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Abstract. The behavior of the extratropical transition layer global scale on 15 August 2007 and for the month of August
(EXTL) is investigated using a chemistry transport model 2007. MOPITT CO analyses still show a narrower chemi-
(CTM) and analyses derived from assimilation of MLS (Mi- cal transition between stratosphere and troposphere than the
crowave Limb Sounder) £and MOPITT (Measurements Of free-model run. MLS @ analyses move the EXTL toward
Pollution In The Troposphere) CO data. We firstly focus on the troposphere and broaden it. When ML$aDalyses and

a stratosphere—troposphere exchange (STE) case study thHdiOPITT CO analyses are used together, the EXTL matches
occurred on 15 August 2007 over the British Isles°(H)  the thermal tropopause poleward of50

10° W). We evaluate the effect of data assimilation on the
0O3—CO correlations. It is shown that data assimilation dis-
rupts the relationship in the transition region. When ML$ O
is assimilated, CO and{values are not consistent between 1 Introduction

each other, leading to unphysical correlations at the STE lo-

cation. When MLS @ and MOPITT CO assimilated fields The upper troposphere/lower stratosphere (UTLS) plays a
are taken into account in the diagnostics the re|ationship hapkey rolein Chemistry—C"mate interactions. Carbon monoxide
pens to be more physical. We then usg-00 correlations (CO) and ozone (§) concentrations change rapidly across
to quantify the effect of data assimilation on the height andthe UTLS. High concentrations of {Xlow concentrations
depth of the EXTL. When the free-model rurs @nd CO of CO) in the lower stratosphere contrast with low concen-
fields are used in the diagnostics, the EXTL distribution istrations of @ (high concentrations of CO) in the upper tro-
found 1.1km above the thermal tropopause and is 2.6 knPosphereHolton et al.(1999 defined the lowermost strato-
wide (2r). MOPITT CO analyses only slightly sharpen (by sphere (LMS) as being below the 380 K isentrope and above
—0.02km) and lower (by-0.2km) the EXTL distribution. the dynamical tropopause (usually defined in a range be-
MLS Os analyses provide an expansion (by +0.9 km) of thefween 1.5 and 3.5 potential vorticity units (PVU)). Previous
EXTL distribution, suggesting a more intenseg @ixing. studies, using in situ measurements of stratospheric and tro-
However, the MLS @ analyses ExTL distribution shows a pospheric trace gases, have shown that the LMS has interme-
maximum close to the thermal tropopause and a mean |odiate characteristics between the troposphere and the strato-
cation closer to the thermal tropopause0(45km). When  SPhere Eischer et a|.200Q Hoor et al, 2002 Pan et al.

MLS Oz and MOPITT CO analyses are used together, the2004. Rapid changes in time and space of tracers at the
ExTL shows a mean location that is the closest to the therUTLS are controlled by mixing processes between the strato-

mal tropopause£0.16 km). We also extend the study at the SPhere and the troposphere. An extratropical transition layer
(EXTL) of atmospheric tracers is present in the LMS above
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7226 J. Barré et al.: Diagnosing the ExXTL

the extratropical dynamical tropopause. Werld Meteoro-  ture of the ozone fields in the UTLSlackson (2007
logical Organizatiof2003 defined the EXTL as a transition andStajner et al(2008 have assimilated MLS (Microwave
layer with chemical characteristics intermediate between the.imb Sounder) @ data and shown the added value of data
upper troposphere and the lower stratosphere maintained bgssimilation on UTLS ozone fields in the tropics and in the
exchanges across the tropopause. extratropicsWargan et al(2010 use the Ozone Monitoring
Diagnostics using tracer—tracer correlation can locate thénstrument and MLS @in a data assimilation experiment
EXTL in an empirical wayFischer et al(2000, Hoor et al.  to discuss the improvements of data assimilation in the spa-
(2002 andPan et al.(2004 used aircraft in situ measure- tial ozone structure in the UTLS and the related limitations
ments to provide an analysis of trace gas@1CO, CQ, due to the model resolutioBarré et al.(2012 have assim-
N>O, NO, and Q) correlations in the LMS. Trace gas cor- ilated MLS O; at low and high horizontal resolution, and
relations have been shown to be an effective method to diagshow the impact of data assimilation and resolution on the
nose stratosphere—troposphere exchange (STE) and mixindTLS spatial structure and on the tropospheric ozone fields.
processes in the LMS. Tracer—tracer correlation methods iBarret et al.(2008 assimilated MLS CO data to investigate
the LMS are introduced blyischer et al(2000. A following the transport pathway of CO in the African upper troposphere
study,Hoor et al.(2002), attempted to diagnose the seasonalduring the monsoon season. FinalyAmraoui et al (2010
variation of the tracer—tracer relationship in the LMS. Thesehave used MLS @and MOPITT (Measurement Of Pollution
two studies have concluded that a transition layer is formed inn The Troposphere) CO to diagnose a STE event. This last
the LMS as a result of troposphere-to-stratosphere transporstudy showed that assimilated MOPITT CO allows for a bet-
Pan et al.(2004) introduced the use of tropopause-relative ter qualitative description of the stratospheric intrusion event.
coordinates in addition of the tracer—tracer correlation meth- To constrain the model used in this study, we assimilate O
ods, andPan et al(2007) proposed a set of three diagnostics stratospheric profiles from Aura/MLS and Terra/MOPITT
to evaluate the representation of chemical transport process&30 tropospheric profiles into the MOCAGE (Melé de
in the extratropical tropopause. Chimie Atmospheriquéx Grande Echelle) chemical trans-
This study uses the diagnostics proposed byport model (CTM). Data assimilation has the capability to
Pan et al(2007) that define a statistical way to characterize overcome possible deficiencies of the MOCAGE model in
the location and the thickness of the mixing layer usingthe UTLS (see, e.gSemane et gl2007 Barret et al. 2008
tracer—tracer relationships. Diagnosing EXTL height andEl Amraoui et al, 201Q Barré et al, 2012. The aim of this
thickness from tracer—tracer relationships is empirical butstudy is to quantify the impact of the assimilation of &nd
remains a powerful tool for characterizing the extratropical CO data on the UTLS at extratropical latitudes. We use the
UTLS region. These types of diagnostics rely on a statisticalsame case study as presentedbfmraoui et al (2010 that
characterization of the transition layer instead of attemptingconsiders a deep stratospheric intrusion on 15 August 2007
to identify the tropopause as a single point. Results fromover the British Isles (50N, 10° W). In this previous study,
these diagnostics therefore provide new perspectives on theetailed validation demonstrated the capability of CO agd O
transition from stratosphere to troposphermgglin et al.  analyses to better represent the STE. The set of diagnostics
(2009 showed that these diagnostics can be applied tgroposed byPan et al(2007) are used here to quantify the
satellite measurements ofsOCO and HO to characterize capability of CO and @analyses to represent the STE event.
the EXTL seasonal and latitudinal variations in height andWe also propose to extend the set of diagnostics from re-
depth at the global scale. A multi-model assessment showedional to global scales in the extratropics for the month of
that models with coarse vertical resolution are unable toAugust 2007. This allows for us to quantify the capability of
represent faithfully the EXTL at extratropical latitudes MOPITT CO and MLS @ assimilated fields to better esti-
(Hegglin et al, 2010. Due to their coarse resolution, models mate the chemical EXTL behavior, from a single STE event
overestimate the spread and the location in height of theat the regional scale to an average state of the atmosphere at
EXTL. the global scale. To our knowledge, this is the first time that
Data assimilation, which combines observational infor- these diagnostics have been used on chemical analyses from
mation and a priori information from a model in an ob- different types of satellite measurements (nadir and limb).
jective way Kalnay, 2003, has the capability to com- The paper is structured as follows. Section 2 provides the
bine satellite trace gas measurements and chemistry transtescription of the model, the remotely sensed data and the
port models. Data assimilation studies that focused orassimilation system. Section 3 provides a brief description of
UTLS chemical fields started witlCathala et al.(2003, the STE event in August 2007 that was fully evaluatedeby
who assimilated subsonic flight-level observations of ozone Amraoui et al.(2010. A set of diagnostics proposed Pan
Later,Semane et a[2007) assimilated @ data from a limb et al. (2007 are used on this case study for the different as-
sounder (Michelson Interferometer for Passive Atmosphericsimilation experiments. Section 4 extends these diagnostics
Sounding) to diagnose a case study of STE over arctic reto the global scale in the extratropics in August 2007. Sec-
gions. It has been shown that assimilation of stratospherid¢ion 5 provides a discussion of results and conclusions.
ozone data from a limb sounder improves the spatial struc-
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2 Methodology 2.2 Aura/MLS O3 and Terra/MOPITT CO
observations
2.1 CTM and data assimilation system
] ] ] The MLS instrument onboard Aura uses limb sounding to
The MOCAGE model is a three-dimensional CTM for maa5ure chemical constituents (such ag &nd dynamical
the troposphere and the stratosphefeuch et a).1999  5cers between the upper troposphere and the lower meso-
that simulates the interactions between physical and Chems'phereWaters et al.2008. It provides global coverage with

