0.5) since high temperature
favors volatilization, and is anti-correlated with total precipitation (r = from −0.2, but −0.8 in the Rabi season:
October–February) as wet deposition helps removal of atmospheric NH3. This study, henceforth, suggests the
need for better fertilization practices and viable strategies to curb emissions, to alleviate the adverse health effects
and negative impacts on the ecosystem in the region. On the other hand, the overall decreasing trend in atmospheric NH3 over India shows the positive actions, and commitment to the national missions and action plans
to reduce atmospheric pollution and changes in climate.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Atmospheric ammonia (NH3) is very dynamic as it is constantly exchanged between atmosphere and biosphere. The major source of atmospheric NH3 is agriculture activities, such as the animal husbandry,
nitrogenous fertilizers, manure management, and different soil and
water management practices (Sutton et al., 1993; Adams et al., 2001;
Murano et al., 1998). Atmospheric concentrations of NH3 are higher
near agriculture sources, but later fade away due to conversion to aerosols and deposition on soils and water bodies (e.g. Zhang et al., 2010). It
undergoes both dry deposition in the form of NH3 near its emission
sources and wet deposition far away from its source as ammonium
salts (NH+
4 ). Dry deposition of NH3 has a relatively larger ecological impact than wet deposition by precipitation (Sheppard et al., 2011). The
deposited NH3 in soils undergoes microbial nitriﬁcation that may limit
the availability of micronutrients such as potassium (K+) and magnesium (Mg2+) to plants in response to decrease in soil pH during the
process.
Biomass burning produces unprecedented levels of nitrogen species
(e.g. Hegg et al., 1988) and is the second-largest contributor to atmospheric NH3 after agriculture (e.g. Bouwman et al., 1997), about
13–16%, although there is some uncertainty in these estimates
(Whitburn et al., 2017). There is a strong seasonality in biomass burning, and both upper and lower bounds of these emissions are signiﬁcant
in terms of contributing to NH3 emissions (Behera et al., 2013). Most
biomass burning and forest ﬁre events are seasonal and episodic,
which add more uncertainty to the emission estimates. In addition, as
most burning events happen in the tropics, the source of emissions
has a profound regional weightage (Whitburn et al., 2016a, 2016b).
For instance, south Asia (including India) is one of the largest biomass
burning affected regions in the world, and large columns of NH3 are detected from space in these areas (Whitburn et al., 2017; Sharma et al.,
2020).
The Indo-Gangetic Plains (IGP) in India is one of the largest NH3
emission hotspots of the world (Clarisse et al., 2009; Warner et al.,
2016; Van Damme et al., 2014a, 2014b, 2018), and studies show about
~400 kt day−1 of NH3 from rice-paddy and ~70 kt day−1 of NH3,
94,075 kg day−1 from wheat residue (Casey et al., 2019). However,
the emissions from south Asia are masked by enhanced levels of SO2
and NOX, leading to additional aerosol load in the atmosphere (e.g.
Warner et al., 2017). Sizable emissions of NH3 are also reported from
other parts of the world from biomass burning, forest ﬁres, and stubble
burning. These include the studies from the Canadian wildﬁres (Lutsch
et al., 2019), emissions from the continental United States (Bray et al.,
2018; Adams et al., 2019) and from China (Wu et al., 2018; Chen et al.,
2020). On top of these, the extreme cases such as El Nino could also trigger biomass burning and forest ﬁres, as a study related to the 2015 El
Nino induced forest ﬁres report 2–3 times higher (1.4–8.2 Tg of NH3)
emissions than that of normal years (Whitburn et al., 2017).
Atmospheric NH3 is challenging to measure because of its high reactivity, solubility, and its stickiness to the measuring instruments. Furthermore, atmospheric NH3 exhibits large spatial and temporal
variability. Several techniques have been used for measuring atmospheric concentrations of NH3 (e.g. Xu et al., 2018). In early years, passive samplers and spectroscopic methods were employed to measure
atmospheric NH3. The temporal coverage was mostly daily for station
and laboratory measurements. However, there are methods that are developed to provide high temporal coverage such as Quantum Cascade
Laser absorption systems, Differential Optical Absorption Spectroscopy
(DOAS) and Cavity-ring down spectroscopy (Ellis et al., 2011; Berden
et al., 2000; Harren et al., 2012). The open path analyzers (OPA) are superior to all these methods as the OPA avoids the use of inlets, and thus
interactions of NH3 with tubing, inlets, and ﬁlters are minimized (e.g.
Sun et al., 2014). Promising results have also been obtained using Fourier Transform Infrared spectroscopy (FTIR) observations (Dammers
et al., 2015). In addition, there are new spectroscopic measurements

