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[11 We present a climatology of Os;, CO, and H,O for the upper troposphere and lower
stratosphere (UTLS), based on a large collection of high-resolution research aircraft data
taken between 1995 and 2008. To group aircraft observations with sparse horizontal
coverage, the UTLS is divided into three regimes: the tropics, subtropics, and the polar
region. These regimes are defined using a set of simple criteria based on tropopause height
and multiple tropopause conditions. Tropopause-referenced tracer profiles and tracer-tracer
correlations show distinct characteristics for each regime, which reflect the underlying
transport processes. The UTLS climatology derived here shows many features of earlier
climatologies. In addition, mixed air masses in the subtropics, identified by O5-CO
correlations, show two characteristic modes in the tracer-tracer space that are a result of
mixed air masses in layers above and below the tropopause (TP). A thin layer of mixed air
(1-2 km around the tropopause) is identified for all regions and seasons, where tracer
gradients across the TP are largest. The most pronounced influence of mixing between the
tropical transition layer and the subtropics was found in spring and summer in the region
above 380 K potential temperature. The vertical extent of mixed air masses between UT
and LS reaches up to 5 km above the TP. The tracer correlations and distributions in the
UTLS derived here can serve as a reference for model and satellite data evaluation.

Citation: Tilmes, S., et al. (2010), An aircraft-based upper troposphere lower stratosphere O3, CO, and H,O climatology for the
Northern Hemisphere, J. Geophys. Res., 115, D14303, doi:10.1029/2009JD012731.

1. Introduction climate change [e.g., Forster and Shine, 1999; Shepherd,
2007]. The tropopause separates the stratosphere from the
troposphere and marks the transition from the relatively
unstable troposphere to the stratosphere, which is character-
ized by a high static stability. The tropopause acts as a barrier
to exchange of air between the troposphere and the strato-

sphere due to the increasing thermal stratification in the

[2] The strong coupling between chemistry, dynamics and
radiation in the upper troposphere/lower stratosphere (UTLS)
makes this region very susceptible to climate variability and
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vertical direction and increasing isentropic potential vorticity
in the horizontal direction.

[3] The layer around the tropopause (TP) is therefore
characterized by a strong gradient in chemical composition
between stratospheric and tropospheric air masses. This
layer is referred to as the extratropical transition layer
(EXTL) [World Meteorological Organization, 2003; Pan
et al., 2004, 2007; Hegglin et al., 2009] and it follows the
local tropopause rather than isentropic surfaces [e.g., Hoor
et al., 2004; Pan et al., 2004]. The depth of the EXTL has
been quantified in earlier studies using O3-CO and O3-H,O
tracer correlations using aircraft [Pan et al., 2004, 2007] and
satellite observations [Hegglin et al., 2009]. Pan et al.
[2007] calculated the depth of the transition layer to be
1.5-2 km using O3-H,O correlations for the spring to fall
season based on POLARIS aircraft observations. They found
that the transition layer was centered at the thermal tropo-
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pause, which was identified using the temperature lapse rate
[World Meteorological Organization, 1957]. Hegglin et al.
[2009] found a wider EXTL of 3-4 km based on O3-CO
and 2.5-4 km based on O3-H,O correlations with the center
slightly above the TP, using data from the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer
(ACE-FTS) satellite instrument. They only found minor
seasonal differences in the depth of the EXTL. Using tracer-
tracer correlation as applied in earlier studies, the ExTL
includes observations above the layer of the strongest gra-
dient in chemical composition. The depth of this layer can
vary depending on the criteria used to define the stratospheric
background. Resulting differences in the thickness of the
EXTL between aircraft and satellite observations might be
partly caused by different criteria chosen, as we discuss later.

[4] In addition to mixing processes at the TP, various
studies have observed quasi-horizontal two-way exchange
between tropospheric and stratospheric air masses in the
vicinity of the subtropical jet (STJ) and the polar jet (PJ).
Transport from the tropical troposphere across the barrier of
the STJ [e.g., Haynes and Shuckburgh, 2000; Hegglin et al.,
2005] contributes to the chemical composition of the low-
ermost stratosphere (LMS). This influence has been quan-
tified to range between 30% in winter and 65-70% in
summer [Hoor et al., 2005; Béonisch et al., 2009]. In addi-
tion, the extratropics are influenced by air that has crossed
the tropical tropopause and is transported up to 450 K
potential temperature and subsequently to higher latitudes,
where it descends and affects the composition of the LMS
[e.g., Rosenlof et al., 1997; Tuck et al., 1997]. Furthermore,
tropospheric intrusions associated with breaking Rossby
waves influence the trace gas composition in the LMS [Pan
et al., 2009]. In addition, the influence of stratospheric
mixing has been identified in the tropical troposphere, such
as the large fraction of stratospheric ozone in the tropical
upper troposphere, identified by Marcy et al. [2004] using
HCI/Oj5 tracer correlations.

[5] An accurate representation of the interplay between the
complex processes in the UTLS in global chemistry climate
models and chemistry transport models is of great impor-
tance in simulating present and future climate [e.g., Law et
al., 2000; Hegglin et al., 2006; Strahan et al., 2007; Pan
et al., 2007; Teyssedre et al., 2007]. Models are especially
challenged to simulate the strong tracer gradient across the
tropopause and the seasonality of mixing processes between
UT and LS. A comprehensive UTLS climatology that
describes the characteristics of tracer profiles across the TP is
useful for model evaluation. This work is especially moti-
vated by the on-going effort of process-oriented chemistry-
climate model validation (CCMVal) [Eyring et al., 2005,
2007], which includes the chemical composition of UTLS as
well as the chemical transition across the TP. This clima-
tology is also useful for satellite evaluation.

