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Abstract. The transit of goods between France and Italy is made especially by
means of trucks, along two alpine routes in narrow and deep valleys: Maurienne,
leading to the Fréjus tunnel and Chamonix Valley leading to the Mont Blanc tunnel
which, after the accident of March 1999, was closed and then partly reopened. In
this paper we try, through several research programs, to study the spatiotemporal
relationship between road traffic and NO2 air pollution in these two valleys.

Introduction
The alpine massif is, on more than 800 km, the water tower and one of the
main biodiversity reserves of the very populated Western continental Europe. It
constitutes a natural barrier for intense traffic flows between North and South,
concentrated on a few relatively practicable passages (highway and tunnel).
However, the alpine natural environment is extremely fragile, with steep slopes,
generally poor and thin soils and vegetation subject to a harsh and changing
climate.
The accumulation of massive traffic (especially heavy transport) in very few
alpine valleys generates atmospheric pollution with local and regional
consequences for ecosystems, the health and the day-to-day life of the inhabitants
(concentrated on the bottom of the valleys). We will focus here on nitrogen oxides
(NOx, mainly produced by traffic) and on the two big alpine passages between
France and Italy (Chamonix-Mont Blanc and Maurienne-Fréjus).
Between 1998 and 2005, two national research programs gathered various
types of observations about atmospheric pollution by NOx and other polluters: the
« Ecosystem, Transport, Pollution » Program in the Pyrenees and Alps and the
« Pollution in the Alpine Valleys » Program in the Alps. Since 1998, the APS
association (The Ain and Savoy Country Air) has been ensuring the follow-up on
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air quality. For the achievement of this paper, we have borrowed their
measurements and data that we present in the following order:
- Transalpine road traffic and its evolution
- Atmospheric concentration of NOx in Maurienne and Chamonix Valley
- The first approach on the vulnerability of the populations.
1. Transalpine road traffic and its evolution
Heavy traffic with high growth rate. Nitrogen oxides are produced by all
high temperature combustion phenomena: in Western Europe 60% of nitrogen
oxides (NOx) are produced by vehicles (the other 40% are mainly due to thermal
power stations and to heating). Their production, concentration and diffusion have
harmful consequences on ecosystems (dry deposits, acid rains) and on human
health (ozone, NO2). Road traffic boom (and especially that of heavy traffic)
across the Alps is therefore an environmental and sanitary fact of the highest
importance.
In 2004, 192 million tons crossed the alpine arch, 1/3 by rail and 2/3 by road
in 10 million trucks. In 1994, goods traffic was of about 132 million tons;
therefore, there was an increase of about 45% in ten years.
The massive transit increase between 1994 an 2004, especially by road, of
goods was unequally distributed between the two main alpine countries (tab. 1.1).
Tab. 1.1 - 1994-2004 transalpine goods traffic increase (source: CAFT survey)

1994
2004
Increase
Road traffic 2004
Rail traffic 2004

Austria
63.4 MT
107.5 MT
+69.6%
74.2 MT
33.3 MT

France-Italy
44.9 MT
50.0 MT
+ 11.4%
43.0 MT
7.0 MT

Switzerland
23.7 MT
34.5 MT
+45.6%
12.4 MT
22.1 MT

The global increase of the traffic of goods appeared mainly in Austria, and
then in Switzerland. We have to take into consideration that traffic of goods
between France and Italy is mainly road traffic (up to 86%), while it is only 69% in
Austria, and 36% in Switzerland (which has had, for a long time now, a policy that
discourages road and piggyback traffic). The heavy weight transit is mainly
responsible for the atmospheric pollution of the alpine valleys; even more, as it is
concentrated on very few truck practicable passages at the end of much embanked
valleys.
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Heavy traffic concentrated on a few passages. There are only seven alpine
passages practicable (motorway + tunnel) for merchandise road transportation:
three between France and Italy, two in Switzerland and two in Austria. They are
presented in the 1.1 figure.

