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2. METEOROLOGICAL ASPECTS OF FOG AND FOG FORMATION

2.1. Meteorological visibility

Fog is defined in the meteorological practice as an aerosol primarily
consisting of water, in a density that the horizontal meteorological visi-
bility (v) is reduced to 1000 meter or less. When v is between 1000 and
2000 meter, meteorologists speak of "haze"; when v is over 2000 meter,
there is no standardized term, although for a person outdoors the scene

might look quite "hazy"

The meteorological visibility is defined as the distance at which a black
object (with zero reflectance) forms a contrast of 2% to the horizon sky.
The precise definition is given in Douglas & Booker (1977). This defini-
tion cannot be used directly. Firstly, it cannot be measured directly;
secondly, the horizon sky usually cannot be defined, and thirdly, zero
reflectance does not exist in reality. Traditionally, the visibility is
assessed by judging whether specific landmarks are still just visible.

At day, these landmarks are church spires, chimneys etc.

The night-time visibility is defined differently. In fact, at night the
more relevant measure is the visual range, the range over which a light
of a specified luminous intensity is (just) visible. Again, the precise
definition is given in Douglas & Booker (1977). At night the visual range
was estimated in practice by assessing the visibility of a number of
fixed, known lights near the observational site. Usually they were red
obstacle lights.

As data regarding the visibility were used mostly in aviation, and because
one could only fly when there was good visibility, these empirical assess-
ments did suffice for many decades. When radio beacon and radar assisted
bad-weather flying became feasible (theoretical down to zero visibility)
the traditional assessment was not accurate enough. Furthermore, it could
not be accepted any longer that it was not possible to relate the day-time
and the night-time visibility in any reasonable way. Since about twenty
years the visual assessment of the visibility has been replaced - at least
at the major meteorological stations - by the measurement of the atmo-
spheric transmission. Standard tables were set up to convert transmission

data into visibility data. These tables exist both for day-time conditions
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and the faster the smaller the droplets are. When the diameter of the
droplets is under 0,005 mm, the curvature is so great that the droplets
evaporate rapidly. The excess water vapour condenses again, mainly on the
larger droplets. In the long run, there is a water migration from the
small towards the large droplets. This goes on until the droplets are so
large that they start to fall. According to this process, all fog tends
to precipitate within about one or two days. Of course, it is possible to

have longer fog periods if "new" fog is formed.

The droplet size distribution can be calculated on the basis of the ther-
modynamic properties of water and air. A survey is given in Jiusto (1964).
It is, however, difficult to measure the droplet size distribution in real
fog. The reason is that the droplets have to be "caught", and catching
very small droplets proves to be exceedingly difficult. So the measured
distributions will be biased as the smallest droplets are under-represent-

ed; it is hard to establish by how much they are under-represented.

The droplet size and its distribution do not differ very much for differ-
ent fogs. Fogs may differ greatly, however, in respect to the number of
droplets per unit of volume. For obvious reasons, fog requires a relative
humidity of the air of 100%. If the humidity is below 100% the water drop-
lets evaporate and the fog disappears; a humidity of more that 100% is
usually not stable. However, the absolute humidity (the amount of water
per volume unit of air) can vary very much indeed. This amount depends
directly on the temperature. From Table 3 (after Hitte, 1919) it follows
that e.g. at 25 degrees the absolute humidity is seven times as high as at
-5 degrees . As the size and the size distribution do not vary very much,
the number of droplets per volume unit is directly proportional to the
water content. And because the visibility is directly related to the num-
ber of droplets per volume unit, warmer fog usually results in lower visi-
bility.

2.4, Light scatter and light absorption in fog

Light scatter in turbid media has been a subject of study for theoretical
and experimental physicists. Broadly speaking, one may discern three areas
of interest, divided by the size of the bodies that cause the dispersion.
When the bodies are small in respect to the wavelength of the light, one
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speaks of "Raleigh"-scattering; when they are large the dispersion is
caused by traditional (optical) diffraction, and the area in between is
the "Mie"-scatter. Atmospheric scatter is prevalent in all three areas,
but for fog the Mie-scattering is the most important. Diffraction occurs
in rain, and Raleigh scatter in haze, but in neither case the scatter is

enough to seriously impede the road traffic.

