Atmos. Chem. Phys., 13, 1236B2388 2013 Atmosphenc _g
www.atmos-chem-phys.net/13/12363/2013/ . g
d0i:10.5194/acp-13-12363-2013 Chemistry >
© Author(s) 2013. CC Attribution 3.0 License. and Physics @

Climatology of pure tropospheric profiles and column contents of
ozone and carbon monoxide using MOZAIC in the mid-northern
latitudes (24° N to 50° N) from 1994 to 2009

R. M. Zbindenl”, V. Thouret?!, P. Ricaud?, F. Carminatil2, J.-P. Cammag ™", and P. Nédéleé

Laboratoire d’Aérologie, UMR5560, CNRS and Université de Toulouse, Toulouse, France
2CNRM-GAME, UMR3589, Météo-France et CNRS, Toulouse, France

“now at: CNRM-GAME, UMR3589, Météo-France et CNRS, Toulouse, France

" now at; OSUR, UMS3365, Université de la Réunion, Saint-Denis, La Réunion, France

Correspondence tdR. M. Zbinden (regina.zbinden@meteo.fr)

Received: 7 May 2013 — Published in Atmos. Chem. Phys. Discuss.: 5 June 2013
Revised: 28 October 2013 — Accepted: 7 November 2013 — Published: 18 December 2013

Abstract. The objective of this paper is to deliver the most pure tropospheric seasonal cycles derived from our analysis
accurate ozone (§) and carbon monoxide (CO) climatol- are consistent with the cycles derived from spaceborne mea-
ogy for the pure troposphere only, i.e. exclusively from the surements, the correlation coefficients being 0.6—-0.9 for
ground to the dynamical tropopause on an individual profileO3 andr > 0.9 for CO. The cycles observed from space are
basis. The results (profiles and columns) are derived solelyevertheless greater than MOZAIC fog (by 9-18 DU) and
from the Measurements 0©Zone and water vapour by smaller for CO (up to k 108 moleculescm?). The larger
in-serviceAlrbus aiCraft programme (MOZAIC) over 15 winter Oz difference between the two data sets suggests
years (1994-2009). The study, focused on the northern midprobable stratospheric contamination in satellite data due to
latitudes [24-50N] and [119 W-140 E], includes more the tropopause position. The study underlines the importance
than 40 000 profiles over 11 sites to give a quasi-global zonabf rigorously discriminating between the stratospheric and
picture. Considering all the sites, the pure tropospheric coltropospheric reservoirs and avoiding use of a monthly aver-
umn peak-to-peak seasonal cycle ranges are 23.7—43.2 Dblged tropopause position without this strict discrimination in
for Oz and 1.7-@ x 108 moleculescm? for CO. The max-  order to assess the purg @d CO tropospheric trends.
ima of the seasonal cycles are not in phase, occurring in
February—April for CO and May-July for£The phase shift
is related to the photochemistry and OH removal efficiencies.
The purely tropospheric seasonal profiles are characterizeti Introduction
by a typical autumn—winter/spring—summeg @ichotomy
(except in Los Angeles, Eastmed — a cluster of Cairo and Tellropospheric ozone (§)is a key parameter for both air qual-
Aviv — and the regions impacted by the summer monsoon)ity and climate issues. In the boundary layer (BL3 ©®
and a summer—autumn/winter—spring CO dichotomy. We re-harmful to humansWest et al. 2007, animals and vege-
visit the boundary-layer, mid-tropospheric (MT) and upper- tation (Felzer et al.2007). In the upper troposphere z@m-
tropospheric (UT) partial columns using a new monthly vary- pacts on radiative forcing=orster and Shinel997;Aghedo
ing MT ceiling. Interestingly, the seasonal cycle maximum et al, 2011; Riese et al.2012). @ also controls the oxi-
of the UT partial columns is shifted from summer to spring dizing capacity of the atmosphere. The tropospheric ozone
for O3 and to very early spring for CO. Conversely, the MT distribution results from complex in situ photochemical pro-
maximum is shifted from spring to summer and is associatedduction and interactions with dynamical processes such as
with a summer (winter) MT thickening (thinning). Lastly, the stratospheric exportlgnge 1962; Danielsen 1968; Wernli

and Bourqui 2002; Stohl et al, 2003), free tropospheric
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subsidenceGuttikunda et al.2005 or boundary-layer vent- MOZAIC sites in Europe and Asia. Section 5 concludes our
ing (Agusti-Panareda et al2005;Auvray et al, 2005) and  analysis.

long-range transportgooper et al.2010. In addition to Q,

carbon monoxide (CO) is also involved in tropospheric pho-

tochemical processes:s@roduction takes place when CO 2 MOZAIC data

and hydrocarbons are photo-oxidized in the presence of ni- Dser-
trogen oxides (N§). CO is a by-product of combustion from The MOZAIC programme has collected numero ser

the BL and an excellent tropospheric air-mass tracer due tc\)/at|ons since 1994 by using instruments on board five com-

its rather long lifetime of~ 2 months on averagé&/jrganov mermhal alrcraftIMarenco et alr; 1999 thrgughout the tro-
etal, 2004. posphere and lower stratosphere. The i® measured us-

Tropospheric @ distribution analysis started in the 1960s ing the dual-beam UV absorption principle (Model 49-103

. . ; . £rom Thermo Environmental Instruments, USA), with an
with soundings that were sparse in space and time (3-1 4ccuracy estimated at[2ppbv+2%] and a 4s time re-
per month) over about 40 northern hemispheric sitas ( Y bp o

gan 1985 1994 1999. Fishman and Larse(199Q) later sponse, i.e< 50 m yertlcal resolutionThouret et al.1998.
. i . Measurement quality control procedures have remained un-
began tropospheric Oretrieval by remote sensing satel-

lites and performed climatology analysis. From satellites, thechanged to ensure that long-term series are free of instrumen-

. : : : tal artefacts since the beginning of the programme. Instru-
O3/ CO correlations were investigated recently to provide the ; .
. . ments are laboratory calibrated before and after a flight pe-
strength of @ photochemical production and to show the

. . . . riod of about 6—-12 months. The infrared CO analyser (Model
continental outflow regions in the middle free troposphere48CTL from Thermo Environmental Instruments, USA) in-
(Zhang et al. 2006 Voulgarakis et al. 2011). Neverthe- X

. ) . o cluded in the MOZAIC programme since 2001 measured CO
less, satellite observations still cannot replace in situ mea-

. 0 :
surements because of their need for permanent calibratior\f}i tZO%ernSVZI?tki)\c/al&rgs/g)luztiizﬂ;\r{aé%yéIfgcz (?t ;Ozsc)(;%sponse time

their time dependence, low vertical resolution, cloud screen- . K A

. . To characterize the vertical distribution over the tropo-

ing, etc. Since August 1994, the MOZAIC (Measurements

of OZone and water vapour by in-service Alrbus airCraft: sphere., we selected the ascents and descents from the 4 s full-
' resolution data between August 1994 and March 2009. The

Marenco et a].1998 instruments on board commercial air- ; .
craft have sampled the troposphere with high vertical resolu-resuns’ focused on the northern mid-latitudes [24-8[and

tion over about 50 airports and IAGOS (In-service Aircraft on longitudes from_ Los Angeles to Japan [118-140 E]
: . . are based on 11 sites among those most regularly visited by
for Global Observing System) is the current ongoing pro-

gramme (see the MOZAIC/IAGOS websije the MOZAIC aircraft (see details in TabtB. To improve

The purpose and novelty of the present study is to pro_the sampling frequency of a few sites and to avoid wide data

duce, from the MOZAIC measurements, the first pure tro-9aPs in the time series, we have created clusters including
posp’heric climatology of ©and CO basea on fully defined data from neighbouring airports with the same seasonal cy-
individual tropospheric profiles. The new methodology aimsCles a_nd monthly mean concentrauons.. For example_, .Ger-
to improve the previous MOZAIC @tropospheric climatol- many is the cluster of Frankfurt and Munich, the most visited

! . ; site (16 041 profiles). Selecting only Frankfurt would have
ogy presented b¥binden et al(2006, which was restricted : : )
by the permanent 12km limit of MOZAIC aircraft during left data gaps of two months in 2002 and six months in 2005.

ascent or descent. Here, all profiles are defined individuall By adding Munich airport, which is close (500 km) to Frank-

. : Y%urt even though at higher surface altitude (500 m), we ob-
from the surface to the dynamical tropopause and mclude[ . . . . ) k
L ) ain continuous time series relevant for climatological stud-
all sampled stratospheric intrusions. Furthermore, the study, : .
. . i fes. Japan is the cluster of Tokyo, Nagoya and Osaka airports
based on such new profiles and their associated columns, en- .
on the south-eastern coast 00 km distance). Houston and
Dallas airports form the USsouth cluster (250 km distance).
In total, > 40 000 profiles are compiled here (Taldlg i.e.
more than twice the number of the profiles used in a previous

study ¢binden et al.2006.

Japan in the northern mid-latitudes [24<5(.

The paper first briefly describes the MOZAIC data
(Sect.2) and explains the methodology (Se8}. The cli-
matological results are presented in Sdctor the monthly
averaged tropospheric columns, the seasonally averaged tro-
pospheric profiles and the boundary-layer, mid- and upper3 Methodology
tropospheric partial tropospheric columns. To further high-
light the usefulness of such a climatology, we compare theOur objective is to deliver a monthly mean pure tropospheric
O3 and CO tropospheric seasonal cycles from our analysislimatology of profiles and columns forsGand CO based
with those derived from spaceborne measurements at twon the ascent or descent phase of MOZAIC flights, strictly
from the surface to the altitude of the dynamical tropopause
zpT as defined byHoskins et al(1985 (Thouret et al.2006;
http://www.iagos.frior via http://iwww.pole-ether.fr Zbinden et al. 2006). The dynamical tropopause criterion
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Table 1.Geographical context of the study over four continents (column 1) with the MOZAIC site labelling (column 2), the related airport or
airports for a cluster (column 3), the airport geographic coordinates (column 4), the number of associated MOZAIC profiles (Nb P, column

5), the airport elevation (column 6) and total number of MOZAIC profiles included in this study (bottom line).

Continent  Site label Airport or cluster Geographic coordinates Nb P Elevation (ma.s.l.)

