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Abstract

Past studies have shown that a clear relationship exists between the field of a passive
tracer and the Probability Distribution Function (PDF) of tracer concentrations, which
can be exploited to identify the position and variability of stratospheric barriers to isen-
tropic mixing.

In the present study, we focus on the dynamical barrier located in the subtropics. We
calculate PDFs of the long-lived tracers nitrous oxide (N,O) and methane (CH,) from
different satellite instruments: the Microwave Limb Sounder (MLS) on board Aura, the
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on board Envisat,
the Sub-Millimetre Radiometre (SMR) on board Odin and the Halogen Occultation Ex-
periment (HALOE) on board UARS, overall covering the time period of 1992-2009.

An analysis of the consistency among the different sets of data and their capability of
identifying mixing regions and barrier to transport regions in the stratosphere and the
subtropical barrier location is a prime aim of the present study. This is done looking
at the morphological structure of the one- and two-dimensional PDFs of tracer con-
centrations measured by the different instruments. The latter differ in their spatial and
temporal sampling and resolution, and there are some systematic differences in the
determination of the subtropical barrier position that have been highlighted. However,
the four satellite instruments offer an overall consistent picture of the subtropical bar-
rier annual cycle. There is a strong seasonality consistently represented, characterized
by the wintertime shift of the subtropical edge toward the summer hemisphere. How-
ever, the influence of the Quasi Biennial Oscillation (QBO) on isentropic transport and
mixing, and by consequence, on the position of the subtropical barrier, is not equally
represented in all satellite data using the methodology proposed.
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1 Introduction

Several observational and model studies have revealed inhomogeneities in strato-
spheric mixing determined by regions of strong mixing separated by meridional bar-
riers to air exchange. Strong barriers to mixing have been identified at the polar vortex
edge (Mcintyre and Palmer, 1984; Bowman, 1993), with the Antarctic vortex showing
a more persistent barrier compared to the Arctic vortex (Allen and Nakamura, 2001;
Haynes and Shuckburgh, 2000). In the mid-latitudes, mixing is generally strong due to
the breaking of planetary-scale Rossby-waves propagating from the troposphere into
the stratosphere when winds are westerly (and therefore primarily in winter). Mcln-
tyre and Palmer (1984) coined the term “surf-zone” for this mid-latitude stirred region.
The “surf-zone” is bounded on the equatorward side by a barrier to mixing with trop-
ical air, generating a “tropical reservoir” for tracers that are transported upward from
the troposphere to the stratosphere through the tropical tropopause layer (e.g., Trepte
and Hitchman, 1992). In the summer hemisphere mixing is generally weaker than dur-
ing winter, since easterly winds prohibit propagation of planetary waves in the vertical.
Stratospheric mixing and transport across meridional barriers play a role of primary im-
portance in the distribution of long-lived atmospheric trace gases on isentropic surfaces
(Plumb and Ko, 1992).

A number of different diagnostics for the study of such transport mechanisms have
been developed. Barriers to meridional mixing, for instance, have been revealed as
steep gradients in potential vorticity (PV). Nash et al. (1996) developed a criterion
based on the maximum gradient of PV in equivalent latitude to determine the edge
of the polar vortex, while the model study by Struthers et al. (2009) uses the PV gra-
dient with respect to equivalent latitude multiplied by the horizontal wind speed (called
meridional impermeability, k) on a given potential temperature surface, to highlight the
latitudinal structure of the meridional mixing barrier at the vortex edge, with high values
of k indicating regions of low meridional mixing. Both aforementioned studies use the
equivalent latitude as the horizontal coordinate because it removes the effects of vortex
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displacement and elongation which tend to blur gradients near the vortex edge when
using geographical latitude.

A recently developed quantity for atmospheric transport diagnosis is the effective dif-
fusivity (Nakamura, 1996; Allen and Nakamura, 2001; Haynes and Shuckburgh, 2000),
a modified Lagrangian mean diagnostic which is derived by transforming the tracer
transport advection-diffusion equation into a diffusion-only equation by introducing co-
ordinates based on isolines of tracer mixing ratio. Effective diffusivity is thought of as
a measure of the geometric complexity of tracer contours, with tracers being based
either on observations (Nakamura and Ma, 1997) or on artificial tracers advected by
analyzed winds (e.g., Shuckburgh et al., 2001; Haynes and Shuckburgh, 2000). An-
other approach that has been used to quantify transport across meridional barriers and
stratospheric mixing is the use of finite-time Lyapunov exponents (Pierrehumbert and
Yang, 1993; Bowman, 1993), a derivation of the more general concept of Lyapunov
exponents. The latter give a measure of the separation of two trajectories with time
from initially nearby starting points and are related to the local stretching deformation
of the fluid following an air parcel (that is, they are a measure of local mixing rates).
The analyses presented by Garny et al. (2007), for instance, show that Lyapunov ex-
ponents appear to be a useful diagnostic of stratospheric mixing: Lyapunov exponent
show regions of mixing and barriers to mixing (in the sub-tropics and at the polar vor-
tex edge), and the seasonal climatology in mixing revealed by the Lyapunov exponents
agrees well with the literature (Haynes and Shuckburgh, 2000; Nakamura, 1996).

Sparling (2000) has advocated the use of probability distribution functions (PDFs) of
long-lived tracers (i.e., the histogram of the tracer field) to quantify mixing regions and
mixing barriers. Mixing regions are associated with maxima in tracer-concentration
PDFs, while barrier regions with minima. Tracer PDFs represent an alternative to
the use of mean tracer gradients with the advantage that they are less sensitive to
the effects of the intrusions that can shift means and they allow avoiding latitudinal
smearing without necessarily relying on equivalent latitude. Sparling (2000) discussed
the global statistical properties of long-lived tracers PDFs using nitrous oxide (N,O)
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satellite measurements and introduced the statistics of the “support” region to calcu-
late a single characteristic latitude for the barrier regions. This approach was then
applied by Neu et al. (2003) to identify the edges of the subtropical barrier and ana-
lyze their seasonal and interannual variability in the stratosphere, using N,O and CH,
satellite measurements from the Cryogenic Limb Array Etalon Spectrometer (CLAES)
and the Halogen Occultation Experiment (HALOE), respectively, both aboard the Up-
per Atmosphere Research Satellite (UARS). One of their major results was the north-
ern hemispheric subtropical edge shift toward the Southern Hemisphere during winter
when zonal mean zonal winds are westerlies (i.e., westerly phase of the quasi-biennial
oscillation, QBO) at 14.7 mbar (~ 760 K) and 10 mbar (~ 900 K) (no evident interannual
variability linked to a QBO effect was found by Neu et al. (2003) at the lower levels
31.6 mbar and 21.5 mbar).

The QBO is a reversal of the west-east winds in the tropical stratosphere occur-
ring every 26 to 30 months (Baldwin et al., 2001), with significant extratropical conse-
quences related to the QBO-dependent ability of the extratropical waves to propagate
into and through the tropics. Through its modulation of stratospheric mixing and trans-
port, the QBO also affects the distribution of chemical constituents like ozone, methane,
and aerosols (Trepte and Hitchman, 1992; Trepte et al., 1993; Baldwin et al., 2001) and
modulates the tracer gradients in the subtropics (Trepte and Hitchman, 1992). Many
studies exploiting both model data and observations have shown that tracer gradients
in the subtropics intensify during the easterly QBO phase. Model results by Polvani
et al. (1995), for example, showed that subtropical tracer gradients are expected to
be steeper in the easterly QBO phase, when there is a strong easterly shear that in-
hibits the propagation of Rossby waves activity into and through the tropics, than in
the westerly phase. O’Sullivan and Dunkerton (1997), using N,O mixing ratios mea-
sured by the CLAES instrument, observed an increase in the winter subtropical tracer
gradients during the easterly QBO phase below 10 mbar (~ 850K), since in the QBO
easterly the Rossby-wave activity is prevented into the tropics. Above 10 mbar, the role
of the QBO is that of modulating the large scale Brewer-Dobson circulation rather than
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mixing. Shuckburgh et al. (2001) investigated the influence of the QBO on interannual
changes in tropical-extratropical transport and mixing at 624 K (they argued that the in-
fluence is strongest at this level) over a period of six years using the equivalent length
diagnostic. They found that in QBO easterlies tropospheric planetary waves are un-
able to propagate into the tropics but remain confined in the winter extratropics, while
in QBO westerlies mixing is enhanced in the subtropics, with implications on the posi-
tion of the subtropical barrier. They investigated the influence of the QBO on isentropic
mixing.

