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Abstract. The particle dispersion model FLEXPART and
the trajectory model LAGRANTO are Lagrangian models
which are widely used to study synoptic-scale atmospheric
air flows such as stratospheric intrusions (SI) and intercon-
tinental transport (ICT). In this study, we focus on SI and
ICT events particularly from the North American planetary
boundary layer for the Jungfraujoch (JFJ) measurement site,
Switzerland, in 2005. Two representative cases of SI and ICT
are identified based on measurements recorded at Jungfrau-
joch and are compared with FLEXPART and LAGRANTO
simulations, respectively. Both models well capture the
events, showing good temporal agreement between models
and measurements. In addition, we investigate the perfor-
mance of FLEXPART and LAGRANTO on representing SI
and ICT events over the entire year 2005 in a statistical way.
We found that the air at JFJ is influenced by SI during 19%
(FLEXPART) and 18% (LAGRANTO), and by ICT from
the North American planetary boundary layer during 13%
(FLEXPART) and 12% (LAGRANTO) of the entire year.
Through intercomparsion with measurements, our findings
suggest that both FLEXPART and LAGRANTO are well ca-
pable of representing SI and ICT events if they last for more
than 12 h, whereas both have problems on representing short
events. For comparison with in-situ observations we used O3
and relative humidity for SI events. As parameters to trace
ICT events we used a combination of NOy/CO and CO, how-
ever these parameters are not specific enough to distinguish
aged air masses by their source regions. Moreover, a sensi-
tivity study indicates that the agreement between models and
measurements depends significantly on the threshold values
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applied to the individual control parameters. Generally, the
less strict the thresholds are, the better the agreement be-
tween models and measurements. Although the dependence
of the agreement on the threshold values is appreciable, it
nevertheless confirms the conclusion that both FLEXPART
and LAGRANTO are well able to capture SI and ICT events
with duration longer than 12 h.

1 Introduction

Tropospheric ozone (O3) is known as the most important air
pollutant of summer smog causing harm to human health and
ecosystem (e.g.,Brunnekreef and Holgate, 2002). It strongly
determines the oxidizing capacity of the troposphere and acts
as the third most relevant greenhouse gas in terms of anthro-
pogenic radiative forcing at the Earth’s surface (IPCC, 2007).
For these reasons, tropospheric O3 concentrations have been
an important subject of atmospheric research over the last
decades. Tropospheric O3 is known to have two sources:
chemical production by the oxidation of volatile organic car-
bons (VOCs) and carbon monoxide (CO) in the presence of
nitrogen oxides (NOx=NO+NO2) (e.g.,Levy, 1971; Chamei-
des and Walker, 1973; Crutzen, 1974), and transport from
the stratosphere (e.g.,Junge, 1962; Danielsen, 1968). Many
studies have tried to determine the contribution of O3 from
the stratosphere to tropospheric O3 (Cristofanelli et al., 2003;
James et al., 2003a; Hsu and Prather, 2005; Bourqui, 2006;
Brioude et al., 2007). Even if it is currently thought that the
greatest contribution to tropospheric O3 originates from pho-
tochemical production (Staehelin et al., 1994; Yienger et al.,
1999), the contribution from the stratosphere cannot be ne-
glected (Roelofs and Lelieveld, 1997).
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Recent studies have also suggested that cross-tropopause
mass flux may increase during the 21st century as a result
of climate change (Sudo et al., 2003; Collins et al., 2003).
According to these studies, the long term enhancement of
stratospheric O3 could significantly modify the tropospheric
O3 budget.Ordóñez et al.(2007) suggested that the positive
O3 trends in the lower free troposphere over Europe during
the 1990s were likely due to changes in lowermost strato-
spheric O3 concentrations and associated changes in O3 flux
from the stratosphere.Tarasick et al.(2005) examined Cana-
dian ozonesonde data and found a strong correlation between
O3 changes in the lower stratosphere and in the troposphere
at the Canadian ozonesonde stations, suggesting that at least
part of the changes in the troposphere results from changes in
the lower stratosphere. All these findings indicate that strato-
spheric intrusions (SI) which transport O3-rich air into the
troposphere is one of the most important processes that im-
pacts the tropospheric O3 budget.

The lifetime of O3 in the free troposphere ranges from a
few days to several months (e.g.,Liu et al., 1987), which al-
lows its transport over distances of intercontinental and hemi-
spheric scales. Transport of O3 and O3 precursors may thus
have impacts on O3 concentrations found downwind of in-
dustrialized regions of the Northern Hemisphere, where most
of the O3 precursors (VOCs and NOx) are emitted (Berntsen
et al., 1999; Jacob et al., 1999; Jonson et al., 2001; Stohl,
2001; Wild and Akimoto, 2001; Wild et al., 2004). In par-
ticular, transatlantic transport of O3 is raising a lot of inter-
ests because of the relatively short distance between North
America and Europe (Wild and Akimoto, 2001). For exam-
ple, Li et al. (2002) reported that anthropogenic emissions
from North America led to an additional 20% of violations
of the European council ozone standard in summer 1997 over
Europe. A more recent study using the GEOS-CHEM global
transport model also indicated that North American emis-
sions contribute 11% to the tropospheric O3 annual average
total burden over Europe while European sources only con-
tribute 9% (Auvray and Bey, 2005).

