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ABSTRACT

An analysis of the severe weather event in November 2001 over the western Mediterranean is presented

focusing on satellite-based trace gas measurements from the Global Ozone Monitoring Experiment

(GOME) on board the European Remote Sensing Satellite (ERS-2). This study is supplemented by

a synoptic analysis and simulations of the three-dimensional stratospheric chemical transport model

ROSE. Arctic air masses moved rapidly from Scandinavia to the Iberian peninsula and were mixed with

subtropical air over the still warm Mediterranean Sea. This caused severe thunderstorms and extreme

rainfall along the coasts of Morocco and Algeria and later on the Balearic Islands. Associated with the

meridional transport an intrusion of stratospheric air below 3 km above sea level was observed. The

maximum potential vorticity (PV) derived from UK Meteorological Office analysis data was about 9.3

potential vorticity units (pvu) at 330 K at the equatorward position of 35◦N. These very high values went

along with remarkably enhanced total ozone levels obtained from GOME backscatter measurements

of collocated GOME/ERS-2 overpasses. Further investigation of GOME data showed unusually high

levels of nitrogen dioxide (NO2) above the western Mediterranean. We present a new method to derive

the tropospheric content of nitrogen dioxide (NO2) from a combination of satellite measurements and

results of a chemical transport model. We show that about two-third of the total atmospheric content of

nitrogen dioxide in the observed plume is found in the troposphere, due to lightning activity, advection

and vertical transport in the thunderstorms from the planetary boundary layer (PBL) to atmospheric

levels above clouds.

1. Introduction

From 9 to 11 November 2001, a series of heavy thun-

derstorms was observed over Morocco, Algeria and the

Balearic Islands that caused severe damage to the in-

frastructure, mainly due to flooding. Although heavy

rain and cyclones are typical events in the western

Mediterranean in winter, more than 750 people died

in the flood (“el hemla”), which was the second worst

natural disaster in Algeria during the last 40 years. The

unusual pattern of the spatial distribution of total ozone
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and nitrogen dioxide during this weather event, both

derived from GOME nadir backscatter measurements,

drew our attention to it and we analysed its temporal

and spatial evolution in the stratosphere and the tro-

posphere. We further used the three-dimensional (3D)

chemical-dynamical transport model ROSE (Rose and

Brasseur, 1989) to simulate transport and the nitrogen

dioxide background distribution in the stratosphere

and to compare the latter with GOME measurements.

A new method was developed that combines satellite

observations and ROSE results in order to derive the

tropospheric nitrogen dioxide content.

This severe weather event originated from an

arctic cold front along which air masses moved
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within two days over several thousand kilometres

southward from Scandinavia over the Iberian penin-

sula to North Africa, where cyclogenesis started. Cy-

clogenesis is a well known process for cut-off lows

when air masses of relatively high potential vorticity

(PV) rapidly push down southwards from polar re-

gions. Approaching the axis of the trough in a Rossby

wave a conversion of static stability into absolute vor-

ticity takes place by stretching of the vertical air col-

umn. The formation of a cut-off low starts and coin-

cides in this case with the dry intrusion of stratospheric

air, which occurs frequently (Kentarchos et al., 1998).

These processes are triggered by PV anomalies, as re-

cently described by Bluestein (1993). Due to the large-

scale Rossby wave pattern ozone-rich air in the lower

stratosphere is transported southward.

Nitrogen oxides play a key role in the formation

of tropospheric ozone, a photochemical process that

remarkably influences the chemical composition of

the atmosphere. The quantitative contributions of both

natural and anthropogenic tropospheric sources of ni-

trogen dioxide to the total NO2 budget are not very

well known, due to sparse ground-based measure-

ments. Here, satellite-based measurements may con-

tribute significantly to provide tropospheric nitrogen

dioxide levels on a global scale (Lauer et al., 2002;

Velders et al., 2001; Martin et al., 2002). Recent

airborne measurements substantiated the supposition

that considerable contributions originate from light-

ning in thunderstorms and vertical transport of pol-

luted air masses (i.e. NO2-rich air) from the planetary

boundary layer (PBL) to higher atmospheric levels

(Huntrieser et al., 2002; Brunner et al., 2001). At the

tropopause level further contributions from air traf-

fic have also to be taken into account (Schumann,

1994). In the upper stratosphere NO2 is mainly pro-

duced via atomic oxygen from nitrous oxide (N2O)

and is subsequently transported poleward into the

lower stratosphere. There, denitrification and trans-

port into the troposphere contribute to the main loss

processes. The daily averaged stratospheric NO2 col-

umn is dominated by available solar insolation and

shows a pronounced latitudinal dependency, while tro-

pospheric NO2 levels are highly variable in time and

space.

