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[1] Pronounced filamentation of tropospheric and stratospheric air
masses was observed on a flight in the vicinity of the polar jet stream
during the STREAM 1998 campaign in Timmins, Canada. High-
spatial resolution ozone and water vapor measurements showed
highly variable structures for the investigated region. Reconstructing
high-resolution potential vorticity (PV) fields using the reverse-
domain-filling (RDF) technique reproduce the in-situ ozone
measurements qualitatively. Measurements and RDF results show
the intrusion of stratospheric air penetrating deep into the tropo-
sphere. The observed intrusions occur on smaller horizontal scales
than generally assumed for tropopause folding events. Moreover,
fine-scale structures of tropospheric air masses being lifted up into
the stratosphere could be reconstructed by the RDF technique using
the tropospheric tracer specific humidity in addition to the more
conventional calculations for the stratospheric tracer PV. INDEX
TERMS: 0368 Atmospheric Composition and Structure: Tropo-
sphere—constituent transport and chemistry; 3362 Meteorology and
Atmospheric Dynamics: Stratosphere/troposphere interactions

1. Introduction

[2] Stratosphere-Troposphere Exchange (STE) is relevant for
chemical, dynamical, and radiative processes occurring in the
atmosphere. Here we focus on STE in the region of the mid-
latitude upper troposphere/lowermost stratosphere (UT/LS) [e.g.
Fischer et al., 2002]. Tropopause deformations [Reiter, 1975] like
tropopause folds and cut-off-lows can lead to the formation of
tropospheric or stratospheric filaments. The latter, the so-called
stratospheric streamers, were simulated by Appenzeller et al.
[1996]. Appenzeller used the contour advection technique to create
sub-synoptic scale tracer fields not present in meteorological
analyses for the comparison with METEOSAT water vapor images.
Sutton et al. [1994] showed the skill of the reverse-domain-filling
technique (RDF) as another trajectory-based technique for recon-
structing sub-synoptic structures present in observational data.
Here, we use the RDF technique for the interpretation of filamen-
tary structures indicated by high-spatial resolution in-situ tracer
measurements obtained on a flight on July 15, 1998 during the
STREAM (Stratosphere-TRoposphere Experiments by Aircraft
Measurements) 1998 Summer campaign [Fischer et al., 2002] in
the mid-latitude UT/LS region.

2. Meteorology and In-Situ Observations

[3] The temporal evolution of the synoptic situation in the
region investigated by the flight on July 15, 1998 can be depicted
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from Figures la—1c by a time sequence of isentropic potential
vorticity (PV) maps on the 330 K potential temperature surface.
These data are interpolated from ECMWF analysis on 14 isobaric
surfaces with a vertical resolution of approximately 100 hPa near
the tropopause and a horizontal resolution of 1° x 1°. On July 14,
06:00 UTC a region of stratospheric air characterized by PV values
greater than 2 PVU (PVU = 107° Km?® kg~' s7') was located over
the western coast of Canada, from which an elongated streamer
(marked as 1) propagated eastwards (see Figures 1a and 1b). At the
same time a trough (marked as 2) of cold polar, stratospheric air
developed and was transported into the mid-latitudes. Towards July
16, 00:00 UTC the two stratospheric air masses 1 and 2 were
advected to the region of the Hudson Bay and spun up cyclonically
around each other leading to the formation of an anchor-shaped
structure in the vicinity of the polar jet stream.

[4] The flight path for the flight on July 15, 1998 from
Timmins, Canada, was planned accordingly to ECMWEF forecasts
and GOES water vapor images. The flight was conducted in dry
and almost cloud free air [Fischer et al., 2002] with the outward
flight leg at the altitude of 7.8 km in north-westerly direction and
the return leg at 9.8 km. The locations of the air parcels at 00:00
UTC on July 16 encountered along the flight path are estimated
from forward and backward-trajectory calculations and are marked
as a black line in Figure lc.

[5] The payload of the Cessna Citation during the STREAM
campaign consisted of several in-situ instruments measuring the
trace gas composition (e.g. Oz, H,O, CO, CO,, CFCs, N,O, NO)
and aerosol particle distribution [Fischer et al., 2002]. In the
following, data from two instruments, both with temporal resolu-
tions of one second (1 Hz, given the aircraft velocity: spatial
resolution ~150 m), are analyzed: an ozone chemiluminescence
monitor [Bregman et al., 1995] and a Lyman-a-Hygrometer
measuring total water [Zdger et al., 1999]. Potential temperature
was derived from the on board temperature and pressure sensors.
The time series for the flight showed strong variations for Oz and
H,0 mixing ratios (Figure 2). Similar variabilities are also present
in other data sets e.g. those of CO and NO [H. Fischer, private
communication, 1998]. The observed strong gradients (grey
shaded areas in Figure 2) are not evident in the analyzed potential
vorticity (aPV) and analyzed specific humidity (aSH) data inter-
polated from the ECMWF fields on the flight track.