In the study reported on here the method of tracer PDFs is used. The trace species
considered are N,O from the Microwave Limb Sounder (MLS) instrument on board
Aura, the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on
board Envisat and the Sub-Millimetre Radiometer (SMR) on board Odin, and CH,
from the HALOE/UARS instrument. Extensive comparison among MLS/Aura, MIPAS/
Envisat and Odin/SMR has been conducted in previous studies, e.g., in Urban et al.
(2005), Strong et al. (2008), Lambert et al. (2007). The HALOE instrument was val-
idated against a variety of correlative measurements (e.g., Patra et al., 2003), and
through the use of remote sensors (e.g., Schoeberl et al., 2008).

We have used different satellite instruments to show to which extent the PDF diag-
nostics is useful to overcome possible issues related to the instrumental differences,
such as the spatial and temporal sampling and resolution, and to facilitate their com-
parison.

The next section describes the methodology based on the use of long-lived tracer
PDFs to identify transport barriers in the stratosphere and the satellite data used in
this work. Section 3 discusses the morphological features of the tracer PDFs from
the different satellites, and how well they can describe transport and mixing regions
as reflected by troughs and peaks in the PDF. The differences and similarities among
the four satellite instruments are highlighted in view of the subsequent analyses. The
intercomparison among the satellite instruments in the subtropical barrier region is
given in Sect. 4. Here, the systematic differences in the subtropical barrier latitude
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calculation among the four satellite data sets are described. The annual cycle of the
subtropical barrier and the influence of the QBO on the subtropical barrier position as
captured by the different instruments are also discussed in that section. The paper
concludes summarizing the major findings of this study and identifying concepts and
issues for future directions.

2 Methodology and data
2.1 Methodology: long-lived tracer PDFs

This paper uses a well established technique (e.g., Sparling, 2000; Palazzi and Fierli,
2010) to estimate the latitude of the subtropical boundary from the subtropical mini-
mum in the probability distribution function (PDF) of a long-lived tracer y, P(y). Given
a set of observations of a tracer field y, P(y) can be calculated as the fraction of ob-
servations having mixing ratios in the range from y — Ay to y + Ay in a given region of
the atmosphere, normalized by the total area of the region. Such probability can be
expressed as the definite integral:

x+Ax
Px-By<x<x+Ay)= f(x)dx (1)
x-Ax
where f is the probability distribution function of the variable y, provided that the nor-
malization condition is satisfied: [fz f(y)dy =1 with f(y)>0.
The global aspects of long-lived tracer PDFs have been widely discussed (e.g., see
Fig. 3 of the paper by Sparling, 2000) and can be summarized as follows:

— there is a mapping between the spatial structure in a scatterplot of the observa-
tions of a tracer y versus latitude and the morphology of P(), on a single altitude
level;

— flat regions in the scatterplot map into peaks in P(y)
18391
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— sloping regions in the scatterplot map into minima in P(y)

— the winter hemisphere PDF has three modes: the peaks are associated to the
polar vortex, tropics, and midlatitude surf-zone; the minima define the vortex edge
and the subtropical boundary;

— the summer hemisphere PDF has two modes: the PDF peaks correspond to
the tropics and the summer extratropics with a broader minimum between them
corresponding to the subtropical barrier.

The technique used in this paper to calculate the latitude of the subtropical barrier
from P(y) relies on the application of the statistics of the “support region” introduced
by Sparling (2000) and the use of a particular kind of PDF, a conditional PDF.

Referring to, e.g., Fig. 2 of the paper by Neu et al. (2003), it can be seen that, for
each hemisphere, the subtropical minimum in P(y) occurs at a precise mixing ratio
value of the tracer, y*, the so-called “tracer boundary” of the subtropics (the same con-
siderations can be applied to the polar vortex edge). The “support” of the subtropical
tracer boundary can be defined as the region in latitude space over which the tracer
field takes on values in a neighborhood of y*. From a mathematical point of view, this
translates in the calculation of the PDF of the support of y”, that is, the conditional PDF
P(®|x"). P(¢|x) is the probability distribution of the latitudes of observations having
mixing ratios near y*. P(¢|x") must be calculated separately in the Northern Hemi-
sphere (NH) and in the Southern Hemisphere (SH), because y" is not the same in the
two hemispheres, and the most probable value of P(¢ | x*) identifies the subtropical
barrier latitude, ¢" (Fig. 2d of the paper by Neu et al., 2003):

P =max[P(o| x")].
P =d|p=p) - )
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In general, the two-dimensional conditional probability of the latitudes and tracer mixing
ratios, P(¢| ), can be written as follows, as a derivation of the Bayes theorem:

P(@ny)

3

P(@|x)= Pl (3)

where P(@n y) is the joint PDF of the latitudes and tracer concentrations, and P(y) is

the marginal probability of y values. Another useful conditional PDF is P(y | ¢), which
needs the marginal PDF P(¢) to be known:

P(@ny) )()
P(x|¢)= P (4)

By integrating the function P(y | @) over the latitudes of the Northern Hemisphere and
Southern Hemisphere separately, yields the likelihood of observing a field value y in
the range y—Ay and y + Ay, that is, the one-dimensional PDF of tracer concentrations
normalized for the number of observations into each [ — A®, ¢ + Ag] latitude bin.

It is worth pointing out that the PDF of a tracer, P(y), is inversely proportional to
the tracer latitudinal gradlent, o3 ¢, along an isentropic surface (6 surface) in the strato-
sphere. The probability of finding the tracer concentration value y between y - Ay and
¥ + Ay within a given total surface area S, in fact, should be equivalent to the proba-
bility of finding a surface area with the concentration y between y —Ay and y+Ay:

P()(—A)(<)(<)(+A)()

+Ay
Y+Ay /SX as
[ Puar=2—-
Y=Ax tot
as(¢)
1 [+ dSde 1 [T
_x/ de dy *=—x/ (6)
StOt Y-Ay d(p dX Stot Y-Ay dg(q?)

do
dy

one-dimensional continuous and differentiable functlons of the latitude, ¢. We define
18393
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S = 2mR?(1-sing) as the area north of a line of latitude ¢, with R the Earth radius. Siot
is the total area of one hemisphere, which is equal to 2mR?. The following relationship
can be derived:

ax =CoS@® x 1 (6)

do P(x)

Equation (6) states that the horizontal gradient and the PDF of an atmospheric tracer
form a compact relationship, provided that sampling in latitude is sufficiently uniform
and dense, in order not to introduce biases and make the PDF calculation statistically
significant (e.g., Sparling, 2000). Tracer PDFs are an equivalent “measure” of tracer
gradients in that the minimum values of the PDFs occur at those tracer values for
which the tracer gradient is maximum, indicating the location of a transport barrier. On
the other hand, tracer gradients cannot be regarded as strength of the mixing barri-
ers (Nakamura and Ma, 1997). At the NH vortex edge, for instance, tracer gradients
are generally higher than they are at the SH vortex edge, though the Antarctic vortex
shows a more persistent barrier than its Arctic counterpart (Allen and Nakamura, 2001;
Haynes and Shuckburgh, 2000).

