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SUMMARY

This thesis is concerned with the properti-es of aerosols

in the stratosphere and troposphere as determined by optical observations

fron the ground.

Natural aerosols from volcaníc eruptions and man-matle aeroso-ts

of industrial orígin affecË the optical transmíssion properties of the

aËmosphere and may effect the chemical properties of the ozolle layer'

Such effects can lead to changes ín l'he global climate.

Interest in the properties of t,he stratospheric aerosol layer

has been heightened in recent years by the affects of the possible

íntroduct,ion of large fleets of supersonic transport (SST) aircraft u'hic.h

r^rere to be operated in the stratosphere.

observaÈions of the stratospheric aerosol layer, begun i-n

Aclelaide ín L969, usíng a ruby lidar system have been continued and the

results examined for both annual variations and long t.erm trends. The

fncrease irr the stratospheric aerosol opËicril thi ckness ltas beerr

interpreted in terms of a globally-averaged redrtction in solar radíati-on

at the surface.

The variation in the stratospheri,c aerosol backscatter has

been compared to varíatíons in a number of neteorologícal Darametel:s'

includíng the tropopause height and pressure, the minímurn stratospheric

tempeïature, straÈospheríc winds, and the heíght of various constant

pressure surfaces in Èhe sÈratosphere.

Scattering from aerosols above 30 km has been detected on

se-veral occasíons and ís of Ëwo forrrs. One is simply the extension. of

the stratospheric layer into the region above 30 krn; the other is j'n the

form of higher layers that are possíbly of extraterrestrial origin.
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Thc conversion of the orÍginal static system into a steerable

lidar for tropospheric observations is descríbed. The need for more

profiles to be sampled at a greater rate requíred Èhe develoPment of an

auËomatic daËa acquisition system whích writes digitised lidar signals

and system informaËion on to magnetic comput.er tape. A fasÈ logarithnic

amplífier was developed to accommodate the large dynamic range of the

lídar signals and a pulse energy monitor was designed to allow the

accurate comparíson of consecutive lidar signals. The photornulÈiplier

was calibraËed experimentally for variations in linearity. Other

experínents showed that the effects of signal índuced photomul-tiplíer

noise are negligible in the present system.

The tropospheric studÍes included the determination of a value

for the aerosol backscatter-to-extínction ratio and t.he testíng of the

validity and accuracy of varÍous methods used ín the analysis of the

tropospheríc data. Some of these met.hods have been exËended to allow

their more general use. Several Ëechniques for the detelmination of the

boundary values of exÈínction coefficíents needed in the analysís methods

are ínvestígated. All these methods have been tested and used on

tropospheríc 1ídar data recorded ín Adelaide and Melbourne. The results

of a comparative study between lidar and in situ measurements of

tempelaËure, relative hunídity, particle number densíty and aerosol

extínction coeffícients are reported.
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CHAPTER 1

A REVIEW OF THE CURRENT KNOI.üLEDGE OF

ATMOSPHERIC AEROSOLS

1.1 Introduction

Interest in aÈmospheric aerosols has increased in recent years

because of the growing concern ÈhaË they may have signíficant. effects on

both local and global climate. For exanple, Cadle and Grams (L975) have

reviewed a ntunber of papers which have developed models to describe the

influence of an increase in the aerosol content of the stratosphere on

the radiative energy exchange in the earth atmosphere system. Effects of

tropospheric aerosols on solar and terrestrial radíation and local climate

have been studied also. Paltridge and Platt (1973) measured the change ín

upward and do¡snrsard flux caused by a strong aerosol layer of continental

origin. Other measurements of the radíatíve effects of tropospheric

aerosol layers have been made by De Luisi el; aL (L976>, and Russell et aL

(L979) have measured Èhe change in the earth atmosphere albe-do induce<l

by an aerosol layer.

As a result of thís concern, there are many groups around the

world obser:vi-ng aerosols and their effects by a varíety of methods. These

include partic-le collecti-on and light scattering measurements which are

performed ín situ by aircraft, balloons, or rockets, and remote sensing

measurements using radiometers, searchlights and lídars (laser radars).

Lidar !1ght detection end ranging) measurements of atmospheric aerosols

is the chief topic of this thesis.

Aerosols have many manífestatíons in the atmosphere. In the

troposphere they are responsible, at least ín part, for red sunsets, the
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whiteness of the horízon sky ín the dÍrection of the sun, the solar

aureole, ciËy haze, smog and fog. By the processes of scattering and

absorption they also límj.t the maximum visual range through the atmosphere.

In the stratosphere they are responsíble for the rtpurple lightrr at

twilight and sometimes visual clouds and sÈriations high in the sky after

sunset, especially af.ter large volcanic erupÈions. These stratospheric

layers are often seen from high altiËude aircraft and have been photographed

from balloons and spacecraft,.

The presence of aerosols ín the stratosphere r¡/as deduced as early

as L927 by Gruner and Kleinert (L927), and later by Gruner (1942), from

observations of twilight effects. LaÈer, more sophisticated thrilight sky

íntensiËy measurements (Bigg, L956; Volz and Goody, 1962), and balloon-

borne ÍmpacËor measuremenÈs by Junge and his co-\^/orkers, (Junge and Manson,

1961; Junge, L96I; Junge et aL 1961) verj-fied the existence of a

stratospheríc aerosol layer. Further in sítu parÈícle counting

observations rüere performed by Mossop (1965), Friend (1966) and Rosen

(L964, 1968). Remote sensing of Èhe layer using searchlights r¿as performed

by Rosenberg (1960), Elterman (1966), and Elterman et aL (L969), while the

first lidar observations ü/ere performed by FÍocco and Grams (L964), Clemesha

et aL (1966), and Grnms and Fiocco (L967).

The sËratospheric aerosol layer ís now knornrn Èo be a world-wide

phenomenon r^¡hich experiences a marked increase in particle number density

r^¡ith the influx of aerosols and gases from volcanic eruptíons. In recenÈ

times, dramatíc increases in particle concentratíons have been measured

after the vi.olent eruptions of Gunúng Agung (1963), Fernandina (1968) and

Volcan de Feugo (L974). The gJ-obal nature of the layer has been

demonstrated by the balloon-borne optical particle counËer measurements of
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Rosen et aL

and Gandrud

(1975) and the sulphate sampling measurement,s of Lazrus

(Le74ù.

In rnrhat follows is reviewed the current knowledge of aerosols

ín the stratosphere and troposphere, Èheir shapes and sizes, composiÈion

and optical scattering properties.

L.2 The Classificati-on of Aerosol Particle Sizes.

The radii of aerosol particles cover several orders of

magnitude and Èhe particles exhibit a wide vaniety of characte.rísËics in

lifetime, falling speed, coagulaÈion and so on. Sizes vary fron clusters

of molecules r¡ith radií of I nm to the largest aerosols wj-th radi.í in

the range I0 Um to 100 Um. The largest particles in thís range are

produced by dust storrns and sea spray and are removed quickly from the

atmosphere by sed:'-mentation" Only rain drops (r Þ I mm), and haíl,

graupel and snow which can be up to 10 cm ín radius, have larger dímensiorrs.

Aerosols are divided into three broad groups accordíng to their

sizes. Aitken partícles have radií less Èhan 0.1 pn. Those with radii

between 0.Ol ym and 0.1 ym have faírly stable sizes and reasonable

coagulation times. They are usually detectecl by e1e-ctron microscope' or

alternatívely, by an Aitken counter which behaves simílarly to a tr{ilson

Cloud Chamber. Smaller parËicles than these experience large Brownían

motions r¡hj-ch lead to their rapid coagulation with larger particles and

collection on the r¡alls of containing vessels. Ailken particles are also

called Condensation Nucleus parl-icles.

Aerosol particles with radii in the range 0.1 ym to 1.0 pm

are callecl "large" particles. These are not affected greatly by either
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Brownian motion or by gravitat.ional settling, and are likely to survive

longest, as individual particles because both diffusive and inertíal

coagulatíve processes for this size range are ineffÍcient. They are also

unlíkely to have been formed directly from the physical grinding together

of 1-arger particles, or from condensation from vapour as this process

usually tends to produce smaller particles. Because their dimensions are of

the order of visible r,¡avelengÈhs, J-arge partícles are efficient scat.terers

of light and are responsible for such optical phenomena as haze.

I'Giantil particles are aerosols with radíi greater than 1 Um.

Their concentration relative to other particles is small. They are large

enough to be vísíble wíth a light microscope. At the smallest end of this

range, falling speeds are of the order of 2 x L}-a m sec-t, and increase

quadratically with radius.

Particles with radii greater than 10 pm are relatí-vely rare

and gravitational seËtling in this range ís high. A 10 pm radíus

particle with a densíÈy of 2 gm cm-3 has a falling speed uncler gravity

of 2 cm sec-t . They are the approximate size of cloud droplets and can

just be seen r.rith the unaided eye.

1.3 Íhe Composj.tion of Aerosols

1.3.1 Tropospheric Aerosols

Aerosols in the troposphere are produced Ín a'¡ariety of \¡tays.

The partíc1es generated over land include wind blov¡n dust, organíc

materíals such as fungal spores, and the occasional salÈ crystal. Natural

fires and índusËry also release particles of soot and ash into the

atmosphere, and some particles form from gases released by in<lustry (Ayers

et aL L979). The aerosols in the giant r:ange, produced over the sea are

predominantly sea-spray particles (Woodcock, 1953).
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The composítion of the tropospheric aerosol i-n term.s of the

relative concentrations of continental and maritime components has been

studied by Delaney et a.L (1973), \,/ho used neutron activation techniques

Ëo analyse airborne samples of aerosols collected on filters between

ground leve1 and 9.1 1@ altj-tude. Samplíng was performed at three sites,

one mid-continental, one desert and one oeeanic.

The aerosols found in the middle and upper troposphere at the

three sites were almost uniform, wíth conËj-nental materíal contributi.ng

90 to 95 percent and marj.ne material 5 Èo 10 percent. They found the

continental profiles to be characterised by a continuous regime ¡¡hich

extended from the surface up to t h, whereas the oceanic profiles

consisted of a marine region below one to t\,ro kilometres, and a region

above this which resembled the hí-gh continental troposphere. Hogan (L976)

has suggested that Èhe aerosol above Êhe inversion at oceanic sites could

be representatíve of the world background tropospheric aerosol.

Junge (1953, 1954), usi-ng mícro-analytical techniques found

that Èhe soluble fraction of the large continental aerosols comprised

-l-mainly NFIa- and S0q- ions; the concentraÈíon raËío índicated (tlH+)zSO+

as the likely compound. The giant size particles had considerably
J

less NH,*' and indicated that oÈher cations were involved. Partícles

collected by Ayers et aL (L979) Ín ambient tropospheric background air

were also aurnonium sulphaË.e.

Reagan et aL (1977) also studied the shape and composition of

continental tropospheric aerosols collected ín an airborne impactor. An

electron micrograph analysi-s revealed that thirty percent of the particles

were sulphuric acid types, five percent r^rere crystal , fif teen percent \^7ere
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porous and unstable under the electron microscoPe beam, and the

remaining fifËy percent \¡rere mosÈly spherical particles which were stable

under the electron microscope beam. The particle sphericiËy was also

examined. Fifty out of the 450 particles examined were elliptical with

a major-to-minor axis ratio greatel than two. The remaining 400 were

very nearly spherical.

L.3.2 Stratospheric Aerosols

1|he earliest, measurements of the composition of stratospheric

particles were by Junge (1961) and Junge and Manson (1961) using a

balloon-borne electron microprobe. The results of these experiments

indicated thaÈ sulphur was the most conüron element and because of the

hygroscopic nature of the particles Junge et aL (1961) assumed that the

sulphur vras most likely ín the form of sulphate. From the occurrence in

the stratosphere of a maximum in the vertícal profile of large particles,

they concluded that the aerosols formed ín si'bu and proposed a mechanism

that Ínvolved the diffusj-on of HzS and S0z from the troposphere and íts

subsequent photochemical oxidatÍon to sulphate.

Electron diffraction analysis of the crystallíne fraction of the

sËratospheric aerosol by Friencl (1966) indicated the presence of

anmonium sulphate and persulphate. These observatíons r¡Iere supported by

Mossop (f963, L964) who used electron mícroscope and electron diffraction

techniques in his analysis of aerosol samples. In addition, he found ash

from the eruption of Mt. Agung, and partícles in the form of aggregates

and spheres.

Cadle (L972), using neutron activation, atomic absorption and

chemical techníques, found 1or,¡ cation to sulphate ratios which implied
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that the sulphaËe was predominantly sulphuríc acid. In some places

no ammonium ions could be found. Rosen (1971) found that the boiling

poínÈ of stratospheric aerosols was Ëhat of a sulphuri-c acid solution

of 75 percent acid by weight and 25 percent r{ater. Bigg (1975) found

both sulphuric acid and amnonium sulphate aerosols collected on his

treated microscope slides. The submicron diameter particles were

predominantly ammonium sulphaÈe near Ëhe troposphere though the ratio

of acid to non-acid clecreased rapídly with part,icle díameter, even at

higher altitudes.

The uncertainty in the eompositíon of the stratospheric aerosol

is further complicated by Ëhe observatíon by Gras (1978) of a change in

the nature of the stratospheric aerosol collectíon at 34o S. During the

period 1970 to February 1977, the aerosol collected by jet impaction

had been predominantly sulphuríc acid. Gras reports that a substantial

incursion of ammonia ínto the stratosphere was sufficient Ëo convert the

sulphuric acid almost completely to one of the ammonium salts, eíther the

persulphate or the sulphate.

The physical. state of the stratospheric aerosols is not knc¡v¡n

with cornplete certainty and it may change with time. Many partícles have

been found to be solid but to have 1íquid associated wittr them on

collection and analysis. Others appear to be entir:ely liquid after

collection. Toon and Pollak (1Ç73) compared the equilibrium vapour

pressures over sulphuric acid solutions with observaÈions of water and

acid vapour pressure in the stratosphere. They concluded that sulphuríc

acid particles were 75 percent by weight acíd solutíons in water, and agree

v¡ith Rosenf s (197f) observations. Ereezíng curves for: sulphuríc acj.d

solutions indicate thaË the particles are either solid or supercoolecl"
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An electron microscope analysis of particles collected on impactors

by Gra.s and Laby (1978) revealed that the partícles r4tere apparently moíst

or seml liquid on impact, whereas Biggrs (L975) acid particles were often

in the frozen st.ate and irregular aggregates were ofËen observed at an

altitude of 20 krn.

The knowledge of the chemical compositíon of aerosols leads

to values of the refractive index of the particles. This parameËer. and

Èhe shape of the partícles are important for theoretj-cal lighÈ scattering

caleulations. The majority of scaËtering calculatíons have been carried out

using Mie theory which assumes Èhat. Ehe particles are sphe::ical.

L"4 Aerosol Size Distributions and Concentrations

1.4.1 Continental and Marítime Aerosols in the Troposphere

In the aËmosphere aerosol part.icles vary wídely in size.

Measurements of the radii of the particles reveal a smooth and contírluous

variation in size, which often can be described by one of several size

distributíon 1aws.

It is conveníenË to describe the distribution in particle sizes

in Ëhe followíng way. If n(r)dr is the number of particies per unit

volume with radíi ín the range r to r*dr, then the cumulaEive

dístríbution whích gives the number of partícles per unit volume r¡íth

radíi greater than r is

rN(r) n (r) dr, 1.1

or alternaËively,

n(r) L.2
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It should be emphasised here Èhat the concept of a particle

ttradius" ís a simplificaËion of the real siËuation, as not all particles

are spherical. Dry salt crystals, ice crystals and snowflakes are

obvious examples of non-spherical part.icles, but the spherical approximation

is adequate in most cases.

As mentioned ín Èhe previous section, parti-cle radii cover several

orders of magnitude, and size distributions are usually plotted on log-1og

graphs as a functíon of r . Now

dr 2.3r 1.3dr 'd1ogr

or 2.3r n(r). L.4dlogr

As a result of observations of aerosols in the lower troposphere,

Junge (e.g. 1963) found a constant particle volume per log radíus interval

for particles with radii in the range 0.1 pm S Í 5 10 Um" This can

be expressed as rt çd tl(r)/d 1og r) = C, or more commonly,

C r-3 1.5

A more general form of this dist,ribution is as follows,

Cr -v 1.6

d NG.)
dlogr

d N(r)

d N(r)
dlogr

d N(r)
dlogr ,

where v is a constant. Expressions such as 1.6 are usually descríbed

as Junge distributions.

Junge (f963) found thaÈ the peak in Èhe dístribution occurred

between 0.01 ¡rrn and 0.1 pm, typically abouË 0.03 pm, and that the

lower lirnit of the particle sízes was variable, usually as a result of
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coagulation of the snaller Aitken particles. Smooth síze distribution

curves, such as thaË shornm in Figure 1.1(a) , aîe usually the end product

of the processes of coagulation of small partÍ-cles and sedímentation of

large parÈi-cles. The effects of coagulation caused by Brovrnian motíon

have been calculated by Junge (1963) and are shovin in Figure 1.1(b).

Discrete sources of aerosols near the sampling locat.ion can cause peaks

in the size dístribuÈion.

Other measurements of aerosol size dístrÍbutions have been

performed usíng both direct sampling methods and indirectly by using

light scattering and solar radiometry measurements.

Twomey (L976), using nucleopore filters, found a distribution

which peaked at 0.01 pm radius and fe1l off steeply for small sizes.

For larger particles, Ëhe dístríbutíon could be approximated by a Junge

distríbution vriÈh a slope, V, of 3 for those parËícles with radii greaËer

than 0.01 ¡-tm, and somewhat less than this value in the region 0.01 pm

to 0.05 Um. Aerosol impactor measurements by de Luisí et aL (1976) gave

a distribution with a V of 2.6 but the authors suggested that some

small particles !/ere noÈ captured.

Reagan et aL (Lg77) made aírborne impactor measurements of

large particles wíth a Rich optical particle counter-impactor combínation,

and compared them with the results deríved from solar radiometer observations.

For the airborne measurements V varied from 2.9 to 3.7 whereas the

columnar solar radíometer measurements gave val.ues of 3.73 t 0.11 and

3.43 ! 0.05, if a Junge-type dístributíon was assumed.

Other optical measurements ürere made by Kirrg et aL (1978), where

ínversion of specËral optical depth measurements gave columnar values for
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v of 3.55, 3.2 and I.73. The l-ow values of the slope were obtaíned

on a day with lorv values of aerosol scattering. Waggoner et aL Q972)

using a multi-wavelength nephelometer, found a value of V = 3.7 for

an urban aerosol, whereas T\oitËy et aL (L976) deduced values of v = 4

from thei-r airborne observati-ons of the solar aureole.

l'Ihereas ground based solar radiometer measureme-nts only give

integrated or columnar values, several ín situ measurements of size

distributÍons have been performed. Junge (1963) noted little ciifference

ín the relative tropospheric profiles of Aitken and large partícles.

Similarly, Twitty et aL (1976) discovered little variation in the aerosol

size dístributions up to a height of 3 km, and Reagan et aL (L977) found

llttle change throughout Èhe rnixing layer. Figure 1.2 shov¡s síze

distributions from the last work, plotted for several heights. This

observation \¡/as supporËed by the high correlaÈion (x = O.92) obËained

between the lidar exÈinction profiles and the large parLicle concentratior-r

profiles which indicaÈed very little change ín the shape of the particle

síze distributíon and refractive índex \^ríth height,

In contrasÈ to the last observation, there have been some

r¡orkers that have found a variation in size distribution r^rith height.

Bridgman (I979) used an active scattering airborne spectrometer (ASAS)

and a classical scattering spectrometer pulse (CSSP¡ mounted on an aj-rcraft

to measure Èhe dífferences Ín extínction over urban and rural areas. Some

of his results are presenÈed in Figure 1.3 and shorv dífferences in aerosol

size distríbutions in the air below an inversion and in the cleaner air

above, especially on a moderately polluted day (April 13th, 1976) r¡hen

there rvere relatívely more small partíc1.es below the ínversion. He noted

also that the difference in síze distribution between rural and urban
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sítes hras less than the day-to-day varíaËion aL any one site.

Blifford and Ringer (1969) flew an airborne ímpacÈor from 1.5 lcn

to 9.1 lm altitude and noted Èhat the size disËribution slope v for

Ëhe gíant particles ( r > 1 Um ) increased with heíght from a value

of 2 low in the atmosphere to 3 at about t h, indicating a reduction

in the relative numbers of large particles wíth increasing height.

Simultaneously, for large particles, (0.2 Um to 1.0 pur), v decreased

steadÍly r^rith height together with a compression of Èhe size dístríbution

as a result of the reduction in the fracËíon of smallest and largest

particles by coagulatíon and sedimentaËion. These results, Èherefore

are slightly at variance wíth Jungers (1963) conclusions.

As Ís shor,rn ín Table 1.1, compiled by Landsberg (1938), thêre is

a wide variation in the concentration of Aítken particles. The differe-nce

between continental and ocean sites ís notable as i-s the decrease in

concenËration wj_th altitude. Rosen and Hofmann (1977) measured

condensation nucleí concenErati-ons and found a concenÈration i-n the

troposphere ranging from 200 to 2000 cm-3 wj-th a definite maximum just

below the tropopause. Their comparison of several measurements ''by others of

condensatíon nrrclei or AiËken particles ís shown in Figure 1.4. They

pointed out that the good agreement between those Ëropospheric measurements

distributed widely in ti-me shows Ëhat the CN concenÈration remaíns

approximately constant for non-polluted aír ín the height range from a

few kílometres altítude to the tropoPause.

The concentration profiles of aerosol particles are often

affected sígnificantllz þy temperaËure inversions. The trapping of aerosols

beneath an inversion has been noted by many r¡rorkers, including Brídgrnan (1979)

and Reagart et aL (I977) " A typical large parÈicle concentration profíle
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TABLD 1.1

Number of Aitken Partícles er cmt in Different Localítíes
(after Landsberþ (1938))

Locality Number of
Places Observations

Average Average
Max l{in

CiÈy

Town

CounÈry
(Ínland)

Country
(seashore)

Mountain

500-1000 n.

1000-2000 m.

> 2000 m.

Islands

Ocean

2B

15

25

2T

16

25

2500

4700

3500

7700

870

1000

190

480

600

14 7, 0oo

34, 300

9,500

9,500

6,000

2,130

950

9,20O

940

379,000

114,000

49, 100

5,900

66,500 1,050

33,400 1,560

13 36,000

9, 830

5, 300

43, 600

4,680

1,390

450

160

460

840

7

2L

measured usíng an airborne optical particle counter obtained from the

latter work is presented in Figure 1.5.

Based on measurements by hloodcock (1953), Junge (1963) has

proposed the following size distributíon for aerosols of urarítime origin

(r) = f'*o (- o'eer¡dN
dt

where K = 2.02. When considered with Table 1.1 Ëhere are apparently

1 7
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relatívely few smal1 particles in mariÈime aerosols. trIoodcock noted

that giant particles (r > 1 Um) are predorninantly sea salt and have

a well defined and uniform size di-sÈribution whlch is a function of wind

strength.

Aerosol síze disËrÍbutíons are affected signi-ficantly by

changes in relative huuridiÈy. Hänel (1970) and Fitzgerald (1975) have

both developed rnodels that relaÈe the size of atmospheric aerosol

particles to the relative humidi-cy and chemical composÍtion. Titzgerald

has derived a formula for the dependence on relative humidity of a

chemícally homogeneous aerosol distributed according to the Junge Law

as

dN(r)
dlogr *v/ß r-v lg 1.8

where c and v are consÈants and cr and ß are both functions of

relative hunidity and chemical composition.

Nílsson (1979) calculated the effect of relative hurnidiÈy on

aerosol síze distributions and aerosol extinction using Mie theory and

an aerosol model that started with dry particles and included a growth

factor that was derived according Ëo the relationship berween the

relative hurnidity and the equílibrium radius of an aqueous solution

droplet. He found that changes in aerosol extinction \¡rere caused

predomÍnantly by the change in síze and not by Èhe change in refractive

index.

Hänel (I976) has calculated Lhe change in size disÈríbuÈions

with an increase in relative humídity for various aerosol types. Those

for maritime, urban.and clean mountain aír are shornm in Figure 1.6.

c
B-

,
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L.4.2 Stratospheric Aerosols

Stratospheric observations by Junge (1961) of Aitken

particles revealed a steady decrease in concentration wíth height

above the tropopause, falling Èoavalue of 10 cm-3 at 15 kn and

1 cm-3 aÈ 20 km; above this heighÈ the concentration remained

approxímately constant.

In the large particle range Junge et aL (1961), using an

impacÈor, found a maximum concentration of 0.1 cm-3 at 20 kmi thís

layer is now often called the ttJunge layert'. The size distríbuËíon

could be described by a povrer law (e.g. Equation 1.6) with exponenE

\=2 for partícles wíth radií beÈween 0.1 ¡lm and 1.0 pn, a¡rd v=4

for larger particles.

Vertical profiles of aerosol partícle concentraËions using an

in situ optical particle counter have been obtaíned by Rosen and his

colleagues in a world-wide observational program (e.g. Hofmann et aL

1975; Rosen et a.L,1975;Pinnick et aL, L976). Figure L.7(a) shows the

variation in the sunmer profiles of aerosol mixing ratio measured at

Laramie by these workers.

Various size dístribution funetions have been used to describe

the observatíons analyÊica1ly. Not all are in the form of a power law

because this only applies over a very limiËed size range; obviously

it cannot be extrapolated índefinitely ín the direction of decreasing

radii wíthout. giving an impossible result. From several years of

observations of the straEospherÍc aerosol over Australía, Bigg (L976>

found that the size dístributíon could best be described by the

expressíon,
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n(r) to .*p( - ¡.Y' ) 1.9

Here n(r) is the number of particles wiÈh radius r and *, a, b

and Y are constants. Toon and Pollak (L976) summarised recent

ernpirical size distributions determined from impaction measurements

and found that for radii between 0.05 Um and 1.0 ¡.tm, most would be

described adequately by the zero-order logariÈhnic size distribution

dN (r)
dr A exp l - l"'r rG*'^> l 1.10

with r_ = 0.035 prn and a = 2.
m

Harris and Rosen (L976) have also reviewed the observed size

distributions and their analytic functions used ín modelling them. They

divided the observational daËa into two main groups : impactor collection

measurements and photoelectric particle counter measurements. They staÈe

ÈhaÈ collection experiments with volatile aerosols should be treaÈed

wj-th caution as they are not r:eliable and lead to discrepancies. The

suumary of measured stratospherí-c aerosol size distributions is presented

in Figure 1.8(a) and the analytic representation of the distributions ín

Figure 1.8(b).

Some attempts have been made to determine the variation in

heighË of stratospheric aerosol size distributions. Pinníck et aL (L976)

measured the variation with height of the ratj-o of the number of

particles with radii greater than 0.3 pm to the nuníber havíng radii

greater than 0.5 Um and found that the ratio decreased from 5 at 12 km

to 4 at 23 km. The cause of this decrease r,ras not obvious;
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sedimentaËion would suggesÈ the opposite. It could have been caused

by a variatíon r"/ith altitude of the aerosol production processes'

chemícal reactions, cQndensatíon and coagulation. The data for the

Laramie síÈe also showed an abrupÈ increase in the number of sma1l

particles between 23 kn and 25 kn, whereas the raËio of the number of

particles wíth radii greater than 0.25 ¡rrn and 0.28 pm remained

constant for all heights studied.

Gras and [ichael (L979), using a photoelectric aerosol

detectj-on system, found Èhat their observaÈions could be described by

a por¡/er law, wiËh a height dependent exponenË. For the height region

4 kn to 10 km and particles vriÈh radii in the range 0.16 Um to 1.0 Un

the exponent V = 3.3 ! 0.2 . For heights beÈr,treen 10 km and 16 krn they

noticed a s1íght decrease in the exponent for radii less than about

0.3 pm, and that V = 3.1 t 0.36 for the combined daÈa. Betwe-en 16 lcm

and. 22 km Ëhere Í/as a noticeable decrease in the exPonent for radií less

Ëhan 0.3 pm; for larger radií, V = 5.6 ! 0.66. A similar behaviour

was no¡íced in the region 22 km to 28 krn but the exponent incre-ased

to 8.5 ! 2.9. These auEhors claim that their results agree with otl'rer

recent measurements but differ from the early impacËion measurements

which, they suggest, may be in error.

Farlor¡ et aL (L979) used impaction on fine, carbon-coated

palladiurn wire to study the variation in concentration and size

distribution with height and latitude. In general their measured size

disÈríbutions (nigure f.9(a)) indicaËed larger,conientrations, partícularly

of smaller particles ( r 
-< 

0.2 pn ) at higher altitudes in the Èr:opics,

and fewer particles at lower altitudes in the polar zone. Theír
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measurements of total parÈicle concentration, Figure 1.9(b), show

thaË the maximum concentratíons of particles occur at high altítudes

ín the Ëropics, while a subsidíary maximum occurs at lower levels in

the polar regions.

They found that the small particle componenÈ was increased

sígnificantly in the tropical zones at 18 krn, wÍth fewer small

partj.cles above thís 1evel and virtually none of any size below 15 kn

because of the removal by large cumulo-nimbus clouds. The large

particle component however, varied little between the tropÍcs and

the ArcÈic.

They interpreÈed their results in Ëerms of a stratospheric

aerosol production model in which the particles form in situ from

gases and grow by additional gas reactions and condensation and

coagulatÍve processes. The ar¡thors concluded that the tropical zone

is a region of aerosol injection and growth r¿ith the mature aerosol

component being well distributed frour hígher altiÈudes in Ëhe tropics

to lower altitudes in the Arctic.

1.5 Op tj.cal Scattering by Air Molecules and Aerosols.

1.5.1 Rayleígh S catteríng.

Particles which have dimensions very much less than the

wavelength of íncident radiation scatter the radiation in a sÍmilar

fashion to air molecules. This form of scattering is called Rayleigh

scattering ancl is di-scussed in detaíl by Van de Hulst (1957). However,

when the dimensions are comparable to the wavelength, the scattering

is descríbed by the much nìore complex Mie scattering theory discussed

in Èhe next section. The follorn¡ing bri-ef summary of Rayleigh scattering

follovrs T\uomeyrs (I977) treatnent.
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The far field solution for an oscíllating dipole of moment

íwtp e^"- at a poínt P in the direction r ls given by electromagneÈic

in.ot, ."

^^
lr x p.

2
I^7

;rR

2
I¡I

;T

E=

H

rexpIiw(t-R/c)] x(pxr) 1.11(a)

expIiw(t-R/c) 1. r_1(b)

Here the symbols c, w and R are the velocity of light, the frequency

of oscillation and the distance of P from the dipole siÈuated aË a

^^point 0; : and t
respectively.

e

are the LrniË vectors in the directions r and p

In Rayleigh theory, an incident plane electromagnetic wave

with an electric vecËor Eo .i*È will induce a dipole moment in a

particle or scatteri.ng molecule of polarisability cr at 0, which is in

the same direction as the electric field vector, has the same phase

and is proportional to the magnitude of Èhe vector. Therefore

: = o lo .ttt . L.r2

The scattered wave at P in Figure 1.10, is resolved Ínto

È\^¡o components, one parallel Èo the plane conÈaining the propagation

vector of the incident r¡ave and the vector r and havíng unit vector

^ê o , and one perpendicular to this plane with unit vector e-- . For
-Xr 

' 
^ ^ 

*f

an arbitrary incident vecÈor, (uo, J, * Eo.R, ;[)uitt , the field
-^

component at P generated by the dipole Eo, ", ís obtained using

Equation 1.11 as

rEor3' (n> * expliw(t-n/c)l 1" 13
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Sirnilarly the dipole Eo.[ ..q, gives the component

2
t7

"T 
exp [i w (t-R/c) ] EoU cos 0 ( er t

2r
(R) x ) 1.14

1.16

The angular distribution of scattered intensities can be

derÍved from the PoyntÍng vectors of the scattered wave and are

shown ín Figure 1.11. For unpolarised líght the intensity is

I
4

IiI d2 ( r + cos'o ) ro 1.15

where the ( 1 + cos'O ) factor arises from the addition of the

contríbutíon of a factor of unity from the r- dipole and of cos2 0

f rorn Èhe 9"- dipole.

For a spherical, isotropic scat.terer of radi-us r and

dielectric constant K Ëhe polarisability can be writÈen as

[ (K-1) I ß+Z) ] 13. By inËroducing the refracÈive índex m through

Èhe LorenËz relat.ion, the íntensity can be r^rritten as

dn'

I ;'-T'
(1 + cos2 0)l46T¡I E

o

The fractíon of the radiatíon scattered Ínto the unít solid

angle ç¿ in Ëhe direction 0 can be expressed in terms of a normalised

phase function P(0)/41. For Rayleígh scatteríng

p G) /4n = (1 + cos2 O) / 5 (r + cos2 0) df¿

: (3lt1r) (1 + cos2 0). I.L7

Some ímportant points can be noted from Equation 1.16. The

scattered intensíEy and energ, t"tolr"U from an incident beam by
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scatteríng is proportional to the fourth por¡rer of the frequency

(i.e. À-o ) and the sixth porÂrer of the radius (or the square of the

volume for a spherical particle). The absorptíon however, is

proportional Èo the cube of the radius (i'e the volume), so as the

radius decreases absorption dominates over scatÈering. In other

words, the single scattering albedo of the particle decreases with

decreasing size.

L.5.2 Míe ScatÈering by Single Partícles

For partÍ-cles which have dimensions comparable to the ¡^rave-

length of lighË, as a three-dimensional charge dístribution is set up

wíthin the particle and the scattering process is much more complex,

the scattered radiatíon can no longer be consiclered as being emitted by

an induced dipole. The solutÍon of the problem of the scattering of

radiation from spherical partícles of any gíven radius and refractive

index was obtained by Mie (1908). The summary of the results given

below is similar to thaË gíven by Cadle and Grams (L975).

For homogeneous spherical particles the amplitude of the

scattered r^rave can be resolved inÈo rl^to components, E,. and EL,

whÍch are respectívely perpendicular and parallel to the plane containing

Èhe íncident and scattered vraves and the particle. The amplitude

components are relat.ed to the íncídent. components, Eo, and Eol, ,

by the two amplítude functíons, Sl(0) and Sz(0) , which are

functíons of the scattering angle 0 between the propagation vectors

of the incídent and scattered waves. The respective equatÍ-ons are,

E

and

r s r (o) Eor (e-ikn, /Ìrcn, 1" 1B
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-{kR - 1.19E.c = sz(o) uou (t-ik*)/,u*,

where k = 2rl\, À being the wavelength of Che íncident radiation,

and R is the dístance frour the particle.