Trajectory models are widely applied to investigate atmo-
spheric transport processes such as SI and intercontinental
transport (ICT). The Lagrangian analysis tool LAGRANTO
(Wernli and Davies, 1997) allows the identification of air
mass source regions. It has been applied to study SI (e.g.,
Cristofanelli et al., 2003; Gerasopoulos et al., 2005) and ICT
(e.g.,Guerova et al., 2006; Li et al., 2005) events. The La-
grangian particle dispersion model FLEXPART (Stohl et al.,
2005), which simulates the transport and dispersion of tracers
by calculating the trajectories of a multitude of particles pa-
rameterizing turbulence and deep convection, has also been
used in previous studies to investigate SI (e.g.,Stohl et al.,
2000; Zanis et al., 2003) and ICT (e.g.,Huntrieser et al.,
2005). FLEXPART was validated with data from three large-
scale tracer experiments in North America and Europe (Stohl
et al., 1998), and it has been used previously in many case
studies of trace gas transport (Stohl and Trickl, 1999; Forster

et al., 2004; Spichtinger et al., 2001), in a climatology of ICT
(Stohl et al., 2002a; Eckhardt et al., 2003) and in simulating
SI (Cristofanelli et al., 2003; James et al., 2003a,b).

A comparison between FLEXPART and LAGRANTO
has been discussed in previous studies on stratosphere-to-
troposphere exchange (STE) flux (e.g.,Cristofanelli et al.,
2003; Bourqui, 2006). Bourqui (2006) found that purely
trajectory-based approaches yield lower-bound estimates for
STE flux because they capture the large-scale transport but
not small-scale turbulent mixing. In contrast, particle dis-
persion models with parameterized turbulence led to slightly
larger estimates. Nevertheless, it is claimed that both mod-
els in Bourqui’s study accurately identified regions subject to
STE and provided realistic quantitative estimates.

To our knowledge, a statistical inter-comparison of the
performance of FLEXPART and LAGRANTO on represent-
ing SI and ICT events has not been documented up to now.
In this study, FLEXPART and LAGRANTO were run for the
year 2005. We evaluate the models’ performance on cap-
turing SI and ICT events by comparing the model simula-
tions with measurements at the Jungfraujoch (JFJ) observa-
tory in the Swiss Alps. Moreover, an intercomparison be-
tween FLEXPART and LAGRANTO is discussed. It needs
to be clarified that in this paper we discuss ICT only from
the North American planetary boundary layer (PBL), which
transports air pollutants contributing considerably to the Eu-
ropean O3 budget (Auvray and Bey, 2005).

In Sect. 2 we describe the data set and model set up. In
Sect. 3, we compare model simulations with measurements
using two case studies. Section 4 presents a systematic com-
parison between models and measurements from a statistical
point of view. The sensitivity of the comparison to variations
of threshold values is determined in Sect. 5. Finally, a gen-
eral discussion is given and conclusions are drawn in Sect. 6.

2 Data sets, model and methodology

2.1 Measurements

The JFJ station is located at 7.98◦ E and 46.55◦ N, 3585 m
above sea level on the main crest of the Bernese Alps,
Switzerland. Trace gas measurements at JFJ are performed
within the Swiss Air Quality Monitoring Network (NABEL)
and are also part of the Global Atmosphere Watch (GAW)
program of the World Meteorological Organization (WMO).
Due to its elevated altitude, JFJ samples more than 50%
free tropospheric air, particularly in winter (Zellweger et al.,
2000). Continuous trace gas measurements are performed
by the Swiss Federal Laboratories for Materials Testing and
Research (Empa) and additional meteorological parameters
are routinely measured by the Swiss Federal Office of Mete-
orology and Climatology (MeteoSwiss). The methods used
for routine chemical trace gas measurements are described
in detail byZellweger et al.(2000). In our study, 1-hourly
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measurements of NOy, CO, O3, and relative humidity (RH)
covering the entire year 2005 were used.

2.2 FLEXPART

To simulate the influence of SI and ICT at the JFJ site,
FLEXPART (version 6.2) (Stohl et al., 2005) was employed,
and was driven by model-level data from the European Cen-
ter for Medium-Range Weather Forecasts (ECMWF) with a
temporal resolution of 3 h (analyses at 00:00, 06:00, 12:00,
18:00 UTC; forecasts at 03:00, 09:00, 15:00, 21:00 UTC),
and 61 vertical hybrid levels. All relevant fields were inter-
polated onto a latitude/longitude grid with horizontal resolu-
tion of 1◦

×1◦. We conducted forward simulations of long-
range and synoptic-scale transport of anthropogenic CO trac-
ers from the North American PBL and of stratospheric O3
tracers, respectively. Although FLEXPART forward mode is
not the optimal setup for simulation for a single receptor site,
we adopted it in this study. Indeed, the forward approach not
only allows to investigate the influence of SI and ICT events
on JFJ point site, but also to evaluate the geographic vari-
ability in the surrounding area of JFJ caused by SI and ICT
events.

Anthropogenic CO emissions of North America in 1◦
×1◦

resolution were taken from the EDGAR Version 3.2 inven-
tory Fast Track 2000 (Olivier et al., 2005), which follows the
EDGAR 3.2 method (Olivier and Berdowski, 2001; Olivier
et al., 2002). The tracer was purely inert in the model,
meaning that chemical degradation was ignored. The par-
ticles were released between the surface and 150 m above
the ground level at a constant rate according to the EDGAR
emission distribution for North America. The total num-
ber of the particles treated by the model was approximately
950 000. The total particles were not randomly distributed
and mainly transported coherently according to the synoptic-
and meso-scale wind fields, therefore are believed to be suf-
ficient for the purpose of this study. Indeed, some selected
case studies confirm the smoothness of the trace concentra-
tions over the JFJ target area. In a particular grid cell, the
number of released particles was proportional to CO emis-
sions in the cell related to the total CO emissions in North
America. Since transatlantic transport often takes place in
the time range of one week (Li et al., 2005), in our simula-
tion the passive CO tracer was allowed to be advected by the
winds for 10 days, after which it was removed from the sim-
ulation. The lifetime of CO is in the time scale of a month or
longer, and the simulation does not account for background
CO concentrations but only for enhancements over the CO
background due to emissions during the last 10 days. The
simulations started on 20 December 2004 in order to fulfill
the 10 days spin-up of the model. Mixing ratios of CO were
produced separately on a 3-hourly basis on a 3-D grid with
horizontal resolution of 1◦×1◦, and 25 vertical levels.