2.2 Satellite data

The long-lived trace constituents chosen for this study are nitrous oxide and methane:
both emitted at the surface of the Earth, they have local chemical lifetimes in the strato-
sphere that are equivalent to or longer than the typical advection and mixing timescales,
and thus they act as tracers for middle atmospheric transport processes (e.g., Brasseur
and Solomon, 2005). As for any long-lived tracers, N,O and CH, distributions are con-
trolled by a balance between the large-scale circulation, which acts to steepen their
mixing ratio isopleths, and stirring by wave activity, which acts to flatten isopleths in the
stirring region but produces very strong gradients at the stirring region edges.

N,O is representative of most passive tracers in the stratosphere, with a lifetime
greater than a year at 10 hPa, which increases rapidly at lower levels. It is primarily
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destroyed by photodissociation (~ 90 %) and reaction with electronically excited oxygen
atoms, O(1D) (~10%). CH,4 has a lifetime of about 3yr at 10hPa, which increases
rapidly below, and it is chemically destroyed above 35km through reactions with OH
and O(1D) producing CO and H,O in the middle atmosphere. There are currently
four satellite instruments in orbit measuring N,O. Three of these, that are used in the
present study, are MLS/Aura (Waters et al., 2006; Lambert et al., 2007), MIPAS/Envisat
(Fischer et al., 2008) and SMR/Odin (Murtagh et al., 2002; Urban et al., 2005); the other
one is the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-
FTS) on SCISAT, launched in 2003 (Bernath et al., 2005). CH, data used in this study
are from the HALOE/UARS instrument (Russell et al., 1993). The main characteristics
of the aforementioned satellites and instruments are outlined below and resumed in
Table 1.

— The HALOE instrument was operational from September 1991 to November 2005
and used a sun occultation technique which sampled only at sunrise and sunset,
yielding 15 measurements at two latitudes per day with each daily sunrise or sun-
set group near the same latitude on a given day, to monitor the vertical distribution
of temperature and key chemical species like O3, HCI, CH,4, H,O, NO, NO,, and
aerosol extinction (Russell et al., 1993). The instantaneous field of view at the limb
tangent point is approximately 2 km vertically by 5km horizontally. The signals
are highly oversampled, and after processing the effective vertical resolution is 3—
5km. Coverage across the full range of latitudes was achieved on a time period
ranging from about two to six weeks depending on the time of the year. The UARS
orbit allowed coverage of the stratosphere between 35°S (N) and 80° N (S) dur-
ing a northward (southward) viewing yaw period. The HALOE processing version
used in this study is the third public release (V19). Version 19 CH, data are pro-
vided by the NASA Goddard Earth Sciences Data and Information Services Cen-
ter (GES DISC) through the “Mirador” interface (http://mirador.gsfc.nasa.gov/).

— MLS on the NASA Aura satellite is a limb-scanning instrument, observing thermal
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emission at millimeter and sub-millimeter wavelengths. MLS scans the Earth’s
limb from the surface to 90 km with a vertical resolution of about 3 km in the strato-
sphere and the latitude coverage is nearly global (from 82° S to 82° N), with a total
of ~ 3500 vertical profiles per day; each profile is spaced about 1.5° or ~ 165 km
along the orbit track (roughly 15 orbits per day). The viewing geometry of the MLS
instrument allows the use of a two-dimensional approach to the retrieval problem
since the limb observations from successive scans overlap significantly so that
effects of line-of-sight gradients can be taken into account (Livesey and Read,
2000). Version 2.2 level 2 N,O daily vertical profiles from begin of the mission
(August 2004) to 2009, available through the on-line Mirador data access, have
been used.

The MIPAS instrument was launched as part of the polar-orbiting European EN-
ViIronmental SATellite (Envisat) on 1 March, 2002 (Fischer and Oelhaf, 1996). It is
a Fourier transform spectrometer providing limb spectra of atmospheric infrared
emission with a spectral range extending from 685 to 241 ocm™'. It was operated
with a full resolution of 0.035cm™" full width half maximum until operations were
suspended on March 2004 due to technical problems. In January 2005 regular
observations resumed, but with reduced spectral resolution which allowed more
spectra to be measured during the same time interval compared to the former
high spectral resolution observations. MIPAS measurements cover the whole lat-
itude band from pole to pole with 14.3 orbits per day and about 95 limb scans per
orbit in the nominal mode (altitude coverage 6—70 km) and about 130 limb scans
per orbit in the UTLS mode (altitude coverage 5.5-49km). The field of view is
30km in the horizontal and about 3 km in the vertical at the tangent points. N,O
vertical profiles used in this work are those of version V30O_N,O_11 (before 2005)
and version V40_N,0_201 (after 2005) generated at the Institute for Meteorology
and Climate Research (IMK) through the IMK-IAA data processor (von Clarmann
et al., 2009a,b).
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— The SMR instrument was launched as part of the Swedish mini-satellite Odin on
February 2001, and it still operates nominally enabling to collect a long set of data.
This instrument employs receivers operating in the millimetre range at around
119 GHz and in the sub-millimetre range between about 486 and 581 GHz. It
records emission spectra of important molecules such as ozone and its isotopes,
chlorine monoxide, nitrous oxide, nitric acid, water vapor and its isotopes and car-
bon monoxide. The so-called stratospheric mode measurements are performed
every third day until April 2007 and every other day thereafter, time-shared with
other aeronomy measurement modes. A typical stratospheric mode scan cov-
ers the altitude range from 7 to 70 km, with a vertical sampling of about 1.5km
in terms of tangent altitude below 50 km and about 5.5 km above. Usually, the
latitude range between 82.5° S—82.5° N is covered by the measurements, taken
during ~ 14—15 orbits per day and ~45Ilimb scans per orbit. Retrievals are per-
formed by two similar data processors in France and Sweden. In this study we
use N,O retrievals from the level 2 processor (latest version: v2.1) produced at
the Chalmers University of Technology (Goteborg, Sweden).

Temperature and pressure from each satellite data set have been used to interpo-
late tracer observations to potential temperature surfaces (6 surfaces). Tracer data
have been expressed as a function of both latitude and equivalent latitude, ¢, (Nash
et al., 1996), the latter being calculated from potential vorticity (PV) using the European
Centre for Medium-Range Weather Forecasts (ECMWF) analyzed winds on a 1° x 1°
longitude-latitude grid and with a time resolution of 6 h. Using equivalent latitude has
the advantage of better preserving geophysical gradients around the polar vortex, by
classifying air dynamically (e.g., Randel et al., 1998), while outside of polar regions
there is no substantial difference between geographical latitudes and equivalent lat-
itudes. The results presented in this paper, focused on the subtropical region, are
therefore expressed in latitude.

The four different instruments make measurements in quite different ways and pro-
vide datasets with different properties. MLS measurements provide a good global
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coverage; the MIPAS and SMR observations not only have a global coverage but also
a longer time record, while the HALOE instrument has the longest time record, but it
made tropical measurements only a few times a month, compared to e.g. MLS that
makes measurements about every 1.5° in latitude with about fourteen passes across
the equator each day. The MLS and HALOE volume mixing ratio (VMR) profiles have
vertical resolutions that are similar to each other, and worse than that of MIPAS and
SMR, the latter having the best vertical resolution (see Table 1). Even though the ver-
tical resolutions of the satellite instruments are not comparable, no further processes
such as vertical smoothing of higher-resolved down to lower-resolved data sets has
been applied. It is worth pointing out, however, that the effect of a high vertical res-
olution measurement (e.g. from SMR) is in part that of increasing the single-profile
noise, possibly preventing the minima in the PDFs to be clearly identified in some cir-
cumstances. Our choice is motivated by the fact that drawing conclusions for zonal
monthly averages rather than single profiles, as it is done in the present paper, drasti-
cally reduces noise.