by mini-DOAS instruments in Switzerland and the Netherlands (e.g.
Sintermann et al., 2016). Limited number of vertical proﬁle of NH3 measurements is available from airborne measurements too (Nowak et al.,
2010; Leen et al., 2013).
In the last decade, due to advances in satellite technology and retrieval algorithms, space-based measurements of NH3 have become
possible. Currently, four different space instruments provide global coverage, with good spatial and temporal coverage of atmospheric NH3.
These are the Atmospheric Infrared Sounder (AIRS: since 2002;
Warner et al., 2016), the Infrared Atmospheric Sounding Interferometers (IASI: since 2006; Clarisse et al., 2009), the Cross-track Infrared
Sounder (CriS: since 2011; Shephard and Cady-Pereira, 2015), and
Thermal and Near infrared Sensor for carbon Observation-Fourier
Transform Spectrometer (TANSO–FTS: since 2018; Someya et al.,
2020). Although insitu measurements are site-speciﬁc, their temporal
coverage is better than that of satellite measurements.
Studies dealing with NH3 emissions are mostly focused on their
modeling and making their inventories (e.g. Paulot et al., 2014). The
EDGAR (Emissions Database for Global Atmospheric Research) database
is the most popular among the available NH3 inventories (Crippa et al.,
2018). Liu et al. (2017) used satellite measurements and an atmospheric
chemical transport model to estimate the rate of increase in NH3 (2.37%
yr−1) over China between 2008 and 2014. The REAS (Regional Emission
Inventory for Asia) NH3 data show a signiﬁcant increase of about 0.17 kg
N ha−1 yr−1 during the period 1980–2010 in Asia. In south Asia, agricultural activities have added about 21.3 Tg N yr−1 to atmosphere, with an
annual increase of about 0.3 Tg yr−1 in 1961–2014 (Xu et al., 2018). A
large increase in NH3 with temperature is also observed from 13 years
of AIRS measurements (Warner et al., 2016). Recent studies demonstrated that global atmospheric NH3 has increased with agricultural
practices of soil nitrogen enrichment (e.g. urea application and its placement) and the underlying mechanism is governed by soil pH (Potter
et al., 2003; Rochette et al., 2013; Warner et al., 2016).
According to the Food and Agricultural Organization (FAO), India is
the second-largest producer of rice and wheat, which are mostly produced in Kharif (June–September, JJAS) and Rabi (October–February,
ONDJF) seasons under the conventional farming practices using urea
as a source of nitrogen. The hydrolyzed urea in soil may be emitted in
the form of NH3 as a part of soil emissions. India and China together
accounted for 64% of NH3 emissions in south Asia between 2000 and
2014 (Warner et al., 2016). There is also a rapid increase in allied agricultural activities such as livestock waste production in the last few decades in south Asia, which make the region as the largest hotspot of
atmospheric NH3 (Zhang et al., 2010; Tian and Niu, 2015). Klimont
(2001) predicts that the NH3 emissions from rice–paddy ﬁelds in the
Kharif season will likely to be increased to 18.9 Tg N yr−1 by 2030. In addition, as the fertilizer consumption is increasing in India (it increased at
the rate of 2.79% yr−1 in 2000–2014), that would add a noticeable
amount to NH3 emissions (Kumar and Indira, 2017).
There is a lack of detailed information about atmospheric NH3 in
India. Although some studies (Banerjee et al., 2002; Gupta et al., 2003;
Sharma et al., 2007; Datta et al., 2012) have reported site-speciﬁc analyses for NH3, those were limited to a few years. A dearth of analyses of
atmospheric NH3 in seasonal and inter-annual scales further impede
the understanding of soil nitrogen budget and policy-level decisions
for soil fertility management.
Air quality is a very serious issue in India, and many of its cities are
experiencing high levels of atmospheric pollution (e.g. State of Global
Air Report, 2019: https://www.stateofglobalair.org/sites/default/ﬁles/
soga_2019_report.pdf,%202019). The haze in Delhi and dust storms in
the northern India are examples of these pollution episodes (Maji
et al., 2018). Small suspended particles (PM – particulate matter) are
dangerous pollutants and cause millions of premature deaths every
year (David et al., 2019). Since atmospheric NH3 is converted to ammonium sulfates and nitrates, and contributes highly to atmospheric PM
(Lachatre et al., 2019), the relatively high amount of atmospheric NH3
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is a great threat to a clean atmosphere and ecosystems. Efforts have already been made globally to cut down the NH3 emissions and India is
also a part of these missions (e.g. Paris Climate Summit) that aim at alleviating atmospheric emissions and global warming. Recently, India
has also initiated a national programme for air pollution control (National Clean Air Programme, NCAP).
Here, we use the IASI satellite measurements to analyse the seasonal
and inter-annual variability of atmospheric NH3 over India for the period 2008–2016. These measurements have been used in the past to delineate global industrial, agricultural, and natural NH3 hotspots (Van
Damme et al., 2018; Clarisse et al., 2019a, 2019b). Detailed interseasonal and inter-annual analyses of atmospheric NH3 over India, however, have not been performed yet (Clarisse et al., 2009; Tanvir et al.,
2019). Therefore, this study will be evaluating India's commitment
and efforts to reduce atmospheric pollution, which makes it very important even for global pollution control initiatives, as this is the ﬁrst detailed study on atmospheric NH3 over India.
2. Data and methods
2.1. Ammonia from satellite measurements
The IASI space-borne remote sensing instrument operates in the
thermal infrared spectral range of 645–2760 cm−1. Its spectral resolution is 0.5 cm−1 with low noise of about 0.2 K at 950 cm−1 and 280 K.
The data used are derived from the IASI instrument on board MetopA, which was launched in 2006 in a polar sun-synchronous orbit with
mean local solar overpass time of 9:30 am and 9:30 pm (Clerbaux
et al., 2009). It covers the globe twice a day with a good horizontal coverage due to its ability to scan across the swath. Each observation is
composed of 4 pixels with a circular footprint of 12 km diameter at
nadir (20 × 39 km elliptical at the end of the swath). We have used
the 9.30 am measurements, as the relative errors are larger for the
night-time measurements owing to the lower thermal contrast for the
9. 30 pm overpass. The IASI-NH3 data show fair agreement with
monthly- integrated ground-based measurements (Van Damme et al.,
2015). First validation has been achieved by comparing IASI-NH3 column measurements with FTIR column data (Dammers et al., 2015).
IASI measurements are also consistent with other NH3 satellite products
(e.g., Clarisse et al., 2010; Someya et al., 2020; Viatte et al., 2020).
IASI, with its long data record and well suited instrumental speciﬁcations to measure NH3, allows studying a region such as India, where a
range of NH3 concentrations is present (from close to zero to the largest
hotspot of the world) across the latitudes (8o–38o N). The long-term
NH3 measurements from IASI facilitate meaningful statistical analyses
on the inter-annual variability and trend estimates. The IASI measurements were used in the past for creating the ﬁrst global atmospheric
NH3 map (Clarisse et al., 2009), and retrieval algorithms have been continuously improved since then. An improved retrieval scheme for IASI
spectra was presented in Van Damme et al. (2017) and Whitburn
et al. (2016a, 2016b), and it relies on the calculation of a dimensionless
“Hyperspectral Range Index,” which is subsequently converted to the
total column. A detailed inventory of NH3 hotspots using a decade of
IASI NH3 measurements is provided in Van Damme et al. (2018).
Clarisse et al. (2019a, 2019b) have presented a wind-adjusted
superresolution technique to allow a better identiﬁcation of weak
point sources of atmospheric NH3. We have considered the reanalyzed
NH3 total column data (ANNI-NH3-v2.2R-I) (Whitburn et al., 2016a,
2016b; Van Damme et al., 2017). The daily retrieved columns were averaged for each month, seasons and individual years. The trends in atmospheric NH3 are computed from its anomaly (individual year/
season subtracted from its climatology for the study period) and then
divided by the climatology. These trend values are then multiplied by
100 to represent them in percent. Statistically signiﬁcant (at the 95%
conﬁdence interval) trend values are described as “signiﬁcant” throughout the article.

