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Abstract. We present measurements of NO, NOy, O3, and
N2O within the lowermost stratosphere (LMS) over Europe
obtained during the SPURT project. The measurements
cover all seasons between November 2001 and July 2003.
They span a broad band of latitudes from 30◦ N to 75◦ N
and a potential temperature range from 290 to 380 K. The
measurements represent a comprehensive data set of these
tracers and reveal atmospheric transport processes that influ-
ence tracer distributions in the LMS. Median mixing ratios
of stratospheric tracers in equivalent latitude-potential tem-
perature coordinates show a clear seasonal cycle related to
the Brewer-Dobson circulation, with highest values in spring
and lowest values in autumn. Vertical tracer profiles show
strong gradients at the extratropical tropopause, suggesting
that vertical (cross-isentropic) mixing is reduced above the
tropopause. Pronounced meridional gradients in the tracer
mixing ratios are found on potential temperature surfaces
in the LMS. This suggests strongly reduced mixing along
isentropes. Concurrent large gradients in static stability in
the vertical direction, and of PV in the meridional direc-
tion, suggest the presence of a mixing barrier. Seasonal cy-
cles were found in the correlation slopes1O3/1N2O and
1NOy/1N2O well above the tropopause. Absolute slope
values are smallest in spring indicating chemically aged
stratospheric air originating from high altitudes and latitudes.
Larger values were measured in summer and autumn sug-
gesting that a substantial fraction of air takes a “short-cut”
from the tropical tropopause region into the extratropical
LMS. The seasonal change in the composition of the LMS
has direct implications for the ozone chemistry in this re-
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gion. Comparisons of measured NO with the critical NO
value at which net ozone production changes from negative
to positive, imply ozone production up to 20 K above the lo-
cal tropopause in spring, up to 30 K in summer, and up to
40 K in autumn. Above these heights, and in winter, net
ozone production is negative.

1 Introduction

Ozone concentrations in the upper troposphere/lowermost
stratosphere (UT/LMS) are known to have a strong radiative
influence on surface temperatures (Lacis et al., 1990; Forster
and Shine, 1997). In the UT/LMS, ozone is a long lived
species and its concentration is affected by both transport and
in situ chemistry. Measurements of long-lived species, and
short-lived ozone precursors, are needed to improve our un-
derstanding of the current UT/LMS ozone budget, and how
it may evolve in the future.

Reactive nitrogen (NOy) plays a key role in ozone chem-
istry via both gas-phase and heterogeneous reactions. Above
about 18 km, catalytic cycles involving NOx (=NO+NO2)
destroy ozone. In the troposphere and LMS NOx acts to-
gether with hydrocarbons and carbon monoxide to produce
ozone (IPCC, 1999). Although there are fewer measure-
ments within the UT/LMS, ozone chemistry within this re-
gion can be expected to be intermediate between these two
regimes. Climatologies of NOy, NOx, and other atmospheric
key species involved in ozone chemistry have been obtained
from satellite measurements and passenger aircraft. How-
ever, these measurements lack vertical resolution and accu-
racy in the tropopause region, or have occurred over a limited
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altitude range. A tropospheric climatology has been com-
piled from 30 aircraft campaigns between 1983 and 1996
(Emmons et al., 2000). More recent measurements were pre-
sented by Kondo et al. (1997), Singh et al. (1997), Ziereis
et al. (2000), and Baehr et al. (2003). The first observations
of NOx and O3 in the UT/LMS of the Northern hemisphere
on a regular basis were collected during the Swiss NOXAR
and the European POLINAT-2 projects using a commercial
aircraft as measurement platform (Brunner et al., 2001). O3
and NOy are measured by MOZAIC since 1994 and 2001, re-
spectively (Volz-Thomas et al., 2005). Strahan et al. (1999a,
b) presented a climatology of stratospheric NOy, O3, and
N2O between potential temperatures of 360 K and 530 K.
Their measurements reveal the effects of dynamical features
such as transport barriers, and the global mean circulation,
on the distributions of these long-lived trace gas species.

The main source of NOy in the stratosphere is N2O ox-
diation. Other sources of NOy in the LMS include aircraft
emissions, and potentially, the deep convective injection of
polluted planetary boundary layer air or of air affected by
lightning (Hegglin et al., 2004, and references therein). In
general, tracer distributions in the LMS will therefore be
influenced by both the residual meridional circulation (or
Brewer-Dobson circulation) and extratropical stratosphere-
troposphere exchange (STE) (Holton et al., 1995). Cli-
matological studies, e.g. those using Lagrangian model ap-
proaches, have led to improvements in our understanding of
the seasonality, spatial distribution, and magnitude of STE
(Wernli and Bourqui, 2002; Sprenger and Wernli, 2003;
James et al., 2003). Further improvements in our understand-
ing of the degree to which STE leads to irreversible mixing
and how it influences the vertical and latitudinal distribution
of trace gas species, will require additional measurements of
trace gases. Vertical profiles of CO measured during SPURT
have revealed the existence of a mixing layer extending up
to 20 or 30 K above the local dynamical tropopause during
all seasons (Hoor et al., 2004). The chemical composition of
this mixing layer exhibits characteristics of both the tropo-
sphere and the stratosphere. However, the impact of STE
on the distribution of a particular trace gas species in the
UT/LMS will also be influenced by the source/sink charac-
teristics, and possibly microphysics, of the species. A tropo-
spheric tracer which is well-mixed in the troposphere, such
as N2O or CO, is likely to show less variability than one with
localized sources and sinks (e.g. NOy and H2O).

Here we present high resolution and high sensitivity air-
borne data of NO, NOy, N2O, and O3. These were obtained
during eight seasonally conducted measurement campaigns
focusing on the LMS region up to 13.7 km, each part of
the project SPURT (German: SPURenstofftransport in der
Tropopausenregion). The data reveal new information about
the seasonal distributions of the measured trace gas species
and represent a valuable contribution to the existing clima-
tology between the tropopause and2=380 K (2–potential
temperature). This paper is part of a SPURT special issue,

in which other tracer data together with tracer-specific eval-
uations are presented. An overview of the SPURT project is
provided by Engel et al. (2006).

A short description of the measurement systems used, and
their performance and overall accuracy is given in Sect.2.
Section3 describes the evaluation methods. Section4.1
presents median tracer distributions in equivalent latitude –
potential temperature coordinates most suited to be used as
diagnostics for the validation of chemical transport models
(CTMs) and global circulation models (GCMs). Section4.2
discusses the role of the tropopause in shaping tracer distri-
butions. Section4.3 shows tracer-tracer correlations which
give insight into the seasonal variability of the Brewer Dob-
son circulation. Finally, in Sect.4.4, we present a new cal-
culation of the critical NO mixing ratio (NOcrit) at which O3
production changes from positive to negative. This calcula-
tion takes into account both the tropospheric and the strato-
spheric characteristics of the LMS.

2 Chemical measurements

There was a total of 36 flights during SPURT. Each flight
provided between 3 and 5 h of data. The flights covered a
latitudinal range from 30◦ N to 75◦ N over Europe. The mea-
surement platform was a Learjet 35A, which can reach flight
altitudes up to 13.7 km.

