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Simulating Atmospheric Free-Space Optical Propagation,
Part Il: Haze, Fog and Low Clouds Attenuations

Maha Achour, Ph.D."
UlmTech, Inc. 4215 Camino Sandoval, San Diego, CA 92130

Abstract

One of the biggest challenges facing Free-Space Optics deployment is proper understanding of optical signal
propagation in different atmospheric conditions. In an earlier study by the author [30], attenuation by rain was
analyzed and successfully modeled for infrared signal transmission. In this paper, we focus on attenuation due to
scattering by haze, fog and low clouds droplets using the original Mie Scattering theory. Relying on published
experimental results on infrared propagation, electromagnetic waves scattering by spherical droplets, atmospheric
physics and thermodynamics, UlmTech developed a computer-based platform, Simulight™, which simulates
infrared signal (750 nm-12 pm) propagation in haze, fog, low clouds, rain and clear weather. Optical signals are
scattered by fog droplets during transmission in the forward direction preventing the receiver from detecting the
minimum required power. Weather databases describe foggy conditions by measuring the visibility parameter,
which is, in general, defined as the maximum distance that the visible 550 nm signal can travel while distinguishing
between the target object and its background at 2% contrast. Extrapolating optical signal attenuations beyond 550
nm using only visibility is not as straightforward as stated by the Kruse equation which is unfortunately widely used.
We conclude that it is essential to understand atmospheric droplet sizes and their distributions based on measured
attenuations to effectively estimate infrared attenuation. We focus on three types of popular fogs: Evolving, Stable
and Selective. '

Keywords: Free-space optics, optical wireless, atmospheric modeling, infrared propagation, Mie scattering, rainfall
attenuation, non-selective scattering, Rayleigh scattering, Visibility, fog, haze, low clouds.

1. Introduction

Since early 2001, the Telecom industry has experienced a setback in broadband communication networks
deployments. Few of the factors contributing to the continuing telecom downturn are the collapse of the data
communication business model, the uncontrolled telecom deregulation act of 1986, lack of the broadband killer
application and the formidable investments that poured into the industry and led to fierce and unfair competition. On
the service providers’ side, business operation couldn’t be sustained without end-users’ subscription and
commitment to their service offerings. According to a February report issued by the U.S. Federal Communications
Commission (FCC), only 7%, or 7.5 million of U.S. households with broadband access are subscribed to high-speed
Internet access services as of June 2001. Of course lack of broadband applications is one of the major reasons for
this low percentage. In fact, many households are still using phone lines for their Internet access because of the.
Synchronous online learning is emerging as the leading killer broadband application bringing a new concept of
learning, anytime, anywhere, from variety of choices and on a global scale. A key factor to successfully provide
such services is to maintain an acceptable Quality of Service (QoS) during the learning session. In general, most of
the added-value-services that are under consideration by service providers, to augment their failing data service
offering, require adequate QoS. In fact, these added-value-services can be implemented overnight due to network
protocol and Operational Support System (OSS) maturity.

Another factor preventing end-users addition to the broadband network is the missing last link, or first link if viewed
from users prospective, to the network. This challenge is refereed to by the last mile problem. As wireless
technologies bypass many last mile obstacles in term of right of way and cost of wiring the region, unlicensed
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wireless is by far the most desirable solution due to its “instantaneous™ deployment feature. One of the main
concerns of wireless technologies is their communication link availability when QoS is required by service
providers.

In the past few years, Free-Space Optics (FSO) has emerged as the wireless continuum of fiber for up to few
kilometers range. FSO global license-free aspect distinguishes it from other unlicensed wireless technology in term
of its Marketing potential. The biggest challenge facing FSO deployment, however, is its performance in different
weather conditions such as fog. Simulight™, a software product developed by UlmTech, was released in March
2002 to bring a common factor analysis of FSO weather performance. Simulight™ is considered the first fully
integrated and functional simulation tool that models wireless infrared signal propagation in the atmosphere. In
reference [30], the author discussed the effect of rain on FSO propagation.

An alternative path for FSO. which seems to be getting more attention, is instead of focusing on FSO weather
performance, service providers are considering backup links instead. In light of our analysis, such a direction is
more practical because of the difficulties laying in estimating FSO link availability. Looking at the frequency
spectrum, 60 GHz, and hopefully soon higher frequencies up to 120 GHz, microwave products are under
consideration as potential backup links to FSO or simply main communications links. Simulight™ is in the process
of integrating these high frequencies into its weather performance side by side with FSO.

