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Abstract. A suite of diagnostics is applied to in-situ aircraft lows to give an estimate of its thickness. The analysis of
measurements and one Chemistry-Climate Model (CCM)the CO-@Q and HO-03 scatter plots and of the Probability
data to characterize the vertical structure of the TropicalDistribution Function (PDF) of the $O-Os pair completes
Tropopause Layer (TTL). The diagnostics are based on verthis picture as it allows to better distinguish tropospheric and
tical tracer profiles and relative vertical tracer gradients, us-stratospheric regimes that can be identified by their different
ing tropopause-referenced coordinates, and tracer-tracer rehemical composition.
lationships in the tropical Upper Troposphere/Lower Strato- The joint analysis and comparison of observed and mod-
sphere (UT/LS). elled data allows to state that the model can represent the

Observations were obtained during four tropical cam-background TTL structure and its seasonal variability rather
paigns performed from 1999 to 2006 with the research air-accurately. The model estimate of the thickness of the inter-
craft Geophysica and have been compared to the output dice region between tropospheric and stratospheric regimes
the ECHAM5/MESSy CCM. The model vertical resolution agrees well with average values inferred from observations.
in the TTL (~500 m) allows for appropriate comparison with On the other hand, the measurements can be influenced by
high-resolution aircraft observations and the diagnostics usetegional scale variability, local transport processes as well as
highlight common TTL features between the model and thedeep convection, that can not be captured by the model.
observational data.

The analysis of the vertical profiles of water vapour, ozone,
and nitrous oxide, in both the observations and the model; |ntroduction
shows that concentration mixing ratios exhibit a strong gra-
dient change across the tropical tropopause, due to the rolghe extreme dryness of the stratosphere was used by Brewer
of this latter as a transport barrier and that transition betwee1949) to deduce that air entered the stratosphere primar-
the tropospheric and stratospheric regimes occurs within aly in the tropics, within the so called Tropical Tropopause
finite layer. The use of relative vertical ozone and carbonLayer (TTL) (Highwood and Hoskins, 1998; Folkins et al.,
monoxide gradients, in addition to the vertical profiles, helps1999: Gettelman and Forster, 2002). This transition layer
to highlight the region where this transition occurs and al-has properties both of the troposphere and the stratosphere
and, in the tropics, may extend over several kilometers ver-
tically encompassing the tropopause. The TTL is of interest

Correspondence tc. Palazzi not only because of being the interface between two very dif-
m (e.palazzi@isac.cnr.it) ferent dynamical regimes but also because it acts as a gate to
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the stratosphere for atmospheric tracers such as water vapodr45 ppmv. Satellite observations, on the other hand, can
and other short lived substances, which both play an imporbe used to extend field campaign data, as well as employ-
tant role for stratospheric chemistry and climate (Holton eting data from aircraft to validate satellites. Tropical aerosol
al., 1995). composition and size measurements in the TTL, for example,
The ascending branch of the Brewer-Dobson circulationwere performed during the Pre-Aura Validation Experiment
transports mass upward in the tropics from the upper tropo{Pre-AVE) in January—February 2004 (Froyd et al., 2009).
sphere driving the vertical stratospheric motion. The strato-Satellite data provide a global picture and context for more
spheric Brewer-Dobson circulation is also key to the “at- detailed in-situ aircraft observations, and guarantee an ex-
mospheric tape recorder” signals in water vapour and othetensive geographical coverage and measurement continuity,
compounds like C® (Andrews et al.,, 1999; Park et al., though their typical vertical resolution only recently started
2007) and CO (Schoeberl et al., 2006). The tape recordeto allow for evaluations in the UT/LS region; see for in-
is the name given to the slow upward movement of tracestance the work presented in Hegglin et al. (2008), where
gases into the tropical stratosphere and apparently all thaLO, Oz, and HO data in the UT/LS measured by the At-
is required for a tape recorder is a trace gas that varies imospheric Chemistry Experiment Fourier Transform Spec-
concentration with time near the tropical tropopause. Thetrometer (ACE-FTS) on Canada’s SCISAT-1 satellite are val-
tape recorder in water vapour, in particular, was observeddated using aircraft and ozonesonde measurements.
by Mote et al. (1996) using measurements from the satellite- In-situ and satellite observations are a crucial complement
borne Microwave Limb Sounder (MLS) and Halogen Occul- to global modeling efforts and can be exploited to correctly
tation Experiment (HALOE) instruments, showing that air estimate the capability of current Chemical Circulation Mod-
transported upward retains a memory for tropical tropopausels (CCMs) to reproduce the structure of the TTL. In a recent
conditions for at least 18 months, as it is advected upwardstudy Gettelman and Birner (2007) have discussed the ca-
by the large scale circulation. The seasonal variation ofpability of two CCMs in describing the key structural fea-
water vapour in the tropical lower stratosphere, in fact, istures of the TTL including the mean state and the variability
clearly tied to the seasonality in tropical tropopause temper-of temperature, ozone, clouds, and thermal structure. They
atures, which are correlated with the seasonal variability ofconcluded that the TTL features must be largely regulated
“freeze-drying” process in the upper troposphere and tropicaby the large scale processes, since the TTL structure seemed
tropopause region (Randel et al., 2001). The freeze-dryingqiot altered by sub-grid scale processes such as convection.
mechanism is responsible for the low water vapour values irPAnother recent study by Kremser et al. (2009) focuses on
the lower stratosphere, since air passing through the tropicahe representation in two CCMs, differing in their horizontal
tropopause has its water vapour mixing ratio reduced to theand vertical resolutions, of the processes that determine the
ice saturation value at or near the tropopause. flux of water vapour through the TTL and their importance
The processes that contribute to the unique properties ofor stratospheric water vapour fields. The water vapour mix-
the TTL, identified as the zone where the properties of bothing ratios and geographical distribution of dehydration points
troposphere and stratosphere can be observed, are subjectmivided by the two CCMs are compared to ERA-40 reanal-
long debates and studies, focusing on the use of both obseysis data, resulting in different regions of water vapour entry
vational and model data (Fueglistaler et al., 2009). In-situinto the stratosphere and water vapour concentrations in the
observations in the Upper Troposphere/Lower Stratospheréower stratosphere simulated by the CCMs. Gettelman et al.
(UT/LS) are unique in terms of accuracy, sensitivity, and res-(2009) present a broad analysis of the TTL in thirteen differ-
olution but they are sparse for season and regions. The studgnt CCMs and discuss simulations for 1960—-2005 and 1980—
of the tropical UT/LS has been carried out in the frame of 2100. Results indicate that the CCMs can in general repro-
several observational activities since the 1980s. In the frama&uce the basic structure of the TTL and its variability. Nev-
of the Stratosphere-Troposphere Exchange Project Tropicartheless, several inconsistencies are found and one of most
Experiment (STEP Tropical) a measurement campaign wasritical points seems to be the simulation of TTL ozone, that
conducted to investigate stratosphere-troposphere exchangetually varies tremendously in the CCMs, and also seems to
and dehydration processes in that region and season with thee correlated with the absolute value of tropopause tempera-
coldest average tropopause temperatures, the tropical westire.
ern Pacific and northern Australia during the winter monsoon The validation of CCMs with observational data sets from
(January—February) of 1987 (Russell et al., 1993). Aircraftin-situ or remote sensing measurements can further be im-
measurements of water vapour were also made within thgroved using diagnostics that are able to reveal peculiar fea-
Central Equatorial Pacific Experiment (CEPEX) performedtures in the tropical UT/LS tracers distribution. These di-
during March and April 1993 (Weinstock et al., 1995). They agnostics are key indicators of whether the contributions of
yielded a picture of a seasonal water vapour cycle consisdynamics and chemistry to the tropical tropopause region are
tent with the variation of the average tropical tropopausecorrectly represented in the models, and have been used by
temperature and provided an annually averaged mixing raseveral authors to perform comparisons between models and
tio of water in air entering the tropical stratosphere of aboutmeasurements, e.g. in the extra-tropics. For instance, Pan
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et al. (2007) showed that strong gradients in tracer distri-M55 Geophysica aircraft. APE-THESEO (Airborne Plat-
butions and mixing across the extra-tropical tropopause caffiorm for Earth observation — contribution to the Third Eu-
be highlighted when moving from geometric altitude coor- ropean Stratospheric Experiment on Ozone) was performed
dinates into tropopause-referenced coordinates or in tracefrom 15 February to 15 March 1999, in the Seychelles (Ste-
tracer space. fanutti et al., 2004). TROCCINOX (TROpical Convection,
In this paper, we perform a joint analysis of in- Cirrus and Nitrogen Oxides Experiment) was carried out
situ high-resolution measurements performed on-board thén January and February 2005 in Brazil (ACP special is-
research aircraft Geophysica during four tropical cam-sue “TROCCINOX-Tropical convection and its impact on
paigns — APE-THESEO (February—March 1999, Sey-the troposphere and lower stratosphere”). SCOUT-Darwin
chelles), TROCCINOX (January—February 2005, Brazil), (Stratospheric-Climate Links with Emphasis on the Upper
SCOUT-Darwin (November—December 2005, Australia), Troposphere and Lower Stratosphere) took place in Aus-
and SCOUT-AMMA (August 2006, West-Africa) — and the tralia, in November—December 2005 (Vaughan et al., 2008).
ECHAM5/MESSy CCM. The aircraft measurements include SCOUT-AMMA (African Monsoon Multidisciplinary Anal-
observation of a wide number of chemical species over theyses) was performed in August 2006 in Burkina Faso, West
whole TTL depth, in different regions and seasons. HereAfrica (Law et al., in preparation, 2009). The red boxes in
O3, N2O, water vapour, and CO are chosen in order to charFig. 1 indicate the regions where the aircraft flights planned
acterize the TTL vertical variability. The diagnostics used, in the frame of the four campaigns took place (the measure-
which have been successfully applied in the extra-tropicalments taken during the transfer flights have not been included
tropopause region (Pan et al., 2007; Hegglin et al., 2009)jn our analysis).
are based on the analysis of vertical profiles of water vapour, The scientific objectives of the campaigns were to study
ozone, and nitrous oxide and of relative vertical ozone andchemical processes and transport into the TTL and across the
CO gradients, in a tropopause-referenced coordinate, and omopopause. In particular, all the campaigns focused on the
CO-G; and HO-03 correlations. They are applied to obser- analysis of such processes in deep convective systems, such
vational and model data, encouraging in this way a compari-as the continental convection over Brazil during TROCCI-
son between the model and the observations, with a threefolllOX (Chaboureau et al., 2006), the isolated “Hector” storms
objective: over the Northern Australian archipelago during SCOUT-
— highlight some features of the TTL vertical structure Darwin (Brunner et al., 2009) and the African monsoon dur-
ing SCOUT-AMMA.. Consequently, all the campaigns in-
cluded a fraction of flights useful to study the impact of con-
— evaluate the capability of the model in reproducing the yection on the mean chemical structure of the upper tropo-
observed TTL vertical structure and its variability, sphere. Therefore, a bias toward convectively influenced ob-
— assess whether observations from particular regions orfervations can be expected, markedly in the SCOUT-Darwin
a monthly timescale can be representative of the finec@MpPaign and to a lesser extent in the SCOUT-AMMA and
scale mean structure of the TTL. TROCCINOX campaigns. Direct convection events can for

