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Abstract: In this paper we give a review of measurements through the atmosphere of 94 GHz attenuation,
mid-infra-red (3-5 um) and visible wave transmittances. The relationships between these quantities are given
as a function of meteorological parameters. In rain-showers the theoretical predictions, based on Mie
scattering theory, are in good agreement with the experimental results. During these showers the excess
attenuation due to rain is the same for infra-red and visible light. The relationship between infra-red and
94 GHz attenuation depends on the type of shower. Almost the same results are found in snow- and wet
snow-showers, except that 94 GHz waves are less affected by snow than infra-red waves and visible light.
(Snow: not melting, and air temperature between 0 and 2°C; wet snow: melting snow). During fog, visible
light and infra-red are seriously affected, whereas 94 GHz attenuation has been increased only slightly.

1 Introduction
Data on the behaviour of visible light, infra-red and millimeter waves under various meteorological conditions
can be found in the literature. Because these data are gathered on different locations and the meteorological
conditions are difficult to describe correctly (especially fog conditions) there is an increasing interest in the
comparison of the behaviour of millimeter waves, infra-red and visible light under the same meteorological
conditions. To be able comparing that behavior of millimeter waves, infra-red and visible light, simultaneous
measurements were made along nearby paths. In view of this interest measurements were done by two research
groups of the 'Physics Laboratory TNO' (The Hague, The Netherlands) at the OPAQUE site at the Ypenburg
airfield near The Hague. At this site two measurement programs were carried out: one on visible light and infrared propagation [1], and one on 94 GHz wave propagation [2, 3] as a function of meteorological parameters.
The attenuation measurements described here were carried out simultaneously between December 1979 and
March 1980. Since the three measuring tracks are close to, and parallel to, each other, the attenuation data of the
three systems were taken in the same meteorological environment.
In Fig. 1 a view of part of the site is given. In this picture the 94 GHz receiver can be seen on the tower. Part of
the visible light and far infra-red equipment is in barn E. Also some meteorological equipment can be seen:
some rain-rate meters and a distro-meter (inside the four poles connected with the chain).
2 Instrumentation
2.1 Propagation equipment The visual light transmittance was measured with an Eltro transmissometer, made

available by the Royal Military Academy, with an effective path-length of 1 km. A retro-reflector was placed at
0.5 km, but the transmitter and receiver are both at the same spot. To measure the infra-red transmittance in the
spectral region of 3-5 um, a Barnes IR transmissometer was used. The path-length between the receiver and the
black body radiator with a temperature of 925oK was 500 m. These two transmissometers
were placed 1.5 m above ground level. The 94 GHz
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Fig. 1 View of part of the measuring site at Ypenburg Airfield

attenuation was measured along a path with a horizontal length of 935 m. The transmitting and receiving
antennas, placed 0.8 and 3.6 m respectively above ground-level, had a beam-width of 0.19 degrees and a gain of
58 dB The EM wave is vertically polarized.
2.2 Meteorological equipment

A number of rain-rate meters were placed along the measuring path. Three rain-rate meters (R{) used a standard
drop-count and a tipping bucket device. Two rain-rate meters (R ) used a standard drop-count only, and had an
integration time of 83 s. A distro-meter (D) was also available as can be seen in Fig. 2. Some other
meteorological equipment were placed on a nearby field, including a hygrometer and a thermometer. A top view
of the measuring site is given in Fig. 2.
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Fig. 2 Top view of the measuring site
Tx = transmitter
Rv = receiver

2.3 Data gathering

Every hour on the hour, OPAQUE measurements took place. In between the hourly measurements the 94 GHz
transmittance was determined. When it was raining the infra-red and visible light transmittance were also
measured in between the OPAQUE times. These data were taken every 83 s by a minicomputer. Fog
measurements were taken from the OPAQUE data over a two-year period because the probability of occurrence
of fog is low.
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2.4 Data processing

The visual transmittance is calculated using the formula
T(s) = exponential(- alphas)
where
T(s) = the transmittance
s = path-length, km
alpha = extinction coefficient/ km-1

Fig. 3 Infra-red attenuation against 94 GHz during rain
All infra-red data include a 2 dB/km attenuation due to a dry atmosphere.
a Joss et al., drizzle
b Joss et al., widespread
c Josser al., thunderstorm

Normally the visibility v (i.e. visual range) is determined by the range s for which

T(s) = 0.02
It follows that
alpha = 3.911v per kilometer
and
T(s) = exponential(-3.91 x s/v)
The visual attenuation alphavis is given by
alphavis = — 10 x log (T(s)} decibels per kilometer
To be able to perform calibrated measurements of the transmittances for infrared the measured data are
normalized by the transmittance given by the Lowtran [4] model in case of stable high-visibility conditions.
Infrared attenuation can be calculated by using the formula:
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alphaIR = - 10 x log (Tir) decibels
over a 500 m path. To be able to express the infra-red attenuation in dB/km the following formula is used:
alphaIR = —20xlog(TIR) decibels per kilometer
(1)
This is only allowed when the attenuation in the used band of 3-5 um is independent of frequency. Since this is
not always the case, the actual attenuation along a 1 km path can be lower than the attenuation calculated from
eqn. 1 by a maximum of 30%.