In this paper we model the propagation of infrared signals in few fog, haze and low clouds cases using the original
Mie scattering equation along with droplets size distribution. Since Simulight™ technology relies on its unique
distribution derivation; we will review the thermodynamics and mechanics of these weather condition formations
and refrain from providing the mechanism used to derive the corresponding droplet distribution. Simulight™ spans
wavelengths between 750 nm to 12 pm which were considered using published references and experimental results.
Mie scattering due to aerosol and fog droplet distribution, which is by far the most complex to simulate, is
considered the major atmospheric element that attenuates the optical signal.

Modeling FSO atmospheric propagation requires different types of input information. We classify theses inputs in
three categories:

Deployment parameters: These are parameters related to the location and application of the FSO system
installation such as Range, Bandwidth, and Wavelength.

FSO system parameters: These are parameters related to the deployed FSO system: number of transmitters (Tx)
and Receivers (Rx), Tx diameter, Rx diameter, Tx power, Rx sensitivity, additional amplification, and additional
hardware losses.

Weather parameters: For example, meteorological visual Range (visibility), temperature, relative humidity (or
dewpoint), fog model (non-selective, evolving, and stable).

This paper is organized as follows; in section two we review the physics behind fog and low cloud formation, in
section 3 we review the main weather parameters utilized through FSO attenuation derivation process, in section 4
we present some Simulight™ distribution models and compare them to some experimental results and finally we
state our conclusion in section 5.

2. Atmospheric Physics

The atmosphere is this gaseous envelope surrounding the Earth. Due to the gravitational force, which contributes to
atmospheric pressure, the maximum density occurs just above the surface of the Earth and gradually becomes
thinner as we move away form the surface. In this paper, we focus on the layer near the surface where FSO systems
are deployed for terrestrial communication. At these altitudes, the atmosphere essentially acts as a fluid in
hydrostatic equilibrium. Thermodynamics refers to the study of conservation, properties of matter, and energy
conversion including the relationship between energy and the changes. The classical and quantum mechanical
principals governing thermodynamics are known as statistical mechanics. For purposes of understanding fog and
cloud formations and evolutions, only classical mechanics is hence considered [1]. Most of this section’s discussion
is derived from reference [28].
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Water vapor concentration is highest near Earth surface; an indication that Earth surface is the principal source of
atmospheric water vapor. Thermodynamically, water is the only substance in the atmosphere that occurs naturally in
all three phases of matter with condensed water consisting of suspended water droplet particles (fog, cloud) and
hydrometeors (raindrops, snow). In addition, the atmosphere composition includes uncondensated aerosol particles:
dust, sea-salt particles. soil particles, volcano debris. pollen, by-products of combustion and other small particles
that arise from chemical reactions with the atmosphere [28]. In general, Aerosol particles sizes ranges between 0.1
and 10 p with drop-size concentration dropping sharply with increasing drop sizes. Density refers to the mass of the
atmosphere per unit volume. A typical value of surface air is around 1.3 Kg/m®. The mean free path of atmospheric
particles, which is determined by the frequency of inter-particle collisions [19.28], is inversely proportional to
density. The mean free path increases exponentially from about 0.1 p at surface to 1 m at 100 Km above the surface.
Water contributes to the increase in air density due to the high density of water, p,, = 10° Kg/m’ at 4°C and 1 atm
pressure. In the atmosphere we have a mixture of dry air and water vapor governed by the following effects and
parameters:

- Partial pressure of water vapor e

- Partial pressure of dray air P,

- Total atmospheric pressure P=e+ P, ;

- Water vapor saturation, which refers to the case when the air includes the maximum liquid water quantity

that it can hold, pressure with respect to liquid water is e,

- Relative Humidity is equal to
yiseq HR = £ (1

e!

