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Abstract. A method of classifying the upper tropo- gas distributions in regions of weak versus strong jets, and
spheric/lower stratospheric (UTLS) jets has been developedlemonstrates weaker transport barriers in regions with less
that allows satellite and aircraft trace gas data and meteqjet influence. MLS and Atmospheric Chemistry Experiment-
rological fields to be efficiently mapped in a jet coordinate Fourier Transform Spectrometer trace gas fields for spring
view. A detailed characterization of multiple tropopauses ac-2008 in jet coordinates show very strong, closely correlated,
companies the jet characterization. Jet climatologies showPV, tropopause height and trace gas gradients across the
the well-known high altitude subtropical and lower altitude jet, and evidence of intrusions of stratospheric air below the
polar jets in the upper troposphere, as well as a pattern ofropopause below and poleward of the subtropical jet; these
concentric polar and subtropical jets in the Southern Hemi-features are consistent between instruments and among mul-
sphere, and shifts of the primary jet to high latitudes asso-+iple trace gases. Our characterization of the jets is facili-
ciated with blocking ridges in Northern Hemisphere win- tating studies that will improve our understanding of upper
ter. The jet-coordinate view segregates air masses differentlyropospheric trace gas evolution.

than the commonly-used equivalent latitude (EqL) coordi-
nate throughout the lowermost stratosphere and in the upper

troposphere. Mapping £data from the Aura Microwave )

Limb Sounder (MLS) satellite and the Winter Storms air- 1 Introduction

craft datasets in jet coordinates thus emphasizes different

aspects of the circulation compared to an EqL-coordinateThe upper tropospheric jets and the lowest part of the strato-
framework: the jet coordinate reorders the data geometriSPheric polar night jet (referred to hereinafter as the subvor-
cally, thus highlighting the strong PV, tropopause height andt€x jet) are dominant influences in determining many char-
trace gas gradients across the subtropical jet, whereas Eq@cteristics of upper tropospheric/lower stratospheric (UTLS)
is a dynamica| coordinate that may blur these Spatia| re|a_cirCU|ati0n and transport. Evolution of and trends in the jetS
tionships but provides information on irreversible transport. themselves potentially reflect and propagate effects of cli-
The jet coordinate view identifies the concentration of strato-Mate change. Several studies suggest that a widening of the
spheric 0zone well below the tropopause in the region pole-tropical belt”, i.e., a poleward shift of the subtropical jet,
ward of and below the jet core, as well as other transport fealS €xpected in a changing climateofenz and DeWeaver
tures associated with the upper tropospheric jets. Using th€007 Seidel et al. 2008 and references therein), and re-

jet information in EqL coordinates allows us to study trace ¢ent studies provide observational evidence of such changes
(e.g.,Strong and Davis2007, 2008a Archer and Caldeira

2009. Climate model studies suggest that the upper tropo-

Correspondence tdG. L. Manney spheric and subvortex jets control the circulation response to
BY

(gloria.l. manney@ijpl.nasa.gov) greenhouse-gas induced tropospheric warming through their
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effect on wave dragMcLandress and Shepher2D09 Sig- most commonly used definitions for determining the vertical
mond and Scinoc¢a2010, and that the Southern Hemi- position of the tropopause are a “dynamical” definition using
sphere (SH) jets exhibit strong sensitivity to ozone depletionpotential vorticity (PV) contours in the extra-tropics and a
and recovery (e.gSon et al. 2008. “thermal” definition based on the WMO (World Meteorolog-

In addition to the UTLS jets responding to and provid- ical Organization) criteria using changes in the temperature
ing diagnostics of climate change, they are the dominant feagradient (e.g.Holton et al, 1995. As described in detail
ture organizing transport in the UTLS and are instrumental inby Randel et al(2007h (also see references therein), dou-
controlling extra-tropical stratosphere/troposphere exchangéle thermal tropopauses are common, and appear to have a
(STE). The chemical composition of the UTLS, particularly relationship to transport and the EXTL, though details of this
ozone (@) and water vapor (D), is critically importantin  relationship have yet to be explored.
that radiative forcing of surface temperatures is most sensi- Several previous studies have presented schemes for au-
tive to O3 and HO changes near the tropopause (d.ggGis tomating identification of the upper tropospheric jets (e.qg.,
et al, 199Q Forster and Shinel997 Solomon et a].2010. Koch et al, 2006 Strong and Davi2007, 2008a Archer and
In addition, the Antarctic @ hole has caused significant Caldeira 2008 Schiemann et 812009. Koch et al.(2006
lower stratospheric temperature changaifie et al.2003. define the jets over a vertical region from 400 to 100 hPa,
Although O; depletion occurs throughout the lower strato- and use their characterization to develop a two-dimensional
sphere, a substantial portion of that depletion takes place irf2-D) climatology of upper tropospheric jets. The method of
the subvortex, the lowest part of the polar vortex that extendsArcher and Caldeirg2008, developed for assessing long-
into the lowermost stratosphere (the region of the stratoterm average trends, defines monthly-mean mass-weighted
sphere between the tropical tropopause level, typically 380 Kaverage wind speeds and pressures for the upper tropospheric
potential temperature, and the extratropical tropopause, e.gjets. As noted bystrong and Davi§2007, 2008ab), methods
Holton et al, 1999. At these altitudes, ozone-depleted air such as those dfoch et al.(2006 andArcher and Caldeira
can be more efficiently transported to midlatitudes (d.ge (2008 reduce or eliminate information on the vertical struc-
et al, 2002 Santee et al2011) because the permeability of ture of the upper tropospheric jets by averaging in the ver-
the transport barriers defined by the UTLS jets is greater thanical. Schiemann et al(2009 avoided this simplification
that in the vortex proper. by extending the method dfoch et al.(2009 to a three-

Changes in the Brewer-Dobson Circulation and in syn-dimensional (3-D) framework to examine seasonal variabil-
optic eddies in the upper troposphere are expected to alteaty of jets in the Tibetan Plateau regiorstrong and Davis
both the structure and evolution of the jets (eButchart (2007 20083 retain more vertical jet structure information,
and Scaife2001; Shepherd2008 and the extent and conse- characterizing the jets on the surface defined by the max-
quences of extratropical STE (e.¢legglin and Shepherd imum windspeed at each horizontal location. Because of
2009. Pollution products transported up into the lower the central importance of the UTLS jets to dynamics and
stratosphere influence 3Cchemistry (e.g.Hegglin et al, transport on time scales from sub-daily (for study of indi-
2008 Levine et al, 2007 Duncan et al.2007 World Mete-  vidual events) to multi-decadal (e.g., climate-change-related
orological Organizatioy2007); stratospheric @transported  trends), we have built upon these studies to develop a tech-
down into the upper troposphere also influences tropospherinique that is not only appropriate for analyzing the jets on
chemistry (e.g.World Meteorological Organizatigr2007, single-event through climatological time scales, but also is
Ordonez et al. 2007, Terao et al. 2008 Hsu and Prather  useful as a framework for studying 3-D trace gas distribu-
2009; this two-way exchange is organized and its char-tions in relation to the jets on the same wide range of time
acteristics are in large part determined by the UTLS jets.scales.

An important factor influencing extratropical STE, espe- Figure 1 provides an example of the complexity of up-
cially quasi-isentropic transport and mixing, is Rossby-waveper tropospheric jet structure in relation to the @stribu-
breaking, which has been shown to be prevalent along théion. At 350K, near the typical level of the jet core, the
flanks of the upper tropospheric jets and subvortex jet (e.g.tropopause and strongs@radients across it tend to follow
Randel and Held1991 Hitchman and Huesmanr2007, the meanderings of the “subtropical jet”, that is, the low to
Isotta et al. 2009. Hegglin et al.(2009 showed evidence mid-latitude jet, typically the most equatorward jet, across
that the depth of the extratropical transition layer (EXTL, the which the tropopause altitude changes abruptly. However,
region with mixed tropospheric and stratospheric characterin the example shown for 370K there are regions where the
istics around the extratropical tropopause) is sensitive to patjet is coincident with the tropopause and associated sharp O
terns of Rossby-wave breaking. gradients, but other regions where the jet follows a band of

Variations in the tropopause, especially the “tropopausestrong PV gradients associated with the subvortex jet (these
break” across the subtropical jet, are closely linked to up-lie along the single representative PV contour shown in ma-
per tropospheric jet structure and evolution, hence detailedjenta). In these regions, the; @eld suggests mixing in a
information on the tropopause is also critical to understand-broad area between edge of the subvortex and the tropopause.
ing the roles of the jets in UTLS dynamics and transport. TheAt both levels, the jet is often discontinuous or may have
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Fig. 1. Maps of MLS v3.3 Q (colors; purples show low values, reds/browns high values) on isentropic surfaces in the UTLS. Thick white
line shows the 4.5 PVU dynamical tropopause. Black contours show windspeeds of 30, 40, 50 and,&femsrking the UTLS jets.

