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Abstract The effects of chemical two-way mixing on the Extratropical Transition Layer (ExTL) near the
subtropical jet are investigated by stratospheric tracer-tracer correlations. To this end, in situ measurements
were performed west of Africa (25–32◦N) during the Transport and Composition of the Upper Troposphere
Lower Stratosphere (UTLS)/Earth System Model Validation (TACTS/ESMVal) mission in August/September
2012. The Atmospheric chemical Ionization Mass Spectrometer sampling HCl and HNO3 was for the first
time deployed on the new German High Altitude and Long range research aircraft (HALO). Measurements
of O3, CO, European Centre for Medium-Range Weather Forecasts (ECMWF) analysis, and the tight
correlation of the unambiguous tracer HCl to O3 and HNO3 in the lower stratosphere were used to quantify
the stratospheric content of these species in the ExTL. With increasing distance from the tropopause, the
stratospheric content increased from 10% to 100% with differing profiles for HNO3 and O3. Tropospheric
fractions of 20% HNO3 and 40% O3 were detected up to a distance of 30 K above the tropopause.

1. Introduction

Dynamical and chemical processes modify the ozone (O3) budget of the upper troposphere/lowermost
stratosphere (UT/LMS) and lead to locally variable O3 trends. In this region, O3 has steep gradients and acts
as a strong greenhouse gas with a positive radiative forcing (RF) depending on its location with respect to
the tropopause. Only few models explicitly discuss the uncertainty of mixing parametrization and its effect
on the RF. They emphasize that small changes in O3 result in large changes in RF at the tropopause [Riese
et al., 2012]. However, understanding of UT/LMS O3 trends still remains incomplete [World Meteorological
Organization (WMO), 2010].

Similar to O3, nitric acid (HNO3) shows steep gradients at the tropopause with low concentrations in the
upper troposphere and a steady increase in the lower stratosphere. After downward transport into the
troposphere, the predominant removal process is particle interaction with subsequent wash out or dry
deposition [Murphy et al., 1993]. In addition to the stratospheric contribution, upper tropospheric HNO3

can be formed in situ from biomass burning plumes, lightning, or aviation. The relative contribution of
each source is globally highly variable and therefore difficult to quantify. Next to photochemical produc-
tion and dry and wet deposition, mixing is an important part of irreversible distribution of tracers, driven by
horizontal strain and vertical shear.

The Extratropical Transition Layer is a region of air with mixed tropospheric and stratospheric characteristics
centered around the thermal tropopause and has been described extensively using tracer-tracer correla-
tions of carbon monoxide (CO), O3, and water vapor (H2O) [Fischer et al., 2000; Hoor et al., 2004; Hegglin et
al., 2009]. Tropospheric intrusions transporting low ozone from lower latitudes are known to ventilate the
lower stratosphere above the subtropical jet [Pan et al., 2009]. During summer, the weaker isentropic poten-
tial vorticity (PV) gradient in the region of the subtropical jet (STJ) allows for a stronger mixing [Haynes and
Shuckburgh, 2000].

Due to similar source regions at altitudes above 20 km and long chemical lifetimes in the lower stratosphere,
in the order of months, it has been suggested that the correlation of the stratospheric tracer hydrogen
chloride (HCl) with O3 can be used to quantify stratospheric O3 in the upper troposphere [Marcy et al.,

JURKAT ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3315

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Institute of Transport Research:Publications

https://core.ac.uk/display/31011713?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2013GL059159


Geophysical Research Letters 10.1002/2013GL059159

2004]. While it is the main chlorine reservoir gas in the stratosphere, HCl has a low tropospheric back-
ground, thus being an ideal tracer to study quantitative mixing of trace gases with both tropospheric and
stratospheric sources.

