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Abstract. Intercontinental transport (ICT) of trace sub- 1 Introduction

stances normally occurs on timescales ranging from a few

days to several weeks. In this paper an extraordinary episodg¢ 1 Meteorological bombs

in November 2001 is presented, where pollution transport

across the North Atlantic took only about one day. The rans-cycjones are a key element of the atmospheric circulation in
port mechanism, termed here an intercontinental pollutionyg,e migiatitudes (Carlson, 1998). Cyclogenesis, for which a
express highway because of the high wind speeds, was e%;rst conceptual model was presented by the Bergen school
ceptional, as it involved an explosively generated cyclone,gjerknes, 1910), occurs most frequently at the polar front.

a so-cal!eq meteprologwal “bom'b"'. To the'authors’ knowl- The various ascending and descending airstreams typically
edge, this is the first study describing pollution transport in azgsgciated with these cyclones carry a range of different
bomb. The discovery of this event was based on tracer transspemical signatures (Cooper et al., 2002). The so-called
port model calculations and satellite measurements of, NO warm conveyor belt (WCB) — a strongly ascending airstream
a s.pecies with a relatively short lifetime in the atmosphere,ahead of a cyclone’s cold front (Browning et al., 1973) —is an

which could be transported that far only because of the highmnortant mechanism to lift air pollutants emitted at the sur-

wind speeds producec_i by the t_)omb. A 15-year t_ransport clitace into the upper troposphere, where the faster winds facil-
matology shows that intercontinental express highways arge their intercontinental transport (ICT) (Stohl and Trickl,

about four times more frequent in winter than in summer, 19gg). Thus, cyclones are important not only for the dynam-
in agreement with bomb climatologies. The climatology g of the atmosphere, but also for its chemistry.

furthermore suggests that intercontinental express highways Some cyclones develop so explosively that they became

may be important for the budget of short-lived substances irknown as meteorological “bombs” (Sanders and Gyakum
the remote troposphere. For instance, for a substance with ?980). The characteristic features of a bomb are a rapid cer’1-

lifetime of 1day, express highways may be responsible for : . . .
) . tral pressure reduction and an attendant increase in intensity.
about two thirds of the total ICT. We roughly estimate that _. . )
. . . . Since the pioneering study of Sanders and Gyakum (1980),
express highways connecting North America with Europe . o
S : henceforth referred to as SG1980, explosive cyclogenesis is
enhance the average N@ixing ratios over Europe, due to . . -
; . S defined by a fall of more than 1 hf@our x (sin¢g/ sin 60,
North American emissions, by about 2—-3 pptv in winter. : . o
whereg is latitude, of a cyclone’s minimum sea-level pres-
sure, over a period of at least 24 hours.

Explosive cyclogenesis requires extremely high levels of
baroclinicity near the cyclone track (Ulbrich et al., 2001)

and/or extremely strong release of latent heat (Zhu and
Newell 2000; Wernli et al. 2002). Cold air encircling the

Correspondence toA. Stohl bomb’s center at low altitudes pushes the warmer air up in
(stohl@forst.tu-muenchen.de) a spiral-like way (Lem&re et al., 1999), which sometimes
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970 A. Stohl et al.: Express highway associated with a bomb

leads to eye-like structures known from tropical cyclonesten exceed this threshold (Bradshaw et al., 2000), leading to
(SG1980). During their life-cycles, bombs can attain ex- substantial in-situ @formation.
tremely low core sea-level pressures (SG1980), and, thus, Strong filamentation of pollution plumes normally takes
horizontal pressure gradients — and surface winds — can bplace during ICT. The large surface/volume ratio of filaments
extreme. Their scales range from rather small-scale vorticeincreases the probability of mixing of the polluted air with
that do not change the large-scale circulation significantlythe surrounding cleaner airmasses. If this process is fast
(Ulbrich et al., 2001) to larger-than-normal cyclones (Lim enough for NQ to be still contained in the plume, the ef-
and Simmonds, 2002). ficiency of Qs production (i.e., the number of molecules of
Bombs are a great danger, especially for shipping. For in-O3 produced per molecule of NGavailable) increases (Lin
stance, the Sydney-Hobart yacht race cyclone in Decembe?t al., 1988), because of a higher hydrocarbon/Nédio in
1998 resulted in the death of six race participants (Buckleythe mixed airmass (note that sufficiently high levels of hydro-
and Leslie, 2000). Like tropical cyclones, bombs weakencarbons, e.g., methane, are contained in “background” air).
after landfall, but to a much lesser extent. Surface wind ICT of NOx also can occur in the form of reservoir species
gusts above 50 nT$ have been reported over land. Exam- (NOy, €.g., peroxy acetyl nitrate), which are products from
ples of destructive bombs over Europe are the great stornOx oxidation, from which NQ can be re-cycled at a later
of October 1987 over southern England (Burt and Mansfield ime.  This is thought to be important for photochemical
1988) and the Christmas storms of 1999, that claimed 13@°s formation in the background free troposphere (e.g., Wild
lives and caused 13 billion Euros worth of total economic et al., 1996). However, even export of Nl@om the ABL to
losses in central Europe (Ulbrich et al., 2001). The dangetthe free troposphere is very inefficient (Prados et al., 1999).
of bombs also comes from their explosive development andodel studies (Liang et al., 1998) suggest that only 15-25%

their rapid motion, both of which are often not well predicted f the NQ. emitted at the surface reaches the free tropo-
by weather forecast models (Sanders et al., 2000). sphere, and observations show that only about 5-10% of the

Priginally emitted nitrogen remains in the atmosphere after
a few days (Stohl et al., 2002b). Models and measurements

often in winter and almost exclusively over the oceans. . . .
About 50 bombs per year are found on the Northern Hemi.2dree that only a small fraction of the exported nitrogen is in
the form of NQG..

sphere (Lim and Simmonds, 2002), most of them over the Gi the inefficient vertical t ¢ of boundarv-l
warm surface waters downstream of Asia and North Amer- Iven Ihe inetlicient vertical transport ot boundary-iayer
Oy, both aircraft (Ziereis et al., 2000) and, especially, light-

ica (SG1980), regions with frequent and intense WCBs and . . i L
corresponding strong latent heat release (Stohl, 2001). Therd"d (Huntrieser et al. 20(.)2’ Jeker et al. 2.000) emissions of
NOy are thought to play important roles in the free tropo-

is a statistically significant upward trend of global bomb oc- h Indeed. | | h b found i
currence during the last two decades, which may be relate phere. Indeed, large-scale Nflumes ave been found In
e upper troposphere over North America (Brunner et al.,

to global warming (Lim and Simmonds, 2002). 1998), that possibly were produced by lightning.
Satellite data from the Global Ozone Monitoring Experi-

