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Global ammonia distribution derived from infrared
satellite observations
Lieven Clarisse1*, Cathy Clerbaux2, Frank Dentener3, Daniel Hurtmans1 and Pierre-François Coheur1

Global ammonia emissions have more than doubled since
pre-industrial times, largely owing to agricultural intensifica-
tion and widespread fertilizer use1. In the atmosphere, ammo-
nia accelerates particulate matter formation, thereby reducing
air quality. When deposited in nitrogen-limited ecosystems,
ammonia can act as a fertilizer. This can lead to biodiversity
reductions in terrestrial ecosystems, and algal blooms in aque-
ous environments2–8. Despite its ecological significance, there
are large uncertainties in the magnitude of ammonia emissions,
mainly owing to a paucity of ground-based observations and
a virtual absence of atmospheric measurements3,8–11. Here we
use infrared spectra, obtained by the IASI/MetOp satellite,
to map global ammonia concentrations from space over the
course of 2008. We identify several ammonia hotspots in
middle–low latitudes across the globe. In general, we find a
good qualitative agreement between our satellite measure-
ments and simulations made using a global atmospheric chem-
istry transport model. However, the satellite data reveal sub-
stantially higher concentrations of ammonia north of 30◦ N,
compared with model projections. We conclude that ammonia
emissions could have been significantly underestimated in the
Northern Hemisphere, and suggest that satellite monitoring
of ammonia from space will improve our understanding of the
global nitrogen cycle.

Atmospheric NH3 is emitted primarily from livestock wastes
(39%), natural sources (19%), volatilization of NH3-based fertiliz-
ers (17%), biomass burning (13%), crops (7%) and emissions from
humans, pets and waste water4 (5%). A large part of the emitted
NH3 is quickly removed from the atmosphere by dry deposition
close to the source. The other main sink is the reaction with
sulphuric, nitric and hydrochloric acids, leading to the formation
of particulate ammonium3,5 (NH+4 ).

Despite regulations in some developed countries2, the total
emission ofNH3 hasmore than doubled from1860 to 1993 andmay
double again by 2050 (ref. 6). This increase is leading to a cascade
of environmental problems5–8. NH3 accelerates the formation of
particulate matter12 and can make up a large portion of its final
mass13. In some regions of the USA for instance, ammonium
sulphate makes up 60% of fine particulate PM2.5, and ammonium
nitrate can make up as much as 40% of the total mass14. NH3
accounts for almost half of all reactive nitrogen released in the
atmosphere, having an important role in the acidification and the
eutrophication of our ecosystems5,6.

Uncertainties in the emission budgets of NH3 are as large as
50% (refs 4, 10). Apart from missing statistics on fertilizer use and
animal populations, local differences in agricultural practice, such
as fertilization and waste management, become important when
scaling-up to global budgets5,10,11,15. Other uncertainties stem from

1Spectroscopie de l’Atmosphère, Service de Chimie Quantique et Photophysique, Université Libre de Bruxelles (ULB), 1050 Brussels, Belgium, 2UPMC Univ.
Paris 06, LATMOS-IPSL; CNRS/INSU, LATMOS-IPSL, 75252 Paris Cedex 05, France, 3European Commission, Joint Research Centre (JRC), I-21027 Ispra,
Italy. *e-mail: lclariss@ulb.ac.be.
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Figure 1 |NH3 total columns retrieved with IASI over India and Pakistan.
a, The IASI orbit on 13 May 2008 (morning), where each circle indicates an
IASI pixel of 12 km diameter at nadir, increasing on both sides of the swath.
The colour represents the retrieved concentration. b, Seasonal variation of
the NH3 columns (mg m−2) measured near Ludhiana (31◦ N, 76◦ E) in
North India. The solid line depicts the moving thirty day average, and the
grey area represents the associated temporal 1σ standard deviation around
this average.

the dependence of NH3 volatilization on temperature, humidity,
wind velocity and soil acidity10,11 and uncertainties related to the
emissions of natural sources and biomass burning, for which
experimental data show large scatter9,10. Another contributing
factor is the limited spatial representativeness of ground-based
measurements, as NH3 is very variable in time and space, with a
tropospheric lifetime up to a couple of hours3,9. Complementing
ground-based measurements, satellite observations of NH3 would
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Figure 2 |Annual averaged retrieved and modelled NH3 columns, and their difference. a, Yearly average total columns of NH3 in 2008 retrieved from
IASI measurements on a 0.25◦ by 0.25◦ grid. b, Modelled columns for the year 2000 using the TM5 model on a 2◦ by 3◦ latitude–longitude grid9.
c, Difference between measured and modelled columns.

be a welcome addition, although we are not aware of any
successful previous attempts to retrieve global distributions of
NH3 by satellite.