Due to the steep gradients at the tropopause, highly resolved measurements of HNO3, O3, and HCl are
needed. To this end, we performed in situ measurements of HCl and HNO3 with a newly developed
Atmospheric chemical Ionization Mass Spectrometer (AIMS) during the first atmospheric science HALO
mission TACTS/ESMVal in August/September 2012. High spatial and temporal resolution of the trace gas
measurements allow a good characterization of mixing near the tropopause.

This paper discusses the benefits and limitations of using the relation between stratospheric tracers to
study mixing. By comparison of HCl/HNO3 and HCl/O3 in the stratosphere with an air mass probed in the
vicinity of the subtropical jet, we describe the state of mixing and discuss the location of a mixing layer
[Fischer et al., 2000] relative to the dynamical and the thermal tropopause. While Marcy et al. [2004] dis-
cuss transport of stratospheric O3 into the upper troposphere, we extend the method to altitudes above
the tropopause to determine the tropospheric content in the stratosphere. Additionally, we include a sec-
ond mainly stratospheric tracer HNO3 in our analysis and compare the different mixing states in a region
of enhanced isentropic transport. A quantitative composition analysis in the Extratropical Transition Layer
(ExTL) is performed.

2. The Atmospheric Chemical IonizationMass Spectrometer

The Atmospheric chemical Ionization Mass Spectrometer (AIMS) is a newly designed CIMS instrument,
operated with an electrical discharge source and in-flight calibration. In contrast to earlier measurements
using radioactive sources for ionization [Marcy et al., 2005; Jurkat et al., 2010], SF−5 reagent ions are pro-
duced by an electrical discharge between a gold needle tip and a circular pin hole at the upstream part of
the flow reactor. The reagent ions are instantaneously mixed in the flow tube with the sample flow gener-
ating stable product ions by fluoride transfer. Product and reagent ions are detected at a rate of 1 Hz by a
linear quadrupole and a channeltron housed inside a differentially pumped vacuum chamber. Sensitivity
of the instrument and possible absorption effects on the walls are monitored using an in-flight online cal-
ibration with isotopically labeled SO2, which was also measured but will not be shown here. The relative
sensitivity and stability for HCl and HNO3 are likewise monitored and are stable within named measure-
ment errors over the whole flight on 4 September 2012. For an absolute calibration, two pressure- and
temperature-controlled permeation ovens are used to generate standards for HCl and HNO3 calibration.
The backward facing trace gas inlet mounted on the central fuselage of the aircraft is equipped with a 1/2"
heated perfluoroalkoxy (PFA) tube (T = 40◦C). A high bypass flow of 4.7 slm maintained at ambient pressure
is achieved by an additional scroll pump. A smaller flow of 1.1 slm enters the mass spectrometer through
a PFA pressure control valve. Background measurements are hourly performed by flushing the inlet with
dry synthetic air. The 1σ detection limit of the instrument for both HCl and HNO3 was between 10 and 15
parts per trillion by volume (pptv) during the campaign with a running mean over 20 data points and for
atmospheric H2O < 100 ppmv. A systematical error is estimated to be between 18 and 25%. The reagent
ions additionally allow detection of nitrous acid (HONO) [Voigt et al., 2010; Jurkat et al., 2011] and chlorine
nitrate (ClONO2) [Marcy et al., 2005], which are not considered here. In addition, the instrument can be used
to measure high concentrations of tropospheric HCl, HNO3, and SO2 in volcanic plumes [Voigt et al., 2014].
O3 mixing ratios were measured at a rate of 10 Hz with high precision and reproducibility of 0.5% and 1.5%
using a combination of a chemiluminescence sensor and an UV photometer [Zahn et al., 2012]. The instru-
ment measuring CO is based on the three-channel tunable diode laser instrument for atmospheric research
used during SPURenstofftransport in der Tropopausenregion (SPURT) [Hoor et al., 2004]. With a new quan-
tum cascade laser setup, we achieved a short-term precision of 0.9 ppbv at 1.5 s integration time and an
upper limit for the total uncertainty of 2.3 ppbv without any corrections applied.