ical processes. It uses a semi-Lagrangian advection schemg,, ,+ 3500 profiles per day between°82and 82 S. In
(Josse et al2004) to transport the chemical species. It has 47 ¢ study, we use version 2.2 of the MLS @ataset. This

hybrid levels from the surface te 5 hPa with a resolution of | osion provides profiles with about 3-5km vertical reso-
about 150 m in the lower troposphere increasing to 800 M iNtion between 215 and 0.46 hPa. The along-track resolu-
the upper troposphere, and then constant in the stratosphergy, of 0Oz is ~ 200 km between 215 and 10 hPa. The MLS
Turbulent diffusion is calculated with the schemelafuis ¢4 are selected following quality flags recommended in the
(1979, and convective processes with the schemBexh-  \| 5 gescription document (sétp://mls.jpl.nasa.gov/data/
told et al.(2001). The chemical scheme used in this study v2_dataquality.document.pdf Measurements above 10 hPa

is RACMOBUS. It is a combination of the st_ratospheric are not used because of the upper limit of the MOCAGE
scheme REPROBUS (Reactive Processes Ruling the Ozongqe|, 5hpa. The measurement precision is in 0.04 ppmv

Budget in the Stratospherieefevre et al. 1994 and the tro-  (harts per million by volume) for lower altitudes (215 hPa)
pospheric scheme RACM (Regional Atmospheric Chemistry,n 4 of 0.2 ppmv for higher altitudes (10 hPa).

Mechanism,Stockwell et al, 1997. It includes 119 indi- The MOPITT instrument@rummond and MandL99§) is

vidual species with 89 prognostic variables and 372 chemynpoard the Terra platform and measures tropospheric CO
ical reactions. MOCAGE has the flexibility to be used for i nadir sounding. The horizontal resolution of MOPITT

stratosphericEl Amraoui et al, 20_083,_tropospheric Du- CO data (version 3) is 22 km 22 km. To prepare the MO-
four et al, 2009 and UTLS studiesRicaud et al. 2007 p|TT gata for assimilation, super-observations are done by
Barré et al, 2019. The meteorological analyses ofé#o- 5y eraging data in latitude—longitude bins of22°. The
France, ARPEGECourtier et al, 1991, are used to provide  gher.ghservations give around 8000 daily vertical profiles
meteqrolqglcal f|eIQS. In this study, the model has a global ot are retrieved on seven pressure levels (surface, 850, 700,
domain with an horizontal resolution of 2 2°. 500, 350, 250 and 150 hPa). Information on the vertical sen-
The assimilation system used in this study is MOCAGE- gjsivity is provided by the averaging kernels, which are also
PALM (Massart et &) 2009, implemented within the PALM 563564 and are taken into account in the assimilation sys-

framework Buis et al, 2009. The technique used is 3-D- om At500 hPa, the retrieval uncertainties are approximately
FGAT (first guess at appropriate timeisher and Anders- 50 g4 i the tropics and at midlatitudes, and 30—40 % at high
son (2007). This technique is a compromise between the it des.

3-D-Var (3-D-variational) and the 4-D-Var (4-D-variational)

methods. It compares the observations and the model backs; 3 agsimilation experiments

ground taking into account the measurement time, and as-

sumes that the increment to be added to the background stajf ihis study, we use the same assimilation experiments per-

is constant over the entire assimilation window (in this casefyrmeqd byEl Amraoui et al (2010, hereafter LEA2010. The
3h). The choice of this technique limits the size of the as-jnitia| conditions for the assimilation were obtained by a free-
similation window, since it has to be short enough comparedy,ge| run started from the April climatological field. The

to qhemistry ar_1d.tra.nsport timescales. It has_been validatedqimilation of MLS Q stratospheric and UTLS profiles and
during the assimilation of ENVISAT data project (ASSET, {he assimilation of MOPITT CO tropospheric profiles started

Lahoz et al(2007), and has produced good quality results o 20 jyly 2007 and involve two independent runs (i.e., the
compared to independent data and other assimilation SySyggimilation experiments of{and CO are done separately).
tems (Geer et al. 200§. MOCAGE-PALM has been used \yg estimate this spin-up period to be sufficient enough to
to assess the quality of satellite; easurementMassart  aye hoth @ and CO fields well balanced with respect to the
et al, 2007. The MOCAGE-PALM, assimilation products  aimaspheric chemistry and dynamics. The assimilated fields
have been used in many atmospheric studies in relation tey 03 and CO have been validated for the month of July and

the G loss in the Arctic vortexEl Amraoui et al, 20083, aygust 2007 by LEA2010 using measurements from ozone
tropics—midlatitudes exchangBencherif et al.2007, STE  gondes; aircraft and other remote sensing instruments. This

(Semane et 8l2007), exchange between the polar vortex and \ gjigation exercise showed better agreement of the analyses

the midlatitudes §I Amraoui et al, 20085 and diagnosing 4 each chemical species than the free-model runs.