In this study, the 2 potential vorticity (PV) unit (PVU,
10−6 Km2 kg−1 s−1) surface was used as the extratropical
tropopause, which separates the chemically and dynamically
very distinct stratosphere from the troposphere. This defini-
tion mimics reasonably well the thermal tropopause (Holton
et al., 1995) and has the advantage of being based upon the
dynamically significant conservation of PV in adiabatic, fric-
tionless flow. To simulate SI impact with FLEXPART, a pas-
sive O3 tracer was continuously released in the stratosphere
within the model boundaries (60◦ W–60◦ E, 20◦ N–80◦ N),
and was allowed to advect with ECMWF winds. This model
domain is sufficiently large for simulating the intrusions dis-
cussed in our study, but it is worth noting that the defined do-
main tends to underestimate the intrusions frequency since
the intrusions occurring outside this domain are missing in
the resulting climatology. In order to obtain a rough indica-
tion of the validity of our simulations in this respect, we used
calculated backward trajectories to estimate its restriction.
According to the analysis based on backward trajectories,
63% of the trajectories originating in the stratosphere crossed
the tropopause within the domain. Nevertheless,Stohl et al.
(2000) studied the influence of stratospheric intrusions on
ozone concentrations in the alpine region using FLEXPART
with an even more restricted domain (50◦ W–50◦ E). They
suggested that although the restricted domain underestimated
the influence of older stratospheric intrusions (>4 days), it
adequately covers direct intrusions which are most likely to
produce clear signatures in the measurements.

A statistical relationship between O3 and PV
(MO3=Mair×PV×C×48/29) was used to determine the
stratospheric O3 tracer concentration, whereC=60×10−1

PVU−1 is the ratio between the O3 volume mixing ratio
and PV (in units of PVU) in the stratosphere (Stohl et al.,
2000). The ratio 48/29 is used for the conversion of volume
mixing ratio to mass mixing ratio where 48 and 29 represent
the molecular mass of O3 and mean molecular mass of
ambient air, respectively. As for ICT, the simulation started
on 20 December 2004 and ended on 31 December 2005.
During the model run, approximately 3 million particles
were released, which were distributed proportional to the air
density in accordance with the above formula. Each particle
was tagged with a clock, which was set to zero when it
remained in the stratosphere, and started to count once the
particle entered into the troposphere. The clock was reset
to zero if the particle returned to the stratosphere. If the
particle stayed in the troposphere exceeding its assigned age
class of 10 days, it was removed from the simulation. O3
fields were produced every 6 h as 6-h averages at 1◦

×1◦

grid cells. The grid cells were 500 m thick between the
surface and 10 km, 1000 m thick from 10 km to 15 km and
5000 m thick from 15 km to 20 km. The output O3 fields
only provide an estimation of the O3 enhancement relative
to the tropospheric background O3 due to the transport from
the stratosphere.
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2.3 LAGRANTO

Ensembles of 10-day backward trajectories were calculated
for every 6 h of the year 2005 using LAGRANTO. ECMWF
analysis winds (with a temporal resolution of 6 h, horizontal
resolution 1◦×1◦ and 61 vertical hybrid levels) were used to
drive the model. Because a single trajectory is often not a
reliable estimate of an air parcel’s path (due to lack of coher-
ence of the flow), it is necessary to consider an ensemble of
trajectories in order to obtain statistically meaningful results
and to evaluate the coherence of the air flow. Each ensemble
consists of a reference trajectory (centered on JFJ at a mean
pressure of 650 hPa, 7.98◦ E and 46.55◦ N) and 4 horizon-
tally 0.5◦ displaced trajectories.

2.4 Identification of SI events

Besides having high O3 concentrations, stratospheric air is
characterized by low water vapor content. Thus low humid-
ity levels can indicate stratospheric air in a tropospheric en-
vironment. Relative humidity (RH) is considered as the best
humidity measure to detect SI. Specific humidity is not an
appropriate measure because of its high variation with sea-
son, which can lead to an artificial bias in the evaluation of
seasonal SI frequency (Stohl et al., 2000). Thus, in this paper
RH in conjunction with O3 was used to objectively identify
SI events from the measurements. Enhancements over the
10-day running mean O3 value (M10

O3
) and 50% RH are taken

as thresholds and are applied to O3 and RH measurements,
respectively. If O3 values are continuously more than 10%
aboveM10

O3
and RH values below 50% for a time period of at

least 6 h, SI events are identified by measurements. The time
span of the period indicates the duration of the SI event, and
is referred henceforth asTD. The durationTD allows to clas-
sify the single events: we refer to events (either SI event or
later on ICT event) withTD>24 h as long events, those with
TD falling into the range between 12 and 24 h as medium
events, and finally those withTD≤12 h as short events.

To identify a SI event from FLEXPART simulations,
10 ppb is used as threshold value of O3 tracer. Accord-
ingly, a FLEXPART SI event is identified if the O3 tracer
exceeds the threshold value. Based upon the analysis of LA-
GRANTO trajectories ensemble, we objectively identify a
LAGRANTO SI event by the following approach. A strato-
spheric residence time can be defined for an ensemble of tra-
jectories by the sum of the residence times of the single en-
semble members. In these terms, a LAGRANTO identified
SI event is characterized by a non-vanishing stratospheric
residence time. To simplify our description, we introduce the
new parameterTR which represents the ensemble residence
time. A LAGRANTO identified SI event at JFJ therefore
means thatTR must be larger than zero at every time step
during a time span ofTD, whereTD is the duration of the
model defined SI event, and again is used to separate long,
medium and short events.