The trace gas retrieval technique and the ROSE

model are described in section 2; in section 3 we

present the synoptic analysis of the troposphere and

stratosphere, the 3D results of ROSE, and the deriva-

tion of the tropospheric nitrogen dioxide content. Our

conclusion is given in section 4.

2. Data

2.1. Trace gas measurements

The impact of a severe weather event on the chem-

ical composition of the atmosphere is analysed us-

ing backscatter measurements from the Global Ozone

Monitoring Experiment (GOME) on board the ERS-

2 satellite (see e.g. Burrows et al., 1999 and refer-

ences therein). An enhanced version of the opera-

tional GOME Data Processor (GDP) as described in

Loyola et al. (1997) was used to derive total column re-

sults of ozone and nitrogen dioxide. The GOME spec-

trometer is able to measure the atmospheric columnar

content of a number of minor trace constituents (e.g.

ozone, nitrogen dioxide, bromine monoxide, sulfur

dioxide, formaldehyde, chlorine dioxide) between 240

and 793 nm, with spectral resolutions varying from 0.2

to 0.4 nm. GOME is a nadir-looking across-track scan-

ning instrument with a typical footprint size of about

320 × 40 km2.

Since GOME pixels cover a relatively large area,

the footprints will often be partially or totally cov-

ered by clouds. Clouds are opaque in the UV/VIS

spectral range (except optically thin cirrus clouds),

which need to be taken into account if trace gas total

columns are retrieved. The cloud coverage of a GOME

footprint is determined by a linear least-squares fit of

GOME spectra to simulated spectra in and around the

oxygen A-band between 758 and 778 nm. We use a

relationship between the measured absorption depth

in the oxygen A-band, the cloud optical thickness,

the cloud-top height and the fractional cloud cover

of a GOME pixel as described in detail by Kuze and

Chance (1994). Cloud coverage results from GOME

can be lower than corresponding results from other

satellite sensors (Koelemeijer and Stammes, 1999) but

compare reasonably well if optically thick clouds are

present, as it is mainly the case in our study (see e.g.

Fig. 2).

The core element of the retrieval package is a DOAS

(Differential Optical Absorption Spectroscopy) fitting

technique that involves a multi-linear regression of

GOME-measured optical densities against a number

of reference spectra. It provides trace gas column

amounts along the viewing path of the instrument

(Burrows et al., 1999). The differential absorption of

trace species along the absorption path is modelled

according to Beer’s law

dI (λ) = −I (λ)σ (λ)C(s) ds (1)
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where the incremental change of intensity dI(λ) at

wavelength λ through a slant path distance ds is pro-

portional to the absorption cross-section σ (λ) times

the intensity I(λ) and the absorber column amount

C(s). When there are several weak absorbers, the con-

tributions are additive, provided that the total optical

density remains small and therefore saturation does

not occur. The ozone retrieval was performed between

325 and 335 nm, while the NO2 retrieval used a fitting

window between 425 and 450 nm. Details about the

spectral fitting can be found in Burrows et al. (1999)

and Thomas et al. (1998).

The resulting trace gas slant columns are then

converted to geometry-independent vertical column

amounts through division by appropriate air mass fac-

tors (AMF). Air mass factors describe the enhance-

ment of the absorption of a given trace gas due to slant

paths of incident light in the atmosphere:

AMF =
τslant

τvert

(2)

where τ slant, τ vert are the slant and the vertical optical

densities, respectively. The slant optical densities, i.e.

the AMFs, are derived from radiative transfer calcula-

tions and do not require input from GOME measure-

ments other than viewing geometry and geolocation

information. However, AMFs depend further on the

albedo of the underlying surface and the altitude of

the reflecting surface, which can be either the ground

or the cloud-top, and atmospheric profiles of temper-

ature, pressure and trace gas concentration. Radiation

propagation through clouds is not considered. Instead,

clouds are treated as reflecting boundaries in the at-

mosphere.

Ozone AMFs were calculated on the basis of the

TOMS V7 ozone profile climatology (Klenk et al.,

1983; Chu et al., 1989) using LIDORT (Spurr et al.,

2001), and are obtained from look-up tables by neural

network techniques. The total ozone content is derived

from an iterative procedure that searches for the best

suited ozone profile, i.e. the AMF as function of the

integrated profile content (and a number of other geo-

physical parameters, as mentioned above). A differ-

ent approach is followed for nitrogen dioxide AMFs,

which are calculated in two steps. A fast radiative

transfer model calculates AMFs on-line, considering

only single scattering effects. The multiple scattering

is then accounted for by multiplicative correction fac-

tors that were derived from radiative transfer simula-

tions (Rozanov et al., 1997), restored from a look-up

table.