A few local observations of NH3 from space were reported
recently from the tropospheric emission spectrometer16 (TES) using
a subset of features between 960 and 972 cm−1 and applying
a residual fitting method to extract quantitative concentration
estimates. Despite high spectral resolution, the poor geographical
coverage of TES does not allow the retrieval of NH3 on a daily
global scale. Designed primarily for meteorology, the Infrared
Atmospheric Sounding Interferometer17,18 (IASI) has a coarser
spectral resolution, but has the advantage over TES of having
an exceptional geographical sampling and low noise over a wide
spectral range of the thermal infrared. Here we present and discuss

the first high-spatial-resolution global NH3 measurements acquired
with IASI over a full year.

IASI is a Fourier transform spectrometer onboard the mete-
orological platform MetOp-A, launched at the end of 2006. The
platform circles in a polar sun-synchronous orbit around the earth.
IASI operates in nadir mode (vertically downward, within 48.3◦ of
the normal of the Earth’s surface) with a pixel footprint of 12 km
along the satellite track, and provides global coverage twice a day by
scanning along a swath of 2,200 km off-nadir. The overpass times
are 9:30 and 21:30 mean local solar time. Figure 1 illustrates IASI
measurements over land (India and Pakistan) for one particular
morning orbit. The spectrometer measures the infrared radiation
emitted by the Earth’s surface and atmosphere in the spectral
range 645–2,760 cm−1 without gaps. It has a spectral resolution
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Figure 3 |Annual averaged NH3 columns over three agricultural valleys. NH3 concentrations derived from IASI observations above the Po Valley, the
Fergana Valley and the Snake River Valley. These correspond to the hotspots labelled 12, 16 and 3 in Fig. 2a. The aerial background photographs are © 2008
Google—Imagery © 2008 Terrametrics (http://maps.google.com/).

of 0.5 cm−1 apodized and low noise levels (∼0.2K at 950 cm−1
and 280K), which allows for the retrieval of a series of atmo-
spheric key species17,18.

NH3 absorbs infrared radiation in the ν2 vibrational band
around 950 cm−1 (750–1,200 cm−1), from which concentrations

can be retrieved using inverse methods (see the Methods section).
Figure 1 shows IASI-retrieved NH3 total column amounts above
India and Pakistan on 13 May 2008 and the 30-day moving average
for 2008 near Ludhiana in northern India. The increased columns
between April and August probably result from the temperature
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dependence of NH3 volatilization and intensive fertilization19.
Figure 1 demonstrates the exceptional spatial resolution at which
NH3 can be monitored from IASI.

With 1,280,000 IASI spectra per day, sophisticated inverse
methods are computationally demanding and have a significant
failure rate for weak absorbers. We have developed a method
for calculating NH3 distributions over a longer period of time,
with improved sensitivity. It starts by calculating the brightness
temperature difference, between the IASI channel at 867.75 cm−1
and two window channels at 861.25 and 873.50 cm−1. The channel
at 867.75 cm−1 is sensitive to a manifold of five individual lines of
NH3 and almost not affected by other species. We have calculated
this brightness temperature difference (with a correction factor
for the viewing angle) for all of the observed cloud-free spectra
from 2008. The sensitivity of thermal nadir measurements near the
surface is intimately related to the thermal contrast between the
surface and the first atmospheric layers18. Only the IASI morning
orbit, characterized by significant thermal contrast in most places,
was therefore used for further calculations. Even though daily
observations are possible near the largest sources (Fig. 1), because
of the low emission height and short lifetime, the NH3 signature is
often within the instrumental noise of 0.2 K and emerges over other
regions only when averaging over time. Monthly averages were
calculated on a 0.25◦ by 0.25◦ grid from the daily values. Residual
instrumental noise andweak interferences from absorption features
of other species can be estimated from the monthly averaged
brightness temperature differences over oceans, where we expect
NH3 concentrations to be too low to be observed from space9,10.
(According to the TM5 model, the average total column values
above oceans are of the order of 0.01mgm−2, corresponding to
brightness temperature differences lower than 0.001K. Parts of the
Indian Ocean were excluded for the calculation of the residuals,
as they showed elevated concentrations owing to transport from
India.) This remaining noise was found to depend mainly on the
latitude, ranging from below 0.08 K at the poles to below 0.05 K
around the Equator, and was subtracted from the monthly average.
The resulting brightness temperature differences were converted
to total columns assuming linearity and using the conversion
factor 15± 7.5mgm−2 K−1 (see the Methods section for details
and validation). The global average total columns for 2008 are
shown in Fig. 2a with columns ranging from about 0.15 up to
3mgm−2. A total of 28 hotspots with columns above 0.5mgm−2
have been identified.

