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Abstract. The space and time variabilities of methane period of interest spans from 2008 to 2011 considering satel-
(CHg) total column and upper tropospheric mixing ratios lite and MOCAGE data and, regarding the CCMs, from 2001
are analysed above the Mediterranean Basin (MB) as paro 2010. Although CHis a long-lived tracer with lifetime of

of the Chemical and Aerosol Mediterranean Experiment~ 12 years and is supposed to be well mixed in the tropo-
(ChArMEXx) programme. Since the analysis of the mid-to- sphere, an east—west gradient in L0kl observed and mod-
upper tropospheric CHdistribution from spaceborne sen- elled in the mid-to-upper troposphere with a maximum in
sors and model outputs is challenging, we have adopted e Western MB in all seasons except in summer whea CH
climatological approach and have used a wide variety ofaccumulates above the Eastern MB. The peak-to-peak am-
data sets. We have combined spaceborne measurements frtitude of the east—west seasonal variation iry@Hove the

the Thermal And Near infrared Sensor for carbon Obser-MB in the upper troposphere (300 hPa) is weak but almost
vations — Fourier Transform Spectrometer (TANSO-FTS)twice as great in the satellite measurement2% ppbv) as in
instrument on the Greenhouse gases Observing SATellitthe model data~ 15 ppbv). The maximum of CHin sum-
(GOSAT) satellite, the Atmospheric InfraRed Spectrome-mer above the eastern MB can be explained by a series of
ter (AIRS) on the AURA platform and the Infrared At- dynamical processes only occurring in summer. The Asian
mospheric Sounder Interferometer (IASI) instrument aboardmonsoon traps and uplifts high amounts of bl the upper

the MetOp-A platform with model results from the Chem- troposphere where they build up. The Asian Monsoon An-
ical Transport Model (CTM) MOCAGE, and the Chemical ticyclone redistributes these elevated £&mounts towards
Climate Models (CCMs) CNRM-AOCCM and LMDz-OR- North Africa and the Middle East to finally reach and de-
INCA (according to different emission scenarios). In order to scend in the eastern MB. In the lower troposphere, the CH
minimize systematic errors in the spaceborne measurementsariability is mainly driven by the local sources of emission
we have only considered maritime pixels over the MB. Thein the vicinity of the MB.
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1 Introduction July 2001) aimed to characterize the summer time pollution
events in the vicinity of Marseille, France (Cros et al., 2004).
During the last decades, the impact and the role that atmoThe goal of the Mediterranean Intensive Oxidant Study (MI-
spheric trace gases play in climate and air pollution change®OS) campaign (July—August 2001) in the eastern Mediter-
have been the source of major concerns. In Intergovernmerranean was to measure long-range transport of air pollution
tal Panel on Climate Change (IPCC, 2007), the ongoingand aerosols from Southeast Asia and Europe towards the
changes of our atmosphere (composition, climate, air pol-MB (Ladstatter-Weil3enmayer et al., 2003; Scheeren et al.,
lution, radiation) are reported. Among trace gases, methan2003). They have demonstrated the importance of coastal
(CHjy), carbon dioxide (C@) and nitrous oxide (MO) are  and synoptic transport mechanisms on the variability of con-
predominant constituents which play an important role in at-stituents but were not adapted to assess the budgets,of O
mospheric changes because they are strongly influenced b§O and long-lived species.
human activities. In the frame of predicting the future of the The ChArMEx (Chemistry and Aerosol Mediterranean
Earth’s climate (IPCC, 2007), knowledge of today's £0 Experiment) Projecthttp://charmex.Isce.ipsl.i/is the at-
CHz and NbO sources and sinks, spatial distribution and time mospheric chemistry component of a large multidisciplinary
variability is essential and this study will be dedicated to Mediterranean regional programme proposed and conducted
CHa. by France. It intends, among other objectives, to quantify
The net positive radiative impact of the human activity on processes explaining the temporal evolution of chemical
climate, starting from 1750, has been evaluated to +@& 6§ compounds and aerosols in the troposphere above the MB.
to +2.4] Wm~2 (IPCC, 2007). In the atmosphere, these long- To achieve these goals over the first phase (2010-2015), the
lived greenhouse gases, e.g.£,N2O and CQ, accountfor  programme uses data from satellites, ground-based, sondes,
2.63+0.26 WnT 2 and are the predominant radiative terms. aircraft, models and assimilation in order to evaluate (1) the
CO,, with tropospheric lifetime of 30-95 years, has a ra- variabilities and recent trends of several species (egCO,
diative efficiency of 14 x 10->Wm—2ppb1, but CH; and N2O) and aerosols, (2) the synoptic-scale circulation that
N20, with tropospheric lifetimes of 12 and 114 years, re- controls their transport, and (3) the future chemical climate
spectively, are intensely more efficient by7% 10~* and over the MB by 2100.
3.03x 10 3Wm~2ppb1, respectively. IPCC (2007) esti- The past/present nadir-viewing instruments able to actu-
mated CH and NO to be responsible for 0.48+pD.43 to  ally measure Chlin the troposphere have been/are:
0.53] and 0.164-0.14 to 0.18] W2, respectively in the ra-

diative forcing changes. (IMG) instrument operating in the Thermal Infrared

_The Mediterranean Basin (MB) is located in a transi- oy ahoard the ADvanced Earth Observing Satellite
tional zone between subtropical and mid-latitudes regimes (ADEOS-1) platform in 1996-1997 (Clerbaux et al
(Lionello, 2012), highly sensitive to climate change. To il- 1998); )

lustrate, global (or regional) model simulations tend to show
a pronounced decrease in precipitation (2000-2100), espe-2. the near-IR (NIR) Scanning Imaging Absorption
cially in the warm season (Giorgi and Lionello, 2008), and Spectrometer for Atmospheric Chartography (SCIA-
Lionello (2012) reported on an observed summer west-east MACHY) aboard the ENVIronment SATellite (EN-
asymmetry in precipitation over the MB (1979-2002). In VISAT) platform (Buchwitz et al., 2000) from 2002 to
terms of anthropogenic pollution sources, the MB is at the 2012;

confluence of three continents: Europe, Africa and Asia. The
impact of these distinct continental sources such as from in-
dustrial and densely populated coastal areas (e.g. Marseille,
Barcelona, Athens, Tunis, Cairo, Genoa or Rome) (Kanaki-
dou et al., 2011; Im and Kanakidou, 2012) or forest fires 4. the Thermal And Near infrared Sensor for carbon Ob-
(e.g. in Southeast France, Corsica, Portugal, Greece) (Cristo-  servations — Fourier Transform Spectrometer (TANSO-

1. the Interferometric Monitor for Greenhouse gases

3. the Tropospheric Emission Spectrometer (TES) operat-
ing in the TIR aboard the Aura platform (Worden et al.,
2012) from 2004 to date;

fanelli et al., 2013) is still not perfectly understood, espe- FTS) on the Greenhouse gases Observing SATellite
cially on the @ and CO budgets in which CHinterplays (GOSAT) platform (Yokota et al., 2009) both in the
through complex reactions with nitrogen oxides (N(Den- Short-Wave InfraRed (SWIR) and in the TIR from 2008

tener et al., 2005). Besides these regional sources, polluted to date;

air masses may originate from Asia during the summer mon- .
soon period (Randel and Park, 2006), Africa through the 5. the Atmospheric I_nfraRed Sounder (AIRS) z_iboe_lrd the
Aqua platform (Xiong et al., 2008) measuring in the