A common way of calculating the vertical column

density (VCD) of a species (here nitrogen dioxide) is

to calculate first a representative slant column SCtotal

by adding the fitted slant column SC and a climato-

logical slant column content below clouds (if present),

followed by a division through the total air mass fac-

tor AMFtotal which is the weighted average of clear sky

and cloudy AMFs. A so-called ghost vertical column

(GVC) below clouds is derived from climatological

trace gas profiles. The vertical column density now

reads:

VCD =
SCtotal

AMFtotal

=
SC + fc × GVC × AMFc

fc × AMFc + (1 − fc) × AMFg

(3)

where f c is the cloud coverage between 0 and 1, SC the

fitted slant column, GVC the ghost vertical column,

and AMFg and AMFc the air mass factors down to

ground and to cloud-top.

Recent studies (Lambert et al., 1999; 2000) com-

paring GOME and TOMS data against ground-based

measurements indicate that the agreement of GOME

total ozone columns is within 2–4% for solar zenith

angles below 70◦, which is the case in our study. Total

nitrogen dioxide columns derived from GOME, other

satellite instruments (HALOE, POAM) and ground-

based measurements agree in general within 5–20%,

but within ±5 × 1014 molecules cm−2 in areas of

low NO2 in the planetary boundary layer and within

±8 × 1014 molecules cm−2 in areas of very low slant

columns of nitrogen dioxide. Recent studies (Richter

and Burrows, 2002; Martin et al., 2002) showed that

GOME nitrogen dioxide measurements partially suf-

fer from instrumental artefacts that may cause a tem-

porally varying offset in the slant columns up to 2 ×

1015 molecules cm−2 depending on the time of the

year. These structures, however, appear to be similar

from year to year. For November 2001, a slight under-

estimation of retrieved NO2 slant columns around 4 ×

1014 molecules cm−2 can be estimated using the offset

determined for 1998/1999 by Martin et al. (2002).

2.2. The chemical transport model ROSE

The spatial background distribution and the

temporal evolution of stratospheric ozone and ni-

trogen dioxide are simulated using the 3D global

chemical-transport model ROSE as described in detail

in Rose and Brasseur (1989), Granier and Brasseur

(1991) and Riese et al. (1999). The model covers the

relevant gas-phase stratospheric chemical processes.
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Heterogeneous processes on polar-stratospheric

clouds and on sulfuric aerosols are also included

in the model. It accounts for about 100 reactions,

including oxygen, hydrogen, carbon, nitrogen,

chlorine and bromine species. The chemical rate

constants and cross-sections are taken from Sander

et al. (2000). Photolysis rates are derived from a

look-up table depending on solar zenith angle, ozone

column and altitude. The chemical rate equations are

solved by considering a chemical equilibrium state

for the short-lived species (e.g. ClO, NO, HO, BrO).

A semi-implicit scheme is used for the integration of

the more stable reactants (e.g. HNO3, N2O, NH4).

All short-lived species are grouped and integrated

using families, e.g. ClOx = Cl + ClO, NOx = NO +

NO2. All long-lived species are transported using

the semi-Lagrangian scheme of Smolarkiewicz and

Rasch (1991). Wind and temperature fields are derived

from 24-h analyses of the UK Meteorological Office

(UKMO) following Swinbank and O’Neill (1994),

which are available for pressure levels from ground up

to 0.3 hPa. This data set defines a consistent synoptic

state using satellite-based temperature soundings

and radiosonde observations assimilated in a global

circulation model (GCM).

For this study we use a ROSE version with a 5.6◦ ×

5◦ longitude–latitude spherical grid on 43 log-pressure

levels between 0 and 60 km altitude, resulting in a ver-

tical step size of 1.3 km. In the model’s troposphere

all chemical species are relaxed to 2D model data

(Brasseur et al., 1995) with a timescale of 10 d.

Fig. 1. UKMO analysis of the temperature in K (greyscale) and the geopotential height in gpm (isolines) at 464 hPa (∼6 km)

at 12:00 UTC for 9 November 2001 (left panel) and 10 November 2001 (right panel).

This data set describes climatological zonal mean

distributions of a sub-set of species relevant for strato-

spheric conditions. The model’s tropopause is defined

by a potential vorticity of 1.6 pvu (see section 3.2)

or a potential temperature of 380 K for the tropics.

In order to investigate the impact of the tropopause

height model runs were also performed for a different

tropopause height corresponding to 3 pvu (see section

3.4). The model runs covering the period 6–14 Novem-

ber 2001 were initialised with data from the DFD near-

real-time (NRT) service (http://auc.dfd.dlr.de/ROSE).

This NRT service delivers vertical ozone profiles using

GOME total ozone column densities that are assimi-

lated into ROSE on an operational basis.

