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OBJECTIVE

l)etermine the feasibility of scaling photopi c atmospheric transmissio n to the infr are dwavelengt hs (‘or a marine environment. Specificall y, conduct Inea surement s of mar ine
ae rosol-size dis t r ib ut ions  and , by using Mie theory , derive scaling laws to rel ate the ph otopicand infrared ex t i n c t ion  coeffici ents (‘or differing v is ibi l i ty  con dit ions .

RESU LTS

I .  Simp le linear relat ionshi ps can be derived , by using Mi e theory and measure daerosol-size distributions , which relat e the photop ic and infrar ed atmospheric ext inct io ncoe ff1 cie n ts.
2. Similarl y , linear relations hips can be derived which relate the wave lengt h-d ep ende ntext inc t ions  to the atmospher ic li quid water cont ent .
3. Different lin ear relationships for each wav elength are derived depen ding uponwhether the meteorolog ical visibil i ty is less than or greater tha n  about 4 ki lometres.
4. Measured meteorological v i s lb i l i t i e s  are close ly related to measur ed a tmosp her icli quid water contents.  This suggests th at  simp le Visi ometer or laser b ack scat t er  ( l i da r )  meast lre-ments can he used with  scaling laws to es t imate  atmospheric t r a n s m i t t a n c e  for infrare dwa vel engths .

~~ . (‘omparison of ex t inc t ions  predicted analyt ic a l l y on t h e bas is of accepted t’ogaerosol models and those numerical ly derived froni measured distr ibu t ions indicates that  thecontribut ions from particl es having diameters  greater than 30 pm may si gn i f i c a n t l y  a l te r  thede rived scal ing laws.

RECOMME NDATIONS

- (‘o n t i n u e  me~I sur emen1ts of aerosol — size d i s t r ibu t ions  in a va r i e t y  of mar ine  environ-ments. Ext end the measur ement  capabi l i t i es  of the K no llenhe rg spe ctr om et er to includ e thos el)arti c le s hav ing diam eters exceedin g 30 tim,
2. Obtain airborne measurem ents of aerosol— sj i .e d is t r ibut ions  such that  sca ling lawscan he obtained which inclu de horizon tal ari d vertica l Variat ion s in aerosol concentr at i ons ,
3. Fxt en d the ins t rumenta t ion  capabil i t ies to includ e bot h pulse d and F M—cw l idars toremotel y sense ext inc t ion  coeff icients and water  cont ents.
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INTRODUCTION

The performance of existing and planned Navy shipboard electro-opti caltEO )
systems which utilize infrared f iR )  wavelengths is severely limited by the consti tuents of tIne
atmosphere and the inhoinogeneities in their concentrations. The abili ty of an FO system to
perform a function ie. detect or id enti f ’y a targe t within specified probabilit y l imits  depends
upon the targe t i rradiance signal-to-noise (background plu s in ternal )  ratio. The irradiance
signal-to-noise ratio is degraded by atmospheric ext inc t ion , which is tine sunin of absorption
and scattering by aerosols and molecular gases. The contributions to the ext i n ct i o tn  l’rom
molecular water vapor are important  at IR wavelengths and can usually be assessed by stan-
dard meteorol ogical measurements . More dift ’icult to assess are tine cont r i but ions from aerosols
and changes in their  size distribution s , which depend to a large extent  upon relati ve hu m idity
changes In situ measure m ents of aerosol-site distr ibutions made with groundbas ed or air-
borne devices I Kno llenbe rg spectrometers . impact or ~.. e tc ) . together with Mie theory , provide
a way t’or est imating atmosp heric aerosol ext inc t i o t n  at di t ’k rent wavelengths. These devices
are usuall y expensive and impractical  f or  operational tleet uses. Needed to assist system
planners arid users in predi ct ing the performanc e of ’ shipboard FO systems are ( 1 )  remote
sensing techniques tor r e la t it ig nn eteoro logical paramete rs (which  are un at tec t ed  by tine local
sh ip boa rd i nviron inn en t  ( t o  the eXt inc t i on  at visible wav e lengths , and I II  scaling laws which
then relate the visible ex t inc t ion  to that  in the 1K hand.