[6] High-resolution trace gas data from research aircraft
over the last several decades provide a wealth of information
for process studies in the UTLS region. These data have the
strength of high accuracy and characterization of realistic
atmospheric variability, such as the strong gradients across
the tropopause [e.g., Tuck et al., 2003; Pan et al., 2004;
Poberaj et al., 2007], and the gradients across the STJ and
PJ [e.g., Ray et al, 2004; J. Lelieveld et al., personal
communication, 1997]. UTLS tracer climatologies based on
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different aircraft databases have been established in earlier
studies mainly in the stratosphere [e.g., Tuck et al., 1997,
Boering et al., 1995; Strahan et al., 1999]. For the lower-
most stratosphere there are studies of the ExXTL based on
measurements taken in Europe over two years from the
SPURT campaign [Hoor et al., 2004; Krebsbach et al.,
2006; Bénisch et al., 2009]. Furthermore, data from com-
mercial airliners within MOZAIC [Thouret et al., 2006;
Brioude et al., 2008], CARIBIC [Zahn and Brenninkmeijer,
2003] and the Global Atmospheric Sampling Program
(GASP) [Poberaj et al., 2007, 2009] provide a large amount
of data in the tropopause region along the major flight
routes. However, these data rarely reach 13 km and stay
below the 360 K potential temperature level, and therefore
do not cover the entire LMS or the tropical UTLS. Fur-
thermore, the compiled data sets are limited in meridional
and latitudinal coverage and the polar regions are not well
characterized. For the tropics, a separate UTLS climatology
was derived by Folkins et al. [2006] using data from the
SHADOZ ozonesonde network and Aura Microwave Limb
Sounder (MLS).

[7] The objective of this paper is two-fold. First, we
present a novel approach to group sparse aircraft observa-
tions into three meteorological regimes: the tropics, the
subtropics, and the polar region. Information about the
height of the TP at each measurement location is used,
which is correlated to the location of the jet streams. The
separation of air masses following the large amplitude wave
motions results in distinct tracer characteristics in each
region. We propose simple criteria based on the tropopause
height that can be applied to a large number of observations,
as well as to model output, allowing model comparisons
with non-co-located measurements.

[8] The second objective of this paper is to present a cli-
matology of ozone (Os), water vapor (H,O), and carbon
monoxide (CO) in the northern hemisphere UTLS. We apply
the new method to high-resolution trace gas data from
research aircraft experiments between 1995 and 2008. The
interannual variability in this period is expected to be small
for the considered tracers. The resulting climatology greatly
improves the horizontal and vertical coverage of previous
studies where aircraft data were used [Pan et al., 2004, 2007].
Tracer distributions described here are referenced to the
height of the thermal tropopause. The derived distributions
provide a good representation of the strong gradient across
the TP and can serve as a basis for comparison to model and
satellite observations. The new climatology provides further
insights into the seasonal and regional variability of tracer
profiles and mixing processes in the UTLS. We use tracer-
tracer correlations in the subtropics and the polar region to
derive the depth of the region that is influenced by both
stratospheric and tropospheric air masses, called the “mixing
region” in the following. Here, we separate the mixing region
in different vertical layers to characterize air mass exchange
and mixing in altitudes referenced to the TP and to the vertical
location of the STJ for different regions and seasons.

2. Data and Meteorological Analysis

2.1.

[v] We use data from a large collection of research aircraft
campaigns as listed in Table 1. Measurements from projects

Aircraft Observations
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Table 1. All Aircraft Campaigns Included in This Study, Conducted Between May 1995 and June 2008

Campaign Full Name Period
STRAT STratospheric TRacers of Atmospheric Transport May 1995; Oct.—Nov. 1995; Feb., July Sep., Dec. 1996
TOTE/VOTE Tropical Ozone Transport Experiment (TOTE) Dec. 1995-Feb. 1996
Vortex Ozone Transport Experiment (VOTE)
POLARIS Photochemistry of Ozone Loss in the Arctic Region in Summer April-May, June—July, Sep. 1997
SOLVE SAGE III Ozone Loss and Validation Experiment Nov. 1998; Sep.—Dec. 1999; Jan.—-March 2000
SPURT Spurenstofftransport in der Tropopausenregion Nov. 2001 to July 2003, 8-10 flights per season

CRYSTAL-FACE
Florida Area Cirrus Experiment

AVE Aura Validation Experiment

AVE Fall

AVE Houston

Polar AVE

CR-AVE Costa Rica

TC4 Tropical Composition, Cloud and Climate Coupling

STARTO8/ Stratosphere-Troposphere Analyses of Regional Transport

preHIPPO HIAPER Pole-to-Pole observations (HIPPO)

ARCTAS Arctic Research of the Composition of the Troposphere from
Aircraft and Satellites

GRACE POLARCAT - Greenland Aerosol and Chemistry Experiment

Cirrus Regional Study of Tropical Anvils and Cirrus Layers

[Engel et al., 2006]
July 2002

October, November 2004
June 2005

January, February 2005
January, February 2006
June—August 2007
April-June 2008

April and June 2008

July 2008

not included in this analysis, e.g., MOZAIC, can be
included in future studies using the procedures discussed
here. The spatial and seasonal coverage of the flights
included in the climatology is illustrated in Figures 1 and 2.
The compiled data cover altitudes up to 22 km for mea-
surements from the NASA ER-2 and WBS57 aircraft, up to
15 km for measurements from the NSF/NCAR Gulfstream V

(GV), formerly referred to as HIAPER (High-performance
Instrumented  Airborne Platform for Environmental
Research), up to 13 km for the German Learjet, and up to
12 km for the NASA DC8, and the German Falcon. The
collection of data obtained aboard these different aircraft
results in a broad altitude coverage and sampling across the
TP in nearly all latitudes in winter and summer. In fall, the

Figure 1. Vertical and latitudinal coverage of aircraft campaigns used here are grouped into four
seasons: winter (DJF), spring (MAM), summer (JJA), and fall (SON). An averaged thermal tropopause
for each seasons was derived for each season based on NCEP/FNL meteorological analysis of the year

2006, shown as a black line.
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Figure 2. Horizontal and latitudinal coverage of different aircraft campaigns (colors as in Figure 1).

coverage of the middle and high latitudes is relatively sparse
compared to the other seasons. All tracer data analyzed here
are available during all seasons and latitude regimes, except
for CO in the tropics during the spring time. In the horizontal,
the observations cover a large part of North America and
Western and Northern Europe for all seasons. No aircraft
observations over Asia or Africa are included.

