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Chapter 6

SYNTHESIS

This last chapter briefly reviews the achievements of this research and includes them in the broader context of a
better understanding of reactive nitrogen in the environment. Ongoing activities and outlook for future work are
then discussed.
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CHAPTER 6. SYNTHESIS

6.1 Conclusions and perspectives
While being a central species in the nitrogen (N) cycle, the main reduced form of reactive nitrogen (Nr) and the
most important basic component in the atmosphere, ammonia (NH3) has received much less attention than the
oxidized compounds. Especially the lack of NH3 measurements on large scales is noteworthy and translates to
significant uncertainties on the NH3 atmospheric budget, which currently is one of the most uncertain compo-
nents of the N cycle (Fowler et al., 2013). Nowadays, satellite infrared sounders are able to complement other
monitoring systems by providing daily quasi-global distributions of atmospheric NH3 at medium spatial resolu-
tion. The aim of this thesis was to obtain and to assess global distributions as well as the spatial and temporal
variability of NH3 using several years of satellite observations, to improve our knowledge of its contribution to
the global N cycle. This has been achieved based on the development of an improved retrieval scheme applied on
spectra measured by the Infrared Atmospheric Sounding Interferometer (IASI) since 2007.

6.1.1 Principal achievements and limitations
The Hyperspectral Range Index (HRI)-based retrieval methods developed in this research was demonstrated to
be more sensitive to NH3 than previous ones. Applied to the measurements of IASI it has allowed retrieving NH3

column abundances during daytime and nighttime, over land and over sea. As an illustration of the improvement
from the method set up, Figure 6.1 presents NH3 column distributions over land averaged for June 2009 retrieved
using first a simple brightness temperature difference, as originally applied on IASI (Clarisse et al., 2009; morning
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Figure 6.1: NH3 total column (×1016 molec/cm2) distributions over land averaged for June 2009, in 0.25◦ x 0.25◦

cells, retrieved using the brightness temperature difference (morning overpass, top-left panel), FORLI (morning
overpass, top-right panel) and HRI-based (morning overpass, bottom-left panel and evening overpass, bottom-
right panel) methods. The evening distribution is only available from the HRI-based method. The averaging
procedure is applied without weighting and HRI-based measurements associated with a retrieval error above
100% have been excluded. The error distribution from the HRI-based retrievals are also shown (%, horizontal
color bar).
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overpass, top-left panel), then a physical retrieval scheme (Clarisse et al., 2010; morning overpass, top-right
panel) and finally the HRI-based approach from this work (morning, bottom-left panel and evening, bottom-right
panel). Besides the gain of sensitivity, the ability of the HRI-based method to calculate representative errors is an
important advantage. We have indeed demonstrated that this error is a key parameter when it comes to compare
the IASI-derived columns with independent data sets (here surface or airplane measurements) or models (here
LOTOS-EUROS) and to analyze the resulting distributions and time series. The importance of using the error
stems from the fact that IASI is not equally sensitive to NH3 for all scenes, and that errors can vary from around
10-20% in the more favorable cases to more than 100% when the concentration is weak or the thermal state of
the atmosphere unfavorable.

To evaluate the distributions from IASI we have used simulations from LOTOS-EUROS (www.lotos-euros.nl),
one of the few models that includes a description of the bidirectional surface-atmosphere fluxes of NH3. For such
an exercise, IASI has indeed the great advantage over point source measurement systems (which are in general
performed at a time resolution of several weeks) to allow assessing the simulations day-to-day, at a spatial reso-
lution which matches better the usual cell size of regional/global chemistry-transport models (CTMs) (Flechard
et al., 2013). The comparisons performed have highlighted the respective consistency of the measurements and
simulations. We have, however, shown a possible underestimation of NH3 emissions in the inventories, in par-
ticular from industry, as well as the model limitations to reproduce temporal variations due to the use of a single
(monthly and hourly resolved) time profile of emissions for whole Europe. Daily time series between IASI and
the model show overall consistence but the low sensitivity of IASI in winter time was shown to be a limitation for
analyzing on an observational basis the complete seasonal cycle in some places. A more general outcome from
this comparison was that the model performs well for areas such as Europe thanks to the availability of statistical
data and adequate temporal emission profiles. For other areas, model simulations have never been performed
or are still uncertain and the availability of the satellite measurements may be crucial, in particular to constrain
emissions. This was particularly well highlighted in this work from the global assessment of distributions and
seasonality with the six-years of IASI NH3 data available until now, which allowed linking the observations to
the main source processes.