Bieberman et al ( 1 9 7 7 )  recently published result s based on con t in en ta l  aerosol-size
dis t r ibut ion mnne a su rem en t s  at Gra fcnwohr .  l ede ra l R epubl ic  of (~er mnnan y .  dur ing tine 1975—76
wi nter , re l ati ng the l i quid water  content  to tile aerosot ex t inc t ron  coctt ’icie nt .  They suggest
that a scaling of tine p ino t opi L’ t r ansnn i ssion to tine I R wavelengths  is possib le and t h a t  the
scal ing law s are ind ep em nde n t  of tine p art icle-si z e d i s t r i b u t ion s .  i r onn the earlier work of
Houghton ( 1939) and others as ret ’erenc ed by l ldr idge ( I  9 ( t h ),  r t is recognized t h a t  a gen-
eral inverse relatio nship exists betwe en tine a tmosph er ic  li quid wat er  cot nt cn t  and the
visibility as detined by Koscln nn ied er ’s formula (V 1~ = 3 ’9 0ae w here is tine aerosol
ex ti n ctio n coe t’t ic ient ) .  However , t ine relation betwee m n tine v is ibi l i ty  or ex t i nc t i on  coet ’fi —
cient and tine l iqu id  water com nt c n t  is i nhe ren t ly  depend ent  upon tine aerosol-size spe ct rum fo r
clear weather condit ions. Onl y I’or the poorer v is ib i l i ty  condi t ion s , such as tog , is th e r e lation-
sin ip detern n itn cd pr imari ly  by the largest droplets prese mnt and not so in nuc in tine indiv idual
dis t r ibut ion.

In this  report , aerosol-size d i st r ibu t ion s  measured prior to and duri m ng a coastal marine
fog are presented. Together wit i n Mie t ineory . tine measured d i s t r ibu t ions  are used to derive
scaling laws whicln re late tine l iquid water content  to the pinotopi e z in nd I R e X t i t nc t io tn  ~‘oefti -

cients for the dif fering visibil i ty conditions.

MEASUREMENTS

In addition to the standard surface meteorological observations , ae rosol-si/.e distrihu -
(ions are routinely made at (lie NOSC remote sensi ing facil i ty located omn the sea side ot Point
Lo inn a in San Diego, (‘a l ifornia .  Tin e frequentl y occurring coastal marine fogs related to Santa
Ana or stratus lowering events provide the opportunity to make atmosp ineric measur einwnts

Biberman . LM. Roberts. RE , and Seekamp, LN , A comparison of electro-optic al technologies for targe t
acquisi tion and guidance , Institute for Defense Anal ysis , paper P- 12 18 . January 1977

lIoughton , 1 1G. On tine relationship betwee n visibility and the constitution of clouds and fog. Jour Aero
Sci , 6. 408, 1939

Eldridge. RG. Haze and fog aerosol distributions , Jour At mos Sd ,  23. (iOS. 1966
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in a variety of reduced vis ib i l i ty  conditions. For t ini s  anal ysis aerosol-size d i s t r ibu t ions  are
used which were obtained during a 1 0-hour period on IS Februar I~~77 wlne n tine v i s i b i l i t y
varied from approxinnately 0.1 to 6 k m n i .  The distr ibutions were mnn e asured by using ann
aspirated Kno llenberg ASSP- 100 spectrometer probe mn i o um n t ed  atop a bui lding app rox im nna t e ly
45 metres above mean sea level. The spectrometer sizes particles in four overlapp ing hai nds
which are individually divided into 15 diti~ r ent dia m nnet e r  intervals. Spectra a re mnn e asur e d in
each range-band every second arid di gi ta l ly  recorded on magnet ic  tape. The digi t ized data
are subsequently processed on a Data General (‘orporatiom i NOVA ~00 c oi nnpt i te r .  I n d i v i d u a l
spectra in each range-band were averaged for 4 m i n u t e s . and then coin binned to give a diunn-
eter coverage from 0.45 to 29 .4 pm. The liquid water demn s i ty  Was also computed h~
integrating tine average d size dis t r ibut ions assuming tine aerosols to be predo nni imnate ly  sp lne r ic a l
water droplets. Throughout the 1 0-hour period tine meteorological v i s ib i l i ty  Was mnneasured
with  a forward scatter fog vi siomet er (Met coro t ogy Research Inc model I 5~ 0 w h ich was
located adjacent to tine Kno llenher g spectrometer. Figure I shows tine li quid water  den si ty
computed t’rom the mnieasured size d is t r ibut ions  at 5 - mi ni n ut e  in tervals  for tine I 0-inoti r period
and the measured nneteo r o logicaf v i s ib i l i ty .  Good inverse correlat ion is evi d e m nt  be tween l ine
li quid water conten t and tine v i s ib i l i t y  tor  tine emnt i re  period.