The water droplets that float in the atmosphere in fog move only at a very
small speed in respect to the surrounding air. This means that there is no
force acting on them causing a distortion of their shape. Fog droplets
therefore show an almost perfect spherical shape (See Kocmond & Perchonok,
1970). This permits a rigorous mathematical treatment of the light disper-
sion by the droplets. As the average size of the droplets is of the same
order of magnitude as the wavelength of the light, the dispersion primari-
ly results from diffraction "around" the droplets; refraction "in" the

droplets contributes only little to the dispersion.

The mathematics of the dispersion of light by many droplets are treated
in full by Mie in the beginning of the century (See Douglas & Booker,
1977, and Van de Hulst, 1957). The rigorous treatment is possible for many
spherical droplets of the same dimension and for one wavelength. When the
real droplet size distribution and the wavelength distribution of "white"
light are introduced, the dispersion cannot be calculated analytically.
Several authors presented approximations of the results (See Middleton,
1952). Probably the best-known approximation is the phenomenological
(Koschieder’s) "law"; a clear survey of this matter is given by Kocmond &
Perchonok (1970). There is a reasonable correspondence between the calcu-
lations and the measurements; as we have explained in para. 2.3, one dif-

ficulty is the fact that the droplet size cannot be measured precisely.

Because in almost all natural "clean" fogs the droplet size is of the same
order of magnitude as the wavelength of visible light, the dispersion does
not depend in any appreciable way on the wavelength. This can be observed
directly: fog - and clouds for that matter - are white or gray, but never
coloured, signifying that the wavelength distribution of the scattered
light is identical to that of the incumbent light (Schreuder, 1976) . This
is not the fact for smoke or haze, as their composing objects are much

smaller - much smaller than the wavelength of the light. Thus, in haze and
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practice this means that the angle between observation and light incidence
should be as close to 90 degrees as possible. This is the major advantage

for catenary lighting; see paras. 5.5 and 5.6.

2.5. Fog formation

Fog is a very wide-spread meteorological phenomenon - albeit that the

geographic distribution over the earth is very irregular.

Fog - and clouds for that matter - are formed when the temperature of
water-carrying air is reduced. Here, one has to make a distinction between

several different cases.

In the first case, the reduction in temperature is the result of a migra-
tion of the air. These result from changes in the atmospheric pressure and
its local distribution. The most common type of fog of this sort is the
advective fog. Moist air - usually coming from the sea, where the relative
humidity did become very high - is moved by the general circulation to-
wards a land area where the temperature may be lower. Heat exchange with
the earth surface reduces the air temperature, causing condensation around
the condensation nuclei. These nuclei are abundant, particularly when the
air comes from the - salt - sea. As the land temperature must be lower
than the water temperature for this type of fog to form, advection fog is
more common in the winter than in the summer. A consequence is that the
overall temperature is low, and thus the absolute humidity. So, advective
fog usually is not very dense; however, it may be very extended. It is no
exception if the larger part of Western Europe is covered by fog. And as
long as the circulation continues, the fog will continue to form and to

counteract any precipitation by clustering of fog droplets.

Another type of fog is the mountain fog. Mountain fog is similar to
clouds, the difference being that clouds are in the sky and do not hinder
road traffic, and mountain fog is on the earth surface and may hinder road
traffic. In fact, the physical phenomena of the formation are the same.
Again here, the droplets form as a result of a drop in air temperature. As
the volumes one has to deal with in these meteorological phenomena are
exceedingly large, it is enough to consider the changes of temperature as

adiabatic. The driving force behind the fog or cloud formation is the
























- 27 -

particular period of time. In other words, the driver must have a clear
picture of what he or she may expect in that period.: he or she must be
able to see ahead over that period. For this concept, the term "foresight"
is coined (Schreuder, 199la). This term is used to avoid confusion with
the more common term "preview", as preview has a very special connotation
in process engineering. The foresight can be expressed in time or dis-
tance, depending on the way the task is expressed in terms of time or

distance. When the driving speed is known, the two are interchangeable.