2.5 Identification of ICT events

CO has a lifetime on the order of weeks to months (Se-
infeld and Pandis, 1998), whereas the NOy lifetime is on
the order of several days. NOy is removed from the tropo-
sphere mainly by wet deposition. During the transport from
the North American PBL over the North Atlantic Ocean to
JFJ, most of the NOy is removed in the free troposphere,
whereas CO remains more or less constant, resulting in a rel-
atively low NOy/CO ratio and enhanced CO concentration
compared to the background CO. According toStohl et al.
(2002b), the NOy/CO ratio drops to values below 0.01 for air
masses older than 4 days if the original ratio of NOx/CO in
the North America was assumed to be 0.16.Zellweger et al.
(2003) suggest that the strongly aged air masses measured
at JFJ are always accompanied with the lowest NOy/CO ra-
tios, if undisturbed free tropospheric condition occur. In our
study, we chose the NOy/CO ratio along with measured CO
as parameters to identify ICT from measurements.

To identify ICT events from the measurements, back-
ground CO under the undisturbed free tropospheric situation
is calculated using the method of partitioning JFJ data ac-
cording to different meteorological situations as described
by Zellweger et al.(2003). They studied the influence of
different meteorological situations on JFJ data, and split
them into ones with and without impact of local polluted
air: for autumn/winter (September to February) 68% and
for spring/summer (March to August) 40% of JFJ data were
measured under the meteorological situations of undisturbed
free troposphere implying without impact from local PBL
air. In this study, we assume the same frequencies of meteo-
rological situations and take into account that measurements
are characterized by significantly enhanced NOy values (not
shown here) when under the influence of the local PBL air
(Zellweger et al., 2003). Hence we obtain the free tropo-
spheric situations through removing the measurements with
the highest 32% NOy values from September to February and
the highest 60% NOy values from March to August. Us-
ing the remaining measurements, we calculate the monthly
CO mean value which then is used as background CO con-
centration. A measured ICT event is then defined to have a
measured CO higher than the corresponding background CO
concentration and NOy/CO lower than its 30% monthly per-
centile.

An ICT event is identified from FLEXPART simulations
if the CO tracer exceeds a threshold value of 5 ppb. Anal-
ogously, each ICT event is then marked with its duration
TD. A similar approach is used to identify ICT events from
the LAGRANTO trajectories ensemble.TR in this case
means the ensemble residence time within the North Ameri-
can PBL. An ICT event is identified from LAGRANTO tra-
jectories ifTR is larger than zero.

Atmos. Chem. Phys., 9, 3371–3383, 2009 www.atmos-chem-phys.net/9/3371/2009/



J. Cui et al.: Comparison of two Lagrangian approaches 3375

3 Case studies

In order to illustrate our methodology, we first present two
cases of SI and ICT, respectively, which were selected ac-
cording to the measurements and using the criteria intro-
duced in Sect.2.

3.1 SI event on 15–20 February

Figure1 presents the 5-day series of O3 and RH measured
at JFJ from 15 to 20 February 2005, showing enhanced O3
concentrations with continuously more than 10% ofM10

O3
(not shown). RH significantly decreased from 17 February
06:00 UTC to 18 February 07:00 UTC, and fluctuated at low
levels until 19 February 06:00 UTC. Since the stratosphere
shows much higher O3 concentrations and is much dryer
than the troposphere, this signal is indicative for an SI event.
However, note that O3 concentrations around 60 ppb as mea-
sured at JFJ during this event indicate significant mixing
with tropospheric air since O3 concentrations in the strato-
sphere are much higher. By means of the criterion described
in Sect.2.4, we identify a measured SI event which sus-
tains for 29 h from 17 February 06:00 UTC to 18 February
11:00 UTC. Accordingly, the 29-h SI event is classified as a
long SI event.

FLEXPART O3 tracer values from 15 February
00:00 UTC to 20 February 00:00 UTC show peaking
values during the period from 17 February 06:00 UTC to
19 February 00:00 UTC, which covers the period of the
measured SI event, indicating good temporal agreement
between the FLEXPART simulation and the measurements.
O3 tracer values during the peak period were significantly
higher than the threshold value of 10 ppb. According to our
terminology, the O3 tracer indicates a FLEXPART long SI
event because of the durationTD>24 h.

It should not be ignored that at 16 February 06:00 UTC,
although the combination of O3 increase and RH decrease
did not fulfill the selected criteria for a SI event, changes of
O3 and RH were nevertheless discernible. This stratospheric
signature at 16 February 06:00 UTC was also captured by
the FLEXPART simulation. As seen in Fig.1, a relatively
narrow peak occurs exactly at 06:00 UTC in the O3 tracer.

