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Didier A. Hauglustaine® (), Rong Wang*® (), Laaziz El Amraoui’, Régina Zbinden' (),
and Claire Delon?

'CNRM-GAME, Toulouse, France, *Laboratoire d’Aérologie, Université de Toulouse, Toulouse, France, 3Center for
Environmental Remote Sensing, Chiba University, Chiba, Japan, “Laboratoire des Sciences du Climat et de 'Environnement,
Paris, France, *Department of Global Ecology, Carnegie Institution for Science, Stanford, California, USA

Abstract The aim of this paper is to study the transport of nitrous oxide (N,0) from the Asian surface to
the eastern Mediterranean Basin (MB). We used measurements from the spectrometer Thermal and Near
infrared Sensor for carbon Observation Fourier transform spectrometer on board the Greenhouse gases
Observing SATellite (GOSAT) over the period of 2010-2013. We also used the outputs from the chemical
transport model LMDz-OR-INCA over the same period. By comparing GOSAT upper tropospheric retrievals to
aircraft measurements from the High-performance Instrumented Airborne Platform for Environmental
Research Pole-to-Pole Observations, we calculated a GOSAT High-performance Instrumented Airborne
Platform for Environmental Research standard deviation (SD error) of ~2.0 ppbv for a single pixel and a mean
bias of approximately —1.3 ppbv (approximately —0.4%). This SD error is reduced to ~0.1 ppbv when we
average the pixels regionally and monthly over the MB. The use of nitrogen fertilizer coupled with high soil
humidity during the summer Asian monsoon produces high N,O emissions, which are transported from
Asian surfaces to the eastern MB. This summertime enrichment over the eastern MB produces a maximum in
the difference between the eastern and the western MB upper tropospheric N,O (east-west difference) in July
in both the measurements and the model. N,O over the eastern MB can therefore be considered as a
footprint of Asian summertime emissions. However, the peak-to-peak amplitude of the east-west difference
observed by GOSAT (~1.4 + 0.3 ppbv) is larger than that calculated by LMDz-OR-INCA (~0.8 ppbv). This is due
to an underestimation of N,O emissions in the model and to a relatively coarse spatial resolution of the
model that tends to underestimate the N,O accumulation into the Asian monsoon anticyclone.

1. Introduction

Nitrous oxide (N,O) is produced in oceans and soils by microbial processes of nitrification and denitrification
[Butterbach-Bahl et al., 2013]. With a 120 year lifetime, N,O is the third anthropogenic greenhouse gas after
carbon dioxide (CO,) and methane (CH,) in terms of radiative forcing [Ciais et al., 2014]. The N,O radiative
forcing contribution accounts for 6-15% of the greenhouse gas emission contribution to global warming.
In spite of its far lower concentration in the atmosphere than CO,, N,O is a much more efficient greenhouse
gas with a global warming potential of 265 over a 100 year time span. Although its main sink is photolysis in
the stratosphere, an additional loss of N,O comes from its reaction with excited atomic oxygen O('D) in the
stratosphere. This reaction is the main source of stratospheric nitrogen oxides [Minschwaner et al., 1993] that
are involved in stratospheric ozone destruction. It is therefore the main emitted ozone-depleting substance
of the 21st century [Ravishankara et al., 2009]. Moreover, N,O volume mixing ratio (vmr) has increased at an
average rate of 0.75 ppbv yr’1 since the late 1970s and is expected to increase until 2100 according to the
Intergovernmental Panel on Climate Change climatic scenarios due to the increasing use of nitrogen fertili-
zers in agricultural activities [Ciais et al., 2014]. In Asia, the use of nitrogen fertilizers in agriculture is increasing
to meet the growing demand for food production, making China and India the first and second largest con-
sumers and producers of nitrogen fertilizers (https://www.tfi.org/statistics/statistics-fags), respectively.

At a global scale, the strongest N>O sources are natural soil emissions with an emission rate of 6-7 TgN yr ™',

followed by emissions from agricultural sources (4.3-5.8 TgN yr ") [Syakila and Kroeze, 2011]. Soil moisture is the
major driver of N,O emissions whose maxima occur around 55% soil water content (SWC) [Oswald et al., 2013].
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The second main control variable for N;O emissions by soils is the nitrogen content of the soil, which
increases when fertilizers are added in agro systems [Butterbach-Bahl and Dannenmann, 2011].

Contrary to surface N,O measurements from the World Meteorological Organization Global Atmosphere
Watch Programme [Tsutsumi et al., 2009], tropospheric N,O measurements at global or regional scale have
neither been widely performed nor widely used up to now like those of CH,4 or CO,. Remote Fourier transform
infrared measurements of total column N,O are regularly performed within the Network for the Detection of
Atmospheric Composition Change [Zander et al., 2005]. There are also sporadic aircraft campaigns including
the High-performance Instrumented Airborne Platform for Environmental Research Pole-to-Pole
Observations (HIPPO) [Kort et al., 2011] used in this paper. However, satellite observations of tropospheric
N,O profiles and N,O total columns have been performed by using respectively the Atmospheric Infrared
Sounder (AIRS) on board the AQUA platform and the Infrared Atmospheric Sounder Interferometer (IASI)
on board the METOP A/B platforms. Consistent interannual trends of N,O with surface measurements can
be derived from AIRS measurements [Xiong et al., 2014], and the African equatorial maximum during
March-May can be observed by using IASI total column measurements [Ricaud et al., 2009]. In addition,
N,O is retrieved simultaneously with methane from the thermal infrared measurements of the Greenhouse
gases Observing SATellite (GOSAT) at a global scale. Since this study is the first use of GOSAT N,O data, this
data set is introduced in this paper.