1.2 Long-range NQtransport ment (GOME) (Burrows et al., 1999) confirm that, on a cli-

matological basis, NQis highly concentrated in its major
ICT of trace substances is a topic that currently receivessource regions, implying an average Nietime in the at-
much attention, due to its implications both for air qual- mosphere of about 1 day (Leue et al., 2001). Nevertheless,
ity and climate. ICT is reasonably well documented (e.g.,two episodes where GOME showed ICT of N@ere re-
Jaffe et al. 1999; Stohl and Trickl 1999; Forster et al. 2001)cently described. One was due to boreal forest fire emis-
for moderately long-lived species (e.g., carbon monoxide,sions, where NQwas injected directly into the free tropo-
ozone, aerosols), but so far has been considered insignificasphere and subsequently transported rapidly from Canada to
for species with lifetimes of hours to a few days. Among the west coast of Europe (Spichtinger et al., 2001). In the sec-
these shorter-lived species, nitrogen oxides {NO©which ond case, NQfrom power plants in the South African High-
have a lifetime on the order of hours in the atmosphericveld, again injecting NQ into the free troposphere, were
boundary layer (ABL) and a few days in the upper tropo- transported to the Indian Ocean and, presumably, to Australia
sphere (Jaeglet al., 1998) — are of particular interest, be- (Wenig et al., 2002). Furthermore, lightning N®missions
cause they are critical for photochemical formation of ozonealso played a role in this case.
(O3) in the troposphere (Lin et al., 1988). Below a certain In this paper, a third case of NACT is reported, that
concentration of nitric oxide (NO), £s destroyed, whereas s, so far, the clearest example of its kind and does neither
above it is formed. Values of this so-called compensationinvolve direct deposition of emissions into the free tropo-
point vary, but are on the order of 10 to 30 ppt, with lower sphere, nor significant lightning emissions. Instead, average
values in the upper troposphere (e.g., Reeves et al., 2002xdvection speeds above 40 M ssouth of a bomb center al-
Aircraft measurements show that N@vels in the remote lowed ICT of NG, from anthropogenic surface sources to
free troposphere, particularly in the upper troposphere, of-occur within less than two days. Furthermore, in order to

Explosive cyclogenesis is a phenomenon occurring mos
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judge the relevance of events similar to the one observed, aorber along the line of sight is determined using Lambert-
15-year climatology of fast ICT of anthropogenic emission Beer’s law. In a second step, this column is converted to a
tracers is presented. vertical column using airmass factors (Solomon et al., 1987)
derived with a radiative transport model (Rozanov et al.,
1997). Since, under clear sky conditions, a fraction of the
2 Methods radiation received by GOME (in particular in the visible part
of the spectrum) is sunlight reflected by the surface, which
In November 2001, the first aircraft campaign of the CON- travelled through the entire atmosphere, GOME measure-
TRACE (Convective Transport of Trace Gases into the Uppements are sensitive to both stratospheric and tropospheric ab-
Troposphere over Europe: Budget and Impact on Chemistryyorptions. If only the tropospheric column is of interest, the
project took place in Germany. One aim of this project was tostratospheric contribution to the signal has to be corrected
make measurements in the outflow of polluted North Atlantic for, which in the case of N@is usually done by subtract-
WCBSs. Due to successful tracer model forecasts (Lawrencéng measurements taken on the same day at the same lati-
et al. 2003; Stohl et al. 2003), it was indeed possible to probdude over a clean region (Leue et al. 2001; Richter and Bur-
pollution plumes from North America on three occasions, al-rows 2002; Martin et al. 2002). This approach is based on
lowing, for the first time, a detailed chemical characterisationthe assumptions that a) stratosphericNfdes not depend
of such plumes over Europe (Huntrieser et al., 2003). Af-on longitude, and that b) the reference region has a negligi-
ter the campaign, tropospheric M@olumns retrieved from  ble tropospheric N@ burden. Tropospheric N Ocolumns
spectral data of the GOME satellite sensor (Burrows et al.from GOME have been validated against independent mea-
1999) were used as supplementary information on the transsurements (Heland et al., 2002), and have been extensively
port of pollution plumes across the Atlantic. Unfortunately, compared to model results (\Velders et al. 2001; Lauer et al.
few GOME data were available during the aircraft campaign,2002; Martin et al. 2002).
because the instrument was turned off for protection during The accuracy of tropospheric N@olumns from GOME
the Leonides meteor shower. However, immediately beforas mainly limited by problems associated with cloud con-
the first measurement flight, an episode of Nftansport  tamination, errors introduced by the correction of the strato-
from North America to Europe was seen in the GOME data,spheric contribution, and uncertainties in the airmass factor
that agrees remarkably well with tracer model calculations,(Richter and Burrows, 2002). In the case study discussed

and which is presented in this paper. here, most of the relevant scenes were cloud free (see Fig. 8),
simplifying the data analysis. However, the shape of the ver-
2.1 Tropospheric N@columns from GOME tical distribution of NQ has to be taken into account for the

airmass factor calculation. In the standard analysis it is as-

The Global Ozone Monitoring Experiment (GOME) (Bur- sumed that the bulk of the NOs situated in the ABL. In the
rows et al., 1999) is a UV / visible spectrometer operating present case, however, N@as transported to the free tropo-
on the ERS-2 satellite since July 1995. GOME observes th&phere, where the retrieval is more sensitive to,NThere-
solar radiance scattered in the atmosphere and reflected frofore, the standard airmass factors were used only for the
the surface in near nadir viewing geometry. Once per day, itsource regions over the continents, whereas over the ocean
also takes an irradiance measurement of the sun providing ait was assumed that the bulk of the N@as situated be-
absorption free background spectrum. The instrument coversveen 3 and 5 km, as indicated by the transport model results
the spectral range from 240 to 790 nm in 4096 spectral chanpresented in section 3. By this approach the,N@rtical
nels at a resolution of 0.2-0.4nm. The ERS-2 satellite is incolumns were reduced by roughly a factor of 2 over the ocean
a sun-synchronous near polar orbit with an equator crossingeompared to the standard scientific tropospheriec BKOME
time of 10:30. As a result, measurements at a given latitudgproduct, upon which the initial discovery of this event was
are always at the same local time. The GOME instrumentbased. The discovery, thus, did benefit from an overesti-
scans across the track from east to west taking three measurgate of the N@ vertical columns over the ocean in the stan-
ments of 32640 kn? through its swath of 960 km. With this  dard product, which overemphasized the ICT. However, as
scan pattern, global coverage is achieved in three days at the overall patterns were quite similar in both analyses, only
equator and in one day at%5 the results obtained with the modified, more realistic, airmass