STE from & and CO fields I Amraoui et al, 2010. O3 assimilated fields have been evaluated using different
types of independent measurements. The bias, root-mean-
square error (RMS) and correlation between modelgdril
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aircraft measurements are83 ppbv, 38.5ppbv and 0.83, re- | a) Model O3 at 260 hPa b) Model CO at 260 hPa
spectively. The bias, RMS and correlation between assim: !
ilated O; and aircraft measurements 11.5ppbv, 22.4 ppbv
and 0.93, respectively. The correlation coefficient are 0.6€
and 0.82 between OMI total columns (Ozone Monitoring §°
Instrument) and the free-model run and between OMI to--‘%
tal columns and the assimilated MLS field, respectively. In~
a further comparison using an ozonesonde, it is shown tha
the model underestimates thg €ncentrations, particularly
between 300 and 150 hPa. The assimilation of MLs3-
files corrects this underestimation since the agreement be
tween ozonesonde measurements and the MLS assimilate :
profile is better than the free-model run profile (see Fig. 7 in ‘ sar 5 x
LEA2010).
As for Oz, CO fields have also been evaluated using differ- ., < | ' , ) 5
ent types of independent measurements. The bias, RMS arz . z ' E 8%
correlation between modeled CO and aircraft measurement® - & v
are —6.3 ppbv, 16.6 ppbv and 0.71, respectively. The bias,

a5

RMS and correlation between assimilated CO and aircrafi - | f M ‘%\\

measurements are 3.16 ppbv, 13 ppbv and 0.79, respectivel
AIRS (Atmospheric Infrared Sounder) total CO columns are

also used for evaluation. The correlation coefficients betweet o SRR
AIRS and modeled CO and between AIRS and assimilatec  Spebe " coppby
MOPITT CO are 0.51 and 0.75, respectively.

s -10 0 10 20

Longitude

Fig. 1. Longitude—latitude maps at 260 hPa of modgl(@), model
CO(b), O3 analysegc) and CO analyse@) for 15 August 2007 at

12: TC.
3 STE case study on 15 August 2007 oouTC

In this section, we present the case study of a STE eventygyed that CO analyses ang @halyses are in better agree-

on 15 August 2907 over the British Isles. Figure 1 showspant with independent data (MOZAIC flights, WOUDC
the G; and CO fields for MOCAGE and MOCAGE-PALM  o;4ne sondes and remotely sensed data) than the free-model

(MLS O3 analyses and MOPITT CO analyses) in the UTLS ;A perspective of LEA2010 was to focus on the quantifi-

(260hPa) between 35-7H and 33W-25'E. Figure 2 c41ion of the contribution of @and CO assimilated species

ShSWS longitude-pressure cross sections athb®etween i, the chemical mixing process between the stratosphere and
35 W and 23 E. These figures display the free-model run he troposphere. In a CTM context, none of the meteoro-

CO fields (hereafter model CO) and MOPITT CO analyses|qgicy| fields are modified and only the chemical fields are
(hereafter CO analyses) and free-model ryfi@lds (here- 5 ifieq, through the assimilation process. The ExTL diag-
after model @) and MLS @ analyses (hereafters@naly-  o5eq in this study is then the layer characterizing the chem-
ses). The 380K isentrope (black solid line) and the 2PVUicq) yransition. In this study, we diagnose how this chemical
(white solid line) contours define the LMS height range. The yansition, i.e., an estimate of the EXTL, is modified through
STE event shows a deep stratospheric intrusion with high O 1ha different assimilation experiments. By modifying only
values (low CO values) coming from polar latitudes spread-he chemical fields, the air mass mixing itself is not mod-
ing southward over western Europe. ified by the assimilation, but the diagnosed mixing process

_ Inthe latitude-longitude mapsg@nalyses (Fig. 1¢) show \ging the chemical tracer—tracer relationship is. When we re-
increased values in the STE structure compared to the modefg; 1 mixing in the text it is about diagnosed mixing using

Conversely, CO analyses (Fig. 1d) tend to exhibit decreaseghg chemical fields. To quantify the contribution of each ex-

values in the STE structure compared to the model and alsQeriment presented here, we have used the three diagnostics
increased values around the STE. Along the verticgb@l-  jiscussed byan et al(2007):

yses (Fig. 2c) show increased @ the 200-300 hPa layer

compared to the model{field. For CO analyses, a mini- 1. O3—CO correlations: to empirically select the CO and
mum of CO in the cross section (Fig. 2d) is in good agree- O3 values that belong to the stratosphere, the tropo-
ment with the stratospheric intrusion (between 10 ahd/p sphere and the ExTL.

down to 400 hPa. At the LMS height range and at longi-
tudes around the intrusion, the CO assimilated fields also dis- 2. Profile comparisons using relative altitude coordinates:
play higher values than the model CO fields. LEA2010 also to remove the geophysical variability from the planetary

Atmos. Chem. Phys., 13, 7225%24Q 2013 www.atmos-chem-phys.net/13/7225/2013/
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a) Model O3 b) Model CO CO relationships for model £vs. model CO (Fig. 3a), ©
analyses vs. model CO (Fig. 3b), modej @&. CO analyses
(Fig. 3c) and @ analyses vs. CO analyses (Fig. 3d). As de-
scribed byPan et al(2007), the G—CO relationship is “L"
shaped and has a stratospheric branch (higlv&ues and
low CO values) and a tropospheric branch (low @lues
and high CO values). These two branches can be represented
by an approximate quasi-linear relation betweegra@d CO.
Between these two branches the relationship betweem®
B (I R CO is nonlinear due to the different chemical composition of
the stratosphere and the troposphere.

We have applied the $£CO correlation diagnostic on
15 August 2007 12:00 UTC between°30-10° E and 40—
65°N where the STE takes place. We have also applied
the diagnostics in the 700-80 hPa vertical range to avoid
the boundary layer values and the high stratospheric ozone
values. The stratospheric branch, where highv@riability
and low CO variability are observed, is empirically identi-
fied with a selection criterion defined BBan et al(2007.