In the context of monitoring pollution effects on regional climate, the Chemistry and Aerosol Mediterranean
Experiment (ChArMEx) project aims, among other objectives, to understand the spatial and temporal evolu-
tions of chemical compounds over the Mediterranean Basin (MB). In this framework and despite the fact that
well-mixed greenhouse gases were not expected to have significant regional variations in the troposphere, a
summertime peak in the difference between the eastern and the western MB of middle-to-upper tropo-
spheric CH,4 has been attributed to the transport of pollutants from Asia via the Asian monsoon anticyclone
to the eastern MB [Ricaud et al., 2014]. Therefore, variations of long-lived species over the MB can probably be
used as footprints of Asian emissions of pollutants. Following this previous work, the aim of this paper is to
demonstrate the impact of the Asian N,O emissions on the upper tropospheric N,O over the eastern MB.
First, we present the N,O data from the GOSAT Thermal and Near infrared Sensor for carbon Observation
Fourier transform spectrometer (TANSO-FTS) together with our validation of GOSAT upper tropospheric
N,O by using the HIPPO aircraft measurements and introduce the chemical transport model LMDz-OR-
INCA. Second, we study the N,O seasonal variability in the eastern and the western MBs as well as the
east-west difference of N,O seasonal variability. Then, we analyze the link between these variabilities and
the Asian N,O emissions via the summer Asian monsoon and its associated anticyclone. Before concluding,
we discuss first the correlation between high precipitation rates associated with the monsoon period and
high N,O emissions over Asia. Then, we discuss the influence of horizontal resolution in the model and emis-
sion modeling as well as the vertical resolution of measurements on the assessed east-west difference of the
MB upper tropospheric N,O seasonal variability in the model and in the observations, respectively.

2. Data Sets
2.1. GOSAT/TANSO-FTS Data

The Japanese Ministry of the Environment, the Japanese National Institute for Environmental Studies, and
the Japan Aerospace eXploration Agency developed the Sun-synchronous orbital satellite GOSAT platform
[Hamazaki et al., 2005] dedicated to the study of two greenhouse gases: CO, and CH,4. The platform was
launched on 23 January 2009 carrying two sensors: a Fourier transform spectrometer (TANSO-FTS) and a
Cloud and Aerosol Imager (TANSO-CAI) [Yokota et al., 2009]. The TANSO-FTS is a nadir-viewing instrument
using four spectral bands covering the thermal infrared (TIR) and the shortwave infrared domains (0.76,
1.6, 2.0, and 5.5-14.3 um) [Kuze et al., 2009] with a 10.5 km diameter of instrumental field of view and
a spectral resolution of ~0.2 cm™'. Along with CH, retrievals in the TIR, N,O is also processed as a by-
product by using a nonlinear optimal estimation retrieval method [Saitoh et al, 2009] from the latest
V1 retrieval algorithm [Saitoh et al, 2016]. The retrieval has been performed in clear-sky conditions
[Eguchi and Yokota, 2008] in which clouds are filtered by using cloud flags provided by the TANSO-CAI
during daytime [Ishida and Nakajima, 2009; Ishida et al., 2011] and on the basis of the TANSO-FTS TIR
spectrum during nighttime [Saitoh et al, 2016]. The N,O-retrieved profiles have been obtained by
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Figure 1. Normalized N,O averaging kernels from GOSAT/TANSO-FTS at .
35°N and 20°E and monthly averaged over July 2010. The different colors  July 2010. They are representative of
represent different retrieval representative levels as shown in the caption. the MB since the N,O averaging kernels

do not have significant spatial variations
over the MB. They characterize the sensitivity of GOSAT N,O measurements at each of the 22 retrieval layers
to the true atmospheric N,O profile [Rodgers, 2000] (only seven of them are represented in Figure 1). The
GOSAT N,O-retrieved profiles reach a maximum of sensitivity between 500 and 200 hPa peaking at the pres-
sure level of 314 hPa. Since we are studying upper tropospheric N,O transport processes, 314 hPa will be the
reference pressure level for our analyses.

Individual retrievals have total theoretical random errors less than 2% (~6.4 ppbv for 320 ppbv) at each retrie-
val level. In this study, we took averages (spatially and temporally) (monthly/interannually) of GOSAT N,O
data (see section 3.1) over the MB at 314 hPa instead of using the individual retrievals. The random errors
on the N,O averaged values are less than 0.1% (~0.3 ppbv). TIR measurements are highly affected by surface
parameters such as surface emissivity and temperature [Claeyman et al., 2011]. The errors in the surface para-
meters can impact the N,O retrieval as systematic errors. Because surface parameters have generally high
variability (e.g., diurnal amplitude of surface temperature), these errors may vary in time and space. Thus,
to minimize the impact of systematic errors caused by surface parameters, we only used maritime pixels
where these parameters exhibit much smaller variations than over land. In addition, consistent with the
methodology presented in Ricaud et al. [2014] to minimize any systematic errors, we mostly analyze seasonal
variability of differences such as anomalies and east-west differences over the MB (see section 3.1), assuming
that systematic errors are of the same order of magnitude in the eastern and the western MBs.