NOy, NO, and O3 were measured using a three chan-
nel chemiluminescence detector ECO-Physics CLD 790-SR
for fast and highly sensitive measurements, in the follow-
ing termed “ECO”. The measurement principle is based on
chemiluminescence obtained in the reaction between NO and
O3 yielding NO2 in an electronically excited state (Fontijn et
al., 1970). Relaxation occurs through quenching and partly
through emission of light. If one reactant is supplied in ex-
cess, then the light intensity is proportional to the volume
mixing ratio of the other reactant. Following this principle,
NO is measured by adding an excess of O3, while O3 is mea-
sured by using an excess of NO as reactant.

Total reactive nitrogen (NOy=NO+NO2+NO3+HNO3
+HNO4+HONO+PAN+ RONO2+ClONO2+2×N2O5
+BrONO2+ organic nitrate + particulate nitrate (<1 µm))
was measured by chemiluminescence after reducing NOy
species to NO by means of an externally mounted catalytic
gold converter with CO as reduction agent (Fahey et al.,
1985). The converter samples in backward direction in or-
der to exclude particles with diameter>1 µm. For technical
details of the converter see Lange et al. (2002).

The conversion efficiency of the analyzer was quantified
using gas phase titration (GPT) of NO with O3 to produce
NO2 before and after each campaign. With the exception of
the first campaign (Hegglin et al., 2004), the conversion effi-
ciency did not significantly change over the 7 days of a cam-
paign and varied between 95% and 98%. The sensitivities
of the NO and NOy channels were calibrated twice during
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the flight by adding known amounts of NO (Sauerstoffwerk
Lenzburg AG: 9.4 ppm±2% NO in N2) showing that its sen-
sitivity varied by less than 3.5%. The chemiluminescence
detector was switched every 2 min for 10 s to pre-chamber
mode in order to determine the instrument background sig-
nal (Ridley and Howlett, 1974). In addition, zero calibrations
with synthetic air were performed three times during each
flight to determine the temporal evolution of the NOy artifact
signal which is a common feature in NOy measurements. Its
origin is not fully understood but is in part due to impurities
of the CO reduction agent (Fahey et al., 1985). A possible
error in accounting for the NOy artifact signal may introduce
an offset of maximal 20 to 50 pptv to the data. Note that the
specific design of the converter allows the addition of all cal-
ibration gases upstream of the converter at the inlet tip. An
Advanced Pollution Instrumentation (API) UV photometric
ozone calibrator was used as transfer standard for calibration
of the O3-channel on ground.

The precision of the NOy, NO and O3 data with a res-
olution of 1 Hz was determined from the fluctuations of
the background signal. The accuracy was calculated by
taking into account the uncertainties in the calibration gas
standards (±4%) and the variation of the mass flow con-
trollers (±2%). For the NOy-channel the accuracy contains
also the uncertainties in the conversion efficiency for dif-
ferent species (±10%), an additional calibration gas uncer-
tainty of (±3.7%), the reproducibility of the conversion ef-
ficiency experiments (±3%) and an experimentally deter-
mined pressure correction (±4%). The overall accuracies
of the NOy, NO and O3 then are±(0.126·[NOy]+11 pptv),
±(0.045·[NO]+9 pptv), and±(0.05·[O3]+149 pptv), respec-
tively. These specifications refer to a 2σ confidence level (σ
is the standard deviation).

The NOy measurement of ECO was compared side-by-
side with the NOy instrument used in the EU program
MOZAIC (Pätz et al., 2006) temporally mounted on the
Learjet during a dedicated instrument validation flight. The
two systems agree within 6% with some deviations after cal-
ibration and during ascent and descent phases of the aircraft
where the differences lie outside the range of the combined
stated accuracies.

During the November 2001 and the January 2002 cam-
paigns, an older 1-channel measurement system was used
which measured NOy only. O3 from the J̈ulich Ozone Ex-
periment JOE with an accuracy of 5% (Mottaghy, 2001) is
shown for these two campaigns, while NOx (=NO+NO2)
data are missing. Ozone from the JOE and the ECO ana-
lyzers agree to within 6.4% for the ozone measurements dur-
ing the other SPURT campaigns (Hegglin, 2004; Engel et al.,
2006).

N2O data was measured with a Tunable Diode Laser Ab-
sorption Spectrometer (TDLAS), which has a total uncer-
tainty of less than±2% (Hoor et al., 2002).

Fig. 1. Sketch illustrating the concept of equivalent latitude (φe).
An area (grey colored) enclosed by a PV-contour on a given isen-
trope is transformed into a circle centered about the pole of equal
area (red hatched). The latitude of this circle is defined asφe. By
using itsφe, a cut-off low with high PV at mid-latitudes and on a
given isentrope is moved back to higher latitudes.

3 Methods

3.1 Equivalent latitude-potential temperature coordinates

Rossby and smaller scale waves lead to deviations of the lo-
cal tropopause from the climatological mean. The associated
north-south excursions of air parcels are adiabatic to first
order and largely reversible. They lead to large variability
in trace gas distributions in a geometric (longitude, latitude,
pressure) coordinate system, since chemical constituents are
advected from regions with higher or lower climatological
mean concentrations at the same time. In an attempt to re-
move this variability we therefore use a two-dimensional po-
tential vorticity based equivalent latitude (φe) and potential
temperature (2) framework to present our data. This frame-
work follows the meridional deformations in PV contours
and uses the fact that PV behaves like a passive tracer un-
der adiabatic and frictionless motions. The equivalent lat-
itude of a PV contour is defined as the latitude of a circle
centered about the pole enclosing the same area as the PV
contour (Butchart and Remsberg, 1986). This is illustrated
in Fig. 1. If A(PV) is the area enclosed by the PV con-
tour, then its equivalent latitude is given byφe (PV)=sin−1

(1- A(PV) / (2πr2e)). For the SPURT measurements the PV-
equivalent latitude relationships were calculated for 27 indi-
vidual isentropes from2=270 K up to2=400 K in steps of
5 K. In this way we obtained a fieldφe(PV, 2) for discrete
values of PV and2. The equivalent latitude for each mea-
surement point was then calculated by bilinear interpolation
onto [PV(t),2(t)]. PV(t) and2(t) are obtained from a com-
bination of 6-hourly analyses and 3-hourly forecast ECMWF
model fields interpolated in space and time onto the flight
track [lon(t), lat(t), p(t)]. Since equivalent latitude is a PV
coordinate, its calculation relies on monotonically increasing
PV values. A recent study by Birner (2006) found that PV in
the UT/LMS exhibits only small meridional gradients away
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from the tropopause. An interpretation regarding geograph-
ical dependencies of tracers based on the equivalent latitude
framework should therefore be treated carefully in regions
away from the tropopause. However, Hegglin et al. (2005)
used the equivalent latitude-potential temperature framework
in a 2-D advection-diffusion model to simulate tracer distri-
butions in the LMS and obtained correlation coefficients (R2)
between 0.72 and 0.94 between modeled and observed car-
bon monoxide mixing ratios.

3.2 Vertical tracer profiles

The vertical distribution of a trace gas species is also strongly
influenced by the meteorological situation and in partic-
ular by the actual position of the tropopause. The al-
titude of the tropopause can vary by several kilometers.
Because conventional averaging in altitude can smear out
vertical structures in chemical species associated with the
tropopause, it is desirable to plot chemical species relative
to the actual tropopause height. For this purpose, we use
the difference between the potential temperature at flight
level and at the tropopause (12). The potential tempera-
ture of the tropopause was calculated from ECMWF data.
The tropopause is defined here as the 2 PVU surface (with
1 PVU=10−6 m2 s−1 K kg−1). The use of12 as the verti-
cal coordinate reduces scatter and increases compactness in
tracer profiles as compared with using absolute potential tem-
perature values (Hoor et al., 2004). Pan et al. (2004) found a
similar result by using distance (in km) relative to the thermal
tropopause.

