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Abstract

The CRISTA-NF (Cryogenic Infrared Spectrometers and Telescope for the Atmosphere
– New Frontiers) instrument is an airborne infrared limb sounder operated aboard the
Russian research aircraft M55-Geophysica. The instrument successfully participated
in a large Arctic aircraft campaign within the RECONCILE (Reconciliation of essential5

process parameters for an enhanced predictability of Arctic stratospheric ozone loss
and its climate interactions) project from January to March 2010 in Kiruna, Sweden.

This paper concentrates on the measurements during one flight of the campaign,
which took place on 2 March in the vicinity of the polar vortex. We present two-
dimensional cross-sections of volume mixing ratios for the trace gases CFC-11, O3,10

and ClONO2 with an unprecedented vertical resolution of about 500 to 600 m for a large
part of the observed altitude range and a dense horizontal sampling along flight direc-
tion of ≈15 km. The trace gas distributions show several structures like the polar vortex
and filaments composed of air masses of different origin.

The situation during the analysed flight is simulated by the chemistry and transport15

model CLaMS (Chemical Lagrangian Model of the Stratosphere) and compared with
the measurements to assess the performance of the model with respect to advection,
mixing, and the chemistry in the polar vortex. These comparisons confirm the capabil-
ity of CLaMS to reproduce even very small-scale structures in the atmosphere. Based
on the good agreement between simulation and observation, we use a model con-20

cept utilising artificial tracers to further analyse the CRISTA-NF observations in terms
of air mass origin. A characteristic of the Arctic winter 2009/10 was a sudden strato-
spheric warming in early December that led to a split of the polar vortex. The vortex re-
established at the end of December. Our passive tracer simulations suggest that large
parts of the re-established vortex consisted to about 45 % of high- and mid-latitude air.25
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1 Introduction

The upper troposphere/lower stratosphere (UTLS) region plays an important role in
the climate system (e.g. IPCC, 2007; Riese et al., 2012). Changes in the chemical
composition of this region result in particularly large changes in radiative forcing of
the atmosphere. Therefore, quantifying the chemical composition of this region and5

the underlying processes represents a crucial task. During winter and spring, the
composition of the lower Arctic stratosphere is strongly influenced by mixing of po-
lar and mid-latitude air masses, a process that is associated with the occurrence of
fine trace gas structures and filaments. These structures can be considered as part of
a scale cascade from synoptic-scale streamers over elongated filaments down to small-10

scale three-dimensional turbulence. While horizontal exchange of tropical and polar
air masses in form of synoptic-scale streamers has been observed by global infrared
limb-observations by the Cryogenic Infrared Spectrometers and Telescopes for the At-
mosphere (CRISTA) instrument (e.g. Riese et al., 1999, 2002), in-situ observations
on high-flying research aircraft provided a wealth of information on small-scale mixing15

processes (e.g. Hoor et al., 2002; Konopka et al., 2004). In this paper, we present ob-
servations of filamentary trace gas structures made by the airborne Cryogenic Infrared
Spectrometers and Telescope for the Atmosphere – New Frontiers (CRISTA-NF) in-
strument. These observations fill the gap between global satellite observations and
airborne in-situ measurements in terms of spatial resolution and coverage.20

CRISTA-NF is an infrared limb sounder, which utilises the center telescope and
spectrometer gratings of the satellite instrument CRISTA (e.g. Offermann et al., 1999;
Grossmann et al., 2002). The instrument measures thermal emissions of trace gases (4
to 15 µm) with a high vertical sampling (≈250 m) and dense horizontal sampling along
flight track (≈15 km). The employed retrieval scheme allows for deriving profiles of se-25

lected trace gases with a very high vertical resolution (up to about 400 m; Ungermann
et al., 2012). CRISTA-NF is operated aboard the high-flying Russian research aircraft
M55-Geophysica which offers a maximum flight altitude of about 20 km and, therefore,
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is an ideal platform for limb measurements of UTLS composition. The instrument was
successfully flown on board M55-Geophysica during the tropical aircraft campaigns
SCOUT-O3 (e.g. Hoffmann et al., 2009; Spang et al., 2008) and AMMA-SCOUT-O3
(e.g. Weigel et al., 2012).

In this paper, we discuss observations of polar vortex air masses and fine filamentary5

structures based on two-dimensional distributions of the trace gases CFC-11, O3, and
ClONO2 with unprecedented vertical resolution for atmospheric limb sounding (Unger-
mann et al., 2012). The observations were made during a M55-Geophysica flight from
Spitsbergen to Kiruna/Sweden on 2 March 2010 in the framework of the European
RECONCILE project (Reconciliation of essential process parameters for an enhanced10

predictability of Arctic stratospheric ozone loss and its climate interactions; von Hobe
et al., 2012). During this flight, M55-Geophysica encountered an interesting meteoro-
logical situation, where a large number of small-scale structures (incl. pronounced fila-
ments) was observed in the spatial distributions of CFC-11, ozone, chlorine nitrate, and
other trace gases. We analyse these observations based on ozone-CFC-11-relations15

and simulations with the Chemical Lagrangian Model of the Stratosphere (CLaMS; e.g.
McKenna et al., 2002b,a), which includes a passive tracer concept for air mass origin
analyses (Günther et al., 2008).