Figure 2 presents LAGRANTO backward trajecto-
ries (left) from 18 February 00:00 UTC to 18 February
18:00 UTC. We only present the trajectory ensembles which
showed contact with the stratosphere. At least one mem-
ber of the trajectories ensemble crossed the tropopause and
descended to JFJ during the period, which indicates evident
stratospheric origin of part of the air. According to the def-
inition of a LAGRANTO SI event, a medium SI event was
identified which persists forTD of 18 h. Taking the different
time resolutions between the measurements and model out-
put, as well as the bias due to numerical treatment into ac-
count, the LAGRANTO SI event well matches with the mea-
sured SI event even though its shorterTD. The right panel
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Fig. 1. Measurements and tracer model results for the period be-
tween 15 February 00:00 UTC and 20 February 00:00 UTC show-
ing FLEXPART’s stratospheric O3 tracer (thick solid line) and the
measured O3 (thin solid line) and RH (thin dash line).

in Fig. 2 shows the trajectories ensemble started at 16 Febru-
ary 06:00 UTC. Although the reference trajectory stayed in
the troposphere, two displaced trajectories had contact with
the stratosphere. TheTR in the stratosphere at 16 February
06:00 UTC was 162 h, which indicated the air masses arriv-
ing at JFJ had clear stratospheric influence. Since theTD

is less than 12 h, it is identified as a short SI event. This
LAGRANTO short SI event temporally coincides with the
FLEXPART short SI event, as well as with considerable O3
increase and RH decrease in the measurements. This indi-
cates good agreement between LAGRANTO simulation and
the measurements, as well as between FLEXPART and LA-
GRANTO simulations.

3.2 ICT event on 2–4 July 2005

Figure3 presents a 5-day series of CO, NOy, NOy/CO val-
ues during the period from 1 July 00:00 UTC to 5 July
00:00 UTC, along with FLEXPART CO tracer values. CO
showed an evident increase starting from 1 July 23:00 UTC
while NOy significantly decreased. From 1 July 23:00 UTC
to 2 July 15:00 UTC, CO values were almost always higher
than background CO and NOy/CO ratios were found to be
always lower than the 30% monthly percentile. According to
the method described in Sect.2.5, an ICT event withTD of
16 h is thus identified from the measurements.

Except for an offset of several hours, the FLEXPART sim-
ulation agrees well with the measurements: the CO tracer
showed an evident enhancement from 2 July 03:00 UTC to
4 July 21:00 UTC, which is larger than the threshold value
of 5 ppb adopted for this study. We therefore identify it
as a FLEXPART ICT event, which is consistent with the
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ICT event deduced from the indicators measured at JFJ. It is
worth to note that FLEXPART generated an ICT event with
a much larger CO increase, probably because the decay of
CO tracer is not integrated in the model simulation, which is
however not negligible in summer.

Figure 4 shows the LAGRANTO trajectories ensemble
from 2 July 06:00 UTC to 3 July 06:00 UTC, which depicts
the transport history of air masses from North America to
JFJ. The trajectory ensemble indicates the air arriving at
JFJ during this period originated from North America (top
panel); the air parcels stayed over North America for about
one week, and were transported across the North Atlantic
Ocean to JFJ afterwards. The vertical distribution of the tra-
jectories which had contact with the North American PBL
(here taken as the levels below 800 hPa) during their 10-day
history are shown in the bottom panel. The air masses were
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06:00 UTC, 2005 at JFJ (bottom: colorbar indicates the time to JFJ).

uplifted rapidly from the North American PBL to the mid-
dle troposphere, and were subsequently transported over the
North Atlantic to JFJ within approximately 4 days. Note that
the air originating from upper or middle tropospheric levels
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above North America first descended to the North American
PBL, afterwards the air was quickly uplifted and transported
across the Atlantic Ocean. The trajectories of the air masses
show a coherent transport pattern, which is typical for trans-
port in Warm Conveyor Belts (WCB) (Eckhardt et al., 2004).
At every time step during the period from 1 July 06:00 UTC
to 3 July 06:00 UTC, at least one member of the trajectory en-
semble had contact with the North American PBL, meaning
TR in the North American PBL was above zero. Therefore, a
LAGRANTO ICT event withTD of 24 h was identified. This
event agrees well with the FLEXPART and the measured ICT
event despite a few hours offset.

4 One-year comparison between model simulations and
measurements

4.1 General comparison

In the previous section it was shown that individual SI and
ICT events, as identified by transport simulations (FLEX-
PART and LAGRANTO), agreed well with measurement
based identifications of such events. The same approach is
now applied to one year (2005) of model simulations in order
to obtain a statistical evaluation of the models’ performance.

Figure5 presents the one-year time series of measured O3
and RH, FLEXPART O3 tracer and LAGRANTO diagnosis

Table 1. Frequencies of the influences of stratospheric intrusion and
intercontinental transport from the North American PBL on JFJ in
2005 according to FLEXPART and LAGRANTO, respectively.

Type SI ICT

FLEXPART 19% 13%
LAGRANTO 18% 12%
LAGRANTO (0–4 D)a 4% –
LAGRANTO (4–10 D)b 14% –

a Events occurred within 0–4 days prior to arriving at JFJ.
b Events occurred within 4–10 days prior to arriving at JFJ.
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Fig. 6. Measured CO (top: grey) and NOy/CO ratios (bottom: grey)
with colored background representing matching with FLEXPART
(red), LAGRANTO (blue) and both models (yellow) ICT diagnos-
tics. Dashed black lines indicate monthly background CO (top) and
30% monthly quantiles of NOy/CO (bottom).

of SI events in 2005. According to FLEXPART, the O3 tracer
was found to be higher than its threshold value of 10 ppb for
19% of the time in 2005. According to LAGRANTO, 18%
of the time in 2005 air masses arriving at JFJ had contact
with the stratosphere in their 10-day backward history. To be
more specific, during 4% of the entire year, contact with the
stratosphere took place within 4 days before the air masses
arrived at JFJ. For the remaining 14%, the contact with the
stratosphere took place between 4–10 days prior to arrival at
JFJ. The results are listed in Table1.