[10] The research aircraft and the payload vary for the
different campaigns. The different instruments that were
used to measure O;, CO, and H,O, are briefly summarized
in Table 2. Here, we combine data with different integration
times between 1 second and up to 3040 seconds.

2.2. Meteorological Analysis

[11] NCEP Global Tropospheric Analyses (http:/wwwt.
emc.ncep.noaa.gov/gmb/para/parabout.html) are used to
derive the location of the STJ and PJ, based on calculation
of the zonal wind maximum. We also derive the local
thermal TP, both primary and secondary, using the tem-
perature lapse rate [World Meteorological Organization,
1957]. Further, we derive the local TP for every measure-
ment (see Section 4). Before September 1999, we use
analyses from the Final Global Data Assimilation System
(FNL) on a global grid of 2.5 x 2.5 degree every 12 hours.
The analyses are available on the surface and at 16 levels
from 1000 hPa to 10 hPa. To calculate the TP height for

aircraft data taken after September 1999, we use FNL
analyses on a 1.0 x 1.0 degree global grid, which are
available on 26 levels from 1000 hPa to 10 hPa and every
6 hours. Due to the coarse vertical resolution, we qua-
dratically interpolate meteorological data to a finer pressure
grid to estimate the cold point and therefore the TP height
as precisely as possible. The relatively coarse vertical res-
olution of meteorological analyses in the vicinity of the TP
of =1 km before 1999 contributes to increased uncertainties
in our estimate of the TP height, and therefore to increased
uncertainties in tracer profiles referenced to the TP height.
Differences between TP height derived using meteorolog-
ical data and TP height derived using temperature profiles
during the flight are often in the range of £1 km. However,
differences in the range of £2 km were found for some
campaigns. Since these deviations occur in both directions,
an impact on the following analysis is expected to mainly
affect the variability and not the mean value of the tracer
distribution with regard to the TP.

3. Definition of Meteorological Regimes in the
UTLS

[12] The UTLS can be broadly divided into the tropical
UTLS and the extratropical UTLS (ExUTLS), separated by
the discontinuity of the thermal tropopause that occurs at the
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Table 2. Summary of Instrumentation, Accuracy, and Precision of Ozone, CO, and H,O for Different Aircraft Campaigns for Various

Years Between 1995 and 2008 and on Different Carriers

Ozone Precision/ CO Precision/ H,0 Precision/

Campaign Carrier Year Instrument Accuracy Instrument Accuracy Instrument Accuracy
STRAT ER2 1995/1996  UVP?* +5%/+5% ALIAS® <0.2 ppbv/3%  Harvard H,0°  £5%/0.1 ppmv
TOTE/VOTE DC8 1995/1996  CI¢ 0.9-1.9 ppbv/5% DACOM® <1%/<2% DLH" 2%/10%
POLARIS ER2 1997 uvp? +5%/+5% ALIAS® <0.2 ppbv/3%  Harvard H,O°  +5%/0.1 ppmv
SOLVE ER2 1999 Uvp* +5%/+5% ALIAS® <0.2 ppbv/3%  Harvard H20°  £5%/0.1 ppmv
SOLVE DC8 1999 FastOz® <1 ppbv/<2% DACOM® <1%/<2% DLH' 2%/10%
SPURT Learjet 35 2001-03  JOE (UVP)* <3%/<5% TRISTAR]1 <1%/<2% not used'
CRYSTAL-FACE WB57 2002 Uvp? +5%/+5% Argus’ <2% Harvard H20¢  +5%/0.25 ppmv
AVE Fall WBS57 2004 uvp? +5%/+5% not used' JPL H20* <1%/10%
AVE Houston WBS57 2005 uvp* +5%/+5% Argus’ <2% JPL H20* <1%/10%
PAVE DC8 2005 FastOZ® 2%/<1% DACOM® <1%/<2% DLH" 2%/10%
CR-AVE WBS57 2006 uvp? +5%/+5% ALIAS® <0.2 ppbv/3%  Harvard H20°  +5%/0.25 ppmv
TC4 WB57 2007 Uvp* +5%/+5% WAS' 5%/10% JPL H20* <1%/10%
STARTOS8 GV 2008 uvp? +5%/+5% NCAR CO™ 0.8 ppbv/+9% VCSEL" <3%/10%
ARCTAS DC8 2008 cr 0.9-1.9 ppbv/5% DACOM® <1%/<2% DLH' 2%/10%
GRACE Falcon 2008 Uvp? 2%/5% VUV® 5%/10% FISHP 4%/0.2 ppmv

“Dual-beam UV-absorption ozone photometer [Proffitt and McLaughlin, 1983; Krebsbach et al., 2006] for the JOE (Jiilich Ozone Experiment during
SPURT) and modified for GRACE using the TE49C instrument [Schlager et al., 1997].

PAircraft laser infrared absorption spectrometer [Webster et al., 1994; Lopez et al., 2008].

