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Abstract. A new global real-time Lagrangian diagnos- used to identify layers in the balloon-sonde profiles affected
tic system for stratosphere-troposphere exchange (STE) ddsy stratospheric air and to evaluate the Lagrangian STE fore-
veloped for Environment Canada (EC) has been delivercasts. We find that the predictive skill for the overall intru-
ing daily archived data since July 2010. The STE calcu-sion depth is very good for intrusions penetrating down to
lations are performed following the Lagrangian approach300 and 500 hPa, while it becomes negligible for intrusions
proposed inBourqui (200§ using medium-range, high- penetrating below 700 hPa. Nevertheless, the statistical rep-
resolution operational global weather forecasts. Followingresentation of these deep intrusions is reasonable, with an av-
every weather forecast, trajectories are started from a denserage bias of 24 %. Evaluation of the skill at representing the
three-dimensional grid covering the globe, and are calculatedietailed structures of the stratospheric intrusions shows good
forward in time for six days of the forecast. All trajecto- predictive skill down to 500 hPa, reduced predictive skill be-
ries crossing either the dynamical tropopaus® PVU) or  tween 500 and 700 hPa, and none below. A significant low
the 380 K isentrope and having a residence time greater thastatistical bias of about 30 % is found in the layer between
12 h are archived, and also used to calculate several diagnos00 to 700 hPa. However, analysis of missed events at one
tics. This system provides daily global STE forecasts that carsite, Montreal, shows that 70 % of them coincide with can-
be used to guide field campaigns, among other applicationgdidate clusters of trajectories that pass through Montreal, but
The archived data set offers unique high-resolution informa-that are too dispersed to be detected in the close neighbour-
tion on transport across the tropopause for both extra-tropicahood of the station. Within the limits of this study, this allows
hemispheres and the tropics. This will be useful for improv- us to expect a negligible bias throughout the troposphere in
ing our understanding of STE globally, and as a reference fothe spatially averaged STE frequency derived from this data
the evaluation of lower-resolution models. This new data setet, for example in climatological maps of STE mass fluxes.
is evaluated here against measurements taken during a balhis first evaluation is limited to eastern Canada in one sum-
loon sonde campaign with daily launches from three stationsmer month with a high frequency of stratospheric intrusions,
in eastern Canada (Montreal, Egbert, and Walsingham) foand further work is needed to evaluate this STE data set in
the period 12 July to 4 August 2010. The campaign found amother months and locations.

unexpectedly high number of observed stratospheric intru-

sions: 79 % (38 %) of the profiles appear to show the pres-

ence of stratospheric air below than 500 hPa (700 hPa). An

objective identification algorithm developed for this study is
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1 Introduction the lower troposphere within a time scale of several days,
and that in the northern extra-tropics, the lower tropospheric
Stratosphere-Troposphere Exchange (STE) is known to condestinations of such rapid transport are concentrated on both
trol the chemical composition of the lower stratosphere andsides of the north American continent. Since then, a few
the upper troposphere to a great extent. Many previoustudies have been successful at modelling individual events
studies have investigated the mechanisms leading to extrgCooper et al.2005 Gerasopoulos et al200§. More re-
tropical STE in the Northern Hemisphere and have showncently Bourqui and Tepanier(2010 found an intense activ-
that STE typically occurs during the breaking of baroclinic ity of such rapid transport, confirmed by ozone sonde mea-
waves at synoptic- to meso-scales and involves a varietysurements, during a summer month over North America. The
of processes such as those associated with clouds, radiamass flux associated with this deep>$ transport activity
tive relaxation, gravity wave breaking and wind shear tur-was found to be about one order of magnitude larger than
bulence Shapirg 1978 Langford et al. 1996 Zierl and  the 15-yr climatological estimate fro@prenger and Wernli
Wirth, 1997 Stohl et al, 2003 Gray, 2003 Mullendore  (2003. A similarly high contribution of stratospheric ozone
et al, 2005 Bourqui 2009. This complexity is unim- in the lower troposphere was found hgfohn et al.(2011)
portant when considering only the global net flux of masson average during the years 2004—-2006.
across the tropopausddlton et al, 1995 Appenzeller et aJ. Estimates of cross-tropopause fluxes of ozone from chem-
19969. However, because the gradients in chemical con-istry transport models (CTMs) were summarisedsiaven-
stituents across the tropopause are large, it is the sepaon et al.(2006 with a focus on the tropospheric ozone
rate stratosphere-to-troposphereX¥) and troposphere-to- budget. The CTMs had varying representations of strato-
stratosphere (S) mass fluxes that control the transport of spheric ozone, such as interactive stratospheric chemistry,
chemical species across the tropopause, not the net mass flispecified ozone climatologies, and specified ozone vertical
An accurate estimate of separate$ and T-S mass fluxes  fluxes. Their horizontal resolutions were of the order of
requires to resolve the complex processes leading to STR x 2° or coarser. The stratospheric source of ozone was
with their underlying scalesBourqui (2006 suggests that found on average to contribute at the same level as the net
consideration of hourly meteorological fields with horizon- photochemistry, but the model-to-model variability was very
tal resolution 0.5¢< 0.5 is necessary to resolve the most im- large. S-T fluxes were predicted to increase by an aver-
portant contributions from these processes on STE. Furtherage of 8% by 2030 under a climate change scenario (their
more, the nature of the separate-$ and T—S mass fluxes  S5-S2 scenario)Hegglin and Shepher(2009 used a low-
is such that they become infinite at infinitely small scalesresolution Climate-Chemistry Model (CCM) and estimated
(Hall and Holzer2003. In a finite-grid representation, these that S—T fluxes of ozone may increase by 23 % between
fluxes are essentially determined by the smallest resolved 965 and 2095 as a result of climate chanderao et al.
scales and therefore do not provide relevant information on2008 used a CTM with similar resolution and interactive
STE. This ill-defined character is probably responsible for astratospheric chemistry, and estimated using correlations in
good part of the large range of estimates of separated STkhe stratospheric and tropospheric ozone variability that the
fluxes found in the literature (e.ddoerling et al, 1993 Get- stratosphere contributes to 40% and 30% of the 500 hPa
telman and Sobe200Q Sprenger and Wernl2003. Toren-  ozone budget in high and mid-latitudes, respectively. Us-
der the fluxes well-defined, it is necessary to include an exing ozonesonde dat#arasick et al(2005 showed that both
plicit scale constraint such as thesidence tim¢Wernliand  trends and interannual variability of tropospheric ozone val-
Bourqui 2002 Hall and Holzey 2003 Bourqui 2006. In ues over Canada are highly correlated with lower strato-
such a case, the parcel is required to reside on either side afpheric ozone amounts. This suggests that STE may be an
the tropopause for a time interval larger than a given threshimportant factor in determining tropospheric ozone trends.
old. Similar results were found at European sit®sdoiez et al,
Wernli and Bourqui(2002 and Sprenger and Wernli  2007). However, observations of ozone from balloon sondes
(2003, using European Center for Medium-Range Weatherreflect complex, inhomogeneous trends over the past three
Forecasts (ECMWF) analyses and ERA-15 reanalyses, redecades@Itmans et al.2006. Knowledge of STE is still
spectively, provided such-ST and T—S mass flux esti- too incomplete to disentangle the relative contributions to
mates for the extra-tropical Northern Hemisphere using a Lathese trends from in-situ photochemistry and from the strato-
grangian approach with a residence time criterion. Howeversphere.
the absence of independent hemispheric estimates of sepa-A global, high-resolution climatology of separate>3
rated STE fluxes in the literature makes it difficult to eval- and T—S mass fluxes is clearly needed to help evaluate the
uate the uncertainties in their result§/ernli and Bourqui  accuracy of STE fluxes predicted in CTMs and CCMs and to
(2002 andSprenger and Wern{2003 suggested that-ST improve our knowledge of a central contributor to the chem-
mass fluxes dominantly occur in regions of storm tracks inical composition of the troposphere and lower stratosphere
the winter and above continents in the summer. They alsand its variability on all time scales.
suggested that rapid transport can bring stratospheric air to
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Global weather forecasts offer an interesting, quite unex-on stratospheric intrusions. We use the first day forecast
plored avenue for developing global Lagrangian estimates ofi.e. I =0h), since it is expected to be associated with the
STE: (i) they are free of the non-physical corrections intro- smallest possible weather forecast errors. This evaluation
duced by data assimilation in (re-)analyses; (ii) they offercovers only one summer season and is restrained spatially.
higher frequency data than the typical 6-hourly (re-)analysisSince the skill of this STE data set may vary in space and
data; (iii) their resolution is now high enough for an accuratetime, the characterisation of errors made here may not be
representation of the processes responsible for STE; (iv) thegutomatically generalised to other seasons and regions. Nev-
allow the real-time forecasting of STE; and (v) they allow ertheless, this is a first step towards understanding the capa-
evaluation of STE forecasts against observations, somethingilities and limitations of this new data set.
that is not generally possible when STE is estimated using The next section introduces in detail the calculation of the
re-analysis data sets. Their disadvantage is that they introLagrangian STE data set and its diagnostics. Se@&ida-
duce an error related to the divergence of the global forecastscribes the balloon sonde campaign and provides an analysis
from the true atmospheric evolution, which increases withof the observations and the detection of stratospheric intru-
the length of the forecast. This error is however not devoidsions. The evaluation of the Lagrangian STE data set is then
of interest, as it provides a Lagrangian perspective on forediscussed in Sect, followed by an analysis of errors and
cast errorsTrickl et al. (2010 used routine trajectory calcu- missed intrusions in Seds.and conclusions in Sed.
lations based on global weather forecasts performed at ETH
Zurich and covering the Atlantic Ocean/Western European
sector and showed a satisfactory consistency with observa2 Description of the new Lagrangian
tions from ozone lidar over the period 2001-2005. stratosphere-troposphere exchange data set