In contrast to gases, which expand to fill the volume of their container, condensed phases can maintain a free
boundary (surface) and occupy a definite volume. During droplets initial formations, the interface between the liquid
and its vapor is not a two-dimensional surface, but rather a zone that is several molecules thick; over which the
concentration of water varies continuously until the equilibrium state is reached. Water molecules at the surface of
droplet are subject to external interaction as well as internal with neighboring molecules but cannot freely move
inside the droplet. When the forces surrounding the surface molecules are asymmetric with inward net force, surface
molecules will move towards the interior of the droplet until equilibrium is attained. This effect is due to droplet
surface expansion because the energy of the surface molecule of the liquid becomes higher than the energy in the
interior. Surface effect is due to the surface tension work, which is proportional to the surface area, and the energy
necessary to extend the liquid surface against the vapor surrounding it. Therefore, the liquid surface is created as a
result of an increase in the potential energy. Spherical shapes have the smallest surface area for a given volume, and
hence the smallest surface energy. Hence, the spherical shape of cloud and fog drops results from the minimum-
energy principle.

Nucleation of Water Droplets in the Atmosphere

A fraction of the collisions between water vapor molecules in the atmospheric are inelastic, i.e. merging molecules,
leading to the formation of molecule aggregations which have a short lifetime since they disintegrate under
continuous molecule bombardment. When the aggregated water droplet reaches a size sufficient for survival, the
nucleation of water droplet then occurs. An embryo water droplet nucleation is a result of energy supplied by
droplet’s surrounding to form its surface. This form of energy comes in the form of latent heat of condensation.
Since the surface tension is proportional to the area (xt »°) and latent heat is proportional to the drop mass, then a
critical radius is attained when the surface tension work balances the latent heat. This critical radius »* represents the
threshold for nucleation.

Fog and cloud drops are formed by heterogeneous nucleation of some Aerosol particles that are hygroscopic, i.e.
attract water vapor molecules to their surface through chemical processes or physical forces caused by the presence
of hydrogen dipole. This effect may occur below 100% humidity. For example the deliquescent point or salt (NaCl)
is about RH=75%. Another factor contributing to droplet growth is the collection model where small drops collide to
form larger drops. One efficient model of such a phenomenon is called the scholastic collection model that accounts
for the probabilistic aspects of collision and coalescence. Using the stochastic model, some drops are “statistically
favored” for rapid growth as illustrated in figure (1). Let us consider the following example, if we start with 100
drops, all having the same radius. If we assume that 10% of the drops undergo collision in one second, after two
seconds one statistically favored drop triples its mass while 81 of the drops remain at their initial size.

Proc. of SPIE Vol. 4873 3



Fig I: lllustration of an example of stochastic collection model.

Cloud condensation nuclei (CCN) are considered a subset of hygroscopic aerosol particles where nucleation of pure
water drops may occur at supersaturating less than 1%. For drops below the critical nucleation radius r*, the drops
grow only in response to increase in relative humidity and termed haze particles. A condensation nucleus is said to
be activated when the drop formed on it grows to size r*. Once the drop grows slightly beyond r*, its equilibrium
value of supersaturation is less than the supersaturation at the critical radius formation. As it will be explained later,
droplet size distribution in the atmosphere will sometime exhibits two radius peaks instead of one. This is referred to
as bimodal distributions. Stochastic collection along with the equilibrium of droplets with its surrounding
contributes to the bimodal size distribution explanation.

The explanation of the observed broadening of drop size spectra n(r) remains a major challenge to cloud and fog
physicists. Fog is composed of very small water drops in suspension in the atmosphere, which greatly reduces
visibility. It is mainly caused by cooling of air to its dew point and the addition of water vapor in the air. Fog may be

considered as a stratus cloud whose base is low enough to reach the ground. Fog, stratus and stratocumulus clouds
occur within 2 km from the ground. They are not associated with precipitation, although often produce drizzle.

Classification < Aitken Large Giant >
~
Size | Air Electricity 5."‘% < Largeions A>
ions

Ranges

for: Atm Optics < TasE /‘> _
Cloud Phys. < Active CON
Air Chemistry Particles mainly contributing

to Aerosol Mass

Particle radius in p 10° 102 10" 10° 10! 107
Fig. 2: Classification of Aerosol particles [7].

Aerosols

The atmospheric aerosol forms a particle spectrum which spans over four orders of magnitude sizes, and are
subdivided into four categories as described below and illustrated in figure 2 [7]:
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- Aitken particles: The smallest particles less than or equal to 0.1 p.
- Larger particles: Their corresponding sizes ranges between 0.1 and 1 p.
- Giant particles: For radius greater than 1 p.