Los Angeles  Los Angeles [118.1W, 34.00 N] 300 38

North USeast Washington, New York, Boston ~ [77.00, 38.92 N], [73.63 W, 40.67 N], [71.00° W, 4250 N] 5054  5,4,6
America USlake Chicago, Detroit, Toronto [87°%80, 41.75 NJ, [83.34 W, 42.2F N], [79.00° W, 43.00 N] 2425 204,196,173
USsouth Dallas, Houston [96.8W, 32.80 N]J, [95.25° W, 29.45 N] 2315 185, 30
Paris Paris [2.58E, 49.00 N] 4379 119
Europe Germany Frankfurt, Munich [9.08, 50.00 NJ, [11.78 E, 48.34 N] 16041 111, 453
Vienna Vienna [16.37E, 48.20 N] 4765 183
Middle Eastmed Cairo, Tel Aviv [31.3%, 30.10 N], [34.89 E, 32.00 N] 702 116, 41
East Uaemi Abu Dhabi, Dubai [54.8&, 24.44 N], [55.35° E, 25.26 N] 953 27,19
Asia Beijing Beijing [111.50 E, 40.00 N] 906 35
Japan Osaka, Nagoya, Tokyo [135@) 34.00 NJ, [136.80° E, 35.10 N], [139.7C° E, 35.60 N] 3098 11, 14, 43
Total Nb of profiles 40938

is more adapted than the lapse rate to capturing the tropao the study by Thouret et al. (2006) with MOZAIC data
spheric ozone trends (on sites where statistics are significantyhen selecting only the cruise part of flights to document
and to distinguish the contribution of the stratospheric ex-the upper troposphere—lower stratosphere. The potential vor-
changes from the strict troposphere in further studies. Addiicity pressures provided by the operational European Cen-
tionally, the dynamical tropopause has been already used itre for Medium-Range Weather Forecast (ECMWF) analyses
satellite/in situ comparison (Clerbaux et al., 2008; Hegglin (T213) are interpolated for the specific aircraft positions and
et al. 2008; de Laat et al., 2009; Bak et al., 2013). Further-available with a 150 m vertical resolution on the MOZAIC
more, some technical reasons reinforce the choice of usingatabaseThouret et al.2006;Zbinden et al.2006).

a dynamical tropopause instead of the lapse rate criterion as The methodology to assess the pure tropospheric profiles,
explained in Sect. 3.1. However, the troposphere may not bexplained just below, is illustrated in Fid.with three typ-
completely sampled by MOZAIC aircraft during individual ical cases selected over Germany ((a) 8 December 1994,
ascent or descent due to a permarred® km limitation. The  (b) 10 May 2000) and Japan ((c) 16 August 1995). When
tropospheric layer frequently unvisited by MOZAIC was ig- zpT < ztop, @and only in this case, MOZAIC samples the en-
nored or partially estimated in the previous studytinden tire troposphere (Figla). In all other cases, a tropospheric
et al. (2009. For example, over Germany, the thickness of layer remains undefined betwegg, andzpt, A, as shown

the tropospheric layer unvisited by MOZAIC is 0.8km on in Fig. 1b and c. If the lapse rate criterioMWMO, 1957
average but might exceed 3.8 km over Japan in August. Irwas selected instead of a dynamical criterion, the thermal
this section, the methodology for deriving the pure tropo-tropopause could have been fixed only at an altitugle (
spheric profiles and columns is explained, followed by thebelow ziop-1km. The differentziop, zs and zpt are shown
ozonesonde validation of these new products. in Fig. 1 and additionallyz;; in Fig. 1a. Consequently, us-
ing zir instead ofzpt, more profiles would be turned into
uncompleted tropospheric profiles without any perspective
to be completed. The particular MOZAIC vertical sampling
leads to TRX, z, t), the tropospheric profiles up tg7 or at
leastziop at timet, from which a preliminary climatology is

3.1 Pure tropospheric results assessment

At a specific site, a MOZAIC profile, M&, z, ), is de-
fined for a moleculeX, such as @ and CO at a given ars
time, ¢, betweenzo and ziop, i.€. the surface altitude and calculated on a seasong) pasis,TP(X, z,s).

the highest altitude of the ascent or descent phase of the " Zbinden et al(2009, we estimatedA at timer, us-

flight, with a 50 m resolution in. The pure tropospheric pro- N9 TP(X. z.5) aboveziop. NeverthelessTP(X, z, ) is sil
file, PTRX, z, 1), should simply result from the M, z, 1) strictly limited to zs, the ascent- or descent-phase maximum

without the stratospheric air aboygr at timer. To deliver ?:It'tUde W|th||n thefsiasonl andolls allWaf less thanh12 km.
consistent results between profiles, columns and satellite re= onsequentlya Is fully evaluated only whempr < zs, here-

sults, the @ volume mixing ratio at a given altitude and after nqtedAs (Fig. 1b,)' i

time ¢ is converted into a partial column of 50m height " this study, at timer, when zpr >z (Fig. 1c), we
resolution, expressed in Dobson units (DU) (s&#nden ad_dmonally evaluatedAf.b.etweenzS and zpt by using
et al, 2006 Appendix A) using its related measured temper- Mfit(X. za,.s), the best-fit line from MOZAIC data using
ature and pressure. Similarly, the CO volume mixing ratio@ linear regression ofiP(X, z,s), from 5 to 11km for Q

is converted into moleculescrd. To set upzpT at timet, and from 8 to 11 km for CO. These limits in altitude were

the potential vorticity pressure of 2 PVU is used, referring chosen to be as far as possible from the polluted BL but not

www.atmos-chem-phys.net/13/12363/2013/ Atmos. Chem. Phys., 13, 123@388 2013
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Fig. 1. Pure tropospheric profiles up i1, PTRO3, z, #) (red), from three typical individual MOZAIC profiles, MR, z, ¢) (black), using
the preliminary seasonal tropospheric profii®(Og3, z, s) (blue). For(a) zpT < ztop, (D) ztop < zDT < zs and(c) zpT > zs. As and Ay are
the layer filled using’P(O3, z, s) (blue) and Mfit (green), respectively. See the text for the definitionf, zir, zs andztop, the horizontal
lines in red, purple, blue and black, respectively.

too high to maintain significant sampling and, by the end, toTable 2. Percentage of MP profiles for the three cases whgte<
be representative of the seasonal tropospheric amounts in thaop, ztop < zDT < zs, Ztop < zs < ZDT-
upper-tropospheric layers. For CO, similarly, the limits were

fixed at higher altitudes but within a narrow layer because Percentage of MP with
gkomdoes not decrease linearly with altitude except above 7— gjaq DT <Ztop  Ztop <ZDT <Zs  Ztop < Zs < ZDT
Our PTRX, z, 1) derivation can be summarized by the fol- ~ L0S Angeles 24.3 31.3 44.3
lowing three typical cases, whefe= [zg, zpT] at timer USeast 41.9 31.9 26.2
' 0, <DT : USlake 435 34.3 22.1
USsouth 10.5 26.6 62.8
Paris 46.0 46.0 8.0
PTRX,z,1) = MP(X, z,1) = TP(X, 2, 1), @) Germany 495 44.4 6.1
. Vienna 58.4 36.3 5.3
PTRX,z,t) =TP(X, z*,1) + TP(X, za,, 5), (2) Eastmed 34.8 16.3 48.9
Uaemi 4.5 5.1 90.4
PTRX,z,t) = TP(X, z*,t) + TP(X, 2, 5) Beijing 48.2 36.0 15.8
Japan 31.4 29.3 39.2

+Mfit (X, za,,5), ©)

and using the equation
Table?2 provides the percentage of profiles corresponding
(1) —if zpT < zt0p, in Case (a), Figla; to the 3 cases encountered at the 11 sites. We found more than
50 % of the profiles of Uaemi and USsouth belong to case
(c), while less than 8% for Europe. Note that the database
encompasses domestic flights which connect two close air-

(2) —if ztop < zDT < zs, i case (b), Figlb
with z* = [zo, ztop] andza, = [ztop, 2DT];

(3) —if ztop < zs < zpT, in case (c), Figlc ports, such as Abu Dhabi and Dubai {50 km apart) or Dal-
with  z* =[z0, ztopl, zas = l[ztop.zs] and za, = las and Houston{ 400 km apart). Consequently, cruise level
[zs. zDT]. is never reached and the flight is limited to a short ascent and

short descent. MOZAIC data over Los Angeles, Eastmed,

Atmos. Chem. Phys., 13, 123632388 2013 www.atmos-chem-phys.net/13/12363/2013/
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Beijing and Vienna do not include domestic flights, while 3.2 Pure Tropospheric G; validation
they represent less than 1% for Germany, USeast, USlake,
Japan and Paris, 29 % of the MOZAIC traffic for USsouth, This subsection aims to validate the use of iitzx ,, s)
and 39 % for Uaemi, which partly explains TatdeWe did and ultimately our PTP(Qz,¢) and PTC(Q, ¢), with com-
not discarded these profiles because they were documentingpsite profiles combining TP@)z, ) from MOZAIC and an
the highly variable BL and areas where no regular ozonesonexternal in situ data set. The latter data came from the World
des or carbon monoxide measurements exist. Ozone and Ultraviolet Radiation Data Centre ozonesondes
From PTQX,t), we calculated the monthly times series network (WOUDC hereafter) available for neighbouring ar-
(not shown) and finally the monthly averaged RI&,¢) eas: Wallops Island for USeast (936 sondes from 22 August
as shown in Sect. 4.1. ThgyT by month or season is not 1994 to 27 March 2009 with 640 MOZAIC coincident pro-
introduced in any of the PTI X, ) or PTR(X, z,¢) calcu-  files) Hohenpeissenberg for Germany (1823 sondes from 1
lations; it is only provided in the figures as a guideline. Con- August 1994 to 30 March 2009 with 5127 MOZAIC coinci-
sequently, the delivered climatology results from profile anddent profiles) and Tateno for Japan (798 sondes from 10 Au-
column tropospheric contents on an individggt basis, the  gust 1994 to 26 March 2009 with 402 MOZAIC coincident
cornerstone of this study. profiles). The effective height resolution of the vertical pro-
Figure 2a shows an example of the monthly averagedfile of an ozonesonde is 100-150 m, and the bias, the preci-
MOZAIC O3 profiles,MP(Og, z, m), and the monthly aver- sion and the accuracy differ with ozonesonde types: electro-
aged pure tropospheric profiledBTROgz, z,m), over Japan chemical concentration cell (ECC sondes, Wallops Island),
for September to November and February, when the monthi\Brewer—Mast (BM sondes, Hohenpeissenberg) and carbon
averagedpr varies from 9.4 to 13.4 km. This example high- iodine (KC sondes, Tateno), as discussed in detailSrnijt
lights that the profileMP(Os, z,m) andPTRO3,z,m) are  and Team ASOPO&013. They indicate, between the sur-
identical until an altitudeg 4, where they deeply diverge, lo- face and 15km, that the bias varies from 0-td@%, the
cated below the monthly averageskr. They show, from the  precision from 3 to 10% and the accuracy from 4 to 13 %.
surface to 1 km, a permanent strong positive vertical gradienThus, ozonesonde quality results depend on instrument type,
and, above 1km and up g, a sustainable negative verti- launch conditions and altitude, while MOZAIC does not.
cal gradient. Abovey 4, MP(Og, z,m) returns to a positive The data processing of WOUDC and MOZAIC is iden-
vertical gradient as opposed RTR(Og3, z, m). Thus,z 4 il- tical. However, to sample similar meteorological situations
lustrates the impact of depth penetration of the tropopaus@nd improve accuracy, we selected only coincident profiles
and stratospheric air contamination on a monthly basis; thion both data sets (i.e. within a 24 h interval, denotgd
altitude will be used later in Sect. 4.3.1. Consequently, the sampling frequency is reduced. The co-
Furthermore, the integral along the vertical of RXPz, 1) incident results by month are denoted Also, we assumed
at timer provides a pure tropospheric column, RKCt) for that zpt at time ' was valid for both coincident data sets.
a moleculeX, such as @ and CO, expressed in DU and in Figure 2b shows the monthly averaged MOZAIC profiles,
molecules cm?, respectively, with MP(Og3, z,m’), and WOUDC profilesWP(Og, z, m’), over
Japan for the four months as provided in F2g. The best
agreement between these monthly averaged profiles is found
whenzpT is greater than 12 km on a monthly average. This is
an important result because the troposphere is not fully sam-
Moreover, the pure tropospheric columns can be de-led with MOZAIC in such highpTt cases. After discarding
composed into three partial columns over the boundary+the stratospheric air abowgT at timez’, the monthly aver-
layer (BLC), mid-troposphere (MTC) and upper troposphereaged pure tropospheric profiles were derived from MOZAIC
columns (UTC). In this study, we have replaced the constanand WOUDC asMPTP(O3, z, m") andWPTROg, z,m'), re-
ceiling altitude of MTC (8 km as iZbinden et al.200§ by spectively (Fig2c). Note that the grey-shaded rectangles of
a variable altitudez) 4, defined as the lowest altitude where Fig. 2c highlight the layer unvisited by MOZAIC within the
MP(Og3, z, m) diverges fromPTROz, z,m). An example of  month and period and thus the greatest impact of Mfit on
the z, 4 location over Japan shows variations from 6.0 km the monthly averaged profile climatology. Despitg uncer-
in February to 9.0km in October (Fi@a). Thus the par- tainties and/or co-location errors at tirigit is interesting to
tial columns BLGX,?), MTC(X,t) and UTQX,¢) are in- note that, as iZbinden et al(2006), both coincident tropo-
tegrated over 0-2 km, 2 kmz 4 andz g — zpT, respectively.  spheric climatologies exhibit the same, almost straight, neg-
The climatologies are given by month:) for columns  ative O; vertical gradient above 3 km (also clearly observed
(Sect. 4.1), by season)(for profiles (Sect. 4.2) and by month in summer over USeast but not shown).
for the three partial columns considering the new monthly Then, to validate the estimation af on the full MOZAIC
varyingz 4 (Sect.4.3). data set, we derived a composite profile called MOZAIC-
WOUDC pure tropospheric profiles, MWPT®;, z,t), by
addingWPTROg3, za, m’) to TP(O3, z*,¢) over A with z =