i i example alter the water budget at the tropical tropopause,
The paper will be arranged as follows. Section 2 present§eaging to a moistening of the lower stratosphere at least
the observations and the main characteristics of the mOd%caIIy (Chaboureau et al., 2006; Corti et al., 2008). APE-
run. Section. 3 describes the methodology used to COMPar¢ ESEQ measurements, which took place during a rela-
the observations and the ECHAMS/MESSYy data, and the dixjyely quiescent period, can be considered to be the dataset
agnostics used (tropopause coordinates, tracer-tracer Cormgsas; influenced by convection. In our analysis, no filters have
lations, and relative vertical tracer gradients) are describedyaean applied on the observations to remove the impact of the
Section 4 provides the comparison of the measured and mods g)|.scale transport processes related to convective activity.
elled vertical tra_cers profiles and relative vertical gradients Table 1 lists the instruments used on board the aircraft
around the tropical tropopause. In Sect. 5, we focus on the;gqnhysica for the measurement of the atmospheric com-
analysis of CO-@and H0-Os corrglatlons in t'he TTL] for ounds considered in our study, along with their accuracy
both the model and the observations. Section 6 gives the g precision. Table 2 specifies the latitudinal and longitudi-
main conclusions of this work. nal domain and the temporal collocation of the measurement
campaigns analyzed in this study.

and its regional/temporal variability,

2 Description of the campaigns and the model data )
2.2 Numerical model

2.1 The measurement campaigns
The atmospheric chemistry general circulation model used

The experimental data presented in this paper were obin our study consists of ECHAM5 (Roeckner et al., 2003,
tained during four tropical measurement campaigns per2006) coupled with the Modular Earth Submodel Sys-
formed at different times and locations with the high-altitude tem, MESSy. This model includes a comprehensive
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Fig. 1. Geographic location of the four measurement campaigns considered in this study. The red boxes indicate the areas where most
flights were carried out (the transfer flights are not included in our analysis) and comparison between the observations and the model dats
has actually been performed.

Table 1. List and principal characteristics of the instruments onboard the Geophysica aircraft during APE-THESEO, TROCCINOX, SCOUT-
Darwin and SCOUT-AMMA campaigns. In this study, ozone data come from FOZAN instrument for all the campaigns except than APE-
THESEO, for which data from ECOC instrument have been considered. CO mixing ratios were not measured during APE-THESEO.