Fig. 1.1- The main alpine passages for the merchandise flows in 1984 and 2002
(source: SNCF-IGP-SIG )

The first evidence regards the explosion of heavy weight road transit on the
alpine crossings, explosion due to the blossoming of the exchanges within the
European Community (Switzerland has been, obviously, relatively protected) and
to the improvement of the motorway network towards and in the Alps.
In 1984, massif road traffic concerned Gothard and Brenner (flow between
Germany and Italy); in 2002 it reached the two Western extremities (flow between
Western and North-Western Europe and Italy) and East (Northern and NorthEastern Europe and Italy).
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& Related to the two Austrian road passages, we notice the Brenner
saturation and the high growth of Tarvis (with the emergence of flows originated in
the Eastern Europe that also increased heavily after 2002).
& Between 1984 and 2002, the two Swiss passages had a moderate increase
for various reasons. As Switzerland was no part of the European Community, it
had adopted a heavy weight size restriction (28 tons maximum instead of 42) and it
precociously started a piggyback policy.
& The three France – Italy passages have known contrasting evolutions: high
increase of the traffic through Vintimille (blossoming of Spain– Italy flows), high
decrease of the weight traffic.
Reassuming the information of figure 1.1, we obtain the 1.2 table, more
eloquent.
Tab. 1.2 - Evolution of the road traffic of goods in the main alpine crossings

Vintimille (Fr-It)
Fréjus (Fr-It)
Mont Blanc (Fr-It)
Simplon (Switzerland)
Gothard (Switzerland)
Brenner (Austria)
Tarvis (Austria)

Road flow 1984
3.0 MT
4.3 MT
8.6 MT
3.2 MT
11.1 MT
13.5 MT
3.0 MT

Road flow 2002
14.6 MT
24.1 MT
1.3 MT
4.8 MT
14.2 MT
25.8 MT
17.3 MT

Increase
+387%
+460%
-85%
+50%
+28%
+91%
+477%

heavy in the Mont Blanc tunnel (after the big car crash of March 1999, the crossing
of heavy weight trucks has been highly regulated) so that their flows were strongly
reflected on the Fréjus tunnel: its heavy weight traffic doubled in 2000, when 1.6
millions passed through (plus the 5000 of a working day).
This road merchandise transit explosion has obviously had consequences on
the atmospheric pollution, mainly due to the production – concentration of nitrogen
oxides.
Nitrogen Oxides Pollution Process. Vehicles (especially diesel fueled with
no catalytic converter) produce Nitrogen Monoxides (NO). Considering the slopes
of the alpine valleys, a heavy weight vehicle produces much more Nitrogen
monoxides than a light vehicle.
NO (nitrogen monoxides) oxidation by the oxygen in the air rapidly
produces nitrogen dioxides (NO2). NO and NO2 are grouped under the general
name of nitrogen oxides (NOx).
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Other gases are also produced (like the nitrogen protoxide, N2O, strong gas
with greenhouse effect and PM10 fine particles, as the NO2 harmful for the
bronchial tubes).
For the same quantity of produced NO, local concentrations in the
atmosphere vary according to the diffusion conditions in space depending on the
topography and in time depending on the weather.
If associated to water, NOx can produce nitric acid (HNO3), one of the
substances responsible for acid rains. Under the summer strong solar radiation,
they produce the ozone (O3) of the low layers in the atmosphere.
NOx are therefore harmful for ecosystems and human health (respiratory
diseases): the study of their vulnerability remains still to be made.

Fig. 2.1 - NOx atmospheric concentration in Maurienne and Chamonix Valley- Mont
Blanc - zones and places surveyed by ETP and POVA programs