DT
PTC(X.1) =Y PTRX,z.1). (4)

7=20

www.atmos-chem-phys.net/13/12363/2013/ Atmos. Chem. Phys., 13, 123@388 2013



12368 R. M. Zbinden et al.: Pure tropospheric Q and CO profiles and column contents

SEPTEMBER OCTOBER NOVEMBER FEBRUARY
s 5 15 s
Zor = 13.4km— _
Zor = 12.4kmi—
‘ Zor = 10.9km— —
1o} ol 1of Zor = 10.9kmy 10 Zpr =
£ £ H £79.4km
] 3 3 2,,=7.5km §
E E B B
sk 5 sk 5
0 , o . 0 . 0 !
0.0 0.2 03 in DU 0.0 0.2 03 in DU 0.0 0.2 03 in DU 0.0 0.2 03 in DU
b SEPTEMBER OCTOBER NOVEMBER FEBRUARY
ot f I
— Zor = 13.4km4— _
e Zor = 12.4km—
—— 7 = 10.9km— —
1ol 10 10F o7 q ‘D;Zu = -
£ £ £ £79.4km
E £ E H
s s s s
0 =, P \ 0 ; , o ;
0.0 0.2 03 in DU 00 0.2 03 in DU 0.0 0z 03 in DU 0.0 0z 03 in DU
C.
Zor = 13.4kmt— _
Zor = 12.4km—
f Zor = 10.9km— —
10 1o 10 o 1 1op Zpr =
£ £ £ £['9.4km
H z H £
s s st sk
0 o \ o 0 ;
0.0 0.2 03 in DU 0.0 0.2 03 in DU Do 02 03 in DU 0.0 0.2 03 in DU

Fig. 2. Methodology(a) and validation(b, c) illustrated with data sets of MOZAIC over Japan and WOUDC sondes at Tateno (1994—
2006) focusing on September, October, November and February profiles (left to right) with Zgrfo{mirple horizontal line) on a monthly
averaged basiga), using the full MOZAIC data se¥P(Og3, z, m) with z = [z, ztop] (black) andPTROg, z, m) with z = [zg, zpT] (red). The
altitude wheréViP(Og, z, m) diverges frorPTR(O3, z, m) is defined as ¢, the dotted pink line(b), using coincident data se¥4P(Os, z, m”)

(green — MOZAIC) andVP(O3, z,m’) (grey — WOUDC).(c), using only tropospheric data sets betwegmandzpt of the coincident data
setsMPTP(Og, z,m’) (red — MOZAIC) andWPTROg, z, m’) (blue — WOUDC). The impact of the Méfilling is highlighted in the panels

by grey-shaded rectangles. The horizontal axisje&pressed in DU and the vertical axis is altitude in kilometres.

[z0, zDT], 2% = [0, Ztop] @NdzA = [ztop, zDT]. Only two cases  were —0.01 DU (7 %), —0.003 DU (2 %) and 0.008 DU

needed to be considered: (0.9%) on average for USeast, Germany and Japan, re-
spectively. Over Germany the high and regular sampling
MWPTROs, z,t) = TP(O3, z,1) = PTRO3, z, 1), (5)  frequency of both data sets and the smaly variabil-

MWPTP(Os, z, )=TP(O3, z*, 1) +WPTRO3, za,m’), (6) ity contributes to the best quality of results. Furthermore,
a WOUDC 3 excess occurred over USeast regardless of

and Eq. §) is used whernpt < ztop, While Eq. ) is used — month, over Japan during May—September, and over Ger-

whenzpt > Ztop. many during all months except March (TaB)e The German
Before providing such a composite result, we checkedrange is 0-1DU or 0-5% and extreme values-ag1 DU

the consistency of the MOZAIC and WOUDC coinci- (14 %) in August over USeast and 1.7 DU (9 %) in February

dent data sets between 2 and 8KMPTP(O3,z,m’) and  over Japan. Therefore, we consider that Auestimate can

WPTROs3, z,m’). We selected the three most documentednow be validated by comparing tiTR O3, z, m) with the

and distant sites (USeast, Germany, Japan). The altitude limsomposite resuMWPTP(Ogz, z, m).

itation was necessary to avoid the highly variable BL and to  Finally, using all MOZAIC data sets, we validated the

take into account the layers with the best MOZAIC sampling methodology by checking the consistency TE(Os, m),

rate belowzprt. We found that the correlation coefficient is PTC(O3,m) and MWPTC(O3,m) which are the ver-

r > 0.9 (Fig. 3) at all the sites. Moreover, when integrating tical integration of TP(Os,z,m), PTROg3,z,m) and

the two MOZAIC and WOUDC data sets, the differences MWPTP(Os, z,m), respectively. Figure4 shows their
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Table 3. Difference by month between the integrated content derived W P(Os3, z, m") andWPTRO3, z, m’) with z =[2,8km], in
coincidence, for USeast, Germany and Japan clusters with the correlation coeffi¢g@imn 2). The differenceMIPTP(O3, z,m’) —
WPTRO3, z,m’) are given in columns 4-15. The last two columns are the average and standard deviation. In each cell, the difference is
expressed in percent and in DU on the first and second line, respectively.

Cluster r unit Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg. sd

USeast 0949 % -987 -788 -128 -474 -819 -6.45 -9.42 -1417 -826 -11.02 -281 -896 -7.75 3.54
bu -179 -144 -025 -1.06 -194 -146 —-220 -3.13 -162 —-202 -047 -148 -157 0.77

Germany 0.984 % -—-151 -0.89 08 -0.17 -140 -143 -271 -209 -487 -298 -3.03 -266 -191 1.50
DU -0.24 -0.15 0.16 -0.04 -030 -031 -059 —-044 -091 -049 -048 -041 -035 0.28

Japan 0914 % 8.34 9.69 6.33 150-2.70 —-4.82 -10.18 —-451 -1.35 151 3.99 3.98 0.98 5.91
DU 1.31 1.67 1.22 0.32 -0.61 -120 -210 -0.80 -0.24 0.26 0.64 0.64 0.09 112

0.25 Q.25 T T T T T T T T 025 T T T T T T T T T 5\. T
i 1 - Germany Japan /|
$=0,892 $=0,949
s 1 - i=0,019 1 - i=0,007
OQO? iOQOj r=0,985 iO.QOj r=0,914 B
57
0.15F -10.15 —40.15F v B
0oy
- ML
i |
0.10F —10.10 —40.10F B
| 2km 25 3.0 3‘.5 40 45 50 55 60 65 7.0 7.5 8km | [ | 2km 25 3.0 3.‘5 4.0 45 50 55 60 65 7.0 7.5 8km | I/ | 2km 2.5 3.0 35 40 45 50 55 60 6.5 7.0 7.5 8km |

010 0.15 0.20 0.25 0.10 0.15 0.20 0.25 0.10 0.15 0.20 0.25

Fig. 3. Comparison of MOZAIGMPTP(Og3, z, m") and WOUDCWPTROOg3, z, m’), with z between 2 and 8 km in coincidence, over USeast
(left), Germany (middle) and Japan (right). Measurement altitudes refer to the colour scale, from black (2 km) to yellow (8 km). The slope
(s), the intercepti() and the correlation coefficient) of the linear fit (black line) are given for each site with the bisector (grey line). All
values are in DU.

seasonal cycles for USeast, Germany and Japan withtropospheric columns were positively biased, always by less
in addition and as a guideline, the visualization of thethan 2DU (6 %), compared to the MOZAIC pure tropo-
MOZAIC unvisited tropospheric layeA. A is located  spheric ozone column. This result allows to use this method-
between the altitude given by the solid green line, theology on sites not documented by sondes. PBP{0) and
monthly average ofprt in all cases, and by the dotted PTC(Gs,¢) at timer are finally estimated without any data
green line, the monthly average opr if zpt < ztop and external to the MOZAIC data set, which is a major advan-
zop If zDT > zt0p. The three sites clearly show the same tage. Additionally, to obtain purely tropospheric columns for
PTC(03, m) andMWPTC(O3, m) seasonal cycles. The bias CO, a similar methodology is applied as 90 % of the column
betweerMWPTC(Os, m) andPTC(O3, m) is less than 2DU  amount resides well below 12 km, with a maximum weight
(6 %). Therefore, as thPTC(Os, m) and MWPTC(Oz, m) in the lowermost troposphere. Hereafter, in the text and the
correlation coefficient is- > 0.96, we conclude that the figures that follow, we will use MR X), TPs(X) or PTR(X)
method is successfully validated forsOThe linear Mfit,  for averaged profiles at seasomnd TGn(X) or PTGy (X)
derived from MOZAIC for QG between 5 and 11 km, is par- for averaged columns at month and for a given molecule
ticularly suitable for fillingA ;. Consequently, PTP(z,r) X, Oz and CO.
and PTC(Q,r) may be derived without the use of data
external to the MOZAIC data set.