In parts of the world, NH3 emissions are linked to biomass
burning. In 2008, there were large mid-latitude fires in South
Siberia and Inner Mongolia from April to May20 and in the
respective dry seasons of South America and East, West and South
Africa, which could explain parts of the observed distributions (see
also Supplementary Fig. S1). Virtually all of the other hotspots
indicated on the map are above the agricultural regions of North
America, Europe and Asia. We observe the largest NH3 columns
in agricultural valleys. Surrounded by mountains, these areas show
stagnant weather allowing NH3 concentrations to build up. A well-
known example is the San Joaquin Valley in California, infamous
for its poor air quality21. Also in non-mountainous regions, we
observe NH3 columns well above background levels, for instance
over the Nile Delta and large parts of Western Europe (Belgium,
the Netherlands and Germany).

Figure 2b shows total columns estimated for the year 2000
using the global atmospheric chemistry transport model TM5
(refs 4, 5, 9). Comparison with Fig. 2a shows a relatively good
agreement in the location of the different NH3 hotspots. On a
global quantitative level, the modelled NH3 columns are on average
higher than the measured ones, as best seen from Fig. 2c. In some
places such as southeast Asia, the observations do not show any
elevated values. As the high concentrations were confirmed by in

situ measurements at the surface22, this difference suggests poor
sensitivity of the IASI measurements in the boundary layer in
this region. The overall underestimation in the measurements is
probably due to a combination of factors. An obvious reason is that
satellite measurements have an inherent detection limit, resulting
in NH3 signatures below the noise threshold (see the discussion
above) and underestimation of concentrations in periods of low
emission. For relatively colder areas, such as West Europe, this
is also linked to limited thermal contrast, which in turn limits
the sensitivity of nadir sounders to surface concentrations. The
morning orbit of IASI is around 09:30 local mean solar time,
which might not be representative of the daily average NH3
concentration, given its short lifetime. This is particularly true
for agricultural biomass burning, which peaks in the afternoon.
A final reason is a possible overall overestimation in the model
due to uncertainties in inventories, NH3 profiles and lifetime. It
should be emphasized that current models have large differences
amongst them, depending on the specific grid size, time stepping
and emission inventory that was used. Also note that the mismatch
between the year of observation and the model data is probably
responsible for some difference in the annual averaged columns
because of differences in annual emissions and meteorology. To
achieve a better quantitative understanding, future work should
include an extensive sensitivity analysis, validation and careful
assimilation of measured data into models.

Robust conclusions can be drawn already for places where the
measured columns exceed the modelled ones. These are found
in the Northern Hemisphere above 30◦. A remarkable example is
Central Asia (labels 15–18 in Fig. 2a). The largest columns there
are observed from May to August in the area that includes the
whole agricultural region irrigated by the AmuDarya, the Syr Darya
and their tributaries (the Aral Sea Basin, labels 15–16). The area is
known for its intensive cotton and wheat production, which uses
vast amounts of inorganic fertilizer23. Elevated columns are also
found north of the Tian Shan mountain range, in the Dzungaria
region and in the Tarim Basin (labels 17–18), which are highly
polluted areas with large amounts of ammonium-rich particulate24.
The difference between observed and modelled distributions in
Central Asia points to an underestimation of NH3 emissions in
current inventories. In parts of North America and Europe, we also
observe elevated columns of NH3, with the largest differences above
agricultural valleys that the model does not reproduce. Examples
include the previously mentioned San Joaquin Valley, the Po and
Ebro valleys (Europe) and the Snake River Valley (United States).
Figure 3 shows a detailed overlay of the global map onto aerial
photographs of three agricultural valleys.

