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SIT}fiMÀRY

Â yea.rs suffrey of atnros¡iheric ref¡actioa ovei e fixed. sigbtline at

Soo¡rera Ín South Âustra].ia has bee¡r conÄueted.. Ehe results show that

th.ece Ís 1itt1a seasonal va¡iation in the d.ir:na.l refrastion cycIe.

The refrqction angle on a sightlÍne rnay be calculaÈecl' proriding the

vertical refractive i¡d.ex ggadient is knorwr. Swo nethod.s of d'etomi^in€l

the gfad,ient are tested.. The grad.ier¡t is ¡¡easu¡ed &irectly r,rith an

optical refractometer anè ind.ireotþ by rreasuri':rg the alr tenrperature

grad.ient. Ifeasu¡ed. refraction angles a;ne oompa¡eecl s'ith the refraction

preùicterl. from the graclient measurenents and the relative merits of

the two method.s of neasrrring the grad'ients are d'issu'ssd'



STATEMENT

T herelrith state that this thesis does not contain any natenial

r,rhich has been accepted. for the awaId. of ary other d'egtee or d-iploma

in a4y University anè that¡ to -bhe besi of ny beor'rledge and' belj-eft

the thesis con-bains no llaterial previously published. or vritten by

a¡other person, e-rcept rrhen due reference is mad.e in the te¡* of the

thesis.



1 TIjIIB.ODUCTTONa

this thesis p=esents the results of an Ínvestigation inio optical

refraction Ín the lover aimosphere.

at-raospheric refraction ocelrs vrhen I$ht :rasses through air

-,rbiich has a d.ensity grad,ient no::¡raJ. io 'she d'irection of propagation'

In the earthls atmos-phere r:nd-er no:sa1 cond.itíons the aÍr d'ensit3r

d-ecreases v-ith height ¿nd- causes light to be d.eviated towa¡ds the

earthls surface. This direction of bending is d.efined. as irositive

refraction end causes d'istarrt objects to appear higher above gloirncl

tha¡ they really :,fe. Und-er cond.iiions of hþh i.nsolation -,vher¡' the

lot¡est layels of the atmos.oltere become heated., negaiive refractiOn

a&€Ies atre neasu¡ed..

[he first parb of th-is thesis ciescribes the const=uction of a

refr4ction monitor e"nd a yearrs surrey of atuospheri-c refraction

a,r:g¡les on a fixed. siglrtline ¿J -i'Ioomera ín South Àustralia. Frrcm

these neasìtxerÂents i;he d-ir¡.:¡:aI varj-atÍon ín the refttL"ctio.n angle

thror:ghout 'che yea,r r,;as d.erived..

fhe second- part of the vork d.eais rj-th the const:r¡ction and use

of thermoelecbric eqrri.pnent to measr¡fe the air -benperature 6rad'ient.

From the results oi:taineCr¡ the refraction angle cn selected. sight-

lines iras calculated. and. the corielation betueen ueasureóL and-

calculated. =efraction angles is d.:iscussed..

'Ihe final part d.eals ¡rith the constnrction of a refracto¡¡eter

',¡hich was used. to ¡reasu¡e C.irectly the refractive i-:rde:c g=adient.
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ilieasr:¡enrents mad.e r¡ith the i¡strrxre¡rt ere used to calculate ihe

refraction angle by tuo methods.
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2. rirE c.åûs3s 0!' 3.4'R¿grI0N Ë{ tIE¡
EÃIIH! S .åUIIOS?IEAE

For the pìlrÐose of this d.iscussion r7e I7i11 assume that a bea¡r

of elec-brcma6netic rad,iation tlïop€ates j¡r a straight line in a

honogeneous med-ilrlnr eild Ðrt)' effects due i;o the ::arti cIe natr¿re of the

rad.iation iaay be ignored.. In partiq¡la= Tfe are intelested' in the

visible legion of the s;:ectrT.m and. the manner j¡ vhich light travels

tluou€h the eartht s atnosPhere.

2.1 Va¡iation of ¿i:r Densíty T-Cth HeiSht

The at¡iosphere is a rni:rture of 6ases ':rith a vertical

grad.ient of c,ensity and. !ressu-"* *;o¡=ori.nately as shoyrrt

in fÍgure l.

fbe d.ensity ¡ is relaied -bo ihe 'oressu.re P and. absolu-be

air teriperatu¡e I bY:

P

where c is constantn

Yariaüio¿s in the aår têilperatr:re have the effect of

noC.ifyÍng the sieaQ,- rlecrease in d-ens!.ty, especially

jn ihe lol¡er atnosphere.

In the Iol.'est 5rO0O t'o l0nOOO feet of the earthts

atmosphere there is a basic ad.iabatic teì¡perature grad-ient

of -,O03ob/foat, and superir¡j¡osed. on it a diurnal variation

caused. by heat transfer to and. from the eartht s s-urfaceo

lÊ See for exanpie refere¡ce 1o

c P
!"
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Ttre general pattera of tlre diurnal teuperabure <4tc1e (Z)

is outli¡red. below'

Figure (Z) siro",rs a typica"l set of tenpera-br:re measrlrenents

v¡hich illustrate the cyc1e. During'the d-ay, the ee¡th¡s

suuface is heated. by solar rad.iation eüd the lovrrest

layers of the atmosphere becorce rra;mêTe Near the groundt

the tenperature is higher and. the temperatute ggadient

becomes ver1y large (ktom as super ad.iabatic). Graôients

as high us -O.5ot/foot have been measr:red. 1 foot a'oove

the ground.. Air near ihe grorrnd. becomes Less d'ense than

the air aboue it and. the ai-r mass becomes unstable.

Convestive ph.mes of wa¡n air rise fro,m near the g:rcund'

and. are replaced. b¡'- a steady clor¡nward. flocr of cooler air

(:),

As the sun Erces cloira in the evenjrrgr the grounri loses

heat b;r radj-ation and its ta=peratr::e falls below the ai-r

tenrperature. lhe air is ihen cooled. fron the bottom¡ and.

near the g'roirnd. the tutl:e¡aì;-iæe increases with heig'bt.

þ sunrise thj.s stable cond.ition nay hau'e spread. to e,

height of a thousaad- feet oï irlorêr In ihe no:sairy as the

sun risesr the êpound. is heated. once ïûore. Shortly after

davm, the air neer the grcund. is wa.zmed and. convection

processes dest=oy the stable night tj¡re cond.itions, As the

day plcgresses, a d.ecrease of teropera-bure vith height is
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2.2

established., which contj-:rues tbror:ghout the cLa¡r'

The ùiu:sral- teraperatu¡e graùi-ent cycle has the effect

of reducing the d.ensity ggad.ient C.uring the d.ayr and. j¡rcreasing

it at nÍght. 1?re refractive inC.ex of the ai¡ n is reJ.ated,

to its d.ensity ty (4) t

n - 1 = K.f
(a - 1) is often referre'i. to as the refractivity N and.

is proporbional to the d.ensit¡rr

C\¡:nratr:re of the F,ay Path

P.eferrÍag to figure I r Sne11b lavr tells us tha'¡ vhen

the ray travelling to the obsenrer at P crcsses the

raôius (n + nr)

r1 cos d., n, cosp , (r)

,

the incj.d.ent elev¿iion ang'le ancl

the refracted. engle of the ray

ihe radius o.f the earth

the heíght above the e,rthf s surface

tri-angle fo'red. by the raùii

where d, is

Blts
Ris
his

a1so, j¡ the

(n + h.,), (n + ur), and. sQ¡

(n + rrr) cosd (n + nr) cosp .,2

or co$, (B -t h^I
(n + rr.,)

cosd,
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substituting jja eque,tion (r )

o1 
"oê 

/ , .= nr.eos d. ,

(n + rrr)n. cos l, = (n *a

af
or)n, cosd

2

or j-n general

(A + n) lr co s c{ = CO}TS?áilt (z)

.ê,s the ray of Ii¿ùt passes through the atuospheret

it follows a crlrl¡ed. Snth as i¡. fi-glæe 4.

lhe cr¡¡r¡atr.:re nay be erpressed in terrns of the cha¡"8e

in d.irectioa (v ) of the tangent to the ray+

g= e-c{
gl is the ar:gÌe at the centre

o( is the angle at ¡*hich the ra¡r crosses the si'¡'cfaces of

eqr:al refractive ìnd.ex'

Ehen the cu.n¡ature of the ray is d.efinetl by

S is the d.istance along the ray path.