Since we are interested in the N,O variability, we determined the anomaly from its respective mean of all N,O
data over the latitude band 15°N-60°N for each year over the period of 2010-2013. This approach has the
main advantage of facilitating the comparison between model results and measurements.

2.2. GOSAT N,O Data Validation

In addition to the theoretical errors analysis presented in section 2.1, we used the HIPPO airborne campaigns
to assess the quality of the GOSAT N,O retrievals. The HIPPO campaigns performed in situ measurements
over the Pacific Ocean by using the National Science Foundation’s Gulfstream V aircraft. Several aerosols
and chemical species including N,O were measured over a wide range of latitudes (67°S-87°N) and altitudes
(600-15,000 m) with vertical profiles every 2.2° of latitude [Wofsy, 2011, Wofsy et al., 2012]. HIPPO encom-
passes five campaigns: HIPPO 1 (January 2009), HIPPO 2 (October-November 2009), HIPPO 3 (March-April
2010), HIPPO 4 (June-July 2011), and HIPPO 5 (August-September 2011). Since our GOSAT data cover the
period of 2010-2013, we used the HIPPO campaigns 3-5 to assess the quality of the GOSAT N,O retrievals
(Figure 2). For our comparison, we used the measurements from the Harvard/Aerodyne Quantum Cascade
Laser Spectrometer, one of the airborne instruments of HIPPO. This instrument has a 1o precision of 0.09 ppbv
and an accuracy of 0.2 ppbv [Kort et al., 2011].

Each vertical profile from HIPPO is identified by its mean coordinates (latitude, longitude, and time) and is
interpolated on the 22 retrieval representative levels of GOSAT. Since HIPPO profiles do not cover the
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hippo flight paths

entire vertical range of GOSAT retrievals,
we extended the HIPPO profiles to the
bottom and to the top of the atmo-
sphere by using monthly averaged pro-
files from LMDz-OR-INCA. However, to
minimize the impact of such artificial
extension on our validation results and
since we are interested in the 314 hPa
level, we only took HIPPO profiles with

. a ceiling pressure of less than 250 hPa
(SN x
it ::Eggi and a bottom pressure level of greater
hippo 5 than 400 hPa.

© To evaluate only the retrieval system and
not the instrumental performance of
the TANSO-FTS sounder, we applied the
—’”‘“}é GOSAT N,O averaging kernel to the
= HIPPO measurements by using the fol-
lowing equation [Rodgers, 2000]:

|

Figure 2. Flight paths of HIPPO campaigns used for GOSAT N,O valida-
tion: HIPPO 3 (March-April 2010, red), HIPPO 4 (June-July 2011, green),
and HIPPO 5 (August-September 2011, blue).

X =Ax+ (I — A)xq (1)

where A is the averaging kernel matrix, /
the identity matrix, x, the a priori profile (the same used for GOSAT retrievals), x the HIPPO profile, and x the
HIPPO convolved profile. Each HIPPO convolved profile is then compared to the GOSAT measurements in
time and space coincidence considering GOSAT maritime profiles within a distance of +300 km of the
HIPPO profile and a temporal window of £12 h. The standard deviation of the HIPPO N,O data selected from
all of the three campaigns at 314 hPa is ~3.3 ppbv. The standard deviation of the convolved HIPPO N,O data
at 314 hPa is ~2.0 ppbv. Therefore, the vertical sensibility of the GOSAT instrument represented by the aver-
aging kernels tends to underestimate the variability of N,O at 314 hPa.

Figure 3 shows the comparison between the GOSAT N,O data retrievals and the HIPPO N,O at 314 hPa by
using 200 coincident pairs with our selection criteria. Py = 318.4 ppbv is the intersection point between
the regression line and the first bisector (the line y = x). The Pearson linear correlation coefficient is about
0.44. The slope of the regression line is about ~0.22 ppbv ppbv ™', which means that the GOSAT N,O varia-
tions are smaller than HIPPO N,O variations at 314 hPa. GOSAT data underestimate N,O for volume mixing
ratio (vmr) larger than Py and conversely

N=200 for vmr smaller than Py. This confirms the

fact that, in general, the GOSAT retrieval
sa | — —|  system tends to reduce the amplitude of
e N,O variations. Since N,O is retrieved
F L a - simultaneously with CH, in the GOSAT
D retrieval system, a strong constraint has
been applied on N,O in order to avoid
large oscillations that could impact the

320

318

GOSAT N,O (ppbv) at 314 hPa

-1.3 ppbv

w6l T e o - CH,4 retrieval product. This strong con-
o } 7 straint artificially reduces the GOSAT
gl Ll .- b L] N,O variability at 314 hPa.

HIPPO N,O (ppbv) at 314 hPa

The mean N,O bias (GOSAT-HIPPO) at

Figure 3. HIPPO (3-5) N,,O airborne measurements versus GOSATN,Oat 314 hPa is about —1.3 ppbv (~0.4%)
314 hPa in time and space coincidence within a box of £300 km and because tropospheric N,O vmr are
+12 h. N (=200) is the total number of coincident pairs selected. The black
and red lines represent the first bisector (y = x) and the linear regression
line, respectively. The dashed blue line represents the intersection

point (P = 318.4 ppbv) of the regression line and the first bisector. Note good precision (~0.03% at 320 ppbv),
that we applied the GOSAT averaging kernels on HIPPO observations. the standard deviation of the

mostly greater than P,. Furthermore,
since HIPPO measurements have a very
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GOSAT-HIPPO differences (called hereafter SD error), which is about 2.0 ppbv (~0.6%), can be considered as
an estimation of the real random error on an individual GOSAT measurement. This value is small and much
less than the theoretical value of 6.4 ppbv (~2%) (see section 2.1) associated with the total random error on a
single retrieval.

