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Abstract. Intercontinental long-range transport (LRT) events
of NO2 relocate the effects of air pollution from emis-
sion regions to remote, pristine regions. We detect trans-
ported plumes in tropospheric NO2 columns measured by
the GOME-2 / MetOp-A instrument with a specialized algo-5

rithm and trace the plumes to their sources using the HYS-
PLIT lagrangian transport model. With this algorithm we find
3808 LRT events over the ocean for the period 2007 to 2011.
LRT events occur frequently in the mid-latitudes, emerging
usually from coastal high-emission regions. In the free tro-10

posphere, plumes of NO2 can travel for several days to the
polar oceanic atmosphere or to other continents. They travel
along characteristic routes and originate from both contin-
uous anthropogenic emission and emission events such as
bush fires. Most NO2 LRT events occur during autumn and15

winter months, when meteorological conditions and emis-
sions are most favorable. The evaluation of meteorological
data shows that the observed NO2 LRT is often linked to cy-
clones passing over an emission region.

20

1 Introduction

The transport of atmospheric pollution over long distances
mostly affects long-lived species, such as CO, SO2 and O3.
During long-range transport (LRT) of chemical species, trace
gases are transported over intercontinental distances, relocat-25

ing gases from emission to remote and pristine regions. As a
result, air pollution has to be regarded as a global instead of
a local phenomenon. Under certain conditions, this can also
affect short-lived species which are commonly considered to
be bounded to their emission regions.30

While long-lived gas species can also mix slowly in the
atmosphere to reach remote regions, a short-lived species
has to travel fast before it is eventually converted into other
species.

Here, we investigate the long-range transport of NO2. Its35

lifetime in the planetary boundary layer (PBL) amounts to
a few hours, depending on the strength of solar irradiation
and on the available radical species. This, combined with low
wind speeds near the surface, makes long-range transport of
anthropogenic NO2 in the planetary boundary layer very un-40

likely.
Still, satellite observations of NO2 frequently exhibit such

long-range transport events and allow a systematic analysis
of their properties – such as their NO2 content, altitude and
age.45

NO2 is a toxic trace gas which can harm respiratory
organs. A major fraction of the emissions takes place in
the form of NO which then rapidly converts to NO2 until
the Leighton photostationary state is achieved at a ratio of
NO/NOx ≈ 0.2–0.8 (Ehhalt et al., 1992) – depending on ra-50

diative flux, available radical species and air pressure. NOx

is defined as the sum of the species NO and NO2.
NO and NO2 emissions originate from various sources.

The dominant sources are anthropogenic emissions from
combustion processes in transportation, power plants, in-55

dustry and agricultural biomass burning, as well as natural
sources such as lightning emissions, natural biomass burning
and microbial soil emissions. Martin et al. (2003) report a
total yearly NOx emission rate of 43TgN/a in 1996–1997,
with anthropogenic sources contributing roughly half of the60

emissions.
NO2 also reacts with OH to form HNO3 which perma-

nently removes the NO2 from the air masses and results in
acid rain. This is the major atmospheric loss of NO2. Be-
sides that, NO2 directly impacts the ozone cycle in the tropo-65

sphere, where it favors O3 production. The presence of OH
and volatile organic compounds (VOCs) can amplify this ef-
fect leading to the well known photochemical ozone smog.
As the lifetime of NO2 is relatively short, ozone smog for-
mation is usually limited to polluted regions. However, in air70
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masses containing large amounts of biogenic VOCs, addi-
tion of NOx from lightning, biomass burning or potentially
from long-range transport can also lead to ozone production.
At very large NO2 concentrations, ozone formation is sup-
pressed leading to lower ozone values in pollution hotspots.75

The lifetime of NO2 ranges from around 8 hours in a typ-
ical planetary boundary layer scenario to a few days in the
upper troposphere (Ehhalt et al., 1992; Beirle et al., 2011).

A long-range transport (LRT) event denotes a distinct
plume of trace gas being exported from an emission region80

to a downwind region over a long distance, typically sev-
eral thousand kilometers. While long-range transport could,
in principle, take place in the boundary layer, it is more likely
that the actual transport happens after convection out of the
planetary boundary layer into the free troposphere, where85

wind speeds are much higher, due to a lack of interaction
with the surface.

For NO2, long-range transport will predominantly take
place in the free troposphere, where – in addition to the
higher windspeed – its lifetime is extended to up to four90

days, due to lower concentrations of radical species. As NO2

is mainly emitted in the boundary layer, this phenomenon
could be expected to be rare. For its occurrence, there has
to be a mechanism to lift polluted air-masses into the free
troposphere.95

Once this happens, the NO2 is transported from emission
regions to remote, pristine regions, e.g. over the oceans, into
polar regions or to other continents. This means that the NO2

in these cases does not only affect its source region, but has
regional or even global impacts.100

As this study will show, NO2 long-range transport plumes
can have a horizontal extent of more than 1000km. Due
to this large extent, plumes are subject to horizontal shear
winds. This results in filamentation and typical arc-like struc-
tures after a few days. The plume will also disperse over the105

course of the transport, typically after a few days (Rastigejev
et al., 2010).

Due to chemical conversion, physical dispersion and fila-
mentation, intercontinental NO2 long-range transport events
are usually seen departing from an emission region to the110

ocean, but they dissolve before arriving on another conti-
nent. Once lifted, the ratio of NO/NOx will change leading
to a reduction of NO2 and a larger, unobserved reservoir of
NO.Over the course of transport, NO2 partly is converted
into peroxyacyl nitrate (PAN) and other reservoir species,115

which may then release NO2 upon descent, when concen-
trations of radical species, pressure and temperature increase
(Singh and Hanst, 1981; Schultz et al., 1998; Walker et al.,
2010). Both processes, direct long-range transport of NOx

and transport of its reservoir species lead to an effective relo-120

cation of NOx emissions.
NO2 concentrations can be observed both via in-situ and

remote sensing methods. As long-range transport is a large-
scale phenomenon, we use data from satellite remote sensing
observations for our large-scale and global analysis.125

However, NO2 long-range transport events are rarely seen
in most satellite data products. This can lead to the false as-
sumption that they also occur rarely. The reason for this lies
in the common practice of filtering cloudy pixels from satel-
lite observations. This is done because clouds complicate the130

radiative transfer and make the retrieval of trace gas concen-
trations harder. In particular, the sensitivity to NO2 in the
boundary layer is reduced in presence of clouds for most
common observation scenarios.

If we omit the cloud filter, we observe many long-range135

transport events just by browsing through the data. Due
to their intermitting occurrence and rapid movement, such
events are best seen in daily or orbit-wise data – not in data
averaged over longer time periods.

For different chemical species, long-range transport events140

have received more attention in the last few years. The Hemi-
spheric Transport of Air Pollutants (HTAP) task force was
created to collect data and knowledge on this phenomenon
and assess its impact on the environment. In their report
(Dentener et al., 2010), they find that a significant fraction145

of ozone pollution in the Northern Hemisphere is driven by
transport from remote sources, mostly of ozone precursors
such as methane and NOx. They expect the resulting in-
creased base levels of ozone to lead to an increased threat
to human health and crop yields.150

There are a number of satellite based case studies of in-
dividual events of NO2 long-range transport. Wenig et al.
(2003) report the first observation of such an event, a plume
emitted from South Africa in May 1998. In their study, a
high-pressure system favored a localized build-up of NO2155

concentrations which were then rapidly lifted to an altitude
of 2− 6km above mean sea level (a.m.s.l.) by a passing
low-pressure system. There, longer lifetime and higher wind
speeds allowed the NO2 to travel onto the open ocean.

Stohl et al. (2003) investigated an episode in which an ex-160

plosively developing cyclone transported a significant plume
of NO2 over the Atlantic in about one day. The NO2 was
lifted upwards by a warm conveyor belt (WCB). In a climato-
logical study, they find intercontinental express highways be-
tween North America and Europe which are much stronger in165

winter and can contribute about 2–3pptv of European NO2

concentrations during winter.
Schaub et al. (2005) discuss an event during which NO2

from the central German Ruhr area was lifted into the free
troposphere (over the course of a day) and transported into170

the Alps where a significant increase in concentrations was
measured in-situ on the Zugspitze and on multiple sites in
Switzerland.

Studies by Spichtinger et al. (2001) and Riuttanen et al.
(2013) illustrate further aspects of individual, observed trans-175

port events.
Unfortunately, there are – to our knowledge – no in-situ

measurements of tropospheric NO2 long-range transports by
aircraft which would allow us to determine typical vertical
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concentration profiles and verify the results of this study with180

non-satellite observations.
Lin et al. (2010) have focussed on modeling NO2

long-range transport with global chemical transport mod-
els (GCTMs). They find that 8− 15% of NOx emissions
are transported over 1000km from their source regions, us-185

ing WRF-Chem and CMAQ for rapid vertical transport and
MOZART as GCTM. They also note that in most GCTMs,
rapid convection (such as in frontal passages) is not ade-
quately represented, which biases the simulation of long-
range transport events. The modeling of horizontal transport190

tends to dilute the plumes’ boundaries, which are found to be
rather sharp in observational data.

So far there has – to our knowledge – not been a system-
atic study of NO2 long-range transport events using obser-
vational data. Such studies are necessary in order to judge195

the impact of NO2 long-range transport on the atmospheric
chemistry in pristine and sensitive environments such as the
Arctic and to validate its impact as estimated from GCTMs.

In this study, we have used daily maps of tropospheric
NO2 from the GOME-2 / MetOp-A instrument (Sect. 2).200

We implemented an algorithm to detect long-range transport
events over the ocean in this timeseries of two-dimensional
data (Sect. 3). This allows us to perform a systematic study of
long-range transport of NO2. We retrieved additional prop-
erties of the detected plumes with backtrajectories from the205

HYSPLIT lagrangian transport model. We determined the
most likely backtrajectory using a scoring system and vali-
dated the plume to be a long-range transport event. We fur-
ther describe the limitations of this study (Sect. 4). After ob-
taining this dataset, we have performed four case studies on210

remarkable and typical long-range transports (Sect. 5). We
examined statistical properties of the obtained dataset and in-
vestigated typical meteorological conditions accompanying
the emission of NO2 long-range transport plumes (Sect. 6).

2 GOME-2 satellite observations215

This study uses data from the GOME-2 / MetOp-A satel-
lite instrument, which is converted to daily 2-D tropospheric
NO2 vertical column density maps for further analysis.