In figr:re 4:

dv
cl. S

1

Ç

d's

so l-
Ç

¿llso fron figl.uce 4s

de = a0
R+h
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F¡

. -L - c.ls o(
.. e - R+h d.[

coso(

= 9P-FáC - --g- sino/
R + h d.k

cos Ò¿ gg
dh

do¿

(¡)

substitut'ing d¿ in equation 3 ue have

Now fron equation 2 by taking logs and. d'ifferentiatìng

d.{ d.h coto¿
1.+h + dn coto{

It

(+)

Here 6 j.s ihe cu-:¡¡ature rad.ius. Ia tsss of the angular

d-eviation of the tay as it i;ravels through the atmospheret

eqr:ation 4 becomes:

-2.06 x 1O
5

secondsÆoot

1

6
:1
11

cos o{dn
dh

F
n

an/aX is the vertical change i¡e refractive incie:r per foot.

Thus the ci;rr¡a-bu¡e of the rqy is proportional to the

refraciive i¡ciex grad.ieat of the atnos-¡*rerer and provi¡ling

this is h.om. the reîracbj.on angle on the sightline nay be

fouad..

The crr:¡¡atr¡re of the sfuhtlÍ-ne nay be ex;pressed. in

tsms of neesurable meteorologÍcaI q:antitíes such as the

aí-c tenlcerature T arid. .j.rres$rre P and. in tiris fo:s it

b"comes*,

K e,csd

)
-qgdh'(t +

r'2 \õ
l_
6 üll'

r'¡he.e g is ihe acceleration ôue to gravíty,
lÊ See fo¡ exanple ref. t.
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0n subetitrrti-ug en a\¡ecsge va.lue for the refractí'/e inder

of ai-r of 1'ooo292 c-nd' lrir$esicel- -'-"lrres for the cons-Lant's

c, g' and K, the c''¡:frature eq)ressioll' reduces to:

F (oro+ + g)""*.as/root (¡)

where P is measured- ín ni-lli'cars and- I is the absolute

air ten'lerature.

In this fo:¡¡ -bhe cr¡¡r¡ature expression ¡tay be usecl to

calcirlate the refraction ang1e, 1:roviding either the

f,a¡j,eratu::e ggad.ient is approximately constant along the

rry (i.e. a ra,y at zero elevation angle over Ieve1 ground)

or a sabisfactory avere€:e value for the gradient is bronn"

If the taapera;ture graclient varies over the length of the

sightline¡ E ûore accurate a;c.rroach is to divíC.e the

atnosphere up j-:eto layers of approxirnately eqr:a1 terrperattre

graðient and. pe;:fo:m the calcr:l-ation for eaeh layer i¡ -

tr:r¿ (6). Bris neihod. has the disadvantage that the

teuperatur"/n igltt graphs pust be tfotted. before any

computation can be pedo:ored., and. Ít d.oes not 1end. ítse1f

to bej.:rg perfo:med. on. a computeÌ.

A more flexible nethod. of computing the total cu:r¡ature

by integraiing alcng the length of the sightline has been

used. by .Angus-Leppan (7). He shor¡ed. that.the refracticÊ-.a,ng'1e

is given by:



9=
x

E= t-
X-

(x - =) r(x) ox

where X is the length of the sightline ar¡d' x is the

ðístence along i;he sig'hilins -,'¡he=e the cr:5¡ature of the

ray is:

F = l+l$

Tire geometrT of the sightU¡re is given i'n figrrre J'

[he .grourrd. profiÌe und.er ttre sÍghtline is approxinated- as

a straight ljne relation ,+hele the heí3ht of the si¿-htline

above ground z is related to the d.istance from the obse::ver

x by:

I
ô

(6)

z

angle E becomes:

zt

thus ðZ nox

+nx

On perfo:míng ihe integration in equation 6 the refraction

x

Edx

o

',.¡here 2,, anð. Z, ete the heights of the sigirtline above g-round-

at -bhe obsenrer anri. target end.s of 'che sightline respectiveþ¡

an{ t, and. T2 are the corÍesponsing tenperatr:-res.

Now at the target

,1 +nX

T (e)

al¿

rf¡rut2

;:+g(T,"-T.)-m.t
.{.x
2

-B
roÅ

(r)
/

zz=
orL' =

m Q;- z¡
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0n su"ostitutinc equations (¡) *na (e) io (7) we have

2

E 16æ35(gpt* r .

12 \ 2 \zz-zt)^
,Idz (g)

zl

Bhe j.:rtegration is perfo:mred' with the zero of

teun;reratures at Zr. Drus du¡j¡eg the d.ay -.Àen the tenoperature

ii-ecreases with height, the area is negati're, and' gives a

negative refrac'bicn angle if it is nr:merically larger tban

(.oo5z(zr - z1)z). at night, when the tê-mFeratu¡e

generalþ increases rzith height, 'bhe ¿rea is ;rositive

ancl produces I,-lrger positive values of the refraction angle'

2.3 talcu-l-ation of iìefraction by a 'lay L'æace

The deviation of a sigbtline due to atnospheric

refracti.on may also be calculated. by a rq trace technique

(g). In this case the atmosphere is consid-ered- as a

series of horizontal layers cf air, and the path of the

sightline throu6h then is iraced' b)' applying SnellË Iaw ¡rhen

the layer bound.ari-es are crossed'. Figr:re 6 shows the

geonetry of a typícaI sightline. Å ra,y of light is traced

from A, throug'h the atrios.:here and. crosses the bound-aries

of refractive index layers at 3 a¡rd. C.

At 3 the rað¡ crosses from refractive i¡ad.ex n, to refractive
I

ind.ex n, and. by Snellts lawr

n, si.n i, = n, sin i,
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ti tire change j¡r ref,ractive ind-e¡c is soall- '*e ma¡r grt:

nz = fu., + dn) and Lz = (f., + ai)

fher¡:

.1 sin i (rr1 * dn) sin (i., + ai)

ftcpand.i¡gl

su(i + d-i)

-',-de have:

n sin i = (n + On) (sin i + eos I ði)

¡rhich reciuces to:

u, cos i d.i + dn sin i + dn cos i di = 0

If the atnosiùreric layers a¡e thin anô <Li and dn are

roaI1, any products of the two will be so smal1 that they

may be ignored. without erlþtro

[hus:

ncosidi+tl¡rsini =0

or d.i = --gL tan i (ro)
Il.

In fact the refractive inclex of even a thin layer of

the atmosphere will vary conj;inuously so that -bhe

d.eiriation of the sig'htlìne takes place throughout the

Iayer. InÌ;eg-ration of equation (tO) ¡etween the height

linits of the 1a¡'3a gives iho total refraction whic'h has

taken place sithin the layer. Tal i j-s assr:ned' to remai¡

eonstant for each layer and. is regarcled- as a cons'bant

in Í;he inteðratíono
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Thus¡

ÁE = tani(0%""r-%zn2)
A E is no-w ihe e41e of refraetion in raðians and- may

be caleÌrlated. Ín second.s of a¡c by nrrltiplying the r"i.gbt

hand. sid.e bY a factor'

ttrgs the refrac'bion angle due to the etmosiùreric layer is:

A g = tarr i (S%.ot -%e nr) x 206264.81

It is norù a sÍmpIe matier to trace the path of the ray

through the atmosphere from the obse:¡¡ed elevation angle

ai the obsert/er, continuously rnod:ifying the angle (f) a"

each layer is crossed.. the refraction angle is b¡r

d.efinition ha-lf the total cun¡ature of the ray,

TÏ¡e methotl nay be erüend-ed. to spherical layers by

settj¡g up a cartesian co-oad.ínate rystenr anfl conputir¡g the

position "rhere each strùrerical layer bound.ary occttrS.

