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[1]1 Using isentropic trace gas gradients of O3 and CO, the discontinuity in the chemical
composition of the upper troposphere (UT) and lower stratosphere (LS) is examined on
middle world isentropes from 300 to 380 K. The analysis is a follow-up study of the
dynamical discontinuity as represented by the potential vorticity (PV) gradient-based
tropopause, which is based on the product of isentropic PV gradients and wind speed.
Overall, there is fairly good consistency between the chemical discontinuity in trace gas
distributions and the PV gradient-based tropopause. Trace gas gradients at the PV
gradient-based tropopause are stronger in winter than in summer, revealing the seasonal
cycle of the tropopause transport barrier. The analysis of the trace gas gradients also
identifies atmospheric transport pathways in the upper troposphere—lower stratosphere
(UTLS). Several regions where trace gas gradients are found to be decoupled from the
dynamical field indicate preferred transport pathways between the UT and LS. In
particular, anomalous CO and Oj; gradients above eastern Africa, eastern Asia, and the
West Pacific are likely related to convective transport, and anomalous O3 gradients over
the North Atlantic and North Pacific are related to isentropic transport connected to
frequent wave breaking. The results indicate that the PV gradient-based tropopause
definition provides a good identification of the dynamical and chemical discontinuity and
is therefore effective in locating the physical boundary in the UTLS.
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1. Introduction

[2] The tropopause separates the well-mixed troposphere
from the stratified stratosphere and often behaves like a quasi-
material surface [Holton et al., 1995]. This quasi-material
surface reflects a barrier of air mass exchange between the
upper troposphere (UT) and lower stratosphere (LS) [Haynes
and Shuckburgh, 2000; Haynes et al., 2001]. The UTLS is a
region of strong coupling among dynamics, chemistry and
radiation. Cross-tropopause exchange processes affect the
distribution of climate-relevant trace gases and the radiative
balance at the tropopause. In addition, a change in the atmo-
spheric trace gas composition in the UTLS, in particular O5 or
H,0, has the potential to affect the surface climate [Forster
and Shine, 1997; Solomon et al., 2010]. An accurate defini-
tion of the tropopause that captures the physical and chemical
changes from the troposphere to the stratosphere is therefore
an important element for quantifying the role of the UTLS
in chemistry-climate coupling.

[3] Stratosphere-troposphere exchange (STE) is known to
be well related to the UTLS dynamical flow structure and
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meteorological processes [Stohl et al., 2003]. Jet streams
[Cadle et al., 1969; Ray et al., 2004], tropopause folds [Cadle
et al., 1969; Danielsen and Mohnen, 1977; Shapiro, 1980;
Shapiro et al., 1987], and tropospheric intrusions associated
with double tropopauses [Pan et al., 2009; Homeyer et al.,
2011] affect the distribution and variability of trace gas
constituents across the tropopause. The dynamically induced
trace gas variability in the UTLS is highlighted by the sig-
nificant correlation between O; and potential vorticity (PV)
[Danielsen, 1968]. The concept of the dynamical tropopause
is therefore largely motivated by the need to quantify STE
processes.

[4] In contrast to the thermal tropopause, which is iden-
tified with the help of the vertical temperature lapse rate
[World Meteorological Organization, 1957], the dynamical
tropopause was first introduced as a discontinuity in the
isentropic PV field [Reed, 1955]. Subsequently, it is often
defined by a selected PV isosurface that separates air masses
with high PV in the stratosphere from air masses with low
PV in the troposphere, and is characterized by a band of
enhanced gradients of PV [Hoskins et al., 1985; Holton et al.,
1995; Schwierz et al., 2004; Martius et al., 2010]. The strong
isentropic PV gradients at the tropopause are maintained
by dynamical effects of synoptic scale baroclinic eddies in
the UT [Held, 1982] and are a result of a partial dynamic
barrier to transport of air masses in the UTLS [Haynes and
Shuckburgh, 2000; Haynes et al., 2001]. This barrier is
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noticeable as an abrupt change in trace gases [Danielsen
and Hipskind, 1980]. So far, it is conventional to define
the dynamical tropopause by ad hoc chosen PV values [e.g.,
World Meteorological Organization, 1986; Hoerling et al.,
1991; Holton et al., 1995], e.g., the 2 PVU isosurface fol-
lowing [Holton et al., 1995]. Nevertheless, it is unclear
which PV value is optimal to represent the chemical tran-
sition from the troposphere to the stratosphere.

[5] The conceptual definition of the dynamical tropopause
by Reed [1955] has recently been implemented in an algo-
rithm [Kunz et al., 2011]. This algorithm is similar to the
method of determining the edge of the polar vortex [Nash
et al., 1996], and defines the location of the highest potential
vorticity gradient, constrained by the wind speed, on an
isentrope as the dynamical tropopause. In particular, this
PV gradient-based dynamical tropopause is determined as
maximum of the product of the PV gradient and the hori-
zontal wind speed with equivalent latitudes on isentropes.
The location of this tropopause is therefore represented by an
equivalent latitude, ©I¥, or the associated PV isoline, PV'",
and describes a quasi—material surface through PV isolines
varying from isentrope to isentrope and with season. Kunz
et al. [2011] showed that PV represents the dynamical
discontinuity and it follows the maximum horizontal wind
speed on all middle world isentropes in accordance with the
maximum isentropic PV gradients occurring in the vicinity
of the jet streams near the tropopause [Martius et al.,
2010]. Since the PV value that represents the maximum
gradient varies between isentropes and with season, it over-
comes the limitation of using a particular PV isosurface for
all isentropes.

[6] This work examines, as a follow-up study, how well
the PV gradient-based tropopause represents the transition
in the trace gas fields between the UT and LS. An isentrope-
based analysis of the location of the chemical discontinuity
in comparison to the location of the PV gradient-based
tropopause, i.e., the dynamical discontinuity, is presented. A
detailed study of the exact locations on isentropes where the
chemical and dynamical discontinuities agree with each
other as well as where they disagree allows answering the
following questions: (1) Is there consistency between the
chemical (O3 and CO) and dynamical discontinuity (PV) in
the UTLS? (2) Do isentropic trace gas gradients reveal
preferred transport pathways in the UTLS?

[7] To address these questions, the isentropic distribution
of trace gas fields relative to the PV gradient-based tropo-
pause is analyzed. Two trace gases with opposite dominant
source regions in the atmosphere are used in this paper: O3
as a tracer with dominant sources in the stratosphere, and
CO as a tracer with dominant sources in the troposphere.
These trace gases have been widely used as transport tracers
because their lifetimes in the UTLS are ideal to reflect the
influence of dynamical processes in this region [Folkins
et al.,2006].