Magenta contours on top plot are scaled PV ofx11®~4 s 1(typically near the subvortex edge in polar winter and spring). Maps are for

15 November 2006 at 370K (top) and 14 January 2009 at 350K (bottom). Dashed black/red lines show the longitudes of jet cross-sections
shown in Fig.2.

multiple cores at some longitudes, with corresponding com- Other methods, based on, e.g., gradients in total ozone
plexity in the PV contours; its strength also varies greatly (e.g., Hudson et al. 2003 Follette-Cook et al.2009 or

with longitude. Equivalent latitude (EqL) calculated from changes in mean tropopause altitude (eIgmes et al,

PV is a very useful coordinate in the polar winter stratosphere2010 that have been used to separate air masses utilize the
where, since the circulation is organized by a single, simply-observation that large changes in trace gas concentrations
connected jet of relatively uniform strength around each EgLand tropopause altitude take place across the upper tropo-
contour, it not only accurately segregates different air massespheric jets. They thus indirectly use the subtropical jet loca-
but also provides a complete description of the relationshipgion to separate air masses, as noteditimes et al.(2010.

of those air masses to the jet structure. In addition, as a dyKunz et al.(2011) used PV gradients as a function of EqL
namical coordinate, EqL indicates where PV conservationto determine the tropopause location on isentropic surfaces,
does and does not hold; non-conservation of PV is associand noted that the PV contour corresponding to the average
ated with irreversible transport. While an EqL coordinate maximum PV gradient closely follows the strongest upper
still shows the boundary between different air masses in anropospheric jets.Brioude et al.(2008 used a coordinate
average sense (around an EgL contour) in the UTLS, it carsystem based on PV in the vertical and the angle between the
obscure the details of the relationships of those air masselocal PV surface and the horizontal (thus a measure of the
to the complex, discontinuous system of jets, and associateBV gradient) to segregatez@nd CO measurements taken
variations in trace gas distributions and gradients around Eqleast or west of upper-level troughs, again using information
contours. that indirectly views the measurements in relation to upper

www.atmos-chem-phys.net/11/6115/2011/ Atmos. Chem. Phys., 11, 613%2011
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tropospheric jets.Ray et al.(2004 examined aircraft @  eral meteorological analyses in this region, and the potential
measurements with respect to the upper tropospheric jets bynpact of such differences on future work, will be described
organizing them as a function of potential temperat@e ( in a follow-on paper as part of our climatological studies.
and the difference in windspeed at the measurement location
from the maximum windspeed. 2.2 Satellite datasets: Aura MLS and ACE-FTS
In this paper, we describe a method of characterizing the
upper tropospheric and subvortex jets that provides informaJet and tropopause characterization is currently being done
tion on horizontal and vertical structure, location and extent.for the measurement locations of instruments on NASAs
Our method is applied to daily synoptic fields, thus retain- Earth Observing System (EOS) Aura satellite, and from the
ing information useful for case studies of particular eventsCanadian Space Agency’s Atmospheric Chemistry Experi-
while building up a database of jet characteristics for use inment (ACE, also known as SCISAT-1) satellite.
climatological studies. The jet characteristics are also cata- Aura is in a 98 inclination orbit. Jet and tropopause in-
loged with respect to satellite and aircraft measurement loformation has been cataloged for all measurements from the
cations to facilitate viewing 3-D trace gas data in relation to Microwave Limb Sounder (MLS) and some test cases for
the UTLS jets. In Sec® we describe the meteorological and the High Resolution Dynamics Limb Sounder (HIRDLS);
trace gas datasets used. Sec8atescribes the details of our Work is in progress to produce this information for the Tro-
jet characterization method and use of it to characterize conPospheric Emission Spectrometer (TES) data. The Aura ex-
ditions at satellite and aircraft measurement locations withamples shown here are from MLS data.
respect to the jets; because the primary purpose of this pa- The Aura MLS fields-of-view point in the direction of or-
per is to describe our methods, this section comprises a largeital motion and vertically scan the limb in the orbit plane,
fraction of the essential content. Sectidmprovides exam- leading to data coverage from 88 to 82 N latitude on
ples of studies using our jet characterization. These includegvery orbit. MLS measures millimeter- and submillimeter-
examining some climatological characteristics of the jets andvavelength thermal emission from the limb of Earth’s atmo-
dynamical fields associated with them, and examples demorsphere. Detailed information on the measurement technique
strating how using the jet framework to view trace gas dataand the MLS instrument on the EOS Aura satellite is given
from satellite and aircraft measurements can help improvedy Waters et al(2009. Vertical profiles are measured ev-
our understanding of transport in the ExTL. Sectopro-  ery 165km along the suborbital track and have a horizon-
vides discussion and conclusions. tal resolution 0f~200-300 km along-track and a footprint
of ~3-9 km across-track. Data processed with the recently-
released version 3.3 (v3.3) MLS data processing algorithms

2 Data are shown here; the quality of these data and improvements
over v2.2 are described hyivesey et al.(2011). Notable
2.1 Meteorological data changes in the UTLS for the species shown here include

retrieval of G on twice as many pressure levels, resulting
The primary meteorological data used here are from then slightly better vertical resolution (now nominahy2.5 to
NASA Global Modeling and Assimilation Office (GMAQO) 3km in the UTLS), and elimination of a low bias in HNO
Goddard Earth Observing System Version 5.1.0 and Ver-at all levels up to the middle stratosphere and of a large high
sion 5.2.0 data assimilation system analyses (collectivelybias in CO at the lowest retrieval levels. Howeves, BNOs
referred to herinafter as GEOS-5). These compriseand CO retrievals at the lowest levels are all more adversely
the operational products, and the MERRA (Modern Eraaffected by the presence of thick clouds than in v2.2, leading
Retrospective-analysis for Research and Applications) reto unphysical spikes, especially in the tropics; procedures
analysis; the latter extends back to 1979. The GEOS-5.2.@or screening such outliers in these products are given by
system is described by Reinecker et al. (2008, 2011). GEOSLivesey et al.(2011). The vertical resolution of HN@®and
5 uses the Gridpoint Statistical Analysis methodMf etal.  CO is nominally~3-4 km in the UTLS. Quality screening
(2002, a 3-D-Variational system, and a six-hour analysis of the v3.3 MLS is done according to the recommendations
window. The interface between the observations and the gerof Livesey et al(2011).
eral circulation model (GCM) is performed using the incre- ACE (Bernath et a].2005 was launched in August 2003.
mental analysis update (IAU) approadigom et al, 1996, The primary instrument is the ACE-FTS, a Fourier transform
which avoids shocking the model, thus producing smootheispectrometer featuring high resolution (0.02¢m corre-
analyses. GEOS-5 analyses are provided on 72 model levelsponding to a-25 cm maximum optical path difference) and
from the surface to 0.01 hPa{5km), on a 0.5latitude by ~ broad spectral coverage in the infrared (750-4400%m
0.6667 longitude grid. The vertical resolution in the UTLS ACE-FTS works primarily in the solar occultation mode, col-
is near 1km. Comparisons of UTLS jets in GEOS-5 with lecting atmospheric limb measurements using the sun as ara-
those in other meteorological analyses show overall goodiation source. V2.2 ACE-FTS CO,s&nd HO have been
agreement; a detailed assessment of differences between seshown to be of high quality in the UTL3Hggglin et al,

Atmos. Chem. Phys., 11, 6116137, 2011 www.atmos-chem-phys.net/11/6115/2011/
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2008. Version 3.0 ACE-FTS retrievals are used here; the re-distance between two maxima is greater that dbthe de-
trieval method is similar to that for v2.Bone et al.2005, crease in windspeed along the line between them is greater
with improvements to the physical model and improved mi- than 25ms?, then they are cataloged as two separate jet
crowindow sets for the molecules. V3.0 ACE-FTS reprocess-cores. Figure shows an example in the NH winter of two
ing is nearing completion. Initial quality checks on v3.0 data such maxima that are identified as separate jet cores, and two
indicate improved behavior over v2.2 in the UTLS, though in the SH spring that are not. A large number of windspeed

extensive validation has not yet been done. cross-sections were examined to verify that the criteria cho-
sen resulted in an identification of the same jet cores that
2.3 Winter storms aircraft data would be selected “by eye”. The human eye and visual pro-

cessing circuitry being a highly sophisticated system for this
The Winter Storms aircraft measurement program (e.g.type of decision-making (e.gvon Ahn et al, 2008 Sajda
Szunyogh et a].2002 was designed to assess the effects ofet al, 2010, no single set of simple criteria automatically
ingesting targeted observations into numerical weather foreapplied will always produce a result that agrees with visual
cast models. To this end, numerous aircraft flights were coninspection, but we have tuned the parameters to try to max-
ducted in 2000 through 2008, mainly in winter (January andimize agreement. The code is formulated so that all param-
February) and early spring (March), sampling storm systemseters can easily be adjusted, facilitating evaluation of special
in the Pacific Ocean between Hawaii and Alaska. An instru-cases or possible trends that may warrant re-evaluation of
ment on the flights in 2001 through 2007 measurgdn@he  these choices.
vicinity of jets associated with the storm systems. The fast- This procedure for characterization of the jet is currently
response dual-beam UV absorption ozone photometer is debeing done at each longitude of interest, with latitude as the
scribed byProffitt and McLaughlin(1983, and has a preci- horizontal coordinate. However, there is nothing inherent in
sion of 1 ppbv (parts per billion by volume); data were takenthe procedure that ties it to latitude as a horizontal coordi-
at 1 Hz, resulting in a horizontal resolution of 200 Ray nate. We have, for example, looked at cases where we ap-
et al.(2004 give further details on the Winter Storms flights plied it along satellite orbit tracks; also, as noted below, a
through 2003, and use these and other aircraft data to develapseful application for case studies may be to use the jet char-
climatologies of Q near the subtropical jets. acterization procedure along a line from a measurement lo-

cation perpendicular to the wind direction. Likewise, though

the procedure does not require a particular vertical coordi-

3 Jetidentification and characterization methods nate, the meteorological datasets (initially GEOS-5, includ-
ing MERRA reanalysis) are, when possible, used on their
3.1 Upper tropospheric jet characterization native model grid so as to minimize interpolations and hence

preserve, as much as possible, the full information content of
Figure2 shows two cross-sections of windspeed (taken at thehe data.
longitudes marked in Figl), one in Northern Hemisphere  The jets are identified separately in the NH and SH, with
(NH) winter and the other in SH spring, with annotations up to five jets in a hemisphere in a given slice cataloged,
pertaining to our method of characterizing the UTLS jets andordered from strongest to weakest in that hemisphere (“N”
their environment. and “S” numbered marks in Fi@). Along with the posi-