To conclude, the comparisons with HIPPO data show that the GOSAT N,O maritime pixels at 314 hPa are of
sufficient quality to be used in order to analyze regional and seasonal N,O variabilities. However, we have to
keep in mind that the GOSAT retrieval system tends to underestimate the amplitude of the upper tropo-
spheric N,O variations. Furthermore, averaging spatially and temporally (between 400 and 900 profiles) over
the eastern and the western MBs results in a very small random errors: less than ~0.3 ppbv (~0.09%) for the
theoretical error and ~0.1 ppbv for the SD error. Thus, we also have to keep in mind that the error values used
in our analysis of N,O seasonal variabilities are calculated by using the theoretical total random errors which
are much more pessimistic than the SD error from the comparison with HIPPO measurements.

2.3. LMDz-OR-INCA

The INteraction between Chemistry and Aerosol (INCA) model coupled with the general circulation model
LMDz GCM is used to simulate the distribution of aerosols and gaseous reactive species in the tropo-
sphere [Hauglustaine et al., 2004]. In addition, soil/atmosphere exchanges of water and energy are simu-
lated by coupling LMDz with the Organizing Carbon and Hydrology in Dynamic Ecosystems dynamic
global vegetation model [Krinner et al, 2005]. Together, these three models form the LMDz-OR-INCA
model. The model has a horizontal resolution of 1.26° in latitude and 2.5° in longitude and 39 vertical
levels from the surface up to 80 km. The N,O surface emissions are monthly averages based on
Thompson et al. [2014] for anthropogenic and natural emissions and on the Global Fire Emissions
Database version 4.1 (GFEDv4.1) inventory for biomass burning [Giglio et al., 2013]. The total annual emis-
sion rate is 16.08 TgN yr~" in our simulations. Our model is forced dynamically by the meteorological ana-
lysis from the European Centre for Medium-Range Weather Forecasts. We used monthly averaged N,O
outputs covering the period of 2010-2013 together with GOSAT retrievals to assess the impact of
Asian summertime emissions on eastern MB upper tropospheric N,O.

However, in order to assess the impact of improving the horizontal resolution and the surface emission inven-
tories on the modeled N,O transport, we used in section 4 another configuration of LMDz-OR-INCA referred
to as LMDz-OR-INCA low resolution (LMDz-OR-INCA low res). LMDz-OR-INCA low res has been performed for
climate change impact investigations by using different Representative Concentration Pathway scenarios
[Hauglustaine et al., 2014]. The horizontal resolution in this configuration is 1.9° in latitude and 3.75° in long-
itude. This configuration used monthly averaged N,O surface emissions based on Bouwman and Taylor [1996]
for anthropogenic and natural emissions and on the Global Fire Emissions Database version 3 inventory for
biomass burning [Van der Werf et al., 2010]. The total annual emission rate in this configuration is
13.27 TgN yr™". The vertical levels are the same in the two configurations.

3. Results
3.1. N,O Variability Over the Mediterranean Basin

GOSAT and LMDz-OR-INCA anomalies have been calculated for each year from their annual mean over the
latitude band 15°N-60°N. These anomalies are averaged monthly from 2010 to 2013 and selected within
two boxes (36-45°N, 1-12°E) and (30-37°N, 26-37°E) to represent the western and eastern MBs (black boxes
in Figure 4), respectively. Figure 4 shows the N,O anomaly fields in summer (June, July, and August) and win-
ter (December, January, and February) at 314 hPa observed by GOSAT and calculated by LMDz-OR-INCA. In
winter, a very weak positive east-west N,O difference is measured by GOSAT (~0.7 ppbv) and calculated
by the model (~0.15 ppbv) with a larger anomaly over the eastern MB.

In summer, this gradient is enhanced within the two data sets, although it remains less intense in the model
(~0.5 ppbv) compared to GOSAT (~1.5 ppbv). Figure 5 shows the seasonal variation of the N,O anomaly
observed by GOSAT and calculated by LMDz-OR-INCA for the two basins. In the GOSAT data, a seasonal cycle
is observed in the eastern MB with a maximum in July and a peak-to-peak amplitude of ~1.8 + 0.4 ppbv,
whereas in the western MB, a maximum with a peak-to-peak amplitude of ~0.8 + 0.4 ppbv is observed in
August. The GOSAT peak in July over the eastern MB is sharper than the peak in August over the western
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Figure 4. N,O volume mixing ratio anomaly (ppbv) from (left) GOSAT TANSO-FTS (right) and LMDz-OR-INCA at 314 hPa for
(top) December-January-February (DJF) and for (bottom) June-July-August (JJA) averaged over the period of 2010-2013.
The satellite measurements and the model outputs are selected within the black boxes to represent the eastern and the
western Mediterranean Basins.