The required foresight depends on the manoeuvre to be executed following
the visual perception of the (visual) element. The smaller manoeuvres
(elementary manoeuvres) such as making small corrections to the cross-wise
position within the driving lane or to the driving speed are related to
the actual handling of the vehicle. A foresight time of about 3 seconds
seems to be sufficient in most cases. For "higher" manoeuvres like
changing driving lanes the foresight time must be about 7 - 10 seconds.
For still "higher" manoeuvres like coming to a stop, overtaking a pre-
ceding vehicle on a two-lane two-way road, or passing a priority inter-
section, a still larger foresight time is required. It is not possible to
give generally applicable values, but 20 to 40 seconds may be regarded as
values that are common in practice. For "strategic" manouevres like route
selection on motorways, the forsight must still be larger. As a matter of
fact, the required foresight distance often exceeds the optical range
where any object may be seen. In such cases, pre-warnings are essential.
As an example, pre-warning signs for motorway interchanges are often set
up a distance of two to three kilometres. A survey is given in Schreuder
(1991a).

For car driving, three elementary manoeuvres are particularly important.
maintaining the lateral position on the road (in the traffic lane); main-
taining the longitudinal position - usually the distance to the preceding
vehicle, and the emergency manoeuvres that are required when traffic ob-
stacles come up unexpectedly. The foresight values that are required (in

seconds and metres, respectively) are given in Table 4.

In para. 2.1 we indicated that the meteorological visibility represents a
border-line between objects being visible and non-visible, and that for
practical applications a "practical visibility" could be introduced,
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on only in fog, and which have to be designed specially for fog condi-

tions.

Obviously, for countries that have not adopted the Belgium system of ligh-
ting all motorways, the Dutch system is to be preferred. It is well-known
that fog is a severe road-safety hazard, and it is well-known as well that
road lighting is an effective accident countermeasure, also in fog con-
ditions. Leaving all motorways unlit may be acceptable in clear weather
(even if there are severe doubts for this; see CIE, 1991); leaving them
unlit in fog is often unacceptable. Presumably this is realized as well
by German and Italian road authorities: in some fog-prone areas special
lighting for fog conditions is installed. Looking only at accidents may
seem to be a good course, but there are two draw-backs: first, the road
must be in operation a considerable time before enough accidents have
occurred (a form of vivisection that is frowned upon in many countries),
and secondly it is not always possible to discern the fog accidents pre-

cisely enough from the non-fog accidents to come to a sound decision.

So it is recommended to install general purpose road lighting on motorways

that run through noted fog-prone areas.

5.5. Requirements for motorway lighting in fog

The requirements for the lighting for motorways in fog are very similar to
those for clear air, as it is the same kind of manoeuvres that must be
performed, and therefore the same visually critical elements must be made
visible. The relative importance of the different aspects of the lighting
are, however, rather different as a result of the presence of the fog. In
para. 4.3 we indicated the preview that is required for the different
manoeuvres. The data are given in Tables 4 and 5. These data can be used
in two ways: first, it is possible to find out what meteorological visi-
bility is required in order that a specific manoeuvre can be performed at
a specific speed. The second way is to select the speed (that should be
the maximum driving speed under the prevailing conditions) for specific
manoeuvres and a given meteorological visibility. As an example of the
first: when lane changings at high speeds and/or overtaking manoeuvres at
low speeds are deemed necessary, the visibility should be at least 700 m.