[8] To study the chemical discontinuity in the tropopause
region, both in situ measured O3 and CO of the STARTO08
(Stratosphere-Troposphere Analyses of Regional Transport
2008) campaign and simulated fields based on WACCM
(Whole Atmosphere Community Climate Model) are used.
These O; and CO data are isentropically analyzed using a
new coordinate, the relative equivalent latitude of the mea-
surement location with respect to PV'*. This is a compli-
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mentary approach to the investigation of the chemical
discontinuity at the tropopause at altitude levels relative to
the thermal tropopause [e.g., Pan et al., 2004; Hegglin et al.,
2009; Tilmes et al., 2010; Manney et al., 2011].

[9] This paper is structured as follows. Section 2 contains
a description of the data sets used. The isentropic distribu-
tion of trace gas data observed during STARTO8 is pre-
sented in section 3. Section 4 compares WACCM isentropic
gradients of trace gases with the PV gradient-based tropo-
pause. The PV gradient-based tropopause as a transport
barrier is also discussed in this section. Both the relevance
and the limitation of the PV gradient-based approach to
represent the dynamical and chemical discontinuity are
discussed in section 5.

2. Data Description

2.1. STARTO08 Data

[10] The Stratosphere-Troposphere Analyses of Regional
Transport 2008 (STARTO08) experiment [Pan et al., 2010]
was conducted using the new National Science Foundation
(NSF)-National Center for Atmospheric Research (NCAR)
Gulfstream V (GV) research aircraft. The experiment was
designed to establish a better connection between the
chemical structure of the UTLS and atmospheric dynamics.
Eighteen research flights were performed, with five flights
in April, seven flights in May and six flights in June. These
flights encompass at least 123 flight hours up to a ceiling
altitude of 14.3 km, and span a range of isentropes roughly
between 280 and 400 K. A number of meteorological sce-
narios in the extratropical UTLS were observed above
central North America (25°N—-65°N, 80°W-120°W). Tro-
pospheric intrusions into the stratosphere associated with
double tropopause events or stratospheric intrusions into the
troposphere by tropopause folds [Vogel et al., 2011; Homeyer
et al., 2011], gravity wave generation and convective trans-
port were probed. A large range of trace gas measure-
ments were made during STARTOS8 and this work uses O3
and CO trace gas data to study the chemical discontinuity at
the tropopause. The Oz and CO data are provided at 1 s
interval (1 Hz sampling rate). These samples represent
approximately 200 m horizontal resolution.

2.2. SD-WACCM Data

[11] The Whole Atmosphere Community Climate Model,
Version 4 (WACCM4) is a fully interactive chemistry cli-
mate model, where the radiatively active gases affect heat-
ing and cooling rates and therefore dynamics [Garcia et al.,
2007]. The vertical domain extends from the surface to the
lower thermosphere. The vertical resolution is variable:
~3.5 km above 65 km, =1.75 km around the stratopause
(50 km), 1.1-1.4 km in the lower stratosphere (below
30 km), and =1.1 km in the troposphere (except near the
ground where much higher vertical resolution is used in the
planetary boundary layer). The horizontal resolution used
for this work is 1.9° x 2.5° in latitude and longitude.

[12] Recently, a new version of the WACCM4 model has
been developed that allows the model to be run with specified
(external) meteorological fields [Lamarque et al., 2011].
These meteorological fields, Mgcos, come from the NASA
Global Modeling and Assimilation Office (GMAO) Goddard
Earth Observing System Model, Version 5 (GEOS-5). Here,
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temperature, zonal and meridional winds, and surface pres-
sure are used to drive the physical parameterization that
control boundary layer exchanges, advective and convective
transport, and the hydrological cycle. In this study, a
“nudging” approach is used where the simulated meteoro-
logical fields, Mg;,, are calculated in the following manner:

Msim:Mgeos'a+(1 —Oé)'Mim. (])

[13] Mip and My, are the meteorological fields from the
interactive model and GEOS-5, respectively. The fraction a
of Mgeos used in this study is 0.01 (i.e., 1% of the M, fields
are from GEOS-5). This “nudging” approach is applied at
every model time step (i.e., every 30 min). For the meteo-
rological fields this nudging scheme is applied from the
surface to 50 km; above 60 km the model meteorological
fields are fully interactive, with a linear transition in between.
The vertical transport is derived from the divergence of the
Mqim horizontal winds. Even with a small fraction of the
GEOS-5 meteorological used at every time step, the result-
ing Mg, fields accurately represent the original GEOS-5
meteorological fields.

[14] The chemical module of WACCM4 is based upon the
three-dimensional chemical transport Model for OZone And
Related chemical Tracers, Version 4 [Kinnison et al., 2007].
WACCM4 includes a detailed representation of the chemical
and physical processes in the troposphere through the lower
thermosphere. The species included within this mechanism
are contained within the O, NO,, HO,, ClO,, and BrO,
chemical families, along with CH4 and its degradation pro-
ducts. In addition, fourteen primary nonmethane hydro-
carbons and related oxygenated organic compounds are
included [Emmons et al., 2010]. This “base” mechanism
contains 122 species, more than 220 gas-phase reactions,
71 photolytic processes, and 18 heterogeneous reactions on
multiple aerosol types.

[15] The SD-WACCM4 simulation employed here cor-
responds to the time period from 1 January 2004 through the
end of 2008. For this simulation the model had a spin-up
time from 1980 to the end of 2003 in fully interactive mode,
i.e.,, WACCM without specified dynamics. On 1 January
2004 the model was switched to SD-WACCM4 with the
nudging approach as described earlier.

[16] Here, we interpolate the output of the multiyear
SD-WACCM4 run from 2004 to 2008 on middle world
isentropes between 300 and 380 K with a 5 K discretization.
The PV values on each isentrope are transformed into equiv-
alent latitudes varying between —90°S and 90°N according to
Butchart and Remsberg [1986] to calculate the PV gradient-
based tropopause [Kunz et al., 2011].