For a given “slice” (i.e., a 2-D section in some horizon- tion (given in horizontal and vertical gridpoints and in lat-
tal and some vertical coordinate; for present applications weatude/longitude and altitude/press@ebf the jet core and
use latitude and the vertical coordinate of the meteorologi-edges of the jet region (edges shown as yellow dots inZig.
cal dataset), all maxima in windspeed that occur at pressura humber of other fields are cataloged at the jet locations,
levels between 400 and 100 hPa are identified in 2-D. An upincluding horizontal wind components, temperature, verti-
per tropospheric jet is defined to exist wherever there is acal temperature gradientiT/d2), PV, and relative vorticity.
windspeed maximum greater than 40m:sthe boundaries ~ dT/dzis calculated from the GEOS-5 temperature and geopo-
of the jet region are the points surrounding that (in both hor-tential height (GPH), the latter being used to obtain the alti-
izontal and vertical directions) where the windspeed dropstudes. PV is provided in the GEOS-5 dataset, and relative
below 30ms?. These values were selected using the cri-vorticity is derived using that ar@ calculated from the tem-
teria of Koch et al.(2006 as a guideline, and confirmed as perature to get the static stability term.
realistic for a wide range of atmospheric conditions through Since both the upper tropospheric jets and trace gas dis-
examination of many cases in different seasons, years (spatributions are closely associated with characteristics of the
ning the 32-year record of the MERRA reanalysis), and dy-tropopause, we have also compiled a detailed catalog of
namical conditions. When more than one maximum aboveropopause characteristics, and include in the jet catalog the
40 m s ! appears within a given 30 mt§ contour (as seen in  vertical distance of the jet core from the primary tropopauses
both panels of Fig2), additional tests are applied to deter- (see definitions in Secs.3).
mine whether each is identified as a separate jet core: if the

www.atmos-chem-phys.net/11/6115/2011/ Atmos. Chem. Phys., 11, 613%2011
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Fig. 2. Cross-sections of windspeed (grey shading; green contour is 28 mgn contour 30 mal) at the locations shown in Fig, with

jet and tropopause classification information overlaid; fields are displayed on the GEOS-5 model levels in the vertical. Yellow letter/number
combinations indicate the locations of jet cores according to the classification scheme described in the text, lowest numbers are for stronges
jets in each hemisphere; yellow dots indicate the identified locations of the edges of the jet region (at gridpoints, thus not exactly matching
contours). Orange lines show the 4.5 PVU dynamical tropopause and dark red lines the WMO (thermal) tropopause; dashed lines show the
secondary tropopause, if present. White dots show the subvortex jet maximum and blue dots the edges of the subvortex jet. Thin black
nearly-horizontal lines show 400 and 100 hPa pressure levels (the 400 hPa contour is not horizontal because the model levels are terrain
following at that pressure). Thick white line shows the 370K (350 K) potential temperature level on the left (right) plot, the levels of the
ozone plots in Figl.

For use in developing jet climatologies, the upper tropo-ize the stratospheric jet where it extends into the lowermost
spheric jet cores have been identified and cataloged for evergtratosphere as a function of altitude rather than (as for the
longitude in the GEOS-5 analyses’ 12-UT data fields, thusupper tropospheric jets) identifying a single jet core. To that
providing daily jet characterization from 1979 through the end, we use the slices of windspeed and of the zonal wind
present. In the future, we will add jet/tropopause informa- component in each hemisphere to identify the most pole-
tion for the 0-, 6- and 18-UT fields to the catalog to facilitate ward westerly windspeed maximum at each level (on what-
study of individual transient events. ever vertical grid is being used) that exceeds 30 and

A separate catalog is compiled for use with satellite record the location and characteristics at that maximum and
datasets, wherein the identification and characterization igit the 30 ms! contour crossings on either side of it as the jet
carried out at the time and longitude of every datapoint (me-maximum and edges (white and blue dots, respectively, on
teorological analysis slices are interpolated linearly in longi- Fig. 2). Occasionally several local maxima will be identified
tude and time). The differences between each characteristii a single region with windspeeds over 30t sand small
(horizontal and vertical position, and dynamical fields) at theundulations in the windspeed can lead to ambiguity in deter-
jet core and edge locations and that at the measurement |gnining the appropriate maximum location (e.g., a case where
cation are cataloged. In addition, the vertical distance of thehe windspeed drops slightly, then increases to a higher value,
measurement locations from the tropopause (defined in sewhere the eye would identify the higher value as the appro-

eral ways, see Se@&.3below) is recorded. priate jet maximum); to deal with this, we do not count two
maxima as separate unless the windspeed in between them
3.2 Subvortex jet characterization drops by at least 5n7$.

Often, the bottom of the subvortex jet will extend down

The subvortex jet (the lowest part of the stratospheric po-to the level of the upper tropospheric jets, and, if no further
lar night jet) can extend into the lowermost stratosphere, andriteria were applied, might be confused in the automated
thus may influence transport (including extratropical STE) inidentification with the top of an upper tropospheric jet (e.g.,
that region; there is also evidence that it may play a role inwith N3 or S2 in Fig.2). To alleviate this, we first identify
determining variability of the upper tropospheric jets (e.g., the subvortex jet at levels down to a pressure near 300 hPa.
Bordi et al, 2007). To examine the subvortex jet in the re- We then start working down from the level nearest 80 hPa,
gion of influence of the upper tropospheric jets, we characterand test whether the windspeed of the jet maximum is higher

Atmos. Chem. Phys., 11, 6116137, 2011 www.atmos-chem-phys.net/11/6115/2011/



G. L. Manney et al.: UTLS jet characterization 6121

at higher altitude. The lowest altitude level where this is theof agreement between dynamical and thermal tropopauses,
case is defined as the bottom of the subvortex jet, and any jatith closer agreement away from strong upper tropospheric
below that is assumed to be part of an upper tropospheric jefets, consistent with previous studi€%af et al.2004 Home-

As for the upper tropospheric jets, the choice of vertical yer et al, 2010 and references therein). The dashed dark
coordinate is immaterial to the identification of the subvortexred and orange lines are secondary tropopauses, and show
jets. However, the use of latitude as a horizontal coordinate igypical examples of extensive regions with double thermal
prescribed, since the definition is relative to the pole. In situ-tropopauses, and limited regions at tropopause folds of dou-
ations where the polar vortex/subvortex is shifted completelyble dynamical tropopauses.
off the pole, the polar vortex boundary crosses the same lon- Multiple thermal tropopauses at a given latitude, longitude
gitude twice (on either side of the vortex), resulting in an and time are identified fiT/dzdrops below-2 K km~1 after
easterly jet poleward of the westerly one that is initially iden- (that is, at a higher altitude) remaining below it for at least
tified as the subvortex jet. In such cases, the core and edgekm (to fulfill the WMO definition), and then rises above
characteristics of that easterly jet are also cataloged, since it-2 Kkm~1 again; a larger drop has been required in some
is simply the portion of the same jet as the westerly one onstudies using high resolution temperature profiles,Ran-
the opposite side of the subvortex. This also ensures accuratiel et al. (20078 showed that the criteria used here resultin a
characterization of the subvortex jets if the stratospheric pobetter match of multiple tropopauses identified in (relatively
lar vortex splits down to the levels we are considering here;coarse-resolution) meteorological analyses with those seen
this may occur during particularly strong stratospheric sud-in high-resolution measurements. Up to four tropopauses
den warmings (e.gManney et al.20093. may be defined on a profile, if there are that many locations

For climatological studies (i.e., when defining jets directly that fulfill the definition at altitudes below15 hPa pressure;
on the meteorological analyses’ grids), and for datasets (suchn practice, double thermal tropopauses are common, triple
as those from aircraft) that do not provide profile informa- ones rare, and we have not seen cases with more than three.
tion, the subvortex jet is identified in each hemisphere on theMultiple dynamical tropopauses can also occur in the extra-
meteorological datasets’ native levels (or the levels on whichtropics (e.g., on either side of a deep tropopause fold), but
the dataset is provided to the user). For catalogs of subvorthey are not as common or extensive as the thermal ones,
tex jet information for use with datasets that provide profile and tend to be more closely spaced and confined to locations
information (e.g., the satellite datasets considered here), theearer the upper tropospheric jets where tropopause folds are
levels used are the ones at which the profile data are providedstommon. These are also cataloged when present.
and the differences between characteristics at the jet location Tropopause locations (altitude, pressure, 8nednd tem-
and the measurement location on each such level are catperatures are cataloged at each gridpoint for the meteoro-

loged. logical analyses with which we are working. For use with
satellite measurements, the meteorological analyses’ temper-
3.3 Tropopause identification atures are interpolated in latitude, longitude and time to the

measurement coordinates, and the tropopauses identified and
Along with the jet characterization, we compile compre- cataloged for those positions.
hensive tropopause information, identifying the dynamical
tropopause using four PV values (2.0, 3.5, 4.5 and 6.0 po-
tential vorticity units, PVU) and the thermal tropopause us-4 Applications
ing the WMO definition. The PV values for the dynamical
definitions span the range of those that have been widelfExamples of several initial applications of our jet character-
used, and values of 3.5-4.5 PVU have been shown to matclration methods are given below. In these studies, we focus
well with the WMO tropopause at high latitudes (eldigh- primarily on the upper tropospheric jets and analyses perti-
wood et al, 2000 Schoeberl2004; Pan et al(20049 and  nent to studying their relationships to trace gas distributions.
Krebsbach et al(2006, among others, found that 4.5 PVU
closely matched the sharp vertical gradients in ozone acrosg.1 Jet variability and climatology
the tropopauseKunz et al.(2011) showed that maximum PV
gradients on isentropic surfaces occurred in a broad range dfigures3 and4 show examples of the monthly distributions
PV values between 1.5 and 5.0 PVU, increasing with increasof upper tropospheric jets for January and November, illus-
ing potential temperature. Followinganney et al(2007), trating characteristic patterns of the jets in NH winter/SH
and references therein, the dynamical tropopause in the trosummer and NH fall/SH spring. The maps in Figshow the
ics is defined as the 380 K isentropic surface, and joined withifrequency and average windspeed of all upper tropospheric
the PV-defined one where the PV contour used for the defjets during January 2009 and November 2006. Several gen-
inition rises above 380 K. Comparison of the solid orangeeral features can be noted that are consistent with previous
(primary 4.5 PVU dynamical tropopause) and dark red (pri-studies of jet climatology. In the NH, a strong, persistent
mary thermal tropopause) lines in Fishows a typical level  (that is, high windspeeds/high frequencies) subtropical jet
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All Jet Cores, 1 Jan 2009--31 Jan 2009 with upper tropospheric ridges and blocking events, which
‘ ‘ 1 ‘ ‘ : tend to be stronger in winters with strong stratospheric sud-
den warmings (e.gMartius et al, 2009 and are implicated

in forcing those events (e.gManney et al. 2009ha; Coy

et al, 2009 Martius et al, 2009. An interesting feature

in the NH winter is a persistent equatorial westerly jet over
~—160 to —120 E; in this longitude region there are thus
frequently three jets. Similar equatorial jets are apparent in
other NH winter months, and in individual cases examined
appeared to be associated with tongues of NH mid-latitude
PV drawn out into the tropics. This is the representation
in the jet climatology of the well-known “westerly duct” in
the tropical Pacific that is one of two regions of persistent
mean westerlies in the tropics where cross-equatorial prop-
agation of Rossbhy waves is favored (e.g., see discussion in
Homeyer et al.201). The westerly ducts are associated
with both equatorward and poleward Rossby-wave breaking
(e.g.,Waugh and Polvani2000; tongues of PV drawn out
from midlatitudes into, and into midlatitudes from, the trop-
ics are signatures of that wave breaking. In the Southern
Hemisphere, a concentric pattern of persistent subtropical
and polar jets is apparent at most longitudes in both seasons
shown, consistent with the results of, elgoch et al.(2009
andBordi et al.(2007, 2008; also consistent with those re-
sults is the finding that the polar jet is more persistent (higher
frequencies) than the subtropical jet in SH summer. In gen-
eral, higher jet frequencies are associated with stronger jets,
implying a physical relationship between jet frequency and
windspeed, as discussed 8trong and Davi$20083.