The preliminary validation of the satellite-derived abundances with independent ground-based and airplane
data sets was also carried out in this thesis. Overall we have obtained reasonable agreement between the data
sets, but pointed to the limitation of the current in situ systems for comparison to the satellite data, which have
a time resolution of 12 hours but cover a large area on the ground. Because of this, the highest correlation
coefficients were calculated when comparing IASI-NH3 volume mixing ratios (VMR) with those inferred from
a large number of airborne measurements at various altitudes inside the satellite pixel. This study has also
revealed one of the limitations of the HRI-based method, which is to consider a fixed profile shape for NH3,
independent of the variations of the boundary layer height and mixing. Following this study we suggest that
surface measurements will need to be more developed in the future to allow a complete validation of the satellite
derived NH3 measurements; in particular ground-based column measurements would be highly beneficial, as
well as denser local observations, possibly from cars or airplanes during dedicated campaigns.

6.1.2 Ongoing activities
Several studies relying on the IASI-NH3 data derived during this work are being pursued:

• Validation. During the spring and the summer 2013, the extensive multi-instruments “Measuring atmo-
spheric Ammonia using Remote Sensing (MARS)” campaign has been performed at Cabauw meteorolog-
ical tower. Three mini-Differential Optical Absorption Spectroscopy (DOAS) systems and a FTIR instru-
ment have been employed to measure NH3 vertical distributions, while a miniDOAS, a Cavity Ring-Down
Spectroscopy (CRDS) instrument and a Measuring AeRosols and GAses (MARGA) unit have measured
NH3 at the surface. IASI/MetOp-A and IASI/MetOp-B were both in orbit in that period, allowing four
satellite overpasses per day. This extended data set will (1) provide NH3 column measurements more rep-
resentative of what the satellite measures, (2) allow investigating the impact of the varying vertical profiles
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and of the boundary layer height on the NH3 retrievals, (3) provide vertical information on the NH3 distri-
bution. Note that NH3 columns are currently being retrieved from FTIR measurements at various stations
from the NDACC network (NDACC-Network for the Detection of Atmospheric Composition Change,
2014).

• Fire emissions. A first top-down assessment of two global fire emission inventories, the Global Fire
Emissions Database (GFEDv3.1, van der Werf et al. (2010)) and the Global Fire Assimilation System
(GFASv1.0, Kaiser et al. (2012)), has been performed by Whitburn et al. (2015) based on the first six years
of IASI-NH3 observations. Current activities in relation to fires focus on assessing emission ratios between
NH3 and carbon monoxide (CO) and between NH3 and nitrogen dioxide (NO2), which are both highly
uncertain and likely variable as a function of biomes and climatic conditions. Specific attention will be
given to peat fires, which emit large amount of NH3 (e.g., the Russian fires analyzed in this thesis).

• Discrimination of emission sources. A neural network approach is developed to separate the global NH3

total columns sources into total columns per emission sector. This neuronal network is based on simulta-
neous measurements of NH3 and several other atmospheric constituents. This approach should facilitate
assessing the factor driving NH3 volatilization by providing a data set not affected by fires.

• Transport. NH3 measurements over seas are one of the key feature of the IASI-NH3 data set retrieved in
this thesis. Preliminary studies have shown that it was possible to estimate a lifetime for NH3 in several
regions using the columns measured in the transported plumes. Figure 6.2 shows as an illustration a large
transported plume observed in September 2011 over the Atlantic ocean; the plume was originally emitted
from a Northeastern American fire and traveled six days above the Atlantic before reaching the African
and European coasts.

In addition to the activities performed internally, the IASI-NH3 data set is increasingly used by other groups
to inverse sources (e.g., Herron-Thorpe et al. (2013)) and to evaluate model performances. The comparison
with other satellite instruments and on-ground measurements are ongoing and will likely be developed in the
near-future.