3. In SituMeasurements of HCl andHNO3 in the Tropopause Region

The TACTS/ESMVal mission comprised 13 flights from latitudes of 68◦N to 65◦S and 25◦E to 74◦Wwith more
than 120 flight hours. The aim of the campaign was to study the transport and composition of the UT/LMS
region and provide observations for global climate model validation.
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Figure 1. (a) Flight track of HALO on 4 September 2012 and 10-day backward trajectories ending on the flight
track, color coded with the distance to the thermal tropopause (DTH). In the vicinity of the subtropical jet at
26◦N (grey-shaded area), the backward trajectories show a change in air mass origin from stratospheric (DTH
> 0) to tropospheric values when the aircraft flew from high to low latitudes. The black contour lines show
mean zonal wind velocities of 20 and 25 m/s during the 10 day period. (b) Trace gas mixing ratios of HCl
(red), HNO3 (green), O3 (blue), and CO (black) measured on 4 September 2012 together with the HALO cruise
altitude. The grey-shaded area corresponding to Figure 1a marks the mixed air mass. (c) Potential tempera-
ture (𝜃, black) derived from onboard HALO measurements together with calculated measured concentration
in potential vorticity (PV, yellow) from operational ECMWF data, the distance to the thermal (DTH_WMO, red),
and dynamical tropopause (DTH_2PV, blue), respectively. (d) The color code shows horizontal wind velocities (white
≤ 2.5 m/s to light green 32 m/s, in steps of 2.5 m/s) as a curtain along the flight track derived from ECMWF anal-
ysis. Grey contours are potential temperature isolines, in black the flight altitude and in light grey the dynamical
tropopause (2 PVU) are shown. At approximately 12:00 UT, the aircraft entered a region with enhanced horizontal
wind velocities.

In this paper we concentrate on one flight performed on 4 September 2012 going from Oberpfaffen-
hofen, Germany, to Sal, Cape Verde. In Figure 1a, the flight track and 10-day backward trajectories run with
the Lagrangian Analysis Tool LAGRANTO [Wernli and Davies, 1997] based on operational ECMWF data are
shown. Using these trajectory calculations, we derive the most recent contact to the stratosphere for air
masses sampled below the tropopause. Figures 1b and 1c show the time series of HCl, HNO3, O3 and CO
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Figure 2. Scatterplots of 10 s averaged mole fractions of
CO vs O3, HCl vs O3, and HCl vs HNO3. A tight correlation
(R2 = 0.8 and 0.84) is observed for all stratospheric tracers in
the unperturbed lower stratosphere (red, O3 > 280 ppbv). The
stratospheric fit curves with slopes m1 and m2 are colored in
blue. Data marked in green correspond to the grey-shaded area
in Figure 1 and were collected in the vicinity of the subtropi-
cal jet. Black squares represent the median of 30 ppbv O3 and
0.1 ppbv HNO3 bins for O3 < 280 ppbv.

together with flight altitude, potential tem-
perature (𝜃), vertical distance to the thermal
(DTH_WMO) and the dynamical tropopause
(DTH_2PV), measured in potential tempera-
ture and the potential vorticity along the flight
path. The dynamical tropopause is represented
by the 2 PVU-isoline in the extratropics and
the 380 K-isentrope in the tropics. The ther-
mal tropopause is calculated according to
the WMO definition based on the standard
lapse rate. Within the 8.5 h flight both tropo-
spheric and stratospheric air was encountered,
from 20 K below the tropopause to 57 K above
the tropopause, and potential temperatures
between 300 and 382 K. Tropospheric back-
ground mixing ratios of HCl encountered at
7:50 UT and after 13:20 UT are below the detec-
tion limit of 15 pptv. This lack of HCl has been
observed during most flights and confirms
the exclusive stratospheric origin of upper
tropospheric HCl in the absence of recent
volcanic eruptions. In the following discus-
sion we focus on the trace gas relation in the
grey-shaded area. Here PV is dropping from
stratospheric (6 PVU) to tropospheric values
(1 PVU). Figure 1d shows the horizontal wind
velocities (color coded) in a vertical curtain plot
along the flight route. The STJ is represented
by high horizontal wind velocities with maxi-
mum values of 32 m/s in the center of the jet.
The high horizontal wind speeds are extend-
ing deep into the stratosphere where HALO
sampled at the upper edge of these exten-
sions. Isentropes are crossing the dynamical
tropopause indicating a potential pathway of
cross-tropopause trace gas transport. Com-
parison of the thermal and the dynamical