To summarize, in order to provide the pure tropospheric4 Results
profiles PTP(Q, z, t) whenziop < zs < zpT, We updated the
methodology presented ifbinden et al(2006 by adding  In this section, the methodology is applied to the 11
Mfits to TP(Gs, z,¢). The methodology was validated over MOZAIC sites to derive three types of climatological prod-
three different sites, each located on a different continentucts: (1) the monthly averaged pure tropospheric columns
by using WOUDC coincident data sounding. We concludedPTG,(X); (2) the seasonally averaged pure tropospheric
that the seasonal cycles of the composite MOZAIC-WOUDC profiles PTR(X); and (3) the monthly averaged partial

www.atmos-chem-phys.net/13/12363/2013/ Atmos. Chem. Phys., 13, 123@388 2013



R. M. Zbinden et al.: Pure tropospheric Q and CO profiles and column contents

12370
" i ol e
— TC(0,m)
DU km DU L
b " U ——PTCOM)
—— MWPTC(O,m)
w3k '8 w3l
c ® g
E s 5
O 30 E Q30F
< s 9
omzf, L 410 om25 L

Germany
Il Il Il Il Il

> altitude @

S
0,
>

T

L
JFMAMUIJIAS

Months

Fig. 4. Validation and impact ofA on the pure tropospheric columns based on USeast, Germany and Japan seasonal cycles by compar-
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ing the following: TC(Os, m), exactly what MOZAIC has measured in the troposphere (dark-blue REQ O3, m), the MOZAIC pure

tropospheric ozone column (red line); aWPTC(O3, m), the composite MOZAIC-WOUDC tropospheric ozone column (blue line). All
columns are expressed in DW. is located between the altitude (in kilometres, right green vertical axis) given by the solid green line, the
monthly average ofpr in all cases, and the dotted green line, the monthly averaggoff zpt < ztop @andztop if zpT > ztop-

columns, BLG(X), MTCn(X) and UTGn(X). Finally,
PTCn(X) is compared to satellite results.

4.1 Pure tropospheric column seasonal cycles

The PTG, (03) and PTG, (CO) cycles are given in Figb

and 6, respectively. In Fig5, at all sites, the TG(O3) cy-

cles, the flatyop and thezpt are additionally provided. Over

all months in Europe, the value of is < 1.5 km. In contrast,

A is up to 3km in summer at the other sites, while in US-
south and Uaemi it is between 1 and 4 km over all months
due to intense domestic traffic. The numbers of monthdy O
profiles (1994-2009) and CO profiles (2002—2009) are given
in Figs.5 and®6, respectively. The best sampling rate is ob-
viously over Germany. USeast, Paris, Vienna and Japan, still
regularly visited, are sampled more than twice a week, which
corresponds to the best ozonesonde sampling rate. Irregular
visits over the 15 years lead to the lowest MOZAIC sampling
frequency over Uaemi, Los Angeles and Eastmed. To fur-
ther characterize the representativeness of sites, the figures
also include statistics on inter-annual variability (IAV) with

a box-and-whisker plot for the quartiles Q25, Q50 and Q75.
No box means that only one month has been documented
over the period.

4.1.1 Ozone seasonal cycle

Considering all the sites, PT{O3) varies from a European
minimum of 23.7 DU in December to a Middle East maxi-
mum of 43.2 DU in July (Fig5). Below, we detail regional
characteristics.

— TheEuropearPTGCy(03) cyclesexhibit homogeneous
patterns with a small summer maximum and a weak
amplitude (i.e. from peak to peak here and thereafter)
associated with a positive west—east gradient. Paris and
Germany behave similarly, and PE@03) are within
24.3DU in winter and 35.6 DU in summer. Vienna

Atmos. Chem. Phys., 13, 123632388 2013

differs slightly by reaching a summer maximum of
38.4 DU, probably due to its continental location and
polluted air masses coming from the western part of
Europe or the Po BasirBaumann et al.2007). As

the zpt variability is the weakest among the European
sites (but also among all sites), the results obviously
highlight the impact of photochemistry due to local
or remote emissions of £precursors and long-range
transport.

— The Asian PTG, (03) cycles i.e. Beijing and Japan,

vary from 25-26 DU to 40-41 DU, with a strong sim-
ilarity from December to May. We point out a strong
regional contrast in June, when Beijing reaches a max-
imum and Japan declines sharply due to incomigg O
poor maritime air during the summer monsoon, con-
sistent with what_ogan (1985 1999 reported from
sonde analysis. In additionpt over Japan is 2.5-
5km higher than over Beijing from July to Septem-
ber. Interestingly, of all the sites studied, Japan has the
lowest amounts of summersQue to the impact of
the monsoon. Thus, over Beijing, the higher CO com-
pared to Japan (see Sect. 4.1.2), with probably higher
NOy (Lamsal et al.2017), is favourable to higher ©

in July in spite of the summer monsoon. Note that
Wang et al(2012 reported far greater £3ropospheric
columns, up to 38 DU in winter and 70DU in sum-
mer, over Beijing using sondes launched at 14:00 lo-
cal time (LT) from 2002 to 2010 and taking theé@
km~1 lapse rate criterion for the tropopause. Firstly,
their yearly averaged 46 DU, given for a 0—-9 km par-
tial column with a 4-59%yr! increase, is far greater
than our monthly summer maximum. Secondly, their
monthly tropopause is located between 9 km (winter)
and> 14 km (summer), 2 km above ours. Thirdly, their
140 to 600 ppbv monthly averaged @olume mixing
ratios in summer, between 9 km and the tropopause, far

www.atmos-chem-phys.net/13/12363/2013/
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Fig. 5. Cycles of TGn(O3), in blue, and PT&(0O3) box-and-whisker plots, in red, expressed in DU by referring to left vertical axis for
USeast, USlake, USsouth, Los Angeles, Germany, Paris, Vienna, Japan, Beijing, Uaemi and Eassriedated between the altitude
(in kilometres, right green vertical axis) given by the solid green line, the monthly averaggr dfi all cases, and the dotted green line,
the monthly average ofpT if zpT < ztop andziop if zpT > ztop. Monthly sampling frequency of each site is provided abovextlaeis.

Box uses the quartiles [Q25, Q50, Q75]. The ends of the box-and-whisker plots ar€)X2e-1.51QR or< Q75+1.51QR, where IQR is the
interquartile range.
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exceeds the 180 ppbv MOZAIC maximum at the same
altitudes, suggesting a possible stratospheric air con-
tamination. These combined factors obviously lead to
much higher tropospheric columns than the pure tro-
pospheric columns presented in our analysis.

The North AmericanPTGy(O3) cyclesshow differ-

ent patterns, from bimodal over the south (Los An-
geles and USsouth), slightly bimodal over USlake,
to perfectly unimodal over USeast. Thet varia-
tions probably contribute to the northern US cycle
differences. The USeast cycle is close to that found
in Europe despite a larger peak-to-peak range (24—
40 DU (December—June)). The USlake cycle exhibits
two maxima, in May and July (38 DU), with one lo-
cal minimum in June (37 DU), surprisingly also de-

R. M. Zbinden et al.: Pure tropospheric Q and CO profiles and column contents

sociated with a 5knypt amplitude. The difference
between TG (03) and PTG, (O3) is less than 2 DU

in spring compared to 4 DU in summer, where in the
latter case the tropospheric column height has a sig-
nificant contribution. In May, the PT£O3) is more
than 5DU higher than Germany and is even higher
than Beijing. These findings suggest favourable photo-
chemical conditions allowing this locald@roduction,

as detailed further in Sect. 4.2.3 and Fig. 9. In May,
zpT over Uaemi is 15km (11km) (Eastmed), while
O3z amounts are 37 DU (41 DU). Consequently, a high
zpT does not necessarily imply a high PT@3). Note
that over Eastmed, the highest variability of all sites
(7 DU interquartile range (IQR) in May and Septem-
ber) is linked to irregular monthly sampling. Despite
sporadic regional sampling, MOZAIC contributes to

tected at southern US sites. In the southern US, Los
Angeles, rather poorly and irregularly monthly sam-

pled (< 42 monthly profiles, March sampled only in ) ] ] ] ]
2005 and November only in 2004), shows two maxima ~ 1NiS quasi-hemispheric overview of the P@s) sea-

(40DU in May, 37DU in July—August). The spring sonal cycle shows an overall minimum in Europe, a summer
maximum, the biggest over the US, is related to themaximum over the northeastern US, and a spring—summer

pollution transported from AsiaJéffe et al, 2003 maximum that is extreme in the Middle East and strong in
2007 Parrish et al.2004 Cooper et al.2006 201Q Asia. The Asian summer monsoon results in an abrupt de-
Brown-Steiner and Hesg011). In summer, the sec- cline in June over Japan, unlike over Beijing, where pol-
ondary peak appears rather small, despite a high Iu_tants sugh as CO, and probably_ NGre exceptionally
likely due to the strong influence of subtropical Pa- Nigh, leading to a sharp geographical contrast g Eur-

cific air masses, a®ltmans et al(2008 have already thermore, it is noteworthy that in summer, Japan exhibits the
shown. From the 24 h backward trajectories (provided'oweSt pure tropospheric Lamounts of all the sites stud-
on MOZAIC website), 50 % of the 1994—-2006 profiles ied. The Asian—-south-western US connection is highlighted
in summer reveal a subtropical Pacific air mass originin SPring as Japan and Los Angeles RlOs) maximize.
(36 % in May, not shown). In addition, during winter- Over Uaemi, a high and rather steagyr strongly impacts
time, the @ exceeds 27 DU in Los Angeles and is in the G; seasonal cycle, as seen in late winter and early spring,
the range of the Asian sites. This site is included in iq contrast with Europe, where photochgmistry, local emis-
the study in spite of its poorest sampling, consideredSions and long-range transport predominate. The European
to be the lowest limit acceptable. The two modes of cycle patterns, very similar to those of the northern US, con-
the USsouth seasonal cycle are inverted compared t§™ @ common source of variance. The low German IQR is
Los Angeles, with 38.8 DU in April-May and 36.8 DU related to the hlgher_sa_mplmg quality and, quite likely, the
in July—August. The summer maximum of USsouth, '0W zpT seasonal variability.

highly enhanced compared to {G3) due to high
ZDpT, IS NOoW more consistent with the results reported
by Cooper et al(2006 andLi et al. (2005.

the tropospheric-chemistry mapping of this area un-
documented by ozonesondes.

4.1.2 Carbon monoxide seasonal cycle

Here, we present another new result derived from MOZAIC.