Instrument Measured Technique Averaging Accuracy Precision
parameter time
FOZAN O3 Dye ls 0.01 8%
Yushkov et al. (1999) chemi- ppmv
luminescence
ECOC G ECC 5s 5% 2%
Kyro et al. (2000)

FISH HyO (total) Lymane 1s 6% 0.2
Zoger et al. (1999) photo-fragment ppmv
flourescence
HAGAR N>O GC-ECG 70s 2% 1%

Volk et al. (2000)
COLD CO TDL 4s 9% 1%

Viciani et al. (2008)

representation of clouds, radiation, multiphase chemistry andllows for a resolution high enough to internally generate the
emission-deposition processe®dKel et al.,, 2006). The quasi-biennial oscillation (QBO), as shown by Giorgetta et
model computes the atmospheric dynamics up to wavenumal. (2006). The vertical resolution in the tropopause region is
ber 42 using a triangular truncation (T42), which allows to higher, about 500 m (6—10 hPa).

predict the prognostic variables every 15min. The associ- Further general description of the model setup can be
ated quadratic Gaussian grid, where physical and chemicdbund in Hckel et al. (2006); the radiation scheme is ac-
parameterizations are calculated, is of approximately .8 curately described in Cagnazzo et al. (2007) and informa-
latitude and longitude (Roeckner et al., 2006). The verticaltion about coupling of ECHAMS5 with MESSy can be found
grid resolves the atmosphere with 90 vertical layers reachingn Jockel et al. (2005) (see also http://www.messy-interface.
up to 0.01 hPa~80 km altitude). The mean layer thickness org/).

in the lower and middle stratosphere is about 700 m, which
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Fig. 2. Variation of 15 S and 18 N mean ECHAM5/MESSy temperature and water vapour after dividing by the mean value at each levels.
Each panel also shows the isentropic surfage=880 K (here used as a proxy of the tropical tropopause) and the zonal mean zonal wind at

40 hPa. The dashed vertical lines mark the temporal domains of the four measurement campaigns (SC=SCOUT-Darwin, TH=APE-THESEO,
AM=SCOUT-AMMA, TR=TROCCINOX) and locate them within the three model years.

The cloud microphysics scheme implemented in the CCMmonths match closely with the observational temporal cov-
is described in Lohmann and Roeckner (1996) and in-erage, while model years are selected so that model and air-
cludes phase changes between the water components (cocraft data lie in the same QBO phase. The last column of
densation/evaporation, deposition/sublimation, and freezTable 2 shows the number of model grid points within the
ing/melting) and precipitation processes (autoconversion, acgeographical box defined for each measurement campaign
cretion, and aggregation). Moreover, the evaporation of rain(see Sect. 2.1).
and the melting of snow are considered as well as the sedi- Figure 2 clearly shows the presence of a tape recorder sig-
mentation of cloud ice. nal in the ECHAM5/MESSy water vapour. B follows an

The simulation presented here is a three year run, force@nnual cycle between about 150 and 100 hPa that propagates
with climatological sea surface temperatures (SSTs), so th@pward in the whole domain under analysis. Minima oftH
effect of EI Nifio or La Niia are not included. The model is at the tropopause are found in the NH winter (correspond-
not forced through nudging on dynamical variables towardsing to APE-THESEO, TROCCINOX, SCOUT-Darwin tem-
atmospheric analyses and hence it performs a free run botporal and spatial domains) while the maxima occur in the
in the troposphere and in the stratosphere. NH summer (SCOUT-AMMA), when the temperatures at the

For the representation of natural and anthropogenic emistropopause are lowest and highest, respectively. In Sect. 4.2
sions and the boundary conditions for the chemical specie# will be shown that this seasonal variability in water vapour
considered in this study, we refer to the detailed descriptionis seen in the observational data as well, and agrees with the
by Kerkweg et al. (2006). We have used 3-D fields of the one reproduced by the model.
chemical and dynamical variables taken at 12:00 UTC every The simulated HO tape recorder can be compared to
day, in the height range between 300 hPa and 10 hPa. the MLS water vapour shown in the paper by Liu et al.

Figure 2 shows the variation of the model monthly mean(2007) (Fig. 1a). At 100 hPa the greater (lower) than one
temperature (top) and water vapour (bottom), averaged bewater vapour values roughly span from June to November
tween 18 S and 18 N. The monthly means are divided by (November to June) for both MLS and ECHAM5/MESSy.
the time mean value at each level. The isentropic surface aft 70 hPa the agreement between MLS and the model is
0=380K (here used as a proxy of the tropical tropopause)still consistent, with a one-month phase shift. At 50 hPa, on
and the zonal mean zonal wind at 40 hPa are also showrthe other hand, the MLS water vapour greater (lower) than
as well as the time periods chosen to perform the comparione values span from September to May (May to Septem-
son with the observations from the four campaigns. Modelber), while for ECHAM5/MESSy from September to March
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Table 2. Location and time period of the four aircraft campaigns. The number of model grid points within the latitude-longitude box for
each campaign is indicated.

Campaign Time Region Lat-LoR) QBO Model
grid
points

APE-THESEO February— Seychelles 1at40,2] beginning of 48

March 1999 lon:[45,60] positive QBO
(westerly winds)
TROCCINOX January— Brazil lat:{24,—-14]  positive QBO 20
February 2005 lon:}55,—40]
SCOUT-Darwin  November— Australia lat:p4,—5] negative QBO 21
December 2005 lon:[127,135]

SCOUT-AMMA  August 2006 West-Africa  lat:14,28] positive QBO 60

lon:[—-8,4]

(March to September). At higher levels (30 hPa), the MLS vapour, ozone, and various nitrogen oxides. However, obser-
water vapour greater than one values span from about Febrwations of temperature, winds, and atmospheric trace gases
ary to October, while for ECHAMS/MESSYy approximately suggest that the transition from troposphere to stratosphere
from January to July. The comparison between the MLS andbccurs in a layer, rather than at a sharp tropopause. In the
ECHAM5/MESSYy water vapour tape recorder gives an over-tropics this layer is known as the Tropical Tropopause Layer
all good agreement in the lowermost stratosphere (pressur@-ueglistaler et al., 2009). The TTL can be qualitatively de-
<70hPa), while a phase shift of approximately two monthsfined as the region where the tropospheric convection effect
appears at 50 hPa and 30hPa. The estimated phase shift ismains but no longer dominates the setting of the temper-
the vertical propagation of water vapour suggests a too fashture structure which — as in the stratosphere — is mainly
model vertical advection, in agreement with what reported inaffected by radiative processes (Thuburn and Craig, 2002).
the study by Eyring et al. (2006), that summarizes the resultdHowever, the TTL is currently not well or consistently de-
of simulations from thirteen CCMs designed to represent thefined, leading to various definitions of its vertical boundaries
stratosphere. What appears from the comparison of the wateand thickness (Gettelman and Forster, 2002; Highwood and
vapour tape recorder between the CCMs and HALOE meaHoskins, 1998; Sherwood and Dessler, 2001; Folkins et al.,
surements (Fig. 9b of Eyring et al., 2006) is a phase lag span1999; Vbmel et al., 2002).
ning from two to five months in the models (in arange of alti-  The use of appropriate diagnostic methods helps to high-
tudes comparable to that considered in our evaluation), conlight the vertical distribution of tracers across the tropopause
sistent with ECHAM5/Messy phase lag respect to MLS. Theand the chemical characteristics of the intermediate layer be-
difference in the speed of propagation of the water vapounween the tropospheric and stratospheric regimes. Such di-
signal between MLS (Liu et al., 2007) and ECHAM5/Messy agnostics were described and applied to quantify the extra-
(Fig. 2) is therefore linked to the model transport and dy- tropical transition layer thickness and variability from satel-
namics that, if not correctly represented, may affect modellite, in-situ and model data (see Pan et al., 2004; Hoor et al.,
solutions. 2004; Pan et al., 2007; Hegglin et al., 2008; Hegglin et al.,
The ECHAMS/MESSYy water vapour tape recorder is also2009). The suite of diagnostics, here applied to the tropical
in agreement with the results obtained by Lelieveld et al.transition layer, is described below.
(2007), who compared the ECHAM5/MESSy1 model with
realistic tropospheric nudging for the period 19962005 to3.1.1 Tropopause coordinates