However, for the short ranges considered. in this Ímrestigar

tionr 1ocal topograplq¡ ¡raslced. the ci¡:srature of the earüh

and a trflat earth'î treatlrent rias consid.ered. of srrfficj.errt

acgu.racJr,

2,3"1 Íimif,¿tiotts of the lay ']'race Treatment

A ray i;race is based. on Snellls 1as¡ rvhich is

derived. by consid.ering the path of a monocl¡romatic

plane polarised. vûaîe as Ít crosses the bound.ary

betrreen tto med.ia oí d.ifferent d.ielectric constant'

(;See for exa¡rple :leference 9 tr. 430).
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In the atnospherê¡ or e,.ny ioed.ia nhose refracrÞive

iridet và¡iês bcntd¡ctidirsþ¡ the treatnent used, is to

d-ivj-d.e the ray path up so that the ray is considered.

to cross a series of d.iscontintuities in the media.

'hen by an integration pxocess as described. Í¡
section 2"3 t]l,e i:ath of the ray between the

d.iscontinuities is consld.ered.

At veqy low or zero el-q¡ation angles this

assinrption lead.s to euor, as the ruy path nay lie
along a surface of equal refractive ind.ex and, the

ra¡r trace treatr¡ent therefore gives a zero ansuer (tO).

Hovever, if the rrave front is consid.ered., a d.eviati.on

takes place when i;he ray travels along a su¡face of

equal refractive ind.ex. TI:is is because the¡e is a

change jn refractive Ínclex along the tøave front.

Tltus ùifferent paJrts of the wave front propagate at

d-ifferent velocities and. the wave front und.ergoes aa

angular rotation, i.e, the d.irection of propagation

is alte¡ed.r

To test the range of elen¡ation arrgles ovee wlr-ich

the ray trace was valid.¡ â seríes of raðr traces at

foic::eas5:1g1Jt s¡aa}l elevatic,n angles was perfo:med,

tÌrror:gh a ¡ood.eI a'bmosphere. 0rr1y the lo¡yest 1Oo of

elerratj-on angle rrere collsid.ered. and. a constant range

of 101000 feet was used.. .å ref¡active indæc gradient
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of -6 x lC-6/ looo feet ¡raÉ chosen as beì-ng

approxÍmaì;ely an ad.i¿batie. #a¿iènt" Layer irrcræe¡rts

were ! x 1O-B vrhich aroounted. to a thickaess of 8.3

feet.

Thé results i,¡ere conpared- ,-rith the al€ula¡

d-e¡¡iation oí i;he r¡ave fron-i; com,oubed' by consid.exing

the opti.caä- patH leirgths of two poirrts a lcåorrn distance

apart on a plane ';rave front ,¡hich aclvanced' 10r0OO

feei th.rough the sa¡oe atnosphere as consid.ereC- for

the ray txace.

In figi:ïe 7 tire porbion of the v¡ave front ÀB

(separationax) advances IOrOOO feet to Ät 3l in a

medium q'ith a refractive i¡rd.ex eraeient ff.
lhen the lrath length of BBt is (torooo * n ) anè

tire path length of À-A.t is 1OlOoo G. * Hl. The

d.iffe=ence in path length is 1Or@O h. H, where

n is the refractive index half way along the ray

path at PB, and. h is the vertical òistance of PA

above PB (h = A.x eosod).

the angle of roiation of the lrave frpnt is then:

ien-1 (roroooit. þ
Ax

or s¿bsti-tuting for h:
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E = tan-1 (ro,ooff cosot )

*rr"nffi = -6xto-6/t,ooo feet

a¡rd. 5 is expressed. in seconds of arc

E = 12.4 cosd

figtrre B shows the resuLis obtained. by -bhe two

¡rethod-s. The ray trace gave good. a€reecrent dorur to

the 1:oì.:et at rhicù. the ve=tical increase in height

of the sightline was the se¡ae as the layer thichress

chosen for the computation. In the *lenple shomtt

this occrr=-ed- at an elevation angle of .05o. tselow

this ar¡gIe the rey trace is índ-etemrinate i¡nless

safl.er refractive i.nd.ex increraer¡tg a,re used.
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3 " MEåSIfiSriSII 0F Rffru,CTIOIV

lhe dir¡gra.I -Í¿Êía+,j:on of refeaction has been measu¡ed on senreral

occasions. Anggs-Le,o-ra¡r (?) f¡as repo=te¿ €n measurenqents r¡a¿e j'n

South Africa, and tittLe (lt) tras nad'e si.nilar measuieËùents i¡r South

.{ustralia.Theirresui.bsindi.cated.thatforobse:¡rationsnadeon

sightlines nea"ï the .3ror.nd- refraction was at a ¡¡injmr¡t in the two

hours after nid.d.aY.

Unforti:natel5r¿S.questionofseasonatvariationsinrefractÍon

..-ras Rot considered. as tbe ¡lethod.s they used. to measure refraction¡

by taì<ina reciprocal read.ings with sr¡-:sey theodolites¡ d.iù not lend'

thernselves to a long series of reaùjagsr

In ord.er io measure seasonal trend.s in refraction¡ measureûents

takeùt over a ninjnr:m of 12 monibs would. be necessa'rXr. A long series

of measurenents suc?r as this are best r¡ad.e =,rith automatie equipen't

as it i5 ìnl¡¿sf,icabIe to ¡lan a day and night æperi.nent iuvolvíng

visr¡¿,l obse:srations Lasting nore than a few days'

T'¡e eqrerimental arrangemeni cl:osen uas first usecl by Johnso¡r

anô Pobert= (fe), Il:ey ¡reasureù refraction angles over a fixed

horizontalsighilineb}'usingatelescopeof20inchesfocallength

to vieçs tr¡o tariets at êistences of 1019 feet ancl 23BO feet. The

targets r¡ére marked, uith regular graduations a¡rdl by esti'natj¡g the

apparent posj.tion of the closs w'ires of tbe telescope on tbe target

graduatÍ.ons they vere able to salculate the C¡-ifference in the refraction

e.ngle for the tr*o sightline lengths'
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Ìhe advarttaðe of ttris nethod. f measr¡renent ç¿as that on\r one

i.astnnent rsas needêd. and the eIæation arigles measured sere not

eifected. by raniton moveærents of the telescope'

In or¿es to perfo:m a contj¡euous series of refraction rearlingq

a si¡nilar erperjment al attange¡¡ent to that used. Johnston a¡rd'

Roberts was set up. 'fr:re targpts were moqnted. 10O feet aJld. 8'600

feet f¡on an automatic casera fitted. wiih a lory focal length lens

ancl. picti:res -,r¡ere tai:en everã¡ ! ninutes d.ay and' night'

3.1 Íhe B;lerimerrtal À*oParatus

3.1.1 The largets

îLre two targets ernployecl' ivere low voltage

tr:ngsten fil-a¡aent lamPs.

lhe d.ista¡rt targe-b rras mo'.¡nted- 12 feet above

the ground. oa a hill whiCr rose aboub {0 feet

above the surrounðj¡g country. l.!le near Ì;arget

consisted. of tlro lalo¡rs r¡iúch Erere mounted. on a 'f0

foot bigh 4r x 4tt hard. Yrood' post' lhe bottom of

the irost was br'¡ried- 2 feet in 'che gËound' and guf

rrires were used to hold. it steaQr.