In Fig. 2, low CO values are mainly located in the strato-
sphere (above the 380 K isentrope) in the MOCAGE CO and
S in the MOPITT CO analyses. A quadratic fit is done with the
CO values less than 25 ppbv. CO values that are belBw
Fig. 2. Zonal cross sections at 581 between 40W and 40 E lon- (Whgrea is the §tandard deviation of the selected d.ata).from
gitude and between 600 and 100 hPa in the vertical for mogel O the fit are considered as stratospheric (blue dots in Fig. 3).
(a), model CO(b), O3 analysegc) and CO analyse@). The white  The tropospheric branch, where lovg @ariability and high
line corresponds to the 2 PVU contour. The black lines correspondCO variability are observed, is also empirically identified
to the 300 to 400K isentropic contours by 10K intervals. The line with a selection criterion defined biyan et al.(2007. In
with green circles corresponds to the thermal tropopause. Panels afig. 2, these low @ values are mainly located in the tro-
for 15 August 2007 at 12:00 UTC. posphere (below the 2PVU line) in the MOCAGE; @nd
in the MLS Q3 analyses. A linear fit is done with{0ralues
o . ~_lower than 70 ppbv. @values that are lower than #3¥rom
wave activity and to diagnose the effect of data assimi-the fit are considered as tropospheric (red dots in Fig. 3). Be-
lation on the UTLS CO and &gradients. tween these two branches a set of points (green dots in Fig. 3)
3. Sharpness of the transition: to quantify the depth and the[rp(;sggsapﬁzlrﬁlcal transition between the stratosphere and the
location of the ExTL. The “L” shape is detected in the fours&CO correla-
tions, but the transition differs significantly between them.
3.1 Diagnostic 1: @—-CO correlations The transition is composed by mixing lines corresponding to
0O3—CO vertical relationships for each latitude—longitude lo-
Tracer—tracer correlation methods help to identify the chem-cation of the model. To illustrate this concept we have plotted
ical transition between the stratosphere and the troposphetia black the points located between 20 afdon the 59 N
and the mixing processes in the LMBigcher et al.200Q vertical plane corresponding to the stratospheric air mass in-
Zahn et al. 200Q Hoor et al, 2002 2004 Pan et al.2004 trusion displayed in the cross sections (Fig. 2). We also have
2007. Tracer—tracer correlation methods are effective to di-overplotted a quadratic fit of these points in Fig. 3; coeffi-
agnose mixing in the EXTL. These methods follow an em-cients of the fit are provided in Table 1. The model @3.
pirical process to select the tropospheric values, transitiormodel CO shows a “convex” and compact relationship in the
layer values and stratospheric values. It is also important ta¢hemical transition. This “convex” behavior can be under-
know that the diagnostic would give different results if differ- stood as a transition of a chemical regime between the strato-
ent tracers are used, for examplg-®,O correlationsifieg- sphere and the troposphekdoor et al.(2002 explains the
glin et al, 2009. In this section, we use$CO correlations  convex curvature of the correlation as the result of a com-
to determine empirically the chemical transition layer from bination of dynamical and photochemical effects. However,
model and analyzed fields. Diagnosing the chemical transiin Hoor et al.(2002, the convex curvature in the correlation
tion layer using @-H,O is out of the scope of this paper was observed during late winter (March), whereas a linear
since BO has not been assimilated. Figure 3 shows the O relationship is observed in summer (July). A linearity in the

Pressure (hPa)

d) CO analyses

Pressure (hPa)
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Fig. 3. Comparisons of the £-CO relationships between modet @s. model CO(a), O3 analyses vs. model C(®), model & vs. CO
analyseqc) and Q; analyses vs. CO analyséd) in the area between 3@V-10° E and 40-6%N on 15 August 2007 at 12:00UTC. In

all cases, red and blue dots are identified as tropospheric and stratospheric model grid points, respectively. Black solid lines indicate fits to
tropospheric and stratospheric values and the dashed lines ar@shealues (where is the standard deviation of the selected data) from

those fits. The green dots are identified as the transition between stratospheric and tropospheric air. The transitional points between 20 an
0° W on the 59 N vertical plane are in black and are fitted by the gray line (see text for details). Within each plot box a zoom of the transition
layer is provided (top right) on each panel.

transition indicates a rapid mixing of tropospheric and strato- Compared to the model{¥s. model CO correlations, the
spheric air masses. In our case study, the convex curvature d®s; analyses vs. model CO correlations show an increase of
agnosed in the -CO correlations does not indicate a rapid O3 values in the chemical transition. The relationship be-
mixing process as expected in a STE. tween @Q analyses and model CO (Fig. 3b) is less compact,
Following Plumb (2007 the compactness of the tracer— showing different shapes of mixing lines at different loca-
tracer correlation is proportional to the variation of the chem-tions. This illustrates the $variability following the isen-
ical fields along isentropic surfaces. In the case of the freetropes induced by MLS assimilation at tropopause altitudes
model run and in the region of interest, the chemical vari-(see Fig. 2c). As mentioned above, a less compgeQD re-
ability at tropopause altitudes is relatively low following the lationship corresponds to a mixing process occurring episod-
isentropic lines (see Fig. 2a and b). This low variability is ically. Some of the the mixing lines show a strong “concave”
diagnosed by a compact correlation betwegra@d CO val-  shape owing to the stratospheric air mass intruding the tropo-
ues in the transition layer. The dots located in the transitionsphere, characterized by high ozone mixing ratio values. In
region are merged in the same slope, indicating the same bé~ig. 2c, a maximum of ozone is observed between 200 and
havior of the Q—CO correlations at different locatiortdoor 250 hPa and between 20 ant!W corresponding to strato-
et al.(2002 also suggests that mixing occurring only episod- spheric air masses intruding the upper troposphere. However,
ically, or involving very different tropospheric air masses the free-model CO fields do not show a strong CO decrease
(e.g., rather different CO concentrations), would spread then the location of the intrusion. The CO andg ®@alues are
compact relationship in the transition layer. Then the low not consistent between each other, leading to a specific “con-
spread in the @-CO correlations observed here suggestscave” correlation at the location of the intrusion. In other
a low mixing activity represented by the model during the locations, the @-CO relationship does not show a concave
STE. correlation.

Atmos. Chem. Phys., 13, 7225%24Q 2013 www.atmos-chem-phys.net/13/7225/2013/
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Table 1. Fitting coefficients for the EXTL of @-CO correlations, assuming a quadratic form: a2x2 +ayx +ag. CO and @ values are
defined byx andy, respectively.

az ai ag
model G vs. model CO 9.721072 —1.78<100  9.11x10?
O3 analyses vs. model CO  —2.99x10~1  3.07x10! —3.17x10?
model Q; vs. CO analyses 5.3110°2 -9.75  57%10?
O3 analyses vs. CO analyses—8.84x 102 739  2.80k10%

The model @ vs. CO analyses correlations (Fig. 3c) show tency when both species are assimilated than when only one
a more angular “L” shape and a less compact relationshigs assimilated. In this section, we usg-@O correlations to
than model @ vs. model CO correlations. The assimilation select empirically the chemical transition points in order to
process induces a less compact relationship that is due to tHeave an estimate of the ExTL. The impact of assimilation of
increased variability of the upper tropospheric CO values.Oz and CO fields on the correlations is discussed. We also
As mentioned above, this suggests more diagnosed mixingliagnose in the next sections how the assimilation of MO-
between the stratosphere and the troposphere. In the MCRITT CO and MLS @ data affects the spatial extent of the
PITT analyses, the CO values are more variable followingestimated EXTL.
the isentropes. In this case CO values are decreased in the
chemical transition and tend to be increased in the upper tro3 2  Diagnostic 2: profile comparisons using relative
posphere except in the location of the intrusion where CO altitude coordinates
values are decreased (see Fig. 2d). In general, mixing lines
tend to be pulled toward the lower-left corner, corresponding), the second diagnostic, we analyze the tracer behavior in al-
to less mixing. At the location of the intrusion, the relation- tjtde coordinates relative to a chosen tropopause level. Be-
ship is the less curved, and the slope of the fit is decreasegayse rapid changes in height of tracer concentrations hap-
compared to the model4¥s. model CO fit (see Table 1). ~ pen near the tropopause, it is helpful to use a tropopause-
In this comparison (i.e., modelf¥s. CO analyses), only  rg|ative vertical coordinate to reduce the geophysical vari-
CO fields are assimilated, ancz @elds are not. As diag-  gapjlity caused by wave activity at synoptic and planetary

nosed for @ analyses vs. model CO correlations, the CO an-scajes, The thermal tropopause has been used as a reference
alyzed fields are then not chemically consistent with modeljeye| py pan et al. (2007 and Pan et al.(2004 to calcu-