MB. The error bars represent the random total errors on monthly averaged N,O retrievals and indicate the
confidence level on the mean value. Despite the small values of the seasonal amplitude, the seasonal cycle
is statistically significant regarding measurements errors. Consistently with GOSAT anomalies, a seasonal
cycle is also detected in LMDz-OR-INCA data but with a maximum from August to November in the
eastern MB and from September to December in the western MB (peak-to-peak amplitude of ~1.5 ppbv in
the two basins).

Figure 6 shows the N,O difference between the eastern and the western MBs at 314 hPa called hereafter east-
west difference. In GOSAT data, the monthly averaged east-west difference has no significant variations
(~0.4 £+ 0.8 ppbv) from January to May and starts to increase in June reaching a peak-to-peak amplitude of
~1.4 + 0.3 ppbv in July before decreasing until November. The east-west difference in LMDz-OR-INCA follows
almost the same seasonal variation but with a peak-to-peak amplitude less intense than in GOSAT
(~0.8 ppbv). Although the two data sets are consistent with each other in terms of the seasonal variation
of the east-west difference, the amplitude of the seasonal variations and the absolute value of the difference
show inconsistencies. These differences are discussed in section 4. We note that the maximum of the east-
west difference occurs in July in both the model results and in the GOSAT observations. The processes
that govern this summertime N,O
increase over the eastern MB are
investigated in the next section.

N.O seasonal variations at 314 hPa

20

3.2. Impact of Asian
Summer Monsoon

Due to its particular location, the MB
is influenced by several meteorologi-
cal patterns and air masses originat-
ing from Europe, North Africa, the
Arabian peninsula, North America,
Jan Feb Mar Apr May Ju:domh:ul Aug Sep Oct Nov Dec and ASia [Ricaud et al.’ 2014]
Figure 7 shows the LMDz-OR-INCA
Figure 5. Seasonal variation of the monthly averaged N>O anomalies (opbv)  northern hemisphere N,O anomaly
from GOSAT TANSO-FTS (solid lines and triangles) and LMDz-OR-INCA
(dashed lines and circles) at 314 hPa on the eastern (blue) and western (red)
Mediterranean Basins averaged over the period of 2010-2013. The error bars
represent the error on the mean considering the theoretical random error of ~ tom) and the other months (top) over
the retrieval and the number of monthly averaged pixels. the period of 2010-2013 at 314 hPa.

N,O anomaly (ppbv)

and wind patterns representative of
the months of July and August (bot-
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N.O east-west difference at 314 hPa
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Figure 6. Seasonal variation of the east-west difference of N,O (ppbv) mea-
sured by GOSAT TANSO-FTS (solid line) and calculated by LMDz-OR-INCA
(dashed line) at 314 hPa. The error bars represent the error on the mean
considering the theoretical random error of the retrieval and the number of
monthly averaged pixels.

The impact of long-range transport of
air masses from Asia on the MB
explains the maximum in the east-
west CH, difference in the upper tro-
posphere observed in August [Ricaud et al., 2014]. Westerly circulation brings air masses from the northern
Atlantic and North America from January until May. At the beginning of the Asian monsoon period in
June, a southerly circulation takes place over the eastern MB, bringing tropical air masses from Asia to the
eastern MB. These air masses are enriched in pollutants trapped by the monsoon anticyclone. Thus, pollu-
tants emitted in Asia are transported to the upper troposphere by updrafts associated with the monsoon
region and redistributed westward to the eastern MB by the monsoon anticyclone. In the next section, we
investigate the different regions of N,O emissions in Asia.

3.3. Asian N,O Surface Emissions

The eastern MB air masses come from the Asian anticyclone in summer and are therefore impacted by the
N,O surface emissions from different Asian regions. Figure 8 synthesizes the pressure levels of air masses
from 10 day back trajectories covering the period of 2001-2011 (two trajectories per day at 00:00 and
12:00 UTC) in July and in August from the point located at 33°N, 35°E and 300 hPa in the eastern MB. This back
trajectory climatology has been performed by using the British Atmospheric Data Centre trajectory service

LMDz-Or-INCA at 314 hPa
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Figure 7. N0 volume mixing ratio anomaly (ppbv) from LMDz-OR-INCA and horizontal wind from IFS at 314 hPa averaged
over (bottom) July and August 2010-2013 and over (top) the other months.
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10-Day back trajectories at 300 hPa (2001-2011)
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Figure 8. Pressure levels of air masses after 10 day back trajectories from the point located at 33°N, 35°E (purple filled circle)
and 300 hPa in the eastern MB from the British Atmospheric Data Centre trajectory service (http://badc.Nerc.Ac.uk/
community/trajectory/) in (top) July and in (bottom) August over the period of 2001-2011. The contour lines superimposed
to the maps delimit the percentage of air masses reaching the eastern MB at 314 hPa after 10 days of transport: 55% (solid
orange line) and 80% (dotted orange line).

(http://badc.nerc.ac.uk/community/trajectory/). The contour lines superimposed to the maps delimit the per-
centage of air masses reaching the eastern MB at 314 hPa after a transport of 10 days: 55% (solid orange line)
and 80% (dotted orange line) of all trajectories (682 trajectories). Since 6 day back trajectories were sufficient
to highlight the impact of the Indian subcontinent air masses on the MB [Ricaud et al., 2014], we used 10 day
back trajectories to detect the influence of planetary boundary layer sources.