Here, we have presented global NH3 integrated concentrations
retrieved from satellite measurements. The IASI instrument never
targeted NH3 as a product for the mission, and hence the
instrumental specifications, especially the spectral resolution and
radiometric noise, were not optimized accordingly. Despite this,
we have derived global concentration maps on a daily basis using
the IASI exceptional spatial resolution. These first results open
new and unexpected perspectives for fostering from space the
surveillance of air quality and the monitoring of tropospheric
chemistry. Annual and long-term trends in NH3 concentration
and emissions will be available given the planned 15 years of
IASI operation on the suite of MetOp satellites (and follow-up
missions), enhancing both the scientific and societal outputs of
Earth observation programmes.

Methods
Calibrated radiance spectra (Level 1C data) measured by the infrared spectrometer
IASI onboard the meteorological platform MetOp-A were received through
the EUMETCast near-real-time data distribution service. For this study, we
also used for each observation the ancillary meteorological products (Level
2 data): they consist of pressure, temperature and humidity vertical profiles;
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surface temperature and cloud coverage. Surface emissivity was calculated
as the average from the 12 channels from the Moderate Resolution Imaging
Spectroradiometer/Terra climatology.

Brightness temperatures were calculated from the radiance spectra in
near real time after removing cloudy spectra as well as spectra with missing
Level 2 data. The brightness temperature difference between a NH3-sensitive
channel at 867.75 cm−1 and two window channels at 861.25 and 873.50 cm−1
was systematically calculated for each observation and the resulting values were
stored for further processing. Brightness temperature differences up to 3K in
biomass-burning plumes were seen on individual observations. Monthly averages
of these brightness temperature differences were then calculated and noisy values
were removed as described in the text.

To map the brightness temperature differences computed globally into
column distributions of NH3, full radiative transfer model simulations and
inverse retrievals were carried out on selected regions and periods. Starting from
an a priori atmospheric state, inverse methods iterate a calculated spectrum,
minimizing the difference with the observed spectrum. The retrieval is successful
when the calculated spectrum converges with a residual below the spectral
noise. Here, the retrievals were carried out using the optimal estimation
inversion method25,26 implemented in the line-by-line radiative transfer model
Atmosphit26. The retrieval range was set at 940–969 cm−1, around the centre
of the ν2 band of NH3, where the strongest absorption features are observed,
also including one of the three windows used in earlier work with the TES
instrument16. A priori information of the atmospheric state (surface temperature,
pressure and temperature profile) was taken from the Level 2 data. The primary
interfering molecules in the retrieval range are H2O and CO2, and these were
fitted together with NH3. A priori profiles of NH3 were taken from the 1976 US
Standard Atmosphere model27. H2O was fitted in 2-km-thick partial columns
from the surface to 20 km, and total columns were fitted for CO2 and NH3 by
scaling the prior profiles.

Given the relatively low absorption contribution of NH3, far from
saturation, we expect linear correspondence between the brightness temperature
difference and the retrieved total column. This was confirmed using forward
modelling simulations for a range of NH3 concentrations up to 60mgm−2 (see
Supplementary Fig. S2a), with, however, a small departure from linearity for the
highest concentrations.

As an illustration of the mapping procedure between brightness temperature
differences and total columns of NH3, Supplementary Fig. S2b shows the
correlation plot for spectra measured above the Baikal region on 12 May20. Linear
regression for that case gives a slope of 20.02mgm−2 K−1. This value varies with
location and time period because of the sensitivity dependence of the infrared
observations to the emissivity and temperature of the surface, the temperature
profile of the atmosphere or the aerosol content. Overall regression analysis on a
wide selection of regions at different times of the year showed 1K to correspond to
15±7.5mgm−2 of NH3 with a confidence interval of 80%. This is the conversion
factor that we used to calculate the global distributions from the averaged brightness
temperature differences.
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