As an example, Fig. 1 shows the latitude-time section of the MLS (top left), MIPAS
(top right), and SMR (bottom left) N,O VMR concentrations and of the HALOE CH,
VMR concentrations (bottom right) at 600K (~ 30 hPa). In order to facilitate compari-
son among the data sets, the same time axis has been used in the plots, though the
HALOE data set extends backward till 1992 (not shown). Black rhombus (crosses)
superimposed to each plot indicate the subtropical barrier position, ¢, calculated
from the tracer PDF minima (tracer meridional gradient maxima) on a seasonal basis
(DJF: December—February, MAM: March—May, JJA: June—August, SON: September—
November). The figure shows that the regions in the subtropics where the strongest
meridional variations in N,O or CH, mixing ratio concentrations are found are collo-
cated with the position of the subtropical barrier. In this study, the latter is derived
from the minimum value of the tracer PDFs: therefore, Fig. 1 shows graphically what
is expressed in Eq. (6). Focusing on the latitude range [40° S—40°N], it is apparent
from Fig. 1 already before any further analysis is presented, that there is a back and
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forth shifting of the tropical maximum region in N,O or CH, (seen in all sensors data),
and that the subtropical barriers follow the same latitudinal shifting. Superimposed to
this clear annual periodicity, the tracer time series shown in Fig. 1 are also character-
ized by a periodicity of approximately two-years that is reflected in the position of the
subtropical barrier. This modulation of subtropical tracer gradients is ascribed to the
Quasi-Biennial Oscillation (QBO) in the zonal mean zonal winds, as already observed
by many authors previously (e.g., O’Sullivan and Dunkerton, 1997; Gray and Russell
lll, 1999). Seasonality in the upper stratosphere is very different from the lower levels
(such as 600K), showing a strong semi-annual oscillation (SAO) (e.g., Gray and Pyle,
1986; Randel et al., 1998). Tracer fields and their variability, besides being different in
the NH and SH, also change considerably with vertical level (not shown here).

MIPAS data shown in Fig. 1 highlight that the absolute values of N,O volume mixing
ratios in the tropical region change (reduce) between the period 2002—-2004 and after
2005, probably as a consequence of the change from full to optimized spectral reso-
lution which was adopted as MIPAS measurements were resumed in January 2005.
However, the position of the subtropical barrier does not exhibit clear changes ascrib-
able to the N,O bias between the high-resolution and optimized-resolution phase of
the MIPAS observations. This is true at the level shown in Fig. 1 (600 K), as well as
at the other levels considered in our analysis (not shown here) and should be con-
sidered as an indication of the fact that the analysis of tracer PDFs allows to retrieve
the subtropical barrier position without being affected by the absolute values of tracer
concentrations.

In this study, N,O and CH, probability distribution functions at different potential tem-
peratures from 520 K to 1100 K have been analyzed on a seasonal rather than monthly
basis, essentially due to the MIPAS, SMR and HALOE instruments’ sparser obser-
vational horizontal sampling compared to that of the MLS instrument, prohibiting the
calculation of meaningful PDFs from shorter time periods, e.g., months. The histogram
bin size value is equal to two degrees for the latitudes and 1(5) ppbv for N,O (CH,) mix-
ing ratio concentrations. Tracer PDFs are not evaluated if the number of data points at
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each potential temperature range and into each hemisphere separately is less than an
arbitrary value we have set to 300. This threshold has been chosen which allows sea-
sons to be represented reasonably well in HALOE data, when compared to the other
instruments. In fact, the HALOE orbit was drifting from year to year leading to differ-
ent latitudes measured at different seasons every year, possibly introducing additional
sampling uncertainties besides those due to the HALOE limited latitudinal coverage.

3 Satellite tracer PDFs morphology

This section focuses on the description of the four satellite data PDFs and information
which can be directly derived from them, such as, for instance, their ability to distinguish
mixing and barrier regions in the stratosphere with the method employed here. It will
be moreover discussed to which extent the latitude of the subtropical barrier, ¢*, can
be estimated from the PDFs of each satellite data instrument.

As an example, Fig. 2 shows the one-dimensional PDFs of tracer concentrations
from the four satellite instruments (MLS in black, MIPAS in blue, SMR in yellow and
HALOE in red) at the potential temperature of 600K (~ 30 hPa) for every season (DJF,
MAM, JJA, and SON from left to right) in the NH (upper row) and SH (lower row). The
PDFs shown in Fig. 2 are calculated as the interannual average over the measurement
years available for each sensor of the seasonal PDFs, shown as a function of the
N,O VMR concentrations (bottom x-axis) for MLS, MIPAS and SMR, and of CH, VMR
concentrations (top x-axis) for HALOE.

As it can be seen, N,O PDFs from MLS, MIPAS, and SMR have the same structure,
as it should be for instruments having a comparable geographical coverage, and re-
produce well the expected morphology of tracer PDFs during winter and summer. The
winter (NH DJF and SH JJA) tracer PDFs of the three N,O sensors, in fact, are char-
acterized by three peaks separated by two valleys, while the summer (JJA NH, DJF
SH) tracer PDFs have two peaks separated by one valley. Moving from the right to the
left side of the bottom x-axis, that is, from higher to lower N,O VMR concentrations,
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the regions around the three peaks in the winter PDFs correspond to the tropics, surf-
zone, and the polar vortex regions, while the regions around the peaks in the summer
PDFs have the tropical and extratropical N,O VMR concentrations associated. On the
other hand, the HALOE instrument aboard UARS has a geographically limited cover-
age compared to the MLS, MIPAS and SMR measuring systems, which reflects in the
morphological structure of methane PDFs shown in Fig. 2. Except for the CH, PDF
during SON SH, where the polar peak can be observed centered around 400 ppby,
methane PDFs from HALOE are indeed two-modal. They are also in general well
shaped, allowing for the identification of the PDF minimum value within the subtropical
valley and the associated CH, VMR concentration (i.e., the tracer boundary). The JJA
NH (and, to a lesser extent, DJF SH) CH, PDF shown in Fig. 2 represents an exception
to the former statement, having a small peak feature for CH, mixing ratio concentra-
tions around 1400 ppbv. Though we cannot give an explanation of that, this feature
arises from the JJA PDFs of the years 1996, 1998, 2000, 2002, and 2005 that con-
tribute to the interannual mean PDF for that season. PDFs similar to that of methane
during JJA NH (Fig. 2) can prevent the calculation of the subtropical barrier latitude
derived from the support theory-based algorithm, or make the error associated high.
In some cases, these latitudes have been rejected.

Despite the similarity in their shape and the overall structure, the tracer PDFs from
the three N,O sensors shown in Fig. 2 differ in some aspects. There is an important
difference, for instance, between the MIPAS and MLS/SMR subtropical tracer boundary
value during DJF NH and JJA SH (that is, during winter). In both cases, the tracer
boundary (N,O VMR concentration corresponding to the PDF minimum value in the
subtropical valley) for MIPAS (blue line) is equal to 230—240 ppbv, and it is lower than
the MLS (black line) and SMR (yellow line) subtropical tracer boundary (~ 260 ppbv),
denoting a possible bias between MIPAS and MLS/SMR N,O VMR concentrations
in the tropical and subtropical region at this level (compare also the region of N,O
tropical maximum values in MLS, MIPAS, and SMR in Fig. 1). A bias of about 10—
15 % between MLS and MIPAS N,O mixing ratio concentrations (MLS values greater
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than MIPAS values) was also documented by Lambert et al. (2007), though they used
different MIPAS N, O data (the off-line MIPAS N,O retrievals from algorithms developed
at the University of Oxford) with respect to those we have used in the present study.
The tracer boundary value bias between the three N,O sensors is also found below
600 K and above till 760K (not shown here). At 690K (~ 20 hPa), the tracer boundary
value bias between MIPAS and MLS/SMR is even an ubiquitous feature of the NH
during all seasons. It is important to stress that, though not directly discussed, the
general characteristics of the seasonal mean tracer PDFs from the four sensor data at
600 K are common to all potential temperature levels considered in this study.