Figure4 shows the jet frequency as a function of altitude
and latitude in two Januaries and two Novembers, along with
the frequency of the subvortex jet. January 2005 was in the
midst of a very cold, quiet stratospheric winter (eldan-
ney et al, 2006, while the strongest, most-prolonged strato-
spheric sudden warming on record occurred in January 2009.
In November 2006, a strong stratospheric polar vortex ex-
Fig. 3. Maps of jet frequency (top panels of pairs), normalized tended unusually far down into the lowermost stratosphere,
by number of days and number of bins (and multiplied by 100), in contrast to a more typical lower extent in November 2005
and average windspeed (bottom panels of pairs) at the jet cores fdiSantee et al2011). The characteristic well-known pattern
January 2009 (top pair) and November 2006 (bottom pair). Windof a high-altitude (most frequently near 11-12 km) subtrop-
vectors are overlaid as black arrows on the windspeed panels. Puieal jet and a lower altitude (typically near 9-10 km) polar
ples/blues show low values, reds high values. jetis seen in these figures. As was also evident in the maps

in Fig. 3, the polar jet is usually stronger and more persis-

tent than the subtropical jet in the SH, especially in sum-
spans the Eastern Hemisphere in both seasons shown, withraer, but also sometimes in spring (e.g., November 2005);
more complex and variable pattern of jets over North Amer-this is in contrast to the NH, where the subtropical jet is
ica and the Atlantic Ocean. The pattern with a high fre- nearly always most persistent. In the SH (more prominent in
quency of both subtropical and polar jets merging into a re-spring) the subtropical jet shows a double-peaked frequency
gion where a single strong high latitude jet is most commonpattern, with a higher altitude, lower latitude peak near 13 km
seen in January 2009 between-160 and—20° E is typical  and the second (usually stronger) peak slightly poleward of
of NH winter and is consistent with the resultsStfong and it near 11 km. Significant subvortex jet frequencies extend
Davis (20083. The longitudes of this pattern show strong much further down in the SH (te 11-13 km, depending on
interannual variability, and such a feature is stronger in thethe year) than in the NH (typically.14 km), reflecting the
recent winters that had strong and prolonged stratospheristronger, deeper, more persistent SH polar vortex. This is
sudden warmings. This pattern of jet frequency is associatedignificant to the transport and exchange of trace gases since
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Fig. 4. Cross-sections as a function of altitude and latitude of upper tropospheric (colors) and subvortex (black contours) jet frequency
(normalized by number of days and number of bins, and multiplied by 100) during January 2005 and 2009 (top and bottom left, respectively)
and November 2005 and 2006 (top and bottom right, respectively). Vertical dashed black/red lines40¢latitude. Dashed black line

shows the mean (over longitudes where a jet core exists) 4.5 PVU tropopause altitude. Dotted blue lines are zonal mean potential temperatur
contours, from 320 to 400 K by 20 K. Greys/purples show low values, oranges/reds high values.

the SH subvortex typically extends well into the altitude re- smoothly to different latitudes, whereas in 2005 the patterns
gion influenced by the subtropical upper tropospheric jet, re-more often reflect the concurrent existence of two separate
sulting in a very different pattern of transport barriers in the jets. In the SH, significant interannual differences are also
SH lowermost stratosphere than that in the NBdrftee etal.  seen in the upper tropospheric jets, but the most striking dif-
2011). Also as a consequence of the depth of the SH subvorference is the contrast between the lower extent and strength
tex jet, as seen in Fi@ (left panel), the subvortex jet often of the subvortex jet in November 2005 and 2006. As noted
merges smoothly with the top of an upper tropospheric jet. by Santee et a{2011), the depth and strength of the SH sub-
The jet distributions shown here indicate strong interan-vortex in 2006 were instrumental in the development of an
nual variability in both the upper tropospheric and subvortexunusually large Antarctic ozone hole that year.
jets. For example, compared to that in 2009, the NH sub- The consistency of the patterns and seasonal variations
tropical jet in January 2005 is more persistent than in Janseen in these upper tropospheric jet distributions with pre-
uary 2009 and more often extends to higher altitudes; thevious results provides confidence that our characterization of
NH 2005 polar jet has a broader distribution than that inthe jets is reliably capturing their climatological distributions
2009, with several separate peaks indicating more variabiland seasonal variability. A detailed climatology of the UTLS
ity in the polar jet. The polar and subtropical jets are alsojets in the MERRA reanalyses is being complet®btigney
more separated in January 2005 than in January 2009. Thes# al, 2011).
patterns arise from the persistent strong ridges (implicated In cases where there are high jet frequencies in both the
in forcing the strong stratospheric sudden warming) in Jan-subtropical and the polar upper troposphere, there is usu-
uary 2009, which are associated with the excursion of a secally a distinct minimum in frequency located near 4ati-
tor (or sectors) of the subtropical jet to high latitudes, thustude. This observation is used below to provide a very sim-
decreasing the frequency of a subtropical jet and increasingle method for distinguishing the subtropical and polar jets
the frequency of a polar jet; the separation is less in 2009 befor use as coordinates: the subtropical jet is defined to be the
cause the patterns reflect the evolution of a single jet shiftingstrongest westerly jet equatorward of4@nd the polar jet
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the strongest jet poleward of 40In the following section,
we illustrate some of the dynamical characteristics of the up- *
per tropospheric jet regions that are expected to be relevant
to transport processes determining trace gas distributions in
the UTLS and to the use of jet-relative coordinates. E

GEOS510 EqLw/re ST Jet, 1 Aug 2007--31 Aug 2007
Horizontal, Vertical :llalns: 2,10
B U

4.2 Characterization of dynamical fields with respect
to the jets

Altitude from Jet

EgL and® are commonly used as coordinates in the strato- {
Sphere to separate dIStInCt air masses and to hlghllght 0 Latitud-(::?rom SH Jet/?ﬂegrees % e Lalitude?from NH Jel/zggegrees %
condition-space coverage of sparse datadétnfiey et al.
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20071 and references therein)_ An Ewoordinate iS Vel’y Equivalent Latitude / degrees Equivalent Latitude / degrees

GEOS510 Equivalent Latitude / degrees with respect to Polar Jet, 1 Aug 2007--31 Aug 2007
H 2, 1.0

effective in this context because the stratospheric circulation
is usually characterized by a single, simply-connected (most
often, in fact, circumpolar) jet that represents a continuous
relatively uniform transport barrier around the globe. While
EqL/B coordinates have also been used for a number of stud
ies focusing on the UTLS (e.gHoor et al, 2004 Hegglin
et al, 2006, it is unclear how completely they represent the
strongly varying transport barriers in the undulating flow de-
fined by the complex of upper tropospheric jets. In addi- ) / :
tion, because the upper tropospheric jets are typically dis- . 1 s ws s T " s
continuous in longitude, the dynamical (and hence transport, Dﬁ%’]”j’]‘ Dﬂﬁ%ﬁlﬂ
Sect.4.3) environment in regions with and without strong T T N
jets is expected to be very different, and combined analysis
of such disparate regions gives a blurred view of the relation-
ships of dynamical and transport features in the jet regions. Fig. 5. Plot of GEOS-5 EqL (colors) and potential temperate (
Figure5 shows EqL and fields plotted with the distance grey dashed contours) averaged for August 2007 with latitude and
from upper tropospheric jets as a coordinate system (latitud@ltitude from the upper tropospheric jets as horizontal and vertical
difference in the horizontal and altitude difference in the ver- Coozdi”atfsj h'\t'f”hgn*la?tf STOUthem 'I'emPiSphf_“Tg are_tshown Sfpa'
H H 3 ately on *rig an er”. lop panels show Tielas with respec
tical) during August 2007; fields have been plotted separatel){o the subtropical jet (the strongest jet equatorward 6fldGtude)

using the subtropical and polar jets (as defined by the Slmpl%md bottom panels with respect to the polar jet. White overlays are

40 latitude division described above) as the origin of the co- ;45 5 windspeed, black overlays are 4.5 PVU (solid) and WMO

orc_iinate system. For this period, the avirage alti.tudes a”‘(jdashed) primary tropopauses. The data were binned and averaged
latitudes of the subtropical jet cores ar@1°, 11km inthe  ona 2 latitude by 2 km altitude grid. Greys/purples show low val-
SH and 32, 13km in the NH; average polar jet latitudes and yes, oranges/reds high values.