3. Results

3.1. Synoptic analysis

The meteorological situation during the weather

event is characterised by strong surface winds and

heavy rainfall. Figure 1 (left panel) shows an intense

upper level trough that pushes far to the Southwest of

Europe and meets the Algerian coast from west on 9

November 2001. The UKMO analysis of the tempera-

ture and the geopotential height is given at the 464 hPa

level (∼6 km). The METEOSAT-7 IR-image from the

same day (Fig. 2, left panel) shows that the cloud sys-

tems of the frontal zone extend from Finland across

Central Europe to Spain. The cold front made the sur-

face temperatures in Andalusia (Spain) drop at midday
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Fig. 2. METEOSAT-7 IR data at 12:00 UTC for 9 November 2001 (left panel) and 10 November 2001 (right panel); A,

Algiers.

from 25 to 18 ◦C and to frost at night. Heavy rainfall

begins at the Algerian coast on late 9 November 2001

and ends at about noon on 10 November 2001. Cy-

clonic curvature and shear vorticity define the positive

vorticity advection (PVA) at the Algerian coast. This

PVA implies a deepening of the low-pressure system

and a cut-off low developed with maximum poten-

tial vorticity in that area (Fig. 1, right panel). On its

east side very warm lower air from the tropics was

mixed with higher cold air of arctic origin, leading

to a highly unstable air mass and initiating a cyclo-

genesis with a tropical warm core which is unusual

at these latitudes. Two processes intensified the con-

vective development: (1) the cold maritime arctic air

crosses over the still warm Mediterranean, where it

picks up moisture and meets maritime subtropical air

and (2) the strong surface winds from north-west to-

wards the mountainous African coast caused intense

orographic rainfall. Figure 2 shows the clouds rotating

around Algiers due to the cut-off low process. On both

days, 9 and 10November 2001, extraordinary rainfall

rates of 126 L m−2 in 12 h and 136 L m−2 in 6 h were

reported which led to the flooding disaster in Alge-

ria. The regional maximum rain rate in 6 h in Algeria

was more than the 30 years monthly mean November

rainfall rate of 129 L m−2.

3.2. Ozone and PV analysis

The total ozone distribution as derived from GOME

backscatter measurements between 9 and 11 Novem-

ber 2001 is shown in Fig. 3, left panels. The GOME

overpass time over the area is around 10:20 h local

time (here close to 10:20 UTC) on each day due to the

sun-synchronous polar orbit of ERS-2. High gradi-

ents in total ozone column from pixel to pixel (several

10 DU) indicate strong dynamic activity over Europe.

As early as in 1950 Reed showed that the total ozone

column is an excellent tracer for upper level weather

systems modulated by tropopause and lower strato-

sphere variability. A well suited synoptic diagnosis

quantity is the corresponding isentropic PV at 330 K

(Hoskins et al., 1985) which is depicted for each day

on the right panels of Fig. 3. PV is a conservative

quantity in frictionless and adiabatic flow and the val-

ues on the 330 K isentrope correlate well with the to-

tal ozone column at midlatitudes (Hood et al., 1999).

The essential physics of the relationship between total

ozone and vorticity is described in Vaughan and Price

(1991).

At the beginning of the investigated period, we ob-

serve low ozone levels below 200 DU over Northern

Europe on 9 and 10 November 2001 forming an ozone

mini-hole (Figs. 3a and c). It is accompanied by a high-

pressure system which is characterised by an elevated

tropopause and a negative PV anomaly and governs

the large-scale motion field (Fig. 3b). Hence, on its

front side (east) an upper level trough is forming over

Scandinavia and the Baltic. It moves eastwards and

rapidly expands in a south-westward direction leading

to enhanced ozone levels over Spain (Fig. 3c). While

the upper-level trough deepens, the tongue of high

PV elongates and thins with a pronounced NE–SW

axis (Fig. 3d). The formation is due to equatorward
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Fig. 3. GOME-measured ozone distribution on 9 November 2001 (a), 10 November 2001 (c), 11 November 2001 (e) and

corresponding isentropic potential vorticity on the 330 K surface derived from UK Meteorological Office stratospheric

analyses for the same days at 12:00 UTC (b, d, f).
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Rossby wave breaking (McIntyre and Palmer, 1985).