O fields. However, correlation plots do not show a specific|ate relative altitudes. The thermal tropopause and the dy-
“concave” curve fit because a tropospheric CO product (MO-pgmical tropopause can provide double thermal or dynami-
PITT CO) is assimilated. Even if CO is decreased in the l0-¢4) tropopause features related to Rossby-wave breaking pro-
cation of the intrusion and increased around it (Fig. 2d), thecesses and associated transpBarn( et al. 2009 Homeyer

dots in the correlation plot will only move in the CO dimen- et g1, 2010). These double tropopause structures lead to dif-
sion. The MOPITT sensitivity is mainly tropospheric, and ficyties in calculating diagnostics and in their interpretation.
detects the intrusion as a minimum of CO visible in the ana"Figure 2 displays the location of the lower values of the ther-
yses between 300 and 400hPa and between 20 &l 0 5| tropopause (green circles). We then choose the lowest

(Fig. 2d) (where the dynamical tropopause is the lowest injeyels of the thermal tropopause as reference level to calcu-
height). Unlike the @analyzed fields, no drastic changes can |5t relative altitudes.

be noted in the CO analyzed fields in the lower stratosphere frigyre 4 provides @ and CO profiles in relative alti-
(around 360K and 380K levels). For this reasons, MOPITTy,qe (RALT) coordinates for the four4CO correlations.
CO analyses do not modify significantly the curvature of the g|e, red and green represent the stratospheric, tropospheric

mixing lines. _ and transition CO and ©values, respectively, as selected
The O; analyses vs. CO analyses correlations show both, gect. 3.1. Horizontal dashed lines provide the upper and

the effect of MLS Q analyses and MOPITT CO analyses. In |oyer estimated ExTL “boundaries” in RALT, corresponding

the chemical transition, §values are increased whereas CO {5 the 10 and 90 % deciles. More extreme percentile values,
values are decreased. The spread of theQ@D correlations o, example 2 and 98 %, could be chosen but would be in-
in the chemical transition is increased compared to the othefj,enced by extreme EXTL selected points, and might show
O3—CO correlations, showing an increased spatial variabilitysyrong variations in RALT space. Because the selection cri-
of the O;—CO mixing lines. At the location of the intrusion  terjg are empirical and can allow for extreme RALT loca-

the mixing lines still show a concave shape but with a slightion ExTL points, we then decided to remove 10 % of each
curvature compared to thes@nalyses vs. model CO mixing - sige of the distribution in order to have a reasonable indi-

lines (see Table 1). This is due to a bettes-0O consis-  cator for the EXTL boundaries location. In the free-model
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a) Model O3 vs model CO b) O3 analyses vs model CO c) O3 analyses vs CO analyses
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Fig. 4.03 and CO profiles in the region betweerf30-1° E and 40—-65N on 15 August 2007 at 12:00 UTC z@rofiles (ppbv) in altitude
coordinates (km) relative to the 360K level are provided for model€ model CO(a), O3 analyses vs. model C(®) and G; analyses

vs. CO analysegc). CO profiles (ppbv) in relative altitude coordinates (km) are provided for mogdalOmodel CO(d), model G vs.

CO analysege) and Q; analyses vs. CO analysé%. Following selection criteria, red and blue dots are identified as of tropospheric and
stratospheric origin, respectively. The green dots are identified as the transitional layer between the stratosphere and the troposphere (see te
for details). Black lines represent the mean profile every kilometer, and horizontal error bars shevstaedard deviation.

run simulations the upper and lower boundaries of the estinext section, we further examine in detail the estimated EXTL
mated EXTL are diagnosed at approximatively 3 arickm, distributions in the RALT space.

respectively (Fig. 4a and d). Positive and negative altitudes

are below and above the thermal tropopause, respectively; 3 Diagnostic 3: sharpness of the transition

Compared to the free-model rung @nalyses (Fig. 4b) show
more G in the EXTL (green dots) and in the troposphere
(red dots). In relative altitude, the estimated EXTL extends
into the troposphere te3 km. The upper boundary height is
not significantly modified but the lower boundary is lowered
by 2km. It has been shown that the troposphericddn-
centrations in MLS analyses (with MOCAGE) are increased

ggzl tozct)jlo;v nmjg g??ﬁ;?&iﬁggg Lhe esr-I;rEo eg:B:ggC o model G vs. CO analyses ands@nalyses vs. CO analyses,
K : ' bp PosP respectively. Table 2 provides the heights of the mean and

values are greater than the tropospheric threshold defined he standard deviation of the estimated ExTL distributions

Sect. 3.1. In the CO profiles, analyses (Fig. 4e) show values . . L
. in relative altitude space. The free-model run distribution has

greater than the values of the free run in the troposphere an . .
) .Its mean height at 1.42 km above the thermal tropopause with

lower than the values of the free run in the stratosphere. This L : S
oo a standard deviation of 1.3 km. Studies using in situ aircraft

leads to a stronger CO gradient in the EXTL around the ther- .
) ! . ._measurement show that the ExXTL is centered on the thermal

mal tropopause. This stronger gradient does not give a sig:

nificantly narrower extent of the ExTL boundaries in RALT tropopause with a narrower EXtem than observed in this study
coordinates. The location of the estimated EXTL boundaries,([;ime?;l":1 2'220010; szhoo(\)/?éc;rlhi\?]r;jg;ggi%ilsasteeszrrrétifg;hat
could differ significantly in the RALT space depending on O giin €t al. . : . .
analyses, and CO analyses are used separately or togethés.w'der than observed in satellite observatlorjs, and shlﬁed
When Q,analyses and CO analyses are used together in tha[:)ove the thermal tropopause. The low vertical resolution
diagnostics (Fig. 4c and f), the heights of the boundaries ar 00m) in the model UTLS layers and also the low hori-

zontal resolution (2x 2°) used in this study is not sufficient
close to those found on{analyses and model CO. In the to represent the sharp gradients of and CO observed at

The third diagnostic provides the distribution of the esti-
mated EXTL in relative altitude space (as defined in Sects. 3.1
and 3.2). The shape of the estimated EXTL distribution will
allow for us to quantify its location and depth. Figure 5a—d
displays the distributions for the variouss-@CO relation-
ships: model @ vs. model CO, @ analyses vs. model CO,
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Table 2. Heights of the mean, median and standard deviation of the Compared to model £vs. model CO distributions and the
EXTL distribution in relative altitude space (km) for the different O3z analyses vs. model CO distributions, the modgi®€. CO
experiments. Negative mean values and positive mean values argnalyses provides a narrower estimated EXTL (Fig. 5c). The
below and above the thermal tropopause, respectively. means of the distributions are reduced compared to model
O3 vs. model CO distribution, but not as much as for the O
analyses vs. model CO (see Table 2). The standard deviation

Mean Standard Deviation

model G vs. model CO 1.15 1.29 is very slightly reduced (by 0.01 km). Compared to the free-