It is important to emphasis that Aerosol terminology in the context of our studies includes nuclei resulting from
water vapor condensation regardless of their physical or chemical properties. In figure 2, large particles are
responsible for scattering visible and near infrared rays. Furthermore, only large and giant nuclei become activated
as condensation nuclei because the required water vapor supersaturation is always small. Aitken nuclei, however,
remain inactive with smooth line separating the active from the inactive nuclei [7] because of the higher
supersaturation levels required to condensate Aitken particles. This is another phenomenon contributing to the

bimodal water droplet distribution models. As relative humidity increases, Aerosol particles gradually grow to

become cloud, fog or ice droplets.

In general, many methods of measuring particle size distribution are simultaneously needed to cover the whole
spectrum of figure 2. Due to this complex measuring mechanism, frequently one method is used restricting the
outcome to a subset of the whole spectrum [4,7,18]. For instance, particles below 0.1pu are commonly derived from
the diffusion parameter whereas particles between 0.1-0.5 p may be collected using electrical or thermal
precipitation. Particles larger than 0.5 p are derived from a light scattering instrument. Furthermore, it has been
noted that Aerosol size concentration is further classified between continental and maritime measurements as
indicated in table 1 [7].

Table 1: Example of particle concentrations for continental and maritime regions [7].

Particle concentration of radius (p)

<0.01 0.01-0.032 0.032-0.1 | 0.1-0.32 0.32-1 1-3.2 >32 Total
number
Continental | 1600 6800 5800 940 29 0.94 0.029 15,169
Maritime 3 83 105 14 2 0.47 0.029 207

The most important properties of an Aerosol mix are their size variations with relative humidity. Particle radius
grows until equilibrium between the droplet and its surrounding is attained. For soluble particle, equilibrium
depends on the initial particle size and its salt mass content. At equilibrium, the relative humidity of salt droplets
indicates that the influence of the dissolved salt decreases more rapidly with increasing size than does the influence
of surface curvature. Therefore, the growth curve passes the 100% humidity line, reaches a maximum and then
approach the 100% humidity line asymptotically. In other word, water vapor condensation requires the particle to be
in an unstable supersaturation state with its surrounding to continuously grow. For giant and large particles, the
critical supersaturation amounts to only few tenths of a percent (for example 100.01%), whereas it increases rapidly
to several percents (for example 100.1%) for Aitken particles. As mentioned earlier, this phenomenon also
contributes to the bimodal size distribution explanation.

The supersaturation is of great importance for cloud and fog formation. When air is cooled and fog droplets start to
form, only the largest condensation particle with lowest supersaturation start to grow. Smaller particles, however,
often do not reach their peak because they require much higher supersaturation level and remain on the stable branch
of the growth curve. We schematically illustrate this effect in figure 3 to explain the bimodal size distribution effect.

In most literature, the basic assumption in size distribution calculations was that the temperature and humidity fields
are completely uniform throughout the fog or cloud. In reality, there are always fluctuations that are depicted in the
gap between the inactivated and activated curves in figure 3. Due to aerosol combination of mixed nuclei and the
non-linear dependence of supersaturation with the particle size, the dividing gap between the inactivated and
activated particles is smoothed out giving birth to a second maximum, i.e. bimodal distribution size distribution
function.

Proc. of SPIE Vol. 4873
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Equivalent Water Content
Given an Aerosel-size distribution-nfr) defined by the equation below

nry = DO em? per ) @)
dr
The total number of Aerosol particle is given by
NTolal - [n(r) dr (cm-i’) (3)

The Equivalent Water Content (EWC) of such an Aerosol mixture is given by
4
EWC,.. = Pw fgztr’ n(r) dr (grem™) 4)

Where, p,, is the water density equal to 10" gr u™. Equation 4 includes soluble particles with the approximation of
water density excluding the amount of diluted salt. Given the third power radius in equation (4) integrant, particles
smaller than 3 p contribute very little to the equivalent water content and therefore could be neglected with respect
to the presence of giant particles [7]. Most of references cover this important aspect of size distributions and liquid
water equivalence [7,9].

3. Weather Parameters

In calculating attenuation due to haze, fog and low clouds, the weather parameters necessary are visibility,
temperature and relative humidity.