Figure6 presents time series of measured CO, NOy/CO
ratio, FLEXPART CO tracer and LAGRANTO diagnosis of
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Table 2. Agreement (in number of events and in percentage) be-
tween FLEXPART and LAGRANTO simulations and the measured
SI events at JFJ in 2005 according to residence timeTD in the strato-
sphere.

group TD Measurements FLEXPART LAGRANTO

Long SI >24 4 3 (75%) 4 (100%)
Medium SI 12–24 19 12 (63%) 16 (84%)
Short SI ≤12 80 27 (34%) 41 (51%)
Total – 103 42 (41%) 61 (59%)

Table 3. Agreement in percentage between FLEXPART and LA-
GRANTO simulations and the measured ICT events at JFJ in 2005
as a function ofTD in the North American PBL.

group TD Measurements FLEXPART LAGRANTO

Long ICT >24 8 1 (13%) 4 (50%)
Medium ICT 12–24 21 13 (62%) 10 (48%)
Short ICT ≤12 114 34 (30%) 39 (34%)
Total – 143 48 (34%) 53 (37%)

ICT events in 2005. Applying the criterion of Sect.2 to
FLEXPART and LAGRANTO, the influences of the inter-
continental transport from the North American PBL on JFJ
were quantified, respectively. FLEXPART yields a frequency
of 13% for ICT impact at JFJ, which is well comparable
to the frequency derived from LAGRANTO simulations of
12%. The results are also listed in Table1.

4.2 Model comparison of SI and ICT events

Based upon measured O3 and RH and according to the cri-
terion used in Sect. 3, we identified 103 measured SI events,
which include 4 long events, 19 medium events and 80 short
events (see Table2).

A quantitative assessment of the models’ performance was
accomplished using the following approach: if during the pe-
riod of a measured SI event, at least one SI event is identi-
fied with the model simulation, we consider the model well
captures the measured SI event. We call this approach “for-
ward comparison”. By means of this approach, we found that
FLEXPART captured 3 of 4 long SI events, 12 of 19 medium
SI events, but only 27 of 80 short SI events. Correspondingly,
LAGRANTO captured 4 long SI events, 16 of 19 medium
SI events and 41 of 80 short SI events. Although in total
FLEXPART and LAGRANTO captured only 41% and 59%
of 103 measurement SI events, they captured 65% and 87%
of measured long and medium SI events, respectively. This
indicates that under the current criteria both models are more
capable of capturing long and medium measured SI events.
In addition, it also shows that under the chosen thresholds,
LAGRANTO is somewhat superior to FLEXPART for cap-
turing measured SI events.

Table 4. Agreement in percentage (shown in bracket) between mod-
els identified SI events and the measurements at JFJ in 2005 as a
function ofTD of the event in the Stratosphere.

group TD FLEXPART LAGRANTO

Long SI >24 16 (75%) 1 (0%)
Medium SI 12–24 21 (62%) 20 (60%)
Short SI ≤12 84 (23%) 156 (34%)
Total – 121 (36%) 177 (37%)

In the measurements 143 ICT events were identified in
2005 using NOy/CO ratios and measured CO as thresholds
(see Sect.2.5). These ICT events were further split into three
groups according to the length ofTD, as shown in Table3.
They consist of 8 long, 21 medium and 114 short events. Af-
ter applying an analogue approach of forward comparison, it
was found that FLEXPART captured 1 of 8 long, 13 of 21
medium and 34 of 114 ICT short events. On the other hand,
LAGRANTO captured 4 of 8 long, 10 of 21 medium and 39
of 114 short ICT events. Compared to modelled and mea-
sured SI events, the corresponding agreement of ICT events
is less convincing. This might partly be due to the larger
uncertainties involved in determining ICT events from mea-
sured CO and NOy/CO. Air masses originating from other
polluted source regions having traveled long enough in the
troposphere before arriving at JFJ, are also expected to ex-
hibit relatively low NOy/CO ratios and CO enhancement.
Even so, the results show that both FLEXPART and LA-
GRANTO are more capable on capturing long and medium
ICT events than short ones except for FLEXPART on long
ICT events.

4.3 Confirmation of modeled SI and ICT events
by measurements

In a second step, comparison between model identified
events and the measured events was conducted in a reverse
way, namely “backward comparison”. We firstly collected
SI events identified with FLEXPART O3 tracer values and
LAGRANTO trajectory ensembles, respectively. Applying
the same criteria as in Sect.3, we found 121 FLEXPART
SI events including 16 long, 21 medium and 84 short events,
and 177 LAGRANTO SI events including 1 long, 20 medium
and 156 short events. The detailed results are displayed in
Table4.

The approach used in backward comparison is analogue to
the forward one: a model SI event is assumed to be confirmed
by the measurements if at least one measured SI event (inde-
pendent of its length) is found during the period of the model
SI event. Comparing all FLEXPART SI events with measure-
ments, we found that 75% of 16 long, 62% of 21 medium and
23% of 84 short events were confirmed. Correspondingly, for
LAGRANTO we found 60% of 20 medium and 34% of 156
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Table 5. Agreement in percentage (showing in the bracket) between
FLEXPART and LAGRANTO simulations and the measured ICT
events at JFJ in 2005 as the function ofTD in the North American
PBL.

group TD FLEXPART LAGRANTO

Long ICT >24 14 (71%) 1 (100%)
Medium ICT 12–24 19 (68%) 19 (47%)
Short ICT ≤12 47 (36%) 98 (43%)
Total – 80 (50%) 118 (44%)

short events confirmed by the measurements. Astonishingly,
the only long event was not confirmed by the measurements.
However the measured NOy concentration during this long
SI event was found to be significantly elevated, which might
be due to the mixing with uplifted polluted air from the plan-
etary boundary layer, causing increased O3 titration, thus to
large extent weakening the stratospheric signature. Addition-
ally it can be also just mixing and dilution of the stratospheric
air with PBL air with lower ozone concentration which may
cause weakening of the stratospheric signature. The results
of confirmed events in percentages are shown in brackets in
Table4.

