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SUMMARY

This Final Report under Contract No. F19628-78-C-0200 summarizes the results of a data reduction and analysis
program addressing optical atmospheric properties in the western European environment. The data were collected in a
cooperative, but independent efrort associated with the NATO Research Study Group 8 of Panel IV, AC243 and their Pro-
gram OPAQUE.

The Aircraft Data Reduction effort, task one under this two part research contract has concentrated on the measure-
ments of visible spectrum atmospheric optical properties, primarily scattering coefficient profiles plus sky and terrain radi-
ances, that were collected during the Winter and Summer seasons of 1978. During this interval there were approximately
45 data flights conducted throughout western and northern Europe. Over 670 aerosol size distributions covering particle
radii from 0.2 to 5.9 micrometers were measured contemporaneously with the measurements of sky and terrain radiances
during these flights. Both the optical and aerosol data are reviewed in this report.

Several general characteristics of the volume scattering coefficient profiles are illustrated showing the Trapani. Sicily
profiles as clearly different from those measured in northern Europe. The Trapani profiles show significantly less low alti-
tude structure, often with a complete lack of any abrupt haze top. Summer hazes in this Mediterranean area remain heavy
throughout the entire 6 kilometer altitude regime.

Very low altitude scattering coefficient profiles measured between ground level and approximately 700m AGL.
representing all four temporal seasons and all northern and southern sites, indicate that in forty-seven out of fifty-four
(87%) instances, the profile is essentially constant in value within this very low altitude regime during the middle to late
afternoon measurement intervals.

A high degree of radiance symmetry and uniformity is illustrated for sky and terrain radiances measured under full
overcast conditions. Conversely, under conditions of highly variable cloud cover, the measured sky and terrain radiances
tend to fluctuate both above and below the radiance distribution of a clear sky by a factor of two or more in some
instances, but in general remain within about ±50 percent of the clear sky radiance for corresponding paths of sight.

Several experimental uncertainties associated with the measurement of high altitude scattering coefficients, and near
sun sky radiances have been addressed, and corrective procedures have becn devised to reduce the errors existing in the
original measurements. The early evidences of stray light errors in the nephelometer data resulted in several mechanical
modifications to the instrument, but continuing analysis indicated an additional residual error in the measurements. These
analyses indicated that the error was most probably the result of incomplete aerosol exchange within the nephelometer
sampling volume as the measurement altitude increased. It is clear that an incomplete flushing of only a fraction of one
percent of the low altitude aerosol concentration can result in a substantial erroneous signal when the true high altitude
concentration has dropped over an order of magnitude. The evidences from these analyses are consistent in their predic-
tions of the true optical scattering ratios Q(:) being 1.3 to 2.6 at 6 kilometers altitude, roughly half the measured values.
Sky radiance measurements made by the automatic 27r scanner system were found to contain stray light errors which con-
sistently increased markedly in magnitude both as the instruments field of view approached within 250 of the solar disc.
and as the atmospheric aerosol loading decreased. An approach to the correction of these near-sun radiance values has
been presented earlier in Johnson (1981).

The aerosol size distributions were analyzed using the dV/d log r volumetric format resulting in characterization by
three additive log-normal distributions, one for each of the three volume modes observed in the data.

The accumulation mode (r = 0.25 to 0.47p, m, (r = 0.11) is found almost always confined to the mixing layer, and
appears more frequently in the data collected at the northern stations than those in the south. The middle mode (0 = 0.45
to l.4v&m, (- = 0.3) occurs only in the mixing layer, appearing most ofte-i in Winter and when the relative humidity is
greater than 70 percent. The course particle mode (T = 5Am. (r - 0.2) can exist above or within the mixing layer, and
shows no preference for season, but appears most often in the data from southern stations and when relative humidity is

The data and comparisons with aerosol models imply that the volume modes are associated with specific aerosol
sources, and therefore, with the history of the airmass in which the aerosol sample was measured.
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A REVIEW OF MEASURED ATMOSPHERIC OPTICAL PROPERTIES
AND THEIR CONTEMPORARY AEROSOL SIZE DISTRIBUTIONS

Richard W. Johnson
Bruce W. Fitch

I. INTRODUCTION

This Final Report has been prepared under AFGL illustrated by the curves in Fig. 1-2. The experimental
Contract No. F19628-7T-C-0200 and addresses the first of flights, which were associated with the NA10 program
two tasks enumerated under the terms of the contract, the OPAQUE, were made along flight tracks throughout
reduction and publication of previously unprocessed raw several European regions as illustrated in Duntley er al.
data collected by an instrumented C-130 aircraft during (1978) and as summarized in Fig. 1-3 and Tables 1.1 and
the life of a flight program which terminated in Sep- 1.2 which have been abstracted from that earlier report.
tember, 1978. The flight program, related to the measure- In addition to the radiometric measurements made
ment of atmospheric optical properties, was conducted by by the various radiometer systems illustrated in Fig. i-I,
the Visibility Laboratory of the University of California, there were airborne measurements of particle size distribu-
San Diego under the sponsorship of, and in cooperation tions at each of several altitudes during each data flight.
with the Air Force Geophysics Laboratory, Hanscom These distributions were measured over the range 0.2 to
AFB. Massachusetts. 5.9 micrometers (um) in particle radius using a Royco

The instrumentation and experimental procedures model 220 particle counter. An initial discussion of these
used in the collection of the raw data processed during this aerosol measurements was presented by Cress (1980), and
contract interval were reviewed and summarized in Dunt- by Fitch and Cress (1981).
ley er al. (1978). and thus will receive only minimal addi- In the following sections of this Final Report on the
tional comment at this time. The airborne instrument sys- Aircraft Data Reduction task, we will summarize and
tem is illustrated in Fig. 1l-. review the dAta processed and published subsequent to the

The optical measurements, which consisted pri- status reported in Duntley et al. (1978). Section II will
marily of profiles of atmospheric volume scattering present a discussion of the radiometric data, and Section
coefficient and 47r sky and terrain radiances, were made in Ill will contain an analysis of additional measurements of
several spectral bands throughout the visible spectrum as aerosol size distributions.

towO H~i~ wt. H m,.e

Fist. I-I. C-130 airborne instrument system.

-i



1.01 T I
6

092 4 3 5

0.6

04

L

0U

0
400 S00 600 700 800 900

WAVELE~NGTH. A fNanometmr)

Fig. 1-2. Standard Wvcral response, Peak wa~elengths are 2=475nni Blue, 3=66tinni Red. 4=5s~nm Photopic.
i=

7
'

5 0nn N I R . 6=44(hint S-201

DENMhA% ~ O~NAE

SM~PA OESTFRBERG gLK

RHE N MAN AB 4S-qiy'R

k:1T~~~ PARIS .)''

.. 'CRUZ
LAN 9----BR

* "I. f-Z

N)

A L Is APQ 1. k

2



Table I.1I. Project OPAQUE Flight Track & Ground Sites
Location & Ground Elevations.

Geographical Referene Center of Flight Teack Gtound Site Approx
and 1Grnd Elenv

Svie Miidnkin Code Latitude Longitade Latitude Longitude along track

Ground Sites 4 1
Catania. Sicily IMr 371241 i455'E
Trapani. Sicily (TR I . - 37*55N 12'29'E
Bruz.Fence (BR) 491011N 1*45
Bhrkhtof. Germany :1,1 413N 9
Yeoviion. England .01 5li' r1327
Soesterberg. Netherlands (so) . 5'N I SITE
Meppen. Germany IMP) 2 50'2 N 7*23'E

Flight Track,

Sigonellai. Sicily iS) 37*241 15-21YE - Sea Level
Trapani, Sicily ITRI ) 37*331 12'30'E Sea Levcl
Bru,. France fBRI 48*11N 1'41'W 0 rn
Birkhof. Germanv BI 49-lSN 

1
105'E 7 62 iv

Ycovil. England M)~ 50-56'N 2-27'W 60 mn
Soesierherg. Netherlands (SO)i 51'56N 5'35T 6 ni
Midenliall' England IMLI '52:241 VAIVE Sea Leivel
Ahlliorn Germany ZA~ 52 13N r51',E - Em
Mepyrn. Germany, I MP) 53*00l'-N "1; 18 m
Rindhi [Denmark IRBI) 54*41 'N I I'08T -Sea t esel

Table 1.2. Geoigraphical Distlribhutlion i iI Proylici O PAQUE Dlata Flights.

%ttempied (and reporiedi I ars Seiquence,.

Flight Track Ident IPAQUx I OIPAQUPE 11 OIPAQUE III (I PAQiJF 1%, IPAQIJE
Sprivg 'I6 Fall 16s Summer '7' Winier '18 Summer '78

Sionella. Suody 1) 0i 0 2 12) 0
Trapan.. Si,.]i It 1) 0l ii M 4 (4)
Brui. France 1I (1i 3 13) 0 0
Hirhrol. Germansv i 0 0 8 (7) 5 (4)
Yeo-ll. England (1 0i ci 51 .1 (3)
.,ocsieherg. Neilerlandr 1 11 0i 1 (0) 2 (2) 3 (3)

'AMtldenhall. England 0i 0lI 2 121 11
hlhon. (;etivany 1) v 2 (21 I (1

Meprien. Gerrmani 12, 4 13) 3 (3) 3 131 3 131
Ridh D~enmark 2 12) 4 14) 4 (4) 2 (21 2 (21

101 kL 11 (81 11 (11) 131(121 21 (261 20 (11

rechvn-l Repoirt No SFl TR %Vi(;[- TR .kFI.-TR. AFGL.TR AtFGl-tR.
-1XI1II -1i214 '8-0OS 19-10159 80-020?

2. AIRBORNE RADIOMETRIC.MEASURE.MENTS

During the three year interval 1975-1978, there different flight tracks used during the OPAQUE deploy-
were five major overseas deployments of the airborne ments. and also the locations where the air transportable
instrument system illustrated in Fig 1-1 as an adjunct to ground unit was established. The general locations are
the program OPAQUE. These five trips were planned to illustrated in Fig. 1-3. where the short, solid lines indicate

*provide daytime atmospheric measurements as a function the approximate orientation of each flight track. For
of altitude in the immediate vIcinity of several different further more detailed site location, the reader is referred

*OPAQUE data stations. The plan was developed to to the site maps in Section 6 of Duntley et al. (1978).
ensure a reasonably diverse geographical sampling of' verti-
cal profile data during each of the four seasons of the
year. Spring. Summer. Fall. and Winter. Data for the first 2.1 Description of Winter and Summer Deployments
three of these deployments was summarized and reviewed
in Duntley ef at. (1978). In a similar manner, the data As a convenience to the reader, the deployment
from the last two deployments. Winter and Summer 1978 descriptions for the Winter 1978 and Summer 1978 field
is summarized in the following paragraphs. trips have been abstracted from Duntley et al. (1978),

Table 1.1 lists the general location of each of the and reproduced below.
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OPAQUE IV, WINTER 1978, to the Meppen test range which was the site of the
FLIGHT NOS. C-430 THROUGH C-456 United States supported OPAQUE data site.
AFGL-TR-79-0159 In spite of the bad weather conditions that were

The Winter deployment began with the Visibility anticipated for this Winter deployment, OPAQUE IV was
Lboratoy tem depoytn SanDegon Withdhesthe most productive of all the OPAQUE series. The

Laboratory team departing San Diego on Wednesday, 25 weather was exceptionally permissive as is indicated by the
January 1978. The team returned on Monday. 10 April copein ftwnyivmsins Thsetrm f

197. Drin ths 7 da deloyent th loges of completion of twenty five missions. The spectrum of1978. During this 72 day deployment, the longest of weather conditions encountered was exceptionally broad.

those up to this time, the joint Air Force and Visibility ranging fomdreaonablycoudree wt mdetha e o

Laboratory team operated the aircraft out of four different low ceilings with rain and snow.

bases in three different countries, not counting the initial

staging into Rhein-Main Air Base. Two new bases, never
before visited during the OPAQUE related missions, were OPAQUE V. SUMMER 1978
added to the itinerary, one in Sicily and one in southern FLIGHT NOS. C-460 THROUGH C-,'9
Germany. The chronological listing of the operational AFGL-TR-80-0207
bases utilized during the OPAQUE IV deployment is
shown below: This, the second Summer deployment, similar in

season to OPAQUE Ill. began with the Visibility Labora-
- tory team departing San Diego on Friday, 28 July 1978.

Orer B[The team returned on Saturday, 30 September 1978. Dur-VIsIaIed Staging Base Ident ( G-p phica4[ L-aio

-__ -- -- ing the 64 day intervening period, the joint Air Force and
I Rhen-Man Air Base near F:rankfurt. Germans Visibility Laboratory team operated the aircraft out of six

Sigonella Naval Air Facilit, near (atania, Scti , different air bases in four different countries. This
3 Memmingen Air Bawe S-W of Munich, German
4 Mildenhall Air Ba NW of Carnhrdge. England represents the largest number of bases ever utilized during
5 Wunstorf Air Base near Hannover, German: a single deployment. However, since all of these bases

.. - - had been visited before, there were no operational

difficulties and the exceptional cooperation of the host

The only major instrumentation modification imple- nation personnel made the exercise a remarkably smooth
mented for the OPAQUE IV deployment was with respect and efficient experience. The chronological listing of the
to the MEMORY cutoff system. This modification was operational bases utilized during this final OPAQUE
flown in prototype during OPAQUE Ill. The improved deployment is shown below:
performance of the dual irradiometer system upon which
this modification had been retrofitted was so impressive
that the decision to extend the modification to all systems .ii
was made immediately upon return to the Laboratory in _ S

September, 1977. The modification was accomplished on I Rhein.Main AI Base near Franklurt. (ierran

all of the airborne and ground based radiometer systems 2 Sigonelha Nasal Air Facili near (alana. SWit%
used by the Visibility Laboratory team during OPAQUE 3 Wun,tor, Air Bae near liannis . Gernans

4 Merningen Air Base S.% of Munich, Getman
IV. S Midenhiall Air Base N Nk i ( arridge England

6 ,,erlo,e, .Ar 11-e near ('openhgeni L)cnrnark

The fly-away ground station, which again included
both the CRM and integrating nephelometer systems, was
operational in the vicinity of all four of the primar.
OPAQUE flight tracks. While the aircraft operated out of There were no instrumentation modification,
Sigonella Naval Air Facility the ground station was located imposed during the preparations for the OPAQUE V
at Birgi Air Base near Trapani. Sicily. This base was the deployment, only normal maintenance and o,,erhaul. The
location for the Italian OPAQUE data site. When airborne fly-away ground station was operational at or near four of
operations moved to Memmingen Air Base. the ground tIne five primary ,OPA(, I.F flight track,. As during the

station was relocated to Birkhof, Germany which is the preceding OPAQUE IV deployment, it was in operation on

location of the German OPAQUE data site. Only in the the official OPAQUE data site at Trapani/Birgi Air Base.

United Kingdom was the fly-away ground stat on not Sicilh. and at both the Meppen and Birkhof sites in Gier-

located on the official OPAQUE site. While the aircraft many. Similarl%. the ground station was located at Ycovil-
was operating out of Mildenhall Air Base the ground sta- ton while the aircraft was operating out of Mildenhall,
tion was located at HMS Heron, Yeovilton Royal Naval England.

Air Station, Yeovilton, England. This site, approximately The weather was much more coopelative during this
35 miles northwest from the British OPAQUE site at second Summer deployment than it had been dung the
Christchurch, was chosen for its proximity to the actual first, OPAQUE III. Even though there were few truly
flight track and for its suitability for air transport of the clear days. there were many marred only by minor cloud
ground-based equipment to and from the site. When air- and haze conditions. Consequently of the nineteen total
borne operations returned to Germany out of Wunstorf missions, ten of them were classified as "full profile" mis-
Air Base, the ground fly-away ground station was relocated sions, i.e. four straight and level altitudes in a total of

4



Ill i i lii i

four spectral bands. The remaining nine were assorted 2.2. The times listed under the 'Total Time of Data Tak-
flights of lesser quality ranging all the way down to 5000 ing" column are Greenwich Mean Time (GMT) and Local
ft. ceilings with haze and light rain. Civil Time (LCT). The sun zenith angles are tabulated

for the time when data taking began, at the time of sun
In a manner similar to that used in Duntley er al. transit (minimum sun zenith angle), and at the conclusion

(1978), a tabular summary of the pertinent descriptive of the last data taking event. The maximt n and
information related to the OPAQUE IV and V data flights minimum flight altitudes in meters AGL (Above Ground
has been abstracted from the parent data report covering Level) are noted in columns 12 and 13. The filter
each of' these two deployments (AFGL-TR-79-0159 and identification numbers refer to the spectral responses illus-
AFGL-TR-80-0207). and reproduced as Tables 2.1 and trated in Fig. 1-2.

lable 2.1. 1I hght Data Summar. hr (l)\Qt IF I-1

1 -1.1 Sun /en.Il AnWIw I AAwdh Slull

If 4h [Wl, %iart I Wd I Olier (delgrscl I meer, 4 A6l I I

(.11 1[( 1 6%111I 1 ( I %t4rl lran-i I nd 44 6n %4.. r
%14 I 

1  
(-ll 4 4 'Nal Il lkll md ; a8 1 "1O

1I-8 I.',N 1evi4 ' 14 K4 IS i , I 1 1.10

411 I Id' 1t2, 10 24 121 111. 21 11W2 14" '4 %, 4 t1)

121 1 1141 14411 4 t0I 14 12I , 1

1412 I 1 ' I '4 1412 '12 4 ' '0. 1" 0 120 14 l I
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Table 2.1 (eon't.). Flight Data Surmmirs for OPAQUE IV
(AFGL.-TR-79-0159)

4 1 Mh T 1.418s10 ~.I1..1... . .. .61

tI. 1 4. 1I 4 1 444 z 4 ' 11 64

1141 41" 4k I I '' 4I 1 1 41 "I N I61

14412 I l 1416 '6 ' 1'4? '. ll

*4 2 2 1 Me 14.14 1124 1412 1' 'I' " 2

4, Nk1r 1941 N41 IN"1 4w)'" ''64 1' 21

44 -" %t" 11k 64r, 16 1' 4'.,''4 7 111

! 11 , I ;4', 144, '1 ' '44 ul

I 4'4 264 1 '4 '464 M'' Ili,

I4,614 11 %U, I N I ,1 N 1444 4, 2 4'' ' 26
144, 14 116" I'' 41

I 'lt I Nt.. 1 2 2 1 444tD~ '44 mm 1'1 1 I

i \ I I I Rk SO Il,

S' /,11,16 A'VIV I -g " V, "-

'14. ,%I6'I (NAll I(I Sm I %I I

1464' 2 NIK 1142' 1342 1%4(6 16s46 >1 201 c,6' 1 2'

I11 1I 6 1311Ss IS1 1101 4'1 34 1'21 I

146, I k.g kis's 11118 1013' 121' 2 1 16 1 26 ' 46

11141 12'41 1216 14(k' 4' 1 1 x'' 2 12'' 42.

4K 'A 6, 118'; 10i 101 12?41 2 I 18 2i6S' 1

1144 12?49 124N1 14410 4 ' 14 2.' 26k, 62

1 461 'Aug ''26 1 128 1110 1 111, 1 1I2 4' 6l'

1116 11 12N I 1466, 4' .'I ~ 46

1,4 14 A.# I I, 12114 123$ 111 2i W ' 4 I '

1241 13141 1122 142 4 ' q S4 426 4,'' I 'N

1 46 14 Au.g I1ISM 14S8 1414 1114 2 K I 61 1' Al 64 .

4410 1 411 MO 11' 1 - 4' , I 1'4 Nl I1,N,

16 I' Aug "In 11119 P)%, I Ill 2'1 4- ' 14 .l 6444

11114 12'101 j10ik 14111 4' '14 6'. 426 h.1 '4

146' I 1Aklg I1116t 1216 12' , 21 1 4 166w I 4'" 12'' 4''

146I u 16121 141'Q 1111 1~ 21 466 4. 2'' ''2'I I

1112 1 21Q2 2 44 14W4 4' 4' "1' 411'' 6!'

46q 22I 14 116 116 I1' !41' 1 4". 46' ''

14 442 '2' 162 4 4' W.' ' 61

19 4' 6 ,' 14 1 14 N 61 N 1 2 x64.

14>'. 1 '' > 1' 114. 442 '1 4, ,I '''

1.16 4 4' ' IN 44 46

14w -. '. '414 4 6 2', 1 ''1] 44' 4, '4

li 421 -I'' :4' 40 44 4449 44'l 41

(4'k ' 4, ' I 4N6'' 4' 44 1' I1Ito

1' 1 114 14' '' 4. 44 '6 6 1>44



Table 2.2 (cin't.). Flight Data Summary for OPAQUE V
(AFGL-TR-80-0207).

ITotal Tine of thsa Taking 7! 1
T - Sun Zenitf Angle Flight Aftoude

Sart Fi, r Id:etl meler (AGL)

4, 971 L LttTastEnd Mino tt

1141 1446 1509 1605 2.3 644 73 8 I 1O 6150
12 1612 Ibis 171s 4,4 74 7 .34 1tO 0 6

479 26 Set, 0926 10A110 l 1S209 2.) i91 999 1203 46,20
I 1109 1209 1291 Its] 4i 9 is9 9 9 1 ill 0 90

Fable 2.3. OPAQUEt Related Aircrat Data Reports

D eployment
i Report No Seres, [Date Daa Type

AF(iL'TR'77-078 I I Spring 76 Scaterng (oeflfient Profile, & Related Meteoroogy I
AFGi[ -R.770239 II Fall '76 Scattering ('oef-iienl Profiles & Related Meteorology
AFG[ .TR-78 0168 I ill Summer '77 Scattering Coeffilcent Profile, & Related Meteorology
AFGL.TR-7901i9 i V Winter '78 Scattering (oefftient Profiles & Related Mereoroev I
AF(i[-rR-80-0207 V Summer '76 Scattering (oel.lkent Profile, & Related Meteorolog
AFUL TR-80-1092 I.[1 See Above Aerosol Site istributions and Analysis
AF6L-TR-81-01 4 IVV - a1cring (Coefiient Very Low Altitude Profiles
AF(i -TR.8-l0237 1 .11.il Sc.iteroilr (oeffient Very Low Altitude Profiles
AF(it-TR.81-.1 27 ILIIII.V Sk% ind Terrain Radiance,
A 4F(6 -TR-1 .1117 1-%V Vt,toots n . S1 and Terrain Radiance,

2.2 Selected Sample Data

Flight data resulting from the five OPAQUE deploy- temperatures can be prohtably compared to temperatures
ments have been presented in a series of AFGL Technical from the U.S. Standard Atmosphere Supplements (1966)
Reports which are identified in Table 2.3. In general the which are shown as solid lines on the plots in Figs. 2-1
data presentation reports are of three types. The first con- and 2-2. It should be noted that the altitude scale in these
taining primarily scattering coefficient profiles, the second figures is in meters above mean sea level (m MSL), and
sky and terrain radiances. and the third containing aerosol the ground elevations at the test sites range from 0 meters
size distributions. at Trapani, Sigonella, Mildenhall and Rodby, to 762 m at

In order to provide a quick overview of the data Birkhof.
processed subsequent to that presented in Duntley el al. As noted in the parent reports, the temperature
(1978), portions of the original OPAQUE data reports profiles are reasonable for the season and latitude of the
have been reproduced and presented herein with addi- measurement, although there are significant examples of
tional but typical descriptive and analytic comment. For low and mid-level inversions at all sites
this summary p'esentation, only composite plots of
pseudo-photopic volume scattering coefficient and tem- Total Volume Scattering Coefficient
perature which have been sorted by geographical location
are included as representative of the profile type reports. Total volume scattering coefficients, as measured
In a similar manner, several composite representations of with the filter 4 pseudo-photopic spectral response for the
the sky and terrain radiance plots are also included. For OPAQUE IV and V deployments, are presented in Figs.

mort complete information regarding these data, the 2-3 and 2-4. These plots, which have been abstracted
reader is referred to the parent report, as listed in Table from the previously issued reports listed in Table 1.2,
2.3. have been sorted in a manner similar to the preceding

temperature plots i.e. by approximate latitude and season.
Tempcrature One should note that the altitude scales in Figs. 2-3 and

Temperature is generally a function of latitude and 2-4 are in meters above ground level (m AGL) rather
se;;,,otn with an expected diurnal and weather variability than on the MSL scale used for the temperature plots.
during any one season at a given latitude. The tempera- Also note that the horizontal scalc spans three decades for
tures measured during each flight's several profile ele- all of the plots except 2-3d, which spans only two.

ments are averaged by altitude into a composite plot which As discussed in the OPAQUE IV parent report, the
typifies that individual flight. These resultant average degree of fine structure in the nephelometer data that can
temperature profiles for the OPAQUE IV and V deploy- be attributed to instrumentation and system noise is not
ments have been sorted into sets representing similar lati- more than ±5% of the reading. However, as illustrated
tudes and presented in Figs. 2-1 and 2-2. These in-flight by the profiles representing flight C-432 in Fig. 2-3a, a
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OPAQUE IV WINTER 1978

SYMBOL FLIGHT LATITUDE SYMBOL FLIGHT LATITUDE
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OPAQUE V SUMMER 1978

TRAPANI 370 33' N SOESTERBERG 510 56' N

SYMBOL FLIGHT CLOUDS SYMBOL FLIGHT CLOUDS

C-460 0 a C-464 0
8 La C-461 (VO 0 . C-467 ovo

8* C-462 0 a C-469 ovo
i ' 6 " C-463 v w

It, uI

0 80

>\

cc4

\ \0

(hI

c-20.00 -10. 0.00 0DO 0 20.00 30.00 0.00 -30. 00 -2000 -0.00 0.00 0.00 20.00 30.00
TEMPERATURE (OEG C) TEMPERATURE (DEG C

MEPPEN 53' 00' N BIRKHOFF 48o 15'N

SYMBOL FLIGHT CLOUDS SYMBOL FLIGHT CLOUDS

C -465 0 C,47,1 *
C c,466 vO °, oC4 V
C 0-468 , 4V8 C-473 eve

C-474 orT

..-, \\ \ ,>

(c)

l el ,, \

TEMPERAqTURE (DEG CI TEWPERATLf!E (DEG 0)

Fixl. 2-2. Temperature I'or ()PAQJF V flights. 2 AL~iguI to) 26 Selternhebr 1978, compared to tempe.rature f'ronm [IS Standard Atmosphere
Supplements (1966) (AF(L.-TR-80-0207)
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OPAQUE V SUMMER 1978

YEOVILTON 500 56' N RODBY 540 51' N

SYMBOL FLIGHT CLOUDS SYMBOL FLIGHT CLOUDS

C-4? . C .v

C-477 OVS C0

-1--s -

la!