The scattered inËensities, Ir and fL, for Èhe

perpendicular and parallel polarisaLions can be obtaíned by squaring

the moduli in Equations 1.18 and 1.19, giving

2

I r

L

I sr{o) I T lk2FÍor'

I sz(e) I
I tÉÑI

o9,,

2n*,Isr(0)
æs

n=I n(n+1) nn

2

L.20

L.2L

For the specíal case where the size of the particle is

fnsignificant when compared with the íncident wavelength, Èhe particle

may be considered as a dipole and the following equations are obtaíned

Ir=k4úTot/*,L.22

Tp,= ÉdtroL/*.cos'O, r.23

nhere Ct is the polarisabÍlíty of the palticle. This is the case of

Rayleigh scattering and these equations can be compared with Equation

1.15 .

In Miers soluti-on Èhe amplítude functions Sr(0) and Sz(0)

are described in terms of infiniÈe series as follows:-

{a fi (cosO) + b T (coso) j t.z+nn

cg2n*1(,sz(o) = ,,ìr ;?#i; { "., .r,(coso) + b ÎTftn (cos0) j t.zs
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where

and

(cos0)ITn
dPn

(cos0) /d cos0

cos0. Tt
n

(cos0)

sin2 0 dnn
(cos0) /dcos0

Vrr(x) Vrr'(nx) - t Vn(mx) tfrr'(x)

Err(x) rÞrr'(mx) - * ürr(tox) 6.,,,'(x)

. v., (*) vrr' (mx) ûr, (rnx) úrr' (x)

r.26

L.27

L.28

t.29

and P- (cosO) is a Legendre polynomial of degree n' and the
n

coefficienÈs a_ and b, are defined by the boundary condiÈions atnn
Èhe surface of the spheres.

The coeffícients "r, and b' are known as the Mie

scatÈeríng functions, and they can be writÈen as

r (cosO)
n

an(m' x)

b (r, *) r 6rr(ro) ürr'(m4) - úrr(nx) 6rr'(x)

where ú and f are the RicaËtí-Bessel functions and Ü | andtn -n 'n

Et (n) are their derivatives wit.h respecË to the arguments'

m = n^ - n. í is the complex refractíve index of the Partícle ofKe am

radíus r , and x is the Mie size ParameËer 2ttt/),. The irnaginary

parË of the refractive index is an absorption parameter.

These Míe scattering functions can be interpreted in Èerms

of some useful íntegrated properties of aerosols. These are the

extinct.ion, scattering and absorptJ-on efficiency factors, the síngle

scattering albedo and the asyrunetry factor. These factors are defíned

ín the follorving way (Ttromey, L977). The elìerÉly removed from the

n
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incldent beam havi-ng energy f lux densl-ty Io is nr'Q=Io ; here

QE is the extínctlon efficiency and ntz Qe Ís the exEinction cross

section of the particle. Simílar definitions involving the scattering

efficienÈy Q", and the absorption efficiency Qo, can be written

to descrÍbe the energy which reaPPears as scaËËered energy and the

energy lost by absorption. the single scaÈtering albedo ão , Ís

the fracÈion of the energy removed from the incident wave that aPpears

as scattered radiatíon, whereas Ëhe asynunetry factor g is the

average or statistically expected value of the cosine of the

scattering angle. llhen these are writÈen in terms of Mie scattering

functíons \^Ie have

1. 30

2

(2n+1) { |
a + lurr l 1.31

Q"-Q" L.32

% /a" 1.33

and

Q"

*

@

oo
2o
-2 ¿r<x n=r

QE

Q,

o.A

õ
o

þ ,rìr(2o + 1) Re(an + bn),

2

]n

@
4 {

***t("rrtn*l * br,bt+l)2x
g

1
5.

ll=

+ 1.34

These quantities are ploËted in Figure 1.12 as a funðtion of radius

for different values of absorption.

In lidar work, only the light scatÈered in the backr¿ard

direction ( 0=n ) ís detected, and a backscatËering efficiency Q"

has been defined. Figure 1.13, from Collis and Russell (L976), shows

the backscatËering efficienc.y plotÈecl as a function of the l"lie síze

Re(a b ) ].nn
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parameter x for different values of the complex refractive index.

The most notÍceable feature of both Figures 1.12 and 1.13

is the highly oscillatory nature of the quantities plotted. The

high frequency component of the oscillations is explaÍned as Èhe

result of tresonances | ín the surface ü/aves that travel along the

interface between the sphere and the surrounding meditrm.

Another obvious feature is the different large parÈícle

1ímits for the scattering efficiency in the case of large and sma1l

values of the imagínary par:È of the refractive index or absorpËion.

In the 1ow absorption case half the scattered efficiency arises from

the light which is intercepted by the geometrical cross section of the

particle and subsequently refracted or reflected, and ha1f from the

light dj-ffracËed around the circumference of Èhe sphere. Therefore

the scattering cross section ís twíce the geometrical cross section

and Q"=2 . As Ëhe absorption íncreases a decreasing amount of light

is refracted by the particle and the major contribution to scattering

aríses from the light díffracted around the edge of the particle, and

Q" approaches 1.0 in the large particle linit.

The asymmetry factor plotted in Fígure 1.12(e) shows that as

Ëhe radius of the particle increases from 0.I to 1.0 yrn, in general an

increasing amount of radíation ís scattered in Èhe fonrard direction.

The development of this forward pêak is illustrated ilearly ín Figure

1.14 for Íncreasing values of the síze parameter. It is due ín part to

the diffractíon of light around the outside of the sphere. l'or the

Rayleigh case where 2nr << À, or x << 1.0, the scattering is

symmetrical in the forward and backward directions, but as the size

parameter increases so does the forward scattering contribution" For
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values of size parameËer great.er Èhan about 0.1 Rayleigh scattering

fails to gíve an accurate description of the scattering (Twomey, L977).

trùhen the sLze patameter exceeds uníty the scatt,ering diagram develops

oscillaÈions. The effect of increasíng absorpËíon is initíally to

reduce the amount of scatteríng into Ëhe baclfi^rard hemisphere; the

forward peak is relatively unaffected as it oríginates mainly from

líght which has not acËually passed Èhrough the part,ic.le. For very

large values of absorption though, we have the case of reflection and

the backscattered radiatíon j-ncreases agaín.

1.5.3 l"lie Scattering by Aerosols and its l,rlavelength

Dependence.

Aerosols in the atmosphere are composed of partícles thaË have

a smooth síze distríbution coveríng a large range of sÍzes. The main

effect of this polydisperse nature of aerosols is the smoothing out of

the high frequency oscillations in Ehe scattering and extinction

efficiencies defined in the previous section, although the low frequency

oscí.llations remaÍn.

The parameters r¿hich describe the síze distríbution are

imporËant in determining the wavelength dependence of the scattering

and extinction of radiation incident on the aerosol. Ìfie theory predicts

that the extinction ß of the incident radíatíon is described by the

equation

ß-À-Q, 1.34

where q = 4 in the small particle limit and q = 0 Ín the large

particle limit. So for atmospheric aerosols q must lie in thís

range.
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If a Junge size dístríbution is assumed,

t_. e. dN(r)
dlogr Cr -V

then it can be shown (e.g" Bullrich, L964) that,

ß oÀ -v+2 1. 3s

So q v-2 1" 36

relates the wavelength dependence of the extinction to the slope of

the aerosoL size distribution on a log-1og ploÈ. As mentioned in

SecËion 1.4, Junge (1963) found that v = 3 described the average

continental aerosol best, and this irnplies. that, on average,
-l

ß * À . Ilowever, measuremenËs have produced a wide range of values

of q l,troodman (1974) has revíewed observaÈíons by several workers
-r.rt o.o

and decided thaË ßo * À where the subscripÈ refers to

extínction by aerosols.

The wavelength dependence of extinction has often been

analysed by studying the spectral dependence of Èhe extinction of solar

radiation, although this method integrates over a column of atmosphere.

Direct measurements have been performed using multi-wavelength

integraÈing nephelometers and specËroradiometers. Ahlquist and

Charlson (L969) observed aerosols at ground 1eve1 with a nephelometer

and noted that when the aerosol extinctíon dominated.the molecular

exËinction then L.2 < q < 2.5. Their results, which compare the

aerosol extincËion with the À-o dependence of the Rayleigh extínction

from air and Freon 12, are shornm in Figure 1.15. Spectroradiometer

measurements in Stockholn of the wavelengÈh dependence of the total

Seattering from aerosol laden air by Steinvall and Åg'ren (Lg75) prod.uced
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Ë,lre result thaÈ 0.75 < q < 1.5. They also noted that high values of

q were associated wíth lor'r values of extincti-on, Írnplying an

increasing contribution by mofecular scattering.

As menÈioned in Section 1.4.1, it ís possible to determine

aerosol size dist.ribution from the wavel-ength dependence of extíncËion.

This can be done in two \{ays. The flrst assumes a model size

dístribution, commonly a Junge pol^rer law distribuÈion, wíth the

exponent v calculated from q using Equation 1.36. The slope of

the graph of extinction against r,¡avelength g , can be determíned by

a best fiÈ using solar spectral attenuatíon measurements (e.g. Shaw et

aL, L973; Reagan et aL, L977). RusseIL et q,L (L979) use a rnodified

ganma dístribution with a value of q between 0.4 and 1.5 rather

than a Junge distribution.

An alternatíve method ís to use línear numerical inversion

techniques to derive the size distribution, (Yanamoto and Tanaka, L969;

Kjtr.g et aL, 1978). The advantage of this meËhod is that it assumes

neíÈher an analytic dependence of the extinction on the wavelength nor

an analyËical expressj-on for the size distribution. King et aL notíced

that large values of aerosol extinction were associated with larger

values of q , values of approximately L.2 beÍng typical, and that

the size distributions were of the Junge type. The smallest values of

g, around - 0.2, t^Iere associated with the lowest values of aerosol

ex¡inction and r^rith relative.ly monodisperse aerosols described by log-

normal or gailma distributions. Intermediate values of q (around 0.5)

and intermediate values of aerosol extinction were assocíated with

aerosol dístributions r+hich were a combínation of Èhe first two Èypes.

Covert et aL (L972) have studied the relationshíp of the

chemical composition and relative humidity of aerosols to their light
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scattering propertíes. They list the order of imporÈance of various

aerosol parameters to scaÈtering as the aerosol mass concentraÈion,

Èhe particle síze dist,ribution, the chemical and physical composition

(and hence refractive index), the shape, and the relative humidíty of

the surrounding aír. For relative humidities in excess of sixty percent,

hygroscopic and deliquescenË gro\^rth lead to changes in the shape,

refractíve index, size disÈributíonrand nass concentraÈÍon. As the

change is a second order effecÈ, the change- in the physical strucÈure

of deliquescent aerosols from crystals to solution droplets would noË

be expected to influence the light scaËteríng properties of the aerosol

as much as the simultaneous change in size.

Sinilarly, iÈ has been shown (e.g. Horvaßh and Gharlson, L969,

Hanel, L97L; Nilsson et aL, L979) that in terms of the light scattering

efficienc.y of aerosols, changes in the real refractive index rvith

relative humídity within typical atmospheric liurits (i.e. 1.33 < n <

L.62 for 1002 > R.l{. > O7") are of secondary importance when compared

to changes in particle size.

As the relatíve hurnidity approaches saturaËion, the }fie

scatterÍng by the aerosol- particles approaches the large particle lirnit

where the scatteríng tends to become independent of wavelengih, as can

be seen in the case of fogs. This decreasing wavelength dependence

r,rith increasing relative humidity was detecÈed by Steinvall and Ågren

(1975) who measured the rvavelength dependence of extíu.ction with a

transmis someter.

The above discussion has shor^/n thaÈ the wavelengÈh dependence

of scattering depends on many different factors. I,lhile the effecË of

some factors can be precísely descríbed others are extremely complicaÈed
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and usually prevent the accurate prediction or estimation of this

dependence. Among the laËter Ís the effect of relative humidíty on

the size of aerosols where different results are obtained for

increasing and decreasing humidity. At besÈ it seems that an inverse

dependence of scattering on wavelength is a f.aít approximation in many

cas es .

1.5.4 The Aerosol Scatte Phase Function and

Backs catËer-to-Extinction Ratio.

The aerosol scattering phase functÍon describes the angular

distribution of the intensity of radiation scattered by aerosols.

According to Deirmendjian (1963), the normalised phase function Þ

at any angle 0 for a given spherical particle with refractive index

m and size parameter x , is defined

2

F(m, x, o) 2( ls ' 
(r. x 0) + lsz(m. x. 0) I ) L.37

2

,
* Q= (m, x)

vrhere Ëhe symbols are the same as in Section I.5.2.

For monostatic lidars only the backscattered radiatíon is of

interest. Using the facÈ that Sr(r) = Sz(rl) for homogenequs spheres,

the follov¡ing result is obtained for backscatter:

2

4 S m x 1TP(m, x, n) 1. 38
x2 q, (rn, x)

For an aerosol contaÍning a wide range of partícle si-zes the

resulting phase function must be determined by averagíng over the size

distribution. As described in Appendix I, the volume backscaÈter

function B(T) is related to the volume scatter function S by the

aerosol phase functÍon for backscatter p(n), by Èhe equation
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P (T)
4r 1. 39

Now íf absorpt,ion is considered negligible, which is usually

the case in the troposphere where the laser output is Èuned. away from

absorption bands, the scattering eoefficienÈ is equal t.o the extinction

coefficienÈ and the normalísed phase functÍon for backscatter (p(r)/an)

is numerically equal to the backscatÈer-t.o-extinction raËio.

Ttre phase function has been measured for tropospheríc aerosols

by several workers (e.g. Barteneva, 1960), buÈ the only measurement

of this quantíÈy ín the stratosphere to date has been by Gibson (1976),

who flew a large, balloon-borne, polar nephelometer into the stratosphere

to an altítude of 26.5 l<rn and measured the scattering by aerosols at

several angles as a function of heíght.

Nunerous calculations of phase functÍons have been performed

using Mie theory and a wide range of size disÊributions, refractive

indices and compositions (e.g. Deirmendjían, 1964; McCormick et aL,

1968; Harrison et aL, L972). As an example, Figure 1.16 shows

Deírmendjiants phase functions for haze (b), and cloud (c), for the

model síze distributions given ín (a).

lfost calculatÍons of phase functions for model size

distributions assume that the particles are spherÍcal. However, non-

spherical- partícles are often fòund in the atmosphere and-Èhese do not

conduct the surface r^raves that produce Ëhe resonances seen in Figure 1.13.

As a result, significant differences can occur between the actual phase

functions and those calculated assuming spherical particles. Cfrffet

e.t aL (7976) have considered the effect of non-spherical particles by

excluding the resonances in their Mie calculations and found reasonable

B(T)
ß
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agreement with experimenÈal measuremenÈs of the angular scattering

of aerosols, couposed of various non-spherical solids.

Rosen (1969) has summarised the values of the phase function

and backscaÈter-to-extinction ratio used in the early scraEospheric

optical probíng experiments. The latter quantity has not been

measured in the straËosphere but the phase functíon has been measured

aÈ other angles by Gibson (L976). As a result, model values are stíl1

used in the analysis of lidar backscatter sígnals from the stratosphere.

Recent models r"¡ith an experinìental basis have been examined by Pinníck

et aL (L976) and RusseIL et aL (1977), and Swissler and Harris (1976),

using several models of the stratospheric aerosol, have calculated

the spectral dependence of the extinction-to-backscatter ratio.

MosÈ realistic model values <¡f the stratospheric aerosol

backscatter-Ëo-extinction ratio lie in the range 0.0132 to 0.0199.

The first value is obtained for a model comprisÍng homogeneousr non-

absorbÍ-ng spheres of 75% soluËíon by weight of sulphuric acid, with

refractive index I.42 and dístributed in size according Èo the

Deirmendjian (1969) Haze H size distribution. This value has been used

by Russell and his coworkers at the Stanford Research Institute. The

second value corresponds Ëo an aerosol of spherical, non-absorbing

parÈicles with a real refractive index of 1.33 and distributed

according to the Deirmendjian (1964;L965) Haze M size dístribution shown

in Figure 1.16(b). Thís value was used by many of the earlier

stratospheric groups and has contínued to be used by the Adelaíde lidar

group for reasons of consistency in the analysis of stratospheri-c

records extending back to early 1969.

' Val.uesof the aerosol backscatter-to-extincÈion ratio for

tropospheríc aerosols have been deríved using both experimental and
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theoreÈical means. Among the experimenËal values are those of

I^laggoner et aL (L972) who obtained a value of (0.15 t O.02)/4r

from comparisons of lidar and nephelometer signals from an urban

aerosol. Hamilton (1969), using an el-evation scanníng technique with

a calibrated lidar on days of atmospheric horizontal homogeneity,

obtained values of O.33/4n and 0.5/4'tr, Fernald et aL (L972), who

calíbrated their lídar agaÍnst clear sky returns and used a solar

radiomeÈer and a straÈospheric aerosol model to calculate the aerosol

optical thíckness of the aÈmosphere above the maximum range of the

lídar, measurea fo(n) values of 0.87 t 0.09 and 0.99 t 0.30.

McCorrnick et aL (1968), rrsíng Junge po\À/er lar+ aerosol , model

distributions with a wide range of exponents and radius lj-rnits, found

values of fo(n) lyíng between 0.386 and 0.602, while Harrison et aL

(L972) used power law aerosols of varying refractive índex throughout

the particle ("onion aerosolst') and obtaíned an even wider range of

values. ift" most comprehensive study seems Ëo be by QuenzeL et aL (1975)

who used 2I haze distríbution models with refractive indices ranging

from 1.33 - 0i to 1.70 - 0i and calculated the backscaËter-to-

extinction raEio fox haze to be in the range 0.013 to 0.036 wíth a

mean value- of 0.022, which correspond to values of fo(r) of 0.163

to 0.452 with a mean of 0.276.

1.6 A Brief Review of Lidar Observations of Atmospheric Aerosols

The earliest active optical probing studíes of the uppel:

aËmosphere used searchlight beams and a bistatic geometry. t_". this

arrangement the receiver is situated several kilometres horizontally

from the transmitter and the angle between thq beams ís altered to

allow measurements of scattering from a large range of heights.
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l^lith the inventíon of the ruby laser a ner^/ transmitter rÀras

avaílable which provided the advantages of monochromaticity, low

dívergence, íncreased discrimination between scattering from aerosols

and air molecules because of its longer wavelength, and the ability

to be operated ín a pulsed mode as in the case of a normal radar and

some of the searchlight experiments (Friedland et aL 1956). Thís last

feature permits the use of a monostatic configurat:ion ín r¡hich the

transmitter and receíver are mounted adjacently gj,ving the added

advantages of simplicity of optical alignrnent and of a single-síte

operation. The earliest lidar observatíons of the atmosphere r^/ere made

by Fiocco and Grams (1964), and these \^rere soon followed by many others

(e.g. Collís and Lígda, L966; Clemestra et aL, 1966; Baín and Sandford,

L966; Grams and Fiocco, L967). These observatíons followed soon after

the volcanic eruption of Mt. Agung ln Bali in 1963, and showed enhanced

aerosol scattering in the lower straEosphere, the principal region of

interest at the time.

Observations of the stratospheric aerosol layer contínued in

the following períod of relatively ínsignificant volcanic activity, when

the scattering from aerosols declined substantially, (Young and Elford,

1979). Duríng thís period much attention was paid to the relatíon

between lidar-derived aerosol backscatrer values and aerosol particle

number densit.ies measured by balloon, (Northam . et aL, L974) ar.d

aircraft, (Russell et aL, L976), and the accuracy of the normalisation

of lidar backscatter profiles to clear air values (RusselL et aL, I974b).

The eruption of Volcân de Feugo in 1974 was observed widely by

lí<lar groups (e.g. McCormíck and Fuller, 1975; Fegley and Ellis, 1975;

Russell and Hake, L977). The sudden influx of dust permitted the study
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of the rate of decay of the aerosol contenË of the straËosphere and

the relationship of its variabílity to various aÈmospheric parameters

(McCormick et aL, 1978)

In addition to ground based ruby lidar observations' other

measurements have been made of the stratosphere. Tox et aL (1973) 
'

Fernald et aL (1975) and Fernald and Schuster (L977) made observaEions

of the stratosphere using an airborne dye laser operaÈing at 589 nm

during I97L and L973, and reported low aerosol concentrations. A more

powerful dye laser has been used by PeÈtifer et aL (L976) to measure the

neuÈral nitrogen profile in the sËratosphere using the vibrational/

rotatíonal Raman scattered light, and thereby determining Èhe temperature

profile up to 25 km altitude. Still shorÈer wavelengths rvere used by

Gibson and Thornas (1975) who probed the stratosphere to a height of t9 kn

with an ultraviolet lidar that operated in the range 297 nm to 308 nm.

tr{hile some lj-dar groups concentrated on the stratosphere others

probed higher in the atmosphere to detecÈ comeLary dust and other extra-

terrestrial material (Clernesha and Nakamara, L972). The powerful lidar at

the Univer:sity of LrlesÈ Indies has been used to measure atmospheric

density varíations in the mesophere and thereby detecÈ atmospheric tides

(Kent et aL, L972) and mean, relative density profiles (Kent and

KÞeuliSlide, I974). Resonance scattering of dye laser radiation has

been used to measure variations in the atmospheric sodium Layer at an

altitude of about 90 km (e.g. Bowman et aL, L969; Sandford and Gibson,

1970; Aruga el; aL, L974).

Other \^rorkers Èurned Èheir aËtention to the troposphere, where

dífferent recordíng techniques are required because of Èhe much larger
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signals. A wide range of features of the lower atmosphere r¡Ias probed

by lidar; the íntroduction of the steerable lidar permitÈed the study

of atmospheric properËies in three dimensions. The measurement of

cloud base heights was an obvious and early use for lidar (Collis,

, 1965).

Vertical profí-1es of Èhe volume backscatter functíon and

exÈincÈion coefficient v¡ere measured with a steerable lidar by HamilÈon

(L969) who was able to make measurements of the backscaÈter-to-

extinction ratio by assumíng horizonËal homogeneity of the atmosphere"

Fernald et aL (1972), also produced values of this ratío using a

steerable lídar and related Èheir backscatter profiles to the temperature

sÈrucËure of the atmosphere.

Barrett and Ben-Dov (1967) applied lidar observations to the

measuremenr of air polluÈion and produced vertical profíles of the mass

concentration of aerosols. Johnson and Uthe (1971) used the

relationships between backscaEter, extinctíon and mass concentratíon

to produce contours of mass concentratíon in their stucly of the dispersi-on

of smoke plumes frora power station chinneys.

By observÍ-ng Ëhe movement of aerosols, the motíon of the air

ín Lhe lower atmosphere has been deduced. EloranÈa et aL (1975)

analysed multiple lídar returns at 1ow elevation angJ-es to produce one

component of Èhe drj-ft velocity of aerosols and hence of wind speed, and

Kunkel et aL (L977) compared consecutive lidar elevation scans Èo deduce

convective motions in the boundary 1ayer.

Other atmospheric constiËuents and pollutants have been

measured by using Raman scattering (Inaba, I976) and Di.fferential
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Absorption Lidar techniques (Collis and RusseIL, J-976). Atmospheric

temperature and humídity profiles also have been measured by Raman

scattering (e.g. Mason, L975; Cooney and Pina, 1976; Cohen et aL,

L976; Gí1-L et aL, 1-9791' Pourney et aL, L979).

The separation of the lÍdar return signal into two polarised

components, one parallel to Èhe t.ransmitted polarisaËion and one

perpendicular, has produced addítional j-nformation on aerosol and

cloud layers (McNeil and Carswell, L975; Pal and Carswell, L977).

In particular, the depolarísation of lidar returns from clouds has been

studied r,¡ith the ain of determining the presence of water and ice

(Sassen, L976, 1977). PlaËt (L977) has in fact, used depolarisaÈion

ratios to distinguish beËween layers of water and ice ín a míxed phase

altostratus cloud. Regíons of very high backscatter and low

depolarisation have been interpreted by Platt (1978) as beíng due to

horízontally orienÈed ice crysËal plates.

Recently, extensive studies have been reported where lídar

backscatter profiles have been compared with atmospheríc scattering

parameters deduced using other techniques, including solar radiometers,

particle counters and nephelometers (le Luisi et a'1, L976 (a) & (b);

Reagan et aL, L977; Russell et aL, L979). The ::esults of these

experiments have been used to províde further ínformat,ion on opËica1

models of atmospheric aerosols and their effects on the radiaËion

balance of the atmosphere.

When this thesis was begun there ü/as a need for information

on the natural variability of the sÈratospheric aerosol layer. Such

observations would be useful in the creation c¡f models of the aerosol

layer and assist in the prediction of the effect on the layer of the
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introducËion of a proposed fleet of hígh altitude supersonic transporË

aÍrcraft. Accordingly, the aim of the stratospheric observation

prograrune rras to determine the short'term natural variábil-iÈy, and

the long-Ëerm trends in the sÈratospheric aerosol layer.

QuantiÈative tropospheric aerosol observatíons in terms of

the extinction of light in the troposphere have often been hindered by

diffÍcultÍes in Ëhe determínatíon of suitable boundary values and by

the uncertainty in the relationship beÈween backscat.ter and extinction.

The aim of the tropospheric prograilrme \¡ras Èo investigate these areas

and to compare the results r,¡ith other independent measurements.
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CHAPTER TI^IO

EQUIPMENT

2.I The University of Adelaide LÍdar

The basic lidar system used in the present study was designed

and buílÈ in.the Department of Physics, Uníversity of AdelaÍde for the

study of the straËospheric aerosol layer. Full details of thÍs system

are described by Bartusek (1970) and are surnmarísed by Bartusek et aL

(1970). A brief descriptíon fol1ows.

The lídar transmit,ter is a ruby laser wit,h an output rvavelength

which 1s Èuned Ehermally to 694.3 nm by passing refridgeraÈed, clistilled

water through a double-walled glass \^7ater jacket around the ruby rod.

The rod has a totally inÈernally reflecting wedge cut at one end.and a

Brewster face at the other. The laser pulse leaves the optÍcal cavity

through a sapphire optical flat of síxteen percent reflectivity which is

placed at right angles to the ruby rod. The change in direetion is

producecl by a 90" prism which rotates aE 12000 r.p.m. and forms the

Q-switch for the cavity.

Optical pumping is performed by a Xenon-fil1ed, FX55 fl-ash tube

placed at one focus of an elliptical cavity with the ruby rod at the

other. The flash tube ís cooled by disËilled v¡ater pumped from a reservoir

at ambienË temperature. The ouËput energy of the laser is limi-ted to

approximately 0.2 joules per pulse by Ëhe Q-switch pri-sm rvhich is

destroyed aÈ hígher energies. Maximum firing rate is about one pulse per

second. A collimator which contains a rotating fluorescence shut.t.er at

the focus of Lhe prr'-mary lens reduces the output divergence of th.e laser

pulse to less than one mílliradian.
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The receiver consisËs of a 0.31 rnetre diarneter, f 6 Newtonian

telescope with a variable, field-linriting aPerture at the focus. A

rotating shuÈter which Ís phased with the Q-switch motor is placed

inrmediately behind Èhe aperture Èo prevenÈ overload of the photomultiplier

detector by the strong reËurn from low altitudes during observations of

the stratosphere. After passÍng through the shutter the light is

collimated by a field lens before Progressing Èhrough a 0.85 nm band-

wídÈh interference filter onto the detector surface. This conditíon of

collímation at the deËector is desÍrable as otherwise the ímage of Ehe

lÍght returned from the outgoing pulse would move across the detector

surface and possibly be subjected to a variation ín detector efficÍency.

An E.M.I. type 95588 photomultiplier tube having an S-20 photocathode is

used as the detector. During sÈratospheric observations the photomultiplÍer

is cooled by a Peltier.battely to approxímately - 15o C in order to

reduce the dark counË raËe to about 120 counts per second.

The physical layout of the lidar system is shown in Figure 2.1

and a sumrary of the system parameters is given in Table 2.L.

TASLE 2.L

Lídar System Parameters

ParameÈer Value

Laser wavelength

Maxímum energy per pulse

Pulse repetition raÈe

Pulse length
Beam divergeRce-

Receiver nirror area

Recei-ver field of view

Convergence height of transnritter
and receiver coTres

S-20 detector quantum efficiency
Filter bandwidth

694. 3 nrn

0.2J

LHz
0.3 psec

I mrad

0.073 n2

2 - 5.4 mrad

0,76 - 0.17 km

0. 03

0.85 nm
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2.L.L Problens Encountered with the Ruby Lidar

During the experinental programme many months were lost because

of faults which developed in the early model ruby laser employed in the

lidar. Among the ncre serious faults were the cracking of the ruby cooli-ng

jacket, failure of the aluminium to ruby rod seals in the t^/ater jacket

and the destruction of the aluminium'coating on the elliptical mirrors

in the laser cavity.

The ruby rod is held in a water jacket by two aluminiun ferrules

which are heat shrunk onto the rod and also lightly glued with'tAralditetr.

On several occasions the water jacket cracked near the ferrules ancl

allowerl water to leak and damage the aluminium coated, elliptical cavity

nu-ÎroIS.

After a nevr r,/ater jacket had been nade and fitted to the ruby

rod a conplete optical re-alignment of the ruby laser was required. This

was followed by an alignrnent of the laser and collinator and then the

transnitter and receiver. Because of the many degrees of freedon of

Ìnovement provided by the ruby rod, Q-switch prísm and sapphire flat,

re-alignrnent was a lengthy process involving consíderable experimentation

in orcler to reach an optimum in pulse length, shape and energy. For

the first two occasions the laser and all electronic and cooling

equiprnent were renoved from the caravan to a laboratory for re-alignment

in nechanically stable conditions. Iìolever, with practj-ce the alignment

procedures were improved and strearnlined, and subsequent re-alignments

were performed in the laser caravan.

It was thought originally that differential contraction bctween

the alumi.nium ferrules and the glass jacket during cooling caused the

cracking. Further investigation showed that tl're excess stresses on the

glass jackets were nìore likely the result of the svrelli.ng of the'tlAraLditeil
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due to absorptlon of water. In an attenpt to cover boÈh possibiliÈies

the "Araldite" was replaced wiÈh white "Silastic RTV 732", a sili,cone

rubber, sealing and adhesíve coupound. No furÈher crackj-ng lras

experienced.

The strÍpping of the alurninium reflectíng surface from the

cavíty mirrors was the most difficult problem to overcome. New batches

of mirrors began deterioratíng after only tens to hundreds of laser shoEs

whereas, origínally, Ëhe mirrors had lasted tens of thousands. As the

stratospheric observation experíments usually involved three Ëo four

thousand shots a night this situation lras clearly unsatisfactory.

Many different ways of producíng a reliable aluminium coating

vere tried. Experiments which ¡¿ere too lengthy to detail here, were also

performed r¿ith the aim of electropolishing a pair of solid aluminium

mirrors which had been machined and polished from a solid cylinder of

aluminium. The ínconsístenÈ qualÍty of results and the hazardous nature

of Èhe technique led to the termination of thís approach.

Eventually some mirrors \^rere completed Èo the specifications

supplied by the manufacturer of the laser who had long since ceased

production of the ruirrors. These were machíned from a solid aluminíum

cylinder, polished, electroplaÈed with a very hard nickel surfacer r€-

polished, coaEed with evaporated alurn-inium and balced aE a high temPerature.

They were then placed in the laser cavity and the flash Eube fired. It

was with no small amounL of disappoi.ntment and frustration that the author

found that although Èhe reflective coating rìIas successful, no lasing was

achieved even at the maxímum avaj-lable flash tube energy.

IË was found that during the several months of experímenting

with alternative mirrors, one of the aluminium ferrules r¿hich held the

ruby rod had leaked and deposits of some solid material had formed on the
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r^redge cut, thereby destroyÍng íÈs reflectíve qualiÈies. Rectification

of this problem required the breaking open of the water jacket.. A new

alurniníum ferrule, "anodised" to prevent furËher corrosion, was fitted,

sealed with "Sílast,icil and enclosed in a nel{t l,rater jacke! . Af ter yet

another complete optical re-alignmenÈ the laser performed satísfactorily.

A signífícant deterioration, in l-aser output occurred rvhen a

new batch of flash tube jackets began to darken after only a few hundred

flash tube fírings. Baking in an oven returned the jackets to their

original transparency buÊ darkening re-occurred on re-exposure to flash

tube radiation. Similar problems have been encountered by Gibson (I972)

More success lras obËained by using jackets made of Ëransparent I'ViÈreosil",

a pure vitreous sílica, rather than syntheÈic vitreous sílica, the

former beÍng distinguishable by its much lighter colour when vie.wed along

the length of the Èube.

ApproxirnaÈely eighteen monÈhs were sPent on the repairs and

consequent re-alignments of the laser caviÈy and the development of more

reliable componenÈs. Duríng this tlme methods for producing excellent,

durable cavlty mirrors and ruby water jackeËs were developed, and the

problem of energy loss caused by darkening flash tube jackets was solved.

The solutíon of these problems produced a Í.at more reliable laser.

2.1.2 Modifícations to the Lídar Transmitter and ReceÍver

The lidar was originally buílt for sÈraËospheric observations

and later used for Ehe .vertícal sounding of the troposphere, (Ganbling

and Bartusek, L972). Modifications Èo the system \À/ere required,

therefore, if observations were to be rnade at various angles of elevation

and azimuth.
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The sheer bulk of the f6 Newtonian receiver and the attached

laser transmitter and collimator excl-uded possible systems whích required

steerabilíty of the whole combínation. A compromise Ì^Ias reached by

varyíng the elevaÊion angle of propagatíon of the lidar pulses by

reflecting Èhe Ëransur-itted and receivecl beams from ruirrors. The azimuth

angle was varied by rotatíng Èhe whole system on a large roller bearing

taken from a scrapped Bofors antí-aircraft gun turret,. The bearing was

very satisfactory and provided a very stable and smooth rotatíon through

a full 360 degrees. Cables for supplying Èhe electrical signals to the

laser head and receiver, and the water hoses for cooling the ruby rod,

flash tube and Peltier battery \4lere re-routed along Èhe floor and up

through the axis of the roÈaÈing bearing. Tbístíng of these cables

provided Èhe main limitation to the rotation of the system.