Measures and estimators
& estimation of NOx emissions
It is made by computer software (e.g. IMPACT-Ademe) that reproduces
traffic conditions (age structure of the car park, traffic composition and speed,
road’s nature and slope) or by passive detectors placed just near the road. Passive
detectors are tubes with a solution sensitive to NO2, which, generally, they
accumulate for a one-week period. As their price is relatively low, we usually use
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them quite a lot in the field, near the emission sources, for several weeks. The two
methods provide estimations that can be directly correlated, on weekly basis, with
traffic volume and composition.
& estimation of NO2 atmospheric concentrations
If we focus on the spatial diffusion/concentration of the polluter, the
indicated method is a good positioning of a sufficient number of passive detectors.
If we are interested in a larger diffusion, the bioindicators approach seems
interesting. For the ETP-Alps program, lichens were the chosen bioindicators. High
frequency of nitrophile lichens on acid bark trees (e.g. spruce, fir) indicates
nitrogen content. In the studied environment (with no crops and so without
nitrogen fertilizers, resinous trees, acid soils), it can only come from the road
traffic.
The study of the atmospheric diffusion in three dimensions can be made
using heavy and expensive equipment (lidar), which is not very widespread.
If we prefer the study of the week days rhythms (daily hourly peaks, for
example or difference between week days and weekend days), we use a sequential
analyzer. As it an expensive material that needs electric power, it is used in only
one carefully chosen place (« pollution black spot »).
& punctual measures, spatial estimations
Measures that are continuous in time have to be punctual, generating curves
that indicate rhythms of polluters’ atmospheric concentration. Measurement places
are carefully chosen, generally in the most polluted urban areas. Measuring devices
are permanently placed there. As far as the measurements of traffic pollution are
concerned, they are realized in time limited campaigns.
In order to obtain spatial estimations for Nox atmospheric pollution, we have
models that simulate both emissions (IMPACT-Ademe computer software) and
chemical diffusion-transformation (e.g. SIRANE computer software, but limited to
dense urban environments), a S.I.G. that allow to stock and view in space their
results at a fine scale. For now, a reliable knowledge of the spatial diffusion of
polluters in the temporary measurement sites can be obtained by surface
interpolation at small distance of passive detectors data or, at a finer scale, by
interpolation along the sectors for the observation of bioindicators.
Local levels of NOx concentration
& in Maurienne
The APS association made an atmospheric polluters measuring campaign on
5 spaced out sites at the entry into the Frejus tunnel from the 5th February until the
3rd March 2004. This is a special period, as it is the period of school holidays and it
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knows an over frequentation of the valley due to tourists that are directed to skiing
resorts.

Fig. 2.2 - Measurements sites in Maurienne from 5/2/04 until 3/3/04
(source : APS)

The number of light vehicles is therefore higher than that of usual traffic and
during the weekends, it reaches peaks of 10 to 20 000 vehicles/day. Because of the
circulation restrictions during the weekends, the heavy weight traffic peaks occur
from Monday until Thursday, with a maximum during Wednesdays. Altogether,
the hourly peaks of NO2 concentrations for the 5 sites are lower than the legal limit
regarding the air quality by 200 µg/m3 while the yearly averages are close to the
legal limit of the air quality of 40 µg/m3 for 3 downstream sites and higher for 2
upstream sites (valleys bottoms near the Frejus tunnel).
& in Chamonix-Mont Blanc Valley
APS has a permanent measuring site in the Chamonix urban environment
(10 000 permanent inhabitants, and many more during holidays) and as of
25/11/2001 until 13/1/ 2002, it installed in the valley three temporary sites
measuring the pollution produced by road traffic (Fig. 2.3).
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December 2001 corresponds to the gradual reopening of the Mont Blanc
tunnel after the car crash in March 1999: the heavy weight traffic is regulated and
limited, but local circulation especially that of light vehicles is intense in a
relatively urbanized area, with many tourist attractions. Concentrations measured
in four sites revealed very similar hourly rhythms, but with different levels and
with notably higher values in Bourgeat (because of its particular site). For the
measurements period, this site had hourly maximums of 170 µg/m3 NO2, close to
the limit value (200 µg/m3), while the 4 valley sites all had, on average, NO2 levels
higher than 40 µg/m3.
All these sites, in Maurienne like in Chamonix Valley, have atmospheric
concentrations of nitrogen dioxide very sensitive to their spatial-temporal context.

Fig. 2.3. - Polluters measuring sites in December 2001 in Chamonix Valley
(source : APS)

NOx pollution geographical determinants
2.3.1 Emissions determinant is the importance of road flows
In time and space, emissions are tightly linked to traffic intensity,
composition and road’s « topography ». See table 2.1.
The NOx quantity measured in Freney doubled in one year: the Mont Blanc
tunnel car crash (24/3/1999) caused its closure and redirected heavy weight traffic
to Fréjus tunnel (62.000 trucks in January 1999 before the accident and over
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140.000 in October 2001). Levels measured in Bossons in 2000 correspond
therefore to local traffic.