Hadley cell and upper-level anticyclone (Ziv et al., 2004; .
Liu et al., 2009) and North America through the wester- TIR from 2004 to date;
lies (Christoudias et al., 2012). The Expérience sur Site 6. the Infrared Atmospheric Sounding Interferometer
pour Contraindre les Modéles de Pollution atmosphérique (IAS]) instrument aboard the MetOp-A and -B plat-
et de Transport d’Emission (ESCOMPTE) campaign (June—  forms (Hilton et al., 2012) operating in the TIR from
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2008 to date, and aboard the MetOp-C platform ex-the EMB through the Asian Monsoon Anticyclone. Since we
pected to be launched in 2016. have already underlined that measurement and modelling of
the tropospheric Ciddistribution are challenging, we will
Table 1 synthesizes the above-mentioned information anédopt a climatological approach and will use a wide variety
shows the nadir-viewing instrument capability to measureof spaceborne measurements and model outputs to verify that
tropospheric Cl. The sensitivity of the TIR to measure they give consistent results.
CH, is rather weak except on areas showing a high ther- We have collected the maximum amount of information
mal contrast at the surface (vertical gradient of temperatureavailable from satellite measurements along with model re-
between the surface and the lowermost planetary boundargults in order to study the variability of tropospheric £H
layer) as the ones encountered over the tropics (Crevoisier eiver the MB and to assess the processes driving this variabil-
al., 2013) contrarily to the measurements performed in thety. We have thus built a wide data set combining all these
SWIR (Yoshida et al., 2013). In the NIR, analyses are es-pieces of information keeping in mind that (1) it is out of the
sentially restricted to areas over land because the retrievalscope of the present paper to perform a validation of satel-
over sea are considered less reliable due to fairly low surfacéite products, (2) all these data sets have their own strengths
albedo of water, which results in low signals and thus in low and weaknesses, and (3) the more data we gather, the bet-
signal-to-noise ratios (Georgoulias et al., 2011). ter the statistics are and furthermore, the data set consistency
In parallel to the satellite data, models have also been usedan be better assessed. Regarding spaceborne measurements,
in order to assess the variability, sources and sinks, and fuwe have considered tropospheric columns of,@dm IASI
ture trends of the long-lived species. Examples arey CH over the period 2008—2011, and upper tropospherig @rd-
emission and flux estimates at global scales (BergamaschHiles from AIRS and GOSAT over the periods 2008—-2011 and
et al., 2009; Bousquet et al., 2011), and future evolution ofMarch—November 2010, respectively. Regarding the mod-
long-lived species included in the international Atmosphericels, we have considered three types of chemical models to
Chemistry and Climate Model Intercomparison Project (AC- calculate CH variability in the mid-to-upper troposphere.
CMIP) involving more than 10 different models (Lamarque The MOCAGE (Josse et al., 2004) chemical transport model
etal., 2013). (CTM), constrained by the ARPEGE meteorological analy-
Numerous studies have examined the variabilities of atmo=ses, is expected to give GHertical profiles more realistic
spheric compounds above the MB to highlight the associatedhan climate models over a specified period. Nevertheless,
processes (sources and sinks) by coupling surface, balloorthe short spin-up period (3 months vs. 12 years of, Gfe-
borne, airborne and spaceborne measurements with modelime) used in the MOCAGE runs may impact the £dtistri-
results at different scales, from mesoscales to global scalefution. On the other hand, chemical climate models (CCMs)
Constituents are for instance aerosols (Nabat et al., 2012kuch as LMDz-OR-INCA (Hauglustaine et al., 2004; Szopa
radionuclides (Masson et al., 2010), ozone (Liu et al., 2009)et al., 2013) from the Laboratoire des Sciences du Climat et
and carbon monoxide (Drori et al., 2012). From these ref-de I'Environnement (LSCE) and CNRM-AOCCM (Huszar
erences, we note that the impact of (1) the different mete-et al., 2013) from Météo-France are run over a much longer
orological regimes and (2) the seasonal variabilities of theperiod (greater than 10 years) than MOCAGE and should be
emissions of atmospheric constituents, e.g. CO emitted fronbetter suited to study the climatological variability of £H
fires in summers, produces a seasonal variation in all the comever the MB. The LMDz-OR-INCA is mainly dedicated to
stituents. It also produces a longitudinal gradient between thehe tropospheric Cldprofiles since it takes into account the
eastern MB (EMB) and the western MB (WMB), together major surface processes that can drive the @htiability in
with a seasonal variation in the gradient. For example, Euthe entire troposphere depending on the inventory scenarios
ropean anthropogenic emissions were found to significantlysee Sect. 2.2.3). The CNRM-AOCCM is mainly dedicated
influence the EMB surface CO concentrations, while Euro-to the upper tropospheric—stratospheric qitbfiles because
pean biomass burning emissions were found to have onlyt has a detailed description of the stratosphere and should
a small impact on EMB surface CO concentrations (Drori better describe the processes impacting the @atiability
et al., 2012). Total columns of GHas measured by SCIA- in the upper troposphere and lower stratosphere. The three
MACHY over land and the Eastern Mediterranean from 2003models are thus complementary in the study of the @ti-
to 2004 show latitudinal and seasonal variations that cannoability in the mid-to-upper troposphere over the MB.
be attributed to volcano eruptions (Georgoulias et al., 2011). The paper is structured as follows. In Sect. 2, we
The aim of the present paper is to assess the variabilitypriefly present the spaceborne instruments and data sets in-
of CHg in the mid-to-upper troposphere between the EMB volved in this study, namely MetOp-A/IASI, AQUA/AIRS
and the WMB and to attribute the seasonal variability of and GOSAT/TANSO, together with the models, namely
the east—west gradient to different processes at both synofOCAGE, CNRM-AOCCM and LMDz-OR-INCA. The
tic and global scales depending on the season and the altmeteorology and climatology of CHnferred from the dif-
tude layer considered. We will study in detail the impact of ferent data sets above the MB are discussed in Sect. 3. The
the summer-time long-range transport of £ffom Asiato  CHj, variability both in the EMB and the WMB is presented
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in Sect. 4. A detailed discussion of the different processes inthe order of 10 % (Turquety et al., 2004). The true accuracy
volved in the CH variability above the MB is presented in cannot be stated without reference to independent means of
Sect. 5, underlining the impact of the Asian Monsoon An- comparison, which are not available so far. Consequently, we
ticyclone to the distribution of the mid-to-upper @hh the consider a random Gaussian erroro10 % associated with
Eastern MB. Finally, Sect. 6 concludes the paper. each single pixel of retrieved total column of @HA\t mid-
latitudes, the vertical sensitivity of the total column £l4
peaking in the mid-troposphere at8 km from 4 to 14 km
(Razavi et al., 2009) and, in the tropicsat0 km from 5 to

15 km. Geophysical level 2 pre-operational data are provided
by EUMETSAT (from version 4 to version 5 from 2008 to

Our study analyses CHneasurements from three different 2011). The CH products, not yet validated, are only exper-
spaceborne TIR sensors (IASI, AIRS and GOSAT) and Cor1_|mentaliproducts, routinely generatgd for demonstration and
sider only the pixels over the Mediterranean Sea due to th&valuation. Note, the number of daily total columns of £H
larger systematic biases over land. The sensitivity of TIR re-2veraged in a’lx 1° bin is highly variable because of cloud-
trievals strongly depends on surface parameters: emissivity€€ |ASI considerations. The monthly averaged IASI data
temperature and thermal contrast (Claeyman et al., 2011)\{V|th|n each of the east and west areas.defmed in S(_act. 3 rep-
The amplitude of diurnal cycle, and its spatial variability, F€S€nt an average of 3000070000 pixels depending on the
is larger over land than over the sea. Sea surface temper&i©nth considered.

ture exhibits a diurnal amplitude weaker than land surface

temperature. Therefore, the vertical sensitivity of the TIR 2-1-2 The AIRS data

measurements, defined as the full-width at half-maximum of )
the averaging kernels from the optimal estimation method®IRS IS onboard the space platiorm NASA EOS Aqua,

(Rodgers, 2000), over the sea is consistent during day anipunched in 2002H¢tp://airs.jpl.nasa.goy/ AIRS measures

night and concentrated in the mid-troposphere. Over the lang2PProximately 200 channels in the 7.66 um absorption band
of which 71 channels are used to retrieve/CH de-

the vertical sensitivity is, on average, lower in the middle tro- Of_CH“' T > h )
posphere during the day than during the night, depending oftdiled fjescrlpnon of the retrieval algorlth_m can be found_ in
the actual value of the thermal contrast at the surface. Susskind et al. (2011). Note, the averaging kernels provided

Infrared sounders’ measurement errors can be rather Iarg«%y NASA will be considered further (Sect. 4.2) in order to
e.g. up to 10% or more for a single Gkbtal column IASI egrade the vertical resolution of the model outputs. At mid-

pixel (Turquety et al., 2004). Thus by applying temporal !atitudes, the most sensitive layer of AIRS channels tq,CH