Here, we introduce the first global real-time Lagrangian
STE data set based on global weather forecasts. ThesEhe approach proposed IBourqui (2009 is applied sep-
data have been calculated daily since July 2010 at Environarately to each EC 10-day 00:00 UTC operational global
ment Canada (EC) following the methodology introduced weather forecast. These global weather forecasts are cal-
in Bourqui (2006. They consist of global, five-day STE culated at EC’s Canadian Meteorological Centre using
forecasts calculated daily using the 10-day global weathethe Global Environmental Multi-scale (GEM) numerical
forecast initiated at 00:00 UTC. The five-day STE forecastsweather prediction modelCpté et al, 1998agb) and pro-
are based on six-day forward trajectories started at 00:00ide hourly meteorological fields with horizontal grid spac-
UTC + I, I =0, 24, 48, 72, 96 h, respectively, and se- ing of 0.3x 0.3°, and 80 hybrid vertical levels up to 0.1 hPa.
lected as follows: they must cross either th@ PVU dy-  Trajectories are then computed using an adapted version
namic tropopause or the 380K isentrope with a residencef the LAGRANTO Lagrangian trajectory modeWwernli
time of 12 h within the time window [12 I; 36+ [ hours  and Davies 1997, which is based upon an iterative Euler
(by convention, the time is given relatively to the start of the scheme. The resulting data set is archived in the NetCDF
weather forecast at 00:00 UTC). Including trajectories cross{Network Common Data Fornhftp://www.unidata.ucar.edu/
ing either the+2 PVU tropopause or the 380K isentrope software/netcdfformat and represents about 4 Gb per day of
allows consideration of extra-tropical and tropical STE, re- selected trajectory data.
spectively. In addition, this data set offers a diagnostic of A first set of three-dimensional forward trajectories is
the lower part of the stratospheric residual circulation in thestarted at 00:00 UTC for up to six days from a x13.0°-
extra-tropics. The calculation of trajectories and necessarypoint three-dimensional grid covering the entire globe with
dynamical fields is made using the highest-available tempoeven horizontal spacing of 55 km (distance equivalentt® 0.5
ral resolution, namely hourly, native forecast data, and thdatitude), and 5 hPa vertically between 600 and 10hPa. A
spatial density of initial trajectory points is taken to be of selection is performed during the trajectory calculation in or-
the same order as the spatial resolution of the meteorologider to keep calculating only those trajectories that cross ei-
cal data. The complete set of selected trajectories is archivether thet2 PVU or the 380 K iso-surfaces during the period
daily and several diagnostics are produced. [12, 36] h, with a residence time of 12 h. The combination

The goal of this paper is to introduce and provide a firstof the [12, 36[ h periods from the successive forecasts forms
evaluation of this new Lagrangian STE data set, against temporal grid with a 24 h resolution. The residence time
observations from a one-month balloon sonde campaign irtriterion requires the trajectories to stay for at least 12 h in
summer 2010 involving three launch sites located in eastthe stratosphere and in the troposphere, just before/after the
ern Canada: Montreal (Quebec), Egbert (Ontario), and Walsexchange time. This criterion efficiently avoids the selec-
ingham (Ontario). Meteorological conditions prevailing dur- tion of trajectories that oscillate around the tropopause due
ing the campaign are similar to those describe@aurqui to numerical noiseRourqui 2006, and at the same time
and Tépanier(2010, with the presence of baroclinic waves it eliminates the singularity problem of one-way STE fluxes
over Canada moving eastwards. We focus on the transpoifHall and Holzey 2003. This selection of trajectories re-
of stratospheric air into the troposphere, or in other words,duces the number of trajectories that need to be considered
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by a factor of 100, from around 15 million to 150000. The cal profiles of ozone partial pressure, relative humidity (RH),
three-dimensional positions of the selected trajectories aré¢emperature, pressure, and wind speed and direction. The ac-
archived every hour together with potential vorticity and po- curacy of ozone partial pressure and relative humidity mea-
tential temperature values along each trajectory. Note thasurements is expected to be better than 5%. The vertical
these trajectories include both-ST and T— S events. This distance between successive measurements in the profiles is
procedure is then repeated for the same weather forecast f@.3 hPa on average and 1.8 hPa maximum. The number of
new sets of trajectories started at 00:00 UTC + 24, 48, 72successful balloon-sonde launches over the 24 days of the
and 96 h, representing STE in the periods [36, 60[, [60, 84[,campaign was 22 from Montreal, 17 from Egbert and 17
[84, 108, and [108, 132[ h, respectively. These additionalfrom Walsingham (see Tablg.
trajectories are also included in the data set, as they offer an
STE forecasting capability over the next 6 days, and they al-3.1 Temporal evolution of observations of ozone and
low estimation of the degradation of STE estimates along the relative humidity
six first days of the meteorological forecast. In addition, tra-
jectories crossing eithet2 PVU or 380K in the last time  Figure 1 shows the daily profiles of RH and ozone mix-
window are extended backward in time to 00:00 UTC. Thising ratio as a function of pressure, averaged in 10 hPa ver-
allows the analysis of (rapid) upward transport using six-daytical bins, at Montreal for the entire campaign. The black
trajectories as well. solid line denotes the thermal tropopause estimated from
Two principal diagnostics are then calculated. Firstly, the measured temperature profiles using the WMO defini-
geographical maps of the density of either stratosphere-totion (WMO, 1986. The RH profiles show the presence of
troposphere (S-T) or troposphere-to-stratosphere—1) dry air in the troposphere over Montreal persisting through-
exchanges are produced globally for th2 PVU and 380K  out the entire campaign, with RH values typically lower than
iso-surfaces (not shown). Secondly, the>$ trajectories  30%. The bottom of this dry air region undulates between
that reach the lower troposphere (700hPa) are organise800 and 800hPa. The ozone molar mixing ratio profiles
as clusters followingBourqui and Tepanier(201Q. Two show a reverse pattern, with relatively elevated ozone con-
trajectories are considered to belong to the same cluster i¢entrations in the regions of dry air. The anticorrelation
their three-dimensional Euclidean separation distance, avbetween ozone and relative humidity is even more striking
eraged over the time period when both are located belowfor individual profiles (not shown). Such anomalously dry
the tropopause and above the 700 hPa level, is smaller tha@ir located below the tropopause with a marked anticorrela-
222 km (equivalent to 2latitude). Note that the calculation tion between RH and ozone is the typical signature of the
of the Euclidean distance is modified with a factor of 100 ap-presence of air of stratospheric origin in the troposphere. It
plied to the vertical separation as a simple way to account fois important to note, however, that layers of anomalously
the aspect ratio of the atmosphere. For each cluster, the thre@ry and ozone-rich air identified within single balloon-sonde
dimensional position of the center of mass and the mean raprofiles may not always have their origin above the 2 PVU
dius are calculated along the time axis. tropopause. They can have their origin above any level in
In this first evaluation paper, we use exclusively the trajec-the upper troposphere/lower stratosphere region with suffi-
tories crossing 2 PVU in the-ST direction since only those ciently low humidity and high ozone mixing ratios. Since
are relevant for the comparison with the stratospheric intru-the 2PVU tropopause does not coincide with a unique set
sions found in the balloon sonde observations. Moreover, wf humidity and ozone thresholds, it is impossible to remove
restrict the evaluation to the most accurate ones, namely théhis uncertainty here. In addition, the summer season of this
trajectories started at 00:00 UTC and representing exchangé@mpaign is associated with enhanced in-situ formation of