3.3 Tracer-tracer correlations

The theoretical framework of the relation between long-
lived stratospheric tracers has been provided by Plumb and
Ko (1992). They showed that the combination of quasi-
horizontal mixing along isentropes and differential vertical
advection (upwards in the tropics and downwards in polar
regions) cause tracer isopleths to slope relative to the isen-
tropes. Since this shape is shared by different long-lived
species, scatter plots of two such tracers form linear cor-
relations. Tracer-tracer correlations since then have been
demonstrated to serve as valuable tools for the study of trans-
port processes in the stratosphere and for the validation of
CTMs (Bregman et al., 2000) or GCMs (Sankey and Shep-
herd, 2003). The use of a chemical framework removes much
of the variability found in tracer time series which are caused
by advection of air masses (because different long-lived trac-
ers are advected similarly). This is similar to the equivalent-
latitude concept. In this study we focus on the correlations
between NOy and N2O, O3 and N2O, and NOy and O3.

NOy is predominantly produced in the tropical lower
stratosphere by the oxidation reaction

N2O + O(1D) → NO + NO (1)

which accounts for 5.8% of the total N2O loss. Highest pro-
duction rates for NOy are found in the tropical stratosphere
between 25 and 35 km. Since photochemistry is also in-
volved in the production of O3 in this region, NOy and O3
are positively correlated with each other. In contrast N2O is a
tropospheric tracer which only has a sink in the stratosphere
by photolysis and the reaction with O(1D). It is therefore
negatively correlated with both, NOy and O3. Above 40 km,
NOy loss becomes important due to the reaction

NO + N → N2 + O (2)

and NOy becomes positively correlated with N2O. Also the
correlation between N2O and O3 becomes positive as one ex-
ceeds the O3 maximum above around 30 km. Due to chemi-
cal aging during transport towards the poles and mixing with
air masses originating from above the O3 and NOy max-
ima, the slopes of the tracer correlations1O3/1N2O and
1NOy/1N2O show a latitudinal dependency with larger ab-
solute values in the tropics than at the poles, and intermedi-
ate slopes in the mid-latitudinal surf-zone (Bregman et al.,
2000; Proffitt et al., 2003). Tracer correlations between O3
and N2O, or between NOy and N2O, and other long-lived
species, have been widely used to estimate chemical ozone
loss, to identify denitrification processes, and to characterize
air mass origin (Proffitt et al., 2003, and references therein).
However, the tracer-tracer correlations discussed here may
not be an appropriate tool to identify chemical ozone loss.
These correlations can be strongly influenced by the transport
of chemically aged stratospheric air from above the O3 or
NOy maxima, or by mixing with stratospheric mid-latitudes
air with different correlation-characteristics (Michelsen et
al., 1998; Plumb et al., 2000). The SPURT data set offers
the opportunity to obtain a seasonally and latitudinally re-
solved picture of the relationships between different long-
lived tracers in the LMS. One issue is whether the linearity
and compactness of the tracer-tracer correlations observed in
the lower stratosphere is maintained in the LMS, or is instead
modified by STE. The degree to which these linear correla-
tions are maintained in the LMS may be useful in identifying
transport pathways to this region, or reflect chemical process-
ing.

3.4 Calculation of NOx

The SPURT instrumentation just allowed the measurement
of NO. Since NO converts rapidly into NO2 and since both
these species play an important role in the production and de-
struction of O3 they are mostly treated as one species and de-
noted with NOx. NO2 can been calculated from the SPURT
NO and O3 mixing ratios using the photostationary equilib-
rium assumption by Crawford et al. (1996):

[NO]

[NO2]
=

JNO2

k1 · [O3]
(3)
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Fig. 2. Median NOy mixing ratios in (φe,2) coordinates. Black lines denote PV-isolines (2, 4, 6, 8, and 10 PVU). The contour with 2 PVU
indicates the dynamical tropopause.

with JNO2 being the photolysis rate of NO2 with dependency
on altitude and solar zenith angle for clear-sky conditions.k1
further is the reaction rate of

NO + O3 → NO2 + O2. (4)

For flights during night time NOx can not be calculated. The
lifetime of NOx in the tropopause region is around 8 days
(Jaegĺe et al., 1998).

4 Results and discussion

In the following we present the data of the long-lived trac-
ers NOy, N2O, O3 and of the shorter-lived NOx (calcu-
lated from measured NO) by using the above discussed ref-
erence systems: Median distributions in (φe,2)-space for
each campaign separately, vertical profiles in12 from the
tropopause with focus on the seasonality in the observed
trace gas species, and tracer-tracer correlations in order to
explore their applicability in the LMS region and to gain in-
sight into the origin of the probed air masses. Finally, the
influence of the measured NO mixing ratios on the ozone
chemistry is evaluated.

4.1 Median tracer distributions in (φe,2) coordinates

All measurement points are binned into 5◦ equivalent latitude
by 5 K potential temperature bins. For each bin including
more than 4 data points, median values were computed. Me-
dians have been used since they are less sensitive to extreme
values in a data set than mean values. For the longer lived
species N2O and O3, mean and median distributions show no
significant differences, while NOy and NOx due to localized
sources and sinks show mean values which are often higher
than median values. 70% of the bins for each campaign in-
clude more than 20 data points with a maximum of 600 and
a mean of 150 data points per bin. Most of the bins with less
than 20 data points are located in the troposphere. Figures2,
3, 4, and5 show the distributions of median NOy, N2O, O3,
and NOx values during each campaign sorted by month and
season.

The (φe,2) plots divide tropospheric and stratospheric air
masses and extend the effective geographical coverage ob-
tained in each campaign. As shown in Figs.2 to 5, the
SPURT data set achieved a good coverage of the mid-latitude
LMS between 35◦ N and 65◦ N and below 380 K in mainly
every season. During spring campaigns, the best height cov-
erage in12 from the tropopause has been obtained. Due to

www.atmos-chem-phys.net/6/1331/2006/ Atmos. Chem. Phys., 6, 1331–1350, 2006



1336 M. I. Hegglin et al.: NO, NOy, N2O, and O3 in the UT/LMS

Fig. 3. Same as Fig.2, but for N2O.

instrument problems, only a few tropospheric measurements
of NOy are available for the two autumn campaigns.

Campaigns conducted in different years may be consid-
ered as a sequence of months within one year (from January,
February, April, May, July, August, October, to November)
as shown in Figs.2, 3, and4. The result is a seasonal cy-
cle in all of the tracer mixing ratios over the course of a year.
Closer examination of single months reveal not only seasonal
but also intra-seasonal differences present in the tracer distri-
butions.

Highest NOy mixing ratios of around 5 ppbv, and O3
of around 1000 ppbv, together with lowest N2O of around
265 ppbv, are found in the LMS during the April campaign
at highest2 levels and PV-values between 8 and 10. These
values decrease gradually towards autumn with a minimum
in October, when tracer mixing ratios at these levels were
around 2 ppbv NOy and 500 ppbv O3. Simultaneously, N2O
values increased towards 310 ppbv.