Fig. 4 Infra-red attenuation against 94 GHz attenuation during drizzle
All infra-red data include a 2 dB/km attenuation due to a dry atmosphere

Fig. 5 Infra-red attenuation against 94 GHz attenuation during thunderstorm
All infra-red data include a 2 dB/km attenuation due to a dry atmosphere.
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To acquire the excess attenuation (i.e. the attenuation above the atmospheric attenuation) due to hydrometeors
the measured 94 GHz attenuation during the dry weather period immediately before and after a shower is
subtracted from the measured attenuation during that shower. This method is not applicable to infra-red because
infra-red data are only taken during showers.
Since data on visibility measured by a rather slow AEG point-visibility meter are available, these data have been
used for selecting events if need be correcting the visibility as measured by the Eltro as will be discussed later
on.

Fig. 6 Transmittance of visible light against transmittance of infra-red
as a function of rainfall rate
3 Results

3.1 Attenuation by rain
The attenuation due to raindrops at visible, infra-red and 94 GHz can be calculated by means of Mie scattering
theory, assuming spherical raindrops and that no multiple scattering occurs. For visible light and infra-red waves
this is easily done, because the extinction cross-section is twice the geometric cross-section of the raindrops [5].
Since the raindrop size is of the order of the wavelength at 94 GHz, the extinction cross-section of raindrops has
to be calculated using numerical techniques. The attenuation of visible light, infra-red and 94 GHz waves can be
calculated using the Joss et al. drop-size distributions [2]. When the results of these calculations for 94 GHz and
infra-red are combined one gets the following relationship between the 94 GHz and the infra-red attenuation
due to rain:
0,82
(a) Joss et al. drizzle distribution: alfaIR = 1,33(alfa94)
0,89
(b) Joss et al. widespread distribution: alfaIR = 0,94(alfa94)
0,93
(c) Joss et al. thunderstorm distribution: alfaIR = 0,63(alfa94)
where alfaIR = infrared (3-5 μm)attenuation due to rain, dB/km and alfa94 = 94 GHz attenuation due to rain
(dB/km).
The curves that result from these equations are drawn in Fig. 3, together with the measured data. All the plotted
infrared data include a 2 dB/km attenuation due to a dry atmosphere, which is not the case for the 94 GHz data.
Accordingly the theoretical curves have been lifted 2 dB/km. As one can see a good agreement between
theoretical and measured data exists.
This becomes even more apparent when drizzle distributions and thunderstorm distributions are isolated from
the available data.
These data are presented in Fig. 4 and Fig. 5, respectively, together with the theoretical prediction based on Joss
et al. In Fig. 4 the theoretical prediction does not agree with all experimental data. This is explained as follows.
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Our data show that evidently when drizzle contains droplets with sizes smaller than about 0.6 mm, the infra-red
attenuation is strongly affected. The 94 GHz attenuation, however, is affected only slightly.
Theory predicts that the excess attenuation due to raindrops is the same for visible light as for infra-red (3-5
µm). To check this prediction the excess attenuation due to rain for visible light and infra-red has to be known.
A problem arises here because the visibility also depends on the relative humidity. This dependency is such that
when there is no

Fig. 7 Transmittance of visible light against transmittance of infrared during rain

Fig. 8 Transmittance of visible light against transmittance of infrared during snow
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precipitation the visibility decreases for increasing values of the relative humidity. To be certain that only the
excess attenuation due to rain is measured one has to demand that the visibility is high in dry weather. The latter
demand is fulfilled because data with a visibility of over 10 km in dry weather is used. As can be seen from Fig.
6 the relationship between the transmittance for visible light and for infra-red is independent of rain-rate and
equal to each other, as was expected. In Fig. 7 it can be seen that the prediction is fulfilled even when a large
number of events are used. The infra-red and visible light transmittances are both given over a 500 m path.