The general enangeue¡¡t of the eiperjsent an¿l

the ter-¡ain benea,th the sightline is shov:r i¡

figre 9.
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fhe. Lens

lhe lens used. vaq aÃ î/14 cassegrruin xefleotor

of B0 is¡ches focal length. The field. of view

(figue 10) was divid.ecl. horizontalþ. The top

half gave an ina6e of the d.istant target. The

lo'rer half ";;'as fitted -,.rith a coupensating ml¡¡s¡

systero so tbat the i.loage of the near target nas

broqht to the sane focus as the inage of ihe

d.ista¡rt target, The elflration ar¡gle of the sight-

line ',¡as approxi.mateþ 16 ¡rinutes of atrc,

the Canera

ihe ca¡ßera snfl f,imi¡g equiparent (l¡ ana t4)

weïe constn¿cted. ín 1962 and. usod. to stucly the

effects of atleospheric seeing on ihe visJ.bility of

distant objecÈs. 0n the conpletion of this work

tbe equipraent was used for measurements of

atno spheric refract j.on¡

Ihe ca¡rera r¡as a 35 u trvinten instru¡¡entationn

cine ca¡lera conve¡ted. to sù61e frane operation.

ft was -i;ri.ggered. electrically frora a iining círqrLt

ar¡d took one fra¡oe approxiaeteiy every i ainutes,

Án electric cloek ,¡as tnrilt into the canera ancL ftE

face vas j¡.ased cnto one coãrer of, ea.c?r frane to

sho'r ,,rhe¡r th.s f¡a¡¿s i'ras take¡rr



FIGURS IO. F]ELD OF VE\[¡ OF T}M CAMMA
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The canera, lens ¿¡xfl f,i¡ning cirolrit vrere

housed, in an ai:l cond.itioned. hut in lshich the

temperature ïras nai¡rtained at about 21oC.

3.? Film i'eading and Calibration

üsing" a lens of 80 Lncbes focaf length en iroage

moneoent of 0.001 Ínches at the focal plane represents

a cha¡rge of 2.6 seconds in the apparent elevetion an€:Ie

of the object. If the movenent Ls meastrred. on a

Boscan fiLn reader o& Boscar unít represents 0.43 seconcLs

of a,rc.

Ear\y fil¡cs were read using: a trar¡eIlÍng roicroscope

but for the na,.Jori-by of the fil¡¡s a Soscar filo read.er

was used..

The distance between the i.nages of the two targets

ancL the ti¡oe sholun by the cloek were read. on eadr ftane

(¡ieure to).

Ihe refraction angle j¡ second.s of a¡c was given by

R = 0.43(h-ð)

whe¡e d. was the d.istantebetween the two ta.rgets for

zeto xeîraotion erîior. h ar¡cl. d. a¡e in Soscar units.

The numeri.cal oonstant varded. sligbtly depend.ing on

the Soscar nachfne which vras used.
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ftre nonitor s¡rstsû r¡as calibratecL byl taking nesiprocal.

rearlings visua].ly ¡¿lth a Kern theodolite and a Ziess

autonatic leve1 alor¡e the sane sightli.lre as the recoxd.iJtg

canera. Because of iis superior stabílity and. ease of

¡s¿'{ing, the automatj,c leveL was r¿sed on the open hi11sid,9¡

whlle the theodolite ¡ras operated. fion insid.e tbe hriJ.dl¡g,

fhe read.i€s rrere taken in the mornìng and. ever¡i¡g whlle thE

automatic câüera Bas Yrorkinga

The refraction angle was for¡ad. bþ subtracting the

elwation angle read from one end. of the sightline fron

the ¡nean ele\¡atiqn angle coioputed. fron botb instrtuents.

Ån allowance vas uad.e for the diffe¡ence in the appa¡ent

verüical at the two measuriag sites caused. þ crrrnature

of the eart'h.

tÌrus jn figue e the refraction angùe in second.s of

arc is givør þ:
B a (d+q+d)

2

where y' fs tne elevatio¿ angle of the autonatíc le\reI measureð

by thetteodolite, 0 is the elryation angle of the theod.ollte

neasu¡ed. with the automatic 1eveI ùd Í is the corïectj.o¡r

fo¡ earth cr.¡¡ratr¡re Siven by

F second.s

where I is the length of the sightline i¡ feet.
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3,3 Brrors

Än assesste¡rt of the reading error j-nvolved- in

neasuri.Tl.J' the fil-ns was made f or o¡re sarnple day. Eactr

frane '¡¡as read' b)t five operatorsr afld the stand'ard'

d.eviation in their read.ings ras oa^1cr:Jated' (figure 11).

[he rea,C.i:rgs mere least accu¡ate about nidd.ay v¡hen atmospherio

tu¡bule¡rce caused^ consid.erable image blurrfng on the fiLms.

Sefore i¡stallation¡ stabilify checks were carriecL out

on the compensating nrirror systen, v¡hich sho¡retl that no

significant errors would. be introduced. proviùi¡S the

t ernperatr:re reraained. aplrroxiltat e1y constant.

lhe most líke1y source of error in the systeu is vertical

movement of the near target. Ehe s-¿a1Iest angle which

could. be measu,red. on the fiLn va,s 2,6 second.s (.OOt

i¡.ches on the fif-ü)r and at a range of 1oO feet¡ this

represented a ¡novenent of about .014 inches at the near

tagget.

3.4 Seasonal Ìread.s in the Diu.::r¡al Refraction Cyole

For these mea.su.rsrenÈs the equiiuoent Tras run continuously

d.ay and. night. Due to the large amount of fiL¡o reading

which was entailed. in tJris work, the analysis was restriated.

to the first seve¡I d.ays of each nonth. ù¡ring this tine

a gËoup of 3 reacli¡rgs was taker¿ wery half hour dry

and. night.
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Figures (tZ-16) shoçv the averq:e reading for eacb

nonth tog'ether r¿Íth the ¡¡ad-or¡¡r ¿¡1fl qinimur,r ¡efractioa

recorùed in the fi-rst peelc. The arrows beneath the graphs

inclicate ti¡es of sun¡ise and. srilx,set. The results hane

been ercpressed. i.n tams of the d.ir¡¡cnal range of refraction

þ neasr:ring the nean narinr,m anil nínir¡run refraction angles

fron the nonthly graphs. Figr:re lJ shows the Cir¡¡sral range

of refraction together rrrith the ùius¡al range of ai¡

teurperatr.rre, nunber of hours of sr:nlight¡ and anounts

of rainfall for the first r,¡eek of each ¡lontb. The

weqther info¡mation shorùn in figr¡¡e 17 was obtaìaecl

retrospectively from a weather station sone thi¡SJrriles

f¡on the working area but in si.nilar ter-gin.

3.4r 1 Discussion of Results

ùrring the d.ay the refraction ang:le was usua,ì.þ

near zexo with a isi¡i.atn record,ed in the two hor¡¡s

afte:r n'id.d€ü¡. fhere was always a slo¡r i¡osease

in refraction fro¡r about J hours before sunset

r¡ntil several hou¡s afier. Night :time-tefraction

angles ;¡ele between 5 and 10 second,sf ,000 feet in

clea¡ weather¡ ar¡d there was often a ma.rked. peak

i¡ the crlnre for the ¡g¿rîìngs taken at d.aw:r. fhe

reiraçtíon engle dropped. frou its nisht tine v¿Iue

after the sun had. been up for about a,n hoìrr.
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No appreciable seasonal trer¡d.s nere e\¡id.ent i¡ the 15

month reccrÈi¡g perioù,, Ðay ti.:ne refr^achon tas always

near zero, Ât nighi there was soñe j¡d.icaüion that larger

refrac-bion ang'Ies rrere neasured. in cool-er weather,

but the irend. r,ras sraI1 enor.:gh to be caused. by

second.arlr efíectE srrch as movqent of the nea.r

target.