The observed changes in the mixing ratios can be linked
to the seasonality in the strength of the Brewer-Dobson cir-
culation as follows. The stronger the mean meridional cir-
culation, the more O3 or NOy is transported from its source
region in the tropical lower stratosphere towards higher lat-
itudes and altitudes and then down into the LMS. Simul-
taneously, lowest N2O mixing ratios are transported to the

LMS. However, the seasonal variation in the net mass flux
across the 380 K isentrope and therefore in the strength of
the Brewer-Dobson circulation exhibits a maximum in mid-
winter and a minimum in late spring/early summer (Appen-
zeller et al., 1996). We observe a shift of the maximum O3
and NOy and the minimum N2O mixing ratios towards April.
This is due to the finite timescale of tracer transport from its
source in the tropical stratosphere (above 380 K) to the LMS
(below 380 K). The global mean circulation has been shown
to dominate the seasonal cycle of long-lived trace gases in
the lower stratosphere (Strahan et al., 1999a, b; Garcia et
al., 1992). Our results show that this dominant influence ex-
tends down into the LMS. As will be discussed in Sect.4.3
the influence of old stratospheric air is also dependent on
the amount of relatively young air mixed from the tropical
tropopause region to the mid-latitudes.

Tracer mixing ratios of O3 and N2O exhibit a strong gra-
dient at the tropopause (with PV=2 PVU). The gradient is
stronger pronounced in O3 where tracer mixing ratios change
from tropospheric values around 100 ppbv to stratospheric
values of 500–800 ppbv. Corresponding changes in N2O
are from 318 ppbv in the troposphere to stratospheric val-
ues of 300 ppbv in autumn and 270 ppbv in spring. A gra-
dient in the tracer mixing ratios across the tropopause is
also seen in NOy, although it shows higher variability in the
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Fig. 4. Same as Fig.2, but for O3.

troposphere. The isopleths of the different tracers are closely
following the shape of the tropopause similar to the SPURT
CO-measurements (Hoor et al., 2004; Hegglin et al., 2005).
With increasing PV, NOy and O3 increase while N2O de-
creases resulting in tight positive and negative correlations,
respectively. A similar distribution along PV isolines was
also found for H2O (Krebsbach et al., 2006a, b1). However,
the tracer isopleths are not strictly parallel to the PV-isolines,
i.e. the correlations with PV are different on different isen-
tropes. Furthermore, the relationship is strongly varying with
season. Note that pronounced gradients in the tracer mixing
ratios exist at the tropopause both across potential tempera-
ture levels and horizontally along isentropes. This implies
that the extratropical tropopause acts as a barrier to transport
and mixing in both, the vertical and the horizontal directions.
Vertical transport through the tropopause is inhibited by a
strong gradient in static stability, whereas quasi-horizontal
transport along isentropes is inhibited by a strong meridional
gradient in PV at the tropopause which can be seen in any
of Figs. 2 to 5. Note, due to their low resolution, the use
of ECMWF fields for the calculation of the equivalent lati-

1Krebsbach, M., G̈unther, G., Spelten, N., and Schiller, C.:
Characteristics of the extratropical transition layer as derived from
H2O and O3 measurements in the UT/LS, Atmos. Chem. Phys.
Discuss., to be submitted, 2006b.

tude may lead to a potential smearing out of the real tracer
gradients at the tropopause. Nevertheless, it represents a ma-
jor improvement towards the use of geometrical coordinates
where tropospheric and stratospheric air masses are not sep-
arated before the averaging.

The shorter lived tracer NOx, on the other hand, is much
more variable as can be seen in Fig.5. This is because it
has many different local sources and sinks, a relatively short
lifetime of about 8 days in the UT/LMS (Jaeglé et al., 1998),
and a strong dependency on available sunlight. During the
autumn and winter campaigns with little sunlight, NOx mix-
ing ratios are around 0.1 ppbv. The calculation of NOx fails,
as soon as no sunlight is available (cf. Sect.3.4). During po-
lar night, NOx is mainly converted into its reservoir species
such as N2O5, HNO3, or ClONO2. In the presence of sun-
light during spring and summer, however, NOx is reactivated
which leads to generally higher mixing ratios with values
around 0.3 ppbv. Patches in the observed distributions may
be a result of relatively fresh sources of NOx transported
into the LMS after production by lightning or convective up-
lift of emissions from the planetary boundary layer. These
processes have the potential to alter significantly mean NOy
mixing ratios (see Hegglin et al., 2004). Aircraft emissions
are another relevant source of NOx in the mid-latitudinal
LMS over Europe.
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Fig. 5. Same as Fig.2, but for NOx(=NO+NO2).

4.2 Vertical tracer profiles

Vertical profiles in12 relative to the tropopause of NOy,
N2O, O3, and NOx obtained for winter (DJF), spring
(MAM), summer (JJA), and autumn (SON) are shown in
Figs. 6 and 7. SPURT campaign data of two different
years but corresponding to the same season are shown in the
same vertical profile. In order to investigate a possible de-
pendency of the vertical tracer distributions on latitude the
data was classified and colored in the figures corresponding
to its equivalent latitude into subtropical (φe<35◦ N, blue),
mid latitudinal (35◦ N<φe<65◦ N, light grey), and polar air
masses (φe>65◦ N, green). Further, median tracer profiles
have been calculated for each season (red lines).

Figures6a and b show the vertical profiles of N2O and
NOy for each season. N2O in general forms relatively com-
pact profiles whereas NOy shows higher variability. The rea-
son for this is that N2O is almost uniformly distributed in the
troposphere due to its low chemical reactivity and its low
photodissociation cross-sections. Its only source is in the
troposphere. NOy, however, has additional sources in the
UT/LMS beside its main stratospheric source as discussed
above. Figure7 shows the vertical profiles for O3. Interest-
ingly, the same qualitative features as found for NOy are also
seen in the O3 profiles. Upper tropospheric mixing ratios of

NOy and O3 are higher in spring and summer than in au-
tumn and winter by about 100% and 60%, respectively. The
same seasonality for O3 has been obtained by Krebsbach et
al. (2006a) using 2-D probability distribution functions.

In the autumn panels of each figure, the vertical profiles of
all seasons are shown together for comparison. The most
obvious feature is a uniform distribution of the tracers in
the troposphere and a strong gradient in the tracer mixing
ratios beginning at around 5 K below the tropopause (with
PV=2 PVU) as stated in the previous section. The gradients
in the tracer profiles of NOy, N2O, and O3 found across the
tropopause (see Figs.6a, b and7a) are strongest in spring, de-
creasing throughout summer towards lowest gradients in au-
tumn and increasing again during winter towards spring val-
ues. The gradients at the tropopause coincide with a strong
gradient in static stability (cf. Pan et al., 2004). A tropopause
based climatology of high-resolution radiosonde data by
Birner et al. (2002) revealed that static stability exhibits a
distinct maximum just above the extratropical tropopause, a
feature not reproduced in ECMWF data which are used in
the here presented study. However, the existence of the max-
imum in static stability and the coincident gradient in the
tracer observations highlight the role of the tropopause to act
as a transport barrier.
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Fig. 6. Vertical profiles of(a) N2O and(b) NOy mixing ratios as a function of12 from the tropopause (defined by 2 PVU). Different panels
show data for winter (DJF), spring (MAM), summer (JJA), and autumn (SON). Blue crosses denote measurements withφe south from 35◦ N,
light grey crosses withφe between 35◦ N and 65◦ N, and green crosses withφe north from 65◦ N. Red lines denote profiles of median mixing
ratios. In order to allow direct comparison, the winter, spring, and summer profiles are plotted in the autumn graph again.