altitudes are-59°, 9km and 56, 11 km, in the SH and NH,

respectively. If EQL and coordinates provided a similar

composite of the air masses in the regions with well-definedirom the horizontal. This altitude is near or above the trop-
upper tropospheric jets (regions without are not included inical tropopause, so the entire lowermost stratosphere is a re-
these plots), the EqL field would appear as nearly verticalgion where EqL8 coordinates do not organize the fields in a
contours and thé field as nearly horizontal contours; to the similar manner to upper tropospheric jet coordinates; the jet-
degree that this is the case, similar information may be obbased view may thus provide additional insights on the dy-
tained from viewing fields in either coordinate system. In namics in the vicinity of the jets. The higher EqL values ex-
both summer and winter hemispheres, and in both the polatending towards the jet from the poleward side just below the
and subtropical jet cases, EqL aBdorm an approximately — subtropical jet (top panels) and near or just above the polar jet
vertical/horizontal grid above-6—8 km above the upper tro- (bottom panels) suggest preferred regions for advection and
pospheric jet core. In the SH, where it is winter, that “grid” may thus associated with tropospheric or stratospheric intru-
is especially regular across the strong subvortex jet, illus-sions (e.g.Pan et al.2009. (Note that the regions where
trating the dynamical patterns that make Ejcbordinates EqL does not increase monotonically poleward of the jet, for
particularly useful in regions where the stratospheric polarexample in the upper right of the top NH panel of Fsgare
night jet is the dominant feature of the circulation. Below generally far from the jet influence, and thus the jets are not
about 6 km above the upper tropospheric jet core, the Egla strong influence on the circulation in those regions.)
contours depart strongly from the vertical and &heontours

orizontal, Vertical Bins: 2,
s L2

Altitude from Yet / km
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The information in this jet-coordinate framework is even
more distinct from that in an EqL view (or any other coordi- \ V
nate that averages around the globe, e.g., a zonal mean view) W\ | /
in that it goes beyond a simple coordinate transformation by ¢ ? }
excluding regions without a strong jet. In some sense, thisg
selects the geographic regions where EqL is most useful as
coordinate. This is evident in that the latitudinal EqL gradi-
ents across the jet core (frord km below to 4 km above for
the subtropical jet, and over a more limited region for the po-
lar jet) are quite strong, suggesting an effective transport bar- il \
rier there, so that EqL would be effectively segregating dif- " Liuistomshset/degees " Latiuds from NH Jet | degrees
ferent air masses; it is not clear that this would be the case in LRI
regions without a strong jet. The ability to not only compare Re'a"“:;g;‘;i;“;;pwhe o7 s, 1 Ay 200751 2607
the representation in the two coordinate systems, but also to S, Vemca'gn 10
use the jet information to assess the representation of strong
versus weak jet regions in EqL coordinates may thus pro- )
vide new insights on the dynamics both near and distant from§ ‘
strong jets. The details of the Edl/jet relationships vary
with season and hemisphere; though the general features arg
usually similar to those shown here, in some seasons (e.gs °
NH spring/early summer, not shown) the EqL contours do
not depart from verticality as strongly as in the case shown in \
Fig. 5. However, even in those cases, EqQL would be expected 30 o 0 30 "o 0 0
to mingle the characteristics of strong and weak jet regions.  ypmmrEsrTIE LI TEEE B PEECERLITEL L] L S
As will be explored below (Sect.3), we thus expectto geta w804z e w2 a8 24 @0 e 22 268
substantially different picture of trace gas distributions when
we view them with respect to the upper tropospheric jets.

Note that the polar jet is washed out in the plots with re- Fig. 6. Dynamical fields from GEOS-5 analyses for August 2007
spect to the subtropical jet and vice versa, indicating that durin subtropical jet coordinates. Top panels show relative vorticity
ing this period the polar and subtropical jets are not typicaIIyWith overlays o_f Wi.ndspeed (white), regions with high frequencies
strong at the same longitudes or times or both. Because th f negative latitudinal PV gradients (black), and PV contours of

latitudinal distance between the two jets is typically 20530 .’ 3, 5, 10, 15, 20 and 30 PVU (magenta)._ Bottom panels show
. o L . . . temperature with overlays of windspeed (white), frequency of high
the local circulation in the region is determined primarily by

lat : Y (>4.8x 104 s7?) static stability (black, indicating presence of a
the characteristics of the closest jet (modulated by the jetsT) gee text), and 2.0 and 6.0 PVU (solid magenta) and WMO

relative strength and width). The large drop in tropopausegashed magenta) tropopauses. Greys/purples show low values, or-
altitude (by~6-7km) across the subtropical jet, with the anges/reds high values.

tropopause 4-5km above the jet equatorward of it and 2—
3km below poleward of it, is consistent with the classical
picture of the tropopause break; a similar but smaheB- view of conditions surrounding the jets. The relative vortic-
4km) drop seen across the polar jet in the plots with thatity fields show the classic picture of cyclonic flow poleward
jet as the origin is consistent with the supposition that theof the jets and anticyclonic flow equatorward of them. As-
subtropical jet is often weaker or non-existent (with a cor- sociated with that are very strong PV gradients across the
respondingly weaker change in tropopause height across ifpt; the jet core typically lies between 2.0 and 3.5 PVU, with
when a strong polar jet is present. The ability to apply a va-the strongest gradients (as seen in the spacing of the PV
riety of selection criteria to the jets used as coordinates willcontours) shifting towards higher PV values with increas-
provide a valuable tool for examining dynamics and trans-ing altitude, consistent with the resultskidinz et al.(2017).
port in relation to upper tropospheric jets with differing char- Also shown are contours of the frequency of negative lat-
acteristics and origins (e.qg., jets that are primarily radiativelyitudinal PV gradients, commonly used as a diagnostic of
versus eddy driven, a distinction often approximately accom-Rossby-wave breaking; this highlights regions where wave-
plished by the classification of subtropical and polar jets;breaking is persistent in the same location with respect to
Bordi et al, 2007, and references therein). the jets. The general features, with regions of negative lati-
Figure 6 shows examples of several dynamical fields in tudinal PV gradient near the tropopause (e.g., 3-5PVU PV
subtropical jet coordinates, for the same month shown incontours) at high latitudes in both summer and winter hemi-
Fig.5. As mentioned earlier, because the jet coordinate viewspheres, a region above the winter subtropical jet, and regions
excludes regions without a strong jet, it provides a focusedpoleward of the summer subtropical jet, appear consistent
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with previous studies of patterns of Rossby-wave breaking Equivalent Latitude / deg
(e.g.,Hitchman and Huesman@007). Rossby-wave break- 60 50 -40 -30 -20 ~ -10
ing is associated with meridional transport and ultimately T R T T 20
irreversible mixing, so comparison of this diagnostic with
trace gas distributions can help improve understanding of
the processes controlling those distributions. The negative
PV gradient region above the winter subtropical jet is colo-
cated with a bulge in the 36EgL contour seen in Figb,
which suggests the possibility of irreversible poleward trans-
port/mixing from this region, as has been reported in previ-
ous studiesRosenlof et a].1997 Pan et al.2009 Homeyer

et al, 2011, and references therein).

High static stability immediately above the tropopause
is associated with the “tropopause inversion layer” (TIL)
(Birner, 2006 Randel et a].2007¢ Grise et al. 201Q and
references therein). The mechanisms for formation of the
TIL have not been determined, but both dynamical pro-
cesses and radiative effects of @nd HO variations may
be involved (e.g.Randel et al.2007¢ Kunz et al, 2009
Miyazaki et al, 20103. Observationalflegglin et al, 2009
Kunz et al, 2009 and model iliyazaki et al, 2010h results
indicate a relationship between the TIL and processes in the "»
EXTL,; the details of this relationship and the role of the TIL
in transport and mixing across the tropopause are only be-
ginning to be explored. The lower panels of Fégshow the
temperature field in jet coordinates, with overlays of the fre-
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sen based on the work dBrise et al.2010. These patterns, = s60b - | :30
indicating a strong TIL in the tropics, throughout mid to high z SN 3 S 1z
latitudes in summer, and (less persistently) in midlatitudes in & 340kg - - - - R ';},‘_ - 20%
winter, appear consistent with patterns seen in zonal mean Fo- ' 1 1
climatologies (e.g.Randel et a].2007¢ Grise et al.2010. % 820¢ o : """" et 310

Figure 7 shows more quantitatively some of the differ- = 300 bbb, 30

ences between viewing the dynamical fields as a function of -30 20 -10 0 10 20 30

EqL and with respect to the horizontal distance from the sub- Latitude from Jet Core / deg

tropical jet. In an average for 11-21 August 2007, the fields

at the Jet. core level are shown as ma_ppe(_j n [Bcptdor(_n- ig. 7. 11-21 August 2007 GEOS-5 dynamical fields in the SH at

nates, with dls_tance from the SUbtrO_plca_l jetas a honzon_ta he jet core level (340K fob coordinate, the averageof the jet

andbas a Yert'cal Coordlna.te, and W'.th d'StanC? from the J€tguring this period) in EqLE (black; includes only longitudes with

as both horizontal and vertical coordinates (as in Fsgmnd 3 jet core identified), distance from the subtropicabjéblue), and

6). To provide the most direct comparison, EqL values atjet-distance/jet-distance (red) horizontal/vertical coordinates. Top

longitudes that do not have a subtropical jet core identifiedto bottom: Windspeed, PV, magnitude of the horizontal PV gradient

are excluded from that gridding, so the same longitudes arénormalized by the global mean at eatlevel), relative vorticity,

used for both EqL and jet-coordinate gridding. The numberand6 of the WMO tropopause. Standard deviations are shown as

of points in each bin is shown on the PV panel; because datgotted lines on windspeed, PV gradient and tropop&upanels

from the dense GEOS-5 grid are mapped onto a relativel))"’_'th ranges given on the ngh_t axis. _The number of pomt; in each

coarse EqL or jet-distance grid, there are typically Severalb'nfor each coordinate complnatlon is shown a_sadotted line on_the

hundred to several thousand boints in each bin awa fromPV panel (second from top) in thousands of points per day. The jet-
p y

. . . ’ distance/jet-distance line is not shown on tropop&usiet because
the edges of the mapping region. Thegatbordinate grid- the units are not comparable. The horizontal axis for the &qL/

ding results in fewer points in each bin than the other coor-ie|ys is drawn so that the average subtropical jet latitude 30)
dinate combinations, but the fact that the standard deviationg aligned with the origin for the jet-distance fields. The horizontal
for this and the jet/jet coordinate are comparable indicatesiashed line on the tropopause panel marks the average je6 core
that the differences in standard deviations are not primarily(~340K).