the HALOE water vapour observations. ) ) ) ) .
In this study, a tropopause coordinate (i.e., using vertical

profiles of a variable of interest relative to the tropopause

3 Methodology height or pressure) is used rather than the geometric alti-
tude or pressure as the vertical coordinate, since it highlights
3.1 Diagnostic methods the characteristics of tracer transition across the tropopause

and the climatological features of the chemical distribution
The exchange of chemical constituents between the uppen the UT/LS, minimizing the effects of day-to-day vari-
troposphere and the lower stratosphere takes place across thbility related to meteorological factors (Pan et al., 2007).
tropopause, which is marked by a transition in the valuesThe tropopause-referenced vertical profiles of chemical trac-
of atmospheric concentration of compounds such as wateers are indeed more compact than if they were plotted in
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geometric altitude/pressure or potential temperature coordigin. Both tracers show a decrease away from their source
nates, and reveal the sharp gradient change between tropeegion. The relative vertical gradients o§@nd CO are ana-
spheric and stratospheric mixing ratios (Pan et al., 2004jyzed and correlated to the profile 8€, to derive the top and
Hoor et al.,, 2004; Hegglin et al., 2006, and referencesbottom bounds of the region where stratospheric and tropo-
therein). spheric tracers are expected to be both present at significant
In addition, the tropopause coordinate system facilitatesconcentrations.
the identification and representation in Chemistry-Climate
Models of the specific structure of a given tracer across the3.1.3 Tracer-tracer correlations
tropopause and within the TTL, allowing for a direct compar-
ison between model data and measurements and for proces§o characterize the chemical transition across the tropopause,
oriented validation of CCMs. use can also be done of the theory of relationships between
By convection of the World Meteoro|ogica| Organiza_ atropospheric and aStratOSpheriC tracer. Until now, this ap-
tion (WMO), the tropopause is defined as the lowest levelProach has been widely applied in the extra-tropics (Pan et
at which the temperature lapse rate becomes less tha@l-, 2007; Hegglin et al., 2009) to derive the extra-tropical
2Kkm~1, provided that the average lapse rate between thigropopause layer depth using CQ-@nd HO-O3 correla-
level and all higher levels within 2km does not exceed tions. The connection between tracer profiles in altitude
2Kkm~! (WMO, 1957). This conventional thermal defini- SPace and tracer-tracer space in the extra-tropical UT/LS re-
tion of the tropopause has been used throughout the presefton has been clearly illustrated in Fig. 6 of Pan et al. (2004).
paper. Nevertheless, it is known that the tropical tropopause [n an atmosphere with ideally no mixing between tropo-
corresponds roughly to the isentropic surfaze380K (in sphere and stratosphere (i.e., where the tropopause would act
the annual mean), a definition that emphasizes the quasis @ perfectly impermeable barrier to vertical transport) the
material behaviour of the tropopau®e380 K has beenused correlation between a tropospheric and a stratospheric tracer

as a proxy for the tropical tropopause in Sect. 2.2, Fig. 2. would have the typical L” shape predicted from the the-
ory (Plumb, 2007), with a nearly linear relationship between

3.1.2 \Vertical tracer gradients the tracer mixing ratios for both the tropospheric and strato-
spheric branches. This shape is likely expected in the trop-
The use of relative vertical tracer gradients (the ratio betweerics, at least for the pD-Og3 pair, since cross-tropopause mix-
the vertical tracer gradients and the tracer concentrations)ng is small and upward motion from the troposphere to the
plotted in tropopause coordinates, which are equivalent to thetratosphere is associated with dehydration at the tropopause
vertical gradients of the logarithm of the tracer concentration,(Brewer, 1949). Nevertheless, Hegglin et al. (2009) showed
is particularly useful to identify the vertical distribution of the that, in the extra-tropics, the correlations between the strato-
layers where tracers characterized by strong gradients acrospheric Q@ and the tropospheric CO or® move from the
the tropopause show high variability. This approach has beetinearity an exhibit a curvature, which is associated to the im-
used by Hegglin et al. (2009) to supply a measure of theportance of mixing and stratosphere-troposphere exchange
extra-tropical tropopause transition layer depth and reveal itsnechanisms that lead to the erosion of the sharp transition
latitudinal structure using the vertical gradients of CO and O between tropospheric and stratospheric regimes. This diag-
mixing ratios from the limb-viewing Atmospheric Chemistry nostic facilitates the understanding of a finite chemical tran-
Experiment-Fourier Transform Spectrometer. Birner (2006),sition layer that encompasses the tropopause, with partly tro-
using high-resolution radiosonde data, showed that the dypospheric, partly stratospheric character and allows to derive
namical tropopause is characterized by a transition layer wittthe transition region depth (Pan et al., 2007).
strongly enhanced static stability lying just above the extra- In this paper, the theory of the correlation between a tropo-
tropical thermal tropopause, and it was called Tropopause&pheric and a stratospheric tracer is applied to the TTL, and
Inversion Layer (TIL). Seasonal and latitudinal variations of used to identify the chemical transition across the tropical
the TIL have been investigated by Randel et al. (2007) usingropopause, using both the&-03 and CO-Q relationships.
GPS occultation data. They showed that the strong gradiSince the structure found in the form of tracer-tracer scatter-
ents in HO and Q observed across the tropopause may con-plots can strongly reflect sampling (Hegglin and Shepherd,
tribute to the temperature inversion just above the tropopaus2007), the use of joint probability density functions (PDFs)
that defines the TIL. Hegglin et al. (2009) investigates theis in some circumstances preferable. Maxima in the joint
characteristics of and the relation between the Extra-tropicaPDFs indicate the regions where mixing is favoured and ir-
tropopause Transition Layer (ExTL) and the TIL, showing reversible homogenization likely occurs, similar to maxima
that the vertical HO gradients have a similar pattern as the found in 1-D PDFs of stratospheric tracers, which indicate
static stability structure of the TIL. the presence of the well mixed regions; minima in the joint
In this study, the relative vertical gradients of ozone andPDFs are found in the regions where mixing can be limited,
CO are utilised. The former is a tracer which representssimilar to the minima found in 1-D PDFs of stratospheric
stratospheric origin and the latter represents tropospheric oritracers, which indicate the presence of barriers to mixing
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Fig. 3. Mean vertical profiles of @mixing ratios with standard deviations as a function of pressure relative to the to the thermal tropopause
(TP=Tropopause Pressure) for M55-Geophysica campaigns (black line) and ECHAM5/MESSYy (red line). For the model we have reported
the line corresponding to the year having the same QBO phase of the campaign year. The shaded area includes the three model years wit
their standard deviations. The dash-dotted black line denotes the thermal tropopause pressure (0 hPa). Blue circles in the bottom left plot
indicate the measurements performed over the Fiji Islands in the time period corresponding to the SCOUT-Darwin campaign by ozonosondes
belonging to the SHADOZ network.