The CRISTA-NF instrument is briefly introduced in Sect. 2. Section 3 gives an
overview on the CLaMS simulations used for our analyses. The meteorological situ-20

ation and the CRISTA-NF observations are described in Sects. 4 and 5. In Sect. 6, we
show that the passive tracer concept of CLaMS provides further insight into the origin
of the trace gas structures observed by CRISTA-NF. Furthermore, we use the passive
tracer concept to assess the effects of a sudden stratospheric warming (SSW) that oc-
curred in early December 2009 (associated with a vortex split) on the re-established25

polar vortex (end of December 2009). A short summary and some conclusions are
given in Sect. 7.
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2 CRISTA-NF observations

CRISTA-NF measures thermal emissions of several atmospheric trace gases (e.g.
CFC−11, O3, ClONO2, HNO3) in the spectral range from 4 to 15 µm and in the alti-
tude range from flight altitude (up to 20 km) down to 5 km. Kullmann et al. (2004) give
a detailed insight into the design of the cryostat and the optical system of CRISTA-NF.5

The calibration procedure and improvements concerning the data processing for the
RECONCILE aircraft campaign are described by Schroeder et al. (2009) and Unger-
mann et al. (2012), respectively.

The viewing direction of the instrument is perpendicular to the flight direction to the
right side of the aircraft. A Herschel telescope with a tiltable mirror scans the atmo-10

sphere with a vertical sampling of about 250 m. The incoming radiance is spectrally
dispersed by the two Ebert–Fastie (e.g. Fastie, 1991) grating spectrometers with dif-
ferent spectral resolution of λ/∆λ∼1000 and 500, respectively, and finally measured
by semiconductor detectors (Si : Ga) that are operated at temperatures of about 13 K.
These low temperatures allow for a measurement speed of ≈1.2 s per spectrum cou-15

pled with a good signal to noise ratio. A complete altitude scan consisting of 60 spectra
can be performed within ≈70 s. Based on the speed of the aircraft this fast measure-
ment speed leads to a horizontal sampling along flight direction of about 15 km.

The fine vertical and horizontal sampling combined with a comparably small vertical
field of view (FOV) of 3 arc min (≈300 m at 10 km tangent height, Spang et al., 2008)20

provides the basis for the retrieval of two-dimensional trace gas distributions with high
spatial resolution (Ungermann et al., 2012).

To obtain the retrieval results shown in Sect. 5 we use a setup of 13 integrated micro
windows (IMW) in the spectral range from 775 cm−1 to 865 cm−1, which is covered by
the CRISTA-NF low resolution spectrometer detector channel number 6 (LRS 6). The25

trace gas profiles are derived by means of the Juelich RApid Spectral SImulation Code
version 2 (JURASSIC2; e.g. Ungermann et al., 2010, 2013), a further development
of JURASSIC, which was successfully used to analyse measurements from various
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satellites and airborne limb-emission measurements (e.g. Hoffmann et al., 2008; Hoff-
mann and Alexander, 2009; Weigel et al., 2012). The main targets of the retrieval are
CFC-11, O3, ClONO2, HNO3, H2O, and CCl4. In addition, aerosol, temperature, PAN,
CFC-113, and HCFC-22 are retrieved from the measurements as secondary targets.
The list of the used IMWs and the corresponding retrieval targets is displayed in Ta-5

ble 1. A full error analysis is performed regarding all non-retrieved gases, instrument
errors, forward model errors, spectroscopic line uncertainties and the smoothing error.
The combined errors of trace gas volume mixing ratios for CFC-11 are typically be-
tween 15 and 20 pptv and the errors for ClONO2 and ozone in average about 15 %.
Remarkable is the unprecedented vertical resolution of 400 m to 500 m for CFC-11 in10

the altitude range from flight altitude down to approximately 12 km. The vertical res-
olution in this altitude range is about 500 m to 600 m and 500 m to 1 km for O3 and
ClONO2, respectively. The retrieval technique and validation against measurements by
other instruments is described in detail by Weigel et al. (2010) and Ungermann et al.
(2012), respectively. The derivation of the trace gas cross-sections was since improved15

by means of cross-sections retrievals to further reduce the effect of stochastic errors
such as a remaining line-of-sight uncertainty (Ungermann, 2013).

3 CLaMS simulations

The model used in the following sections for comparison and further analyses is the
Chemical Lagrangian Model of the Stratosphere (CLaMS). It was first developed as20

a two-dimensional model on isentropic surfaces (McKenna et al., 2002b) and later on
extended to three dimensions by application of cross-isentropic transport (Konopka
et al., 2004). The introduction of the hybrid vertical coordinate ζ (equal to the potential
temperature in the stratosphere and parallel to the pressure isolines in the troposphere)
expanded the model to the tropopause region and the troposphere (Konopka et al.,25

2007).
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CLaMS simulates an ensemble of air parcels moving along trajectories, which are
calculated by means of meteorological wind fields. Each transport step consists of an
advection step, in which the air parcels follow the trajectories, and a subsequent mixing
step. The mixing step is realised utilising a dynamically adaptive grid. If the distance
between an air parcel and one of its prior nearest neighbours falls below/exceeds a cer-5

tain threshold criterion defined by the Lyapunov exponent λc, the two air parcels are
merged and a new air parcels is inserted in between the two former ones, respec-
tively. The characteristics of a new or merged air parcel are the mean characteristics
of the two prior air parcels. The mixing strength is adjusted by the Lyapunov exponent
λc (logarithmic expansion rate), where a smaller value induces more mixing and vice10

versa. A detailed description of the dynamically adaptive grid is given by McKenna et al.
(2002b) and Konopka et al. (2004).