(monthly/seasonally) and geographical averages, includind® &t 300 hPa+ 9km) with a vertical sensitivity from 700 to
more than a thousand measurements, we can lower the rafP0 NP (Xiong et al., 2008), and, in the tropics, at 200 hPa
dom error to less than 1%. Systematic errors, if any, will from 500 to 70 hPa consistently with the IASI TIR measure-

of course be unchanged. For that reason, our analysis relidg€nt sensitivity. Around 200-300hPa, considering the ver-
on a differential method to highlight the GHariability by ~ Sion V5 used in the present analysis (Xiong et al., 2008), the
considering the difference between the EMB and the WMB,Precision of AIRS CH is estimated to be 30 ppbv (1.7 %)

assuming that the systematic errors are of the same orgéind validation using in situ aircraft measurements shows that

of magnitude (although partially unknown) within each geo- € accuracy of the retrieved Ghs 0.5—1:6%.0D§1ily mar-
graphical box that will be defined in Sect. 3. itime profiles of CH, have been averaged iA & 1° bins over

the MB. The monthly-averaged AIRS data within each of the
2.1.1 ThelASI data east and west areas defined in Sect. 3 represent an average of
6000-10 000 vertical profiles depending on the month con-
IASI, on board of MetOp-A, was launched in 2006 by sidered.
the European Organisation for the Exploitation of Meteo-
rological Satellites (EUMETSAT). More specifications on 2.1.3 The GOSAT data
platform and instrument can be found bttp://smsc.cnes.
fr/IASI and http://www.eumetsat.int/Home/Main/Satellites/ The Japanese Aerospace Exploration agency (JAXA)
Metop/Instruments/SP_201005315104749%he retrieval launched the GOSAT platform in 2009, with the TANSO-
algorithm for CH, is based on the neural network theory FTS spectrometer, a nadir-viewing instrument designed for
adapted from Turquety et al. (2004). The retrieval methodgreenhouse gases research,,@0d CH,;, operating in the
is embedded in the operational IASI level 2 product process-TIR and SWIR domains [0.7-14.3 um] (Kuze et al., 2009).
ing facility at EUMETSAT (EUMETSAT, 2004; Schlissel More specifications on platform and instrument can be found
et al., 2005; August et al., 2012). From the spectral band-on http://www.gosat.nies.go.jpl'he sensitivity of the SWIR
width 1230-1347 cmt, the estimated accuracy of the gH CHs measurements at 1.67 pm (Yokota et al., 2009) at mid-
total column is about 2% and the estimated precision is oflatitudes over the sea is very weak, thus few meaningful

2 Data sets

2.1 Satellite data
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Table 1. Nadir-viewing instruments having the capabilities to measurg @Hhe troposphere. Please, refer to the text for the acronyms.

Platform Instrument Operation time Wavelength References
ADEOS-1 IMG 1996-1997 TIR Clerbaux et al. (1998)
ENVISAT SCIAMACHY 2002-2012 NIR Buchwitz et al. (2000)
Aura TES 2004—date TIR Worden et al. (2012)
GOSAT TANSO-FTS 2008—date SWIR & TIR  Yokota et al. (2009)
Aqua AIRS 2004—date TIR Xiong et al. (2008)
MetOp-A  IASI 2008—date TIR Hilton et al. (2012)
MetOp-B  1ASI 2012—-date TIR Hilton et al. (2012)
MetOp-C  IASI Expected in 2016 TIR Hilton et al. (2012)

pixels could have been retrieved, preventing the use of suctical resolution of about 800 m around the tropopause, 400—
information in our analysis. The TIR measurements from800m in the troposphere and 40-400 m in the seven levels
Band 4 (5.5-4.3 um) provide vertical profiles of ¢hlong  of the boundary layer. Chemistry used within MOCAGE is
seven vertical levels (Imasu et al., 2007) by using the opti-a combination of tropospheric (RACM described in Stock-
mal estimation method with a vertical sensitivity in the trop- well etal., 1997) and stratospheric (REPROBUS described in
ics peaking at 10 km (higher than at mid-latitudes) from 5 Lefévre et al., 1994) chemical schemes. Initial chemical con-
to 15km (Saitoh et al., 2012), consistently with the vertical ditions are taken from climatological fields over a spin-up pe-
sensitivity of 1ASI (Razavi et al., 2009) and AIRS (Xiong riod of 3 months allowing the model to quickly bring chem-
et al., 2008) in the tropics. A selection by using Degree ofical fields to realistic spatial distributions. Surface emissions
Freedom of Signal (DFS) is applied for the data having DFSprescribed in MOCAGE are based upon yearly or monthly
values larger than 0.6 for CHTIR data (L2 Version 0.10) averaged climatologies. More precisely, the Lslrface
were only available from 16 March to 24 November 2010 emissions are monthly averages and split into anthropogenic
from the GOSAT User Interface Gateway at the time the anal-sources taken from the Intergovernmental Panel on Climate
ysis was performed. These retrievals provide vertical pro-Change (IPCC) (Dentener et al., 2005), biomass burning (van
files of mixing ratio of CH, from 1000 to 100 hPa. Compar- der Werf et al., 2003) and biogenic sources (Michou and
isons with aircraft measurements show that the average difPeuch, 2002). The CHclimatologies are representative of
ference between the GOSAT (TIR) and aircraft Qkhlues  year 2000 for a total emission rate of 534 Tg(J kL.

(TIR — aircraft) is—5 ppbv, and thed standard deviation is

15 ppbv (Saitoh et al., 2012). Daily maritime profiles of CH 2.2.2 The CNRM-AOCCM data

have been averaged ifi: 1° bins over the MB. The monthly

averaged GOSAT data within each of the east and west areahe atmospheric model embedded in CNRM-AOCCM is
defined in Sect. 3 represent an average of 100—-300 verticgiresented in Huszar et al. (2013) based on the Atmosphere—
profiles depending on the month considered, namely 20-3@cean General Circulation Model (AOGCM) CNRM-CM5

times less than for AIRS. described in Voldoire et al. (2013). The main difference be-
tween CNRM-CM5 and CNRM-AOCCM resides in the “on-

2.2 The model data line” coupling with a stratospheric chemistry which is based
on the REPROBUS scheme. This scheme is applied on the

2.2.1 The MOCAGE data whole vertical column, except between the surface and the

560 hPa level where long-lived chemical species are relaxed
MOCAGE (MOdele de Chimie Atmosphérique a Grande towards global average surface value following the A1B sce-
Echelle) (Peuch et al., 1999) is a 3-D CTM which covers nario from IPCC (2007). The A1B scenario mainly describes
the planetary boundary layer, the free troposphere and tha future world of very rapid economic growth, global popula-
stratosphere for different applications such as: operationafion that peaks in mid-century and declines thereafter, and the
chemical weather forecasting (Dufour et al., 2005); tropo-rapid introduction of new and more efficient technologies.
spheric and stratospheric research studies (Claeyman et alConvection of species is not considered. In this chemistry
2010; Ricaud et al., 2009); and data assimilation research (BElersion, the 3-D distribution of the seven absorbing gases
Amraoui et al., 2010; Claeyman et al., 2011). In our study, (H20, CO,, Oz, CHs, N2O, CFC11 and CFC12) is then pro-
MOCAGE is forced dynamically by wind and temperature vided by the chemistry module of CNRM-AOCCM and in-
fields from the analyses of the ARPEGE model (Courtier etteracts with the radiative calculations. More details can be
al., 1991). The MOCAGE horizontal resolution i§ 2 2° found in Michou et al. (2011). In the present version, there
and the model uses a semi-Lagrangian transport scheme. #ire about 50 chemical species, and the horizontal resolution
includes 47 levels from the surface up to 5hPa with a ver-is 2.8° x 2.8°. Distribution of atmospheric constituents at the
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surface are zonally symmetric below 500 hPa (Fig. 10) and
greenhouse gases follow the A1B scenario on atmospheric
chemistry and climate for the period of 1940-2100. In the

present analysis, for this model, we only consider the clima-

tological period 2001-2010.