\ \

(e) I

-30.00 -20.00 -10.00 0. 00 10.0 20.00 -20. o0 -10.00 0.00 10.00 20.00 U100
TEMPERATURE (DEG C) TEMPERATURE (DEG C)

Fig. 2-2. (con't.) Temperature for OPAQUE V flights 2 August to 26 September 1978. compared to temperature trom U.S Standard
Atmosphere Supplements (1966). (AF(iI_-TR-80-0207).

semi-square wave biasing voltage was imposed, during It appears, in general, that there is substantially
some flights, upon the data signal. This distortion of the more structural irregularity in the scattering coefficient
profile data is of such a nature that the erroneous values profiles during the Winter set than during the Summer.
are those representing the smaller value of scattering This is particularly true for the northern European sta-
coefficient. These distortions appear to affect only the tions, Soesterberg, Meppen, and Rodby as illustrated in
flights in Sicily and no determination of their cause has Fig. 2-3d and Figs. 2-4b, d and f.
been completely established. Users should be aware of
these circumstances during their evaluation of the suitabil- A necessary but unfortunate artifact of the profile
ity of these date for their specific application, data discussed in the preceding paragraphs is that the

measurements all terminate at some significant altitudeUsers should also be advised that the potential stray above ground level. This being a necessary condition

light error that was discussed in each of the earlier reports
listed in Table 1.2 has not been corrected in the data imposed by the safety of flight regulations which apply to

displays of Figs. 2-3 and 2-4, except for the Trapani data all civil air space, and an unfortunate experimental con-
shown in Fig. 2-3a. For a complete discussion of this cir- straint in view of the extreme sensitivity of slant path con-

cumstance the reader is referred to Johnson and Gordon trast transmittances to variations in the near surface haze
(1979). conditions. The data contained in two of the reports listed

in Table 2.3 (AFGL-TR-81-0154 and -0237), were pro-
Several general characteristics of the profiles illus- vided to reduce the uncertainties in our knowledge of the

trated in Figs. 2-3 and 2-4, briefly alluded to in the parent scattering coefficients near-surface profile.
reports, are repeated here. In both the Winter and Sum-
mer data sets, the Trapani profiles are clearly different Several samples of these near surface profiles are
from their companion profiles measured in northern presented as Figs. 2-5 and 2-6. There are, in general, only
Europe. In the Winter set, the Trapani profiles, though occasional variations of any substance within these low
noisy, show significantly less low altitude structure than altitude profiles. In this sample of 54 low altitude daytime
any of the other sets, and have a complete lack of any profiles, acquired in clear air away from clouds (i.e. under
abrupt haze top. Similarly the summer Trapani profiles VFR conditions), 47 (87%) are represented by nearly con-
show little structure and additionally maintain relatively stant scattering coefficients as a function of changing alti-
high scattering coefficient values throughout the entire 6 tude. These stable conditions are clearly illustrated in
km altitude band. Figs. 2-5a and 2-6b. Four of the seven anomalous profiles
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OPAQUE IV WINTER 1978
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OPAQUE V SUMMER 1978

TRAPANI 37 33' N SOESTERBERG 51* 56' N

(a) SYMBOL FLIGHT CLOUDS (b) SYMBOL FLIGHT CLOUDS

0 C-460 8 C64 0
0 C-461 aDVe C 467 0Vo

C-462 I' C 0469 OV
* C-463 OVT

8 8

JA

81 8

3Xo1 10' 10 10 3X 10 10 10 10
TOTAL VOLUME SCATTERING COEFFICIENT (PER M) TOTAL VOLUME SCATTERING COEFFICIENT (PER M)

MEPPEN 530 00' N BIRKHOFF 48' 15'N

(CF SYMBOL FL(GHr CLOUDS '(L) SYMB(L FLIGHT CLOUDS

8 C-466 v Z C 4

dC 468 -VT r (473 ZV!

C 44 '

F o

-8

L5 8

3x~o" 10" 10, 10 3XIo" 10, 1o0 1'

TOTAL VOLUME SCATTERINO COEFFICIENT (PER M) TOTAL VOLUME SCRTTERING COEFFICIENT (PER M)

Fig. 2-4. Airborne nephelorneter pseudo-pholopic 1il. [or ()PAQhI- V flights Iront 2 Augusl to

26 September 1179 1 *,-(GI -FR-80-0207t)
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OPAQUE V SUMMER 1978

YEOVILTON 50* 56' N RODBY 54 51' N

(e) S, MBOL FLIGHT CLOUDS (f) SYMBOL FLIGHT CLOUDS

S C-475 SVO C-478 *v.
C-476 0VS 3 C-479 OVO
C -477 oV(r

J J

t--. .*A

.4 .4

XlO 10 t0 X .

TOTAL VOLUME SCATTERING COEFFICIENT (PER M) TOTAL VOLUME SCATTERING COEFFICIENT (PER M)

Fig. 2-4. (con't.) Airborne nephelometcr pseudo-photopic data for OPAQUE V flights
tront 2 August to 26 September 1978 (AFGL-TR-80-0207).

that were measured are contained in the illustrations of coefficient data, are readily applicable to the determination
Fig. 2-5b and 2-6a. As noted in the earlier reports, the of slant path contrast transmittances, atmospheric optical
identification of the conditions resulting in the seven depths, aerosol directional scattering characteristics, flux
profiles showing variations within their vertical structure divergences and their attendant determinations of turbid
will require additional analysis. In this regard, a supple- atmosphere single scattering albedos.
mentary set of precision local meteorological observations For this brief overview, only a small sample of the
including local trajectories would b' beneficial nearly 500 radiance arrays that have been proceved have

been selected for presentation here. As with the preceding

Sky and Terrain Radiances temperature and scattering coefficient data, these sky and
terrain radiance displays have been abstracted from a pre-

As noted in Table 2.3, there were two general viously published parent reports, Johnson (1981), and
classes of radiometric data collected during a typical air- Johnson and Hering (1981)
borne measurement sequence. The first being primarily The data displays presented in Figs. 2-8 through
scattering coefficient profile data as illustrated in the 2-Il are in the Composite Sky-Terrain Radiance format
immediately preceding figures and comments, and the used in several earlier reports, In these composite plots.
second being measurements of sky and terrain radiances at the radiance variations throughout the sun-zenith plane, in
selected assorted altitudes. This second complementary both the up-sun and down-sun directions, are plotted as a
data set. introduced in Johnson (19811. includes angularly single curve, and labeled "PHI = 0 & -180". Similarly. the
precise spectral measurements of the 47T radiance field data in the cross-sun plane are plotted continuously and
surrounding the aircraft at several different altitudes labled "PHI = 90 & -270". In all cases a zenith view
throughout the zero to six kilometer altitude regime. angle of 00 represents the point in the sky directly over-

These radiance data enable one to characteri,,e a head, and a zenith view angle of 180 ° represents the point
broad variety of the environmental conditions extant dur- on the underlying terrain directly below. The negative
ing the flight episode and thus lead directly to the develop- signs associated with the angular indices are an artifact of
ment of operationally useful predictive models. The radi- the computer sorting technique, and should not be
ance data, in conjunction with their companion scattering rigorously interpreted.
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MILDENHALL, ENGLAND WINTER 1978 MEMMINGEN, GERMANY WINTER 1978

c!.
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Fig. 2-5. L4ol iltniude" s.l.Iierlllg 4o.|tlkic . W inter. 197 .

As an aid to the interpretation of the radiance distri- which surrounds the aircraft is annotated with the angular

butions illustrated in Figs. 2-8 through 2-11, a pictorial notations and terminologies used in the data displays and
representation of the measurement field is shown in Fig. discussions which follow.
2-7. This artist's conception of the 47r radiance field
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-. observational wavelength and altitude. The bright hor-
izons and highly asymmetric up-sun and down-sun radi-
ance levels are consistent and clearly discernible. For this

SU _over water track, the uniformity of the dowr,-sun and
cross-sun sea surface radiances is well illustrated as is the
obvious glitter pattern which appears as a broad high radi-
ance peak in the up-sun data of Fig. 2-8c and narrows as

2 -7the flight altitude increases to 6 km in Fig. 2-8d. The rela-
tively high radiance of the nearby shoreline gradually

., .| , .4 appears in the down-sun lower hemisphere measurements
as the altitude of observation increases, also shown clearly
in Fig. 2-Sd.

Flight C-468 provided fifteen data plots, two of
which are shown here as Figs. 2-8e&f. These data were

Ij measured on a nominally clear day that was, however,
/dominated by high, thin cirrus. The subtlety and difficulty

SI /of precisely identifying cirrus effects are illustrated by
comparing plots c&d with plots e&f. In this example, both
of the low altitude plots c&e show very similar cross-sun
and down-sun patterns although the Rodby data (c) was
taken under clear sky and the Meppen (e) under thin
cirrus. In the high altitude pair, the Rodby data (d) show
the irregular cross-sun and down-sun characteristics of the
low altitude data, apparently cirrus contaminated, while
the Meppen plots (f) show the regular and well matched
characteristic normally anticipated from high altitude clear

similar to the clear high altitude situations shown in Fig. sky measurements.
2-8d. Several additional comparisons of sky and terrain

radiance characteristics are illustrated in Figs. 2-9. 2-10
It is clear however, that even with the above and 2-11 which have been abstracted from Johnson and

caveats, there are several readily distinguishable charac- Hering (1981). In these composite plots, several flight
teristics inherent in the data plots of Fig. 2-8. sequences have been combined on a single display in

The data in Fig. 2-8a represeits one of the most order to more clearly illustrate the characteristic of
symmetric radiance distributions retrieved iom the interest. The three characteristics illustrated in this partic-
OPAQUE series. This example, one of eight in the parent ular series are radiance variations as a function of spectral
report, illustrates radiances in all four cardinal azimuths passband, variations as a function of altitude and varia-
from the sun showing nearly identical gradients as a func- tions as a function of cloud cover.
tion of zenith angle with very little sky structure. One Comparative measurements of the sky and terrain
should note the relatively large radiance difference radiance fields as a function of wavelength for flight C-466
between the overhead sky and the underlying ocean sur- are shown in Fig. 2-9. Since the coefficient for Rayleigh
face, and contrast this difference with the data in Fig. (i.e. molecular) scattering varies very nearly as the -4th
2-8b. In Fig. 2-8b the data represent a similar o~ercas' power of the wavelength, A, and the Mie (i.e. aerosol)
sky condition over a completely different underlying ter- scattering coefflc'ent varies roughly in the range X-05 to
rain. The relatively high reflectance of the snow covered . ', the radiance field has a strong spectral dependence.
plateau underlying the Birkhof flight track has produced This dependence is illustrated clearly in Figs. 2-9a&b by
the most directionally constant radiance levels retrieved the very pronounced decrease in sky radiance with increas-
from the OPAQUE series. ing wavelength through this visible spectrum interval.

The characteristics of radiance uniformity and sym- Note also that the spectral variations of the measured
metry illustrated by the data from flights C-422 and C-435 apparent terrain radiance, while heavily cluttered by the
are relatively unique and can be considered to represent influence of small scale fluctuations in surface reflectivity,
one extreme in the overall spectrum of sky and terrain still illustrate significant spectral separations. A prominent
radiance distributions. feature in this regard is the relatively large apparent terrain

Just as the fully overcast conditions illustrated in radiance measured in the 750nm spectral band. These

Figs. 2-Sa&b illustrate one end of the meteorological spec- high radiances result from the characteristically large sur-

trum, the clear sky conditions of flight C-379, Figs. face reflectance for rural farm and wooded areas in the

2-Sc&d, represent the other. These plots, two of the four- near infrared portions of the spectrum.

teen which appear in the parent report, represent clear sky The data from flight C-466 also can be used to illus-
conditions whose radiance patterns are typically well trate the variation in sky and terrain radiances as a func-
behaved and tell a consistent story with respect to upper tion of altitukde. These altitude dependent characteristics
and lower hemisphere characteristics, both as a function of are presented in Fig. 2-10.
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The influence of atmospheric path radiance upon data, i.e. the integrating nephelometer, and the upper
the apparent radiance of both the sky and terrain is clearly hemisphere scanner, some further comment seems
demonstrated in both Figs. 2-10a&b. At the wavelength appropriate.
chosen for illustration, A = 475nm, as well as for those
not shown here but included in the parent report Johnson Total Volume Scattering Coefficient
and Hering (1981), the systematic decrease in apparent
sky radiance as the altitude of measurement increases is As discussed in several earlier reports, among them
obvious, as is the corollary increase in apparent terrain Duntley et al. (1975), and Duntley et al. (1978), the air-
radiance. One should note the tendency for the percent borne integrating nephelometer underwent a major
change in sky radiance between specific altitude levels to reconfiguration shortly before the initial OPAQUE deploy-
he much the same over a wide range of viewing angles as ment in the Spring of 1976. As an outgrowth of this
is discussed from an analytic point of view in the parent reconfiguration the essentially in-line flow through device.
report as illustrated in Fig. 3-1 of Duntley etal. (1975), was

To illustrate the variation of sky and terrain radi- converted into the folded path, compact design illustrated
ance's as a function of variable cloud cover, a composite in Fig. 3-4 of Duntley v'ia. (1978). There were several
plot containing data from five separate flights is presented stray light problems associated with this new design which
as Fig 2-11 All of the measurements selected for this became apparent during the analysis of the resultant data,
comparison wkere made in the pseudo-photopic passband particularly with respect to the high altitude data collected
i.C. A = 550nn, see Fig. 1-2. These fie flight episodes well above the primary haze laver. A discussion of this
represent a broad variety of conditions, ranging from problem and the development of a corrective procedure is
clear. -, to overcast, +. as measured from in intermedi- outlined in Duntley vial. (1977). A similar discussion
ate altitL.de of approximately 1150 m AGL. related to the data from each of the five OPAQUE deploy-

One notes that the measured sky and terrain radi- ments was included in each of the five OPAQUE data
reports listed at the bottom of' Table 1.2ances for these cloudy cases tend to fluctuate both above

and be!ow the radiance distribution for the clear sky. see Continuing analysis, as referred to in Johnson and
Johnson and tlering (1981 ), depending upon the scatter- Gordon (1980), of both the total volume scattering
ing and reflectance properties of the clouds, haze and ter- coefficient measurements, as well as the directional
rain The measured cloudy sky radiance is found to be a scattering function measurements at scattering angles 9 -
factor of two or more larger in some instances, but in gen- 300 and 150, led to the conclusion that in most cases, the
eral remain,, within ahbout ±50 percent of the clear sky measurements of the upper altitude total volume scatter-
radiance for corresponding paths of sight. It is appropriate ing coefficients were too high. Thus, several additional
to keep in mind the significant differences in terrain procedures were employed to try and specify the character
characteristics for the flights shown in Fig. 2-1 la&b. The of the error and to develop a reasonable corrective pro-
Meppen IMP). Soesterberg (SO). and Yeovilton (YO) cedure
flights were made over cultivated farmland, and the two
Birkhof flights were made over a snow covered, wooded Two separate data sets were employed in the evalua-
plateau The influence of these different terrain tion of the probable error in the total volume scattering
reflectances upon their associated path radiances can he coefficient data. The first was that containing the
significant and is appropriate for study using fast opera- nephelometers contemporary measurements of directional
tional models such as that described by Ilering I ll scattering funtion at scattering angles, /3 = 30* and 1500.

The second was that containing the sky radiance distribu-

2.3 Data E,aluations lions illustrated in Fig. 2-8, which also were made simul-
taneously with the nephelometer sets. Two procedures

In the preceding sections, a variet, of profile and were used with each set. and were essentially unanimous
fixed altitude radiometric measurements of total volume in their predictions, which are summarized in Table 2.4.
scattering coefficient and sky radiances have been and discussed briefly in the following paragraphs. In both
presented as an ocrvie, of the data reductions accom- cases the procedures were conducted in terms of the opti-
plished as part one of this two part contract Over a cal scattering ratio Q where Q(:) is defined by the ratio of
period of several years. as the various experimental meas- the total volume scattering coefficient at altitude :, to the
uremenis and data reduction actvities progressed, there Rayleigh (i.e. Molecular) volume scattering coefficient for
were internmttent but continuing evidences of instrumen- a given spectral band at the same altitude (Hering (1981)1.
tally induced error, in one system or another, that often
were persistently unyielding in identifying the source of Predictions Based Upon Directional Scattering
the suspected error In most cases adequate identification Function Measurements
of the system malfunction was accomplished through a
study of the automatic diagnostic test, applied to the data Comparisons of directional scattering functions
in the early stages of processing. However, there were measured using the Visibility Laboratory nephelometer,
two instances where an uncertainty in the measurements with those measured by Barteneva (1960) indicate a strong
continued throughout the program. Since these uncertain- correlation between the two sets of measurements. This
ties relate to the primary instrument systems and their relationship has been illustrated in each of the reports
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Table 2.4. Comparison of Optical Scattering Ratio ship may be established either by using the Barteneva data
Determinations for the Region 6-10 km AGL. whose median values are shown in Fig. 2-12, or by estab-

_______________ - -lishing another analytic representation such as the

Date source and -Opical Scattering Rati. Q() Henyey-Greenstein functions (Irvine, 1968) which were
Technique Filter?2 Filter 4 Filter 3 used by Hering (1981). Estimates of Q (z were made

- using each of these representations with the measured
Ilgirt C-466 @ .5545mt AOL values of 9 (z,,6), where 9 (z,,6) is defined by the ratio of

Nephelometer itzl incas 4.4 S.i 6. the total volume scattering function at altitude z and
fhneeftva 30/1tS 15 1 26 32
Hering $3W$150 16 2, 2.4 scattering angle fl, to the molecular (or Rayleigh) volume
Atmucantar. #55 14 1 5 1 7 scattering function at the same altitude and scattering
Sky Radiance Ratio I 2 27 52 angle, and are listed in Table 2.4.

Flight C-468 @ 6038nm AOL

Nephteometer s(:) inca 4.1 . 71Barteresa030/01t50 1 3 14 4 Predictions Based Upon Sky Radiance Measurements
Herin 30/0150 1 2 1 3 14
Alitcantar 1)55 1 3 1 3 1 41 rmte~n
Sky Radiance Ratio 1 16 16 4 3 Proceeding frmtedevelopment by Li.vs5,ttsan

- I -Pavlov (1970), it can be shown that aerosol optical thick-
ness may be obtained from measurements of solar almu-

listed in Table 2. 1, and is repeated here as Fig. 2-12. cantar radiances. It is clear therefore, that if one were to
which has been abstracted from Johnson and Gordon use the high altitude i.e. (6 km AGL) sky radiance data as
(1980). Based upon these data, one may readily accept measured by the airborne scanner system described in
the premise that the optical scattering ratio Q(z) can be Johnson (1981 ) to determine the aerosol optical thickness
predicted on the basis of measurements of the volume above, and if one makes reasonable assumptions regarding
scattering function ratio 9(z,3). The functional relation- the composition of the regions above 10 km. then one

(it O3PAQUEt V Airborrne Dau~. Loss Altitude Wh ISPAQIIL V Ground Based ta~t~
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might deduce an accurate estimate of the optical scattering ments just discussed were that high altitude or clear day
ratio Q within the 6 km to 10 km regime. Thus, using measurements of sky radiances within 10° of the solar disc
measured solar almucantar data at #55

° and estimates of will have stray light ratios of as much as 20 to 35, whereas
the almucantar radiance at /3125' where necessary, esti- low altitude near-sun measurements through more turbid
mates of aerosol optical thickness and thence estimates for atmospheres will have substantially lower stray light ratios
optical scattering ratio were determined for flights C-466 of about 3 to 6 at the same angular distance from the disc.
and C-468. The estimated values also appear in Table 2.4. There were no detectable stray light influences upon meas-

It is a straight forward procedure to determine urements made beyond 250 from the disc under any of the
atmospheric transmittance due to scattering from measure- conditions tested. Thus, using sky radiances to predict
ments of sky radiance using the radiance ratio technique optical scattering ratios as discussed in the preceding para-
of Kushpil and Petrova (1971). This technique has been graphs will not be influenced by these effects since most of
used often by the Visibility Laboratory, in its computer- the radiances used were at scattering angles of 550 or
ized form, using the 21r radiance arrays produced by the more.

airborne scanner system. These transmittances, if deter-
mined from the sky radiances measured at 6 km AGL and Recommendation
corrected for nominal ozone absorption can also be con- The application of the measured atmospheric optical
verted to optical depth (i.e. optical thickness) and used to properties discussed in the preceding paragraphs has led to
estimate the optical scattering ratio Q much as in the the development of a reliable and fast operational model.
preceding paragraph. This alternate technique was also Hering (1981). It is quite appropriate at this point to use
used with the data from flights C-466 and C-468 resulting the model in conjunction with the procedures outlined in
in the additional estimates shown in Table 2.4. Section 2.3 to provide a fully corrected set of selected

It is clear that while each of the four procedures scattering coefficient profiles and their associated sky and
outlined above are derived from a vahd and fairly rigorous terrain radiances. These optimized data sets would pro-
theoretical analysis, each also has in its application a vide a valuable tool in the development of next generation
necessary uncertainty due to assumptions primarily regard- models, as well as accurate specifications for the
ing the upper atmospheres constitution and absorption identification of typical meteorological boundary condi-
properties, and the radiometric measurements themselves. tions.
It is however equally clear that the consistency in their
estimated values of optical scattering ratio give strong 3. AIRBORNE AEROSOL MEASUREMENTS
credence to the contention that the measured values (bold
face in Table 2.4) are consistently too high. 3.1 Introduction

An attractive and technically profitable program Aerosols play an important role in determining the
would result from an increased effort in the development characteristics of skylight, the transmittance of light, andof these techniques and their application to the existing other optical properties of the atmosphere. The moredata bases representing the altitude regime defined by the rigorous radiative transfer calculations used to predict

6 km AGL measurements. these atmospheric optical properties need as input a model
of the aerosol size distribution. Some of the models com-

Near-Sun Sky Radiances monly used have been the modified gamma function, used

The measurement of the 47T radiance field which by Deirmendjian (1969) to construct his haze models- the
power-law size distribution function of Junge (1963). and

surrounded the airborne instrument system at each flight the log-normal distribution as described by Aitchison and
altitude has provided a data base of wide utility. The gen- Brown (1957), Raabe (1971), Davies (1974), and Jaenicke
eral scope of the 47r radiance data base has been discussed and Davies (1976).
and illustrated by Johnson and Hering (1981), and a basic
fault existing in each of the arrays due to stray light To define an aerosol distribution for a specific situa-
influences, has been addressed in Johnson (19811 tion, the model fit parameters must be expressed in terms

of predictable physical observables such as altitude, loca-
As discussed at length in Johnson (1981), both the tion, and the meteorological variables. Many research

comparison of irradiances calculated from scanner radiance investigations have been devoted to just such a description
arrays with directly measured irradiances, and comparison of a maritime aerosol in the marine boundry layer. The
of measured near-sun radiance gradients with model pred- Munn-Katz marine aerosol model, presented in Hughes
ictions, indicated conclusively that the near-sun radiance and Richter (1980), and the parent model of Wells etal.
measurements were consistently too high. Subsequent (1977) are examples. The fit parameters of the Munn-
laboratory measurements indicated that off-axis light Katz model are expressed as functions of altitude, relative
entering the scanner's optical system was substantial at all humidity, and the wind speed at the sea surface. The
viewing angles near the sun, and would consistently expense and difficulty in making aerosol measurements,
increase markedly both as the instrument's field of view however, makes it difficult to investigate the behavior of
approached the solar disc and as the atmospheric aerosol the model parameters for the wide variety of atmospheric
loading decreased. conditions that can occur in a continental or maritime

The implications to be derived from the measure- environment.
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The following sections present a discussion of an was calibrated with submicrometer size polystyrene
extensive set of measurements of the aerosol size distribu- spheres. Since the instrument is a right-angle scattering
tion in the lower troposphere taken duing the spring and device, a major source of error is an inadequate knowledge
fall of 1976, the summer of 1977, and the summer and of the index of refraction of the ambient aerosol. The
winter of 1978 at eight sites in Europe and Great Britain. refractive index is, unfortunately, difficult to measure and
The data are used to explore the characteristics of the so is rarely known in measurements of size distributions.
measured aerosol as a function of altitude, season, loca- The error in measured particle size associated with the
tion, and relative humidity. Comparisons of the measured effects of refractive index can be estimated from labora-
distributions are made to some of the more commonly tory measurements for an average range of probable
used model distributions, indices. In such an investigation Quenzel (1969) found a