The model includes 48 chemical species and 144 chemical reactions (84 binary,
13 ternary, 36 photolysis, 11 heterogeneous), which is an update of McKenna et al.
(2002a). The formation, sedimentation, and evaporation of NAT (nitric acid trihydrate)15

particles is realised by means of a Lagrangian sedimentation tool described by Grooß
et al. (2005) to simulate de- and renitrification processes in the stratosphere.

The simulations were initialised on 1 December 2009. The atmospheric trace gases
are partly initialised utilising globally distributed measurements by three satellite instru-
ments (Microwave Limb Sounder aboard AURA satellite (AURA–MLS; Waters et al.,20

2006), Atmospheric Chemistry Experiment – Fourier Transform Spectrometer (ACE–
FTS; Bernath et al., 2005) and Michelson Interferometer for Passive Atmospheric
Sounding-ENVisat (MIPAS–ENV; Fischer et al., 2008)) and partly using correlations
between trace gases or partitioning within chemical families.

A model concept utilising artificial (passive) tracers is used to analyse air masses in25

terms of their origin (see, e.g. Günther et al., 2008). A whole set of these tracers, each
of them representing a different type of air mass (tropics, mid-latitudes, high-latitudes,
and vortex), is applied in the model. Hence, each air parcel includes four passive trac-
ers describing the origin of the air masses. The passive tracers of an air parcel are
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initialised based on values of modified potential vorticity (mPV) of this air parcel at
the initialisation date. Modified potential vorticity is a scaled form of potential vorticity
(PV) to reduce the altitude dependence of PV, which is increasing with increasing al-
titude. Details about the description and derivation of mPV are given by Lait (1994)
and Müller and Günther (2003). Table 3 summarises the mPV boundary conditions for5

each passive tracer. The boundaries are chosen because they roughly coincide with
the boundaries between the different air mass types. For example, the boundary value
of 19.8 potential vorticity units (PVU; 10−6 K m2 (kgs)−1) agrees very well with the vor-
tex edge defined by the criterion after Nash et al. (1996). In the context of this paper,
the air mass type high-latitude denotes air masses in the transition region between the10

vortex edge and the mid-latitudes. If an air parcel fulfils one of the given conditions,
the corresponding passive tracer is set to 1 and all other tracers to zero. In the model
simulation these tracers are only advected and mixed. Thus, the sum of all tracers in
one air parcels is always 1 and the value of each single passive tracer gives the propor-
tion of the corresponding air mass type, whereby 1 denotes 100 %. The composition15

of an air parcel in terms of the passive tracers therefore reflects the composition of the
air masses in terms of their origin and can be used to analyse mixing processes and
to identify different air masses. We use two different initialisation dates for the passive
tracers. On the one hand, the passive tracers are initialised on 1 December 2009 (iden-
tical to initialisation date of the trace gases and starting point of simulation) and, on the20

other hand, the passive tracers are initialised on 15 January 2010 in a second simu-
lation to analyse the evolution of the vortex during the aircraft campaign (17 January
2010 to 10 March 2010). In the latter case only the passive tracers are initialised on 15
January, whereas everything else is identical to the simulation described above.

4 Flight path and meteorological situation25

During the RECONCILE aircraft campaign 12 flights took place in the time period from
17 January to 10 March 2010. The flight (flight 11 of the campaign) discussed in this
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paper took place on 2 March 2010. This flight is chosen because of the favourable
measurement conditions during the flight (few aircraft manoeuvres, cloud free) and the
interesting dynamical situation. Figure 1 displays the flight path of the M55-Geophysica
during this flight as a black line. The flight started at the airport of Longyearbyen on
Spitsbergen heading towards northeast. After a turn at roughly 82◦ N the aircraft flew5

towards south and landed at the airport of Kiruna (Sweden). The highest altitudes
reached by the aircraft were approximately 19 km at the end of the flight.

The other quantity depicted in the two plots is the so called cloud index (CI). The
CI is the ratio (IMW1/IMW2) between the spectrally integrated radiance in two specific
integrated micro windows. While the IMW1 in the range from 791 to 793 cm−1 is mostly10

dominated by thermal emissions of CO2, the IMW2 (832–834 cm−1) is located in an
atmospheric window region and, therefore, dominated by aerosol (e.g. Spang et al.,
2008). A low CI value indicates the presence of clouds or optically thick conditions,
whereas a high CI value shows cloud free measurements and for that reason optimal
conditions in terms of trace gas retrievals. The CI is plotted at the tangent points of the15

CRISTA-NF measurements. The tangent point denotes the closest point of the LOS
to Earth. Assuming a CI value of 3.5 as a reasonable threshold, cloud free conditions
were present down to approximately 8 km during the flight. Below 8 km tropospheric
clouds are visible indicated by a very low CI value (about 1) and dark blue colours.

The vertical and horizontal distribution of the measurements clearly shows that the20

horizontal distance between a tangent point and the instrument is increasing with de-
creasing tangent height. Hence, the two-dimensional cross-sections of trace gas vol-
ume mixing ratios shown in the following sections are rather slant.