The origin of the air masses is relevant since air from
above 380 K is not purely aged stratospheric air but is rather
a mixture containing also younger air from the tropical
tropopause region (cf. Hoor et al., 2005). This topic will
be investigated in the next section. Some of the tropospheric
air transported into the LMS by troposphere-to-stratosphere
transport (TST) might be removed later on by stratosphere-
to-troposphere transport (STT). The effect of TST events fur-
ther seems to be smoothed out by fast horizontal transport
and mixing in the zonal direction as has been previously sug-
gested by Hegglin et al. (2005). The result is a gradual tran-
sition from the troposphere into the stratosphere referred to
as the extratropical tropopause transition layer. In summer
the low gradient within this tropopause layer is therefore ex-
plained by both, a weaker Brewer-Dobson circulation and
stronger tropospheric influence, filling up the LMS with tro-
pospheric air as time proceeds towards autumn.

The vertical profiles of the shorter lived NOx for each sea-
son are shown in Fig.7. In winter and autumn the vertical
gradients in NOx together with the variability in NOx is rel-
atively low. In spring and summer, however, a strong gradi-

ent exists across the tropopause and a bulge in the vertical
profiles characterized by higher variability and higher NOx
mixing ratios is obvious between 10 K below and 30 K above
the tropopause. This feature is likely due to a combination of
the increase in available sunlight enhancing NOx by photoly-
sis of HNO3, an increase in deep convection associated with
lightning production of NO towards summer, and a weaken-
ing of the Brewer-Dobson circulation replacing less lower-
most stratospheric air by STT. The low temperatures and low
O3 mixing ratios found in the tropopause region may further
slow down chemical reaction rates of heterogeneous and gas-
phase conversion of NOx into its reservoir species.

The classification of the air masses corresponding to their
equivalent latitude (blue, light grey, green for subtropical,
mid-latitudinal and polar data points) suggests that tracer
profiles of NOy, N2O, and O3 show no significant latitudi-
nal dependency except in summer. The mixing ratios are
mainly determined by their vertical distance relative to the
tropopause and are similar for subtropical, mid latitude and
polar air masses. In summer, however, mixing ratios of NOy
and O3 tend to be higher and lower for N2O in the polar
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Fig. 7. Same as Fig.6, but (a) for O3 and(b) for NOx (=NO+NO2).

region compared to values measured in the subtropics indi-
cating a reservoir of older air at higher latitudes. It is interest-
ing to see that the latitudinal gradient in potential vorticity is
also most pronounced in summer with PV-isolines between 2
and 8 PVU lying closely together (see Fig.2). This suggests
that mixing and transport within the lowermost stratosphere
which tend to smooth out latitudinal gradients are slower than
time scales of processes which provide the lowermost strato-
sphere with tropospheric air starting in the beginning of sum-
mer and at lower latitudes. The latter may be associated with
deep convective events which could also explain the highly
variable NOx found in summer in the first 20 K above the
tropopause. NOx also reveal a stronger dependency onφe

than the other tracers during all seasons. Higher mixing ra-
tios are found in regions south from 35◦ N, while lower val-
ues are found at higherφe.

In Fig. 8 finally, median NOx to NOy ratios are plotted
as a function of altitude bins relative to the tropopause, for
every season, and for subtropical, mid-latitudinal, and polar
air masses according to the above classification. The num-
ber of data points per bin is indicated in the figure. Note,
that the features in winter and autumn are less robust since
NO was measured during one campaign only. The ratio of
NOx to NOy presents an indicator for the chemical age of

an air mass. If the ratio is high, the air parcel may have ex-
perienced a recent input of NOx, while low ratios indicate
aged air masses in which the conversion of NOx into NOy
already proceeded. Two main features in the NOx to NOy
ratios should be highlighted in Fig.8. Relatively low values
in the “background” LMS above 20 to 30 K, and increasing
ratios in descending towards the tropopause where a local
maximum in the ratio exists. In winter, the profiles at mid-
latitudes exhibit NOx to NOy ratios above 20 to 30 K with
values around 0.025 [ppbv/ppbv]. Similar ratios are found in
polar regions during spring and autumn. Comparable results
have been found for the AASE II campaign during winter by
Weinheimer et al. (1994). During spring, the “background”
LMS ratios increase to values around 0.06 [ppbv/ppbv] and
to values of around 0.08 [ppbv/ppbv] during summer, respec-
tively. This difference can be explained by the seasonal cycle
in available sunlight. More sunlight increases photolysis of
HNO3 leading to a production of NO2 and hence increasing
the NOx to NOy ratio while reaching photochemical equilib-
rium. With decreasing altitude, however, the NOx to NOy
ratios and their variability increase. This feature is most pro-
nounced in summer, but is also obvious in winter and spring.
In winter, maximum values are around 0.1, in spring around
0.12, and in summer around 0.16 [ppbv/ppbv]. The existence
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Fig. 8. Vertical profiles of median NOx/NOy ratios as a function of12 from the tropopause (defined by 2 PVU) for each season. The data
are classified by their equivalent latitude into subtropical (φe<35◦ N), mid latitudinal (35◦ N<φe>65◦ N), and polar (φe>65◦ N) air masses.
Medians are calculated for bins of 5 K height. The number of measured data points per bin is indicated in the figure. Horizontal bars denote
the range given by the mean NOx/NOy ratios± the standard deviation. In order to allow direct comparison, the median profiles of the mid
latitudes (red dotted line) and the polar region (blue line) are plotted in the subtropical class again.

of such maximum at the tropopause has been discussed in
the literature previously (Weinheimer et al., 1994; Jaeglé et
al., 1998; Ziereis et al., 2000). It was explained by a com-
bination of the presence of NOx sources and an enhanced
lifetime of NOx at the tropopause. Sources are likely to be
deep convective injection of either polluted planetary bound-
ary layer air or of air masses which were influenced by light-
ning (e.g. Hegglin et al., 2004). Aircraft emissions constitute
another local source especially in the UT/LMS over Western
Europe. The longer lifetime of NOx in the tropopause re-
gion may be the result of slower reaction rates due to lower
temperatures and lower O3 values. These two factors slow
down the conversion of NOx to NOy, whether by oxidation
of NO2 with OH, which leads to the formation of HNO3, or
by the heterogeneous conversion of N2O5 to HNO3 after the

reaction between NO2 and O3. Except in winter, a strong
latitudinal decrease in the NOx to NOy ratios is found with
increasing latitude. This result might not only be linked to
increased photolysis of HNO3 at lower latitudes as stated by
Weinheimer et al. (1994), but also to the source distribution
of NOx. In summer, we expect strongest convective activ-
ity associated with lightning in the subtropics (cf. Sect.4.1).
Highest variability of the NOx to NOy ratio found in the up-
per troposphere in the subtropics support this explanation.

4.3 Seasonality of tracer-tracer correlations

Figure9 shows correlation plots of O3 with N2O obtained
during the different campaigns. For each data set, the cor-
relation between O3 and N2O has been calculated by us-
ing stratospheric data points only with potential vorticity
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Fig. 9. Scatter plots between N2O versus O3 for each campaign. Grey data points indicate measurements in the troposphere (with PV<2).
Red lines and formula specify linear fits to the stratospheric data considering errors in both tracers. In order to allow direct comparison the
April fit is plotted in all panels (red dashed line). Black solid and dashed lines indicate the mean of tropospheric N2O values± their standard
deviations (2σ ).
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Fig. 10.Slopes of tracer-tracer correlations measured during the SPURT campaigns in the “background” air of the LMS.(a) 1NOy/1O3, (b)
1NOy/1N2O, and(c) 1O3/1N2O. The temporal evolution of the slopes exhibits a distinct seasonal cycle (given by the red lines) except for
1NOy/1O3 (indicated by the red dashed line).(d) Downward mass fluxes through different reference surfaces adapted from Appenzeller et
al. (1996). Reproduced by permission of American Geophysical Union. Here, the red line indicates the mass flux across the 380 K potential
temperature surface being in phase with the seasonal cycle of the observed correlation slopes. Blue circles mark the months during which
the last four SPURT campaigns were conducted.