an artifact of the varying number of points averaged. As ex-

pected, the windspeeds are sharply peaked around zero lat-
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itude difference, and the standard deviations relatively lowobservations) by using the difference between the windspeed
(representing the day-to-day variability over the averagingat the measurement location and the maximum windspeed
period) for the horizontal jet coordinates. In contrast, theon the same isentropic surface as a horizontal coordinate. In
jet maximum in the EqLB coordinate is broader and much Fig. 8, we show probability density function (PDF) plots of
weaker, and standard deviations are much larger, reflectin@s from all Winter Storms flights in January and February
the fact that not only the strength, but also the location, ofof 2002 through 2007. A coordinate similar to thatRdy
the jet varies significantly with time and longitude. et al. (2009 is shown by plotting @ versus the windspeed
PV values drop sharply across the jet, but in the EqL view,difference from the jet core for a narrow altitude range (2 km
the gradients are more uniform over a broad EqL range, andelow to 2km above) around the jet core altitude. This is
drop less abruptly to near-zero equatorward of the jet, indi-compared with a plot with the latitude distance from the jet
cating that the tropical/subtropical boundary is less clearlycore, derived from our catalog at Winter Storms measure-
defined in the EqL coordinate. By definition, PV is constant ment locations, for the same vertical range. The two jet-
around an EqL contour, so comparison of PV variability is relative horizontal coordinates shown quite similar results,
not meaningful. Consistent with the behavior of the PV field, as expected since they are different ways of expressing (and
the horizontal PV gradient has a sharp peak across the jet ifstretching”) the distance from the jets; they also strongly
the jet coordinate view, but nearly constant, moderate valuesesemble the winter PDFs shown Ray et al.(2004 see
in the EgL coordinate everywhere poleward of the jet. TheFig. 3) for flights in 2001, 2002 and 2003, for the 320-340K
standard deviation of the PV gradient is much higher pole-and 340-360K ranges (the average jet core potential tem-
ward of the jet in the EqL coordinate. These patterns in theperature for the flights shown here48330K, with a range
PV gradient result from the fact that strongest PV gradientsfrom ~320 to 360K). The @ increase across the jet is not
are typically colocated with the jeK(inz et al, 2011, and  as sharp (especially in the top panel) as their winter case,
references therein), and that PV gradients are much weakeanost likely resulting primarily from interannual differences
in longitude regions without a strong jet, which are included in both sampling and meteorological conditions. Using the
in the EqL, but not the jet-coordinate, fields. In line with the data in a 4 km altitude bin centered on the jet core includes
strong pattern of cyclonic flow poleward of the jet and anticy- data up to about 370K, so maximum and meanv@ues
clonic flow equatorward of it (top panels of Fig), an abrupt  poleward of the jet are overall higher than those shown by
change from large negative to large positive values of rela-Ray et al(2004. When larger or smaller altitude ranges are
tive vorticity is seen in jet coordinates across the jet, while inused (e.g., a 3-km or a 6-km wide bin), the sharpness of the
the EgL coordinate, the values are weakly negative polewards increase across the jet division remains similar, indicating
of the jet and weakly positive equatorward of it. Standardthat the jets are not, on average, strongly tilted with height,
deviations in this case are comparable for EqL and jet coorand that the jet core position is relevant to thedBstribution
dinates (not shown). The tropical tropopause (which does noover a significant altitude range.
exhibit large variability) is similar in both coordinate views,  Figure 8 also shows the complete data from the Jan-
and drops only slightly more gradually in the EqL view im- uary/February 2002—2007 Winter Storms flights mapped in
mediately poleward of the jet, indicating that the transition latitude and altitude from the nearest jet core. Very sharp hor-
from tropical to extra-tropical tropopause is fairly well repre- izontal O; gradients are seen across the jet core latitude from
sented in that view. However, poleward of abeut(® from about 1 km below to 3km above the jet core, with weaker,
the jet -40°EqgL), the tropopause in EqL coordinates rises but still strong gradients 1-3 km below and above this range.
and shows much greater variability that that in jet coordi- The strongest @gradients are generally slightly below the
nates; this may arise from the influence of regions where theposition of the tropopause overlaid, suggesting that for the
polar jet is dominant and thus the large tropopause drop magonditions of these flights, the 4.5PVU tropopause shown
occur across that jet (as discussed above in relation t&Fig.  here is slightly higher than the strongest transport barrier.
The jet coordinate diagnostics thus provide a sharply fo-The strong ozone gradients across the origin in jet coordi-
cused view in relation to the jet of dynamical conditions that nates are in accord with the role of the jets as a transport
are expected to be instrumental in defining the transport chararrier. Higher Q well below the tropopause poleward and
acteristics in those regions, and hence in controlling trace gabelow the jet (as well as equatorward of and above the jet)
distributions, in the UTLS. In the next section, we explore suggests stratospheric intrusions, consistent with the com-
how observed trace gas distributions are represented in jefon occurrence of tropopause folds in this region. Regions

based and EqL coordinate systems. of low Oz poleward of the jet above the tropopause suggest
tropospheric intrusions (e.g5° poleward of and 1.5km
4.3 Trace gas measurements in jet coordinates above, and-15° poleward of at the jet core altitude); while

somewhat noisy because of the sampling, thelanges in
Ray et al.(2009 examined @ measurements from Winter and spatial extent of these features significantly exceed the
Storms aircraft missions in relation to the jet (in this case,precision and resolution of the measurements. A suggestion
as with any localized measurements, the closest one to thef higher ozone at-4—-6 km above and 16—2@oleward of
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Winter Storms O,, Jan/Feb 2002--2007

600 L L L L 5 5
2.0-2.0km s

the jet core may arise from data taken in a situation where
the jet is highly distorted such that it does not approximate
east/west flow. In such cases, the identification of the jet in
longitude slices is inadequate to describe the relationship of
the measurements to the circulation. Our jet characterization
method can be easily adapted to identify the jet cores along
other slices, such as a perpendicular from the measurement to
the nearest jet — such a view will be useful for more detailed
studies of localized datasets.

One of the primary motivations of this work is to devise
ways of analyzing satellite measurements to maximize ex-
traction of information on UTLS processes and trace gas dis-
tributions from these comprehensive (global, multi-annual
coverage) but relatively low-resolution datasets. For devel-
opment of these methods we focus first on the EOS Aura
MLS measurements. While MLS UTLS measurements have
been validated and shown to characterize the morphology of
the distributions of several trace gases well in that region
(Livesey et al. 2008, the vertical resolution is nominally
2.5-4km, so itis fair to question whether they have the infor-
mation content to be useful in many UTLS studies. Figire
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shows a “curtain plot” of @ along the NH portion of one
e q";’f s e e e MLS orbit track over North America on 9 May 2008; the
Latitude from jet core / degrees profiles are plotted with no horizontal interpolation, but are
3 U interpolated from the native pressure levels to use distance
2640 (in altitude) from the 4.5PVU tropopause as a vertical co-

ordinate to highlight the behavior near the tropopause. The
large-scale features of thes@istribution are clearly shown,
600 with very strong, uniform gradients above the tropopause
in the tropics and much weaker and more variable gradi-
ents in the EXTL; the strong, uniform tropical gradients are
160 consistent with the results éfegglin et al.(2009 showing
strongest @ gradients in the firstv4 km above the tropi-
cal tropopause. This figure also suggests that MLS is see-
6Lk 0 ing evidence of stratospheric air intruding into the tropo-
-20 -10 0 10 20 .
Lafitude from NH Jet/ degrees sphere (e.g., higher Ovalues below the WMO tropopause
“break”, the discontinuity seen in the solid red contour near
the jet core; and higher values equatorward of the jet out
Fig. 8. Oz data from all Winter Storms flights in January and Febru- to ~15° N). There is a clear example of a pocket of much
ary 2002 through 2007. (Top){PDF for data from 2km below  |gwer Qs in the stratosphere, just above 380K neaf NI
to 2km above the jet with windspeed difference from the jet core g syggests transport of low-latitude air (possibly from the
maximum windspeed as the horizontal coordinate (negative valueg o 1on6sphere) with lowersQvell into the stratosphere.
indicate measurements quatorward of the !et., positive valugs megs uring many of the flights in the Stratosphere-Troposphere
surements poleward of the jet). (Center) a similar PDF but with lat_éAnalyses of Regional Transport 2008 (STARTO8) campaign

itude distance from the jet core as the horizontal coordinate. PDF A .
are normalized by the total number of points in each horizontal bin,(Pan et al.2010, tropospheric intrusions (layers of tropo-

giving the probability of a particular ozone mixing ratio in that bin, SPheric air, diagnosed by trace gas values and meteorological
following Ray et al(2004. (Bottom) All O3 mixing ratio datafrom  information, at high altitude sandwiched between layers with
these flights gridded with latitude distance from the jet core as thestratospheric characteristics) were sampled. Evidence from
horizontal coordinate and altitude distance from the jet core as thehe START08 measurements during the flight on 9 May 2008
vertical coordinate; white overlays are GEOS-5 windspeeds at thgthe day of the MLS data shown in Fig).indicates that lower
measurement locations; black overlay shows average tropopause &; air in the stratosphere originated in the subtropical tropo-
the measurement locations in each horizontal bin. Purples show '0"§phere Komeyer et al.201]). The low ozone observed on
values, oranges/reds high values. this orbit by MLS has values higher than typical of tropo-
spheric air; thus it may represent transport of low-latitude
air from near the tropopause, it could be a signature of a

1200

O,/ ppbv

300

Altitude from Jet / km
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20080509, 20.03--20.43 UT, -94.69 -- 180.00 E measurements) with distance from the 4.5 PVU tropopause
2640 expressed i and in altitude as the vertical coordinate. Fig-
ure 12 shows the data using the latitude distance from the
1200 subtropical jet as the horizontal coordinate, and vertical co-
ordinates of distance in altitude from the 4.5PVU dynam-
ical tropopause and distance in altitude from the subtropi-
cal jet core. The latter view is shown both with all data
and with data limited to 220-32& longitudes (over the ex-
tended North American region in the NH). Note that some
of the differences in smoothness may arise from the diffi-
80 culty in selecting bin sizes that are comparable in different
) y/ /TR 0 coordinate systems. It is important to keep in mind that us-
148 1633 3114 4588 6043  74.23 ing the jet as a horizontal coordinate is not simply a matter
O T Latitude /°N of rotating and/or distorting the space in which the data are
popause(s) -- Solid, 4.5PVU/380K Dyn Tropopause(s) -- Dashed
plotted: because the upper tropospheric jets are not continu-
ous around the globe, the jet coordinate view not only aligns
Fig. 9. MLS v3.3 O; along the NH section of one orbit track on the data with respect to the jet location, but also focuses in
9 May 2008 over North America. Horizontal coordinate is the pro- on the subset of the data in longitude regions where there is a
file number along the orbit track, with a major or minor tick at each well-defined jet. In all coordinate systems, most of the filled
profile |Ocati0n, and labeled with the latitude of every 10th pro- bins away from the edges of the region covered have from
file. The vertical coordinate is distance in altitude from the 4.5 PVU about five to over 50 points; the smaller numbers are seen at
tropopagse (ideptified ip GEQS-S data.interpolated horizontally 010w latitudes (0 to 26EqL or 10 to 30 equatorward of the
the profile locations, with altitudes derived from GEOS-5 geopo-fiet)' lowest levels in the altitude coordinates (bele® km