The meteorological situation in the vicinity of the polar vortex is analysed using mPV
(introduced in Sect. 3). ECMWF (European Center for Medium range Weather Fore-25

cast) operational reanalysis data with a longitude and latitude grid spacing of 0.5◦ are
used to calculate mPV. The data are interpolated in time and space onto the tangent
points of the CRISTA-NF measurements (Fig. 2). Müller and Günther (2003) showed
that modified PV is a very useful and valid quantity to study air masses in the vicinity
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of the polar vortex down to a potential temperature of about 350 K. Due to this fact the
mPV cross-section shown in Fig. 2 is displayed in the altitude range from flight altitude
down to 10.5 km (approximately 350 K potential temperature).

The polar vortex is clearly visible at the beginning of the flight indicated by a high
mPV value (larger than 20 PVU; compare Table 3). The vertical extent of this area with5

high mPV goes from flight altitude down to about 15 km. Thus, the first part of the
flight took place inside the polar vortex and the aircraft left it at about 11:15 UTC. The
edge of the vortex is indicated by the steep gradient in mPV. Additionally, a second
prominent structure showing high mPV values is visible at the end of the flight below
16 km. The mPV values in this structure are in the range from 16 to 20 PVU. These10

high values indicate most likely air masses with a high fraction of air originating from
the polar vortex. Apart from these two areas with high mPV values, an area showing
mPV values below 12 PVU is visible immediately below flight altitude at the end of the
flight. The air masses in this area are therefore most likely of mid- or low-latitude origin.

In summary, the cross-section of modified PV shows three distinct areas: the polar15

vortex, a structure with a high fraction of vortex air masses and an area containing air
masses probably originating from mid- or low-latitudes.

5 CRISTA-NF retrieval results

In this section we present the trace gas distributions of CFC-11, O3, and ClONO2
derived from CRISTA-NF measurements. Furthermore, the origin of air masses in dif-20

ferent observed structures is analysed using ozone-CFC-11-relations.
Figure 3 displays the cross-sections of CFC-11, ClONO2, and ozone for flight 11. The

first trace gas CFC-11 is chemical inert and has a stratospheric lifetime of about 45 yr
(WMO, 2007). Thus, it is well suited to analyse dynamical processes in the lower strato-
sphere. The latter two trace gases are mainly involved in the ozone chemistry inside25

the polar vortex in winter and spring. All retrieval results are displayed between flight
altitude and the lowest tangent height of a valid measurement in the corresponding
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profile, because the retrieved volume mixing ratios (VMRs) above flight altitude and
below the lowest tangent height are statistically insignificant. Additionally, all results
showing a measurement contribution less than 0.7 are excluded. A measurement con-
tribution of 1 means that the result is only determined by measurements, whereas
a measurement contribution of zero implies that the result is only influenced by the5

a priori state. The retrieval results for CFC-11 and ozone (Fig. 3a and c) show a mea-
surement contribution above 0.7 (typically close to 1) and, therefore, the volume mixing
ratios are of high quality. The measurement contribution for ClONO2 drops below 0.7
at altitudes below about 10 km. This behaviour is caused by the decreasing ClONO2
VMRs with decreasing altitude in combination with an increasing influence of interfer-10

ing trace gases in the used spectral window. At the beginning of the flight (around flight
altitude) the measurement contribution partly drops below 0.7 as well.

The distribution of CFC-11 (Fig. 3a) shows three prominent structures with low
VMRs. The first one is visible from the beginning of the flight until 11:15 UTC in the
altitude range from flight altitude down to approximately 16 km. The CFC-11 VMRs in15

this region partly drop below 20 pptv. Thus, the relative error increases because of
these very low VMRs and reaches values up to 100 %. But nevertheless, comparisons
with in-situ measurements presented by Ungermann et al. (2012) show that the derived
values are reliable. The very low CFC-11 VMRs and the simultaneously high mPV val-
ues are a reliable indicator for the polar vortex. The steep gradient in the CFC-11 VMRs20

at the vortex edge (about 11:15 UTC) confirm that the edge acts as an effective mixing
barrier. Figure 3a shows two other structures with low CFC-11 VMRs at the end of the
flight. One is located at altitudes below 16 km and the other around 17 km. Both struc-
tures are separated by a small layer with higher CFC-11 VMRs. This small layer has
a vertical extent considerably less than 1 km, which illustrates the unprecedented ver-25

tical resolution achievable with the CRISTA-NF measurements. The lower structure of
low CFC-11 values is in a good agreement with the upper part of the structure with high
values of mPV shown in Fig. 2. This suggests that the air masses consist to large part
of air originating from the polar vortex. In contrast to this, the upper structure is located
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in a region with moderate values of modified PV, indicating a different origin. The hor-
izontal distribution of PV (not shown here) shows that the two structures are vertical
cuts through filamentary structures. The two areas at the end of the flight showing low
CFC-11 VMRs are hereafter denoted as lower and upper filament.

The cross-sections of ClONO2 and O3 (Fig. 3b and c) confirm these observations.5

The area identified as polar vortex shows very high ClONO2 VMRs up to 1.5 ppbv.
These high values are caused by the subsidence of the air masses inside the polar
vortex and the chlorine deactivation after the cold phase of the vortex and the presence
of polar stratospheric clouds. The main process after the onset of chlorine deactivation
in the Arctic is the formation of ClONO2 via the reaction of ClO and NO2, whereas10

the formation of HCl (via the reaction of Cl and CH4) is slowed down because of the
typically small Cl/ClO fraction in the Arctic (e.g. Douglass et al., 1995; Santee et al.,
2008). Thus, very high ClONO2 VMRs, larger than at the beginning of the winter, are
expected in early March inside the vortex and vortex air masses.