From the nadir measurements and the irradiance backfactors yielding reduced Nfxolumns are presented here.
ground, integrated columns can be retrieved for a num- Since no correction is applied for thin clouds that may
ber of atmospheric trace species including, @O,, BrO, have been present in the GOME pixels, the amount of O
SO, HCHO, and HO (Burrows et al., 1999) using the probably underestimated, as detailed in Velders et al. (2001)
well known Differential Optical Absorption Spectroscopy and Richter and Burrows (2002). Even a cloud fraction of
(DOAS) method (Platt, 1994). Briefly, absorbers are iden-10% can lead to an underestimation of up to 100% in the
tified by the “fingerprint” of the wavelength dependence of GOME measurements if the cloud is above theoN&yer, or
their absorption structures, and the total amount of the aban overestimation of 50% if it is below the layer. Therefore,
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972 A. Stohl et al.: Express highway associated with a bomb

GOME pixels with large cloud fractions>60%) were ex-
cluded from the analysis.

When comparing GOME measurements and model re-
sults, it is also important to keep in mind that GOME can
only observe N@, not NG,. Depending on altitude, temper-
ature, albedo and cloud coverage, the2M®Oy ratio varies
significantly in the troposphere, with most of the NReing
in the form of NG close to the surface and the significance
of NO increasing with altitude. Therefore, for a given NO
vertical column, the N@column is smaller when the NQs
located at higher altitudes. For the high solar zenith angles
encountered during this study and at temperatures typical fo
the mid-troposphere, both NO and N@ontribute approxi-
mately 50% of the NQ.

2.2 Model simulations

Fig. 1. GOES-East infrared satellite image of the hurricane on 3

To simulate the transport, the Lagrangian particle dispersiorhovember at6UTC

model FLEXPART (version 4.4) (Stohl et al. 1998; Stohl
and Thomson 1999; http://www.forst.tu-muenchen.de/EXT/
LST/METEO/stohl/) was used. FLEXPART was validated at 3 constant rate, with the number of particles released in

with data from three large-scale tracer experiments in Northg particular grid cell being proportional to the emissions in
America and Europe (Stohl et al., 1998), and it was used prethat cell. An exponential decay with a time constant of two
viously for case studies (Stohl and Trickl 1999; Forster et a'-days was assumed for the N@acer. This is longer than
2001; Spichtinger et al. 2001) and a 1-year “climatology” the typical NG lifetime in the ABL, but of the right order
(Stohl et al., 2002a) of ICT. of magnitude for NQ transport in the free troposphere. The
For this study, FLEXPART was used with global data from episode of interest started on 8 November 2001, allowing a
the European Centre for Medium-Range Weather Forecastsyfficiently long model spin-up of 11 days. The simulations
(ECMWEF, 1995) with a horizontal resolution of 160 ver-  \were described in more detail by Stohl et al. (2003). Note
tical levels and a time resolution of 3 h (analyses at 0, 6, 12¢hat, because FLEXPART does not explicitly simulate chem-
18UTC; 3-hour forecasts at 3, 9, 15, 21 UTC). Data witt? 0.5 jcal processes, quantification of the N@ansported is diffi-
resolution covering the domain 120 to 30" Eand 18 N cylt and must be constrained with the GOME measurements.
to 66> N were nested into the global data in order to achieve
higher spatial resolution over the region of main interest, i.e.,
North America, the North Atlantic, and Europe. 3 Acase study
FLEXPART treats advection and turbulent diffusion by
calculating the trajectories of a multitude of particles. 3.1 Meteorological overview
Stochastic fluctuations, obtained by solving Langevin equa-
tions (Stohl and Thomson, 1999), are superimposed on thd@he “express highway” in which pollution was carried
grid-scale winds to represent transport by turbulent eddiestapidly from North America to Europe was created in a se-
which are not resolved in the ECMWF data. The ECMWEF ries of dynamical developments, which are described in this
data also do not resolve individual deep convective cells;section. The most important ingredient to this episode was
although they reproduce the large-scale effects of conveca bomb, which “exploded” on 7 November. This bomb it-
tion (e.g., the strong ascent within WCBs). To account forself had three precursor systems: First, a tropical depres-
sub-gridscale convective transport, FLEXPART was recentlysion started to develop in the Caribbean on 29 October and
equipped with the convection scheme developed by Emanuehtensified to a category four hurricane until 4 November.
andZivkovic-Rothman (1999), as described in Seibert et al.In a GOES-East infrared satellite image on 3 November at
(2001). 6 UTC, an eye can be seen clearly in the center of the hurri-
With FLEXPART the transport of a passive tracer was cal- cane (Fig. 1). This hurricane occurred unusually late in the
culated, representing NOemissions from North America, season, but nevertheless was one of the strongest of the year.
taken from the EDGAR version 3.2 inventory (Olivier and When it made landfall in Cuba on 4 November, wind speeds
Berdowski, 2001) (base year 1993, resolution). The sim-  of up to 65 ms? caused massive destruction.
ulation started on 28 October and ended on 28 November On 6 November at 0 UTC, the hurricane can still be seen
2001. During this period, a total of 25 million particles were as a minimum in the sea-level pressure, a map of which is
released between the surface and 150 m above the grourghown in Fig. 2a, where the hurricane’s position is marked
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a) 6 November 0 UTC d) 8 November 18 UTC
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Fig. 2. Maps (120 W-4C E, 25 N-9C° N) of the geopotential height at 500 hPa (color shading) and sea-level pressure (black contour lines
drawn every 5hPa) on 6 November 18 UT&), 8 November 0 UTGb), 8 November 18 UT(c), and 10 November 12 UT(I), based on
ECMWEF analyses with a resolution of 1Continental outlines are shown as thick grey lines, and synoptic systems are labeled, as described
in the text, with bold white letters northeast of their center.

