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What is fog? ) e

= Fog - a thick cloud of tiny water droplets suspended in the
atmosphere at or near the earth's surface that obscures or
restricts visibility.

= Dewpoint temperature spread is <3 °C
= <1km of visibility
= Low Elevation

= 95-100% RH
= >1km visibility

theory.

jbwrigh@sandia.gov



Kohler Theory — Cloud Physics ) £z

= Water vapor condenses ]n(pwwp)) | Muos M,
and from liquid droplets » ) RTouD, mp,D}

= Curvature term and ”‘
Solute term |

= Given a supersaturation
value a particle is in

= Equilibrium | .

= Growth | s

By Atmoz - Own work, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=5
055943
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Droplet microphysics (Kohler Equation)
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The most common types of fog ) i,

= Radiation Fog — Most = Advection Fog — More

Common Prevalent in Coastal

* Moist air is cooled near Climates
the ground causing = Atmospheric patterns
supersaturation play more a role than

~ radiation fog

jbwrigh@sandia.gov



Advection Fog — Many Flavors )

Types of Radiation Fog and Advection Fog

Radiation Fog
J

Cool Alr

Saturation Molstening/fog

Radiational
cooling/saturation

Radiation Fog: Valley Type
J

S —

Coolar/saturation

EThe COMET Program
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Less common type of fog )

" Precipitation fog = Super fog
= Rain falling into dry air = Smoke and moisture mix
* Freezing Fog = <10 ft visibility
= Condensed droplets = Pea Soup Fog
freeze = Soot particulate
" |ce fog = Sulfur Dioxide

= Suspended droplets ice

Getty Images
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Why do we care about fog? )

HELICOPTER H INVESTIGATION W&w

PILOTS BECAME DISORIENTED IN THICK FO!
T
y

11 dead in helicopter crash off Florida Coast due to
thick fog: WINK News, March 11, 2015

2 separate acmdents 90
vehicles 2 dead. Tule Fog

contributor- 583 dead March 27,1977 SFGATE Feb 5, 2002

Tenerife Airport Dlsaster —Fog a major

jbwrigh@sandia.gov



Defining Visibility/MOR ) ..

In meteorology, visibility is a measure of the distance at which an object or light can
be clearly discerned. It is reported within surface weather observations and METAR
code either in meters or statute miles, depending upon the country.
Wikipedia
Visibility
a) the greatest distance at which a black object of suitable dimensions,
situated near the ground, can be seen and recognized when observed
against a bright background;
b) b) the greatest distance at which lights of 1,000 candelas can be seen and
identified against an unlit background.
ICAO

Visibility
the length of path in the atmosphere required to reduce the luminous flux in a
collimated beam from an incandescent lamp, at a colour temperature of 2700 K, to 5
per cent of its original value, the luminous flux being evaluated by means of the
photometric luminosity function of the International Commission on Illumination. For
aeronautical purposes, the surface MOR is measured at a height of 2.5 m above the
surface.

World Meteorological Organization

jbwrigh@sandia.gov


https://en.wikipedia.org/wiki/Candela

Contrast and visbility ) ..

To define visibility the case of a perfectly black object being viewed against a perfecily white background is examined. The visual conirast, G(x). at a distance x from the black object is defined as the relative difference
between the light intensity of the background and the object

Fp(z) — Flz)
Fg(z)

where Fg(x) and F(x) are the intensities of the background and the object, respectively. Because the object is assumed to be perfectly black, it must absorb all of the light incident on it Thus when x=0 (at the object), F(0) =
0 and Cy0) = 1.

Cv {.’L‘) =

Between the object and the observer, F(x) is affected by additional light that is scattered into the observer's line of sight and the absorption of light by gases and particles. Light scattered by particles outside of a particular
beam may ultimately contribute to the irradiance at the target, a phenomenon known as multiple scattering. Unlike absorbed light, scattered light is not lost from a system. Rather, it can change directions and contribute to
other directions. It is only lost from the original beam traveling in one particular direction. The multiple scattering's contribution to the irradiance at x is modified by the individual particle scattering coefficient, the number
concentration of particles. and the depth of the beam. The intensity change dF is the result of these effects over a distance dx. Because dx is a measure of the amount of suspended gases and particles, the fraction of F
that is diminished is assumed to be proportional to the distance, dx. The fractional reduction in Fis