Meteorological Visual Range

Meteorological visual range (Visibility) is the most important weather parameter needed to estimate FSO attenuation
due to haze, fog and low clouds attenuation. Unlike other weather parameters, visibility measurements have
improved throughout the years leading to more accurate numbers. The challenge still remains in how to relate the
visibility measurements to atmospheric attenuation based on measurement techniques. Our first assumption is that
visibility is measured using the lowest level of 2% contrast that the eye can detect. The general definition of relative
contrast is-as follows [2,17,20,29]:
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C(V) - L (V) - me (V) Lmln (0) = Lmax (V) o c-a\’ (5)

C(0) L_() L_(0-L_ (0 L0

min

max

max(

Where, L refers to the object (max) and background (min) luminance. In the above equation, two approximations
were made. The first valid assumption is that background intensity is much inferior to the object intensity, i.e.
Lmin (0) << Lpa (0). The second assumption is that the horizon is considered as the background, ie.
Lmin (0) = Lmian(V). With recent advents in color-based camera, more precise measurement of visibility can be
conducted using more complex derivations of contrast. In summary, visibility is defined as the maximum distance at
which the object contrast against its background is 2% using 550 nm wavelengths that the eye is most sensitive to.

Considering the above two assumptions, visibility can be related to the extinction coefficient B(A=0.55u) by the
following relation:

B |ln(0.02)| ~ 3.91]
© B(=0551) (=055

Once the visibility is obtained, extending this value to attenuations to longer wavelengths is not trivial and requires
extensive modeling of the optical channel for different wavelengths.

(Km) | ©6)

Absolute humidity is defined as the mass of water vapor in a unit volume of air.

Saturation refers to the maximum possible amount of water vapor that air can hold per unit volume. It is
temperature dependent.

Dew Point refers to the temperature at which saturation occurs.

Relative humidity is the ratio of the absolute humidity to saturation as defined in equation (1). This parameter,
along with temperature, is useful to determine additional water absorption due to water vapor presence in the air.

4. Haze, Fog and Low Cloud Attenuation
The atmospheric attenuation T, is described by the following Beer’s law equation:

NUIRY IR
7, =e = (7)

Where, Babs and P, are the absorption and scattering coefficient, respectively. In some literature, T, is also referred
to as the atmospheric transmittance or simply the transmittance of optical depth R. Fog droplet distribution,
formation and evolution represent a challenging problem because it crosses many scientific areas: thermodynamics,
cloud physics and boundary-layer meteorology [7,8,15,16,20]

Absorption:

Absorption by atmospheric gases defines the atmospheric windows [2,6,9,12,24,25.26], whereas millimeter waves’
windows are defined by H,O and O, absorption. There are many quantum-mechanical models that describe
molecular absorption such as the popular Air Force Geophysics Laboratory AFGL codes FASCODE, MODTRAN
and LOWTRAN [26]. Nitrogen and Oxygen are by far the most abundant atmospheric gases. Oxygen has a
relatively narrow absorption bands around 60 GHz because of magnetic dipole moment, at 760 nm and has strong
absorption in the ultraviolet band. Neither of these gases has any absorption bands in the infrared spectrum.
However, they are important for Rayleigh scattering and refractive index computation.

Ironically, some the most important molecules impacting propagation, H,O and CO,, have variable concentration.
Water vapor is highly variable from day to day, season to season, with altitude, and for different geographical
locations. Its air volume ratio varies between 0 and 2% [26]. Carbon dioxide varies seasonally with maximum
concentration during the early spring and a minimum concentration during the late summer to early fall. Its
concentration runs between 0.03 to 0.04 percent [25]. The variable nature of these atmospheric gases makes the
prediction of atmospheric propagation at infrared frequencies a challenge.

Proc. of SPIE Vol. 4873 7



Simulight™ provides users with an estimation of the absorption window and warn them when the selected
wavelength falls between two atmospheric windows.

Atmospheric Scattering

It is interesting to note that most of the light that reaches our eyes comes indirectly by means of scattering. Fine
particles or bits of matter standing in the path of continuous transmission of electromagnetic waves abstract energy
from the incident wave and re-radiate it in different directions. Forward scattering becomes more significant when
particles sizes exceed the incident wavelength. Scattering by light is classified into the following three types:

Rayleigh scattering refers to scattering by molecular and atmospheric gazes of sizes much less than the
incident light wavelength. It varies as the fourth power of the incident wavelength with overall constant
dependent on the index of refraction.

Mie scattering occurs when the particle diameter is larger than one-tenth of the incident wavelength. Mie
theory is applicable for scattering by isotropic spherical elements without quantum consideration of particle
radiation by incident monochromatic light.

Non-selective scattering applies for particle sized larger than the incident wavelength. In this case, Mie

theory is approximated by the principles of reflection, refraction and diffraction. The name non-selective
refers to the fact that scattering is independent of wavelength.