2.2. Particulate matter,
meteorological data
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The particulate matter (PM) data were taken from the National Air
Quality Monitoring Programme (NAMP) of Central Pollution Control
Board (CPCB) under national data sharing and accessibility policy. The
data contain the location-wise summary of PM10 having an aerodynamic diameter less than or equal to 10 μm. These data were georeferenced and interpolated using the Kriging method available on the
ArcGIS software. The annual and seasonal mean concentrations were
expressed as micrograms per cubic meter area. The state-wise PM10
data were taken from the open data platform of India government.
Gridded rainfall data from IMD (India Meteorological Department) for
the period 2008–2015 were considered to examine the wet deposition
of ammonia. Temperature data of IMD were used from 2008 to 2015
to test the dependency of NH3 on temperature. Total fertilizer consumption data for the period 2008–2016 were taken from the fertilizer association of India to ﬁnd the correlation between total fertilizer
consumption and atmospheric NH3 concentrations.
The MODerate resolution Imaging Spectrometer (MODIS) on board
Terra and Aqua satellites provides ﬁre count information based on radiance measurements at two mid-infrared bands: 4 and 11 μm (Friedl
et al., 2002). We have considered the cloud corrected ﬁre count data
of the MODIS Terra and Aqua over 2008–2016 on a spatial resolution
of 0.5°X0.5° to study the relationship between biomass burning and
NH3 emissions. Gridded relative humidity (RH), wind and cloud cover
data from ERA-Interim for the period 2008–2016 were used to assess
the impact of meteorological parameters on NH3 emissions (Dee et al.,
2011). We have also analysed the Indian Population Census 2011 data
(e.g. Saikia et al., 2016) to ﬁnd the inﬂuence of socio-economic and demographic factors on NH3 emissions.
2.3. Seasonal changes in atmospheric ammonia
Fig. 1 shows the distribution of atmospheric NH3 during summer
season (monsoon, Kharif or JJAS) averaged for the period 2008–2016
(right) and the land use land cover (LULC) pattern of India (left). The regions with croplands are shown in orange and are spread across India.
The analyses show the largest NH3 concentrations over IGP (Fig. S1
shows the study regions), about ≥6 × 1016 mol cm−2, as the region is
highly cultivated. In addition, the regions with higher NH3 emissions
are mainly croplands; indicating that the agricultural activities are one
of the major sources of atmospheric NH3 in India. For instance, very
small NH3 columns (0–1 × 1016 mol cm−2) are observed at the iceclad and barren regions of Kashmir and Arunachal Pradesh (northeast
India). The concentrations are about 1–3 × 1016 mol cm2 in the peninsular region (south India) and it increases to 3–5 × 1016 mol cm−2 in the
central and northwest India, where the arable lands undergo seasonal
agricultural activities.
There is large seasonal variability in atmospheric NH3 concentrations (Fig. 2) over India. The largest concentration is found in the monsoon season, where values ≥6 × 1016 mol cm−2 are found in the IGP,
which has the highest number of urea fertilizer plants in India (e. g. as
shown in Fig. 1, Indian Fertilizer Scenario 2015). In the central and
northwest India the NH3 concentrations are about 3–5 × 1016 mol
cm−2, but are not very high in other parts of India (b 3 × 1016 mol
cm−2). Therefore, the seasonal changes are highest in IGP, northwest
and central Indian regions, whereas the lowest NH3 columns are
found in autumn and winter. The average column values of about 3–4
× 1016 mol cm−2 found in the Himalaya region in spring are connected
to the agricultural activities there. For example, the crop production
months of Kharif season show very high NH3 values in the alluvial
plain areas (i.e. IGP). The agriculture intensive states Punjab and Haryana show the peak concentrations of atmospheric NH3, about 10–13 ×
1016 mol cm−2. However, there is a reduction in the NH3 values from
the end of Kharif season to the start of Rabi season, and this could be
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Fig. 1. (Left) The land use land cover (LULC) map of India and (Right) the IASI mean atmospheric NH3 concentrations during monsoon season (JJAS, Kharif) over India for the period
2008–2016 (mol cm−2). The average production of urea in various fertilizer plants in India from 2008 to 2013 is also shown in black ﬁlled-circles.