events within the time window [12 7, 36+ I[ hours. ozone in the planetary boundary layer, which could be trans-
ported upward, although in this case one would expect the

ozone-rich air to show higher humidity.
3 Balloon sonde observations and analysis With these caveats, Fid. suggests that stratospheric in-

trusions reaching the lower troposphere were present above
Balloon sondes were launched daily at 13:00 local day-Montreal for the full length of the campaign, except on 21
light savings time (17:00UTC) from 12 July to 4 August July and 27-28 July. The entire period can be separated into
2010 from three sites in eastern Canada: Montreal (Quethree large deep intrusion events, each lasting from four to
bec: 45.3N, 73.4 W), Egbert (Ontario: 442N, 79.8 W), seven days: (1) from 14 to 20 July; (2) from 22 to 26 July;
and Walsingham (Ontario: 42.6l, 80.6 W). Egbert is and (3) from 29 July to 4 August. Based on the RH pro-
situated about 500 km southwest of Montreal (and abouffile alone (the ozone profile is missing), the second multi-
100 km north of Toronto) and Walsingham is situated aboutday event should be extended to 27 July, since dry air was
600 km southwest of Montreal (and about 100 km southwesfound on that day down to 800 hPa too. RH and ozone pro-
of Toronto). The balloons were equipped with a radiosondefiles at Egbert and Walsingham (not shown) display sim-
and an ECC ozonesondEdmhyr, 1969 to measure verti- ilar structures, suggesting a nearly continuous presence of
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Fig. 1. Time series of daily measured profiles above Montreal. Colour shading represents relative humidity (top row, units of %) and ozone
molar mixing ratio (bottom row, units of ppbv). The black thick line shows the thermal tropopause determined from the observed temperature
and the black hatching shows the regions identified as stratospheric intrusions (the region between the bottom and the top intrusion levels) in
the observed profiles (see Se®jt. Blank columns correspond to missing data.

Table 1. Number of profiles where a stratospheric intrusion was stratospheric mtruspns re_achln_g the lower trpposphgrg over
found somewhere at pressures higher than 300, 500 and 700 hPa, f§AStern Canada during this period. The relative proximity of
each site during the campaig.is the pressure in hPa. Numbersin the three stations would suggest that some degree of corre-
brackets next to the station names are the total number of successfépondance should exist between them. But the larger num-
launches. Percentages in brackets in the other three columns giveer of missing profiles in Egbert and Walsingham makes it
the proportion of profiles with a stratospheric intrusion relative to difficult to distinguish multi-day intrusion events or a clear
the number of successful launches. correspondance with the three large intrusion events seen at
Montreal.

Nr observed events (% w.r.t. Nr profiles)

Station (Nr profiles) P >300hPa P >500hPa P >700hPa 32 Objective identification of stratospheric intrusions

Montreal (22) 21(95%)  20(91%) 11 (50%)
Egbert (17) 15(88%) 14 (82%) 6(35%) |n order to objectively compare observations of ozone and
Walsingham (17) 14 (82 %) 10 (59 %) 4 (24 %)

humidity to the Lagrangian STE data set, it is necessary to set
Total (56) 50 (89 %) 44 (79 %) 21(38%) up a numerical algorithm to identify stratospheric intrusions

in the measured profiles. The algorithm built for the purpose
of this evaluation uses the same criteria as a subjective de-
termination of intrusion levels (such as that above), and aims
for similar results. The results from this objective identifi-
cation algorithm depend upon the values of the parameters
used, and these may not be appropriate for other seasons and
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locations. These results are also naturally subject to the un- Intrusions identified with this algorithm for Montreal
certainties discussed above that are intrinsic to identifyingballoon-sonde launches are shown as a black hatching over-
stratospheric intrusions from balloon sonde profiles. Thesdaid on each profile in Figl. The hatching nicely sepa-
are difficult to quantify. Nevertheless, use of this algorithm rates the troposphere between two regions with markedly
ensures that identical criteria are used for all profiles, thudifferent relative humidity and ozone characteristics. The
providing consistency and reproducibility of results. air below identified intrusions is markedly moister and typ-
The algorithm screens an observed profile from the groundcally, but not always, has less ozone. The hatched region
upwards by increments of 10 hPa, and identifies alternatingoincides well with the zone identified above of dry, ozone-
bottoms and tops of intrusions using the following criteria ap- rich air whose bottom undulates over time. Intrusions pen-
plied to a centered smoothed window of 50 hPa width. Fieldsetrate to the middle troposphere around 600 hPa every day
are smoothed within this window using a seventh-order poly-of the campaign except for 21 and 28 July, when moist air
nomial fit. All three criteria must be met for an intrusion is clearly present at higher altitudes, probably in relationship
bottom or top to be detected, and multiple intrusion layerswith clouds in the region. A few isolated layers that were
may be identified in a single profile. Vertical gradients are not identified as stratospheric intrusions can also be noted
expressed in pressure coordinates. surrounded by hatched areas (e.g., 16, 18, 20 and 24 July;
Detection of the bottom of the intrusion: 2 August). Most of these show clearly higher RH than in
the surrounding intrusions. Note that some layers with rel-
atively moist air were identified as stratospheric intrusions
(e.g., 13 July around 350 hPa, 31 July around 300 hPa, 4 Au-
gust around 700 hPa). These cases are ambiguous, and as
iii. Negative vertical gradient in ozone,— 9% - mentioned above, the algorithm parameters are chosen such

i. Positive vertical gradient in RI—%4 > 1%hPal;

ii. RH < 60% in layer above;

dp
0.1 ppbvhPal. that ambiguous cases are typically included in intrusions.
) ) ) Tablel summarizes the number of profiles where a strato-
Detection of the top of the intrusion: spheric intrusion was detected somewhere below 300, 500
. . . R dRH o 1. and 700 hPa for the three stations. Intrusions are detected be-
. Negative vertical gradient in RH:"gp" > 196 hPa™ ) 260 hpa in 89 9% of all profiles, below 500 hPa in 79 %,
ii. RH> 40% in layer above; and below 700 hPa in 38 %. The Montreal station has an even

N ) ) ) d0s higher number of intrusions at all levels, with an intrusion
ii. Positive vertical gradient in ozone, GF > reaching below 700 hPa every other day. Walsingham has
0.1ppbv hPal. the lowest number of intrusions, though still with one day in
four showing an intrusion reaching below 700 hPa. This fre-
quency of deep intrusions is remarkably high, though bear-
ing in mind that this is a relatively short period. Note how-
ever from Fig.1 that no intrusion has been detected below
800 hPa, where boundary-layer processes intervene. This
also applies to the other two stations. Yet, it can be estimated
from the total black shaded area below 700 hPa in Eig.
&hat around ten percent of the air below this level originates

or by merging intrusions that are closer to each other thar]n the stratosphere, a number which is about two orders of

|50 hIP a f'.:'?a"Y’ and excEpt n Flg.wrg:]eptop a?d llt)ott.c(ijth magnitude larger than the 15-yr climatological estimate from
evels of intrusions are shown on a a vertical grid, eSprenger and Wern{2003.

top and bottom levels of intrusions are moved to the clos-

est grid point of a 50 hPa-resolution vertical grid starting at3 3 pjstributions of humidity and ozone in observed

1000 hPa. This vertical grid is also used with the Lagrangian stratospheric intrusions