GOME-2 (Callies et al., 2000) are a series of instruments
aboard the MetOp satellites which measure trace gas opti-220

cal depths via differential optical absorption spectroscopy of
scattered sunlight (DOAS; Solomon et al., 1987; Platt and
Stutz, 2007). The first GOME-2 instrument started operation
on 4 January 2007 aboard MetOp-A and provides continuous
observations until now. GOME-2 is an improved version of225

GOME (Burrows et al., 1999) and SCIAMACHY (Burrows
et al., 1995; Bovensmann et al., 1999).

MetOp-A is on a sun-synchronous orbit at an altitude of
800 kma.m.s.l., giving measurements at roughly the same
local time for all sub-polar latitudes. It orbits the Earth 14230

times a day on a near-polar orbit and has an equator crossing

time of 09:30 local time in descending node. GOME-2 mea-
sures in a sweeping-broom configuration, with a pixel size
of 80× 40km2. The swath width of 1960km yields a nearly
global coverage every day.235

For the DOAS analysis, the optical depth is derived from
nadir observations Inadir(λ) and daily solar irradiance mea-
surements I0(λ). Absorption features of trace gases (and
other effects like the Ring-spectrum) are fitted in a suitable
wavelength window. The low-variance part is approximated240

by a polynomial function. The remaining high-variance parts
of the measured optical depth are fitted by reference spectra
(from laboratory measurements) for the relevant trace gases
in this regime. Given the absorption coefficient and employ-
ing the Beer-Lambert law, this yields the trace gas density245

integrated along the light path for the selected species. More
details on the DOAS analysis can be found in Richter et al.
(2011) and references therein.

For this study, we use data from the Bremen GOME-2
slant column density product as described by Richter and250

Burrows (2002) and Richter et al. (2011), which includes an
NO2 fit in the wavelength range from 425–497nm. We an-
alyze data from 4 January 2007 to 31 December 2011. In
order to improve spatial resolution and to reduce the effects
of photochemistry on NO2, backscan-pixels, ascending node255

pixels and pixels with a solar zenith angle of sza> 80◦ were
excluded from the data.

In most previous work, our GOME-2 NO2 product uses
FRESCO+ (Wang et al., 2008) to determine the cloud frac-
tion and excludes pixels with a cloud fraction of CF ≥ 0.2.260

However, for the analysis of NO2 long-range transport, no
cloud-filtering was applied to the data. A systematic study
of this phenomenon requires us to include cloudy data in the
study, as many transport events are associated with frontal
systems which are accompanied by clouds and these events265

would otherwise only be partly visible or entirely missing in
the data.

In this study, we are interested in the tropospheric NO2

distribution only, so we apply a stratospheric correction,
removing any stratospheric contributions. Here, the strato-270

spheric part of the measured NO2 column is estimated from
a 3-D chemical transport model (CTM), the B3dCTM (As-
chmann et al., 2009; Hilboll et al., 2013). The obtained
stratospheric NO2 is offset to represent the zonally averaged
NO2 in the reference sector (Richter and Burrows, 2002): a275

strip over the remote Pacific – between 180◦W and 140◦W
– which is assumed to not contain any tropospheric NO2.
This is then converted to a stratospheric slant column density
map (via a stratospheric air-mass factor, see below) and sub-
sequently subtracted from the total slant column density map280

to produce the tropospheric slant column density map.
This value contains no information about the altitude of the

measured trace gas. To estimate the NO2 pollution in a pixel,
we need to model the lightpath and apply a corresponding
correction – called the air-mass factor (AMF) – to obtain the285

vertical column density.
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VCD =
SCD

AMF
(1)

The air-mass factor for a scene is derived from radiative
transfer models initialized with a suitable scenario.

As typical NO2 long-range transport events extend over290

hundreds of kilometers, we grid the retrieved data onto a grid
with a cell size of 0.5◦×0.5◦ – to speed up computing times
and reduce retrieval uncertainties – without significantly im-
pacting our results.

2.1 Vertical column densities (VCDs) in partially cloudy295

scenes

To convert the NO2 slant-column densities into vertical-
column densities, we need to determine the air-mass factor,
which interrelates these two. The air-mass factor describes,
by which factor the vertical column density differs from the300

slant column density due to the radiative transfer (RT) from
light source to observer.

We refrain from using a cloud-filter which removes satel-
lite observations that show a certain degree of cloudiness.
Long-range transport events are commonly linked to frontal305

systems and thus to cloud formation. In order to observe
these events, we need to take cloudy pixels into account (see
Fig. 1).

For the computation of air-mass factor, we use the SCI-
ATRAN 3.1 radiative transfer model (Rozanov et al., 2005;310

Rozanov et al.) to calculate altitude dependent block air-mass
factors (BAMF). The block air-mass factor denotes the sen-
sitivity of the observations to a trace gas at a given altitude
(Palmer et al., 2001). It can be visualized as the mean factor
of light-path enhancement at a specific altitude. Neglecting315

saturation effects, the block air-mass factor relates to the air-
mass factor as:

AMF =

∫ ToA

surface
BAMF(h)ρ(h)dh∫ ToA

surface
ρ(h)dh

(2)

Clouds alter the block air-mass factor in multiple ways.
The exact behavior depends on geometry and cloud proper-320

ties. Typical effects are (Hild et al., 2002; Boersma et al.,
2004; Beirle et al., 2009):

– The cloud provides a surface of high reflectivity. The
block air-mass factor is enhanced close over the cloud
top (albedo effect).325

– Inside the cloud, multiple scattering takes place which
elongates the mean light path and leads to a further in-
creased block air-mass factor in the top layers. Less
light penetrates into the lower layers, which in turn
rapidly decreases the block air-mass factor towards the330

cloud bottom (multiple scattering effect).
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Fig. 1. GOME-2 tropospheric NO2 vertical column density with
(top) cloud-filtering enabled (FRESCO+ cloud fraction > 20%)
and (bottom) disabled on 18 December 2007. A plume associated
to a long-range transport event (following a cyclone) can be seen
south of Greenland only in the non-filtered data.

– Little light penetrates to the atmosphere below the cloud
and even less gets transmitted again to the satellite,
which leads to a relatively small and stable block air-
mass factor for the atmosphere between surface and335

cloud (shielding effect).

These effects are illustrated in Fig. 2.
Further interesting effects can occur when clouds reside

over bright surfaces (snow and ice). Due to the high reflec-
tivity of the surface, not much light is absorbed there. Instead,340

light between the surface and the cloud bottom will contin-
ually propagate back and forth until it finally penetrates the
cloud and reaches the instrument. This leads to a vastly in-
creased light-path and can lead to an increased block air-mass
factor below the cloud due to the cloud’s presence. This ef-345

fect is hard to find in satellite data, as typical observation
geometries over bright scenes allow only for a mitigation of
the shielding effect, not an absolute enhancement of the air-
mass factor. It may, however, lead to an overestimation of
NO2 content when plumes are observed over sea-ice.350

To take the effect of clouds on the radiative transfer into
account, we first divide each satellite pixel into a cloudy and
a cloud-free fraction, thus obtaining a geometric cloud frac-
tion (CF). We obtain this cloud fraction by modeling the re-
flectivity of the pixel both under clear conditions and under355

cloudy conditions (with assumed cloud properties). The re-
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flectivity R is derived from nadir measurements and solar
irradiance at 437.5 nm

Then, the cloud fraction is obtained by modelling the ob-
served reflectivity from the combined reflectivity of cloudy360

and clear part, similar to the method described in Wang et al.
(2008), but using directly the wavelength range in which we
retrieve NO2 optical depths.

CF =
Robs −Rcloud−free

Rcloudy −Rcloud−free
(3)

This is a simple approach. It is quick and robust and365

operates directly in the wavelength we are interested in,
437.5nm, where the most relevant absorption features are
located. It is thus representative of the impact clouds have
on the retrieval of NO2 for this study. There are many other
cloud retrievals operating on GOME-2 data, none of which370

operate on the spectral band used for retrieval of NO2. A
comparison to FRESCO+ cloud fractions shows that overall,
the results of both cloud retrievals are very similar with a
narrow band of scattering. Over bright surfaces and sunglint,
larger deviations are possible.375

Here, we use the monthly albedo climatologies based on
MERIS data by Popp et al. (2011) to model cloudy and
cloud-free reflectivities. Operationally, we obtain reflectivity
values from a look-up table.

However, this yields only the geometric cloud fraction. For380

purposes of determining the air-mass factor, we need to use
the radiance cloud fraction: the fraction of the radiation en-
tering the detector that was influenced by clouds. This is ob-
tained by weighting the cloud fraction with the modeled re-
flectivities. Usually, the cloud radiance fraction will be larger385

than the geometric cloud fraction, because cloud reflectivi-
ties are higher than surface reflectivities for all but very white
surfaces with an albedo & 0.8. This means, that even small
cloud fractions have a strong impact on the air-mass factor.

Finally, we determine the air-mass factor by weighting the390

cloudy and cloud-free air-mass factor by the radiance cloud
fraction:

AMFtotal =CFradiance ·AMFcloudy+

(1−CFradiance) ·AMFcloud−free. (4)
395

Usually, the cloud-free air-mass factor is determined either
from a standard atmospheric profile or from climatological
simulations (like MOZART, Horowitz et al. (2003)). These
cannot, however, be used for analysis of long-range transport
events, as the NO2 will typically be strongly localized in al-400

titude (Rastigejev et al., 2010) and deviate from stationary
conditions.

The air-mass factor depends on where in vertical direction
the trace gas is situated. This effect becomes stronger when
there are clouds in the scene. However, the precise altitude is405

not needed, as long as we know the position of the trace gas
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Fig. 2. Three exemplary block air-mass factors (λ= 437.5nm) for
scenes with clouds of optical thickness 20 at the respective shaded
altitudes. Solar zenith angle and viewing angle are set to 0◦, the
surface albedo is set to a= 0.1. The absolute altitudes of trace gas
and cloud only have a small impact on sensitivity – the dominant
effect stems from the relation of their respective altitudes.

with respect to the cloud (see Fig. 2 and Kokhanovsky and
Rozanov, 2009).