The ozone VMRs inside the polar vortex are lower or equal to the volume mixing15

ratios outside the vortex at comparable altitudes. These VMRs are a consequence
of the ozone depletion inside the vortex. If no chemical ozone depletion would have
occurred, the ozone VMRs inside the vortex would be larger than outside the vortex
because of the subsidence of air masses inside the vortex and the related downward
transport of ozone rich air masses from higher altitudes. This argument is valid below20

≈475 K (flight altitude inside the vortex ≈450 K).
The ozone and ClONO2 VMRs inside the two filaments at the end of the flight show

large differences, although the CFC-11 volume mixing are very similar. The O3 VMRs
in the upper filament are significantly higher and the ClONO2 VMRs significantly lower
than the corresponding values in the lower filament. Therefore, only the air masses in-25

side the lower filament show the influence of chlorine deactivation and ozone depletion.
This confirms that only the lower filament contains air masses with a large fraction of
vortex air.
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In order to analyse these differences of the air masses inside the both filaments in
more detail the ozone-CFC-11-relation is used here. Fig. 4a shows a scatter-plot of
CFC-11 and O3 for the retrieved cross-section. Two characteristic curves are visible
that are caused by different relationships between stratospheric trace gases in this re-
gions (e.g Plumb, 2007). Inside the polar vortex a relation involving ozone changes5

during the winter because of ozone depletion leading to an increasing difference be-
tween inside vortex air masses and outside vortex air masses (e.g. Müller et al., 2005).
This can be used to differentiate between vortex and non vortex air masses in spring.
By selecting air parcels stemming obviously from the vortex branch (here: CFC-11
VMRs of less than 70 pptv and O3 VMRs of less than 2.7 ppbv) and parcels stemming10

from outside the vortex (here: O3 VMRs above 2.7 ppbv or between 0.6 and 1.6 ppbv),
one can determine typical correlations for vortex and non-vortex air in the given situa-
tion. For simplicities sake we use linear correlations here. These correlations can then
be used to automatically identify vortex and non-vortex air. For certain parcels, no def-
inite judgement can be made, as the correlation lines meet. Finally, the assignment of15

parcels can be transferred from tracer-tracer space to geo-spatial space and is shown
in Fig. 4b. The lower part of the polar vortex can be identified above 15.5 km in the first
half of the flight. Also the classification of the lower and upper filament at 12:30 UTC
is asserted, as only the lower filament has the chemical relationship between CFC-11
and O3 typical for vortex air. In addition, at least one further small filament of vortex air20

is suggested by the chemical relationship at 11:30 UTC and 14 km altitude.

6 Comparison of CRISTA-NF and CLaMS and analysis of the air mass origin

This section proceeds with the comparison of the CRISTA-NF results and simulations
by CLaMS to assess the performance of the model. Additionally, the concept of passive
tracers, which is capable to identify different air masses, is analysed by means of the25

CRISTA-NF results.
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All CLaMS results are interpolated in time and space onto the CRISTA-NF retrieval
grid. Thereby, two CLaMS model outputs at two different times, one before the flight
start and the other after the flight end, are used. A vertical convolution of the CLaMS
results with the averaging kernels of the retrieval results is omitted, since the vertical
resolution of the CRISTA-NF and CLaMS results is very similar.5

6.1 Comparison of trace gases

Figure 5a displays the cross-section of the CLaMS result for CFC-11. The distribution
of CFC-11 is mainly determined by advection and mixing processes and therefore well
suited to assess the performance of CLaMS in terms of these processes.

All main structures observed by CRISTA-NF are well reproduced by CLaMS. The10

polar vortex and the two observed filaments with low CFC-11 VMRs are visible in the
CLaMS result, albeit the horizontal location and extent of the structures is slightly differ-
ent. Even the thin layer with higher CFC-11 VMRs between the two filaments and the air
masses with enhanced VMRs immediately below the flight path at the end of the flight
are captured by CLaMS. Nevertheless, some small differences can be seen. For ex-15

ample, the small-scale structures in the vortex edge region around 11:20 UTC between
17 km and 14 km are missing in the model result. But according to the different hori-
zontal resolution of both results (CRISTA-NF ≈15 km; CLaMS ≈70 km), these small
differences are at least partly caused by the lower resolution of CLaMS. However, the
CFC-11 cross-sections are quantitatively and qualitatively in a very good agreement,20

which indicates the good performance of CLaMS in terms of advection and mixing.
The cross-section of ClONO2 is shown in Fig. 5b. The CLaMS result is in a good

agreement with the CRISTA-NF retrieval result, albeit some differences inside the vor-
tex and the vortex filament are visible. Inside the lower filament at the end of the flight
the ClONO2 VMRs of the CLaMS result are lower compared to the retrieval result. Fur-25

thermore, the vertical extent of the area with very high volume mixing ratios below flight
altitude at the beginning of the flight is smaller in the CLaMS result. These differences
give a hint for small deficiencies in the chlorine activation and deactivation by CLaMS.
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Figure 5c shows the CLaMS result for ozone. By comparison to the CRISTA-NF re-
trieval result, the only obvious difference is visible in the polar vortex, where the CLaMS
result exhibits higher ozone VMRs. A maximum discrepancy of up to 0.4 ppmv can be
seen. This difference is most likely a consequence of an underestimation of the ozone
depletion by CLaMS that may be related to deficiencies in the simulated chlorine ac-5