O3 analyses vs. model CO 0.45 1.74 model run, CO analyses increase CO concentrations in the
model Gy vs. CO analyses  0.93 1.28 upper troposphere around the STE. However, at the location
O analyses vs. CO analyses ~ 0.16 170 of the intrusion, the reduced CO values in the upper tropo-

sphere are not detected by the tropospheric selection crite-

rion (described in Sect. 3.1), which is not very sensitive to
the tropopause. This results in a broad transition layer in theCO variations. Moreover, the stratospheric selection criterion
UTLS. Thus, in our case, a narrower and a lower altitudeis highly sensitive to CO variations. Compared to the model
distribution would be considered as benefits from the dataDs; vs. model CO, the spread of the mode) &. CO analy-
assimilation. ses distribution is reduced in the stratospheric side (positive

Compared to the model Ovs. model CO distribution, RALT), whereas the tropospheric side (negative RALT) is

the G; analyses vs. model CO distribution shows an in- not significantly modified. This lowers the mean value of the
creased spread with a standard deviation of 2km (Fig. Skdistribution.
and Table 2) but a lower mean value of about 0.45km. As The G; analyses vs. CO analyses distributions (Fig. 5d)
described in Sect. 3.2, an increase of troposphegio/a)- have the same shape as the modgh®. model CO distri-
ues leads to a broadening of the estimated EXTL (down tdoution but are not narrowed. The mean of the distribution is
RALT = — 4 km) in the troposphere. No significant changes very close to the thermal tropopause (0.16 km). The standard
in the stratosphere (positive RALT values) of the distribution deviations are slightly lower than those of thg@alyses vs.
can be noted. The increase of @ the upper troposphere model CO distributions but larger than those of the modgl O
leads to increase of the estimated EXTL depth toward negvs. model CO distributions. The estimated EXTL distribution
ative RALT. Due to the low sensitivity of the stratospheric benefits from the combination of the information provided
selection criterion to the ©variations, the stratospheric side by Oz analyses and CO analyses. CO analyses reduce the es-
of the estimated EXTL is not significantly modified. How- timated EXTL distribution extent on its the stratospheric side
ever, the STE is detected by the tropospheric selection criteand G analyses increase the estimated ExTL distribution ex-
rion, and the distribution becomes skewed toward negativdent on its tropospheric side.
RALT coordinates.Pan et al.(2004 showed that skewed Pan et al (2004 found using aircraft measurements that
distributions, particularly toward negative relative altitudes, the center of the EXTL is statistically associated with the ther-
indicate active mixing from the stratosphere to the tropo-mal tropopause, and the thickness of this layer &3 km
sphere. Validation against independent measurements as in the midlatitudes. In Table 2, the thickness of the estimated
Barré et al.(2012 and LEA2010 shows that UTLS ozone EXTL is ~3km (%), and the mean and median values are
fields are improved by MLS assimilation, and the overall ef- lowered by~ 1 km. Moreover, because of the rapid overturn-
fect of MLS assimilation is to increase the LMS ozone fields. ing of air masses in the troposphere and high static stabil-
Barré et al.(2012 also show that MLS assimilation incre- ity in the stratosphere, stratosphere-to-troposphere transport
ments in the lower stratosphere are transported into the trofSTT) shows deeper signatures in altitude than troposphere-
posphere during STE events. This impacts the tropospherto-stratosphere transport (TSTHdor et al, 2002. Conse-
by increasing its ozone mixing ratio. According to these pre-quently, during STT events, the EXTL will show a skewed
vious studies, MLS analyses induce a more intense ozoneistribution toward negative RALT. This skewed distribution
mixing between the stratosphere and the troposphere. Thiis only seen with @ analyses, which provide increased O
ozone mass mixing should not to be confused with the airvalues in the LMS and below (see for example Fig. 2c) and
mass mixing, which is not changed in a CTM context. The allow for detection of the appropriate STT in these diagnoses.
skewed shape of the distribution then indicates this more in- Data assimilation of stratospherigg@mb measurements
tense ozone mixing from the stratosphere to the troposphermakes the following possible:
in MLS Os analyses than in the free-model run. Despite a . ] o )
wider spread of the estimated ExTL distribution, theaBal- i. It allows_ f_or the detection of deep stra_tospherlc_lntrusmn
yses vs. model CO ExTL distribution shows a mean height ~ PY Providing better lower stratospheric ozone fields (see
closer to the thermal tropopause than the modgt©model \{alldgtlon in LEA2010). The estimated ExXTL d|str|bu_—
CO EXTL distribution. This is consistent with Fig. 2c, where tion is skewed, extended and lowered as expected in a
the height of ozone gradient in thes@nalyses have a better case of a stratospheric intrusion.
match with the thermal tropopause height.
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a) Model O3 vs model CO b) O3 analyses vs model CO
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Fig. 5. Histograms showing the distributions of the EXTL in relative altitude space in the region betw®@i-30° E and 40-65N on 15
August 2007 at 12:00 UTC. modekQ@s. model CQ(a), O3 analyses vs. model C(®), model G vs. CO analysef&) and Q; analyses vs.

CO analysegd) are displayed in black, and mode®s. model CO distribution is overplotted in gray on the plots. The histograms display
the absolute frequencies.

ii. It increases the ozone mixing ratio in the upper tropo-by these activities is largely smoothed out in the monthly
sphere Barré et al, 2012, resulting in an increase of mean fields. The diagnostics have been then performed on
the EXTL distribution spread. the 15 August 2007 12:00 UTC fields and on the monthly

o ) ) time-averaged (August 2007) fields. The diagnostics are ap-
Data assimilation of tropospheric CO nadir measurement$)jieq on 10 S latitude bands and regression selection crite-
has the following effects: ria take into account every latitude—longitude grid point in
those latitude bands. We also only consider extratropical lati-
tudes outside the 2620 N range. Figure 6a—d show zonal
means of the model §)model CO, @ analyses and CO anal-
yses for the month of August 2007 (i.e., longitude-time av-
erage), in tropopause-relative altitude coordinates. The lower

ii. It improves the upper tropospheric CO fields (see val-white line is the 2 PVU level and the upper black line is the
idation in LEA2010), providing a sharper CO gradient 380K isentrope, denoting the LMS bounds. In general, O
in the UTLS and narrowing the ExTL distribution in its analyses increase the amount gfi@the LMS, especially at
stratospheric side. northern extratropical latitudes poleward of%0 (by more

than 200 ppbv). CO analyses increase the tropospheric CO
values, except between 20 and M) and decrease the lower
4 Global EXTL for the month of AUgUSt 2007 Stratospheric CO values.
We estimate the distribution of thes©CO EXTL for lat-