Tab. 2.1 - NOx emissions measured during the ETP campaigns (source :ETP)

For the sites (Maurienne, Mont Blanc) monitored during the ETP measuring
campaigns in 1998-1999 and 2000, tight links with road traffic have been
calculated, during all times and for all observation sites.
- hourly emission rhythms are the nearly perfect trace of flow timetable, with
ups and downs corresponding to traffic rhythms (hourly, weekly, seasonal);
- the produced quantities, in similar conditions, are strongly tied to it.
2.3.2 Determinants of NOx atmospheric concentration
Atmospheric concentrations are different for the same produced quantities,
depending on sites and observation moments. Three factors have to be taken into
consideration: the distance from producers (in our case, mainly the street axis), the
valley’s topography, the meteorological situation.
& the distance factor from producers
The NO2 atmospheric concentration depends on the quantity of NO produced
and on the available air volume for its dilution. The most obvious atmospheric
diffusion factor is therefore the distance from the producer. Figure 2.4 presents the
weekly quantities of NO2 indicated by 44 passive detectors over 13 winter weeks in
Freney (situated at the end of the Maurienne motorway and at the beginning of the
slip road to Fréjus tunnel).
The role of the distance to the Frejus slip road is obvious: a « NO2 tunnel »
has been created near this slip road and the national road, but we also have to take
into consideration that we are in a narrow and sunken valley (with a small volume
of air available for diffusion), in winter (possible thermal inversions), in a village
(emissions produced by heating). According to these conditions (of the site and
weather), the concentrations decrease curve with the distance has more or less the
form of a negative exponential function, but nitrogen can also be found rather far
from emission sources, as the observation of bioindicators shows.
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Fig. 2.4 - NO2 quantities detected weekly in Freney between 19/10/98 and 24/1/99)
(source : ETP, E.Paul)

During the ETP program, two field campaigns have been conducted under
the supervision of Mr. J. Asta, a certified lichen specialist. The considered sites
were regularly spaced out in altitude, on both parts of the valley bottoms (2 sectors
in Chamonix-Mont Blanc valley, 3 in Maurienne). They have allowed us to notice
the higher or lower frequency of nitrophyl lichens on acidophile bark trees
(spruces, fir trees): this frequency reveals the atmospheric nitrogen contribution by
means of NO2. Figure 2.5 shows the results for the two Maurienne sectors.
The Modane sector is situated in the nearby of the major flows of heavy
weight traffic and, obviously, the presence of nitrophyl lichens on acidophile bark
trees is maximum on the valley bottom.
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Fig. 2.5 - Frequency of lichen types on acid bark trees (source : ETP, J.Asta)

The Aussois site, in upper Maurienne, rather distant from the major flows,
reveals the atmospheric diffusion of nitrogen in the mountain area far outside the
main NO emission places.
The bioindicators approach (revealing abnormal presences) has some
advantages: it is not expensive as far as equipment is concerned and it provides a
good approximation of the atmospheric pollution spatial diffusion, but it tells us
nothing about the duration of the exposure to polluters.
& the topographic factor
In similar meteorological situations, it has a permanent role in the NO2
dispersion. The profile steep slopes along the valleys, habitat localization and
activities on the bottom of the valley generate emissions increase; their pronounced
embankment and their « V » form influence the air quantity available for the
atmospheric dispersion of polluters. These conditions are those typically
encountered in Maurienne and Chamonix Valley. For the five measuring sites of
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the ETP program (3 in the Pyrénées, 2 in the Alps), sites’ capacity to disperse
pollution varies from 1 to 15, with a maximum for Chamonix Valley (3800 m of
embankment!) and a minimum for Biriatou, near the Atlantic Ocean (Fig. 2.6).