In a previous report by Fitch and Cress (1981), maximum sizing error of a factor of 2 to 3. A ground

hereafter termed report 1, the characteristics and behavior based intercomparison study between a Royco 220 and
of the aerosol volume distribution were explored for part active and classical Particle Measurement Systems aerosol
of the almost 600 total measured distributions. The counters showed agreement to within a factor of 2 to 5 in
analysis of report I concentrated on the characteristics of particle concentration (Cress, 1980).
the submicrometer volume mode, showing that it was well Another source of error may have been the
fit by a log-normal curve and that the behavior of the fit modification of the physical properties of the ambient
parameters was regular. In this report, the entire data set aerosol sample as it passed from outside the aircraft to the
is analyzed and the characteristics of the entire measured Royco scattering chamber. Possible modifications to the
volume distribution explored, aerosol sample could have been the result of a drying of

the particles or a selective loss of particles. The small
number of changes in the direction of flow within the

3.2 Method of Measurement plumbing probably minimized the effects of particle loss.
According to the investigations of report I and Cress

Aircraft measurements of the number and size dis- (1980), the characteristics of the measured aerosol prob-
tribution of the atmospheric aerosol were conducted along ably represent the influence of a relative humidity of lower
tracks of constant altitude above the ground near Yeovil value than the measured ambient value. Although this
and RAF Mildenhall (Great Britain), Rodby (Denmark). could have reduced the sizes overall, the shape of the
Meppen, Ahlhorn, and Birkhof (W. Germany), Soester- major features of the distribution were likely preserved
berg (Netherlands), Bruz (France), and Trapani (Italy). due to the small size range measured. Comparison of
The Ahlhorn data was included in the Meppen data for consecutive one minute data samples indicate that the
this study because of the close proximity of the two air- repeatability of the airborne Royco was good.
craft tracks to one another, approximately 15 kilometers.
All of the 50 km long sampling tracks. the locations of
which are shown in Fig. 1-3 and tabulated in Table 3.2. 33 Results of Measurements
were over land, except for the Rodby track which was
over the Baltic Sea. Trapani which was over the For many years size distribution data has been
Mediterranean Sea, and the Mildenhall track which was presented in figures of log(dV/d log r) versus log r where
over the North Sea. The procedure and the nstrumenta- r is the particle radius and N is the total number density
tion used in the measurement program have been of particles smaller than r. The measured distributions
described in detail in report I and by Cress (1980). and so are generally compared to a common size distribution for-
will only be briefly reviewed here mula such as the one developed by Junge (1963):

The aerosol number distribution was measured oer dNid log r = (r " where t is a constant depending on the
particle radii from 0.2 to 5.9ptn using an 89 channel total number of particles and J3 is estima!ed to be about 3
Royco 220 single particle counter carried on board the for particle radii between 0.3 and 10po, (Junge and Jaen-
C-130 aircraft illustrated in Fig. I-I. Samples were taken icke, 1971) This power-law size distribution was fit to the
in cloud free air at altitudes ranging from 150 to 6100 data collected in Great Britain and Europe and the results
meters (m) above the surface. The sampling time of the presented in Cress (1980). The investigation shows that.
Royco was typically four minutes, but occasionally samples overall, the value of 13 is in the range 3 to 6 for data col-
were taken for one minute or as long as ten minutes. lected within the mixing layer and has a value close to 2
depending on the situation and the density of particles for data collected above the layer.
being counted. Sample air for the Royco was provided at Departures of the measured size distribution from
about 47 cubic centimeters per second by a ram air. the power-law distribution appear small on the four or five
approximately isokinetic probe located on top of the air- log cycles traditionally used in figures of aerosol number
craft fuselage 33 cm above the aircraft skin. The entire distribution. These small departures were found, how-
Royco system consisted of the Royco counter, a Technical ever, to yield multi-mode curves when the data were plot-
Measurement Corporation Model 102 Gamma Scope II ted as volume (or mass) versus particle size, as pointed
Pulse Height Analyzer, and a Hewlett-Packard out by Whitby etal. (1972) and Shettle (1975). The
Clock/Printer. appearance of a volume mode is demonstrated in Fig. 3-1

The Royco is a right-angle scattering counter that which presents an aerosol distribution measured at Mep-
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Fig. 3-1. - comparison of the aerosol number and %olume disir- Fig. 3-2. The volume distribution sampled al Soesterberg during
huttons ,t, a function of particle radius lor data taken al Meppetn August at an altitude of 152m (a) and at Birkhof during February
during -%ugust at an adltiude ol 457

t11 aho,' the ground The lit at an altitude of 1219m (b The lit of Eq. Il to the data (+) is
of a poer-la, distribution w ith a slope tof -3 io the nutmbetr distri- shown for comparison
button dashed line) and the i (it Fq (3 II io the solune diiri-
button ( + I are. also. shown

pen during the month of August at an altitude of 457m described using the volume display. The first part presents
above the ground. The data is displayed in terms of a a mathematical description of the volume distribution.
number distribution dN!d log r and a volume distribution Subsequent sections discuss the relationships between the
d[/d log r where dl!d log r = 4/3 iT r" dNId log r. Only fitting parameters and how the aerosol distribution
the data from every other Royco channel, as shown by behaves as a function of altitude, humidity, season, and
dots, is displayed. The data at particle radii greater than site of measurement.
IlAm was smoothed using an equally weighted seven point

average. The smoothed data is shown as a solid line in
the volume display 3.4 Fitting Function

The curves of Fig. 3-I demonstrate that departures An examination of volume distributions for the
of a measured number distribution from a fitted Junge entire data set revealed that a majority of the modes fall
distribution with 13=3 (dashed line) can translate into into the accumulation or coarse particle mode categories.
modes when the data are plotted as a volume distribution. There are a small but significant number of cases, how-
A Junge distribution with 13=3 would appear as a straight ever, when the volume display showed the presence of a
horizontal line in the volume display. The mode in the mode centered between the regions generally assigned to
submicron region was termed the accumulation mode by the accumulation and coarse particle modes. The presence
Whitby (1978), who stated that its main source of mass is of this middle mode. necessitated a model fit consisting of
from the coagulation of the smaller size aerosols and from three log-normal distributions. By using three separate
gas to particle conversion of generally anthropogenic ori- log-normal curves to fit the data, the features of the accu-
gin. A similarly shaped mode centered at radii greater mulation and coarse particle modes, together with the
than 3

pum. shown later in Fig. 3-2. was termed the coarse characteristics of the curious middle mode, could be stu-
mode by Whitby (1978) and is considered to have sources died individually. The model used to fit the data was
such as wind blown dust and sea spray, which tend to
make its characteristics independent of those of the accu-
mulation mode. A fit of the volume distribution with a -a Y it, exl 051(logr-log,)/or,]

2 I + A (3.1)
log-normal curve (+) is shown in Fig. 3-I for comparison i log r -I

and will be discussed in the next section.

The limited number of investigations into the nature where A is a constant, , the standard deviation, r the
of an aerosol's ,olume distribution and the large spread in mode radius, and if the value of ild log r occurring at
the values of t3 from the power-law fit to the data (Cress, the mode radius, as demonstrated for the accumulation
1980) prompted an analysis of the data using the volume mode in Fig. 3-1. The values i - 1-3 refer to the accu-

size display This analysts does not represent an attempt mulation, middle, and coarse modes, respectively. The
to define a ne- aerosol model hut is intended to demon- quantity Ml may also be expressed as .4-1'/Tr(2r) , where
strate the detail with which an aerosol distribution can be I is the total particle volume of the mode. To more easily
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visualize the character of the entire volume distribution 30
the value M was used instead of the equivalent expression
containing V. The least-squares fit of Eq. (3.1) to the 20
volume distribution was performed using the algorithm of
Marquardt (Bevington, 1969). 1 0..

The result of fitting Eq. (3.1) to a volume distribu- E 0
tion containing an accumulation mode was shown in Fig. 0.1 1.0 10
3-1. To obtain a good fit for this example, only the con- I
stant and one log-normal curve were needed. A bimodal _ 30
distribution is shown in Fig. 3-2a for data collected at b
Soesterberg in August at an altitude of 152m above the >, 20
ground. The data is well fit using the constant of
Eq. (3.1) and two log-normal curves, one to fit the accu- 10
mulation mode and the other to fit the coarse particle 0
mode. Cases were found not only of the accumulation 0.1 1.0 10
mode existing solo, as shown in Fig. 3-1, but also of the
coarse particle mode as the only mode in the measured PARTICLE RADIUS (AM)

volume distribution. Figure 3-2b shows a coarse particle
mode measured at Birkhof in February at an altitude of Fig. 3-3. The %olurne distribution ,sampled Lit 'ieiI (al and if
1219m. The data are well fit in this case with only one Rodh', (h) during MVarch at in t!iliude tit 152rn The tit of
log-normal distribution and the constant. Two measured tq (I) to the data ( + i show&n for comparison.

aerosol distributions showing the middle mode are dep-
i'ted in Fig. 3-3 for Yeovil in March at 152m, Fig. 3-3a,
and for Rodby in March at 152m, Fig. 3-3b. In addition 3.5 Results of the Fit
to existing solo or with an accumulation mode, as shown
in Fig. 3-3, the middle mode was found in the presence of Three parameters (W. r, and r) are required to
the accumulation and coarse particle modes together (not define each of the three log-normal curves used to fit the
shown). volume modes. The behavior of these three parameters

The fit of a log-normal distribution to the accumula- and the constant, defined in Eq. (3.1), is of interest in
tion modes presented in Figs. 3-1, 3-2a, and 3-3b shows ascertaining the predictability of a mode's characteristics.
that Eq. (3.1) consistently overestimates the data in the The accumulation mode is heavily influenced by anthropo-
first eight to ten Royco channels. Remember that only genic sources of aerosol, and dominates scattering of radi-
every other data channel is shown in the figures. This ation in the visible part of the spectrum.
over estimation may be the result of a modification to the
aerosol distribution in the Royco plumbing or a departure Accumulation Mode
of the actual aerosol distribution from a log-normal distri-
bution. A radiative transfer model used to calculate the dis-

To judge how well Eq. (3.1) fit the entire data set. tribution of light in the atmosphere must in some manner
the value chi-square was calculated, but it is only a relative approximate the behavior of this mode as a function of
indication of how good the fit is because the uncertainty of altitude. The characteristics of this mode, for the aerosol
the data is unknown. For purposes of comparison, the samples collected at the many different sites and under
values of chi-square for Figs. 3-3a and 3-3b. which are differing meteorological conditions, were compared by
almost equal, were exceeded by 20 to 2511o of the fitted plotting these characteristics against the ratio of the meas-
data and for twice the values of chi-square by about 10% urement altitude to the altitude of the inversion base (alti-
of the data. A majority of the large values of chi-square tude ratio). The height of the inversion was determined
are associated with the presence of a coarse particle mode. by two methods. The first method used the temperature
Even though a coarse particle mode appears large com- profile of the atmosphere measured using the airborne
pared to one of the other volume modes it can be heavily temperature transducer during ascents and descents of the
influenced by random errors in counting since it may aircraft. The second was based on estimates of the top of
represent a much smaller number of counted particles per the surface haze layer made by an on-board observer. A
channel. For example, a value of 2 0Mu1 

n . 3 represents comparison of the inversion height estimated from both
about 3000 times the number of counted particles for the these methods, shown in Fig. 3-4, shows that the two
Royco channel with a mean radius of 0.3apti than for the methods are in general agreement with one another. Data
channel with a mean radius of 4.0pm. departures from the expected straight line agreement may

In the next section the characteristics of the three be in part due to differences of two to three hours

modes and the constant will be discussed individually, between the times the on-board observer estimated the

After which, the frequency of occurrence of the modes in inversion height and the aircraft flew a vertical profile.

different combinations as a function of altitude. season, The behavior of the accumulation mode with alti-
relative humidity, and site of measurement will be tude is illustrated in Fig. 3-5 which shows values of the fit
presented. parameter Ml1 versus altitude ratio. The figure shows that
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inversion base as determined from the measured temperature 60
profile

50
for this data set the accumulation mode rarely exists above
the inversion layer, an altitude ratio of 1.0. Of the nearly -- 40
200 occurrences of this mode shown in the figure, only 9 E
clearly exist above the mixing layer. To eliminate modes
artificially created by the fitting routine, cases where Aif Z
was less than 0.5, u -?1 n'm and r, was less than 0 25;tpm - the L 20
fifth Royco channel - were ignored. 20

Often times in the literature, the accumulation
mode is presented in terms of its total particle volume 10 - .

concentration V which for a log-normal distribution is
equal to t!j ,ril(27)". A knowledge of ,r as a function of 0 1
il would simplify determinations of I and would reduce 0 005 0A 0.15 0.2

the number of independent variables in Eq. (3.11. The STANDARD DEVIATION. ,,
values of rI are compared to the corresponding value of
.I, in Fig. 3-6. The fairly narrow distribution of the data Fig. 3-6. The maximum ,,olume concentration A1 as a function
points about the average value of ,rl for the data of the of the standard deviation r for the accumulation mode.
figure indicates that ,r, may be a constant, independent of
the value il. The average value of , is 0. 11. It is possi-
ble, though, that random error has masked a relationship
between '11 and ,r,. The five data points existing in the least squares criterion and explains 89% of the observed
region of W, greater than 45pnpt om and , -< 0 125 variation in the values of it from the values of .Mi. The
represent data collected at Rodby on October 25 and 26 in linearity of the data distribution is a result of opposing
a very heavy hate near the surface of the Baltic Sea. The trends in i' and dN/d log r, upon which ., depends. The
Cambridge dewpoint hygrometer measured values of rela- dashed line in Fig. 3-7 is a curve of the values
ti.e humidity of over 901% when these samples were col- %1,=4/3 7. 70, where N/id log r has been fixed at 70 par-
lected. These five points might be representative of condi- ticles per ,?0. In comparison the trend in the values of

tions In a heavy haze. dN/d log r are represented in Fig. 3-8, which shows the

A comparison between the values of i1 and r, is measured values Al/i averaged over increments of
shown in Fig. 3-7. The data, which shows increasing 0.025rm in radius. The solid line, the result of a hand fit
%,alues of .tf with increasing values of rj. are tit remark- to the averages, shows the trend in dNid logr. It appears
ably well by a straight line as shown in the figure. The that the opposing trends - sign of the second derivative -
regression line (solid line) was fit to the data using the of the j1 and the AlI/Fil dependence shown in Figs. 3-7
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Fig. 3-7. The maximum volume concentration ill as a function Fig. 3-9. The altitude ratio as a lunction of the ma\imum
of the mode radius it for the accumulation mode. A straight line volume concentration M 2 for the middle mode
fit to the data (solid line) and the ,3 dependence of l (dashed
line) are shown for comparison.

humidity may be due to a possible drying of the aerosol

1000 sample by this particular measuring system.

800 
Middle Mode

As shown in Fig. 3-3 there is a mode that exists
between the regions generally associated with the accumu-

'E 600 lation and coarse particle modes. A plot of the values of
the fit parameter A42 for the middle mode as a function of

400 -altitude ratio is shown in Fig. 3-9. The data of the figure
show that the middle mode exists only within the mixing
layer and, most often, in the lower half of the layer. The

200 values ,2 for the middle mode never get as large as the
values Mt for the accumulation mode as seen by compar-
ing Figs. 3-9 and 3-5. To reduce the influence of errors

0 associated with low particle counts, only values of
0.2 0.3 0.4 0.5 0.6 Wl, > .5pMn 3

/i'mt are presented. False middle modes
PARTICLE RADIUS, 1 (Am) caused by deviations between the log-normal fit to either

an accumulation or a coarse particle mode were reduced
Fig. 3-8. The relative change in number den,it, a the mode by ignoring cases where the value .M, was less than 20% of
radius of the accumulation mode as exprcssed h.% ihc ratio llr' the value .1 for the accumulation or coarse modes when

present.

The standard deviation for the middle mode ,r2 is
compared to M 2 in Fig. 3-10 for all of the cases presented

and 3-8, respectively, is responsible for the linearity of the in Fig. 3-9. The data are broadly distributed around the
relationship between M, and it for this data set. average value of ,r2, which is 0.29 for the data shown in

There is no tendency for the relative humidity to be the figure. The variation in the data is not associated with
high for the larger values of ':. This dependency was any one set of aerosol samples but appears to be the result
explored in report I in which it was found that any depen- of random errors. The discrepancy in the data can be

dence on humidity was mainly due to the influence of the approximated by examining the differences in the values
Rodby data collected in a heavy haze. When the entire T,2 for two middle modes measured within 6 minutes (0.1
data set, as shown in Fig. 3-7, is used no tendency is hrs.) of each other. The average value of the difference in
found for the relative humidity to be greater than or equal ,r is 0.08, which represents errors in particle counting,
to 70% when the value of iu is greater than or equal to nonhomogenities in the aerosol distribution at a given alti-
0. 34 rum. The probability is almost 0.2 that the value of tude and errors in fitting Eq. (3.1) to the data.
chi-square will be equaled or exceeded by a random sam- The values of r2 for the middle mode are presented
pie. The lack of an apparent dependence of F on relative in Fig. 3-11 along with the corresponding values of .f2 as
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20 --- -plots of' the data is the coarse particle mode Its source is
generally considered to be the result of' mechanical

prcsesuch ats wind blown dust..A representation of'

15 it behario with altitude is demntstrated in Fig. 3-1 2
which shows values (if' 1 for the coarse mode as, a tunc-

E lion of' altitude ratioi. To reduce the influence of' errors
assoiciated with low particle counts. onlk values of'

E 101m have been displayed. The figure clearly
JL I demonstrates that the coarse mode is not confitned to the

mixing laver as werr' the accutiulation and middle moides.
Otil iunlerous occasions the on-board observer reported
he existence of' haze lavers above the surface haze layer.

Individual examples of haze layers existing at altitude

0 ratios greater thati 1.0. which appear to contain coarse
0 0.5 1.0 1.5 -2.0 tilode particles but no accumnulation niode particles, were

PARTCLE ADIU. rmm)presented iii report 1. The set of' seven data points in Fig.
PARTILE RDILT. ~diml -12 centered aroutid the altitude ratio 8 are fromtnicas-

uremnitts taken t[ Rodhv aind Birkhof. The Rodhy data
Fig. 3-11. I111 musuuiln %iLTI uuuuiutC ln~uu.111M If,.~. ts Jitl MI1M were collected iii the altitude range 5000 to 6000m abcve

(it he wdcradii , fr te mimicnw& I ti iecn~cmc the seai surface. while the Birkho" data were collected at an
ot ~hu~n lui u~iiitiui~utt t.oedtie' ltitde iof' about 3000mn above the ground. It is possible

that this high altitude aerosol was transported from the

deteniied ron th li. So~iiin he igue o cuni- south sitice a1 majority of the occurrt-nces of' the coarse
hansn i he'~ epenenc otII or cnstnt artcle particle mode occurred at Trapani. ats will be shown in

numrio is(hedelinence The it fohowstat hermidle Table 3.2 in the following section. A trajectory analysis of

mode most I requentls occurs in the si/c range 0.5 i)the air maiss containing the coarse mode particles would be

-The data points existing at -pi wer ri ot collected at eesrvt ofimti

one particular data site and probhbl> repiresetnt the ambhiett
aerosol. even though the, are based oili rclatisel , stnlill The fit parameter r, is plotted in Fig. 3-13 as a
particle counts A It dIg %.f' slue of' 5j"1 'u diu at unction oif it, for all of the data presented in Fig. 3- 12.

- otuip'i represents, about sesen tinie, the nuniher iif The large spread in the data, which may well be masking a
particles than at 1 2mm When the data of the figure dependence between it and ., is probably mostly due to
are plotteditas If, .a general trend of' decreasing particle nloise. The average deviation in ,ri is 0.09 for data sam-
number is seen. pies collected within 6 minutes of one another. The data

are fairly well distributed about the value 0.21. the average

Coarse Particle Mode %.,lue of' ru. The data points near the upper right hand
cuorner of the figure. with Ir in the range 0.3 to 0.41tm, do

The third mode appearing in the volumie distributiiin not represent data fromn one particular station or month.
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50
The Constant

40 In addition to the three log-normal distributions that
E .. were used to describe the volume mode,. a constant A was

30 . ".: included in Eq. (3.1). The need for the constant is:t "':..-demonstrated by the zero offset of' the example aerosol
distributions presented in Figs. 3-I to 3-3 and by the many

20 . . cases where there is no discernible mode present in the
volume distribution. The value of the constant as a func-

10 [ . tion of altitude ratio is shown in Fig. 3-15 for all of the
fitted data. As seen in the figure, the value of A appears

00 10 to decrease with increasing altitude ratio, reaching a max-
0 5 10 iumum of about 4,im' cm 3 near the ground and close to

PARTICLE RADIUS, f3(IAm) 0.21m tni  at the highest altitude where measurements
were made.

Fig. 3-14. The maximrum %oli me i ncentraln %/lJ A, 1 101011 Values of A averaged over atmospheric layers of
ol the mode rIdiu, rl or the ,orc mode increasing thickness with increasing height are shown in

Fig 3-16 plotted against the mean value of altitude ratio
for the slab layer (circled points). At altitude ratios of
greater than I the average values of the constant are fit

The values of ,, for the coarse particle mode are well by an equation of the form
shown in Fig. 3-14 with the corresponding values 01' If,
The distribution of data points in the figure is noticeably A 12 082H :1 (3.2)
asymmetric around the aerage salue of the mode radius
for the data. r, = 5,m The lack of any data points in the
region i > 5ppn' ,,t

n and r • 3pnm is not the result of it where A is the average and is altitude ratio This equa-

deliberate filtering of the data. It should be noted that the lion explains 96% of the variation in A A straight line

last channel of the fitted Royco data had a mean radius of was fit to the three values of' A below -=I
5.9,am. which is probably responsible for the lack of sn- The ,.alue of A represents an estimation of the rest-
metry in the data. Modes with a value of , in the region dual total particle volume of the aerosol distribution alter
of 5.9pm or greater may. therefore, be an artifact of the the log-normal approximations to the modes, if present.
model fit which assumes a log-normal shape for the coarse are subtracted out. No clear relationship between A and
,- -de. A comparison between the values of' r for the mid- the values of if for the three modes could be found. It
die and coarse particle modes, as shown in Figs 3-11 and appears that there is a trend of increasing A with increas-
3-14. respectively, shows a distinct break between these ing total particle volume of the three modes, but the
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25 1 T I ITable 3.1. The occurence of different combinations of the modes
as a function of altitude ratio, season, and relative humidity.

20
I<1 ;>1 Summer Winter RH<70 RHo70F 85 (53) 3 (35) 58 (39) 30 (49) 35(9 0( )

i5 (99) 050 (463)4)
t15 () 0 6) (7) 14 (8) 4 (7) I1 (8)

15 a-( 53 (341 4 (23) 46 (25) It (32) 33(23) 18(28)
in 1 19 (11) 0 (S) 4 (8) 15 11 4 (9) 1 ( )m- 5 (3) 0 (2) 0 (2) 5 (3) 3 (2) 2 (3)

-m-c 18 8 )1 0 (7) 2 (8) 16 (10) 3 (8) 15 (1O)
l0 c 43 (48) 37 (32) 35 35) 45 (45) 29(17) 8 (20)

none 88 (157) 175 (106) 94 (116) 169 (147) 30 (35) 47 (42)

5

between the measured number of occurrences above and
0

0 0.5 1.0 1.5 2.0 within the mixing layer and those expected from chance.
Samples taken within 10 minutes of one another at theAVERAGE VALUE OF k (Mm3/cm 3)  same altitude were counted as one sample to help reduce

the bias introduced by multiply sampling the same
Fig. 3-16. The ltitutdt ratio is a finction (I k a .craged o.er ambient aerosol. In addition to showing where the
atmonphcr" r,, .'i morea',rag thicknexs ,)ih incrcaig height different mode combinations are likely to occur in the
The oiihd inc represent-, da Lncion,i fit to the ,scrage Silues ol atmosphere, the first two columns of Table 3.1 indicate
A what combinations are least prevalent. For z > 1, it is

likely that no mode will be observed in a volume distribu-
tion plot as seen from the large number of occurrences of

scatter it the data is great. I)epending on how accurate none compared to the other possible combinations. The
the aerosol data need to be tit. it may be possible to drop combination of a middle mode with another mode at : < I
the constant from Eq. (3.1) when a volume mode is will probably be measured infrequently according to this
present For example. report I showed that the measured data base. It is more likely that at : < I an accumulation
volume scattering coefficient at the wavelength 0.66pt, mode will be measured solo or in combination with a
was well correlated with the value if, of the accumulation coarse mode.
mode, independent of the value A. The third and fourth columns of Table 3.1 indicate

the seasonal preference of the combinations. The summer
3.6 Combinations of the Modes season was defined for this investigation to include the

months April to August, the other months of the year
In the previous section, the behavior of the three defining the winter season. The table shows that the mid-

modes and the constant with altitude was studied, along dile mode, either solo or in a combination, tends to occur
with the dependence of r and ,r on id for each of the in the winter months. The coarse mode by itself shows no
modes. It is of interest, now, to explore how frequently in preference toward season, while the combinations a and
the data base various combination, of the modes occur a-c are likely to occur in summer. Combinations including
and if the frequency of occurren, 4 the combinations a and in, which show a tendency to occur in the summer
shows a preference toward altitude. ,cason, relative humi- and winter seasons, respectively, show the largest values
dity, or site of measurement. of 1 in those respective seasons. The combination none

The first two columns of Table 3.1 present the indicates a preference toward winter.
number of occurrences of the different combinations of The last two columns of Table 3.1 indicate the
the modes within and above the mixing layer. Each of the preference of the various combinations for high or low
possible combinations are labeled using a, en. or ( to humidity. The data presented in these columns represent
denote the accumulation, middle. or coarse particle aerosol samples collected within the mixing layer only.
modes, respectivelv. The label none refers to the absence thus avoiding freezing temperatures that can occur at
of a discernible mode. The volume distributions listed 'gher altitudes. The total num'er of measured samples
under none were fit with only the constant of Eq. (3I). in the last two columns m:iy ,e less than the number of
which, for this case only. is equivalent to a fit of the acr- samples in the first c( . fnr a given combination, since
sol number distribution using a Junge distribution with for some samples no of relative humidity t avail-
it-3. The figures in parenthesis give the distribution able As shown in the .. the combinations rn, a-m.
which would be expected it there %%ere no tendency for the and a-m-t which contain the middle mode show a strong
different mode combinations to exist either at I or tidency to exist at the higher values of relative humidity.