tential heights used for the interpolation). Windspeed contoursob low the iet or t d hiahest levels i di
20, 30, 40 and 50 m¢ are overlaid in black. The solid red contour elow the jet or tropopause), and highest level8 foordi-

is the WMO tropopause (dashed red is the 4.5 PVU tropopause, ofates (above-380K). Outside of those sparser regions, the
zero, line), and the thick white contour is 380 K potential tempera-Vvarious coordinate combinations have comparable numbers

ture. Purples show low values, reds/browns high values. of points in each bin.
The EgL-coordinate plots in Figé0 and11 show clearly
the strong vertical gradients across the tropopause, and also
show fairly strong horizontal gradients across the region of
tropospheric intrusion smeared out by the vertical interpo-the jet, consistent with previous UTLS studies using these
lation and/or MLS vertical resolution, or may be air from an coordinates (e.g_Hoor et a|, 2004 Hegg“n et aL 2006
earlier tropospheric intrusion that has subsequently experiThe patterns seen in the top panels, for strong jet regions,
enced some mixing. In any case, it nevertheless representge on this day, very similar to those obtained when all data
distinct relatively small scale structure observed by MLS. are gndded together (probab|y |arge|y because the major_
Similar features are common in the MLS data and when Ovelity of |0ngitudes Samp|ed have a subtropica| Jet Core)_ The
North America generally appear consistent with ConditionSbottom pane|5, for weak Jet regionS, show areas, especia”y
observed during STARTO08 flightsManney et al.(2009)  along the top of the jet in each hemisphere, with significantly
also showed examples of stratospheric and tropospheric inpwer O; above the tropopause than in the strong jet case, as
trusions captured in MLS orbit curtain plots. well as significantly higher ©values below the NH jet and
Examination of individual MLS profiles thus demonstrates tropopause. This is consistent with the expectation of a lesser
that many interesting relatively localized features of UTLS transport barrier associated with weaker jets, and shows how
trace gas distributions are captured in MLS trace gas datahe jet catalog can be used to contrast transport in strong and
These data are also well-suited to exploring geographic anaveak jet regions.
temporal variability and climatology of the large-scale trace  Both of the tropopause vertical coordinates, expressed in
gas distributions in the UTLS region if we can highlight 6 or altitude, highlight the evidence for stratospheric intru-
their relationships to UTLS circulation features. In Fi@®.  sions in the vicinity of the jets (higher{Qralues extending
through12 we show MLS @Q data from 9 May 2008 (the well below the tropopause), though the altitude coordinate
same day as the orbit section shown in Fgwith several  plots highlight the extent of these features and the strong
combinations of vertical and horizontal coordinates. Fig- vertical gradients more clearly. Consistent with the results
ure 10 shows the data from 9 May 2008 (both weak and of Hoor et al.(2004) and the latitudinal variations in the ther-
strong jet regions) plotted with EqL as the horizontal coor- mal structure of the atmosphere, verticaJ @adients rela-
dinate and® as the vertical coordinate, gridded separatelytive to the tropopause are much more uniform with latitude
for the points at longitudes with and without subtropical jet when expressed if (bottom panel of Figll). Thus, as
cores; Fig.11 uses the EqL horizontal coordinate (for all noted byHegglin et al.(2009, expressing the distance from
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V3 MLS O, w/re EqL @ STJ, 9 May 2008--9 May 2008
Horizontal, Vertical Bins: 2, In(theta)=0.0326

v3 MLS O, / ppmv with respect to Equiv Lat, 9 May 2008--9 May 2008
Horizontal, Vertical Bins: 2, 16.0

3
=}
[

w w
b 2
o ul
T T
- 5 >
» ¢
L’ )/ 4 ’ 7
Potential Temperature from Tropopause / K

503

456

IS
a
=)

o
I

414

L
IS
a8
IS

375

T T

41

340

Potential Temperature / K

309

w
=}
@

X
S

I= L
2800 0 v v v Lo v 28000 v v v v
-90 -60 -30 0 30 60 90 - -
Equivalent Latitude / degrees Equivalent Latitude / degrees Equivalent Latitude / degrees Equivalent Latitude / degrees
000 008 016 030 060 120 264 000 008 016 030 060 120 264 000 008 016 030 060 120 264 000 008 016 030 060 120 264
0,/ ppmv 0,/ ppmv 0,/ ppmv 0,/ ppmv

Vv3 MLS O, w/re EqL @ noSTJ, 9 May 2008--9 May 2008
Horizontal, Vertical Bins: 2, In(theta)=0.0326

503~

v3 MLS O, / ppmv with respect to Equiv Lat, 9 May 2008--9 May 2008
Horizontal, Vertical ﬂns: 2, 1.0

I
@
>

N
ps
>

w
Q2
a1

Potential Temperature / K
w
iy
o

Altitude from Tropopause / km

w
=]
@

K| N B B E:lw < N I R

2800 v v v v b e

=]
N
®
=]

S L

-90 -60 -30 30 60 90 -90 -60 -30 0 0 30 60 920
Equivalent Latitude / degrees Equivalent Latitude / degrees Equivalent Latitude / degrees Equivalent Latitude / degrees
000 008 016 030 060 120 264 000 008 016 030 060 120 264 000 008 016 030 060 120 264 000 008 016 030 060 120 264
0,/ ppmv 0,/ ppmv 0,/ ppmv 0,/ ppmy

Fig. 10. MLS v3.3 O3 data on 9 May 2008 plotted as a func- Fig. 11. All MLS v3.3 O3 data on 9 May 2008 plotted as a function
tion of EqL and6, gridded for (top) all measurements at longitudes of EqL and distance i® from the 4.5 PVU tropopause (top), and
where a subtropical jet core was identified, and (bottom) all mea-EqL and distance in altitude from the 4.5 PVU tropopause (bottom).
surements at longitudes where there was no subtropical jet coreDverlays are as in Fid.0. The data were binned and averaged on a
White overlays are GEOS-5 windspeeds, black overlays 2.0, 3.52° EqL by 2 km altitude grid. Purples show low values, reds/browns
4.5 and 6.0 PVU dynamical (solid lines) and WMO (dotted line) high values.
primary tropopause locations from GEOS-5. Thin black line marks
zero. The data were binned and averaged ohB& grid, with 20
levels equally spaced in &) between 280 and 520 K. Purples show cate a shift in the strongest gradients, and in the contour that
low values, reds/browns high values. aligns most closely with the jet core, from below to above
the jet: ~2—0km below the jet, the strongest PV gradients
are near the lowest (2 PVU) contour shown, and that con-
the tropopause in altitude @rprovides a different perspec- tour sits at the latitude of the jet core;2—4 km above the
tive on the latitudinal variations in trace gas gradients in thejet, the 4.5 to 6.0 PVU contours align with the jet core lat-
EXTL. itude and strongest PV gradients are shifted towards those
It is apparent when comparing Figk0 and 11 with 12  values. The changing gradients in MLS,@nd the shift in
that the EqL coordinate does not fully capture either the re-location of tropospheric versus stratospheric values, closely
lationship between the Odistribution and the jets or the follow the changes in PV gradients, supporting the suppo-
characteristics of the jets themselves. The subtropical jesition that these changes — closely dynamically linked in PV
is ill-defined in the windspeed contours in the top panels ofand jet structure — control the strength of the transport barrier
Fig. 10 (which include the same points as the jet-coordinateacross the jet and tropopause break.
plots). The slope of the tropopause contours across the jet While the extension of higher{Jvalues between 100 and
region is also much more gradual in EgL than in jet coor- 200 ppbv) downward across the tropopause near the NH sub-
dinates. The association of the strongest PV gradients withropical jet can be seen in all views shown here, only the jet
the jet core (extending from2 km below to~4km above  coordinate views in Figl2 clarify its location to be primarily
the jet core) is clearly defined in the jet/jet coordinate (cen-poleward of the jet. The EqL coordinate view confirms that
ter) panel of Fig.1l2. These differences are consistent with this is associated with irreversible stratosphere to troposphere
the patterns shown in Fig. Consistent with the results of transport. The jet/jet coordinate plots (Fig, center) high-
Kunz et al.(2011), the dynamical tropopause contours indi- light even higher (up te-300 ppbv) values extending into the
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v3 MLS O, / ppmv with respect to Subtropical Jet, 9 May 2008--9 May 2008
Horizontal, Vertical ]E-iéns: 2, 1.0

this suggests that this type of transport might also occur in
strong jet conditions but not be apparent in the EqL view be-
cause the data showing it are not “focused” into the same
bins, and because the strength of the jet also varies within
those regions (note that the feature is more prominent in the
longitude-limited plot over the extended North American re-

gion, which also has a slightly weaker jet than the global

Altitude from Tropopause / km

. average).
1 The jet/jet coordinate plot limited to the extended North
M o o 0 3 0 0 % American region shows substantially more evidence of lo-
Latitude from SH Jet / degrees Latitude from NH Jet / degrees Cal CrOSS-tI’OpOpause exchange in both direCtionS in the NH
000008 018 O 20 2o 000 008 018 O ) V2B These are generally robust features in the MLS data and those

v3 MLS O, / ppmv with respect to Subtropical Jet, 9 May 2008--9 May 2008
Horizontal, Vertical ﬂns: 2, 1.0

in the NH are consistent with the conditions observed during
the START08 campaign at this time. In particular, there are
several places in the region from the jet corest80° pole-

ward of it where lower @values are sandwiched in between
higher ones, both above the tropopause and in the tropopause
region. Results from the START08 campaign show evidence
for extensive regions with tropospheric air sandwiched be-
tween layers of stratospheric air, indicative of tropospheric

5 intrusions (e.g.Pan et al.201Q Homeyer et a].20117), in-

— cluding during the flight on the date shown here. The regions

Altitude from Jet / km

-30 0 30 30 0 30 60
Latitude from SH Jet / degrees Latitude from NH Jet / degrees Of 03 near or above 300 ppbv beIOW the tl’OpOpause poleward
000 006 016 0 060 120 264 00 00 016 0H 0t 120 264 of the jet core are more extensive when focusing on the ex-

v3 MLS O, w/re ST Jet, 9 May 2008--9 May 2008
3Honzon!al, Vertical ]E}éns: 2, 1.0

tended North American region, and an indication of higher
O3 extending below the tropopause is apparent equatorward
of and above the jet core in the NH, near 10=2@uator-
ward of the jet. The feature in the SH suggesting poleward
transport across the top of the jet is accentuated as well.
A localized region of very low @is seen above the tropi-

cal tropopause in both hemispheres. Examination of maps,
curtain plots, and individual tropical {profiles on this day
shows the SH feature to be a robust one spanning several pro-
files with physically realistic appearing variations. Jet coor-