Measurements from the TRACE-P campaign (Crawford
et al., 2003) suggest that, for a long-range transport event410

associated with a cold front passing over an emission region,
the trace gases (in their case CO) tend to be homogeneously
mixed inside the cloud. It is possible that fractions of the
trace gas content are also situated below or above the cloud
due to the nature of convective processes, condensation and415

subsidence of liquid water droplets. In the absence of coin-
cident in-situ observations of cloud properties and NO2 pro-
files, model data can be used to investigate the relative po-
sitioning of the two quantities during long-range transport
events.420

We have used MACC-II reanalysis (Inness et al., 2013) liq-
uid and frozen water content and NO2 concentrations to find
further indications of the relation in altitude between clouds
and NO2 for a prominent case of an NO2 long-range trans-
port event linked to clouds (Fig. 3). For beginning of October425

2010 in Europe (detailed case study in Sect. 5.4), we find that
profiles at three locations of the plume, corresponding to dif-
ferent plume ages, profiles of NO2 concentrations and liquid
and frozen water content are very similar with a strong over-
lap of high-content altitude ranges (Fig. 4).430

This is a strong indication that at least in this occasion,
our assumptions are justified and the modeled air-mass fac-
tor is roughly representative of the actual air-mass factor of
our observations. However, this is only anecdotal evidence.
We could not devise a simple way to systematically test our435

assumption on a large population of long-range transport
plumes, as plumes found in GOME-2 data have to be identi-
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Fig. 3. Comparison of the NO2 long-range transport plume near
Europe on 02 October 2010 in GOME-2 and MACC-II reanalysis
data. Note the difference in colorscale. White circles indicate the
locations at which vertical profiles of NO2 and water content were
determined. The export is clearly visible in both satellite and model
data. However, the model data show significantly lower NO2 con-
centrations.

fied by hand in the model data and an objective comparison
of vertical distributions is not a straight forward task.

Even though the results shown in Fig. 4 match our expec-440

tations, profiles of elevated NO2 in model data have to be
interpreted with caution as they are the result of parameter-
ized convection which may not be adequate for all lifting sce-
narios and can introduce artifacts, e.g. when the maximum
altitude is capped. Clouds in CTMs are devised from dif-445

ferent parameterizations, and the relation of cloud and NO2

altitude will depend on the details of the parameterizations
used. While the model data examples shown support our ap-
proach, this aspect needs to be further investigated in the fu-
ture, preferably with in-situ observations from aircrafts.450

To quantify the uncertainties introduced by our assump-
tions, we performed a detailed analysis of the air-mass fac-
tor’s dependency on radiation geometry and surface proper-
ties for varying relative cloud and NO2 profiles. This analysis
shows that if the NO2 is well mixed inside the cloud, the er-455

rors of missing NO2 slightly above or below the cloud are on
the order of ∆AMF/AMF . 15% (Fig. 5). This simplifica-
tion holds, if most of the NO2 is mixed inside the cloud.

If significant parts of the trace gas are situated above (or
below) the cloud, we will underestimate (respectively overes-460

timate) the air-mass factor. This effect is especially strong un-
der non-nadir viewing and irradiation geometries. However,
the effects of missing NO2 above and below the cloud com-

pensate each other for solar zenith angles of 40–70◦, which
is the range most relevant for NO2 long-range transport.465

Based on these sensitivity studies, an NO2 block profile
that is homogeneously mixed inside the cloud and zero else-
where is selected as the modeling hypothesis for both cloudy
and clear sky air-mass factors. More specifically, we assume
NO2 to be homogeneously distributed between 3–5kma.g.l.470

and absent in all other parts of the atmosphere. If present,
the cloud is modelled as extending over exactly the same al-
titude range. This approach is used for simplification and is
only valid for long-range transport processes. During such
processes, the exact altitude of the NO2 content has little im-475

pact on the resulting air-mass factor as long as any NO2 will
be mixed inside a cloud, if present.

This leads to an inappropriate air-mass factor for regions
with NO2 close to the surface. Since long-range transport
events will usually have elevated plumes of NO2 and this480

study focusses only on NO2 over the oceans, no regions with
significant amounts of surface NO2 will enter our further
analysis. Thus, we effectively use this air-mass factor only
for NO2 long-range transport events.

A sensitivity study shows that from a broad sample of se-485

tups of surface and cloud properties, the 3–5kma.g.l. sce-
nario is situated right in the center of the resulting air-mass
factors (deviating by less than 1% from the mean) over all
occurring geometries (Fig. 8). The relative standard devia-
tion of the resulting air-mass factors from the whole set of490

setups is less than 3% over all viewing geometries.
The estimated tropospheric NO2 vertical column density

(VCD) is finally calculated by applying the combined cloudy
and cloud-free air-mass factor to the tropospheric NO2 slant
column density.495

The NO2 product described here is used only for long-
range transport analyses over the open ocean, where no con-
centrated NO2 emissions take place.

3 Methodology

To detect long-range transport events in a global dataset500

spanning five years of observation, we implemented an al-
gorithm to find, verify and assess plumes from long-range
transport events.

3.1 Identification of potential long-range transport
events505

As a result of the short lifetime of NO2 in the planetary
boundary layer, observations from satellite show NO2 to be
strongly correlated to emission regions (Leue et al., 2001;
Martin et al., 2002; Boersma et al., 2004; Richter et al., 2005;
van der A et al., 2008). Long-time averages indicate emission510

and major outflow regions. NO2 long-range transport events
are isolated events that deviate from steady background pol-
lution. During such an event plumes of NO2 suddenly appear
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Fig. 4. Comparison of NO2 mixing ratio and frozen and liquid water content from MACC-II reanalysis data for three locations (roughly
corresponding to increasing plume age from left to right) in the plume shown in Fig. 3. The distributions are highly correlated, indicating
that our assumptions of full mixing of NO2 within a present cloud is justified.
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viewing angle va = 20◦, relative azimuth angle azi = 0◦ (forward
direction) and cloud optical thickness COT= 50 (as used for data
analysis).

in the data and – if they persist long enough and observation
conditions are favorable – move between subsequent obser-515

vations.
Analysis of NO2 long-range transport can be performed

by just browsing through the data. For a more thorough and
objective analysis, we need to enable computers to systemat-
ically find such events.520

We therefore have developed an algorithm to identify in-
tercontinental long-range transport events in maps of NO2

vertical column densities. This algorithm builds on the fol-
lowing premises:

– long-range transport events are suddenly appearing and525

disappearing anomalies in the daily, global NO2 obser-
vations

– long-range transport events show extended NO2 plumes
which are composed of at least two pixels of 0.5◦×0.5◦

– long-range transport events can be traced back to source530

regions with lagrangian transport models

To ensure that we recognize sudden features in the global
timeseries, we compute a sliding mean and standard devia-
tion for each day, which includes a number ndays of observa-
tions before and after the day in question. We do not include535

the day itself to avoid self-referencing of the plume.
For all further analysis, we only consider measurements

over the oceans and mask out continental data. The oceans
with their low NOx sources allow us to see plumes clearly,
whereas we might easily miss them over the continents or540

interpret varying emissions or effects of meteorological con-
ditions on NO2 observations as long-range transport events.
Plumes over the ocean can only result from transport pro-
cesses, from artifacts in the observations or retrieval or from
individual events such as large thunderstorms and or uncon-545

trolled fires on oil platforms. NOx emissions from lightning
are rarely detected in satellite data, due to both small vertical
column densities and unfavorable viewing conditions (Beirle
et al., 2009). However, in some cases they can interfere with
our retrieval as discussed in section Sect. 4.4. Emissions from550

both ships and aircraft are too regular and too small in ab-
solute concentrations to appear as anomalous plumes in the
data.

For each day, we select those pixels, which show NO2

columns at least nseed ×σ above the mean. These are the555

candidate pixels. All candidate pixels within a great-circle
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daily satellite NO2 tropospheric VCD

exclude
day of interest 

mean standard deviation

day of interest sigma levels

subtract divide

significant deviation 
→ plume candidate

day of interest ± 6 days

Fig. 6. Schematics of how GOME-2 satellite data is prepared in
order to detect NO2 long-range transport events. The observational
data are compared to a sliding mean and standard deviation of the
six days preceeding and following the day of observation. Strong
positive anomalies in NO2 vertical column densities are selected as
potential for long-range transport plumes.

distance ∆θ of another pixel become seeds. All seeds within
a distance of ∆θ are merged. Pixels that have no neigh-
bor within ∆θ are discarded as outliers. The preparation of
GOME-2 data is illustrated in Fig. 6. The further processing560

of these data to detect, assess and verify plumes is shown in
Fig. 7.

These seeds – containing two or more pixels – are now
grown: all adjacent pixels which are at least nmemberσ above
the mean are merged into the seed to form the plume. We565

iterate this process until no further pixels match the crite-
ria. We discard all plumes that include less than nmin,molec

molecules of NO2 for computational purposes and to filter
out false positives from noise in the data.

For our analysis, we chose the following constants:570

ndays = ±6, nseed = 3, nmember = 2, ∆θ = 1.0◦, and
nmin,molec = 5× 1030molecules.

3.2 Backtracking of potential long-range transport
events

Long-range transport events are dynamic processes. We per-575

form backtracking of the plumes identified in the previous
step. Then, we assess the properties of the plumes – in par-
ticular their altitude and origin – and discriminate between
actual long-range transport events and artifacts from incom-

plete removal of stratospheric NO2, instrument noise, or di-580

urnal variation.
We employ the HYSPLIT v4 lagrangian transport model

(Draxler, 1999; Draxler and Hess, 1998, 1997) and supply
it with Global Data Assimilation System (GDAS) (National
Climatic Data Center, NESDIS, NOAA, U.S. Department of585

Commerce) meteorological data as input. For each plume,
coordinates of all the associated pixels are inserted into HYS-
PLIT as starting points of back-trajectories. We do this at
multiple altitude levels as we do not have any altitude infor-
mation on the NO2 itself from the observations. FRESCO+590

cloud top height (CTH) can be used to verify our assump-
tions about the vertical relationship between NO2 and cloud,
but we chose not to use it for determining the altitude of the
NO2, so that a potentially incorrect assumption in the air-
mass factor calculation does not lead to an exclusion of the595

real backtrajectory.
We select altitudes from 1000m to 6000m in steps of

500m. HYSPLIT is then run backwards for 120 hours – a
little more than the reported NO2 lifetime of up to several
days in the free troposphere (Wenig et al., 2003) – and all600

the snapshots of the plumes (all associated points at 120 time
steps and 11 altitude levels) are recorded.