with “Hu”. Subsequently, the hurricane weakened, but con- The third precursor was an extratropical moving cyclone
tinued heading north, carrying warm and moist tropical air (“C1") that formed northwest of the Hudson Bay on 5
with it. On 6 November at 18 UTC (Fig. 2b) it merged November. On 6 November at 0 UTC, “C1” was located
with the second bomb precursor, a cut-off low at 500 hPa (la-northwest of the Hudson Bay (Fig. 2a), but reached it
beled “C0") that had been almost stationary over the easteri8 hours later (Fig. 2b). “C1” connected to the cut-off cy-
seaboard of Canada since 5 November (see Fig. 2a). Cutlone “C0” on 7 November, and finally merged with it on 8
off low “C0” blocked continental outflow from the northern November (Fig. 2c—d). The mergers of both the hurricane
parts of the U.S. and Canada from 5 to 8 November. “Hu” approaching from the south and the mobile cyclone
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Fig. 4. Minimum sea-level pressure from ECMWF analyses in the
core of the bomb during the period 5-12 November 2001 at six-
hourly intervals.

Fig. 3. Combined GOES-East and METEOSAT infrared satellite
image on 8 November at 18 UTC. White areas in the northern pariminimum sea-level pressure was taken from the core of the
of the figure are regions without data. deepest of the four systems, “Hu”, “C0”, “B1”, and “B2”, re-
spectively (compare Fig. 2). During the 30-hour period from
6 November 18 UTC to 8 November 0 UTC, the bomb’s core

“C1” approaching from the northwest with the cut-off cy- pressure decreased from about 995 hPa (in the center of the
clone “C0" in the middle, created an environment for explo- remnant of “Hu”) to 961 hPa. This pressure drop of 34 hPa
sive development, generating bomb “B1” on 8 November at/ 30 hours clearly exceeds the criterion (21 hPa / 24 hours at
0 UTC (Fig. 2c). 50° N) defined in SG1980 for explosive cyclogenesis. The

On 8 November at 18 UTC, “B1” was centered west of bomb criterion was also met according to the 6-hourly Avia-
Greenland (Fig. 2d). A combined GOES-East and ME-tion (AVN) model analyses, obtained from the National Cen-
TEOSAT infrared satellite image for 8 November at 18 UTC ter for Enviromental Prediction (NCEP), where the system’s
(Fig. 3) documents the result of this explosive cyclogenesiscentral pressure fell from about 997 hPa to 964 hPa during
It shows a truly giant bomb whose cold frontal cloud band the same time period. The pressure rise on 9 November and
extended from Greenland all the way into the Caribbean, andhe subsequent further drop on 10 November (Fig. 4) are as-
whose cloud head stretched from northern Greenland to Icesociated with the lysis of “B1” and the genesis of “B2”. If
land. The total dimension of the cloud system was greatepressure were not taken from the center of “B1”, “B2” it-
than 7000 km. self would have been classified as a bomb. However, the two

One day later (Fig. 2e), the bomb split into two (“B1” systems are not truly independent, as the strong zonal flow
and “B2") over Greenland. While the northern center “B1” generated by “B1” over southern Greenland facilitated the
weakened, the southern center “B2” intensified, because ofee cyclogenesis of “B2”. Therefore, and for the sake of sim-
cyclogenesis leewards of Greenland. On 10 November aplicity, “B1” and “B2" are referred to here as a single bomb.
12 UTC (Fig. 2f), “B2” was centered northeast of Iceland  As will be seen later, the strong zonal flow south of the
and had deepened to its minimum central sea-level pressudgomb’s center on 9 (Fig. 2e) and 10 (Fig. 2f) November
of 948 hPa. 18hours later, on 11 November at 6 UTC (notwas responsible for the extremely rapid transport of pollu-
shown), “B2” travelled into Scandinavia and subsequentlytion from North America to Europe. Thus, the bomb created
into Siberia, where its core pressure finally started to in-an “express highway” for the pollution, visualized by the
crease. Due to the remoteness of northern Scandinavia, thgense contour lines of both sea-level pressure and 500 hPa
severe weather did not cause major damage, but heavy snoweopotential (Fig. 2e—f). It is also important that the bomb
falls in the mountains and a wind speed of 43Thsvere itself travelled rapidly to the east, such that the highway was
reported in Lapland on 10 November. It is furthermore to be“rolled out”, like a carpet, in front of the pollution plume,
noted that the bomb likely had triggered downstream Rossbyand was “rolled in” after the plume’s passage, enabling rapid
wave breaking, thus indirectly causing the catastrophic floodtransport across the entire Atlantic, even though the high-
ing that occurred over Algeria on 10 and 11 November andway did not stretch across the entire Atlantic at any partic-
caused the death of almost a thousand people. ular time. However, the initial export of the pollution from

In order to confirm the classification of this system as athe ABL over North America and its injection into the high-
bomb, Fig. 4 shows the development of the bomb’s minimumway occurred through another system over the Great Lakes
sea-level pressure from 5 to 12 November. At any time, theregion, upstream of the bomb.

Atmos. Chem. Phys., 3, 969-985, 2003 www.atmos-chem-phys.org/acp/3/969/
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Fig. 5 Tropospheric vertical columns of NO(in 105 Fig. 6. Total vertical columns of the FLEXPART NQtracer (in
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8, () 9, (d) 10, and(e) 11 November 2001. White regions indi- ovember. The columns are averages over 1-hour periods ending