due to the wet deposition during rainy days and gas to particle conversion under cold weather conditions during the period. Our analysis
shows the highest atmospheric NH3 (4 × 1016 mol cm−2) during monsoon followed by MAM (3 × 1016 mol cm−2), which is in agreement
with the higher NH3 emissions in the Kharif season. The higher values
of NH3 in monsoon season can be attributed to the decay and decomposition of stubble, vegetation and other organismic remains in hot and
humid Indian summer monsoon (Singh and Kulshrestha, 2012; Van
Damme et al., 2014a, 2014b; Tang et al., 2018). The fertilizer application
is also highest during this period. Nevertheless, the NH3 concentration is
marginally reduced during post-monsoon to 2 × 1016 mol cm−2 due to
the soil saturation and crop maturation period of Kharif crops. According to the Food and Agriculture organization report 2005 (http://
www.fao.org/3/a0257e/a0257e05.htm) paddy is the most important
Kharif crop in India in terms of both area and fertilizer consumption. Occupying an area of 44.7 million ha, it accounted for 32% (5.34 million
tonnes) of total fertilizer consumption in 2003–2004. This is clearly related to the characteristics of Kharif crops, as they mostly comprise cereals that require frequent application of nitrogen fertilizers such as
urea in heavy doses until the ﬂowering stage; from mid-August to
early-October (i.e. during monsoon). Li et al. (2017) also show the largest NH3 concentration in summer and smallest in winter with the measurements made using passive samplers at the urban and agriculture
sites of northern Colorado in the United States.
Since IGP exhibits the largest total columns of NH3 over India, we
closely examine the averaged atmospheric NH3 at six different agriculture intensive regions in India (Fig. 3 top panel): Peninsular, Central,
North West, North East, Hilly and IGP regions. The monthly mean data
show a gradual increase in atmospheric NH3 from January to July and
then a slow decrease thereafter. Since the NH3 concentrations are very
small in the peninsular region, and high rainfall during monsoon period,
the monthly distribution has no detectable peak during the JJAS period
as for the other regions. The analyses show NH3 values smaller than 2 ×
1016 mol cm−2 in the Peninsular region with a peak in May due to high
temperature that aids volatilization, and 2–3 × 1016 mol cm−2 in the
central India, 2–6 × 1016 mol cm−2 in the northwest India, and about
1.8–5.6 × 1016 mol cm−2 for the all India average. However, the total
columns at IGP are twice as large as in the northwest and that of all
India average. It is about 3 × 1016 mol cm−2 in January and gradually increased to 7.2 × 1016 mol cm−2 in May with a peak of 11.5 × 1016 mol
cm−2 in July. The concentrations again decrease to 8.2 × 1016 mol
cm−2 in August and then to 2.5 × 1016 mol cm−2 in December.