2.3. ECMWEF Data

[17] Potential wvorticity is also calculated from the
T511L60 operational ECMWF analysis fields [Simmons
et al., 2005] for the 18 STARTOS research flight days in
2008. The data are interpolated on a 1° x 1° horizontal grid
and to 35 vertical pressure levels (19 equidistant levels
between 1000 and 100 hPa). The vertical resolution is ~0.8—
1.4 km around the extratropical tropopause. These ECMWF
data on pressure levels are then interpolated on isentropic
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0 levels. This is again done for middle world isentropes
between 300 and 380 K with a discretization of 5 K.

3. STARTOS Isentropic Distribution of O3
and CO

[18] Observations during the STARTOS8 experiment focus
on the extratropical UTLS with a high frequency of mea-
surements on isentropes between 300 and 380 K in the
vicinity of the tropopause and jet streams. Figures la—1c
show the counts of START08 O; and CO data points in
equivalent latitude, ¢,, and theta, 6, coordinates separately
for April, May and June. The counts represent the number of
1 s samples in each 5° equivalent latitude and 5 K potential
temperature bin. Also shown is the equivalent latitude of the
gradient based tropopause, ¢.', the zonal wind speed and
the 2 PVU isosurface calculated using ECMWF operational
fields for each STARTOS flight day. The zonal mean of
the zonal wind speed and PV are calculated in the longitude
range A = 80°W-120°W which were covered by the
STARTOS8 flights. The location of the PV gradient-based
tropopause in Figure 1 is determined by calculating ¢" on
ECMWEF isentropes and averaging these over all STARTO0S
flight days.

[19] The ¢.-6 presentation of STARTO8 data shows
observations both poleward and equatorward of ¢.". The
data density is highest in the vicinity of the extratropical
thermal and PV gradient-based tropopauses. The poleward
movement of oIf from April to May is associated with
the seasonal behavior of the jet streams. Both the subtropical
jet stream with a mean jet core at 350 K and the polar jet
stream with its mean jet core at 320 K are related to (lF.
The maximum of the wind field on isentropes above the
subtropical jet core at 350 K is better represented by oplF
than by the 2 PVU isosurface. On these isentropes the
2 PVU isoline moves toward the equator and does not fol-
low the maximum wind speed pattern.

[20] Figures 1d—1f show the mean isentropic distribution
of O3 in .- coordinates. The background value of Os is
lower than 100 ppbv in the troposphere and higher than
300 ppbv in the stratosphere. The transitional value of Oj
from the troposphere to the stratosphere, indicated by a strong
isentropic gradient, is roughly between 100 and 300 ppbv.
The range of ¢, covering this transitional region varies with
isentrope, e.g., in April it spans a larger meridional region
on isentropes below the subtropical jet stream than on
isentropes above. These observed background values of O;
during STARTOS are consistent with UTLS Oj; climatologies
for spring and summer based on ozonesonde and aircraft
data [Logan, 1999; Tilmes et al., 2010]. The PV gradient-
based tropopause, o, and the thermal tropopause, TPy,, are
associated with O3 mixing ratios of 100-300 ppbv dependent
on isentrope. The variation of !" with isentrope is followed
by a band of strong O gradients. In the seasonal mean, ¢
identifies the isentropic transition of O3z from the troposphere
to the stratosphere better than the 2 PVU isosurface.

[21] The mean isentropic distribution of CO is shown in
Figures 1g—1i. The background value of the tropospheric
tracer CO is higher than 80 ppbv in the troposphere and
lower than 40 ppbv in the stratosphere. There is a sharp
transition in CO mixing ratios from 40 to 80 ppbv across the
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Figure 1. (a—c) Monthly counts of data, (d—f) mean O3, and (g—i) mean CO with equivalent latitude
observed during STARTO8 from April to June. The means are representative for 5° equivalent latitude
and 5 K potential temperature bins. PV is highlighted by yellow squares. The zonal means of zonal
wind speed (orange contours) of the 2 PVU isoline (black contour) and of the thermal tropopause
(black dots) are calculated from ECMWF fields within the longitude range covering STARTO08

flights.

PV gradient-based tropopause from spring to summer. This
mixing ratio range is consistent with the aircraft data—based
climatology of Tilmes et al. [2010]. The transitional isentro-
pic distribution of CO connected to an enhanced isentropic
gradient also follows (!", especially on isentropes below the
subtropical jet core (350 K). In contrast to O3, the relationship
between the CO gradient and (! is weaker above 350 K, as
shown by this STARTO08 data sampling. The advantage of
©a¥ to represent the transition of CO in the UTLS is not as
obvious as for Os.

[22] In Figure 2, the relative equivalent latitude coordi-
nate, Ag.", is introduced. Apl” is the isentropic equivalent
latitude difference between the measurement location, ¢y,
and <peTP, ie.,

Apl? = — olF. 2

[23] Negative Apl® values indicate measurements in the
troposphere or equatorward of 2" and positive Ape" values
indicate measurements in the stratosphere or poleward of 2.

[24] Figures 2a and 2d show the isentropic O3 and CO
distribution in relative equivalent latitudes for all isentropes
between 300 and 380 K in May. The counts of O; and
CO data are calculated in 5° Ap." bins and 20 ppbv O or
10 ppbv CO bins, respectively. The mean profiles of O; and

CO averaged over 300380 K relative to ¢o ", i.e., in Aps”

bins, show a sharp transition across the tropopause (Age’ = 0)
from the upper troposphere (Apl” < 0) to the lower
stratosphere (Ag.® > 0). The relative equivalent latitude
difference between the 2 PVU isoline and the measurement
position, ApZ"VY, shows a less sharp trace gas transition
across the tropopause. There is an offset of the mean profiles
of O3 and CO relative to 2 PVU toward positive ApZ" V" in
the stratosphere. This offset is obvious on high isentropes,
e.g., 370 K (Figures 2c and 2f), rather than on low isen-
tropes, e.g., 330 K (Figures 2b and 2¢). As shown by Kunz
et al. [2011] the PV values representative for ¢!" increase
with potential temperature. At 370 K they are much higher
than 2 PVU due to higher gradients in potential tempera-
ture around this isentrope, whereas the 2 PVU approxi-
mately represents the tropopause in spring at 330 K. This
behavior results in an increased offset of mean trace gas
distributions in A2’V coordinates on higher isentropes
toward the stratospheric side on higher isentropes.