For each of these snapshots we retrieve the seasonal mean
tropospheric NO2 vertical column density for each point that
is within the planetary boundary layer (assumed to reach up605

to 1000m). We obtain these values from the seasonally av-
eraged cloud-free GOME-2 data from 2007 to 2011, gridded
to the same resolution as the data used for plume retrieval.
Pixels in the seasonal average that are hit by multiple back-
trajectories are included multiple times, leading to a weight-610

ing of sources. A value of zero is recorded for points above
the boundary layer. These values serve as a measure of the
pollution which is available for transport at this point of the
backtrajectory.

We compute a simple score for each snapshot to select the615

most likely source of the plume. This score implicitly favors
a low dispersion of the points and thus also a young plume.
It is computed as the number of trajectories that reside in the
continental planetary boundary layer (below 1000ma.s.l.)
for every time step in the backtrajectory (snapshot).620

We select the snapshot with the highest score to mark the
beginning of the transport event and discard all snapshots
from other altitudes and from all timesteps that go further
back in time, leaving us only with the preferred trajectory.

As we derive both the altitude of the plume and the ori-625

gin from this analysis, there may be ambiguities in the re-
sults. Backtrajectories from multiple altitudes may lead to
the same or different source regions. While this is rather un-
common, when inspecting results, it may affect parts of the
results. Also, it is possible that occasional NO2 plumes that630

do not belong to a long-range transport event are falsely as-
signed a backtrajectory to a source region. We do not have a
way to discriminate between these cases. However, we have
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Fig. 7. Schematics of how long-range transport plumes are detected using our algorithm, starting from the prepared GOME-2 data as shown
in Fig. 6.

inspected backtrajectories of randomly selected events from
our results and most backtrajectories are plausible.635

3.3 Verification of potential long-range transport events

After we have determined the most likely trajectory, we as-
sess whether or not this is actually a long-range transport
event. We sum up the average seasonal clear-sky NO2 verti-
cal column density at the beginning of the trajectory of each640

pixel in the plume. The ratio between this measure of NO2

pollution in the determined source region and the number of
pixels in the plume has to exceed a minimum value in order
to verify this plume as belonging to a long-range transport
event. Effectively, this determines the average source region645

NO2 vertical column density for this plume.
We demand that the source region pollution averaged over

all pixels in the plume exceeds 5× 1014molecules/cm2 for
a credible long-range transport event. This criterion is based
on manual fine-tuning to find an optimum balance between650

obvious false positive and false negative events, by browsing
through the results. All plumes that do not fulfill this criterion
are discarded. Roughly 56% of all plumes are discarded by
this criterion.

This method is feasible because we analyze plumes only655

over the ocean and assume that all source regions are located
on the continents. While emissions from ships, airplanes and
lightning contribute to the overall NO2 budget, they are as-
sociated with significantly lower NO2 vertical column den-
sities than continental emissions, with an observed NO2 ver-660

tical column density on the order of 1015 molecules/cm2 for

the most polluted shipping lanes (Franke et al., 2009). Due
to stray pixels in the backtrajectories and the large spacial
extent of NO2 long-range transport events, this local con-
centration is not enough to qualify shipping lanes as origin665

of long-range transport by the above criterion, due to the av-
eraging process.

3.4 Assessment of properties

The aforementioned method allows us not only to identify
transport-related NO2 plumes but also to derive a number670

of properties for each individual long-range transport event.
These properties include:

– the total area encompassed by the plume (from the ex-
tent of the pixels)

– the NO2 content in each pixel (excess tropospheric NO2675

vertical column density above the sliding mean)

– the total NO2 content in units of molecules or mass in
GgN (by summing up vertical columns over the plume
area)

– the source region of the plume680

– the age of the plume since it left the boundary layer

– the altitude evolution of the plume from emission to ob-
servation

– the horizontal velocity of the plume
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In some cases, it is possible to identify the same plume at685

earlier or later time steps in the satellite data to get a more
detailed analysis of such an event. Currently, we need to do
this manually and therefore limit this part of the analysis to
selected case studies.

4 Limitations690

To apply the method outlined in the previous section, we
have to limit the analysis to favorable conditions and assume
simple long-range transport scenarios. There are a number
of factors which contribute to the overall uncertainty of our
developed method.695

4.1 Satellite data

NO2 observations from satellite are prone to retrieval errors,
when trace gas absorption cross sections are fitted to the
spectral radiance to retrieve the slant column density. With
regard to the fit residual, we estimate the errors for an in-700

dividual pixel to be on the order of 5 · 1014molecules/cm2

in equatorial regions, which amounts to up to a few percent.
Plumes have to exceed an NO2 content of 5×1030 molecules
to be included in our study, which typically amounts to tens
or hundreds of polluted pixels. This, together with the regrid-705

ding of the data, partially mitigates the uncertainties.
The GOME-2 instruments measure only in daylight and

cannot observe NO2 during winter at higher latitudes. This
impedes the analysis of long-range transport events traveling
to the Arctic, one of the most sensitive areas of interest for710

the long-range transport of air pollution (Sodemann et al.,
2011).

4.2 Air-mass factors

To obtain NO2 vertical column densities, we assume a pro-
file that locates NO2 between 3–5km in altitude. Sensitivity715

studies show that the results for the NO2 air-mass factor do
not vary strongly within this altitude range (Fig. 8) if it is
well mixed within the cloud or elevated from the surface in
the absence of a cloud. The standard deviation of air-mass
factors for 2km thick layers of NO2 mixed inside clouds for720

different altitudes is on the order of 3% for typical observa-
tion geometries. Variations of the thickness of the cloud and
NO2 layer have a similarly small effect.

Based on Crawford et al. (2003), we assume that the trace
gas will be homogeneously mixed inside any cloud that may725

be present and stretch over an altitude range of 3–5km dur-
ing a long-range transport event. Our sensitivity studies show
(Fig. 5) that the air-mass factor displays only small variance
when a fraction of the trace gas is present above or below
the cloud, as long as the majority is mixed inside the cloud.730

For this study, we chose the assumptions such that they pro-
duce the values near the center of the air-mass factors of all
plausible NO2-cloud-distributions.
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Fig. 8. Sample air-mass factor dependency on solar zenith angle for
NO2 fully mixed inside clouds at varying altitudes. The black line
indicates the cloud and NO2 profile used in this study. We used
a surface albedo a= 0.1, a viewing angle va = 20◦, relative az-
imuth angle azi = 0◦ (forward direction) and cloud optical thick-
ness COT= 50 (as was used for data analysis).

Due to the lack of reliable information on the cloud pro-
file (cloud retrievals typically only yield the cloud top and735

bottom heights), we use a homogeneous profile. We do not
take the effects of aerosols explicitly into account, as long-
range transport plumes tend to travel at elevated altitudes.
This eliminates the effects of sea-spray. The effects of other
aerosols should partially be mitigated by our cloud product.740

The remaining effect should be on the order of less than a
few percent.

We do not take into account multi-layered clouds. In most
cases, these would reduce the NO2 signal and leave the
plume or parts of it undetected by our algorithm. If NO2745

mixed inside a cloud would reside above another cloud, this
could lead to an overestimation of NO2 vertical column den-
sity due to an elongated light-path. This is not likely as most
plumes tend to reside at relatively low altitudes.

4.3 Plume retrieval750

The results of the long-range transport plume retrieval algo-
rithm depend on its input parameters. The chosen thresholds
and averaging windows are a result of manual inspection of
satellite scenes and comparison to the results from the re-
trieval.755

There are several parameters of interest:

– the σ-levels chosen for seed pixels and member pixels
of a plume

– the time frame for the sliding mean calculations
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– the maximum distance at which plumes are merged (i.e.760

the minimum distance of two distinct plumes)

Sensitivity studies show that the results are relatively sta-
ble with regards to these parameters. The used parameter sets
were chosen to allow deriving a good result in reasonable
computation time. Increasing the minimum distance between765

two distinct plumes will lead to slightly more plumes with
high masses.

After plumes are retrieved, varying selection criteria for
the preferred backtrajectory and varying verification criteria
for the plume will lead to slightly different results. We have770

therefore implemented criteria that are as simple as possible
while producing results that are consistent with manual in-
spection of a range of sample plumes.

The Lagrangian transport simulations we perform for each
plume are also affected by uncertainties. Due to the coarse775

resolution of the used meteorological and NO2 data – both
vertically and horizontally – individual pixels will eventu-
ally diverge from the bulk in case of chaotic movement under
conditions with strong winds. This is especially true for old
plumes which provide the least reliable data. In most cases780

the bulk of the plume will stay relatively close together along
the backtrajectory.

Occasionally, a sudden emission of NO2 over the ocean
may also be classified as long-range transport event by our
algorithm, when backtrajectories to a prominent emission re-785

gion exist. This could only be avoided by cross-referencing
events with a catalogue of such oceanic emission events.

We do not take plumes over the continents into account.
There, fluctuating sources, albedo and topography make
the analysis of continental long-range transport challenging.790

When we limit the analysis to the ocean, we have a data set
that is much easier to interpret. However, we are prone to los-
ing parts of plumes which are just on the shore. We also do
not detect any continental plumes which do not move onto
the ocean.795

4.4 Lightning NOx

There is another source of NO2 over the ocean: lightning
(Beirle et al., 2004). Schumann and Huntrieser (2007) report
that approximately 5± 3TgN/a may originate from NOx

emitted by lightning (LiNOx). Ott et al. (2010) show that800

NOx concentrations in thunderstorm clouds may be higher
than 10ppbv. They also show that only a small fraction of
this LiNOx is located in the cloud top, where the sensitivity
of satellite observations is high. Instead, most of it is located
in the lower parts of the cloud or below the cloud, where the805

sensitivity of satellite observations is low.
For this study we tried to locate major plumes of LiNOx

found in MOZAIC data (Sauvage et al., 2011). Only a very
small fraction of these events was found in corresponding
SCIAMACHY NO2 satellite data, which was processed in810

the same way as the GOME-2 data in this study.

Additionally, the verification using backtrajectories makes
it unlikely that LiNOx plumes are classified as long-range
transport events in this study. Wenig et al. (2003) report that
in their NO2 long-range transport study, LiNOx is likely to815

contribute to the total NO2 content, but is most likely not the
only or dominant source.

However, low-pressure regions – which turn out to fos-
ter long-range transport – are often linked to thunderstorms
which will produce LiNOx, thereby creating a higher prob-820

ability of lightning NO2 contamination of our data. As there
is no way to unambiguously distinguish NO2 from lightning
and transport over the ocean in satellite data, this is an addi-
tional source of uncertainty in our estimates.