Fig. 2.6 - Dispersion capacity of the 5 measuring sites of the ETP program
(source : ETP, Délétraz)

Fig. 2.7 -Role of a thermal inversion on the NOx dispersion (source : ETP)

& meteorology’s fundamental role
Meteorological variations are the main factor of the NOx concentrations.
In winter, anticyclonic situations are frequent in the Alps, locally reinforced
by cold and snow. Then, temperature inversions imprison polluters under a cover
on the valley’s bottom, preventing their atmospheric dispersion. Figure 2.7 shows
differences of concentration between 2 days having the same emissions.
In summer, under a strong solar radiation, NO2 generate ozone (O3), whose
diffusion is, in the case of atmospheric instability, rather remote.
& these factors add up in aggravated situations
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Actually, all these factors combine and aggravate mutually in the alpine
valleys object of a high transit of heavy weight and tourist vehicles. Examples
already quoted of Bourgeat (Chamonix Valley) and of Freney (in Maurienne)
prove it: important flows, steep longitudinal slopes, embankment of narrow valleys
hidden from sunlight by high peaks, frequency of thermal inversions in
winter, imprisoning under a cover local populations, victims of pollution.
2. First approach of the populations’ vulnerability
Nitrogen oxides and ozone are harmful for the respiratory system, especially
for populations at risk (old people, young children and even fetuses). A first
approach is that of localizing population (especially that at risk) precisely, in space
and time.

Fig. 3.1. - Localization inside the village of the Maurienne population
(source : POVA, R.Lhotellier)
Scale localization of the Maurienne Valley
The population localization of an entire area is usually provided by the
municipality; but in the Alps where villages often spread out from the bottom of
the valley (inhabited) to the mountain peaks (empty high mountain pastures) this is
not relevant. In order to obtain a precise localization of the inhabitants one has to
combine (in a SIG) the built spaces of the CLC (« Corine Land Cover ») database
with population and the locality’s limits (cf figure 3.1).
We can even have a more precise estimation because the B.D. CLC indicates
dense and dispersed population areas: a ratio allows a more precise allocation. Due
to existent statistics, we can also take into consideration the temporary populations
(tourists that are numerous in the Alps).
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Anyway, this scale is not yet detailed enough for a correct estimation of the
populations subject to atmospheric pollution.

Fig. 3.2. - Simulation of the St Jean de Maurienne population affected by an episode of
NO2 atmospheric pollution (source : POVA, R.Lhotellier)

Localization into the village
We usually have demographic data of the population in the locality (for built
sectors) only for urban localities. For these ones, 3D representations of the built
areas often exist: the combination of these two types of data with polluters’
measurements can provide more precise estimations of the affected populations
(figure 3.2).
Taking into consideration the moment in time
An elementary example can be offered, at an even finer spatial scale, by
figure 3.3 that points out the vulnerability to day (built areas) and night (road
network) pollution.
Knowing, in this limited area of the St Michel de Maurienne town, the
buildings’ function, allows us to specify the localization of populations at risk
(nursery, school, hospital, rest home).
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Fig. 3.3. - Areas vulnerable to pollution in St Michel de Maurienne (source : ETP)

Every study of population vulnerability to an atmospheric pollution episode
needs therefore a multi-scale approach (spatial and temporal) and the combination,
in a S.I.G. of different origin data and of punctual, linear, surface and even threedimensional spatiality.
Conclusions
If we sum up the determinants of NO2 concentrations in the alpine valleys,
the possibilities of improvement of air quality are not numerous:
- the alpine valleys topography is not modifiable (at the land settlement
time scale),
- the temporal variations of meteorology are not subject to human will
(however, climate modification risks to aggravate them on short and medium
term),
- only transit flows (especially of heavy weight vehicles) can be controlled
on medium term, mainly by means of a volunteer policy of piggyback development
and/or dissuasive tolls.
Switzerland is already ahead the other alpine countries in this field, with a
piggyback policy that has been well applied and also by digging dedicated tunnels
(already finished as that of Lötschberg and is progress, as that of Gothard). The
project of the Lyon-Turin Transalpine (with tunnels underneath Chartreuse,
underneath Belledonne and in Maurienne) , having its deadline in 2020, is part of
the same idea, but with delay.
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In terms of scientific research of this highly complex and particularly multidisciplinary subject, important progress has still to be done regarding the polluters’
spatial and temporal diffusion and combination, as well as regarding the sanitary
and environmental consequences. This subject is still widely « open ».
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