tropopause in the vicinity of the STJ reveals the largest potential temperature difference up to 57 K, with
the dynamical tropopause 38 K below the aircraft and the thermal tropopause at a distance of 19 K above.
To study the effects of mixing of tropospheric and stratospheric air, we use the tropopause definitions and
tracer-tracer correlations of HCl to O3 and HCl to HNO3.

4. Stratospheric Tracer-Tracer Coordinates

Tracer-tracer coordinates are commonly used to study the chemical transition from troposphere to strato-
sphere. While some studies apply CO as a tropospheric marker and O3 as a stratospheric marker [Zahn et
al., 2000; Hoor et al., 2004], we focus on the relationship of two stratospheric tracers [Marcy et al., 2004]. To
support our analysis we use the tropospheric tracer CO. Figure 2 shows scatterplots of CO to O3, HCl to O3

and HCl to HNO3 for the flight on 4 September 2012. While the branching of the CO-O3 correlation and the
large CO variability between 100 and 280 ppb O3 indicate mixing between tropospheric and stratospheric
air, the scatterplots of the stratospheric tracers show a compact linear relationship. To separate the charac-
teristic, unperturbed stratospheric background from the mixing layer, slopes for different O3 ranges have
been derived. By computing the slopes for lower O3 cutoff values between 100 and 350 ppbv in steps of
50 ppbv, a change of the slope of 15% for the fit of all data points as compared to the fit for O3 > 280 ppbv
was observed. The change in the slope will be used here as an independent criterion to derive the upper
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Figure 3. The relative stratospheric contributions O∗
3,strat and HNO∗

3,strat and the 5 K percentiles (median (black squares),
10th and 90th (dark blue lines)) plotted against the distance to the (a, b) dynamical and (c, d) thermal tropopause
are shown. Colored in light grey are data of the entire flight. The dark grey-colored data represent the mixed air mass
above the tropopause. Data below the thermal tropopause have been color coded with the trajectory based analysis
of the most recent contact to the stratosphere (in hours). Light green colored is air with the most recent contact to the
stratosphere ≥ 240 h.

boundary of the mixing layer equivalent to the lower boundary of the unperturbed lower stratosphere. The
boundary is consistent with a broadening of the stratospheric branch in the CO-O3 tracer-tracer space below
280 ppbv O3. The linear fits for the unperturbed stratospheric branch (data with O3 > 280 ppbv) yield high
correlation coefficients of R2 = 0.8 and 0.84, with a slope ofm1 = 8.1 × 10−4 for the HCl and O3 correlation
and a slope ofm2 = 0.239 for the fit of HCl and HNO3.

The data within the grey-shaded area in Figure 1 are green colored in Figure 2. They show a systematic lower
ratio of HCl and O3 and HCl and HNO3 than the corresponding ratio on the extrapolated stratospheric fit
curve (blue fit line). Additionally, the fits for the correlations of tracers sampled in the mixing layer have
significantly higher slopes of 1 × 10−3 for HCl/O3 and 0.324 for HCl/HNO3.