Ihe size of the caravan that houses the lidar imposed limitatíons

on the size of the mí-rrors, and hence the range of elevation angles which

could be studied. Separate mirrors were chosen for both the receiver and

the transnr-itter as a single mirror would have been very large and would

probably have di-storÈed under íts own weight. The mírror for the Ëransmitter

r^ras 40.5 cm by 27.6 cm and that. for the receíver r¡ras 81 cm bv 38.5 cm.

These dimensions permítted scans in elevatíon up to an angle of

approximaÈely 65 degrees. Both mirrors rnrere coated on the fronÈ (lower)

surface rviËh evaporated aluminium and a protective coaÈing of magnesium

fluoride. To provide maximum reflection of the transmitted signal over a

wide ran¡¡e of elevation angl.es the plane of the mirrors was aligned

parallel Èo the plane of polarisation of the laser output pulse.

The use of sma1l, separate mirrors perrni-tÈed a simple mounË.ing

consísting of a rectangular frame whÍch had a dorrble, central malnspar of



?LATE 2. 1 Tire r-iountin¡ for the trafisEitter and receiver nirrors.
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steel bars, 1.2 cm wide by 5.0 cm deep. The mirrors I^/ere supporÈed by

their edges on 1 cm "L" section alumj-niun sËrips whích were bolted into

adjusÈrnent slots in the mainspars and in the outer edges of the frame.

Both the ends and Ëhe edges of the frame were made frorn lighter steel

bars, 3 cm deep by 0.6 cm r¿ide.

Both mírrors \^rere initially aligned in the laboratory usíng an

autocollimation technique and were further checked while supported in a

horÍzontal position on the lidar by using a spirít level with a

sensítivity of ten seconds of arc. Once the mirrors were alígned they

were locked in posiÈion by bolts on the backs of the ru-irrors.

A lead counter balance facilítated the pivotting of the mirrors

which could be locked at any elevation angle by tíghtenÍng a nut on the

pivot bearing. For vertícal firíngs the mírrors l^iere s\^Iung out of the

way to Èhe vertical posiÈion to allow the t,ransnnitted and received bearns

to pass unhíndered. Plate 2.1 íllustrates t.he mirrors ín their mounting

and Plate 2.2 shows the general arrangement of equi.pment in the caravan

wíÈh the lídar system on Íts roEaÈíng base at the rear.

Duríng an experíment the author could seE the nrirror elevation

and azímuth angles by referring Èo the corresponding scales and also

ensure that the field of view was clear of buildings or aircraft by

síghting through a small telescope which, ¡^rith a ríght-angle prism and

the transnit.Èer rnirror, formed a periscope.

Uneveness in the reflect.íon coefficienE of the evaporat-ed c.oat.ing

on the mírrors over Ëheir complete lengths caused a variation in the

measured signal wÍth elevatíon angle. As thÍs parameter: was diffícult to

measure precísely the variable reflection coefficient Tras simply included
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PLATE ?-.2"The lidar systeru inside the caravan.
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in the system constant during the analysís of the signal.

2.2 Invest,ÍsaÈions Ínto Photomult iplíer Tube Irregularities

2.2.L Measurements of Signal Induced Noise

Measurements by PeÈtifer and Healey (I974) of. the enhancement

fn dark current due to signals on a Mullard 56TUVP photomultiplier r.rere

applied by Pettifer (1975) to Ëhe case of lidar measurements. Because

the dark current enhancement (signal j-nduced noise) can last for several

hundreds of microseconds afÈer Ëhe removal of the sígnal the effecË could

be ÍmporËant in the measuremenË of lÍdar returns v¡here the signal

decreases rapídly with time.

The signal induced noise ín a time-gated photon counti-ng system

such as used for stratospheric lidar measurements can be considered to

add ín accordance wiËh a linear superposi-tion príncÍple described by

Pettifer and causes an increase in the rat.io of the signal induced noise

to signal ín successi-ve channels. In the lidar system described by

Pettifer, the calculated ral-Ío of induced noÍ.se to sígnal reached a

maxj.mum of eleven percent. PeËtifer also described the effect this would

have ín measurements by other lídars, in parLÍcular Èhe one used in the

present, study. I'feasurement.s were made, therefore, of the signal j-nduced

noíse in the n"II 95588 photomultíp1ier tube, used in the lídar of the

University of Adelaide, ernploying a similar technique to Ëhe one used by

the other workers.

Ihe experiment and the results are detailed by Young (1976). As

can be seen in Fígure 2.2, the sÍgnal induced noise measured in the

present sysÈen was found to be slightly over t\n7o orders of magnitude

lor¿er than that measured by the other workers. The figure shows the ratío
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of índuced noÍse Co Ëhe measured signal plotted against the signal

recorded in channel 1. The curves labelled A to C are compared wiËh

those labelled D to F, the latter being taken from Fígure 1 of

Pettífer (L975), whe-re a 13.3 psec pulse was used with channels 2 km

wide. Curves G and H are the Present results obtained by usíng a

6.6 psec pulse and channels 1 km wíde. It \¡Ias concluded that signal

lnduced noise ¡.¡ould not be a problem in the present lidar system.

2.2.2 Measurements of Non-Linearitv

The logarírhrnic amplifíer to be described in section 2"4.2

needed a rninimum input curlent of about 30 UA to produce an output,

signal wíth an adè.quate bandwídth. Because the lidar signal decreases

rapidly with the square of the ranger the expected maximum measured

signal from shorter ranges tüas between 1 mA and 5 m,A. Such anode

currents often cause non-linear effects in photomultíplier tubes.

According to an nrfl brochuïe on photomultiplier tubes (L967) 
'

the effecÈs of large pulsed signals can be cancelled without the need for

large chain currents by connecting decouplíng capacitors between the

final dynode stages and earth. Despite the addition of these capacitors

the output signal was still non-linear at high currenÈs. A calibration

curve was obtained, therefore, by the following method.

The phoÈomulÈiplier tube r¿as ílluminated by a temporally shaped

light pulse from a Light Ernitting Díode (lnO¡ which produces a rapidly

decreasing exponent.ial signal of approximately 20 psec duration.

Neutral density filters were used to change the maximum signal level, and

at the same tirue to maintain the tube ouÈput signal in the optímum range

of the recorder, so that the LED simulated lidar sÍ-gnal covered a range

from less Ëhan 1 UA to apProximately 5 ¡n'4. By assuming that the
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Ì/eakest signals recorded were undistorted, the correction coefficient.,

C(I) for a gÍven recorded sígnal leve1 could be obtained by fíndíng the

ratio of the assumed undistorted reference signal current I, to the

recorded current I and normalising the result to unity for small

signals by dividing by Ëhe ratío of the transmíssion coefficienËs of

the fílters used duríng recording, í.ê.

C(I) = (Irlrr) /G/T) 2.L

Here the correctíon coeffícient is defined as Èhe ratío of the "Èrue"

sÍgnal level to the recorded signal level.

The transmíssion coeffíci-enÈs of the various fi-lters were

measured with a specl-rophotometer but the uncertaínty in the optical

bandwidÈh, of the LED output and the variation in the Èransmission of the

filters over this bandwídth produced inconsÍ.st.rrt 'ttlrrus and indirect

meÈhods were necessary. The wide range of signal recorded using a given

filÈer ileant that belov/ some signal level each recorded signal r,¡as

undísËorted. A comparíson of the signal strength recorded in these

regions usÍng the different filÈers provided the required values of

transmission and the correction coefficient could then be calculaËed.

A power law function was fitted to the measured values of

correction coefficient minus one, using the recorded current as the

independent variable. The data and the fitted function are shown ín

Figure 2.3. The points at the bottom of Èhe graph do not appear to agree

wíth the fitted functíon as well as the other values but the correction

function is very close to uniËy here and discrepancies are virtually

ínsignificanÈ. The fitted correction funcÈion, Fc(I) may be expressed

in Èerms of the recorded current I (in milliamps) as
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F (r) = c(r)-t = ArB 2.2
c

where [ = (0.025 I 0.002), g = (2.6 t 0.1). The correlaÈlon

coefficient hras 0.85. The uncertainties in A and B lead to an

íncreasing relat,ive uncertainÈy in the corrected value of the current.

This uncertaínty increases from 0.0004 percent at currents of 0.1 nA

to 0.17 percent at 1.0 ftA and 9.5 percent at I0 mA. In practíce

most recorded currenËs were less than abouË. 5 mÁ .

2.3 The StratospherÍc Data Recording System

Ihe recording system used for stratospheric observations is

described by Bartusek et aL (1970) and will only be summarised here.

The photoelecËron signal across a 50 ohrn load is increased by

an amplifier with a gain of 100 and a risetime of 3 nsec. A

discrirninator with a threshold set to 100 mV is used to elírÉnaËe

noise spikes caused by relays and motors and the signal is then passed

through a prescaling device to produce pulses of a standard size ready

for storage in a ten channel counter.

Recordíng is done in four sequences; namely, B km to 18 km,

12 km to 22 km, 20 krn to 30 km and 20 kn to 60 krn by varying the

starting time of the firsL channel and by changíng the channel width

from I km to 4 krn. 'The wide dynamic range of the signal Ís accommodated

by lirnÍting the signal in the first tr^ro sequences ¡^¡ith neutral densiËy

filters.

2.4 fn" r

2.4.L Introduction

. The accuracy and the extent to which the troposphere could be

probed rvith the oríginal lÍdar v¡as increased by recording the back-
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scattered signal on magneÈic tape for subsequent analysis on the

Universityts computer. This technique made iÈ possible for more

profiles to be recorded in a shorter time span than the original method

of manually digitising photographs of the signal recorded on a storage

oscilloscope. Because the duration of lidar return signal was onJ-y a

few tens of mícroseconds, ít was not possible to directly record onto

computer tape and an intermediate step r'las requíred.

Signals were stored ÈemporarlLy in the memory of a BÍornation

6108 dígital transienË recorder for subsequent interrogaÈíon at a much

slower rate. The transient recorder stores signals wíth six binary bit

accuracy ín 256 words and provides a cycled, smoothed' analogue output

sígnal for inspection on an oscilloscope. In this way the signal coul<l

be víer^¡ed before actually writíng onto compuÈer tape, a faciLíÈy rvhich

was particularly useful duríng the setting uP of an experiment on a

partícular day. Once the recorded signals v¡ere adjudged satisfactory

the recorder rnras switched to a locally modifíed "PLOT" mode in lqhich Èhe

signal v/as automatically wrítten onto magnetic t,ape írnmediaEely af ter

recording.

The bandr,'idth of the transíent. recorder was quoted as 2,51ü12 for

ínput sígnals ín the 5V to 50V range. Inlhen fasË risetime test pulses

$rere st.ored using a 0.1 ysec sample interval and the 10V ínput range'

the Èime for recorded signal to rise fron 10 Percent, to 90 percent of

the full signal was less than 0.1 ¡tsec. This índicated that the band-

width rìras aÈ least 3.51ü12 and would lirnit the range resolution Èo aboul-

forÊy-five metres. As this range resolution was similar to LhaË imposed

by the 0.3 psec pulse length of the laser iÈ was considered ade.quate.
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For sample intervals of 0.2 psec and 0;5 psec the sampling

theorem linited the resolution to 60 and 150 rnetres respectively.

The most cornmonly used sample intervals were 0.1 Usec and 0.2 ¡.tsec.

The rapíd decrease of the lidar atmospheric return wiÈh range

and the limited number of dígitisation levels of the six-bíÈ recorder

often cause poor amplitude resolution over a consíderable portion of the

recorded signal. A solution to this problem is províded by eíther Èhe

use of a logariÈhnic amplifier or a gain-swÍËching arnplifier. In the

present rnrork Èhe logarithmic amplifíer worked more satisfactorily and

was chosen in preference to the other device.

The output energy of the laser varíed by up to fifteen percent

from pulse to pulse. Thus iÈ r^ras necessary to moniËor this varíation

lf an accurate analysís of the lídar signals \,/ere to be made. Because

the thermopile prewiously used for calibration had a very slorø response

and no digital output, a photodÍode energy monitor was desígned and

built. This provided both a digital output and a front panel display of

the laser energy.

A digital recording unit was buí1t so that the lídar profile

stored ín the transient recorder could be transferred, word by word, to

the tape recorder at the rnaximum writing speed of 300 words per second.

The unit also provided the required inter-record pulses to Ëhe tape

recorder, a Kennedy Incremental Model 1600, which recorded on standard,

seven track, half inch computer Ëape. In additíon to the laser profile

up to fifteen ¡uords of housekeeping ínfornat,ion could be written onÈo tape.

These íncluded the laser profíle number, the laser outpuÈ energy, boÈh

of which røere dÍsplayed on the fronË panel of the uniË, and the beam

elevation and azímuth angles. Th.e beam dírection ÍnformatÍon rías set on
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the front panel using rotary thumb switches. The tíne for recording

the lidar sígnal, writíng Ëhe 256 daËa words, síxteen housekeeping words

and an ínter-record gap was less Ëhan two seconds.

A sinnplified block diagram of the tropospheric data recording

system is shown in Figure 2.4. The digital recording unÍt and

housekeepÍng eleetronic circuitry is díscussed in Appendix II.

2.4.2 The Logarithrnj.c Amplifier

As comercial uniEs proved Èo be r:nsatisfactory a simple

logari-thrnie amplifíer was builË using Ëhe logarithmic dependence of

voltage on Èhe currenÈ in a semj-conductor diode. Several diodes were

tested for accuracy in Ëhis logarÍthmic rel-ationshíp and an 4N2003

sllicon diode proved to be the best. DeviaÈions from Ëhe true logaríthmíc

relationship were a fraction of one percent of the ouËpuË voltage for

input currenÈs in the range 10 UA to 10 rnA , increasing to four percenË

at 2 VA.

InÍtially a simple, manually-controlled bias circuit siuílar to

Ëhat used by Allan and Evans (1972) was used, buË iÈ was found that \.rhen

the lidar was pointed aL a brighÈer region of the sky or a cloud, the

background current increased and the operating point on the diode

characÈerístics changed. This caused the offset of the output signal to

increase from zero and also compressed the signal. Both of these effects

r,rere unsatisfactory as they l-ed to a decrease in the optimum signal size

for digitisaËion by the transient recorder. An automatic elecÈronic

biassíng cj.rcuit was íncorporated inËo Ëhe logarithrníc arnpli-fier Ëo

overcome thís problem. A bríef descrÍption fol-lows.

In Figure 2.5(a) the integrated circuit labelled IC-l senses

the very low frequency drifts of the diode bias level and drives current
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into the diode from the collector of a transistor amplifier in the

direction requíred to bring the bias current back to the level set by

the variable resistor RVl. The second integraÈed circuit, TC-z,

provides suffícient gain to produce a maxÍmum output voltage of ten volÈs

with a risetime of approximately 55 nsec. Both íntegrated circuÍts

have field effect transisÈor inputs which provide an inpuÈ impedance of

1012 ohms. The conplete amplifíer is mounted on a printed circuit board

located near the photomultiplier anode.

The bandwidth was checked using signals from a lighË emitting

diode and r.ras found Ëo change f rom approxirnately 2,51ülz at Ínput

currents of 30 Un Eo a maximum of 6},filz (1Ímited by fC-2) above

500 UA . Over a large range of diode currents the bandwidth is inversely

proportional to the dynamic impedance of the díode which decreases wíth

íncreasing input current.

A calibratíon curve, shown i-n Figure 2.5(b) ' IâIas obtaÍned by

comparing lidar return sígnals recorded usÍng the logarithmic amplifier

and a rudimentary gain-swítching amplifíer. As the diode characÈeristics

are dependent on temperature Ëhe logarithmíc amplifier \¡ras recalibrated

periodically during each set of observations by comparing the logarithrnic

signal wj-th the signal across a one kilohm resistor. Temperature changes

were reduced by Lhe aír conditíoning in the lidar caravan.

2.4 .3 The Ener Monítor

As Ëhe laser pulse travels through the transnitter collimator

some of the energy which is reflected from the plane, bottom surface of

Èhe output lens is sampled by an E.G. and G. brand SGD-100 silicon

diffused phoËodiode. The Íntegrated ouÈput of the photodiode Ís assumed

to be proportional to the Èotal output energy of the lidar. As is shown
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in Figure 2.6, the signal is coupled by a 0.1- Uf capacitor to a fast

preampl-ifier, IC-l, which charges a 100 pf integratíng capacitor

through a 10 kÍlohm resistor and an AAZL3 diode which has a 3 Megohrn

reverse resistance to reduce leakage. A fast, hígh input impedance

ampl-ifier, TC-z, provides sufficient gaín to drive a fast, positive-

peak deÈector. The peak deËector, comprísing IC-3 and IC-4 was

required because Èhe integrating capacitor was íncapable of holding its

charge during the 50 Usec required for digital conversion by the

analogue-to-digital converter (elc), Ic-8. The output of the peak

detector was amplífied to an optimum value for digítal conversion by

rc-5.

l,Ihen the laser is fired the photodiode ouÈput is also used to

trigger an oscilloscope used for monítoríng the laser output pulse and

for triggering all the recordíng electronics including the energy monitor.

The dual monostable, TC-7, provides a delayed 50 Usec reset and sample

pulse to the ADC, and the other dual monostable, Ic-6, provides a

díscharge pulse, delayed by 200 ¡lsec, to the 1000 pf polyester sÈorage

capacitor in the peak detector via a swÍtch comprising T1 and FET-I.

The ADC is a Datel Systems Inc. t'EconoverEerrr wj-th a 20kLz

conversíon rate and six bínary bit accuracy. The digital output is

1nrrit.ten onto tape via the interface unít and is also converted by IC-9

and IC-IO and displayed on LED displays IC-l1 and IC-12 as an octal

number, ocLal beíng preferred for reasons of simplieity and economy of

space.

Calibration v/as achieved by firíng laser shots through a beam

splitter wíth the tlansmí tted energy being sampled by the photodíode
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and energy monitor and the reflecÈed component by a Ehermopile. The

output of the energy moniËor was adjusted so that it Ìùas numerically

egual to the thernopíle output Ín rnicrovolts.
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CHAPTER 3

A STT]DY OF THE STRATOSPHERIC AEROSOL

I,AYER OVER ADEi,AIDE

3.1 Method of Data

For an aËmosphere consisting of aerosol particles and air

molecules the number of photons scattered back from a height interval

between h and h + Ah and detected by the receivÍng equipment of a

vertically pointing lidar is given by equation 41.11 derived in

Appendix I as

c(h) = rf (o, h) [ nr(n,h) + no(n,h)J/h2 3.1

whefe C(h) is the number of photons counted. K is a system constant

whích includes the effects of the lidar geometry, the efficiency of the

optics and electronics, the laser ouËput po\^rer, and the height interval

Ah. nr(nrh) and no(nrh) are the volume backscatteríng functíons for

air molecules and aerosols at the heighÈ h , and T(orh) is the

transmittance of the atmosphere, at Èhe lidar wavelength, beËween the

lfdar and height h .

The transmitt,ance of the atmosphere T(hr, Iiz), between heights

hr and hz is a measure of the fractíonal attenuation of a vertically

directed beam and is gÍven by

T(hr, hz) = T"n (hr,
o

= exp[ - {ß
hr

(hr, hz)

o
(h) Ìan 1

hz). L (hr, hz) . T

hz
(h)+ ß (h)+ ß

M A

(h1, h2) -To= exp¡ - 'rr(hr, t,z) - TA (hr , hz) 3.2
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\^rhere ß., and ß_ are the molecular and aerosol volume scatteringMA

coefficients, ßo is the ozone absorptíon coefflcient, and T*, To and

T are the respective optícal thícknesses. For lídar studíes it iso^
necessary to introduce the volume scatËering function, B(0, h) which ís

a measure of the radiation scattered per unít solíd angle in the dírectíon

0 at the height h in the atmosphere. The total radiatíon scattered

out of the beam is

ß (tr)
4tt

B(0, h)dur

and the fracÈion of Èhe scaÈtered radiaÈíon directed ín the backruards

direction ís given by (P(T) /4n¡ = B(r,h)/ß(h), where p(r) ís the

value of the phase function for the case of backscatter. The transmittance

due to aerosols To(hr, hz) between heights h1 and h2 can be related

to the integraËed backscatter function by

hz
- ln I To(hr, hz)] to(hr, hz) (h)ß

A
dh

hz
(4n lp (n) ) B

A

Equation 3,1 can be re-arranged to give

A

h¡

(n, h) dh 3.3
h1

2 2 2

A
B (n, h) c(h)h'? / {rrr(o, h). To(o, h) To(o, h) } - ur(n,h). 3.4

Equations 3.3 and 3.4 can then be solved for Bo and To by employing

an j-terative technique developed by Elterrnan (1966). At the height or

heights in the range 9 km to 30 kn where the total scaËteríng is a

mínimum, the aerosol is assumed initlally to be zero and the measured

scattering profile ís normalísed to the calculated molecular scatteríng

profile at these helghts. This procedure is justifíed by Ëhe detectíon



58.

of regions of very low aerosol conÈent by direcË sampling techniques.

ThÍs point is discu'ssed furÈher in Section 3.2. Values of Bo and To

are then determined for successive height increments by iteration of

equations 3.3 and 3.4 at each level. The constant Pokr)/4n was taken

as O.25/4t¡ = 0.0199 and the ozone transmittance I^Ias calculated frorn the

tables of Elterman (1968). The molegular parameÈers B, and T* are

calculated from Ëhe molecular densíty profile, Nr(h), using

B (n, h) (PM(r) /4n) 9,1¡¡ (PM(r) /4n)orNr(h) . 3.5
M

The value of f*(n) ís 1.5 for the backscatter of plane polarísed

light from ai-r molecules and o, = 1.76 x 10-31m2 ís the scatterÍ-ng

cïoss section of an avera€ie aÍr molecule. The atmospheric densiÈy profile

is measured by radiosonde balloons launched from Adelaide Airport, 7 krn

west of the lidar site, on the night of the lidar measuremenÈs or on the

following morníng.

AnoÈher useful quantiËy in describing aerosol scattering is

the scatterÍng rat.io, R(h), which is the ratio of the measured total

scatteríng at a certain height to that which would be measured from an

atmosphere conslstlng of air molecules only. It is defi-ned as

R(h) I + BA(r,h)/B;(î,h) = c(h)h'? / {xlr{n, h). f::(o, h) }

3.6

Normalisat.ion of the measured scatteríng profile to the

molecular profile Ís performed ínítially in Ëhe ::elatively clear region

near 10 km where no(n, h) is assumed to be zero and the scatteri-ng ratio

unity. However, the presence of aerosols in this region will cause che

calculated aerosol profi-le to be unde::estirnaÈed over its whole range and

scaËteríng ratios less than unity and negative values of Bo(n, h) may
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be produced. Conversely, stat,istical errors in the measured photon

count raÈe and errors in the measured density profíle can produce

scattering raËíos which are too snall and if one of these val-ues happens

to be at the nornalisation heíght then the whole profÍle of calculated

aerosol values will be overestÍur,ated.

To mínimise the effect of these difficulties the followíng

procedure is adopted. Firstly, the mi.ni-mum scattering ratio, Rmin ,

1n the height range 9 k¡n to 30 lxn is found and then a weighted mean is

calcul-ated of thís value and all those ratios Èhat do not differ

signÍfÍcantly from it. These raËios are those values of R(h) which

satisfy the equatÍon

R(h) - 
^R(h) 

( *rrll * ÀR io 3.7

where 
^R

and AR are Èhe standard deviations ín R and R ,-min nran

respectively. The system constant in equaËion 3.6 is then adjusted so

this weighted mean minimum scatteríng ratio, given by

2

is unity. The weighted mean (Bevington 1969) was chosen in preference

to the usual arithmetíc mean because the standard deviaLion due to

statístical fluctuations Ín the measured photon counË rate increases

rapidly wlth heÍght and this could cause the mean value to be biassed

incorrectly by a lo¡v value of doubtful statisÈical reliabílity. Profiles

of R(h) and no(n,h) are Lhen re-computed using equaËíon 3.6 and Èhe

new value of K.

3.1.1 Analysis of Errors

From equatíon 3.6 the relative uncertainty ín t.he scattering

ratío at a certain heÍghÈ can be expressed as

I
R

m1n
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M
AB22

^c )
222 AfT AK

K
(AR

R
( 3.8

$rhere AX signifÍes the standard deviation ín the quantity X . Although

a value for 
^K 

could be obÈaíned during the cal-culatÍon of the

weighted mean scatËering ratio this ís not done as it cannot give a

reliable estím¡Èe of the amount by which aerosol at the normalisatíon

height causes ¿m error j-n the sysËem constant. There may be no aerosol-

free region in the height range being studied! Al-so, åry error in K

wílI produce a sysÈematic shift of all values in Ëhe profí1-e and will not

alter the relaÈive value of any poínt relative to the others. Errors

due to normalisation are discussed in the nexE section and are here taken

to be zero.

The cross correlation term between Ëhe uncerLainties in B,

and f has been neglecÈed because iË is insignÍficant compared vrith

the conÈribution from the other errors. From equation 3.5

^Bls=^N/NM.MMM

where the probable relaËive radiosonde density error is taken as one

percenÈ (Lenhard 1973).

The error ín the ÈransmÍttance can be separaËed ínto its

aerosol, ozone and molecular components in Èhe following fashion.
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Because the molecular and ozorLe optj-cal Èhicknesses are so srnall compared

with the aerosol opt.ical thickness at the laser wavelength, relatively

large errors in the measured molecular density profile or the assumed

ozone extinctíon model (El.ternan 1968) are requíred to produce sígnificant

relative errors in the corresponding transmittarrces. Russell et q.L (1973)
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have shown that, changes of 50 percent or more in the molecular

atmosphere density profile and 160 percent or more in the assumed ozone

dlstribution would be required Èo ehange the two-way molecular or ozone

transmittânces by as much as one percent. Accordingly, these errors are

neglected j-n the present analysis.

As discussed in Ëhe previous section, values of aerosol

exËinctÍon are evaluaËed duríng the analysi-s of the data for a given

heíght and then used in the analysis of the next height ínterval. The

aerosol optÍcal thickness used in Èhe calculation of the transmíttance

1s the produet of the integrated backscatter function and the reciprocal

of the aerosol phase funcÈion for backscatter (EquatÍon 3.3). Values

for the latter quant.ity depend on the aerosol model assumed, its particle

size distributíon, refracËive index, composiËion, particle shape and so

on. As could be expected there Ís a wide range of possible values. Values

for this function are derived from models by McCormick et aL (1968),

Deirnrendjian (1969) and others, and discussed critically by RusseL1- et aL

(I974) j.n the light of comparat,ive balloon and aircraft experímenÈs.

Russell et aL decided to use a value (Po/4r) = 0.0132, whÍch is

applicable if the sÈratospherÍc particles are non-absorbing, homogeneous

spheres of. 75 percent concentrated sulphuric acid with real refractive

index I;42 arrd dístributed in size according to the Deirmendjian Haze H

disÈribution model.

The value of (e^/4r) = 0.0199 gíven by Deirmendjian (1965)

is used in the presenÈ analysis. Calculations show that a choice of

.OI32 instead of .0199 creates a díf ference of less Ëhan tr'/o percent

in the íntegrated backscatËer function and less than one percent in the

two-way aerosol t,ransmítÈance for Ëhe average of. the 1969 data when the

aerosol layer r,ras aL iÈs strongest. For the L973 ð.ata ¡¿hen Èhe aerosol



62

values \^rere lord the difference in Èhe tr,ro-way aerosol transmitt,ance is

less than one half of one percent. So varíations in fo(r), although

they affect the value of aerosol optical thíckness derived from the

integrated backscatter coefficienÈ dírecEly, do noÈ cause significant

errors in the Ër,üo-r^ray aerosol transmjttance. Such errors are less Èhan

one percent over the height range consídered here.

The remaining source of uncertaínty in R(h) Ís the error in

the photoelectron count rate. The errors are from optÍcal, elecËrícal

and statistical consíderations. Background sky radiatíon, multíple

scaÈtering of the laser beam, and fluorescence of the ruby rod are all

possible optÍ-cal sources of spurious photoelectron counÈs, whereas Ëhe

photomultiplier tube dark count rate is Èhe predorninant source of

electrical noise.

-rests have sho¡.rn thaË multÍ-ple scattering is insignifÍcant.

It is minimised by the separation of the lídar transmitter and recej-ver

and by the narrow fíeld of vieur of the receiver, while a rotaËíng

fl-uorescence shutter ís used to elimínate ruby fluorescence. A narroru

bandwidth inËerference filter centred on the ruby wavelength lirnits the

sky background radiation and the phoËomultíplier dark count is reduced

by cooling. The remaíning background count rate is measured separaËely

during the experimenË and is subtracted from the raw count rate during

the analysis.

The remainíng errors are a1l dependenË on the rat,e of arrival

of the photons at the photomultiplier. As discussed in Chapter 2 some

phoËomultipliers experience significant signal induced noise following a

strong signal pu1se. Such noise has been found Èo be insígnificant in

Èhe photornultiplier used in the present equipment and the use of an

adjustable receiver shutter for blockíng the strong J-íght returned from
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lower altÍtudes ls added protectlon.

The finite resol-ving time t of the receiving electronics

can cause a reduction in the observed count raÈe n at high true count

rates N owing to the simultaneous arrival of tr¡ro or more photons

durj-ng Èhe dead tíme.

The true counÈ raËe is given by the equation

n 3.91-nt

Very high count rates, Èhough, require Èhe resolving tíme to be known

very accurately so the signal counË rate for the lower altitudes is

linÍted by neuÈral densiEy filters.

The random and low photoelectron counEs recorded per laser shot

necessitate the averaging of sígna1 counts over several laser firíngs

if results are to be statistically signíficant. After a number of such

laser firings the total number of photoelecÈrons counted C , wíll be

the sum of C" actual signal- photoelectrons and a* noise pulses. 
.As

menÈioned previously the average expected noise counÈ rate C* can be

measured separately and subËracted. Morton (1968) has shown that the

relative error e in the measured signal counË rate is given by

ac, c4e=T=ciqt 3'10
s

where AC" ís the standard deviation in Cs. Typically, e varies from

one Èo t\,ro percenÈ at 9 kn Èo fíve to six percent at 30 krn.

N

Equation 3.8 now reduces to
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The combínatj-on of equatÍon 3.6 and 3.11 allows the

uncertainty in the aerosol vol-ume backscatterÍng function to be written

as

ABo = BM.AR

AB
Aor

B
A

3.I.2 Discussion and Assessment of Normalisation Errors

Earlíer in ËhÍs chapter ít was shornm how the analysís of lidar

data ínvolves the assumpÈion of the exisÈence of an aerosol-free regíon

somewhere j.n the range of the lidar profile. This rrclean-aír" or

"mol-ecular layer" normalisation techníque is made necessary by the

difficulty and unreliability of calÍbrating lidars absoluËely. NoË only

ís the system constant K in equatíon 3.1 difficult to measure, if only

for the reason thaÈ many lidars cannot measure the energy of Èhe actual

lidar pulse used for producing a scattering profile, but the atmospheríc

transmittance from ground leve1 to Èhe minímum lidar height can, and does,

vary appreciably from níghÈ to night. This quantity, which is usually

absorbed into the system constant, can even vary during the three or so

hours required to measure a lidar profíle on a single níght.

There have been Èwo main height regÍ-ons in the atmosphere r"rhere

lidar profíles have been normalised; these are around 10 kur and above

about 30 krn. BoÈh are usually regions of 1ow relatíve lidar scattering

and have been shov¡n to be regions of 1ow aerosol content by balloon and

aircraft direct sampling techníques (Rosen (1968 , L97L), Lazrus and

AR
R
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Gandrud (L974), Northam et aL (L974)):. The Adelaide lidar group chose

the lower region for Ewo reasons. FirsËly, the relatíve error ín the

1Ídar signal is only abouÈ one Percent at 10 km whereas aË 30 km it

increases to fíve or six percent for a reasonable number of laser firings,

and secondly, the radiosonde balloon flights do not reach 30 km on every

ascent. This would require the normêlisation of the lidar profile Èo a

model atmosphere and thereby introduce more possible errors.

Errors r,rill arise, however, when there is no clean region in

the range of the lidar profile. Normalísation wí1l then occur at a

height containing aerosols and the whole profÍle of deríved aerosol values

wlll be underestinated. Without comparison with other profiles taken at

a simil-ar Èime, but containing a clear layer, there is no way the error

can be estimat,ed from the lidar daËa alone.

Russell et aL (L974b, 1-976) have rnade a detaíled estimation of

the occurrence and magniËude of likely calibration errors by convertíng

Rosen t s 22 month series of dust concentration profiles ( ín numb"t p"t "tt )

to profiles of mixing ratio ( in number per mg ). In Èhis form they are

directly comparable to lidar profiles of scattering rat,io íf one assumes

the conversíon factor is consÈant with height. This factor, the ratÍo of

aerosol backscatteríng to aerosol numl¡er has been shown to be índependenË

of height by lidar/balloon comparative experíments (Northam et aL (L974)).

By using the balloon daËa, Russell et aL were able Ëo show thaÈ most errors

in the lidar-derived scatteri-ng ratios for the non-volcaníc period studíed

should be less than ten percent of the peak value of R-1, with slightly

higher values in early Spring.

The analysis also showed that most minimum ratios occurred

between Ëhe altíÈudes oÌ 5 kn and 10 lm with only a few above tbe peak,
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near 30 km, mainly ín Sprfng. This means that unless. the lidar

observations extended below 10 km, oT even 5 h, the minímum value of

mlxing ratio would not have fallen in the range of the profile and

aerosol values would have been underestimated.

By raisi-ng the lor¿er extenL of the lidar observatÍons

progressÍvely Ehe value of the mjnimum ratio ín the range increases and

the derived aerosol scattering profíle is underestirnated increasingly.'

A lower limit of 10 lim would have produced errors which vrere mostly less

Èhan about ten percent of R 
"*-1, 

and only occasíonally as large as

abouÈ Èwenty pereent in Spring. If the lidar had been normalísed aÈ or

above 15 kxo then errors sometímes exceedíng thirty percent would have been

introduced.