Although the different instruments may be biased (in tracer volume mixing ratio con-
centration) to each other, this does not necessarily affect the PDF-estimated position
of the subtropical boundaries, as we have already discussed in Sect. 2 (Fig. 1) and we
will show later on.

Two-dimensional PDFs, function of the latitudes and tracer concentrations are mean-
ingful representations of both satellite instrument characteristics (e.g., geographical
coverage and latitudinal sampling) and of the ability to capture mixing and barrier-to-
mixing regions in the stratosphere, at least qualitatively. Both aspects are at the same
time incorporated in this kind of representation. An example of that is given in Fig. 3 for
the mean June—August PDFs at 600 K. The conditional PDFs, P(y | ), and the joint
PDFs, P(¢ny), for MLS, MIPAS, SMR, and HALOE (from left to right, respectively)
are shown in the first and second row, while the lower row shows the one-dimensional
PDFs (i.e., the normalized frequency distribution) of latitudes, P(¢), indicating the lati-
tudinal sampling pattern of the four satellite instruments. It is worth remembering that,
as a derivation of the Bayes theorem, the function P(y | ¢) is calculated from P(¢n y)
and P(¢) Eq. (4). The shape of the two-dimensional PDFs shown in Fig. 3, both
P(x|®) and P(¢n y), being a function of the latitude (y-axis) and tracer concentration
(x-axis), is similar to, for instance, the scatter plots of CLAES N,O mixing ratio versus
latitude shown by Sparling (2000) in her Fig. 3 (panels a and b) or by Neu et al. (2003)
in their Fig. 2a. There are, in fact, “slope” regions of strong tracer gradients (barrier
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regions) and “flat” regions of comparatively weaker tracer gradients (the tropics, surf-
zone, winter polar vortex and the summer extratropics), the former being characterized
by lower PDF values than the latter. All four satellite tracer PDFs reproduce well the
appearance of high and low PDF regions: the two least clear situations arise in the
Northern Hemisphere subtropics for the SMR P(y | ¢) (third panel in the upper row)
and the HALOE P(y|¢) and P(¢ny) (last column in the upper and middle row). In
the first case (SMR), while P(y n¢) has a region of low PDF values in the subtropics
(from about 15° to 30°), the minimum in P(y | ¢) is less pronounced. Looking at the
SMR normalized distribution of the latitudes, P(¢), shown in the lower row of Fig. 3, it
is easy to see that this difference may arise from the fact that P(¢) has a minimum just
in that latitude range, and that the minimum values of P(¢n y) in the subtropics are
more likely due to sampling issues (undersampling) than to transport mechanisms. In
the second case (HALOE), since the sampling pattern is quite homogeneous in the NH
tropical-subtropical region, the less noticeable minimum in both functions P(y | ¢) and
P(x n@) could be ascribed to the deviation of the NH JJA one-dimensional CH, P(y)
from the expected two-modal shape, that is to the presence of the small peak feature
in the tracer PDF observed in Fig. 2.

The latitudinal extent of the tropics and of the winter surf-zone is consistently re-
produced by the four sensors P(y | @)s shown in the upper row of Fig. 3. The vortex
and mid-latitude summer extratropics reproduced by MLS, MIPAS and SMR conditional
PDFs shown in Fig. 3 are also in reasonable agreement. It is worth pointing out that
the difference between the winter and summer subtropical edge region width is quali-
tatively well captured as well by the four sensors PDFs, with a broader and less steep
edge region in the summer hemisphere than in the winter hemisphere. Previous stud-
ies (Neu et al., 2003) showed that the summer edge region may occupy as much as
the 60 % of the area of the whole summer hemisphere at 31.6 mbar (~ 600 K), while
changes of 30—40 % of the total hemispheric range of tracer values over a few degrees
of latitude can occur in the winter edge region.
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Conditional and joint PDFs shown in Fig. 3 give clear and quick information on the
latitudinal coverage of each satellite on average during JJA, consistently with informa-
tion derived from the one-dimensional tracer PDFs shown in Fig. 2. It is worth stressing
that using P (x| @) rather than P(¢n x), removes possible ambiguities in the attribution
of a PDF minimum value due to undersampling, leaving dynamical mechanisms as
possible explanation of the P(¢ | y) morphology, but features related to the specific
instrumental noise are not removed.

White symbols overplotted in the upper and middle panels of Fig. 3 mark the position
of the subtropical barrier in both hemispheres, calculated from the seasonal conditional
PDFs through the statistics of the support region. The subtropical barrier turns out to
be located at (25 +6)°, (19+3)°, (21.5+5)°, and (27 £5)° in the NH when calculated
from MLS, MIPAS, SMR, and HALOE PDFs, and at (-18.5+2)°, (-18 +3)°, (-17 +2)°,
and (=20 + 3)° in the SH. There is a better agreement among the four sensors in the
determination of the subtropical barrier position in the Southern Hemisphere than in the
Northern Hemisphere (for JJA). A smaller error is also associated to the determination
of the barrier latitude in the SH than in the NH, denoting a comparatively stronger
variability of the JJA barrier position from year to year in the NH with respect to the SH.

4 Satellite intercomparison in the subtropical barrier region
4.1 Subtropical barrier latitude

A first insight on the consistency among the subtropical barrier latitude calculated from
the four satellite data PDFs is given in Fig. 4. Here, the time series of the barrier posi-
tion in the NH and SH from January 2002 to November 2005 is shown; the overlapping
time period of all four satellite data used in this study is from August 2004 till Novem-
ber 2005 (from the vertical black shaded line forward in the figure). The figure shows
the time evolution of the subtropical barrier at four potential temperature levels exem-
plary, namely 600K, 760K, 830K, and 1000 K. Black, blue, yellow and red symbols
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denote the MLS, MIPAS, SMR, and HALOE barrier latitude evaluation. The first im-
pression is that there is a quite good agreement among the four sensors, especially in
the Southern Hemisphere, since the satellite-to-satellite comparisons generally have
many matches. However, in some cases one out of two or three satellite outputs is
noticeably different from the other ones. Just focusing on the overlapping time period
of all sensors data (August 2004—November 2005), the most noticeable situations of
disagreement in the SH are those between SMR and MLS/HALOE at 600K during
DJF 2005, between MIPAS/SMR/MLS and HALOE at 600 K during JJA 2005, between
MLS/SMR and HALOE at 1000 K during SON 2004, between MLS/SMR/MIPAS and
HALOE at 1000 K during MAM 2005, and between MLS/HALOE and SMR during SON
2005. From August 2004 to November 2005 in the Northern Hemisphere, on the other
hand, there is a clear discrepancy between MLS/HALOE and SMR at 600K during
JJA 2004, between MIPAS and SMR at 760K during JJA 2005, between MLS/SMR
and HALOE at 760K during SON 2005, and between MLS/SMR and MIPAS at 830K
during JJA 2005.