5 Case studies825

To illustrate the nature of NO2 long-range transport events
and the successful application of the detection algorithm, we
have selected four prominent samples from the collected set
of events to scrutinize them in detail.

We use data from the NCEP/NCAR Reanalysis Project830

(Kalnay et al., 1996) to investigate meteorological conditions
that accompany detected long-range transport events. De-
tailed properties of the plumes occurring during long-range
transport events (for each observation) are given in Table 1.

5.1 North Atlantic, 17–19 December 2007835

Fig. 9 shows a striking example of an NO2 long-range trans-
port event in the western North Atlantic from 17 to 19 De-
cember 2007. Unfortunately, GOME-2 was operated in
narrow-swath mode on 16 December 2007, so that we can-
not observe how the plume separates from its emission region840

while being uplifted during the course of this day.
The NO2 plume originates from the East Coast of North

America, near the major emission regions of New York,
Boston and Chicago. It closely follows the center of a rapidly
developing low-pressure system crossing the region from845

south-west to north-east. After two days, it crosses New-
foundland and subsequently disappears near Greenland in
the Arctic night where GOME-2 cannot observe NO2 ver-
tical column densities. The origin and transport direction of
this NO2 long-range transport event are typical for this re-850

gion and lie within the major storm track to the East of North
America (Whittaker and Horn, 1984).

This mechanism of NO2 long-range transport has been an-
alyzed in a case study by Stohl et al. (2003). Unlike that
study, here the NO2 is centered on the cyclone as seen in855

NCEP DOE AMIP-II Reanalysis mean sea level pressure
data. When we inspect further prominent long-range trans-
port events emitted from the North American East Coast, we
find that the NO2 plumes typically follow a rapidly forming
cyclone.860
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Fig. 9. Timeseries of the days preceding and during a long-range transport event over the North Atlantic on 17 to 19 December 2007. The
locations of satellite pixels identified as belonging to the long-range transport plume are indicated by purple circles in the center and right
columns. Shown are (left) the GOME-2 NO2 tropospheric vertical column density, (center) the NCEP DOE AMIP-II Reanalysis mean sea-
level pressure (colors) and geopotential height at 700hPa (contours) and (right) horizontal wind speeds at 700hPa (amplitude and direction).
For geopotential height, the solid line denotes 3km, dashed / dotted indicate higher / lower geopotential height in steps of 125m. A low
pressure system is quickly evolving into a cyclone. It elevates an NO2 plume – as seen in its backtrajectories – and transports it towards
Greenland.

Such clear and long-lasting long-range transport events
that can be observed for three consecutive days in GOME-
2 data are rare. The reason for that lies in the combination
of prerequisites for long-range transport, their typical routes
and the specifics of DOAS satellite observations:865

– most long-range transport events form in the local win-
ter because emission rates are high, low pressure sys-
tems are common, and NO2 lifetime is long

– long-range transport events tend to move polewards, if
they do not dissolve870
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This means that many long-lasting plumes will quickly
move out of sight of the satellite instrument which cannot
observe NO2 in or near regions of polar night.

From our observations, we estimate the plume to contain
roughly 2.31GgN on the first day of observation. From the875

backtracing of the long-range transport event, we estimate
the plume to be about 50 hours old (since detaching from
the planetary boundary layer) at the time of first observation.
If we take photochemistry and dilution of the plume in the
first 50 hours into account, the amount of nitrogen exported880

from the continent in this event may have been significantly
larger. Unfortunately, the few samples do not even allow to
determine a rough estimate of the lifetime of NO2 in this
event.

The plume is transported at an altitude between 1.0km885

on the first and 2.0km on the last day of observation, as
retrieved from the backtrajectories. FRESCO+ cloud top
heights (CTH) for these measurements are derived to lie
in the range of 840 . . .650hPa, corresponding roughly to
1.4 . . .3.5km. This is consistent with the retrieved altitudes,890

which do not neccessarily denote the top of the NO2 distri-
bution (and thus the cloud), but the altitude from which most
trajectories lead back to a source region which could be as-
sumed to lie in the center of mass of the vertical distribution.
The FRESCO+ CTH varies over the extent of the plume by895

roughly 200hPa which may indicate that the altitude of the
NO2 is not homogeneous over the plume.

Further properties of the event are summarized in Table 1.
We derive the minimum average travel speed of the plume
(the actual speed will be higher due to curved trajectories)900

from these properties, which amounted to 59km/h from the
first to the second observation. On the next day, we can only
calculate a lower limit (32km/h) due to the cut-off at polar
night.

Fig. 10 illustrates how closely the trajectory obtained from905

the backtracing algorithm matches the satellite observations
of the plume at earlier times, even though all observations of
an NO2 plume are handled independently. Due to the coarse
horizontal, vertical and temporal resolution of the meteoro-
logical data, the trajectory is not accurate on the outer rim of910

the plume; there, trajectories diverge from the main path.

5.2 South Africa, 9–12 July 2008

In the Southern Hemisphere, South Africa is the only region
regularly emitting NO2 long-range transport events. A clear
event can be seen in the satellite data from 09 July 2008915

emitted from the industrial region on the Highveld plateau.
It follows the winds in the free troposphere towards the East
for several days, disappearing after its last observation on
12 July 2008 near the Australian West Coast (Fig. 11).

South Africa has ideal conditions to create and observe920

long-range transport events. The Highveld plateau concen-
trates the nation’s industry, injects factory and power plant
exhausts at altitudes of more than 1,500m into the atmo-

sphere, and is an isolated emission region. The prevailing
north-westerly winds in this region propel elevated plumes925

onto the open ocean, which makes it easy to observe them
with satellite measurements.

The World Wide Lightning Location Network (WWLLN)
finds a significant amount of lightning strikes in the area
where the plume is observed on 09 and 10 July 2008930

(Fig. 12). On the following days, the – then weaker – thun-
derstorm and the NO2 plume are no longer co-located and
further impact on the NO2 plume can be excluded. With our
detection algorithm, we cannot distinguish NO2 from an-
thropogenic sources and LiNOx other than by location and935

trajectory. We cannot tell if this observation actually shows
a long-range transport event or LiNOx or both. It is possi-
ble though unlikely, that the observed plume is not anthro-
pogenic in origin, but rather originates in the strong thun-
derstorm and is then transported further downwind. In that940

case, it is not clear, why the NO2 plume and the thunder-
storm would separate. It appears more likely that the strong
thunderstorm will replenish the NO2 content of the plume,
thereby enhancing its observed lifetime.

It is plausible that long-range transport events will occa-945

sionally be accompanied by thunderstorms. These may in
turn lead to an enlarged NO2 content or to an apparent longer
lifetime of NO2 inside the plume. From our efforts to ob-
serve LiNOx in reported strong thunderstorms and their dis-
tinguished seasonal and geographical distribution (Sect. 6.2),950

however, it appears that thunderstorms will not be the single
cause for most of the observed plumes.

This plume bears similarities to the one analyzed by Wenig
et al. (2003). The plume they observed crosses the ocean and
arrives at Australia within five days which is consistent with955

the four consecutive observations in our data. They find thun-
derstorms with lightning coinciding with the plume on two
observations, but the LiNOx alone could not explain the ob-
served NO2 vertical column densities in the plume. It might,
however, have replenished the plume and thereby increased960

its apparent lifetime.
The selected long-range transport event is associated to

a weak cyclone heading into the Antarctic. A cold front
lifts the NO2 plume up and their trajectories diverge sub-
sequently. Winds of the free troposphere carry the plume965

straight to Australia.
We do not observe the plume entering Australia on

13 July 2008 due to a gap in the data and we do not find any
traces of it on the following days. Upon arriving on shore
the NO2 may have descended and – due to shorter lifetime970

in the planetary boundary layer – dissipated. Also, rain may
have washed out the NO2 as HNO3.

Due to the extent of this event, data gaps cover parts of the
plume. This could explain why the measured NO2 content of
the plume increases from the first to the second day of ob-975

servation. Other mechanisms to increase the observed NO2

content are LiNOx production and conversion of reservoir
species.
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Fig. 10. Illustration of the backtrajectory of the last observation of this long-range transport event (19 December 2007). Data as in Fig. 9, but
purple circles indicate the locations of the backtrajectories of the plume from 19 December 2007 at the respective dates. The plume detected
on 19 December 2007 is only partially visible due to polar night. This becomes evident when comparing the backtrajectories on earlier dates
with the observed NO2 vertical column densities.

From the first to the second day of observation – while
the plume follows the cyclone track – the average traveling980

speed is roughly 97km/h. After the plume and the cyclon
decouple, the plume only travels at 59km/h and 51km/h
on consecutive days.

Simulations with FLEXPART (Stohl et al., 2005), a more
sophisticated lagrangian transport model, show the plume in985

their analysis to be traveling at altitudes from 2–6kma.m.s.l.
after it separated from the emission region in the High-
veld plateau, which is consistent with our assumptions. In
FRESCO+ data, the CTH varies between 750 . . .500hPa on
the 10 July 2008, corresponding roughly to cloud top alti-990

tudes of 2.3 . . .5.5km. This is a bit lower than the estimated
plume height of 6km on this date, but consistent with the
following observation. Both indicators point at an elevated
plume in the free troposphere.

5.3 Australia, 27–30 April 2008995

Australia only emits very few NO2 plumes due to its lim-
ited emission sources, as compared with more populated
and more heavily industrialized parts of the globe. How-
ever, we find a very long lasting long-range transport event
in the data from 27–30 April 2008 which follows station-1000

ary wind patterns between a high-pressure system East of
New Zealand and a low-pressure system over Antarctica. The
plume disperses over the South Pacific ocean between two
high-pressure systems (Fig. 13).