(Sparling, 2000; Neu et al., 2003; Hegglin and Shepherd4 Measured versus modelled vertical profiles and rela-
2007). An example on the use of the tracer-tracer PDFs is tive gradients
given in Sect. 5.2 for the pair #D-Os.
In this section, we analyze the mean vertical behaviour of
3.2 Data handling ozone (Fig. 3), water vapour and temperature (Fig. 4), and ni-
. . . trous oxide (Fig. 5) from each campaign observations (black
For the observations, the chemicals concentrations measurqﬁ?es) and the model data (red lines). Figure 6 shows the rela-
during thg Geophysica f!lghts have been averaged ,W'th'n th?ive vertical ozone and CO gradients and the vertical profiles
geographical box (see Fig. 1? anq through the dur'at|on (?bo%f static stabilityN2. The shaded green area in the figures in-
one month) O.f each campaign in order to obtain a UNIQUE:|ydes the mean vertical tracer profiles or gradients from the
observed profile. ) ) three model years, and the dash-dotted black line denotes the
For the model as well, one unique averaged vertical Pro+hermal tropopause pressure (0hPa). Each panel in Figs. 3,

file for each species has been considered for each of the thref 5, and 6 corresponds to the region and time period of each

model years and within the same regional boxes. Howevercampaign
we have not focused on the model interannual variability and '
the observed mean vertical profile of each species has beejjl1 Ozone

compared to the modelled one using the criterion of match-

ing the observed QBO phase with the QBO internally gen_@zone is a tracer frequently used for studies of the TTL and

erated by the model (see also Sect. 2.2). This to avoid thatro osphere-stratosphere exchange in general (e.g. Folkins et
the discrepancies between the observed and modelled verti- posp P geing g

. . . al., 1999), due to the fact that it is much more abundant in
cal profiles of the species analyzed may arise from comparihe stratosphere than in the troposphere
ing profiles representative of a different QBO, that is one of P ' posp " !

the principal sources of year-to-year variability in 0zone, ni- In both the modelled and observed vertical profiles shown

trous oxide, and other trace substances (e.g. Baldwin et alll Fig- 3, an upper tropospheric regime, characterized by
2001; Witte et al., 2008). nearly constant and less than 100 ppbv ozone mixing ratios,

a transition zone between aboutl5 and 15 hPa in which
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Fig. 4. The same as Fig. 3, ford®. A logarithmic scale has been used foar®mixing ratios. Dashed lines denote the temperature profiles
relative to the tropopause for the model (red) and the observations (black).
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Fig. 5. The same as Fig. 3, for4®.
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Fig. 6. Relative vertical ozone and CO gradients (ratio between the tracer gradient and its concentration) in tropopause coordinate
(TP=Tropopause Pressure) for M55-Geophysica campaigns (dashed lines) and ECHAM5/MESSYy (solid lines). The vertical profiles of
N2 derived from the observations and the model are superimposed in black (dashed and solid lines, respectively).

air starts to assume some of the chemical characteristicern subtropical Pacific and partly from the Northern Hemi-

of the stratosphere, and a lower stratospheric regime whersphere. Strong ascent of these air masses suggests a sig-
ozone concentrations strongly increase with height due tanificant contribution of clean marine ozone-poor boundary
photochemical production, are observed. Though these threlayer air, that, together with the occurrence of deep convec-
regimes in the ozone vertical behaviour are visible in both thetion, could explain the low o0zone concentrations measured
modelled and the observed ozone profiles, some differenceis the TTL and lower stratosphere. During the second half,
occur between them, that are in part related to the details ofhe air originated from the equatorial Indian Ocean and In-
each campaign. donesia and approached Darwin from the south thereby pass-
ing over the Australian continent, leading to enhanced ozone
concentration. These different meteorological regimes have

are characterized by higher ozone mixing ratios then thosé)een analyzed in detail in Vaughan et al. (2008) and Brun-

observed throughout the entire vertical range considered®" et al. (2009). Also Heyes et al. (2009) stresses the fact

(SCOUT-Darwin) and in the lower stratosphere (SCOUT- :h_zt’t'g tgeneral, elevatetcill oTo(;le co_ncentratlo:E can tllae at
AMMA), while the model-measurements agreement can be ributed to sources over the Indonesia area, with greatly re-

considered satisfactory in the case of APE-THESEO anOlduced concentrations showing a consistent origin from the
TROCCINOX campaigns tropical maritime Pacific region. In fact, ECHAM5/Messy

ozone fields (not shown) are characterized by a strong latitu-

SCOUT-Darwin campaign took place during the pre- dinal gradient in the TTL above northern sub-tropical Pacific
monsoon season, characterized by vigorous convection inpreventing meridional transport; on the other hanglsiows
cluding the development of a mesoscale system known ag structure that is coherent with the transport pattern dur-
“Hector” (Brunner et al., 2009). The large-scale origin of air- ing the second half of the SCOUT-Darwin campaign. Model
masses encountered in the TTL was different for the flightsozone fields actually give concentration mixing ratios in the
before and after 28 November. During the first half of the SCOUT-Darwin region of about 300 ppbv @£395K and
campaign, the air originated from the equatorial to north-

During SCOUT-Darwin (bottom left panel) and SCOUT-
AMMA (bottom right panel), for instance, the model profiles
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between 460 ppbv and 500 ppbvéat410 K, that are higher model, even if a dry bias of aboutl.5 ppmv can be iden-
than those actually measured during the campaign. We alstified in the model with respect to the observations in the
report in the bottom left panel of Fig. 3, the ozone mixing case of SCOUT-AMMA (bottom right). For the other cam-
ratios measured over the Fiji Islands (18.83178.40E) in paigns, the differences between the modelled and observed
the time period corresponding to the SCOUT-Darwin cam-H>O mixing ratios at the tropopause are less significant and,
paign by the ozonosondes belonging to the SHADOZ net-anyhow, they are included in the interannual variability of
work (Thompson and Witte, 1999). It can be noticed thatthe three model years (shaded area) and in the standard de-
ECHAM5/MESSYy agrees well with the SHADOZ data since viations of the observations. Lelieveld et al. (2007) com-
these latter are much less influenced by convection north opared results from the ECHAM5/MESSy1 CCM to satel-
Australia and by the “Hector” system than the aircraft mea-lite HALOE water vapour observations for the period 1996—
surements. 2005 and, based on a model evaluation betweers3énd
With regard to the model-measurements discrepancy in th&0° N latitude, they found a dry bias in the model of about
case of SCOUT-AMMA, the ECHAM5/Messy ozone field —0.5 ppmv in the 100 hPa—75 hPa region.
averaged for the campaign at 410K (not shown), seems to In general, the largest differences between the observed
be driven by the zonal transport of ozone rich-air from the and modelled water vapour vertical profiles arise in the up-
Pacific region by the tropical lower stratospheric jet, lead-per troposphere where, as expected, highgd ldoncentra-
ing to a positive bias with respect to the observations. Ations are observed in convectively influenced regions. See,
similar bias has been observed byuBF et al. (personal for instance, the observed,B peak at 20 hPa below the
communication), that compare ozone vertical profiles meatropopause during SCOUT-Darwin. This is also confirmed
sured during SCOUT-AMMA to ECHAM5/Messy simula- by the high variability of the measured profiles, and a likely
tions weakly nudged to ECMWF data between 700 hPa andampling bias of air masses which are influenced by local
200 hPa, indicating that the bias appears to be linked to theonvection.
position of the subtropical barrier. As mentioned above, convection can also occasionally en-
However, it is difficult to perform a deeper comparison of hance water vapour mixing ratios in the lowermost strato-
the lower stratospheric transport between ECHAM5/Messysphere. During the SCOUT-Darwin campaign, for instance,
and a single campaign observations, which represents a limevershoot was measured during several flights (Corti et al.,

itation of the approach presented here. 2008), leading to the high #D mixing ratios between-40
and—20 hPa shown in Fig. 4.
4.2 Water vapour Figure 4 also shows that the tropopause (dash-dotted line)