Although these results only apply to the location investígated

(Laranie, Wyomíng, 42oN), Rosen et aL (1975) concluded from theír world-

wÍde monitoring program that there \^ras no major difference betr¡een the

Northern and Southern Hemispheric stratospheríc aerosol layers. Indeed'

a cross section of the aerosol mixing ratio in the Southern Henisphere

showed sinilar 1or¡ values at or around the tropopause, ín particular

around ten kílouetres at 35"S, the latitude of the presenÈ observations.

In addítion, as most of the stratospheric lidar observatíons reported in

thÍs thesis rvere made during the non-volcaníc period considered by Rosen,

símilar arguments should apply to normalisation errors j-n the present

data. Accordingl.y, as the mínimum height in the lldar profíle is 9 krn,

errors in derived values of scattering ratios are probably less than or

of the order of ten percenË of Ro,"*- 1, with slightly hígher values

possibly occurring ín Spríngtj-me.
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CHAPTER FOUR

RESULTS OF STRATOSPHERIC LIDAR }'ÍEASURMIM{TS

4.! General CommenÈs

Observatlons of the stratospheric aerosol layer began Ín

Adelaide i-n March 1969, and results of these observations up until May

1970 have appeared in the líterature (BarËusek et aL, L97O; Ganbling

et aL" L97L). The observaÈions in the present study exËended over Èhe

period April 1972 to AprÍl L976. An attempt was made to make regular

stratospheric observaÈíons from October L972 onwards but breakdowns

frustrated this aÈtempÈ and sËopped observatíons during December L973.

No further results were obtained until June L2, 1975, and after this

date further maint.enance and problems wíth Èhe system 1ed to the

terminaÈion of straÈospheric measurements ín April 1976. Table 4.1 lists

Ëhe total number of observaÈi.ons for each month and shows the

distribuÈion of the data wíth respecÈ to the 1969 to 1971 period and the

L972 to 1976 period.

The Ëwo observational periods were sígnificantly dífferent in

that the early period, parÈicularly 1969 Èo 1970, was influenced by

increased scattering by dust from the Fernandina volcanic eruptíon in

1968 whereas the later period was noticeably less perturbed. The earlier

results are íncluded in this work as they allor^¡ useful comparisons with

the data for the quieter, later períod and when combíned with the later

data help illusErate the rate of transition from disturbed to undisturbed

conditíons.

Monthly mean profiles of the aerosol backscatter function are

plotted for the L972 to L976 períod ín Figures 4.1(a) and 4.1(b) with

the profile for July 1969, Ehe period of maximum scatter:ing íncluded for
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comparison. These profiles are compared with the scattering expeeted

from clear aír l¡hích Ís indlcated by a'dashed line representing one per

cent of the molecular backscatter function (0.01 x Br(h)). The error
ft

bars, plotted every 5 km represent one standard deviation in the mean

value plotted and are calculated as explained in Chapter 3. Because the

actual number of laser firings and the laser energy often varied

considerably frorn night to night and resulted in greatly differenË

uncertainties in Èhe calculaËed profíles of backscatter funcÈion, the

mean profiles for any one month are produced by calculaÈing a weighted

average of the nightly values for a particular height.

TABLE 4.L Distribution of Lidar Observations

Month Number of Observations

L969-t977 L972-197 6 Total

January

February

March

April
Ì{ay

June

July
August

September

October

November

Decenber

7

6

7

L4

L4

L2

3

3

4

6

1

3

2

4

3

5

3

1

10

9

11

20

15

15

7

L2

6

6

8

5

5

8

3

1

5

4

It should be emphasised here that as lidar observaËions of Che

stratosphere can only be rnade on cloudless nights, the mean of the

results obÈaíned during any month may not represent truly the average

value for the whole month. This ís because cloudiness ís relaÈed to the
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prevalent synoptic situation and Ëhere is 
,some 

evídence thaÈ the amount,

of dust in the stratosphere is also affected. The monÈhly mean profiles

and the seasonal variatíons derj-ved from them later in Èhis chapter

should be considered wíÈh these facÈs in mínd.

A comparíson of the monÈhly mean profiles plotted reveals some

interesting changes that have occurred during the period of observatíon.

The general shape of the profile has chauged from L969, when there r^ras

a strong peäk near 19 km wiËh a rapid increase irr scatteríng above and

below this height. The later profiles indicate reduced scat,tering at

the layer peak which has moved Èo lower altitudes, accomPanied by a

scattering increase above about 20 km. In several cases the ru-ixing

ratio above 20 km is al-most, consLant wiÈh height. This Íncrease in

scatterÍng above the layer peak is most noticeable as enhanced scaltering

at 30 km firsË observed during February 1970, (Gambling et aLr 1971).

The single profile for December L973 was terminaÈed at 22 km by the

'development of faults in the laser cavity.

Figure 4.2 shows the change ín the mean profile of the aerosol

backscatter function for the years l-969 to L976. Again error bars

represenË one standard deviatíon in Èhe mean value. The relative size

of the error bars Ís a reflection of Èhe number of profíles used in

calculating the yearly means. In the case of the 1-975 profile only one

observation r^ras made and the error bars are typical of a single profile.

The general declíne in the strength of the scattering mentioned

earlier is shown clearly here. Although each profile used in the

calculaÈí.on r¡ras normalised to a height where the aerosol contribution r¡as

assumed to be zero, the average profiles often show no region of zero

aerosol scaÈtering. This is to be expected.
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Duríng 1970 and L97L a second scat,tering maxímum occurred

at a height of 1-2 kn and a ninimum at 13 km. These may possi.bly be

associated ¡¡iÈh Èhe effect of multiple Ëropopauses over Adelaide.

Tropopause heights at Adelaide can be as l-ovr as about B km when the

polar tropopause is present, and as high as 16 km or more when Ëhe

troplcal tropopause is presenË. It has been noticed that a scaÈteri-ng

minimum is usually assocÍated wiÈh a tropopause at a nearby height, so

that multíple tropopauses can be expected to influence the shape of the

aerosol backscaÈter profile. This multÍ-layered appearance is not

unconmon, as can be seen in the monthly mean data f.ot 1-972 to 1976 in

Figure 4.1, but the variaËions in heíght of the layers often smooths

the features out, when the mean profiles are calculated.

To il-lustraÈe how the aerosol backscatter funcËion has behaved

wfËh height and time a 2-D diagram of the monthly mean values of the

aerosol backscatÈer function is presented in Fígure 4.3. The data are

presented as a ten-level intensiÈy plot of values of 10 1og1o(n^<ft>/fo(ref)).

Here B (ref) is 4.0 x l-O-10 (m.sr)-l so the maximum level, as
A.

indicated by the scale at the ríght of the figure, is 20 dB greater

than this, that is 4.0 x 10-8(m.sr)-r. The tíme scale has been altered

after December 1973 so the nexÈ month plotted is June 1975 followed by

February to April L976.

The dístinctíve features of Figure 4.3 are the uraximum in

scatteríng in the region 18 kxn to 20 kn during Lhe mid to later parË of

L969, and the general decline ín scattering at the height of the layer

peak. Duri-ng 1969 and l-970 Èhere is the occasional occurrence of strong

scattering in the region 9 km to 15 km, and after 1971 this is often the

heÍghË of the maximum value of the aerosol backscatter function.
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An annual varj.ation Ín scatËering above 25 kn can be seen by

studyÍng, for example, the height of the 6dB level whích seems to be

greater in winËer and less in summer. The upward progression of the

rnaxima below about L6 krn, especially in the 1969 to 1970 period, does

not necessarily imply that the material or a layer l'.s been moved

upwards as ít could be that the height of the source of the aerosols is

changing during this Lirne.

4.2 Díscussion and Comparison wíth oËher r^rorlc

The AdelaÍde work has already been compared wíth the results of

oÈher observatÍons of sËratospheríc dust during the period 1969 to 1973

by Russell et aL, L977. Their comparison is shown in Figure 4.4. The

decline in scatteríng ratío observed at Adelaíde compares favourably with

the other result,s.

The maximum scattering ratÍo reccrded at 20 km at Adelaide in

July 1969 coíncÍdes with the maximum Southern llemisphere sulphate

concentration measured at 19.2 km by Castleman et aL, (1974). According

to these workers Ehe meximum in particle concentration is reached some

tÍme after the penetration of volcanic gases into the stratosphere. The

maximum in scattering and sulphate concentration occurred 13 months after

the eruption of the Fernandina volcano (0.5'S, 92"W) in June 1968. This

delay, accordíng to Castleman et aL, is due in part to the time required

for the volcanic gases to convert to Partícles.

To emphasise any seasonal variations Ín the Adelaide l-idar data,

the mean annual variation was calculated for four heights, namely, 15 km,

20 km, 25 kl.r and 30 km and ís presented ín Figure 4.5(a). Because the

aerosol layer was in a perturbed state duríng 1969 and 1970 the data have

been separated Ínto two groups and Èhe average yearly varíations replotted.



(al3.0

2.O

0.2

0.1

a

LIDAR
(À = 694 nm)

1.0
0.8
0.6

0.4

o

I
x
l!
E

E,
o

o
oo

o
o

OYE

O RVH

1964 1966 1968 1970 1972 1974

sA-401 9-1 2R 1

COMPARISON OF LIDAR AND BALLOON-BORNE

PARTICLE COUNTER MEASUREMENTS OF THÊ

STRATOSPHERIC AEROSOL, 1963-1975

a. Maximum ratio of particulate to gaseous backscattering

measured by a number of stratospheric lidar groups' Boxes

indicate mean of manV observations; bars indicate range in

t¡me and magnitude' GF: Grams and Fiocco (1967)'

Massachusetls; CL: Collis and Ligda (1966), California;

C: Clemesha et al. (1966), Jamaica; S: Schuster (1970)'

Colorado; CB: Clemesha and Rodrigues (1971 )' Brazil;

O: Ottway Íg?21 , Jamaica; FS: Frush and Schuster

(unpublished), Colorado; F: Fox et al' (1973)' Hawaii and

Bermt¡da; YE: Young and Elford (1975), Australia; RVH:

Present work and Russell et al. (1974, 1975b), Californía'

b. ñumber of parricles (radius ì o.ls ¡,rrn) above tropopause

as measured by photoelectric particle counter (Hofmann

et al.; 1972-74; 1973 ' 1974, 1975, 19761' Arrows give

times of volcan!c erruptions with appreciable stratospheric

penelratlon.
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Figure 4.5(b) represents the condítions durÍng 1969 and 1970 and

Figure 4.5(c) the period after L970. I,tork on the lidar prevented

observatíons durÍng September and October in both 1969 and L97O.

These resul-ts may be compared wíth Èhose obtained by BÍgg (1976)

¡¡ho studied the variation in parËicle concentration usíng an íupacÈor

carried by balloons launched from Míldura during Èhe period 1969 to 1975.

Over the height ínterval 10 kn to 16 km the concentration of partícles

having diameters greater Ëhan 0.14 pm shows a defínite minimum in

April and reaches a maxímum in August. This annual variatlon can be

seen cl-early in Èhe 1969 Èo 1970 tídar data for 15 krn a1tíËude, but does

not occur in the later data.

There are t$Io possible reasons for the apparent lack of an

annual variatíon in Ëhe data for the later years. FirsËly Ëhe number of

observations ín any month is generally lcss than in Èhe fírsÈ two years,

as can be seen in the relatíve sÍzes of the error bars in Figures 4.5(b)

and 4.5(c), and the observations are more likely to be affected by day Èo

day variaÈion in scattering. Secondly, the values of the aerosol

backscatter funcÈÍon are much lor¡er than for the early period and any

error j-n normalisatíon will have a relatívely greater effect.

The variations at the greater heights seem less organísed and

Ëhis agrees generally wíth Bíggts observations for the particle size in

questi-on. However, the low values in December and January whích emphasise

Èhe variaÈion above the main layer seen ín Figure 4.3 ate not apparent

in the partícle counÈer data.

The vertícal distríbution of dust observed at dífferent locatÍons

is also interesting. Figure 4.6 compares the average profile of

scaËtering rarío for L973 at Adelaide (35oS, 138'E) with a similar profile
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averaged over the perÍod nid-1973 to early 1,974 at Menlo Park (37.5'n)

in CalÍfornia, (Russell et aL, L976). The profiles are sÍrnilar in

both shape and nagnitude and both show the Presmce of sígníficant

aerosol scattering aÈ 30 km. These profiles of scattering ratio uay be

converted directly to turbídiÈy profiles. The turbidity is defined as

t(h) = ßo(tr)ißr(h) = [B^(n,h)/P^ (¡)]/ IBM(Tr,h)/r^,(r)J

= [R(h) - 1] PM(r)/Po(n) (4.1)

where the syurbols have lhe same rneanings as in Chapter 3.

To compare with the 550 nm searchlight measuremehtl of

turbidity by Elterman et aL, (1973, l-976) the aerosol scaËtering was

assumed to be proportional Ëo À-r (PÍnnick et aL, 1976). Equation 4.1

shows that the value of turbidity is inversely proportional to the

assumed value of fo(n). As discussed in Chapter 3, RusseLI et aL use a

different value for this quanÈíty to that used il the present study.

AccordÍ-ngly a separate scale is used for converting theír scatÈering ratio

profile to one of turbidity.

the searchlíght Ëurbidity profiles of 1970 and 1973 to L974 are

descríbed as representing normal stratospheric condÍtions with líttle

influence of volcaníc material. Differences Ín 1atÍtude could explain

some of the difference in magnitude and height of the lidar and searchlight

profiles.

In Figure 4.7 tt,e average lidar profile of aerosol backscatter

function for early L976 is compared with Ëhe average of several profiles

of partÍcle concenËraÈion made during L975 to míd-1976, 340 kn north-east

of Adelaide at Mildura (34,2"5, L42.L"E>. Gras and Laby (1976) obtained

Ëhe profile usíng at in situ optícal partícle counter similar to that

described by Hofmann et aL, (L975) * Gonsideríng that the Èwo profíles were
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measured aË different times and locatíons and that the lídar has a

broader height resolutíon, reasonable agreemeût exists.

Using the resulËs of a símulÈaneous, comparatÍve lidar-dustsonde

experiment in L972, NorÈham et aL, (1974') calculated an effective

aerosol scatteríng cross-section as the ratÍo of the aerosol backscattering

function to the particle number densíty. trrrhen the two L976 profiles are

matched, as in Figure 4.7, the value of thís cross section is lO-lauPsr-l

for particles with diameters greaËer than 0.15 yn. This value is

considerably higher than the 1972 vaLue for similarly sized particles.

This is possibly because of the dífference ln latítude and time.

Alternatively, intervening volcanic eruptions between 1972 and 1976 nay

have led Èo a real change in the effecËive scatÈerÍng cross-section by

causing changes to the partÍcle size distríbutíon, shape, or refractj-ve

index.

4.3 Compa rison wiËh Meteorologícal Measurements

Because the amount of dust at any given latitude is affecÈed to

a large exËenÈ by transport processes, a possíble correlatíon may exist

between the aerosol backscatter function measured by lidar and Èhe

directÍon and strength of the winds at the heights concerned. For this

reason the monthly mean aerosol backscatter funcËions for 15 kn and 20 km

are plotted on the sarne tíme axis as the nonthly mean zonal and meridíonal

winds at 100 nrb and 50 mb. These data are p1-oËËed in Figure 4.8(a)

for the period 1969 to 1971 and Ín Figure 4.8(b) for 1973. It must be

emphasised here Ëhat the lidar data ar:e averages of only a few clear

nights ín the month whereas the wind data are the averages of every níghË

radiosonde flight from Adelaíde air:port dr¡ring the month (Australían

Bureau of }feteorology (a) and (b) , 1969-L976>.
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A study of the figures reveals that during the períod L969 to

1971 when aerosol scattering $¡as hÍgh, strong eastward wÍnds at 100 rnb

are associated wiÈh larger values of the aerosol backscatter function at

15 km, and vice versa. Such a correlation is not evident in the zonal wÍnd

data of 1973 (Figure 4.8(b)). The meridional r¿inds show no correlaÈion

with aerosol scattering in eiÈher period, although in 1973 (Figure 4.8(b))

there is some evidence thaÈ strong equaÈorward winds are associated with

low aerosol values. During the earlier períod, when the 50 nb winds blo¡s

polewards and westwards sj-multaneously (e.g. late 1969 and 1970), lhe

aerosol values at 20 km usualLy tend to be low or decreasing.

The wind is not the only parameter that affects sËratospheric

aerosol concentrations. For example, during 1969 to 1971 (Figure 4.8(a))

the aerosol values at 15 km seem to be strongly antí-correlated with the

average 100 mb geopoËenÈial height G , calculated from only those

measurements Èaken on the nights of the lidar observations. Low 100 nb

heights duríng late winter and early spring are assocíated wlth higher

aerosol scattering values and vice versa.

OÈher facÈors which possibly may affeet the aerosol layer are

the heíght and pressure of the tropopause and the mínimum stratospheric

temperaLure. These are now investigaËed further. In Figure 4.9 ate

plotted the variatj-on in nightly values of Èhe aerosol backscaËter

coefficient integrated over the height range 10 km to 30 kn (hereafter

referred to as B1), and 10 km to 15 kn (82), the geopotential height of ttre

250 mb surface, the height and pressure of the lowest tropopause, and

the nr-inj-mum stratospheric temperature during March 1969 to February L97I.

Note that Ëhe graph of rninimum temperature Ís inverted so thaÈ variations

are ín the same sense as those in the geopotential and tropopause heights.

If the general increase in scattering durí.ng early to nr-id-1969 ís taken
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Ínto consíderation, there ís a suggestion of a positíve correlation of

Bl wíÈh both the minimum temperaËure and the tropopause pressure, and a

negatíve correlation wiÈh Èhe 250 mb geopotential height, especially

if large scale changes are consídered (e.g. the periods e to h, n to p

q to s etcr). Note thaÈ because of Èhe sray Èhe graphs are plotted,

decreasíng values of the Èop Lhree graphs wÍll appear correlated with

increasing values in the lower (lidar) graphs. In 1969 the

meteorological parameËers are only plotted Èo the nearest 50 nb.

A large drop in minímum Ëemperature in late June to early July

L969 (e to f) oecurs simulLaneously wíth a drop ín Bl- and 82 and a

general increase Ín the geopotential heighÈ, whereas the subsequenL rise

ín temperature (f to g) and an increase in the tropopause Pressure

coincídes wiËh an íncrease in 81 and 82. The changes in the four

quantiÈies seem to be simulÈaneous. This can often be seen ¡.rhere

observaÈions are made on consecutive níghts, for example, the large and

sharp drop in 81 and 82 values in late May 1970 (q) coincídes r¿ith a

sharp increase in tropopause pressure and a decrease in minimum temperaÈure.

ThÍs is an interestíng case as although the agreement between variations

in minimum temperaLure, geopotentíal heíght and Bl ís as expected, the

tropopause pressure behaves in Èhe opposite sense with an íncrease in

the pressure (decrease in Èhe heíght) of Ëhe tropopause beÍng assocj-ated

with an increase in 81. A more likely resulÈ is shown in late August 1969

(h to i) and January 1971 (v).

The correlatíons between B1 and the Ëropopause pressure and

minimum temperature are shown in more detail in Fígures 4.1-0(a) to (f).

A linear, least squares fit vras applíed to the data and the results are

listed in Table 4.2, wlnich contains the línear correlation coefficient R

and the probability P(Rrn) of obtaining the same value of R using n

random data points. Good correlations are obÈained for the years 1969
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and 1970, especially for the minimum temperature where the results are

sígnífÍcant at the 0.3 per cent and 2 per cent levels respectívely.

Data for 1972 r^rhich include only six data points are not plotted. The

results for L973 are shown Ín the lower parÈ of Figure 4.11. Poor

correl-atíons are obtained between 81 and both Èhe minímum temperature

and tropopause pressure. As seen ín,Table 4.2 poox correlat,ions are

obtaíned Ín general in the later years where the actual value of Bl is

much less and possible normalisation errors are relatively more

sÍgnificant.

These correlaËions should be compared with.the observatÍ-ons by

Hofmann et aL, (1975) which shor¿ a correlation between tropopause heíght

and total stratospheric aerosol. They proposed that low tropopauses

provide a greater stratospheric volume for aerosol formatÍon and transport.

McCormick et aL, (1978) also noticed a slmí1ar correlation ín their lidar-

deríved integrated aerosol backscattering and the tropopause pressure.

TABLE 4.2(a) LeasÈ Squares Fit of 81 toT
MIN

Period n R P (n,R)

L969

t970

L97L

1972

L973-6

L969-76

44

31

32

.426

.404

.020

-.68s

-.091

.180

.003

.02

11

6 15

L24 o7
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TABLE 4.2 ) Least Squares Fit of 81 to P

Period

]-969

L970

L97L

L972

L973-6

1969-7 6

n

44

31

11

6

32

R

.297

.220

.278

.064

.159

.047

TROP

P (n,R)

.06

.05

L24

A positíve correlation betr^¡een the minimum stratospheric

temperature and Ëhe integraËed aerosol backscatter was also noticed by

McCormick et aL, (f978) in the lídar measuremenLs foIlor¿ing the eruption

of Volcán de Feugo. They found thaÈ the minímum straÈospheric temperature

rsas at íts highesÈ when the integrated aerosol backscatÈer r¡Ias at a local

maximum, buÈ emphasísed that the higher temperatures rvere n'ot necessaríly

due to the heaËing effects of volcanic aerosols but could be due to Ëhe

advection of warmer, aerosol laden aj-t. This laÈter possibility is also

more likely than the possibility of warmer air temperatures increasing the

raËe of formatj-on of aerosolsras thÍs is a slow Process.

The relationship between the geopotenËíal height of the 250 nb

pressure surface and the integrated aerosol backscaÈter function (82) for

the sarue night is shovrn in Figure 4.I2, r¿hile Figure 4.13 sho¡^rs a

comparison of the geopotential height r^rith the weighted mean aerosol

backscatter function, where Ëhe averaging is taken over the heíght Tange

10 kn to 16 km. Although poor correlations are seen in later years when

the aerosol concenÈrations were low, there is good correlation in 1969 and

1970 between low 250 mb geopotentíals and high values of both B2 . and mean
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backscatter function. The converse is also true. A si¡nilar resul-t

(not plotted) ís obtained when the 1969 100 nb geopotenËials are

compared with the aerosol backscat.ter functíon inËegrated over the 15 km

Ëo 20 km heighÈ range buÈ the correlatíons are not quite as good.

The evidence for a good correlatíon beËween the height of the

constant pressure surfaces and the variation in the aerosol backscatler

ín the region beËween 10 km and 20 km presented in this secËior5 tends

to supporÈ the observation by Gambling et aL, (L971) that higher aerosol

scattering values are associated with upper level troughs and low values

with upper level ridges. According to these auÈhors this correlati-on

suggests a downward transfer of material from above, together wíth a

horizont.al poleward movement by eddy processes , 'the troughs and ridges

representíng the eddies of the general circulation flow patËern.

As described in Chapter 3, increased amounts of aerosol in the

heÍght region used for the normalisatíon of Èhe lidar scattering profile

can cause an underestim¡te i-n the derived aerosol scat,teríng values.

For Èhis reason care must be taken during normalisation of profiles on

those nights when a trough in Ëhe 250 mb surface occurs over the l-idar

site. If normalÍsation in this heÍght region is necessary, then the

resulËing scaÈtering values should be treated tsith cautíon.

4.4 The Stratosphere above 30 km

The díscussion of the stratospheric aerosol layer so far has

been linr-ited to Èhe height region between 9 km and 30 km. The reason is

that the bulk of the layer, ín terms of mass, particle number density,

or any of the light scattering properties, ís concentrated in this regÍon.
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There have been occasiorrs however, when scattering has been measured

from aerosols above this region. These measurements tend to be of Èwo

klnds. The flrst refers to scatÈering from an extension above 30 km, of

the maÍn lower layer, and the second refers to materíal at greater

helghts whích seems to be isolated from the main layer and may be of a

different orígin, possibly extra-terrestrial.

Early scatÈering profiles obtained by most lidar groups (e.g.

Bain and Sandford, 1966; KenE et aL, 1967) showed a return to purely

molecular scaËtering near 10 krn and above 30 km. The Adelaide scattering

profiles for April 1969 to January 1970 (Garnbling et aL' L97L) showed a

símilar behaviour. Horøever, as can be seen ín the same paper' the

scatteríng ratio profiles from February 1970 to May 1970 dÍd not return

to unlty at 30 km. A sj-rnilar behavíour was often noted by Russell et aL'

(L976) for the L973 to L974 period ín Californía.

Gaurblíng et aL normalised theír scattering raËio profiles for

Èhe region above 30 lüì to unity aË Èhls height, and found that in Èhe

monthly mean profiles the ratios hrere usually wíthin one standard deviation

of unity. However, their profiles for April, May, June and November 1969

show a monotonic decrease in scat,Èering ratio up to at leasË 40 km,

indicating the possible existence of aerosols in Èhís region. Schuster

(1970) also reported aerosol scatterÍng in the 30 kfl to 40 km regíon

¿nd Clemesha. and Simonich (1978) observed excess scaÈtering from the

t'Lailr' of the main layer up to as hÍgh as 34 km.

ObservaËions of dust layers above the maín layer have been

reported by several workers. Clemesha and Simoni-ch reporËed excess

scattering in the region 40 krn to 50 km in October L97L, September to

October 1972 anó. OcËober Lg73. Rössler (1968, Lg72) measured' diffuse
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sky brightness from rockets launched over the Sahara 1n April l-963

and August 1-:970, and detected dusË layers Ín the height regions near

20 km, 50 km and B0 km. Ile observed that these were regions in whích

the rate of change of Èemperature r^ras constanË with altitude. Cunnold

et aL, (1973), using horizon observatíons from an X-15-1 aircraft

observed excess scatteríng from near 50 km, and Giovane and Schuerman

(L976), usíng Skylab solar occultation observations during November L973,

observed a layer at 48 kn.

As the 1962 U.S. Standard Atmosphere ís used in the calculatíon

of Adelaide aerosol scattering data above 30 krn, any seasonal- variation

ln atmospheric density would be expected to produce an apParenË variation

1n scattering ratÍos aÈ these heights. To reduce the effect of any such

variations, the monthly mean scaÈtering ratÍos hlere re-calculat,ed using

an average yearly variation in densíty calculated from falling sphere

density measurements made at Woomera (31'S, 137oE), South Australia,

(Pearson 1973(a) and (b)). !ühen the standard deviations in scatteríng

ratío and density are considered there are some months for which the

mean scaÈtering raÈios are signíficantly greater than unÍty. These are

plotted in Figure 4.L4. Those months in whích observaÈions hTere made of

the 30 km to 60 km region are indícated by horízontal bars on the time

axis. Normalisation of the scattering profíles for the region above 30 kn

Ís achieved by natching the profiles of Èotal scattering in thís region

wíth those from the lower regions which are normalised by Lhe method

described in Chapter 3. Because of the large variaÈion ín the aerosol

backscatter function in the range 20 krn to 60 km, values of scattering

ratio are preferred and were used in the fi-gure.
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Scattering ratios as high as ten per cent above the value

expected for a clear air return are sometimes observed above the main

stratospheric layer to a helghË of up to 40 kn. There is a relaÈive1y

clear re.gion above about 31 km to 36 km with an increase in scattering

above this height, especially Ín Ëhe region betr^reen 46 kn and 60 km, the

latter beíng the maximum height studied with the 1idar. These observaÈions

of the exisÈence of excess scatteríng above the main stratospheric layer

are in general agreement with those of the other workers mentioned earlier.

Accordíng to Clemesha and Simonich (1978),the source of this

materíal ís possibly extra-terrestrÍal, a possibíllLy also proposed by

Rosinski (L972) and Rosinski et aL, (1975), who noÈed an extra large ínf1ux

of magnetíc spherules aË the time of Clemesha and Simonichrs lídar

observatÍons of an increase in scattering. It is unlikely Ëhat volcanic

eruptíons inject dust ínto these relatively high altitudes.

It should be noted ín conclusion that high scattering ratíos

observed at high altiÈudes do not ímply the exÍstence of large amounts of

dust because Èhe scattering is expressed as a ratío of the aerosol to the

molecular scattering, and the laËter Ís very low at these heights. If

the material is extra-terresËrial, the scattering ratio of a cloud or

layer of this dust ¡¿ould be expecËed Èo decrease as the layer descended

Ínto the denser regions of the atmosphere, provided the layer did not

change in thickness and the particles retained their optical properties

duríng the descent.

4.5 Stratosp heric Dust Observations and their Implication for
The Global Radiation Flux

' VariatÍons in the aerosol coritent of the stratosphere will lead

to variaËions in the solar flux reaching the earËh by scaÈtering of



83.

radiation upwards from the aerosol layer and by absorpÈion withín

the layer. In this section Ëhe variations in the l-idar derived

stratospheric aerosol optical thicknesses are translated inÈo solar flux

varÍations at the surface.

Monthly mean values of the vertically integrated backscatter

funcÈion are illusËrated in I¡igure 4.L5 for the period 1969 to 1976.

As discussed in Chapter 3, Ëhese measurements may be expressed as optical

thicknesses, the precíse value depending on the value of the aerosol

phase function chosen. The optical thicknesses are indicated by the

scales at the right of the figure. Scale A uses a value of

ro(n) /4tt = 0.0199 Sr-1 and Scale B uses 0.013 Sr-1 -

To relaÈe this aerosol optical thlckness at Ëhe lidar wavelengÈh

of 694 nm to the equivalent opÈical Ëhickness for a beam of solar

radiat.ion, Ëhe relaÈive extinction for Ëhe two specÈral dístríbutíons was

calculated by eurploying a stratospheric aerosol síze disLribution gÍven by

Bígg (L976), and extinctj-on efficiency factors averaged over Èhe solar

range of wavelengths obËained from the work of Cadle and Grams (1975).

The aerosol distribution was the average of 35 balloon-borne impactor

measurements during Ëhe period 1969 to L974.

The extinction per metre or volume scattering coefficient, of a

monochromatic beam of light of wavelength À, by a layer of rnonodisPerse

aerosols having N spherical particles per cubíc metre wiÈh radius r

metres, refracËive index m and a l"Lie extinction efficiency factor

Q"*- (m, À, r), is

ßÀ = Nrr2 Q=*, (m, À, r) . 4.2
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If Èhe depth of the layer is Ah metres then the optical Èhickness

T = ß. Ah. Now as the transmittance T = e-T N L - t for srnall h,

the fracËional loss of energy due to the combined effects of scattering

and absorption from a beam passing vertícally through the layer is T .

The extínctÍon efficiency factor averaged over solar wavelengths

l-s

r). B(À,T)dÀ

%*t (t, r) 4.3
B ( ¡,, T) d),

o.3u

and T = N1TT2 Q=*" (m, r) . 4.4

Cadle and Grams (L975) assumed the solar speclrum can be described by a

Planck distribution funcÈion B(À, T) for a blackbody at a temperaËure

T of 6000K, and neglected all wavelengths shorter than 0.3Um to

approximate the effecÈ of ozone absorptíon. Their calculations of

percentage energy loss, P=*, = 100T , used a layer of one kilometre

ÈhÍckness, and N spherical particles of radíus r(Uro) per cubie

centimetre, with a specifÍc gravity of 2 and a mass concentration of

one microgram per cubic meÈre. By usíng these values and wrítíng

N(cm-3'¡ = (3/4r) (l't/r3 ¿), the percenËage loss of energy in a

one kilometre layer Í-s

P (k -t) 0.075 M Q"*, (m, r) /rd 4.5

which can be solved for the solar averaged extínctÍon efficiency facÈor.

l-.e. 26.7 P r 4.6
EX

for partícles with radii in Ëhe optically important

to 10.0 prn were obtained from Fi-gure 11 of Cadle and

Qr*" (m, À,
0.3
æ

txT

, (km-l )4*" (t' r)

Values for õ
ÌEXT

range of 0.01 pm
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Grams (1975) for a real refractive Índex of L.4, r¡hich compares with

the value of 1.42 used in the model of Russell- et aL, (1976), and an

inaginary index of 0.001, which is the smallesË value used by these

authors. Values of %*r(*, À, r) for the lidar wavelengÈh were

obtained from Ëheir Figure 10 and adjusted Ëo the appropríate refractive

índex. The effect of the straÈospheric partícle size distribution was

included as follorvs. For a polydispose aerosol layer having n(r)dr

particles per cubic meËre in the size range r Èo r*dr, the optical

thickness T. for a monochromatíc beam of wavelength À is giverr by

^-
X2

tÀ=
rl

and for a solar beam

TÍ r' Q-*, (m, À, r) n(r)dr 4.7

T
SOL AR

4.8

For a given aerosol size dÍstribution the ratio of the opÈícal

thickness of a vertically incidenÈ solar beam Ëo the corresponding

optical thickness of a monochromatÍc lÍghË beam Ís

2

T 87't

r:, n r' 4*" (m, r) n(r)dr.

r n rt õ.,." (*, r) n(r)dr
4.9

Tz

rt T't r' Q.*, (m, À, r) n(r)dr

Biggts (1976) aerosol. size distribution corresponds mosË closely ín time

and locaËion to the presenË measurements of the stratospheric aerosol

layer over Adelaide, and therefore was used ín this analysÍs. Numerical

integration of the raËio ín EquaÈion 4.9 yielded a value of 0.87, thus

SOL AR
=0. LI DAR

4.L0
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Io relate the optical thÍckness measurements at Adelaide to

the globally averaged reducÈion in solar flux aÈ ground level,

allowance must be made for the dífferent solar zenith angles-'at

different latitudes on Èhe globe and, consequent,ly, for the different

path lengths the radiation traverses. The correct solar optical

thíckness can be obÈained by nultiplying by sec0 where 0 is the

solar zeníth angle. The total illundnated area of a sphere ís exactly

tr¡íce that of a flat disc at normal incj-dence. Thus an equivalent spherical

geomeÈry situation is obtained by choosing plane parallel earth model ¡,rith

a zeniÈh angle of 60 degrees. The resulting globally averaged

percentage extincÈion loss P. . ,.is twice that for the case of verËical

incidence.