The size of this plume suggests that it could be caused by1005

emissions from Australian bush fires. However, MODIS fire
count data indicate that there were only few fires in South
East and South West Australia. Most strong bush fires were
located in North Australia and it is questionable if the short
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Fig. 11. As for Fig. 9, but showing a long-range transport event emitted from South Africa in July 2008. The NO2 plume is transported from
South Africa to the West Coast of Australia.
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Fig. 12. Number of lightning strikes on 10 July 2008 observed
with WWLLN over the ocean near South Africa. The lightning
strikes are colocated with the observed position of the NO2 plume
(Fig. 11). Likely, this thunderstorm replenished the NO2 content of
the plume. On the following days, the thunderstorm produces sig-
nificantly less lightning strikes and is no longer colocated with the
transported plume.

lifetime of the NO2 in these tropical latitudes would have1010

allowed such a long transport.
Backtrajectories of the event indicate that the NO2 may

originate from the bush fires of both South East and

South West Australia. NO2 and glyoxal (CHOCHO) from
large bush fires such as the Black Saturday fires are rou-1015

tinely observed in satellite data (Wittrock et al., 2006;
Vrekoussis et al., 2009) and GOME-2 data show elevated
NO2 vertical column densities over southwestern Aus-
tralia on 25 and 26 April 2008 – on the order of 3 ·
1015 molecules/cm2, a factor two higher than background1020

levels. It is likely, that our data product underestimates these
values due to a lowered air-mass factor in the presence of
black carbon aerosol in bush fire smoke plumes (Martin et al.,
2003; Leitão et al., 2010; Giles et al., 2012). An origin in
bush fires would also explain the necessary lifting of the NO21025

from the planetary boundary layer into the free troposphere
in the absence of a frontal system (see Labonne et al., 2007).

The plume shows an exponential decay in NO2 content –
with a lifetime of approximately 28 hours estimated from ob-
servations – even though parts of it are not visible in GOME-1030

2 data. Extrapolating backwards to the time of emission, we
estimate the NO2 content to be about 10.5GgN. Note, how-
ever, that the apparent lifetime of NO2 in the plume is influ-
enced by conversion to and from reservoir species (especially
PAN) which are not observed in this study and may lead to1035

an increased effective lifetime of NO2. A detailed analysis
of the lifetime of NO2 in long-range transport events with
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Fig. 13. As for Fig. 9, but showing a long-range transport event emitted in Australia in April 2008. The plume originates most likely from
bush fires in Southwest Australia and follows the strong wind currents between highs over the Indian Ocean and lows over the Southern
Ocean.

chemical sinks and sources is beyond the scope of this study
and it is not clear if reservoir species will lead to shortened
or to a prolonged observed lifetime of NO2. Besides that,1040

thunderstorms might lead to LiNOx replenishing the decay-
ing NO2 content of the plume.

Data from the Lightning Imaging Sensor (LIS, Christian
et al., 1999; Christian, 1999) show a small thunderstorm off
the coast of Australia on both 27 and 28 April 2008, coin-1045

ciding with the plume only on 27 April. It appears that the
movement of the plume and the thunderstorm are not linked
to each other. On 28 April and subsequent days, the plume
travels outside the latitude range observed by LIS.

This long-range transport event also shows deceleration1050

over time. It starts with a minimum mean velocity of
105km/h between the first two observations and decelerates
to 74km/h and 56km/h on the consecutive days. This sug-
gests that the NO2 plume stays compact even after separating
from the meteorological phenomenon leading to its emission.1055

5.4 Central Europe, 1–2 October 2010

Europe is a special case regarding long-range transport
events. Due to local wind patterns, the NO2 plumes are often
ejected from the continent towards the north or north-west.
Due to topography – strongly emitting regions located near1060

the ocean in a bay – our algorithm retrieves very many long-
range transport events here which are often very young at
detection time.

On 1 and 2 October 2010 there is a prominent example of
a long-range transport event in GOME-2 data. A small but1065

elongated plume of NO2 is emitted from the BeNeLux and
Ruhr area when it is hit by a cyclone. The plume is trans-
ported onto the North Sea. It circles around the cyclone and
is strongly filamented by the wind shear (see Fig. 14). On
3 October 2010 we can no longer identify the plume in the1070

data. There is an apparent plume of NO2 between Greenland
and Svalbard, where observed NO2 vertical column densities
are highly variable. This anomaly is not detected in the algo-
rithm as it shows no significant deviation above the sliding
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mean observations and cannot be directly related to a long-1075

range transport event.
The observations suggest that the NO2 in the plume is

transported towards the center of the cyclone. Due to the
strong shear winds in the cyclone, the plume is dispersed by
04 October 2010. It was not detected by our algorithm and is1080

hardly discernable in visual inspection of the satellite data.

6 Statistical analysis

In the previous section, we described and analyzed well-
defined examples of long-range transport events detected by
our algorithm which were also found by visual inspection of1085

the data. With the developed algorithm, however, we have the
opportunity to analyze a larger dataset and use the automated
detection of long-range transport events to perform statistical
analyses of this phenomenon over a longer period.

The analysis found a total of 3808 verified NO2 long-1090

range transport events (out of a total of 8626 events) in the
GOME-2 data from 2007 to 2011. Fig. 15 shows their sea-
sonal distribution for Northern and Southern Hemisphere.
The distribution shows a strong seasonality in the frequency
of long-range transport events; roughly half of all events oc-1095

cur during the local winter quarter. The Northern Hemisphere
dominates the statistics due to more high-emission regions at
higher latitudes.

We analyze the collection of long-range transport events
from our algorithm to gain insight into favoring conditions,1100

the hotspots and routes, and the range of parameters associ-
ated with them. First, we will focus on individual plumes’
properties, then on ensemble properties.

6.1 Plume properties

Fig. 16 shows that the NO2 content of the plumes roughly1105

follows an exponential distribution function:

dp(m) = exp
(
−m

m′

)
dm, (5)

wherem is the NO2 content of the plume andm′ the scale
mass of the distribution. A small scale mass indicates that
small plumes dominate the distribution, while a large scale1110

mass indicates that large plumes occur more regularly.
Looking only at the Northern Hemisphere (to exclude

counteracting seasonality), we find that m′ = 0.25GgN
for DJF, m′ = 0.24GgN for SON and m′ = 0.16GgN for
MAM. Due to the low number of plumes, we could not de-1115

termine m′ for JJA. This means that plumes in autumn and
winter follow a distribution that leads to much higher NO2

content than in spring and (derived visually from Fig. 16)
in summer. This supports cyclones and low temperatures as
favorable conditions for long-range transport.1120

Further analysis reveals that this distribution is relatively
stable across the five years investigated. We did not detect
any significant trend in the mass distributions.

The observed NO2 content distribution is a result of the
NO2 content distribution at the time of emission and the age1125

distribution coupled with the lifetime of NO2 in such events.
Plumes observed on multiple days will appear multiple times
in this statistic.

The estimated age of the plumes (Fig. 17) follows a dis-
tribution that appears to be the result from three independent1130

effects:

– We find few plumes having ages of less than 24 hours,
as not many plumes will have fully separated from their
emission region in this short time period. They are thus
still residing in the area of the emission region’s outflow,1135

where high NO2 vertical column density variability im-
pedes their detection.

– After the age distribution reaches a maximum at about
18 hours, the plume ages appear to be dominated by a
decaying function which most likely results from dis-1140

sociation, wash-out and dispersion of NO2. This makes
a detection by the algorithm less probable and incor-
porates a boundary between a plume and background
NO2.

– After about 96 hours, the distribution increases again.1145

This is probably a bias resulting from our detection al-
gorithm. A higher plume age increases the chance of
backtrajectories hitting an emission region. This may
lead to an increase in false positive detections for high
plume ages.1150

The distribution partly resembles a cumulative distribution
function, as individual plumes may be observed on multiple,
consecutive days (see Sect. 5). Plumes with an age approxi-
mately 24h apart might actually be observations of the same
plume on consecutive days. This effect is corrected for in the1155

regional statistics (Sect. 6.3).
The altitude distribution (Fig. 18) behaves as expected:

all plumes less than a day old reside at low altitudes, near
their emission region. The plumes shift to higher altitudes on
the second day. After that, the distribution broadens as long-1160

range transport events take different paths. The distribution
suggests, that – to minimize systematic errors – we might
improve our NO2 vertical column densities by employing a
lower altitude range for the calculation of reflectivities and
air-mass factors – both in presence and absence of clouds.1165

However, as we have shown the impact of this deviation is
small.

Investigations into the distribution of the area encom-
passed by long-range transport plumes shows that plumes
of an age of two to three days at observation time cover the1170

largest area (not shown). This indicates that plumes start with
high NO2 concentrations and sharp boundaries, expand over
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Fig. 14. As for Fig. 9, but showing a long-range transport event emitted in Europe in October 2010. The plume gets highly filamented when
entering the cyclone. Note that the plume visible on 30 September 2010 separates from the rest of the plume and appears to have mostly been
transported into the Arctic by 01 October 2010. Therefore, we do not include it in our analysis.

Table 1. Properties of NO2 plumes observed during long-range transport case studies as estimated from GOME-2 data and HYSPLIT
backtrajectories. For all plumes, properties (except for plume age) are derived only from the observational data for the given date – no
information from prior or later observations is used.

Date Plume Center Altitude [km] Age [h] NO2 content [GgN] Area [103 km2]

North Atlantic
2007-12-17 45◦N 63◦W 1.0 50 2.31 1093
2007-12-18 55◦N 52◦W 1.5 73 1.98 698
2007-12-19 58◦N 42◦W 2.0 95 0.65 207

South Africa
2008-07-09 42◦S 53◦E 2.0 50 1.58 642
2008-07-10 41◦S 78◦E 1.5 73 1.74 1293
2008-07-11 35◦S 93◦E 6.0 96 1.40 1898
2008-07-12 30◦S 103◦E 4.5 119 0.39 881

Australia
2008-04-27 46◦S 159◦E 4.0 47 1.83 1256
2008-04-28 60◦S 175◦W 1.0 69 0.89 311
2008-04-29 52◦S 152◦W 1.5 92 0.45 288
2008-04-30 43◦S 141◦W 3.0 115 0.16 319

Central Europe
2010-10-01 60◦N 0◦W 1.0 21 0.38 372
2010-10-02 64◦N 11◦W 1.0 46 0.75 778
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Fig. 15. Number of verified long-range transport plumes found by
the detection algorithm in 2007–2011. There is a strong seasonality
in both hemispheres, with a strong peak in local winter.
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Fig. 16. NO2 content of long-range transport events in the Northern
Hemisphere, for different seasons. Note the lower mass limit of 5×
1030molecules (hatched area, corresponding to 0.12GgN).

a couple of days until the boundary of the plume gets blurred
and the NO2 content decreases.

6.2 Routes and sources1175

When browsing through the GOME-2 NO2 data manually,
long-range transport events tend to appear in particular re-
gions and follow particular paths. With the derived dataset,
we now verify this in a quantitative manner.