Exa mnip les of the inneasur ed size d i s t r ibu t ions  are s lnow in in figure 2. Prior to ( ( 121  5/.
and 0245Z) and af te r  I 0300Z ari d 03 1 SZ I  t ine advect io n i  of tIn e tog over the recording
sta t ion tine d i s t r ibut ions  approximate  inverse power laws for dia m nn e t e rs  greater t in a n n  I — I  p u n
wi th  d ianne te r expon em i t s  of 3. 9 5,  3.55. 2. 5 3.  am i d 2. 73. re’.p ect iv ely .  The n u m b e r  den s i t ies  at
diameters greater t inan 5 pm imncr eased two orders of m n n a g n i t u d e  dur imig  t ine fog.

DATA ANALYSIS

A coniput er program ( comp iled by Stone. 197 6) was used to ca lcu la t e  the  c x t i i n c t i o i n .
scattering ,  and ab sor ptiomi coet t iciem its  t’or opt ical  propagation t lnrough aerosols and at  ~ ay e-
lem igt ins of 0.53. 1.06 . 3 5 .  and I 0.6 pm.  Tine contr ibut ions  to absorption b~ molecular  ease’.
have not been included inn t ine ca lcu la t io n s. Basically ,  tIne progra nni evalu ates  t ine in tegra l

r
= f 7rr m i ( r )  K~ 

( r ’X . i~ ) dr . ( I I

where tine coeff ic ients  of concern are design ated by ~ and tine subscripts ae arid as re fe r  1( 1
aerosol ext inct iom i  and scatterimng. respectivel y. The aerosol absorptiom i coe t lm cie m i t  is l Inen
determined by

aaa = 
~ae — 

~as

In equation ( I ) .  n( r ) is tine nt mm in be r of particl es per u n i t  volume having radii between r am id
r + dr. K e ( r IX , 

~i)  is t ine tota l  cross section for ex t i m nc t i on  or scatterim ig d e ter m n n imned by \ l ie

theory and mior inalized to tine spherical par t ic le  geomnietrical cross sectio n . 77 is t ine comn ip lex
index of refraction of l iquid water at a wav ck ’m igtin X a’. pr ese mn t ed by I) el rm L’ndji an ( 19 64 1.

Stone. WR . MW and SCATCO: Programs to comp ute the scattering, cx t imnction.  and absorpt ion properties
of optical propagation through particle distributio mns . Mi ;ATFK (‘orpora l iorn. San I)icgo . ( A .  Report
R2005-070-I-i . I November 1976

Deirmendjian . D. Scatter ing and Polarization Properties ot Water  Clouds .nni d hlaic s run t i n e Visib le am nd
Infrared. Applied Optics . 3( 1) . t M 7 . 1964
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Actual ly ,  equation ( I )  is im it egrated i)y using Simpson ’s rule over umne qual l y spaced in te rv a l s .
lii tine integration a third—order poi ym i on i ia l  fi t  is used to interpolate  t ine meast ire (l d is t r ibu-
tions between tine dia m eter interval  in i idpoim it s to tit the size parann eter s  tor  whic h  t ine Mie
coefficients are given.