In India, the common Kharif crops are rice, sugarcane, maize and
millets, and are mostly cultivated in the north and northwestern region,
and they produce higher emissions of NH3 in the Kharif season. Similarly, paddy is the main crop of the northwestern and eastern regions,
and high volatilization of NH3 from paddy ﬁelds lead to higher concentrations of NH3 in these regions. The Zaid (March–May) season shows
high variability of NH3 over IGP (after the Kharif season) due to the saturated soils and relatively lower temperatures during the Rabi season.
In addition, Zaid crops are grown in the pre-monsoon period and are
mostly cultivated by using own farm irrigation, but it is rarely practiced
as rain-fed farming dominates agriculture in India. Therefore, most
farmlands stay fallow in this season, which leads to smaller atmospheric
NH3 concentrations during pre-monsoon. The Rabi season crops are
winter crops that are cultivated between October and February, and
show lower NH3 values because of the wet deposition of NH3 during
the monsoon rainfall, as reported by the high NH+
4 in the precipitation
over Indian region (Kulshrestha et al., 2005; Warner et al., 2016). The
recommended practice of rotating cereals with legumes in predominant
cereal-legume cropping sequence and comparatively low nitrogen required in cereal-cereal cropping sequence in Rabi season further cut
the NH3 emission at the source. Additionally, low temperatures and
soil moisture help gas to particle conversion, as evident from the higher
concentration of PM10 (Fig. S2) in Rabi season.
Apart from these, biomass burning contributes signiﬁcantly to NH3
emissions, second after agriculture. Fig. 3 (bottom panel) shows the
ﬁre counts, as a proxy for biomass burning, for different regions over
India. The analyses show no signiﬁcant ﬁre events in Hilly, Peninsular,
Northwest and Central Indian regions, where the NH3 concentrations
are also relatively smaller. However, the northeast regions show numerous ﬁre events in spring and are largest among the regions and seasons
(e.g. 1.1 counts in March). On the other hand, IGP shows a double peak
(0.4 in May and 0.34 in October) in ﬁre counts in its annual cycle corresponding to the two major harvest seasons, Kharif and Rabi, respectively. This can also be due to the substantially high temperature that
reduces soil moisture and increases soil temperature to trigger a pulse
in the emission in summer months (Parashar et al., 1998; Fan et al.,
2011), followed by the emissions connected to episodic rain events in
a long dry period in October (Roelle and Aneja, 2002). However, because of the relatively smaller time window for the sowing of Rabi
crops after the Kharif-harvest, burning of stubbles can be another reason
for this peak in October. Therefore, these ﬁre counts indicate that in addition to the intense agriculture in Kharif and modest farming in Rabi,
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Fig. 2. Seasonal distribution of atmospheric ammonia: The IASI average (2008–2016) ammonia columns (mol cm−2) in different seasons (agriculture seasons: Kharif – JJAS, Rabi – ON/DJF
and Ziad – MAM); winter (DJF), pre-monsoon (MAM), monsoon (JJAS) and post-monsoon (ON) over India. The corresponding wind patterns from ERA-interim data in each season are
overlaid.

the biomass burning (including forest ﬁres and stubble burning) significantly contributes to the NH3 concentration over IGP and Northeast.
However, the peaks appear in February–March in the peninsular region
are consistent with the major harvest season there (Venkataraman
et al., 2006). These results are in very good agreement with those of
Tanvir et al. (2019), who analysed atmospheric NH3 over south Asia
for the period 2004–2014, and showed very high atmospheric NH3
emissions there. As expected, the seasonal changes in the NH3 concentration is larger than their changes in individual months, which is consistent with the ﬁndings of other studies (Singh and Kulshrestha,
2012; Warner et al., 2016; Liu et al., 2017; Tang et al., 2018).
The analyses (Figs. 1 and 2) clearly show that the largest NH3 concentrations are in Punjab and Haryana; the north-western states of
India. These states have two major agricultural seasons Kharif and
Rabi, with rice as a major crop during the Kharif season (e.g.
Upadhyay et al., 2008). These are also among the top agricultural production states in India (Kharif crops in particular) and they have a number of fertilizer production units owing to high rate of fertilizer
consumption. This is also justiﬁed by the available data that show an
overall increase in the nitrogen fertilizer consumption since 2004

(shown in Fig. S3) and as shown by Blaurock-Busch et al. (2014). This
situation probably has created an interesting soil environment in
these regions, as the intense fertilizer application has altered the pH of
these soils. The release of NH3 through volatilization from alkaline
soils is well documented, particularly under cereal crops, and is an important pathway of nitrogen loss in agricultural soils (Bouwman et al.,
2002). Additionally, the NH3 emission intensiﬁes when the soil pH is
around 8, particularly in higher temperature conditions, such as in summer months (Fan et al., 2011). Sharma et al. (2016) have reported that
~54% of total soil area in Punjab has an average pH around 8.1 and Fan
et al. (2011) estimated an increase of 1.7 fold in ammonia emissions
from alkaline soils under high soil temperatures. These ﬁndings further
substantiate our assessment of Punjab and Haryana being the largest
NH3 emitter regions in India due to their alkaline soil and higher temperatures even during summer monsoon season.
2.4. Inter-annual variability in atmospheric ammonia
The inter-annual variability of NH3 depends on the meteorology and
agricultural practices such as crop types and fertilizer consumption (e.g.
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Fig. 3. Regional distribution of atmospheric ammonia. Top: The monthly distribution of IASI NH3 at different regions of India [IGP, Peninsular, North West and Central India, as illustrated in
Fig. S1]. The data are averaged from 2008 to 2016. Bottom: The MODIS satellite measurements of ﬁre counts in the respective each regions.