In order to better quantify the inter-sensors comparison, the difference between the
subtropical barrier latitude values obtained from the two sensors of each pair in their
overlapping time period (seasonal data) at each 6 level has been evaluated. Figure 5
resumes the results we have obtained and shows the histograms of the sensor-to-
sensor barrier latitude differences grouping all altitude levels together. Histograms have
been calculated using a bin size of 2 degrees latitude. The histograms statistics, that
is, the number of data points used in the evaluation, the mean and standard deviation
values of the distributions are resumed in Table 2, and supply an indication of possible
systematic differences between the sensors of each pair in the determination of the
subtropical barrier latitude. Best statistics are found for the pairs MLS-MIPAS, MLS-
SMR, and MIPAS-SMR, both in terms of the number of data points used in the evalu-
ation and of the distribution properties. In these cases, in fact, the mean value of the
distributions is close to zero (no difference between two sensors in the determination
of the barrier latitude), denoting a very good agreement among the sensors involved.
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The distribution of the difference between the MLS and MIPAS and the MLS and SMR
latitude of the subtropical barrier in the SH and NH has a negative and positive mean
value, respectively, indicating that MIPAS and SMR latitudes are on average slightly
shifted equatorward with respect to MLS latitudes, in both hemispheres. The distri-
bution of the difference between the MIPAS and SMR has a positive (negative) mean
value in the SH (NH), indicating higher subtropical barrier latitudes for SMR than for
MIPAS in both hemispheres. Concerning the pairs MLS-HALOE, MIPAS-HALOE, and
SMR-HALOE (right column plots in Fig. 5), our results show that in both hemispheres,
the subtropical barrier latitude calculated from HALOE is always greater than that cal-
culated from MLS, MIPAS and SMR. Summarizing, the following pairs of sensors show
a general good agreement: MLS-MIPAS, MLS-SMR, MIPAS-SMR, and MLS-HALOE.

4.2 Subtropical barrier annual cycle

This section discusses the annual cycle of the subtropical barrier position at four poten-
tial temperature levels spanning the vertical region under consideration (600 K, 760 K,
830K, 1000K). Figure 6 shows the average over all years per sensor (also averaged
over the various QBO phases) of the barrier latitude during each season; black, blue,
yellow and red lines denote MLS, MIPAS, SMR, and HALOE data, respectively. It is
important to observe that all sensors consistently reproduce the annual behavior of
the subtropical barrier position as well as the prominent shift of the wintertime barrier
toward the equator (especially in the SH). The subtropical barrier position on average
ranges from about 10° to about 40° (30°) in the NH (SH), with a noticeable jump from fall
to winter values, in both hemispheres. In the SH, the MAM-JJA jump of the subtropical
barrier position toward the equator is well captured by all sensors; at 760K the jump is
less marked in MIPAS data, though it is still clearly present. It is worth clarifying that
the transition from fall to winter values appears as a sharp jump in Fig. 6 also because
we are analyzing the annual cycle of the subtropical barrier position on a seasonal
basis. As an example, Fig. 6 shows the subtropical edges as determined from the
HALOE (red) and MLS (black) data on a monthly basis at the four selected potential
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temperature levels as shown in Fig. 6. The results for all of the HALOE years (from
1992 to 2005) and the MLS years (from 2004 to 2009) are overplotted (grey lines) to
highlight the consistency of the data from year-to-year, despite significant differences in
the satellite coverage (both between the two satellites and in the HALOE year-to-year
coverage). We have plotted the subtropical edge position using a y-range between
90° S and 90° N in order to facilitate comparison with the Fig. 10 in Neu et al. (2003)
showing the subtropical edges as determined from the HALOE data at four pressure
levels (data from 1993 to 1998 in that case).

Table 3 summarizes the all sensor average of the subtropical barrier position through
the year, for all 8 levels considered in this study. The table emphasizes the seasonal
variability in the position of the subtropical barrier in both hemispheres and the remark-
able difference in the subtropical barrier latitude between fall and winter periods, which
is highlighted because of the seasonal analysis we have performed in the present
study.

4.3 Subtropical barrier position and the QBO

The position and width of the subtropical barriers show a variation from year to year and
are function of the phase of QBO (e.g., Randel et al., 1998). This section discusses to
which extent information about the QBO effect on the subtropical barrier position can be
extracted from the four satellite data sets analyzed using the employed methodology.

To perform such analysis, the monthly mean zonal wind components measured at
Singapore (1°N, 104° E) from 1992 to 2009 have been used, part of a wider database
that supplies the QBO index for every year from 1987 to the present at the levels 100
(since 1997), 90, 80, 70, 60, 50, 45, 40, 35, 30, 25, 20, 15, 12, and 10 hPa available at
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/.

Previous studies (e.g., Shuckburgh et al., 2001; Neu et al., 2003) showed that the
effect of the QBO on the subtropical barrier is that to enhance the wintertime shift of the
tropical-extratropical edges toward the summer hemisphere during the QBO westerly
phase. Neu et al. (2003), using 6 yr of HALOE data, observed this effect at 14.7 mbar
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(~760K) and 10 mbar (~900K), and stated that it is difficult to see any evidence of
interannual variability linked to a QBO effect at lower levels (31.6 mbar and 21.5 mbar).
Shuckburgh et al. (2001) argued that the influence of the QBO on isentropic mixing is
strongest at 624 K and that there is no substantial interhemispheric difference in the
effect of the QBO at those altitudes.

Figure 7 shows, for each satellite instrument, the correlation between the mean po-
sition of the subtropical barrier during winter months (NH DJF and SH JJA) and the
zonal mean zonal wind component at six potential temperature levels (520K, 600K,
690K, 760K, 830K, and 900 K), with positive (negative) values of the wind component
denoting a QBO westerly (easterly) phase. As for Fig. 6, Fig. 7 has been obtained
using the full available data set from each satellite instrument. The different sensors
give a somewhat different picture of the QBO effect on the subtropical barrier position.
The most noticeable agreement among sensors is found at 600 K, which is near the
level where the QBO effect can be considered as strongest (Shuckburgh et al., 2001):
there, the QBO effect in both hemispheres is that of shifting the wintertime subtropical
barrier toward the summer hemisphere when winds are westerly. Results shown in
Fig. 7 (600 K) are also consistent with tracer fields shown in Fig. 1. Figure 7 shows that
HALOE (red crosses) reproduces the aforementioned —wintertime effect of the QBO
on the subtropical barrier position at all levels considered (not only 600 K), and with-
out significant inter-hemispheric differences. Previous studies using a shorter HALOE
data set analyzed on pressure levels (Neu et al., 2003) found at 14.7 mbar and 10 mbar
a similar behavior to that we observe at 760 K and 900 K. SMR data (yellow symbols)
reproduce the impact of the QBO on the subtropical barrier position consistently with
HALOE in the SH and till 830 K; MLS data (black symbols) at 520 K in the NH, at 600 K,
and at 690-760 K in the SH; while MIPAS data (blue symbols) only from 600 K to 760 K
in the SH.

It can be observed that, in the Northern Hemisphere at most levels, the position
of the subtropical barrier calculated from the HALOE data is shifted poleward with
respect to the MLS-MIPAS-SMR subtropical barrier position when winds are easterly.
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It is worth remembering that the HALOE data set accounts for a very different time
period extending back till 1992, while the other three data sets account for a more
recent (and comparable) temporal coverage. MLS, MIPAS and SMR analyzed data
do not always reproduce the same subtropical barrier behavior as inferred from the
analysis of HALOE data. This could be certainly due to the fact that 14yr HALOE
data include a significant number of QBO cycles, while the other data sets are almost
half-long respect to the HALOE data set, but also to the fact that the HALOE data set
and the combined MLS-MIPAS-SMR data sets are actually representative of two very
different time periods (with a relatively short overlap). Therefore, the consistent picture
given by the three N,O sensors at most levels and the somewhat different picture
given by HALOE, especially in the NH, could be indicative of a different behavior of the
subtropical barrier in two different time periods and of the existence of trend features.