“Photofraqment Fluorescence Hygrometer, Harvard [Weinstock et al., 1994; Hintsa et al., 1998, 1999].

dChemiluminescence Instrument [Ridley and Robinson, 1992]. Precision values were derived for 1-second values and vary with altitude.

°Diode Laser In-Situ (DACOM) [Sachse et al., 1987].

Diode Laser Hygrometer (DLH) [Vay et al., 2000; Diskin et al., 2002; Podolske et al., 2003].

2FastOz Chemiluminescence Instrument.

%’Tracer in-situ TDLAS (tunable diode laser absorption spectrometer) for atmospheric research [Hoor et al., 2004].
'Measurements are not included, because some profiles systematic discrepancies in comparison to averaged values, derived combining other campaigns

for the same season, that could not be explained.
JArgus tunable diode laser spectrometer [Loewenstein et al., 2002].

kOpen—Path, Near-Infrared Tunable Diode Laser Spectrometer (JPL) [May, 1998].

'Whole Air Sampler CO.

NCAR/NSF C-130 CO vacuum UV resonance fluorescence instrument, similar to that of Gerbig et al. [1999]. Precision and accuracy were derived for
a |-minute averaging time and estimated based on the good agreement with the Harvard instrument.
"WCSEL hygrometer (M. A. Zondlo et al., Vertical cavity laser hygrometer for the National Science Foundation Gulfstream-V aircraft, submitted to

Journal of Geophysical Research, 2010).
°VUV fluorescence (AL5002) [Baehr et al., 2003].
PLy alpha photo fragment fluorescence (FISH) [Zoger et al., 1999].

location of the STJ. Previous studies have shown that there
is also a strong quasi-horizontal gradient in the ozone field
across the STJ and the PJ [e.g., Hudson et al.,2003; Ray et al.,
2004; Brioude et al., 2008] and in water vapor [Follette-
Cook, 2008]. These observations and the results of our
analyses, to be discussed later, motivate a further subdivi-
sion of the EXUTLS into the subtropics and the polar
regions. Following Hudson et al. [2003], we divide the
UTLS in three regions, the tropics, subtropics and the polar
region, that are separated by two daily varying boundaries
the STJ and the PJ.

[13] We introduce an approach to define coherent regimes
that are based on tropopause height. This approach takes
advantage of the well known relationship between the tro-
popause height change and the location of the STJ and the
PJ [e.g., Palmén and Newton, 1969; Shapiro and Gronas,
1999]. Further, Hudson et al. [2003] have shown that the
meteorological regimes defined by the locations of the jet
streams describe characteristic TP heights. The air mass
location relative to the jet streams can be therefore calcu-
lated using either wind fields or temperature fields.

[14] To define the characteristic height of the TP for each
region, we analyze the seasonal varying distributions of the
two correlated fields, as given in Figures 3 and 4 for two
seasons. The TP height is given in potential temperature
coordinate, which follows the isentropic movement of air

masses and therefore serves as a better quantity than altitude
coordinates. The STJ and PJ shown in Figure 3 and 4 were
calculated using the local maximum of the zonal wind speed
between 5-20 km along each longitude. Using the wind
field to identify the location of the STJ and the PJ is rather
complicated, as discussed in detail by Koch et al. [2006].
The simple criteria used here possibly leads to mis-
identifications of the STJ core and the PJ core, as shown
below.

[15] The location of both the STJ and PJ varies strongly
during each season and covers a large latitudinal area of
about 30 degrees; see Figure 3. The tropics (equatorward of
the STJ) cover the largest region in summer, whereas the
polar region (poleward of the PJ) is extended towards lower
latitudes in winter compared to summer. In addition, the STJ
and the PJ are merged more often in summer compared to
winter.

[16] Figure 4 shows the distribution of tropopause height
(given in potential temperature) in the tropics, subtropics
and polar regimes as identified by the zonal wind maxima.
In general, the separation of tropics and subtropics is very
distinct with a tropopause height change from =380 K to
~340 K potential temperature. The separation between
subtropics and polar region is less distinct, especially in
summer. The overlap in tropopause height is consistent with
the behavior of polar jet, which is often segmented and
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Figure 3. Horizontal map of averaged primary thermal TP height for (top) winter and (bottom) summer.
In addition, the location of the maximum zonal wind velocity (minimum of 20 m/s) of the STJ (red) and
the PJ (blue) are shown. Cases where STJ and PJ are merged are shown in back. Thickness of the symbols
indicate the frequency of occurrence of the STJ and PJ, or a merged jet, during each season, based on
NCEP/FNL meteorological analysis in 2006. Meteorological analysis, available four times a day, are
grouped in different seasons. If more than two wind maximum were calculated, the location of the fur-

thermost jet stream is used.

meridionally oriented and forms a less continuous boundary.
In winter, there is a minor population of high tropopauses
(380 K or higher) found in the subtropics. In summer, there
is a small group of low tropopauses (below 360 K) found to
be equatorward of the STJ. These examples show the un-
certainties that arise in using the wind field to define the
location of the STJ core and the PJ core, which result in a
frequent misalignment of the jet streams and the location of
the break of the TP (Figure 4).

[17] Nevertheless, a statistically valid correlation can be
derived based on Figures 3 and 4. A high TP at ~370-380 K
potential temperature (=17 km) is characteristic of the tro-
pics. In the subtropics, the TP height decreases from =370—
380 K potential temperature (17 km) in the tropics to below
325 K potential temperature (8—10 km) in the polar region.
The polar region, poleward of the PJ, is characterized by a
low TP height around 310-325 K potential temperature
(8-10 km) depending on season. We define criteria that are
empirically chosen, to achieve the most distinct tracer char-
acteristic in each of the three regimes. These criteria are
partly based on the relationship between TP height and the jet
locations, including the seasonal variation of the TP height
poleward of the PJ. We also include information on multiple
TP events in these criteria. In the presence of a double TP
near the STJ, the primary TP is often tilted towards potential
temperature levels below 325 K. Those regions are included
in the subtropics to prevent air masses with subtropical

characteristics from being incorrectly added to the polar
region.