cate that data are missing either because no GOME overpass w% 16 16, 15, 1.1’ and 8 UTC’ respec'uvely. Bold black lines mark
X meridional sections shown in Fig. 7.
available, or because of more than 50% cloud cover.
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During the days preceding the N@xport, eastern North  expected, because FLEXPART simulates the sum of NO plus
America was under the influence of an anticyclone, whichNO,, and because the assumed lifetime of 2 days is too long
extended from Mexico north to the Hudson Bay. The anti- for conditions in the ABL.
cyclone weakened on 5 November, but can still be seen in On 8 November, the cyclone “C2” had intensified (Fig. 2d)
the pressure charts for 6 November at 0 UTC (Fig. 2a) andand a NQ plume ascended slantwise with the cyclone’s
18 UTC (Fig. 2b), where it is labeled “A’. Upstream of the WCB northeast of the Great Lakes (Fig. 7b). Note that, at
bomb “B1”, yet another, much weaker, cyclonic system “C2” this time, the NQ was contained in the WCB clouds (com-
formed after the retreat of anticyclone “A’. On 8 November O pare Fig. 6b with Fig. 3). Therefore, and because ERS-2 did
UTC (Fig. 2c), this system appears as a weak minimum weshot overpass the entire critical region over the Great Lakes,
of the Great Lakes on the surface pressure analysis. 18 houGOME observes little of the N©transport (Fig. 5b) on 8
later (Fig. 2d), “C2" had crossed the Great Lakes and had inNovember.
tensified. The cold frontal cloud band associated with “C2” On 9 November, a filament of enhanced N@ft North
extended from the Central United States to northeast of théAmerica, with the leading edge of the filament south of
Great Lakes (see Fig. 3), and a sequence of radar imageSreenland at 15 UTC (Fig. 6¢). The corresponding verti-
shows a squall line progressing east. Trajectories started atal section (Fig. 7c) shows that the main part of theyNO
500 m above ground level southwest of the Great Lakes orracer plume was located between about 4 and 6 km. At that
8 November 0 UTC ascended into the higher-level cloudstime, the plume’s leading edge had already emerged from
northeast of the Great Lakes at 18 UTC (not shown). This in-the WCB (corresponding satellite images show clouds dis-
dicates northward and upward transport of air from the ABL solving in this region), thus giving GOME the first clear
into the express highway that was just “rolled out” south of opportunity to monitor the NQexport from North Amer-

the bomb on 8 November at 18 UTC (Fig. 2d). ica. As shown in Fig. 5¢c, GOME sees a maximum (about
3 x 10 molecules cm?) northeast of Newfoundland, rel-
3.2 NOQ transport in the bomb atively far from any significant source of NObut exactly

where FLEXPART suggested pollution injection into the ex-
Fig. 5 shows daily tropospheric vertical columns of Ndbir- press highway (Fig. 6c).
ing the period 7-11 November, obtained from GOME spec- On 10 November, both GOME (Fig. 5d) and FLEXPART
tral data. Figure 6 shows corresponding atmospheric verti{Fig. 6d) show a filament of enhanced h@nhd NG tracer,
cal columns of the FLEXPART N@tracer during the period respectively, stretching from Newfoundland across the At-
7-11 November, and Fig. 7 shows meridionally oriented ver-lantic almost to Scandinavia. According to FLEXPART,
tical sections through the NGracer field. The daily plots the leading tip of the N@ tracer filament had travelled
of the model results are shown for times that, in the regionfrom south of Greenland to Scandinavia, more thaf &0
of main interest, coincide best with the GOME overpasses afongitude (or almost 3000 km at 8N) in only 20 hours,
about 10:30 local time. equivalent to average wind speeds above 40t 8ge spec-

On 7 November, the FLEXPART model results indicate tra of the NG tracer (see Stohl et al., 2003, for an explana-
that pollution outflow from North America was restricted to tion how age spectra were obtained from FLEXPART) sug-
the region south of the bomb (Fig. 6a). Over the continent,gest that most of the NQGin the leading part of the filament
the NQ tracer was capped at about 2 km by the subsidencaortheast of Great Britain was emitted in North America 2—
inversion of the retreating anticyclone “A’ (Fig. 7a). Over 3days before, but a significant fraction was even younger
North America and downwind of it, the GOME tropospheric than 2 days.

NO; vertical columns (Fig. 5a) show a distribution very sim-  Meridional cross-sections through the FLEXPART output
ilar to the FLEXPART results. In particular, no high val- show that the filament was located at altitudes of 4-6 km at
ues are seen over the ocean, except for a region south &f0° W (Fig. 7d) and 2—4 km at POV (Fig. 7e). The plume,
the bomb and close to the continent, where pollution out-thus, descended from its higher altitude on the previous day
flow took place. However, this outflow did not reach Eu- (compare with Fig. 7c). Due to the descent clouds evapo-
rope subsequently and is not discussed further here. Thusated, exposing the plume to the GOME instrument. An in-
the situation on 7 November can be considered as typicalfrared satellite image (Fig. 8) confirms that clouds were thin
similar to the NQ distributions seen in annually averaged or absent at the plume’s location.

GOME results (Leue et al. 2001; Martin et al. 2002; Richter The highest N@ values observed by GOME in the
and Burrows 2002). In contrast to GOME MQhe model  filament between Iceland and Scotland werg & 10°
NOy tracer shows no enhanced values over Europe, becauseolecules cm?2. Assuming that the filament's vertical exten-
only North American N@ was simulated. Maximum GOME  sion was 2 km (Fig. 7€), simple arithmetics yields an average
NO, values over North America are on the order of80 concentration of 1.2g m—23 NO,, corresponding to almost
molecules cm? (off the scale in Fig. 5a), somewhat less 1ppbv at about 4 km altitude, within the plume. Assuming
but on a similar order of magnitude as the FLEXPART,NO that NO contributes 50% to the NQaverage NG concen-
tracer columns over North America. The overprediction istrations in the plume can be estimated at nearly 2 ppbv, in
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Fig. 7. Meridional cross-sections through the FLEXPART Ntacer (in ppbv)a) along 8¢ W on 7 November at 16 UTCb) along 80

W on 8 November at 16 UTG¢) along 48 W on 9 November at 15 UTGgd) along 40 W on 10 November at 11 UT(e) along 10 W

on 10 November at 11 UTGf) along 20 E on 11 November at 8 UTC. Hatched areas indicate topography. Note the difference inithe NO
scale between the left and right column of figures.

good agreement with the NQracer mixing ratios obtained sections through the FLEXPART output (Fig. 7f) indicates
from the model simulation (Fig. 7e). These are very highthat the vertical extension of the plume had increased con-
NOy mixing ratios in the free troposphere, which, given suf- siderably. In the simulation, some of the N@acer even
ficient supply with hydrocarbons (which are likely strongly touched down to the Baltic Sea surface.
enhanced in the plume, too) and sunlight, can lead to consid-
erable Q production. 3.3 Cloud effects on the GOME observations