STE data set (see Sedtl). The resulting stratospheric intru-

sions are only sensitive to the details of the choice of paramin order to characterise the composition of the stratospheric
eters in regions where the stratospheric signature is ambigtntrusions that were detected and to verify the appropriate-
ous. In such cases, the parameters are chosen such that megiss of the objective identification algorithm, it is useful to
ambiguous cases are included. The presence of ambiguousalyse the distributions of humidity and ozone with respect
cases constitutes a source of uncertainty in the comparisot the identified intrusions. As mentioned above, the layers
with the Lagrangian STE data set (see S8&gt. However,  near the bottom and top levels of intrusions are in some cases
these ambiguous layers are usually located at either the bolimbiguous. We distinguish between the different regions of
tom or the top of intrusions, and therefore it will be useful to a tropospheric column relatively to the intrusion by tagging
distinguish between the inner part of intrusions and the layersach 50 hPa layer of a vertical profile with one of the follow-
surrounding their bottom and top levels. ing five categories with decreasing priority:

The threshold RH value of 60 % within a stratospheric in-
trusion allows inclusion of regions of intrusions that have
undergone significant mixing with the surrounding air, con-
sistent with the Lagrangian STE data set, which ignore
subgrid-scale mixing. After this first-pass identification of
any intrusion layers, the algorithm next removes any thin lay-
ers by either ignoring intrusions that are thinner than 50 hP

Atmos. Chem. Phys., 12, 26612679 2012 www.atmos-chem-phys.net/12/2661/2012/



M. S. Bourqui et al.: Evaluation of new STE diagnostic system 2667

1. Iljtermediate (Bottom): the tvvq 50 hPa layers on either July 24, 2010 17:06 UTC, Montreal
side of the bottom of the intrusion. Temperature(C]
—630 -40 -20 0 20

2. Intermediate (top): the two 50 hPa layers on either side ! !
of the top of the intrusion, if they have not already been 100 i
assigned to the “Intermediate (Bottom)” category.

Inside Intrusion

200 Intermediate (Bottom)

3. Inside Intrusion: the 50 hPa layers inside an intrusion
that have not been assigned to one of the “Intermediate” 300

categories_ ______ Intermediate (Top)
400

Above Intrusion

4. Above Intrusion: the 50 hPa layers that lie above an in-
trusion and that have not been assigned to one of the
“Intermediate” categories.

500

Pressure[mb]

Inside Intrusion
600

5. Below Intrusion: the 50 hPa layers that lie below an in-
trusion and that have not been assigned either to one
of the “Intermediate” categories or to the “Above Intru- 800F ~ TR T TN TTRT Intermediate (Bottom)
sion” category.

700

900

Below Intrusion

An example of this categorisation is given in Fiyfor 24

July in Montreal. It shows two detected stratospheric intru- 9% "5 100 150 200 Categories

sions and the accompanying categorisation of each 50 hPa RH[%] O3 Mixing Ratio[ppbv]

layer. The bottom level of the lower intrusion marks a tran- _ )

sition between a tropospheric region below and a dry IayerF'g' 2. lllustration of a measured profile on 24 July 2010 above

with slightly enhanced ozone mixing ratios above OzoneMontreaI, and the corresponding categories based on the objective
. . S - identification of top and bottom levels of stratospheric intrusions

and RH show a visible anticorrelation in the vertical from

. : . . (see SecBfor details). Left: measurements of ozone molar mixing
800 hPa up to 500 hPa, a typical fingerprint of air of strato- i4tis (red line, in ppbv), relative humidity (black line, in %), and

spheric origin. The upper part of this intrusion is more am- emperature (blue line, ifC), with horizontal lines marking bottom
biguous and part of this ambiguity is absorbed in the Inter-and top intrusion levels (red and blue dashed lines, respectively),
mediate (Top) category. The second intrusion’s bottom is deand thermal tropopause (red solid line). Right: the corresponding
tected around 180 hPa, but its top is not detected by the algcosategories assigned to each 50 hPa layer in the troposphere.
rithm because it is thin and close to the thermal tropopause.
This example illustrates the difficulty faced when reduc-
ing an observed profile into binary information on the pres- Interestingly, the RH distributions, in particular for the “In-
ence/absence of stratospheric intrusion. Here, the definitioside Intrusion” category, stay relatively constant throughout
of an intermediate region between the inside and the outthe four pressure ranges. This may be due to a combina-
side of the intrusion provides a useful palliative for the lower, tion of low specific humidity, indicating memory of a strato-
deep intrusion but not for the upper, shallow one. spheric origin, and temperature. In order to disentangle these
Distributions of observations of RH (%), specific humid- two contributions, the middle row of Fi@ shows the spe-
ity (gkg~1), and ozone (ppbv) are shown in FRjwith re- cific humidity distributions. The categories keep their rela-
spect to these intrusion categories for all three stations comtive differences, but the specific humidity clearly increases
bined. Note that the corresponding distributions for individ- with increasing pressure in all categories, including the “In-
ual stations are very similar (not shown). The height of theside Intrusions” category. This shows the important role of
bars gives the percentage of the 50 hPa layers belonging tthe vertical profile of temperature in keeping the low RH in
a given category. Consistent with the high frequency of in-stratospheric intrusions throughout the troposphere. Assum-
trusions mentioned before, the category “Inside Intrusion”ing that air inside intrusions comes from the stratosphere, a
dominates down to 700 hPa but becomes almost absent béikely cause for the increase in specific humidity inside in-
low this level. This is due to the fact that the bottom of intru- trusions with increasing pressure is that significant mixing
sions never penetrated below 800 hPa during the entire camakes place with the surrounding air during the descent. An-
paign. RH (top row) inside stratospheric intrusions is very other possible cause may be that the air identified here as of
dry at all pressure levels: more than 60 % of the air has astratospheric origin has its actual origin in the upper tropo-
RH lower than 20 %, and less than 20 % has RH larger tharsphere for lower altitude intrusion layers. The overall pattern
40 %. The RH distribution is clearly shifted towards higher in ozone distributions is consistently similar to the specific
values in the “Intermediate” categories, and even more sdwumidity (but inverted), with larger ozone molar mixing ra-
in the “Below Intrusion” and “Above Intrusion” categories. tios at lower pressures and in the “Inside Intrusion” category.
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Fig. 3. Distributions of the average relative humidity (top, in %), specific humidity (middle, in_gl)ggand ozone molar mixing ratio

(bottom, in ppbv) within 50 hPa bins of 56 measured profiles, depending on the category to which they belong, and separately for four
different pressure ranges: above 300 hPa, between 300 and 500 hPa, between 500 and 700 hPa and below 700 hPa (from left to right). Not
the non-linear colour shading for the specific humidity. These distributions include all measurements from the three sites.

This similarity suggests that ozone behaves approximately ak the case of this evaluation, we need to compare the La-
a passive tracer over the time scale of an intrusion. grangian STE data with instantaneous, point-observed pro-
files. This requires us to artificially define an area and time-
interval around the observation location and time. The pres-

4 Evaluation of the Lagrangian STE data set ence of a trajectory within this area and time-interval is then
assumed to represent the presence of air of stratospheric ori-
4.1 Methodology gin above the given station, and is compared to the observed

profile at the station. Here, we have chosen this area to be
The finite spatial (55km, 5hPa) and temporal (24 h) inter—Within a radius of 55km around the station, and the time-
vals separating the trajectories at initial time allow for a map-interval to bex6h around measurement time. The verti-

ping of STE mass fluxes with a spatio-temporal grid of typ- cal grid was set with 50 hPa spacing from 1000 hPa. The
ically coarser resolution (e.g.>22 x 24 h, Bourquij 2001). radius was chosen to allow for some stretching of the STE
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parcel. For the time-interval, we have verified that traJeCto'TabIe 2. Definition of the contingency table. See text for details.

ries cross the 2 PVU tropopause uniformly within the [12 h,

36 h[ window (not shown), such that taking a shorter time-
interval does not lead to a statistical bias. We have chosen a
46 h interval as a compromise between including events that

were not observed, but that would have been observed at a Forecast

different time, and allowing for the sparseness of the initial

intervals between trajectories. Since more than one trajec- Total

Number of
events that are Observed Not observed Total
b a+b
Not forecast c d c+d
a+c b+d a+b+c+d=n

tory can be located in each 50 hPa bin above a station (i.e.
within a 55 km radius of the site and withirds h interval),

we consider that a 50 hPa bin with one or more trajectories
has a stratospheric origin, while the absence of trajectories
represents a tropospheric origin.

It is important to note that this finite radius and time-
interval unavoidably leads to mismatches between STE data
and observations, and that this error disappears in geograph-
ical density maps of STE (not shown). We have tested the
sensitivity of the results to these parameters by varying the

radius between 27.5 and 555 km and the time-interval befB:

tween=+1 and+12 h, but the results could not be improved.