[18] We summarize the regions and criteria below.

[19] 1. The “tropics” are defined as a regime where TP
heights are larger than 365 K potential temperature for all
seasons. Besides the upwelling of air masses from the tro-
posphere into the stratosphere, exchange with stratospheric
air from higher latitudes influences the characteristics of
these air masses [e.g., Rosenlof et al., 1997; Tuck et al.,
1997].

[20] 2. The “subtropics” are defined as a regime where the
height of the TP is between 325 and 365 K (winter and
spring) and between 335 and 365 K (summer and fall). In
addition to considering the height of the primary TP, loca-
tions with multiple TP events are also included in this
regime.

[21] 3. The “polar region” is defined as a regime where the
TP is located at or below 325 K in winter and spring and at
or below 335 K in summer and fall, or poleward of 65°N.
The TP height is located below 325 K (335 K) for most of
the profiles poleward of the PJ (see Figure 4). In high lati-
tudes, the WMO-derived TP can occur above 335 K or
cannot be identified, even though almost all profiles are
located poleward of the PJ. Therefore, all measurements
taken poleward of 65°N are assigned to the polar region,
independent of the TP height.

[22] Using new criteria based on the TP height instead of
using the wind field is done to simplify and clarify the
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Figure 4. Normalized number distribution of the tropo-
pause potential temperature (K) of the primary TP, for three
dynamical regimes defined using the location of the sub-
tropical jet (STJ) and the polar jet (PJ) for (top) winter
and (bottom) summer. The location of the jet stream is
defined as the location of the maximum zonal wind velocity
(minimum of 20 m/s) in the Northern Hemisphere between
10 and 85°N. The STIJ is defined as the wind maximum fur-
thest equatorward of the jet stream, the PJ is defined as the
furthest poleward jet stream detected. The first distribution
covers all data points equatorward of the STJ (red), the sec-
ond, all data points between the STJ and the PJ (if STJ and
PJ are not merged) (green), and the third covers all data
points poleward of any zonal wind maximum (blue).

definition of the three meteorological regimes so they can be
applied consistently to different sets of observations and
model results. In this way the influence of mixing above and
below the core of the jet stream and the TP in each region
can be investigated if considering tropopause-referenced
altitude coordinates.

4. UTLS Climatology of O;, CO, and H,0

[23] The criteria introduced in the last section are applied
to the collection of aircraft observations. In this section we
present the resulting climatology of O;, CO, and H,O tracer
profiles referenced to the TP and O;-tracer correlations. We
describe specific features that can be identified using this
climatology. Further, we quantify the depth of the mixing
region between UT and LS in the EXUTLS for different
altitude levels and for different seasons.
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[24] The climatology is compiled as trace gas profiles in
tropopause referenced coordinates, defined as the modified
altitude. For each observation made at a geometric altitude
Z, its modified altitude Z,,, is calculated as:

Zm = Zmrp + (Z — Zgp), (1)

where Z7p is the co-located tropopause height, Z,,7p is the
mean tropopause height for all observations in one region
and season. The co-located tropopause height for each
measurement is derived using meteorological analyses as
discussed in Section 2.2. Adjusting the relative altitude by
the mean tropopause height of each region and season
highlights seasonal and regional differences in the tracer
distribution and of the mean TP height. In addition, observa-
tions can be evaluated relative to the TP height, which
allows one to separate the variability of trace gases due to
transport and chemistry from the variability of the TP height
(as discussed by Pan et al. [2004] and Birner [2006]).

[25] For statistical analysis, the distributions of profiles in
modified altitude is presented using probability distribution
functions (PDFs) (see Figure 5, middle). PDFs are deter-
mined for one km altitude bins. We compare different re-
gions and seasons using the median and the quartiles (25%
and 75%) of the tracer distributions (Figure 5). We discuss
next the characteristics of the example shown in Figure 5.

4.1. O3, CO, and H,O Profiles Relative to the TP

[26] The separation of aircraft data into the meteorological
regimes defined here distinguishes significant differences in
the tracer behavior. PDFs of modified altitude profiles of O3,
CO, and H,O for tropics, subtropics, and the polar region
are shown for summer in Figure 6. The distributions in the
tropics and the polar region are in general more compact
compared to the subtropics.

[27] In the tropics, ozone increases from low tropospheric
values of =100 ppbv at around 12 km towards higher values
up to 400 ppbv at the TP. On the other hand, CO and H,O
mixing ratios start decreasing at around 10 km (=6 km
below the TP) from their tropospheric value (70-120 ppbv
for CO and values larger than 100 ppmv for H,O) towards
the smaller values of ~40—60 ppbv for CO and 6—7 ppmv for
H,O at the TP. Above the TP, O; mixing ratios increase
rapidly (see Figure 6, left).