tivation (see above). Comparisons between CLaMS results for HCl (not measured by
CRISTA-NF) with satellite measurements by AURA-MLS and ACE-FTS in the time pe-
riod from the beginning of December to end of March (not shown in this paper) confirm
the assumption. Inside the polar vortex in January the HCl VMRs of CLaMS are signif-
icantly higher than those of the satellite measurements in the analysed altitude range10

from 400 K to 550 K. This indicates an underestimation of the chlorine activation from
the reservoir species HCl, which leads to an underestimation of the ozone depletion.
Since the chlorine deactivation in the Arctic at the beginning is mainly driven by the for-
mation of ClONO2, the observed differences for ClONO2 are most likely a consequence
of this underestimation of chlorine activation as well.15

In summary, CLaMS is well suited to simulate the observed situation, especially for
the tracer CFC-11. In the following, we therefore use the observed CFC-11 field to-
gether with the passive tracer concept of CLaMS to gain further insight in the origin of
the observed air masses.

6.2 Air mass origin20

In Sect. 5 we showed that CRISTA-NF observed the polar vortex and a vortex filament
during RECONCILE flight 11 on 2 March 2010. Thus, this data-set is suitable to anal-
yse the capability of the CLaMS passive tracers to identify different air masses. The
history of the polar vortex during the whole winter is essential for the interpretation of
the results for the passive tracers and the comparisons with the observations. In winter25

2009/2010 the polar vortex splitted twice during two sudden stratospheric warmings.
The first split occurred in December and the vortex re-established again at end of De-
cember. During this split event some mid-latitude air masses were included into the
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vortex. The second split took place in February and the two parts of the vortex re-
joined in early March. A discussion about the evolution of the vortex is given, e.g. by
Dörnbrack et al. (2012); von Hobe et al. (2012). The CRISTA-NF observations there-
fore took place in a part of the rejoining vortex at the beginning of March. In order to get
a better comparison with these observations and to analyse the evolution of the vortex5

during the aircraft campaign (17 January 2010 to 10 March 2010) we use the passive
tracers initialised on 15 January 2010, and, therefore, exclude the vortex split in De-
cember from the analysis. Thus, all air masses inside the vortex on 15 January, which
includes also air masses transported into the vortex during December, were initialised
as vortex air masses.10

The cross-section of the CLaMS vortex tracer is shown in Fig. 6a for the time of
observation. The vortex fraction inside the polar vortex partly exceeds 0.9 at the highest
altitudes. Thus, the part of the polar vortex observed by CRISTA-NF on 2 March is
comparable to the vortex on 15 January in terms of the composition as indicated by
the very high values of the vortex fraction. The vortex fraction in the core of the vortex15

filament located at the end of the flight at 14 km is larger than 0.7. In the region of
the upper filament (around 17 km at the end of the flight) the vortex tracer is very low
indicating only a minor fraction of vortex air masses in this region. These results are
in a very good agreement with the observations by CRISTA-NF, which showed that the
lower filament with low CFC-11 VMRs is a vortex filament and the air masses in the20

upper filament are of different origin by means of ozone-CFC-11-relations (compare
Sect. 5). Hence, by using the initialisation date of 15 January, the CLaMS vortex tracer
provides a picture which is consistent to the air mass classification obtained from the
CRISTA-NF measurements (compare Fig. 4b). This suggests that other passive tracers
can be used to analyse the whole situation during the flight in more detail.25

Figure 6b displays the cross-section for the low-latitude tracer. At the end of the flight
in the region between flight altitude and 15 km the low-latitude tracer reaches values up
to 0.5. The areas of high low-latitude fraction correspond to the areas showing higher
CFC-11 VMRs immediately below flight altitude and between the two filaments with
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low CFC-11 VMRs, respectively (compare Figs. 3a and 5a). Thus, this explains the
observation of the upper filament with low CFC-11 VMRs. The filament is only visible
because the surrounding air masses consist to a noticeable amount of low-latitude
air masses and the CFC-11 VMRs are therefore significantly higher. This leads to the
large contrast between the air masses inside the upper filament and the surrounding5

air masses. The mid-latitude tracer displayed in Fig. 6c shows that the air masses
inside the upper filament consist to the largest part of mid-latitude air. Therefore, the air
mass composition of the upper filament is very similar to large parts of the air masses
observed outside the vortex between flight altitude and 15 km. Hence, the low-latitude
air masses correspond to the real filament at the end of the flight, which surrounds air10

masses of mostly mid-latitude origin.
In addition, several other structures influenced by low-latitude air masses are visible

in Fig. 6b, like the area below 15 km in the middle of the flight (11:30 UTC–12:00 UTC).
The low-latitude fraction reaches values up to 0.3 in this area. Corresponding to this
low-latitude influence the CFC-11 VMRs in this area are comparably high, whereas the15

ClONO2 and O3 VMRs are comparably low (compare Figs. 3 and 5). But the compari-
son between the retrieval and the CLaMS results shows that the observed structure in
the middle of the flight between 15 and 11 km is not as pronounced in the simulation
results as in the retrieval results. The simulated VMRs do not reach the same max-
imum values for CFC-11 and minimum values for ClONO2 and ozone, respectively.20

This suggests that the fraction of low-latitude air masses in this area might be slightly
underestimated by the model.