The eastern MB air masses during summer come mostly from southeastern Asian and the Indian/Tibetan
Plateau regions in July and August, as shown by the contour lines in Figure 8. However, air masses from
the Indian subcontinent come from lower levels (500-550 hPa), whereas those from southeastern Asia come
from upper levels (350-400 hPa). The so-called Asian monsoon anticyclone is actually an upper level diver-
gence zone linked to the monsoon convective system and causes strong updrafts in the troposphere
[Randel and Park, 2006]. Thus, air masses that have their origins in the Indian subcontinent are likely influ-
enced by the boundary layer in the short term (less than 1 month) via the updrafts associated with the upper
level divergence zone (referred to as monsoon anticyclone). Figure 9 represents the monthly averaged Asian
N,O emission fluxes used in LMDz-OR-INCA simulations superimposed with the contour lines in Figure 8. The
peak of Asian N,O emissions occurs in July, consistent with the peak of the east-west difference measured by
GOSAT and calculated by LMDz-OR-INCA (Figure 6). There are two main regions of emissions: in northern
India and in eastern China. The main emission region from eastern China is outside, while the northern
Indian region is well inside the contour lines delimiting the main regions of origin of eastern MB air masses.
This confirms the fact that upper tropospheric N,O over the eastern MB in July and August comes mostly
from Indian subcontinent N,O emissions. This hypothesis is consistent with previous work on the Asian mon-
soon anticyclone composition in July and in August. First, Vogel et al. [2015] show that, in July 2012, the con-
tribution of boundary layer sources to the Asian monsoon composition is between 35% and 55% and the
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Figure 9. Monthly averaged Asian N,O surface emission fluxes (kg m 2 5_1) used in LMDz-OR-INCA simulations in (top)
July and in (bottom) August. The black rectangle (0-41°N, 67.5-90°E) delimits the Indian subcontinent N,O emission
region. The contour lines (see Figure 8) delimit the percentage of air masses reaching the eastern MB at 314 hPa after
10 days of transport: 55% (solid orange line) and 80% (dotted orange line).

contributions of the Indian/Tibetan Plateau region and eastern China are 24% and 10%, respectively.
Consequently, in July, the Indian/Tibetan Plateau and eastern China represent 43-68% and 18-28% of the con-
tribution from all boundary layer sources to the Asian monsoon anticyclone, respectively. Second, Bergman et al.
[2013]show that,in August 2011, the main contributions from the boundary layer sources to the Asian monsoon
anticyclone composition are from India/Southeast Asia and the Tibetan Plateau regions (70-80%).

In summary, we showed the predominant contribution of the Indian subcontinent N,O emissions on the
composition of upper tropospheric N,O over the eastern MB in July and in August. In the next section, we
explain the biochemical processes

Emissions and ions over the Indian

— 25%10° involved in these N,O emissions.

E p : ) 3.4. Emission Processes
" ' ‘ The east-west difference of N,O from
s — 15x10° GOSAT and LMDz-OR-INCA exhibits a

maximum in summer peaking in July,
namely, 1 month earlier than the
occurrence of a CH,; maximum ana-
S0t lyzed by Ricaud et al. [2014]. This is
o due to environmental parameters
e such as soil moisture that influence
N,O emissions. Soil ability to emit
Figure 10. Seasonal variation of monthly averaged N>O (black) and NOy  N,O can be characterized by analyz-
(red). relative to surface.emission fluxes (emission fluxes di_vided b_y .the. ing the nitrification and the denitrifi-
maximum fluxes) used in LMDz-OR-INCA and the convective precipitation ;
amount from the reanalysis ERA-Interim (blue) averaged over the Indian cation processes [Qu et al, 2014].
subcontinent (land pixels within the black box of Figure 9). The convective Since intensified agriculture, charac-
precipitation data are monthly averaged over the period of 2010-2013. terized by high nitrogen fertilizer
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Convective precipitation amount (m)
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LMDz-OR-INCA in July at 314 hPa
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Figure 11. Monthly averaged N,O volume mixing ratio anomaly (ppbv) from (top) LMDz-OR-INCA low res and (bottom)
LMDz-OR-INCA at 314 hPa in July over the period of 2010-2013.