XCH, MOCAGE Summer (JJA) 2009. @200 hpa

2.2.3 The LMDz-OR-INCA data

The INteraction between Chemistry and Aerosol (INCA)
model is used to simulate the distribution of aerosols and
gaseous reactive species in the troposphere. In the present
configuration, the model includes 19 hybrid vertical levels
extending up to 4 hPa, and a horizontal resolution of in9
latitude and 3.75%in longitude. INCA is coupled online to the
LMDz General Circulation Model (GCM) to account, with 1630 1685 1740 1795 1850
different degrees of complexity, for climate chemistry inter- CH, - 200 hpa [ppbv]
actions. In the simulations described here, LMDz is coupled
with the ORCHIDEE (Organizing Carbon and Hydrology

in Dynamic Ecosystems) dynamic global vegetation model
(Krinner et al., 2005) for soil/atmosphere exchanges of wa-
ter and energy (Hourdin et al., 2006), but not for biogenic
CO, or \Volatile Organic Compounds (VOCs) fluxes. To-
gether, these three models form the LMDz-OR-INCA model.
Fundamentals for the gas phase chemistry are presented in
Hauglustaine et al. (2004) and first results with the full tro- .
pospheric gaseous chemical scheme are presented by Fol-
berth et al. (2006). The model includes 223 homogeneous
chemical reactions, 43 photolytic reactions and 6 heteroge-
neous reactions including non-methane hydrocarbon oxida-
tion pathways and aerosol formation. The LMDz-OR-INCA 1720 1740 1760 1780 1800
simulation covers four future projections of emissions for the CH, - 500 hpa [ppbv]
2000-2100 period. The Representative Concentration Path-

ways (RCP) emissions are used (Lamarque et al., 2011).

They correspond to emission trajectories compatible with the XCH, MOCAGE Summer (JJA) 2009. @850 hpa
evolution of radiative forcing equivalent in 2100 to 2.6, 4.5,
6.0 and 8.5 Wm? relative to pre-industrial values (labelled
therein after RCP 2.6, 4.5, 6.0 and 8.5). In the present anal-
ysis, for this model, we only consider the climatological pe-
riod 2001-2010.

XCH, MOCAGE Summer (JJA) 2009. @500 hpa

3 Atmospheric conditions controlling the spatial
distribution of methane

Figure 1 shows the CHfields calculated by MOCAGE for
summer (June-July—August, JJA) 2009 over the MB at 850, 1650 63472 sséeﬁsa o] 1740

500 and 200 hPa, superimposed with the wind fields from

the ARPEGE analyses a\./eragf-:-d over the same period. Figsigure 1. From bottom to top: fields of Ciias calculated by
ure 2 presents the GHrertical distribution as calculated by MOCAGE and averaged for summer (JJA) 2009 at 850, 500 and
MOCAGE in summer 2009 along an east—west axis above200 hPa. Superimposed are the horizontal winds from ARPEGE av-
the MB. Similarly to Figs. 1 and 2, Figs. 3 and 4 present, eraged over the same period. In order to highlight they @#ri-

for winter (December—January—February, DJF) 2009, thezontal gradients, the range of the colour scale changes from top to
CH, fields as calculated by MOCAGE over the MB at Pottom.

850, 500 and 200 hPa, and along an east—west axis, respec-

tively. In Figs. 2 and 4, the MOCAGE CHfields are
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XCH, MOCAGE Winter (DJF) 2009. @200 hpa
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XCH, MOCAGE Winter (DJF) 2009. @500 hpa
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Figure 2. Vertical distribution of CH as calculated by MOCAGE

and averaged for JJA 2009 as a function of longitude along the
red line represented above the figure. Superimposed are the as-
sociated longitudinal and vertical winds from ARPEGE, together
with the isentropes (white lines) and the cold point tropopause from
NCEP/NCAR reanalyses (black line) averaged over the same pe-
riod.

XCH, MOCAGE Winter (DJF) 2009. @850 hpa

superimposed with (1) the wind fields from ARPEGE anal-
yses and (2) the cold point tropopause pressure fields pro-
vided by the National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR)

. 1670 1697 1725 1752 1780
reanalyses, all these data being averaged over the same pe- CH, - 850 hpa [ppbv]

riod.

Considering the meteorology of the MB, we observe two Figure 3. As Fig. 1, but for winter (DJF) 2009.
different regimes. (1) In winter (Fig. 3), and more generally
from autumn to spring (not shown), from the boundary layer
to the upper troposphere, air masses are essentially cominjgr source regions: (i) long fetch of maritime European air
from either Europe or Eastern Atlantic Ocean. (2) In summermasses from the northwest throughout the year, (ii) north-
(Fig. 1), the meteorology of EMB and WMB is more com- east continental flow originating in southeastern Europe (Ete-
plex and depends on the altitude considered. sian winds) in summer, (iii) southeast flow from the Arabian
In the planetary boundary layer in summer (Fig. 1, bot- Peninsula occurring in the fall, and (iv) southwest flow along
tom), cells develop in the WMB, and air masses come fromthe North African coast most frequent during late winter and
Europe, northern Africa and the eastern Atlantic Ocean,spring (Dayan, 1986). In the middle troposphere (Figs. 1 and
whilst in the EMB, air masses originate from four ma- 3, middle), whatever the season, air masses are essentially
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zones (Fig. 10), and a strong minimum over North Africa. In
: _ the mid-troposphere (500 hPa), air masses are coming from
\ Europe, and the Atlantic Ocean (Fig. 1, middle). An east—
west gradient is detected with more gbh the EMB. In the
upper troposphere (200 hPa) (Fig. 1, top), air masses origi-
nate from the Atlantic Ocean (even North America) and from
MOCAGE winter (DJF) 2009. CH, [ppbv] North Africa and Asia producing over the MB an obvious

north—south gradient with more Ghh the south (upper tro-
posphere) than in the north (lower stratosphere) attributed to

10 the impact of long-range transport of pollutants (as discussed
127 in Sect. 5). A systematic subsidence is present over the MB
162 (Fig. 2) whatever the longitudinal bin considered due to the
206 presence of semi-permanent subtropical high pressure sys-
T ‘ tems which are centred over the tropical deserts. More pre-
£ 263 cisely, in the WMB, the descent is caused by the presence of
© 335 a high-pressure cell (Fig. 1, bottom) whilst, in the EMB, it
2 is coming from the Hadley cell that is further displaced over
§ Rl O e O o the Northern Africa producing a downward branch in the area
545 | ——P R S 30-35 N. The tropopause moves up from200 hPa in the
S - = - s S P S WMB to ~175hPa in the EMB (Fig. 2). The GHlistribu-
NN e e tion shows (1) an obvious transition at the tropopause and
S mmmmm (T INT T AsTToTen (2) a minimum in the west and a maximum in the east in the
1000 low troposphere accentuated by the systematic descent in the
0 10 20 30 40 EMB that brings CH-enriched air masses from the upper
Longitude [°] troposphere to the mid-to-low troposphere.
In winter, the meteorological condition of the MB is much
B 3 more homogeneous with westerlies blowing whatever the
1340 1450 1560 1670 1780 pressure considered from 850 to 200 hPa (Figs. 3—4). North—
CH, Mixing Ratio [ppbv] south (and to a lesser extent east-west) gradients inc@hi

also be detected (Fig. 3) associated with the local sources

of emission over Europe at 850 hPa and with the strato-

sphere/troposphere transition at 200 hPa. The 500 hPa layer

is a transition region between the low and the upper tropo-

coming from the west for both parts of the basin. In summersphere with minima of Chl over North Africa and a cell

(Fig. 1, top), upper tropospheric air masses in the WMB areof high CH; in the WMB (Fig. 3, middle). Contrarily to

essentially coming from the west, but in the EMB, they also summer, since the temperature of the Mediterranean Sea is

originate in northern Africa and the Arabian Peninsula (Ziv greater than that of the surrounding continents, a systematic

et al., 2004; Liu et al., 2009), and even farther away, fromupward motion is present (Fig. 4) whatever the longitudinal

Asia (we will discuss this point in Sects. 4 and 5). Note that, bin considered. The Hadley cell is further displaced to the

in summer, the EMB and WMB are also affected by the lo- south (latitude < 30N) and its downward branch does not af-

cation of the descending branch of the Hadley cell (Fig. 2).fect significantly the EMB. The tropopause pressure is rather

These summer climatologies are all consistent with Millan stable from the WMB to the EMB, around 260 hPa. The,CH

et al. (1997), Lelieveld et al. (2002), Ziv et al. (2004) and distribution shows minimum in the lowermost troposphere