[25] These results show that the PV gradient-based tro-
popause marks the troposphere to stratosphere transition of
isentropic O3 and CO distributions in the high-resolution
aircraft data. However, these aircraft data are limited in
their spatial and temporal coverage. In order to investigate
the seasonal and spatial variability of the trace gas gradients in
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Figure 2. (aand d) Counts of STARTO08 O and CO data relative to PV'* in equivalent latitude distance,
Apl®, during May between 300 and 380 K isentropes and for two different isentropes: (b and ¢) 330 and
(c and f) 370 K (gray shaded contours). Positive Ag." represents data poleward of PV'" in the strato-
sphere, and negative Ay represents data in the troposphere equatorward of PV'*. The distribution of
data relative to the 2 PVU isoline in Aw2*¥Y distance is surrounded by the black-gray dashed contour
representing the count 1. Mean profiles of O; and CO relative to PV'* (yellow line) and relative to
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2 PVU (black line) are shown. The PV range between 2—4 PVU in Ap!" is highlighted in orange.

the UTLS, WACCM data are examined for the entire
Northern Hemisphere.

4. WACCM Isentropic Gradient of O; and CO

[26] The absolute values of meridional O; and CO gra-
dients are analyzed on middle world isentropes between 300
and 380 K for the Northern Hemisphere. The absolute
gradient of the trace gas mixing ratio p is calculated with
latitude ¢ as follows:

Olnp
Op

3)

1 du
Vi = feradn 0]~ | L 2.

[27] To emphasize the sharp transition of O; and CO
across the tropopause (Figures 1 and 2) the respective
isentropic gradients, i.e., VO3 and VCO, are calculated for
logarithmic mixing ratios. These gradients are therefore
dependent on the dimension of ¢. The gradients are calcu-
lated daily from 2004 to 2008.

[28] Compared to the standard approach, the calculation
of the gradient for logarithmic trace gas mixing ratios means
that the gradient in mixing ratio is scaled by a factor depen-
dent on the inverse mixing ratio, i.e., 1/u (equation (3)). This
factor scales down the gradients of the trace gases with
strongest weighting in their respective dominant source
regions. In particular, the values of VO; are smaller in the
stratosphere poleward of PV compared to a standard
approach without using the logarithm of the mixing ratio.

This discrepancy is strongest on isentropes higher than
350 K during spring, when the stratosphere is influenced by
the large-scale downward transport of air masses containing
high O3 due to the residual circulation. The values of VCO
are scaled down in the troposphere equatorward of PV'" in
regions of strong convection influenced by an upward
transport of high CO from the boundary layer. Hegglin et al.
[2010] used a similar motivated approach and normalized
their CO gradients in tropopause coordinates with respect
to their mean tropospheric values to separate influences of
the troposphere.

[20] This study focuses on the analysis of the tropopause
region and therefore makes use of the logarithm for identi-
fying strong trace gas gradients at the tropopause and sep-
arating them from processes outside the UTLS which are
not relevant here. It should be also noted that the inverse
trace gas factor shifts the gradients toward smaller trace gas
values by definition, i.e., compared to a standard approach
of the gradient without using the logarithm of the trace gases
the maximum isentropic gradient of CO (Oj3) is slightly
shifted toward the LS (UT) (see also section 4.1).

4.1. Example Isentropic Trace Gas Fields
and Gradients

[30] Figures 3a and 3b show a selected cross section of
03 and CO, respectively, and of the corresponding isentro-
pic trace gas gradients (Figures 3¢ and 3d) in ¢-6 coordi-
nates at A = 140° on 25 February 2008. Maximum VO3 and
VCO are shown to be in the vicinity of the PV gradient-

5o0f 15



D24302

KUNZ ET AL.: CHEMICAL AND DYNAMICAL DISCONTINUITY

380
360
~
£ 340
D
320
300
20 40 60 80 20 40 60 80
in de n de
0. in ppbv ¢! 9 CO in ppbv ¢! 9
m 225 275 325 400 5 65 75 1F
380 — ] :
| ] | ]
360 - .
x ] ]
£ 340 — .
@ ] . . ]
320 . ._'
' () 3 (d) ]
300 Ay . 1 J'. a4 L la L AT
20 40 60 80 60 80
ind in d
o1n 0, /ag|in 102 "M 99 61n CO /ag|in 102 ¥ ' 99
2 6 ) 14 16 i 3* 6 7 Jum=

Figure 3. Instantaneous WACCM isentropic distribution of (a and b) O3 and CO and (c and d) their gra-
dients on 25 February 2008 at the 220° longitude. PV (yellow squares), 2 PVU isoline (black line), and
horizontal wind speed (orange contours) are shown. The thermal tropopause is indicated by black dots.
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based tropopause, PV'", and the wind maxima on each
isentrope.

[31] The influence of the inverse trace gas factor 1/u is
particularly obvious in the maximum of the isentropic gra-
dient of O;. Especially on isentropes higher than 320 K in
regions of a strong isentropic gradient of O3 the maximum
VOs; is shifted slightly toward the UT compared to PV'".
By using a standard ap]r)roach there would be an improved
agreement between PV'" and the trace gas gradient. VCO
does not show this shift as strong as VOs.

[32] In particular, pronounced VO3 and VCO maxima are
seen on distinct isentropes (310, 330, and 380 K) in the
vicinity of PV and the wind speed maxima. The chemical
and the dynamical discontinuity are related in this case
study. The seasonal mean relationship between the chem-
ical and the dynamical discontinuity is investigated in
section 4.2.

4.2. Seasonal Mean Isentropic Gradients With
Equivalent Latitude

[33] The daily isentropic gradients of O; and CO in (-6
coordinates are sampled for different seasons, i.e., data
arrays are generated dependent on four dimensions: 6, ¢, A
and time. To calculate the seasonal mean with equivalent
latitude, the isentropic PV fields, trace gas fields and the
respective gradients are transformed into equivalent lati-
tudes. The array size is reduced to two dimensions, 6 and ..
Figures 4a and 4c show the seasonal mean isentropic O3
gradient in -6 coordinates for June-July-August (JJA) and
December-January—February (DJF) 2008.

[34] In DJF, VO3 with equivalent latitude is enhanced in
the vicinity of the maximum zonal mean wind speed on all

isentropes. VO; is largest on the 320-330 K isentropes,
which is below the core of the subtropical jet stream around
350 K. This feature reflects a strong polar jet stream during
DJF 2008. On each isentrope the maximum of VO; is
closely related to pa". On isentropes below the core of the
subtropical jet stream the VO; maximum is further related
to the 2 PVU isoline, since there is a close distance between
the 2 PVU isoline and the PV gradient-based tropopause.
This relationship is not seen on higher isentropes above
350 K. The zonal mean wind speed is weaker in JJA than in
DJF, but the relationship between PV'" and VO is still
obvious in this season.