— The Middle EasternPTGn(O3) cyclesshow a high Figure 6 shows TG,(CO) and PTG, (CO) for all the sites
June—July maximum: 39.7 DU (Uaemi) and 43.2 DU with a scale change for Beijing to accommodate its high
(Eastmed). The Eastmed maximum is even Iargerthaﬂevel of pollution. Because the CO measurements started
the Beijing maximum. Both appear to be in agreement/at€r than @, in January 2002, the monthly sampling fre-
with the summer extremes shown on the OMI/MLS duency is given in Fige. Germany has the greatest sampling
climatology produced byiemke et al.(2011). The rate with at least 706 profiles per month, followed by Vienna
Uaemi cycle is the flattest (11.9 DU amplitude) due to (109-228), USeast (81-154), Japan (65-128) and USlake

an extremely high and steadyr (> 14 km, except in (43-162). The poorest statistical significance is in February

December) and thus is greater than 33 DU from Jan-Over Beijing (no box-and-whisker plot) because this month

uary to October. In contrast, the Eastmed cycle am-is documented only in 2003. The filling added to derive

: - ' o - PTGn(CO) is less than @ x 108 molecules cm? over Eu-
plitude is 16.7 DU, the highest among all sites, as- . 8 5
rope and is greatesty 0.3 x 10 moleculescm? (16 %),
over Japan and Uaemi in August. It is interesting to compare

20zone Monitoring Instrument/Microwave Limb Sounder.
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Fig. 6. Same as Figb but for CO, expressed ir 10'8 moleculescri2. Note that only Beijing is plotted with a different scale.
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A with the remote sensing errors, because, as far as we know,
there is nothing equivalent to ozonesonde data to compare or
validate with. SCIAMACH® error range estimate of CO to-

tal columns (version 6.3) is 0.05-0x 10'8 molecules cm?

(de Laat et a).2007); ACE-FTS' (version 2.2) has- 16%

bias on 108 MOZAIC coincidences between 5 and 12 km,
where interfering species and temperature uncertainties have
the strongest impacQ(erbaux et al.2008; ACE-FTS (ver-

sion 2.2) compared to SPURT aircraft data result in relative
differences in the mean af9 and+12 % in the upper tro-
posphere and lower stratosphere, respectitégg@lin et al,
2008, with an estimated 1 km vertical resolution; and MO-
PITT® (version 3) exhibits a positive bias at all altitudes,
stronger at 750 hPa (25 %) than at 250 hPa (9 %) leading to
a mean bias of 19 % on total columBromons et a).2009.

R. M. Zbinden et al.: Pure tropospheric Q and CO profiles and column contents
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Fig. 7. Monthly mean tropospheric profiles of the CO July 2004

In a more recent study, from MOPITT, NOAA validation anomaly at USeast (red line) and USlake (dotted blue line) in
sites and the HIPPOvalidation campaign, the bias, stan- moleculescm?.

dard deviations, correlation coefficients and temporal drifts
for the version 4, version 5-TIR and version 5-NIR have
been estimated on the total column. The MOPITT bias with
the NOAA validation sites are.07 x 108 moleculescm?,
0.06x 10" molecules cm? and 008x 10*8 molecules cm?,
respectively, with a noticeable temporal instrumental drift
(Deeter et al.2013. With the HIPPO validation campaign,
the MOPITT bias in version 4 is.02x 10'8 molecules cm?

and in version 5-TIR is-0.00 x 10*8 moleculescm?. Thus,

our A added to obtain PT&(CO) is less than or equivalent
to remote sensing errors (except in cases of intense domes-
tic traffic). At northern mid-latitudes, the PT{CO) range

is 1.7-69 x 108 moleculescm?. All minima occur during
June—November, and the maxima occur in early spring ex-
cept in Vienna, Beijing, Uaemi and Eastmed, where they all
occur in winter.

— TheNorth AmericarPTGy(CO) cyclesshow an April
maximum, except for USeast (March), and a Septem-
ber minimum, except for USsouth (July). Over all
these sites, sharp May—June CO depletion highlights
the powerful OH cleansing efficiency regulated by
NOy (Lamsal et al., 2010). The northern US cycles dif-
fer by less than @ x 10 molecules cm? and exhibit
patterns more comparable to Europe than to any other
sites due to the CO lifetime and strong connection
through westerly winds. We found a July secondary
peak over the USeast, associated with a small 1AV,
contrary to USlake. The IAV results from only 5yr
(2002-2006) for both northern US sites and, within
this shorter period, the Canadian fires in 2004ir{
quety et al.2007) were the most important fire events.

3sCanning Imaging Absorption spectroMeter for Atmospheric
CHartography.

4Atmospheric Chemistry Experiment Fourier Transform Spec-
trometer.

SMeasurements Of Pollution In The Troposphere.

The extension of Alaskan fires down to Texas on 18
July 2004 was pointed out bylorris et al. (2006 in

a MOZAIC case study. These fires from Alaska and
Yukon territories likely also extended to the west coast
of the US. The profiles of the CO 2004 anomaly in July
at USeast and USlake are given in FIgAs a result,

at USlake, there is a 2.5-10 km positive anomaly up to
0.8 x 105 moleculescm? and a negative anomaly at
USeast extending 2-5.5 km with a maximum at 3km
up to—1.6 x 10> moleculescm?. Thus, this suggests
that USeast was more on the CO plume pathway (or
branch of pathway) than USlake. This finding and dif-
ference appear to be in agreement with what MO-
PITT has captured Fig. 7 also shows how negative
and positive anomalies on profiles may be counterbal-
anced, leading to a lack of anomaly on RJ(CO)

in 2004. Thus, the IAV of the PTG(CO) seasonal
cycle cannot reveal such details. The two northern
US sites show a June—October excess of CO (up to
0.3 x 10*® moleculescm?) compared to the southern
US sites. USsouth shows a June—-October-wide flat
minimum, probably related to the pollution lifted un-
der the influence of a semi-permanent anticyclone over
Texas and the active summer convection that helps in
lifting the surface pollution to the mid-troposphete (

et al, 2005 Liu et al, 2006. The Los Angeles ampli-
tude is 50 % greater than in the other US cycles. The
winter—spring maximum is almost equivalent to that
of the northern US sites, while the deep, narrow, low
minimum in late summer probably suggests the impact
of the depleted polluted air from Asia or clean air from
the southern Pacific. Despite the poorest MOZAIC CO
sampling, the seasonal cycle appears to be captured as
well.

SHIAPER Pole to Pole Observations
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— The EuropeanPTGy(CO) cyclesvary from 1.9 to its cycle is 335x 10'¥moleculescm? in Novem-
2.7x 10 moleculescm?. The IQR over Germany are ber, and this minimum exceeds the maximum of all
the steadiest, with for all of them less tharR®x the cycles of the 10 other sites studied (i.e053x
10 moleculescm?, and highlight the impact of the 10*® moleculescm? in March in Japan). These high-
sampling frequency that is well illustrated by compar- est values are associated with the largest inter-annual
ing the three European sites in June. The sharp deple- variability (see Beijing — in December with 10 pro-
tion in May—June, already seen over the US, is evi- files sampled) and we noted that Beijing in Febru-
dence of the powerful OH cleansing efficiency reg- ary was only sampled in 2003 (no box-and-whisker
ulated by NQ (Lamsal et al. 2011). Later, the sea- plot). The Japanese cycle peaks in MarchO¢3
sonal cycle remains almost unchanged from June to 10" moleculescm?) reaches a minimum in August
November (Paris) or starts a very slow increase in Au- (2.3 x 108 moleculescm?) and has an irregular IQR
gust (other European sites), probably related to remote from 0.1 to 04 x 108 molecules cm?. Finally, regard-
fires. Interestingly, wintertime shows higher amounts less of season and prevailing winds considered, the air
over Vienna than over Paris (10%) or Germany be- masses over Beijing are systematically CO-enriched
cause of its downwind position in Europe or the influ- by a factor of 1.2—2.8 compared to Japan.

ence from the Po Valley.

— The Middle EastPTGCy(CO) cyclesare both in the
same range. They show the lowest RCO) in win- To complement the tropospheric column climatology, the
ter and the comparable weakest seasonal cycle amPTRs(Oz) and PTR(CO) are provided to evaluate the vertical
plitudes (1.8-B x 10 moleculescm?). Focusingon ~ anomalies more precisely from a regional point of view. The
Dubai, Tangborn et al(2009 compared MOZAIC to ~ North American, European, and the Asian and Middle East-
the assimilated SCIAMACHY CO data into the Global ern sites are grouped together in Fi§s10 and11, respec-
Modeling and Assimilation Office (GMAQ), which in- tively. The PTR(X) are plotted up to the seasonal megaf
cludes the CO transport by the use of meteorologi-between 9.5 and 15km. This additional information along
cal analyses from the Goddard Earth Observing Systhe vertical allows for further analysis, shedding light on the
tem (GEOS) version 4. From this comparison, with origin of the two chemical species. For this reason, the O
favourable cloud-free conditions, they had to reduce(top row) and CO (bottom rows, i.e. 0-2km and 2-15km)
the OH by 10 % and double the CO emissions in theare on the same figure for each region.
model in order to lessen the total CO column differ-
ences to their MOZAIC independent data set from
1.0 to 06 x 108 moleculescm?. Nevertheless, their
MOZAIC data set did not take into account the ex-
tremely large unvisited tropospheric remainder, which
we estimated to be- 10 % of PTG, (CO) as a yearly
average performed in 2004 and greater thaB >0
10 moleculescm? in October, i.e. equivalent to the
amplitude of the seasonal cycle. Over Eastmed, due t
the spring low PTG, (CO) in May—June, CO does not

4.2 Pure tropospheric profiles

4.2.1 North American profiles

The results are plotted in Fig. Over the northern US,
the PTR(O3) show the typical autumn—winter and spring—
summer seasonal dichotomy as previously described in
Zbinden et al(200§. This is the typical seasonal behaviour
of the vertical pure tropospheric ozone distribution in north-
ern mid-latitudes. It characterizes the photochemical activity
?eading to Q production. The PTRCO) presents a different
appear to be the most important spring source gf O fjlchotomy in the free tropospher.e Wlth awmter_—;prlng max-
imum and a summer—autumn minimum, the minimum prob-
here, and thus the large amount of [[@©3) appears . . .
. o ably being related to the higher amounts of OH at that time.
here to be more consistent with intense stratosphere— . T
o Over the southern US, the seasonal vertical distributions are
troposphere exchanges (STE), N©@ontribution or

. slightly different. Over USsouth, between 1 and 4 km, the
a long-range transport hypothesis. In summer, CO re- . .