From 10 to 11 November 2001, the structure formed

by high PV levels breaks up and the tip of the tongue

separates, rolling up cyclonically, forming a cut-off

low centred over Morocco (Fig. 3f). The core shows

high PV values of about 9.3 pvu (1 pvu = 10−6 K

m2 kg−1 s−2), indicating a reservoir of polar strato-

spheric air masses at a very pronounced southern loca-

tion of 35◦N. Associated with the equatorward Rossby

wave breaking event we observe high total ozone col-

umn values over Southern Spain, Morocco, Algeria

and the Mediterranean Sea (Figs. 3c and e). The to-

tal ozone content at these low latitudes increases by

about 100 DU, from 280 DU on 8 November 2001

to 380 DU on 10 November 2001. On 11 November

2001 the maximum total ozone has decreased again to

355 DU.

In order to investigate the equatorward location of

the PV maximum from a climatological and statisti-

cal point of view, 11 years of UKMO analysis data

were examined. Potential vorticity was determined on

a daily basis from 1992 to 2002 at 35◦N and for all lon-

gitudes on the 330 K isentrope. During this period PV

values reached a similar level only on four days, which

underlines the strong meridional transport during this

outstanding weather event.

Besides horizontal transport phenomena we also ex-

amined changes in the vertical structure of the at-

Fig. 4. PV north–south cross-sections for 10 November 2001 at 0◦W (left panel) along the Greenwich meridian and

METEOSAT-7 water vapour image (right panel) of 10 November 2001 11:30 UTC. Potential vorticity isocontours are

in white while isentropes are in black. The 1.6 pvu isoline (thick black line, left panel) denotes the dynamical tropopause. The

next isoline (white) corresponds to 3 pvu and the difference to 1.6 pvu is shaded in bright grey. The geographical position

of Algiers is marked by the A at 36◦N in the left panel. The Greenwich meridian at 0◦W is marked by the black line in the

METEOSAT-7 image (Source: UK Met Office).

mosphere. The dynamic tropopause can be defined

as an isosurface of potential vorticity. Hoerling et al.

(1991) discussed different threshold values from 1 to

3.5 pvu for the definition of the dynamic tropopause

while the WMO recommended the 1.6 pvu isoline at

midlatitudes (WMO, 1985). According to Price and

Vaughan (1993), this is reasonable when studying cut-

off lows, as it is the case here. However, outside the

cut-off low the 3 pvu isoline may be a more represen-

tative value. In our case study the 3 pvu isoline is about

100 hPa higher than the 1.6 pvu isoline in the area with

the cut-off low, while the effect is less pronounced out-

side where changes are below 25 hPa. The impact of

different tropopause heights is discussed in more de-

tails in sections 3.4 and 3.5. The tropopause lowering

within the upper level trough leads to an increase of

the stratospheric air reservoir and contributes to an in-

crease of the total ozone column amounts. By means

of the PV as a stratospheric tracer, the folding shows

isentropic flow to its western flank, indicating strato-

spheric intrusion. As depicted in Fig. 3d the tip of the

equatorward pointing PV structure broke away on 10

November 2001, forming a cut-off low. For that day,

Fig. 4 (left panel) shows a north–south cross-section

of PV and potential temperature along the Greenwich

meridian from 20◦ to 60◦N, based on analyses of the

European Centre of Medium Range Weather Forecast

(ECMWF).
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The cyclogenesis around Algiers (36◦N) is asso-

ciated with a significant enfolding of the tropopause

where stratospheric ozone-rich air intrudes to 700 hPa

on 10 November 2001 and splits up into two tongues

in the cross-section (Fig. 4, left panel). This is due to

the cyclonic spin of the fold around the forming cut-off

low, which is confirmed by the METEOSAT-7 water

vapour image from 10 November 2001 at 11:30 UTC

(Fig. 4, right panel). The dry intrusion of stratospheric

air into the cyclone is apparent: it forms a streamer in-

dicated by a dark narrow band reaching straight from

Russia to Morocco and then spinning cyclonically.

3.3. Nitrogen dioxide observations

The NO2 distribution derived from GOME measure-

ments does not show a similar temporal and spatial

pattern as ozone and PV in the same period. How-

ever, on 10 November 2001, enhanced NO2 levels are

observed along the Cantabric coast (Spain) and over

Morocco (also over Macedonia), which coincides with

night-time lightning activity (Fig. 5, upper panels). En-

hanced NO2 concentrations in the upper troposphere

caused by lightning activity have recently been mea-

sured by Huntrieser et al. (2002); these plumes may

persist for several hours. Another area with higher ni-

trogen dioxide levels is visible over France which can

be attributed to tropospheric pollution. Here, GOME

cloud coverage results indicate a low cloudiness of

below 20% providing satellite measurements down to

surface levels. On 11 November 2001, during and after

heavy thunderstorms, an NO2 plume is observed over

the western Mediterranean Sea around the Balearic

Islands and towards the North-African coast (Fig. 5,

lower left).