A rainfall ssssacring coi-ncid.ed. vith a reductÍon

i¡ refraction angle measured. at ni.ghtr and, producecl

a fa-lI in the d.iu¡nal ranåe of refraction. Ihis

res¿lt ivas e4>ected., as it is vrell lcrown tha,i the

presence of cloud. sover reduces the d.iu¡mal range

of tenperature¡ and the uagnitud.e of the teutperature

graclieni,

An 5-nportarrt conqiusion fron this slrrt/ey was

that refraction effects on horizontal sightlines

near the ground. were always slall about nidd.ay

both srrnmer and vrj¡rter. åt night large refra,ction

angles could. be eq:ected. throughout' the ¡reatre
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4, TE{FBÅTE?E IIEASWnIG EQULq4E[T

Section (z) tres shown that j-n ord.er to calculate the

refraction angle on a sightS.ine¡ it is neeessarTr to brow the refractive

ind.ex grad.ient, or the tenperature and. pressÌLre graclie¡rts across the

sþhtIÍne. As the ¡efraotion ineasurenents were r¿ad.e over a fixed

sÍgbtliner a 110 foot mast at the canera end. of the sightline was

used. es a mount for tenperatt¡¡e record.ing equip:aent. (See figure 9)

lemFer¿ture graùient measureneits have been made on masts and.

tor¡ers i:r various parts of the worl-d.. Sone of the earliest measurementE

wsse mad.e by Johnson & Ee¡nvood. (t¡), ',.rho used pÀatinrul resistance

the:cnoneters to measure the air taaperatrrre at ùiscrete heÍghts on

a 3lO foot tower at Leafield. in Southem Ergland.. $ir¡il¿a measr:renents

were na.d.e fn E€ypt by Floger (rø¡. More rece¡rtþ eopper resÍsta¡rce

themoroeters were used. b¡i the Srookhaven National LaboratorT to perfo:m

measurements on a 42O foot tor-¡er on Long Isla¡rd. in the U.S.Â. (fl).

Ilre:mistors have a,lso been used. for naking f,emFsrature measureüents.

A short series of measr¡¡ements macle in South irfrica vas reported. by

.Angus-Leppan (?). They are regularþ useCr in balloon bo:m.e lì¿ùio

Sond-e temperature measrrring eguiptent. TLre most recer¡tly reported.

teraperature measuretents were rnade b;r the t.S. .Aruy in New Mc¡ico.

In thís case thersocouple equipent was used. on a 20O foot towen (te¡.

.A theænocouple rysten lras chosen f or our meagureue¡tts as suÍtable

themocouple wire was leacliþ available and, theelectrical outBut cor¡}l
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be record-ect easi\r, 0ther advantages of a themoelectric systen

rrere ease of celíbratioar su¡lerior stability¡ artd lovr cost.

4.1 lhe The:sooelectric Fquitrment

28 swg copÞer and. constantan wires 'nere used, for the

themocouples. In ord.er to '¡rroduce an E.$.F. sufficient\r

la:cge to be record.ed. by a pen record.er, a nultiple

junction ar:ranganent was used.l

t\velve the:mocou¡rles were operated. togethet' to fo:t

a themopile as sho.sa in figure IB. A series of these

the:mopiles nìas ananged. up the ¡rast to measure the

te¡perature ilifferences between heiehts of J¡ 10, 30,

49, 68, 92, 116, 146 feet above ground.. The jr:nctions

were positioned. closer Èogether nea¡ the ground ¡,ùere

higbæ totperaiure gtadients were encountered.. Ilx

ad&ition to the temperature d.j-ffereace measurenent, the

air teuperatures at the top and. botton of the tower

nere measured. by single coppex eonstantan the:nrocou¡ùes

referenced. to a 45oC a'¿tonatic hot jr:nction.

4.1,1 Heat Srield.s and. Eeat Sir:ks

lhe top and. botton jr:ncti-ons of ad.jacent

thenopiles Trere enclosed. i¡ the same aluninir.n

heat shield r¡hich consisted. of tlrin inverÈed

alrruirriun cups nounted. one insid.e the oiher, rrith
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a qr¡a'rbex incb E.ir g'ap betneen th@ as shom' i.n'

figr¡¡e (rg). The thsmocouple junctions wene

mor:nted. on vertice-l- matrix boerds attachetl to a

renoveable base plate. 3e¡reath 'bhe base plate was

mor¡nted. a¡t elec'crícal blower unit which created an

air floi¡ of about 6 ft/sea over the thomocouples'

ftre aír nas erhausted. through holes drilleC' in the

sid.es of the rad-iation shields' CaloulatÍons on the

heat dissipation of ihe motors showed. that neglieible

errors uere i¡rtroduced. bg proxi.nity of the bloweq

r¡nits to the the:mocouples, The strielel unÍts were

nor¡nted 2 feet away from the tower on angle Í"ron

brackets.

Iaítia1 tests of the systero j¡rdicated that the

record.s wouJ.d be confusecl by shord ii¡ue temperatu¡e

variations ù¡ring the d.a6r. To prerrent thisr dauping

was j.ntroduced into the system by ad.dj¡e a 2.J gn

brass heat si¡k to each thamocouple junction.

Ttre res¡ronse ti.noe of the rystem was tbus i¡creasecl.

to about six ninutes to record. a tenperatr.lre change

of lo0.
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4.1.2 Bee,ord.er Systeul

lhe reoorcler used- was a 12 cha¡¡nel potentionetrie

strip cha,rt reoord.er ¡u:ith a sensitivity of ãfir for

fulI scale d.eflectíon on a 10 inch wid.e cha¡t.

.Àccuracy was gg/o of ful} scale d.efleetÍon.

Ihe elesbrical zero iÍas a¡d.iusted. to 4Ø"

of the chart çrid.th a¡rd. the outputs of the

themopiles ìvere such that a tenperatu¡e clifferer¡ce

of 1oC betweer¡ end.s proùttÞeô a defleotion of 22.4e

of the cha¡t rrid.th,

In ord.er to recorC. the outputs from the aj¡

teiaperatr.rre themocouples on the sane record.er¡

tt¡e zero for the relen¡ant channels -ivas shifted-

electrically by the arrangenent shovrn ín figure 20.

the shift voltage, lvas recorded negativeþ as

Rll. Benee the air tenperature was g:iven by

[oc 45
( Bl1)B

3e

trhere @ was the displaced. output voltage frø

the themocouple,

45 tle te¡"perature of the automatic oven in oC,

38 the characteristie of the the:mocouple iÐ, ffø,
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28

Ðata Rerluction

The recorðs rere reail for a 1O nj¡ute period'

(12 re"ord.ingp of tenperatì¡re orÌ each channel)

every two hor:¡sr and a.11 the reaclings for one

e,har¡¡el vere put on all Ill,'I d.ata card.,

In ord.er to simplify the computatiors¡ â linear

relationsbj.p between teroperatr.¡¡e ilifference antL

the¡gxal enf 'was asstued.. fhis Ínt:rodu.cecl an error

Í¡ the results as in the range O - 45oC there Ís

a no¡:.li¡rearity 1n tbe te,nperatu.re Éü' relatíonsihip

whidr repressnts a deltartr:re from a straìght

line of O.3oC. The nain effeet of ttuis øas to caus¡e

a maxj¡orn error of o.3o0 in the value of the a.ir

te'nrperature. Å negligible errorwas int::oclucetl

Ínto the tennperature grad.ient read.jngs as the

themoôouples -."¡ere operateil about half iua¡' between

o ar¡d. 4JoC rrhere the asstned ljne was tangentíal

to the actr¡a.l ternpera'oure SlF q¡¡r¡e.

Ttre computex proåra¡rne (Appenajr( 1) calsulated.

the tenperatures at the base of the tower and. hence

the teprperatr:¡e at all other junction -nositions

by a sr:nnation process on the thenopile outputs,

The tenperature and. tenperatr¡re gradi.ent infom,ation

was ¡rrÍnted. out and. a punch ca,rd r¡as producecl sltowing:

the tenperatr¡¡e height relation for eae.b ti¡¡e of <laðr'
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Ttrese ca¡d.s were useô l-ate¡ to calculate the

uonth\r meåJx and. stand.ard. d-er¡iation.