In order to perform a more direct comparison between our results and those obtained
from the shorter HALOE data set used by Neu et al. (2003), Fig. 8 shows the composite
analysis of the subtropical barrier position through the year with respect to the phase
of the equatorial QBO using the HALOE data over 14yr on different 8 surfaces. In
Fig. 8, the mean position of the subtropical barrier for every season during the westerly
(easterly) QBO phase is shown in blue (red). The figure shows as the black solid
(dashed) lines the position of the barriers corresponding to a change of phase from
W to E (from E to W) occurring within the three-months period of one season. It is
clear from the figure that the effect of the QBO on the subtropical barrier position is an
ubiquitous characteristic of all 8 levels considered in this study. The vertical behavior
of the subtropical barrier position calculated from the HALOE data set, for the winter
period only (DJF NH, and JJA SH) is shown in Fig. 9, with blue (red) data points
indicating the position of the subtropical barrier during the westerly (easterly) QBO
phase.
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5 Conclusions

Much of what we know about stratospheric transport has been inferred from obser-
vations of long-lived tracers. The relatively recent abundance of constituent observa-
tions from satellite provides an excellent opportunity to study transport as reflected by
changes in tracer distributions. Such observations, together with model studies of the
atmosphere, have shown that stratospheric transport and mixing are highly inhomoge-
neous, with regions of strong stirring separated by barrier regions, across which there
is relatively little or even nonexistent horizontal transport (Plumb, 2002).

This paper focuses on the subtropical edges that control isentropic exchanges be-
tween the tropical and extratropical stratosphere. Following the approach proposed by
Sparling (2000), the methodology adopted to highlight tracer variability in the subtropi-
cal region is based on the construction of the Probability Distribution Functions (PDFs)
of long-lived tracer concentrations (i.e., the normalized histograms of tracer fields).

Long-lived tracers measured from satellite are used to this end. The satellite data
sets consist of N,O observations from the MLS/Aura (2004-2009), MIPAS/Envisat and
SMR/Odin (2002—-2009) instruments and CH, observations from the HALOE/UARS
(1992—-2005) instrument.

The PDF approach used in the present study is particularly indicated to perform
a synthesis of large observational databases and to facilitate their comparison, be-
cause it makes the analysis to some extent independent from the absolute values of
tracer concentrations. A clear example of that arising from our analysis is the fact that
the position of the subtropical barrier diagnosed through the PDF analysis of MIPAS
data is not affected by the change in the absolute values of MIPAS N,O volume mixing
ratios between the high-resolution (2002—2004) and optimized-resolution (after 2005)
phase.

Following Sparling (2000), for each satellite instrument nitrous oxide/methane PDFs
in each hemisphere have been separately calculated (rather than global PDFs), in or-
der not to combine the latitudinal variability of the Northern Hemisphere and Southern
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Hemisphere. Tracer PDFs have been calculated on a seasonal basis, to overcome tem-
poral sampling inhomogeneities among the different satellite instruments and facilitate
the intercomparison of the PDF-related diagnostics applied to the different data sets. It
is assessed to which extent the different characteristics of the four satellite instruments
can affect the representation of the subtropical mixing barrier, in order to draw conclu-
sions from the synopsis and merging of the data. The morphology of the tracer PDFs
from the different satellite instruments has been presented, for both one-dimensional
and two-dimensional PDFs. For the instruments having a comparable near pole-to-pole
latitudinal coverage (MLS, MIPAS, SMR), the tracer PDFs have a similar morphological
structure, with two modes in the summer hemisphere and three modes in the winter
hemispheres. Though being similar in their structure, the PDFs from the three N,O
instruments suggest the existence of a bias in the lower stratosphere between MI-
PAS and SMR/MLS in the subtropical barrier region, with lower N,O concentration for
MIPAS compared to MLS and SMR, also documented in previous studies. The latitu-
dinal coverage of the HALOE instrument is more limited (from 35°S (N) to 80° N (S)
during a northward (southward) viewing yaw period) than the MLS, MIPAS and SMR
coverage so that wintertime three-modal PDFs are less frequent in this case. The two-
dimensional PDFs shown in Fig. 3, exemplary for the mean June-July-August period,
have highlighted that the mixing and barrier regions in the stratosphere, represented as
maximum and minimum values in the tracer PDFs, respectively, are well represented
in all sensors data. The difference between the winter and summer subtropical edge
region width is qualitatively well captured as well, with a broader and less steep edge
region in the summer hemisphere than in the winter hemisphere.

A comparison among the four sensors of the subtropical edge position through the
years (seasonal data) has been performed and presented in Fig. 4. An overall good
agreement between the four satellite instruments is found, which also extends to the
time period not shown in the figure. Some different values of the subtropical edge
latitude, however, are found in some cases when calculated from one data set or an-
other, probably due to an ambiguous or wrong identification of the tracer PDF minimum
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from which the subtropical barrier latitude is determined. Nevertheless, systematic dif-
ferences among the sensors are typically less than 4° (see also Table 2) during the
overlapping time periods of each pair of sensors, with best agreements found between
MLS-MIPAS, MLS-SMR, and MIPAS-SMR, for which the overlapping time period is ac-
tually the longest. Despite the short temporal matching, MLS and HALOE also give
a similar picture of the subtropical barrier position, particularly in the Southern Hemi-
sphere.

Despite their large differences in the latitudinal coverage, temporal and spatial sam-
pling, the instrumental characteristics and the measured chemical species, the four
sensors consistently reproduce the subtropical edge annual cycle (Fig. 6) and are able
to capture the most prominent features of the seasonal variability, such as the winter-
time shift of the barrier position toward the summer hemisphere. The difference in the
position of the subtropical barrier from fall to winter is highlighted in our analysis which
is performed on a seasonal basis. The transition is comparatively more smoothed,
but still present, when the analysis is performed on a monthly basis. The MLS in-
strument allows a monthly (even daily) PDF analysis due to its measurements density
and geographically unbiased sampling; the HALOE instrument, on the other hand, has
a comparatively sparser sampling but can be directly compared to the analysis pre-
sented by Neu et al. (2003) that used HALOE data from 1992 to 1998 to study the
variability of the subtropical edges in the stratosphere and the QBO influence.

Using the monthly mean zonal wind components measured at Singapore (1°N,
104° E) from 1992 to 2009, we have analyzed the effect of the QBO on the subtrop-
ical barrier position, and discussed to which extent such an information can be ex-
tracted from the four satellite data sets analyzed. All sensors show that an effect of
the QBO on the subtropical barrier position in both hemispheres is present at 600K,
and it manifests itself as a wintertime shift of the subtropical edge toward the summer
hemisphere during the westerly phase of the QBO, in response to the enhanced stir-
ring in the subtropics during that phase. This is consistent with the analysis performed
by Shuckburgh et al. (2001) at 624 K, using the equivalent length diagnostic calculated
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from nitrous oxide fields simulated in chemical transport models. The HALOE data set,
which is the longest among those considered in this study (14 yr long), reproduces the
same effect of the QBO as observed at 600K also below and above that level, with
no substantial interhemispheric differences. This has been compared with the analysis
presented by Neu et al. (2003) that used a shorter HALOE dataset (6 yr), analyzed on
pressure levels rather than potential temperature surfaces. Neu et al. (2003) stated
that there is evidence of some interannual variability in the seasonal behavior of the
subtropical edges, which is consistent with variability in the tropical winds associated
with the QBO: below 10 mb (about 900K in our analysis), there is evidence that the
edges are shifted toward the Southern Hemisphere during Northern Hemisphere win-
ter when the QBO phase is westerly. There is a substantial agreement between our
HALOE analysis and the analysis presented by Neu et al. (2003) below 10mb. The
other sensors, in part due to the shorter time series (MLS), in part to the higher noise
in the measured profiles (SMR, MIPAS) that makes it more difficult to detect a minimum
in the tracer PDFs, do not capture the QBO effect everywhere as HALOE indeed does.
The different instruments performances have been highlighted in the text; in general,
the wintertime shift of the barrier position toward the equator during the westerly phase
of the QBO is much more visible in the Southern than Northern Hemisphere.