I. The table shows that combnations containing the rhe coarse mode. in contrast, shows a strong tendency to
accumulation or middle modes rarel' exist above the m\- exist at the lower values of relative humidity when in
ing layer. as seen in Figs 3-5 and 3-9 In contrast, the combinations of a-c and c. The apparent preference of a,
coarse mode solo. row . is equally likek to occur iboe is a-m. and none toward the higher values of humidity is not
within the mixing layer as seen b the small differences large enough to be statistically significant.
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Table 3.2. The Occurrence of Different Combinations
of the Modes as a Function ot Site

Tr.p'.n, Brkhot Rodibu Meppen Socuiin,1S Brut Midenhui Y,,
I l5 Nu, *Nun, %4 Num lt Nun, Nun, 1* Nun, Nun, sun.

1 2 .i 6 13 I1 41 24 41 12 44 24 1 IN 1i SI

u-n, (I i 0 of 5 12 7 12 i 4 0i 1, 1 IS 1

-r ift 24 2 4 (1 1 4 14 6 ?2 32 1, 2' J 4

rn 2 3 0 0 4 ii0 9 o 0i It 0 N)

m.l 0 0 0 G3 4 0 1 0 1) 11 11 1, 03 4 3

-M~ it1 0 0 0 1 14 4 ' S 34 1 '

24 38 11 23 ') 3 1 2 1 4 1 '

nn- 24 12 24 N)41 9 135 N 14 2 I 2 ' '3 . V

I 'I
5 2' 37 21, t, 2(l 0I 3

n-n, 24 11 44 24 803 is (I W 34 q!3 4 X" X16 '

The number of' times the different mode conihina- u red in the lower t roposph ere oser Fu rope dd
tions appear in the %olume distributions for the different (ircat Britain wsere anlily/ed using ia olume i mssI
sites of measurement is shown in Table 3.2. The percent displa%, As has been recogrtiied in the past. departures 1(1
of' the total number of' flights each combination represents the aerosol number dist rihution fromn a power-law distrihu-
within andi above the mixing layver, separately, is showni tion gise rise (o oolume miods The .inah'sis it [he
for each site The two most southeastern sites, Trapani characteristics and( behavior Nf the iilumec miides supports
and Birkhof'. show the highest percent of' occurrence of' the 1*1ollig COnClusiins
the coarse particle mode solo, row, . both within and
aboive the mixing liyer. From examination of' svntiltic I The )solumec disiributiton c:an he described] yell h%
charts at the time (-f' these tmeasurements it is possible that Eq (3 I I) .which uses a lug-normial dist ributiitn tio
the coarse mode material had its origin in Northerti descrihe the inilis dual irlumie mrodes The data
Africa It is interesting that the solo coarse mode essts show. that there aire three distinct moide, accumiula-
both above and within the mixing lay" er for the two mohst ion, mid1(dle, and ~oalrse.
southeastern sties. but its existence for the other stations,
is mainly' confined toi altitudes above the inversion height. 2 (he aCkiiUatii ItIid alos WIWIa sod esT i' \sis %kit bin
Table 3 2 shows that the accumulation mode. ross a. the mixing layer Its aloe Of mo1de radius Is In the
occurs more frequently for the northern rmost staitin, range (125 to 0I 47 in and it is \%ell describeid as If
The middle mode in combiation with iithcr miodes aid linear function of the maximnum %olumne ofI the
solo appears to predominate at Rodb~ . Meppen . Siiest er- moide . %1. [he si~itndaird des iaiton 1, 1, prih hI

berg. lind Yeitvil. The percenlt iof occurrence in \&hich c~onstaint of oeI (1.I1I
there was tno discernible solume Mode is, la~rge 1t altiudes 3 The Middle Mode Is C0etinnd It' the 311335300 lase.r
abose the mixing la~cr, as; seen in the table Within Ire and. gencralls. to the liower haill ofithe laser I1113
mixing layver. the siouthern most staitioin, [rapan:. Birrkhol. siiU lOes ,l ' ire iii the rirge 01 45 ti) I 4, ' \1 ist 'I

a nd Hru/ show the grea te r occurrence oif' the coi thind ii li the dat a I il Ii ivs I trend (ito in3kreistn 013 1 / .(li
nolne. The niumbher of mleasu red ae riosol sa 01 ples Ino %lit II- Intcreasinrg -. hi IreCsci. all 3 le dlatia hO%%Iv a gc ner il
denhall are too small to see it patternr for this site trend fif dres It-7 I". ' th incairro '. I tic

The data presented in Tables 3 1 aind 3 2 Itndicaite saIlues (f , .ippe,tired to be centered aiiound ime,in
that the volume modes, ire tied iio the characteristics 'I lue] iif 1.3
the air mass containing the aieroisol sitiple There is, a iekittfliACNMII fJ MII IOi ddefinite dependence oif' the modes tin alt itude. season17. and 4 iteditt(idkt htrt iI reP i( c37 d
site. The dependence on relative hUnidttv \,,as s cr3 exist either i,ic o ir v.13 in the iing as enr \rt\
strong for the combhinattions , an0t1 a-. vhich vwere fre- relttotihip, beisseer t f. .. ,;, arid ; Iia ii esit

quently' measured] at %aloes oif tow htin1ili I (he deipe0- ftor this niorle ire mallskedl by \%hat appears to, he the
dence was noit as defin ite ftoi the cotionahi Oli is shotwyin ri inflhuenrce lit rano riti ioise, f ile thlat' al t t ;

preference for the higher al ues fiti hu tiiloits apossibhIe and z1 ftor hc flticr 3lliii set lire (12 antd~ 5ii.
result of t dIrving of- the sitnigle in the intaike plomihlrg 3 Spr~cti5eI

In additniirr t he three litg-tlirnill rlstributititi
3.7 Discussion and Conclusion% used ll deCtribe the ,iertosol '.oltnie distributirrr.

ctinstlirrt I rs,c !nr 13 E (3 II. The %alue o; the
An extensive set (it icrosol si/c lrlitutitrs tliCsi Ctttts,1r11 I, lcereraill less thani Itle value O tI ilt



any of the modes analyzed. The values of the con- 40

%,:ant averaged over intervals of altitude ratio are
found to be well described by an equation of the 3 a)
form A = a+b/: where a and b are constants, is 2
altitude ratio, and k is the average value of the con- ;-" 20 - 2

E 3stant. 1

6. Within the mixing layer the most common combina- E 10

tions of the modes are: no mode at all, the accumu- "_ 0.
lation mode solo, the accumulation and coarse mode - 0.1 1.0 10
together (bimodal distribution), and the coarse
mode solo. There is a small but significant number > 20

of occurrences of the combinations: middle mode 10 --
solo: accumulation, middle, and coarse modes I-6
together. and accumulation and middle modes 0 .
together. The combination of the middle and coarse 0.1 1.0 10
modes rarely occurs. Above the mixing layer the
combination no mode predominates. PARTICLE RADIUS (m)

7. The middle mode tends to be measured in the
winter season, while the accumulation mode solo Fig. 3-17. Volume distribution plots based on the Munn-Kat,

martime aerosol. cur es I to 4 lllughes and Richter. 1980). a
appeared more often in the summer data than rural and maritime model. curves and 6. respectiel (Sheitle
expected from random chance. The occurrence of and Fsvnn. 1979). and the lame if and llae L models, curves 7
the coarse particle mode solo showed no preference and 8. respcctisele (l)eirmendlian. 19691
toward season.

8. The middle mode appears more often when the rela-
live humidity is high, but the coarse particle mode log-normal distribution, are shown by curves 5 and 6,
shows a preference toward the low values of humi- respectively, of Fig. 3-17b for a relative humidity of 70%.
dity. The accumulation mode shows no significant The shape of curve 5 implies a bimodal distribution. The
dependence on relative humidity. The relative model standard deviations are constants of value 0.35 for
humidity dependence may have been affected by a the maritime and the submi-rometer rural modes and 0.4
drying of the aerosol in the intake plumbing. for the rural coarse particle mode. As the relative humi-

9. The northern most stations. Rodby Meppen. and dity changes from 0 to 991%, the mode radii vary from 0.19
Soesterberg, show a higher occurrence of the accu- to 0.37, 5.5 to 15, and 1.1 to 5.3 m for the two modes of
mulation mode than the southern sites. The south- the rural model and the single mode of the maritime
em sites, in contrast, show a larger number of model, respectively. The curves labeled 7 and 8 represent
measured coarse particle modes than the northern the Haze M. (marine or coastal) and Haze L (continental)
stations. The middle mode seems to occur most models, respectively, of Deirmerdjian (1969), as taken
frequently at Rodhy, .Meppen, Soesterberg. and from his Table 5. The total particle volume of the Haze
Yeovil. it model was adjusted for the purpose of display. The

difference between ihe mode radii of the similar curves 6
There have been a number ol aerosol models and 7 and the curves of the Munn-Katz model might

developed over the last twO decades that have been used represent differences in the formation history of the aero-
to describe the aerosol size distribution, as mentioned in sols stressed by these maritime models. The Munn-Katz
the introduction. Several of these models, presented in a model may stress a pure wind generated aerosol while

volume display, are shown in Fig. 3-17. The curves curves 6 and 7 may represent a more mature maritime
labeled I to 4 of Fig. 3-17a represent the aerosol distribu- aerosol with some continental influence.
tion predicted from the Munn-Kai, maritime model. The It is iiteresting that the models presented in Fig.
model consists of a background continental component 3-17 not only give rise to volume modes of a similar shape
which is a function of relative humidity only, and a mar- to those seen in the data but suggest the presence of three
time contribution which is considered to be a function of separate aerosol regimes. The submicrometer continental
relative humidity. wind speed, and altitude For the four aerosol modes of curves 5 and 8 form the first region with
curves the respective values of relative humidity, wind mode radii in the range 0.2 to about 0.6,Am. the second
speed. and altitude are: 1) 701/.. 6m/s. 150m, 2) 8(1A,, region is composed of the maritime modes of curves I to
4m/s, I50m, 3) 70%, 4m/s. 150m. and 4) 70"/,,. 4m/s, 4, 6, and 7 with mode radii in the range from about I to
1200m. The continental component appears as a straight 3 ,Mp, and the large particle mode of curve 5 forms the
horizontal line in the volume display. While the model third region in the range 5 to 15mm. A similar division is
does depend on several scaling factors, the four curves implied by the behavior and characteristics of the volume
show that the effects of the maritime component predom- modes of the fitted data set, though the range of the
inate at particle radii greater than Im. The rural and regimes is slightly different. The measured accumulation
maritime models of Shettle and Fcnn (1979). who use a mode exists from the lower limit of the Royco to about
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0.4 7jum, the middle mode exists from 0.45 to 1.4jm. and The data suggest that the accumulation mode is strongly
the coarse particle mode is in the region 3,n to the associated with anthropogenic sources of aerosol, the mid-
Royco's upper limit. 5.9,m. Such a division also appears die mode with a maritime environment, the coarse mode
in the aerosol volume distributions presented in Patterson with wind blown dust, and the constant with an average
and Gillette (1977) and Patterson etal. (1980). These background aerosol. Such a division of the aerosol size
investigators describe a submicrometer mode composed of range would be of aid in predicting the optical characteris-
anthropogenic aerosols, a maritime aerosol mode centered tics of an aerosol.
at a radius of about Into. and an aerosol mode at about
3.Am composed of soil particles.

The values of mode radius and standard deviation 4. SUMMARY

for the different volume modes have been summarized in This Final Report under contract F19628-78-C-0200
Table 3.3. The symbol -- indicates that no value was has addressed the reduction and publication of previously
given for this parameter. The mode radii for the accumu- unprocessed raw data gathered during the period 1970
lation and coarse particle modes appear to agree fairly ',ell. through 1978 by the airborne instrument system and
The standard deviations of these modes for the aircral measurement program summarized in Duntley et al.
data are, however, significantly less than those found in (1978). The Aircraft Data Reduction effort, task one
the data of Whitby (1978) and Patterson and Gillette under this two part research contract, has concentrated on
(1977) and the rural model of Shettle and Fcino ( 1979). the measurements of atmospheric optical properties. pri-
For the coarse mode, this may be a result of loA particle marily scattering coefficient profiles plus sky and terrain
counts and an incomplete sampling of the entire mode radiances. that were collected during the Winter and Sum-
which was often measured near the upper limit of the mer seasons of 1978. During this interval, there were
Royco counter. Investigations of the discrepancy existing approximately 45 data flights conducted throughout
for the accumulation mode are continuing. Prelininary western and northern Europe. The atmospheric optical
analysis of the submicrometer mode measured near the data from these and other flights have been published in
ground at Meppen, with a separate particle counter, show six of the ten OPAQUE related AFGL Technical Reports
standard deviations of about the same values as those listed in Table 2.3. Over 670 aerosol site distribuons
determined from the aircraft data. The mean standard covering particle radii from 0.2 to 5.9 micrometers were
deviation of the fitted middle mode approximates the measured contemporaneously with the measurements of
value used in the maritime model of Shettle and Fenn sky and terrain radiances during these flights. As noted in
(1979). The volume mean radius of lpn measured by Table 2.3. portions of these aerosol data have also been
Patterson et at. (1980) for a Pacific marine boundary-layer previously reported during this contract interval.
aerosol is in the range of the mode radii determined from
the aircraft data for the middle mode. Care must be exer- The basic data types which have been processed and

cised in interpreting the middle mode of the aircraft data reported during this contract interval, and thus summar-

as a marine aerosol, since the source of the aerosol is not ized and reviewed in this Final Report, fall into the fol-

known. lowing general categories: a) altitude profiles of atmos-
pheric volume scattering coefficient, b) fixed altitude
measurements of sky and terrain radiances, and c) fixed

Recommendation altitude measurements of aerosol size distributions.

In future aerosol studies it is recommended that a Several general characteristics of the full 6 kilometer

greater effort be placed on determining the history of the profiles of volume scattering coefficients can be summar-
air mass containing the aerosol sample. The dependencies ized as follows. In both the Winter and Summer data

on altitude, season, and site shown in the two tables for sets, the Trapani profiles are clearly different from their

the different combinations of the modes could be better companion profiles measured in northern Europe. In the

explained if the history of the aerosol sample were known. Winter set, the Trapani profiles show significantly less low
altitude structure than any of the other sets, and have a
complete lack of any abrupt haze top. Similarly. the Sum-

Table 3t.3. Summary ot ihe Volume Mode Parameter, mer Trapani profiles show little structure and additionally
l 3maintain relatively high scattering coefficient values
"- l,mn . ,ddl, C-,9,,, throughout the entire 6 km altitude band. It appears that

Sn,, 1,l ' 11 .l ''I"i there is substantially more structural irregularity in the
FOh and (,e, 1129 04, Oil 049 14 02 scattering coefficient profiles during the Winter set than

09lt, 119, during the Summer. This is particularly true for the
e1 , oit I oil northern European stations, Soesterberg, Meppen and

Pwh non, and (Olletttl 19' Rodby.
11..1pien ae-A h d n 4 (192 0 14

i0. ,.I (,M, Several illustrations of very low altitude i.e. ground
rn,,ar" -1 0 1 level to 700m AGL. photopic volume scattering coefficient

Sheltle and Fenn 1199 profiles are presented from the fifty-four profiles previ-
,,,,, 0-, 019 1) 91, , 1 4 ously reported, The basic question addressed by theseI I I Io I,

a"i" ! ' data is whether or not the scattering coefficient profile
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remains reasonably constant as one approaches the surface I. The accumulation mode is almost always confined to
from an altitude of several hundred meters. These data, the mixing layer. The mode radius 7 ranges from
representing all four temporal seasons, indicate that in 0.25 to 0.47pm and its standard deviation or is a
forty-seven out of fifty-four (87%) instances, the profile is constant of approximate value 0.1!. The mode
essentially constant in value within this very low altitude radius is a linear function of the value dV/d logr at
regime. the i. The accumulation mode is the most pre-

valent volume mode occurring as the only mode
Sky and terrain radiance distributions selected from more often in the summer season than in the winter

data measured during all five OPAQUE deployments illus- season data. It shows no significant dependence on
irate the full gamut of meteorological conditions from relative humidity. The accumulation mode appears
clear and cloud free to fully overcast. A remarkable more frequently in the data collected at the northern
degree of radiance symmetry and uniformity is illustrated stations than the southern stations.
for the full overcast conditions. However, under lessore t e 2. The middle mode occurs only within the mixing
extreme coverages. a consistent pattern of %ell behaved layer, most often in the lower half of the layer. The
radiance patterns, both as a function spectral andmode radius ranges from 0.45 to .4m and its
altitude, is easily recognized One notes. that under con- sadadideviangappers to e an vl

ditions of highly variable cloud cover, the measured sky 03 The middle mode appears more often in the

and terrain radiances tend to fluctuate both above and winter than in the summer season data and more
below the radiance distribution of a clear sky by a factor of often n the umer s gate an m0r/often when the relative humidity is greater than 70%1
two or more in some instances, hut in general remain
within about _t50 percent of the clear sky radiance for
corresponding paths of .ight 3. The coarse particle mode can exist above or within

the mixing layer. The mean values of (r and 7 for
Correctie techniques deeloped during this contract this mode are 0.2 and 5aum, respectively. The

interval have been applied to selected sub-sets of scatter- coarse mode shows no preference toward season,
tog coefficient and sky radiance measurements. Analysis but appears more often in the low, less than 70/0,
of these data, plus additional measurements of directional humidity data. The mode appears more often in the
scattering function at scattering angles of 30 and 150 data collected from the southern most sites.
degrees led to the conlusion that. in most cases, the 4. At altitudes above the mixing layer the volume
measurements of the upper altitude total volume scatter- display typically shows no discernible modes and is
ing coeffieients were too high. The evidences are con- well fit by a constant.
sistent in their predictions of photopic optical scattering 5. The data and comparisons with aerosol models
ratios Q(:) of from 1.3 to 2.6 at 6 kilometers altitude, imply that the volume modes are associated with
roughly hal the measured value Additonal validations specific aerosol sources and, therefore, with the his-
of the techniques are recommended~ tory of the airmass in which the aerosol sample was

Measured near-sun radiances were found to be con- measured.
sistently too high due to off-axis stray, light entering the
scanner's optical system as its field of view swept through
the solar disc. The implications of subsequent testing
were that high altitude or clear day measurements of sky 5. ACKNOWLEDGEMENTS
radiance within 10' of the solar disc will have stray light
ratios of as much as 20 to 35. whereas lo% altitude near- This final report has been prepared for the Air
sun measurements through more turbid atmospheres will Force Geophysics Laboratory under Contract No.
have substantially lower stray light ratios of about 3 to 6 at F19628-78-C-0200. The authors wish to thank the
the same angular distance from the disc. There were no members of the Visibility Laboratory technical staff for
detectable stray light influences upan measurements made their assistance in preparing these data, and the members
beyond 25' from the disc under any of the conditions of the Atmospheric Optics Branch of the Air Force Geo-
tested. physics Laboratory for their technical support and council.
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More than 670 aerosol size distributions covering senior We ptculprlyathank Mr. ils R. Herssond Jr.

particle radii for 0.2 to 5.9 p m were collected contem- John C Brown. our specialists in compu er assisted docu-
poraneously with the measurements of sky and terrain ment preparation, for many diligent i devoted to gen-
radiances. The measured volume (mode) - size distribu- erating this final copy.
tions were characterized by three additive log-normal dis-
tributions, one for each of the three volume modes The corrective techniques and supporting analyses
observed in the data. The behavior of the modal parame- of Section 2 represent major contributions by Ms.
ters for each of the three volume modes and of the modes Jacqueline I. Gordon and Mr. Wayne S. Hering
as a function of altitude, humidity, season, and geographic Special thanks to LICol. Ted S. Cress for his many
site of measurement were examined resulting in the fol- thoughtful and provacative contributions to the analysis of
lowing conclusions: the aerosol size distribution data.

35

-? -- ". .. . - -- I .. .. II III I I I I II I .... 1



6. REFERENCES University of California, San Diego, Scripps Institu-
tion of Oceanography. Visibility Laboratory. SIO Ref.

Aitchison, J. and J. A. C. Brown, The Log-Normal Distribu- 79-25. AFGL-TR-79-059, NTIS No. ADA 082 044

tion, (Cambridge University Press, New York, 1957). (1979).

Bevington, Philip R., "Data Reduction and Error Analysis Johnson. R. W. and .1 I. Gordon. "Airborne Measure-

for the Physical Sciences" (McGraw-Hill Book Co., ments of Atmospheric Volume Scattering
New York, 1969). Coefficients in Northern Europe, Summer 1978".

Blifford, Jr.. I H and L. D Ringer. "The Size and University of California. San Diego. Scripps Institu-
Number Distribution of Aerosols in the ContinentalTropsphee",J. Amos.Sci, 26 716726(196). ion of Oceanography, Visibility Laboratory, SIO Ref.
Troposphere". J. Atmos. Sci., 26. 716-726 (1969). 80-20, AFGL-TR-80-0207, NTIS No. ADA 097 134

Cress, T. S., "Airborne Measurements of Aerosol Size (1980).
Distributions Over Northern Europe, Vol. I", Johnson, R. W. and W. S. Hering. "An Analysis of
AFGL-TR-80-0178, Air Force Geophysics Labora- Natural Variations in Measured European Sky and
tory, Hanscom AFB, Massachusetts (1980). Terrain Radiances". University of California.

Davies, C. N.. "Size Distribution of Atmospheric Parti- San Dieo. cpp Insit of Caora.
San Diego, Scripps Institution of' ()Leanograph .

cles", Aerosol Sci,, 5, 293-300 (1974).
Visibility Laboratory SIO Re(. 82-00, AFGL-TR-

Deirmendjian. D.. Electromagnetic Scattering on Spherical 81-0317 (1981).
Polydispersions (American Elsevier, New York, Johnson, R. W., "Airborne Measurements of European
1969). Sky and Terrain Radiances", University of California,

Duntley, S. Q., R. W. Johnson and J. I. Gordon, "Air- San Diego. Scripps Institution of Oceanography.
borne Measurements of Optical Atmospheric Proper- Visibility Laboratory, SIO Ref. 81-00. AFGL-TR-
ties, Summary and Review l1", University of Califor- 81-0275 (1981).
nia, San Diego. Scripps Institution of Oceanography, Johnson, R. W.. "Winter and Summer Measurements of
Visibility Laboratory, SIO Ref. 75-26, AFCRL-TR- European Very Low Altitude Volume Scattering
75-0457, NTIS No. ADA 022 675 (1975). Coefficients", University of California, San Diego,

Duntley, S. Q. R. W. Johnson, and J. i. Gordon, "Air- Scripps Institution of Oceanography. Visibility
borne Measurements of Atmospheric Volume Laboratory. SIO Ref. 81-26, AFGL-TR-Vl-0154.

Scattering Coefficients in Northern Europe, Spring NTIS No. ADA 106 363 (1981).

1976", University of California, San Diego, Scripps Johnson. R. W.. "Spring and Fall Measurements of Euro-

Institution of Oceanography, Visibility Laboratory,

SIO Ref. 77-8, AFGL-TR-77-0078, NTIS No. ADA pean Very Low Altitude Volume Scattering
046 290 (1977). Coefficients", University of California, San i)iego.

Scripps Institution of Oceanography, VisibilityDuntley. S. Q., R. W. Johnson. J. I. Gordon. "Airborne Laboratory. SIO Ref. 81-33. AFGL-TR-81-0237.

Measurements of Optical Atmospheric Properties, NTb Sraor ADA 10 f 8 13 (1981)

Summary and Review Ill", University of California,
San Diego, Scripps Institution of Oceanography, Junge. C. E., Air ('hemistrv and Radioacfitw. (Academic
Visibility Laboratory, SIO Ref. 79-5, AFGL-TR-78- Press, New York 1963).
0286, NTIS No. ADA 073 121 (1978). Junge. C. and R. Jaenicke, "New Results in Background

Fitch, B. W. and T. S. Cress, "Measurements of Aerosol Aerosols Studies from the Atlantic Expedition of the

Size Distributions in the Lower Troposphere Over R. V. Meteor, Spring 1969", Aerosol Sci., 2, 305-314
Northern Europe", J. Appl. Meteor., 20, 1119-1128 (1971).
(1981). Kushpil', V.I., and L.F. Petrova, "Determination of the

Hering. W. S.. "An Operational Technique for Estimating Atmospheric Transmittance from Sky Brightness
Visible Spectrum Contrast Transmittance", Univer- Distribution". Optical Technology 38, No. 4, 191-193
sity of California, San Diego, Scripps Institution of (1971).