When increasing the size of the spatial and/or temporal win-
dow, more trajectories were detected in each vertical 50 hPa
bin, but the missed events (i.e., no trajectories found in a

layer where a stratospheric intrusion was observed) were nétR

reduced significantly. Similarly, when reducing the size of

the spatial and/or temporal window, fewer trajectories were
detected in each vertical bin, but the overforecasts or false
alarms (i.e., trajectories present in a layer where no strato-
spheric intrusion was observed) were not significantly re-
duced. This relative insensitivity most likely comes from the

fact that intrusions translate to clusters of trajectories, and an

increase in the analysis window size essentially leads to tEﬁR'

inclusion of more trajectories from the same cluster.

The skill of the Lagrangian STE forecast at capturing the
stratospheric intrusions identified in observations is quanti-
fied using 2x 2 contingency tables and standard categorical
scores Jolliffe and Stephensg2003. A 2 x 2 contingency
table simply provides the number of profiles with/without
stratospheric intrusions observed and/or forecast (see illlus-
tration in Table?2).
the correct forecasts (with/without intrusions), while the off-
diagonal elements reflect the overforecasts or false alarms

icant if it is not within the central 90 % of the binomial
probability distribution representing random guesses. In
other words, a statistically significant PC has a probabil-
ity of representing a sequence of random guesses that is
lower than 10 %. In general, the PC score artificially in-
creases in cases of low event frequency (e.g. the Finley
affair, Murphy, 1996.

Frequency Bias <a +b)/(a +c¢) (L=perfect). This
score measures the bias in the forecast. It is equal to
1 for an unbiased forecast, larger than 1 for an overfore-
cast, and smaller than 1 for an underforecast.

Hit Rate =a/(a +c) (1 =perfect). This score measures
the ratio of the number of correct forecast events to the
total number of observed events. It thus quantifies the
proportion of missed events. It is equal to one when
there are no missed events, and 0 when all events have
been missed. Since it only counts the correct forecast
events, it may be artificially improved when there is a
tendency for overforecasting.

False Alarm Ratio #/(a + b) (0 =perfect). This score
measures the ratio of the number of overforecast or false
alarm events to the total number of forecast events. It
thus quantifies how trustworthy the forecast events are.
It is equal to 0 when no false alarms are forecast and 1
when all forecasts are false alarms.

The diagonal of the table represents 4.2 Comparison of stratospheric intrusions in the STE

data set and in observations at the three stations

(top right) and the missed events (bottom left). The four cat-The number of trajectories of stratospheric origin (i.e. cross-

egorical scores used in this study are described below. Variing the 2PVU tropopause in the-8T direction) found in
ablesa, b, ¢, d andn are defined in Tabla. the data set that approached one of the three balloon-sonde

sites within a radius of 55 km, and withifi6 h of the mea-

PC: Proportion Correct ¥a+d)/n (1 = perfect). This score surement time, is shown in Fig.for each day for the three
represents the proportion of correct forecasts, whethestations, with the stratospheric intrusions identified from ob-
with or without intrusions. A sequence of perfect served profiles overlaid as black hatching.
guesses would resultina PC=1.0. Aninfinite sequence At Montreal (Fig.4, top row), the first two multi-day in-
of random guesses would result in a PC=0.5. A finite trusion events seen in observations, namely 14—-20 July and
sequence of random guesses would result in a PC be22-26 July, coincide well with distinct multi-day intrusion
longing to a binomial probability distribution centered events in the forecasts. During these two periods, differ-
in 0.5, whose width depends on the size of the sequencesnces occur mainly below 600 hPa in both directions (i.e.,
Hereafter, we consider that the PC is statistically signif- both missed or overforecast events), but with a tendency for
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Fig. 4. Time series of the number of trajectories of stratospheric origin in the Lagrangian STE data set detected within 55 km of Montreal
(top), Egbert (middle), and Walsingham (bottom) and withihh from observation time (blue shading). The dynamical tropopause coincides

with the top of the blue shaded columns. The black thick line shows the thermal tropopause determined from the observed temperature anc
the black hatching shows the regions identified as stratospheric intrusions (the region between the bottom and the top intrusion levels shifted
to the closest gridpoint on the 50 hPa grid) in the observed profiles (see8pd&dte white hatching denotes missing observations.

the forecasts to miss events. At Egbert and Walsingham, thaccurately the beginning and end of the event at all three sta-
general structures of the intrusions also seem well capturedjons, but misses the deep part of its core above Montreal.
but again with a few events missed, such as 14 and 27 July &his may be either due to a spatial shift of the whole event
Egbert and 27 July at Walsingham. Other mismatches mostlyn the forecasts, or to a misrepresentation of a deeper part of
concern pressures larger than 600 hPa, as at Montreal. Thies core which was only observed at Montreal. Note that the
third multi-day intrusion event identified in observations at thermal tropopause (black solid lines) estimated from obser-
the three stations (29 July—4 August) is also found in the STEvations and the dynamical tropopause as shown by the top of
forecasts. Interestingly, the forecasts of this event are veryhe blue shaded columns in Figlagree well at Montreal, but
similar for the three stations, with deep intrusions found in show a few days of mismatch at Egbert and Walsingham.

the beginning and end of the period, and shallower intrusions

confined above 450 hPa found inbetween. Observations sug-

gest that this event was deeper in its core above Montreal

than above the other stations. The forecast therefore captures
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Table 3. Statistical evaluation of the skill of the Lagrangian STE data at representing intrusions penetrating below 300, 500 and 700 hPa.
An event is here defined as the presence of stratospheric air anywhere below the given level. Contingency tables are for the three station:
together. Categorical skill scores are for the three stations together, with individual stations given in bracket (in the order: Montreal, Egbert,

Walsingham). PC = Proportion Correct (1.0: all correct; 0.5: randomly correct); FB = Frequency-Ridsigh bias;<1: low bias); HR = Hit
Rate (1.0: all hit; 0.0: none hit); FAR =False Alarm Ratio (0.0: no false alarm; 1.0: all false alarms).

Depth of intru- P > 300 hPa P >500hPa P >700hPa
sion

50 5 55 35 4 39 7 9 16
Contingency o 1 1 9 8 17 14 26 40
table 50 6 56 44 12 56 21 35 56
PC 0.9£(0.95,0.88,0.88) 0.770.73,0.82, 0.76) 0.59(0.50, 0.59, 0.71)
FB 1.10(1.05,1.13,1.14) 0.89(0.80, 0.93, 1.00) 0.76 (0.54,1.17, 0.75)
HR 1.00(1.00, 1.00,1.00)  0.80(0.75, 0.86, 0.80) 0.33(0.27, 0.50, 0.25)
FAR 0.09 (0.05,0.12,0.13)  0.10(0.06, 0.08, 0.20) 0.56 (0.50, 0.57, 0.67)

2 Statistically significant at the 10 % bilateral level.
b Not statistically significant at the 10 % bilateral level.

4.3 Skill at representing the overall depth of intrusions STE data are therefore only useful in a statistical sense for

intrusions penetrating lower than 700 hPa.

Table 3 provides the contingency tables and categorical

scores for the skill of the STE forecast at capturing events4.4  Skill at representing the detailed structure of

defined as the presence of a stratospheric intrusion pene-  intrusions

trating below 300, 500, and 700 hPa. These figures can be

linked to the number of intrusions identified from observa- Table 4 provides the contingency tables and categorical
tions given in Tablel. Note that in Table3, forecast and scores for the skill of the STE data at capturing the detailed
observed intrusions are considered as matching as long asructure of the intrusions. Here an event is defined as the
they both include an intrusion layer located somewhere bepresence of air of stratospheric origin within a 50 hPa ver-
low the pressure threshold. This is an allowance for uncerdical bin, and the analysis is performed separately for four
tainties associated with the relative sparseness of the trajecanges of pressures. Above 300 hPa, the predictive skill is
tory’s initial positions. In the upper troposphere, the STE excellent, with a slight tendency for false alarms and related
data set tends to overforecast intrusions penetrating beloyositive bias, consistent with the discussion on T&ble the