On 11 November, the main part of the FLEXPART fila-
ment extended from southern Greenland to Russia (Fig. 6e)Considering the potential influence of clouds on theND-
The maximum vertical columns were lower than before, bothservations by GOME (and, thus, uncertainties in the vertical
because of the further decay of the Ntacer, and because NO, columns retrieved), two major effects have to be con-
the filament broadened, due to mixing with ambient air. Nev-sidered: a) N@ below or deep inside the cloud is shielded,
ertheless, GOME was still able to see theNsIgnal, show-  and b) NQ (directly) above the cloud is enhanced. Thus, it
ing a band of enhanced NQalues between Greenland and is not a priori clear whether clouds lead to an over- or un-
the Baltic Sea (Fig. 5e). The maximum within the band derestimation of the N& In order to correctly account for
was detected over the Baltic Sea, at the same location wherhese effects, the exact vertical distributions of both clouds
FLEXPART suggested the NQracer maximum. The cross- and NG would have to be known at an accuracy that cannot
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sea. Flash locations and times were obtained from the U.S.
NLDN for the region north of 4ON and east of 100W, cov-
ering the region where the NQvas injected into the express
highway, for the period 7—10 November 2001. Furthermore,
a summary image showing all lightning flashes detected by
both the Canadian and the U.S. networks was received (T.
Turner, personal communication).

Few lightning flashes were detected over Canada, but a
lightning episode was observed over the U.S., and another
one off the coast of North America (Fig. 9). During the first
episode, from 7 November 12 UTC to 8 November 12 UTC,
807 lightning flashes were detected in the Great Lakes re-
Fig. 8. Combined GOES-East and METEOSAT infrared satellite gjon, which were associated with a line of isolated convec-
image on 10 November at 12UTC. White areas in the northwest e ce|is seen in a corresponding satellite image. The second
corner are regions without data. lightning episode occurred off the coast of North America on

9 and 10 November, when 4097 lightning flashes were de-
Therefore, wiected north of 40N. Since the detection efficiency of fche _
NLDN decreases over the sea, the number of flashes in this
region may have been considerably underestimated. Further-
more, no data south of 40N were available.

The data shown in Fig. 9 were used to make an upper esti-
mate of the lightning N@emissions on the basis of emission
factors reported in the literature. This estimate then served as

be achieved using the data at our disposal.
carried out a sensitivity study for a worst-cases scenario fo
effect b), assuming a thin NOlayer immediately above a
layer of clouds at 3-5km altitude. This scenario yields an
overestimate of N@by our retrieval algorithm of less than a
factor of 2, not enough to explain the observed Nflume.

Note also that, due to the cloud masking, maximum actual“*" ) ) i -
cloud cover in the pixels shown is 50%, thus reducing this@" INPut for a FLEXPART lightning N@tracer simulation,

maximum possible cloud effect. An independent argument Order to judge whether lightning could have contributed
against a large N©overestimate due to clouds is that the Significantly to the NQ plume detected by GOME or not.

strongest N@signals are not seen above the densest clouds; 'St it must be considered that the NLDN detects only CG
but over pixels with relatively little cloud cover. lightning discharges, but no intracloud (IC) flashes. The ratio

Even though the exact vertical distribution of clouds and ©f IC/CG flashes over the Great Lakes region varies from 2

NO; are both unknown, it is very likely that clouds formed t© 7 (Boccippio etal., 2001). Taking the higher value, it was
in the very same airmass that was lifted from the surface an@SSumed that 5649 and 28679 IC flashes occurred in the two

contained the NQ Thus, most of the Nwould likely be  lI9htning clusters (7 at each position of a CG flash).
in-cloud, rather than above-cloud. In this case, effect a) could Before estimating the Nproduction, the vertical distri-

even have lead to an underestimate of the;NGumns. bution in the cloud of the lightning NOmust be considered.
Pickering et al. (1998) suggested that the downdrafts carry
3.4 Confirmation of the anthropogenic origin of the NO  about 23% of the total N©produced from lightning, which
results mostly from CG flashes, while updrafts carry 77% of
Many previous studies (e.g., Brunner et al. 1998; Wenig etthe NQ, produced by both IC and CG flashes. Here it is
al. 2002) had difficulties with the unambiguous attribution of assumed that downdrafts released the,M&tween the sur-
observed upper tropospheric N@lumes to anthropogenic face and 1 km above, while updrafts released it between 6
surface emissions, because the uplift of anthropogenic poland 10 km, the approximate altitude of the highest cloud tops
lution was associated with strong lightning activity, which according to satellite infrared imagery.
can produce additional N(Je.qg., Jeker et al., 2000). Inthis ~ Values reported in the literature for the N@roduced
case, too, the vertical transport in cyclone “C2” occurred inper cloud-to-ground lightning flash vary considerably, for
precipitating clouds, where lightning is possible. However, instance 6.%10?% molecules flash! (Price et al., 1997),
this episode occurred late in the year, when lightning activity1.25-12.510?° molecules flash! (Stith et al., 1999), or
is close to its minimum in the middle latitudes. In order to 8.1x10%° molecules flash! (Huntrieser et al., 2002). De-
reliably exclude lightning as the source of the observeg NO Caria et al. (2000) estimated thak 30?® molecules CG-
access was obtained to the lightning data from the Canadiafiash ! are carried by the downdrafts. Taking this last value,
Lightning Detection Network and the U.S. National Light- which is at the upper range of the more recent values reported
ning Detection Network (NLDN) (Cummins et al., 1998). in the literature, and assuming a 80% detection efficiency of
These networks detect electromagnetic signals from cloudCG flashes (note that this value may be too low for the sec-
to-ground (CG) lightning discharges. The flash detection ef-ond episode), it is estimated that 23.3t N®ere produced
ficiency is about 80-90% over the continent (Cummins et al.,in the first lightning episode below 1km, and 118t NiD
1998), but decreases with distance from the coast over théhe second episode.
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Fig. 9. Locations of lightning flashes detected by the U.S. National Lightning Detection Network during the period from 7 November 0 UTC
to 11 November O UTC. The color of the plusses indicates the time of lightning.