4û Coræelation of I'[eaËurecL and- Calculated' Eefraction

In this section refractíon is calccrlated' by conputing

the cr¡¡r¡ature of the ray be equation 9n fhe work is d.ea-lt

r.¡:ith in. two parbs. In the first pa1"t a series of readi¡gs

nith tbe refractiort monitor wet ) deys in ¿ueust 1967

aÃe oonxpared. mi.th the refracltion ca.lculated. fr¡on temperature

graðient measuÃ€nents nad.e on the mast at the sa¡ne ti.me.

Ihe second. section ôeals with refraction neasurenents nade

over a variety of sightlines ssveral niles fron the

terirÞeratr¡re mast,

4.2.1 I[easurements on Fixecl SightUne

[enperature info:sation usefu1 in the

calsulation of refraction on the chosen sfuhtliae

''¡ras ar¡ailable floro the torqer at ôiscrete heights

of 5¡ 101 30¡ 49 æe 68 feet above gror:nd'. Ïn

ord.er to d.educe a more ¿strq:i-l-ed. tæperaturer/height

cuJ.\re for the graphica]- Íntegratiorr¡ I L¿grange

Írate4r,olation fo:suJ-a llas used., r}ris produaecl

the temperature at 2 feet jsrtewals between 10

*d 42 feet above gror:ntl as showr Ín figure 21.
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4.2.2

Sinpso* n¡Ie rras used. to perforll the inte€¡rationr

The foCcran progrãl used. for the conputation is

shorn in Append.Íx II' Figures '22 , 23 and' 24.

show the ôiurraI variation of oalcr¡latecl and.

measured. refraction for nine d,4ys Ín .Ar.€ust 1961;

Tfeathen conditions for the neasuring period.s we¡re

su¡¡ny arrcl wa¡s. tr"igure 25 shows the relationship

between measured. and. ca1-culai;ed. refraction angles¡

and. Îi$r.r e .26 the stanclard. d.eviation of the poiats'

N-ight Ti¡¡e P.ef¡action Measuræents

In ord.er to extend. the co:selation teÉx¡r¡rernents

to other sightli-nes away from the vicÍnity of the

tenperature measu.rement mast¡ a night ti.rne elr¡lerinent

was set up. Ttre eleration angles of lights at

ranges of up to 10 rniles wexe measuretl with a

theod.olite located four ni-les f¡om the síte where

the 'teu gerature measr¡reûents were mad.e. Figure

2J sbows tkre geometry of the experinerrt. the

results are expressed. in tem,s of the c'henge in the

elevation angle vrrhich Tras aeasu.red. ù¡ring the nigbt.

The neasu¡ed. refraction angles Ê¡icÌ¡ appear in the

results a¡e calculated fron

L s (dt_d,t)+tu.m1



--- MEASUP,ED REFRACTION
CALCULATED REFRACTION

o\,,

40

20

o

ao

z
o
Fo
6
LL
UJ
d.

60

40

20

o

o

z
9
f-
CJ

d
l!
lr¡
ú.

60

40

20

o

g,

z
9
F
U
dlr
l¡l
6.

-20

-2o

o2464

0246A

o2468

10 12 t4

TIME (h)

{o 12 14

rtME (h)

{o 12 14

T¡ME (h)

rô 18 20 22 24

16 r8 20 22 24

i6 i8 20 22 2+
-20

EIGITRE 22 Orri¡rU¡ VARU{|I0N 0¡' CAICüf,ATED AIqD ræASiIiSÐ Ìtr'3ÀClION

( lr.

I

{:

I

4-
t

,

t
*--" -F D

,/
I

I
It

\

\
\ \ ( )

\ /
(

,f'
/

\

\



[,
v

I
I .t I

t, ï

/
I , I 1 I t \ \ \

\
,

\
7

R
E

F
R

A
0T

Io
N

 
(s

)
l\)

À
(n

oo
ôo

o
I N
) o

R
E

F
R

A
C

T
IO

oB
R

E
F

R
A

cT
Io

N
(s

)
¡ù

S
O

ôo

I r m Ç

4 H ci F td N t.l
,

tJ Þ
r Ð F É H H o o r-
d c) H cl L-
l B Þ
l IJ Þ U :¡ F
¡ Þ (n E t H llj H (-
) r3 H C
)

,-
't

d) o
N I @ I a \¡

(, I (Þ I 6r J

o N
) À d| @ o lo è c, @ N o N l.) f\, ô

o N À o) @ o t9 f. at @ N o t\) N ÎU +

(t
r I @ I c, -¡

o N À ói
)

@ o N
t s 6¡ @ A
J o ¡o N l.J à

lt lr l¡ c)
3

>
m r-
>

C
' U

)
cc r,

,D ãü Ë
i;

#f
r

r¡
Þ

)a
a

)"
 -

{
qõ o -¿

:

-l K m Ç

J & m â

I I I

ï

/'
f f I

/
I I I

\

I

l-t

I I I

I

rl
I I

/,

/
/

/,,
\

\
\ o-
Ì \i



MEASURED REFRACTICN

-CALCULATED 

REFRACTTON
t760

40

20

o

(tl

z
o
F
(J

d
II
L¡J

d

60

40

20

o

a

z
o
Êo
t
ll-
ul
d

60

40

20

o

4'

z
9
O

cl
IL
l,¡J

d.

-20

-20

.o24€A

o246.4

lo t2 14

TtME (h)

ic 12 14

TIME (h)

40 12 14

TIME (h)

16 t8 20 22 24

{ô i8 20 22 2+

t6 i8 20 22 24-20o2468

FIGTIR524 DITJTKqT, VÄRIABTON OF CAICTF.AT¡Ð A.¡iÐ },ÊtSiJ?:Ð PJFT.â,C1TC...'í

{ ).'

(

\
\ \\

\
\

,7

( )

/
/

(

\ Ð

Ð

I
/

I

I

À/i

Á

\
\

\

\
\

\

(

I

/6
'/

I
I
I
I



I to o .! o

&

x
X

X
¡

x åx
X

I N o
À

) 
C

,)

O
o C
A

LC
U

LA
T

E
D

+ o
R

E
F

R
A

C
iIO

N
 (

S
)

X
x

X
X

X

X X
X

¡X
X

X

X

X
X

 X

xx

X
X

X x X

o l.) o

È
X

X X X

X
X

X
X

(/
) o

m a c p m Þ

x

x

x
Þ

À $o F r) J o Z
A

I o
a)

x

X
¡ 

X

X
X

X

x
a:

¡ o

hd H (¡ c Ë N l¡ c) F c) d ts
l

ÌÞ E tJ E tJ ffi l> tA E E
g ttJ B c) H H O Þ
, () H (n o 3 l-.
-l <
) F H (n F
l

l-:
:! V
t

S
T

A
N

D
A

R
D

 D
E

V
IA

T
IO

N
 (

9)

'+
N

)
oo

i5

o

rd H C
, fi td ]\' I a) É b> 2 ts
J E tJ þl ñ B ]-
l o Y
4 o hd c) F c) cj H !Þ t-
l

t9 i'j F
aJ B C
) É l-l o ,¿
, o ,r
r1 F
.:l o ld iï ln t.l t-
l i:t :)

I

\

N o
p rf

t .n F Þ iB o z 7S oo T t4 .J
,

O
r o 0) o { e)



ROXEY
H¡LL

55 208 Fr

1 667 çe

THE KNOLL

33 958 fr

.l
¡

35 F!

667 F'c

v28

FIGÛ33 27 T{TGTU TEE XFçACÎIOS IIGEBEffiüT



4.2r3

-J1 -

d t is the elæation ang.Le neasured. at tine t

d t i" the first gfeÍra.tion angle ¡neasured. duriag:

the nþht

Rc. is the refraction angl-e calculated for the
I

atnosþheric cond.itions lrreva.ili¡g wherr the first

read.ing; of the ¡d€bt was macLe¿

Thl,s treat¡mt of the resrfts was necessa,r3r

as the exact positions of the lights v*rich 'rere

viewed. dr¡ri¡g the erperi.ment were not hrovr¡,, Thus

the elevation ar¡gle (at zero refraction) of eaclr light

when viewed by the theodolite cor¡ld. not be caloulated.*

the terrÐeratr:re measu¡enents for the night tfne

eoqlerinørt were obtainecl by reaclìng the ternFerature

record over the períod. of tLne it took to take the

refractj.on read.ings. [his sras between 5 and 1O

ninutes for eactr set.