300 hPa, such that all profiles but one are forecast with an inpressure range 300 to 500 hPa, the predictive skill degrades
trusion, including 5 non-observed events. This translates intslightly, with increased missed events and false alarms. How-
a small positive bias varying between 5 and 14 % at individ-ever these almost compensate, and result in a very small pos-
ual stations and estimated to 10 % over the full campaign (Taitive bias. Hence, down to 500 hPa, consistent with the anal-
ble 3, left column). These overforecasts translate into a pro-ysis of Table3, the STE data have both very good predic-
portion of correct forecasts estimated to 91 %. Consistentlytive skill and a small statistical bias. In the pressure range
the hit rate is equal to 100 %, while the false alarm ratio isfrom 500 to 700 hPa, the proportion correct drops to 0.58,
equal to 9%. In the mid-troposphere, the STE data set botheflecting limited predictive skill that is however still sta-
misses and overforecasts a few intrusions penetrating belowstically significant. The forecasts miss about half of the
500 hPa, resulting in a slight underestimate of the frequencyevents, and are composed of 28 % false alarms. This results
of intrusions of 11 %. The proportion of correct forecasts isin a low bias estimated at 31% (FB=0.69). It is interest-
reduced to 77 %, with 20 % missed events, partially compening to note that this degradation is dampened when consider-
sated by 10 % false alarms. For deep intrusions penetratingng skill at representing overall intrusion depth of 500 hPa
below 700 hPa, the proportion of correct forecasts is not sta{Table 3), due to a partial correction by the layers below
tistically significant, i.e. the forecasts have no predictive skill 700 hPa. This suggests a greater difficulty in capturing the
at all. The STE data miss 66 % of events, which are par-details of these intrusions in the 500—900 hPa region than
tially compensated by 56 % false alarms, resulting in a smalitheir overall presence. In the pressure range 700 to 900 hPa,
low bias of 24 % (FB =0.76). This low bias shows however the probability of observing an event drops to 15 %, resulting
a large variability among the three stations (FB =0.54, 0.75in only 30 events throughout the entire campaign, all located
and 1.14), owing to the overall small number of events. Theabove 800 hPa. The probability of forecasting an event is
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Table 4. Statistical evaluation of the skill of the Lagrangian STE data at representing the detailed structure of intrusions. An event is here
defined as the presence of stratospheric air in a 50 hPa vertical bin. The evaluation is made separately for four pressure ranges. Contingenc
tables are for the three stations together. Categorical skill scores are for the three stations together, with individual stations given in brackets
(in the order: Montreal, Egbert, Walsingham). PC = Proportion Correct (1.0: all correct; 0.5: randomly correct); FB =Frequene{:Bias (

high bias;<1: low bias); HR = Hit Rate (1.0: all hit; 0.0: none hit); FAR = False Alarm Ratio (0.0: no false alarms; 1.0: all false alarms).

Pressure range P <300hPa 306 P <500 hPa 506 P <700 hPa 706G P <900hPa

129 22 151 138 43 181 68 26 94 7 19 26
Contingency 2 4 6 29 14 43 68 62 130 23 175 198
table 131 26 157 167 57 224 136 88 224 30 194 224
PC 0.853 (0.95,0.84,0.75) 0.68(0.73, 0.66, 0.63) 0.58(0.60, 0.49, 0.65) 0.81(0.77, 0.79, 0.88)
FB 1.15(1.06,1.20,1.24)  1.08(0.97,1.28,1.07)  0.69 (0.58, 0.67,1.00)  0.87 (0.56, 1.57, 1.00)
HR 0.98 (1.00, 1.00,0.95)  0.83 (0.83, 0.89,0.76)  0.50 (0.52, 0.44, 0.56)  0.23 (0.22, 0.29, 0.20)
FAR 0.15 (0.05, 0.16,0.24)  0.24 (0.15,0.30,0.29)  0.28 (0.11,0.33,0.44)  0.73(0.60, 0.82, 0.80)

* Statistically significant at the 10 % bilateral level.

very realistic at 13 %, and includes events down to 900 hPait misses about a half of the intrusion layers, again consistent
The STE forecasts miss 77 % of events, that are well comwith Table4. It represents the “Below Intrusion” category
pensated by 73 % false alarms, yielding a slight positive biaswell, with about 20 % overforecasts. Finally, in the region
of 13% (FB =0.87). But despite this large number of missedbelow 700 hPa, the only significant category is the “Below
events and false alarms, the proportion correct remains higlntrusion” category, which is captured with about 5% over-
(PC=0.81). This score is artificial, and is due to the largeforecasts, a nhumber strongly constrained by the large num-
number of non-observed, non-forecast events, reflecting ther of non-intrusion days in both observations and STE data.
statistical predominance of no-events below 700 hPa rathe®verall, this shows that most overforecasts above 500 hPa
than the forecast's predictive skill. Hence, the STE datatake place within tropospheric layers that lie between strato-
show a very good statistical representation of events belovspheric intrusions, and that the hit rate scores discussed in Ta-
700 hPa, but do not provide useful predictive skill. ble 4 almost exactly apply to the inner part of intrusions. This

In an attempt to see where missed events and false alarnf/ggests that ambiguous layers, likely isolated in the “Inter-
are located with respect to the observed events,Fspows ~ Mediate (Top)” and “Intermediate (Bottom)” categories, do
the percentages of 50 hPa layers with or without trajecto-not account for the missed events in the forecasts.
ries of stratospheric origin in the same five categories as dis-
cussed for Fig3. Note that the “Intermediate (Top)” and “In-
termediate (Bottom)” categories are ambiguous in the obser5 Analysis of STE forecast errors
vations and will be ignored in the evaluation of the STE data
made here. In the region above 300 hPa, the STE forecastBhe previous section showed a smooth degradation, from the
miss about 15 % of the 50 hPa layers belonging to the “Insideupper to the lower troposphere, of the predictive skill of the
Intrusion” category. This is due to the mismatch betweenSTE data for the 50 hPa intrusion layers. The predictive skill
the thermal tropopause and the 2 PVU tropopause. The catvas found excellent in the upper troposphere, and good in
egories “Above Intrusion” and “Below Intrusion” are quite the middle troposphere, but was deemed negligible below
systematically filled with overforecasts, consistent with the 700 hPa. The statistical bias was found to be slightly pos-
discussion on Tabld. This error is also found in the next itive in the upper troposphere, and negative below 500 hPa.
range of pressures from 300 to 500 hPa, with systematic overfhe region 500-700 hPa had the strongest bias, with a fre-
forecasts in the category “Above Intrusion”. This means thatquency bias (FB) equal to 0.69 for the full campaign. This
the STE data set systematically misses intermediate layer®w bias was also found in the analysis of the STE data skill
of tropospheric air embedded between stratospheric intrusioat representing overall intrusion depths. The predictive skill
layers. In this pressure range, the STE data set represents tienot only sensitive to errors in the STE data, but also to
“Inside Intrusion” well, with about 15 % missed events, con- uncertainties in the method of comparison with the observa-
sistent with the discussion on Tallelt still fills the “Below tions. It is likely that the latter will have a lesser effect on
Intrusion” category with about 50 % overforecasts. In the re-the statistical bias of the STE data, due to the averaging ef-
gion between 500 and 700 hPa, the forecast again fills théect. In this section, we analyse the five possible causes for
“Above Intrusion” category with about 50 % overforecasts. this underestimate of stratospheric intrusions in the middle
It represents the “Inside Intrusion” category less well, whereto lower troposphere in the Montreal area. This station has
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Fig. 5. Percentage of occurrence of the presence/absence of trajectories in 50 hPa bins within 55 km of the station, depending on the categorie
they belong, separately for four different pressure ranges: above 300 hPa; between 300 and 500 hPa; between 500 and 700 hPa; and belc
700 hPa (from left to right). These distributions include all measurements from the three sites.

statistics that are well representative of the overall statistics
for the full campaign, and has the largest number of observed
balloon-sonde profiles.

maps, for which incidences are summed over spatio-
temporal intervals.

3. The temporal limit of 6 days for the trajectory length
may lead to missed events, and a statistical bias, since
all older stratospheric air will be missing in the STE
data. Figuré shows the distribution of the age of trajec-
tories as they reach one of the three stations within the
“Inside Intrusion” category. The age is determined as
the difference between the time of crossing the 2 PVU
and the average time while passing through the 55 km

1. As noted in Sects3.1 and 3.2, the identification of
intrusions in the observed profiles is subject to uncer-
tainties related to (i) the upper-troposphere acting as a
source of dry, ozone-rich air, and not only the region
above 2 PVU; (ii) the presence of ambiguous layers in
observed profiles; and (iii) the additional errors due to
in-situ ozone formation. These uncertainties are diffi-

cult to estimate in this study, and are expected to con-
taminate the evaluation of the STE data made here. Us-
ing the objective algorithm developed for the purpose of

this study, a better understanding of these uncertainties
could be gained in a future balloon campaign by calcu-

lating additional backward trajectories started from the

nodes of the measured profiles. Additional chemical

species data (e.g., from aircraft measurements) would
also be very helpful. However, this source of error does

not affect the real skill of the STE forecasts.