is dryer during the NH winter (APE-THESEO, SCOUT-
Water vapour is one of the key tracers for troposphere-Darwin and TROCCINOX campaigns) while it is moister
stratosphere exchange that led Brewer (1949) to concludéuring the NH summer (SCOUT-AMMA). This also agrees
that air enters the stratosphere primarily in the tropics (seavith previous observational studies: MacKenzie et al.
Sect. 1). In general, tropical water vapour concentration(2006), for example, combined the in-situ measurements of
vertical profiles are characterized by larggQHvalues in  temperature, water vapour, total water, clear-sky relative hu-
the troposphere, a region with a pronounced tracer gradientidity, and cloud from APE-THESEO to show evidence of
with very low concentrations near the tropical tropopause,active dehydration in the TTL down to very low water vapour
and smaller values in the lower stratosphere compared to theixing ratios (mean measured hygropause was 2.4 ppmv)
tropospheric mixing ratios. Very low values of the water over the western equatorial indian ocean.
vapour mixing ratio, in fact, extend upward from the mini- As already mentioned in Sects. 1 and 2.2CHmixing ra-
mum, which is only a few part per million by volume and far tios of air entering the tropical stratosphere vary seasonally
lower than typical tropospheric values, within a few kilome- in phase with the annual cycle of tropical tropopause temper-
ters of the tropical tropopause. The increase of water vapouature (Mote et al., 1996). To this regard, it is worth recalling
concentrations above the minimum at tropopause levels cathat ECHAM5/Messy has a fast vertical advection that accel-
be due to in-mixing of stratospherically older air masses witherates the vertical propagation of the water vapor signal (see
increased water concentrations (due to oxidized methaneect. 2.2), which also contributes to drive down the modelled
and, to a lesser degree, to in-situ methane oxidation or spowater vapour in the TTL and lower stratosphere, as well as
radic overshooting convection. temperatures.

These distinct features in the TTL water vapour distri- Temperature profiles for the model and the observations
bution are found in both the modelled and observed watelare also shown in Fig. 4 (dashed red and black lines, re-
vapour mixing ratio vertical profiles shown in Fig. 4. For spectively). The model-measurements temperature compari-
each campaign analyzed, the modelled water vapour mixson is satisfactory throughout the vertical range considered,
ing ratios agree well with the observed ones, both above andor all the campaigns analyzed except SCOUT-AMMA and
below the tropopause. At the tropopause, the dehydratiomROCCINOX, for which high temperature mean values are
mechanism can be considered to be well captured by thebserved, respectively, in the upper troposphere and from
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20 hPa below the tropopause upward. The high temperaturBrunner et al., 2009), leading to layers of low® mix-
values measured during TROCCINOX, in particular, could ing ratios. Therefore, as already mentioned in Sect. 4.1 for
be due to air-mass intrusion episodes from the subtropics int@zone, the model agrees better with the observations repre-
the tropical tropopause (Konopka et al., 2007), with a pen-sentative of the second half of the SCOUT-Darwin campaign
etration area also characterized by increased water vapouhan those of the first half. As also pointed out in Sect. 4.2
mixing ratios (Fig. 4) and decreased®l mixing ratio (as  for water vapour, it should not be excluded the influence of
will be shown in Sect. 4.3). The PV fields @380K ob-  the model dynamics (fast vertical advection, see Sect. 2.2)
tained from the model (not shown) give a value of potential on the reduced pD layer in the TTL and lower stratosphere
vorticity steadily equal or less than 3 PVU (absolute value)in ECHAMS5/Messy respect to the observations, as evident
with a marked zonal structure; conversely, the PV calculatecdduring TROCCINOX and SCOUT-Darwin.
on the observations from the European Centre for Medium- In the case of TROCCINOX and, despite the sparseness of
range Weather Forecasts (ECMWF) analysis spans over abservations of SCOUT-Darwin, the® gradient above the
large range of values in the TROCCINOX area (from lesstropopause is sharper in the observations than in the model.
than 3 PVU to more than 9 PVU), corroborating the hypoth- Both observations and model data show a higher variability
esis of mid-latitude influence. compared to the other campaigns, as denoted by the compar-
atively larger standard deviations.
4.3 Nitrous oxide
4.4 Tracer relative vertical gradients in the TTL

N2O is a tracer that has a tropospheric source and a strato-
spheric sink, which makes it a chemical species of interestn Fig. 6, the observed (dashed lines) and modelled (filled
for TTL studies. While nitrous oxide is inert in the tropo- lines) relative vertical ozone gradients (red), relative verti-
sphere, it is removed by photolysis (90 percent) and reactiorf@l CO gradients (blue), an¥® vertical profiles (black),
with excited oxygen atoms @D) at altitudes well above the N tropopause coordinates (see Sect. 3.1.1 and 3.1.2), are
tropopause. Therefore, air with lows values in the upper shown. The three quantities exhibit similar features. Both
part of the TTL is expected to have some stratosphericallythe relative vertical CO gradient and® reveal a maximum
older origin. above the tropopause, while at corresponding pressures the

The measured and modelled vertical profiles @O\ relative vertical @ gradient exhibits a minimum. This is the
Fig. 5 show, in general, nearly uniform tropospheric con- level that marks the Iowe_r boundary of_ stratospheric regime
centrations and a decrease from the tropopause level up¥here ozone concentrations steadily increase and CO con-
ward. NO is observed to have its largest stratospheric mix-ceéntrations decrease. Below the tropopause, the minimum
ing ratios immediately above the tropical thermal tropopausein N2 and maximum in relative vertical $gradient are also
matching tropospheric values. The profiles shown in Fig. slinked, and can be thought of as indicative of the lowermost
moreover suggest that in-mixing of stratospheric air masseevel where the transition from tropospheric to stratospheric

with low N,O concentrations is rare below the tropopause.'€gime occurs.

The tropospheric value for 20 has increased of about The observations, though they are more scattered than the
1 ppbl/yr between 1999 and 2006 (updated from Prinn et a|_model data, generally confirm the picture illustrated by the
2000). However, since the model does not include the actug@Model. For APE-THESEO, SCOUT-Darwin, and SCOUT-
tropospheric growth rates, the observegONmixing ratios AMMA, in particular, a satisfactory model-measurements
in the upper troposphere are generally higher then the simdgreementis found. _ _

ulated ones. The observed mean profiles have been scaled Table 3 resumes the values (in pressure, relative to the

with a factor for each campaign, such that tropospheric oblropopause) of the top and bottom bounds of the troposphere-
served values match those of the model. to-stratosphere interface. Empty cells denote the cases where

The best model-measurements agreement is found fof" €valuation is not straightforward. _
APE-THESEO (located in the inner tropics, see Fig. 1) and 1€ top can be identified by the minimum in the ozone
for SCOUT-AMMA. Because of the location at about the relative gradient, the n21aX|mum in CO relative gradient, and
edge of the tropical pipe, the observations during TROCCI-the maximum in thev= vertical profile. This agrees with
NOX show a decrease of # at lower altitudes (Konopka the study of Fueglistaler et al. (2009), that sets the top of the

etal., 2007), which has therefore reference to the penetration | - & 70hPa, which is also about the level of maximum
of air from higher latitudes. This is in agreement with the Static stability. The bottom, in a symmetric way and when

enhanced temperatures values and water vapour mixing rd20SsiPle, can be identified by the maximum in the ozone rel-

tios discussed in Sect. 4.2. Concerning the SCOUT-DarwiriVe grezldienfc, and the minimum in CO relative gradient and
campaign, in the first-half period (exactly between 18—241N the N vertical profile.