Viatte et al., 2020). When compared to the 9-year (2008–16) average
NH3 concentration, the highest annual NH3 concentration is observed
in the year 2010, which is about 4% higher than that of other years.
This is very likely due to the highest annual total fertilizer consumption
in that year (Fig. 4). The total annual fertilizer consumption in 2010 is
increased by 7% as compared to the 9-year average total fertilizer consumption. Meteorological conditions also favor the highest NH3 concentration in 2010, as the mean temperature of 2010 is comparatively
higher than all other years (Fig. S4). In contrast, the lowest annual
NH3 concentration is observed in 2013 and is about 5% smaller than
its 9-year average. The drop in NH3 concentration in 2013 is likely due
to the reduction in annual total fertilizer consumption (6.48%) and the
higher annual rainfall (helps scavenging of NH3) in that year.

NH3 from croplands and numerous fertilizer plants outweigh the inﬂuence of local meteorological factors. In addition, the higher temperatures
in the region are also weighted by many cities in the IGP region (e.g. Raj
et al., 2020). We have done similar analyses for all seasons, and are
shown in Fig. S5. The NH3 concentrations are very small in the Rabi season and the meteorology with sparse precipitation, lower temperatures
and fewer clouds are also not favorable for NH3 production, except that
emitted by the Rabi cropping system. On the other hand, the temperature
is higher in spring and moderate rainfall facilitate cropping in Zaid and
thus makes appreciable NH3 emissions. In short, in addition to the agriculture and allied industries, local meteorology also inﬂuences the distribution of NH3 in the atmosphere (Fig. S6–S9 shows the distribution of
atmospheric NH3 in other years and seasons).

2.5. Impact of meteorological factors
2.6. Impact of socio-economic factors
As our objective is to analyse the seasonal and inter-annual changes
in NH3 in the atmosphere in response to agriculture and allied industries,
we estimate the seasonal and long-term trends in NH3 over India. Fig. 5
shows the NH3 together with temperature, precipitation, winds, RH,
and cloud cover in JJAS, in which the largest amounts of atmospheric
NH3 are found over India and IGP. It can be seen that the NH3 values
are very small over the regions with high precipitation (e.g. Western
Ghats and northeast, Nair et al., 2018) and lower temperatures (e.g.
southwest India and northeast) due to wet deposition. The RH and
cloud cover are also higher at these regions owing to the monsoon. The
moderate rainfall region (about 300 mm) with higher temperature (28
°C) and 80–90% cloud cover (e.g. north India, except IGP) coincides
with the moderate levels of NH3, about 3–9 × 1016 mol cm−2. Similarly,
the lower temperature (0–10 °C), small precipitation (10 mm), sparse
clouds (about 50%) areas have smaller values of atmospheric NH3 in
those barren lands, about 0–2 × 1016 mol cm−2. Although higher temperature aids volatilization of atmospheric NH3, IGP with higher temperatures (30–32 °C) still shows higher values of NH3, as the production of

The socio-economic factors and their inﬂuence on atmospheric NH3
are diagnosed with correlation analyses with individual parameters. A
correlative rose diagram of the relationship between NH3 and different
meteorological and socio-economic factors is displayed in Fig. 6. The
NH3 concentrations show a good correlation with fertilizer consumption
(about 0.75) and population (0.7), and anti-correlation with precipitation (from −0.2 to −0.8). It suggests that regions with higher population
and fertilizer consumption have higher NH3 emissions. Most of the compound as well as straight fertilizers have ammonium‑nitrogen content,
which justiﬁes its high correlation with NH3. The correlation with population (2011 census of India) shows a coefﬁcient of 0.7 due to the emissions from landﬁlls of household wastes. Furthermore, the higher
population is connected to fertilizer driven enhanced food production
and more household waste production (e.g. Lou et al., 2015) and even
human excreta (e.g. Chang et al., 2015), which would emit NH3 to the atmosphere. The population and fertilizer data are annual average as there
are no seasonal data.
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Fig. 4. Inter-annual variability of atmospheric ammonia. Inter-annual variation of atmospheric ammonia columns and total fertilizer consumption over India from 2008 to 2016. The measurements are averaged for different seasons [i.e. winter (DJF, Rabi), pre-monsoon (MAM, Zaid), monsoon (JJAS, Kharif), post-monsoon (ON, Rabi), and the annual average (ANN)] from
year 2008 to 2016.