>2 PVU. In general, the correlations between the two tracers
are quite compact. They yield near-linear correlation coeffi-
cients (R2) between 0.79 and 0.96. The compactness of the
correlations indicate that the air masses in this region of the
LMS are well mixed. Well mixed is used here for the mix-
ing of air masses with different characters (e.g. air masses of
tropical and mid-latitudinal origin) down to scales below the
resolution of the observations. The compact correlation be-
tween the two tracers further may be a result of a combination
of downward advection and strong horizontal mixing within
the LMS similar to the theoretical framework for strato-
spheric tracer-tracer correlations provided by Plumb and Ko
(1992). The only difference marks the effect of TST which
is strongest for tracers with local sources such as NOy. The
correlations between NOy and N2O therefore were calculated
by only using data points with O3 mixing ratios>300 ppbv
in order to exclude air masses which show high variability in
NOy due to tropospheric sources. The NOy and N2O scat-
ter plots are less compact (not shown). Correlation coeffi-
cients (R2) for May 2002, February, April, and July 2003
campaigns are between 0.6 and 0.73, but smaller than 0.4 for
the other campaigns. The more compact correlations found
between February and July suggest that the LMS is domi-

nated during winter and spring by stratospheric air masses.
On the other hand, the influence of the troposphere across
the extratropical tropopause appears to become strongest be-
tween August and November, leading to less compact corre-
lations between NOy and N2O (see Hegglin, 2004).

For both tracer-tracer combinations, the correlations ob-
tained in different years but corresponding to the same
season show similar average slopes (1O3/1N2O and
1NOy/1N2O). In Figs.10b and c, the obtained correla-
tion slopes are plotted as a function of time. The SPURT
data set suggests, that the correlation slopes follow a sea-
sonal cycle indicated by the red lines. The slopes of the NOy
to N2O correlation show changes by 20% between October
2002 (slope =−0.102) and April 2003 (slope =−0.082). This
result is significantly higher than the maximum change in
slope of 6% derived from ER2-data above 400 K during the
ASHOE/MAESA and the STRAT campaigns (Keim et al.,
1997). Their observed slopes were –0.069 in April 1994 and
–0.073 in January 1996. The difference of the two observa-
tions may be explained by the different altitude range of the
observations or the inter-annual variability in the strength of
the mean meridional circulation.
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Fig. 11.Theoretical scheme of the net O3 production as function of
NO (thick black lines). As shown in chemical box model calcula-
tions by Grooss et al. (1998), critical NO values (marked by the red
lines) depend on background O3 mixing ratios . Thin black dashed
line indicates zero O3 production.

The observed seasonal cycle in the correlation slopes is
roughly in phase with the downward mass flux calculated by
Appenzeller et al. (1996) shown in Fig.10d. The largest mass
fluxes across a reference surface (e.g. the 380 K isentrope)
coincide with the steepest correlation slopes, while smaller
mass fluxes found in spring are coincident with more shallow
slopes. The largest fraction of aged stratospheric air in the
LMS is therefore found at the end of a period with strongest
downward mass transport.

The changing slopes also indicate changing air mass ori-
gin. It suggests that the influence of the Brewer Dobson cir-
culation on the measured slopes is superimposed by the rate
at which tropical air is transported to mid-latitudes. This re-
gion lies between the tropical tropopause and around 420 K
and is referred to as the tropically controlled transition region
(Rosenlof et al., 1997). In order to explain the connection of
this fast transport with the changing slope values we have
to consider the mean distributions of correlation slopes. Fa-
hey et al. (1990) presented the distribution of1NOy/1N2O
ratios in the lower stratosphere calculated by a 2-D chem-
ical transport model. They showed that high absolute val-
ues are found in the tropical lower stratosphere, whereas low
absolute values are found at higher altitudes and latitudes.
Bregman et al. (2000) further analyzed the1O3/1N2O ra-
tios within the lower stratosphere obtained by a 3-D chemical
transport model and found a latitudinal dependency with de-
creasing absolute values towards higher latitudes. They both
explained their findings by the combined effects of transport
and the photochemical aging of air masses.

Small absolute values of both,1O3/1N2O, and
1NOy/1N2O, as found during spring in our study suggest
therefore the presence of a large fraction of aged air masses
originating from higher altitudes and latitudes. They either

are chemically processed on their way to higher latitudes and
during descent in the polar vortex, or influenced by air de-
scending from altitudes above 35–40 km where the linear re-
lationships between the discussed tracers reverses sign. On
the other hand, large absolute values of the correlation slopes
as found during autumn represent younger air masses typi-
cal for the tropical lower stratosphere region and which took
a “shorter” pathway leading more directly from the tropical
tropopause to the LMS region. Winter and summer repre-
sent intermediate stages. Our findings are in close agreement
with Hoor et al. (2005) who showed that the contribution of
tropical tropospheric air (originating from above 370 K) to
the chemical composition of the LMS amounts to about 35%
in spring, while in autumn the contribution is about 55%.

It is interesting to note, that the slopes of the NOy to
O3 correlation slopes show no clear seasonal cycle (see
Fig.10a). The only significantly lower value in the slope was
found during October 2002. Murphy et al. (1993) showed a
latitudinal increase in the NOy to O3 ratios from 0.002 to
around 0.004 by going from the tropics to higher latitudes.
This supports the finding that the air in October took a more
direct way from the tropics to the LMS.

The SPURT data presented here do not resolve the ques-
tion whether the observed slopes during spring and summer
are the result of mixing with air masses which experienced
enhanced chemical ozone loss and denitrification or whether
they result from transport and mixing processes with air
above the O3 and NOy maxima where different correlation-
characteristics prevail (Michelsen et al., 1998; Plumb et al.,
2000; Proffitt et al., 2003). For this purpose other tracer-
tracer correlations e.g. between CH4 and N2O can be used,
which are not influenced by chemical processes. Since the
dynamical range of the SPURT CH4 data was not large
enough to obtain compact correlations we were not able to
look into this in more detail. Nevertheless, the vertical pro-
files of the CH4 mixing ratios (not shown) also exhibit a sea-
sonal cycle similar to what has been seen in Figs.6a, b, and
Fig. 7a, suggesting that rather the origin of air than enhanced
chemical processing influences the observed tracer distribu-
tions in the LMS.

4.4 Chemical regime: ozone destruction or production

The chemical composition and the physical characteristics
of the UT/LMS, together with the influence of complex dy-
namical processes on small and large scales, make this re-
gion difficult to simulate in global chemical transport models
(Brunner et al., 2003). In particular, large differences be-
tween modeled and measured NOx call for a more accurate
description of NOx sources. The coverage of the UT/LMS
with highly resolved tracer measurements obtained during
SPURT, including the key species for ozone chemistry (NO
and CO), can be used to determine the height at which the
chemical regime switches from O3 production to O3 destruc-
tion.
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Fig. 12. Vertical profiles of excess NO (NO1) calculated for each measurement point as a function of12 from the tropopause (defined by
2 PVU). Different panels show different seasons. Blue crosses denote measurements withφe south from 35◦ N, light grey crosses withφe

between 35◦ N and 65◦ N, and green crosses withφe north from 65◦ N.