For the Aerosol distribution in equation (2), the total scattering coefficient is derived from the following equation

9,11,12,13,17,20,23,24):
PILBIRBA =T artn, 00(x) Km), wherex =221 ®)

Where, Q..q is the scattering efficiency, also referred to by the Mie attenuation coefficient in some references. For
ratios a/A > 30 the coefficient Q. is approximated by the value 2 as indicated in figure 4a.

4
at ]
Quean(X) 2
1} ]
o N ,
0 5 10 15 20 25 30
(a) x
4 / y
3t
2 \"\n
850 nm 1550 nm
Qeean(x) 1 / Qucar(X)
O =% 1w 15
(b) X (c) x

Figure 4: (a) Scattering efficiency coefficient versus the size parameter x for 550 nm wavelength. (b)
Comparison between 556 nm and 850 nm. (c) Comparison between 550 nm and 1550 nm.

8 Proc. of SPIE Vol. 4873



Given the visibility measurement V in equation (6), the corresponding attenuation at 550 nm can be derived. The
highly non-linear dependency of the scattering coefficient in wavelength makes it difficult to derive the attenuation
for other wavelengths. In figure (4b) and (4c) we illustrate how the scattering coefficient Q,.q(x) varies from the
visible wavelength 550 nm to 850 nm and 1550 nm.

In some references studying atmospheric attenuation of optical signals, for example [6], the following equation (9) is
utilized to base the attenuation on the visibility (equation (6)) and the incident wavelength A.
-5 . -6

A 391 ( &
M= B, (h=0. = e Km™ 9
BSun( ﬂscau(;" 0 55#)( 0.55) v (0-55) ( ) ( )

Where, the exponent § = 1.6 for good visibility, 1.3 for V=6-50 Km and 0.585 V ' for visibility less than 6 Km.
The problem with equation (9) is that the exponent value and the one-to-one relation between visibility and
attenuation coefficient is independent of droplet sizes and their distributions contradicting equation (8). To further
illustrate this point, let us build a hypothetical distribution model using equation (8) (figure (5a)) and that fits
equation (9) for 785 nm wavelength. Of course, such a distribution does not correspond to any real life distributions
in light of section two results. Now, using the same distribution (figure (5a)), the corresponding attenuations derived
from equation (8) are depicted by (+) lines in figure (5b) for 1550 nm and 10 p wavelengths respectively. The solid
lines, on the other hand, correspond to the attenuations derived from equation (9). The inconsistency between

equations (8) and (9) is evident especially for low visibilities where nuclei condensation and other effects occur as
explained in section two.

3
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“ Black 785nm
® i Eed 1550 nm
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nr) o Distribution Model
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o
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Visibility 4 Km
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Drop radius in Visibility in Km
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Figure 5: (a) Hypothetical fog distribution model. (b) Attenuation versus visibility. Solid lines
correspond to equation (9) and (+) lines corresponds to equation (8) using the distribution in (a).

In table 3 we display some of Simulight™ results in evolving, stable and selective fogs (see table 2) and compare
them to those of references [21,22] and equation (9). We adopted Amulf’s [3] fog terminology while using
Simulight™ enhanced modeling technique. From table 3, it is obvious that equation (9) fails to estimate proper
attenuations for visibilities below 3 Km. These three fog models were developed based on some of references
[5,10.22] results as well as other published field data from different seasons and geographical locations. It is worth
noting Simulight™ lower attenuation predictions for 10 p. This result was expected since Simulight™ attenuations
due to absorption are solely due to water vapor presence. For long wavelength, it is necessary to use the original Mie
scattering equation with the complex value of atmospheric index of refraction which varies with temperature,
pressure and wavelength [24]. A sample of Simulight™ results is provided in Table 4 in the printed report caption.
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Table 2: Simulight™ weather condition definitions.

Clear Weather: Includes light Haze and Rain: Visibilities over 4 Km.

Rainy Weather: Weather conditions that account for rain only.

Evolving Fog: Weather conditions between light haze, dense haze and stable fog: Visibilities between | and 4
Km.

Stable Fog: Stable foggy weather conditions: Visibilities up to 1.5 Km. The low visibilities include stable
low clouds.

Selective Fog: Selective fog is more transient than stable fog with Visibilities up to 0.75 Km. This includes
low clouds of short durations.