Figure 6.2: NH3 (molec/cm2) transported from a North American fire source over the Atlantic ocean integrating
IASI measurements from the 12 to the 18 September 2011 (morning and evening overpasses, relative error below
100%).
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6.2 Outlook
Eutrophication and acidification of aquatic and terrestrial ecosystems, biodiversity loss and increased concentra-
tions of particulate matter and ozone in the atmosphere are widely recognized effects of larger emissions of Nr in
the atmosphere. Less is known about the impacts on human health and climate. To tackle these crucial issues for
humankind and to support policy decision-making, all processes and pathways of the “Nitrogen Cascade” need
to be better understood and quantified (Erisman et al., 2013).

In this regard, the scarcity of atmospheric observations -in particular of reduced Nr– is a serious limitation
and prevents accurate modeling of important biogeochemical processes and climate feedbacks. As underlined in
a recent review, there is a “significant potential for enhancing our understanding of NH3 using remote-sensing
observations” (Streets et al., 2013). In this thesis we have made a first step in this direction by providing an
unprecedented set of bi-daily global NH3 columns from IASI for a period of 6 years between 2008 and 2013. We
believe this will stimulate research in various directions and pave the way to in-depth analyses on the role of NH3

in the environment.
On the observational side, a lot is still to be expected. Indeed IASI-A and IASI-B are both in operation and

show remarkable stability, MetOp-C will be launched only in 2017, ensuring in total 15-years of continuous
IASI-NH3 measurements. In the changing climate that we are experiencing, one of the main challenges will be to
identify long-term trends in NH3. To achieve this, the consistency of the retrieved NH3 dataset over time will have
to be assessed, with careful identification of possible varying biases. The future IASI-New Generation (IASI-NG)
sounder, which is expected for launch around 2020 (Clerbaux and Crevoisier, 2013) will allow pursuing the IASI
record, while its instrumental characteristics (higher spectral resolution and lower noise, see Crevoisier et al.
(2014)) will improve on the sensitivity and accuracy of the NH3 retrievals. A breakthrough will undoubtedly be
made in the same time-frame with the availability of the geostationary Infrared Sounder (IRS) on Meteosat third
generation satellites, which should allow monitoring NH3 above Europe and Africa with a temporal sampling
of typically one hour and a spatial resolution of 4 km (EUMETSAT, 2015). This instrument will in particular
enhance the identification of point sources and shed light on the diurnal cycle of atmospheric NH3, which is an
aspect currently beyond reach with the satellites in orbit.

The satellite data, starting already with IASI and TES (Zhu et al., 2013), will be extremely useful to improve
NH3 emission inventories in magnitude and in timing, at all scales (Streets et al., 2013; Duncan et al., 2014), and
are expected to benefit CTMs and air quality forecasts in the very near future. The global NH3 data could
be used more widely to evaluate NH3 emissions from various agroecosystems (as an illustration Figure 6.3
suggest -if we exclude the fire regions- a link between NH3 atmospheric concentrations and large-scale irrigated
agricultural areas) as well as to trace nitrogen application worldwide and, in combination with complementary
satellite observations, to investigate the effects of these on droughts, carbon interactions, and land use.

While the NH3 satellite measurements will fill one obvious gap of the global atmospheric network, we an-
ticipate that their combination with satellite observations of nitrous dioxide (NO2) may lead to crucial advances
for our understanding of the perturbed nitrogen cycle and its impacts. This is especially true as these two species
account together for about 90% of the total Nr released in the atmosphere. In combination with models, the
availability of global NH3 and NO2 distributions will notably enable to refine current and future estimates of
Nr deposition (Paulot et al., 2013), which is among the most pressing environmental issue due to its impact on
biodiversity loss and ecosystem services (Bobbink et al., 2010; Bleeker et al., 2011). Note that atmospheric Nr
measurements at global scale could then be used to complete and strengthen current biodiversity indicators (see
www.bipindicators.net). In addition to their contribution for assessing the direct impacts on ecosystems, more Nr
observations should help (an example is shown in Fleischer et al. (2013)) to narrow uncertainties with regard to
one of the key climate questions, which is how and how much the nitrogen and carbon cycles are interacting.
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Figure 6.3: Percentage of irrigation (top, %) from GMIAv4.0 (GMIA-Global Map of Irrigation Areas, 2013) in
0.083◦ x 0.083◦ cells and NH3 yearly average distribution (bottom, molec/cm2) combining morning and evening
IASI measurements in 0.25◦ x 0.5◦ cells. Mean NH3 column values associated with a mean relative error above
100% have been excluded; the weighted error distribution (%, not filtered) is shown as inset.
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