Oceanography, Visibility Laboratory, SIO Ref. 82-1, Livshits, G. Sh. and V.E. Pavlo. "Atmospheric Transmit-
AFGL-TR-81-0198 (1981). tance and the Interrelationships of Certain Optical

Hughes, H. G. and J. H. Richter. "Extinction Coefficients Parameters", in Atnospheric Optics, Nikolai B. Divari,
Calculated from Aerosol Size Distributions Measured Ed., translated by SB. I)resner, (Plenum Publishing
in a Marine Environment", Optical Engineering. 19, Corp., New York, 1970), pp. 53-56.
616-620 (1980). Patterson, E.M., C.S. Kiang, A.C. Delany. A.F. Wartburg,

Irvine, W.M., "Multiple Scattering by Large Particles Ii A.C.D. Leslie, and B.J. Hulbert. "Global Measure-
Optically Thick Layers". Astrophys. J., 152, 823-834 ments of Aerosols in Remote Continental and
(1968). Marine Regions: Concentrations. Size Distributions,

Jaenicke, R and C. N. Davies, "The Mathematical Expres- and Optical Properties". J. Geophys. Res., 85. 7361-
sion of the Size Distribution of Atmospheric Aero- 7376 (1980).
sols", 1. Aerosol Sci.. 7, 255-259 (1976). Patterson, E.M. and D.A. Gillette. "Commonalities in

Johnson, R. W., and J. I Gordon, "Airborne Measure- Measured Size Distributions for Aerosols Having a
ments of Atmospheric Volume Scattering Soil-Derived Component". 1. Geophys. Res., 82,
Coefficients in Northern Europe, Winter 1978", 2074-2082 (1977).

36



Quenzel. H.. "Influence of' Reflective Index on the Accu- Duntley. S. Q., R. W. Johnson. and J. 1. Gordon. "Air-
racy of' Size Determination of' Aerosol Particles with borne Measurements of Optical Atmospheric Proper-
Light-Scattering Aerosol Counters", AppI. Opt.. 8. ties. Summary and Review". University of Calif'ornia.
165-169 (1969). San Diego. Scripps Institution of' Oceanography.

Rae. Otto Gi.. "Particle Size Analysis Utilizing Grouped Visibility Laboratory. 510 Ref' 72-82. AFCRL-72-

Daa and the Log-Normal Distribution". Aerosol 0593. NTIS No AD 754 898 (1972c)
Sci.. 2. 289-303 (1971). Duntley. S. Q, W W Johnson. anid J, 1. (Gordon. "Air-

Shetle.F P. Cmmen on'AtospericAersolSueborne Measurements of Optical Atmospheric Proper-
Spectra. Rapid Concentration Fluctuations and Bimo-tisnSohenIlos"I' ritofCloni

dais 's. b. 841. 305r-3del an(19.75) e .I(io San Diego. Scripps Institution of ()canograph .
physRc'~. 81. 300-301 (1751Visibiliy Laborator.,. SIO Ref' 73-24. AFCRI.-TR-

Shettle. F 1P and R. WV Fenn. "Modekls 1k the Aerosols 73-0422. NTIS Ni) Al) 774 597 (19731
of' the I osser Atmosphere and the Effects of01 ini
diii %,iraions on their Optical Properties" AFGIL- iDuntlev. S Q . R Wk Johnson. and J. I Gordon. "Air-

F'R- '112 I4. Air Foirce Cicophysics Laboratory IfIan- borne and Ground. Based Measurements of O ptical
Scorn -\lH. Massachusetts 11979). Atmospheric I'roperties in Southern Illinois".

L~tanurI mu upiu'u Skip~c'u -in. I C ;o ~ Iisersiit of' Cal i ornia. San IDiego, Scripps Inst it Li

Printing Office, Washington. D.C. 20402 (1966) tion of (Xeanograph). isibuitly Laboratory. SIO
Wells. W C. G.U Gal, and M. W. Munn, "Aerosol [)istri- Ref., 74-25. AFCRL-TR-74-0298. NTIS No ADA

butints in Maritime Air and Predicted Scattering 013 164 (1974).
Coefficients in the Inf'rared". AppI. Opt.. 16. 654-659 Duntley. S. Q. R W Johnson, and J. I. Gordon. "Air-
(19771. borne Measurements of'Optical Atmospheric Proper-

Whitby. K. T., 'The Physical Characteristics of* Sulf'ur ties in Western Washington". L'niersity. of' Calif'or-
Aerosols". Atmos. En%.. 12. 135-159 (1978). nia. San Diego. Scripps Institution of' Oceanography.

Whitby. K. T.. R. B. liusar. and B. Y. H. Liu. "The Aero- Visibility Laboratory'. SIO Ref 75-24. AFCRL-TR-
so) Size Distribution of' Los Angeles Smog". J. Col- 75-0414, NTIS No. ADA 026 036 (19751
loid and Interl'ace Sen.. 39, 177-204. Reprinted in DuntleN. S. Q., R. Wk Johnson. aund J I Gordon. "Air-
.-luroimits amnud Amo.s. C'hem.. G M Ifild. EdhoeMaumntofOiclA osercrip-
(Academic Press. Nev% Nork. 1972) pp 237-264. breMaueet f pia topei rpr

tics. Summary anid Resiess HI", !. niersit % of C'alifiir-
nia. San Diego. Scripps Institution of Oceanograph%.
V'isibility Laboratory. SbO Ref* 75-26. AF(R1 -R-

APPENDIX A 75-0457. NTIS No AI)A 0)22 67i (1475i

VISIBILITY LABORATORN CONTRACTS 1)untley. S. Q - R. W Johnson. and J I Gordon. "A-ir-
AND RELATED PUBLIC'ATIO)NS hiirne Measurenments of' Optical Ntmiospheric Proper-

ties in Northern Germany". I. niersity ot California.
Previous Related Contracts: San) Diego. Scripps lnstitut~on of' Oceanographs.
F19628-73-C>0013. F19628-76-C110004 Visibilli Laborator%. 510 Ref 76-17,

AFGL-TR-76-0188. NTIS Nii A)A 0)35 571 1197())
PUBL ICATIO NS IDuntle%. S Q. R Wk Jiihnson. aind J I Giordon. "Air-

borne Measuremnents of' Atmnospheric Volume
Duntley. S Q .R W Johnson. J I. Gordon. .ind Scattering Coefficients in Northern Europe. Spring

A R Biiileau. "Airborne Measurements of* ( piical 1976". too. ersits of California. San D)iego. Scripps
Atmospheric Properties at Night". University of C.h- Inst it utiion (if'I )canography, V isibilitN Laboratory.
fornia. San [Diego, Scripps Institution of Occanogra- SIO Ref' 77-8. AFGL-TR-77-00(78. NTIS Nio AI)A
phy . %miityt Laborators . SIll Re)., 711.7. 046S 290) (1977)
AF('RL-7()0137. NT1IS No Al) 870 734 (1970) 1)untlev, S Q . R W Johnson. and J I Giordon. "Air-

IDuntley. S. Q.. R W. Johnson. aind J. I Gordon. "Air- borne Measurements (if Atmospheric Volume
borne Measurements (of Optical Atmospheric Proper- Scattering Coefficients in Northern Europe. Fall

* ties in Southern Gierman,". University of' 'alifornia. 1976". 1 nisersit% of California. San D~iego, Scripps
San Diego. -Scripps Institution of' Oceanography. Institution (if Occanographi,. Visibiliy Laboratory.
Visibility' Laboratory. SID Ref'. 72-64, AFCRL-72- Sf0 Ref 78-3 . AFiI.-TR-77-0239. NTIS No ADA
0255. NTIS No. AD 747 490 (1972a) 057 144 )I 97Rij!

Duntley. S. Q . R W. Johnson. and J. I CGordon, "Air- lDuntle%. S. Q . R W Johnson. and J I Gordon. "Air-
borne and Ciround-BasedI Measurements of' Optical borne Measurements of' Atmospheric Volume
Atmospheric Properties in Central New Mexico". Scattering ('oefficient% in Northern Europe. Summer
University of- C'alifiirnia, San iego, Scripps Institu- 1977". University iif C'alifornia. San Diego. Scripps
tion of Oceanography. Visibility Laboratory. SIO Institution ol Ocanography. Visibility Laboratory.
Ref 72-71I. AFCRL-72-(1461. NTIS Ni. Al) 751 936 SIO Ref' 78-28, AFGL-TR-78-0168, NTIS No ADA
(1972h) 068 611 11978blt

A-I



Duntley. S. Q., R. W. Johnson, and J. I. Gordon, "Air- SIO Ref. 80-5, AFGL-TR-79-0285, NTIS No, ADB
borne Measurements of Optical Atmospheric Proper- 085 451L (1979).
ties, Summary and Review IlI", University of Cali- Johnson, R. W. and J. I. Gordon, "Airborne Measure-
fornia, San Diego, Scripps Institution of Oceanogra- ments of Atmospheric Volume Scattering
phy, Visibility Laboratory, SIO Ref. 79-5, Coefficients in Northern Europe, Summer 1978",
AFGL-TR-78-0286, NTIS No. ADA 073 121 University of California, San Diego, Scripps Institu-
(1978eV lion of Oceanography, Visibility Laboratory, SIO

Fitch, B. W.. "Measurements of Aerosol Size Distribution Ref. 80-20, AFGL-TR-80-0207, NTIS No. ADA 097
in the Lower Troposphere over Northern Europe", 134 (1980).
University of California, San Diego, Scripps Institu- Johnson, R. W. and W. S. Hering, "An Analysis of
tion of Oceanography, Visibility Laboratory. SIO Ref. Natural Variations in Measured European Sky and
81-18, AFGL-TR-80-0192 (1981). Terrain Radiances", University of California,

Gordon. J. I., J. L. Harris, Sr., and S. Q. Duntley. San Diego. Scripps Institution of Oceanography,
"Measuring Earth-to-Space Contrast Transmittance Visibility Laboratory, SIO Ref. 82-6, AFGL-TR-81-
from Ground Stations", Appl. Opt. 12, 1317-1324 0317 (1981).
(1973). Johnson. R. W.. "Winter and Summer Measurements of

Gordon. J. I., C. F. Edgerton. and S. Q. Duntley. "Signal- European Very Low Altitude Volume Scattering
Light Nomogram", J. Opt. Soc. Am. 65, III-I18 Coefficients." University of California. San Diego,
(1975). Scripps Institution of Oceanography, SIO Ref. 81-26,

Gordon, J. I.. "Daytime Visibility. A Conceptual Review". AFGL-TR-81-0154. NTIS No. ADA 106 363
University of California, San Diego, Scripps Institu- (1981a).
tion of Oceanography, Visibility Laboratory. SIO Johnson, R, W., "Spring and Fall Measurements of Euro-
Ref. 80-1. AFGL-TR-79-0257, NTIS No. ADA 085 pean Very Low Altitude Volume Scattering
451 (1979). Coefficients", Univers ,v of California, San Diego,

Hering, W. S., "An Operational Technique for Estimating Scripps Institution of Oceanography. Visibility
Visible Spectrum Contrast Transmittance", Univer- Laboratory, SIO Ref. 81-33. AFGL-TR-81-0237
sity of California, San Diego. Scripps Institution of (1981b).
Oceanography, Visibility Laboratory. SIO Ref. 82-1 Johnson. R. W., "Daytime Visibility and Nephelometer
AFGL-TR-81-0198 (1981). Measurements Related to its Determination",

Johnson. R. W., and J. I. Gordon. "Airborne Measure- Atmospheric Environment. 15. 10/11, 1835 (1981c).
ments of Atmospheric Volume Scattering
Coefficients in Northern Europe. Winter 1978". Johnson, R. W., "Airborne Measurements of European
University of California, San Diego. Scripps Instilu- Sky and Terrain Radiances". University of California,
tion of Oceanography, Visibility Laboratory, SIO San Diegq, Scripps Institution of Oceanography,
Ref. 79-25. AFGL-TR-79-0159, NTIS No. ADA 082 Visibility Laboratory. SIO Ref. 82-2. AFGL-TR-81-
044 (1979). 0275 (1981d).

Johnson, R. W., W. S. Hering, J. I. Gordon. B. W. Fitch, Shields, J. S.. "An Analysis of' Infrared and Visible Atmos-
and J. S. Shields. "Preliminary Analysis & Modelling pheric Extinction Coefficient Measurements in
Based Upon Project OPAQUE Profile and Surface Europe", University of California, San Diego. Scripps
Data", University of California, San Diego, Scripps Institution of Oceanography. Visibility Laboratory,
Institution of Oceanography, Visibility Laboratory, SIO Ref. 82-4. AFGL-TR-81-0251 (1981).

A-2

. .... . .~~~ ~ - - - - - - ... . . i I lll . .



APPENDIX B

All pisw' Emwwouvli VolI S. No 10,1. pp 1835 145. 1911 111M 6111 8I 1I01% 11 SWII t 0

Primted in Gat Itain 9K I' i rpmoi Pri. t ld

DAYTIME VISIBILITY AND NEPHELOMETER
MEASUREMENTS RELATED TO ITS DETERMINATION*
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(First receired 2 September 1980 and tit hincl.1torm 26 Juanuurl 19N11

Abstract The ability ofa human observer to perform tasks inlolh ing visual search and the determinaion it
visual ranges (i.e., visibilities). is a commonly recognized skill that is presently under increasing competition
from a variety of sophisticated electro-optical systems The paper reviews a few of the pertincnt
psychophysical characteristics related to the human observer's performance, how they are related to somc
instrumentally measured quantities, and iwo of the more commonly encountered source, ol error in ulsual
determinations of visibility. Comparisons between several observer and instrumental determinations
illustrate the link between the two experimental regimes and introduce some appropriate specialized data
obtained with an airborne nephelometer. Since the determination it iisibil)tt is the simpler special case ol
determining horizontal path contrast transmittance. sevcral characteristics of the nepheloneter data h% hlh
influence its use in the more general determination ol'slant path coiitrast transmittance are illustrated In this
context, the implication of these data in ones abilit to accurately model atmospheric influences upon
contrast transmittance is introduced. The basic conclusions to be drawn from this paper are twofold I irst.
that although human visual performance is a complex psychophysical task. there is little doubt that tot
visibility determinations it carl be adequately related to instrumental measurements or'atmospheric olumc
scattering coefficient and second. that a reliable specification ol tt, directional scattering properties ol the
atmospheric aerosol can be reasonabl, deduced from this measuremennit total volume scatte ting s oCel tCent
alone.

I. IN; RODItCrION 2. DAIIIF ,ISIBILIIY FROM N Igt AL. OBSFRSv A1OS

Since visual estimates of daytime visibility are made The determination ofa human observer's capability

and recorded routinely by professionals and amateurs to discern barely perceptible changes in the apparent
for a variety of purposes. it is a term one might ex- luminance dillerence between an object and its sur-
pect to be fully and clearly understood by all. rounding background I.e. the luminance contrast

Unfortunately, this is not always the case, even among threshold). has been a fruitful field for vision research
experienced personnel working in the field of atmos- for man) years. An extensive experimental effort was
pheric sciences. Thus, even though the modern litera- initiated at the TilTany -oundation in New York
ture on Visibility is rich, extending from the 179 entry during the early years of World War 11. the data Jor

annotated bibliography of Grimes (1969) through an which were tabulated by Duntley (1946) and the
additional 700 computerized references listed at the experimental results for which were discussed by
Visibility Laboratory. it was decided that yet another Blackwell (1946). An important point well illustrated

note might be helpful if it could provide a reasonably by these data is that the contrast threshold for the

concise juxtaposition of the conceptual variables defin- daylight adapted human eye changes sery little as a

ing the psychophysical aspects implied in the term function of background luminance, but is a strong
"visibility", with the physical characteristics of some function of the angular subtense of the target and of

equivalent instrumental measurements, the time spent looking at the target.
This note then will first present a brief review of the To illustrate this rather fundamental psychophysical

cogent conceptuk' variables related to visual de- relationship, we have generated the composite plots
terminations and their relationship to instrumental shown in Fig. 1. In this figure, the contrast values

determinations of visibility. It will (hen illustrate a shown along the horizontal axis are defined by Equa-

series of nephelometer measurements which are com tion (I). and in each case have been adjusted from
monly associated with instrumental determinations of the experimental liminal values (i.e.. 50%, prob. of

visibility, but which in this case can he extended to detection) to values appropriate for confident sighting
address the more general subject of determining slant (99",, confidence). The correction factors are from

path directional contrast transmittance, and the Taylor (1964). Equation (I) thus represents the most
modelling of the atmospheric properties most in- fundamental relationship involed in any %isual search

flucncing these determinations, scenario.

Paper presented at the Symposium on Plumes and BB B,
Visibility: Measurements and Model Components. Grand C = = - I, (I)
Canyon. Arizona. U S.A 10 14 November 1990 1,B, ,B,
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%%here (,represents the apparent contrast, at distance times are all interrelated, and oft times less than clearlyi
r. of* the vsual target iagainst its background h- BA defined. one might tairlN ask: "What threshold contrast
represents the apparent luminance of the visual target is actualls limiting the determination of' the visibility
as seen from distance r.and B, represents the apparent Ahen an observer just sights a parttcular target?"
luminance of the background against whtch the target F-ortunately. there hase been a good number of well
ts viewed as seen from distance r. done experiments wherein the visibility range was

In F ig. I. the curses to the lef't, labeled Ai = x are determined visually at the same time as the de-
f'rom the I iflan), data for long durationsie%%ing.wkhere gradation of the atmosphere was measured by physical
the stewing times At were 24 s and longer. The curve to instruments. If oine makes a few assumption'. about the
the right, labeled At = 1 3 s is f'rom Taylor 11964). As perf'ormance of' the man and the machine in these
one can note from these graphical displays, the Till'anv ex perimnilats. some encouragingly consistent results
long duration data indicate via the slowly spreading emerge. Most caveats regarding these assumptions are
shaded area, that large changes in the luminance discussed at length b% others as recent1s as Maim
ot* the daylight horizon background (ie. 34(X) to (19791 and need not bet pursued f'urther here. r-hus. it

34U)Iul I m -)make little diflerence to the discernible one assumes that the visual determinations %%ere made
threshold contrast (,. However, as illustrated by the using a truly black target having an inherent contrast
horizontal offset between the A(t x and the At of' - I against a clear, cloud-tree horizon, and it one
- I 3s plots, the time used in %iewing the object does also assumes that the machine measures an attenuation

base an appreciable influence on the contrast coetficient 2 wkhich is representative of the average
threshold. particularit, tor targets at the larger angular coetlicient along (he path of sight, then the apparent
sIles, contirast is gis en v

These data also clearly illustrate the underlying 7, - 12
rationale for the WMO( 19711 recommendation: "In ' .I

or-der that daytime visibility measurements should be where 1'. is the transmittance kit the path of sightr
representative. they should be made using objects along w hich the determinion tit ( , is accomplished
subtending an angle of not less than 0.5 degrees at the In E-quationi 121. tone notes that the %isibilt' ranger
obscrsers ese,- I he (1.5 deg angular size (e.g ,eqii- is defined once a threshold co~nirasi. ( , is specihed. it is
alent to the solar or lunar disc) and the commonis through this expression that the perlormance link
recoimmended threshold contrast of 0.0)25 are clearly between man and nmachinte can be. esaiuatedl.and in tact
related thbrouigh the Ta:, or At - 1 I s data ailswer thle Ini ailv posed question regarding the

actual limiting threstiid ,,ntrasts
2. al'~,i ii i 0401 iii~iruintati,i tnipairoii, Ihe experimential Ati~iks ti Douglas aint Noung
Armed with the ia pruori kniowledge that target sie. 1 1941, LDuni le ' v194XM. Middleton 11021. Hor lath and

diescrnible threshold contrast, and observer glimpse Nil (19691~ and tiering a0111i all relate ito
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determining the eflicacy of the relationships specified ing a variability of ± 20" in visually determined
in Equation (2). 'The data in general are all similar in sighting ranges results in
nature to those of Hering et al. (19711 illustrated in Fig.
2, which compare extinction coefficients determined r 3.0 ± 0.6, (41
from transmissometer measurements with visibilities with a corresponding variability in threshold contrast
determined by human observers, of 0.027 to 0.091. This threshold relationship is

If there is a reasonabl) constant threshold contrast illustrated on Fig. I by the broken lines connecting the
!C,. then data ofthis sort can be expected to fall on a horizontal and vertical axes via the At = I 3s curve.
straight line when plotted in logarithmic formats From :his plot it can be seen that threshold angular
which reflect Equation 121 or its simplified equivalent sizes might be expected to %ar, between 3.6 and

35.0 min of arc.
y, I3n CAn examination of the experimental data referenced

which is merely another way of saying that if' the in the preceeding paragraphs %kith the visibility specifi-
threshold contrast is constant, then the product 2r, cation implied in Equation 4 in mind. indicates that
the threshold sighting range times the attenuation by far the bulk of these experimental data tall within
coefficient, is also constant, the bounds ol this specification In a wa%. this is a

In Fig. 2, the straight lines drawn through the data remarkable consistency considering the variability in
for comparative purposes represent the conditions the mechanics of the various determinations, and the
which would be expected to exist for constant thres- conditions under which they were conducted.
hold contrasts of 0.02 and 0.05 it is thus a Aell supported contention from both

There is a satisfying thread of constancy running ps-,choph.sical and physical measurement con-
through theseexperimental% orks which illustrates the siderations. that tisihilitt can reasonabl. be de-
reasonableness of expecting a typical threshold con- fined as the distance that a black target of suitable
trast for human daylight observations to exist and dimensions can be seen against the cloudless horizon
that it be analytically relatable to instrumental sky, and it is related to the attenuation coefficient %kith
measurements. an accuracy of - 20', by the relattonship indicated tn

Early workers in the field of visual search recom- Equation 141. There are. howeser. specific penalties
mended the use of visibility target, at least 0.5 deg in msoledifonechooscstoignorethecaeatsassociated
size, and the corresponding use of a threshold contrast Aith visual determinations of horizontal vistbility.
of 0.025 which would thus yield the attenuation
coc f1,cien-sgh~Tg range product 7r of 3.7. iowever, 2.2. Noe- rdurd t' li'ti

if one chooses to adopt a threshold contrast of 0.05.
then the corresponding -r product becomes 3.0 and 2 2 I .\% o-h,a tarqvi' It s ol interest io note the
additional experimental consistencies emerge. Accept- influence on sithility estimates induced through the
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4
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t ig 2 (. omparisn betweren transmissomter measurements and
human %sibility 'herjtto, n, during the daytine, , (,iliernget
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use o1 either non-black targets, or backgrounds other object as seen against the horizon sky. His analysis
than the horizon sky. Derivations to conveniently indicated that for a threshold contrast of 0.02, an
evaluate these influences are given in Gordon (1979) acceptably accurate determination of visual range
from which several summarizing illustrations are re- would result if the black background was at least 1.5
produced herein. As a convenience, we have chosen to times as distant from the observer as was the object.
use the reflectance format for most variables, hence Since this distance ratio is broadly recognized and is
inherent contrast is re-defined as a function of the referred to as a general rule of thumb by the WMO
target to background reflectance ratio, (1971), it is appropriate at this point to enlarge slightly

,R _ upon the previous references.
Co = , (5) If one imagines the black object and its black

background initially at the same distance from the

where CO represents the preceived contrast at distance observer, then it is intuitively clear and analytically
zero from the visual target: and ,R0 and Ro represent correct, that in this orientation there is zero contrast
the respective target and background reflectances. A between them. However, ifone now begins to move the
similar definition is of course appropriate for the background progressively farther and farther away,
apparent contrast, C, the additional path radiance generated in the lengthen-

The effect on visual range determinations of using ing observer to background path will begin to develop
non-black targets is illustrated in Fig. 3. In this plot, the a difference in apparent luminance between the two
horizontal axis is conveniently marked in both in- black surfaces. As the background distance lengthens,
herent reflectance ratio and the equivalent inherent the apparent contrast between the object and back-
contrast. The vertical axis is marked as Relative Visual ground will increase until at some point it reaches
Range, which is defined as the ratio of the visual range the observers threshold contrast. When the back-
one would determine observing a non-black target, to ground has reached this point, the determination of
that one would determine if observing an ideal black the black objects visual range will be the same as if it
target having the optimum inherent contrast of minus had been determined against the horizon sky.
one. In her derivations for non-standard effects, Gordon

It is apparent that for the relative visual range (1979) has extended this general class of analysis
determination to be within 5 ",, of the ideal. negative beyond the example of Middleton to include a selec-
contrast can range between - I and -0.86. However, tion of backgrounds other than the black, and to
for varying positive contrasts, the relative visual range establish the relative visual ranges appropriate for a
changes quite rapidly, and the 5 ' variance from ideal threshold contrast of 0.05. A key parameter in her
is contained in a very narrow band between + 1.9 and evaluation is the ratio between the background re-
+ 2.2. flectance and the equilibrium reflectance bRo/R 4. The

equilibrium reflectance R, is related to the equilibrium
2.2.2. Non-hori:on skY. For visual range determi- radiance N., i.e., the radiance of the clear horizon sky,

nations using non-horiz-)n sky backgrounds, Mid- Duntley (1948), as expressed in Equation (6).
dleton 1952) presented a series of expressions for
comparing the relative visual range ofa black object as Rq (0, 90 )(090
seen against a black background with that of the black H (0.90 .0 + 180 ) (6)

INHERENT CONTRAST

99 95 9 8 7 5 0 .1 .2 .4 .9
18 - -___

16

- 14
12

7 10

8

< 4 1 , i

2
0 J

01 10 1 10

INHERENT TARGET TO BACKGROUND RATIO ,R, ,R

Fig. 3 Relative visual range as a function of inherent contrast and
inherent target to background reflectance ratio for a contrast threshold

of 0.05.
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where N, (0, 90', 0) represents the clear horizon sky visual observation. Experimental measurements of the
radiance as vtcwed at zero altitude in the direction 0 sort required for these slant path determinations are
from the sun; H (0, 90', 0 + 180 ) represents the 2n presented in the following section.
irradiance falling upon a vertically oriented flat plate
collector whose normal is directed in azimuth toward 3. PHYSICAL MEASUREMENTS
0 + 180'; and where in all cases, the parenthetical
notations denote the altitude, zenith angle and azimuth The direct physical measurement of air clarity in a
angles of the measured path of sight. manner appropriate for realistic comparison with

As can be seen in Fig. 4 which has been derived from determinations made by human observers has long
the data of Gordon (1979), the use of non-black been, and still is an endeavor spiced with gentle but
backgrounds which have reflectances less than equilib- lively controversy. Of the many techniques, the most
rium(bR0 /R, < 1) at the same relative distance beyond common are those related to the measurement of
the target yield relative visual ranges even closer to one lumina ce transmittance over some specified path

than does the use of black background. For back- length, the measurement of the point function at-
grounds brighten than equilibrium tbRo R, > 1), tenuation or scattering coeflicient, or the measurement
such as a bright cloud, it is a different matter. With the of the apparent contrast of distant targets. In each case,
use of these bright backgrounds it is necessary to have the particular procedure will possess inherent short-
the background approximately twice as distant as the comings as discussed in Maim (1979), and may or may
target in order for the relative visual range to become not relate well to the total human perception of visual
reasonably accurate. stimuli as discussed in Maim er al. (1980).