[35] The seasonal mean CO gradient in ¢,-6 coordinates
is also maximum in the tropopause region close to the jet
streams (Figures 4b and 4d), but the consistency overall
between VCO with the wind field and P¥™" is not as good
as for O3. The agreement between maximum VCO and ¢g"
in ¢.-0 coordinates is better during JJA than during DJF.
VCO has its maximum at an equivalent latitude poleward of
e at around ¢, = 40°N for all isentropes above 320 K.

[36] The relationship among the trace gas gradients, the
PV gradient-based tropopause, and the 2 PVU isoline is
further analyzed in Figure 5. Here, the distribution of the
mean isentropic trace gas gradients on 330, 350, and 370 K
are shown for DJF in relative equivalent latitudes Apl"
(Figures 5a and 5¢) and Agoﬁp VU (Figures 5b and 5d). Max-
imum VOj3; conforms to the location of the PV gradient-based
tropopause, Aps" = 0. These maxima, on the other hand, do
not agree with the 2 PVU isoline and they appear poleward of
Ap2PVU = 0 when using the relative equivalent latitude
with respect to 2 PVU. Maximum VCO is observed on an
equivalent latitude range, AgoeTP = 0°N-20°N, in the LS.
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[37] These results show that a better agreement between
P and the gradients of the stratospheric and tropospheric
tracers O3 and CO is achieved by using .- coordinates.
The dynamical discontinuity is not colocated with the dis-
continuity in CO distribution consistently on all isentropes
and for all seasons. Since the equivalent latitude represents
the mean dynamics of the entire hemisphere, the local
relationship between the dynamical and the chemical dis-
continuity dependent on geographical latitude and longitude
is further examined.

4.3. Seasonal Mean Isentropic Gradients on 350 K

[38] Figure 6 shows the distribution of seasonal mean
isentropic trace gas gradients in the Northern Hemisphere on
350 K for JJA and DJF 2008. Absolute values of isentropic
gradients of O3 and CO are calculated for each day in a
season according to equation (3). The seasonal mean of
VO3 and VCO is calculated afterward.

[39] As shown in Figure 6, highest isentropic trace gas
gradients, both of O3 and CO, occur in the vicinity of PV'"
and the jet streams, both in JJA and DJF. Especially during
DIJF, when the jet stream is intense between 0°E and 180°E,
a close relationship between the trace gas gradients, PV'",
and the maximum wind speed is evident. The close rela-
tionship of the dynamical and chemical discontinuity indi-
cates the presence of a strong transport barrier in this region,
which is connected with an abrupt jump from tropospheric

to stratospheric trace gas mixing ratios. The trace gas gra-
dient is weaker in the western part of the Northern Hemi-
sphere between the exit and entrance regions of the Pacific
and Atlantic jet streams and the North American jet stream,
respectively.

[40] Associated with frequent Rossby wave breaking
(RWB) in these regions, the jet stream shows a characteristic
split with a weakening of the horizontal wind speed. This
region of wave breaking events is characterized by fre-
quent mixing of trace gases from the stratosphere and tro-
posphere [Scott et al., 2001; Waugh and Funatsu, 2002].
Stratosphere-troposphere exchange across the tropopause
may be preferred in these regions due to a weaker transport
barrier. Consequently, these split jet stream regions are also
characterized by split and weakened trace gas gradients in
VOj3; and VCO. In this sense, the jet breaks also indicate
a break of the tropopause on an isentropic surface.

[41] Nevertheless, the relationship between maximum
VO; and PV is closer than the relationship between VCO
and PV'" above North America extending to the western
Atlantic. In this region maximum VCO is located poleward
of PV'™ at 350 K as can be seen in Figure 4d. During JJA,
isentropic trace gas gradients in the vicinity of the jet
streams are in general weaker than during DJF. During JJA
and DJF, the trace gas gradients in the western Northern
Hemisphere are weaker compared with the eastern Northern
Hemisphere. This may well be due to enhanced cross tropo-
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pause exchange processes associated with the weakening
of the jet stream in its split regions above the North Atlantic
and Pacific.

[42] Although there is a slight discrepancy between VCO
and PV'™ from North America toward the western Atlantic,
a fairly good consistency is observed in other parts of the
Northern Hemisphere between isentropic trace gas gra-
dients, VO3 and VCO, with PV™® in the vicinity of jet
streams. This indicates that in general the PV gradient-based
definition well identifies the transport boundary at the tro-
popause. In addition, there are regions of anomalies where
high trace gas gradients are decoupled from the dynamical
tropopause. Anomalous high VOj is found southward of the
downstream end of the North Pacific storm track region at
around 15°N and 180°E in JJA which are located further
westward at around 150°W in DJF. These anomalous high
VO3 are connected to a high Oz mixing ratio and may in
fact identify transport pathways of stratospheric air into the
UT, since they are further consistent with regions of high
frequency of stratospheric streamers and cutoffs on the same
350 K isentrope in both seasons [Wernli and Sprenger,
2007; Sprenger et al., 2007]. In JJA VOj3; is weaker than
in DJF. The shift of STE and high VO3 from JJA to DJF in
the zonal direction may be related to the strengthening of
westerly ducts where mean westerly winds occur equator-
ward of the jet streams during winter. In particular, the
enhanced zonal flow within the North Pacific westerly duct
in DJF may favor the propagation of stratospheric streamers
in the eastward direction which in turn may result in an
eastward shift of high VO; from JJA to DJF.

[43] High VCO decoupled from the tropopause toward
the equator are observed from eastern Africa to eastern Asia
around 20°N and 30°E-150°E in JJA. These anomalous
VCO maxima are also related to decoupled VO3 between
120°E-150°E, whereas the related mixing ratios of CO (O3)
are higher (lower) than their background values in the UT.
These trace gas gradients may be caused by deep convection
processes above Asia and the western Pacific in JJA, which
locally lead to rapid vertical transport of boundary layer
air containing high CO pollution into the UTLS. This also
provides an effective pathway for pollution from Asia,
India, and Indonesia into the UT in JJA. In particular, the
Asian monsoon deep convection transports CO and other
pollution gases up to 12 km, near the level of main deep
convective outflow at around 350 K [Park et al., 2009;
Randel et al., 2010]. In the UTLS this high CO may be
isentropically redistributed, e.g., boundary layer air with
high CO content, that has been transported into the UT, may
enter the midlatitude LS due to intrusion processes.