In this section, we apply the diagnostic of Sect. 3.3 (sharpi,de bands of 10 between 90 and 2 and between 20
ness of the transition) on the global scale in order to inves-,q g N with the same selection criteria as in Sect. 3.1. In

tigate the impact of data assimilation of MOPITT CO and riqq 7 and 8, we provide the latitudinal variations of the es-
MLS Os on the estimated ExTL. Because the STE activitieSyimateq EXTL distribution for the 15 August 2007 and for

near the extratropical _tropopause are largely asso_ciated Withhe August average, respectively: median (red line), deciles
synoptic scale dynamical processes that are on a timescale ﬂfed- to pink-filled areas), mean (green line) and standard
a few days to a week, the variability in tracer fields induced

i. It does not allow for detection of deep stratospheric sig-
natures as efficiently as0imb measurements. The
EXTL distribution is not significantly lowered and not
skewed.
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a) Model 03 b) Model CO
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Latitude Fig. 7. Latitudinal height variations in altitude coordinates (km) rel-
“— C— ative to the 360K level of the ExTL distribution for modek@®s.
03ppby coppbv model CO(a), O3 analyses vs. model C(), model G vs. CO

analyseqc) and Q; analyses vs. CO analyséd) calculated from
Fig. 6. Zonal averages for the month of August 2007 in relative alti- the 15 August 2007 12:00UTC tracer fields. Red-filled contours
tudes (km) of model @(a), model CO(b), O3 analyse¢c)and CO  provide the decile altitudes of the distribution. Red and green lines
analysegd). Dashed black vertical lines mark the regions of interest gre the median and mean altitudes, respectively. Blue lines show the
(i.e., 90-50'S, 50-20 S, 20-50 N and 50-90 N). The lowermost  |gwermost stratosphere bounds: the lower line provides the 2 PVU

stratosphere bounds are represented by the 2 PVU contour in absgpntour in absolute value, while the upper line provides the 380 K
lute value (lower white line), and the 380 K isentrope (upper black jsentropic contour.

line).

deviation from the mean (light green lines) in RALT coor-  |n the model Q vs. model CO distributions, the estimated
dinates. The LMS bounds (the lower blue line is the 2PVU ExTL has latitudinal variations in the RALT space (Figs. 7a
level and the upper blue line is the 380K isentrope) and theand 8a). In the Southern Hemisphere, the estimated ExTL
thermal tropopause (straight horizontal line) are also overfollows the 2 PVU line (mean and median values), although
plOttEd in RALT coordinates. The estimated ExTL distribu- 1.5 to 2km above it. In the Southern Hemisphere the mean
tions are provided for the four experiments: model 8.  and median values of the estimated ExTL are located around
model CO, @Q analyses vs. model CO, modek@s. CO  the thermal tropopause. The estimated EXTL is located on
analyses and ©analyses vs. CO analyses. Tables 3 and 4negative RALT near the South Pole, positive RALT at the
provide mean and standard deviation values for four regiongnidiatitudes and RALT close to°0at the subtropics. This
- 9010 50S, 50 to 20S, 20 to 50N and 50 to 99N —  yariation of altitudes is more visible on distributions calcu-
as defined by the dashed lines in the Figs. 7 and 8, respegated with daily diagnostics than with monthly diagnostics
tively. The standard deviations are systematically higher infor reasons mentioned above (the fields are smoothed). In the
the distributions calculated from the 15 August 2007 (here-Northern Hemisphere the location of the estimated EXTL is
after dally diagnostics) than in the distributions CalCUlatedfound above the thermal tropopause by 1 to 2 km. Between
from the monthly averaged (August 2007) fields (hereafterpg and 50 N the estimated EXTL is located at 0.8 and 0.6 km
monthly diagnostics). As mentioned above, the variability as-for daily and monthly diagnostics, respectively (Tables 3 and
sociated with STE activities located at extratropical IatitudeS4 ). Between 50N and the North Pole the estimated ExTL
is smoothed out in the monthly means fields. This results injs |ocated at 2 and 1.9 km for daily and monthly diagnostics,
a narrower EXTL distribution estimate when a monthly meanrespectively (Tables 3 and 4).
field is used. However, the diagnostic on the monthly mean The standard deviation of the estimated ExTL distribu-
fields is useful to diagnose the behavior on the global estition shows higher values in the Northern Hemisphere. In the
mated ExTL during the month of August 2007. Sect. 3 we have shown that the estimated ExTL distribution
is wider at the location of STE events. In the case of a global
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Table 3.Heights of the mean and standard deviation of the EXTL distribution in relative altitude space (km) for the different experiments and
for the different latitude bands over the globe, calculated from 15 August 2007 12:00 UTC tracer fields. Negative and positive mean values
are below and above the thermal tropopause, respectively.

90-50S 50-20S 20-50N 50-9C N

model G vs. model CO Mean 0.072 0.727 0.800 2.062
’ Standard Deviation 1.195 1.913 1.555 1.467
O analvses vs. model CO Mean —0.200 0.432 0.208 1.157
3 y ’ Standard Deviation 1.342 2.060 1.962 1.969
model G vs. CO analyses Mean 0.106 0.403 0.036 1.466
’ y Standard Deviation 1.187 1.747 1.283 0.986
Mean —0.240 0.076 —0.660 0.503

Og analyses vs. CO analysesg 14 Deviation  1.290 1.941 1.714 1.648

Table 4. Heights of the mean and standard deviation of the EXTL distribution in relative altitude space (km) for the different experiments
and for the different latitude bands over the globe, calculated from monthly average (August 2007) tracer fields. Negative and positive mean
values are below and above the thermal tropopause, respectively.

90-50S 50-20S 20-50N 50-9C N

model G vs. model CO Mean 0.168 0.084 0.594 1.900
’ Standard Deviation 0.940 1.418 1.323 1.331
O analvses vs. model CO Mean -0.130 —0.090 0.048 1.248
3 analy : Standard Deviation ~ 1.188 1.667 1.676 1.652
model G vs. CO analyses Mean 0.508 —0.080 -0.120 1.581
’ y Standard Deviation 0.666 1.131 1.006 0.876
Mean 0.152 —0.360 —0.700 0.713

Og analyses vs. CO analysesq, o Deviation  0.932 1.381 1.339 1.333

diagnostic, a wider extent of the estimated ExTL correspondsn the LMS are advected through the tropopause and then
to a tendency of deeper exchanges between the stratosphdrerease the © mixing. Oz analyses move the estimated
and the troposphere. The wider extent of the estimated EXTLEXTL location to lower altitudes and always have median
in the Northern Hemisphere can be interpreted at the globaind mean values of the distribution below the 380K level.
scale as more intense STE activity. Two maxima of estimatedlhe mean values of the distributions are significantly low-
EXTL thickness are also identified in both hemispheres neaered in the Northern Hemisphere b¥).6 km in the subtrop-
35°S and 38N, corresponding to the location of the sub- ics and by—0.9 km in the middle and polar latitudes closer
tropical jets where mixing processes ocdBeftelman etal.  to the thermal tropopause. In the Southern Hemisphere the
2011). Pan et al(2004 deduced from aircraft observations estimated ExTL mean location is not lowered as much (less
(in the Northern Hemisphere) of3d&and CO an ExXTL cen- than 0.1km) than in the Northern Hemisphere. This is can
tered at the thermal tropopause with a thickness between Be explained by a significant increase of ozone in the LMS in
and 3 km expanding into a thicker layer in the vicinity of the the Northern Hemisphere but not in the Southern Hemisphere
subtropical jet. (Fig. 6¢). Model Q vs. CO analyses (Figs. 7c and 8c) show
The O; analyses vs. model CO data provides slightly reduction in the estimated ExTL thickness. The layer thick-
wider distributions for the estimated EXTL for all latitudes ness is strongly reduced, as reflected in a reduction of the
(Figs. 7b and 8b) with a standard deviation that is increasedtandard deviation by about.38 km in the Northern Hemi-
by up to 0.5 km (between SN and the North Pole). When sphere and by-0.18 km in the Southern Hemisphere. The
stratospheric @ profiles are assimilated, the model is un- mean and the median values match the thermal tropopause
able to improve the strong {Ogradients observed in the poleward of 50 S but remain 1.5 to 2 km above the thermal
UTLS. These wider distributions also suggest a more intense¢ropopause poleward of S0.
O3 mixing produced by MLS assimilation. As explained  The distributions of @ analyses vs. CO analyses (Figs. 7d
in Sect. 3.3, MLS assimilation increments that increage O and 8d) combine the EXTL representation of the two
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2) Model 03 vs model CO b) 03 analyses vs model CO be more centered on the higher thermal tropopause occur-