L2 summer Q profile reveals the @poor monsoon flux impact.
mains in the same range as over Europe, far less tha

in Asia ﬂ\mong all the sites, we found the lowest amounts of CO here

' in the summer BL because the high OH amounts shortened

— The Asian PTGy, (CO) cyclesexhibit the highest CO its lifetime. Between 6 and 9 km, quantities o @re en-
amounts. They are extremely favourable tg @o- hanced, probably due to additionag @om lightning NG
duction when combined with the highest N@mount  production, especially in summeatit al., 2005. This coun-
on the hemisphere scale as detected from satelliteterbalances the low amounts o @ the BL and explains
over China, during 1996-2005, and related to hu-why the tropospheric columns in summer are still maximized
man activity ¢an der A et al. 2008 Schneider (Fig.5). In autumn, the amounts of{0n the BL are higher
and van der A 2012. The Beijing CO cycle in than in winter and thus the typical dichotomy is strongly
Fig. 6 has a very different vertical scale of 2.5— modified. Furthermore, at that time in the BL, the CO is the
9.0 x 108 moleculescm?. In fact, the minimum of  lowest of all the studied sites likely due to the influence of
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Fig. 8. Seasonal profiles for £and CO (top and bottom) over Los Angeles, USsouth, USlake and USeast (left to right)s,AdP&IO3)

are the thin lines and PTEfD3) are the thick lines limited to the seasonglr and expressed in DU. The CO includes only the §T®O),
expressed i 108 molecules cm?, using different horizontal scales and two vertical scales for altitude (0—2 km bottom, 2—15 km top). The
spring, summer, autumn and winter profiles are in green, blue, brown and black, respectively. The spasaneadiven using the seasonal
colours on the top of each site plot in kilometres.

oceanic air masses. Thus, this suggests this BL high ozonspring G spikes of +0.03 DU between 2 and 7 km could be
results from very local production, in which biogenic emis- indications of long-range transport from Asidaffe et al.
sions might interplay. Note that airborne measurements oveR003; Parrish et al. 2004; Cooper et al. 2005; Neuman
the southern United States during the field campaigns Texet al, 2012). Above 1km, the summers@rofile is unusu-
AQS2000, ICARTT2004 and TexAQS2006 have allowed for ally close to the autumn—winter one (less than 0.02 DU dif-
quantifying the biogenic emissions, have shown great interference), while the CO profile is extremely low, which might
annual variability (by a factor of 2) within the period 2002— be related to air coming from the southern Pacific, as al-
2006, and have found that the emission inventories wereeady studied byOltmans et al(2008 and Neuman et al.
overestimated by a factor of 2Marneke et aJ.2010. The (2012. In contrast, below 1 km, the highest summer maxi-
biogenic emissions contribution is a hypothesis to explainmum of all the sites studied (0.28 DU) seems to be more in
this higher ozone in the BL. Such characteristics are alsagreement with the lack of deep convecti@ofper et al.
observed over Los Angeles and Beijing (see below). With2006. The winter CO below 0.5km is higher than else-
regard now to Los Angeles, the typical autumn—winter andwhere in the US. Thus, to summarize from what MOZAIC
spring—summer seasonal dichotomy is not found, and thisyas measured under these poor sampling conditions, the sec-
change cannot be attributed to the poor sampling becausendary peak of the PT&XO3), in summer, depends on a high
Germany, when under-sampled consistently with Los An-zpt and on heavy local pollution asz0On the BL reaches
geles in coincidence (within 24 h), still shows the seasonal0.28 DU (maximum of the overall study) with high CO up to
dichotomy (Fig.9). The Los Angeles profiles in Fi@ ex- 3 x 108 moleculescm?.

hibit fine structures along the vertical, probably accentuated

by the low MOZAIC monthly sampling rate. However, the
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LI o e e e [ e e s e B AR Over Middle Eastern sites, very similar winter profiles

0 O in DU* above 1km for @ and CO suggest a probable common
3 source of variance. Thus, the P{@) seasonal cycle con-
E Germany ] trast in winter comparing the two sites (Sect. 4.1.1) is mainly

due tozpt. The Eastmed autumn profile is above 3km in

1 the range of Europe and less than Uaemi, while below 3 km,
g Eastmed exceeds Uaemi and of course Europe. At that time
E and below 3 km, a minimum of £and CO over Uaemi might

] be related to the impact of sea breezes at the surtaae (

altitude in km

(o)}
B L BB I

\Qp & ] ger et al, 2008 and OH efficiencyLawrence and Lelieveld
4 %QQ ,f 3 (2010 reported evidence of a broad summertime Middle
\\\\ﬁg Q&" ] East @ maximum around 400-500 hPa. The authors men-
. ---S---Lspring E tioned this @Q anomaly is “in contrast to the ozone-depleted
2 eeeeeee ——summer E Asian airmasses observed in the upper troposphere during
1 autumn ] MINOS, and is not always observed in satellite retrievals
S ——winter e E (e.g., Fishman et al., 2003; Liu et al., 2006)” and that “the
R S T L] ; cause of this difference is not yet resolved”. Therefore, it
0.00 0.05 0.10 0.15 0.20 0.28

seems useful to comment on the MOZAIC summer profiles
Fig. 9. Seasonal troposphericz@rofiles for Germany as sampled in more detail. At 6 km, at both Middle Eastern sites, the O
by MOZAIC (16 041 profiles, plain lines) and under sampled con- and CO amounts are similar and @@ identical to that of Bei-
sistently with the Los Angeles (300 profiles, dotted lines) in 24 h jing and greater than in Europe. Above 6 km, thepofiles
coincidence. are still comparable but surprisingly lower than Europe or
Beijing (by 0.02 DU at 9 km), which suggests STE are prob-
ably not the most predominant processes involved. Below
6 km, the Q profiles show a marked contrast, as follows: (1)

The European @profiles (Fig.10) present similar seasonal ©OVer Eastmed, an intensg @aximum within 1-6 km, never
dichotomies and are comparable to the two northern US onefea@ched elsewhere in our study, and (2) over Uaemi, a pro-
(Fig. 8). Nevertheless, we found the following: (13@xcess nounced negative $anomaly (by—0.06 DU at 3km) with

all throughout the troposphere explains the higher gia)  nigher amounts of CO10 %) when compared to Eastmed.
over Vienna compared to the other European sites; (2) thd N€ strong @ and CO anomalies combined with high lev-
greatest spring CO amounts above 2 km over Paris are indic&!S 0f F2O (not shown) over Uaemi exclude the impact of
tions of long-range pollution transport by the westerly wind Prédominant STE and probably reveal an intense inflow of
from the east coast of the US; and (3) during winter, in theS€@ @ and an influence of the remote Indian summer mon-
BL, CO increases from west to east, suggesting strong conS00N, in agreement withi et al. (200). Lastly, in spring,
tamination by dry CO-polluted air from central and easternth® Uaemi @ profile is unusually close to autumn and win-
Europe, in agreement witkaiser (2009. The influence of ter profiles, in particular at 3km. These results are in googl
the Po Basin on Vienna might be another source of contami@gdreement with the summer extremes shown on the OMI cli-
nation, but it is currently difficult to quantifyaiser 2009; ~ Matology produced byiemke et al(2013) and with the Per-

(4) over Vienna, regardless of season, at the surfaggn@ ~ S'an Gulf region study byellevelq et al.(2009. The sum-

CO are at least 10 ppbv and 25-50 ppbv greater than at thE'€" O; at 5-7 km agrees well with the model results from
other European sites (not shown), again evidence of highekiU €t @l (201]) and the study otelieveld et al.(2009.

4.2.2 European profiles

pollution. Liu et al._(201]) _emphasize that thfa g_eographic position _of
the Arabian anticyclone has a major influence on chemical
4.2.3 Middle Eastern and Asian profiles transport. They show that the Middle East mid-tropospheric

summer maximum is strongly related to Asian sources of
The seasonal profiles for the Middle East (Eastmed andpollution (> 30%), to local production (23 %) and also to
Uaemi) and Asia (Beijing and Japan) are given in Eifj.In- northern USA pollution ¢ 6 %) transported through the sub-
terestingly, none of them has the typical seasonz@ CO  tropical westerly jet that descends in this area. Over the Za-
dichotomy as seen over Europe or the northern US. For O gros Mountains, using spaceborne SAGEdata,Kar et al.
this is due to (1) a strong positive summer 1-7 km anomaly(2002 found a CO summer positive anomaly at 7 km over
over Eastmed; (2) a spring profile closer to autumn—winter1985-1990 and 1994-1999 and, in a 2003 spaceborne MO-
over Uaemi above 2 km compared to all the other sites; andPITT study, argued and explained it as thermal mountain
(3) strong summer anomalies in Asia. Note the CO horizontalwinds venting the BLKar et al, 2006. We found a different
scale change for the 2—15 km range over Beijing and Japan
and the 0-2 km range over Beijing (by a factor of 6). 8Stratospheric Aerosol and Gas Experiment I1.
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Fig. 10.Same as FigB but for Paris, Germany and Vienna.

notable summer positive (negative) CO anomaly at Uaemiarge, exceeding 38 106 moleculescm? or 1800 ppbv in
within 3-6km (at 7km) and not over Eastmed, with the the BL (Japan is 2x 10 molecules cm? or 220 ppbv, even
MOZAIC sampling conditions and period. Due to regional less than Vienna). A comparison of the two sites highlights
complexity, extensive work is needed in order to go furtherthe prevailing wind mechanism and the predominant mon-
into the geographical and seasonal variabilities, and in futuresoon impact. Both sites show a summeyd2pletion below
studies we deeply recommend the addition of th®Hdlima- 5km, but the monsoon is (1) less efficient over Beijing, prob-
tology using MOZAIC/IAGOS to reinforce the hypothesis on ably due to the high CO (1010 molecules cm? at the sur-
processes involved and air mass origin. face) compared to Japan, and (2) so intense over Japan that
Over Asia (Fig.11), a comparison of Japan and Beijing below 4 km, Q summer amounts are less than in winter. The
seasonal @ profiles reveals that (1) winter and spring pro- monsoon is the most important and powerful mechanism for
files are very similar, with a difference of less than 0.01 DU; reducing tropospheric $on the hemispheric scale.
(2) the autumn Beijing profile exceeds Japan by 0.03DU The pure tropospheric column and profile climatologies
(only 0.01 DU) in the BL (at 8 km); and (3) the summer Bei- of O3 and CO presented in this study are complementary,
jing profile exceeds Japan by 0.10 DU (0.02 DU) in the BL highlighting seasonal variability and vertical anomalies and
(at 8km); and thus in Japan,z@t 2km is reduced to the reinforcing the hypothesis on the processes involved in the
minimum ever seen regardless of season. Interestingly, uporthern mid-latitudes. The pure tropospheric profiles ob-
to 4km, Japan has less CO in all seasons than Beijing byained here are significantly different from atmospheric pro-
a factor of 2—8, but above 4 km, the two profiles are similarfiles above 6 km. The autumn—winter and spring—summer
(< 0.2x 10'® molecules cm?), suggesting a common source seasonal @dichotomy characterizes the typical seasonal be-
of variance. The Beijing winter CO maximum is extremely haviour of the vertical pure tropospheric ozone distribution in
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Fig. 11. Same as Fig8 but for Eastmed, Uaemi, Japan and Beijing, from left to right. Note that for CO, the horizontal scale changes
exclusively for Beijing in the 0—2 km section of the graph, and for both Japan and Beijing in the 2—15 km section of the graph.

the northern mid-latitudes. It characterizes the photochemi4.3.1 Divergence between MP and PTP
cal activity leading to @ production. The CO dichotomy,

not so obvious and different to thes@ichotomy, is pointed 14 jimit - 4. is defined by month, and examples are given in
out with a winter-spring maximum and a summer-autumng;q o5 . varies by season and site due to either tropopause
minimum In the free iroposphere. Th_e minimum 1s re_lated altitude variations or the occurrence of stratospheric air de-
to the higher amounts of OH at that time. We have singled;,tion. Theziq is higher in summer than in winter and gen-

out the Lnon;oqp as the most eﬁr'lc'im r§g|rrr]1e _f@f@l'“? rally higher at southern sites than at northen sites. For ex-
tion, with a significant impact on the hemispheric scale in the e “the 6 km minimum of_q, observed in late winter

northern mid-latitudes, below 6 km. Such a pure tropospheric, o yseast, is an indication of high residence frequency of
climatology should be considered as a reference for Val'the polar jet stream and a low tropopause. In August, over
idation remote sensing instruments or chemistry—transpor[JSeast thez g is 9.5km: therefore the MT ceiling fixed
model outputs. at 8km, as used iZbinden et al.(2008, is not satisfac-
tory. We suggest replacing it with the monthly varying one,
ZLd, defined as the lowest altitude where MP3) differs

Here, we investigate the interest of characterizingthe al- oM PTRn(Os) by 0.001DU. In this way, UT, the layer be-
titude from which PTR(X) and MRn(X) diverges, to cal- tweenz 4 andzpT, strongly influenced by the stratosphere—
culate the BL, MT and UT partial tropospheric columns troposphere transients, will be more faithfully represented by

(BLC, MTC and UTC, respectively) for USeast, Germany month. o
and Japan. Thez g seasonal cycle varies in a 6—-12 km range (ER).