In the following discussion, X represents the mole fraction of either O3, HNO3, or HCl in the mixed (index M)
air mass, and the stratospheric (index S) and tropospheric (index T) end-members, respectively. The index
strat is used for the stratospheric content Xstrat of the observed mole fraction XM in the mixed air mass, thus
XM = Xstrat + Xtrop. We assume linear mixing of air along a mixing line between a stratospheric end-member
ratio HClS∕XS located on the stratospheric fit curve and an upper tropospheric end-member ratio HClT∕XT

with HClT = 0. Thus, we derive the stratospheric content Xstrat based onMarcy et al. [2004]:

Xstrat =
HClM
HClS

XS (1)

and X∗
strat = Xstrat∕XM is the relative stratospheric content. To calculate Xstrat, we use the stratospheric

end-member at the lower end of the stratospheric fit curve. The choice of the end-member implies that
the stratospheric part in the mixed air mass originated from the lower boundary of the unperturbed
stratosphere. For our calculation we use the stratospheric end-member at O3,S = 280 ppbv and HNO3,S =
0.63 ppbv, closest to the ratios in the mixed air mass in the tracer-tracer space, with HClS∕O3,S = 7.9 × 10−4

and HClS∕HNO3,S = 0.318.

5. Two-Way Transport Across the Tropopause

The vertical profiles of O∗
3,strat and HNO∗

3,strat with respect to the dynamical (Figures 3a and 3b) and the ther-
mal tropopause (Figures 3c and 3d) are shown. For a clearer picture of the profiles and to minimize the
influence of small-scale variability, the median, the 10th, and 90th percentiles are calculated for 5 K bins in
the vertical.

The mixed air mass marks a distinct transition layer between pure tropospheric (0% X∗
strat) and pure strato-

spheric air (100% X∗
strat). The stratospheric content ranges between 20% and 100% for O∗

3,strat and 30% and
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100% for HNO∗
3,strat. It is decreasing with decreasing distance from the tropopause. The air mass was sam-

pled mostly above the dynamical but centered around the thermal tropopause at potential temperatures
between 320 K and 370 K. Thus, mixed air with significant tropospheric content was detected above the
thermal and dynamical tropopause and mixed air with stratospheric content below the thermal tropopause.
For O∗

3,strat and HNO∗
3,strat below the thermal tropopause, different transport time scales, derived from tra-

jectory analysis, can be distinguished: air with recent contact to the stratosphere corresponds to a higher
stratospheric content of 60%–80% while air with the last contact to the stratosphere at more than 240 h
before the measurement contains only 20%–30% of stratospheric O3 and HNO3. By using the HCl-tagged
air, we can unambiguously distinguish the stratospheric contribution to the upper tropospheric HNO3 and
O3 budget with additional information of the time of tropopause crossing from backward trajectory cal-
culations. Thus, we see mixing in the vicinity of the STJ affecting the ExTL up to 30–40 K above the low
extratropical thermal tropopause. The difference in the mixing state between the two profiles arises from
the different sources and background concentrations of upper tropospheric O3 as compared to upper tropo-
spheric HNO3 and the difference in gradients across the tropopause. Tropospheric air with low O3 is mixed
into the stratosphere with generally high O3 mole fractions. After mixing the stratospheric air exhibits a
reduced O3 concentration and is therefore diluted with respect to O3. Due to different gradients of O3 and
HNO3, the stratospheric air mass experiences a stronger dilution of the O3 concentration than dilution of
HNO3 concentration.