To conclude, the present paper analyzes for the first time four different sets of satel-
lite data measuring different species with a common species-independent diagnostics
to supply a quantitative assessment of the subtropical barrier variability. Despite their
differences and within the respective biases, MLS, MIPAS, SMR and HALOE analyzed
data consistently reproduce the annual variability of the subtropical barrier within the al-
titude range considered in the present study (520—1100 K). The quasi-biennial variabil-
ity is not equally reproduced by all sensor data probably due to their different temporal
coverage and uneven representations of QBO westerly and easterly periods.

The combination of the four data sets allows a long time series (1992—-2009) to be
available for future unbiased trend analyses of the subtropical edge positions and mix-
ing across the subtropical barrier. A better knowledge of transport mechanisms across
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dynamical edge regions is important for the modeling community. In the most recent
CCMs (SPARC CCMVal, 2010), the inability to maintain the separation and the depth
of the minimum between the tropical and midlatitude modes has been used to indi-
cate that a model has too much tropical-extratropical mixing, which acts to homoge-
nize tracer distributions. The PDF diagnostics used in the present paper is therefore
indicated to perform direct model-measurements comparisons and process-oriented
validation of CCMs, as was done, for instance, by Douglass et al. (1999), Gray and
Russell Il (1999), and Strahan and Douglass (2004), and as also shown in SPARC
CCMVal (2010). The PDF approach, in fact, also answers to the need for synthesis
of not only a large and growing database of observations of the atmosphere, but also
of the outputs generated by atmospheric models. Since models cannot capture all the
details of a tracer field, there is a need to perform comparisons between observations
and model data that are to some extent independent from these details, which can be
done using statistical approaches like that of tracer PDFs.
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Table 1. Basic information of the relevant sampling characteristics (nominal values) of the MLS, from satellite

MIPAS, SMR, and HALOE instruments (see also the text). g
= E. Palazzi et al.
MLS MIPAS SMR HALOE 73
S
L2 version v2.2 V30_N,0_11 v2.1 v19 _30
Retrieval 2-d 1-d 1-d 1-d w
Temporal sampling daily daily 2-3 days week™" 2 latitudes day"1 — ! !
Horizontal sampling (km) 165 420 (300) 630 300 o ! !
H i i | ., (72}
orizontal resolution (km) 300-600 330-450 300 495 s ! !
Vertical sampling (km) 25 1.5-4 1.5 2 7
Vertical resolution (km) 4-6 2.5-3.7 1.5-2 3-5 = ! !
Single profile precision (7-38) % (4.5-11)% (10-15) % (10-15) % -
©
Horizontal coverage (km)  82°S-82°N global 82°5-82°N 35° S/N-80° N/S @ ! !
Vertical coverage (km) (100-1) hPa  6(5.5)—70(49) 12-60 10-85 - ! !
(7]
Q
(=
(2}
(2}
2
5
3
QO
©
@
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Table 2. Mean and standard deviation values of the histogram distributions of the differences
between the barrier latitude calculated from each pair of sensors shown in Fig. 5.

MLS-MIP  MLS-HAL MLS-SMR MIP-HAL MIP-SMR HAL-SMR

# hist NH 76 22 104 27 110 67
SH 85 36 123 37 118 79
Mean (°) NH 0.9 -2.9 0.9 -3.4 -1.2 3.8
SH -1.1 -0.3 -1.1 1.8 0.9 -2.2
o NH 3.8 4.7 4 54 4 6
STD () SH 4 5 4 4.2 3.7 4.3
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Table 3. The subtropical barrier latitude as a function of seasons in the NH and SH at different
potential temperature levels. The data are averages of MLS, MIPAS, SMR, and HALOE.

Hem DJF MAM JJA SON
woc W RS o0 Tme
wox W BE m7 s
760K g —ggﬁgz _S;:g: _?Zs:g: jg:l:
wox W1 BT T Er e
woc BT ST 2 s
woc W6 s mD
M00K G 3¢ _oos o5E 1o

18422

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 18385-18432, 2011

Stratospheric
subtropical barrier
from satellite

E. Palazzi et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/18385/2011/acpd-11-18385-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/18385/2011/acpd-11-18385-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

N20 MLS 600.0 K

w -3 ©
S S o
T T

Lat (deq.)
)
T

—30+

—60

-90
Jan Jul Jan Jul Jan Jul Jon Jul Jan Jul Jan Jul Jon Jul Jon Jul
02 03 04 05 06 07 08 09
; : ; | ppbv
0.0 356 71.1 1067 1422 177.8 213.3 248.9 284.4 320.0
N20 SMR 600.0 K

90|

Lat (deg.)

Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jon Jul Jan Jul
02 03 04 05 06 07 08 Q9

T T T 1 ppbv
0.0 356 71.1 106.7 1422 177.8 213.3 248.9 284.4 320.0

Fig. 1. Latitude-Time section of N,O volume mixing ratio (VMR) concentrations (ppb) from
MLS (top left), MIPAS (top right), and SMR (bottom left) observations and of CH, VMR concen-
trations (ppb) from HALOE observations (bottom right) at 600K (~ 30 hPa); rhombus (cross)
symbols overplotted mark the position of the subtropical barrier calculated from the subtropical

N20 MIPAS 600.0 K
90|

60)

30)

0]

30)

60)

90l
Jan Jul Jon Jul Jon Jul Jan Jul Jan Jul Jan Jul Jan Jul Jon Jul
02 03 a4 a5 06 07 08 08

T T T 1 ppbv
0.0 356 71.1 106.7 142.2 177.8 213.3 2489 2844 320.0
CH4 HALOE 600.0 K
§ I
]
ol K ! ! b
a
off, %, ) .
+ M o
2 o .
B L 5880186150 ad
-30 | i
1 I
| el ,
=800 v v e
Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul
02 03 04 05 06 07 08 09
T T T T ] ppbv
0. 200. 400. 600. 800. 1000. 1200. 1400. 1600. 1800.

minimum of the tracer PDF (meridional gradient maximum of the tracer field).
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Fig. 3. Annual mean June-July-August (JJA) (upper row) conditional PDFs, P(y | ¢), and (mid-
dle row) joint PDFs, P(y n¢@), of tracer VMR concentrations (N,O for MLS, MIPAS, SMR and
CH, for HALOE, from left to right) and latitudes ¢ at 600K (~ 30hPa). The lower row shows
the normalized frequency distribution of the latitudes, P (@), on average during JJA.
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Fig. 4. Time series (seasonal data) of the subtropical barrier position from DJF 2002 to SON
18426

2005 calculated from MLS (black), MIPAS (blue), HALOE (red), and SMR (yellow) data. Error

bars are superimposed to each data point.
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Fig. 5. Histograms of the sensor-to-sensor differences (MLS-MIPAS, MLS-SMR, MIPAS-SMR
in the left column and MLS-HALOE, MIPAS-HALOE, HALOE-SMR in the right column) in the
subtropical edge position. The mean and standard deviation values of the histogram distribu-

tions are shown as the filled and dashed green lines, respectively (see also Table 2).
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Fig. 6. Annual cycle of the subtropical barrier position (one value for each season) for the MLS
(black), MIPAS (blue), SMR (yellow), and HALOE (red) instruments at 600 K, 760 K, 830K, and
1000 K. The figure shows the average over all years available for each sensor, also averaged
over the various QBO phases.
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Fig. 6b. Annual cycle of the subtropical barrier position (one value for each month) for the MLS
(black) and HALOE (red) instruments at 600K, 760 K, 830K, and 1000 K. The figure shows the
average over all years available for each sensor, also averaged over the various QBO phases.
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Fig. 8. QBO composite of the subtropical barrier annual cycle based on 14 yr HALOE data.
Blue (red) lines denote the mean seasonal position during QBO westerly (easterly). Black filled
(dashed) lines denote occurrence of a transition within the three months period from westerly
(easterly) to easterly (westerly) winds.
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