3. Results From RDF Studies

[6] The reverse-domain-filling technique [Sutton et al., 1994] is
based on backward-trajectories for air parcels initialized on uni-
formly gridded (isentropic) surfaces. Trajectories are calculated
backwards in time. For the time in the past PV is mapped to the
parcel locations, using meteorological fields interpolated on isen-
tropic surfaces. Assuming PV conservation along the trajectories,
the mapped values for a certain trajectory length (TL) are moved
forward to the initialized parcel positions, thus creating a high-
resolution field for the time where observational data are available.
The chosen (backward-)trajectory length, is no universal parame-
ter. On the one hand a long TL is desirable since more time is
available for the PV distribution to collapse to smaller scales. On
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Figure 1. Analyzed potential vorticity (ECMWF) on the 330 K
surface: (a) July 14, 1998, 06:00 UTC, (b) July 15, 1998, 06:00
UTC and (c) July 16, 1998, 00:00 UTC. The black line denotes the
flight path transformed to the synoptic time July 16, 1998, 00:00
UTC by the use of forward and backward-trajectories.

the other hand the chosen TL is limited [Sutfon et al., 1994] i) by
mixing processes driven by the dynamical properties of the flow
(e.g. horizontal deformation, vertical stability) and ii) by increasing
numerical errors for the trajectory calculations.

[7] For this case study isentropic backward-trajectory calcula-
tions were performed for air parcels initialized on uniformly
gridded isentropic surfaces (horizontal spacing 0.1° x 0.1°), and
vertical cross sections (horizontal spacing 60 s ~ 9 km, vertical
spacing 1 K)) as well as for the positions of the flight track (spacing
1 s &~ 0.15 km). For the RDF calculations based on ECMWF wind
fields a scheme from R. Swinbank [Sutfon et al., 1994] and a
slightly modified version [McKenna et al., 1989] for the trajectory
calculations along the flight track are used. In comparison to other
case studies RDF calculations reconstructing not only the strato-
spheric tracer PV but also the tropospheric tracer specific humidity
(SH) were conducted assuming the conservation of SH. Recon-
structed PV (rPV) and SH (rSH) should be correlated with in-situ
ozone and water vapor measurements, respectively.

[8] The upper panel of Figure 3 displays PV for a sub-area of
Figure 1 (black frame in panel c) on the 332 K potential temper-
ature surface. The aPV field shows the anchor-shaped structure of
stratospheric air over the Hudson Bay, that is reflected in the in-situ
data by the large ozone peak (at 00:20 UTC in Figure 2b). But, as
mentioned above, the meso-scale trace gas variabilities observed
along the flight path, indicated by the black boxes in Figure 3, are
not present in the aPV field. For the RDF trajectory calculations,
however, the rPV distribution in the region of the anchor-shape
structure (Figure 3b, TL = 30 hours) shows interleaved strato-
spheric and tropospheric air masses. Moreover RDF reconstructs
meso-scale structures of stratospheric air in the rPV pattern along
the synoptic Cessna flight (black boxes in Figure 3 coincide with
the grey marked stratospheric air masses 1 and 2 in Figure 2). A
longer trajectory length of 60 hours produces more pronounced
fine-scale filaments with larger gradients (Figure 3c).

[9] To investigate the three-dimensional structure of the
observed situation we show vertical cross sections of PV and SH
along the synoptic flight path in Figures 4a—4c and 4d-4f,
respectively (more precisely: a vertical curtain containing the
synoptic flight track). The cross section of aPV (Figure 4a) with
small PV variations in the troposphere indicates a well-defined and
uniform tropopause, denoted as dotted 2-PVU-isoline. The synoptic
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Figure 2. Time series for the flight on July 15, 1998. (a) Potential
temperature (b) in-situ ozone (red line) and analyzed PV (from
ECMWEF, black line), (c) in-situ total water (blue line) and
analyzed SH (from ECMWEF, converted to ppmv, black line). Grey
shaded areas mark four time ranges (on constant pressure levels) in
regions 1 and 2 where strong tracer gradients were observed.
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Figure 3. Isentropic maps of analyzed and reconstructed