Figure 3 slnows tine ex t inc t ion  coe fticients  calculated at l O - mn ni n iu t e  in tc m -vais for t ine
init ial  4—hour period. The ext i m net iom i  coeftic iemits closel y follow tine l iquid  water de ins i ty
variations , as is to he expected. simic e bot h are deter inn ined by i n te gra t ing tine size distr ibu-
tio n s. Of ’ sigmn itlca mnce are tine d i f ferent  r e lat iomis between tine visible (0.53 p m )  e x t i n c t i o n
and tine ext i mi ct ions t’or the 1K wavelengt h s before and after  tine onset of tog. Be fore tIne fog
tine 0.53-pm wavel emigth sufTers the greatest ext i t ie t ion . while  af ter  the tog onset t i n e re  is
l i t t l e  difference hetweem i tine ext inct ions  of the three smaller wavelengt h s. The rat io  of t ine
0.53- and 10.6-pm ext inct ions  ch anges by approximately  a f ’actor of 5 af ter  t ine onset of tog.
fliese dilterences i l lustrat e  the v i s ib i l i ty  dependence on any scaling laws one would derive
t’romn n tine measure d size distr ibut ions.  This is further  evidenced in figure 4 . wh ere tine ratios
of the scattering to absorptio n coefficients  at 3.5 amid 10.6 M in i are si now mn as a f u r n c t i o m i  01
time. Bet ’ore and after tine t’og onset tine e x t i n c t i o m t  at 3.5 pitt is pr i mn i ar i ly  absorpt ion wh i l e
at 10.6 p mnn ab sorptiomi donninates  before tine l’og and scat ter ing domina tes  a f t e r  t ine tog on se t ,
h owever , these results  may be s ign i f i can t l y  a l tered ,  par t icu la r l y lor tine 1 0.6—p in wa v e l eng th .
winen com i t r ihu t ions  to tine si/ c d is t r ibut ions  t’ro inn drop lets w i t h  d iameters  greater  t h an 3 ( )  p in
are included imi t ine calculations.

hr figure 5 tine aerosol e x t i n c t i o m i  c o e f f i c i e n t s  at 3.5 and I 0.6 pun are p lo t t ed  Versus
t ino sc at 0.53 pm. l ine I .06 — pm n i e x t i n c t ions  are excluded because t hne ~ ( l i t t e r  un iv  s l i g h t l y
t rom in rhose for 0.53 p nn n. Regression amna lys e s  of t ine  da ta  slnow d i f t e r e i n t  l inea r  r e l a t i onsh ip s
bct w eemn tine photopic and I R e x t i n c t i o i n s  for v i s ib i l i t i e s  less t h an arid greater  t l n a r n  4 km.
Si m nni la r l y  i n n t igur e 6. d i f t e r e n t l inear  re la t ions h i ps are derived between t h e  li q t mid  wa te r
d e nn s i t v  amid tine 0.53— pu n e x t i m n c t i o m n  for water  densit ies less than ar id greater’ t ha n  0 (105 g. inn ~~.
Ai t inoLig in tine correlat ion coe ff ic ients  ( r ) I’or th e di f i~’rem n t regressions are good. t l ner e  is coin-
siderab le sca t t er  inn t ine  da ta  befo re tine tog, especially fo r  t ine I 0.6—p m wav e l emng t l n  . wi n ic i n
aga in i l l u s t r a t e s  tine depend en icy on tIne  i i n d i v i d u a l  d i s t r ibu t iomis .  I h n i s  dep enden cy can be
r emn iov eL l . sotn newhat .  it  t ine data imn f igures 5 am i d 6 are m nor m nna l i z ed  to tine to ta l  n i u n n h e r  of
particles per un i t  vo lu mu e .  N . inn eac in d i s t r ibu t ion ,  as sinown i inn f igures 7 and ~ . respe cti ’ ~‘l\
ilowever. to be of pract ical  value.  a rn ~ sca l i ing laws derived fron nn t ine  figures would require as
inpu t s  th e imnd i v idua l  size d i s t r ibu t ions  as weH as tIne  l iquid  w a t e r  con t en t .

Fronn t ine regression ain alyses inn f igures 5 and 6. tine fol lowing equa t io n s earn he
derived which  relate t ine aerosol e x t i t n c t i o m i  at each wave h ei ig t ln  IL) the  li qu id  w a t e r  c o n t e n t s

>0 .005 g rin 3 > W 2 :