where bey is the attenuation coefficient. The scattering of background light into the observer's line of sight can increase F over the distance dx. This increase is defined as b' Fg(x) dx, where b'is a constant. The overall On clear days, Tel Avivs skyline is 51
change in intensity is expressed as visible from the Carmel mountains, 80km

north
dF(z) = [t/ Fp(z) — bext ()] dz
Since Fg represents the background intensity, it is independent of x by definition. Therefore,
dFg(z) = 0 = [b' Fp(z) — bext Fa(2)] dz
Itis clear from this expression that ' must be equal to be,y Thus, the visual contrast, G(x). obeys the Beer—Lambert law
dCy (z)
= by Oy (2
dz ext WV [ )

which means that the contrast decreases exponentially with the distance from the object:

Fogay morning road &

Cv(z) = exp(—bext T)

Lab experiments have determined that contrast ratios between 0.018 and 0.03 are perceptible under typical daylight viewing conditions. Usually, a contrast ratio of 2% (Gy, = 0.02) is used to calculate visual range. Plugging this value into the above equation and
solving for x produces the following visual range expression (the Koschmieder equation):

3.912

bext

Ty

with x in units of length. At sea level, the Rayleigh aimosphere has an extinction coefficient of approximately 13.2 = 10~ m™! at a wavelength of 520 nm. This means that in the cleanest possible atmosphere, visibility is limited to about 296 km.

Visibility perception depends on several physical and visual factors. A realistic definition should consider the fact that the human visual system (HVS) s highly sensitive to spatial frequencies, and then to use the Fourier transform and the contrast sensitivity function of
the HVS to assess visibility [1]

jbwrigh@sandia.gov




Weather in ABQ )

Visibility in 2012

STl - 10 mi
1R H 1
S ety .
—r— _l_ — R z . '!'I Ealn : : = E. mi
| i ~ 1 . .
i i P | & mi
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weatherspark.com
0 mi
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5.8 miles lowest average

Dec. 23, 2016 30 flights delayed
due to thick fog!

Bizjournals.com

jbwrigh@sandia.gov



No
Fog

Sandia
m National
Laboratories

HOW DO WE CONTROL THE
WEATHER?




The Sandia Fog Tunnel

= Constructed in 20147?
= Navy Research Funded
= 10’ x 10’ x 180’

" 6% grade (no pooling)
= 80 spray nozzles

= |ndoors — Controlled
Environment

Sandia
National
Laboratories
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Sandia Fog Tunnel — Living Laboratory @k

= Continue to upgrade
= Temperature Control (soon)
= |nstrumentation (time correlated)
= Visibility (MOR)
= Particle Sizers
— Malvern

— Droplet Measurement Technologies
— Temperature, Humidity, Dew Point

= Customer inspired upgrades

= Additional Power

= Class IV lasers
= Positive Pressure Dry Boxes

jbwrigh@sandia.gov



Not all fog is the same

Normalized Droplet Distribution

I 'Marine fog: A review: Atmospheric Research 143 (2014)
I Handbook of Geophysics and Space Environments Chapter 16 (1983)
I Handbook of Geophysics and Space Environments Chapter 16 (1883)

5 10 15

Droplet Radius (xm)

20 25

jbwrigh@sandia.gov

Forward scattering
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Isotropic scattering

90

120 60
150 30
180 0
210 330
240 300
270

Scatterina Anale

Sandia
National
Laboratories




MODTRAN Fog Models ) ..

Moderate Radiation Fog -
Heavy Radiation Fog
Moderate Advection Fog -
Heavy Advection Fog

" “Industry Standard” !

= Averaged from
historical records

Normalized Droplet Distribution

| 1 Il L
15 20 25 30 35 40 45

Droplet Radius (xm)
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Malvern- Spraytek
= Laser diffraction system

" Large particle range
= 0.1-900 microns

= Multiple Scattering T.
Model I]

= 1Hz Continuous

== Particle Size History 3.psh

-’ﬁlicle Size Distribution 4 Aug 2005 - 09:45:38.7538 ~
Event: 1 +0.0372 ()
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11 Q.00 0.00 3.20 0.71 0.15 86.90 | 5267 2.53
1 Q.00 0.00 378 0.87 0.17 | 102.50 | 60.88 .21
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Using the Spraytek ) ..

= |nhalation Cell = More Words?