Before the cold front reached the area on 8 Novem-

ber 2001 the typical NO2 vertical column was around

(2.5–3.5) × 1015 ± 3.5 × 1014 molecules cm−2, but

higher over France, while an unusually high maximum

total content of 7.27 × 1015 ± 4.4 × 1014 molecules

cm−2 was observed on 11 November 2001. A negative

bias of about −1.4 × 1014 molecules cm−2 need to be

considered to correct for possible artefacts in GOME

backscatter data (Martin et al., 2002). The given error

levels are derived from the slant column fitting preci-

sion (i.e. standard deviation), the corresponding cloud

fitting precision and an assumed precision of AMFs of

1% which is due to radiative transfer modelling. Errors

of reference spectra were not considered. The origin

of the NO2 plume is further analysed in section 3.5.

3.4. ROSE simulations of nitrogen dioxide

ROSE simulations starting on 6 November 2001

were performed to compare simulated stratospheric

nitrogen dioxide distributions with coincident GOME

observations during the period of interest. The models

tropopause is defined as described in section 2.2 using

the 1.6 pvu or the 380 K potential temperature isoline.

The differences between GOME NO2 total column re-

sults and modelled stratospheric results can then be

used to estimate the tropospheric NO2 content which

is further discussed in section 3.5.

To separate the effect of transport from local chem-

ical transformations we analysed the temporal de-

velopment of total ozone and a tracer (chemically

passive ozone, initialised with ozone values from 5

November 2001) for a fixed model location at 0◦E,

40◦N. Air masses with high ozone loading were trans-

ported southward, as confirmed by PV analysis (see

section 3.1). We observe a maximum increase of

the simulated total ozone column during 8 to 10

November 2001 and these results compare qualita-

tively well with coincident GOME observations. By

comparing the temporal behaviour of ozone with that

of the tracer we estimate that chemical transformations

locally only contribute 5% to the simulated change of

the stratospheric ozone column.

Recent comparisons of ROSE results with obser-

vations showed that the NO2 temporal behaviour is

reasonably well described by the model (Sen et al.,

1998; Toon, 1991). Maximum daily NO2 columns are

simulated after sunset (at surface levels) before NO2

is converted mainly into its night-time reservoir N2O5.

Minimum NO2 columns are present after sunrise when

most of the NO2 is quickly photolyzed into NO, thus

lowering the total content by one order of magnitude.

Stratospheric total NO2 levels slightly recover during

day time, typically by about 1 × 1014 molecules

cm−2 h−1. To evaluate the model performance we

compare the simulated minimum NO2 values with

available HALOE November observations in the

midlatitudes (Gordley et al., 1996) for sunrise con-

ditions (http://haloedata.larc.nasa.gov/Haloe/home.

html). A direct comparison of the spatial NO2 distri-

butions with independent space-borne measurements

is compromised due to missing data during the period

of interest. ROSE NO2 minimum total column values

above 20 km altitude compare well with HALOE

measurements with model values being slightly

higher. Model results are in excellent agreement

with HALOE observations near the stratospheric
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Fig. 5. GOME-measured nitrogen dioxide distribution on 10 November 2001 (upper left) and 11 November 2001 (lower left),

and lightning statistics for both one day earlier, the 9 November 2001 (upper right) and 10 November 2001 (lower right).

Slightly increased column densities are observed over the strait of Gibraltar and along the Cantabric coast on 10 November

2001 (upper left), where both night-time lightning activity was reported. On 11 November 2001, unusually high NO2 column

densities of about 7.2 × 1015 molecules cm−2 were measured over the Mediterranean Sea (lower left). Lightning statistics

were taken from http://www.wetterzentrale.de.

NO2 maximum around 30 km altitude. Modelled

NO2 columns near the 100 hPa level (∼16 km)

tend to be higher than corresponding HALOE

values, but deviations stay within the known bias

of HALOE. The simulated average zonal variability

of 10% for the NO2 column corresponds well with

HALOE observations.

At the GOME overpass time during the period of

interest the temporal changes of NO2 due to chem-

ical transformation are typically low. ROSE strato-

spheric NO2 columns calculated at 10:00 UTC de-

crease smoothly from 2.1 × 1015 molecules cm−2 on

6 November 2001 to 1.6 × 1015 molecules cm−2 on 11

November 2001 at 40◦N 0◦E, where GOME-derived
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Fig. 6. Total stratospheric nitrogen dioxide content for 10 November 2001 (left panel) and 11 November 2001 (right panel)

as calculated by ROSE at GOME local overpass times (10:20 LT). The maximum stratospheric content is about 2.6 × 1015

molecules cm−2 over the Saharan desert, while it is around 1.8 × 1015 molecules cm−2in the area southward of the Balearic

Islands where measured NO2 values were highest. The day-to-day variation in the latter area remains small.