In order to obtain more insight in the split event in December and the associated
in-mixing of air masses into the vortex, we use the passive tracer experiment with the
other initialisation date, where the passive tracers were initialised before the vortex split25

on 1 December 2009. The CLaMS vortex tracer initialised on 1 December is displayed
in Fig. 7 at the time of observation. Inside the polar vortex the tracer only reaches
maximum values of about 0.5 at flight altitude, which indicates that the observed air
masses contain 50 % vortex air masses. Furthermore, the vortex filament at the end of
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the flight can hardly be seen. Thus, the vortex tracer initialised on 1 December cannot
provide a picture that is consistent with the CRISTA-NF observations, because of the
in-mixing of air masses into the vortex in December and consequently a change in the
vortex composition. However, a comparison between the passive tracers of both initial-
isations provide information on the amount of air masses mixed into the vortex. The5

difference of the passive tracers of both initialisations inside the polar vortex between
10:05 and 11:00 UTC (excluding the ascent and the vortex edge region) around flight
altitude (≈450 K potential temperature) is illustrated in Fig. 8. The boxes show the av-
erage values of the passive tracers inside the polar vortex for both initialisation dates.
Obviously, the polar vortex was very stable after 15 January, which is illustrated by10

the very high average value of the vortex fraction (blue) for the January initialisation of
≈0.90. Hence, only very few air masses mixed into the vortex after 15 January. Thus,
the large difference between the vortex fraction of both initialisation dates (≈0.47 for
December initialisation to ≈0.90 for January initialisation) can be almost attributed to
the in-mixing of air masses into the vortex during December and gives a reasonable15

estimate of the amount of air masses mixed into the vortex. These air masses account
for about 45 % of the total air masses inside the re-established polar vortex at the end
of December.

Since the sum of all passive tracers in one air parcel is always 1, the positive change
in the vortex fraction has to be compensated by negative changes in the remaining20

tracers (high-latitude, mid-latitude, low-latitude). These changes are visible in Fig. 8 by
a reduction of the high- and mid-latitude fractions from December to January initiali-
sation. These reductions in relation to the change in the vortex fraction or the ratio of
the average values of the high- and mid-latitude fraction for the December initialisation
(about 70 : 30) give an estimate of the contributions of both air mass types to the air25

masses mixed into the vortex. Hence, high-latitude air masses contributed most to the
air masses mixed into the vortex (about 70 %) and mid-latitude air masses were the
second important contributor (about 30 %). The contribution of low-latitude air masses
is negligible.
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7 Summary and conclusions

We presented high resolution cross-sections of CFC-11, O3, and ClONO2 measured
by CRISTA-NF in the polar UTLS on 2 March 2010. The observations include vortex
air masses, indicating the bottom edge of the polar vortex at ≈15.5 km. Two filaments
with very low CFC-11 VMRs were observed that could be analysed in terms of trans-5

port and mixing. By means of ozone-CFC-11-relations one of these filaments could
clearly be identified as a vortex filament, whereas the other filament has the same
characteristics as air outside the vortex. Large parts of the trace gas fields and small-
scale structures observed by CRISTA-NF can be quantitatively reproduced by CLaMS
simulations. This confirms the excellent representation of advection and mixing in this10

model. Some small differences between the observations and simulations concern the
ozone chemistry inside the polar vortex. Simulated ozone VMRs inside the vortex sug-
gest a somewhat smaller ozone loss than observed values (up to 0.4 ppmv). Com-
parisons with satellite observations suggest that this deviation is mainly caused by an
underestimation of the chlorine activation from the reservoir species HCl in the model.15

Furthermore, we analysed the origin of the observed air masses based on a passive
tracer concept. Each of these passive tracers represents another type of air mass (e.g.
vortex, low-latitudes). An initialisation of the passive tracers on 15 January 2010 pro-
vides a picture that is consistent with the CRISTA-NF observations and even provides
information on the origin of air masses that goes beyond the observation. Based on this20

scheme, we can show that several filaments had tropical origin and were transported
towards the pole. A distinctive feature of the Arctic winter 2009/2010 was a sudden
stratospheric warming in early December that led to a vortex split. As a consequence,
a passive tracer experiment, initialised on 1 December 2009, fails to to explain the
CRISTA-NF observations made on 2 March 2010. But the comparison of the results25

of both passive tracer experiments (initialised on 1 December 2009 and 15 January
2010) provides information on the amount (about 45 %) of the contribution of high- and
mid-latitude air masses to the re-established vortex at end of December 2009.
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Table 1. Integrated micro windows (IMW) as used in the retrieval and the corresponding main
retrieval targets.