[44] Figure 7 shows an example of such a tropospheric
intrusion from lower toward higher latitudes above the
subtropical jet stream connected to a RWB event above the
North Pacific recently described by Homeyer et al. [2011].
A streamer of tropospheric air with high CO penetrates
toward the north at around A = 180°E on 14 April 2008 and
breaks up into the LS on 15 April 2008. PV™?, represented
by 6.1 PVU on 14 April 2008 and by 6.0 PVU on 15 April
2008, identifies this tropopause related process in contrast to
the 2 or 4 PVU isolines. Both VCO and VO; are enhanced
within this intrusion event.
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Figure 6. Seasonal mean WACCM gradient of (a and ¢) Oz and (b and d) CO on the 350 K isentrope for
DJF and JJA 2008. Mean PV'" is represented by the 4.9 PVU isoline in JJA and by 3.4 PVU in DJF
(yellow lines). The mean horizontal wind speed is highlighted by orange contours.

[45] These examples show that the analysis of isentropic
gradients of trace gases, such as VO; and VCO, may help
identifying the preferred transport pathways in the UTLS
and the tropopause as a boundary between the UT and LS
is identified by ¢.". Nevertheless, there is a discrepancy
between the location of maximum VCO and (2" above North
America toward the western Atlantic during DJF (Figures 4
and 6), which is analyzed in section 4.4.

4.4. Sectional Mean Isentropic Gradients

[46] For a better understanding how trace gas gradients
may be affected by local dynamics in specific regions,
Figure 8 shows the mean isentropic distribution of VCO
and VOs; in ¢ — 0 coordinates for DJF 2008 in two different
Northern Hemisphere quadrants: Q1, A = 90°-180°, central
Asia and western Pacific; Q2, A =270°-360°, North Atlantic
from the eastern United States to western Europe.

[47] These two different hemispheric quadrants, Q1 and
Q2, were chosen for their different relationships between
the dynamical and chemical discontinuity in the tropopause
region (Figure 6). QI represents a region with a close
relationship between the trace gas gradients, the jet streams
and PV™", whereas Q2 is a region of split jet streams which
is characterized by a weaker relationship between trace
gas gradients and PV'".

[48] Figures 8a and 8b show the sectional zonal mean
cross section of VO3 and VCO from 300 to 380 K over the
Q1 region for DJF 2008. VO3 and VCO maxima are related
to PV'* in the vicinity of the jet stream over the Q1 region,
which reflects the usefulness of the PV gradient-based
tropopause to represent the chemical and the dynamical
discontinuity. In contrast, there is a split jet stream over the
Q2 region (Figures 8c and 8d). On isentropes above 340 K,
a double jet stream structure, i.e., subtropical and polar jet
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stream, is present in this sectional mean, with the cores of
the subtropical jet stream at 345 K at ¢ = 20°N and of the
polar jet stream at 320 K at ¢ = 50°N. Maximum VO; are
closely related to PV''" and the jet streams in the seasonal
mean. On lower isentropes both O; and PV'* follow the
polar jet stream, and on higher isentropes they follow the
subtropical jet stream, respectively. This consistency is not
observed for VCO. Maximum VCO represents the polar jet
stream at around ¢ = 50°N on all isentropes above 320 K,
but do not have a clear association with the subtropical jet
stream structure at lower latitudes. This discrepancy in the
Q2 region also accounts for the poleward offset of VCO in
-0 coordinates in Figures 4 and 5.

[49] To further analyze this offset in trace gas gradient,
Figures 9a-9d show the sectional zonal mean O3 and CO
distribution over the Q1 and Q2 regions in DJF 2008. There
is a clear difference in the CO distribution in the vicinity of
the subtropical jet stream between the Q1 and the Q2 region.

[s0] PVTP is associated with an intense jet stream and with
a sharp transition of both trace gas distributions from the
troposphere to the stratosphere over the QI region. Here,
high CO from the boundary layer may be transported by
convection above the landmasses into the UT in the tropics
and subtropics (¢ = 0°N-30°N), and may reach the tropical
tropopause at around 380 K.

[51] In contrast, the dynamics over the Q2 region may
influence the trace gas distribution in this region in a dif-
ferent manner than over the Q1 region. The Q2 region is
characterized by a split jet stream. While a CO mixing ratio
larger than 90 ppbv is observed up to 360 K at approxi-
mately ¢ = 20°N over the Q1 region, the same CO mixing
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Figure 8. Zonal mean WACCM O3 and CO gradient (a and b) above Asia (90°-180°) and (c and d)
above the North Atlantic (270°-360°) on 300-380 K isentropes for DJF 2008. Mean PV'" (yellow
squares) and maximum trace gas gradients (white diamonds) are shown for each isentrope. Mean 2
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Figure 9. Same as Figure 8 but for mean isentropic O3 and CO.

ratio occurs below the subtropical jet core at around 345 K
over the Q2 region. This may be partly explained by the
relatively weak convective activity above the North Atlantic
at around ¢ = 20°N. The tropical tropopause layer (TTL),
vertically extending from 350 to 420 K and horizontally
bounded by the position of the subtropical jet stream
[Konopka et al., 2007; Fueglistaler et al., 2009], seems to
be horizontally less well bounded over the Q2 region than
over the Q1 region. The region above the subtropical jet
core at 345 K in the Q2 region is characterized by a strong
cross-isentropic gradient of CO. The corresponding CO
distribution is rather characterized by a stratospheric signal
since the CO distribution is similar to that in the extra-
tropical LS.

[52] There may likely be an enhanced isentropic exchange
of air masses between the TTL at lower latitudes and the
lowermost stratosphere (LMS) in the extratropics over the
Q2 region compared with the Q1 region. A less strong
barrier between the TTL and the LMS is also indicated by
weaker trace gas gradients in O3 and CO over the Q2 region
compared with the QI region (see Figure 8). Isentropic
exchange on high isentropes in particular regions of the
Northern Hemisphere may therefore favor a disagreement
between the location of the quasi-horizontal CO gradient,
VCO, and PV'™. The stratospheric tracer O3 which is less
influenced by tropospheric convection in the UTLS is also
characterized by a similar trace gas distribution in the TTL
and the lowermost stratosphere above the Q2 region.

[53] The results show that regions with a significant rela-
tionship between PV'" and trace gas gradients identify the
transport barrier on isentropes. In other regions where this
relationship is weaker, the PV gradient-based tropopause
may represent a more permeable boundary between the
stratosphere and troposphere.