The wet deposition during precipitation makes an anti-correlation
between precipitation and atmospheric NH3, which is more effective in
Rabi season, about −0.80, and that for other seasons are about −0.2 to
−0.4. Higher temperature helps volatilization of atmospheric NH3 and
therefore, a correlation of 0.4–0.5 is estimated. The connection between
RH is not very strong in any season as displayed by the correlation analyses. However, it has to be noted that RH plays an important role in gas to
particle conversion, and therefore, indirectly affects NH3 concentration.
The higher RH increases volatilization in higher temperatures too,
which is why a reasonable correlation of 0.3 is estimated, and likewise,
the increased cloud cover suppresses the atmospheric emissions.
The biomass burning contributes signiﬁcantly to the NH3 emissions,
and is evidenced by a correlation of about 0.2–0.3 with the ﬁre counts. It
is largest in MAM that includes the biomass and stubble burning
months. There is a direct relationship between NH3 and particulates as
the conversion of NH3 produces PM, as suggested by a correlation coefﬁcient of 0.65. Ammonia present in the atmosphere reacts with nitric
acid and sulfuric acid, and forms, in turn, ammonium nitrate
(NH4NO3) and ammonium sulfate ((NH4)2SO4) that help the formation
of PM (both PM10 and PM2.5) (Gong et al., 2013). The inter-seasonal and
inter-annual variability of PM10 are presented in the supplementary information (Figs. S10 and S11). We examined the connection between
NH3 and PM10 with a spatial correlation analysis for the period
2008–2015 over the Indian region (Fig. S12), and there is a high
correlation between them (r = 0.5–1.0), particularly in the IGP and
northwestern regions. Our results are also in agreement with that of
Viatte et al. (2020), as they show that NH3 plays a key role in the formation of secondary aerosols over Paris and surroundings.
We have done a separate analysis for IGP and the coefﬁcients are also
similar for fertilizer consumption, population, RH, ﬁre count, PM10, and
temperature. However, since IGP has the largest atmospheric NH3 over
India, the conversion to PM shows slightly higher correlation value, but
lower wet deposition due to the relatively smaller rainfall received in
that region during the period. These results suggest that the meteorological factors such as temperature and precipitation have good control

over atmospheric concentration of NH3 and its seasonal variability and
transport. Nevertheless, except during monsoon, all other seasons
have lower NH3 concentrations and smaller inter-annual variability.
2.7. Trends in atmospheric ammonia over India
We have estimated trends in atmospheric NH3 to assess the temporal changes in agricultural activities in India during 2008–2016 and are
shown in Fig. 7. The trends are estimated for each region, season and for
annual average (as shown in Fig. 4). In general, the ammonia averaged
over all India shows an insigniﬁcant positive trend in JJAS (0.08%
yr−1), insigniﬁcant negative trends in ON and DJF (around −0.5%
yr−1), and signiﬁcant negative trends (−1.2% yr−1) in MAM for the annual average data (−0.8% yr−1). However, the trends computed for the
largest ammonia hotspot of India, IGP, is slightly different, as it shows
insigniﬁcant trends in all seasons and for the annual average. The estimated trends are positive in JJAS and DJF (about 1% yr−1) and are negative in other seasons and annual mean data (−0.9% yr−1 in ON,
−0.7% yr−1 in MAM, and −0.5% yr−1 for the annual average) at IGP.
The trends estimated for all other Indian regions combined, except
IGP, reveal signiﬁcant negative trends in all seasons (−1.5% yr−1 in
MAM, and about −1% yr−1 in other seasons and annual average), except in JJAS (+1% yr−1), as for IGP and all India average.
Since the trends discussed above are regional averages that suppress
many local features of agriculture and industrial activities, we have also
estimated the satellite pixel-wise spatial trends for the whole India to
expose regional hotspots in terms of their signiﬁcance. Therefore,
slightly higher trend values, even up to ±10% yr−1are estimated in
some regions such as the northwest and southeast India. Note that the
information regarding the statistical signiﬁcance with only a range of
values (e.g. from 0 to ±10% yr−1) is presented in Fig. 7, but a detailed
discussion is presented herein. For instance, signiﬁcant positive trends
of about 2.5%–9.5% yr−1 are estimated in the northwest and lower IGP
regions in winter (DJF). The trends are negative and insigniﬁcant in
other regions. However, the negative trends (from −2.4% to −7.5%
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Fig. 5. Atmospheric ammonia during monsoon period. The IASI atmospheric ammonia column in summer monsoon period (JJAS, Kharif). A corresponding average of temperature (winds
overlaid), precipitation, relative humidity, cloud cover, and topography or elevation from ERA-Interim data are presented. All data are averaged over the period 2008–2016.

yr−1) are signiﬁcant in the south Indian regions of Telangana and some
parts of Karnataka, Maharashtra and Andhra (e.g. see Fig. S13 for information on states) during winter as the cereal-fallow/legumes/oilseeds
cropping sequence being widely practiced in the Kharif-Rabi cropping
cycle. In spring (MAM), a very similar trend is observed across the
states, where positive trends of about 2.1%–7.4% yr−1 are observed in
the northwest and a part of IGP, but negative trends (from −3% to
−10% yr−1) are estimated elsewhere. The trends are signiﬁcant in the
northwest, IGP, and the eastern states (Tamilnadu, Andhra, Odisha,
West Bengal, Jharkhand, Telangana, Chhattisgarh and Assam). Premonsoon (MAM or spring) seasons with higher temperatures, lower
rainfall and the unavailability of own farm irrigation facilities make
most farmlands remain fallow. As a result, a negative trend in NH3 concentration is estimated all over India, except in the northwest and some
parts of IGP.
In summer (monsoon, JJAS or Kharif), most regions exhibit insignificant positive trends (0.24%–10% yr−1), except in the northwest. The
northwest region shows a negative trend and is due to the particular
cultivation (e.g. groundnut production in sandy soils) and the presence
of less cultivatable desert lands there. In contrast, there are positive
trends in NH3 concentration in most parts of India, in this season in
which IGP shows the largest positive trend. Monsoon season coincides
with the Kharif season, and there is an increase in the use of Nfertilizers (including urea) to get higher yields of paddy in farmlands;
explains the increase in NH3 concentration during the period.
The trends in ON are similar to that of summer and are mostly negative and insigniﬁcant (−0.3% – −9% yr−1), except in Rajasthan and
lower IGP where the trends are positive (0.7%–6% yr−1). In general,
the annual atmospheric NH3 shows signiﬁcant positive trends in some
parts of IGP and western India (2%–7% yr−1), and signiﬁcant negative
trends (from −2% to −9% yr−1) in Telangana and Andhra. The lower
temperatures and high humidity favor gas to particle conversion in
the post-monsoon (ON) and winter (DJF) seasons, and thus make a
smaller (ON = −0.009 × 1016 mol cm−2 yr−1 and DJF = −0.01 ×