Cadle and Grams have calculated values of Pqhr, (r) for a

similar 1-ayer of nonodisperse aerosols to the one used for the

calculation of P"*" (r) discussed earlíer, but with a total thickness

of 10 km rather than 1 lcn. This loss comprÍses absorption and

scattering away from Ehe earËh into the upper henr-isphere, ttrat is, the

hernisphere containing the incident solar beam. Símilar reasonÍng to that

used for the calculation of %*, (r, m) gives

a_ (r, r) = (4dl3M). P_ ___(per 10 kn).r 4.1-ftsav GAv -'

tr'or Ëhe polydisperse aerosol distribuÈion defined earlier, the

total mass M, per unit volume is

M (41 3)ra rt n(r) dr .r:,

and the percent.age energy loss per unit mass is

a

4.L2



P (10 krn). r.
GAV

f3

i t(')at

t2
G/3)trd (tt /r) '4or(r, n) n(r)drr

87.

4. 13

4.L4

4.15

G/3)t¡d rt n(r) dr

Substitutíon for õ
'c

(r, rn) from Equation (4.11) gives

0.75
=

d

d

t2

T

A.V

[:"É#o.7 5 l

so lP.orr] lokm =

SinÍlarly [P l

(r2
I tt n(r)dr
I'rr

P- .-(10 km). rt n(r)drGAV

t2

r, tt n(r)dr
2

r P---- (1 kn) . rt n(r)drtxT
10.10 kn t2

r, tt n(r)dr

where [P- -l has now been calculated for a 10 krn layer. Both ratios' ExT'

were inÈegrated numerically with Ehe result that the ratio

[t.orr] / [P=*, ] 0 "2O/0,56 = 0.36. 4.L6

The actuaL síze di-stribution chosen does not effect greatly the

ratio ín Equation 4.16. A dístribution which decreased much more rapidly

at hÍgher particle sizes gave a value whích differed from the above ratio

by less Èhan four per cent. Note that Èhe ratío is independent of layer

thíckness.

If the decrease in stratospheric aerosol optical thickness

averaged over Èhe globe was of a símilar magnitude to that observed at

Adelaide then the resultant globally averaged reductíon in solar flux

loss at ground level can be computed in the following way. Firstly, íL

values of 0.016 and 0.004 are taken as representíng maximum and

minimum values of opÈical thickness measured aË the lidar wavelengths

during the period 1969 to L976, then the corresponding values for solar

EXT



!üavelengths are given by Equation 4.1-0 as 0.014 and 0.0035. The

total globally averaged percenËage loss ín solar radiation can be

obtained from the equation.

[t.o.r] 0.36( T x 100) = 36t
SOL ARSOL AR

88.

4,L7

Therefore Èhe values of Troro. Just calculated imply that the globally

averaged percentage loss in solar radiation at ground level varied fron

0.52 per cent to 0.13 per cent during the period 1969 to L976.
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CHAPTER FIVE

METHODS OF ANALYSIS OF TROPOSPHERIC LIDAR DATA AND THE

DETERMINATION OF BOUNDARY VALUES

5.1 Introduction

The purpose of this chapter is to examine various analysis

techniques which are used to deteruríne values of atmospheric extincÈion

from backscattered lidar signals. Only those techníques whÍch are

suitable for the analysis of elastically-scattered (same frequency)

radiati-on deÈected by monostatic lidars are discussed. Raman scaÈtering

(Cooney, L975; Herrmann et aL,L974) and differential absorption methods

are not discussed here.

One of the fundamental problems in the analysis of backscaËtered

lidar signals is that Iídars are extremely dífficult to calibrate

absol-uÈely. Attempts have been made to measure the signal returned from

targets of known reflectivities (Hall and Ageno, L970> but the technical

problems are severe. Because Ëhe targeÈ must be placed beyond the range

of overlap of the transmitter beam and the receiver field of view, a large

target Ís requíred to ensure that it reflects the whole area of the

illumÍnate-d pulse. As the signal from a solid target of high refl-ectívity

ís many times greater than the atmospheríc return, dense optical filters

are necessary to reduce the signal- to useful levels and heawy demands are

placed on the linearity, over a large dynamic rarige, of the filters and

the recording system. The atmospheric attenuation between Èhe target and

the lidar is not negligibJ-e and iÈs effecÈ musË also be included.

Inlaggoner et aL (1972) have devised a meÈhod usíng an integrating

nephelometer to calibrate their system. As a bonus this meËhod produces

a value of the backscaËËer-to extinction ratio for aerosol.s; Èhis rati-o ís
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equal to the value of the aerosol phase functíon ln the backscaÈter

dÍrectíon. Absorption is negligible for the ruby laser wavelength and the

'e:<Ëinction coefficíenË ís assumed equal to the volume scattering coeffieienË.

Proble¡us with thís met.hod were discovered during the present work and r"rill

be discussed later.

As discussed in Chapter 1, the lack of a unique relationship

between the volume backscatter function B(n) and the volume scatterí-ng

coefficient or exÈinction coefficient ß , reflects the variability and

uncertainty in aerosol phase functions. A dífficulty arises because

atmospheric extÍnctíon is not negligible in the troposphere and model

values are rarely valid for Èhe particular case studied, so the extinction

must be derived from the backscatter function by usíng some theoretically

derived or experírnentally determined relat,íonship. .

The difficulties just mentioned make various assumptíons necessary

during the analysis of lidar data in the case of some techniques. Several

teehniques overcome the calibration problem by assuming a boundary value of

extinction; the most comnon situation is the one where the aerosol

scattering contribuËion is zero at some point. Even here the relationship

between B(n) and ß still needs to be assumed so that the atmospheríc

extínction can be calculated frour the backscatter. Other methods capable of

determining both the system constant K, and the S(n)/ß relatÍ-onshíp

require the assumptíon that the atmosphere is horizanËaLLy homogeneous.

Various techniques, Èheír assumpÈions and limitations ¡^rill now be

díscussed in detaíl. Methods for obtainíng boundary values of extinction

and theír use in a computer program which produces a t\^ro dimensional map of

atmospheric extinction fron a series of lidar firings at different elevation

angles wíll be examined also.
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5.2 The Clear-Air Calibration Technique

This technique, also referred to as the "molecular layer" rnethod

ís the one most comtonly used in the analysis of straÈospheric sígnals.

As ít has been described in detail in Èhis context ín Chapter 3, it will not

be re-analysed here. The meÈhod can be exÈended easily to accept non-zero

boundary values of aerosol extinction.

The basic assumption in Ëhe method is that there is some height at

which the aerosol scattering contributí-on is either zero, or negligible, or

is previ-ously known. For profiles that extend to Èhe tropopause, use may be

made of the facÈ that low amounÈs of aerosol are usually found in this

region. As menÈioned in Section 3.L.2, a relatively clean region near 10 km

is often used in the analysis of stratospheric profiles. Measurements have

shown, (e.g. Rosen and Hofmann, L977; Gibson, L976) that optícal

scaÈÈering from particles generally decreases with altitude up to the

tropopause region. Although very low values of aerosol scattering are often

detected ín the lower troposphere and can be used for the normalisation of

scaÈteríng profiles, iË has been found that the choice of greaÈer heights ín

the troposphere for normalisation ís less likely Ëo introduce errors caused

by the presence of aerosols. As mentíoned earlier, the extinction must be

included and the value can be deríved from the backscatter function if a

suítable relationshíp between the two ís assumed. Usually this

relatíonshíp ís assumed to be independent of heíght. Atmospheric measurements

of scaÈtering from several angles usíng a balloon-borne nephelometer

(Gibson, 1976) have shown that this latter assumption ís not always true

although the phase function may be constant over large regions of the

atmosphere.
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5.3 The ElevaÈion Scan Method

Several methods which compare scat,tering of lidar pulses directed

at differenE elevation angles have been used to deduce profiles of

atmospheríc transmittance and extinction. (Sandford et aL, J967 3 Hamilton,

1969; Ottway et aL, L97l). If the Iídar is calibrared rhen both rhe

backscatter function and extinction coeffícient, and hence the ratio of

these quant.ities can be deríved also. The methods of Hamílton and Sandford

et aL are sÍmilar ín thaË they compare lídar returns from several elevation

angles whereas that used by OÈtway et aL only compares signals measured at

two angles. Equatíon 41.9 in Appendix 1 gives the lidar equation for a

vertical propagation as

K( B.,(n,h) + Bo (n,h) )T2 (o, h)/tr'v(h)

which uray be re-arranged and símplified as

Vh2 = KB T2
T

5.1

5 2

where B- ís the total backscatter function. For a lídar dÍrected at anT

elevation angle e , the signal, Vo returned from a height h and range

R = h cosec 0 ís given by

v^R, = KB_T2"oseco 5.30r

Taking the ratio of equaÈions 5.3 and 5.2 gives

vo 
"o"."' e ,z (cosec 0-1)

5.4V

By using returns at 30o and 90o elevation,whích may be solved for T

OtBvay et aL (1971) found

r = 2.( v3o/v)z 5.5
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The nethods of Sandford et aL (L967) and Harnilton (1969) proceed

differently. By taking natural logarithms in equation 5.3 we obtain

1,n (vun') &n (KBr)*2cosec0r,n(r). 5.6

A graph of gn(Vn2 ) plotted against cosec 0

several elevatíon angles has a slope of 2Ln(T)

Y-axis is KB . As T = e-r then
T

Î,n(T)

for a certain heíght and

and the intercepÈ on the

-T
¡h

,| ß(r)dr
o

-Ahxß. 5.7

Therefore, by measuring Ëhe slopes in equaËion 5.6 for several heights and

solving for ß in equation 5.7, a profíle of volune scattering coefficient

or extinction ís derived. By assuming a value for K, Hamí1ton was able

to derive a profile of B, also, and on two days found the ratío ß./U,

varied between approximaxeLy 2 and 3.

The main assumpËions for the valídity of thís rnethod are firstly,

the atmosphere is horizontally homogeneous up to the maxímum height studied,

secondly, the transmitted pulse is sufficiently short that the aÈmosphere

does not vary much about h , and thirdly, Ëhe atmospheric transmittance

does not vary much over Èhe range of wavelengths emitted by Èhe laser.

The second two conditíons can be met satísfactorily by most lidars

but ít is the firsÈ condítion, one over which the.experimenter has no control,

which causes problems. Any lack of horizontal homogeneity will become

obvious if firíngs are made at several angles but not necessarily if only

two angles are stuclied. For this reason the method used by Sandford et aL

or Hamilton is to be preferred to that of Ottway et aL for observaÈions ín

the Èroposphere. The latter method was designed for the stratosphere where

multi-angle observations are impractical because of the excessÍve number of

laser firings requíred to give reliable statistics.
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Other advantages of these methods are that Ëhey do not require

boundary values nor do they assume any form of relationship between Bo

and ß . The Sandford/Harnilton method can be used to study this
,A.

relatíonship and iÈs variability with heíght, if any exists. Provided the

condiÈions for the applicability of the method hold, ít is superior to

most other meÈhods for the determinatíon of the relationship between Bo

and ßA as the same rrravelength and bandwídth are used for the measurement

of both quantitíes.

5.4 The Depolarisation Ratio Method

The main problem in the analysís of lidar data is the separatíon of

the molecular and the aerosol components in the measured atmospherie return

si-gnal. An inÈerestíng method, which uses the components of the signal

which are parallel and perpendicularly polarised with respect to the

transmitted pulse, has been used by Cohen and Graber (L975) and Cohen and

Kleiman (1978). The following notation ís consistent hrith thaÈ used

elsewhere in this thesis rather than that. used by these authors.

The lidar equation for scattering frorn height hi can be r^rrítten

in the form

rj(h-i) = v. (hi) hi2 = Kj (B*j (hí) + Bo5 (ttr) ) T .2 (o, hr) ,

where j = I and j = 2 refer to the parallel and perpendicular components

respectively, and I(h) is the range corrected signal received aÈ height

h. The equation can be sÍrnplified by letting the dependence on height hi
be denoted by the subseript i giving 

2

I..= V..h.2 = K.(S +B .)f. 5.8a:,1 arJ r- J vrrJ narJ rrj

In particular, the rotal cross polarised return from air molecules and

aqrosol particles at h. is
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,,,, KzTi,z (trr,z*Borrz) 5.9

and the total parallel component Í-s

tt, t K1Tr, 12 (Bri, t * Bor, t). 5. 10

The raÈío of the cross polarísed to t.he parallel polarísed returns is

called the depolarisation ratio, and for clear air Cohen et aL (1969)

har¡e measured its value as y = 0.015 I 0.001. So

Bc=YB.t
¡41_r- ' ¡,¡l_r^ 5. 11

No¡¿ if v/e assume that the aerosol size dístribution is constanÈ

wíthin the layer and only the number density varies wiÈh heíght, then the

aerosol backscatter function at the next height hi+t is related to thaÈ

at h. by the ratio of the number densítíes, Ci+l = (Ur*r/Nr), so

B -C..-B 5.L2nl-ll¡ J l-+I Aa r J

As the 1ídar system constanË should be the same for both polarísations

and as the transmíssion of a light beam through the atmosphere is independent

of its polarisation, K1 = K2 = K and ,i,, = tr,t = t, . Equations 5.9

and 5.10 can nov¡ be combined using 5.11 and 5.12 to give

tr,, - yri,r - lci (Bri,, * Bo1-,z) - yKTi'(urí,r * Bor,r)

=KI
l_

A similar equati-on can be written for height

equation 5.13, can be re-arranged to give

(r

5. 13

hi*t and, when used with

2 (s'Aa ,2 - YBo1rl).

1 i+1 2 - rTi+t
C i+1 1t (hi, hi+l) (rr,, - Yri, t)

1) 5.r4
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For the stratosphere and for tropospheric layers r^¡íth low values

of optical thickness, Cohen et aL assume T2 (hí, hi*f) = 1.0. However, in

most cases in the Èroposphere thís is not so, especíally when successive

products are formed to relate the aerosol number density Ni at any

height hi to that at a reference height hr through the equation

N

N I
T2 (hl,hi)

í
IC
^nl1=z

5.15
l_

If there is an aerosol-free interval wíthín the region being probed

it will be indícated by its low depolarisation raËío ( y = 0.015 ).

Another advanÈage of the method ís that by eliminaÈíng the molecular

contributÍon in equation 5.13, knowledge of the atmospheric density profile

is made unnecessary. except in the calculation of T2 where an exponential
approxímatíon Ís adequate.

In the presenÈ work this method has been used to calculate profiles

of aerosol number density Ni and o<tinction ßi by usíng a boundary value

of each at ht in the following way:

Step 1. Initially assume t'(hi, hi+l) = 1.0, and evaluate Ci*l using

5.14 and ß and N
11

Step 2. Using Ci*t evaluate Ni+l usíng 5.15.

Step 3. Assuming evaluate ß ci*t ßi_ and T2 (hi, hi+1)í+l

Step 4. RecalculaËe Ci*l usíng 5.14 and compare with previous value.

Step 5. Return to Step 2 and iterate untíl convergence is achieved to

produce profiles of Ni and ßf

The assumption made in the depolarisation method for deterrnining

exÈínction profiles is contained in SÈep 3 i. e. that the aerosol

scattering properties are proportíonal to the number density for the whole

ß. o N.al_
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region being studied. If there is no aerosol-free region then boundary

values of number density or extinctíon must be used also.

5.5 Methods ínvolving the Solution of Dífferential Equations

The fínal class of methods to be díscussed here derive solutíons

of backscatter or exËinctíon from the lidar equat.ion expressed ín a

differential form. Among these soluÈions are those of Barrett and'Ben-Ddv

(t967), Viezee et aL (1969), Fernald et aL (1972) and Collís and Uthe (1972).

The method of Viezee et aL ís interesting because, as an

intermedíate step, use ís made of the funcÈion

S (R) = 10 log1s
B" (n)r' (R)

10 1o916
B (n)r2 (R)

TOO

) 5.L6
P(* R2 )

) o
o

where the noÈaEion ís that used in Appendix I. L{hen the atmospheric

attenuaÈion. is small, for example- over short ranges, f is approximately

uniÈy and the S function becomes an expressi-on for the logaríthm of the

ratio of the backscatÈer function at some range R to the reference value

aË R^. This form of presentaÈíon is equivalent to that for the
o

stratospheric backscat.ter functíon in Fígure 4.3.

By taking the derivative of the S function in equation 5.16

with respect to range and then solving the resultant differential equation

Yíezee et aL obtaín the following solution,

Ê (R) exp I cls(R) )/{c' _c,

where Ct j-s an integration constant, C, = L/4.34 kZ and C, = 2/kr.

Here kZ aríses f::om the use of the relationship' B c. gk' , 5.fB

obÈaíned from the work of Curcio and Knestrick (1958). Johnson and llthe

(L97I) Ëake the analysis one step further as do Barrett and Ben*Dov (1.967),

and express the result in terms of aerosol mass concentraÈíon.

¡RI "*p I c., s(r) ]ds ], 5.r7
)'
o
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Fernald et aL (1972) improve on the method of Barrett and Ben-Dov

by'consídering tv/o cases. In one case the scat.Èering is predomínantly

due to a síngle class of scatËerers, and in Ehe other Èhe scaÈtering is

due to both air molecules and aerosols. During their analysis the

atmospheric optícal thicl,riess from ground level to the maxímum heighl

studied is calculated by subtracting vâlues of the optical thickness for a

roodel stratosphere from values of the _toËal aÈmospheric optícal thíckness

obtained usíng a solar radiometer. Followíng Barrett and Ben-Dov they

normalíse their profiles Èo the atmospheric returns from an aerosol-free

region. The system constant is derived and thís allows the ratio of

extinctíon-to-backscatËer to be determíned. In this meÈhod the differentíal

equation and its solution result from the dífferentiatíon of an expression

for the atmospheric transmittance with respecÈ to range and a solution of a

somewhaË similar form to equation 5.17 is obtained.

The major difference ín the methods of Víezee et aL and Fernald

et aL is that in the former analysis the relatíonship between backscatter

and extinction has to be assumed, while in the latter analysis the

relationship may be <ieËermined provided the stratospheric and total optical

thicknesses are knor¡n. Both methods require the use of boundary values,

the former as a reference for the extinc.tion profiles, and the latter, which

assumes zero aetosol scattering aÈ some height, to calibrate the lídar and

determíne the system constant.

As lidar profiles over larger ranges qrere contemplated in the present

work it was considered necessary that Ëhe effecÈs of aËÈenuation be

included. IÈ was anticipated also that ín at least some part of the profile

both aerosols and air molecules should be considered separately.

Accordíngly, Èhe following method of analysís was derived. The necessary
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requirements are a knowledge of the backscatter-to-extinctíon ratio, a

boundary value of extinction or backscatter, the ground 1evel value of

molecular extíncEion, and the molecular extinction or density scale heighÈ

of the atmosphere. These last two parameters are obtaíned easily if the

density profile is known.

At any given height the total backscatter functíon, using the

notation of Appendix I, is gíven by

B (h)
T

(h)B +B (h)
M

By expanding Bo (h) in terms of the total and molecular extinction

coefficients vre obtain

A
5.19

5.20

IBr (h)
4n

ß 0h)-'T

1

P

¡f O*<t'l + BM(h)P
A

P

PAßr (h) + (1 A.

P
) BM(h).

4n
M

Re-arrangíng gíves

4r B (h)
T" + 4n( B (h).h) 5.2I

P P P
M

Now an approximate value of BM(h) can be obtained using

BM(h) = Br(o) e-h/H where H is the density scale heighÈ for the lowest

six kilometres of the aLmosphere. This has been a useful and faírly

accurate approximation in Ëhe present analysis where maxímum altitudes have

usually been three and sometimes sj-x kilometres. Deviations from values

derived from radiosonde measurements have usually been less than two per-

cent over the lower height range but increase to five per-cent or more at

síx kilometres. The approxímation ís useful in that the compuÈer programs

for the analysis of the data are simplífied greatly and ít ís also useful

for the analysis of data on days when there is no local radíosonde data

readily avail-able or available for the right time, use being made of local

PP

ßr(
M

M

A

AA



100.

ground level Èenperature and pressure measurements.

For a lidar directed at an elevation angle 0

and equation 5.21 becomes

ßr(h) = 4n Br(h)/PA +

h=Rsin0

4r(LlP L/P^) (o) exp{ - Rsin0/H}. 5.22
M M

DifferentÍating equation 5.16 and sinplifying by dropping the notaÈion

Èhat indicates height dependence gives

B. 6Bß
T

This equation can be rewritten by substítutíng the expression for ß_ in

equation 5.22, then simplified by rnaking the substitutíon y = LlBr and

c = - R sin 0/H. The result ís

B

dS
m

-4¿
dR

-dB
4.34 +-+

where Èhe L.H.S. is now an exact derivaÈive,

-g¿
dR

qE_

dR

+ x(R).y

+ a"{f,-ir. n,{o)ecR)
RA

b,

+( 1
434

-8n'y=l- 5.23

By re-writing in the following form,

the equaÈíon can be solved by rnultíplying both sides by an integrating

f.acror .x(n), where dx(R)/dR = x(R).

Thus,

x
e

g¿
dR

+e x(R) x(n).y = 6 e
x (R)(R)

,

t_. e d

-t
dRt e

x(R)
v be x(R)
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Now integrating both sides wiÈh respect to R gives

and on replacíng y r¿ith L/Br and solvi-ng for B" gíves

Br (R) ex(R)

0.2303 s(R) - ;tr. ( | - f r. B,(o). H. exp(-Rsin0/H),

ct x (n)+b e dR
R

The íntegral must be solved numerically. If it is to be dependent

on R then the upper limit musË be R . The lower limít can be set as

Ro, the range of overlap of the transmitter and receiver cones. X(R) can

be evaluated from X(R) = Jx(n)dn.

v

i. e. X(R)

and Br (R)
R .x(r)¿. 1

ex(R) b "*(*)a* * CI ,

ex(R)

M A

5.24

5.25

+ i f*.*<'1u..
R

o

Bn{c,
P

cr

R
o

*
If boundary values B---(R) can be obtained, the integration constantT"

can be evaluated as

"x(n) 5.26

B R)

It would be partícularly useful if the boundary value were determined at

ct ¡
(

T

Ro, for then

ct .x(q /nrt{no) . 5.27
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Thls urethod has the combined advanÈages over others of this

kínd, of considering both aerosol and molecular scattering, and of

relative simplíciÈy enabled by the introduction of a reasonable

approximation which expresses the molecular contríbutíon in an analytieal

form. Differences ín the solutíons beÈween Èhis method and those where

aerosol scattering and molecular scatteríng are noÈ considered separaÈely

are most marked when the analysÍs is performed over a large helght ralìge.

In thís case the molecular contribution decreases steadily with height,

and, as ít is unlikely Èhat the aerosol contribution has a sinílar

behaviour, the ratio of total backscatter to total extínction assumed in

Ëhe 1atËer type of analysis must change and signíficant errors will occur.

The major assumption and source of uncertainty ís, again, the

dependence of Bo on ßo, that is the aerosol phase function Po(rr). The

values for n.(o) and H do not affect Èhe result markedly, especiall.y

íf values are obtained by fittíng an exponential function to the measured

radiosonde data. Largest errors arise when incorrect boundary values are

used, especially íf they are too large. Then the integratíon constant Ct

is too small and, because the result for a partícular height is used ín the

analysis of the next heíght, the soluËion diverges rapidly.

5.6 Obtainine Boundary Values for Solutions of the Lidar Eouation

There are several ways of obtaíning boundary values

for use in the analysis of lídar data, but many are limited in their

applications to special atmospheric conditÍons, for example, constant

backscatter or extinction over some heíght range, or horizontal homogeneity

of the atmosphere. Others have the dísadvantage of producing only average

values from measurements at another wavelength. The methods discussed here

are those used in Chapter 6 where the results of tropospheríc lidar
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measurements are analysed.

The Èwo methods of analysis discussed in Section 5.3 can

sornetÍmes be used to produce boundary values even though atmospheric

conditíons preclude their use throughout Èhe whole region under sÈudy.

These methods requíre that the atmosphere be horizontally homogeneous, and

although thís does not seem to occur often throughout a whole regíon of

the atmosphere, it j-s sometimes true for small parts of the regíon. A

general impression of the líkelíhood of such conditions existing can be

obtained by plotËing a two-dimensional pícture of the range-correcËed power

received frorn dífferent elevatíon angles. The acceptable region if one

exists, can then be chosen and boundary values found by analysirrg returns

from paths at t\¿o or more elevatíon angles passing Ëhrough the region.

A rnodification to the method of Ottway et aL, which compares

reÈurns from trro elevation angles, permits the use of the method in

círcumsÈances r¡here horizontal homogeneity does noÈ exisÈ at heights between

the lidar and the regíon studied. This method was found necessary when

results of the present lídar sysÈem were analysed, because the transrnitted

and receÍved beams are directed by a pair of front-surfaced mirrors whose

reflectívity is not unj-form because of the difficulty in coating mirrors

of their sj-ze. Thís causes a change in reflecting effíciency wiÈh

elevation angle in addition to that. expecLed from an aluminium mirror, so

that the lidar system constant is a function of elevation angle. In

addition, atmospheric inhomogeneities belorv Ehe region studied can result

in one beam experiencing greaÈer attenuation than the other. This case can

be made símilar Ëo that of differing reflectivíties by íncluding in the

system constant the effect of the transmittance between the lidar and the

lower boundary of the region of interest..
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Equation 5.3 gives the 1ídar signal Ve(h) from an

elevation angle 0 and heighÈ h as

0
(h) R' K Br (h) Tc (o, h) ,

where R = hcosec0 and c = 2cosecO. This rnay be rewritten in a form

which includes the changes just mentioned, and gives the signal fron

heighË h at an angle 0, as

V (hr)Rr' Vr (hr)hr2 cosec' 0 r I rrr"r (o,hr), ]8, (hr),

v

0r

= krB, (hr), 5.28

and from a heíght hz ( > hr ) as

Vr (lnù]nz' cosecOl = k¡8, (hz) . Tcl (hr, hz)

Símilar equations can be wrj-tten for a larger elevaÈion angle 0z and

combined with those for 0r in the followíng way to solve for T(hr, hz).

vr (hz)hz2 cosec'0r. vz (hr)hr' cosec'02 vr (hz). vz(hr)
Vr (hr)hr' cosec' 01 . Yz(trz)lnz" coseC 0z Vr(hr). Vz(hz)

k¡8, (hz) . Tcl (hr, hz) t<28, (hr)

k1B, (h r )

Tcl -cz (h1 , hz ) .

kzB, (hz ) t"' (h r , hz )

Therefore,

5.29

5.30
Y

T(hr, hz) t
Vr (hz) .vz (rrr)
Vr (hr).Vz (hz) l

where Y = I/(cr-cz) = 7/ (2cosec0r - 2cosec02)

As the soluÈion for T(hr, hz) ís of the form

Y,Q,NX
T XY e
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where (

the relative error in T is given by

AT/T (v(Ax/x)'z + (^Y.q,nx)2 )
%

ß (r) dril (hr-hz). ß

, , AVr(hr) r2 , LYz(hz) r2* t f;ffitJ- / -r \ v;6;l )

5.31

5.32

and AY t
cosO1 sin20z - sin20rcos0z

l.A0 5. 33
2(sinOz - sinO1)2

Now íf the average value of the extínction coeffícient in the

range hr to hz is ß then

rh
= l,n[..p{ - 

.|
hr

2

.Q,n T (h1 , hz ) ,

and the required boundary value of extinction ís, therefore,

[1,n T(hr,hz)] / (ht-hz),
ß

wlth a relative error

s.34

( 1 5. 35
(hr-hz) ß

Error calculations have been performed using varíous values of

extinctíon coefficienE, height interval, angular separation of the lidar

shots and for typical values of the relative error in the recorded signal

voltage. The best results occur for values of ß greater than abouÈ

10-am-1, height íntervals greater than 2OO meÈres and as wíde an angular

beam separation as the homogeneous region will allow. Table 5.1 lists

some typícal results for the relative errors in T and

presenÈ lidar system.

ã

^Fß
AT

T )

using the



TABLE 5.1

Relatíve Errors in T r tri aT alta ) and ß (lower trian lar arral')
Determined by the Tþo Beam MeÈhod for the Ade laide Lldar System.

(a)

b"-Ot

ß=1.0x10-am-1
^h

1.0 km Ax/x = 0.3
o

5 100 20"o
9

o
50

o
4540030o

o
3 60 0

3

5

10

20

30
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50

60

90

o

o

o

o

o

o

o

o

o

o

.567
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.370
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.360

.o57
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.264

,26l-

.045

.040

\_
.550

.42r

.379

.367
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.337

\_
3. 38

2.56

2.16

L.7B

1.50

10.6

5. 99

3.74

2.70

13. F
5. 78

3.62

.039

.031

.055

1. 63

1.10
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.930

.851

.783

.038

.028

.o42

.163

.037

.o27

.038

.1_10

.338

.o37

.o27

,o37

.100

.256

1. 06

.037

.o27

.036

.093

.2l-6

.599

1.38

.036

.026

.034
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.150

.270
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.49L

.97 0

.036
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.035

.08s
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.37 4
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(b) ß=5.0x10-s, Âh=
351020

Ax/x = 0.3
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I .0km,
30e
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.338
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.019
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.27C

.362

.49r
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50 60 90

.033 .024
\. .030
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.43t L.07

.394 .809

.378 .725

.373 .702

.370 .685
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.360 .642

.02L

.o22
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\
3.25

2.I9
r.99
1. B6

1. 70

1.56

\_
6.7 5

5.L2

4.32

3.55

3. 00

2L.2

L2.0

7.48

5.40
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.OBs
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.37 4

. s7I
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re.>

27.6

11.6 19

7 .24 9 .82



TABLE 5.1 Continued (Upper triangular array)

5 x 10-s m(c) ß

g;:.0r 3 5 10

Ah=0.5km,
20 30

Ax/x = 0.3

40 4s 50 60 90

3

5

10

20
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40

4s

50

60
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.624

. s33
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1.09

.7 4s
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.613
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.040

.L62

13.5

t0;2
8.64

7.10

6. 00

.0L2
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42.4

24.0
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10. B

.0L2
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.374

5; 78

.995

38.8----

.0L2
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.362
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.o27 .019

\.053
2.r2 \
1.60 6.50
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1.39 3.98

1.35 3.7L

1. 31 3,39

L.27 3.L2
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A simple method for Ëhe determination of boundary values of

exÈlnctÍon is applicable when the extinction coefficient ß is constant

with height ín some heighÈ region hr Ëo hz. ltren for some height h in

the regÍon,

V(h)R2 = { rf(o, h) }. Br(h). exp[ 2(hr-hz)ß ], 5.36

and 1,n[ v(h).R'z ] = [ .e,n{ xf(o, tr) } + ztrr ß ] - z]rtg. 5.37

The extinction coefficient can Èhen be obtained from the slope of a graph

of .Cn[ trR2 ] against h or by applying a linear, least-squares fit to

the data in the region hr to hz.

l.Ihether or not the above method is applicable on a particular

day can be tested by performing Ëhe above analysis on a number of profiles

at different elevation angles within the region of inËerest. If a

defínite trend Ín the results is found wiÈh increasing elevation angle,

it Ís likely that the extinction coefficient is changing with heighÈ, and

the method should not be used ín this region.

To conclude this section, two optÍcal nethods independent of

the lídar are dj-scussed. These are the use of integrating nephelometer

extinction measurements and of measurements of atmospheric visibilíty or

visual meteorological range. Although nephelometer measurements have been

used successfully to calibrate a lidar (trIaggoner et aLrL972) there are

several dífficulties with the meÈhod. First, Èhe operating wavelength of

the nephelometer is likely Èo be different from the laser wavelength and,

more importantly, the optical band widÈh much broader, especially if a ruby

laser is used. In addiÈion high, but commonly observable, relative

humiditíes cause unreliable resulÈs. (tr{aggoner et aL, 1972). To produce

relíable boundary values for use with the lidar, a large range of

extínctíon values should be sampled, the relatíve hunidity should be low
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and faÍrly constant, and the aerosol backscatter-to-extínctíon ratio

must remain constant duríng the experiment.

As a last resort,, an estímaEe of the average extincÈion

coefficient ß in the lor¿est regions of the atmosphere can be obtained by

measurements of the atmospheric visibility or met,eorological visual rau.ge,

Rv. The Èwo quantitíes are related by the Kochmeider visibílÍty theory

(t'tlddleton, 1963) using the equation

R,, = 3.9L2/ß . 5. 38

The vi-sual range is defined as that dístance at which the contrast of a

black object against the sky background drops to 0.02.

Equatlon 5.38 ís related to the total extinction coefficient

averaged over solar visual wavelengths. An estimate of the aerosol

extinction coeffícient at a partícular wavelength, À, can be obtained, if

extinction is assumed to be due entírely to scattering by aerosol particles

and air molecules, by the followíng relation,

ß^ (À) (3.9r2lRv - ß',(O.ss)) (À/0.ss)-" 5. 39

where the wavelength is expressed in micromet.ers and the visual range in

kilometres. The equation assumes an inverse relationship between aerosol

scatteríng and wavelengËh (Pinnick et aL, I976). A semi-empirical

expression has been used by Krus e et aL, (1962) ,

í.e. ß^(À) = (3.9r2/Rv) (f/0.55)-q, 5.40

where
,/,

for v(6km,

for ttaverage seeing conditionstt.and

9 = 0.585 Rv

q = 1.3

Both expressions give similar results for the conditions prevalent in the

. present analysis but the former treats the aerosol and molecular
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components separately, and is possibly more generally applieable.

The latter equation (5.40) and various models and theír limitaÈíons

when used for estimaÈes of atmospheric transmission are dÍscussed by

I,Ioodman (L974).

Boundary values of extinction obÈaÍned ín these ways should be

treated wiÈh caution as they are usually derived from meteorological

vÍsual ranges which are averaged ín several direcÈions and over a variable

height range. The value of extinction derived is the average value along

a path beÈween the observer and the object studied. The other main source

of possible error ís the assumed wavelength dependence of aerosol

scattering. The two maín advantages are thaË the measuremenÈ is

reasonably easy to perform and that varyíng relaËive huuridiÈies do not.

affect the result signifícantly.

5.7 The Presentation of Lidar Results in T\vo Dimensíons

DÍagrams of atmospheric extinction in two dimensions have many

advantages over síngle profíles. The degree of homogeneiÈy or layerÍ-ng

and the distribution of material j-n space can be studied, isolated areas or

ttblobs" of enhanced scattering can be distínguished from layers, and diagrams

of successíve elevation scans show any movement of material.