November) a Rossby wave breaking event occurred along the

subtropical jet stream, that pushed filaments of midlatitude

air deep into the tropics over Darwin (Vaughan et al., 2008;
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Table 3. Estimates of the transition layer Top and Bottom pressures (relative to the tropopause pressure) inferred from the relative vertical
gradients of ozone and CO, and from the vertical profiIeN%f(see Fig. 6), for the observations (Obs) and the model (Mod).

P-TP  grad(@)/O3 grad(CO)/CO N2
hPa Obs Mod Obs Mod Obs Mod
APE-THESEO Top ~-20 ~-20 nodata —-25~30 ~-15 ~-15
Bottom 35 no data 35/40
TROCCINOX Top -15 -15/-20 -20/-25 -25/-30 ~-15 ~-30
Bottom 35 ~40 35 35/40
SCOUT-Darwin  Top ~-—10 ~-10 -30 -20 ~-15 ~-15
Bottom 20 ~40 15/20
SCOUT-AMMA  Top ~ —15 -15 —-15 ~-15 ~-15
Bottom 25/30 ~40 25/30 25/30

5 Tracer-tracer correlations in the TTL

In this section, the TTL morphology is investigated from
the perspective of chemical composition through the use of Model 1000 [ rreserations
tracer-tracer correlations. Working in the tracer-tracer space i
is useful to reveal characteristic tracer features of different
air masses due to specific dynamical and transport processe$
In the extra-tropics, this approach has been widely used to§
derive the transition layer depth in terms of the distance be-
tween its top and bottom from the thermal or dynamical
tropopause (Pan et al., 2007; Hegglin et al., 2009). How- T e m e .
ever, only few applications to the TTL can be found in the €0 (peov) €0 (ppv)
literature (e.g. Hegglin et al., 2009). 1000 Opservations
As mentioned in Sect. 3.1.3, the correlations in the tropics
are expected to have the classical Shape, due to the small
cross-tropopause mixing and slow ascent of the air parcels.
In particular, the relationships between the pairs C£-O
and HO-Os will be investigated (Figs. 7 and 8, respec-
tively) using the tracer mixing ratios measured during the | o\ __ 4 | e
four tropical Geophysica campaigns and the ones reproduce o 20 40 80 80 100 120 0" 40 e s 100 120
by ECHAMS5/MESSy. The model data include all the points €0 (ppbv) 20 (oo
collocated within the four red boxes shown in Fig. 1. Hodel 1000 femerietions
The tracer-tracer correlation points in Figs. 7 and 8 have
been colored according to 12 hPa-thick pressure intervals de <
fined a priori. The PDF of the $0-O3 correlation is also
shown in Fig. 9.
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Figure 7 shows the correlation of CO with 30for €0 (peb) €0 (peb)
ECHAM5/MESSYy (left column) and the observations from _

only three of the four campaigns considered in this study'9- 7- CO-Os correlations for ECHAMS/MESSy (left column) and
(TROCCINOX, SCOUT-Darwin and SCOUT-AMMA, in the observations (right column), relative to the regions and time

. . periods of TROCCINOX, SCOUT-Darwin, and SCOUT-AMMA
the right column from the top to the bottom), since CO datacampaigns (from top to bottom), divided by color according to
were not measured during APE-THESEO.

i ) o 12 hPa-thick pressure ranges whose central value is indicated in the
In general, the CO-@relationships shown in Fig. 7, rather |egend. Black solid lines indicate fits (as explained in the text) to

then the 1" Shape observed in the extra—tropical UTI/LS, tropospheric and stratospheric branches.

form a smoother curve. This is mainly due to the chem-

ical lifetime of CO, which is comparable to the transport

timescales on which troposphere-to-stratosphere transport
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Fig. 8. H>O-Og3 correlations for ECHAM5/MESSYy (left column)

and the observations (right column), relative to the regions and
time periods of APE-THESEO, TROCCINOX, SCOUT-Darwin,
and SCOUT-AMMA campaigns (from top to bottom), divided by
color according to 12hPa-thick pressure ranges whose central valu
is indicated in the legend.

campaigns, as deduced from the model data, occurs for a
gmaller range of @values (from~90 ppbv to~350 ppbv)
as well as of CO values (from30 ppbv to~60 ppbv) than
those emerging from the observations. The structure of the
transition region inferred from TROCCINOX observations,
occurs and makes CO a “pure” transport tracer (Hegglin effor instance, shows the clear impact of in-mixing from mid-
al., 2009). latitudes (due to the fact that this campaign was performed

The black solid lines in Fig. 7 represent the empirical close to the subtropics), which alters and shifts the overall
stratospheric and tropospheric CQ-f@lationships, derived CO-Os scatter plot: it lies nearly completely outside the em-
using data points with C@30 ppbv for stratospheric and Pirical no-mixing lines and is characterized by higher values
O3<70ppbv for tropospheric. CO decreases from a rangedf CO (from ~30 ppbv to>120 ppbv) and typically strato-
of tropospheric concentrations depending on the campaigrsPheric Q mixing ratios.
towards its stratospheric steady value of around 30 ppbv,
reached at about 1015 hPa above the tropopause. 5.2 HOvs. O3

Overall agreement is found in the case of SCOUT-
AMMA between the modelled (bottom left panel) and ob- Figure 8 shows the correlation of ;@ with Oz for
served (bottom right panel) COs@orrelation. The transi- ECHAMS5/MESSy (left column) and the observations from
tion region between tropospheric and stratospheric regimeghe four campaigns analyzed (APE-THESEO, TROCCI-
in fact, is characterized by similar ozone mixing ratios NOX, SCOUT-Darwin and SCOUT-AMMA, in the right col-
(from ~80 ppbv to~450 ppbv) and CO mixing ratios (from umn from the top to the bottom).
~30 ppbv to~80 ppbv). For TROCCINOX (first row pan- In spite of inter-campaigns differences,®O3 correla-
els) and SCOUT-Darwin campaigns (middle panels), on thetions have the theoretical tropical” shape, that results from
contrary, some differences between the model and the obsethe small cross-tropopause mixing, with respect to the extra-
vations can be noticed. The transition region for both theseropics (Hegglin et al., 2009), and small ascent of air parcels
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that experience dehydration at tropopause levels. Sin€ H scatter plots. In the case of TROCCINOX and SCOUT-
is influenced by microphysical mechanisms, it can be con-Darwin, for instance, the joint PDFs obtained from the mea-
sidered a less pure tracer than CO. Moreover, the transisurements (right column) show, even though less extended
tion between the tropospheric and the stratospheric branches terms of water vapour mixing ratio values, the hydrated
occurs at lower RO mixing ratios during winter (APE- layers above the tropopause appearing in th®4D; scat-
THESEO, TROCCINOX, SCOUT-Darwin campaigns) than ter plot shown in Fig. 8. This suggests that the fraction of
during summer (SCOUT-AMMA campaign), reflecting the measurements influenced by local processes as convection
seasonal cycle in tropopause temperatures. The transitiofparticularly for SCOUT-Darwin, for which a high probabil-
occurs around the thermal tropopause or slightly below andty is found in that region) has a certain relevance and can
involves a layer which is no more than 25-30 hPa thick, de-have an impact on the statistical properties of th&®©FD3
pending on the campaign. correlation.