Altitude from Jet / km

-30 0 30 -30 0 30 60 R / ) ) )
Latitude from SH Jet / degrees Latitude from NH Jet/ degrees dinate plots indicate such a feature is persistent through much
om 00 01 g% 00 120 206 0m 00 0 030 0o 120 208 of May 2008. A vertically-localized region of low £above

the tropical tropopause that appears consistent with this has
previously been reported Byandel et al(20073.
Fig. 12. As in Fig. 10 but with distance from the subtropical jet ~ As noted in Sect4.2, the polar jet is washed out in these
as the horizontal coordinate. Top plot has altitude distance fromplots with respect to the subtropical jets, indicating (as ex-
the 4.5 PVU tropopause as the vertical coordinate; center and botpected from the climatology of the jets, e.g., Sdct) sub-
tom plots have altitude distance from the subtropical jet core as thestantially different longitudinal distributions and the decreas-
vertical coordinate. The bottom panel is gridded onl){ from dataing influence of the subtropical jet on the flow at more distant
between 220E and 316E longitude. The data were binned and |44it,des. Numerous criteria may be used to select which jets
averaged on a°2|at|tud_e by 2 km altitude grid. Purples shows low to composite, not only the simple division by latitude of the
values, reds/browns high values. . . . .
subtropical and polar jets considered here, but also such dis-
tinctions as the the lowest latitude jet, regardless of absolute
latitude (to include cases such as very strong blocking events
tropopause region, especialyp—10 poleward of the jetand where the strong jet across which the tropopause “breaks” is
near 30 poleward of the jet. Interestingly, the SH jet/jet co- shifted to high latitude) or the jet closest to the measurement
ordinate plots also suggests poleward transport across the tdpcations (as done for Winter Storms data above; to highlight
of the subtropical jet (the “kink~2—4 km above the jet core the jet that is the strongest influence on localized measure-
near 15-20poleward of the jet) that is not obvious in any of ments).
the other views of strong jet regions, but resembles the pat- The above figures showing various coordinate views of
terns seen in the Egl@/coordinate view of weak jet regions; MLS data clearly highlight advantages of using the jet as
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v3 MLS O, w/re ST Jet, 1 May 2008--31 May 2008 v3 MLS HNO, w/re ST Jet, 1 May 2008--31 May 2008 v3 MLS CO w/re ST Jet, 1 May 2008--31 May 2008
Honzonlal Vertical Bins: 2, 1.0 Hunzonlal Vertical Bins: 2, 1.0 Horizontal, Vertical Bins: 2, 1.0
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Fig. 13. Climatological plots from MLS and ACE-FTS data in jet coordinates. Top row shows (left to right) MLS \3.BIlIO3, and

CO during May 2008. Bottom row shows ACE-FTS v3.9, BINO3 and CH, during April through June 2008. Black overlays are GEOS-5
windspeeds, white overlays are 2.0, 3.5 and 4.5 PVU primary tropopauses, and grey line is the WMO tropopause. Purples show low values,
reds/browns high values.

a horizontal coordinate, for example, in providing a previ- tropopause just poleward of the jet. Thus, the jet coordi-
ously unavailable picture of the strength of and relationshipsnate also provides a useful framework for comparing UTLS
between PV and ©gradients across the jet. With the jet measurements that are not geographically coincident. The
also used as a vertical coordinate, we can focus clearly omstratospheric intrusions hinted at in the stratospheric tracers
the relationships of the dynamical variations accompanyingO3; and HNG; are not as obvious in the tropospheric tracers
the upper tropospheric jets (e.g., winds, PV gradients andCO (shown from MLS; ACE-FTS CO is consistent) andLH
tropopauses) to the trace gas distributions. For some studimeasured by ACE-FTS), though there is a dip in the values
ies, the combination of a jet coordinate in the horizontal with at the kink in the tropopause; the extremely strong gradients
a tropopause-relative vertical coordinate may also providen these tracers lead to very high tropospheric values in which
valuable information, e.g., for assessing the relative gradithe dilution by localized injection of low stratospheric val-
ents across the tropopause as a function of time and locationes may not result in an obvious change. This emphasizes
while retaining a focus on the role of the jets. the value of examining multiple tracers; in addition to those
The methods described above are being used to developghown here, both MLS and ACE-FTS measure HCl ap@H
jet-relative climatology of trace gases. Figur@shows ex-  extending into the UTLS, and ACE-FTS measures numerous
amples of monthly/seasonal mean (May 2008 for MLS andother tracers.
April-June 2008 for ACE-FTS, both during the START08  Figure 13 shows more small-scale structure in the ACE-
aircraft campaign) satellite-measured trace gas fields in subFTS plots compared to the MLS panels. This is to a large
tropical jet coordinates. Thedand HNG fields from MLS ~ degree related to the sparser ACE-FTS sampling (a factor of
and ACE-FTS show good agreement, even in features thadver 10 each day, so still very significant in three months
might otherwise be considered dubious, such as the slightljor ACE-FTS versus one month for MLS). However, atmo-
higher HNG extending equatorward at jet core level, and spheric features may also be captured by only one of the
the indications of intrusion of stratospheric values below thetwo instruments not only because of different sampling in the
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horizontal, but also because of vertical sampling and resoludynamical fields and trace gas distributions to jet characteris-
tion differences. ACE-FTS has been shown to often achieveics by focusing on regions influenced strongly by a jet. Ex-
an effective vertical resolution near 1 km in the UTL$e0- amples of EqL and potential temperature mapped in jet coor-
glin et al, 2008; while the ability of MLS to resolve small- dinates demonstrated that, even in the vicinity of jets where
vertical-scale features has yet to be explored in detail, ig. EqL shows very strong horizontal gradients, the jet coordi-
and the accompanying discussion suggest that it does camate provides a different view of the dynamical fields than
ture variability on scales that might not be obvious given thedoes EqL at altitudes throughout lowermost stratosphere and
nominal resolution. The jet coordinate and jet/tropopause coin the upper troposphere in the latitude regions influenced by
ordinate views are being used to help explore the degree tthe jets. Mapping dynamical fields, such as PV, static stabil-
which such structures are represented in MLS data. ity, and others, in jet coordinates provides a focus on their re-
A climatology of MLS and ACE tracers in jet coordinates lationships to jet structure and evolution. On the other hand,
covering each entire mission is being used to explore the sea dynamical coordinate mapping in EqL space can change
sonal and interannual variations of UTLS trace gas distribu-the relative distances between points, thus obscuring spatial
tions, and will be viewed in conjunction with the climatology relationships, but provides information on where PV conser-
of dynamical fields such as those shown in Fi§$o diag-  vation may not hold.
nose underlying processes causing those variations. The view of UTLS MLS Q@ data is compared using
EqL and distance from the subtropical jet as horizontal co-
ordinates in combination with several vertical coordinates.
5 Discussion While both views show evidence of STE in the existence of
O3 values characteristic of the stratosphere well below the
A simple method has been developed to classify the UTLSropopause, the EqBAiew blurs the representation of the jet
jets, both the upper tropospheric jets and the subvortex jehnd the strong gradients (in PV, tropopause altitude, a)d O
(the lowest extension of the stratospheric polar night jet).crossing the jet core, and thus the relationship of that STE to
The parameters used have been tuned in an attempt to agne jets; the jet-coordinate view shows that stratosphesic O
proximate as closely as possible what the human eye woulga|ues in the troposphere are concentrated poleward of and
tell us were we able to examine and identify each jet visu-pelow the jets. It is the EqL coordinate view, however, that
aIIy Information about the dynamical/thermal environment confirms that the apparent Signatures of STE represent irre-
(e.g., winds, temperature, relative and potential vorticity) isversible transport. The view using the subtropical jet core as
cataloged along with the locations of the jet cores and edgepoth horizontal and vertical coordinates highlights the cor-
of the jet regions. relation between strong PV and tropopause height gradients
Accompanying the catalog of jet locations and dynamicaland very strong @gradients. Vertical coordinates relative to
characteristics is a detailed catalog of tropopause informathe tropopause are also valuable, especially in defining the
tion, including locations of the thermal (WMO) tropopause strong trace gas gradients across the tropopause. For stud-
and dynamical tropopauses defined using several PV valies such as quantifying the geographic and temporal variabil-
ues. The catalog includes multiple (double and triple)ity of large-scale trace-gas gradients across the tropopause,
tropopauses. Distances from the tropopauses are includeglmay prove valuable to examine both tropopause- and jet-
in the jet catalogs. The first jet and tropopause catalogs Weelative vertical coordinates in combination with the horizon-
have developed and tested are from the GEOS-5 (MERRAal jet coordinate, as well as using the EqL/tropopause frame-
reanalysis and GEOS-5 operational) meteorological fields. work to obtain a global picture.
The jet characterization is motivated largely by the de-
sire to develop tools tailored to studying the extensive global
satellite measurements that have become available in thg Conclusions and ongoing work
UTLS in the last several years, and to relating those broad-
brush measurements to the detailed, but localized (in spac®he overall jet catalog is being used to develop a climatol-
and time), views provided by aircraft and ground-based dataogy of the upper tropospheric and subvortex jet characteris-
To this end, we have also cataloged the relationships of MLSics and evolution and their relationships to the tropopause
and ACE satellite measurement locations and dynamical enfManney et al.2011). Examples presented here show well
vironments to the jet locations and characteristics. Such cataknown features of the upper tropospheric jet structure: the
logs have also been developed for several aircraft projects, inkigh altitude &11-14km) subtropical jet and lower-8—
cluding the Winter Storms campaigns in 2002 through 2007.11 km) altitude polar jet, with a strong drop (“break”) in the
Meteorological fields and trace gas data are being mappettopopause across the subtropical jet. Other features are con-
using the jet core locations as a coordinate system. The jetsistent with previous studies of jet climatology and evolu-
focused view goes beyond a simple coordinate transformation: There is commonly a concentric pattern of polar and
tion in that it focuses attention only on regions where theresubtropical jets in the SH, with the polar jet frequently being
are well-defined jets, facilitating study of the relationships of the stronger one in summer. The NH winter jet patterns show
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