The difficulties that aríse in Èhe normalisation or calibration

of single lidar profíles are multíp1íed when elevatíon scans include

many profiles. Unless care is taken different normalisatíon errors for each

profíle in the scans can resulÈ i-n a confused, unínterpretable pícture.

VarÍous techniques employed to minimise these díscrepancíes in the

production of the rectangular arrays of e-xËinction values presenÈed in

Cl-rapter 6 will now be díscussed.
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A computer program which can produce profiles and tlvo-

dímensional diagrarns of the distribution of extinction coefficient from

1ídar scaÈtering measurements at several angles of elevation has been

written so that data in a variety of formats can be analysed. The

different formats reflecË the facË that the basic data comes from three

possíble sources: Adelaíde lidar system, where profiles recorded on

Polaroid film were digítized manually and punched onto computer cards,

the data recorded wiÈh the new tropospherí-c recording system, and Ëhe

results obtaíned during a joint experiment ín Aspendale wiËh the CSIRO

Dívisíon of Atmospheric Physics. In this last data set, in addition to

the lidar scattering profiles, radiosonde measurements of temperature'

pressure and humidíty and airborne measuremenEs of temperat.ure, pressure

and nephelometer exÈinction profiles r^rere used. The angular separation of

consecutíve profiles during elevat.íon scans was five degrees for the

Aspendale data and Èen degrees for the Adelaíde data.

The lidar scattering profíles are arranged in two Parts. The

first part conÈains system information including lidar shot number, Ëhe

number of points in the profile, Èhe laser energy and the elevaÈion and

azímuth angles and digitizer settings. The second part contains the values

of the lidar signal whj-ch have been correcËed for detector non-

línearities, for the decrease wíth the square of the range, and for variaÈions

in lidar energy.

Varíous options have been written into the program. These

j-nclude data output format, Ëhe selection of a particular radiosonde or

aírcraft daÈa set, and the desíred backscatter-to-extinction ratio. For

each profile to be analysed the program reads a card selecting the desired

profile number, its format type, the last profíle number ín the set, the

calíbration heíght and boundary va1ue, the minimum range and the maximum
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height to be used.

To lnitíate Èhe analysis the system constant ís calculated

from the first profíle at the lor¿est elevation angle, using a boundary

value and the lidar return sígnal at the calibration height HCAL. Ideally

IICAL should be as low as possible so thaÈ the transmiÈÈance to this height,

which will vary r¡ith elevation angle, is negligible. The program then

calculates the values of extinction, aerosol and molecular backscatter,

transmiÈtance, turbidity, and relative error in extincÈion for the rest of

the profile.

To check whether a suiËable boundary value has been chosen the

calculated profiles of extinction and backscatter are Èhen tested as follows.

Too low a boundary value of extinctíon can cause Èhe calculated values of

aerosol exÈinction and backscatter Ëo be negative in regions r¿here such

values would norurally be small and positive. Some negaÈive values are due

to noise in the signal, but if there are too many negative values the

boundary value Ís increased slÍghtly and the analysis repeated.

The nethod of analysis used in the program is the modífied clear-

aír calibraÈj-on method, discussed ín Section 5.2, whích accepts independently

derived boundary values of extinction in addition to Ëhe values of zero

aerosol extinction at HCAI usually used ín this method. The clear-air

calibration method was chosen because radíosonde and aircrafÈ data were

available on many of the days and provided the opportunity of using

virtually contemporary, high resolution data. Other methods of analysis,

for example, the method discussed in the latter part of Section 5.5, could

have been used. For those heÍghts ¡¿here both aírcrafÈ and radiosonde densi-ty

profiles were available, the former Lrere preferred because they were

símultaneous with the lidar observations, more numerous, and measured
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closer to the lidar si-te.

the analysis proceeds as follows. The values of extinction

calculated are assigned to posÍtions Ín an array containÍng one hundred

positions in the horizontal dírection and fifty locations in the vertical

dírectíon. Where more than one profi-le value ís assigned to a partícular

location the values are averaged.

For the second and successive profiles in the elevaËion scan the

calibration can be performed in either of two rÀrays. In the first method,

the calibraÈíon height is chosen as the height corresponding to the minimum

or overlap range of Èhe irnmediat.e profile, and the value of extinction from

the previous profile for this heíght is used as the boundary value. This

boundary value and the value of the sysÈem constant, from the last profile

are the¡t used in the analysis of the signals from the other heights in the

profíle. Alternatively, if iÈ is consídered that more consístency between

scattering values measured at different elevatíon angles exísts in another

height region, the value of HCAI can be changed during Èhe program. The

values of extinctíon and transmíttance for this height from the prevÍ-ous

profÍle are then used to initiate the analysís using the new HCAI.

If an índicator is set ín the data cards, the program then performs

a seríes of consistency checks on each extinction profíle. These checks

help overcome further variatj-ons in the calibration of Èhe calculated profiles

caused by noise fluctuaËions in the original signal. In the first test the

optical thickness between two specified heights is calculated and compared

wÍth the value obtained from the prevíous profile (i.e. an adjacent region

in space). If the ratio of the current optical t.hickness Èo the previous

value, DOR, differs from unity by more than ten percenE then the boundary

value is adjusted and the extinction profile is re-calculated. After

adjustment, eonsecutive values of optical thickness usually vary by less
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than two to five percent because of the interpolation formula used.

A further check tests r¿heËher there has been a progressive upward

increase in the va'lue of the boundary value. This is done by testing a

progressive producþ, PRODOR, of consecutíve optical thickness ratios r"rhich

if it is greater than 1.10, leads to the re-adjustment of Èhe boundary

value of extinction.

I,Ihen the profile of extinction passes all of these tests

satisfactorily, Èhe values are assigned Èo posítíons ín the array. The

program Èhen fills in the spaces beEween the profí-les by performing a t$/o-

dimensíonal linear interpolation or extrapolation on the data, depencling on

where the space is in the array.

The output format of the data ís determíned by the prograuuner

who can selecË various options. These include a tabular printout of values

of total extinction and backscatter, and aerosol and molecular backseaÈter,

and a plot of profiles of total exÈínction and molecular extinctj.on for

the profiles studied. The contents of the array are presented as a thro-

dimensional intensity nodulated di-splay ín whích overprinting on the

computerrs line printer is used to generate ten different levels of

íntensity. In addition the conËents of the array can be plotted as a

contour diagram or an interrsiÈy modulated display similar to that used with

the líne prínter but thís time using the CALCOMP plotter outpuË of the

Uníversityrs computer, a CYBER 173. A simplified flow chart cf the program

is shown below.

(1) First Profile

(a) Calculate system consCant K from boundary value. using
J

ß =0 or ß=ß.A

Calculate profiles of B
R

Check nunrber of negatíve

(b)

(c)

, Bo, B ßr, T, Aß /sT TT

B values. If IIEGS >0.1 x
A
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(d)

NTOT increase ß (HCAL).

Assign values of ßr to posítions in 100 x 50 array.

Average values.if more than one value per position.

(2) Second and Successive profíles on Scan

Either

(b)

Calculate HMIN and use value of ß(mtfn) and K from

previ-ous K.

OR

Use ß (HCAL) and T2(HCAI) calculated from previous

profíle where HCAL is read from ínput.

Calculate profiles as in 1(b).

Perform Consistency Checks

If requested check optical thíckness between 2

specifÍed heights with value from previous profile,

i.e. If T > 1.1 * t"*=,*, or T < 0.9 x Tr*e' adjust

ß (HCAI) and recalculate profile.

Check that Èhere has been no progressive íncrease in

ß (HCAL).

(c)

(Í)

(a)

(íí)

(a)

(b)

i.e. If PRODOR = pRODOR x DOR > 1.1 decrease ß(HCAf) and re_

calculate profí1e.

(ííi) Assign values of ßr to positions i.n ARRAY as in 1(d).

(iv) Interpolate or exÈrapolate ín 2-D to fíll ín space

between this and prevíous profÍle.

(v) Print out data and 2-D diagram on line printer.

(vÍ) Plot diagram on drum plotter.

Here Aßr/ß, ís the relative error ín the extÍ-nction coefficient,

NEGS is the number of negative values of extinction in Lhe profíle containing
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a total of NTOT poínts, T"*", is the value of optical thickness for

the previous profile and T2(HCAL) is Èhe square of the opÈícal transmit,tance

of a beam directed vertically from the lídar Ëo the calibration height

HCA],.
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CHAPTER SIX

RESI]LTS OF LIDAR OBSERVATIONS OF THE TROPOSPHERE

6.l_ InÈroductíon

This chapter presents Èhe results of lidar observations of the

troposphere performed aÈ Adelaide (S.4.) and Aspendale (Vic.). The methods

of analysís descríbed in Chapter 5 are used to calculate profíles of

extínction. Díagrams of its disÈribution in two dimensions allow the study

of changes in the location and íntensity of scattering irregularitíes in the

atmosphere.

Although the fundamental result of l-idar measurements is the

backscatter function, the exËinctíon coefficienÈ is more useful as ít

determines the decrease in íntensíty of a líght beam passing through the

atmosphere and is related to the atmosphere visibilíty and visual range.

For this reason, measurements of backscatter functíon are converted to

extinction values by Ëhe use of the backscatter-to-extinction ratío. A

value for thís quantity ís derived Ín Sectior. 6.2.

Included in thÍs Chapter are some initial results of observations

made at Adelaide usíng the data recordíng system designed and buílt by the

author and described in Chapter 2 ar.d Appendix II.

In September 1976, a joínt study was perforrned with the DivÍsion

of Atmospheric Physícs (CSIRO) , to investígate the relationship betr,¡een

Iídar and in situ measurements of aerosols. The results of these

observations are studíed more closely than the Adelaíde data as more

co-operative measurements were avaílable.
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6.2 The Measurement, of the Aerosol Backscatter-Èo-Extinction Ratío

To relate lidar observations of aerosol backscaËÈer function to

the more useful exÈinctíon coeffj-cient, a conversíon factor Ís required.

This quantíty is usually referred to as the backscatter-to-extinction ratio

and is numerically equal to Yo(n)/4tt, the value of the normalísed aerosol

phase functíon for the case of backscatter. Several methods were tried in

an atÈempt Ëo determíne a representatíve value for this quantiÈy.

An experímental program conducted at Aspendale, Victoria, during

SepÈember 1976 provided the opportr-rnity for the derivatíon of the ratio. In

additÍon to the CSIROrs fully steerable ruby laser, a sma1l aircraft was

equipped wíth an integrating nephelometer, a Pollak counÈer, and pressure

and temperature sensors so that vertical profiles of extinction, particle

nr¡mber densiÈy, and temperature could be measured. Radiosonde ascents were

made from Laverton, 36 ktr to the North hTest, across Port Phillip Bay, at

0900 and 2100 EST, and from Aspendale, 4 h east of the lidar site at

around noon. Standard meteorological measurements made on síte at the-

CSIROf s Division of Atmospheric Physics r¡/ere available also. The data used

in the determínaËion of the ratio were obtained on the afternoon of the

15th and the morning and afternoon of the 16th of September, the days

studied in most deËail later in this chapÈer.

The first method Èried was the direct comparíson of extinction

profiles measured by ai-rborne nephelometer with profíles of backscatter

function derived by lídar, using Èhe extinction profiles to correct for the

aËtenuation of the lidar beam as it passed through the atmosphere.

Difficulties were experienced wíth this method for several reasons; on

most days the nephelometer gave extinction values which vrere too low to

account for the attenuation of the 1ídar beam and did noË agree with the

other values of extinction derived from visibílity estimaÈes and l-idar

elevatíon scans.
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Apart from possible spatial dífferences in Èhe samplíng volume,

which would be expected Eo average out over several observaÈions,

signíficantly low values of extinction were measured in layers of high

hnuri-dity. i,laggoner et aL, (L972) state ÈhaÈ Èhe nephelometer warms the

alr Èhat it samples, thereby causing a decrease in the size of Èhe aerosols

as they lose absorbed water, and as a resulE, a decrease in extincËion. In

addition, the lidar and nephelometer wavelengths were different , 694.3 nm

and 641 nm respectívely, and the nephelometerts optical bandwidth was

much wider. As there is some uncertainty ín the exact wavelength dependence

of aerosol extínction, some error could have occurred in the conversion

from one wavelength to the oËher.

Another approach was the elevation scan method descríbed ín

SecËion 5.3. This nethod produces profiles of the product of the backscatËer

funcÈíon and the system constant, in addition to the profiles of extincticn.

Unfgrtunately no day studied had sufficient horizontal homcgeneity to permit

the use of this method over a large enough range of heights or extinctíon

values. However, the method was useful in determining boundary values on

some days and remains the mosÈ promísing method beoause the same devíce,

and hence wavelength and bandwidth, ís being used to determine both

extj-nction and backscattering profiles.

UltirnaÈely the extínction profiles rÁ/ere obtained from profiles of

aerosol number density measured by an airborne Pollak counter. Initially

this method was treated wíth caution as the Pollak counter also deÈecEs

many small (Aitken) particles ¡¿hich are not detected efficiently by the

lidar. However, provided the aerosol síze distribution and phase function

do not vary significantly over the height range studíed, the extinction

profile will be proportíona1 Èo the partícle number profile; the constant
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of proportíonality can be determined from a boundary va1-ue of extínction.

several workers (e.g. T\uitty et aL, L976; Reagan et aL, L977) have for¡nd

the aerosol síze distribution Èo be constant over significanÈ height ranges

and Reagan et aL, have in fact found excellent correlation between lídar

extínction and large partícle ( d > 0.5 Urn) concentration profiles.

One further refinement to this last method is the consideration of

the effect of the change in relatíve humidity wíth height on the extinct,ion

profile derived from particle number densíties. trIerner (1972), in studying

the effect of relative bumídíty on lidar measurements of atmospheric

aerosols, compares his lidar results wíth the empirícal formula of Kasten

(1968), which gives the raÈio of extínction coefficients aÈ Èwo different

relativehumidities, frand fz r âs

2e
ßffr)lß(fù = ((1 -f z)/Q-f t)) 6.1

Hanel (1971) found values of e = 0.26 for maritÍme aerosols and e = 0.I7

for continental aerosols.

In the present study relative humidity profíles were obtained

from radj-osonde flights made from Laverton and Aspendale. If the radiosonde

flights and lidar soundings were well separated in Ëime, línear ínterpolatíon

was used to give a more representative profile. For Èwo of the sets of

data studied, the afternoon airstream rnras flowing from over Port Phil1íp Bay

and a maritime aerosol was assurned; for the other the morning wínd was

NNI,TI at 0.5 msec-l and a conLinental aerosol was assumed. As a check on

the assumed dependence on relatíve humidity, the formula of BarnhardÈ and

Streete (1970) was used for the maritime aerosols and simílar results \^rere

obtaíned.
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Boundary values of extinction were derived by two methods, both

discussed ín Section 5.6. The neÈhod where several lidar returns from

different elevation angles are coùpared was used when the atmosphere was

sufficíenËly honogeneous in the horizontal direction, otherwise the

derlvation of extinction boundary values from concurrent, on siÈe,

measurements of visibility rn¡as used.

The derivation of a boundary value usíng the elevation scan

method ís illustraÈed in Figure 6.1. In (a) the range-corrected lidar

signals measured at five degree elevatíon increments between fifteen degrees

and ninety degrees are plott,ed. A strongly scaÈtering layer below 480 m

and a weaker region of enhanced scattering below 1500 m are conmon to all

profiles. The rnain differences are attríbutable to the overlap height,

which increases qrith elevation angle, and the atÈenuation of the lidar

sÍgnal in the lower layer which decreases with elevation angle.

SecÈíon 5.3 shows Ëhat the atmospheríc transmittance betq¡een the

ground and a particular height can be deríved from the slope of a graph

of .0n(fn2 ) agaínst cosec 0 for that height. In (b) the data ín (a)

are replotted in this manner. The lack of linearity ín the graphs and the

lack of a monotonic increase j-n slope, particularly above 400 m , is

caused by inhomogeneities in the atmosphere. To reduce Èhis effect, Ëvzo

elevation scans \^rere averaged and the slopes (B = 2 Ln T) of the resultant

graphs are plotted in (c). The average extinction between 200 m and 400 rn

calculated using Equation 5.7 ís 1.6 x 10-am-l.

The profiles of extinction derived from the Pollak counter data

for the three experimental sessions used are plotted Ín Figure 6.2. The

molecular extinctíon profiles derived frorn radiosonde measurements and the

total extinction profiles are also shov¡n. It should be emphasised that the
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graPhs are derived from a composite of tr,ío or more Pollak counter profiles.

Lídar measurements of PR2 at several elevation angles, as

shown in Fígure 6.1(a), I^Iere divided by values of transmitËance derived

from the extincÈion profiles in Figute 6.2 to produce an average profile

of KB_ for each session. These profiles were then used wíth theT

extinction profiles to deríve a value for both the lidar system constant

and Èhe backscatter-to-extinction raËío. The symbols used here and in

the followíng dÍscussion are consisËent wíth their use elsewhere in this

thesís.

In their comparison of ground level nephelometer extinction values

with the backscatter from a horizontal lídar beam, I^laggoner et aL, (1972)

ploÈÈed ffi, us ßr and were able to solve for K and fo(n) . In

the present case the heíght sÈudied varíes and ß,- ís not constant, so

the following procedure Ís adopted.

As B
T

B +B
AM 6.2

6.3then KB
T

r(no (n) /4¡r) .B o * KBnn r

and Ëherefore K3 /B K(P 0r) / ar) .ß /s +K. 6.4TM .A A M

A graph of KB"/B* plorted against ßo/t* has slope

KeoG)/4r and intercept K , both of whích may be obtained graphically

or by linear regression. A graph usíng the present data appears in

Figure 6.3. A linear, least squares fít to these data yiel.ded the

following values :

K (4.1 1 0.4) x 1Oa ,

P
A'

0.32 ! O.O2 ,
6.5
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with a correlation coefficient of 0.91 for the fifty points used.

Four data points were excluded from the analysis because they

seemed unrepresentative. They were the lovrest tr^ro poínÈs in Fíle 30

and File 32. IÈ is considered that errors in the relative humidíties

used to adjust the extincÈion coefficíents at these heights led to

incorrect values. In the first case it is possible that the relative

humidity of the air measured at Laverton, ac.ross Port Phillip Bay, could

have been modified in the lovrest regions by the sea air. In the second

case no relaËive humidity profile r.ras measured concurrently with the lidar

sounding and an interpolated profile using the 1200 EST, Aspendale

radiosonde and the 2100 EST, Laverton radiosonde r¡ras used. Again, errors

could have occurred if there had been modifícation by the sea air.

It has been assumed in this analysis that absorpt.ion is

negligible aË the wavelengths used and that the attenuaÈion of the lidar

beam is due entirely Èo scatteríng. Vísual observations of Ëhe quality

of the aír on the days in question supported this assumpÈion. The

lirnitaÈion i-n visibílity r^las caused by a slightly "milkyrrappearance of the

air, with no brown patches of índustríal pollution apparent to the naked

eye. It would seem then that the aÈtenuation r¡ras due predominantly to

s cattering.

I'Ihile the value of fo(n) may change in time and location, the

value derived here ís consídered the most applicable to the Aspendale

data analysed in this chapter. In the absence of any sirnilarly derived

value for Ëhe Adelaide data the same value is used for that also.

Values of Extínctíon Derived from Lidar Backscatter Measuremenrs6.3

For the reasons discussed earlier in thís chapter, lídar results



L22.

are presented as extinction coefficients rather than values of

backscaËter funcÈion. Over small height ranges and low values of

extinctíon, profiles of extinction for differenË values of the

backscatter-to-exËinction ratio can be obtained by simple proportíon.

An orample showing the varíation ín vertical profiles of

atmospheric extinctíon over Adelaide during the period 0445 to 1030 CST

appears in Figure 6.4. The left hand side of the figure gives the

relevant meteorological data measured by the Adelaide radiosonde balloon

launched at 2300 Z (0830 CST). The day r¿as fine with a maxímum

temperature of L7" C and a large, weak hígh pressure system to the east

broughÈ light northerly wínds from over Ehe land.

Each profile represenÈs the average of ten lidar returns. These

profiles show the límitation of using the síx-bit recording sysÈem without

the logaríthuric arnplifier. The relatively small recorded sígnal scattered

from the clearer air above the mixing layer is reduced further by the

range squared decrease ín the signal, and consequently, digitisation

uncertainties cause large fluctuations in Ëhe upper part of the deríved

extinction profiles.

The oscillation apparent in some profiles is a result of the

deconvolution of the recorded data to remove the effect of the límited

bandwidth of the recording system when it is used in thís mode of operation.

The decrease in intensity at the lower end of the profiles ís attribut.able

to the gradual reduction in overlap of the transmitter and receiver cones,

and the missing portions of the profiles represent regions where the

calculated e.xtinction is negatÍve.

Apart from the profile at 1020, each profile shows the presence

of a lower layer whích decreases in scattering intensity to a relatively
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clear region near 1250 rn . The vertical extent of this clearer region

varies between profiles buÈ the confidence in Èhe extincÈÍon values in

this region is low.

. The data presented in Figure 6.5 were recorded usíng a

logarithmic amplifier whích permitted the measurement of signals over a

greater range. The profiles r¿ere recorded aË the varíous elevatíon

angles shown and are plotted as a function of heighÈ' not range.

The radiosonde profiles \^rere measured at 1100 z (2030 csT) ,

some 8! hours after the lidar observations; Ëhis possibly explains why

the top of the moist layer measured by the radíosonde is slightly

hÍgher than that measured by lidar. On this day a high pressure system

üras centred just south of Adelaide and brought light, easterly wínds over

the continent Ëo Adelaide.

The profiles were calibrated r^ríth a boundary value of 1.6 x 10-am-t

obtaj-ned from the comparison of lidar returns from 3o and 5o elevation

between Èhe heights of 50 n and 180 m. The two beam method described

in Section 5.6 was used wiÈh Equation 5.34.

These data have been used to produce a diagram (Fígure 6.6) of

the spatíal dístribution of the scatÈering ínhomogeneíties using the

compuÈer program described in Section 5.7. Strength of scaÈÈering is

indicated by Ëhe darkness of the plotted regíon using a logarithmic scale.

The values plotted are 10 log1e (ß/ß**), and the key at the bottom

indicates ten, evenly spaced, logarithmic intervals between ß- *=

2.O x 10-sm-r and ßr^* = 1.0 x 10-am-r. Figure 6.6 shows a well defined

Layer belor^r abouË 1000 rn which includes a scatLering mi-nímum at about

500 rn , and \^reaker scaÈteríng above 1000 m. Scattering is not
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honogeneous, either in the unstable boundaty layer or in the region

above.

In September L976 an experimental program was performed in

Aspendale, usíng the SRI-CSIRO Mk X lidar, (Allen and Platt, L977). The

essential features of the equipment and treatnent of the data are as

fol lows .

The CSIRO lidar system has a 1.5J ruby laser transnitter and

a 35.5 cn dianeter receiver. A fast, mini-computer controlled, Biomation

transient recorder with a capacity of 2024 8-bit words sanples the

data at intervals as short as 10 ns. The storage of several hundred

profiles, each witli' 2024 words, on the memory disks of the computer used

for analysis created problems of space. To alleviate these problems each

profile was subjected to an initial treatment before being studied in

more detail. Here, regardless of the original elevation angles or sample

intervals, points corresponding to measurernents at each ten metres in

height were calculated by averaging all points in the original profile

within five metres above or below a particular height. Thus, nel profiles

Ir¡ere created rvith points evenly spaced in height; the nurnber of points

in each varied rr¡ith the elevation angle.

The results are presented in Figure 6.7 ín a form similar to

Figures 6.4 and 6.5. In addition, in the left hand diagran, the temperature

profile measured by aircraft at about the time of the lidar elevatiolt

scan is indicated by discrete points. The profile of extinction measured

by nephelometer on the same flight, and adjusted to the lidar wavelength

assurning a À-1 dependence for aerosol extinction, is plotted with the

lidar extinction profiles as the main part of the diagram. Error bars

( t I s.d. ) are plotted every 250 n in height. These ínclude the
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effects of turcertainties in the measured signal, the backscatter-to-

extinction ratio, the molecular density and transnittance profiles, and

the aerosol transnittance profilei they do not include the effect of

errors in nornalisation. They are alnost indistinguishable on the loler

diagrams.

The results presented in Figurè 6.7 were obtained from observations

on the afternoon of September 15th. The day was characterised by early

norning fog, with 1/B of low strato-cunulus cloud around midday and 1/8 of

low cumulus at 1500 EST, after which time the sky in the region over the

lidar site cleared completely. Winds which were northerly at 5 n sec-r

in the morning gave way to SSW winds at 5 m sec-l by the afternoon.

Visibility increased from 2 kn in the morning to 12 kn around nidday

and then to 24 km at 1500 EST.

The two elevation scans presented in Figure 6.7, as can be seen

by the shot-times above each profile, were taken approximately twenty

minutes apart. Each scan contains sixteen profiles covering the range 15o

to 90" in 5o steps. The laser was fired once every ten seconds so the

scan r{as completed in two and a half ninutes. The airborne nephelometer

and temperature data were measured between I44I to 1449 and a dry adiabatic

lapse rate (DALR) $/as recorded up to approximately 1200 m, the height

corresponding to the top of the mixing layer as measured by the lidar

and the nephelometer.

The calibration of profiles for this day with boundary values of

extinction v/as conplicated by two factors. The first was the lack of

horizontal honogeneity in scattering which precluded the calculation of

extinction values by the elevation scan technique. The second was the use of

a small receiver acceptance angle which caused a large overlap range and,

when combined with a minimum elevation angle of fifteen degrees set by the
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presence of buildings and other obstructions, set the minimun observable

height at approxinately 230 m. This was considered too great a height

for the direct conparison and calibration with boundary values obtaineci

fron visibility neasutements, so a value corresponding to the mininun

lidar height was obtained from the aerosol number density profile

described earlier.

The strength of the signal returned from the nr-inirnum elevation

angle changed from scan to scan with the passage of air with a different

aerosol content. The lidar signal strength at the minim:n range h'as

assumed to be directly proportional to the aerosol backscatter, and the

boundary value for each elevation scan was scaled accordingly, using the

scan measured at the tine of the visibility observation as a reference.

The presence of a strongly scattering region at a range less than the

overlap range would, of course, cause an apparent reduction in the signal

of the ninimun useful range and invalidate the previous assumption, but

none uias obvious in an exarúnation of the data.

The boundary value chosen in Figure 6.7(a) was 6.4 x lO-sln-r

at a height of 233 m. The elevation scan was at an azinuth of 70" ,

the approximate direction of the measurement of the nephelometer profiles

in spiral ascents and descents by the aircraft. With the lack of

hornogeneity in the distribution of aerosols, exact agreement would not be

expected between the profiles measured by nephelometer and by lidar at a

given elevation angle, although successive lidar profiles do intersect

the aircraftfs spiral path at different heights. In general the nephelometer

profiles indicate lorver extinction values than those measured by 1idar.

Note that in the clearer air above the mixinglayet, the nephel.ometer values

are less accurate and fluctuations due to signal noise art apËarent"
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The elevation scan ín Figure 6.7(b) was to the north of the

lidar site and despite differences in time and direction of the two scans,

the broad features of the lidar profiles are sinilar although they

differ in the finer detail. The sampling interval in the second scan

is half that of the forner so the maxirm¡m range is ha1f.

The general features seen in both scans are the 1200 m

depth of the nixing layer and the appearance of a broad layer of weaker

extinction extending from above the main layer to approximately 2000m

The error bars at 250 m height intervals increase markedly at heights

above the main layer where they are dominated by the noise fluctuations

in the weaker signal which are comparable in size.

The fu11 inforrnation available in the sixteen profiles in an

elevation scan has been used to produce diagrans of the spatial distribution

of aerosols; exarnples of these appear in Figure 6.8. The range in

extinction between a minimun value of 2.0 x 10-6m-r and a maximum of

2.0 x 10-aln-l is divided into equal logarithnic intervals, each of 2 dB.

Values which correspond to the lowest level shown in the left of the key

at the botton of the figure correspond to values in the range 0 to 2 dB

above the nr-inimum level, or extinction values of between 2.0 x 10-órn-l.and

3.I7 x 10-6m-r. Note that data within 900 rn range of the lidar are

inside the region of incomplete overlap of the lidar beams and nay not

indicate the correct extinction values there; those values plotted are

'obtained fron the extrapolatj-on of neighbouring data.

The upper scan occurred between 1503 and 1505 EST in an

approxi-mately easterly direction and the lower, twelve ninutes later, to

the north. Both the main mixing layer below 1200 m and the weaker laye'r

above are shown in (a) and (b). A layer of stronger scattering between

about 500 n and 750 n also exists and can be compared with the. 15o
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elevation profíle in Figure 6.7(a). The distínct lack of horizontal

homogeneíty shows in both scans above and below the maín layer indicat,e that

methods which require this condition for the calculatÍon of extinction

values are invalid here.

As discussed in Section 5.7, consecutive profiles can be adjusted

to achieve consistency in the optical thickness between two specified

heights. In Fígure 6.8 the heights are 1800 n and 3000 rn, thus defining

a region above the distinct layers where the distríbution of aerosols ís

more random, so that the value of the optical thickness is more likely Èo

average out Èo the same value for successive profiles.

NoËe that in Fígure 6.8(b) there are many places above the maÍn

layer where the plotted extincËion is hÍgher by one contour leve1 than ín

(a). 1}¿o fact,ors contribute : one is the uncertainty in normalisation, an

effect which has been mínimised but obvíously still can exisÈ to sone

degree; the other ís the noise j-n the signal which is eomparable to the

lower contour levels at heights above the main layer r¿here the signal becomes

weaker.

After a break of about half an hour, lidar observatíons ürere

resumed to coincíde with another airborne sampling sequence. The most

noticeable features in the ner^r set of observations, presented ín Fígure 6.9,

are the appearance of another strongly scattering layer at about 1400 rn,

and Èhe decr:ease in the extinctíon belor¡ Èhis layer when compared with

earlier values. Apparently convection has carried aerosols up to a greater

height with Èhe increase in the depth of the rnixing layer, or alternatívely,

advectj-on has inÈroduced the new layer. The former is consider:ed more

likely ín víew of the decrease ín scattering below the new layer"
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The nephelometer extinction profile also shows the new layer but

in this case t.he values for the upper layer are inexplicably greater than

those for the lower, a fact noÈ shornm ín the lidar profÍles although they

do shor¿ a weakening of the lower layer. The nephelomeÈer profile is one

measured beËween 1645 and 1655 EST on a descent from 1800 m. The

previous ascenÈ and descent v¡hich \^rere contemporary with Èhe lidar scan

shown and also extended to 3000 n alÈitude were not used. During the

aircraftrs tíghtly banked spiral ascent and descenË, dírect sunlíght and

sunlight scattered from the atmosphere to the west in the laËe afternoon

had leaked into the nephelometer and caused a strong, periodic incre'ase

and decrease wÍth height to be recorded in Èhe extinction profiles. The

profíles r^rere therefore unusable, and the later profíles are shown here.

T\¿o other elevation scans of Èhe later scattering situatíon appear

in Figure 6.10. The upper ís a scan at 70" azimuth at 1558-1600 EST and

the lower Èo the north at 1609-1613 EST. The boundary values for extínction

aÈ a heighÈ of 233 n for Èhe 15o elevaÈion profile are 6.5 x 10-5n-t

and 7.7 x 10-5rn-l respectively. Because a study of the raw daÈa showed a

degree of consistency in the features of the upper layer, optical thickness'

comparisons during the analysis of the data from both scans were made ín

the region from 1350 n to 1500 m which includes the layer. A strongly

scattering layer within the main layer ís detectable in Figures 6.9 and 6.10.

Figure 6.11 extends the data ín Figure 6.10(a) up to 12 km, the

limit of the local radiosonde launched at 1115 EST. The signal reËurned

from these greater heights is weak and there is a considerable uncertainty in

the extinction values as is evidenced by the magnitude of the error bars

whj-ch are often large and lost ín the signal noise, the dominant contributor
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to errors at these heights.

The problem of signal noise and the resultant fluctuaËion in

the calculated extíncËion profiles can be overcome to some extenÈ by

smooÈhíng. Because the array of values presented in Figure 6.11(a)

contains 50 points in the vertícal direcÉion and 100 poínts in the

horízontal direction and corresponds to an area of 5 km ín height by 10 kn

ln distance, each element represents a block of atmosphere of dimensíons

100 n by 100 n. As the profile values are calculated every ten metres,

the final value of the al.tay element may be the average of ten values of

extinction t,aken from the profiles, depending on the angle of elevation.

As a result, a sígnificant amount of smooËhing occurs whích is supplemented

by the Ínt.erpolation ín two dimensions used to calculaÈe the values of the

elements between the profiles.

A study of Figure 6.11(a) reveals that the averaging discussed has

been successful . An elevated layer betr,¡een about 2.5 km and 4 krn is shown

clearly in the upper díagram whereas in the lower it is virtually hidden

by noise. The layer corresponds approxÍ-mately ín height to the slight

lncrease ín the relative hunidity detected in the region by the morning

radiosonde. Most of ihe extincti.on values ín the uppef regions of (b)

are not significantly differenÈ from Èhe molecular values, alÈhough there is

some evidence of scatt,ering irregularities near 6 km.

The following day was clear in Èhe morning with NNtr^I winds at

0.5 rnseir and a vísi-bi-lity of f6 kn. By midday the visibility had

decreased slightly to 15 km as winds shTung SSI^I at 3 msec-l , and 2/B of.

cumulus cloud formed at 2.5 kn r,¡ith 1/B oF alto-cumulus at 5.5 krn. By

1500 EST Èhe wind had swung to southe'rLy aE 3.5 msec-l and v¡as
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accompanied by an increase in visíbility to 30 krn. The cumulus decreased

to UB whíle the alto-cumulus increased to 3/8. The maxímum temperature

for the day was 14.8'C.

In the presentation of the exËíncÈion profiles for thís day, the

maximum and minÍmum values in the contour díagram are set at 2.0 x 10-4n-1

and 1.0 x 10-sm:1 respectively because the calculated extínction values

cover a smaller range of values than on Ëhe prevíous day. This chan$e has

the advantage of providíng more contour levels within the range of values

and outweighs the disadvanÈage of Èhe resultant non-íntegral contour levels

which are norr 1.3 dB. Data r¿iËhi-n 500 m of the lidar are within the

regíon of íncomplete convergence on this day and have been excluded.