NO2 levels were highest. Therefore, the temporal res-

olution of UKMO analysis data of about 24 h is suf-

ficiently high to describe the impact of stratospheric

transport. The variation from 10 to 12 November 2001

is lower than 5×1014 molecules cm−2. ROSE NO2 col-

umn results at GOME overpass time (10:20 LT) on 10

and 11 November 2001 are shown in Fig. 6.

The ROSE-modelled spatial distribution of NO2 is

dominated by the bulk of NO2 in the stratosphere

around 30 km. The relatively low NO2 columns over

Northern and Central Europe and even down to Spain

on 10 November 2001 can be attributed to wave-like

transport in stratospheric levels at higher latitudes.

Measured ozone fields and PV analysis indicate a

more pronounced meridional transport in lower atmo-

spheric levels especially on 9 November 2001 (Figs. 3a

and b). The simulated NO2 column content during the

GOME overpass time varies between (0.9–2.6) × 1015

molecules cm−2 from North to South, which is lower

than corresponding GOME measurements outside the

NO2 plume over water surfaces and high latitudes.

The strong increase of measured NO2 levels on 11

November 2001 (see Fig. 5, lower left) does not ap-

pear in the simulations. Note, however, that ROSE does

not consider tropospheric emissions (section 2.2). The

tropospheric NO2 content is further discussed in the

following section.

3.5. Derivation and analysis of tropospheric

nitrogen dioxide

Several methods to derive the nitrogen dioxide con-

tent in the troposphere are discussed in the litera-

ture. Velders et al. (2001) apply both the so-called

tropospheric excess method (Richter and Burrows

2002) and image processing technique to derive the

tropospheric NO2 columnar content. The tropospheric

excess method allows one to separate tropospheric and

stratospheric contributions to the total NO2 content

under the assumption of a relatively stable (both in

time and space) NO2 distribution over the free Pa-

cific Ocean. Lauer et al. (2002) compare tropospheric

NO2 columns derived from GOME measurements and

results of a coupled chemistry–climate model. The
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Fig. 7. Tropospheric nitrogen dioxide columns derived by subtracting ROSE results from GOME measurements for 10

November 2001 (left panel) and 11 November 2001 (right panel). Maximum values on 11 November 2001 are around

5.5 × 1015 molecules cm−2.

tropospheric NO2 columns were again derived using

the tropospheric excess method. In both studies mean

values (monthly or for a number of consecutive days)

of the tropospheric NO2 content are derived. Martin

et al. (2002) apply a chemical transport model and take

into account the variability of NO2 AMFs as a func-

tion of the NO2 profile shape, of the surface reflectivity

and under the presence of clouds. Again, tropospheric

nitrogen dioxide levels are derived on a monthly basis.

In our study we derive the NO2 tropospheric

content with the temporal and spatial resolution of

GOME/ERS-2 orbits. Since we use ROSE model data

only above the tropopause level (see section 2.2) we

can derive the tropospheric column amount of NO2

by subtracting the stratospheric component from the

GOME NO2 total column measurements. By combin-

ing model results and GOME observations on 10 and

11 November 2001 we get the tropospheric column

content at GOME observation time. In undisturbed ar-

eas and over the free ocean tropospheric column values

are in general around 1×1015 molecules cm−2 and be-

low while higher tropospheric columns of about (2–3)

×1015 molecules cm−2 are present over France, North-

ern Spain, and the Street of Gibraltar on 10 November

2001 (Fig. 7, left side). We calculate a maximum tro-

pospheric NO2 column content of about 5.5 × 1015 ±

6.3 × 1014 molecules cm−2 over the Western Mediter-

ranean (Fig. 7, right side).

The error is calculated from the standard deviation

of the GOME NO2 result (section 3.3) and the cor-

responding uncertainty of the ROSE NO2 results of

about 10%. A possible negative bias due to instru-

mental features (section 2.1) is not included in the

calculated maximum content and its error budget. The

absolute value of the bias remains well below 10%

of the maximum NO2 value but becomes more im-

portant over areas with lower total content. A change

of the models tropopause level from 1.6 to 3 pvu

does not have a significant impact on calculated tropo-

spheric NO2 columns. The simulations reveal a mean

difference of about ±2 × 1013 molecules cm−2 and

an increase of tropospheric levels around 1×1013

molecules cm−2 in the area with highest NO2 values

which is well below the uncertainty of the calculated

tropospheric NO2 column.