Caleulation of the Refraction .Angle

Linea¡ interpolation of the tsnperature gradients

between junction positions rras used. to caJ-culate

the air temperatrrre at { foot j¡rterr¡als f¡on the ¡sighÈ

of the obsenrer (38 feet) to the heigbt of the opticaÌ

target on top of the tenperatr:re tovrer (f6Z teet).

Siiopso/s nrle vras again used. to perfo:m the integrationr

lhe sightU¡res to the other 1fuhts were appro:ci,mate\r
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horizontal at a cons'tant heigbt above ground.. For

these resuLts the temperatr:¡e eredient at 38 feet

was used to ca,lauJ.ate the refraction angle fron

equation !. (Refraction argle = ha.Lf total

cu¡r¡aür¡¡e of the raü).

Tigure 28 sholrs lhe measr:¡ed. ar¡d. calculated.

refraction angles plotted agair:st ti-me. Ffuure

29 shows the relatì.onship between measured.

atid, oalculated. refÍactloh ancl Îígure 30 the

stand.a:rd. d.eviation. AlJ. temperature measuræents

taken tluri$g the nÍcht are shown ín Table Ir

Díscussion of iesults

lhe results from the refraction aonitor tests and.

those for the nidlt tine experinsrt have been d.ealt

w:ith separateþ l¡ the ana\rsis. fhis has been

d.one because¡ due to either some peculiasity associated,

wíth the Eleasuring systera or the terrain r¡nd.er the

sfuhtline, the relationship between calcr:lated. ar¡d.

monitor measured. refraction was not unity; as was

the case for all other measr¡¡em.ents, However the

neasrreilenis are' j¡cluded- as they provid.e usefiú

j.¡rfom¿tion on the irregularities of the clirr:gral

refraction eycle. they also sl:.o-,r the coeelatiou.

and. the anomalies wùrich are for¡rcl between calctrlaterl



TABLE I

TEI{PER{TURE I,ÍEAS UREI/E}XI S TAI{EN DURING Nr G}IÎ RIIRACT ION EXPERIIßNT

10 30 6B

1O.29

8.46

.12

.95

.82

,)+2

.97

.69

"75

g2

10.20

8'53

1)r_6 rt,

9.72

8.44

7.80
.,.o.+,/

,20

.^tr

.88

.oR

.87

.A<

.6+

.18

-38

.86

5A

55

03

2g

5')+o

5.29

5.35

tt6

9.?+
8.53

1.89

7.60

7.35

7.20

7.06

7't6
7.05

6.96

6.7o

6.oo

5.27

3. 95

+'t+9

)+'9C

t+'65

r+.68

4.75

49

to.73
8.39

7.78

7.53

7'-1o

7.07

7.07

7.oo
6.66

6:.23

5.82
)+'97

4'lt
3.78
)+'35

t+. o1

)+'73

4.19
)+'95

5't+5

5'71

5.80

5'71

5.71

00

o¿

'31
.BB

53

6B

40

7+

0'1

7t

75

95

)+5

73

ðU

73
-77
l)

5

o

89

e+

39

B5

6o

1

7

7
--7
I

7

7

-I
6

6'l+6

5.67

5.13

3.91

l+" )+9

)+'97

4.69

+.75

4.8L

5'3.t+

5.60

5.69

5.60

5.5+

9t

38

6+

7t

6+

66

I

7.

1.

7.
-7.

7.

7.

6.

6.

6.

5

+
7,

4

l+

4

4
)+

5

5

5

5

Ã

hcurs 1 c 11.11

8.21

10.58

8.32

7. 69

7't+9

7.23

6" 98lo

76

.58

"38

'12
.85

.85

.51

"9t

'U+
.18

.33

.07

'6t

7

7
-7
I

6

6

6

5

6

5

4

4

3

l+

)+

l+

4

l+

5

5

5

5

5

2+

OB

56

29

o3

1"

8.

7"

7.

7-

6.

6.

1)+15

t8t1
1 840

19QO

1925

1g+o

2000

2O3O

2050

2110

2130

2150

223O

o320

0343

o4t t

u+3o

0500

o528

o603

0620

o635

o6+5

o650

1

1
--7

I

6

b

6

6

6

6

tr

3

4

4

4

4

4

5

5

37

16 20

13

18

o5

89

11

9a
tr.f.

11

-7
I

6

6

5

5

4

4
7)
+

5

l+

4

)+

5

5

5

5
tr

"13

"92
.66

.66

.BB

'4t
.69

'7t
.69

.69

6.24

5.+5

5"13

)+'92

)+" 13

3.87

3.61

4.13
)+'92

4.66

+.66
t+'92

5.45

5.71

5.71

5'7t
5.71

3t

7o

+1

¿Õ

5,23

5')+7

5.58

5.49

5.55



200

180

r60

t40

t2c

.*

\-*-

^,-C-

I
ti

I
I
t
I
I
)

¿
I
J

I

/

{
/

/

rii
,1 :l'iJi
I 
l,l ,'

I
I
,
t
t
a

+
I
I

F

\_x

t
I
I
!
I

I

!
/

tT

ìAt

I

I
I

\
I

I
Iï

it
i\

\
\

í\

/

\:

øt

¿
?
l-
IJ

I
!
¡¡

/oo

80

60

40

20

o
{800 ,f900 2cc0 21c0 2200

TtME (h)

0400 0500 0600 07cc

¡'reurr 28 cALcuI"arED aND rGAsrIRÐ xr¡Èlcrrom aI{Gr.ES (rrçtu ¡p¡ttq:'t)

v\

I
\
I

4,

-À.

I
1t:

Å¿

!ÃIt \

I

I
I
I
t
I

I

I
I
I
I

K7

KNOLL

ROXBY

v2e

MEASURED
CAI-CULATED
MEASURED
CALCULAT=,D

MEASU RE D
CALC ULATED
MEASURED
CALC U LAT ED

---ô---
--.+-_

- -x---o-_-



I

X

X
X

d3^

x

X

)¿(

<ì

X

I
\t
X

X

X

"/

{

x

(
x ,4

X

(X

X

90
a

1eo
C)

t-
?70
d.
¡,L

H60
o
Hso
J
fo40
J

O
30

t20

ilo

too

to

o

20

I
I
j

í
I
t
I

I
I
I

I
!

i
I

o1020 30 40 50 60 70 80 go
MEASUtrED F.EFRACTTON (s)

.ioo 120 t40

FrGIrxE 29, c.AÍ.cTrLArED Æ{D ¡[E¿suREÐ repn{crro],I AI\¡-er.Es (ivrem ¡p¡r¡nr:)

ro

. to 20 30 40 50 60 70 80 90 roo ,fio 120

' REFRACTTON A,\GLE (s)

FrcirRE 30 srAt{DArD Dlvrarrou oF carcûT,AîED r55r4clror (ìûç1T ge=grgc)

3.c

ct,

z
9
f-
t
l¡lô

ô
d.