Due to low variability of thezpt over Germanyz 4 varies

less (6.6—8.1km) than USeast (6.0-9.5km) or Japan (6.0—
11.9km). InThouret et al(2006 the tropopause layer has
been defined betweesmt — 15 hPa andpt + 15 hPa, with

4.3 Partial tropospheric columns
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Fig. 12. Tropospheric partial columns: BL&O3) (red), MTGn(O3) (green) and UTg(O3) (blue) for USeast, Germany and Japan (left to
right). The previous MT@, [2-8 km] and UTG, [8 km—pT] are the coloured dotted lines and, by using monthly varying limits, the new
MTCm [2 km—| ¢], and the UTG, [z g—zDT] results are the coloured thick linesg@op row) and CO (bottom row) are expressed in DU
and in molecules ci?, respectively. The shaded areas in thgpdts highlight the UTC thickness (betwegnt andz g, the dotted dashed
line and the grey line, respectively), referring to the right vertical scale in kilometres.

zpt fixed at 2 PVU. Our UTC thickness, shown only with re- z, 4 used as the MT ceiling (Fid.2). The partial tropospheric
spect to altitude in Fig. 10, is in the range of 115-170 hPa,columns using, 4 have been evaluated strictly for those three
52-214 hPa and 45-194 hPa for Germany, USeast and Japampst documented sites in order to present significant results,
respectively. Therefore, in contrast to the tropopause layerand not elsewhere. The results are summarized in Table
our UTC is much thicker and excludes the stratospheric ailNo major change in BL is expected with respecitiinden
above zpt. Moreover, our UTC is thicker in winter than et al. (2006 given that the small variations depend only on
in summer (Fig.12) and z. 4 highlights the lowest winter the time period update.

tropopause position in the northern mid-latitudes. This find-

ing is noteworthy because the seasonality of the deepet-3.2 BL, MT and UT seasonal cycles

stratospheric intrusions, the one that stayed more than four
days in the troposphere, is characterized by a winter maxi- '€ BLGn(O3), the MTGn(O3), and the UTG(O3) range

mum and a summer minimunS{ohl et al, 2003. Finally, frqm 4.810 9.8, 12:1 to 23.8 ar_1d 2.2t09.9DU, respectiv_ely
as dynamical and photochemical processes are different iffig- 12). Thus, using fully defined MOZAIC tropospheric
the BL, MT and UT, we give the ©and CO partial tro- ~ €0lumns andz 4, UTCn(O3) are enhanced by 2DU and
pospheric columns over USeast, Germany and Japan usirﬂ‘ow smaller amplitudes than thoseZininden et al(2006.

either the steady altitude fixed at 8 km or a monthly varying Interestingly, the UTG,(O3) maximum is shifted from sum-
mer to late winter—early spring. This may be observed even
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Table 4. Pure tropospheric columns PTX(s) and related partial columns, UTE(s), MTC(X,s) and BLC(X, s), whereX is Oz and

CO at season over USeast, Germany and Japan in DU and 108 moleculescm?, respectively. These results are in bold. Fay;, @e

additional small numbers/letters in parentheses refer to previous values on incomplete tropospheric columns (TOC) and partial columns as
given inZbinden et al(200§. MTC and UTC (bold) are derived using the néy definition.

USeast \ Germany Japan

Spring  Summer  Autumn Wintef Spring Summer  Autumn Wintef Spring  Summer  Autumn  Winter

O3 (TOC) (334) (37.8) (26.8) (24.0) (32.0) (34.0) (251) (23.9) (36.1) (31.5) (27.5) (26.4)
PTC 3482 3924 2768 2505 3305 3531 2655 2497 37.60 3452 2966 27.44

(utc)  (.7) (8.1) @8) (38| (53) (6.2) 42 (40| (5.9 (7.2) (50) (35)
utc 914 7.67 734 693 7.76 7.64 6.05 631 954 6.37 6.34  7.68

(MTC) (20.0)  (20.3) (16.2) (15.6) (19.6) (20.3) (16.0) (15.3) (21.3) (17.8) (16.1) (16.4)
MTC 1721 2240  14.08 12.41 17.63  19.86  15.13 13.37 1856  21.43 1661 12.69

(BLC)  (8.3) (9.4) 62) (5.4) (7.5 7.7) (51) (5.0 (9.5 (6.4) (66) (7.1)

BLC 8.47 9.17 6.27 570 7.66 7.81 5.37 53 9.50 6.72 6.70 7.08
CoO PTC 2.55 2.17 2.06 2.33 2.50 1.96 2.04 2.47[ 3.05 2.50 2.39 2.61
uTC 0.47 0.28 0.39 0.39 0.38 0.28 0.29 0.3 0.53 0.32 0.32 0.43
MTC 112 1.10 0.86 0.99] 1.15 0.96 0.94 1.0 131 1.28 1.15 1.07
BLC 0.96 0.80 0.81 0.97, 0.97 0.72 0.81 1.0 121 0.90 0.93 111

over Germany, where thgt andz g variations are the low- basis. The seasonal cycle comparison between the space-
est. In August, the use af g over Japan needs to be regarded borne and MOZAIC data is performed using the TES level-3
with caution due to the low sampling rate of the upper- version 2 (2.0 x 4.0° gridded data) and AIRS level-3 ver-
tropospheric layers. Besides the UF©s) shift, we also  sion 5 (1.0 x 1.0° gridded data). Our PTC@# will be com-
highlight the intense vertical expansion of M@s). Thus,  pared to the troposphericz@olumns from TES (Beer et al.,
over Japan, the previous obvious spring MJ(O3) maxi- 2001, Worden et al., 2007) by selecting the periods 2006—
mum has turned into a pronounced summer maximum be2007 or 2007. Our PTC(CO) will be compared to the CO
cause the @poor air mass due to the monsoon in the lower columns from AIRSP (Susskind et al., 2003, 2010) by se-
mid-troposphere is balanced by the high column height. lecting the 2002—2009 period. We focus only on two sites
The BLGR(CO), the MTG,(CO) and the UT@(CO) because of their contrastingyt seasonal cycle: Germany
range from 0.7 to 1.1, 0.9 to 1.4 and 0.1 to6& [47-52 N, 6-10 E] and Japan (Figl3), and separately
10 moleculescm?, respectively. The BLG(CO) of the  providing Tokyo [35.6-37.6N, 138.7-140.7E], Nagoya
three sites show an increase in amounts and amplitudes froif34.1-36.2 N, 135.8-137.8E] and Osaka [33—-39N, 134—
west to east, with a late winter/early spring maximum and136° E] to also check the consistency of the individual sites.
a summer minimum. Our comparison is indeed not a validation. Validation has to
Even over Germany, where the seasamaglis very flat, in be strictly truly one to one, like iWWorden et al(2007) for
MTC, and UTGy,, the cycles and amplitudes change when TES O; and inMcMillan et al. (2017) for AIRS CO. Never-
the monthly varying; g4 is used instead of a fixed 8 km alti- theless, the simple comparison we provide here is interesting
tude. This change becomes significant over USeast and Japdny itself because it results from two independent data sets,
and is obviously linked either to the reservoir thickness or thewith their own limit and performance.
O3z amounts. The spring£maximum in MT observed using
a fixed 8 km altitude has turned into a broad April-August4.4.1 Ozone
maximum using; 4, and UT has become out of phase with

an overall August minimum and spring maximum. First of all, the recent @ tropospheric climatology study
from Ziemke et al(2011) merits consideration. It combines
4.4 Comparison with spaceborne measurements OMI/MLS measurements over six years (2004-2010). In-

terestingly, on two regions not sampled by ozonesondes,
Our aim in this last section is not to validate satellite prod- OMI/MLS results inZiemke et al.(201]) are in agreement
ucts but to demonstrate the benefits of such pure tropowith (1) the MOZAIC tropospheric seasonal cycle over Los
spheric climatology based on MOZAIC fully defined indi- Angeles, where the filling of the MOZAIC unvisited tropo-
vidual tropospheric columns. Thus, we compare our newspheric remainder has modified the seasonal cycle, and (2)
O3z and CO pure tropospheric columns with the publicly
available remote sensing results from the Giovanni website 9Tropospheric Emission Spectrometer.
(http://disc.sci.gsfc.nasa.gov/giovapon a monthly average 10Atmospheric InfraRed Sounder.
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Fig. 13. Seasonal cycles MOZAIC PTC and satellite comparison, i.e.jR03) with TES O3 tropospheric columns (left, in DU) and
PTGn(CO) with AIRS CO total columns (right, irx 108 molecules sz) over Germany (top) and Japan (bottom). MOZAIC TC is the blue

line and PTC the red line with box-and-whisker plots (as in B)jgThe solid green ling;pT, and the dotted green line, as defined in Big.