0n Èhls afternoon the lidar detected two well defíned aerosol layers

below a cloud layer aE 2.5 km. Another cloud layer was detecÈed at 5.5 kn.

The nephelomeEer also revealed two aerosol layers rrrith a minimum ín

extínctíon at a heíght of about 800 m, and a return to low values above

the second maximum, at about 2 km. The whole region below about 2.7 ktr,

just above the base of the lowest clouds, rÁras one with a relatíve humidity

in excess of fifty percenÈ.

Boundary values for extinction were found ín two \,rays to check

on their reliability. The first was derived, as in the previous data, from

the aerosol number densíty measurements which were calibrated with a value

of exËínction derived from visibility measurements and corrected for

relative huuridity variatj-ons with an interpolaÈed relative humidity profile.

The value used to calibrate the Pollak profile was 1.25 x 10-4n-r at

150 n.

The raw lidar profiles do show a considerable amount of horizontal

homogeneity and constarìcy in the region 250 rn to 500 nr and a value of

extinctíon of (4.S t.3) x lO-s was obtained using the elevation scan
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method. Ihis value has been used for the boundary value for Èhe elevation

sc¿ms. A few minor dÍfferences appear between Èhe lidar extinction

profiles and thaE derived from the composite number densíty profile; a

layer below abouÈ 250 n appears sËronger on the latter which also shows

a varíation in exÈinction ín the low r"gion where the lidar profile is

approximately constant.

In Fígure 6.L2 an elevatíon scan Èo the north of the lidar site is

presented. The lidar profÍ-les agree well r^¡ith the trend of the concurrent

nephelometer profile, íncluding the return to approxímately molecular val-ues

above about 2 h, but as before the nephelometer values are slightly low.

The extinction results above the cloud layers should be treated

wi-th caution as the backscatter-to-extinctíon ratio for clouds differs frorn

that for aerosols. Also, Èhe signal from the cloud layer has overloaded

the receiver in the cases shornm.

A second scan, made six mínutes later at an azimuth of 70o appears

in Figure 6.13. The sampling inÈerval here was doubled to give a greater

range. The data in thí.s díagram have been smoothed htith a gaussian weighÈíng

function whose width (2o) was three poinÈs for the nephelometer profíle

and five poinËs for the lidar profiles. Ihe effect ís to show more clearly

the magnitude of the error bars, whích indícate the uncerÊainty in the

unsmoothed data.

Again, the values of extinction both in and above the cloud layers

should be treated with caution. The 60o elevation profile, the fourÈh

from Èhe left, is terminated above the cloud layer as Èhe calculated
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extinction values became too smal1.

As seen in the profiles of meteorological data at the left of

Figure 6.13(b), the relatíve hr:midity drops sharply in the reglon above

the clouds. Much lower values of extinction would be expected in this

region because there is less \¡/ater vapour available to condense on the

partícles, thereby swellirrg them and makÍng them more efficíent scaËterers

of light. Thís is shornm in the 9Oo elevation profile at, the far right

in whích there is a sharp decrease in extínction aÈ about 2300 m and

values approaching the molecular extincËion values above this heíght.

A gradual íncrease in extinction then occurs with height until

another cloud layer is detected at about 5.4 kn. This íncrease in extinctíon

could be related to the increase in relative humídity above 4.3 kn although

the change in extinctíon ís less abrupt. The lack of an exact correspondence

between lidar extinction and relative humidity profiles could be due to

the lapse of over four hours betrn'een the radíosonde flíght and the laser

firings.

The final elevation scan !ùas performed five mínutes later at an

azimuth of 70" and Èhe extincÈion values are shown in Figure 6.14. The

nephelometer profile r¿as measured during the aircraftrs descent between

1624-1636 EST. The optical thíckness comparison in this and the previous

scan l,ras performed in the relatively clear region between 2100 m and 2450 w.

A comparison of the extincÈion profiles in Figure 6.14 and 6.72

shows that although there is a difference of some thirteen minutes in time

and sevenËy degrees in azimuth angle Èhere is a consj-derable agreement

beËr^¡een the scans. There is, however, some variabilíty in the lower parts

of the two nephelometer profiles. The lower part of the final profile was

measured as the aircraft. was flying back to the airfield and may have
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passed Èhrough air of different aerosol content to that in the area probed

by the lÍdar.

The changes in the spatial distribution of extinctÍon can be seen

cl-early in the upper diagrams ín Fígures 6.r2 to 6.L4. This forn of

presentation has several advantages over the presentation of mere profíles

âsr although the scattering at varíous heights may be compared for

different profiles, the horizonÈal distance from the lidar of a particular

poinÈ on the profiles is not obvÍous. This also permits the study of any

movement of unterial through the regÍon studÍed by the 1ídar.

In Section 5.5 alternative meÈhods of deriving exti-netion profiles

were discussed. Figure 6.15 presents an example of the application of Èhese

methods to the vertically pointing profí1es in each of the five elevaÈion

scans performed on the afternoon of the 16th September, three of whích

appear ín Figures 6.12 to 6.14. The results obÈained using Equation 5.17 are

índicated by the dj-screte point plot whereas the conÈinuous line profile

rePresents the resul-ts of using Equations 5.22 anð,5,24." rn. continuous

diagonal line ís the analyËic approxímation to the molecular extinction

profí1e.

The solution usíng Equation 5.17 assumes that extinctíon and

backscatter are related by the Equarion d(,Q,n Br)/a@n ßr) = kz where kz

is assumed here to be unity. This value was chosen because in the evaluation

of the aerosol backscaÈter-to-extínction ratio discussed earlier, a linear

dependence seened to exist. Províded the aerosol extínction is

significanËly great.er than the molecular, or vice versa, this línear

approxímation should hold for B" and ß T
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The solution using Equatíon 5.25 developed by the auËhor

considers the aerosol and molecular contributions to scattering

separately. The aerosol backscaËÈer and extinctíon are assumed to be

related by the Equation Bo = krßo where kr = 0.32/4r. The molecular

exËinctíon component is approximated by Èhe Equatíon ß"n(h) = ßM(0) e-h/H.

In Figure 6.15 the scale heíght H, is 9.17 kn, a value obtained previously

from the 1ocal rnidday radiosonde data. The approximation símplifíes and

speeds up the analysís program as it eliminates the necessiËy of lookíng

up radiosonde values of pressure, temperaÈure and height from arrays and

ÍnÈerpolating to find the value of molecular extinctíon at the particular

height required in the analysis of the lidar profile. In the exanple shown

the programrs central. memory requiremenË has been reduced further by Èhe

use of onLy 256 or fewer data poÍnts out of the maximum o1. 2024 available.

The advantages of reduced cenÈral memory, field lengÈh, and central

processor time on a 1arge, heavily used, multi-user comput-er are obvious :

they may also allow the use of the program on a dedicated minicomputer

planned for Ëhe fuÈure.

A comparison of the resulÈs obtaíned using the latter analysis

with those obtained using the method described in Section 5.2 and used

throughouË this chapter revealed thaÈ idenÈical results are obtained when

the same boundary values are used. The simpler analysis, represented i-n

Figure 6.15 by discrete points, differs considerably from the results just

mentioned, being too low in regíons of high aerosol extinctíon and too higtr

in regions of low aerosol extinction. Each profile has been normalised at

a height of 1.0 km and both the solutions shown meeË aÈ this heíght.

The reason for the difference is that in the derivatíon of the

rather than the relationshipßrfirst method it ís assumed tllat cC B
T
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given by Equation 5.21,

P -PA Mi.e. ß Br (h) + 4Tr ( ). B_(h) .(h)
T

MA
PP

For those conditions when Ëhe air is very clean and molecular scaËtering

predomlnates, or when there is a predominance of aerosols, the simpler

method can be expected to produce rel-iable results because there is a

constanÈ ratio beÈween backscatter and extínction. In regions though,

where sígnifieant changes occur in Èhe proportion of aerosols and molecules,

the more complex method is necessary.

6.4 Extinc tion Coefficients deríved from Lidar Depolarisatíon Measurements

The depolarised component of lídar aÈmospheric returns has been

used Ëo calculate profiles of relative partícle number density (Cohen and

Graber, L975; Cohen and l(leiman, 1978). Thís method has been extended

here to provide profiles of atmospheríc extinction ín the troposphere; Èhe

procedure is described in Section 5.4.

As emphasised by the authors just cited, the orígína1 method, which

only calculates number ratios, has Ëhe advantage of not requiring the

knowledge of the molecular densíty or extinction profíle. In the present

analysis, however, the tropospheríc extinction due to aerosols and aír

molecules up to the height studied.Ltust be considered, and although the

aerosol conÈribuÈion is calculated duríng the analysís, the molecular

contríbutíon must be found otherwise. It was found that sufficient accuracy

could be obtained over the height range studied by assumi-ng Ehat the

molecular extinction profíle could be dèscribed by an equatíon of the form

ß.(h) = ßM(O) "-h'/H, where the symbols have the same rneaning as el-sewhere

in this thesis.
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Fígure 6.16 ís an exarople of some data used for the calculatÍon

of orÈinctÍon profiles. Depolarisation ratios were calculated for signal

reÈurns aË fj-ve degree elevation intervals; Èhe examples presented in

the upper diagram are at fifteen degree elevation intervals. The profíles

shor^rn were calculated from cross-polarised returns measured in an

elevation scan, and the average of two parallel-polarised scans one

preceding and one following the cross-polarised scan. These latter

elevaEion scans have been presented already in Figure 6.9 and 6.10.

Ideally the two comPonents of the lidar reÈurn from a given

elevaÈion angle could be divided to produce a profile of depolarisation

ratios. Thís profile could then be searched for a region with â ratio of

0.015, since such a regíon would be one rnrhere the sky was entírely molecular

and would therefore be a region suitable for the normalísation of lidar

returns in the conventional molecular-normalisation method. Unfortunately,

the cross-polari-sed lidar signals from Èhe relatively clear air above lB00 n

are relatively l4leak, and become lost in the background sky noíse which ís

increa.sing with the square of the range because of the range compensation

unÍt employed on the receiver.

To overcome the difficulty in separating lhe cross-polarísed

signal from noise, it was assumed that the signal returned from above 1800 n

was all noise and it was subjected to an analysís which fitted a function

of the form y = a + bR2 r¿here R is the range, b is a scaling facÈor

and a is an offset. This function r^ras Ehen used to remove Èhe noíse

contríbution from the rest of the signal below 1800 m. By assigning the

clear air value of .015, to the depolarisation ratios above 1800 m, the

previously undetermined background component and signal offset in the cross-

polarised returns was also calculated and removed from the signal' The
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profile of depolarisation ratios was then calculated by díviding the

treated cross-polarised signal by the average of the two parallel-

polarised si-gnals.

The depolarisation raÈios calculated in ËhÍs rray are shovm in

FÍgure 6.16(a). The uncertaínty in the value of the ratio at any heighÈ

ís indicaÈed by a profile on either side differing by one standard deviation

above and belo¡v the centre profile values respecËívely. These uncertainËies

arlse from Ehe variatíons in the two parallel-polarised returns which r¡ere

averaged to form Èhe denominator in the ratio.

Each profile has been subjected to a fíve-point smoothing'

corresponding to fifty metres in height, to remove some of the noise from

the raÈios and improve their presentation. The average profíle shown at the

far right is calculated from the unsmoothed profiles and is itself unsmoothed.

It is calculated from only those profiles that extend above 1800 m, that

is those profiles wíth elevations greater than forty degress.

The profiles presented in the example show a general decrease ín

the depolarisation ratio with height. The layer of increased scattering

shown in Figures 6.9 and 6.10 is not as notj-ceable in these profiles. A1so,

the lack of any consistenÈ, sígnificant structure ín the ratio profíles

ín the region above about 1800 rn lends support to the assumption of Ehe

existence of a clear region, or at least a region of low and constant

aerosol number densiÈY.

The aerosol number ratío profiles shown in Figure 6.f6(b) shor,¡

a much more rapid decrease with height because of the successive products

from whích they are formed. The layer at about 1400 m has become more

prominert ín the number ratios than j-n the depolarisation ratíos. The
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smoothing of these profiles is Ëhe same for those in (a), the negative

4umber ratios are jusÈ a resulË o.f noíse fluctuations in the signal and,

as can be seen in the average profile, all are less than the uncertainty

in the average.

tr{hereas the depolarisatíon ratios are shown extending down to

the lowest heights frorn which signals are received, the aerosol number ratio

profiles are truncated at the overlap range because, as can be seen from

EquaÈion 5.L4, Ëhe actual magnítudes of signals at dífferent heights ís

used and not just the relative magnitude of the two polarisaËíon components

at Èhe same height.

In Figure 6.17, the average profiles of depolarisation ratio t---

calculated from several scans áre shown. The most striking feature in this

figure is the decrease in the ratio wíth tine, dropping from a maximum of

0,15 to values of about 0.07. The decrease in the sharpness of the

bounda.rf of the nixíng layer as another upper layer is forrned ís also

noticeable, as are the high ratios near the top of the layer in the early

profiles. This feature is noË apparent in the parallel-polarised returns

nor in the corresponding extinction profíles shovm in Figure 6.7(a). The

explanation of these observations may possibly lie in the deepening of the

nixing layer and the resultant spreading of the aerosol through this

grea¡er depth. The correspondíng number density ratios' nctr shown here,

also show a decrease with time, thus supporting this argument. The

correlaËion of high depolarisatiorì ratios and hígh aerosol concentratíons

has also been noticed by McNeil and Carswell (1975).
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The averaging of several profiles in the scan has brought ouÈ m,any

details more clearly. An example in one of the earlíer scans ís shown in

the second profile in Figure 6.L7. AparË from Èhe sharp drop ín

depolarÍsat,ion ratio at 1200 m , corresponding to the top of the mixing

layer at the tíme, a decrease in the regÍon 1800 m to 2100 rn is also

noticeable and corresponds to an isothermal layer measured by the radi-osonde

and to a decrease by a factor of two ín the partícle number measured by

Èhe Po1lak counter. Also, a slight increase in Èhe ratio between the

heíghts 2700 m and 3800 m corresponds to a slight increase in the

relatíve hunidity.

An extinction profile calculated from the data presented in l-igure

6.16 is shor,rn in Figure 6.18. The error bars represent one standard

deviaËion in the mean value. Also shown for comparíson are the extinction

profíles deríved from Èhe conventilonal analysis described in the previous

secti-on and the extinctíon profile deduced from a composite of several

Pollak counter flights duríng the afternoon. Although the composite profile

does not presenE a picture of the actual siÈuation at any particular tíme,

it does provide many more data poínts and allows a useful comparison with

the oÈher data.

The agreement beÈween Èhe three profiles is good, especially in

the case of Èhe conventional analysis and the depolarisaËíon analysis

profiles, despite the fact thaL the latter were virtually normalised to

molecular extincÈion values above lB00 m. The good agleement at the

other heights is due to the low values of aerosol extinction obtaíned by the
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conventional analysis above 1800 m. In fact, the differences in the Èwo

profÍles above this height is rarely greater than the unceltainty in

the depolarisation-derived profiles. The lack of agreement, ât some heights

between the profíle derived from the Pollak counËer data and the two

lidar profiles can be atÈríbuËed to differences in observaËion times.

6.5 Discussion

The aerosol backscatter-to-extinctíon ratío deríved in Section 6.2

(0.32 t 0.02)l4n , 1íes in Èhe general range of values determined by other

workers usíng both theoretical and experimental means, and reviewed in

Chapter 1. Thís value is considered typical of the atmospheric conditíons

prevalent during the experimental program carri-ed out in Aspendale and, as

similar condiËíons exísted in Adelaíde, this value has been used ín the

analysís of these results also.

The experimentally deríved ratio has been used with the rnodified

molecular normalisaÈion method to produee profiles of extínction which are

consístent with other profiles derived from the same and oÈher elevaËion

scans. These profiles also agree favourably wíth profiles of exÈi-nction

deríved from airborne Pollak counter partícle number measurements when

similar boundary values were used and the effects of relative humj-dit)'were

consídered. The ímplication here ís that, on those days studied, the

aerosol síze distribution did not vary much over the range of heights

investÍgated. This in turn justified Èhe use of a single value of the ratio

for all heights ín the subsequent anal.ysis of lÍdar profiles.

Although good consistency was achieved between lidar and airborne

nephelometer extinction profí1es ín the determination of the heights of

the míxing layer and the position of upper layers, generally poor agreement
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r^ras obÈaíned beÈr^reen the actual magnítudes of ext'inction in both cases.

Possíble reasons are the different operating wavelengths and bandwídths

of the two devices, and spatial differences in the samplÍ-ng volumes

although the latter should have averaged out. It is also possible that the

nephelometer slightly warned Èhe aír it was sampling and evaporated some

of the moisÈure from the aerosol particles, thereby reducing the extinctíon

coefficient. It i-s of ínteresË to note thaË the reduction in the extinction

coeffícient was particularly noticeable in the mixing layer where higher

relative hurnidities hrere recorded.

Other methods of obtaining o<tÍnctíon profiles gave consistent

results. Those meËhods described in Sectíon 5.5 proved to be reliable

alternaÈives, particularly íf Èhe effects of aerosol and molecular

extincÈíort \^/ere considered separately.

Extinction profiles derived from cross-polarísed returns rtere

consistent r^/ith the profiles derived usíng other methods. In the presenÈ

work poor signal-to-noise ratíos were found ín the cross-polarísed returns

from Ëhe relatívely clear regi-ons above the mixing layer and it was

necessary to assume that the signal from these heights was purely molecular

in order to separate the signal from Èhe background noise. As the

conventional analysis produced low extincÈion values in thís region an)¡\^Iay'

good agreeilent within the experimental uncertaínties was still obtained

throughout the profile. The good agreement also showed that although

changes occur in the finer detail of the sígnals over shont time scales,

the long term behaviour tends to average these out and provide reliable

results. For the present analysis, therefore, ít was not necessary to

observe both polarised components simultaneously as suggested by McNeil
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and CarsrÀrell (1975), because reliable resulÈs could be obtained by

averaging over a wide enough spatial area and by averagíng parallel-

polarised returns preceding and followlng the cross-polarised returns.

The presentation of lidar extinctíon values in tr¿o dÍmensíons

has provided an ínsight Ínto the vertical and lateral extent of aerosol

layers. The presentatíon was found to be much Ímproved by employing an

analysís r¿hich compared consecutive profiles and adjusted their relative

normalisation or cali-bration to provi-de consistency Ín optical thicknesses

beÈween certain heights.
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CTIAPTER SEVM{

CONCLUDING RM,ÍARKS

A study has been m¡de of the distributíon of atmospheric

aerosols in the stratosphere and troposphere using a ruby lidar.

ModificatÍons to the laser transmitter to reduce the Íncidence of

breakdov¡ns, and extensions to the system to permit tropospheric

observatíons at various angles of elevaÈion and azj-muth have been

described. ExperimenËs perforned on the EMI 95588 photomultiplier to

be used in the lÍdar receiver showed Èhat signal induced noise was

ínsignificant in the present system. The development of a digital data

logging system for the recordíng of lidar daÈa and lidar system

(t'housekeepingtt) ínformatiorr on magnetic computer tape has been detailed.

Previous st.ratospheric observations have been exËended to cover

a toËal period of eight years to enable conclusÍons Èo be made regardi.ng

seasonal- variations and long term trends in the aerosol scattering and its

relatíonship with various meteorologícal variables. The vertical and

horizontal disÈríbution of tropospheric aerosols and Èhe resulÈs of

comparisons wiËh airborne and radiosonde atmospheríc measurements have

been díscussed.

7.L Stratospheric Obse-rvations

Lidar observations of sËratospheric aerosols at Adelaide during

the períod L969 to 1971 have been supplemented by further observatÍons

during the years L972 to 1976. DurÍng the former period dust from the

Fernandina volcano caused an íncrease ín stratospheric aerosol scattering

which reached a peak in July 1969 followed by a general decline in the

làÈer years. The years 1972 and 1973 ¡¿ere characterísed by low aerosol
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scattering and i.Ë was very dísappointíng that the dramatic increase Ín

scattering caused by the erupÈion of the Manam Island volcano (Gras, L976)

and Volcln de Fuego j-n late 1974 anð.1975 was not observed at Adelaide

because of equipment problems. ObservatÍons in March and Apríl L976 did,

however, show slightly higher aerosol scattering than in 1973.

DurÍng the earlier observation period, when scattering from the

stratospheríc layer vras strong, an annual variation in t.he aerosol

scatÈering \¡/as detected aË some heighÈs. At 15 km the peak in

scatteríng occurred in late winter-spring wÍth a minimum in laÈe sunmer-

auËumn. The seasonal behavíour compares favourably wiÈh that deÈermined

by Bigg (L976) with a balloon-borne impacÈor, and also wiÈh the global

spread of dust from the eruptíon of Mt. Agung reported by Dyer and Hicks

(1968). Any variaÈíon in l-ater data was possibly masked by normalisation

errors and the effect of day to day variations.

A courparison of the aerosol backscatËer funct.íon measured by

lidar with the rnonthly mean wind varÍaËions ín the stratosphere was

largely inconclusive. There is some evidence that strong eastr^rard wínds

aÈ 15 km and 20 km are associaÈed with hÍgher values of backscatter

funcÈíon and thaË wínds at 20 kn which blow polewards and to the west (StrI)

are associated with low or decreasÍng values of backscatter funcEion.

trlhile this may reflect the transport of dust ín the ridge-trough eddíes

as suggested by Gambling et aL, (1971), actual daíly observation of winds,

rather than monthly mean observations, should be compared with simultaneous

lidar observatj-ons before any stronger conclusions are drar^m. Even then,

the comparison of wínd and dust observat,ions by Hirono et aL, (1974) and

Russell et aL, (L976), do noÈ give much hope ín this area as Èhey found no
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correlation, except durÍng a sÈratrnrarm r¿hen a zonal- wind reversal was

accompanied by a drop in aerosol backscatter.

Duríng Èhe períod follov¡ing the eruption of the Fernandina

volcano, sÍ-gnificafit correlations were measured betrveen the integrated

aerosol backscatter function and both Ëhe pressure of the tropopause and

the minimum stratospheric temperature. Sinilar observatÍons have also

been reported by McCormick et aL, (1978) in their observati-ons of the

posÈ-Feugo volcanic aerosol decay. Low tropopauses and the consequent

high Èropopause pressures are associated r^riËh higher values of the

fntegrated backscatter function. Hofmann et aL, (L975) suggest that the

lower tropopause provides a greater volume for the formation and transport

of aerosols and Èhat the variation ís strongest in the lower stratosphere.

Warrner mÍnÍmum stratospheric temperatures are associated r^rith higher values

of integrateci backscatter, but it ís not kno¡nm whether the aerosols lead to

Èhe heatíng of the stratosphere by absorpËíon of sunlighÇ or wheËher the.

warm air masses contaíníng higher amounts of aerosol are advected over the

lidar síte.

A slgnificant correlaËion Ín the early data was found between t,he

aerosol backscatter function ÍnËegrated over the heíghÈ range where Èhe

variabÍlity seems strongest (10 krn to 15 km), and the geopotential height

of the 250 mb (10 km) pressure surface. A much weaker correlatíon \^ras

found at greaÈer heights. Higher aerosol amounLs were found when the

pressure surface was lower, possibly relaËed to the trough and ridge

synoptíc system which Gambling et aL, (L97L) suggesË ís responsible for

the poleward eddy transport of aerosols. If this is true, care should be

taken when normalisaÈion of the scattering profíle in thj-s height regíon



L47 .

is necessary. The precence of an uPper level trough in this region

may indlcate the presence of aerosols at the normalisaÈÍon heíght and

the possible underestimatíon of the aerosol scaLtering profile as

díscussed in Chapter 3.

Scattering by aerosols at altitudes above 30 kn has been

detected on several occasions either from extensions of the nain

stratospherÍ-c layer into the region 30 km to 40 km or fron higher layers

of possÍble extra-terrestrial origin. The frequency of occurrence of the

upward extenslons of the lower layer, especially since February 1970, urake

the region 30 km to 40 km unsuítable for the routíne normalisation of

scattering profiles, at leasË aË the siËe of the present observatíons.

comparÍson of the aerosol scattering profiles measured aË

Adelaíde with almost contemporary observations from a similar northern

hemisphere latitude revealed little difference eíther in the strengÈh of

scattering or ín the distributíon with heÍght. The 1973 profile for

Adelaide shows slightly greater values than the 1973 to L974 ptof.ile of

Russell et aL, (I976), possibly because the general decline in aerosol

values continued through 1974 and lower values were included in Èhe

northern hemisphere average. The general similarity of Èhe stratospheric

layers in both henispheres agrees ¡,¡ith Èhe observatíons by Rosen et alt

(L975) of the worldwide dÍstribution of stratospheric dust v¡ith balloon-

borne photoelectríc particle counters.

The stratospheric aerosol optical thickness varíed from a

maximum value of abouË 0.016 to a minímum of 0.004 duríng L969 to 1976.

By usÍng a representative stratospheric aerosol size disÈribuÈion (Bígg'

1976) ald calculaÈions by CadJ-e and Gratns (1975) of the globally averaged
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percentage l-oss from a solar beam by absorpÈion and scatteríng upwards

from the stratospheric layer, the effect of the optical thickness

variations on solar radiation hrere esËiur,ated. If the optical thickness

changes measured at Adelaide were typical of global values then a change

in the globalIy averaged percentage loss in solar radiation varied from

0.52 per cenÈ Èo 0.13 per cent.

7.2 The Tropospher ic Recording Svstem

To enable the lidar to probe the troposphere more accura¡4ly

and more quickly a data logging system was designed and built to record

l-idar scatterj-ng data and system informatíon on seven-Lrack magnetic

computer tape. Each record contai-ned the lidar scattering profile, the

profile number, Ëhe laser ouËpuÈ energy and the lidar beam elevation and

azímuth angles. These and an "n{D OF RECORDTT marker are wri-Ëten to Ëape

ln just over one second.

Ancíllary electroníc circuits buílÈ for use wíth the data

logging unít íncluded a laser output energy monitor with a digiÈal output

and a front panel LED display, and a fast logarithmic arnplifier with an

automatíc correcËÍon for drift ín the background signal.

During operatíon test lidar scatteríng profiles were vÍewed on an

oscilloscope output monitor wíth the unit in the "MANUAL'i mode whíle the

recordíng seÈtings were opËímised. The unit was Èhen switched Ëo Èhe

|IAUTOMATIC" mode where Èhe lidar data were Ëransferred to the tape recorder

innediately after they had been collected by the transient recorde-r. The

system proved to be both flexible and reliable and performed excellently

duríng Ëhe atmospheric obse::vation programne.
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7.3 Tropospheric Observations

Areas considered in Èhe ebservaÈion of tropospherÍ-c aerosols

ç¡ere the determi-nation of a represenÈative backscatter-to-extincÈion ratio,,

the testíng of the reliability and applicabilíty of various analytlcal

techniques, and the determínation of boundary values for extinction

profiles. Modifications and extensions to some existing methods of

analysís permitted their wider use.

In order to determine Èhe most accurate profiles of extinction

coefficient from lidar backscatter signals, a value of the aerosol

backscatter-to-exEinction ratio that rnras representatíve of the aerosols

being studied was sought. In derivíng this ratio it. was assumed that Èhe

aerosol extinction coefficient could be obtained from aerosol number

densíty profíles if the effects of the relative humídity on the size of the

aerosols were taken inÈo account. It was also assumed that Ëhe ratio

remaíned constant over the region of interest. As mentioned in Chapter 6

boÈh of these assumptíons seem justified by the observations of other workers.

The backscatter function was determi-ned from the average of several

1ídar scans of the atmosphere at various elevation angles. The resultant

value of the backscatter-Èo-exÈinction ratio, fo(n) /4tr = (0.025 t 0.002),

is compatible wíth various other theoretical and experimenËal values.

Quenzel et aL (1975), for example, using Mie scattering theory with 21

dÍfferent haze síze distríbutíons, found the backscatter-to-extínction ratio

for hazes probed with monostatic ruby lidars to be in the-fange 0.013 to,0.036

with a mean of 0.022. Experimentally determíned values include

ro(n) /4tr = (0.012 t 0.002), (I^Iaggonet et aL, L972), 0.026 to 0.040,

(Hamílton, 1969) and 0.025 to 0.034, (Reagan et aL, L977).
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Various methods for the analysis of tropospheric lídar

backscatter signals !/ere studied to det.ermíne whích gíve reliable and

consistent results. Some methods; sueh as the elevation scan method, are

only valid under special atmospheric conditions whereas others are

appllcable generally.

The molecular normalísation method (Section 5.2) in iËs standard

form, is not applicable in most cases because there is rarely a region of

aerosol-free ai-r in the range covered by the recorded lidar signal.

Although the normali-satíon of a profile in the clearer air above the mixing

layer often causes tolerably small errors for extinction values rnrithin the

layer, the errors for the region above, which stilI cont.ains some aerosols,

are often unacceptably large.

I.Ihen the molecular normalisation method is modified, as in the

present work, to accept a non-zero boundary value of aerosol extinction, ít

is useful for the analysis of all backscatter profiles. In this case the

linítation to the accuracy of the meÈhod is ímposed maínly by the accuracy

of the boundary value and, to a lesser extent, the uncertaínty in the

backscaËter-to-extinction ratio. The basic assumption r^rith the method is

that the aerosol backscatter-to-extinctíon ratío remaíns constant with

height.

The methods analysed j-n Sectíon 5.5 involve the solution of

differential equations whích relate the rate of change with range of the

lidar signal to the rate of change of thè backscatter function and the

extínction coefficíent. The method ín its simplest form, wíÈh a solution

typified by Equation 5.18, does not always give accurate results because

the total extinction coefficient ís not proportional to the total backscatter

functíon in those regions where the turbidity ( ßo/ßn, ) changes. When

the method is extended to consider both aerosol and molecular components

separaÈely, ít ís applicable generally and gíves identical results to the
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molecular normalisation method when the same boundary values are used.

The advantage of this method over the molecular normalisation method ís

mainly computational; it does not require iterations at each step of the

analysis to produce an exËínction profile.

The compuÈations required by both the methods just discussed can

be simplífied by Èhe introduction of an analytíc approxímation for the

molecular scatteríng component. The savings are in conputíng tírne and

prograûìme memory. The ground level molecular extincÈion coefficient

ßr(0), and the molecular scale height H , can be obtained from radíosonde

profiles if Èhey are available, or estimated from groun<i leve1 meteorologícal

data and sÈandard scale height values. A study of radiosonde data used

with lídar observations during the period L969 Eo L976 showed thaË excellent

fits Ëo the data up to a heíght of 6 km could be achieved by an exponential

analytic approximation.

The depolarisaËion ratio method, as extended ín the present work

(Sections 5.4 and 6.4) produces extínctj-on profíles which agree with those

produced by the two methods just discussed and with profiles of aerosol

extínction derived from profj-les of particle number densíty measured by

Pollak counter. The method is applicable in mosL circumstances, the rnain

limiÈaÈion being the weak scattering from clearer regions whích ís often

lost ín background sky noise. A further complication arises if the

equipment includes a device ¡vhich increases the gaín of the receiver, and

hence the sky noise, wi-th the square of the range. The effect of the noise

could be reduced by rotating the lidar so that the plane of polarisation of

the receiver is perpendicular to that of the sun light scattered from t.he

sky and by using a receiver ¡.¡ith a línear response in the region of
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dÍfficulty. Under Èhese circumstances it should be possible to measure

Ëhe perpendicular component of the backsòatter up to much greater heights.

Thls rvould allow the absolute determinaÈíon of Èhe depolarisatíon ratio and

increase the likelihood of the detectíon of an aerosol free region with a

ratio of 0.015.

For those cases where the aerosol extínctíon coefficíent predominaËes

at all heights, the molecular extinction profile ean be neglected

completely as ín the oríginal analysis which produced only number density

ratíos. Then aerosol exti-nction profiles can be derived solely from

measurements of the two polarised components of the backscatter and a

boundary value of extinction.

The agreement of exËinction profiles deríved by the depolarisaÈion

method with those deríved by other methods justifies the technique used ín

thís thesis of producing average extinction profiles from temporal and

spaÈÍal averages of depolarised sígna1s. The símultaneous measurement of

both components does not seem Èo be necessary for the cases studied here.

A decrease in the values of the depolarisation ratio wíthin the

mixing layer and a simultaneous decrease in extínction values, observed

when the míxing layer was íncreasing in depth, was found to be the result

of a decrease ín particle number densi-ty. It seems that roughly the same

number of particles was distributed through a greater volume of atmosphere,

Èhus producing a lower densiÈy.

The fundamental limiËation Èo the use of the elevation scan method

ís the requirement of horízontal homogeneity of scattering. Although sone

observational periods appeared at first to be suítab1e (e.g. the early

morning and 1aÈe afternoon on 760916), there always seemed to be sufficient

variabílity to produce poor results except over small heíght ranges.
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However, when Ëhe conditions do exisÈ 1t ís an excellent meÈhod as iÈ can

produce profiles of both backscatter and extincÈion, and therefore, a value

of the aerosol backscatter-to-extincÈion ratío. Usually though, its best

use appears to be in the derivation of boundary values.

Most of the methods of analysis described Ín this thesis require

boundary values of the extinction coeffícient. Those methods for the

determínation of boundary values found to be successful were Ëhe elevaÈion

scan method or the Èwo beam meÈhod when the homogeneity of the atmosphere

is limiÈed to a small region, and the use of atmospheric visibilíty

measurements. For the reasons discussed earlier, nephelometer measurements

gave values which ü/ere too low and the method r¿as not used. The use of

visibílity measurements was only used as a last resort but they seemed to

give compatible results when compared wíth other measurements.