[s4] The relation between PV'* and the gradients of dif-
ferent trace gases characterized by different lifetimes is also

examined (not shown). The tropospheric tracers HCFC-22
and N,O are characterized by the same discrepancy
between the chemical and dynamical discontinuity above the
North Pacific as CO, while the stratospheric tracer HCI shows
a similar agreement as observed for O;. These results are
also achieved for other years between 2004 and 2007.

[55] In the following, the seasonal behavior of the relation
between the trace gas gradient and PV'" is examined to
further test the behavior of PV'" as a boundary between the
troposphere and stratosphere.

4.5. Annual Variation of Isentropic Trace Gradients

[s6] The relationship between VO3 and ¢!" is analyzed
on different isentropes (330, 350, and 370 K). In contrast to
CO, Oj is less influenced by convection-driven processes in
the troposphere and is better suited to test how well ¢i©
identifies the boundary and transport barrier. Figures 10a—
10c show the seasonal and annual variation of VOj in
equivalent latitude on the three isentropes from 2004 to 2008.
VOj; is averaged with equivalent latitudes as described in
section 4.2 for monthly bins.

[57] On each of the three isentropes, oo' identifies a
strong transport barrier at the tropopause during winter
(DJF) in each year. In general, VO; maxima are related to
@a” in the vicinity of the jet stream in DJF. During summer
(JJA), the transport barrier weakens and moves poleward
[Haynes and Shuckburgh, 2000]. The tropopause appears
to be more permeable, which is consistent with a weakening
of VOs and the jet streams in Figure 10. PV'" also identifies
the poleward movement of the VO3 in JJA.

[58] In addition, the 2 PVU isoline does not consistently
identify the transport barrier on all isentropes. The dis-
crepancy between 2 PVU and VO; maxima and the wind
maxima increases from lower to higher isentropes. On the
370 K isentrope the 2 PVU isoline is totally decoupled from
any dynamical and chemical discontinuity connected to the
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tropopause. It is even in an opposite phase with VO3 and ¢g©
as it moves equatorward during JJA.

[s9] A well-established diagnostic of isentropic transport
barriers is the eddy diffusivity based on potential vorticity
[Nakamura, 1996; Haynes and Shuckburgh, 2000]. The
seasonal evolution of VO3 with equivalent latitude in the
Northern Hemisphere, as shown in Figure 10, has a strong
similarity with the eddy diffusivity diagnostic by Haynes
and Shuckburgh [2000]. The stronger boundary during
DIJF is indicated by maximum VOj; and a minimum eddy
diffusivity reflecting a reduced mixing of trace gases across
the tropopause. In JJA, the weakening of VO3 is connected
to an enhanced eddy diffusivity.

[60] Berthet et al. [2007] analyzed the location and sea-
sonal evolution of the transport barrier associated with the
tropopause based on trajectory calculations. They further
defined a Lagrangian tropopause, which is marked by the
proportion of trajectories visiting the boundary layer within
a fixed time period. Berthet et al. [2007] found a difference
between the position of the Lagrangian tropopause and the
2 PVU isoline, agreeing with our results on the discrepancy
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between the PV gradient-based tropopause and isentropic
trace gas gradients with the 2 PVU isoline. The locations of
the PV gradient-based tropopause and the Lagrangian tro-
popause reveal a pronounced seasonal cycle with a move-
ment toward the pole in JJA and toward the equator in DJF
on all isentropes. This seasonal cycle turns into an opposite
phase from lower to higher isentropes when the tropopause
is defined by the 2 PVU isoline (Figure 10).

[61] ©oF is at 30°N during DJF when it is associated with
a strong transport barrier from 330 to 370 K. In contrast, ¢2"
moves further northward and becomes permeable during
JIA. There is a seasonal cycle of the location of 2F, which
spans a greater range of equivalent latitudes between JJA
and DJF on lower than on higher isentropes (Figure 10).
These results of the seasonal variation of ¢  are in agree-
ment with the variation of the Lagrangian tropopause of
Berthet et al. [2007].

5. Discussion and Conclusions

[2] The chemical and dynamical discontinuity at the
extratropical tropopause is analyzed using STARTOS and
WACCM data. The study focuses on middle world isen-
tropes between 300 and 380 K. This is a different approach
complementary to studies investigating the vertical trace gas
gradients using the altitude relative to the lapse rate tropopause
[Pan et al., 2004; Hegglin et al., 2009; Tilmes et al., 2010].

[63] The results support the PV gradient-based dynamical
tropopause, PV'*, as a diagnostic of the physical bound-
ary in the UTLS [Kunz et al., 2011]. The concept of PV'* is
examined with the help of isentropic gradients of O3 and
CO. The main results and the relevance and limitations of
the approach are discussed in section 5.1.

5.1. Consistency of the Dynamical and Chemical
Discontinuity

[64] The consistency overall between PV’ and isentropic
trace gas gradients of O3 and CO, ie., VO3 and VCO,
shows that PV'* locates the isentropic chemical disconti-
nuity well and therefore represents the transport boundary
between the stratosphere and the troposphere. Maximum
VO3 and VCO are seen in the vicinity of the jet streams and
follow the characteristic split above the North Atlantic and
Pacific in DJF. Nevertheless, VO; is better related to PV'*
than VCO. This discrepancy may well be due to the fact that
O; and CO have their dominant source regions in the
stratosphere and troposphere, respectively.

[65s] Dynamical processes in the troposphere, e.g., con-
vective transport, which are different from those in the LS,
e.g., adiabatic transport near the tropopause, may differently
influence the UTLS distribution of tropospheric and strato-
spheric trace gases. The concept of PV'* is largely a
stratospheric concept, since it is based on equivalent latitude
and PV as a passive and stratospheric tracer [Danielsen and
Hipskind, 1980]. This may explain the sharp transition of
the stratospheric tracer O; at PV'". In contrast, the sources
of CO are in the boundary layer and convection transports
CO into the UTLS. This makes the distribution of CO in the
UTLS dependent on regional source regions and dynamics
in the troposphere.

[66] VO3 and VCO in the vicinity of the jet streams
follow a seasonal cycle, with largest absolute values in DJF
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and lowest absolute values and a poleward shift in JJA.
PV™® asa boundary between the UT and LS, is connected
to a strong transport barrier in DJF when high trace gas
gradients are observed in its vicinity. In JJA, when the
tropopause is known to be more permeable the related trace
gas gradients are weakened. Nevertheless, in DJF regions of
split jet streams are connected to mixing and STE [Scott
et al., 2001; Waugh and Funatsu, 2002] and these regions
may consequently be characterized by low trace gas gradients
and low PV gradients representing a permeable PV'".