. The relative spatio-temporal sparseness of the trajec-
tory starting grid affects the accuracy of the evaluation
made here, as discussed in Sdct It obviously limits
the evaluated predictive skill of the STE data. It may
also, however, introduce an artificial bias when a set
of trajectories representing a stratospheric intrusion be-
comes too dispersed to be captured within the 55km
radius of a station. These missed events can be de-
tected by screening the clusters of trajectories that de-
scend into the middle or lower troposphere. Note that
these clusters are part of the routine calculations of the

Lagrangian STE data set. The next subsection offers a 4.

detailed screening of candidate clusters for the missed
events and shows that too-dispersed trajectories do sig-
nificantly contribute to the missed events. Note that this
error source does not apply to climatological density

www.atmos-chem-phys.net/12/2661/2012/

radius disk around the station. Since trajectories cross
the 2 PVU tropopause approximately uniformly within
the time window [12 h, 36 h[ (not shown), and have a
total length of 144 h, their maximum possible age is
uniformly distributed between 108 h and 132h (grey
shaded zone in Fig). The shapes of the distributions,
although likely under-sampled, suggest a maximum fre-
quency of the age above 300hPa at around 48h, be-
tween 300 and 500 hPa at around 48-60 h, and between
500 and 700 hPa at around 84 h. Below 700 hPa, only
three events were found and no inference can be made.
It is interesting to see that all distributions (except the
one for below 700 hPa) show a decrease in frequency
towards the age of 108 h, i.e. before any limitation due
to the trajectory length arises. This suggests that the tra-
jectory length of 6 days allows for the highest frequency
ages. Nevertheless, the layers 500—700 hPa and below
700 hPa are likely affected by the age cut-off. In an at-
tempt to evaluate further this cause of error, the next
subsection discusses candidate clusters that, if tempo-
rally extended, may account for missed events.

Another type of error is related to the divergence of the
weather forecasts with respect to the true atmospheric
state, which likely increases with forecast length. Such
error can be expressed as geographical shifts in strato-
spheric intrusions, as misrepresentations in their vertical

Atmos. Chem. Phys., 12, 26879 2012
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location and extent, or simply as an absence of strato Trajectory age distribution

spheric intrusions in the meteorological forecasts. They ‘ ‘ ‘ ‘ Eg::x‘;snog%b;mmb
may translate into climatological biases. Furthermore, 2 ] Between s00 . 7o0ms |
such a Lagrangian measure of meteorological forecas g

errors, which focuses on non-conservative flows that £ * |
link the lower stratosphere to the lower troposphere,
offers an interesting new perspective on forecast skill.
This perspective is useful for understanding the accu-
racy of regional and global air-quality models and also
the dynamical interaction between the upper and lower
troposphere. Some insights into this source of error will o3 %0 3% s w0 72 a8 10 132
be drawn in the next subsection by identifying candidate Trajectory age ()

clusters that could have accounted for missed events Ir:ig. 6. Distribution of the age of trajectories when reaching one of

spatially shifted. the three stations in the “Inside Intrusion” category (see Se2}.

5. The last possible cause of error is related to the ab_The age is calculated as the difference between the time of crossing

sence of subgrid scale parameterisations such as corﬁbe 2PVU tropopause and the average time Wh”e. passing through
. . S . . . he 55 km radius disk around the station. The distributions are sep-
vection and turbulent diffusion in the kinematic trajec-

; i , - arated with respect to the pressure range reached by trajectories
tories.Bourqui and Tepanier(201Q suggested that de- within the 55 km radius disk around the station. The vertical axis

scent from the stratosphere is typically cloud-free andpyovides the number of trajectories in each bin, without normalisa-
quasi-adiabatic until a parcel reaches the lower tropo-ion. A grey shading is applied in the region of ages between 108
sphere, where clouds and boundary-layer processes imand 132 h to indicate uncompleteness of the distributions caused by
tervene. It is therefore expected that such errors mosthe limitation of the trajectory length to 6 days.

likely contaminate the STE forecasts in the lower tro-

posphere, typically below 700hPa. Moreover, since

subgrid scale processes affect grid scale winds in thehat would be candidates for the missed events if they were
weather model, it is expected to see some indirect effecklightly shifted geographically (sh), if the density of trajec-

of sub grid scale convection or turbulence on the trajec-tories were higher (de) or if they had been slightly extended
tories, such as sudden jumps or disorganised motionsin time (ex). Note that the same cluster may be a candidate
It is difficult to estimate implications on the predictive for different events. TablB shows that all missed events, ex-
skill resulting from this source of error. cept the 22 July one, have at least one candidate cluster, and
that in most cases, several distinct candidate clusters exist. In
about 70 % of all missed events, there is at least one candi-
date cluster that passes over the station but is missed due to

Here, we first identify clusters of trajectories that descendits low trajectory density. This explanation reduces the num-
from the tropopause down to 700 hPa. This clustering is disber of missed events by a factor of three at least, with the
cussed in SectioB and only rejects about 10 % of all trajec- remaining missed events (except for one case) being explain-
tories reaching the 700 hPa level. The clusters whose cente@Ple by a shift in the cluster due either to the spatio-temporal
of mass approach the station within a radius of 1111 km (dis-Sparseness of trajectory starting grid leading to a mismatch
tance equivalent to Pdatitude) within+6 h of the measure- between trajectory clusters and measurements, or to a geo-
ment time are then selected, and the trajectories contained i@raphical shift in the meteorological fields.

each cluster are plotted on individual maps (see Fifpr Figure 7 provides examples of typical candidate clusters
a sample). Additionally, the clusters that enter within the that could account for three missed events: first row for 30
same radius around the station within their last 12 h are alsduly, second and third rows for 15 July, fourth and fifth rows
selected and plotted on individual maps (see Figr asam-  for 16 July. The candidate cluster for the 30 July event (first
ple). The first are analysed to identify possible clusters thatow) clearly crosses Montreal in the beginning of thé h

were potentially shifted with respect to the station, or clus-window around the measurement time, but because of sig-
ters that could not be seen within the 55 km radius around thaificant dispersion, the trajectory density was too low and
station because their trajectories were too dispersed. The seneo trajectory was detected within the 55 km radius around
ond are analysed to identify clusters that would have reachethe station. The cluster spans pressures between 700 and
the station, were they calculated for a slightly longer period800 hPa when it traverses the Montreal column, which co-
of time. Table5 gives the list of missed intrusions during incides well with the bottom of the missed intrusion layer
the campaign in Montreal, with the pressure range of the(500—750 hPa, see Tabi®. In the second example (Fid,
missed part of the intrusion. The right column gives the second row), a large cluster passes a few hundreds of kilome-
clusters, identified by the number of member trajectories,ters east of the station around the 15 July measurement time.

-
a
I

Number of occl
.
5
Il

5
I

5.1 Cluster analysis of missed events
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Fig. 7. Examples of typical clusters of trajectories that could be candidates for the missed events listed in boldface5n Hiasieow:
candidate 41(de) for 30 July event, starting time is 25 July, 00:00 UTC. Second row: candidate 195(sh) for 15 July event, starting time
is 13 July, 00:00UTC. Third row: candidate 86(de) for July 15 event, starting time is 9 July, 00:00 UTC. Fourth row: candidate 26(sh)
for 16 July event, starting time is 11 July, 00:00 UTC. Fifth row: Candidate 11(ex) for 16 July event, starting time is 11 July, 00:00 UTC.
Left column: geographical location of the cluster’s trajectories with respect to a radius of 555 km around Montreal station (equivalent to 5
latitude). Middle column: horizontal distance of each cluster’s trajectory with respect to Montreal station (units of distance equivalent degrees
latitude) as a function of time elapsed since trajectory starting time. Right column: pressure of cluster’s trajectories (hPa) as a function of
time elapsed after starting time. The black vertical lines in the middle and right columns show the wiGdoaround measurement time.