~ 74W ~~
7

~ae 1 1.0(1 ~Jfl 1) = ( 3a1
! 622 W~~

1

~ 184

I3ae ( 3 .5  pn n n ) = 
~( I 5 W Q ~~

~ 264
( 1 0 6  pnnn ) = 

~ 27 ~ ,0.% 
(3 d
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In t’igure 9, the extinctions derived for different  water densities by using tIne  I S  l ’ebruary
scaling laws are com pare d wit in those calculated f’romn n selected ind iv idua l  s u e  d i s t r i b u t i o n n s
measured during different t’og periods which occurred 8 arid I 7 February 1977 , Tine good
agreeniemn t in dicates a consistency in the size distr ibutions t’or tine differe n t fog periods and
demomistrates the util i ty of the scaling laws. I t  is evident  tha t  IR e x t imnc t ion  coet t ic iennts  can
be estimated f’roni simple scaling laws using visiomnneter i nnea s ur em nn em nt s of tine p inotop ic
exti n ict ioni  or rennote sensing techniques sucin as laser rangim n g devices ( h i d a r ) .  as suggested i i y

Roberts ( 1976) .  whose backscatter profile is se n sit ive to tine li quid w a te r  c o in te r n t a l om ng t I n e
propaga t ion pat h .

COMPARISON WITH THEORY

There is l i t t le  dif ’t’erem nce h etweem n tine 0.53- am nd 3.5-i~m nn e x t i rn c t ionns  s l nownn in f igure  U )

for water con tents greater than about 0.03 g tin 3 . l i n e f a l l o t f  inn t ine  curves at 10.6 p u n  n nn a v
simp l y he cause d by h i m n n i t i n n g  tine n nn ax imn n um i n  radius to 14.2 pun ( t i n e  n nn idpo imn I of t ine  in i ginest
range—ba u d of tine Km i oh l e n h erg spect ro m nneter f .  i l ad larger drop si/e s heemi nnneasur ab le h~ the
Kniollenherg probe. t h eir cont r i bu t i on to t ine 10 6 -pu n  cx t in n c t i omns .  dtie to imncrea sed :rbsorp-
tion . might lnave f la t tened tine curves over t ine w ave l e n n g t in  ha n d comnsid ered fo r  t ine  I ni g ine r
wate r  densities. 1-lowever , tine near t l at t ne s ’ .  of curves b etwe -n 0.53 annd 3.5 pun  allow s an n
ana ly t ica l  expression for  e x t i n c t i o n  to be ob ta ined  wl n i c hn  is p r innn : i r i l v  dep enn dem n t  on tine
h i qL mid water  dens i ty  and riot so nnn uc i n  on n ine  i n d iv idua l  s i /c  d i s t r i b u t i o n s  fo r  In ea ~ ~ togs .

On tine basis of cx p c r i nn ie n nt a l  resul ts  obta ined worldwide.  J u r n g e  ( I  ~)5 ) curn e luded
the size d is t r ibu t ions  of “large arid giann I ’’ part icles co tm ld he ap p rox imnn a t e d  by t ine sinni p le la~

n n ( r )  = ( r~~ . ( 4 )

where (‘ arid p are c o n ns t a m n t l .  F q t u a t i o r n  ( I ) ca n n m o w  he w r i t t e n

13ae~~~
’1r r2”~ K (r X )dr . t S r

r0

(‘h angi n g tine variable of in t cg ra t iomn to a = r X oiie Oi ) t a i ins

= (irX.~~1~ ~ ‘~
i’ K( a) da . (

(1

where the lower h i n n n i t  of in t e gra t io t i  is igmnored because r0 ~~ r . No’.~ ~3 = O X .  a )  ar i d
a = f( r i , X ) stmch t h at t ine total dif le rennti al of ~ is def ined b~

~ a~d X +  -
~~— - -

~~~~ 
‘ dX .

Roberts , RE . Atmosp heric transmission modeling: I’roposc d aerosol nn net inod ologv with app licat i o n t i  th e
Grafenwohr atnn n osp ineric opOcs data base , Ins t i tu te  for lkfein se , \rnaI ~ si~ . l’~P~~ P~ ‘~~~~~. i)e~ t’,nhci ‘~~~ ‘

Junge. (‘. The size distribution and aging of natural acrosols as deter unmnned tromnn elcc tr ical ,und optnd4l dana
of the atmosphe re. Jour Meteor . II. 1 3, I
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Performing fine require d operations on (6) and substi tut in i g unto ( 7 ) .  K u r n i c k  et a l t  I U)( ~( ))

arrived at the following expression (whnichn is sim ilar to otle derived by Jt u n n ge

d(Qn 
~
3ae 1 (‘ir r~ 

— P
( 3 — p ) — — K ( r , X )  . ( ‘~ ) 

0

d ( Q n A )  
~ae

By using (4), tine constant ( ‘ in ( 8 )  can be d eterm n ni nie d fro mnn tine l iquid waler densi ty  giv ’nn h~

W = (‘ 4 3  ~ r’~~P p dr
Jr 0

where p is tine water density. For p < 4 . and ignorin ig tine lower l imi t ,  integration o f )  9 )  \ k I d s

0. 7Sir ( ’  rf’P
( 1 0 )