For SCOUT-AMMA (bottom panels in Fig. 8), both model
data and the measurements lie on well separated tropospheric
and stratospheric branches with a relatively narrow transitior6  Conclusions
zone in between~15 hPa thick). From a chemical point of
view the transition region includes,® mixing ratios from The TTL is a region of interest because it is the interface
about 2 to 5ppmv (model) and 3 to 7 ppmv (observations),between the very different dynamical and chemical tropo-
in agreement with the ECHAM5/MESSy dry bias discussedspheric and stratospheric regimes and because it determines
in Sect. 4.2, and ©mixing ratios less then 200 ppby, in both the entry of atmospheric tracers such as water vapour and the
model and observations. short-lived substances in the stratosphere.

For the other three campaigns, besides the evidence of de- A decade of observational activity in the tropical UT/LS
hydration at tropopause levels, which is a common feature ifwith high resolution in-situ instruments on board strato-
both modelled and observedb,8-O3 scatter plots, the sit- Spheric research aircrafts has built up a considerable dataset
uation is more complicated than for SCOUT-AMMA. For that allows to partially overcome the drawback due to the
SCOUT-Darwin, for instance, the scatter plot shows a no-spatial and temporal sparseness of such kind of data, mak-
ticeable region of mixing (for KO mixing ratios>4 ppmv)  ing use of appropriate diagnostics that capture the key as-
in the model, and a less extended region of mixing with morepects of TTL transport and interrelationships between differ-
coherent hydrated layers around 12 and 24 hPa above th@nt species.
tropopause in the observations. A good representation of the TTL in Chemistry Climate

Figure 9 shows the two-dimensional PDFs of thgOH Models is a challenge, due to the difficulty to understand and
O3 pair calculated from the model (left) and the observa-correctly simulate the TTL radiative, chemical and dynami-
tions (right) relative to the four campaigns area and timecal processes and their connections. The vertical resolution
period. The data were binned into,@ and Q bins with of CCMs is often not adequate to capture the small-scale
widths of 0.1 ppmv and 25 ppbv, respectively, and weightedvariability of the tracer fields and processes in this relatively
with the number of measurements found in the correspondthin layer, and the horizontal resolution can also be a limit,
ing pressure bin. The PDFs have then been normalized witlsince convection that transport compounds from the emission
respect to the total number of measurements used in the eva$ources to the upper troposphere is parameterized.
uation. This normalization also allows to calculate the ob- In this paper, a suite of specific diagnostics have been
served PDFs with a vertical resolution which is comparableapplied to the in-situ high-resolution measurements per-
to the model vertical resolution. formed on board the aircraft Geophysica during the four trop-

The structure of the joint PDFs is similar in the model ical campaigns (APE-THESEO, TROCCINOX, SCOUT-
and the observations and is characterized by the three separwin, SCOUT-AMMA) and to the ECHAM5/MESSy
arated regimes, also seen in thgQHO;3 scatter plots shown CCM data. These diagnostics consist of the vertical mixing
in Fig. 8, that draw the above-mentionefi™shape. The ratio profiles and relative gradients of selected compounds
tropospheric regime is characterized by a nearly constant O(ozone, water vapour, nitrous oxide, and carbon monoxide)
value and variable O mixing ratios, while the stratospheric in tropopause coordinates and on tracer-tracer correlations
regime is characterized by a nearly constapDHvalue and  (CO-Qz, H2O-Og3). They corroborate the existence of a trop-
variable @ mixing ratios. In the region lying between the ical tropopause transition region and allow to characterize
two branches, there is a certain probability to find, at theit in terms of chemical vertical distribution, thickness, and
same time, relatively high ozone and high®imixing ra-  variability. They moreover facilitate comparisons of obser-
tios, both being, however, lower than the pure stratospheriozational and model data (Pan et al., 2007) and provide a suite
and pure lower tropospheric values, respectively. of tools for testing the ability of CCMs to simulate the TTL

The use of tracer-tracer PDFs is helpful to assess the stestructure.
tistical relevance of the observational sampling, and can be The analysis of the § H>O, and NO vertical profiles, of
in some circumstances preferable to the use of tracer-traceds and CO relative vertical gradients, andof vertical pro-
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file, in tropopause coordinates, has revealed the existence @zone, nitrous oxide and water vapour, especially around the
a finite tropical transition layer about the tropopause havingtropopause and in the lower stratosphere. Furthermore, as
characteristics of both the troposphere and the stratospherehown in Sect. 2.2 in the analysis of modelled water vapour
The transition between the two regimes occurs within thistape recorder and comparison with MLS observations (Liu
layer where the aforementioned species exhibit their greatesit al., 2007), the model turns out to have a too fast vertical
gradient changes (see Figs. 3, 4, 5, and 6). The TTL encomadvection, which is in agreement with the overall behaviour
passes the thermal tropopause that acts as a barrier to vertioafl CCMs described by Eyring et al. (2006). The acceler-
mixing. ated phase speed in ECHAM5/Messy is in part responsible
The vertical N2 profile and the relative vertical ozone for driving down temperatures and water vapour, and caus-
and CO gradients are found to have similar structures, frorring the NoO bias between the model and observations.
which the upper and lower bounds of the transition layer can Moreover, the non homogeneous observational sampling
be estimated (Fueglistaler et al., 2009). These levels are sunteads to less smoothed and more scattered mean vertical pro-
marized in Table 3, for the model and the observations. Thdiles/gradients in the observations than in the model.
top and bottom bounds are located, respectively, at about Even if restricted to a single CCM and the M55 observa-
15hPa above the tropopause (400-410K) and, on averagéipnal dataset, the analyses performed in this paper show that
at 35hPa below the tropopause360K), as inferred from the use of specific diagnostics for the analysis of different
the maximum and minimum values &f2, showing a good  datasets can highlight the average features of the TTL verti-
agreement between the model and the observations. Usingal structure and allow to estimate, in most cases, the transi-
the relative vertical ozone gradient, the top and the bottontion layer thickness. Our evaluation is the first to apply ver-
bounds are on average located at about 15hPa above atidal tracer gradients and tracer-tracer correlations to charac-
35hPa below the tropopause, respectively, while using theerize the structure and depth of the TTL using aircraft data.
relative vertical CO gradient at about 23 hPa abovéZ5 K) Prior studies using these diagnostics were applied to satellite
and 27 hPa below~+365 K) the tropopause. For both diag- data (Hegglin et al., 2009) or a smaller suite of diagnostics to
nostics, the model-measurements agreement is in most casascraft data (Hoor et al., 2004; Pan et al., 2004; Pan et al.,
good. 2007) with focus on the ExTL. The suite of diagnostics pre-
The existence of a region where the tropospheric andsented in this paper can contribute to give representativeness
stratospheric regimes in chemicals distribution co-exist is ento geographically sparse or limited in-situ observations, and
hanced using the correlation between a tropospheric (typican be profitably applied to satellite data, as extensively done
cally CO or BO) and a stratospheric (typicallyspPtracer.  in the extra-tropics, and to CCM data.
In the tropics, a classicdl shape is found in the #0-O3
correlation, where vertical transport across the tropopause i§cknowledgementsiuthors would like to thank M. I. Hegglin for
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