[67] In the vicinity of jet streams, PV follows VO,
better than a fixed PV isoline. On isentropes above the core
of the subtropical jet stream at around 350 K, a fixed PV
isoline fails to represent the dynamical discontinuity and
does not identify the boundary.

5.2. Trace Gas Gradients and Transport Pathways
in the UTLS

[68] Regions with high VO; and VCO decoupled from
the PV gradient-based tropopause and the jet streams are
also shown. These anomalous gradients reveal the existence
of preferred transport pathways in the UTLS. Two types of
transport pathways are identified using trace gas gradients,
which are discussed in the following.

[69] Enhanced VO; is observed above the North Pacific
in DJF and above the eastern United States in JJA. A
detailed analysis of VO3 on synoptic and seasonal time
scales with longitude at 350 K shows that high O; (low CO)
is transported across the tropopause from the LS to the UT
equatorward of the jet streams. On this isentrope STE pro-
cesses are more frequent during JJA than during DJF
[Wernli and Sprenger, 2007] and are related to VO,
decoupled from the dynamical field equatorward of PV™"
above the North Pacific. A high frequency of streamers and
cutoffs is also observed in the same region above the Pacific
in DJF and the eastern United States in JJA [Wernli and
Sprenger, 2007; Sprenger et al., 2007].

[70] Enhanced VO3 and VCO in the UTLS equatorward
of PV™ from Europe to Asia in JJA may be affected by
convective processes. In JJA, convection transports high CO
and low Oz upward into the UTLS, e.g., the monsoon deep
convection above Asia [Park et al., 2009]. Anthropogenic
boundary layer emissions may also be rapidly transported
into the stratosphere by deep exchange processes with ori-
gins corresponding to the storm track entrance regions near
the Asian or the North American East Coast [Wernli and
Bourqui, 2002]. The regions of anomalous trace gas gra-
dients in the UTLS are therefore associated with higher
CO and lower O3 contents compared to the unperturbed
background atmosphere.

[71] This study has shown that STE processes can gen-
erally be identified by anomalous enhanced VO* and VCO
which are decoupled from the dynamical field, i.e., PV'". A
detailed analysis of these trace gas anomalies may therefore
be valuable for understanding cross tropopause exchange
processes. These enhanced trace gas gradients are further
connected to specific values of PV'*. The example of a RWB
event at 380 K above the North Pacific can be identified by
PV'™ =6 PVU. This is consistent with the study of Pan et al.
[2009], who observed stratospheric intrusions above the jet
streams associated with the 6 PVU isoline.
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5.3. Relevance and Limitation of the Approach

[72] Our analysis suggests that the PV gradient-based
dynamical tropopause, PV'", is a general and fundamental
concept to identify the boundary between the troposphere
and stratosphere. This dynamical tropopause is consistent
with the trace gas field and has the potential to identify and
characterize STE processes.

[73] Nevertheless, PV’ may have issues in representing
the dynamical discontinuity on isentropes with two strong
jet streams mergin% and meandering around the globe.
The concept of PV'" is based on a Paﬁicular isoline of PV
on an isentrope. Consequently, P¥'" can only represent a
part of multiple jet streams meandering on a large regional
extent, because the related isentropic wind field is not
characterized by a pronounced maximum at a particular
equivalent latitude. Since the determination of PV is
dependent on the horizontal wind speed and the PV gradi-
ent, PV'™® is described in these cases by the equivalent lat-
itude connected to a maximum PV gradient. In multiple
jet stream situations PV'* may fail to accurately represent
the dynamical discontinuity at all longitudes. The strength
of the equivalent latitude approach of PV'™* is on the global
distribution of the PV gradient and the horizontal wind field.
The approach is limited, as it is missing some of these local
features.

[74] Complex double jet streams should be rather ana-
lyzed by local analyses and may be better represented by a
coordinate system relative to local maximum jet stream
wind speeds [Ray et al., 2004; Manney et al., 2011].
Manney et al. [2011] recently performed a detailed analysis
of the jet stream and plotted their data in relative latitude
distances to the jet stream. For future work it would be
interesting to examine how well each method works under
complex jet structure conditions. This is reasonable, since
the jet stream coordinate by Manney et al. [2011] may
segregate air masses differently than our relative equivalent
latitude coordinate, e.g., when analyzing features on the
anticyclonic and cyclonic shear sides of the jet streams
(L. L. Pan et al., Commentary on using equivalent latitude in
the upper troposphere and lower stratosphere, submitted to
Atmospheric Chemistry and Physics, 2011). In these cases,
air masses with tropical equivalent latitude characteristics on
the cyclonic side of the subtropical jet stream, e.g., tropo-
spheric intrusions, may be connected with an equivalent
latitude lower than that of the jet stream. Using the relative
equivalent latitude coordinate, it is difficult to identify these
intrusion events into the LS.

[75] Nevertheless, the equivalent latitude concept is well
suited to identify the PV gradient-based tropopause, PV'",
as a boundary in the UTLS. In multiple jet stream situations
with a smooth wind field without any pronounced maximum
in equivalent latitude coordinates, the maximum PV gradi-
ent, i.e., PVTP, still represents the chemical discontinuity in
VOs;. The jet streams therefore may not play the predomi-
nant role in determining the value of VOj3 as suggested by
Ray et al. [2004]. In complex jet stream regions a compar-
ison of PV with the so-called €90 tropopause introduced
by Prather et al. [2011] can be enlightening. Based on an
artificial tracer €90 with surface sources and a 90 day decay
time, Prather et al. [2011] mapped out the tropopause with a
large seasonal variation of Oj. Since the €90 tropopause
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captures complex features such as tropopause folds, it may
also be worthwhile for the analysis of multiple jet stream
situations.

[76] In the future, PV''" may contribute to improved diag-
nostics of tropopause-related processes which otherwise may
be biased due to ad hoc chosen values for the dynamical
tropopause. Both for the identification of the transport barrier
[Haynes and Shuckburgh, 2000; Haynes et al., 2001], and
for the quantification of cross tropopause mass exchange
fluxes [Wernli and Bourqui, 2002; Schoeberl, 2004], the
exact location of the tropopause is decisive.
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