potential vorticity on the 332 K surface: (a) aPV (from ECMWF),
(b) rPV for a TL of 30 hours, (c) rPV for a TL of 60 hours. The
black boxes mark regions with strong gradients in the in-situ
measurements (see Figure 2).
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Figure 4. PV and SH (converted to ppmv, logarithmic color
scale!) fields on a vertical cross section along the flight path (black
solid line) with the 2-PVU-tropopause (dotted line): (a) aPV (from
ECMWEF), (b) rPV for a TL of 30 hours, (c) PV for a TL of
60 hours, (d) analyzed SH (from ECMWF), (e) rSH for a TL of
30 hours, (f) rSH for a TL of 60 hours.

flight path of the Cessna (solid black line) transects the tropopause
where the large ozone-peak occurs (00:20 UTC). The increased
ozone values at this point correspond to the strong increase of PV
when entering the stratosphere. The gradient of SH has opposite
characteristics: low stratospheric SH values and increased, highly
variable SH in the troposphere. At the time where the flight path
crosses the tropopause and enters the stratosphere the cross section
of aSH (Figure 4d, logarithmic color scale!) show low values that
correspond to the minimum of the FISH water vapor data (Figure
2¢). As for the isentropic maps the RDF calculations reconstruct
sub-synoptic structures in the vertical rPV distributions (Figures 4b
and 4c) showing interleaved stratospheric and tropospheric air
masses around 00:20 UTC (i.e. in the anchor shaped structure).
Additionally, meso-scale intrusions of stratospheric air into the
troposphere occur for both employed TLs (30 and 60 h). These
features, characterized by filaments with PV values greater than 2
PVU, correspond to the regions where in-situ variations of ozone
are observed (black boxed areas). The coherent stratospheric
intrusions reach down to 315 and 310 K for trajectory lengths of
30 and 60 hours, respectively. Vertical RDF cross sections of SH
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(Figures 4e and 4f) likewise reveal these intrusions. In addition to
the rPV distributions, high rSH values between the stratospheric
intrusions 1 and 2 demonstrate that also uplift of tropospheric air
occurs. These tropospheric intrusions are correlated with the strong
variations of in-situ water vapor data (see Figure 2¢). The horizontal
extent of the uplifted air is much larger compared to the observed
stratospheric structures and reaches up to ~ 350 K.

[10] Figures 5a and 5b display the ozone time series together
with the rPV results along the (non-synoptic) flight path. The time
series for a TL of 30 h shows the improvement over the aPV
(Figure 2b) in resolving the stratospheric intrusions 1 and 2. A TL
of 60 h leads to the formation of excessive rPV fine-scale
variations, not present in the ozone measurements. For both TLs
the stratospheric intrusions are slightly displaced. The time series
of aSH matches only the general behavior of the water vapor data
(Figure 2c, logarithmic scale!). In particular, the low water vapor
mixing ratios (~10 ppmv) during the climb into the stratosphere
(around 00:20 UTC), and the larger fluctuations in the troposphere
between the stratospheric intrusions 1 and 2 reaching up to several
hundred ppmv H,0O, are not reproduced. The analogous rSH time
series (TL = 30 h, Figure 5d) gives a better reproduction of the in-
situ data with lower mixing ratios for the climb and larger gradients
for the region where intrusions of tropospheric air are observed (i.e.
23:10 to 23:30 UTC). A longer TL (TL = 60 h, Figure 5d) leads to
the formation of fine-scale variations with extreme gradients of
rSH (for the stratospheric intrusions) that are not present in the in-
situ measurements.