IMW # spectral range (cm−1) main target

1 777.5–778.5 O3
2 784.0–785.0 H2O
3 787.0–790.0 offset
4 791.5–793.0 temperature
5 794.1–795.0 PAN
6 795.5–796.5 O3
7 796.6–797.5 CCl4
8 808.0–809.0 HCFC-22
9 810.0–813.0 ClONO2
10 820.5–821.5 HCFC-22
11 831.0–832.0 aerosol
12 846.0–847.0 CFC-11
13 863.0–866.0 HNO3
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Table 2. Summary of the CLaMS setup.

horizontal resolution (mean distance of air parcels) 70 km
horizontal range 0◦–90◦ N
vertical levels 50
vertical resolution ≈500 m (for ζ >380 K)
vertical range 300 K > ζ < 900 K
meteorological wind fields ECMWF ERA interim data (1◦ ×1◦)
heating/cooling rates ECMWF clear sky radiative heating rate
time step ∆t 24 h
Lyapunov exponent λc 1.5 d−1

NAT nucleation rate 8 ·10−5 cm−1 h−1

(10 times larger as in Grooß et al., 2005)
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Table 3. Summary of the modified potential vorticity boundaries for the artificial tracers and the
corresponding type of air masses.

mPV boundary (in PVU) type of air masses

0–8 low-latitude
8–14.7 mid-latitude
14.7–19.8 high-latitude
>19.8 vortex
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Fig. 1. CRISTA-NF cloud index during RECONCILE flight 11 (2 March 2010) as cross-section plot
(panel a)) and in longitude latitude domain (panel b)). The solid black line shows the observer altitude
in the cross-section plot and the observer location otherwise. The turn of the aircraft is indicated by the
white vertical stripe in the cross-section plot due to the lack of measurements during the turn.
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Fig. 1. CRISTA-NF cloud index during RECONCILE flight 11 (2 March 2010) as cross-section
plot (a) and in longitude latitude domain (b). The solid black line shows the observer altitude in
the cross-section plot and the observer location otherwise. The turn of the aircraft is indicated
by the white vertical stripe in the cross-section plot due to the lack of measurements during the
turn.
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Fig. 2. Modified potential vorticity derived from ECMWF data at the tangent points of the
CRISTA-NF measurements during RECONCILE flight 11 (2 March 2010). Details see caption
of Fig. 1.
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Fig. 3. CRISTA-NF retrieval results for CFC-11, ClONO2, and O3 for RECONCILE flight 11 (2 March
2010). All results with a measurement contribution less than 0.7 are excluded. The solid black line shows
the observer altitude and the position (time) of each profile is marked by a black cross. Additionally, the
abscissa displays the latitude at 12 km tangent height. Results are shown between flight altitude and the
lowest tangent height of a valid measurement in the corresponding profile. The vertical white stripes
show times with insufficient measurements by CRISTA-NF caused due to strong aircraft movements
(e.g. turn at about 10:30 UTC).
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Fig. 3. CRISTA-NF retrieval results for CFC-11, ClONO2, and O3 for RECONCILE flight 11
(2 March 2010). All results with a measurement contribution less than 0.7 are excluded. The
solid black line shows the observer altitude and the position (time) of each profile is marked by
a black cross. Additionally, the abscissa displays the latitude at 12 km tangent height. Results
are shown between flight altitude and the lowest tangent height of a valid measurement in the
corresponding profile. The vertical white stripes show times with insufficient measurements by
CRISTA-NF caused due to strong aircraft movements (e.g. turn at about 10:30 UTC).
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Fig. 4. Relationship between CFC-11 and O3 for retrieved trace gas VMRs. Panel a) shows a scatter
plot for all measured air parcels with two black lines corresponding to typical relationships for vortex
and non-vortex air. Purple parcels are thus categorised as vortex air, while yellow and red parcels consist
of non-vortex air. Orange parcels cannot be clearly distinguished according to this criterion. The error
bars show the precision of the measurements. Panel b) shows the geo-spatial distribution of the same air
parcels using the same colours.
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Fig. 4. Relationship between CFC-11 and O3 for retrieved trace gas VMRs. Panel (a) shows
a scatter plot for all measured air parcels with two black lines corresponding to typical rela-
tionships for vortex and non-vortex air. Purple parcels are thus categorised as vortex air, while
yellow and red parcels consist of non-vortex air. Orange parcels cannot be clearly distinguished
according to this criterion. The error bars show the precision of the measurements. Panel (b)
shows the geo-spatial distribution of the same air parcels using the same colours.
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Fig. 5. CLaMS results for CFC-11, ClONO2, and O3 for RECONCILE flight 11 (2 March 2010).
Details see caption of Fig. 3.
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Fig. 5. CLaMS results for CFC-11, ClONO2, and O3 for RECONCILE flight 11 (2 March 2010).
Details see caption of Fig. 3.
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Fig. 6. Cross-section of the CLaMS vortex tracer, low-latitude tracer, and mid-latitude tracer with ini-
tialisation on 15 January. Details see caption of Fig. 3.
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Fig. 6. Cross-section of the CLaMS vortex tracer, low-latitude tracer, and mid-latitude tracer
with initialisation on 15 January. Details see caption of Fig. 3.
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Fig. 7. Cross-section of the CLaMS vortex tracer with initialisation on 1 December. Details see caption
of Fig. 3.
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Fig. 7. Cross-section of the CLaMS vortex tracer with initialisation on 1 December. Details see
caption of Fig. 3.
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Fig. 8. Fraction of passive tracers for low-latitude, mid-latitude, high-latitude and vortex air masses
inside the polar vortex (10:05 to 11:00 UTC) around flight altitude (≈ 450 K potential temperature) for
December and January initialisation.
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Fig. 8. Fraction of passive tracers for low-latitude, mid-latitude, high-latitude and vortex air
masses inside the polar vortex (10:05 to 11:00 UTC) around flight altitude (≈450 K potential
temperature) for December and January initialisation.
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