The first obvious analyses are the determination of the typ-1180

ical routes and their quantitative strength. To achieve this, we
select the detected plumes from every day of observation and
project their respective NO2 content onto a global map. We
sum up the NO2 content from all plumes. This gives the to-
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Fig. 17. Plume age at observation time of long-range transport
events for 2007–2011, divided by season. The distribution illus-
trates the exponential decrease of long-range transport detections
with age in the center. Two biases of the detection algorithm affect
the hatched areas for low and high ages. See the text for details.
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Fig. 18. Altitude distribution of NO2 long-range transport plumes
over the 11 altitude levels sampled in the HYSPLIT backtrajecto-
ries. Shown are the graphs for plumes younger than one day, be-
tween one and two days of age, etc. While most young plumes re-
side on the lowest level, they tend to distribute more equally in alti-
tude over the following days. Note the compressed axis for fractions
higher than 20%.

tal vertical column density of NO2 in long-range transport1185

events on a global map. Then, we divide by the total number
of observations in the GOME-2 data set 2007–2011 for that
particular grid cell (0.5◦×0.5◦). This way, we obtain a global
map of the 5-year mean vertical column density of NO2 in
long-range transport events.1190
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This will include plumes measured on multiple days and
lead to an appropriate representation of the routes of longer-
lasting plumes.

We perform this analysis for four seasons to illustrate the
local seasonality of the phenomenon. The results can be seen1195

in Fig. 19.
The data confirm the existence of hotspots of NO2 long-

range transport events in the mid-latitudes and typical trans-
port routes along which NO2 plumes travel. Note, that our
algorithm only detects events over the ocean and routes over1200

continental areas cannot be detected. This rules out thunder-
storms and other individual events of NO2 emissions as the
dominant origin of events identified as long-range transport
in this study. They may still be present as false positives.

There is a strong seasonality in the data. Plumes are most1205

dominant in local autumn and winter and can only rarely be
seen in local summer. Due to observational limitations, es-
pecially the route of North American and European plumes
towards the Arctic cannot be fully observed in the data. How-
ever, the data strongly suggest export of European and North1210

American NO2 to Greenland and onto the Arctic Ocean
where it might alter tropospheric chemistry.

Long-range transport events are only observed in mid- to
higher latitudes (starting roughly at ±40◦N) where cyclones
are frequent along the storm tracks and the lifetime of NO21215

is sufficiently long to allow transport over multiple days. We
detect no significant long-range transport events in the trop-
ics.

While China exports NO2 quite frequently, not much of it
is seen crossing a significant portion of the Pacific. Most of1220

the plumes appear to be entering Russia after a brief journey
over the ocean. This circular motion is typical for plumes in
the Northern Hemisphere – North America and Europe show
it to a lesser extent – and can be attributed to the cyclones
transporting the plume.1225

We identify the sources of NO2 long-range transport
events by creating a similar map (Fig. 20). Here, we project
the NO2 load of each pixel onto its origin, as determined by
the last point in its backtrajectory. This produces a rough map
of the relative source strength for NO2 emitted into plumes1230

of long-range transport events by that particular region.
We identify the following hot-spots: East Coast of North

America, Central Europe, China, South Africa. Besides that,
some plumes are also emitted from Argentina and Australia
which only play a minor role. Europe is the only region1235

which exhibits westward travel of plumes over the ocean.
It is not clear if all plumes in South Africa originate from

the Highveld plateau or if individual observed plumes also
originate from bush fires on the West Coast. These would
only be a weak contribution to the overall signal which will1240

be dominated by the strongly emitting Highveld industrial
region and power plants. A large fraction of backtrajectories
end on the coast East of the plateau. This is most likely due
to the elevated emissions and descending wind following the
geography from the plateau down to the ocean.1245

Even though we use only verified long-range transports,
the emission data are highly scattered. This is due to the
chaotic deviations resulting from long backtrajectories in
strong wind shear. The coarse resolution necessary for this
study amplifies this effect. Keeping this in mind, it is surpris-1250

ing, how sharply the emitters of long-range transports ob-
served over the ocean are localized.

Investigations into the sources for plumes at different ob-
served ages show that sources for plumes in their first day
are sharply defined and the determined sources become more1255

scattered with each day of plume age.
Fig. 21 shows an analogous map to Fig. 19, but here

the NO2 vertical column densities in long-range transport
plumes are averaged over all seasons and instead binned by
their respective plume age to show the temporal evolution of1260

the routes. As expected, we find plumes with older ages at
observation time at a larger distance from the emission re-
gions and spread out more broadly than the young plumes.
Also, the large number of plumes in the Baltic and North Sea,
enclosed by emission regions (see Sect. 5.4), is apparent.1265

6.3 Regions

There are four major regions emitting NO2 long-range trans-
port events on the globe: the North American East Coast,
Central Europe, South Africa and China. We have analyzed
the plumes from these regions in further detail to gain more1270

insight into the atmospheric conditions during long-range
transport events and to quantify their impact on the global
NO2 distribution. The regions are highlighted in Fig. 22.

For each region, we only select plumes that moved from
a continental area in the emission region out to the ocean in1275

the observation region within the last 24 hours. This way,
we make sure that no plumes are counted twice and we only
select plumes that actually originate in the selected hot-spot
region.

The frequency of long-range transport events differs1280

strongly from region to region. North America and Europe
emit a plume every 10 days on annual average, which corre-
sponds to one plume every 5 days during winter. In contrast
to that, South Africa emits plumes only every 17 days, while
China emits one plume a week. This illustrates that NO21285

long-range transport is not a rare phenomenon and has been
hidden from systematic scientific scrutiny only by cloud-
filtering of satellite data.

6.3.1 Boundary NO2 flux

First, we analyze the boundary flux of these regions. We sum1290

up the NO2 content of all the plumes in the respective region
and normalize by the number of days of observation. This
yields the total yearly export of NO2 from the continent onto
the ocean.

The data in Fig. 23 show, that the strongest emitter of1295

plumes is China, followed by Europe. However, the plumes
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Fig. 19. Seasonal maps of the mean vertical column density of NO2 observed in plumes associated to long-range transport events. Note that
columns near Europe are always higher than columns near North America – at least partially due to its special geography.
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Fig. 20. Regional contribution to average NO2 vertical column den-
sities observed in long-range transport plumes. Sources of most
long-range transport events are clearly visible. The high scatter orig-
inates from the low resolution of meteorological data used for the
backtrajectories and uncertainties in the determination of the most
likely backtrajectory.

from China do not last as long and do not form such a promi-
nent route. It appears that South Africa experiences the op-
posing effect: here, plumes follow a very stable and visible
route over the open ocean. This leads to small absolute emis-1300

sions being strongly represented in the dataset.

The total outflux of these four regions amounts to more
than 50GgN/a in long-range transport events, which are ex-
ported to the ocean and remote regions. This is slightly more
than a permil of the estimated global yearly NO2 emission1305

rate of 43TgN/a. This might appear to be a small fraction,
but it constitutes a significant amount for such an unstable
gas – especially, as our backtracing algorithm does not take
the decay of NO2 from emission to observation of the plume
into account.1310

We also look at the regional differences in plume sizes.
Fig. 24 shows that China and especially Europe emit a
relatively large fraction of NO2-rich long-range transport
plumes. North America and South Africa tend to produce
much smaller plumes.1315

6.3.2 Composite analysis of meteorological conditions

Finally, we take a look into large-scale meteorological con-
ditions which accompany long-range transport events, using
NCEP DOE AMIP-II Reanalysis data. We use a composite
analysis which has been used in similar studies to analyze1320

polar lows in the nordic seas (Blechschmidt et al., 2009) and
NOx transport in South Africa (Abiodun et al., 2014).

For each long-range transport event that we find in the
given region, we collect meteorological conditions for var-
ious temporal offsets: two days before the plume has been1325

emitted (according to backtrajectories) until the date of ob-
servation. For each offset we iterate over all retrieved long-
range transport events and collect the meteorological condi-
tions at the respective offset from emission (we call this the
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Fig. 21. Map of the mean NO2 vertical column density observed in plumes of long-range transport events, binned by the age of plumes since
emission at observation time.

150 100 50 0 50 100 150
longitude [ ◦ ]

50

0

50

la
tit

ud
e 

[◦
]

Regions for export statistics

Fig. 22. The regions used for the statistical study. Only plumes are
considered that were observed over the ocean in the filled rectangle
and were found over land-masses in the open rectangle 24 hours
earlier.

related composite). All remaining observations are collected1330

in the unrelated composite. This allows an analysis of the
temporal evolution of the conditions and yields insight into
the dominant meteorological conditions behind long-range
transport events.

We allow for multiple observations of the same plume to1335

enter the dataset as these stronger and more reliable events
are a better indication of favorable conditions.

We restrict the analysis to the respective winter seasons:
December, January and February (DJF) in the Northern
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Fig. 23. Total yearly NO2 content in long-range transport plumes
emitted in the regions shown in Fig. 22 for different seasons.

Hemisphere; June, July and August (JJA) in the Southern1340

Hemisphere. These are the months with the highest long-
range transport event frequency and thus most suited to in-
vestigate the associated meteorological conditions.

Now, for various meteorological quantities, we have two
disjoint sets of observations (or composites): observations1345

related and unrelated to plume emission. The unrelated com-



A. W. Zien et al.: NO2 long-range transport events in GOME-2 data 23

0.0 0.5 1.0 1.5 2.0 2.5

plume NO2  content [GgN] (bin width: 0.2 GgN)

0

5

10

50

100

p
lu

m
e
 c

o
u
n
t

North America
South Africa
China
Europe

Fig. 24. NO2 content distribution of long-range transport events
observed in the respective regions. South Africa has the smallest
plumes, while Europe emits a large fraction of NO2-rich plumes.
The data are binned in steps of 0.2GgN. The hatched area denotes
the NO2 content below which plumes are not included in the anal-
ysis. The shaded area indicates a stretched axis to illustrate the fre-
quency of plumes with high NO2 content.

posite represents the climatological mean in the absence of
NO2 long-range transport events. We calculate the deviation
of the average of both the related and the unrelated compos-
ite. Also, we use the Mann-Whitney U test (Mann and Whit-1350

ney, 1947) to find significant deviations in the two distribu-
tions.