(in kilometres, right green vertical axis) show the unvisited tropospheric lay€eFfhe satellite results are plotted in black over Germany,

and in pink, black and purple over Japan for Tokyo, Osaka and Nagoya, respectively. AIRS CO results are given twice a day for ascending
node (13:00LT, solid line) and descending node (07:00 LT, dotted lingjr@pospheric columns from TES in ®moleculescrm? over

the periods 2006—2007 or 2007 (solid lines or dotted lines) are converted into DU dividing88s21015.

the largest MOZAIC tropospheric Ocolumn in summer of 9-14DU. The @ seasonal cycles (Fid.3, top left) are
(> 40-45DU) over Eastmed. Nevertheless, the OMI/MLS well phased with a summer maximum and a winter mini-
summer results over Japadi€mke et al. 2011, Fig. 5b) mum. Interestingly, a larger winter TES positive bias, by 2—
show a June maximum and remains high in July—August,3 DU, is visible. Over Japan, a strong May maximum is ob-
whereas MOZAIC starts a sharp decline. served on both cycles, and an additional secondary winter
Although OMI gives global distributions of tropospheric maximum is detected by TES (Fi§3, bottom left). Conse-
ozone, TES is the first spaceborne instrument to provideguently, the correlation drops o= 0.60-0.76, with a TES
vertically resolved information on tropospherig,Qlespite  positive bias of 9-18 DU. These results are consistent with,
a low sensitivity below 900 hP&Dsterman et al2008. For but all higher than, the 7 DU (2.8 DU) bias found by com-
these reasons, we now consider the seasonal cycles of thmaring TES tropospheric columns (with the averaging kernel
pure tropospheric ©derived from MOZAIC and the tropo- applied) with 1425 sondes, as reported @gterman et al.
spheric results from TES (Fid.3, left). Over Germany, the (2008. Herman and Ostermg011) have reported that the
correlation is excellent-(= 0.93), with a TES positive bias “TES ozone profiles are positively biased (by less than 15 %)
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from the surface to the upper troposphere (fred000 to  pospheric seasonal cycles and AIRS in that season 1Bjg.
100 hPa) and negatively biased (by less than 20 %) from the&op right). The differences may be due to less thermal con-
upper troposphere to the lower stratosphere (from 100 tdrast between air in the lower BL and in the surface layer. Be-
30 hPa) when compared to the ozone-sonde data”. Thus, beides the low AIRS sensitivity in the BL, an additional source
sides the bias due to the instrument vertical resolution and/oof differences is the cloud screening, a mandatory constraint
the retrieval technique (not discussed here), the differencefor AIRS but not required for MOZAIC inducing a sampling
between MOZAIC and TES are reinforced because, firstly,effect in the intercomparison.

the observation time influences the @easured in the BL:

TES’ orbit is sun-synchronous with a 13:43LT ascending

node, comparable to OMI/MLS, while MOZAIC dependson 5 Conclusions

commercial aircraft schedules. The 0-2km partial column

difference in the seasonal cycle using MOZAIC observationsA new and comprehensives@nd CO pure tropospheric cli-
over Frankfurt selected at 02:00-06:00 and 11:00-18:00 LTmatology has been derived from MOZAIC over 1994-2009
is evaluated to be 2 DU maximum (not shown). Secondly,including 40 000 profiles. Eleven sites were documented be-
MOZAIC is almost insensitive to hydrometeorological con- tween 24 and 50N and from Los Angeles to Japan in
ditions, while TES data processing requires cloud screeningorder to give a quasi-global picture of the northern mid-
thus introducing a probable bias due to specific meteorologiatitudes. The previous low-biased troposphericcimatol-

ical conditions of sampling. Nonetheless, how can such enogy (Zbinden et al.2006 has been improved by adding the
larged winter in situ and spaceborne differences3(OU) complete estimate of the MOZAIC unvisited tropospheric re-
be explained at those two sites? In winter, the BL and MT mainder as well as CO. The outcome is a fully defined pure
have the lowest @contributions (Fig.12, top) andzpt is tropospheric climatology from the ground to the individual
at a minimum. This suggests that the tropopause positiondynamical tropopause based solely on the MOZAIC individ-
ing makes the main contribution to the winter differences, ual profiles. The @ validation was performed using com-
probably because of the 6—7 km vertical resolution of TESposite results derived from coincident MOZAIC profiles and
measurements and that the tropospheric ozone column migtOUDC soundings close to the most documented MOZAIC
contain some stratospheric information as reporteddgy  sites (USeast, Germany, Japan). The pugetrOpospheric
terman et al(2008. We agree withStajner et al.(2008, columns reproduce 96-98 % of the composite tropospheric
who emphasized the impact of tropopause location on trocolumns after the addition of WOUDC partial columns to
pospheric @ columns, inter-annual variability and trend es- MOZAIC when necessary. Therefore, the pure tropospheric
timates. Insufficient accuracy in the characterization of theprofiles (by season) and columns (by month) are the most
tropopause altitude leads to strong stratospheric contaminaobust and accurate vertically integrated results based on in
tion in the pure tropospheric {reservoir (Fig.2) and thus  situ measurements. As far as we know, this is the first pure

may impact the assessment of trends in the UT. tropospheric climatology and is significantly different from
climatological profiles at all the sites, as seen in particular
4.4.2 Carbon monoxide for ozone or by referring to Logan (1994), McPeters et al.

(2007), Stajner et al. (2008), Ding et al. (2008) arilines
The AIRS seasonal cycles of total columns and our pure troet al.(2012.
pospheric seasonal cycles are correlated by0.89 (r = The first outcome is that the seasonal cycles of the pure
0.80) on the descending (ascending) node over Germanyropospheric columns are in the range of 23.7-43.2 DU for
They show a larger difference in winter and a similar re- O3 and 1.5-6 x 10" moleculescm? for CO. Due to the
sponse at the summer minimum (Fig, right). As the CO  photochemistry and OH removal efficiency, the maxima of
maximum along the vertical is below 2km and as the im-the seasonal cycles are not in phase: February—April for CO,
pact of tropopause height is negligible, the winter differenceMay-July for G. In terms of zonal variability, for @ we
may be explained by the weak sensitivity of the satellite in- globally observe greater summer contents over the northern
strument in the BL. The winter maximum is clearly not well US, the lowest contents regardless of the months considered
captured by AIRS. Diurnal variations are zero from July to over Europe and the greatest spring and summer contents in
January and maximum in April. Considering Japan (Efy.  the Middle East and Beijing. The summer Asian monsoon
bottom right), the correlations are= 0.96—0.98 on the as- results in a sharp decrease over Japan, not observed over Bei-
cending node (13:00LT) and= 0.93-0.97 on descending jing, and, surprisingly, in a weakened maximum over Uaemi.
node (07:00LT). From AIRS, we observe differences on theln addition, Los Angeles is almost in the range of Asian pol-
diurnal CO cycle which are larger in winter—spring and al- lution, except in summer, when incoming air from the Pa-
most zero in summer. They also show a west-to-east negeific likely strongly interplays. We found that Los Angeles
ative gradient between the individual Japanese airports. Iis at the lowest sampling rate acceptable to be included in a
summer, we note that the best agreement is over Germanglimatological study. For CO, the Beijing minimum exceeds
and that there is excellent agreement between our pure trahe maxima of all other sites for all seasons. The smallest
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amplitudes and the lowest winter—spring CO columns are depospheric columns are correlated with MOZAIC by=
tected in the Middle East. 0.6 (Japan) and- = 0.9 (Germany) and are greater than
The second outcome is the seasonal pure tropospheric prdAOZAIC by 9-18 DU, and the largest biases occur in win-
file climatology. At all sites, the @pure tropospheric pro- ter; (2) for CO, AIRS total columns provide a response as
files, in DU, never return to a positive vertical gradient abovemuch as 10 x 10 moleculescm? lower than MOZAIC
2km (except on the poorly sampled winter profiles of Los (r > 0.9). Besides the instrumental bias, the tropopause is
Angeles), unlike the monthly averaged MOZAIG profiles.  a probable source of discrepancy because just below the
The spring—summer/autumn—-winter seasonal dichotomy omonthly tropopause, the MOZAIC profile MPO3) exceeds
O3 seasonal profiles is confirmed, as is the deep summer desur fully defined and pure tropospheric profile. We noted
crease due to the monsoon over Japan, Beijing and USsouth greater @ bias in winter, when the tropopause is low (2—
with different intensities. Comparing Uaemi with Eastmed in 3 DU over Germany; 5 DU over Japan). Therefore, thg O
summer, a strong negatives@nomaly below 6 km appears. difference is probably mostly explained by stratospheric air
It could be linked to the impact of sea breeze or depleted mareontamination but is also explained by clear-sky conditions
itime air inflow from regions under Indian monsoon condi- or the satellite overpass time capturing the daily maximum.
tions. Regarding CO, we observe a summer—autumn/winter-All three factors can enhance the satellite response. We point
spring dichotomy with a clear winter maximum in the BL. out the need for accurate discrimination between the strato-
Note that in the BL, the CO winter maximum over Bei- spheric and tropospheric reservoirs, and indeed the monthly
jing is 2—7 times (2—6 times) greater than over Japan (Eutropopause is an unappropriated criterion. This point is cru-
rope), whereas only 2 times greater above 5km. Addition-cial, merits consideration and must be clarified within the
ally, comparing CO for all the sites in winter at 5km, the framework of tropospheric trends and radiative transfer stud-
minimum is encountered over the Middle East and south-ies.
western US sites, while north-eastern US sites and Europe These fully defined and pure tropospheric products will
show both comparable and higher amounts in contrast tde available in the MOZAIC/IAGOS database to the scien-
the strong Asian maximum values. The vertical profile studytific community. Such climatologies will be regularly up-
shows a large @and CO homogeneity among the European dated thanks to the ongoing MOZAIC programme, IAGOS,
sites with a west-to-east gradient. We found the upper purevhose database is availablehdtp://www.iagos.org/
tropospheric layers to be very consistent among chemical
species, namely with lessz@nd more CO than when tropo-
spheric/stratospheric reservoirs were undifferentiated, even iffcknowledgementsThe  authors  gratefully ~ acknowledge
monthly averaged profiles were limited to the monthly aver- - Karcher, who is deeply involved in the MOZAIC/IAGOS
aged tropopause altitude. programme. Acknowledgements are addressed to the European

For the third outcome. we brovide the seasonal cvcles o ommission for their strong support as well as to Airbus and
! P y he airlines (Lufthansa, Austrian, Air France) who have carried

the I_BL’ MT gnd UT partial columns using a new mpnthly the MOZAIC equipment and performed its maintenance free of
varying criterionz| 4, as the MT ceiling because of their dis- charge since 1994. MOZAIC is presently funded by INSU-CNRS
tinct predominant processes. Consequently, the tropopausgrance), Météo-France, and Forschungszentrum Jilich (FZJ,
of all individual profiles within the time series will always Jiilich, Germany), and the database is supported by ETHER (CNES
be abovez 4, and thus UT is more faithfully represented. and INSU-CNRS). We also thank the German Weather Service
The z1 4 is detected at 6-12km on average, with a winter (Meteorological Observatory at Hohenpeissenberg), the National
minimum and summer maximum. This approach highlightsSpace Development Agency of Japan and NASA (Wallops Island
a predominant increase (decrease) in the MiTa®ount as- Flight Facility) for providing their data through the World Ozone

sociated with a summer- (winter-) wide MT thickening (thin- and Ultraviolet Radiation Data Centre (WOUDC) operated by

ning). The UT Q seasonal cycle, maximized earlier than Environment Canada, Toronto, Ontario, Canada, under the auspices

when a fixed ceiling was used. is now more comparable to thé)f the World Meteorological Organization. The remote sensing
9 ! P tata were acquired as part of NASAs Earth-Sun System Division

UT O3 seasonal cycle defme.d- u;mg atropopause referencgnd archived and distributed by the Goddard Earth Sciences

(Thouret et al.200§. For CO, itis interesting to note that the (GEs) pata and Information Services Center (DISC) Distributed

clear MT spring maximum is shifted to a broad April-August Active Archive Center (DAAC). We acknowledge the mission

maximum, in contrast to what happens in the UT. scientists and principal investigators who provided the TES and
The last outcome highlights the benefits of this pure tro-AIRS data used in this research through the Giovanni website

pospheric climatology based on in situ measurements byhttp:/disc.sci.gsfc.nasa.gov/giovanni/

comparing the seasonal cycles of the MOZAIC tropospheric

columns with those derived from satellites. We focused onEdited by: A. Pozzer

two sites, Germany and Japan, because of their contrasting

tropopause altitude and seasonal variability. We found con-

sistent seasonal cycles from MOZAIC and satellite data, al-

though with noteworthy differences: (1) forsOTES tro-
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