IC flashes produce less Nper flash than CG flashes from the first one, but on 10 November the plume was still
(Price et al., 1997). DeCaria et al. (2000) estimate thatquite close to where it had been produced. Part of this plume
1.4x 10?5 molecules IC-flash! and 3x10%® molecules CG-  was injected into the express highway and travelled to Eu-
flash* are carried in updrafts. Adopting these values resultsrope subsequently, but too late to explain more than the trail-
in a NO, release between 6 and 10 km of 98t Nfor the ing end of the GOME filament observed on 11 November.
first episode and 497t NCfor the second episode, if again Therefore, lightning N@ emissions from the second cluster
80% detection efficiency for CG flashes is assumed. also cannot explain the GOME observations, especially not

These values can be compared to emissions of 49,0009" 10 November. Unfortunately, in this case, the NLDN may

NO, per day in the entire U.S., and 880t N@er day in have missed lightning further off-shore, because of the de-
a single ® x 1° grid cell over Chicago, according to the Crease in detection efficiency with distance from the coast.

EDGAR inventory (Olivier and Berdowski, 2001). Thus, Furthermore, no lightning data were available south of 40
both lightning episodes seem to be negligible sources gf NO N. Therefore, we repeated the FLEXPART simulations two

compared to the anthropogenic source. However, as most gfmes, first shifting the emissions %o the east and, second,
the lightning NQ is transported to the anvil region, where 5°to t.he south. Neither of thgse sensitivity simulations could
the NQ lifetimes are longer than in the ABL, a much larger €XPlain the GOME observations.

fraction than of the anthropogenic N@ay be available to

long-range transport. Therefore, two lightning N@acers

were simulated with FLEXPART, one for each of the two

episodes, assuming a N@fetime of 2 days. Finally, it was explored whether the N@ould have been

~ Fig. 10 shows, for both lightning clusters, the total ver- hroquced by lightning in the hurricane, where the Lightning
tical columns of the lightning NQtracer at the time of | aging Sensor (LIS) detected some lightning flashes. For
the GOME observations on 10 November. Itis seen that &pis we released lightning tracers at the hurricane’s approx-
part of the NQ produced by the first lightning cluster in- jmate |ocation in maps of sea-level pressure on 2, 3, and 4
deed travelled in the express highway (Fig. 10a), approxi-\oyvember. In all three cases, the tracers were advected east-
mately where GOME detected the hi@ament. However, \yards across the Atlantic Ocean, but at latitudes of approxi-
the maximum vertical columns in this region were only aboutmate|y 40-50 N and rather slowly. GOME did not see en-
5x 10" molecules cm?, or more than two orders of magni- panced N@ along these pathways. None of the three light-
tude less than the observed N/ost of the lightning NQ  pjng tracers was transported in the express highway. Accord-
tracer (it can be shown that it was the part released in the;ng to LIS and NLDN data, no other major lightning activity
anvil) was located over the central North Atlantic, but evenyas opserved close to the region of inflow into the express
there NG columns were too low to be detectable by GOME. highway during the days preceding the event. Therefore,

The maximum NQ tracer columns resulting from the sec- lightning can be ruled out to the best of our knowledge as
ond lightning cluster (Fig. 10b) were much higher than thosethe main source of the NQletected by GOME.
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a) 10 November 11 UTC, lightning cluster 1
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Fig. 10. Total vertical columns of the FLEXPART lightning NQrracer on 10 November at 11 UTC féa) lightning cluster 1 (in 182
molecules cm2), and(b) lightning cluster 2 (in 183 molecules cm?).