levels, are replacing traditional farming in many South Asian countries [Rasul and Thapa, 2003], the
denitrification process is enhanced by the use of nitrogen fertilizers leading to an increase of N,O
emissions to the atmosphere [Solomon et al, 2007]. N,O emissions are positively correlated with soil
moisture [Raut et al., 2015], and the relative soil nitrogen emissions (NO, HONO, and N,O) critically
depend on the SWC [Oswald et al., 2013] favoring NO and HONO when SWC ranges from 5 to 40% and
favoring N,O when SWC ranges from 40 to 70%. Thus, the South Asian region is a hot spot of N,O
emissions, especially during summertime when high precipitation events occur. Figure 10 shows the
convective precipitation from the reanalysis ERA-Interim [Dee et al, 2011] over the Indian subcontinent
(land pixels within the black box in Figure 9) and the monthly averaged N,O and nitrogen oxide (NO,)
emission fluxes used in LMDz-OR-INCA in this region. In addition to the rainfall information, the
convective precipitation can be considered as a footprint of the presence and intensity of the updrafts
associated with the Indian monsoon. The Indian subcontinent convective precipitation shows a maximum
in July-August. The N,O surface emissions over this region are highly correlated with precipitation with a
maximum in summer and peaking in July. Actually, NO, emissions peak in May-June, while N,O
emissions peak 1 month later in July (Figure 10). This time lag results from the processes occurring in the
soil. Prior to the monsoon period, when SWC is low, a large amount of fertilizer is used in the Indian
subcontinent and the surplus of nitrogen in soil mostly produces emissions of the nitrogen compounds
NO and HONO. The emissions of NO are represented by NO, emissions since NO is predominant in
emissions of NO, from soil [Bertram et al., 2005]. During the Indian monsoon period, intense precipitation
increases the soil humidity, and once the SWC reaches ~40% [Oswald et al., 2013], N,O becomes the
dominant nitrogen compound emitted. Thus, if a peak in NO, emissions is reached in June [Ghude et al.,
2010] through nitrification processes, it takes few days or weeks for the soil to have enough humidity
over the entire Indian subcontinent and for microbial processes to get involved in the production and
release of N,O in the atmosphere through nitrification and denitrification processes [Smith and Tiedje,
1979]. This explains the July peak in N;O emissions. Consequently, the measurements of N,O in the upper
troposphere over the eastern MB in summer (June-July-August, JJA) can be considered as a footprint of
the N,O emissions over the Asian and especially the Indian subcontinent regions. This is all the more
interesting, as this region is difficult to observe from space in summer because of cloudy conditions
associated with the monsoon system. It is valuable to examine another source of information to estimate
the accumulation of N,O in the Asian monsoon anticyclone and then to improve the estimation of N,O
emissions from agriculture over Asia.
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Figure 12. Seasonal variation of the east-west difference of N,O (ppbv) In the model data, the east-west differ-

measured by GOSAT/TANSO-FTS (solid line with triangles) and calculated ence is a.ff?cted by at Iea.st two.factors:
by LMDz-OR-INCA (solid line with circles) and LMDz-OR-INCA low res the emission sources, including the
(dashed line with circles) at 314 hPa over the period of 2010-2013. The error  magnitude of emissions as well as the
bars represent the error on the mean considering the total random errors of spatial distribution, and the horizontal
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the retrieval and the number of monthly averaged values resolution of the transport model.

To illustrate the impact of the horizontal resolution and the emission sources on the estimated east-west dif-
ference, we have compared the results from two different configurations of the model (LMDz-OR-INCA and
LMDz-OR-INCA low res) as described in section 2.3. The global total emission rate in LMDz-OR-INCA is about
23% greater than in LMDz-OR-INCA low res. Over the Indian subcontinent (black box in Figure 9) in July, the
emission rate in LMDz-OR-INCA is about 7% higher than in LMDz-OR-INCA low res. Figure 11 shows the north-
ern hemisphere N,O anomaly in July 2010-2013 at 314 hPa for LMDz-OR-INCA and LMDz-OR-INCA low res,
and Figure 12 shows the east-west difference of GOSAT, LMDz-OR-INCA, and LMDz-OR-INCA low res. The
N,O vmr maxima and gradient in the Asian monsoon are more intense in LMDz-OR-INCA than in LMDz-
OR-INCA low res. Consistently, the peak-to-peak amplitude of the east-west difference (Figure 12) is more
intense in LMDz-OR-INCA (~0.8 ppbv) than in LMDz-OR-INCA low res (0.7 ppbv).

Since there is still a significant difference between the peak-to-peak amplitudes observed by GOSAT and
calculated by LMDz-OR-INCA (1.8 ppbv and 1.5 ppbv, respectively), the N,O emission fluxes could be
larger over Asia than the fluxes fixed in the emission inventory used by LMDz-OR-INCA. The inaccurate
understanding of some processes such as soil acidification involved in soil N,O emission leads generally
to an underestimation of the emission factor used to estimate soil emissions from agriculture [Raut et al.,
2015]. Consequently, this generates an underestimation of N,O emission fluxes, which are linearly
affected by the emission factors [Dobbie et al., 1999]. There is also evidence of an underestimation of
N,O emissions at very high N-fertilizer application rates due to a nonlinear relationship between
N-fertilizer and N,O emissions [Shcherbak et al., 2014].

In addition to the emission sources, the horizontal resolution of the model could likely play a role in the
model east-west difference. Bergman et al. [2013] showed that the contribution of Indian boundary layer
sources to the Asian monsoon anticyclone composition in August is less intense for a lower resolution of
the dynamical model. This is due to the fact that the finer the horizontal resolution, the better the represen-
tation of mesoscale convection and therefore the more efficient the vertical transport processes to bring
N,O-enriched air masses into the upper troposphere. Moreover, the horizontal transport of air masses is also
improved and better represented in the high-resolution model than in the coarser resolution model.