The trajectories are coloured with six different colours.
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Table 5. List of missed stratospheric intrusions in Montreal and clusters found in the Lagrangian STE data set that could account for the
missed events if they were slightly shifted in space (sh), extended in time (ex), or if the density of trajectories were higher (de). An observed
stratospheric intrusion is considered to be missed if no trajectory is found within 100 hPa and a radius of 55km around the station. The
intrusions are determined using the objective algorithm described inSé&ach cluster is identified with its number of member trajctories,

and one cluster can be a candidate for more than one missed event. The clusters listed in boldface are illustrafed in Fig.

Eventdate Missed intrusion layer [nPa]  Number of trajectories per cluster (label)

12 July 350-600 26(sh), 25(sh)

14 July 450-650 86(de)

15 July 600-750 195(sh) 86(de) 27(sh)

16 July 600-750 296(de), 195(sh), 172(de), 87(ex), 57(sh),
50(sh), 27(sh)26(sh) 13(ex),11(ex) 10(sh)

22 July 450-650 none

23 July 650-750 14(sh)

25 July 700-800 46(de), 32(sh), 24(ex), 13(sh)

26 July 600-800 32(ex)

30 July 500-750 104(sh), 67(sHl(de) 29(sh)

1 August 700-800 129(de), 75(de), 40(sh), 16(sh)

2 August 450-650 129(de), 75(de), 40(sh), 16(sh)

3 August 550-650 129(de), 75(de), 40(sh)

4 August 700-800 129(de)

Its pressure range (500—750 hPa) coincides well with the obacross the dynamicat2 PVU tropopause and the 380K
served intrusion (600-750 hPa). Another cluster (third row)isentrope. The data set is calculated using the methodol-
that started three days earlier approaches Montreal while thegy proposed irBourqui (2006 using global meteorologi-
trajectories disperse and end just above it. Although the cluseal forecasts from Environment Canada’s operational Global
ter spans a large range of pressures at the time is arriveBnvironmental Multiscale (GEM) numerical weather predic-
above the station (300—-900 hPa), the particular trajectoriesion model. Routine calculations with the new STE diag-
that enter within the 55km radius around Montreal are lo-nostic system began in July 2010 and have now delivered
cated above 600 hPa. These two candidate clusters illustratmore than one year of data. Archived data include trajec-
well the complex time-dependent Lagrangian structures oftories, daily maps of STE mass flux densities, diagnosis of
certain stratospheric intrusions. The fourth and fifth rows indeep intrusions, and details on clusters of trajectories. Once
Fig. 7 are candidates for the missed event on 16 July, thdts errors are evaluated and characterized, this data set will be
fourth cluster with a southeastward shift and the fifth clusteruseful for improving our basic understanding of STE in the
with an extension of the trajectories. Both clusters togethemorthern and Southern Hemispheres as well as in the trop-
span the pressure range of the missed intrusion layer (600ies. It will also offer a reference data set for evaluating the
750 hPa). cross-tropopause transport predicted by various chemistry-
As shown in Tableb, several clusters that fall within the transport models and climate-chemistry models.

time and pressure ranges of the event but that are either The present study is the first evaluation of this new data
shifted geographically or are too dispersed to be detectedet, ysing balloon-sonde measurements from a field cam-
within the 55 km radius around the station can account forpaign in eastern Canada in summer 2010. During the cam-
amissed event. In view of this, it seems tempting to increasgyaign, balloon sondes were launched daily from three sites
the size of this radius. However, as discussed above, dOi”Wontreal, Egbert, and Walsingham). Measurements of
so would add more overforecasts and would not reduce sigpzone, relative humidity, temperature, pressure, and wind
nificantly the number of missed events. speed and direction were made through the troposphere and
lower stratosphere. The Lagrangian STE data set is eval-
uated with respect to its capacity to capture stratospheric
6 Conclusions intrusions identified in the observations. Here, the evalua-
tion is restrained to the first-day forecasts, since they are ex-
We have developed a new global real-time Lagrangian di-pected to be associated with the smallest possible weather
agnostic system for Stratosphere Troposphere Exchangdorecast errors. Analysis of the observational data suggested
The Lagrangian STE data set produced by this new sysan unexpectedly high frequency of (deep) stratospheric in-
tem offers daily, high-resolution global data on both the trusions during the campaign period. Over the three sta-
downward (S>T) and upward (FS) transport of mass tions, 89 %, 79 % and 38 % of the days showed the signature
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of stratospheric air below 300 hPa, 500 hPa, and 700 hPa, 3. The temporal limit of 6 days on trajectories.
respectively, though with significant variability among the
three stations. In Montreal, half of the measured profile
showed clear signatures of stratospheric air below 700hPa. 5 | 50k of subgrid-scale processes in the trajectory calcu-
It should be noted however, that the identification of strato- lations.
spheric intrusions based solely on individual profiles of
ozone and RH has inherent flaws. In particular, it is not ablelt is impossible to quantify accurately the separate contribu-
to distinguish descents of dry upper tropospheric air from de-tions of these errors in this study, since the identification of
scents of air from above the 2 PVU tropopause. Ambiguousstratospheric intrusions from observations is itself uncertain.
layers exist in the observed profiles. Summertime low-levelNevertheless, a qualitative understanding can be gained by
in-situ ozone production and upward vertical transport mayscreening individual missed intrusions for candidate clusters
add further errors. that would account for the missed event, were it to be slightly
An objective algorithm was developed to identify strato- shifted in space, extended in time, or if the density of tra-
spheric intrusions in the measured profiles in order to helpjectories were to be increased. For all missed events except
the comparison with the STE data set. This objective al-one, we found candidate clusters of trajectories approaching
gorithm also allowed characterization of the observationsMontreal in the correct range of pressures. About 70 % of the
with respect to the intrusions. Distributions of RH within missed events could be explained by a cluster of trajectories
these different categories showed clear differences betweethat dispersed such that no trajectory was detected within the
the “Inside Intrusion” and the “Above” or “Below Intrusion” 55 km radius around Montreal but several trajectories were
categories, but the distributions remained similar through theound on either side of this station. This reduces the bias
troposphere from the ground to above 300 hPa. This similarfound in the layer 500-700 hPa by a factor of at least three.
ity with height is shown to be due to the effect of the increaseExamples were given of candidate clusters for three missed
of temperature with increasing pressure, which counterbalintrusions.
ances the increase in specific humidity. The latter clearly From the five causes of errors listed above, only two (3,
increases at lower altitudes but is much dryer inside intru-and 4) are anticipated to affect a climatology based on this
sions than outside. The ozone molar mixing ratio is foundSTE data set. Trajectory age distributions furthermore sug-
to behave very similarly to the specific humidity, but in an gest that error source 3 only affects the layers below 500 hPa.
inverted fashion. This increase in specific humidity and de-With a maximum bias of about 30 % in the layer between
crease in ozone mixing ratios with increasing pressure in-500 and 700 hPa, composed of missed events up to 70 % of
side intrusions suggests that there is significant mixing takingwhich can be attributed to the low density of trajectories in
place during the descent of stratospheric air. dispersed intrusions, the STE data set can be anticipated to
Evaluation of the ability of the STE data set to representhave a reasonably small climatological bias.
the overall depth of stratospheric intrusions identified in the This study represents the first evaluation of this new La-
observed profiles shows very good predictive skill for intru- grangian STE data set. It is however limited to eastern
sions penetrating below 300 hPa and 500 hPa, respectivelfCanada in one summer season with a high frequency of
The bias is estimated to be smaller or equal to 10 % in bothstratospheric intrusions, and therefore the skill characterised
cases. The predictive skill vanishes for intrusions penetratindnere may not be automatically generalised to other seasons
below 700 hPa, while the statistical skill remains reasonableand regions. Further evaluations in different seasons and lo-
with an estimated bias of 24 %. Evaluation of the STE datacations around the world will be useful in order to charac-
set at capturing the detailed structure of stratospheric intruterise its errors in different parts of the world.
sions shows good predictive skill above 500 hPa, with an es-
timated bias smaller than 15 %. The predictive skill degradeg*cknowledgementsThis work was supported partly by contract
in the layer 500~700 hPa, with only 58 % correct forecasts,KM062-09-1307 from Environment Canada and partly by the
and an associated 31 % estimated low bias. The bias imI_\latural Sciences and Engineering Research Council of Canada.
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