4 Discussion and climatological considerations ing NO;, from the satellite’s view. In the case presented here
the clouds dissolved quickly after their formation, but this
In this paper it was shown, unambiguous]y for the first time, is ||k8|y not a typical situation. Furthermore, the Ionger life-
that NQ, from anthropogenic sources can be transported ovefime of NG in winter than in summer favored the long-range
intercontinental distances. More than 1 ppbv,N@rived  transport of NQ in this case, and the N(partitioning be-
over Europe within the North American plume, bearing sig- tween NO and N@ shifts towards N@ in winter, again fa-
nificant capacity for @formation. The key transport mecha- Vvoring the plume’s detection by GOME. In addition, light-
nism in this episode, strong zonal flow south of the center of ahing may sometimes contribute a large fraction of thexNO
mete0r0|ogica| bomb, was quite exceptiona| and has not ye(at least in Summer), rendering difficult the attribution of the
been studied in the context of atmospheric chemistry. Thedetected N@to an anthropogenic source.
question, thus, arises, whether this was just an interesting An answer to the above question can be given on the
event at the very extreme end of the spectrum of all transporpasis of bomb climatologies. SG1980 identified 109 and
events, or whether similar episodes do indeed happen morgsg hombs in the North Atlantic and North Pacific in three
often. In other words: What is the climatological relevance winter half years (maximum frequency in January), re-
of air pollution transport in bombs? spectively, but they note that, for several reasons, bombs
It is not straightforward to use GOME data for answering are underreported in their study. Similar frequencies were
this question, because normally the upward transport of polalso reported by Roebber (1984) for another 1-year period.
lution is accompanied by extensive cloud formation, shield-Using somewhat stronger criteria for bomb classification,
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Lim and Simmonds (2002) found 46 and 26 bomb events peone being 40-50 days. An infinite tracer lifetime was used in
year in the Northern and Southern Hemisphere, respectivelythe simulations, but tracer decay can be approximately deter-
However, they only considered explosive developments startmined for any lifetime using the discrete age class informa-
ing at 0 UTC, thus underestimating true bomb frequenciestion available in the model output. For details of the transport
Furthermore, all three studies used coarse-resolution metealimatology, the reader is referred to the papers of Stohl et al.
rological data, where not all bombs could be detected. Theref2002a) and Eckhardt et al. (2003).
fore, on a global scale bombs are quite frequent phenomena. Given the above age classes, a subjective definition for in-
On average, a bomb event occurs about once a week on thtercontinental express highways is that the North America
Northern Hemisphere, and this frequency increases to on&acer arrives over Europe within less than 4 days. Note that
event every two days at the peak of the winter-time bombin the case study, the bulk of the N®vould have fulfilled
season. this criterion. For transport from Asia to North America,
Both SG1980 and Lim and Simmonds (2002) found thethe greater dimension of the Pacific Ocean must be consid-
highest bomb frequencies over the warm Kuroshio currentered. Furthermore, it is not very likely for a cyclone (and
and Gulf stream east of Asia and North America, respecpresumably also not for a bomb) to track across the whole
tively (see Fig. 3 in SG1980 and Fig. 12 in Lim and Sim- Pacific (Hoskins and Hodges, 2002). Therefore, 6 days are
monds, 2002), but detected few bombs over land. For thaised as the limit for an express highway between Asia and
Southern Hemisphere, Lim and Simmonds (2002) report theNorth America.
highest bomb frequencies at abouf && relatively remote Figure 11 shows cumulative age spectra of the concentra-
from pollution sources (albeit secondary maxima were de-tions of the North America tracer and of the Asia tracer, av-
tected downwind of South America and Australia). Taking eraged over meridionally oriented vertical planes at the west
this together with the lower overall bomb frequency, it seemscoasts of the respective downwind continent (Europe for the
that bombs are not a particularly relevant factor for air pol- North America tracer, North America for the Asia tracer).
lution transport on the Southern Hemisphere. On the North4t can be seen that the tracer concentrations increase by or-
ern Hemisphere, however, bombs may influence transport oflers of magnitude as transport time increases. This is a result
Asian and North American pollution to a significant extent. of increasingly slow transport mechanisms being capable of
In contrast, bombs are negligible for transport of Europeandelivering tracer to the downwind continent as the transport
pollution. time increases. In agreement with the climatology of bombs,
Another way to estimate the climatological relevance of express highways are found to be much more important in
bombs is to look at the frequency of express highways inwinter than in summer. On average, express highways, as de-
transport climatologies. While fast transport is not neces-fined above, deliver about 0.16 m~3 of tracer from North
sarily associated with bombs only, it can be argued that aAmerica to Europe (0.14g m~2 from Asia to North Amer-
large fraction of the fastest intercontinental transport eventsca) in winter, but only 0.0%g m=3 (0.03xgm~3) in sum-
is associated either with bombs or at least with cyclones thatmer. In contrast, in both seasons and for both tracers, about
albeit not quite fulfilling the bomb criterion of rapid deepen- 10,9 m~2 of tracer are delivered to the downwind continent
ing, are of extreme intensity. Note, though, that fast trans-up to a timescale of 50 days. Therefore, in winter express
port in the upper troposphere can also occur with a jet streakighways contribute only about 1-2% of the tracer that is de-
without involving a bomb. Therefore, in order to avoid am- livered within 50 days, and in summer even only 0.3—0.5%.
biguities, the original question posed at the beginning of thisThis makes it immediately clear that express highways bear
discussion can be changed to: What is the climatological reHittle climatological significance for trace substances with
evance of air pollution transport in intercontinental expresslifetimes of the order of ten days or more.
highways? The situation is different for trace substances with a shorter
Stohl et al. (2002a) presented a 1-year climatology of thelifetime. For instance, Fig. 12 shows the results if it is as-
pathways and timescales of ICT, which has been extendedumed that the tracer has a lifetime of only 1 day (note that
recently by Eckhardt et al. (2003) to a 15-year period, andthe values reported are valid only approximately, as the tracer
which is used here to answer the above question. For thélecay had to be estimated from the discrete age spectra). In
climatology, FLEXPART was used to calculate the global this case, fast transport events dominate the budgets, and ex-
transport of six passive continental tracers. Tracer particlepress highways from North America to Europe are responsi-
were released over the continents according to the emissiohle for about 65% of the total tracer transport in winter and
distribution of carbon monoxide continuously throughout the 44% in summer. For express highways from Asia to North
entire 15-year simulation (to convert to NQve have to as- America the respective numbers are 75% in winter and 60%
sume typical emission ratios for the two species, see below)in summer. Twice as much North American 1-day lifetime
Particles were advected for 50 days, after which they werdracer arrives over Europe and four times more Asian tracer
removed from the simulations. The model output was orga-arrives over North America in winter than in summer.
nized in 12 age classes (denoting time after emission), the The absolute values of the tracers delivered with express
first three ones being 0-2, 2—4, and 4-6 days, and the ladtighways are relatively small, but nevertheless significant. If
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such as the one found in the case study — and as they are
Fig. 11. Cumulative age spectra, averaged over a meridionally ori-typical for rapid transport events —, are mixed into the hemi-
ented vertical (up to 10 km) plane, in December, January and Februspheric background over short time scales (note that, in the
ary (solid lines) and in June, July and August (dashed lineg@)of  case study, the model simulations actually suggested sub-
the North America tracer at’OW between 36 N and 70 N, and  stantial dilution). Therefore, and because other ozone pre-
(b) the Asia tracer at 125W between 20N and 70 N. Values are  ¢rsors would be significantly enhanced, too, it may well be
plotted at the end of the r_espectlve age class interval. Grey vertic he case that air pollution express highways have a signifi-
lines separate express highways (to the left) from slower modes Ocant influence on the chemical budget of the remote North-
transport (o the right) ern Hemisphere troposphere in winter. To further explore this

hypothesis, simulations with chemistry transport models are

we assume that NChas an average lifetime of 1 day (note "€auired.

that it may actually be longer in the free troposphere) and,

furt_hermorfa, the molar ratio pf NQand carbon mqnoxide 5 Conclusions

emissions is 0.16 (a value typical at least for the United States

(EPA, 2000), but with relatively large uncertainty (Parrish The conclusions from this study are as follows:

et al., 2002)), we can use our climatology to estimate the

impact of express highways on N@oncentrations. Con-  — In a case study, very good agreement between NO
verting carbon monoxide into NOCemissions and account- tracer plumes simulated by the FLEXPART tracer trans-
ing for differences in molar weights, it can be determined ~ Port model and GOME N@measurements was found.
from Fig. 12a that in winter on average about 2.2 ng'm
NOy arrives over Europe with express highways. Depend-
ing on the altitude, this translates into 2—3 pptv,\@ very
significant fraction of the 10-30 pptv required to push the
photochemical regime from4{3estruction to @ production

in the upper troposphere (Reeves et al., 2002). Certainly, ex-
press highways are episodic events, and a mean contribution — Within the pollution plume originating from North
to the NG is misleading in terms of their impact orng@or- America, more than 1 ppb NQarrived over western
mation. However, one can easily imagine that thin filaments, Europe. The fact that NOconcentrations in the ppb

— For this case study it was shown, unambiguously for
the first time, that NQ from anthropogenic surface
sources can be transported over intercontinental dis-
tances. Lightning could definitely be ruled out as the
source of the NQ.
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