Figure11 shows schematically the dependence of net O3
production on available NO and on background O3 mixing
ratios as well as the NOcrit values at which O3 destruction
turns into O3 production (indicated by the red lines). It
is based on the results by Grooss et al. (1998), using the
Mainz two-dimensional photochemical model for upper tro-
pospheric conditions assuming CO and HNO3 mixing ra-
tios of 60 ppbv and 0.2 ppbv, respectively. They showed that
the NOcrit value increases with increasing O3 mixing ratios
from values around 0.01 ppbv at 50 ppbv O3 to 0.1 ppbv at
200 ppbv O3. They showed that decreases in the CO mix-
ing ratio decrease peak net O3 production, but have no in-
fluence on NOcrit. Grooss et al. (1998) further showed that
the NO+HO2 reaction dominates O3 production. Volatile or-
ganic compounds may therefore be neglected in a first ap-
proximation. It is clear from Fig.11 that net O3 production
is highly nonlinear below and above the critical NO mix-
ing ratio. O3 production is further maximized at some NO
value larger than NOcrit. Above this NO value, additional
NO reduces O3 production. It is therefore important to know
the amount by which NO exceeds NOcrit in order to know
which chemical regime prevails. This is especially important
when attempting to assess the chemical impact of additional,
highly localized, NOx sources such as aircraft emissions and
lightning on UT/LMS O3 chemistry, and its feedback on cli-
mate.

In calculating the critical NO mixing ratios (NOcrit) at
which net O3 production changes from negative to positive,
we assume the following chemistry to be important:

OH + O3 → HO2 + O2 k1 (5)

OH + CO+ O2 → HO2 + CO2 k2 (6)

HO2 + NO → NO2 + OH k3 (7)

HO2 + O3 → OH + 2 O2 k4 (8)

with k1 to k4 being pressure or temperature dependent re-
action rates according to JPL/NASA (2003). The temporal
change in O3 then is given by

d[O3]

dt
= −k1[OH][O3]−k4[HO2][O3] + k3[HO2][NO] (9)

and the temporal change in OH by

d[OH]

dt
= − k1[OH][O3]−k2[OH][CO]

+k3[HO2][NO] + k4[HO2][O3]. (10)

Imposing steady state onto both Eqs. (9) and (10) yields
the following expression for a critical NO value valid in the
UT/LMS region:

[NOcrit] =
k4

k3
· [O3] ·

(
1 +

2k1[O3]

k2[CO]

)
. (11)

In the troposphere where 2k1O3�k2CO, NOcrit approxi-
matesk4O3/k3, the value derived by Crutzen (1979) for use
in the troposphere. Above the tropopause, the temperature
dependent reaction ratek1 and O3 increase, while the value
in the denominator decreases due to decreasing CO mixing
ratios and a pressure dependent reaction ratek2. The term
in brackets therefore gains in importance and changes NOcrit
significantly. In this approximation of NOcrit, we do not ac-
count for effects of halogen compounds such as Br or Cl,
which might be important in both the upper troposphere and
the lower stratosphere (von Glasow et al., 2004; Salawitch
et al., 2005). However, if measured NO exceeds the calcu-
lated critical NO-mixing ratio chemical conditions favor O3
production. If measured NO is lower than NOcrit, O3 de-
struction is expected. NOcrit is calculated for each sampled
air mass using the SPURT CO (Hoor et al., 2004), O3, tem-
perature and pressure data. We define excess NO (NO1) as
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a measure of how much NO is available in addition to NOcrit
in each air mass according to:

NO1 = NOmeas− NOcrit (12)

where NOmeasare the measured NO mixing ratios.
Figure12 shows the NO1 values during the SPURT mea-

surements in12 relative to the tropopause for each sea-
son. In winter, the NO1 values in the upper troposphere
and lowermost stratosphere up to a height of 15 K above the
tropopause are close to zero. Any source of NO at these
altitudes will likely lead to O3 production. Above 15 K
relative to the tropopause, however, the chemical regime
switches to O3 destruction. In spring and summer, the picture
changes significantly. NO1 values in the upper troposphere
and lowermost stratosphere up to 20 K and 30 K above the
tropopause, respectively, are strongly positive. The NO1 val-
ues therefore imply significant O3 production in this region.
This finding is consistent with a study by Logan (1985) ex-
plaining increased O3 values in the upper troposphere during
spring and summer as a result of photochemical O3 produc-
tion. Above 20 K and 30 K for spring and summer, respec-
tively, the chemical regime switches to O3 destruction. NO1

is further more negative in spring than in summer. In autumn
finally, NO1 values are very low (note the different scale for
the x-axis in Fig.12). Nevertheless, they suggest, that the
LMS at mid-latitudes favors O3 production for12 values
up to 40 K above the tropopause. Additional NO up to this
height may therefore have a high potential for O3 produc-
tion. The vertical profiles in the polar regions further turn in
general at lower altitudes into the O3 destruction regime. In
Fig. 13finally, we calculated mean vertical profiles of NOcrit
relative to the tropopause. The NOcrit values show a sea-
sonal cycle with highest values in spring and lowest in au-
tumn. This reflects its dependence on the background O3
mixing ratios which also show a maximum in spring and a
minimum during autumn. A significant amount of CO in the
LMS decreases NOcrit values according to Eq. (11). Less NO
is therefore necessary to turn the region into the O3 produc-
tion regime. This is the case during autumn, when tropo-
spheric influence on the LMS is highest as derived from CO
measurements (Hoor et al., 2005).

The chemical regime in the UT/LMS is according to
this study is strongly dependent on altitude relative to the
tropopause and on season. Both factors determine the frac-
tion of tropospheric air and the background O3 mixing ratios
in the LMS. Koch et al. (2002) found positive O3 trends in
the UT/LMS region depending on season and reaching max-
imum altitudes in autumn. Chemical production may there-
fore serve as an explanation for these trends assuming a pos-
itive trend would also exist in available NO. While the next
step should be the quantification of net O3 production by us-
ing a more complex chemistry model including all important
reactions in the tropopause region, the results presented here
may be useful to validate the chemical regimes obtained in
global chemistry transport models.

5 Conclusions

A new measuring system for high resolution and high sensi-
tivity measurements of NOy, NO, and O3 was implemented
into a Learjet 35A aircraft. The measurements were per-
formed simultaneously using a three-channel chemilumines-
cence detector and an externally mounted converter in which
NOy species were reduced catalytically to NO on a heated
gold surface in the presence of CO. The semi-automated
system was successfully operated during a total of six mea-
surement campaigns plus two campaigns with an older sys-
tem performed seasonally between November 2001 and July
2003 in the framework of the SPURT project. The mission
flights covered the UT/LMS region over Europe from 30◦ to
75◦ N up to a potential temperature of 380 K.