As an example of the second way to use the data: when the visibility is
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300 m, corrections to the lateral position within the driving lane are
still possible at high speeds (120 km/h), and lane changings at low speeds
(50 km/h) but overtaking is out of the question, even at 50 km/h.

This points to an aspect of road safety in fog that is often overlooked or
not understood. Many people drive at high speeds in clear air - say 120
km/h. Under these conditions they can perform safely almost all relevant
motorway manoeuvres. When fog begins, they reduce speed, and may consider
themselves as real safe drivers: they slow down to - say - 90 km/h. What
they do not realize is that for many manoeuvres, particularly involving
other traffic participants, this speed is far too high for safe driving
even under moderate fog. A speed of maybe 50 km/h would be called for.

As regards road lighting, the tables indicate that, in order to be able
to perform the manoeuvre parts like corrections in speed or position, the
road, the limits of the road, the road markings and any small object on
the road must be visible up to 200 to 300 meters in order to permit safe,
fast traffic. Normal general purpose road lighting of adequate standards
will be able to provide the required information. More precise, the
requirements as given in the CIE (and similar) recommendations suffice in
almost all cases. These recommendations are for motorways: a luminance
level L of 1 to 1.5 cd/m2, a uniformity U, better than 0.7 and regarding
the glare restriction a TI of less than 15%. For moderate fog (v not less
than some 300 m) the same requirements are valid. For more complicated
manoeuvres, like lane changes, the preview requirements are much higher.
Here, the visibility of the road itself is often not sufficient, due to
the foreshortening of the road in the perspective view. For high speed
traffic, additional information is needed. Usually, this information is
provided by delineators. These delineators are equipped with retroreflec-
tors, which are less effective in fog, as a result of the fact that the
light has to traverse twice the fog layer between the delineator and the
driver - once travelling from the lamp to the delineator, and once more on
the way back. In fog, road lighting lanterns are indispensable. For still
more complicated manoeuvres, the preview is still larger. The required
information relates primarily to the run of the road. Here, the infor-
mation requires both in clear air as in fog the presence of road lighting

lanterns.
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normal catenary lighting lanterns give the best compromise: they remain
visible in most fog situations; only in the densest of fogs they are
clearly less visible than non-cut-off lanterns; however, under such condi-
tions road traffic is hardy possible at all. Catenary lighting has another
advantage: the rather short interdistance between the lanterns (usually
between 15 and 30 m) support the view regarding the run of the road

at intermediate distances. This is already a marked advantage in clear
weather, but even more so in fog. Catenary lighting is therefore recom-

mended for general purpose lighting in fog-prone'areas.

We did not yet discuss the colour of the light. Contrary to what is often
stated, natural (clean) fog scatters all visible light equally strong;
there is no preference for any colour of the light (see para. 2.4). How-
ever, the scatter is influenced to a certain degree by the (intrinsic)
luminance of the light sources. Therefore, large lamps show a certain
advantage over concentrated sources. This favours low-pressure sodium
lamps and fluorescent tubes over high-pressure sodium or mercury lamps.
In view of the lumen output per unit, the low-pressure sodium lamps are
to be preferred for motorway lighting, particularly because the mono-
chromatic light is not a draw-back at all for lighting roads exclusively

for motorized traffic - contrary to residential areas.

As the lighting is in operation under all conditions, the lighting should
comply to the quality standards that are given for general motorway light-
ing (e.g those issued by CIE, 1977, or NSVV, 1991).

In conclusion, length-wise mounted catenary lighting systems equipped with
low-pressure sodium lamps are recommended for general purpose lighting

for motorways in fog-prone areas.

5.6.2. Special fog lighting

In some areas that are exceptionally fog-prone, some motorways are
equipped with special fog road lighting systems. A well-known example

is the system that was applied on the bridge over the Lippe river in West
Germany, where, due to exhaust water of power stations, the temperature
of the river water was much higher than normal. This resulted in frequent,

and usually extremely dense, fog. The lighting system consisted of lan-
















