We present the results of the backward comparison on ICT
events in Table5. In order to highlight the ICT from the
North American PBL, we considered only the trajectories
which have contact with the North American PBL and have
no contact with the European PBL. Therefore, we could to
a large extent diminish the impact of European PBL NOy-
rich air on NOy measurements, and solely focus on the im-
pact of long-range transport from the North American PBL
on trace gas composition at JFJ. In the year 2005, 118 LA-
GRANTO ICT events were identified, which include 1 long,
19 medium and 98 short events. Comparison with measure-
ments shows that 100% of long, 47% of 19 medium and 43%
of 98 short events were confirmed by measurements. As for
FLEXPART, applying the method described in Sect.2.5 to
FLEXPART CO tracer, we identified 80 ICT events includ-
ing 14 long, 19 medium and 47 short events. In comparison
with measurements, it was found that for FLEXPART, 71%
long, 68% of 19 medium and 36% of 47 short events were
confirmed by measurements.

5 Sensitivity study

In this section, we investigated the sensitivity of the agree-
ment discussed in Sect.4 between FLEXPART or LA-
GRANTO and the measurements to varying threshold values
of the control parameters. With respect to SI identification
of the measurements, the threshold value of O3 was changed
from 10%M10

O3
to 7.5%M10

O3
and 5%M10

O3
, respectively. The

RH threshold value was separately changed from 50% to
40%, and then to 60%. The threshold value of NOy/CO was
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Fig. 7. Sensitivity of the agreement on SI events between FLEX-
PART simulation (black) or LAGRANTO simulation (red) and the
measured SI events in forward comparison (top) and in backward
comparison (bottom) to varying threshold values of FLEXPART O3
tracer, LAGRANTOTR , measured O3 and RH.

changed to 20% and 40% of its monthly percentile. For the
SI and ICT identification based upon FLEXPART simula-
tion, 15 ppb and 10 ppb as threshold values were additionally
applied to the FLEXPART O3 tracer and CO tracer. For LA-
GRANTO SI and ICT events, new residence timesTR (12
and 24 h) in the stratosphere and in the North American PBL
were applied. With every alteration of the above mentioned
threshold values, the calculations of Sect.4 were repeated.
The results of the agreement between models and measure-
ments are displayed as percentages in Fig.7 for SI events
and in Fig.8 for ICT events. In both figures, the upper panel
shows the results of the foward comparisons, the lower one
the results of the backward comparisons.

The general pattern in Figs.7 and8 show that the agree-
ment between FLEXPART or LAGRANTO and measure-
ments depends significantly on the applied threshold values
of the control parameters. Although an apparent change on
the agreement was found when changing the threshold val-
ues, the results were still in line with the conclusion drawn in
Sect.4, suggesting that both FLEXPART and LAGRANTO
are well able to capture long and medium SI and ICT events,
however less favorable on capturing short SI and ICT events.
The figures also show that generally better agreement was
achieved when using less strict threshold values. Few excep-
tions will be discussed in the following.

Figure7 (top panel) shows when increasing the threshold
value of O3 from 10 to 15 ppb, the response on the agreement
between FLEXPART and measurement was unchanged for
long and medium SI events, meaning all measured long and
medium SI events correspond to FLEXPART O3 tracer of
above 15 ppb. Moreover, when solely increasing the thresh-
old value ofTR in the stratosphere from 0 to 12 h and then to
24 h, agreement between LAGRANTO and measurements on
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long SI events also showed no response to the alteration, in-
dicating that all measured long SI events correspond to large
stratosphericTR (>24 h) characterized in the trajectories en-
semble. This finding suggests the measured long SI events
were consistent with significant FLEXPART O3 elevation
and largeTR in the stratosphere as obtained from the anal-
ysis with LAGRANTO trajectories. Hence, there is a good
agreement between FLEXPART or LAGRANTO and mea-
surements, as well as between FLEXPART and LAGRANTO
on the identification of significant long SI event.

Figure 8 (top panel) shows generally modest agreement
between FLEXPART or LAGRANTO and measurements in
identifying ICTs, supporting the conclusion from the sta-
tistical point of view that a combination of NOy/CO and
CO is still not suitable to specifically identify ICT from
the North American PBL. Note that the agreement between
LAGRANTO and measurement on the measured long and
medium ICT events was reasonably stable when changing
the threshold value of NOy/CO from 20% to 30%, and then
to 40% of its monthly percentile. Figure8 (bottom panel)
shows that the agreement between LAGRANTO and mea-
surements was not changed if we altered either the threshold
value of NOy/CO from 20% to 30%, or 40% of its monthly
percentile or increasedTR in the North American PBL from
0 to 12 h and 24 h. This suggests that LAGRANTO long
ICT events were characterized with long residence times in
the North American PBL (>24 h), which is consistent with
significant ICT impact in the measurements as the temporal
corresponding NOy/CO ratios were always below the 20%
monthly NOy/CO percentile.

The impact of regional air pollution levels on our results
was also considered. As described in Sect.2.5, 68% in
winter/spring and 40% in summer/autumn of meteorological

conditions indicate free troposphere at the measurement site.
These rules, used to calculate the CO background, were de-
rived for 1997/1998 and might not hold for the year under in-
vestigation due to the natural year-to-year variability. There-
fore, sensitivity experiments were performed with 60%, 70%
and 75% in winter/spring and 35%, 45% and 50% in sum-
mer/autumn to calculate the background CO concentraion.
No significant difference was found on the results (not shown
here).