4. Discussion

[11] The best qualitative correspondence between RDF results
and observations was found for a TL of 30 h. Nonetheless, the
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Figure 5. Time series of ozone and water vapor in comparison
with reconstructed PV and SH (converted to ppmv, logarithmic
scale!) for flight on July 15, 1998. (a) rPV for a TL of 30 hours,
(b) rPV for a TL of 60 hours, (c) rSH for a TL of 30 hours, (d) rSH
for a TL of 30 hours. Grey shaded areas as in Figure 2.
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RDF calculations show some deficiencies in reproducing the
observations quantitatively. Given the short time-scales considered
numerical errors in the trajectory calculation are expected to be
negligible. The main reason for errors in the absolute position of
the observed structures in the RDF results (e.g. Figure 5) is most
likely imperfect advection caused by small errors and the limited
spatial and temporal resolution of the meteorological input fields.
Further, deviations of the RDF results from the in-situ observations
with respect to the strength of tracer gradients and the intensity of
filamentation of the reconstructed fields are caused by the approx-
imations and assumptions implied in the RDF technique. One
assumption is tracer conservation within an air parcel along the
trajectory path. However, in the real atmosphere mixing processes
will reduce tracer gradients. Therefore, reconstructed parameters
can only be in good agreement with observations whenever the
influence of mixing processes is small. Further, in a strict sense
different TLs should be used for individual trajectories since the
intensity of mixing differs significantly for each air parcel depend-
ing on the deformation experienced during its advection history.
Dehydration processes by condensation and subsequent particle
sedimentation have an additional effect on the non-conservation of
rSH as do rehydration processes explaining greater deviations for
this parameter. Indeed, studies of ice saturation along the air parcel
history and of the observed O3;/H,O relation indicate that ice
particles had formed in the air mass observed at ~0:30 UTC on
July 16, 1998 [Khosrawi, 2001]. Finally, the quality of the initial
parameter fields influences the results obtained with RDF. Errors in
the initial SH fields are particularly problematic [Ovarlez et al.,
2000] owing to the extreme SH gradients in the tropopause region.

[12] We investigated the validity of the assumption of isentropic
transport. Heating rates calculated using the Mocrette [1991]
scheme (no clouds) amount to dO/dt 1-3 K. Further, the influence
of cross isentropic transport due the release of latent heat is likely
to be small owing to the small amount of H,O available for
condensation in the upper troposphere and in particular in the
lower stratosphere. Radiative cooling in the upper troposphere
close to cloud decks can exceed 10 K for brief periods of much less
than a day. However, GOES-8 infrared satellite images [Fischer
et al., 2002] show no clouds in the region of dry polar air probed
by the considered flight. Deviations from isentropic transport
influence the RDF-reconstructed parameters. However, RDF cal-
culations considering the above mentioned radiative cooling/heat-
ing rates show only minor changes for the values of rPV and rSH in
the stratosphere. The combined effect from cross isentropic trans-
port and mixing processes has much stronger impact on rSH than
on rPV due to the extreme (absolute) humidity gradients in the
tropopause region. This behavior is reflected in the time series
(Figure 5) where rPV reproduces the O; measurements better than
rSH reproduces the H,O observations.

[13] In summary, it appears that the differences between the
observed O; and simulated rPV time series are mainly caused by
uncertainties in the cross isentropic transport and by neglecting
mixing processes. For the rSH fields, neglecting dehydration seems
to be more important than the impact of mixing.

5. Conclusions

[14] This case study demonstrates the advantages of the RDF
method as a simple and efficient technique for qualitatively
reconstructing and identifying sub-synoptic structures (e.g. in
high-spatial-resolution airborne measurements) that are not cap-
tured by conventional meteorological analyses. In the past RDF
calculations were predominantly performed for PV, reconstructing
the gradients in measurements of tracers with stratospheric origin
(e.g. O3). The results of SH-RDF calculations presented here are a
valuable extension to PV-RDF resolving also the tropospheric
gradients for tracers with opposite i.e. tropospheric characteristics
(e.g. H,O).
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[15] The RDF calculations, confirmed by high-resolution tracer
measurements, show the existence of coherent sheet-like strato-
spheric intrusions in the vicinity of the polar jet stream. RDF
calculations for vertical cross sections along the flight path are
especially helpful in the interpretation of such structures. The
observed intrusions are similar in depth and morphology to the
tongue-like stratospheric intrusions during tropopause folding
events [e.g. Shapiro, 1980] penetrating deeply into the troposphere
(310-315 K ~ 600-500 hPa). In contrast to folds having
horizontal dimensions of several hundred kilometers (perpendicu-
lar to the axis of the jet stream) the observed features occur on
much smaller scales having a width of 50—200 km. With respect to
STE the question is whether the discussed stratospheric (tropo-
spheric) intrusions are irreversibly mixed into the troposphere
(stratosphere). From the enlargement of the surface area of the
interface between the two air masses an enhanced potential for
mixing processes must be expected. Therefore the sheet-like
intrusions of stratospheric air into the troposphere as presented
here provides in-situ evidence for a precursor process causing
quasi-isentropic STE.
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