6. Discussion

Using tracer-tracer correlations to study mixing demands an analysis of the stability and lifetime of the trace
gases compared to the mixing time scales. The following discussion focuses on the instrumental and atmo-
spheric parameters affecting the analysis. Generally, the deviation of HCl/O3 from the stratospheric ratio may
have three independent reasons which may all influence the ratio: (1) mixing of tropospheric with strato-
spheric air, (2) solution of HCl and HNO3 in liquid water droplets, and (3) heterogeneous reactions on cirrus
cloud ice particles, e.g., trapping of HNO3. HCl activation on cirrus clouds may cause a reduction in the con-
centration of up to 50% but only for high particulate surface areas [Thornton et al., 2007]; these are rarely
observed in the stratosphere. Trapping and burial of HNO3 in tropical cirrus cloud particles, potentially lead-
ing to a small depletion in the gas phase with subsequent vertical redistribution, have been observed in
the tropical tropopause. A climatology and overview are given in Voigt et al. [2006]. In the present case, the
slope of the two trace gas correlations is shifted and tilted when compared to the stratospheric slope but it
is still a relative compact mixing line with correlation coefficients of R2 = 0.89 and 0.9. In case of chemical
or microphysical removal of either component, the compactness would have suffered. Therefore, we argue
that mixing is mainly responsible for the observed shift in the ratios of the trace gases.

The criteria for the choice of the stratospheric end-members leave some uncertainty to the method. To com-
pare the range of potential end-members, we investigated the variability in the stratosphere and in the
troposphere; here O3 is used as an example. The slope of the stratospheric fit curve represents an upper
limit of potential stratospheric end-members of HClS∕O3,S = 8.1 × 10−4. The lower limit is given for O3 at
280 ppbv with HClS∕O3,S = 7.9 × 10−4. The choice of this end-member is also supported by a broaden-
ing of the stratospheric branch in the CO/O3 correlation. The respective tropospheric end-members O3,T are
on average 104 ± 26 ppbv, thus within the expected range for typical upper tropospheric concentrations
[Murphy et al., 1993]. We examine the spread of potential tropospheric end-members by deriving the fre-
quency of occurrence of O3,T for HClT < detection limit and altitudes > 6 km for midlatitude measurements.
The distribution was fitted by a gaussian fit with a mean of 74 ± 24 ppbv. Due to a smaller spread, the uncer-
tainty for the calculation of Xstrat is minimized by using a stratospheric end-member on the stratospheric
fit curve.

A lower limit of stratospheric O∗
3,strat and HNO∗

3,strat that can be derived from this method is given by the
detection limit of the HCl measurements. A detection limit of 15 pptv gives an uncertainty of 16 ppbv O3,strat

and 0.05 ppbv HNO3,strat. The relative uncertainty is largest at the lowest mixing ratios.

The slopem1 of the stratospheric fit is higher than former measurements [Marcy et al., 2004; Jurkat et al.,
2010], but the slopes agree within the named uncertainties of both measurements. The deviation may also
partly evolve from a latitude dependence of the ratio considering thatMarcy et al. [2004] sampled at sub-
tropical latitudes where O3 is produced at a higher rate. The slopes m1 and m2 and therefore HClS∕O3,S
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and HClS∕HNO3,S for tropical regions may be smaller which would result in an underestimation of the
stratospheric content Xstrat.

7. Summary andOutlook

In this paper we present a new method to quantify the stratospheric content of HNO3 and O3 in a mixing
layer above and below the tropopause with stratospheric tracer-tracer correlation analysis. High-resolution
airborne measurements of HCl and HNO3 in the UT/LMS have been conducted with the AIMS instrument
onboard the new research aircraft HALO during the TACTS/ESMVal Mission. The mixed layer was observed
at low concentrations of HCl, HNO3, and O3 up to 30 K above the thermal and dynamical tropopause in the
ExTL. The profiles of O3 and HNO3 show an increasing tropospheric content with decreasing distance from
the tropopause. We propose to use the ratios HCl/O3 and HCl/HNO3 as a good proxy to study quantitatively
the effects of mixing in the ExTL. Additionally, upper tropospheric O3 and HNO3 from local or remote sources
can be differentiated from downward transported stratospheric O3 and HNO3. Future analysis will focus on
regional and seasonal variability of mixing and transport of these and other stratospheric tracers in the ExTL.
Our measurements extend data from remote sensing instruments on satellites in the lower stratosphere to
lower altitudes and better resolutions.
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