Table 3: Simulight™ results comparison in a few fog conditions.

Fog Visibility Wavelengih (nm) Simuligh™ | Experiment* | Experi t* Equation (1)
Model Em) Simulight / Mie Loss (dB/Km) Day/Time (dB/Em)
Experimens (dB/Km)
la | Evelving 1 750 1 655 1709 152 Dec 11, 2220 14.16
1Y 1230 /1230 188 1737 106
¢ 10,100 /10,100 093 73 31
Stable 0075 750 1655 22706 2262 Jan29/30 2073
2106-2386
2o 1230 11230 2392 24733 18564
2 10,100 /10,100 21345 2634 11042
3a 030 750 1655 57172 629 Jan24 50.13
1812-1824
» 1230 /1230 65.78 68 4 413
3¢ 10,100 /10,100 1267 18.45 181

(*) Clay, M. R. andt Lenbam A P, Tramsymission of alectromagnatic radiation in fogs in the 0.53-10.1 pum wavelength range, Applied
Optics, Vol. 20, No. 22, 1981, page 3831

Table 4: Sample of Simulight™ report for case 3c in table III

Simulight (TM) version 4.0 -- Simulation Report

Deployment Parameters:
Range = 1.000 Km
Wavelength = 10100.000 nm
Bandwidth = 100.000 Mbps

Weather Parameters:

Weather Condition = Foggy -- stable
Visibility = 0.300 Km

Relative Humidity = 75.000 %

Temperature = 30.000 degree Celsius

System Parameters:

Tx Diameter = 5.000 cm
Number of Transmitters = 1

Rx Diameter = 12.000 cm
Number of Receivers = 1
Beam Divergence = 2.000 mrad
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Tx Power = 10.000 mw

Tx Preamplifciation = 0.000 dB
Receiver Sensitivity = =-45.000 dBm
R» postamplification = 0.000 dB
Other Losses = 5.000 dB

Simulation Result:

Calculated Visibility = 0.310 Km
Beam Spot = 205.000 cm
Dispersion Loss = -24.651 dB
Absorption Loss = -4.287 dB
Rainfall Loss = 0.000 dB
Rayleigh Scattering Loss = -0.354 dB
Mie Scattering Loss = -12.678 dB
Received Power = -36.971 dBm
Available Link Margin = 8.030 dBm
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(a) Sample of the fog droplet distribution for case 1: (b) Sample of the fog droplet distribution for case 2:
Evolving 1 Km Visibility Evolving 75 m Visibility

Figure 6: Samoles of foe-droolet distribution models embedded in Simulight™ version 4.

Of course the key in all above computations and comparisons is Aerosol droplet size distributions. The mechanism
that lies behind the analytical process to derive these distributions is UlmTech, Inc. Simulight™ proprietary. In
section two we give the overall description of the process from the Atmospheric Physics point of view. In figure 6,
we plot a couple of distributions utilized by Simulight™ for table 3 computations. It is clear that in some cases,
bimodal distributions are necessary to reflect the physical and chemical aspects of fog and cloud formation as
indicated in section two. These bimodal distributions are more apparent when the atmospheric system in equilibrium
goes through low supersaturation stages. We remind the reader that supersaturation occurs when water vapor exists
at higher vapor pressure than it is consistent with saturation [Goody and Walk]. For this to happen no liquid water
may be present and the air is said to be supersaturated. If there are any liquid water molecules, then water vapor
molecules will immediately get attached to themselves forming liquid/air surfaces. In section two we review such a
mechanism in detail.

5. Conclusion

In this paper we reviewed some of the basics of thermodynamics and mechanics of fog and low clouds formation.
We conclude that the Kruse equation does not hold for sever visibilities and that for a given visibility it is impossible
to predict FSO attenuations since it corresponds to many different droplet size distributions. For very short-range
visibilities, an estimation of the water droplet sizes and concentration is required to derive attenuation from the
original Mie scattering equation. Based on our studies bimodal distributions with two radius peaks, instead of one,
are used to model dense fog and cloud when large drops condensate through supersaturation, whereas smaller
particles does not condensate. The fundamentals behind Simulight™, first commercial FSO weather simulator, are
revisited without revealing the core technology behind distribution derivation. We compare some of Simulight™
results against published experimental results and found agreement with some fog cases. Recently, FSO vendors
have adopted the backup link path to avoid answering the FSO availability question. The most popular wireless
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