~~~~
-i’

~ 
p

t r on i  whicin (‘ ca n he obtained , and ( 8 )  t l neun becomes

dl ~ni 13ae~ 
7 5(4— li ) K( r 1 A )  W

= ( 3 —  p) — . ( I I )
d( ’o!ni A ) r 1 ~~

Jttnge ( 1952) deduced f i na l  p 2 for  togs Also . w l ne mn r 1 ‘A 
~~
‘ I. K ( r 1 ‘A ) 2. Figure ~ sii n~

that  d( ~n 
~ae )/d ( Qn A ) 0 for tine higher water densitie s such t i na t  I I ca in he solved f o r  t ine

ex t inc t ion  coefticie mnt to give

2 1 1  W. kmnn ~~

where r 1 was taken as 14. p u n  and W h a s  un i t s  oh g tin 3 .

In figure i 0 the cx t im i ct ions derived by using tine J imnige log model .tre cominpared wit  In
the regression analyses (equa t ion  ( 3 ) )  for tine h igh er water densities . F or tine nnn easur e d si/c
distribu tions tine conditi on t h at r 1 /X ~ I is satisfied on ily for  tine 0.53- and I ( 16-pu n wave
lengths. The close agreement between t u e 3.5-pm regressionis and tIne ann a lvi ica l values rs

probably fortuitous since K( r 1 /A) 
(‘or tinis  wavelength is I 34 rath er than tine as v t nnp to t i c

vaiue of’ 2. Tile I 0.6-pun regressions (not slnowmi ) dit t’er t’romnn tine .nrnal v h eal values b~ a n n order
of magnitude. There is fair agreement he tweem i the 0.53- am nd I .0(i-p iin regressions ari d tine
analyt ical  values (‘or h O~~ < W < h 0 1 . ‘ru e d i f fe r ing  slopes most probably result (ro an
neglecting (lie contrib utions (‘ron, larger particles to (he scaling laws. W h e t h e r  or niot particles
with radii greater than 14.2 pm existed inn tine fog analy z ed here cannot be deter m n n i n ied .  iiow-
ever, Jt rng c 4 1 9 5 2 )  states tha t  r , (‘or hti ro peann Fogs is abou t 20 p nnn arid I l ou ght on
reports values exceeding 50 p u n  for coastal amid mo u nt a imn fogs in tine eastern Uni ted State s.
( ‘hear i y. whi l e these data demi nonstrate tine u t i l i ty  of the scal ing laws, addit ional  u n n e as ur e nnn c nt s
need to he made in a variety of d it ’f’er ent m arine en v irot imen ts  to inn cl ud e inn (lie derived
scaling laws those particles wi t h  diameter s exceed ing 30 p nn .  In  addi t i on.  airborn ie

Kurni ck , SW, titter. RN , and Wil li ams . 1)13. Attenuation ot’ innfrared rad iation by Fogs, Jour Opt So~~ .\ rl .

50, 578 , 1960
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measurements of aerosol-size distributions need be made such that scaling laws can be
obtained which include horizontal and vertical variations in aerosol concentrations,

101 ii

/
~~ 1o 0 , -

= 1.06 pm
— — .53 pm Reiressi on Analysi s
—-——-—~ ~ 3,5 pm

Junqe tog model I p 2
and dtt n)3~~) /d t t nX )  “ o h

—, I I I I 1 1 1 1
10

l0~ 10

W A T E R , g/m3

Fi gure 10. Connparis on of extinction coefficients determined
from regression analyses and those calculated by using the
Junge fog drop-size d is t r ibut ion mnn o de l.
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