The presentation of the spatial distríbution of aerosols on Ehe

vertical plane was improved by the comparison of consecuÈive lidar profiles

and the minor adjustment in the normalisation of each profile to produce

consistent results. These díagrams showed that, on those days studied,

horizontal homogeneity of scatÈering did not exist except over small height

ranges. The broader feaÈures of the scattering profiles ü/ere common to

profiles measured at all elevaËíon angles and azÍmuÈh directions; only

the snaller details desÈroyed the homogeneity. The accumulaÈíon of scatteríng

maÈeriaI Lrithin the mixing layer stood out clearly as did the enhanced

scaÈtering from layers hígher ín the atmosphere. The heighÈ of these

elevaËed layers, whose horizontal extent l{as at leasÈ 10 lot on some

occasions, often corresponded Ëo regions of íncreased relat,ive humídity or

particle number density.
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A study of consecutíve diagrams in Section 6.2 showed the change

1n the spatial distríbutíon of aerosols wiËh tlme. On one afternoon a

secondary layer was detected just above the original positlon of the

mixing layer boundary, rather than a sÍnple increase in the depth of the

mixing layer. Thís unexplained phenomenon r¡ras followed the next afternoon

by the development of a slnilar, broader layer.
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7.4 Suggestíons for Future l^Iork

7.4.L SÈatospheriç Observations

The present stratospheric recording system could be improved

vastly aÈ very 1itt1e cost and with only a surall amount of effort and

time. The technique of recording signals from four overlapping heíghÈ

ranges, one aË a time, ís very wasteful in terms of time, po\¡rer and the

general atËríËion of lidar components.

On many occasions observations have been restrícted to only the

fÍrst one or two height ranges when clouds or breakdov¡ns have stopped

work. The proposed system, set out briefly belovr, would eliminate this

problem by accepting sí.gnals from all heights in a 38 km band each laser

firing. It also has the added advantage of recording each pulse and

the corresponding lidar parameters directly onto magnetic tape, and thus

eliminaËes the laborious copying of phoÈon counts from the lO-channel

counter display and the punching of data onto computer eards.

In a feasibilÍty test performed by the author, photoelectron

pulses from the díscriminator-scaler driver unit were used as input pulses

for a 6-bit binary counter whích was followed by a 6-bit ladder-type dígital

to analogue converter. The resulting outpuÈ, a slgnal which íncreased

rapidly to the maximum 1eve1 and reset to zeto every 64 pulses, \^ras

sampled every 1 ysec by the 256 word tropospheric data logging system.

Thus the cumulative photoelectron (signal plus noíse) count rate at any

range was determined. The receiver chopper was set so ít was opening

during the arrival of photons from the lower regÍons of the atmosphere.

In this r.ray it had the effect of a neutral density fílter whose transmission

increased with range, thereby limiting the count rate from the lower heights
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Ëo acceptable levels but passÍng the ful-l signal from the greater heights.

Improvements here would be to modify the shape of the chopper blade, or

to slow the motor, so this variable atÈenuation occurs over a greater

range, and to trigger Ëhe laser firÍng with a sÍ-gnal from an optj-cal

sensor of the position of the chopper blade to reduce the effect of

motor jitter.

By recording signals from the whole heÍght region from, say,

7 km to 45 kn at one time, the requÍred number of laser firings would be

considerably reduced, or alternaÈívely, the precísion j-n the measuremenÈ

of scaËÈering profi-les would be greatly increased, especíally at low

altltudes where errors would be reduced to a fraction of one per cent.

The basic height increment in this case would be 150m but counts from

several increments could be added to increase the accuracy at the expense

of heíght resolution.

Because each profile i-s stored wíth its system information,

variations in the structure of the stratospheric aerosol layer duríng the

nlght. could be sÈudied with much greaËer precisiorr Èhan the present syslem

allows.

The greatest difficulty in the interpretation of lidar data is

the normalisation problem. This could be reduced by naking the lowest

height of observation 7 km or even 5 km, and thereby reducíng the

líkelihood of a scaÈt.ering ninimum occurring below the mÍnimum observable

height. Other possibilitíes exist. According to Cohen and Graber (1975)

the depolarisation ratio of the backscattered signal will take the value

for pure air (0.015) when an aerosol-free region is detected, and a

suitable normalisaÈÍon height can, therefore, be identífied.
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AlÈernatively, by comparing the Raman shifted radiation from

aËmospheric nitrogen molecules with the unshifted radíation from gas

and parËicles, the contribution from gas molecules alone can be deduced

(Cooney, L975), aL least up to 5 kn to 6 kn height, and thís allor¡s the

possibility of naLching a normalÍsed tropospheric pulse with the lower

end of the stratospheric profíIes. As the department has acquíred a

tunable dye laser, greater photomultiplier sensitivj-ty in the region of

the Raman shifted radiation, and therefore a greater m¡ximum height would

be obtained by transmittíng at a shorter wavelength. !ilhile there ís still

some uncertainty j-n calculating aerosol extinctíon at, one wavelength from

values at anoÈher, aerosol-free regíons would be common to boLh.

With the possibility of sËratospheric observations being made

from the CSIRO at Aspendale in the fuËure, Ëhe interestíng possibilíËy of

the study of longitudinal variatíons in the structure of the stratospheríc

aerosol- layer arÍses. I,¡iÈh the facilit.ies avaj-lable at the CSIRO Divisíon

of Atmospheric Physics, the varíability in aerosol scattering, ozorLe

amounÈ, ¡.¡inds and Èhe synoptic patterns at various heights could be studÍed

with the airn of furthering the knowledge of aerosol transport Processes

in the stratosphere.

The inËerpretation of variations in the lidar derived values of

aerosol backscatter function is not straíghtforward as changes can be

brought about by variations in the aerosol number density, refracËive index,

si-ze distribuÈion or shape of the aerosol particles. It is desirable,

therefore, that periodic comparison experiments be rnade between the lídar

and balloon-borne phoÈoelecËric parËicle counËers and impacËors, preferably
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simultaneously and aÈ the same site, to determine Ehe cause of major

or long term changes in Èhe stratospheric aerosol layer.

7 .4.2 Tropospheric Observations

The development of a climatology of values of backscatter-to-

extinctlon ratío for differenÈ types of day would be most useful in

the analysis of tropospheric backscatter data. The elevation scan method

should be used where possible as it provides profiles of backscatÈer

function and exÈÍnction coefficient ¡+hich are measured simultaneously, in

the same place, and rvith the same device.

Alternatively, the values may be calculated, as done here, by

comparing averaged lidar backscatter signals with extinctíon profiles

derived from aerosol number density profi-les and corrected for relatíve

humidity variations. Ideally a relative humidíty sensor should be mounted

on the aeroplane used for sampling, and used in preference to radiosonde

values.

For the analysís of lidar backscaÈter sígnals in terms of

exÈínction coefficie-nt, either the rnodified molecular normalisatíon method

or Equation 5.25 should be used. The depolarisation nethod is acceptable

over shorter ranges and has the ability to detect aerosol-free regions

which are useful as boundary values for the other methods.

For the derivation of boundary values, eiËher the elevation scan

method or Èhe two beam method should be used where possible. Visibility

measurements, although they províded reliable values when taken simultaneously

and on site ín the present study, should stil1 be treated wíth caution

because the wavelength dependence of aerosol scattering is not known with
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great certainty, and it uay change wíth time and place.

The comparison of consecutive diagrams of the spatial

dÍstribution of aerosols will be useful in det,ermining the movement of

aerosols and air masses, and for Èhe study of complex atmospheri-c

structures and other features of general meteorological interest. For

example, the progress of Ëhe sea breeze front could be studi.ed and the

heighÈ and velocity of the return flow determíned by observing the movemenË

of aerosols in the flow. By Ëakíng consecutive elevation scans at differenE

azimuths the spread and dispersal of smoke plumes from industríal chímneys

can be studied, and the results used to Èest varíous models which describe

this phenomenon.
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ADDENDTII"Í

Throughout thís thesís it has been assumed that in the troposphere ab

the ruby laser wavelength, the volume absorpËi-on coefficient ßa is

neglígible when compared with the volume scattering coefficient ß", and

that Èhe volume extlnction coefficient ße is therefore equal to the

scattering coef ficlenE. However, under those conditlons \^/here this is not

true, a more complete analysis is required. Using the quantitíes defined in

Section I.5.2,

Þ s Qonr2 tt * Q"'ÌIr'n.

Now if Ehe backscatter efficlency ls Q. then

o.B
t9) 

o4T1 's

and

B (r)

Therefore

ß ß+ae

.PlÐ- o rr2n4Tl 's

Q"B (r)
ß

e

P (tt)
4t¡ o-¡. + o-g

P (r)
4n

(¡

Then
P (Tr)

4n
B (r) when {¡s is unity. Fig. 1.f2(f) shows

calculated values of tds for dlfferent values of absorption, or imaginary

part of the part.íclers refractive index. Values of the ímaglnary refractive

index *"""r'rtud by Reagan and Hermann (1980) [ J. Appl. Meteorol, 19, 426 I

have an average of .003 with a maxímum upper límit of .015. In very

polluted, sooty atmospheres higher values may be obtained and in these cases

Lhe figure shows Èhat oo is slgnificantly less Ehan unity.

ß e



APPB:{DIX I

DERIVATION OF THE LIDAR EQUATION

According to van de Hulst (1957), when polarísed light of

lntensity Io (ll.sr-r ) and wave number k = Zt¡lÀ, is incident on a

volume v (Figure 4.1) containing n partieles per uniË volume, Èhe

scattered intensity aË a distance r

beam is

and an angle 0 to the íncidenË

I A1.1

The angle 0 is Ëhe angle beÈween the direcËíon of the

electric polarisation and Èhe plane containing the incident and scattered

waves, and F(0, 0) is a function which describes the angular distribution

of the scatÈering. The quantity in the brackets can be re-written as

n F(0 , þ) /u' n o P(0, þ)/+r¡ ß P(0 , þ)/4r

where o is the scaÈtering cross section, ß ís the volume scatterÍng

coefficient and P(0, O) ls the scattering phase funcÈion. (Deirmendjian

Lg64): Tf we wriËe B(0, 0) = ß P(0, þ)/4r, where B(0' 0) is the

volume scaÈtering funct,ion, then Equation A1.l becomes

I Io v B(0 , þ) lr' ÃL.2

For air molecules and plane polarised light the phase functíon

ís pM(o, þ)/4r = . (3/Bn)(cos20 cos2Q -t sin2 0) and for unpolarised lÍght

PM(O) = (3/L6t¡) (cos2 0 + 1) .

Here the subscript M refers to scatÈeríng by aír molecules. For a

mo¡ostatic lidar the separation of the transmitLer and receiver is srnall

and the scattering angle 0 ís very close to lBOo, especíally at the

ranges usually considered, and both phase functíons reduce to fr(r) = 1.5.
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At a heíght h ín the aturosphere the volume backscatter functíon for

air molecules can be wrítten as

nr(n, h) = (PM(n) /4n). ßr(h) = (3/8t) ßr(h) . Al-.3

Sirnilarly the volume backscaÈter function for aerosols is given by

no(n, h) = (PA(n) /4n). ßo(h) AL.4

As the aerosols are 1ike1y Èo have a range of opt,ical properties, the

quantities in this equation should be considered as average values for

the particular aerosol sample being studied.

Consider now Lhe scatlering of light from a pulse transmiÈted

by a vertically pointing lidar (tr'igure 4.2) wíÈh a transrri|ter T of

divergenc. 0t and receÍver R of divergence 0, separated by a

distance s . As 0, is greater than 0a the whole Ëransmí tted pulse

will be in the fíe1d of vier^¡ of the receiver above a heÍght ho. Because

the divergence of the transmitted laser pulse 0, ís small the volume

v illuminated by the pulse is approximately cyl-Índrical with a cross

sectional area A (l'igure 4.1). The length of the pulse is L = cT

where c is the velocíty of light and T is the duratíon of the pulse.

At some Èime t = h/c , when the toP of the pulse is at

height h and the base at hz, ã photon in the J-eading edge ís scattered

back towards the receiver. A short tíme (tlz) seconds later ít has

reached height hr , which is mÍdway between h and hz , and ís now

level wj-th the trailing edge of the pulse whích has moved up to height h1.

Any photons no\¡r backseattered from the trailing edge of Ëhe pulse will be

indistinguishable from Èhose photons just scattered from the leading

edge. I'urther, any photons arriving at the detector with those just



described could have come from anywhere ín the illuninated volume

between heights h and hr , and t-hís deÈermines the linit of the range

resoluËion of the lidar. Thus the effective volume which contrÍbutes

to the scaÈtering received by Ëhe lÍdar at time (hr/c) seconds later

Ís

vl2 = LL/z = /rcr/2, 41.5

If the origÍnal transmitted power of the lidar pulse is po

and the transmittance of the atmosphere from ground level to heíght h

is T(o, h), then Ëhe intensity Is (l{. sr-t ) at heíght h is

rq = Po. T(o, h)/dco, = Poh2T(o,h)/Ã 41.6

where the solid angle subtended by Èhe volume v wiËh base area A at

hetghË h is dr. = L/ff ,

By combining equatj-ons 41.2 to 41.6 we have the toËal power p

backscattered from the- volume Ínto a small solid angle dq .

p = poT(o, h). !I {r.,{n, h) + BA(r, h))do

If Èhe collecting surface of Èhe receiver has area S Ëhen do = S/h2

On its paËh back Ëo the lidar the scaËtered radiation experiences further

aËtenuation by the aËmospheric transmittance an<l the pol/üer received by

the lidar from height h is

t o" f I ( BM(r, h) + BA(n, h)). r'(o , Ð/* . Ar,7P(h)

For a lidar measuríng scatteríng from the troposphere thís

poÌrrer is incident on a photomultiplíer tube. The Ínstantaneous signal

voltage V(h) at the anode Ís proporËional to Èhe producÈ of the po\¡rer

p(h) , the conversl'-on efficiency of the photomultiplier Q in amps per



\üatt, the optical efficiency of the lidar receiver îo and the,

anode load resistor R. So

v(h) = [RrîoQ]p(h), Al.8

or
v(h) = K (BM(Tr, h) + BA(n, h)). f (o, h)/tt" . 41.9

1,he efficiency and conversion f".tot" and the lidar equipment Parameters

have been grouped together to form a system constanË K in the forn of

the lidar equation for the troposphere.

For a stratospheric lidar the reÈurn sígnal ís much weaker

and photon counting techniques must be used. In this mode of operation

those individual photons thaË arrive Ín a sma1l time interval At and

are de¿ected, are counted, and the total stored Ín one of the registers

of a multi-channel counter. If the number of transmitËed photons is

N = p "c ),/k-c = EÀ/kc , where E and À are the laser energy and wave--o

length and k is Planckrs constant, and if fn is the combÍned electrical

efficiency of the amplífiers, discriminator and counter, and a is the

phoËomultiplier quantum efficiency, then the receíved photoelectron

count rate is

N(h) = (E).S no nE Q / 2k)

Províded the eounting time inÈerval

electrons counted in Èhe register is

Using equation 41.10 gives

c(h) = (uÀs no n. Q Ah/c)

(BM(r, h) + BA( h)).r'(o,h)/h'.
A1. 10

At is short the number of photo-

C(h) = N(h). At = 2N(h). Ah/c

fT

(BM(n, h) + BA(r, h)).r'(o,h) /h".

or if the system parameters are combined again into a system constânÊ K

c(h) K (BM(r, h) + BA(TI, h)).r "(o,tr) /h". At_.11
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PLATE 1. The Recording System and Oscilloscope l4onitor.
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A DIGITAT TAPE RECORDING SYSTEM FOR TRANSIENT DATA

S. A. Young.
Department of Physics
University of Adel.aide.
ADELAIDE, SOUTH AUSTRATIA s000

1. INTRODUCTION

Transient data is recorded in six-bit binary form on half-inch nagnetic

computer tape using a Biomation 6108 Transient Recorder, a Kennedy 1600

Incremental Tape Recorder and interface and control equipnent. The system

is shown in Plate 1. The flexibility of the transient recorder is such that

signals arriving at various times, either before or after the arrival of a

trigger pulse, can be sanpled digitally at intervals of between 0.1 micro-

seconds and 50 nilLiseconds. A multiplexing system also allows fifteen

rrhousekeepingtt words of infornation to be written on to tape after the data.

The unit can be operated in either a manual or an autonatic mode. When

switched to the manual node the stored data in the transient recorder can be

displayed on an oscilloscope and inspected for suitability before it is

transferred to the tape recorder by pressing the rrPLOTrr button. In the

automatic mode the rmit senses when the storage of the data in the transient

recorder me¡nory is cornplete and automatically initiates the transfer to the

tape recorder.

The front panel display includes a three digit shot or record number which

nay be reset to zero with a switch, and six LED's (light emitting diodes) which

indicate the level (rrOtr or rrlrr) of each bit of each word of data during

readout. Two other LEDts indicate when either housekeeping or transient

recorder data are being written and a third is a multiplexer address indicator.

Although the systen was specifically designed for the collection and

storage of tropospheric lidar data, it could be used with any data suitable for
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digitization and storage in the 256 six-bit words of the Bionation Transient

Rocorder.

2. CONSTRUCTION

The compl.ete unit fits on two boards neasuring 16.5 cm by 9 cn. These

boards were each made fron one and a half TTLEKTR0KITil circuit boards joined

together and attached to a printed circuit strip which slides into a 44 pin

end connector. Each board has an aluniniun front panel and fits into a rack

holding other electronic circuits associated with the lidar systen.

Apart from the six data level inverters which supply current to the LED

indicators and the inverters for the Write-Step and End of Record connands all

the electronic circuiting is constructed of TTL integrated circuits. The

mrl.tiplexers are Fairchild 74L50 sixteen input nultiplexers and the monostables

are 74L2Is and 9602s. The other integrated circuits are nostly fron the

Fairchild 7400 series.

A single, regulated five volt power supply required for the TTL integrated

circuits and the transistor circuits used in the unit also provides power to

other housekeeping circuits in the electronics rack.

3. CIRCUIT I.OGIC AND OPERATION

A sirnplified block diagram of the system is shown in Figure 1 and a

detailed description of the circuits is given below.

3.1 The Auto Plot Circuit

During nanual operation the line fron the rrPLOTrr button in the

transient recorder is nor¡nally grounded. Once the button is depressed this line

trfloatsrr high enough to trigger the circuit r,rrhich initiates the transfer of

data to tape.
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The autonatic plot mode circuit is shown in Figure 4 and operates

as follows. After the last word of data has been stored in the me¡nory of the

transient recorder the IIRECORDil output drops back to the low state. As can

be seen in the tining diagram, Figure 2 lines c to h , the co¡rbination of

monostables lvlSlA and IvfS2A causes the R-S flip-flop FFIA to change state

550 Usec later. Ttris deLay is nade necessary by the fact that the rnenory of

the transient recorder memory is cycled during this time. Monostable MSSA

is triggered by the next 500H2 cLock pulse which in turn triggers FFIA which

reverts to its original state thus triggering MS6A which produces the rrAUTOPLOTrr

pulse.

Monostables IvlS2A and MSSA provide narroht, one ¡nicrosecond pulses

for triggering FFIA. lttider pulses could cause the flip-flop to toggle if both

inputs were to be ín the low state at the sane tine.

3.2 The Write-Step Circuit

The nenory of the transient recorder is cycled continuously with

each word in the menþry being available every 512 Usec. As a result, when the

words are being copied fron rnenory in the asynchronous node used here, a delay

of up to 5I2 Usec occurs between the arrival of the PLOT pulse and the

availability of the first memory word. A sinilar delay is experienced when

subsequent words are requested by the arrival of the clock pulses at the

EXTERNAL PIOT RATE input of the transient recorder.

The ltlrite-Step circuit is shown in Figure 5 and the relevant tirni-ng

is shown in lines i to m in Figure 2. As the words become available at the

data output of the transient recorder the FLAG output switches to the high

state where it stays until the arrival of the next cLock puLse. Once the

conplementary outPut of MSIA tql is in the low state, the gate "Gl will
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pass all the fl.ag levels to MSTA which produces pulses of 50 Usoc duration

as roquirod by the WRITE-STEP input of the tape recorder. The first 255 words

aro road from nonory in this fashion. The last word and the corresponding flag

ate only available for 100 Usoc. As this tine is too short for the system to

respond reliably, the word is discarded by placing a simple filter on the

FIAG line.

3.3 The Housekeepine and Conbined lVork-Step Circuits

Six m¡ltiplexers, one for each bit, are used to write both data and

housekeeping infornation on to nagnetic tape. The circuit which perforns this

operation is shown in Figure 6, and the tining is shown in Figure 3 lines a

tok

The contents of the transient recorderts memory are transferred

while the multiplexers are at address zero and the fifteen housekeeping words

at the renaining addresses of the sixteen input multiplexers. A four-bit

binary counter which shifts the addresses of the nultiplexers is held at address

zero during transfer of the transient recorder data. The WRITE COMMAI\¡D output

of the transient recorder stays in the high state for the first 224 words of

output only. The renaining 128 nsec are suppl.ied by MS3A and lvfs4A which

then trigger FF2B, I\,IS2B and FFIB. The outputs of FFIB are labelled RESET

and RESET. Until the arrival of the trigger pulse from MS2B the RESET line

is held high inhibiting the counter, and the inverted data write-step pulses

pass through the AND-OR-INVERT gate to the inverter driver and the taPe recorder.

Once the RESET line goes low the counter and multiplexer addresses

change from zero. During this time nonostables 114568 and I'ÍS5B produce 50 Usec

housekeeping Write-Step pulses which are delayed by 2 psec with respect to

the clock pulses to avoid coincidences.
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After the fifteenth pulse the retufü of the counter address to zero

is detected by a four input NAND gate which triggers l'lslB and in turn FFIB"

This sends the RESET line high again inhibiting the counter until the next

record is to be transferred to the tape recorder.

3.4 The End of Record arid Counter Display Circuits

When the counter address returns to zero, MSIB produces a 50 Usec

End of Record pulse (EOR) via IvlSSB and l4S4B. The tining relationship of

these pulses is shown in Figure 3 lines f' to n .

As can be seen in Figure 7, the EOR pulse is used to increnent the

record counter and front panel display. The counter consists of three 7490

decade counters connected to three LED displays. The outputs are also joined

to three of the inputs of the nultiplexers so the record number can be recorded.

3.5 The Inverter-Driver Circuits

'fhe data level inverter-drivers, shown in Figure 8, supply enough

current through the 2N5646 transistors to drive the LED level indicator lanps.

They, and the inverter-drivers used for the EOR and Work-Step corunand pulses.

were designed to ensure that the correct logic levels required by the tape

recorder were satisfied. The tape recorderrs DTL, rrpositive truerr logic

requires a rronerr level of between 4V and 6V, and a rrzero'r level of between

0V and 0.5V.

4. PERFORMANCE

In the automatic mode one record can be written on to tape in ahut one

second. The additional tine required for the writing of an EOR narker allows

a maxinurn cycling tine of about one and a half seconds. This tine could be

shortened if a tape recorder with a writing rate faster than the present 300 word



6

per second were used. A simple change to the tining resistors of the )(R-320

clock and of MS3A, a delay nonostabl.e, would al.l,ow a higher writing rate.

The oxisting rate, though, has been quite adequate for present purposes.

The nultiplexers used permit fifteen words of housekeeping data to be

written on to tape after the transient recorder output. At present only the

first nine words are used. These words contain, in order, the six-bit output

fro¡n the laser energy nonitor, one four-bit binary-coded-decinral (BCD) word for

each of the three record counter digits, two for the lidar elevation angle,

and three for its azim¡th. Ttvo extra words are set to zero as a narker to aid

in the decoding of the information on the conputer.

The unit has been used successfully to record tropospheric lidar signals

and related operational infornation. The systen should also be adaptable to

other kinds of data which can be stored satisfactorily in 256 six-bit words.



APPENDIX I

TABLES OF PIN CONNECTIONS ON BOARDS A AND B

Board A has only one edge connector with 22 electrically insulated

connectors on each side, numbered L to 22 and A to Z respectively.

Board B has two edge connectors, each sinilar to that on Board A.

The pins on the nain board connector are nunbered 1-1 to 22-L and A-1

to Z-I and those on the secondary connector are numbered A-2 to Z-2, and

L-2 to 22-2.

The abbreviations used in these tables are listed at the end of this

Appendix.

BOARD A

PIN DESIGMTION PIN DESIGTIATION

I
2

3

4
5

6

tadaBM

0V Earth
2o l/P fron MUx I
2I MUX 2

0V Earth

Delayed Write Connand 0/P
Pin 3.2 Board B

Data Write-Step to Pin 5-2
Board B

Total Write-Step l/P to
Inverter Driver

Shot Nunber, þundreds Digit
ß; fl? to Board Bn n BE0/p rr n rr

il il c3O/P n il It
r rr DgülÞ n Ir n

:: i: 
'î" "i" 

åi
ililililD2
I' rr Units Digit AI

i:::iii:Ëi

A
B

c

D

E

F

H

J
K
L
M

N

P

R

S

T
U

V
W

x
Y
z

22

23

24

MUX 3
MUX 4

7
I
9

10
11

L2
13
L4
15
16
L7
18
19
20
2L
22

MUX 5

zs MUx 6
+5V

BM data 20 0/P ro TR
2r
22

23

24

2s

Clock O/P to BM and 4-2
Record I/P fron BM

Auto-plot 0/P to BM

Flat I/P fron BM

Write Connand I/P fron BM

Toral Write-Step 0/P to TR

EOR Conmand 0/P to TR

EõR' Ì./P to inverter driver



APPENDIX I (Continued)

PIN DESIGI'{ATION

BOARD B

PIN

A-1
B-1
c-1
D-1
E-1
F-1
H-1
J-l
K-1
L-1
M-1
N-1
P-1
R-l
s-1
T-1
u-1
v-1
l1¡-1
x-1
Y-1
z-r

OV

Elevation Tens Digit A2
rrilttB2
rril,tc2
ililttDz

Elevation Units Digit Al
ilnnBl
ilrrilcl
rrrilDl

Azim.rth ltL¡nd. Digit A5
ililrt83
rrilrtc3
rrilrtD3
f f Tens t, 

^2rrilttB2
ilrncz
rr rr tt D2
rr llnits t' Al
rriln81
ililncl
rrilrrDl

x

DESIGI,¡ATION

x
BM Record O/P fron BM

Delayed Write Conn.
Clock I/P fron Board A

Data Write Step I/P Board A

DESIGllIATION PIN

L-2
2-2
3-2
4-2
5-2
6-2
7-2
8-2
9-2

r0-2
Lt-2
12-2
L3-2
L4-2
15-2
L6-2
L7 -2
L8-2
L9-2
20-2
2L-2
22-2

1-l
2-L
3-1
4-L
5-1
6-1
7-L
8-1
9-1

10-1
11 -1
T2-L
13-1
14 -1
ts -1
l6 -1
L7 -7
18 -1
19 -1
20-L
2t-l
22-r

BM data 2s

24

21

22

2r
20

5V
2s

f
23

22

2r
20

ov
O/P fron It{.lX 6

5
4
3
2

I
o/P to Pin 22 Board A
o/Pto PinF il il

+

il

tt

il

tt

il

n
il
It
il
tt
tt

tlnits

x
x
x

BM data I/P fron BM

Energy Monitor f/P bit

Shot Nr.mber tttmd. Digit A3
B3
c3
D5

^282
c2
D2
A1
B1
ct
D1

nil
ilil
iltt
tt Tens

tt
il
lt

It
ll
il

It
tt
tt
It
il
n
il

il

il

lt

tt

il
lt
il
lt
It

It
il
lt
lt
tt

20

2r
22

23t
2s

il
tl
tt
ll
il
It
tt

x
x

NOTES (1)
(2)

Data bits L(2")
BCD bits eg. A3

^2D1

to 6 (2')
represents

tt
tt

are linked to M¡ltiplexers I to 6
Bit 1 (2" ), ti¡ndreds Digit

tt , Tens rr

4 (2') , Ltnits rr

BM Bionation 610B Transient Recorder. TR Kennedy 1600 Increnental Tape Recorder
ÐR, EõE End of Record and its Conplenent MUX litultiplexer
I/P Input to Board O/P Output fron Board x No Connection

ABBREVIATIONS



APPENDIX II DATA AND HOUSEKEEPING
FORMAT ON TAPE

BITL23456 DESIGNATION

WORD

I
2

255

256

257

258

259

260

26L

262

263

264

265

266

267

268

269

270

A5

A2

A1

^2
A1

A3

A2

AI

o

o

x

x

x

x

B3

B2

B1

B2

B1

B5

B2

B1

o

o

x

x

x

x

c5

c2

c1

c2

c1

c3

c2

c1

o

o

x

x

x

x

20 21 22 2t 24

20 21 22 zs 24

zo 2' 2' zt z'
2o 2' 2z zt 24

25

2s

zt

2'

o

o

o

I
I
I
1

I
o

o

x

x

x

x

BM Word I ì
BM word z | "DATA,,

I

BM Word 255 J
Energy Monitor O/P

Lidar Shot Nunber, Hund. Digit (BCD)

Tens. rr rr

UnitS il il

Bean Elevation, Degrees, Tens Digit (BCD)

Units rr l'

Bean Azinuth, rr lfund. rr rr

Tens il il

UnitS il rt

l,larkers for checking during decoding

of tape data.

ABBREVIATIONS

x signifies undefined levels
BM Bionation Transient Recorder

BCD Binary Coded Decimal.

D3o
D2o
Dlo
D2 I
DlI
D3 1

D2 1

Dl I
oo
oo
xx
xx
xx
xx

END OF RECORD MARKER



LASER
ENERGY

MON I TOR

BEAM
ELEVATION
MON ITOR

BEA ì¡l
AZ I MUTH
MON ITOR

NOTE BOAR D

INTO 2

A IS DIVIDED
FOR CLARITY

20

MAN./
AUTO
P LOT

st

RESET

HOUSEKEEPING TNFO- IO MULTIPL EX ER I/P,S

20

21

22

23

21

25

É
l¡l
o
É.
o
O
1r'
E.

l¡¡
À

l-

Þ

Þ

Þ

Þ

Þ

BOARD A

DATA
LEVEL

I NV ERIERS
AND

LE D

DRIVERS

WRIT E- ST E P

INYERTER /
DRIVER

crRculT

END OF
RECORD

INVERTER 
'DRIYER

clRcutl

ADDRESS
Þ noH-zeno

þ orrr

P 'H- K'
LED,S

MULTI PLEXER 1

MULTIPLEXER 6

COMBINED
WRIIE- STEP

CIRCUIT

ADDR ESS
CH ECK I NG

DELAY
& wlDlH

END OF
RECORD

B I NARY
COU NTER

BOARO B

25
BOARD A

D ATA
WRIT E-ST E P

COMMAND

128 m sec
DELAY

550 ¡r sec
DELAY

a

WRITE
COMM AN O

o/P

EXTERNAL
PLOT RATE

ltP

EXT E RNA L
PLOT MOOE

æ
IJ
o
E
o
o
LÜ
(r

l-
z
trJ

tn
z
E
l-

FLAG
o/P

PLOT
I/P

RECOR D
O'P

6-Blï
DAIA

I/P TR IG COUNTER O'P TO BOARD B

Fi9. 1



#1ms-+ ARM (q)

IRIGGER ( b)

( 256 x somPle intcrvqt )
RECORD o/P (c)

550 ¡s MS¡A q (d )

1 ¡¡s MS 2A (c)

CLOCK (r)14 ,¡r s

M55A (gl

FFIA (h)

500 ¡rs MS 6A "AUTO PLOT" ( | )

256 pulses
ot 2¡s

intcrvols 512 ¡s FLAG ( j)

MSIA õ (K)

GI (r)

50 ¡s MSTA 'DATA W/5' (m)

Fig,2 PLOT PULSE & DATA WRITE-STEP TIMING



512¡s
-l0O 

ms- - lott*
RECORD O/p (o)

750 ms = 224 wds ol 300 Per sec WRITE COMMAND O/P (b)

128 ms
MS3A (c )

MS4A A- (d)lFs

FF 2È (e)

3Fs

I

MS2B õ

23413141s0123

(f)

(s)
50¡s H-K w/s pulses detoyed 2ltt lrom clock

G2 OUTPUT : COUNÍER ADDRESS O G2

3As MSIB O

(h)

(i )

FFIB
= RESET

(i)

ilil
DATA WRITE- STEP ---ilil

t-
w/s (k)

MS'B õ (t)

MS3B (m )

MS4 B
Fig.3 C0MBINED WRITE-STEP TIMING &

END OF RECORD (E.O.R) TIMING

Scole t0 x's

50
= E.o.R

(n)



M S6A
o

a

MS5A

MS 2A
o

CL OCK

MS 1A

a

xR - 320

EXTERNAL PLOT RATE

F FlA

I t+oo

J
9602

J

Fig. 4 AUT0 PLOT CIRCUIT

r l
I

l

r
I

I

RECORD
0/P

R ECOR D

0/P

FLAG
o/P

] sooz

S1

OPEN _ MANUAL
CLOSED _ AUTO.

PLOT
t/P

lL 7 t,121

L

Ir
1

T 7r.00

f sooz D ATA
WRITE- SIEP

L I
T I,1Zj

MSTA

o

õ
MSlA

Fig. 5 DATA WRITE-STEP CIRCUIT



r' -l
! ztot,

RESET

RESET
MSl B

o

MS2B

I

o

f- rl-
FFl B

t zt,oo

MS 5B
o

MS6 B

D

7 t.93
BINARY

COUNTER

B

c

A 7t,20
ADD S NON.ZERO

RESET

9602 JL )
-'t

H-K WRITE- STEP

,,ADDR

NON-ZERO

,,DATA..

I vrRrTE-

STEP

"H-K"

C LOCK

OATA WRIT E -STEP

RECORD

0lP

WRITE COMMAND
+120 msec DELAY

CLOCK

r -lFF2B

I lt oo

I zæt
--lr

I

t-
I

J L
I

L J

J

r
I

I

L 96 02

Fig 6 C0MBINED wRtTE-STEp CtRCUtT



D C.-3D C._2

A BC DABC DABC D

D C.-1

32'l

o

MS¿B

MS3 B

a

-l

-l

þ neser

L 9602

120 n

r80fr

DATA INVERTER- DRIVER

E.O. R

1. 0.

E.O. R

Frg.7 END 0F REC0RD ( E.0.R.) & C0UNTER DISPLAY CIRCUITS

+5V

82Jl

DECIMAL COUNTERS ALL
L.E.D. COUNTER DISPLAYS

74 90

ALL HP5802- 3000

+ 5V

I kfl

0/P

t kJr.
2 N 3646

10 ko

0v

WRITE_STEP 
' 

E.O,R. INVERTER - DRIVER

0/P

UP 3 30 -fr

LED

t/P

OV

2N 364 6

Fig. I INVERTER-DRIVER CIRCUITS (I D)
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