Finally we made an attempt to explore the sensitivity
regarding backward trajectory length. For this purpose
LAGRANTO 20-day backward trajectories were calculated
based on ERA interim data. The analyses based upon the
newly calculated trajectories show that using 20-day trajec-
tories, we were able to identify twice as many SI and ICT di-
agnoses when comparing with 10-day trajectories. However
this won’t change our conclusion drawn previously, since the
influence of SI and ICT events with transport time over 10
days will possibly not be reflected evidently in the measure-
ments due to the enhanced mixing and dilution throughout
the transport process. In addtion, note that the purpose of
our study is to compare the performance of two models on
representing SI and ICT events, the models’ capability on
capturing all events is not our primary focus.

6 Conclusions

Measurements, the particle dispersion model FLEXPART
and the trajectory tool LAGRANTO were used indepen-
dently to identify stratospheric intrusion (SI) and interconti-
nental transport (ICT) events occurring at the high mountain
measurement site Jungfraujoch (JFJ) in 2005. Our particu-
lar interest was devoted to evaluate the performance of the
two models by intercomparing with the measurements. This
study represents the first attempt to investigate the models’
capability of representing SI and ICT events in a statistical
way.

Comparison between measurements and models was con-
ducted reversibly. SI events were firstly selected based upon
measurements and then compared with FLEXPART and LA-
GRANTO simulation. Our results show that both FLEX-
PART and LAGRANTO are capable of capturing most of
the evident SI events (duration longer than 12 h), however
encounter severe difficulties in capturing unconspicuous SI
events (duration shorter than 12 h). Low agreement be-
tween models and measurements on short SI events points
out that the transient nature and realistic representation of
these events is associated with a higher degree of uncertainty.
Furthermore, our results seem to suggest that more evident
SI events were identified with FLEXPART than with LA-
GRANTO. This is probably because of the different implica-
tion of the age class of 10 days in the FLEXPART simulation
and 10-day backward time in LAGRANTO. In FLEXPART,
10 days indicate the longest residence time of the particles
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in the troposphere after crossing the tropopause, while 10
days in LAGRANTO simulation include the entire transport
time of air parcel in the troposphere and stratosphere. Con-
cerning ICT events, the comparison between measurements
and model output is more difficult because no combination
of field measurements are known to us to specifically iden-
tify North American ICT events. However, it looks as if both
models (FLEXPART and LAGRANTO) are better at repre-
senting evident ICT events than less obvious ones. Nev-
ertheless, note that the 10-day duration of the FLEXPART
simulations and LAGRANTO calculations has restrictions.
Both models are believed to be capable of capturing the fast
(evident) ICT events which are most likely to be reflected
in the measurements, however are unlikely able to identi-
fiy the slow ICT events especially in summer when atmo-
spheric transport is slower. In addition, the comparison be-
tween FLEXPART and LAGRANTO on predicting SI and
ICT events show very good agreement, which is not suprising
since both models use ECMWF input data. The two models
are therefore not independent of each other.

A sensitivity study reveals that generally less strict thresh-
old values resulted in better agreement between simulations
and measurements. For every alteration of employed thresh-
old values, the change in the agreement between models and
measurements on representing SI events were within 20%.
When adopting less strict threshold values, although a higher
percentage of measured ICT events were captured by the
models, the agreement between measurements and models
was however still low. In summary, our analysis shows that
particle dispersion and trajectory tools are capable to cap-
ture well long-lasting, significant SI and ICT events, but en-
counter problems when considering short events.
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D., Hübler, G., and Murphy, P.: Ozone production in the rural
troposphere and the implications for regional and global ozone
distributions, J. Geophys. Res., 92, 4191–4207, 1987.

Olivier, J. and Berdowski, J.: Global emission sources and sinks,
in: The Climate System, edited by: Berdowski, J., Guicherit, R.,
Heij, B. J., and Balkema, A. A., Publishers/Swets and Zeitlinger
Publishers, Lisse, The Netherlands, iSBN 90 5809 255 0, 2001.

Olivier, J., Berdowski, J., Peters, J., Bakker, J., Visschedijk, A.,
and Bloos, J.: Applications of EDGAR, Including a description
of EDGAR 3.2: reference database with trend data for 1970–
1995, RIVM report 773301001/NRP report 410200 051, RIVM,
Bilthoven, 2002.

Olivier, J., van Aardenne, J., Dentener, F., Ganzeveld, L., and Pe-
ters, J.: Recent Trends in Global Greenhouse Gas Emissions:
Regional Trends and Spatial Distribution of Key Sources, Non-
CO2 Greenhouse Gases (NCGG-4), Millpress, Rotterdam, iSBN
90 5966 043 9, 2005.
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Rüttimann, R., Streit, N., Weingartner, E., and Baltensperger, U.:
Summertime NOy speciation at the Jungfraujoch, 3580 m above
sea level, Switzerland, J. Geophys. Res., 105, 6655–6667, 2000.

Zellweger, C., Forrer, J., Hofer, P., Nyeki, S., Schwarzenbach, B.,
Weingartner, E., Ammann, M., and Baltensperger, U.: Parti-
tioning of reactive nitrogen (NOy) and dependence on meteoro-
logical conditions in the lower free troposphere, Atmos. Chem.
Phys., 3, 779–796, 2003,
http://www.atmos-chem-phys.net/3/779/2003/.

www.atmos-chem-phys.net/9/3371/2009/ Atmos. Chem. Phys., 9, 3371–3383, 2009

http://www.atmos-chem-phys.net/3/763/2003/
http://www.atmos-chem-phys.net/3/779/2003/