In the GOSAT data, the east-west difference is affected by the vertical sensitivity of the measurements. As we
have already noted in section 2.2, applying GOSAT optimal estimation formalism (cf. equation (1)) to HIPPO
measurements significantly reduces N,O variability. Thus, to assess the impact of the vertical sensitivity of the
measurements (represented by the averaging kernels in Figure 1) on the observed east-west difference, we
applied the GOSAT averaging kernels to LMDz-OR-INCA outputs by using equation (1). The result in terms of
east-west difference is shown in Figure 13. The smoothing of the model’s vertical resolution by the applica-
tion of GOSAT averaging kernels tends to reduce the variations in east-west difference. Although the differ-
ence still peaks in July, the peak-to-peak amplitude decreases from 0.8 to 0.4 ppbv. Actually, the east-west
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Figure 13. Seasonal variations of the east-west differences calculated by the N,O east-west difference variabil-
LMDz-OR-INCA (black) and LMDz-OR-INCA convolved by the GOSAT aver- ity is smaller in LMDz-OR-INCA at
aging kernels (red) monthly averaged over the period of 2010-2013. lower levels (e.g, a peak-to-peak

amplitude of ~0.2 ppbv at 502 hPa,
not shown) than in the upper troposphere, the impact of lower levels tends to decrease the variability of
the east-west difference at 314 hPa. Moreover, because the western MB is located at higher latitudes than
the eastern MB (see Figure 4), the convolved model at 200 hPa is influenced more by stratospheric N,O
in the western MB than in the eastern MB. Since N,O vmr decreases with height in the stratosphere, the
impact of the influence of stratospheric N,O tends to increase the east-west difference at 314 hPa all year
long. Similarly, we can consider that the amplitude of the east-west difference variations observed in
GOSAT underestimates the real variations in amplitude and the positive east-west difference observed all
year long is also likely due to the vertical sensitivity of the GOSAT measurements.

0.4

Difference (ppbv)
®
3
[ ]

0.2

0.0 ® ®

-0.2

5. Conclusion

We used global-scale measurements of upper tropospheric N,O from the GOSAT TANSO-FTS satellite instru-
ment and outputs from the chemical transport model LMDz-OR-INCA to evaluate the impact of the Asian N,O
emissions on the N,O distribution in the MB during summer. We assessed the quality of the GOSAT upper
tropospheric N,O retrievals by using the HIPPO airborne campaigns. This validation indicated an SD error
of about 2.0 ppbv for a single pixel and a mean bias of about —1.3 ppbv (approximately —0.4%). Since we
used monthly and regional means, this SD error is reduced to ~0.1 ppbv. The SD error deduced from the
comparisons with HIPPO data is about 3 times less than the theoretical random errors used in this paper
to analyze the significance of the seasonal variations.

The GOSAT and LMDz-OR-INCA monthly averaged upper tropospheric N,O (2010-2013) over the MB have a
significant seasonal cycle with a strong increase in summer. The eastern MB is highly enriched in N,O produ-
cing a peak in July in the east-west difference of N,O over the MB as calculated by the model and as observed
by GOSAT. This is due to the impact of air masses originated from Asia and transported over the eastern MB
through the Asian monsoon anticyclone. Back trajectory calculations also showed that the main sources of
eastern MB upper tropospheric N,O in summer come from the Indian subcontinent region where high emis-
sions occur during the monsoon period. These high N,O emissions are due to the high precipitation asso-
ciated with the monsoon and combined with heavy use of fertilizers, since N;O emissions occur under
conditions of high SWC.

Since the summertime maximum over the eastern MB is linked to the maximum of N,O surface emissions
over Asia and mainly the Indian subcontinent, the eastern MB can therefore be used as a footprint of sum-
mertime N,O emissions over this region. However, the east-west difference peak in July is almost twice as
large in GOSAT (~1.4 ppbv) than in LMDz-OR-INCA (~0.8 ppbv). This is likely due to an underestimation of
the N,O Indian subcontinent emission sources and a relatively coarse horizontal resolution in the model that
affects the efficiency of the vertical transport within the Asian monsoon Anticyclone. In addition, the appli-
cation of the averaging kernels from GOSAT to the model tends to reduce the east-west N,O difference
variations likely due to the low vertical sensitivity of the satellite measurements (represented by the
averaging kernel).

KANGAH ET AL.

TROPOSPHERIC N,O OVER THE MEDITERRANEAN 4757



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2016JD026119

Acknowledgments

We would like to thank the following
institutes and programs for funding our
study: Centre National de la Recherche
Scientifique-Institut National des
Sciences de I'Univers (CNRS-INSU),
Centre National des Etudes Spatiales
(CNES), Agence de I'Environnement et
de la Maitrise de I'Energie (ADEME)
through the program the
Mediterranean Integrated Studies at
Regional And Local Scales (MISTRALS),
Chemistry-Aerosol Mediterranean
Experiment (ChArMEXx), Météo-France,
and Airbus Defense and Space for
funding Y. Kangah'’s PhD thesis and the
Greenhouse gases Observing SATelite
(GOSAT) Research Announcement (RA)
Initiative. The GOSAT N,O data can be
obtained by contacting Naoko Saitoh
via e-mail at nsaitoh@faculty.chiba-u.jp.
The chemical model INCA can be
downloaded from http://forge.ipsl.
jussieu.fr/inca, and the LMDz-OR-INCA
N,O data used in this paper can be
obtained by contacting Didier
Hauglustaine via e-mail at
didier.hauglustaine@lsce.ipsl.fr. We
finally would like to thank the three
anonymous reviewers for their fruitful
comments.

One major outcome of this study is that the use of current GOSAT N,O measurements over the MB can help
to improve the estimation of N,O emissions over Asia and especially the Indian subcontinent in a top-down
emission estimation strategy. Moreover, tropospheric N,O satellite measurements are made difficult in sum-
mer over Asia due to cloudy conditions associated with the monsoon period. In such case, upper tropospheric
N>O measurements over the MB could be the best alternative to estimate the N,O accumulation in the Asian
summer monsoon anticyclone and then to assess the surface emissions that caused this accumulation.
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