rence, where strong tropospheric-to-stratospheric intrusions
from the tropical tropopause layer are existent. This could
‘ impact the diagnostics providing shifted ExTL distribution
, : : , on positive RALT.
/\/ v In this section, we have shown the impacts of data assim-
| 5 5 ! ilation on the the EXTL representation between the strato-
A | | | | - | § }‘ § sphere and the troposphere at a global scale in the extrat-
o Model 03 ve €O anlyses 1) 03 analyass vs O analye ropics. Due to the shape of thes@&CO relationship and the
selection criteria described in Sect. 3.1, the upper bound of
the EXTL distribution is mostly sensitive to CO variations,
whereas the lower bound of the EXTL distribution is mostly
sensitive to @ variations. CO analyses have more influence
on the stratospheric side of the estimated ExTL and reduce
the mixing layer depth. ® analyses have more influence
1 on the tropospheric side of the estimated ExTL and are not
S able to reduce the estimated ExXTL depth but have the ca-
- pability to represent deeper STE signatures at extratropical
latitudes. This lowers the location of the estimated EXTL
closer to the thermal tropopause. A combination of these two
Fig. 8. Latitudinal height variations in altitude coordinates (km) rel- analyses shows significantly better results than each analy-
ative to the 360K level of the EXTL distribution for modek®s. sis separately: the estimated ExTL location matches the ther-
model CO(a), O3 analyses vs. model C(b), model G vs. CO  mal tropopause location at middle and polar latitudes, and
analyseqc) and Q3 analyses vs. CO analysgd) calculated from it spread is in the range of what is observed by in situ and
the monthly mean tracer fields on August 2007. Red-filled contoursgate|jite measurements studies. In the Northern Hemisphere,
provide the _deC|Ie altitudes qf the dlstrlbuthn. Red anc_i green "neSPan et al(2004 deduced from aircraft observations that the
are the median and mean altitudes, respectively. Blue lines show th . - . . .
lowermost stratosphere bounds: the lower line provides the 2 PV xTL thlcknes_s _IS_ 2-3km at m|dle_1t|tut_jes, with enhanced
contour in absolute value, the upper line provides the 380K isen-valm':'S in the vicinity of the subtrop|c?al !et. .In Tables 3 and
tropic contour. Tropical latitudes are not shown. 4, the Q3 analyses vs. CO analyses distribution shows a stan-
dard deviation (2) in a range fronr~2.7 to ~3.4km be-
tween 50 and 90ON. Hegglin et al.(2009 found in satellite
measurements an ExTL depth in extratropical latitudes be-
previously described distributions (i.e.,3Canalyses vs. tween 1.5 and 4 km that matches our results.
model CO distribution and modelzQrs. CO analyses distri-
bution). The standard deviations are not reduced, and show
very similar values to those from modek®s. model CO
distributions (see Tables 3 and 4). In a general manner, th® Discussions and conclusions
most significant changes in the estimated ExXTL distributions
are located in the Northern Hemisphere. The location of theln this study, we use the statistical diagnostics defineBdoy
estimated EXTL is lowered close to the thermal tropopauseet al.(2004 andPan et al(2007) to provide a quantitative de-
(due to @ analyses), and the spread of the distributionsscription of the impact of MLS @and MOPITT CO analyses
is conserved (due to CO analyses). No significant changeproduced by data assimilation on the ExTL. Firstly, we focus
can be noted in the Southern Hemisphere, except near then a STE case study documented and validate&Ib&m-
South Pole in the daily distributions. In the subtropical lati- raoui et al(2010. O3—CO relationships are used to estimate
tudes, the estimated EXTL is located 1 km below the thermakhe height and depth of the EXTL. Two differeng @elds
tropopause. This region is subject to the thermal tropopausare provided, a MOCAGE free-model run and MLS analy-
break at the location of the subtropical jet providing an in- ses; and two different CO fields are provided, a MOCAGE
stance of a double tropopause. It has been shown that thieee-model run and MOPITT analyses. Then foy~OO re-
EXTL, at these latitudes, has a contribution from the subtropdationships are studied. Diagnosing assimilated fields with
ical jet, the tropical tropopause layer and the midlatitudestracer—tracer correlations allows for us to evaluate the con-
lowermost stratosphere, forming complex structures in thesistency between the different fields (assimilated or not). A
EXTL as double thermal tropopause featurésgel et al, direct conclusion of this study is the following: it is neces-
2011). In this study, only the lower thermal tropopause al- sary to have assimilated each tracer field that is diagnosed
titudes have been taken in account to perform the diagnosto keep a relative consistency. The following question is left
tics. At subtropical latitudes, the EXTL distribution could open: does assimilation of exactly collocated measurements

Rel. Altitude (km)
)

c) Model O3 vs CO analyses d) 03 analyses vs CO analyses
T T T T T

Rel. Altitude (km)
|
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of different tracers (e.g., from the same atmospheric sounderdtratosphere to troposphere. Further investigation is needed,
provide a better consistency in the tracer—tracer relationshipfor example using @ and CO fields analyses over longer

In addition to diagnosing the effect of data assimilation timescales (e.g., more than 1 yr) to diagnose the seasonal be-
on the Q—CO relationship, we also diagnose the EXTL havior of the EXTL.
estimated distribution in the relative altitude space. The
free-model run @-CO relationship shows a 2.5km wide
EXTL distribution that is centered 1km above the ther- Acknowledgementsie thank the reviewers for their constructive
mal tropopause. This distribution shows the typical behav-comments that helped to improve the article. We thank the Jet
ior of the models representing the atmospheric compositionPropulsion Laboratory MLS science team for retrieving and
namely an overestimation of the ExTL depth and of its lo- Providing the @ MLS data. We thank the National Center for
cation in height, above the thermal tropopause. ML§ O Atmospherlc Resea_rc_h MOPITT science team and NASA for
analyses extend the spread of the distribution toward troP"educing and archiving the MOPITT CO product. This work
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the STE event. MOPITT CO analyses have the capability toEdited by: M. Palm

sharpen the CO gradient in the UTLS. This slightly reduces
the spread of the EXTL on its stratospheric side, showing ¢
mean location closer to the thermal tropopause. Due to thy
low sensitivity to CO tropospheric variations of the diagnos-
tics used in the present study, MOPITT CO analyses do no
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