Although a measured value of visible spectrum
atmospheric scattering coefficient is often used with

2.2.3. Non-horizontal paths oj sight. As one departs Equation (4) for the determination of daytime
from the special case of determining contrast transmit- visibility, if one is addressing the more general case of
tances along horizontal paths through homogeneous atmospheric slant path contrast transmittance, more
atmospheres to the more general case of slant path information is required. One must obtain a specifi-
transmittances, additional complexities emerge. One cation of both the directional scattering properties of
must now consider the variations in attenuation the atmospheric aerosols, and their vertical and horizon-
coefficient 2 as a function of altitude along the inclined tal distribution. A multi-channel nephelometer has
path, as well as the directional scattering prope I!es of been used by the Visibility Laboratory to document
the aerosol through which the determination is to be these specific atmospheric properties.
made. It is at this point that instrumental determi-
nations become the preferred vehicle since they can 3.1. ,4trhorne nepheliirhter design

provide this additional characterization of the atmos- There are a variety of electro-optical de% ices designed
pheric condition in a manner superior to attempts by to measure the energy scattered from an illuminated

14
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Fig 4 Relative vvsual ranges lor black targets viewed against ba-

ckgrounds other than clear horizon sk) ithreshold contrast = 0.05)
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volume of aerosol that are calibrated in terms of mental tool. 1-irst, the optical system used a cylindncally
risibility. The EG&G Forward Scatter Visibility limited projector beam. stopped to provide a rec-
Meter described in Hering et al. ( 19711 is one example. tangular beam cross section which provides good
Integrating nephelometers similar to those discussed geometrical definition of the illuminated volume. The
in Charlson er al. (19671 are additional examples of observed scattering volume is approximately 5cm
devices based upon one or the other of the two x 9cm in cross section, and 107cm in length fora total
techniques described by Beuttell and Brewer (19491. In sample volume of 4815cm. Second, the detector
all cases, these scattering meters utilize the relationship assembly's primary optical channel uses a cosine

corrected and mechanically shielded irradiometer head
7 which performs the integration of Equation 17)over all

= scattering angles betkeen 5 and 172 minimizing
truncation losses of the sort discussed in Fitzgerald

where a(:, pP is the volume scattering function at (19771, Rabinotf and Herman (19731 and Ensor and
scattering angle # and : is an altitude parameter. Waggoner j1970). Third. the detector assembly's second-

Both of' the procedures described by Beuttell and ar. optical channels measure relatiselv narrow angle.
Brewer (1949) perform the integration of Equation (7) i.e., 2 held of view, directional scattering at both 30
optically over various fractions of the 4n solid angle so and 150 which allows the determination of a forward
as to include measurements over as broad a range of to backward scattering ratio that can be used to more
scattering angles as possible. Fundamentally the two thoroughly characterize the sample aerosol. Fourth.
instrumental procedures are optical inverses of one the deice is multi-spectrai within the visible spectrum.
another. The first uses a dilfusely emitting light source Thus visible spectrum blue-red scattering ratios in
to illuminate a sample volume of aerosol which is then addition to photopically corrected measurements can
observed via a small field telescope assembly as in the be accomplished. And filth, the entire device is de-
work of ( rosbN and Koerber (19631. Charlson et al. signed to operate as a ratio measuring system which
(19671 and Horvath and Noll (1969). The second tends to minimize calibration errors and stabilit%
reverses the optical collector emitter relationship by problems.
using a well collimated projector as the illuminating ]he calibration constants ftr the device relate the
source and a cosine corrected irradiometer to observe ratio of the flux scattered from the sample aerosol to
the scattered flux. This second design has been used by the flux reflected from a calibrated reflectie plaque
Dunttey ct al. 11970, I978) with the physical properties of the overall optical

The Visibility Laboratory nephelometer func- system, and the most probable shape oi the scattering
tionally illustrated in ig. 5. is unique in several design function assoiated with the sample aerosol. Constants
aspects %,hich make it particularly attractive exper- hase been derived for c-attering functions ranging

I \rtw rctohnov . I m fi d L wtcIr.mng nq'ht',flzmo
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from the Rayleigh molecular through ten increasingly instrumentation does not imply that the measurements
steep functions representing a broad range of real one gathers will describe a stable optical environment.
atmospheric aerosols as determined from Barteneva Particularly in the lower troposphere, there are sig-
(1960). Compensation for the approx. 7 ',, variation in nificant spatial and temporal variations in the optical
calibration due to aerosol variations is achieved by state of the atmosphere that make machine vs. machine.
selecting the most appropriate constant on the basis of or man vs. machine comparisons difficult. A simple
the nephelometers directional scattering measure- illustration of this variability is shown in Fig. 7. In this
ments. illustration each rectangle represents the maximum

Inasmuch as the size and configuration of the variation in derived and reported visibilities that
Visibility Laboratory nephelometer preclude regular occurred during seventeen different data missions. The
calibration by purging the sample volume with known rectangular elements aie typified by time intervals of
gases as in Charlson et at. 11967) and Bodhaine (1979). approx. 2 h, and spatial intervals of approx. 60km.
secondary checks to validate the relative integrity of This time-space interval is typical of that used during
the measurements have been an important and con- our experimental flight program for the accumulation
tinuous facet of our experimental procedure. of one set of ground level to 6 km measurements. Each

Coincident ground based measurements made by an rectangle represents one of 17 separate flights. Thus it
integrating nephelometer and a long path transmisso- is clear that even though the machine and the observer
meter offet a convenient cross check under conditions may both be doing their jobs properly as the trend of
of no atmospheric absorption and reasonably uniform the data in Fig. 7 might indicate, it is essential that they
horizontal stratification. The data in Fig. 6, illustrate a be exactly coincident in the time and site of their
set of comparison measurements made between the performance if one is to expect precise correlation.
Visibility Laboratory integrating nephelometer and an
Eltro transmissometer similar to that illustrated in 3.2.2. Vlrtical variation oJ atmospheric aerosols. If
Douglas et al. (1977) during a joint operation in one is to address the generalized problem of slant path
northern Germany, Duntley et al. 41976). These data contrast transmittance through the atmosphere, then
represent two pairs of measurements made on each of in addition to determining a single value of scattering
two separate days, and show good comparison be- coefficient which is suitable for approximating hori-
tween the two system performances. zontal visibility via Equation (4), the spatial variation in

scattering coefficient with changing altitude is also
essential. These vatiations have been routinely docum-

3.2. Experimental measurements ented as reported in Duntley et al. (1978) over large
3.2.1. Comparisons with visual observations. One portions of the U.S.A. and Europe.

must keep in mind that the use of stable and reliable Two examples illustrating the broad variety in
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Fig. 7 Comparison of visibilities derived from nephelometer data (from
Equation 141 v, herc visibility" r = 3,3o with those reported by nearby

meteorological stations.

vertical structure that one might anticipate are shown Examination of profiles of the sort illustrated in Fig.
in Figs 8a and 8b. In these multi-spectral displays the 8(a) indicates that it is not uncommon for low altitude
filter identification code is as follows: Filter 2, mean changes in scattering coefficient to exceed a factor of
wavelength at 447nm; Filter 3, mean wavelength at ten within the last 100om above the terrain. The
663 nm: Filter 5, mean wavelength at 750 nm, ard Filter magnitude and altitude of this often abrupt haze
4, mean wavelength at 550 nm, representing the pseudo boundary are obviously major influences upon the
photopic response which relates directly to the sensi- determination of slant path transmittances through
tivity of the human eye. this lower altitude regime. It is equally apparent that

Flight C-372 illustrates the commonly found con- few atmospheres are as uniform and well behaved as
dition of a sharp naze top at about 2 km above ground that represented by flight C- 155, and that to assume so,
level separating the relatively heavy low altitude haze as is often done in simple modelling exercises, may lead
from the clear air above. It also illustrates an additional to significant error.
feature not commonly shown as clearly as in this
example. Whereas, one normally expects the scattering 3.2.3. Directional scattering of atmospheric
coefficient to decrease as altitude increases, it is not aerosols. The measurement of two discrete values of
uncommon to find instances of increasing haziness and atmospheric directional scattering function coin-
thus increasing coefficients as one climbs from the cidently with the measurement of total volume scatter-
surface to near the haze top. This characteristic is ing coefficient is a powerful capability that is built into
clearly illustrated in the data for Filter 3 and is the Visibility Laboratory integrating nephelometer. It
normally one found in profiles exhibiting relatively is essential, ifone is to describe the optical properties of
strong haze top demarcations. an atmosphere, either for a specific contrast transmit-

Flight C-155 illustrates the extreme opposite con- tance determination, or for a general purpose model-
dition which is far more appropriate to those con- ling application, that a reliable entry into the directional
cerned with monitoring and preserving our western characteristics of those properties be available. The
desert environment. These data were obtained south'of work of Barteneva (1960) has been heavily utilized by
Albuquerque, New Mexico during a morning flight the Visibility Laboratory as this entry, but there have
under clear conditions, with the flight crew reporting been continuous queries as to the complete generality
light haze on the horizons. These are probably as one could assign to the Barteneva data (Johnson et al.,
idealized a set of profiles as one might ever find. There 1979). Measurements made with our instrument have,
is little or no structure with altitude, and as indicated I believe, answered that question beyond reasonable
by the high degree of parallelism between the data in doubt.
each filter, there was exceptional temporal stability Barteneva (1960) provides a catalog of proportional
within the measurement interval, directional scattering functions a(#)/s for the photopic
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sensor based upon 624 measurements made during coefficient values and its gradual class a(fl)/s curves
1955- 1958 at various locations in the U.S.S.R. and at were put into the form of their ratio to the Rayleigh
sea. For each volume scattering function she gives a (i.e.. molecular scattering, as was the nephelometer
range of total volume scattering coefficients appro- data), then there was excellent correlation. Two sets of
priate to that function. Median values of scattering these comparative data are illustrated in Figs 9 and 10.
coiefficient were derived for each of the gradual scatter- It is of significance to note that whereas the original
ing function classes, Nos I1 10. This resultant catalog Barteneva data represent photopic measurements at
of gradual functions and their associated median ground level, the Visibility Laboratory measurements
scattering coefficients is appropriate for describing include data from several separate hands within the
atmospheres characterized as very clear to heavy haze, visible spectrum and from within a broad range of
Nos I to 10 respectively. altitudes.

It became apparent during the analysis of the In Figs 9 and 10, the horizontal axis is Optical
measurements from the directional channels of Visi- Scattering Ratio Q(z) which is defined as the ratio of
bility Laboratory nephelometer that its data compared the total volume scattering cofficient s(z) to the
well to the Barteneva data. When its median scattering Rayleigh scattering coefficient, ts(z) where z is the

B-9
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METRO AIRBORNE DATA altitude designator:
RS (Z)1lOQtz) = R( (8)

The vertical axis is Volume Scattering Function R atio,
F qt-, s.~i' q(:) which is the ratio of the total directional scattering

function at angle beta. a(z, f) to the Rayleigh scattering
' function at the same angle and altitude, Ro(:, ):

1
0
2  "q(: =(9)

0_ Figure 9 represents multi-spectral directional scat-

Z, tering function data measured during fourteen flights
made in the vicinity of St. Louis. Mi.. during the

z summer of 1971. In each case the measurements made

S at scattering anglei of 30 and 150 are plotted as q(:I

, ,.against the coincidently measured values of total
°" . .scattering coefficient converted to values of Q(:). The

.4-solid lines are the equivalent data extracted from the
Barteneva catalog. The correlation is good over the
entire range of Q(:).

Figure 10 represents additional multi-spectral data
of the same sort as in Fig. 9. that was measured at

2 ground level in conjunction with 19 flights made in
100 10 102 western Europe during the summer of 1978.Againthe

OPTICAL SCATTFRING PATIO Olt, correlation is strong over a broad range of QJ:).
The excellent comparisons of both the in-flight and

Fig 9. (omparie.on tl multi-specoral directional scat- surface measurements with the Barteneva directional
tcring ratios mcasurcd h-, Visihiit, Laboratory air- data as illustrated in Figs 9 and l0argue powerfully for
borne nephctomctcr %%ith the photopic ratios from accepting the general applicability of the Barteneva

Bartenesa 11900iI scattering function catalog. It is this experimental

verification of general applicability that establishes the
OPA(]UE V GROUND DATA practicality of developing simple and reliable models

10
3

- of atmospheric directional scattering properties.

4. ( OM(I SIOS
F Ite Symbo

Although many early experimentalists established
the viability of visual determinations of daytime

, contrast transmittance alorg horizontal paths of sight
o102 *, and related this determination to the concept of

z ..visibility". there are equally %ell documented and

sometimes not as fully understood associated caveats.
However, within the boundaries established by these
caveats, horizontal isibili determinations derived
from instrumental measurements of atmo.pheric ex-

10 °* tinctioi coefficient are adequately relatable to visuai
*t observations.

, ,The extension of these concepts to the more general

o case of contrast transmittance determinations along
vertically inclined paths of sight implies knov, ledga-
bility of the vertical variability in atmospheric extinc-
tion coefficient and the directional scattering proper-
ties along the path. These data have been obtained

To 10 0 through the use of a multi-channel nephelometer and
indicate a strong correlation between the measured
scattering coefficient and the aerosol directional scat-
tering function

I Ig il (onipaiison ,I muliv-,lpclral directional trn u cin
,.attr ig tati *mpica.urcds 4 N m ,IishltI aborattori, The modelling implications of these data are indeed

gr,-unti.hacd nephelhmcter ,ith the photopic ratios enticing. The evidence to date strongly supports the
trom Barienesa 1 1961,0 contention that with an adequate specification of total

B-10
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ABSTRACT

The radiation emerging from the top of the earth's atmosphere is affected by the reflection characteristics
of the underlying surface. Laboratory-gathered bidirectional reflectance data were used to characterize
the reflection matrix for three different types of natural surfaces. The radiation emerging from the top
of a pure molecular and an aerosol-laden plane parallel atmosphere was calculated for these three
diverse types of surfaces and their Lambert model equivalents. The calculations indicate that the radiation
emerging from the top of the atmospheres is significantly different for a real surface compared to a
Lambert model. For the molecular atmosphere the difference is most pronounced at a wavelength of
0.6 j.m; this is mainly due to the light directly transmitted downward through the atmosphere, reflected,
and then directly transmitted outward through the top of the atmosphere. For a turbid atmosphere the
difference also is due to light with a history of diffuse transmission because the strong forward scattering
of the aerosols partially offsets the smoothing effect of the diffuse multiple scattering. The calculations indi-
cate that the polarization of the light emerging from the top of the atmosphere strongly mirrors the
polarization reflected from the underlying surface. Thus, satellite-measured polarization would be an
excellent parameter for distinguishing ground features with similar reflectance but different polariza-
tion characteristics.

1. Introduction In this paper, the radiation emerging from the top

To facilitate the interpretation of data gathered of a Rayleigh and a turbid plane parallel non-
from satellites and aircraft, many investigators have absorbing atmospheric model overlying three types
fr omtelt s andaircfte matny einv igr m of natural surfaces of known directional reflectance
made computations of the radiation emerging from and plrzto sdsrbd
the earth's atmosphere overlying various types of polarization is described.
surfaces. In most cases, the radiation reflected from
the surface was considered isotropic and unun- 2. Atmosphere-surface model
polarized, corresponding to the Lambert approxima-
tion. The radiation emerging from the top of an at- The solar radiation emerging from the top of an
mosphere overlying different natural surfaces has atmosphere illuminated by parallel radiation 7rF can
been investigated by Coulson et al. (1966) using a be expressed as an infinite series, with each term in
Rayleigh atmosphere and by Keopke and Kriebel the series having its own history of transmission,
(1978) using a turbid atmosphere overlying vegetated scattering and surface reflection. A few of the terms
surfaces reflecting light of an unknown degree of depicting the radiation emerging from the atmosphere
polarization. These investigators found significant are shown in Fig. I. By summing the terms in the
differences in this emergent radiation compared to series, the radiance 1(r IA, (4) emerging from the top
the radiation emerging from an atmosphere over- of a planetary atmosphere of normal optical thick-
lying a Lambert surface, even though the albedo of ness T, can be written as
the Lambert surface was equal to the albedo of the
natural surface. Because surface reflection influences l(T = 0: JA, 4 )
the emergent radiation, the characteristics of the SirF + e -,1ERe-'-,,EirF + e-',ERTrF
radiation emerging from a pure molecular (Rayleigh)
and an aerosol-laden atmosphere overlying different first second third
types of surface materials is investigated here. + T*Re -,'M EirF + T*RTfrF + (e-"',E + T*)R

fourth fifth
Present affiliation: Visibility Laboratory, Scripps Institution

of Oceanography. University of California. San Diego 92093. x (S*R 4 S*RS*R + -)(e ""E + T)irF. (I)
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rF SsrF (e - 'r 1 E+ T" )R( e-'l"°E+ T)rF (e - i/ E+ T" )RS'R( e °E+ T)irF

ATMOSPHERE

(e i °E+ T),rF S*R(e /0E+ T) rF

R( e '"°ME+ T)irF RS'R( e "'/'E+ T)rrF

SURFACE

FiG. I. Diagrammatical representation of some of the components of the total emergent light. 7TF is the solar radiation
incident on the atmosphere having a total optical thickness r,. and S and T are the diffuse reflection and transmission
matrices, respectively. The terme , E represents direct transmission through the atmosphere, where E is the unit matrix.
The reflection characteristics of the surface are described by R.

where 0 = cos-'IA is the nadir viewing angle, 4. the which is a function of the total reflectance of the
azimuthal angle, I("; t.; 4) and F are vectors, and E surface. Although it is not specifically shown, the
is the 3 x 3 unit matrix. The position of the sun, or product of two bidirectional matrices also implies
source, is given by the zenith angle 0, = cos-'L,, hemispherical integration. For example,
and the azimuthal angle 4o = 00. At the top of the 2

atmosphere T = 0. S*R - S*{rt,:, o dA'. (')
For convenience, parallel radiation of net flux ,,

irF per unit area normal to the beam is assumed
incident on the top of the atmosphere. Using the × R(/'. 4/'o Isod
Stokes parameter representation (F,, FQ, Fl,, F,), The matrix S* is related to the diffuse reflection
F is (1, 0, 0, 0). Experiments show that the ellipticity matrix S by
of light reflected from the natural surfaces is suffi- S, = OSO,
ciently small to be neglected (Coulson, 1978)2 , in
which case Fv = V = 0. where

The first term of Eq. (I) represents the solar radia-
tion diffusely reflected from the top of the atmos- 1 0 0
phere. The second, third, fourth and fifth terms O= 0 1 0
fusely transmitted through the atmosphere, reflected 0 0 -

from the surface, and then directly or diffusely
transmitted back out from the top of the atmosphere. The matrix 0 takes into account a change in sym-
The last term of Eq. (1) describes the radiation re- metry, discussed by Hovenier (1969), which occurs
flected more than once from the surface. For clarity, when the atmosphere is illuminated from the bottom
the factor (47r/.)- 1 is included as part of the diffuse rather than from the top. The definition of T* is
reflection matrix S and the diffuse transmission similar.
matrix T first defined by Chandrasekhar (1960). The first atmosphere used in the atmosphere-
The 3 x 3 reflection matrix R for a real surface is surface model was a Rayleigh atmosphere. The
obtained from laboratory measurements of the bi- values of the wavelength-dependent r,(R) used were
directional reflectance, degree of linear polarization, taken from Elterman (1968)3 and are presented in
and angle X between the vertical plane and the plane Table I. The diffuse reflection and transmission
of polarization of the reflected light. For a Lambert matrices describing the pure molecular atmosphere
surface all the elements of R are zero except R1,

I Elterman. L., 1968: UV, visible, and IR attenuation for alti-
Coulson, K. L., 1978: Private communications. tudes to 50 kin. 1968. AFCRL-68-0153, 49 pp.
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were evaluated by utilizing a computer program TABLE 1. Values of the wavelength-dcpendcnt optical thick-
developed by Dave and Warten (I968), 4  nesses used to construct the atmospheres at each of the three

An aerosol-laden atmosphere was introduced into wavelengths.
the atmosphere-surface model to investigate the Wavelength
effects of the strong forward scattering characteris- 6,m) 1 (R) r, (a) r. (i)
tic of aerosols. The total normal optical thickness
rpt) of the turbid atmosphere is the sum of the 0.4 0.36 0.32 0.68
Rayleigh optical thickness t,(R) and the normal opti- 0.5 0.15 0.26 0.41

cal thickness of the aerosol content T,(a). The

values of rda), shown in Table i, were taken from
Elterman (1968).t The refractive index of the parti- for three types of illumination: 1) natural light, 2)
des is assumed to be n = 1.33 - Oi with a size light polarized 900 and 3) light polarized 450 to the
distribution described by the Haze L model of vertical plane. The use of the different types of
Deirmendjian (1%9). The elements of the diffuse illumination enabled the determination of nine ele-
reflection and transmission matrices describing the ments of R for a specific surface, wavelength and
turbid atmosphere were calculated using the adding angle of illumination. The angle X was assumed to
method with a program graciously provided by Dr. be perpendicular to the scattering plane; this as-
T. Takashima and de,-ribed in Takashima (1974). sumption was found by observation to be rea-
Because of the method oi ,'umerical integration used sonable.
in the adding method, the matrices S and T could not The reflected radiances measured by Chen et al.
be calculated at the exact angles 0o used to illuminate were normalized with the value of the radiance re-
the real surfaces in the laboratory experiments. For flected from the given surface into the nadir (when
surface illumination 0, = 53 and 78.50, the differ- 9,, = 0 normalization was performed with respect
ence. being less than 2.50 , was ignored. For 0,, = 0' to 0 = 150). The correction factors used to re-
the difference is I V but its influence is small because normalize the data to the radiance reflected from a
S and T as a function of 0 change slowly in the re- standard surface of known reflectance were obtained
gion 0,, = 00. from Coulson (1978) and Walraven and Coulson

Once the diffuse reflection and transmission (1972) 6 who measured the reflectance of the same
matrices describing the different atmospheres have surface samples at the same wavelengths. For Yolo
been computed, only the surface reflection matrix, loam and Mojave Desert sand data were available
describing the natural surfaces, is needed in order for all three types of illumination except for 0, = 00
to evaluate the terms of Eq. (I) for the different where only data for illumination by natural light
atmosphere-surface combinations. The Stokes param- were available. For gypsum sand it was necessary
eters I, Q and U. together with the degree of polari- to renormalize the directional reflectance inde-
zation. were computed for each of the first five terms pendent of illumination type. The measured polari-
of the equation by using the C-ussian quadrature zation of the light reflected from the surfaces was
method of integration, not affected by the renormalization.

The bidirectional reflectance of the three surfaces
3. Reflection characteristics of the natural surfaces in the principal plane ( h 0'(180') for the wave-

length A = 0.6 /m and 0,, = 0' is shown in Fig. 2.
The surfaces used in this study, from the L.am- The reflectance of a Lambert surface would be char-

bert-like gypsum sand to the highly anisotropic acterized by a straight horizontal line in this figure.
polarizing Yolo loam (a dark. loamy soil) represent The reflectance of the three surfaces is independent
the reflection characteristics of a variety of natural of the azimuthal angle, so that the hemispheric
surfaces. The reflection data for Yolo loam, gypsum pattern of reflectance can be generated by a rotation
sand and Mojave Desert sand are taken from thc ,around the nadir. The highly reflecting gypsum sand
laboratory measurements by ('hen it al. ( 1967)." For -hows a distinct darkening at the large nadir angles
these measurements the surfaces of thC three
samples were level. The bidirectional reflectance nnd ag fairly constant value of reflectance at the

nadir angles 0 , 50'. The absorbent Yolo loam.
and polarization of the reflected light were measured in contrast, has a lower reflectance as well as exhibit-

ing a backward maximum centered about 0 = 0'.
)Dave. J. V. and R. M. Warten. 1968: iProgram for computing Moreover. Yolo loam shows no distinct darkening

the Stoke% parameter% of the ridiation emerging orm it plane at large nadir angles as does gypsum sand. The
parallel. non.ih.orbing. Ra =leigh .tmosphere. Rep, No. t-rong backward maximum and the lack ofdarkening
124M. IBM Scientific Center. Plh

, Ah.o. CA. so pp
C, (hen. Hi-hu. C. R. Nagarala Rao and A Sekera. I'M'

Investigation of the polariiation of light reflected b natural Wairaven. R. I... and K. I.. Ccvulson. 1972: Measurements of
surface,. Sci. Rcp. No 2. Contract Alt 1621,15i-3850. Unu.erstt, the light-reflecting properlies of white gypsum sand. (ontrib.
of 'clifornia. I o'. Angeles. 96 pp. Ais,,% , . No "'. t'niverstts of California. Davis. 2
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GYPSUM SAND A
ANTI-SOURCE-

60 - I

/ e' ANYSU 
OLC LOAM

0 .N . I . S IK' •6 . , I

I 0

60 .60 
0 30 6 0O-4 

. . . . , . . ,NADI ANL2Dge 90 6 0 0 3 0 9

2 YPSUM
MOJAVE DESERT SAND) R SAND)

o0- MOJAVE DEFSi~~
Yt)Li LOAM WSAND)

90 60 30 0 30 60 90 .__.__ .__. __._.