Schicker et al. (2010). and a maximum in the middle troposphere (Fig. 4).
Seasonally averaged wind fields from ARPEGE analyses

show two different regimes in the surface pressure values

during the summer (Fig. 1, bottom) and the winter (Fig. 3,4 CHj, variability

bottom) periods. During the summer in the WMB, there is

a higher pressure regime than in the EMB (Fig. 1, bottom).4.1 CH, spatial distribution of the MB

In the lowermost troposphere (850 hPa), an anticyclonic cell

develops in the WMB that has an impact on the distributionFigure 5 shows the distributions of (1) the gtdétal columns

of CH4 by producing a local minimum (Fig. 1, bottom). At from IASI over the MB averaged in summer 2009 to compare

850 hPa, air masses are coming from Europe, North Africawith the MOCAGE results in time coincidence, and (2) the

and the Atlantic Ocean. The GHilistribution shows a max- CHj mixing ratios from AIRS at 260 hPa over the MB aver-

imum over Europe, consistently with the strongest emissionaged in summer 2009 to compare with the MOCAGE results

Figure 4. As Fig. 2, but for winter (DJF) 2009.
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XCH, IASI Summer (JJA) 2009. AIRS mixing ratio - summer (JJA) 2009 CH, @260mbar
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Figure 5. Field of total columns of Clj as measured by IASI and averaged for summer (JJA) 2009 (top left), and field 081260 hPa

as measured by AIRS and averaged for JJA 2009 (top right). (Bottom) Same as above but as calculated by MOCAGE. Satellite data are
represented in a°1x 1° resolution whilst model data are shown in“@22° resolution. The two blue squares in the lower left panel represent

the WMB and EMB where the measured and modelled data are selected over the Mediterranean Sea. Superimposed are the horizontal wind
from ARPEGE at 200 hPa averaged over the same period (bottom right). In order to highlightftheCidntal gradients, the range of the

colour scale changes for each panel.

at 200 hPa in time coincidence. The measured and modelled Quantitatively, there is a positive bias in MOCAGE vs.
data are selected only for the maritime pixels within the IASI of less than 30 ppbv (2 %) in CHtotal column mix-
boxes [36-45N, 1-12 E] and [30-37 N, 2637 E] torep-  ing ratio. The east—west gradient is consistent between IASI
resent the WMB and the EMB (blue squares in each figure)and MOCAGE but the north—south modelled gradient is not
respectively. detected in the IASI data set. In the upper troposphere (200—
Due to its long lifetime € 12 years), CH is considered 260 hPa), MOCAGE and AIRS CHmixing ratios are very
as a well-mixed species in the troposphere. Nevertheless, theonsistent with gradients more accentuated in the model
CHg4 spatial distribution over the MB in summer (JJA) 2009 (~ 150 ppbv) than in the AIRS data sets 80 ppbv). A sys-
shows some gradients both in the east-west and the northtematic negative bias of MOCAGE compared to AIRS of
south directions. Indeed, in the middle troposphere (inferred~ 100 ppbv up to 150 ppbv (10 %) in the northern MB is de-
from the sensitivity of the IASI total columns) and in the up- tected. We discuss in the next section the consistency of the
per troposphere (200-260 hPa), an east-west gradient is obertical profiles of CH measured by the different spaceborne
served in the model and satellite data~060 ppbv (4 %) sensors and calculated by MOCAGE together with the asso-
in total column and- 30-150 ppbv £ 2-9 %) in mixing ra-  ciated biases.
tio. A north—south gradient is also detected in the MOCAGE
and AIRS data but not in the IASI data set. Therefore, there4.2 Vertical profiles
is systematically a maximum of GHrom the middle to the
upper troposphere in the EMB compared to the WMB. In Figure 6 shows the vertical profiles of GHas measured
the mid-to-upper troposphere, these east-west gradients day AIRS (750-100 hPa) and GOSAT (1000-100 hPa) and as
not originate from the Chisources which are more intense calculated by MOCAGE (1000-100 hPa) averaged over the
in Europe than in northern Africa or in central Asia (Fig. 1) EMB and the WMB depending on the four seasons: winter
but rather from the long-range transport of Asian-origin air (DJF), spring (March—April-May, MAM), summer (JJA) and
masses and the subsidence of air masses in the EMB (Figs.dutumn (September—October—November, SON) 2010. There
and 2 and detailed discussion in Sect. 5). is a good agreement to within 20—-30 ppbv between AIRS and
GOSAT data in the vertical domain 750-200 hPa. GOSAT
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— Western Basin MOCAGE
— — Eastern Basin MOCAGE
— Western Basin AIRS

— — Eastern Basin AIRS
— Western Basin GOSAT
— — Eastern Basin GOSAT
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Figure 6. From top to bottom and from left to right: seasonally averaged vertical profiles gfaSHneasured by AIRS (blue lines) and
GOSAT (green lines), and as calculated by MOCAGE (thin red lines) over the Eastern (dashed lines) and Western (solid lines) MBs in
winter, summer, spring and autumn 2010. Also shown are the seasonally averaged MOCAGE profiles convolved with the AIRS averaging
kernels (thick red lines) for the four seasons over the EMB (dashed lines) and WMB (solid lines).

is systematically greater than AIRS by about 20-30 ppbvdue to the fact that no a priori information contributes to the
for pressure greater than 300 hPa, whilst for pressure lessonvolved profile. This is also due to the overall underesti-
than 300 hPa, AIRS is systematically greater than GOSATmation of CH, by global models. Indeed, due to coarse hori-
by 20 ppbv degrading to 50-200 ppbv at 100 hPa. But thezontal resolution and large uncertainties in the estimated sur-
shape of the vertical spaceborne profiles is consistent beface emissions, tropospheric ¢lfetimes, e.g. evaluated by
tween AIRS and GOSAT. Separately, whatever the seasothe multi-model intercomparison project ACCMIP, are about
considered, the MOCAGE low-to-mid tropospheric £id 5-13 % lower than observation estimates (Naik et al., 2013;
low biased compared to the measured profiles~by50—  Voulgarakis et al., 2013).
200 ppbv. Furthermore, the MOCAGE vertical profiles sys- It is almost impossible to validate the spaceborne vertical
tematically show a maximum at 300 hPa, which is not presenprofiles with an external data set since, even within the To-
in any of the spaceborne measurements, and a strong déal Carbon Column Observing Networkt{p://www.tccon.
crease above. caltech.edy/ giving accurate and precise column-averaged
In order to assess the impact of the vertical sensitivityabundances of CH(Wunch et al., 2010), no measure-
of the spaceborne measurements to the; @kbfiles, we  ment sites are unfortunately available in the vicinity of the
have applied the AIRS averaging kernels, derived from theMB. Near the surface, the amount of ¢lis about 1700—
AIRS retrieval method (Susskind et al., 2011) and provided1750 ppbv for MOCAGE, and is on average less than the
by NASA for each AIRS pixel, to the profiles calculated by CH; GOSAT data by about 150-200 ppbv. At this stage,
MOCAGE. Note that the AIRS a priori vertical profiles are it is worthwhile considering surface data within the MB.
not used in our study since we are only interested in the verThe NOAA Earth System Research Laboratory (ESRL) In
tical shape of the Cldprofile and not the absolute amount of Situ Methane Measurements provide some surfacgr@ééh-
CHg. Degrading the vertical resolution of the MOCAGE pro- surements within and/or in the vicinity of the MB: Lampe-
files by the convolution of averaging kernels (Fig. 6) showsdusa, Italy (35.52N, 12.62 E, 45a.m.s.l.), Centro de In-
a strong impact on the vertical shape of the .Obfofiles  vestigacion de la Baja Atmosfera (CIBA), Spain (4L.80
since the strong maximum at 300 hPa is no longer presen#.93 W, 845a.m.s.l.) and Negev Desert, Israel (30186
Convolved MOCAGE CH profiles are now consistent with 34.78 E, 477 a.m.s.l.). On average, these three sites indicate
AIRS CH;, profiles whatever the season considered but a sys(not shown) a surface CHannual mean of about 1875 ppbv
tematic low bias of- 150-200 ppbv (8—10 %) between AIRS in 2010, with an annual oscillation of 20 ppbv amplitude.
and MOCAGE convolved profiles is observed. This might be Consequently, the amount of surface £H the MOCAGE