[28] In the subtropics, O; mixing ratios start decreasing
slightly below the TP. Above the TP the distribution of O3
profiles shows a bimodal distribution between 0—4 km
above the TP. Correspondingly, the median of the distri-
bution shows a weaker slope in this region. The rather low
ozone mixing ratios below 200 ppbv up to 4 km above the
TP indicate isentropic influence of tropical air masses, as
further discussed below. In agreement, CO mixing ratios
start decreasing at the TP until they reach stratospheric
values at ~6 km above the TP. High CO mixing ratios of up
to 120 ppbv are still found up to 2-3 km above the TP in
summer. The tropospheric CO distribution is much wider in
the subtropics than in the tropics and shows 20% larger CO
mixing ratios. In contrast, H,O mixing ratios start decreas-
ing at =5 km below the TP until they reach their minimum at
3 km above the TP in summer. Similar to CO, relatively
large H,O mixing ratios of up to 10—15 ppmv exist at up to
2 km above the TP in summer.
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Figure 5. Ozone profiles versus modified altitude for air-
craft campaigns in spring in the subtropics. The average
of TP heights for each measurement point is shown as a
black horizontal line; the standard deviation is shown as
an error bar. (top) All selected aircraft observations are
shown, different colors indicate different campaigns (see
Figure 1.) (middle) Probability distribution function of all
aircraft observations shown in the top panel. Total number
of data points is given on the top right of the middle and
bottom plots. The median of the distribution is shown as
black solid line and the quartiles of the distribution (25%
and 75%) as black dotted lines. (bottom) Same as Figure 5
(middle) but without the probability distribution function.

[29] In the polar region, vertical profiles of all three tracers
are relatively compact. In contrast to the subtropics, a strong
gradient across the TP appears in the polar region. The the
change in slope of tracer profiles up to 5 km above the TP is
characteristic of the tracer behavior of the LMS, as has been
observed in earlier studies [e.g., Hoor et al., 2004, 2005].
Enhanced H,0O and CO mixing ratios in 2-3 km above the
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TP indicate the influence of convection above the TP in
summer [e.g., Fischer et al., 2002]. Maximum CO mixing
ratios around 5 km below the TP are likely a result of long-
range transport and convection of high levels of CO from
polluted regions in the subtropics.

[30] Seasonal variation of the distinct characteristics of
tracer PDFs in each of the defined regions are less pro-
nounced and in general much smaller than regional varia-
tions and are also smaller than the variability of each region
(see Figure 6). The median profiles of the tracer PDFs for
each season and region are illustrated in (Figure 7). The
largest variability between different seasons occurs in the
subtropics. In this region, the mean tropopause height varies
strongly between the seasons with the lowest TP in winter
and spring and the highest TP in summer and fall. In
addition, this region is characterized by a decreasing TP
between the tropics and the polar region, which results in a
standard deviation of the TP height of 2—4 km. The largest
variability of the height of the TP was found in fall. The
median tracer profile based on a partly bimodal distribution
especially in the subtropics varies depending on the impor-
tance of each of the modes and therefore on the character-
istics of single aircraft campaigns. Seasonal differences of
median profiles based on sparse aircraft data are therefore not
very significant and have to investigated in further studies
using additional observations. Nevertheless, the seasonal
cycle of ozone in the tropical UT can be identified with
lowest ozone mixing ratios occurring in winter [Folkins et
al., 2006]. Further, the sensitivity of H,O to temperature at
and above the TP can be identified, know as the “tape
recorder” effect [Mote et al., 1996, Krebsbach et al., 2006].
H,0 mixing ratios show smallest values in winter and spring
and largest in summer and fall at 1-2 km above the TP for
both tropics and subtropics and at the TP in the polar region.

[31] The climatology compiled here is in general in
agreement with findings from earlier studies. Similar feature
are found, as described by Folkins et al. [2006] for the
tropics, and as shown by Logan [1999] using ozone sonde
observations. The tracer distributions are further in agree-
ment with earlier aircraft observations in the UT and up to
12—13 km in the LS for the subtropics and polar region [e.g.,
Novelli et al., 2003; Thouret et al., 2006; Brioude et al.,
2008; Krebsbach et al., 2006; Poberaj et al., 2009] and
with satellite observations [Hegglin et al., 2009]. The
strongest tracer gradient within 2 km around the TP was
found in the polar region. This result differs from that cal-
culated using satellite observations, which is likely due to a
much finer vertical resolution of aircraft data compared to
satellite observations. The climatology extends the results of
earlier studies by revealing significant differences in the
shape of tropopause referenced tracer profiles in the three
regions of tracers.

4.2. Tracer-Tracer Correlations Using O3, CO, and
H,O0 in the ExUTLS

[32] We further investigate the influence of mixing pro-
cesses between tropospheric and stratospheric air masses in
different vertical layers of the UTLS with regard to the TP
and the STJ core. Os-tracer correlations have been used to
identify irreversible mixing between the UT and LS in the
ExUTLS [e.g., Hintsa et al., 1998; Ray et al., 1999; Fischer
et al.,2000; Zahn et al., 2000; Hoor et al., 2002, 2004; Pan
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Figure 6. Same as Figure 5 (middle) but for (top) O3, (middle) CO, and (bottom) H,O and for different
meteorological regions in summer. H,O is plotted on a logarithmic scale.

et al., 2004, 2007]. The distribution of tracer-tracer corre-
lation between a stratospheric tracer and a tropospheric
tracer can be separated into a stratospheric branch, a tro-
pospheric branch, and a region of mixed air masses. In the
case of no mixing, one would expect an “L”-shape tracer-
tracer correlation [e.g., Fischer et al., 2000; Hoor et al.,
2002; Pan et al., 2004]. The shape of the distribution is
therefore influenced by mixing processes between the end
members of the mixing line, which are the background
mixing ratios of the stratospheric tracer (here O;) and the
tropospheric tracer (CO and H,0).