NADIR ANGLE (Degrees) 90 6 30 0 30 60 90

= 0°  
= 180 °  NADIR ANGLE (Degrees)

= (P d' = 180'
FiG. 2. Bidirectional reflectance of gypsum sand. Mojave

Desert sand and Yolo loam in the principal plane for A = 0.6 1Am FiG. 4. Degree of polarization of radiation reflected from
and Oo = 0'. gypsum sand. Mojave Desert sand and Yolo loam in the principal

plane for A = 0.6 jim and i% = 00.

at large angles. characteristic of Yolo loam but not
of gypsum sand, is probably a result of the particles Also shown in the figure is the bidirectional re-
of gypsum sand being fairly translucent and those of flectance of Mojave Desert sand for \ = 0.4 Am
Yolo loam opaque. The features of the curve char- and 0, = 53'. The decrease in reflectance with de-
acterizing the reflectance of Mojave Desert sand creasing wavelength is characteristic of all three
seem to be a blend of those found in gypsum sand surfaces.
and in Yolo loam.The effectof inraigThe degree of linear polarization of the radiation
The effect of increasing the zenith angle of the reflected from the three surfaces in the principal

source is shown in Fig. 3. The measurements are plane for A = 0.6 Am and 00 = 00 is presented in
for A = 0.6 Am and 00 = 53'. The curves for all Fig. 4. A comparison of the profiles in Fig. 2 with
three surfaces show a marked increase in total re- those of Fig. 4 shows that the reflectance increases
flectance and an increase in the magnitude of the inversely to the maximum degree of polarization
backward maximum. The strong forward reflection (Omov's principle). In the principal plane. positive
in the b = 0' plane increases with increasing 0.. polarization indicates that the plane of polarization

is perpendicular to the plane: negative polarization
1.O0 indicates that the plane of polarization is parallel

ANTI.SOUR(I- to this vertical plane. The positively polarized light
.is considered a property of singly reflected light:

goPStM san) thc negatively polarized light occurring in the re-
gion of the anti-source is considered a result of

z< .60 light being doubly reflected (Wolff, 1975).
Large values of polarization for the three surfaces

are seen in Fig. 5 for 0, = 530 and A =0.4 Am. The
MOA .40I*,,,T S , large values of polarization in the (h 0' plane are

probably a result of the dominance of singly re-
flected light in this region. The maximum degree of.20 - OU LOAM polarization for Mojave Desert sand is larger when
the wavelength is 0.4 Am than when it is 0.6 Am as

0 . . . I . . , . shown in the figure. This agrees with Omov's
90 60 30 0 30 60 90 principle since the reflectance of the surface in-

NADIR ANGLE (Degrees) creases as the wavelength increases.
(b - O* h - 180*

Fio. 3. Bidirectional reflectance of gypsum sand, Mojave 4. Radiance outward from a Rayleigh atmosphere
Desert sand and Yolo loam in the principal plane for A = 0.6,um
and so = 530 and of Mojave Desert sand for A = 0.4 Am and For these computations, each real surface was
0, = 530. assumed to be an infinite plane underlying a plane
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-. 25 .04 1
SANTI-SOURCE

t MOJAVE DESERT SAND
& 20 ANTI-SOURCE

S7 .03 SECON) TERM
'I5 SOtO LOAM

N<

MOJAVI DESERT SAND J• .d >

a. 5 -"
l , G PSUM SANj M. OW I0

00

90 60 30 0 30 60 90 90 60 30 0 30 60 90

NADIR ANGLE (Degrees) NADIR ANGLE (Degrees)

= 0. (b= 180' = 0 °  
t6= 180*

Fi.. 5. Degree of polarization of radiation reflected from Fit,. 6. Relative radiance of the major surface reflection terms
gypsum sand. Mojave Desert sand and Yolo lo n in the principal of the total emergent radiation as defined by Eq. (I) for a pure
plane forA 0.4Mmande),, - 53',andforMojaveDesertsandfor molecular atmosphere overlying Mojave Desert sand (principal
A - 0.6 Am and 0. = 53'. plane. \ = 0.4 jm, 19. - 53'). Solid lines indicate real surface

reflection; dashed lines indicate Lambert surface reflection.

parallel pure molecular model of the earth's
atmosphere.

u. Re.sults 1br a Atajav e Desert sand surf 50

The relative radiances of the first three surface
reflection terms of Eq. (1) for the light emerging from 40 . A - 0.4m 0.- 0 A - 0.09
the top of a Rayleigh atmosphere overlying Mojave A x - Om 0.- 0* A -025

+ \ - 0.5#s ,m 0- S30 A - 0.18
Desert sand for A =0.4 m and 0,, = 530 are shown 0 A - 0 .Spm 6, - 78.5 * A - 0.33
by the profiles in Fig. 6. The radiance of the second 30 a h -0 6m 8,- 78.5' A - 0.48
term of Eq. (I) as a function of nadir angle for real -

surface reflection (solid line) is compared to the radi-
ance of the same term for reflection by a Lambert
surface (dashed line) of the same total mono- 2

chromatic reflectance, A - 0.12. At large nadir z
angles the differences between the two curves show
the effect of the forward and backscattered peaks 10

in the reflected radiance for the desert sand de- r
picted in Fig. 3. Though not as great, these
differences are still present for the third term which 0
represents diffuse illumination of the surface. The
curves of both the second and third terms show that
the Lambert approximation overestimates the real -10
surface reflection in the region of the nadir. The
strong smoothing influence of diffuse transmission
out from the top of the atmosphere is illustrated by -20
the lack of any observable difference between the
fourth term of Eq. (1) and its Lambert counterpart. 90 60 30 0 30 60 90
The differences between the remaining surface re-
flection terms of Eq. (1) and their Lambert counter- NADIR ANGLE (Degrees)

parts are negligible. 6 = 0 °  6- 180 °

The influence on the emergent radiance of reflec-
Fl(. 7. Correction to the total radiance emerging from ation by Mojave Desert sand instead of its Lambert Rayleigh atmosphere overlying a Lambert surface of total re-

equivalent is shown in Fig. 7. The figure shows the flectance A that occurs when the reflection matrix of Mojave
percent change or needed correction in the total Desert sand is used in term two of Eq. (I).
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first term of Eq. (1), the effects of the real surface

50 become very large for 00 = 78.50. It is interesting
that the Lambert surface approximation works well
in the region 0 = 40-45* and 00 = for all the
cases studied in Fig. 7.

0 A-0.4ma 0. - 0"1 -6 6 The third term of Eq. (1) is of next importance,
SA-0.#, ,.-. 78.s A -0.2 after the second term, in introducing the effects

of real surface reflection. The influence on the cor-
30 rection of the inclusion of real surface reflection by

the third term which represents diffuse illumination
of the surface is largest for the larger solar zenith

20 angles. This term has its maximum influence in the
Z region of the nadir where, for X = 0.5 Am, it con-
0 \ tributes -1.4 and -2.6% to the correction whent 0 Oo = 53 and 78.5', respectively. When 0o = 0' the
adcc cumulative influence of the surface reflection terms,8 other than the second, on introducing the effects of

0 L real surface reflection is negligible.

-10 - - b. Results for a gypsum sand surface

The correction introduced by gypsum sand is pre-
sented in Fig. 8. The change introduced by the
second term for \ = 0.6 Am and 00 = 78.50 again

-20 shows the importance of the forward and back-
scattered maxima on the total emerging light. When

90 60 30 0 30 60 9o k = 0.4 Am, the change is much smaller due to a
NADIR ANGLE (Degrees) decrease in the surface reflection and an increase in

the optical thickness of the atmosphere. The cumula-
'1' - 0°' = 180 tive effect of real surface reflection by the second

FiG. 8. Correction to the total radiance emerging from a and third terms, shown by the dashed curve, shows
Rayleigh atmosphere overlying a Lambert surface of total re- that in the region of the nadir the effect of these two
flectance A that occurs when the reflection matrix of gypsum terms is fairly equal and their total effect on the
sand is used in term two of Eq. (1) or in terms two and three as
shown by the dashed curve. emergent radiance is significant. The influence of the

darkening at large 0 and the backscattered maximum
present in the curves of bidirectional reflectanceemergent radiance calculated using the Lambert for gypsum sand is clearly visible in the curve for

approximation in Eq. (1) as compared to the results , = 0.6 m and 0 = 0. For all the cases shown in

obtained when real surface reflection is included in Fig. 8 the Lambert approximation works well in

the dominant second term and the Lambert ap- the region of 6 = 400.

proximation in the remaining surface reflection

terms. A positive correction indicates that Lambert c Results for a Yolo loam surface
surface reflection underestimates the real surface
reflection and vice versa. The positive values of cor- To investigate the effects of a surface with a low
rection in the region of the nadir and the negative total reflectance, a Yolo loam surface was included
values of correction at large 0 for A = 0.4 and 0.6 in the atmosphere-surface model. Fig. 9 presents
Am when 00 = 0 show the influence of the back- the curves of correction which demonstrate the
scatter maximum and the decrease in bidirectional influence of real surface reflection by the second
reflectance with increasing 0 for the desert sand seen term only. The pronounced backscattered maximum
in Fig. 2. The small values of correction for the characteristic of Yolo loam is clearly shown by the
wavelength 0.4 Am are a result of the large optical positive values of correction in the region of the
thickness at this wavelength which decreases the nadir for A = 0.4 and 0 .6 14m when 00 = 0". A change
contribution of the surface reflection terms to the in solar zenith angle to 78.5" for A = 0.6 Am pro-
total emergent light. The increasing importance of duces large corrections in the region of the nadir and
the forward scattered peak of the bidirectional the forward and backscatter maxima. These correc-
reflectance as the solar zenith angle increases is tions are effectively reduced by the larger at-
also shown in Fig. 7. When A = 0.5 Am the maxi- mospheric reflection and smaller surface reflection
mum change in the 4, = 0' plane is -14% for 00 present when A = 0.4 Am. Including the effect of
= 78.5* and 7% for 0o = 53'. As the wavelength in- real reflection by the third term, however, approxi-
creases to 0.6 Am, decreasing the influence of the mately doubles the correction in the region of the
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1 the second term for reflection by Mojave Desert
50 sand and its Lambert equivalent is presented in the

hemisphere map (Fig. 10). The source zenith angle
is 530 and the wavelength is 0.5 Mm. The large

40 -x A-0.4p . - 0 A - 0.05 - differences are centered on the principal plane,
A - o64,, *o - o" A - 0.0 indicating the importance of this plane. The positive

0 A- 0.4m S.- 73.5 A -0.14 differences at large nadir angles are a result of the
3 A -0.6p,- 7-.5* A- 0.3 forward and backscattered maxima. The negative

30 values in the region of the nadir indicate the Lambert
rsurface approximation overestimates the reflected

radiance in this region. Because the surface re-
20 flection characteristics are symmetrical about the

Z plane W = 0 (180) the values in Fig. 10 are repre-
sentative of the values occurring in the opposite

10 -hemisphere.

5. Radiance outward from a turbid atmosphere
0A turbid atmosphere was used in the atmosphere-

surface model with Mojave Desert sand to study the
effects of aerosol scattering on the emergent light.

-10 The effect of real surface reflection by the second

term on the total radiance is shown for both the
turbid and pure molecular atmospheres in Fig. II.

-20 The decrease in correction caused by the increased
, multiple scattering of the turbid atmosphere is evi-

90 60 30 0 30 60 90 dent by comparing curves representing the different
NADIR ANGLE (Degrees) atmospheres but the same wavelength and solar

0.h = 180 zenith angle. In addition, the figure compares the
effect of the second and third terms. The combined

FIG. 9. Correction to the total radiance emerging from a influence of real surface reflection by the second and
Rayleigh atmosphere overlying a Lambert surface of total re- third terms for X = 0.6 km and 0o = 78.50 is shown
flectance A that occurs when the reflection matrix of Yolo loamis used in term two of Eq. (I). x fYl om by the dashed line in Fig. 11. The effect of the third

term, depicted by the large differences between the

dashed line and the line symbolized by plus marks
nadir. The Lambert approximation works well in the indicate that the strong forward scattering of the
region of 0 = 450 for the cases presented in Fig. 9. aerosols have significantly offset the smoothing

The previous discussions were confined to the effect of multiple scattering by the aerosols. The
4) = 0° (180*) plane. The difference in radiance of influence of the third term is also significant at

00 3

NADIR ANGLE (Degrees)
ANTI-SOUJRCE

FIG. 10. Hemispheric map of the difference in relative radiance of the second
term of Eq. (I) for real and Lambert surface reflection (Mojave Desert sand,
A = 0.5 ,m. 0o = 53°).
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probably the result of a relatively large direct

50 transmission of light to the surface, followed by a
large diffuse transmission out from the top of the
atmosphere at large nadir angles. When 00 = 78.50

40- X A-O.6(m e0.- 0, Rayleigh the importance of the third term at small nadir
o0A-. ,u 0.-o" turbi angles is likely due to a highly anisotropic beam of

A A-0.6,m 0.- 78.5* Rayleigh diffuse light incident on the surface which, after
+ A - O.6,,w *. - 15. turbid surface reflection, is directly transmitted out through

30 the atmosphere at the smaller optical thickness
occurring in the region of the nadir. The strong
forward scattering of the aerosols preserves some of

20 the anisotropy of the surface reflected light even in
z an optically thick atmosphere with large multiple
2 scattering.

6. Polarization outward from a Rayleigh atmosphere

0 Another interesting feature of reflection by natural
surfaces is their effect on the behavior of the polari-

" 'zation of the emergent light.

a. Results for a Mojave Desert sand surface

The degree of polarization of the emergent radia-
-20 tion in the principal plane for Mojave Desert sand

is shown in Fig. 12 for X = 0.5 1.m and 00 = 53'.
90 60 30 0 30 60 90 Included for comparison are the curves of

NADIR ANGLE (Degrees) polarization for a Rayleigh atmosphere overlying a

8 -00 Lambert surface of equivalent total reflectance and
the polarization of the light reflected from the desert

FiG. II. Correction to the total radiance emerging from Ray- sand surface itself. The maximum polarization of the
leigh and turbid atmospheres overlying a Lambert surface of total
reflectance A that occurs when the reflection matrix of Mojave outward directed light for the sand surface is -8%
DesertsandisusedintermtwoofEq.(1)orintermstwoandthree more than that for the Lambert surface, and is shifted
as shown by the dashed curve. -5' toward the nadir. There is no apparent shift in

the neutral points (points of zero polarization) which
may be a result of the small change in polarization

X = 0.4 Mm, though not shown in the figure. When in this region for the sand-reflected light.
0, = 78.50 and X = 0.4 Am the maximum correction The difference between the degree of linear
in the region of the nadir is increased from less than polarization emerging from the top of a Rayleigh
0.3% to slightly over 2% when the effect of this atmosphere overlying Mojave Desert sand and a
term is included. When 0, = 0 the cumulative in- Lambert surface of the same total reflectance as a
fluence of the surface reflection terms, other than function of nadir angle is shown in Fig. 13 for
the second, is negligible, except at X = 0.6 Mm. In several wavelength and solar zenith angle combina-
this case, the second and fourth terms can combine tions. The increasing values of the difference with
at large 0 to give a total correction of -3%. In increasing 0 for X = 0.6 Mm and 00 = 00 agree with
general, the corrections occurring for the turbid the trend in polarization shown in Fig. 4 for the
atmosphere increase with increasing wavelength desert sand. In a similar manner, the other curves
but remain below those found in the pure molecular in the figure follow the trend of the measured degree
atmosphere. The Lambert surface approximation of polarization of light reflected from the desert
works well in the region of 0 = 450 for the Rayleigh sand. To place the differences of Fig. 13 in perspec-
anJ turbid atmospheres presented in Fig. 1I. tive for sensing from space, ground-based polarizing

Including the effects of aerosol scattering in the radiometers have been constructed that measure the
atmosphere-surface model tends to decrease the im- degree of polarization to ±0.1%, but a satellite-
portance of using a real surface for calculating the borne instrument will probably measure the degree
emergent radiance. Nevertheiess, the influence of of polarization to ± 1.0% (Walraven, 1980).
real surface reflection for an aerosol-laden atmos- The section on emergent radiance showed that the
phere is still significant. The apparent importance of second term of Eq. (1) was dominant in transmitting
the fourth term at large nadir angles when 0, = 0' is the characteristics of the natural surfaces. The
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second term and any term representing direct , I I I

transmission out from the top of the atmosphere will 10
not be polarized when reflection is from a Lambert
surface. Approximating the polarization of the =
emergent light using the total emergent radiance for . 8
real surface reflection but only using the polariza- 8

tion introduced by the first and second terms gives z
close agreement with the results obtained when the 2
polarization introduced by all the terms of Eq. (1) 6

is used. For the three wavelengths the maximum R
difference in degree of polarization between the <

approximation and the rigorous case for Mojave 2 4
Desert sand when 0o = 00 occurs at large 0 and is 0
i.4';. If the polarization of the next important U
term, the fourth, is included in the approximation, aw 2

3 SI ~ I I I Z

W_0
* Raylegh Atmosphere + Lambert ,
' R )legh A inosphere + Desert Sand Z
+ Desert Sand [)¢er Sad k-0,4,ro 9. - 0' A - 009

30 - . -2 . A - 0.6Oam - 0* A - 0.25

i + A,- 0.5m ,- 53" A -0.18

0 - 0.4.m o - 78.5 A - 0.21
a A - 0,6Am 9,,- 78.5* A - 0.48

-4

90 60 30 0 30 60 90
NADIR ANGLE (Degrees)

-- O °  4& - 1800

FIG. 13. The difference in the degree of polarization of the
radiation emerging from the top of a Rayleigh atmosphere that

- A- occurs for reflection by Mojave Desert sand and its Lambert
equivalent.

is ANTI-SOUR(F

the maximum difference, as shown in column II
of Table 2, is reduced to 0.2%. For solar zenith
angles of 53 and 78.5' the maximum difference

- -between the approximation and the rigorous case is
reduced to a maximum of 0.3c if the third term of
Eq. (1) is included in the approximation.

b. Results for a gypsum sand surface

Gypsum or white quartz sand is a highly reflect-
ing surface, but the light reflected from the sand is

- _ -not highly polarized. However, as shown in Fig. 14,
there are significant departures of the degree of
polarization from the Lambert case when the effects
of the real polarizing surface are taken into account.

1 , ,For awavelength of 0.4 and 0.6 /±m when 06 = 0°

91 WI 3111 30 if l6 90 the differences in degree of polarization increase
N-\)IR .\N(l.1 l)cgrcees with increasing values of nadir angle, except for

0, 0 > 750 and A = 0.4 /zm where the large optical
thicknesses decrease the effect of the real surface.

1:1,. 12. A comparison of the degree of polarization of the The importance of the fourth term is demonstrated
light emerging from the top of a Rayleigh atmosphere overlying

Mojave Deert .,and surface and its Lambert equivalent. Also by the decrease of the maximum difference from
shown is the degree of polarization of light reflected from the 1.8 to 0.2%, as shown in Table 2, when real surface
desert %and Ipvincipal plane, K 0.5 A., (II. 530. reflection by this term is included in the approxima-
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TA E 2. The maximum difference (1) between the approximated and rigorously calculated values of polarization for the different
atmosplbere-srface models, and the maximum difference (I!) when the next important term of Eq. (1) is included in the approximation.

(I) (I)
Maximum Maximum
difference difference Added

Atmosphere Surface Oo (deg) (%) (%) term

Rayleigh desert sand 0 1.4 0.2 fourth
53, 78.5 0.8 0.3 third

gypeum sand 0 1.8 0.2 fourth
78.5 0.5 0.2 third

Yolo loam 0 0.8 0.05 fourth
78.5 0.5 0.3 third

Turbid desert sand 0 1.2 0.5 fourth
78.5 1.4 0.3 third

tion. The influence of large optical depths is seen by for a Rayleigh atmosphere as shown in Fig. 17 for
comparing the curves in the 0 = 00 plane for the Mojave Desert sand surface. The wavelength is

= 0.4 p.m and X = 0.6 pm when 00 = 78.50. The 0. 6 Mm and the zenith angle of the sun is 78.5. Also
increased multiple scattering occurring for X = 0.4 compared in the figure are the polarization curves of
p.m, compared to X = 0.6 pm, masks the contribu- the light emerging from the turbid atmosphere over-
tion of the real surface to the total polarization. For lying the desert sand and its equivalent Lambert
both wavelengths, however, the approximation surface. Both curves show the existence of the neu-
works well, as shown in Table 2, showing the tral point (Arago) at 4) = 00. The point is predicted
dominance of the first and second terms of Eq. (1) for Rayleigh scattering alone when values of 00 are
in contributing to the polarization, large but its occurrence was probably suppressed

c. Results for a Yolo loam surface

The polarization emerging from a Rayleigh at- 10 -
mosphere overlying the dark, but highly polarizing, • ) - 0.4j.m 0 - 0" A - 0.44
Yolo loam surface is shown in Fig. 15 for K = 0.6 X x -o6.mo 9o-0" A - 068
pAm and 00 = 00. The higher values of polarization _ 0 x - 0.4pm 9o - 78.5. A - 0.66

for the atmosphere-loam model at 0 > 300 compared -8 A - 0.6n 9. - 785. A - 0.82
to the atmosphere-Lambert model reflect the polari- 8
zation characteristics of the loam in this region. In 5
the region of the nadir, the negatively polarized P 6
light reflected by the surface introduces a neutral _
point for the atmosphere-loam model, whereas <
there was apparently none for the atmosphere- R 4
Lambert model. U.

The departures from the Lambert case caused by 0
the highly polarizing Yolo loam surface are shown in w 2
Fig. 16 for a number of wavelength and solar zenith
angle combinations. The shape and orientation of the 0
curves with respect to one another are similar to Z 0
the case of reflection by Mojave Desert sand (Fig.
13). However, unlike the other surfaces, Yolo loam z
shows a large negative difference in the region of the c -2
nadir for 0 = 00. This is due to the presence of large t
values of negative polarization of the reflected light E
in this region, as shown in Fig. 4. The approxima-
tion again, as shown in Table 2, works well in esti- -4

mating the polarization of the light outward from the , • . , • • • , •
atmosphere overlying the loam. 90 60 30 0 30 60 90

NADIR ANGLE (Degrees)

7. Polarization outward from a turbid atmosphere 4- 0' 0 - 10 °

FIG. 14. The difference in the degree of polarization of the
The polarization of the total radiance emerging radiation emerging from the top of a Rayleigh atmosphere that

from a turbid atmosphere is generally smaller than occurs for reflection by gypsum sand and its Lambert equivalent.
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because of the large contribution of positive polari-
zation by the desert sand in the 40 = 0 plane. It is 10
interesting that the differences in polarization be-
tween the curves for the turbid and Rayleigh atmos-
pheres overlying desert sand can be as large as the
differences occurring between the curves for the
turbid atmosphere overlying the sand and the Lam- z
bert surface. 0

The difference in degree of polarization as a func- < 6
tion of nadir angle between real surface and Lambert N
surface reflection is presented in Fig. 18 for turbid <
and Rayleigh atmospheres overlying Mojave Desert j 4

sand. For angles s70" and 0o = 00 the differences in a.
polarization for the turbid atmosphere are close to 0
those for the molecular atmosphere. At larger nadir 2
angles the two cases diverge from one another, a
result of an increase in multiple scattering. At a 0
solar zenith angle of 78.50 the effect of the turbid z 0
atmosphere in reducing the departures from Lambert t

Z

8 0 ' I2

A- 0.4,am 9o - 0* A - 0.05

70 -4 0 A - 0.4m 9, 78.5* A - 0.14
0A -0.6#m 9,-78.5

° 
A -0.31

Rayleigh Atmosphere + Lambert 90 60 30 0 30 60 90

60 X Rayleigh Atmosphere + Yolo Loam NADIR ANGLE (Degrees)60 + Yolo Loam

i0 °.0 of 180,

R FIG. 16. The difference in the degree of polarization of the
Z soradiation emerging from the top of a Rayleigh atmosphere that
e: occurs for reflection by Yolo loam and its Lambert equivalent.z

4 are large compared to the Rayleigh atmosphere. The

departures from Lambert for the turbid atmosphere,
ANTI.SOURCE however, are still significantly large. The increased

30 I importance of the terms of Eq. (1) with histories of
0~ diffuse transmission are evident by the large differ-

ences occurring (shown in Table 2) for a turbid
20 atmosphere overlying desert sand. With the addition

of either the third or fourth terms, however, the ap-
proximation of the polarization is greatly improved.