1016 mol cm−2 yr−1) NH3 concentration in these seasons. Additionally,
the central India shows a negative trend, and IGP and Northwest India
show a mixture of both positive and negative trends in accordance
with the agricultural activities and meteorology of the regions in the
pre-monsoon and winter seasons. Since the ammonia values are very
small, except in IGP and nearby regions, caution must be exercised
when interpreting and comparing the higher trend values estimated
for the other regions (e.g. -10% yr−1 in the southeast).
Recent studies indicate that there is a signiﬁcant increase in atmospheric NH3 concentrations across the latitudes, although our studies
show decreasing trends in most seasons. For example, an insigniﬁcant
positive trend was estimated using the AIRS annual NH3 data during
the period 2002–2014 for the south Asia region by Warner et al.
(2017), about 0.0098 ± 0.019 ppbv yr−1. The positive trends estimated
over China in that study are also conﬁrmed by the analyses of Fu et al.
(2020) in which they ﬁnd a 2.4 fold increase in atmospheric NH3 from
1980 to 2016 from model results. These estimates are further corroborated by the ﬁndings of Zeng and Li (2020), as they observe 0.74%
yr−1 of increase in atmospheric NH3 over the North China Plain. The
study also shows that there are positive trends in atmospheric NH3
over the agricultural areas of the United States, China and Europe,
about 1.8–2.61%, depending on regions. In a similar study, Yu et al.
(2018) ﬁnd positive trends of NH3 over the United States during the period 2001–2016, as analysed from model results and AMoN (Ammonia
Monitoring Network) data. The trends range from 0%–5% yr−1 at the
West to 5%–12% yr−1 at the East, but a slight positive or negative
trend at the hotspot regions as we found over IGP. Therefore, although
there is a global increase in atmospheric NH3, a slight reduction is observed over India in most seasons.
3. Conclusions
The seasonal and inter-annual variability and trends in atmospheric NH3 during the period 2008–2016 are assessed using the
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Fig. 6. Inﬂuence of meteorological and socio-economic factors. The correlation analyses of atmospheric ammonia (Left: All India average and Right: IGP) with different meteorological and
socio-economic factors (T – Temperature, R – Precipitation, F – Fire Count, P – Population, PM10 – Particulate Matter, FC – Fertilizer Consumption, CC – Cloud Cover and RH – Relative
Humidity. The data are averaged for the respective seasons and over the complete observation period (2008–2016, and 2008–2015 for PM10, and rainfall).

IASI satellite observations. Agriculture, in its conventional form, contributes signiﬁcantly to the atmospheric emission of gaseous NH3.
The highest NH3 concentration is observed over IGP during monsoon
(Kharif) season due to highly cultivated farmlands and a large number of fertilizer plants there. In contrast, the winter season shows a
reduction in NH3 concentration over India because of wet deposition
and gas to particle conversion. These facts strongly suggest that NH3
plays a key role in the deterioration of air quality over the whole of
India by actively contributing to the formation of secondary aerosols.
The high temperature favors NH3 volatilization, although precipitation is anti-correlated with high NH3 concentration. The total fertilizer consumption is found to be positively correlated with a high
NH3 amount; implying the large inter-annual variability in NH3 due
to the monthly, seasonal, and annual changes in agricultural practices. Therefore, regulations on the amount of fertilizer application
in cropping seasons in arable lands, which might be plant demandbased (precision farming), in place of conventional blanket recommendation practices, are needed to cut the emissions from agricultural sector. The connection between atmospheric NH 3 and PM
formation is clear from the analyses; bolstering the theoretical understanding of the chemical conversion. Decreasing trends (from
−0.2% to −10% yr−1 ) in annual NH3 over India are in agreement
with its pledge to reduce atmospheric emissions. However, as IGP
still shows increasing trends (3.5%–9.5% yr−1 ) in some seasons
(e.g. Kharif), India still needs more efforts to reduce its NH3 emissions through improved fertilizer management. The increase in the
levels of atmospheric aerosols, on the other hand, would have detrimental effects on the health of humans, ecosystems and climate;
suggesting the importance of the analyses presented in this study.
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Fig. 7. Trends in atmospheric ammonia over India. The IASI NH3 trends (in % yr−1) estimated from measurements in different seasons [i.e. winter (DJF, Rabi), pre-monsoon (MAM, Zaid),
monsoon (JJAS, Kharif), post-monsoon (ON, Rabi)] and annual average over India for the period 2008–2016.
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