We perform this test for the mean sea level pressure,
geopotential height at 500hPa, surface air temperature, both
our custom cloud product and the FRESCO+ cloud fraction1355

and the NO2 vertical column density. For the composite anal-
ysis, we did not interpolate values from NCEP DOE AMIP-
II Reanalysis and GOME-2 and instead selected the nearest
time step in the respective data set. This may lead to tempo-
ral discrepancies of up to 12 hours between the two data sets1360

as we evaluate GOME-2 data only once a day.
Note, that the results from this analysis only show anoma-

lies in the mean of these quantities. Movement of the
anomaly over time does not have to result from a movement
or other type of temporal evolution of signals in the meteo-1365

rological input data. They could be merely a coincidence or
result from a superposition of multiple patterns in the input
data. However, a dominance of a single pattern in the input
data will lead to this pattern appearing in the composite data.

One of the most prominent emitters, North America, does1370

not shown any regular pattern that would yield insights into
the process that leady to the emission of long-range transport
events. There are not even systematically elevated NO2 ver-
tical column densities which are typical of long-range trans-
port events. Most likely, this lack of systematics is due to a1375

relatively broad region of high NO2 emissions. When mete-

orological data from plumes from varying origin are super-
imposed, this will lead to diminishing systematics, leading to
little or no significant signal.

In South Africa, we find that in the days leading up to and1380

following the emission of a long-range transport plume, there
is a pattern of alternating high- and low-pressure anomalies
moving towards the East (Fig. 25). A low-pressure anomaly
approaches South Africa and crosses the southern tip of
the African continent one day after plume emission. Over1385

the course of plume emission, this anomaly increases in
strength. This anomaly indicates that, typically, passing low-
pressure systems – or cyclones – lead to the emission of an
NO2 plume. As on the Southern Hemisphere cyclones rotate
clockwise, this indicates that NO2 plumes would typically1390

be ejected from South Africa on a south-eastwards trajectory.
This is confirmed in the statistical analysis.

Composites of GOME-2 observations show elevated NO2

vertical column densities over the Highveld plateau, moving
to the South-East over the lifetime of a long-range transport1395

event (Fig. 26). After the plume is emitted, NO2 vertical col-
umn densities show an anomaly towards lower values in the
Highveld region, which indicates that NO2 has actually been
relocated. Strong fluctuations in NO2 vertical column den-
sity are visible near polar night, where only few observations1400

enter the data and GOME-2 observations show higher uncer-
tainties.

In Europe (Fig. 27), the situation is similar. In the days
preceeding a long-range transport event there is a strong
anomaly towards reduced mean sea-level pressure over West-1405

ern Europe of the order ∆P ≈−5hPa. Contrasting this low-
pressure anomaly, there is a high-pressure anomaly over the
Arctic and Western Russia. These two anomalies form a
channel which denotes the typical route observed in long-
range transport events in this study. There is a low surface1410

temperature anomaly over Europe and northern Russia dur-
ing the days of transport, of order ∆T ≈−1 . . .− 3K.

Eckhardt et al. (2003) have shown in simulations that the
North Atlantic Oscillation (NAO) may be responsible for
transport of pollutants to the Arctic, modeling trace gases1415

with lifetimes of 5 days. Christoudias et al. (2012) find sim-
ilar patterns of pollution export as shown in Fig. 19 to stem
from zonal wind flow, resulting from the NAO. The results in
Fig. 27 indicate a possible negative correlation to the NAO,
with emissions of plumes being linked to a negative NAO1420

index – showing a high-pressure anomaly over Iceland and
a low-pressure anomaly over the Azores. The high-pressure
anomaly over Iceland is, however, spatially extended, mak-
ing these results ambiguous.

A correlation of plume frequency with monthly NAO1425

indices from the NCEP Climate Prediction Center
(http://www.cpc.ncep.noaa.gov/products/precip/CWlink/)
over all months (Fig. 28) shows no significant correlation
(probability of a random distribution generating such data:
32%). However, these two quantities exhibit two features: an1430

uncorrelated part when few plumes are emitted and a highly
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Fig. 25. NCEP DOE AMIP-II Reanalysis mean sea-level pressure anomaly (given in Pa) for the days of plume emission in the South African
region. Only events in JJA (2007–2011) are shown, to prevent biases from meteorologic seasonality. The image shows significant high and
low pressure patterns in the southern midlatitudes, moving from West to East.
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Fig. 26. GOME-2 tropospheric NO2 vertical column density for the days of plume emission in the South African region. Only events in JJA
(2007–2011) are shown, to prevent biases from meteorologic seasonality. There is an anomaly towards high values over the Highveld region
before plume emission. After emission, the NO2 vertical column densities over the Highveld region are on average lower, while an upwards
anomaly can be seen southeast of South Africa. High fluctuations in the GOME-2 data and few observations result in visible noise in the
anomalies near polar night.
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Fig. 27. As in Fig. 25, but for the Central European region. Only events in DJF (2007–2011) are shown. The data show a low-pressure
anomaly over Western Europe over the course of the transport. Contrasting this, there is a high-pressure anomaly over the Arctic and
Northern Russia.

correlated part when multiple plumes are emitted. When we
remove all points with less than 5 plumes in the given month,
the probability of a random distribution leading to these
results is only 0.05%, making this result highly significant.1435

Plume emission rated significantly increase with a lower
NAO index. This confirms results from the composite anal-
ysis. Negative NAO indices with low plume frequency are
almost entirely spring to late summer, which are unfavorable
for NO2 long-range transport due to radiation budget.1440

For long-range transport events originating from Europe,
again, we find significantly elevated NO2 vertical column
densities over Europe, the North Sea and the North East At-
lantic during the course of emission (Fig. 29).

Lastly, in China we find a strong upwards anomaly of NO21445

vertical column densities in the Beijing area in the days pre-
ceeding the emission of a long-range transport event. This
anomaly only partly moves and dissolves after the emission.
Long-range transport events are more likely to be observed
when there are elevated NO2 levels in the source regions.1450

There is also a low-pressure anomaly over the Okhotsk Sea
and the Kamchatka peninsula which is shifted to northern
China over the course of the transport. This anomaly does
not stay as concentrated after the emission and spreads over
East Asia (Fig. 30).1455

These findings suggest that passing low-pressure systems
or cyclones may be the dominant process leading to NO2

long-range transport events in mid-latitudes. Elevated NO2

concentrations in source regions are linked to the detection
of these events.1460

2 1 0 1 2 3
NAO index

0

10

20

30

40

pl
um

e 
co

un
t w

ith
in

 m
on

th

NO2 LRT from Europe

0.0

1.5

3.0

4.5

6.0

7.5

9.0

10.5

Fig. 28. Correlation of plume frequency in a given month with the
NAO index as determined by the NCEP Climate Prediction Cen-
ter. Colors denote the calendaric month (with 0 being December).
Values in the shaded area were not considered for the correlation
analysis. There are two superimposed features: no correlation dur-
ing spring to late summer and a strong negative correlation during
autumn and winter.
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Fig. 29. As in Fig. 26, but for Europe and the North Sea. Only events in DJF (2007–2011) are shown. The data show significantly elevated
levels of NO2 vertical column density over Europe and the North Sea in the days before and during a long-range transport event.
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Fig. 30. As in Fig. 25, but for China and the Pacific. Only events in DJF (2007–2011) are shown. The data show a low-pressure anomaly
moving from Russia towards northern China during the days preceeding and following plume emission.

7 Conclusions

We analyzed NO2 long-range transport events globally using
GOME-2 satellite data. For this, we had to take observations
with cloudy scenes into account. We employed a simple ap-

proximation to determine the NO2 vertical column density1465

under cloudy conditions for an elevated plume.
We developed an algorithm that automatically identifies

long-range transport events in these data. It detects short-
lived positive anomalies of NO2 vertical column densities
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over the ocean and performs lagrangian backtracking to ver-1470

ify the anthropogenic origin of the event and to assess further
plume properties. We then analyzed the resulting dataset of
3808 long-range transport events in GOME-2 data from 2007
to 2011.

We cannot distinguish NO2 from anthropogenic sources1475

and LiNOx. However, their high frequency, distinguished
seasonal and geographic distribution and the visibility of the
observed events indicate that the majority of events found in
the satellite data is not caused by thunderstorms, as LiNOx is
rarely visible in observations of DOAS satellite instruments.1480

We found that NO2 long-range transport events are a com-
mon phenomenon. There are four major hot-spots which
emit NO2 plumes subject to long-range transport: the North
American East Coast, South Africa, China and Europe.

The NO2 plumes travel along characteristic routes, lead-1485

ing to the polar circle for South Africa and into the Arctic
for North America and Europe. The total amount of NO2

transported in these events is surprisingly large considering
the short lifetime in the boundary layer, where most emis-
sions take place. Reservoir species of NO2 are not detected1490

and their likely presence will lead to an underestimation of
the potential NO2 impact on downwind regions. The actual
impact on atmospheric chemistry of downwind regions will
depend on the abundance of O3, OH and NO2, among oth-
ers. Unfortunately, GOME-2 satellite data do not permit an1495

analysis of transport events and their impact in the Arctic,
which is likely to be one of the most sensitive regions to the
effects of altered atmospheric and oceanic chemistry due to
NO2 long-range transports.

The emission shows strong seasonality, both in number1500

and size of the plumes. More and larger plumes are emitted
in winter, when the lifetime of NO2 is long, anthropogenic
emission rates are especially high and meteorological con-
ditions are favorable with frequent cold fronts and cyclones.
No long-range transport events have been identified in the1505

tropics.
The meteorology responsible for these events appears to

depend on the region. In North America, plumes follow
storm tracks over the Atlantic, but show no distinct meteo-
rological anomaly in a composite analysis. In Europe, long-1510

range transports towards the Arctic appear to be linked to
NAO phases. South Africa shows a typical pattern of alternat-
ing high and low pressure systems moving eastwards linked
to plume emission.

It is likely that many events are triggered by a cyclone1515

passing the emission region, accompanied by a cold front
which lifts the NO2 upwards into the free troposphere. There,
wind speeds tend to be higher and the lifetime of NO2 in-
creases to the order of days, which is consistent with simple
estimates from our analysis. Plumes can keep their distinct1520

boundaries over days before they dilute.
Besides events from anthropogenic sources, we also ob-

serve events from Australia which appear to be caused by
bushfires in the south of the continent. In at least one case,

there is evidence that lightning occurred during an long-1525

range transport event and might have added NO2 to the
plume, most likely leading to an overestimation of the life
time and transport of anthropogenic NO2.

NO2 long-range transport events can transport air pollu-
tion from South Africa to Australia, from China to Japan and1530

Taiwan and they are likely to have an impact on remote, pris-
tine regions such as the Arctic.
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