= Moving particles
= Flow Rate

= Number Concentration

Particle Density (#f'cm3]

2

1000 "o
Particle Diameter (um)

jbwrigh@sandia.gov

Time (hr)




Droplet Measurement Technologies - FM-120

Particle sizing > 2um

w 10"

Time (hr)

30 35 40 45 50

5 10 15 20 25
Particle Diameter (mi)
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Future Work ) .

Preliminary imaging experiments

Before spray | Humidification
e 40’ standoff l

e 30

L 201

o 10’

We want to
quantify how
polarization affects
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Current Work L

Transmit Box a Receive Box

Trans mit Box

Optical

Polarizing Chopper Laser

Beam Cube A/2 Receive Box

Cross-Polarized
Signal Detector

IS

Beam
Expander

r/4

92/8 Pelicle 1./4
N il

é ]
Reference
Detector

Co-Polarized
Signal Detector

Polarizing
Beam Cube

Optical Windows
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Develop and Characterize Fog
Analogs
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FAA Rules for visibility (VFR)

Altitude

Type of
Airspace

Flight Visibility

Cloud Clearance

10,000 MSL

5 statute miles

111

1,000 below,

=+ 1,000 above,
=1 sm horizontal

Below
10,000 MSL

3 statute miles

152

=+ 500 below
=1,000 above
=2,000 horizontal

DMl o

3 statute miles

Clear of clouds

1,200 AGL
or higher

G (night)

3 statute miles

152

=+ 500 below
1,000 above
=2,000 horizontal

G (day)

1 statute mile

152

=+ 500 below
=1,000 above

= 2,000 horizontal

Below
1,200 AGL

G (night)

3 statute miles

152

=+ 500 below

= 1,000 above

= 2,000 horizontal

G (day)

1 statute mile

Clear of clouds
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KO h I er E q ua t | on Behavior of salt water droplets

¢ = eq exp 2M,,04/q vd.mM,, /M,
vw - _ 3
€sat,w RTpya  (4ma’ps/3) — my
In cgs units
Sow == e‘: Saturation ratio with respect to plane water v # ions salt dissolves into
surface @, Practical osmotic coefficient ~ 1
M, , Mg  Molecular weight water, salt - Mass of salt (g)
S
Os/a Surface tension, salt water in air o Density of aqueous salt solution
R Ideal gas law constant
T Temperature in K
Pw Density of water
a Radius of droplet

Taken from “Microphysics of Clouds and Precipitation” 2" edition, H. R. Pruppacher and James D. Klett, Kluwer Academic

TowWsrigh@sandia.gov
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Kohler Equation

€a

ZMWO'S/a_ vd.m.M,, /M
RTpya  (4ma3pg/3) — my

| |

Curvature term Solute term

=exp[

Sv,w =
€sat,w

Curvature term (Kelvin equation) — equilibrium vapor pressure is larger
over a droplet than plane surface

Easier to evaporate from surface than
from bulk, and the probability that a
molecule evaporates from the surface is
higher for curved surfaces.

A curved surface is in equilibrium with water phase at higher pressure than plane
surface

1 A ATV T U R U ATV CALI T VWV OATUAN o . RJCAT CININ . T Z N CA O T T T I ) T CA VAT VR JI L AL
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Kohler Equation

€a

Sv,w =

ZMWO'S/a_ vd.m.M,, /M
RTpya  (4ma3pg/3) — my

| |

Curvature term Solute term

= exp[

€sat,w

Solute term (Raoult’'s Law) — the vapor pressure of a solution of a non-volatile
solute is lower than the pure solvent. Salt interacts with water and more tightly
binds it, so it costs more energy to evaporate water out of salt water bulk

P, L L L B L R B R B A B LA
= [
n .
Bsp A~ Dotted lines = solute
5 N disassociate into 3
Dy’ s components
A . o
Pe A ‘pﬂc ’ }
Xp =1 Xa=0 S
E—— Xp = 0 Xp=1  —— > ? s —
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Kohler Equation

€qa 2M\,05/q vd mgM,, [ Ms

RTpya - (4ma3pg/3) — mg

= exp[

Sv,w =
€sat,w

If dilute salt solution m<<m,,, 6, 5,4, » @s= 1, and close to saturation (e /e,
~ 1)

- eq 1+ A N B
oW €sat,w a a a3
A 2My0,/, 3.3x107° B 3vmgM,  4.3vm
a RTp,a  Ta a3~ 4nMgp,a3  Mga3
Curvature term Solute term
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