The origin of the derived NO2 plume on 11

November 2001 is further analysed. We first notice

that there is a delay of one day between the ozone

maximum content and the nitrogen dioxide maxi-

mum. We further know that the stratospheric NO2
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abundance in high latitudes is low during the winter

season. It is therefore unlikely that the observed en-

hanced NO2 levels are due to advection of NO2 rich air

masses above the troposphere from high latitudes. The

cloud coverage was high (>90%) over the area with

the NO2 plume on 11 November 2001 and satellite

observations of the PBL were compromised. Under

these circumstances, the GOME-derived total nitro-

gen dioxide content is dominated by the NO2 con-

tent above the clouds [see also eq. (3)] and also the

contribution of the climatological ghost column (be-

low clouds) to the total content is well below 5% and

may not contribute significantly to total NO2 levels.

We therefore conclude that enhanced NO2 levels on

11 November 2001 are due to local processes in the

troposphere above clouds, e.g. lightning activity dur-

ing the night from 10 to 11 November 2001 (Fig. 5,

upper right), and polluted air masses uplifted from

the planetary boundary layer by the thunderstorms,

as also described in Huntrieser et al. (2002). To our

knowledge other natural tropospheric sources of NO2

over water surfaces are unknown. However, air masses

from the PBL may not necessarily originate from the

same area but can be due to advection of polluted air

masses over France and Spain in the troposphere, as

indicated by enhanced GOME-measured NO2 levels

on 10 November 2001 (Fig. 5, upper left). The trans-

port processes are endorsed by a 3D backward trajec-

tory analysis using the FLEXTRA model (Stohl et al.,

1999) based on ECMWF analyses data. The simula-

tion started in the NO2 plume at the GOME overpass

time (1020 UTC) and ran backwards for 60 h. The

results show advection and uplifting of tropospheric

air masses up to 4–7 km from regions where NO2 lev-

els were high (Central and Southern France, Italian

Po valley). Other trajectories follow the thunderstorm

movement in the cut-off low during the night from 10

to 11 November 2001. Strong lightning activity was

reported during this night in a triangle between Cor-

sica, the Balearic Islands and the North African coast

(Fig. 5, lower right), hence supporting the origin of ni-

trogen dioxide from lightning. The trajectory analysis

gave evidence that air masses were finally transported

with easterly winds following the cyclonic movement

to the area where NO2 levels were highest.

The analysis reveals further that air masses were

moved up from the PBL to 4–7 km, even up to 10

km above sea level by about 10 h before the GOME

overpass. Other trajectories indicate air masses that

were lifted up 36 h earlier but then moving in the same

height range (4–7 km) with the thunderstorms.

4. Summary and conclusions

We used satellite-based trace gas measurements,

synoptic data, potential vorticity analysis and results

from a chemical transport model to describe the tem-

poral and spatial evolution of the Algiers cold front

from 9 to 11 November 2001. Our results are sum-

marised as follows:

The dynamically induced transport of cold air from

arctic latitudes down to subtropical latitudes over the

warm Mediterranean Sea within 24 h led to severe

thunderstorms and extraordinarily high rainfall rates at

these latitudes. The formation of a cut-off low could be

traced and we observed a tropopause lowering below 3

km indicating a pronounced intrusion of stratospheric

air masses to tropospheric levels. High potential vor-

ticity values of about 9.3 pvu on the 330 K isentrope

at the remarkably low latitude of 35◦N emphasise the

strong meridional transport.

Concerning the trace gas distributions we could

show that the enhancements of the total ozone and

nitrogen dioxide columns over the western Mediter-

ranean Sea were of different nature. The increase of

ozone levels originates from the large-scale meridional

transport of air masses with high ozone content to sub-

tropical regions in the lower stratosphere, which is

confirmed by PV analysis but also ROSE simulations.

Comparison of GOME results and ROSE simulations

showed that the observed enhancement of NO2 is con-

fined to the troposphere. The combination of results

of the stratospheric chemistry model and GOME ob-

servations allow to quantify tropospheric NO2 levels

at the temporal and spatial resolution of GOME or-

bits. A maximum tropospheric content of about 5.5 ×

1015 molecules cm−2 was derived which is attributed

to lightning activity and advected NO2-enriched

air masses from the PBL. Our method avoids the

limitations of the tropospheric excess method and can

be applied on a global scale in a near-real-time envi-

ronment. It is therefore possible to provide quickly in-

formation about enhanced tropospheric nitrogen diox-

ide levels, as they occur frequently over industrialised

areas but also during biomass burning events. The

method is not confined to a certain satellite instrument

but sensor-specific features such as the known diffuser

plate structures in GOME backscatter data need to be

taken into account. Further refinement and validation

will help to apply it successfully to data from space-

borne sensors with higher spatial resolution, e.g. from

the Scanning Imaging Absorption Spectrometer for

Atmospheric Cartography (SCIAMACHY) on board
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ENVISAT as well as to data from future satellite mis-

sions, among them GOME-2 on board METOP (to be

launched in 2005).
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