Fig. 9 Transmittance of visible light against transmittance of infra-red during wet snow

Fig. 10 Attenuation of infra-red against 94 GHz during snow

All infra-red data include a 2 dB/km attenuation due to a dry atmosphere
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Fig. 11 Attenuation of infra-red against 94 GHz during wet snow

All infra-red data include a 2 dB/km attenuation due to a dry atmosphere

Fig. 12 Transmittance of visible light against relative humidity
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3.2 Attenuation due to other hydrometeors
Since some snow and wet snow occurred during the measuring period the data have been isolated to see what
the influence of these hydrometeors is on the three frequencies. The snow and wet snow cannot be described in
detail. It is known only that the air temperature was between 0°C and 2°C during the snow showers and that the
snow was not melting*. During the wet snow showers the snow was melting (sleet). It can be seen from Figs. 8
and 9 that visible light and infra-red are affected by snow (i.e. not melting) and wet snow in a similar way. In
Fig. 8 the data appear to fall into two sets, which lie along two parallel but displaced lines. This can be
explained by the fact that data were used coming from two different snow showers which have not quite the
same properties (e.g. homogeneity). The measured attenuation of visible light is due to water vapour and
precipitation. So this attenuation (alphavis) can be

Fig. 13 Infra-red transmittance against relative humidity

written as alphavis – alphawv + alphaprecip, where alphawv = attenuation due to water vapour and alphaprecip =
attenuation due to precipitation. Since continuous measurements of the attenuation of visible light are available
alphawv is known when no precipitation occurs. Thus alphaprecip = alphavis meas – alphawv meas . The method
applied to the snow and the wet-snow data of visible light.
In Figs. 10 and 11 once can see that 94 GHz attenuation is less affected by snow than infra-red, and that the
attenuation by wet snow is about the same for 94 GHz and infra-red waves.
3.3 Attenuation by fog

When fog occurs, the attenuation for the various frequencies is dependent on the size (measured in wavelength)
of the water droplets in the air. From Mie scattering theory it is known that, given a geometric size, the
extinction cross-section increases with decreasing wavelength. To see what can happen, consider a volume with
a constant number of condensation nuclei. When the relative humidity increases the size of the water droplets
grows if a droplet has been formed on each
condensation nucleus. From this, it is expected that, when relative humidity is near 100%, the attenuation for
visible light will be highest, while the attenuation for 94 GHz waves will be lowest (see also Reference 6). The
above mentioned statement is supported by our measurements. As can be seen from Fig. 12 the lower bound for
the transmittance of visible light decreases gradually when the relative humidity increases. The relative humidity
* Some scientists refer to snow as dry-snow when air temperature is below — 20°C. This indicates that it is very important
to mention the air temperature when snow showers are described.
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is above 95% when the transmittance for infra-red decreases (Fig. 13). When the relative humidity is 100% the
94 GHz attenuation can increase to about 2dB/km (Fig. 14).

Fig. 14 94 GHz attenuation against relative humidity

Fig. 15 94 GHz attenuation against absolute humidity
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We have also observed that the attenuations of the various frequencies depend on absolute humidity. The
dependencies as gathered from our measurements are
0.06 ± 0.01 dB/Km (g/m3)"1 for 94 GHz, and
0.12 ±0.01 dB/Km (g/m3)-1
for infra-red and visible light when events with relative humidity above 90% are discarded. These results
correspond with the theoretical data given in Reference 7.
An example of the measured data leading to these results is given in Fig. 15. To avoid an abundance of points
on a small space, data points are removed. The 'peaks' are due to the high relative humidity (about 100%). This
can be seen by comparing Fig. 14 and Fig. 15, which contain the same events. From the data presented in Figs.
12—14 it is expected that when visibility falls, infra-red attenuation remains small, but as visibility keeps
diminishing (below 3 km) the infra-red attenuation will increase rapidly. When both visible light and infra-red
waves are highly attenuated (> 40 dB/km) the 94 GHz attenuation is expected to increase to about 2 dB/km.
As can be seen from Fig. 16 these predictions are fulfilled rather well.

Fig. 16 Infra-red attenuation against 94 GHz attenuation due to fog
as a function of visibility
a 0.0 < vis < 1.0
o 1.0 < vis < 1.7
A 1.7 < vis < 2.4
+ 2.4 < vis < 3.1
vis = visibility, km

4 Conclusions
The attenuation of visible light, infra-red and 94 GHz waves due to rain is rather well described by the
calculated attenuation, using Mie scattering theory and Joss et al. drop-size distributions. During snow and wet
snow the attenuation of visible light and infra-red waves is the same while the attenuation of 94 GHz by snow is
low compared to the infra-red attenuation and about the same as infra-red attenuation during wet snow.
During fog the attenuation of visible light is high (> 16 dB/ km), when fog is defined by a visibility of less than
1 Km. The attenuation of infra-red waves under these conditions depends on the droplet size distribution in the
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fog, and may be large (> 15 dB/km). When the attenuation of infra-red is high (> 50 dB/km) the 94 GHz
attenuation is increased slightly to about 2 dB/km. Because few data are available, the conclusions for snow, wet
snow and fog are not well settled. Hail data are missing, because hail events did not occur during the measuring
period. The authors feel that more data will have to be gathered in various showers to get more insight in the
effects of snow, wet snow and fog on 94 GHz waves, infra-red waves and visible light, and to get data of the
effect of hail on these three frequencies.
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