Atmos. Chem. Phys., 14, 1142721446 2014 www.atmos-chem-phys.net/14/11427/2014/


http://www.tccon.caltech.edu/
http://www.tccon.caltech.edu/

P. Ricaud et al.: Impact of the Asian monsoon anticyclone 11437

run for 2010 is actually low biased by about 150—-200 ppbv  xcH,- Difterence between eastern and western basin

(8-10%) but is very consistent with the LMDz-OR-INCA 2" = 7 7 = T T T T T T LMD2-ORINCA RCP4.5 @300mbar
surface data of-1725-1750 ppbv over the Mediterranean | 1 RS e300 moar
(Fig. 10). The slight differences between the EMB and the _ | - GOSAT @300mbar
WMB according to the season and height are studied in deé °

tail in the next section. of

20 F .
4.3 The east—west seasonal variations: measured and LT
Calculated dlfferences Jan Feb Mar Apr May jun Jul Aug Sep Oct Nov Dec

XCH, - Difference between eastern and western basin
T T T T T T T T T T 1T

—IASI

60 [
i 1 — MOcAGE

The seasonal variations of the differences insGidlds be-
tween the EMB and the WMB (i.e. EMB minus WMB, la-
belled as “E-W" in what follows) as measured by AIRS,
GOSAT and IASI and as calculated by LMDz-OR-INCA,
CNRM-AOCCM and MOCAGE are presented in Fig. 7
when considering the upper troposphere (AIRS, GOSAT, . 1
LMDz-OR-INCA and CNRM-AOCCM at 260 and 300 hPa) T P N
and the middle troposphere (IASI and MOCAGE total col-
umn mixing ratios). In the middle and upper troposphereFigure 7. Top: seasonal evolution of the difference in the £H
(Fig. 7), despite the fact that spaceborne measurements afiglds between the Eastern and Western MB as measured by AIRS
modelling of CH, are challenging, the modelled and mea- (blue line) and GOSAT (green line) at 306 and 300 hPa, respectively
sured seasonal variations of E-W are consistent to each oth%dC%SMC?g‘;;';rﬁ?ng 'é(';’t'gf;] _OSRe'E'l’;'OCrg |(Z$(|)I|(Lvt\€o“:§])< tizddgr:'zg"ée
isnh\c/)v\?r/::]egr.a maximum (peak) in summer and a wide mlnlmumin the CH,; total columns bet\_/veen the Eastern and Western MB
. . . . as measured by IASI (black line) and as calculated by MOCAGE

_ If we consider the tlme_ evolution of_the total column mix- (red line). The LMDz-OR-INCA and CNRM-AOCCM data sets
ing ratios (namely focusing on the middie troposphere), Wecoyer the climatological period 2001-2010. The MOCAGE and
note that both MOCAGE and IASI show a maximum in |As| data sets cover the period 2008—2011 whilst the satellite AIRS
summer, although 3 times greater in MOCAGEGO ppbv)  and GOSAT data sets are representative of the year 2010.
than in IASI (~20ppbv) in July and August. The mini-
mum in January—February is close to zero but slightly pos-
itive in October (5-10 ppbv). The much stronger maximum the vertical resolution of the models is much better than the
in August calculated by MOCAGE compared to IASI ¢@H vertical resolution of the satellite observations; (b) regard-
total columns might be attributable to the sensitivity of ing the processes in summer, we may have lesg Gipped
spaceborne measurements in the middle troposphere whilst the Asian Monsoon Anticyclone redistributed towards the
the MOCAGE tropospheric columns cover the entire tropo-EMB (see Sect. 5) in the models compared to the measure-
sphere from the surface to the top of the model atmospheranents; (c) regarding the processes in winter, since westerlies
namely 5 hPa. are mainly present over the MB in the mid-to-upper tropo-

In the upper troposphere (300 hPa), the spaceborne insphere (Figs. 3 and 8), we may have too much and/or too
strument data sets show an E-W maximum in summer ofapidly CH,; transported over the Mediterranean Sea to the
~ 12 ppbv in August for AIRS and an E-W wide maximum east compared to the west, leading to a too smooth E-W gra-
of ~5ppbv in July—September for GOSAT. An E-W peak dient in the models compared to the measurements.
of ~ 10 ppbv in July—August is also calculated by CNRM-  Recall that statistically the number of spaceborne mea-
AOCCM although, in the LMDz-OR-INCA data set, the E— surements used in our analysis (see Sect. 2y Istimes
W maximum is slightly positive in August{2 ppbv). The  greater in IASI compared to AIRS, anrd30 times greater in
minimum in the satellite data sets is observed in March—April AIRS compared to GOSAT. Consequently, GOSAT monthly
and is negative (from-15 to —20 ppbv) consistently with  averaged data appear noisier than AIRS monthly averaged
the LMDz-OR-INCA data set whilst the CNRM-AOCCM data. Note that IASI total columns are not and cannot be di-
E-W minimum is less intense—6 ppbv in February and rectly compared with AIRS or GOSAT profiles in our anal-
April). The peak-to-peak amplitude of the E-W seasonalysis. Nevertheless, although IASI data are not operationally
variation is almost twice as great in the satellite measureproduced, the IASI E-W seasonal variation is very consistent
ments ¢ 25ppbv) as in the model data-(L5 ppbv). This  with the E-W seasonal variation as deduced from all other
represents a 1.5-2.0 % variation of Cilin the E-W over  data sets. The monthly random error attributed to the E-W
the entire year. These results suggest that the difference itASI CH, is about 0.1 %, much less than the observed peak-
amplitude between satellite and model in the seasonal evato-peak yearly variation. We estimate that the AIRS monthly
lution of E-W may be due to: (a) the comparison technique,random error attributed to the E-W Glit twice as great as

40 [~

[ppbv]

20 [~
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6-Day Backirajectories from the Eastern Mediterranean Basin dia and South East Asia, with an insignificant contribution
July-August 2001-2010

from the Tibetan Plateau. Randel and Park (2006), and Park
et al. (2009) have analysed in detail this phenomenon over
Asia by considering dynamical parameters (potential vortic-
ity) and chemical species @&, CO and Q).

Numerous studies have already evaluated the impact of
transport vs. emission of pollutants and aerosols over the
MB and its temporal variability considering different pol-
6-Day Backtrajectories from the Eastern Mediterranean Basin |UtantS, chemical compounds and aerosols (Wanger et al.,

Jonuen-tebren varen 20012010 2000; Lelieveld et al., 2002; Pfister et al., 2004; Kallos et
T ' al., 2007). As stated in Sect. 3, two main dynamic factors af-
fect the EMB: (1) the upper to mid-tropospheric subsidence,
and (2) the lower-level cool Etesian winds (Ziv et al., 2004).
Although the EMB is characterized by strong descent in the
middle and upper troposphere in summer, transport from the
boundary layer accounts for about 25 % of the local Middle
Eastern contribution to the ozone enhancement in the mid-
dle troposphere (Liu et al., 2009). Elevated CO episodes in