[33] The distribution of Os-tracer correlations in sub-
tropics and the polar region are significantly different
(Figure 8). For the subtropics, the mixing region is wider
than in the polar region for both O3-CO and O5-H,O cor-
relations. The increased spread of the correlation is caused
by a greater variability in the tropospheric entry mixing
ratios of different tracers. In addition, a bimodal distribution
appears in the subtropics between the 100 and 400 ppbv
ozone level. One mode shows lower CO mixing ratios
(40-60 ppbv) and the other mode shows higher CO mixing

ratios (50—100 ppbv) (see Figure 8, top left). In the O3-H,O
correlation, one branch of the bimodal distribution is char-
acterized by very low stratospheric H,O mixing ratios. The
low ozone values accompanied by low CO and H,O mixing
ratios suggest that air in the LMS has mixed with dehydrated
air and air with lower CO that has a source region in the
TTL. Therefore, we define the mode with low CO mixing
ratios to be the “higher altitude mode” and the other to be
the “lower altitude mode”, as further discussed below. In the
polar region, the shape of tracer correlations is more com-
pact and only the branch with higher CO mixing ratios exists
in this example.

[34] To quantify the influence of mixing in different
horizontal regions of the ExUTLS, we have chosen a
stratospheric threshold of 20 ppbv CO. This is the strato-
spheric background of CO of 12—15 ppbv [Flocke et al.,
1999; Herman et al., 1999] plus 5 ppbv to include the
uncertainty of the observations used (Figure 8, red lines).
Different from earlier studies [Pan et al., 2004, 2007,
Hegglin et al., 2009], the stratospheric branch is not defined
by O;-CO values in the LMS. Instead, we use stratospheric
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background CO values. The mixing region as define here
includes mixed air masses in the EXTL as well as in the
LMS. To separate mixed air masses in ExXTL and LMS we
use information from the vertical tracer profiles.

[35] For O5-H,O correlations, a H,O value of =7 ppmv
would be adequate to use as the stratospheric threshold for
all seasons and regions. However, in the case of H,O as the
tropospheric tracer, the influence of dehydrated air masses
with a source in the TTL can result in deviations of the O5-
H,O correlation from the “L”-shape towards lower H,O
mixing ratios. Those data cannot be distinguished from
unmixed air masses using a stratospheric threshold value of
7 ppmv and the depth of the mixing region cannot be
identified. Therefore, we will not consider O3-H,O corre-
lations in the following to derive the depth of the mixing
region. The tropospheric threshold is set to 80 ppbv of O3 in
fall to spring and 100 ppbv in summer, to address the
changing background Oj; in the troposphere (Figure 8, green
lines). Note, tropospheric pollution can result in higher O;

values than the chosen threshold, and therefore induces an
uncertainty in the derived region of mixed air masses.

[36] To investigate the location of mixed air masses in the
tracer-tracer space for different altitude regions, we divide all
data into four vertical layers based on theta levels, as shown
in Figure 9, which is an example for spring in the subtropics.
The first layer is defined to include all observations that are
located in the mixing region above the 380 K potential
temperature level (Figure 9b, left). This region can be
understood to be located above the STJ. Observations from
this region describe the higher altitude mode of the bimodal
distribution, as described above, and can be therefore iden-
tified as being influenced by air masses coming from the
TTL. The second vertical layer, commonly defined as the
LMS, includes observations in the mixing region that are
located above the EXTL (as defined next) and below the
380 K potential temperature level (Figure 9b, right). For
the subtropics, this region is influenced by quasi horizontal
exchange or small scale processes associated with the
strong wind shear at the STJ. For the polar region, this
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layer shows evidence of the influence of quasi horizontal
exchange processes from the STJ. The third vertical layer,
denoted as the EXTL, is located close to the extra-tropical
TP and includes all data within 10 K potential temperature
below the TP and 15 K potential temperature above the
TP. In this region the tracer gradient across the TP is
strongest and air masses have had some degree of mixing
across the TP (Figure 9c, left). The fourth vertical layer is
defined to include all data below the ExTL. Mixed air
masses in this layer can be attributed to stratospheric
intrusion events that reach deep into the troposphere.
Data points in, as well as below, the EXTL contribute for
the most part to the lower altitude mode of the O;-CO
correlation.

[37] As shown above, mixed air masses that are located in
different vertical layers above the TP significantly overlap in
the tracer-tracer space. The two modes shown in the tracer-
tracer space can be approximately assigned to air masses
above the EXTL in around 2-5 km (higher altitude mode)
and in and below the EXTL (lower altitude mode). However,
a vertical separation of mixed air masses, for example
between EXTL and the LMS, is not straight forward based
on tracer-tracer correlations alone. The mixing region
identified by the tracer correlations critically depends on the
criteria chosen to define the tropospheric and stratospheric
background.

[38] Here, we identify the location of mixed air masses
between UT and LS in the tracer-tracer space including

information about the altitude distance of the observations
from the TP. The depth of the mixing region for the different
vertical layers is summarized in Figure 10 for all seasons in
the subtropics and polar region. For this analysis we derive
a histogram of the distribution of the mixing region using
1 km bins. The histogram is normalized with all measure-
ments available for each specific altitude bin to eliminate the
uneven sampling of data for the different altitudes.

[39] For spring and summer, the contribution of mixed air
masses above 380 K potential temperature is very pro-
nounced and well separated from mixed air masses in the
ExTP (Figure 9, green lines). 70-90% of all sampled data in
the altitude range of 2—6 km above the TP can be identified
as mixed air masses with a source region in the upper
tropical troposphere region. The strong influence of tropi-
cal-like air masses in the subtropics in spring, identified by
the high altitude branch in the tracer-tracer correlations is
likely a result of frequent tropospheric intrusions that occur
around the 380 K potential temperature level [Pan et al.,
2009]. The large amount of mixed air masses in summer
in these altitudes might be also connected to the Asian or
North American monsoon anticyclone, which might result
in enhanced isentropic transport of tropospheric air masses
toward the subtropics above 380 K potential temperature.
The presence of enhanced CO and H,O mixing ratios in the
subtropic above 380 K potential temperature are consistent
with this transport pathway (not shown).
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[490] The contribution of mixed air masses between the
ExTL and the 380 K potential temperature level (cyan lines)
is largest in fall and winter in the subtropics. In summer and
fall, the bimodal distribution of O;-CO correlations in the
subtropics disappears (not shown) and mixed air masses in
different layers form a more compact distribution. The more
frequent occurrence of double TP events [Randel et al.,
2007] in winter compared to summer seems to result in
strong mixing events below the 380 K level and above the
STJ in winter, during a time when the barrier at the STJ is
strongest [Haynes and Shuckburgh, 2000]. Mixed air mas-
ses below the EXTL are most pronounced in spring and
reach deeper than 5 km into the troposphere. For the polar
region, the contribution of mixed air masses above 380 K is
much smaller compared to the subtropics, as a result of the
smaller influence of air masses that have a source region in
the TTL. The strongest contribution of mixed air masses
(and therefore the influence of tropospheric air masses in the