When presented in the equivalent latitude–potential tem-
perature framework, the SPURT distributions of NOy, N2O,
and O3 in the LMS are quite simple. There is a gradual
increase in mixing ratio with increasing distance from the
tropopause, and a strong seasonal variation. During winter
and spring, NOy and O3 mixing ratios are high, whereas
N2O mixing ratios are low. During summer and autumn,
N2O mixing ratios are close to tropospheric values, while
O3 and NOy mixing ratios are low. These changes show
that the seasonal cycle of the Brewer-Dobson circulation has
a dominating influence on tracer distributions in the LMS.
There are strong gradients near the tropopause, both in the
vertical across isentropes, and in the horizontal along isen-
tropes. Our measurements therefore show that the extra-
tropical tropopause acts as a barrier to transport and mix-
ing in both vertical and horizontal directions. Vertical trans-
port through the tropopause is inhibited by a strong gradi-
ent in static stability (cf. Birner, 2002; Pan et al., 2004),
whereas quasi-horizontal transport along isentropes near the
tropopause is inhibited by a strong meridional PV gradient
(cf. Birner, 2006). The abundance of NOx is dependent on
the available sunlight, and therefore shows enhanced values
in spring and summer. Higher variability in NOx is found
around the subtropical jet.

Vertical profiles in12 relative to the tropopause show
compact distributions of O3, N2O, and NOy. The dif-
ferent tracers exhibit strong vertical gradients across the
tropopause. The gradients are strongest in spring, interme-
diate in winter and summer, and weakest in autumn. Except
in summer, there are no latitudinal gradients in the LMS.
This supports the view that there are no additional trans-
port barriers within the LMS, and that the LMS can be in-
terpreted as a dynamically well-mixed layer, as reported by
Birner (2006). The latitudinal tracer gradient during summer
may arise from a stronger meridional PV gradient, from a
decrease in dynamical activity which results in less merid-
ional mixing, and ultimately from enhanced transport of tro-
pospheric air into the LMS by various TST events starting at
lower latitudes. NOx shows higher values in spring and sum-
mer compared to autumn and winter. Interestingly, it exhibits
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a local maximum within the first 20 K above the tropopause.
Simultaneously, a maximum is seen in the vertical profiles
of the NOx/NOy ratio. It indicates an accumulation of NOx
from sources like aircraft emissions, deep convective injec-
tion of polluted planetary boundary layer air, or lightning. If
this feature persists in evaluations of larger data sets, it might
have strong implications for net O3 production in this region.

Scatter plots of O3 against N2O, and of NOy against N2O,
obtained during SPURT show compact correlations. This im-
plies that the concept of tracer-tracer correlations may also
be used within the LMS. There is, however, one restriction.
In the case of NOy and N2O, data points which lie below
300 ppbv O3 should not be used. Below this ozone mixing
ratio, NOy can be highly perturbed by TST, a process which
can significantly alter the calculated correlation slopes. How-
ever, for tracers which are well-mixed in the troposphere, the
compactness of the correlations is less influenced by TST.

The correlations between O3 and N2O, as well as between
NOy and N2O, reveal pronounced seasonal cycles which are
in phase with the calculated mass fluxes across the 380 K
isentrope derived by Appenzeller et al. (1996). The diabati-
cally descending air originates from the tropically controlled
transition region (Rosenlof et al., 1997). Its composition de-
pends on the strength of the Brewer Dobson circulation and
the rate of transport and mixing between the tropics and the
mid-latitudes. The values of the seasonally changing slope
therefore offer insight into the origin of air masses in the
LMS. The shallow slopes of1NOy/1N2O and1O3/1N2O
in spring indicate the presence of a large fraction of aged
stratospheric air, i.e. air which traveled through high alti-
tudes and/or high latitudes and probably descended in the
polar vortex. On the other hand, steeper slopes in autumn
indicate the presence of young air which may have taken
a “shorter” pathway leading from the tropical tropopause
region to the LMS. The slope of the correlation between
NOy and O3 exhibits no pronounced seasonal cycle, but the
lower values found in autumn also support the presence of
tropical air masses (cf. Murphy et al., 1993). Our find-
ings are qualitatively in agreement with the findings by Hoor
et al. (2005) who showed that the contribution of tropical
tropospheric air to the chemical composition of the LMS
amounts to about 35% in spring, while in autumn the contri-
bution is about 55%. The strong horizontal gradients found
in the tracer distributions at the tropopause and a pronounced
phase shift of two months between tropospheric and low-
ermost stratospheric CO2 mixing ratios suggest that the air
with tropospheric character found in the “background” LMS
originates from the tropical tropopause region above around
370 K (Hoor et al., 2004). While quasi-isentropic transport
below 380 K has been shown to significantly contribute to
the LMS tracer composition at flight locations of 34.5◦N in
September (Ray et al., 1999), our findings imply that this
transport pathway has less impact on the “background” LMS
tracer composition at latitudes between 40◦ N and 70◦ N.

The seasonal cycle in the correlation slopes in the LMS

Fig. 13. Vertical profiles of mean critical NO (NOcrit) in 12 rela-
tive to the tropopause (defined by 2 PVU). Different linestyles indi-
cate different seasons.

is likely to be influenced by the inter-annual variability in
the strength of the Brewer-Dobson circulation and in the rate
at which air is transported from the tropics to mid-latitudes.
Tracer-tracer correlations therefore may be used in future as
a valuable measure of the circulation strength. They may
also serve as indicators for changing air mass origin or pho-
tochemical aging. Finally, the seasonal variability of the NOy
to N2O ratio must be taken into account when calculating ex-
cess NOy which is commonly used as a measure for sources
and sinks of NOy in the stratosphere.

The seasonal change in the composition of the UT/LMS
(i.e. the seasonal change in background O3 mixing ratios and
the influence of the tropospheric trace gas species NOx and
CO) has an important effect on chemistry in this region. The
SPURT NO measurements provide highly resolved measure-
ments of key species involved in O3 chemistry. In this study,
the critical NO values (NOcrit) at which net O3 production
changes from positive to negative were calculated in a way
which accounted for both the tropospheric and the strato-
spheric character of air in the LMS. We also calculated the
excess NO value (NO1), a measure of the amount of NO
which exceeds NOcrit. The results show that during spring
and summer, O3 production occurs throughout the upper tro-
posphere, and in the LMS up to heights of 20 and 30 K above
the local tropopause, respectively. Above these heights, and
especially in winter, the composition of the LMS leads to O3
destruction. In autumn, NO1 is slightly above zero up to
heights of 40 K above the local tropopause. Here, additional
sources of NO will lead to enhanced O3 production. The
SPURT data set is a valuable contribution toward a global
climatology of NOy, N2O, NO, and O3, among other long-
lived species. Through the specific campaign setup, the mea-
surements provide both representative information on long-
lived tracer distributions, as well as insight into individual
processes shaping the chemical structure of the tropopause
region (cf. Hegglin et al., 2004). The dataset is therefore an
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ideal platform from which different issues concerning trans-
port and mixing processes in the tropopause region can be
addressed. In particular, it might be useful for validation of
satellite measurements or of transport and mixing processes
within the UT/LMS in global chemistry transport models.
However, the conclusions drawn in this paper apply strictly
only to the UT/LMS in the longitude sector from –20◦ E to
30◦ E in the Northern hemisphere. Finally, to confirm the
presented conclusions, further investigations should be made
by using model simulations and applying the presented eval-
uation methods to larger data sets. More measurements,
preferentially over an even broader range ofφe and2 are
needed to better characterize the latitudinal gradients of the
presented tracers. Future aircraft observations should be con-
ducted at different longitudes and extended into the southern
hemisphere in order to enhance global knowledge of tracer
distributions in the UT/LMS.
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