c_ulated from the British Atmospheri_c Datg Centre trajectory ser- EMB during sumfmer Caglalso be attrI]EJutetho Eynopt(ljc con-_
vice (http://badc.nerc.ac.uk/community/trajectgrirom 1 July to itlons prone to favourable transport irom Urkey an eas_t
31 August from 2001 to 2010 every 12 h at 850 (red line), 700 (or- €M EUrope towards the EMB rather than |r_1creasgd emis-
ange line), 500 (green line), 300 (blue line) and 200 hPa (yellowSions (Drori et al., 2012). Upper tropospheric longitudinal
line). The position of the gravity centre of each distribution at eachgradients in the EMB of Cl CO, hydrocarbons, including
level is represented every 24 h by a star. Bottom: same as top, biacetone, methanol, and acetonitrile, halocarbonsar@ to-
calculated from 1 January to 31 March 2001-2010. tal reactive nitrogen (N¢) were also attributed in August
2001 to the chemical impact of the Asian plume (Scheeren
et al., 2003). Finally, Georgoulias et al. (2011) present some
the one calculated for IASI, and that the GOSAT monthly interesting results of CiHfrom space in the vicinity of the
random error is about 5 times greater than the ones calcuMediterranean Sea, but only over land and essentially over
lated for IASI. We discuss in the next section the origin of the Eastern Mediterranean. The authors found, from the to-
the summer peak in the E-W seasonal variation. tal columns of CH as measured by SCIAMACHY in 2003
and 2004, an obvious maximum in August that could not be
attributed to any volcano eruptions although this area hosts a
5 Contribution of the Asian monsoon anticyclone significant number of geological formations that could poten-
tially contribute to the total Cilburden. Being given that the
As stated in Sects. 3 and 4, interpretation of the E-W; CH sensitivity of the SCIAMACHY CH total columns covers
seasonal variation along the vertical requires considerationhe vertical domain 1000-200 hPa from the vertical structure
of the distribution of CH over the Asian continent because of the averaging kernels presented in Buchwitz et al. (2005),
of the importance of long-range transport. From Rodwell andwe note that (1) this maximum localized in August is consis-
Hoskins (1996), it is known that there is a meteorological tent with our study, and (2) the impact of the AMA on the
link between monsoons and the dynamics of the deserts an@Hj, fields in the mid-to-upper troposphere cannot be ruled
more precisely between the Asian monsoon and the EMBout.
summer regime. The subsidence centre over the EMB owes In order to analyse the climatological impact of the AMA
its location, timing of onset and intensity to the Asian mon- onto the EMB, we have calculated (Fig. 8) the climatolog-
soon, and not to the Hadley circulation. Although it takesical 6-day back trajectories from the point at°38 35° E
less than 1 day to reach the upper troposphere within théocated in the EMB (red filled circle on Fig. 8) based on the
Asian monsoon, back trajectory calculation (Ziv et al., 2004) British Atmospheric Data Centre (BADC) trajectory service
shows that it takes about 3—4 days for an air parcel to reaclfhttp://badc.nerc.ac.uk/community/trajectdfydom 1 July to
and descend the upper tropospheric EMB from the vicinity31 August (summer convective period) from 2001 to 2010
of the anticyclone that develops over the Asian monsoonevery 12 h at five different pressure levels: 850 and 700 hPa
Inside the Asian Monsoon Anticyclone (AMA), pollutants (lower troposphere), 500 hPa (middle troposphere), and 300
like CO originating from the surface constitute about 50 % and 200 hPa (upper troposphere). The BADC trajectories
of the CO concentration at 100 hPa (Park et al., 2009), withwere derived from 40-year (ERA40) re-analysis5(2x
the reminder resulting from chemical production in the tro- 2.5° / pressure levels) produced by the European Centre for
posphere. Most of the CO within the AMA comes from In- Medium-Range Weather Forecasts (ECMWF). The position

Figure 8. Top: climatological six-day back trajectories from the
point at 33 N, 35° E located in the EMB (red filled circle) cal-
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Figure 9. From top to bottom and from left to right: seasonal evolution of the difference in thefields between the EMB and WMB

over the climatological period 2001-2010 at 100, 200, 300, 500, 700 and 850 hPa as calculated by CNRM-AOCCM (green) model and
LMDz-OR-INCA according to the four IPCC scenarios: RPCs 2.6 (blue), 4.5 (black), 6.0 (red) and 8.5 (yellow). See Sect. 2.2 for more
details.

of the gravity centre of each distribution (i.e. the maximum sent the fields of Chlas specified and/or calculated in the
in the probability distribution function) at each level is rep- lowermost level (surface level) by CNRM-AOCCM and by
resented every 24 h by a star on Fig. 8. This methodologyMDz-OR-INCA (four scenarios) in summer averaged over
has been firstly used over the Dome C (Concordia) statiorthe climatological period 2001-2010 over a wide area cov-
in Antarctica (Ricaud, 2014). We have also performed theering the MB and the Asian continent in Fig. 10, whilst the
same analysis but for the winter period from 1 January toCHy fields calculated at 200 hPa are shown in Fig. 11.
31 March 2001-2010 (Fig. 8). Figure 8 undoubtedly shows The E-W CH seasonal variations from the two mod-
that air parcels above the EMB during the Asian monsoonels (Fig. 9) behave distinctively in the entire troposphere,
period of July—August from 2001 to 2010 originate: (a) from and agree very well in the lowermost stratosphere. In the
Asia in the upper troposphere, (b) from Northern Americalower troposphere (850 and 700 hPa), the E-W,Gda-
and Northern Africa in the mid-troposphere and (c) from Eu- sonal evolution from LMDz-OR-INCA exhibits a strong
rope in the low troposphere. The same figure also shows thatemi-annual oscillation oft10-15ppbv peaking in win-
in winter (and all other seasons but summer, not shown) aiter and summer for the four RCPs whilst the evolution
parcels above the EMB originate from the west (Europe, At-from the CNRM-AOCCM shows a weak annual oscilla-
lantic Ocean, North America, Pacific Ocean) whatever thetion of 4-5 ppbv amplitude, with a strong minimum in sum-
pressure level considered from 850 to 100 hPa. mer, namely out-of-phase relative to the LMDz-OR-INCA
We apply the same climatological approach based on thevariation. In the middle troposphere at 500 hPa, the four
CNRM-AOCCM and LMDz-OR-INCA CH model results LMDz-OR-INCA outputs exhibit a net maximum in Au-
over the period 2001-2010. We consider (Fig. 9) the E-Wgust of~ 8 ppbv with minima ranging from-2 to —12 ppbv
CH, seasonal evolution at pressure levels from the lowermosfrom October to June, whilst the output from CNRM-
troposphere to the lowermost stratosphere (850, 700, 500A0CCM again shows a strong minimum in summer of about
300, 200 and 100 hPa) and different scenarios for LMDz-—4 ppbv. At this stage, it is important to recall that the two
OR-INCA (RCPs 2.6, 4.5, 6.0 and 8.5) in order to check models are GCMs with an on-line chemistry. The emis-
out whether the summer peak still persists. We also represions of CH are time-, longitude- and latitude-dependent in
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Figure 10. Fields of surface Chlas calculated by the CNRM-AOCCM model (bottom) and the LMDz-OR-INCA model (top and centre)
according to the four IPCC scenarios (RCPs 2.6 (top left), 4.5 (top right), 6.0 (centre left) and 8.5 (centre right)) averaged over the summer
season (JJA) and the climatological period 2001-2010. Superimposed to the CNRM-AOCgHikldsl (bottom) is the wind field at the

surface averaged over the same period. Note that the range of the colour scale changes for each figure and that the Sarf@d¢R0H

AOCCM (bottom) is constant.

LMDz-OR-INCA with surface maxima over the northern 500 to 200 hPa, only the RCP 4.5 scenario from LMDz-OR-
continent (Fig. 10). In CNRM-AOCCM, there is no emis- INCA shows a positive maximum in summer. At 300 and
sion of CH; (Fig. 10) but mixing ratios of Chibetween the 200 hPa, the LMDz-OR-INCA summer peak is much less in-
surface and the 560 hPa level are relaxed towards evolvingense than the CNRM-AOCCM summer peak.

global mean surface abundances. This explains why the two Itis not obvious to understand why the E-W seasonal vari-
models behave separately for pressures greater or equal @tion at 200 hPa is positive in summer for RCP 4.5 and not for
500 hPa. Note that, regarding the shape of the E-W, CH the other RCPs (except RCP 8.5 in August). The horizontal
seasonal evolution, there is no significant difference withindistribution of CH, calculated by the two models at 200 hPa
the different scenarios of the LMDz-OR-INCA outputs since (Fig. 11) drastically differs but local maxima are centred
surface CH shows the same structure independently of thewithin the AMA. A zonally symmetric structure showing a
RCPs considered (Fig. 10). strong south—north gradient in Ghs modelled by CNRM-

In the upper troposphere (200 and 300 hPa), the outputAOCCM with maxima in the tropics (1800 ppbv) and min-
from the two models show a peak in summer in the E-W,CH ima at high latitudes (1700 ppbv) and a local maximum cen-
seasonal evolution (Fig. 9), but this differs from the RCPstred within the core of the AMA with values greater than
considered for LMDz-OR-INCA. The maximum is much 1807 ppbv elongated towards two axis: (1) Southeast Asia
more intense in CNRM-AOCCM~ 8 ppbv in July—August  and (2) Middle East and EMB. The GHield calculated by
and~ 30 ppbv in June—July at 300 and 200 hPa, respectivelyl. MDz-OR-INCA considering the four scenarios also shows
than in LMDz-OR-INCA ¢ 1 and~ 10 ppbv in August for  two maxima over northern India and over Northeast Asia but
RCP 4.5 but only-4 and+4 ppbv in August for RCP 8.5 at the horizontal distribution is not zonally symmetric due to
300 and 200 hPa, respectively; one peak-dtppbv in Au- a zonally asymmetric ClHsurface field. In all the scenarios
gust for RCP 6.0 at 300 hPa but no peak at 200 hPa; no peakonsidered, the CHmaxima within the AMA range from
for RCP 2.6 neither at 300 nor at 200 hPa). On average, fron1710 to 1750 ppbv with increasing RCPs from 2.6 to 8.5.
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Figure 11.Fields of CH, as calculated by the CNRM-AOCCM model (bottom) and the LMDz-OR-INCA model (top and centre) considering

the four IPCC scenarios (RCPs 2.6 (top left), 4.5 (top right), 6.0 (centre left) and 8.5 (centre right)) at 200 hPa averaged over the summer
season (JJA) and the climatological period 2001-2010. Superimposed on the CNRM-AOCgKields (bottom) is the wind field at

200 hPa averaged over the same period. Note that the range of the colour scale changes for each figure and that the colour scale for th
CNRM-AOCCM model (bottom) is nonlinear.