LMS) occurs between the EXTL and the 380 K level (cyan
lines), which is characteristic of the LMS. The depth of the
mixing layer for the EXTL and the LMS derived here is
different from earlier studies based on satellite observations
[Hegglin et al., 2009], because the aircraft data used in our
analysis provide a higher spatial resolution across the TP,
and we use different criteria to define the ExTL.

[41] The derived location and depth of the mixing region
between the UT and LS are also influenced by uncertainties
in the derived location of the TP height. A comparison
between the derived TP heights using in-situ temperature
profiles and those derived using meteorological analyses can
show maximum differences up to +2 km. Uncertainties in
the position of the thermal TP of up to 1-2 km are likely,
due to the coarse vertical resolution of meteorological
analysis used, especially for the earlier campaigns that are
analyzed here. However, the derived values serve as robust
estimates given the large amount of data. The derived depth
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Figure 10. The histograms show the normalized distribution of the mixed samples of data that are
located in the transition region between the upper troposphere and the lowermost stratosphere in different
altitude levels relative to the thermal tropopause (see legend) using 1 km bins for different seasons and for

the (left) subtropics and (right) polar region.

of the mixing regions described here should therefore be
seen as an upper limit.

5. Summary and Conclusions

[42] A UTLS climatology has been compiled for O3, CO,
and H,O using aircraft measurements taken between 1995
and 2008 over North America and Western and Northern
Europe. The measurements from the campaigns analyzed
here cover a broad latitudinal and vertical range in the UTLS
for most of the seasons in the Northern Hemisphere. A novel
set of criteria is introduced to group data into three regions:
the tropics, subtropics, and the polar region, by using the
height of the tropopause at each measurement location. The
derived aircraft climatology shows distinct tracer char-
acteristics in each of the three regions, which reflects the

influence of differences in dynamics, source distributions
and tropopause temperature (in the case of H,O).

[43] For the tropics, only those measurements that are
located in a region with a high tropopause (>365 K potential
temperature, about 17 km) are included. Exchange across
the subtropical tropopause at the location of the subtropical
jet affects the TTL and results in enhanced ozone values up
to 3 km below the TP. H,O and CO do not show a strong
gradient at the TP, but show a maximum decrease around
14—15 km in the TTL at the altitude of maximum convective
outflow. The “tape recorder” effect in H,O is well reproduced
in this climatology.

[44] The subtropical part of the lowermost stratosphere is
strongly influenced by bidirectional exchange in the vicinity
of the STJ at the location of the subtropical tropopause
break. This region is defined by the decreasing height of the

13 of 16



D14303

TP towards higher latitudes and the frequent occurrence of
double TP events in connection with TST. The two-way
exchange across the STJ and a large variability in the tro-
pospheric tracer input level results in a bimodal distribution
of tracer profiles and a bimodal mixing region in the tracer-
tracer space, especially in spring and summer. The polar
region is defined as a region with a low thermal tropopause
north of the polar jet. Tracer profiles show a very strong
gradient at the thermal tropopause in this region in =2 km
around the TP. In addition, we identify a change in vertical
gradient of tracer profiles that occur about 4—5 km above the
TP in the LMS. The seasonal variation of the tracer dis-
tributions are in general much smaller than differences
between the regions especially in the subtropics, due to a
strongly varying TP height.

[45] In the tracer-tracer space the mixing region between
stratospheric and tropospheric air masses is a composite of
data that are observed in different vertical layers with regard
to the TP. The depth of this region can be identified using
tracer-tracer correlations. The extent of mixing in different
vertical layers and the separation between EXTL and LMS is
achieved using tropopause referenced tracer profiles. The
region of mixing in a thin layer of =1-2 km above and
below the TP describes the strongest tracer gradient in the
ExUTLS. Enhanced influence of upper tropical tropospheric
air masses at altitudes 2—6 km above the TP (above 380 K
potential temperature) can be identified in spring and sum-
mer in the subtropics. In the polar region, the impact of
mixing across the STJ and the PJ occurs at altitudes 1-5 km
above the TP. The impact of deep stratospheric intrusions
is most pronounced in spring at altitudes of 5-7 km below
the TP.

[46] The data coverage of seasons, regions, and altitudes
is not evenly distributed in the data set used for our analysis,
and the different data coverage might impact our results.
The number of observations in the polar region, especially
in fall, is limited and further aircraft measurements are
desirable that cover the entire UTLS. Overall, we have
shown that an aircraft-based climatology is able to charac-
terize the tracer behavior in different seasons and regions in
the UTLS. The classification criteria introduced are simple
and can be applied to a large amount of model results and
satellite data. Therefore, this climatology is well suited for
model and satellite evaluation studies, however it might be
biased in using aircraft campaigns that targeted specific
scientific questions. This climatology derived for O3, CO
and H,O is planned to be extended to many different species
measured during the campaigns used here and additional
aircraft campaigns in future studies.
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