10

8. Conclusions

The surfaces used in this study represent a varietyof reflection characteristics from the Lambert-like
gypsum sand to the highly anisotropic polarizing

-10 I I I Yolo loam. The calculations support the following
90 60 30 0 30 60 90 conclusions:

NADIR ANGLE (Degrees) I) The radiance emerging from the top of a
0 _ 0 16. I8o Rayleigh atmosphere can be significantly different

for a real surface compared to its Lambert equivalent
FIG. 15. A comparison of the degree of polarization of the and the difference, in general, increases as the

light emerging from the top of a Rayleigh atmosphere overlying
a Yolo loam surface and its Lambert equivalent. Also shown i solar zenith angle and the wavelength increase.
the degree of polarization of light reflected from the loam 2) The surface reflection characteristics are car:
(principal plane. A = 0.6 lam. 0. - 0'). ried mainly by the second term of Eq. (1). This fact
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30 of the non-Lambertian reflection characteristics of
the surface.

a turbid Atmosphere + Lambert 6) Large differences can occur between the degree
X turbid Atmosphere + Desert Sand of polarization of radiation emerging from the top

25 0 Rayleigh Atmosphere + Desert Sand of a pure molecular atmosphere overlying a natural
+ De Sand as compared to a Lambert surface. The profiles of

these differences are directly related to the curves
of polarization of the light reflected by the surfaces.

20 As was the case with radiance, the departures of the
polarization from the Lambert case are largest for

rthe larger solar zenith angles and wavelengths.
7) The degree of polarization of the light emerging

15 from the top of the Rayleigh atmosphere overlying
z a real surface can be approximated to an uncertainty
o of 0.3% or less by including real surface reflection
< in only the second and either the third or fourth
N N1o terms of Eq. (1).10 8) Compared to a Rayleigh atmosphere the differ-

ANTi-SOURCL ences in polarization are smaller for the turbid
U. I atmosphere, but they are still significant. Again, the

<3Q polarization of the emergent light can be accurately
approximated, in this case to 0.5% or less, by using

LL only the second and either the third or fourth terms
O of Eq. (I).

01 ! I

I0

-5
90 60 30 0 30 60 90 ,8

NADIR ANGLE (Degrees)
Z4-o - S0o  _

FIo. 17. A comparison of the degree of polarization of the
light r- .'erging from the top of the turbid atmosphere plus desert 72
sand, itayleigh atmosphere plus desert sand, and turbid atmos- <
phere plus Lambert surface models. Also shown is the degree of

polarization of light reflected from the desert sand (principal
plane, ht = 0.6 Am, 0o = 78.5). c

has been used by Coulson el al. (1966) and Tanre
et ui. (1979) to simplify their calculations.

3) The third term is of next importance; its influ- _ o
ence in the region of the nadir can exceed that of the t
second term at the shorter wavelengths and larger .z- t
solar zenith angles. L . A - 046,m 0,. - 0 Rayleigh

4) The increased multiple scattering of the turbid 0 0 A - 06im M0. - 0' turbid
L9 A -O04m 0,. -78S5 turbid

atmosphere decreases the importance of including a A - 6m , .- 78 50 Rayeigh
the characteris:ics of real surface reflection in cal- .4 + A - 06um 0, - 78 5 turbid

culating the emergent light. The maximum correc-
tion, however, may reach 3.0% for X = 0 .4 Am and 0 0 .0.

00 = 00 or 78.50 and more than 10% for A = 0.6 j.m 90 60 30egre6s9
and 0o = 78.50. NADIR ANGLI (Degrees)

5) The Lambert approximation works well in the 46= o 10
range 0 = 40-45", 46 = 00 for allof the atmosphere- FiG. 18. The difference in the degree of polarization of the
surface combinations studied. It may be possible to radiation emerging from the top of Rayleigh and turbid atmos-
use the radiance measured in this range to normalize pheres that occurs for reflection by Mojave Desert sand and its
the entire radiance field producing a representation Lambert equivalent.
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ABSTRACT

Airborne measurements of particle size distributions were made at several altitudes within and above
the mixing layer at sites near Ahlhorn and Meppen (West Germany). Rodby (Denmark), and Bruz (France).
The distributions were measured over the range 0.2-5.9 pm in particle radius using a Royco model
220 particle counter. The experimental data gathered at the sites were analyzed in terms of volume-size
distributions instead of the commonly used particle number distributions. The volume distribution plots
were found to be bimodal with the accumulation mode centered at a mean radius in the range 0.26-0.49
pm and the coarse particle mode existing beyond 1.0 pm. The data show the accumulation mode is
well ddhnd by a log-normal distribution. The values of the measured volume scattering coefficient
and mean particle radius of the accumulation mode increase as the maximum particle volume of the
mode increases. The existence of an accumulation mode was almost always confined to the mixing layer.
It is interesting that haze layers above the mixing layer were found to have a distinct coarse particle mode
but, generally, no distinct accumulation mode. The total concentration of particles in each of the two
modes appear related for larger values of concentration in the coarse particle mode.

1. Introduction ducted by Laulainen et al. (1978). To augmett these
data and increase our understanding of the atmos-Sophisticated numerical techniques have been de- pheric aerosol content, an extensive measurement

veloped by a number of investigators, including Dave program was conducted in the lower troposphere at

(1978) and Takashima (1975), to solve for the radia- seven sts indotedn eoe nd sGre B t
tion emerging from an atmosphere. These investi- seven sites in northern Europe and Great Britain
lio em ng ro m her e. howevermust esme invet- during each of the four seasons. This report presentsgators and others, however, must in some way rely the results of analysis of some of these data.

upon a knowledge of the size distribution of the

atmospheric aerosol as a function of altitude, season,
and location. The size distributions frequently used
are the haze models of Deirmendjian (1969), who Aircraft measurements of the number and size dis-
used a modified gamma function; the power-law tribution of the atmospheric aerosol were conducted
size distribution function of Junge (1963); or a log- along tracks of constant altitude above the ground
normal distribution as described by Aitchison and near Bruz (France), Rodby (Denmark), Ahlhorn
Brown (1957). Generally, the shape of the distribu- and Meppen (W. Germany) during the spring and fall
tion is held constant while only the particle concen- of 1976 and the summer of 1977. All of the 50 km long
tration changes with altitude. sampling tracks, the locations of which are shown in

There are few measurements to support the use of Fig. I, were over land, except for the Rodby track
these model size distributions. A series of airborne which was over the Baltic Sea. These airborne aerosol
measurements were made by Blifford and Ringer measurements, described by Cress (1980),2 were
(1969), who collected aerosol samples in the central part of a larger atmospheric optical measurement
United States during 1966 at altitudes from 0.3 to 9 program (Duntley et al., 1978)3 conducted under
km above the ground. A majority of the samples, 22
of them, were acquired near Scottsbluff, Nebraska. 'Cress, T. S., 1980: Airborne measurements of aerosol size
Sampling of the troposphere has also been con- distributions over northern Europe, Vol. I. Rep. AFGL-TR-0-

0178, Air Force Geophysics Laboratory. 124 pp.
'Present affiliation: Air Force Office of Scientific Research, I Duntley, S. Q., R. W. Johnson and J. 1. Gordon, 1978: Air-

Boiling APB, Washington, DC 20332. borne measurements of optical atmospheric properties, summary
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altitudes varied from one flight to another because spheres. The operating characteristics of this instru-
of changes in cloud height and mixing layer depth. ment have been the subject of a number of in-
Whenever possible, two samples were made at dif- vestigations including those of Quenzel (1969), Liu
ferent altitudes within the mixing layer and two et al. (1974), and Cooke and Kerker (1975). The two
more above. The mixing layer was generally capped fundamental sources of error result from an in-
by an inversion layer. The sampling time of the Royco adequate knowledge of the index of refraction of
was typically 4 min, but occasionally samples were the ambient aerosol and modifications to the particle
taken for I mai or as long as 10 mmi, depending size distribution which may occur in the plumbing
on the situation and the density of particles being between the ambient air and the counter.
counted. A single flight required from 30 min to Investigations by Cooke and Kerker (1975) and
220 min depending on the number of altitudes flown. Quenzei (1969) have demonstrated that significant

The instrumentation on the C- 130 aircraft included errors in the determination of particle size can
a Royco 220 single particle counter and an integrating occur when the refractive index m of the particles
nephelometer. Sample air for the Royco was pro- is not known. Assuming a calibration with poly-
vided by a ram air isokinetic sampling probe located styrene-latex spheres (m = 1.58-01), Quenzel
on top of the C-130 fuselage with the probe entrance = !.33-Oi) or an average atmospheric aerosol
33 cm above the aircraft skin and 45 cm to the right of (m = 1.50-0) is used, the sizing error is less than a
the radome which housed the nephelometer. The (m = 1 .95-0.66i) over the range of particle radius
entire Royco system consisted of the Royco counter, 0.1-3.0 p~m. If the refractive index of water (m
a Technical Measurement Corporation Model 102 = 1.33-0) or an average atmospheric aerosol
Gamma Scope I1 Pulse Height Analyzer, and a Hew- (mn = 1.50-01) is used, the sizing error is less than a
lett-Packard Clock/Printer. The electronics of the factor of 2.0. A value of m = 1.50-0.021, that
analyzer were adjusted to position the counting of includes absorption, produced a sizing error that in-
0.4 jim radius size particles in channel 18 of the total creased with increasing particle radius. The mag-

nitude of the error was difficult to determine from
__________________________________Fig. 2 of Quenzel (1969) but its maximum is esti-

and review Iil. Rep. AFGL-TR-78-0286, Visibility Laboratory, mated to be in the range 2 to 3. A ground based
University of California. San Diego. ScrippslInstitution of Ocean- intercomparison study between a Royco 220 and
ography, La Jolla. 108 pp. INTIS AD A073 121]. active and classical Particle Measurement Systems
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FiG. 2. The aerosol volume per increment d low as a function of particle
radius for data taken at Rodby (Denmark) on 25 October 1976 at an altitude of 305
m above the sea surface (solid line). The mode radius r and maximum M, of the
volume distribution accumulation mode are shown. A log-normal distribution
with F = 0.45 Am and standard deviation r - 0.13 is shown (dashed line) for
comparison.

aerosol counters showed agreement to within a factor row wavelength bands centered at 0.478, 0.664 and
of 2 to 5 in particle concentration (Cress and Fenn, 0.765 A.m. Calibration using dry nitrogen and com-
1978). 4  parisons with an Eltro transmissometer indicate that

The physical properties of the ambient aerosol the accuracy of the volume scattering coefficient
sample may have been modified in its passage from is within 20% (Duntley et al., 1976). 5

outside the aircraft to the Royco scattering chamber.
Comparison of consecutive I min data samples, 3. Results of measurements
however, indicate that the repeatability of the airborne
Royco was good. The flow rate was approximately Traditionally, size distribution data have been
47 cubic centimeters per second. Possible modifica- presented in figures of log(dN/d logr) versus logr,
tions to the aerosol sample may be a result of a where r is the particle radius and N is the total
drying of the particles or a selective loss of particles, number density of particles smaller than r. A
The small number of changes in the direction of presentation of this type has been found to mask the

flow within the plumbing probably minimized the multimode nature of distributions that appears when
effects of particle loss. This is supported by the good the data are plotted as volume (or mass) versus
agreement between this data set and the impactor particle size, as pointed out by Whitby et al. (1972)
data of Blifford and Ringer (1%9) as shown by and Shettle (1975). For this reason it was decided
Cress.' The aerosol measurements most likely repre- to use the volume size display in this analysis.
sent a low humidity or dry particle distribution A plot of dV/d logr versus logr for the meas-
because some evaporation probably occurred in the urements taken at Rodby on 25 October, 1976 at
plumbing. The shape of the distribution was probably an altitude of 305 m above the sea surface is shown
preserved due to the small size range measured. in Fig. 2. Values of the total particulate volume,
These sources of error are discussed in greater dVId logr, over an increment d low' are shown in the
detail by Cress." figure by circles for a few of the 89 data channels.

The integrating nephelometer, described by Duntley The solid curve represents a fit to the data of all the
et al..: measures the volume scattering coefficient channels. The inversion height was about 700 m in
s over the range of scattering angle 5* to 170" and this case as determined from temperature profile
the scattering coefficient at 30* and I5O'. The measurements made concurrently with the Royco
nephelometer operated at the photopic and in nar- 'Duntley, S. Q., R. W. Johnson and J. I. Gordon, 1976: Air-

borne measurements of optical atmospheric properties in Northern
Cress. T. S. and R. W. Fenn, 1978: OPAQUE aerosol counter Germany. Rep. AFGL-TR-76-0188. Visibility Laboratory, Uni-

intercomparison 25 April 1977-4 May 1977. Rep. AFGL-TR- versity of California. San Diego, Scripps Institution of Ocean-
78004, Air Force Geophysics Laboratory, 56 pp. ography. La Jolla. 221 pp. [NTIS AD A0314961.
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Fir. 3. The mode radius F as a function of the maximum volume M. for all the
data collected within the mixing layer. Curves of dV/d logr for constant particle
number density dN/d logr (solid lines) show the P1 dependence of M,. Data for
which the relative humidity is greater than or equal to 70% are indicated by the
open circles.

measurements and from estimates of the surface of M, increasing with values ofF. Increasing values
haze layer thickness made by an on-board observer, of M, do not necessarily imply, however, that the
The curve, shown in Fig. 2 centered about the particle number is increasing. Also shown in the
radius 0.45 gm, is closely approximated by a log- figure are curves of dV/d logr for constant particle
normal curve (dashed line). The symmetry and number, dN/d logr, which illustrates the r3 depend-
shape of the data curve is typical of the analytical ence inherent in the volume size distribution. For
data. Whitby (1978) termed this the accumulation values of F < 0.34 /Am there is an increase in the
mode and stated that its main source of mass is from measured particle number with increasing F. For
the coagulation of the smaller size aerosols and from values of, > 0.34 jim, however, the particle number
gas to particle conversion. The peak in the curve at appears to be constant with increasing values of
about 3 jim indicates the presence of the coarse F. The data presented in Fig. 3 suggest that there is a
particle mode, which according to Whitby (1978) functional relationship between F and M. This rela-
generally results from mechanical processes such as tionship will be more fully explored for different air
those that create wind-blown dust or sea spray. mass types using the complete set of Royco meas-

urements. Plots comparing or, which range in value

a. Accumulation mode from 0.08 to 0.20, with values of both M. and tothl
particle volume V of the mode show no discernible

For this study the accumulation mode is modeled relationship between these parameters. This is prob-
by the value of the mode radius F the standard ably due to the sensitivity of the determination of
deviation a, and M.-the value of dV/d logr or to the fitting procedure. In order to more easily
occurring at the mode radius. Values of M, are visualize the character of the accumulation mode
plotted against those of P in Fig. 3 for all of the and to simplify its log-normal description, the value
seasons, stations, and altitudes below the inversion M, = V/oa(21r)'/' is used for the analysis of this mode.
height that were available for this study. Values of There does not appear to be a clear dependence
M, > 40 im 3 cm -3 represent data collected only at on relative humidity as measured with a Cambridge
Rodby during the winter. The figure shows values Model 137-C3 aircraft hygrometer system. The open
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circles, representing cases where the relative humidity , , , ,
was greater than or equal to 70%, predominate at
the larger radii as shown in Fig. 3. This apparent
dependence on relative humidity, however, is mainly
due to a small data sample taken at Rodby in an
unusually heavy haze. If this Rodby data is neglected
from the figure, then any tendency for the rela-
tive humidity to be 0,70% when the value of the
mode radius is ae0.34 Am is probably not significant. 1-

3 '

There is a probability level of -0.05 that the value •

of chi square will be equalled or exceeded by a
random sample. If values greater than or equal to
80% are considered there again appears to be no "
clear dependence on relative humidity. This lack
of a clear dependence on relative humidity may
be a result of drying of the aerosol in the intake

plumbing.
In addition to measurements of the aerosol size

distribution, the volume scattering coefficient s at ...
X = 0.664 m was also measured. The scattering co-
efficient may be expressed as 10-' - 0 Simultaneous Measurements of s and M,.

log?, dN
s = lri Q.(m, x)rd d Iogr,

Jiog?, dlIogr i
0 s 10 1s 20 25 30 36 40 4s so

where x = 21rr/k is the size parameter of a spherical M (pm3icm3)

particle, Q,(m, x) is the efficiency factor for scatter-
ing (Van de Hulst, 1957), and rl and r2 are the lower Fic. 4. The volume scattering coefficient s for the wavelength
and upper limits of the particle radii under con- 0

.
66 4 ,-m as a function of the maximum volume M,. Cases were

sideration. The relationship between s and the model s and M, were measured simultaneously are circled.

parameters can be shown by using a log-normal
description of the aerosol volume distribution and measured simultaneously with M,. At times there
the expression dVId logr = 3 irr3 (dNId logr). After wasatwotothreehourdifferencebetweenthemeas-
simple manipulation, s can be written in the form urements. There is an apparent decrease in the scatter

3 (oI x Mof the data when simultaneous measurements of s
s Q,(m, x)r--M, and M, are plotted (circled data points). Some

4 Jior, residual scatter can be expected due to the effects
x exp{-0.51(logr - logi)/o12}d logr. (1) of variations in relative humidity which were

detected by the nephelometer but probably not by
Even though the Royco is sensitive to a narrower the Royco due to drying in the intake plumbing.
particle size range than the nephelometer, cal- In five of the flights studied, the air was so clear
culations show that the distribution below 0.4 m, and the particle counts so low that there was no
typically, adds <15% to the total scattering at A distinct accumulation mode measured at altitudes
= 0.455 tim. At the wavelength 0.664 /sm this below the inversion height. All of these cases oc-
percent contribution is even smaller, so the results of curred during the winter season at Bruz, Rodby and
measurements by the Royco and the nephelometer Meppen and, in all but one case, the air mass type
should, as seen in Eq. (1), be strongly related, was maritime. The average meteorological range,

Values of the volume scattering coefficient s for as estimated by the on-board observer, was always
the wavelength 0.664 Arm are plotted in Fig. 4 as a >14 km. The values of dV/d logr at 0.3 m were
function of M,. Though values of s are not uniquely rarely >2 Am

3 cm- 3 (corresponding to a measured
dependent upon values of Mr, as seen in Eq. (1), V over the range of the mode of < I Am 3 cm- 3) and
the figure does show a trend of increasing s with s measured for the 0.664 ;Lm band was <6.8 x 10-5
increasing Mr. This trend can be explained by a shift m-. These values of dV/d logr and s are in agree-
in the volume distribution to larger radii for constant ment with the general trend of the data in Fig. 4,
particle number, which increases M,, and by increases even though no value of M, could be determined
in particle number which occur at the smaller values for these five cases.
of M, as shown in Fig. 3. The scatter in the data, in To investigate the variation of M, with respect to
part, is a result of the fact that s was not always altitude, values of M,, were plotted against the ratio
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FIG. 5. The maximum volume in the accumulation mode M, measured at Rodby
on 25 October 1976 (circles) and on 26 October 1976 (crosses) as a function of
altitude ratio, the ratio of the aircraft altitude during measurement to the thick-
ness of the mixing layer.

of the measurement altitude to the altitude of the aerosol measurements. From the altitude 0.4 to 1.0
inversion base. Data taken at Rodby on 25 and 26 the temperature profile for both days was close to the
October are presented in Fig. 5. In the mixing dry adiabatic lapse rate. In addition, below the
layer-an altitude ratio of <1.0-the values of M, altitude ratio 0.4 the temperatures for 4 July were
decrease with increasing altitude for both days. For larger than those for 7 July. This is probably because
ratios > 1.0 (note the change of scale) the values the 7 July data was taken in the morning and the
of M, are near zero. 4 July data was collected in the afternoon. The

All of the flights investigated show small values scatter in the 7 July data at the low altitude ratios
of M, at altitude ratios of >1.0. The decrease in is in part a result of the time required to take these
M, with increasing altitude in the mixing layer, data, -3.5 h. In contrast, three measurements made
however, is not always present. The results of at Bruz on 6 July over a 4 min period at an altitude
measurements made at Bruz on 4 and 7 July are ratio of 0.3 show M, ranging from only 15 -18
presented in Fig. 6. There is a decrease in the values IAm

3 cm- 3.
of M, with increasing altitude in the mixing layer
for the 7 July data but not for the 4 July data, which b. Coarse particle mode
appears invariant with altitude. The temperature
profile to an altitude ratio of 0.4 shows 7 July as more Very often, low particle counts were measured in
thermally stable than 4 July at the time of the the size range of the coarse particle mode. These low

D-6



APPENDIX D

OCTOBER 1961 BRUCE W. FITCH AND TED S. CRESS 1125

7.0 I I I 

6.0

5.0 Jul0 Bruz 7 July

X Bruz 4 July4.0

3.0

2.011
1.0 x

_ 0.9

0.8

S0.7I-,.

. 0.7

0.6

0.5

0.4

0.3
x X

0.2

0.1

0 5 10 16 20 26 30 36 40 45 50 56

My (fIm3/cm 3)

FIG. 6. The maximum volume in the accumulation mode M, as a function of alti-
tude ratio for data collected at Bruz on 7 July 1977 (circles) and on 4 July 1977
(crosses).

counts made it difficult to determine values of the The relationship between M,. of the accumulation
model parameters M., a- and F for this mode. mode and V of the coarse particle mode is repre-
Consequently, the coarse particle mode was sented in Fig. 8, which includes all the analyzed data
represented by the integrated volume concentration from the mixing layer. The total volume concentra-
V of particles from particle radius 2.0 to 5.7 jtm. A tion based on a log-normal fit to the accumulation
plot of V versus the altitude ratio for Bruz on 4 and 7 mode can be determined by using the expression
July is shown in Fig. 7. Within the mixing layer, the V = Mo-(21r)" 2 where the average - for the data set
values of V decrease with increasing altitude for both is 0.11. Values of volume concentration greater
days. Above the mixing layer, the increase in the than 3.5 Am

3 cm- 3 represent data from Rodby (25
values of volume concentration with increasing and 26 October) taken in a saturated layer caused
altitude ratio indicate the presence of a second haze by the warm water of the Baltic and strong winds.
layer. The on-board observer confirmed the exist- The connected values in Fig. 8 show the variations
ence of this second haze layer. It is interesting that that can occur over 2-3 h at a given site and alti-
there is no indication of a second haze layer in the tude. The set of data points occurring at M, > 15
accumulation mode data of Fig. 6. When there was ILm

3 cm- 3 and V < 1.0 Am3 cm-a are from two flights
no second haze layer above the mixing layer, the conducted on 4 August at the Meppen site. During
trend of V and M, with altitude was similar. the measurements, the air mass was classified as
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FIG. 7. The volume concentration of particles in the coarse particle mode V as a
function of altitude ratio for data collected at Bruz on 7 July 1977 (circles) and on
4 July 1977 (crosses).

stagnant with ground stations in the area reporting the sites was analyzed in terms of volume-size
haze, and winds < 4 m s - 1. The data in Fig. 8 indi- distributions instead of the standard particle number
cate that values of M, generally increase with values distributions. The data support the following conclu-
of V, except for the 4 August data. The increase, sions for the aerosol characteristics at the measure-
however, is strongly dependent on only two days ment sites:
of data from Rodby. It probably represents the
effect of different air mass types on values of V and I) There are at least two distinct modes com-
M, and not the effect of a correlation between the prising the size distribution. The accumulation mode
two parameters. According to Whitby (1978), the is well defined by a log-normal distribution char-two paamers Accdientsou Whitby (19,tn acterized by or, F and M. Values of M, appear to
two modes have different source and production increase with values of . This is caused by an
mechanisms, so no strong correlation need exist be- increase in particle number with increasing P for P
tween the two modes. less than 0.34 pm, and it is a result of the Pi depend-

4. Discussion and conclusions ence of M,. No clear relationship could be found
between o, and the other model variables. An ap-

Aircraft measurements of particle size distribu- parent relationship between M, and the volume con-
tions were made at several altitudes within and centration of particles in the coarse particle mode
above the mixing layer at sites near Ahlhorn and V is probably the result of the different air mass
Meppen (W. Germany), Rodby (Denmark) and Bruz types present during the study.
(France). The experimental information gathered at 2) The values of M,, measured in the mixing layer
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FIG. 8. The volume concentration of particles in the coarse particle mode V
as a function of maximum volume in the accumulation mode M,. for data collected
within the mixing layer. The connected points show typical variations occurring
over a period of 2-3 h at a particular site and altitude.

appear well correlated with the measured values of tion mode. Its difficult to determine the origin of
the volume scattering coefficient. these layers which may be a specific source, or

3) The existence of an accumulation mode was they may simply be aged aerosols.
confined to the mixing layer for the majority of the 7) The aerosol measurements probably represent
cases studied. During the winter season for condi- a low humidity or dry particle distribution due to
tions of good visibility in a maritime airmass, how- evaporation in the intake plumbing. Its likely that
ever, the particle counts were generally so low in the the shape of the distribution of each mode was pre-
mixing layer that a distinct accumulation mode was served because of the small range in radius spanned
not evident. by each of the two modes. Each of the modes may

4) Within the mixing layer the value of M,. is not have been affected differently, however, due to dif-
always constant with altitude, but may depend on ferences in particle size and possible differences
the stability of the layer and the strength of the in chemical composition.
capping inversion.

5) Size distribution models for a specific air mass The rest of the aerosol data collected in northern
type which change only the total number of particles Europe are being studied at present. With the
may not always be correct. Significant changes in added data set, which is approximately twice as large
F with changing M, for a given air mass were ob- as was used in this investigation, attention will be
served. Work is currently underway to improve the focused on how the characteristics of the accumula-
determination of air mass type and to better under- tion and coarse particle modes change with air mass
stand its influence on the properties of the two modes. type and season. Techniques to better determine

6) The coarse particle mode was not confined to a for the accumulation mode and M., i and 0, for
the mixing layer. It is interesting that haze layers the coarse particle mode are being developed. In
above the mixing layer were found to have a distinct addition, the modeling of these modes at different
coarse particle mode but, generally, no accumula- altitudes in the lower troposphere based on a knowl-
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