An elongated tongue of enriched @¢Enters the EMB. More  whilst, in the EMB, it corresponds to 390K in summer and
precisely, we can argue that in RCPs 2.6, 6.0 and 8.5, the pri400 K in winter, namely closer to the tropopause in summer
mary maximum of CHis located northward at 30N, 135’ E than in winter. Consequently, whatever the model consid-
(CHjg4 values greater than 1720, 1730 and 1750 ppbv, respecered, the E-W Cll seasonal variation at 100 hPa (a) is al-
tively) although it is a secondary maximum in RCP 4.5 (CH ways positive and (b) shows a peak in the summer period.
values less than 1720 ppbv). Through long-range transporfyVe note that the summer peak in E-W seasonal evolution
this mid-latitude maximum is transported eastward within from the middle to the upper troposphere has also been ob-
a band 40-50N enriching CH in the WMB and produc- served and calculated by considering other constituents like
ing a E-W minimum in summer for RCPs 2.6, 6.0 and 8.5.CO and @Q (not shown). This is the main topic of a forth-
Since there is a north—south gradient with a maximum in thecoming paper.
south for CNRM-AOCCM, CH-depleted air masses reach  In conclusion, a schematic representation of the summer-
the WMB although CH-enriched air masses from the AMA time processes impacting mid-to-upper £id the EMB is
reach the EMB producing a systematic peak in summer, conpresented in Fig. 12. In our study, whatever the amount of
sistently with RCP 4.5. CH,4 at the surface and its horizontal distribution, 1850—
In the lower stratosphere (100 hPa, Fig. 9), all the model2000 ppbv for LMDz-OR-INCA consistently with the emis-
outputs are consistent with each other showing an annual ossion sources (Asia, Northern and Eastern Europe, Cen-
cillation, with a wide maximum in summer (60—80 ppbv) and tral Africa) or 1820 ppbv uniformly spread (Fig. 10), the
a wide minimum in winter (20—35 ppbv). This is apparently Asian monsoon traps elevated amounts of4QHat con-
surprising keeping in mind that both models significantly dif- verge through the depression, and are uplifted up to the up-
fer from the surface (see Fig. 10) 6500 hPa. But, in the per troposphere at 200 hPa (Fig. 11) where they build up. At
WMB, the 100 hPa pressure corresponds to 420 K potentiathis level, the AMA re-distributes elevated amounts ofCH
temperature both in summer (Fig. 2) and in winter (Fig. 4) towards Middle East, North Africa and the EMB through
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the model results were selected and monthly averaged only
over the Mediterranean Sea. The period under interest spans
from 2008 to 2011 for the satellite measurements and the
MOCAGE model results whilst, regarding the CCMs, we
have averaged the model outputs over the climatological pe-
1 riod from 2001 to 2010.

A From both satellite and model results, our study obviously
) demonstrates the persistence of an east—west gradientin CH

from the middle to the upper troposphere with a maximum in

the WMB whatever the season considered except in summer
when larger amounts of CHaccumulate above the EMB. In
winter, air masses mainly originating from Atlantic Ocean
Figure 12. Schematic representation of the processes impactingand Europe tend to favour an elevated amount of mid-to-
the mid-to-upper tropospheric pollutants, includingEbove the upper tropospheric CHin the west compared to the east of
EMB in summer (July-August). (1) Trapping of lower tropospheric tha VB, with a general upward transport above the MB. In
pollutants in the Asian monsoon. (2) Updraft of pollutants in the summer, the meteorological condition of the MB is changed,

Asian monsoon up to the upper troposphere. (3) Build-up of IOOIIU'l‘avouring air from northern Africa and the Middle East to-
tants within the Asian monsoon in the upper troposphere. (4) Large-

scale redistribution of pollutants by the Asian Monsoon Anticy- gether with the Atlantic Ocean and Europe, with a general

clone to the Middle East and North Africa in the upper troposphere.descent above the EMB. _
(5) Build-up of pollutants though descent down to the middle tro- Our analysis shows that, in the upper troposphere
posphere above the EMB. (300 hPa), the peak-to-peak amplitude of the east-west sea-

sonal variation in CH above the MB is weak but almost
twice greater in the satellite measurementb ppbv) than
long-range transport. Finally, elevated amounts of, ®kild in the model data¢ 15 ppbv). The maximum of CiHn sum-
up in the EMB where they descend to the middle tropo-mer above the EMB can be explained by a series of dynami-
sphere. cal processes only occurring in summer. The Asian monsoon
traps and uplifts high amounts of GHo the upper tropo-
sphere where it builds up. The AMA redistributes these el-
6 Conclusions evated CH amounts towards North Africa and the Middle
East to finally reach and descend in the EMB. Consequently,
The present study is part of the Chemical and Aerosolthe seasonal variation of the difference in Clbetween the
Mediterranean Experiment (ChArMEX) programme. The EMB and the WMB shows a maximum in summer for pres-
aim is to investigate the tropospheric ¢me and space sures from 500 to 100 hPa considering both spaceborne mea-
variations above the MB and to attribute the variability to surements and model results whatever the emission scenar-
differing synoptic and global scales depending on the seaios used for the CCMs. But only the RCP 4.5 scenario gives
son and the altitude layer considered. Since the analysis ofystematically a positive summer peak whatever the pressure
the mid-to-upper tropospheric GHlistribution from space- level considered, consistently with the measurements.
borne sensors and model outputs is challenging, we have From this study, we conclude that GHnh the mid-to-
used a wide variety of data sets. (1) First are the spaceborngpper troposphere over the MB is mainly affected by long-
measurements from thermal infrared (TIR) instruments: therange transport, particularly intense in summer from Asia.
Thermal And Near infrared Sensor for carbon ObservationsConversely, in the lower troposphere, the Qkariability is
— Fourier Transform Spectrometer (TANSO-FTS) instrumentdriven by the local sources of emission in the vicinity of the
on the Greenhouse gases Observing SATellite (GOSATMB. Other constituents can also be affected by this sum-
satellite, the Atmospheric InfraRed Spectrometer (AIRS) onmer mechanism, e.g.4and CO (not shown). In a forthcom-
the Aura platform and the Infrared Atmospheric Soundering paper, the time evolution of the GHO3 and CO fields
Interferometer (IASI) instrument aboard the MetOp-A plat- above the MB and at the Asian scale is studied by consid-
form. (2) There are also the model results from the Chemi-ering the outputs from different CCMs in the contemporary
cal Transport Model (CTM) MOCAGE, and the two Chem- period (2000-2010) in order to study the future evolution of
ical Climate Models (CCMs) CNRM-AOCCM and LMDz- the chemical climate over the MB by 2100. Finally, despite
OR-INCA (the later considering different emission scenar-the fact that IASI CH data as delivered by EUMETSAT are
ios, RCPs 2.6, 4.5, 6.0 and 8.5). not operational, the seasonal variation of the east—west dif-
Since CH is along-lived tracer with lifetime of 12 years  ference in CH total columns is nevertheless consistent with
and is supposed to be well mixed in the troposphere, weheoretical results and measurements from AIRS and IASI.
had to adopt a climatological approach to highlight the
weak expected variability. Spaceborne measurements and
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