ô

l-
Q

o



-33-

and. üeasured. values of refraction veqr ¡lea¡e

the ground.. [he ]alrg'e scatter on the resr¡-lts

gives sone ind.ieation of the d.isagreeme¡rt ¡Èrich

is likeIy be-bv,¡een ueasurecL refraction angles a¡rd.

the angle calculated. fron tempefature ÌneasureÐeatÈ

taken at the sane ti-ne a.ird, in the same locality.

lhe stand.a¡d. d.er¡íatÍon was larger at los refraetioa

aqgles than was for¡ntl. fro¡o visual obsen¡atiotls,

Gene:cal1y the salliji refraetion angles lrere

measu¡ed. ùrring the heat of the day rhen bad, seeing:

concl-itions giave rise to high frequenoy inage

moveuents. Some of tiris movesnent was tecord-eð

by the camera beeause each measrr¡ed. refraction

angle ,-ras obtai¡ed from only three fra¡res -baken

at 5 ui¡ute interyals and. an exposure of t/1CÐ

second-. A longer observation period. as was r¡sed.

on the night ti-ne e4perinent tendetl to averag'e

out the higher frequency movæents and. procluced.

a moxe representative fi.gure for the refraction

ang:Ie,

fhe resuli;s from the night experinent were

røarkably good., as the sightlÍne lengths were

very long and. at 1off eleration arrglss, lhe

tercperature neasurements were æad.e on a treeless¡

sparcely vegetated. plain but two of tb.e sþhtlines
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rrere over sparce 'J""ood.1aJ1d. fo= much of their

length,

For these measr¡¡æents the stand.ariL cler¡iation

vas greater at the higher refraction angles. At

night large changes in refraction oce¡rr at nuch

Iower frequencies tban dr¡¡ing the tlay. The

general trend,s are ind.icated by the tenpératr¡re
r¡gradierit egui¡nentl but there appea¡s to be e

time lag beforê thesé changes are felt åt cither

$laces near by. EÖweriêr the åisagreeûent betcreen

measured. and. calculated. refraction angles was trot

more tha¡r 2Ø, at angr tÍne.

The very large refraction angles measìrred duri¡g

the night tiroe experi¡lent are wort\r of note.

On the longest sightline of Jlr0OO feet the

refraction angle reacbecl a ra¡d-oLm vafue of over

160 second.s of are dr.uing a half hour period..

Ir te:ms of the conputed. position of an object this

woulil. give an error of more thgn 40 feet ín the

oalculated. heþht.

Ihe fact that tpr¡perature gradient measr.lrenents

mad.e in one location could. be used. to provid.e

accr¡rate refraction e¿rrections on long sigbtlÍnes

ser¡eral ¡riles away makes the rystem uuch more

flexible. Once a teroperature measu¡irg systern has
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been set uo the resìrlts obt^ined. frora it coul'd' be

u.sed- to proriùe ref¡action correctior¡s over quite

a m-id.e e,rea¡

4.3 TemFerature Gradient -&vera6es

In the coi¡Jese of the work done on co:relatÍrtg

calculatecl ar¡d. measr¡red ¡ef,¡action, a large n¡mber of

temperatuÈo g'rad.lent o.eadt¡leoæts seré eade drÅri¡rg the

nonth of åugust t 1967. Åverag:e values for the tenrperatr:re

and. f,e¡nFsrature g'racüent were calsulated. for six ti¡qes of

day during the nonth. FÍ.gures 31-36 shon all tr¡" ternperatu¡e

meas¡:renents mad.e at these times. In eaolr case the mean.

teuperatr:re Ís shown b5r a broken line' fhe grephs a¡e of

interest as they Ðchibit a large spread of air f,enperatr:res¡

but a nuch snaller spread of tenperatu:re gratLients¡ at eacb

tiue. Fi-gure lJ shows the six mean tæperature lrrofiles

for the uonth and. figuxe 38 shows the mean f,e'nperattrre

gradients and. stand.ard. den¡iation for the ¡aonth, The mean

tenperature, aean Ne-mperature gpadiert and. standa¡cl d.evíation

were computed by the fortran prograttre shonr¡ in Appenclix III.

The mean temperatr:re grad.ients sere used, to calcr:late

the erpected refraction angle over the 8¡6@ foot fixed.

sightli.ne for .August, 1967. I?ris predicted. refraction ís

showr on the daily refraction graphs (t:.gures 22-24)

and. it is shomn a,lso in fig'ure 39 together w"ith the
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mear¡ d.iu:¡ea,L refractior¡ angle cal-culated. frou the nj¡e

d,a¡rs measu.xern grts.

Figr¡re {-0 shows the nea¡r square elsor between the

¡efraction measured. d'üring the nine d.ays in Âugust and.

the ¡efraction calculated. f::om te*peratu¡e measr:r@ents

macl.e at the sá¡oe tine. À}so shov¡r is thê I{I.S.E. betT een

the meas-r¡red. refractiort a¡rtl that calculated fror¿ the

mean teraperature g::ad.ient,

The effect of this taaperature profile on sight-

lines of varying range and. elevation angle is shovm in

figure 41, lhe cur¡es vrexe calcu-lated. by eqrrati-on t
assuùíng the observer yúas 10 feet above the gror:nd..

l,?Ìrere the verüical height of the sightU¡.e y¿-¿s above the

top or' the tenperature neasu:ring mast an adiabatíc

tenperature gratlient was assumed,

4.3.1 Discussio¡'

The refractÍon angles calsulatetL fron the

mean temperature graclient sho'lved. gpod. a€Teenent

with the measurecl values durjng the nid.cle of the

d.aye but poor a€reenent at night. Figure {O sirows

that the ld.S.l. betseen ca.lcuf-ated. and measured.

refraction lres no r.rorse in ihis periotl v¡hen a mean

femperature gracli.ent r+as used.. .åt nfuht the
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tempeæ.ürrre measr¡resents ma4e r¡hen tl¡e refraction

read.i.:rgs rvere taken g:ave a be-bter a€geene¡rt tlra¡r

tire refr¿ction angles aalculatetl f,rorn tbe nea¡¡

teraperatr:re profile.

tse of a nonthly avera€e coulcl only be nade i.n

þod. weather concLitions as no alfovrance could. be

made for the effect of blot¡d. coveÍ without a

consid.erable amor¡nt of eiaaþsis of temperature

grad.ients rind.er va¡rying conùitioris. A more flerible

app:roach is to d.erive a ¡nathenatical mod.el fc,r tbe

atnospherio teuperatu¡e graûient as a f¡¡nction of heigttt

aad tj.ne of day as d.escribed. by Ár:gus-Iepp"n (t9).

Irlr this mod.el the effect of cloud. cover inay be

allored for by a.ltering the constants i.¡e the uod.el.

It is proposecl to conti¡ue the tenperature

¡reasureneJrts for a fi¡]1 year so that average values

are available for eacl¡ uonth. Tre large amor:nt of

record analysis irn¡olved. in this work and. the

d.erivation of a tEn;oeraiu¡e fi:¡,ction is howelve¡e

outled.e the scope of this thesiso

A point of interest in fÍ6:ure 41 is the effect

of the refractive ind.ex inversion in the lowest

Iayers of the atnosphere. Ât an ele\¡ation angle of

A.Za a sigh-b1ine 5'OOO feet lor¡€: has a refraction
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â4g1ê of -5 second-s. lhe 10rO@ foot sightline at

the sane elevetion has a refraction angle of -4

seconds, and. the 2OrO0O foot sightline has a refractíon

angle of +3 seconds at the sane elevation. The

reason for 'rÀis apparent anoraaly is that the shorter

sightlíue IÍes prerionlnantly in a region wbere t'b.e

refractive ind.ex j¡,creases w'ith height rrhile tbe

longest sþhtlins has a consid.erabie portion of i.ts

length in a regi-on of negative refractive ind.e¡r

gradient whictr masks the effect of ttre lower J.ayers

of air.

Over the three ra¡rges whic?r r'¡ere consicLered. in

the calculationsr refraction Tras proportional to

range above about 0.60 elevation ang1e, and. at zero

elerration angle. In the reg"ion between zero a¡rcl

0.60, refraction d.ic[ not always i¡rcrease rith

range. This result illustrates the need. to compute

the refraction angle over the whole leng"th of a

sightline at a 1ow eleiration angle. If an average

value for the ref¡active ind.ex or aír f,enperature

gradient is takæ in concl-itions where a d.ensÍt¡r

i¡version is present, the height at utricl¡ the

average is taken beco¡aes very oritical.
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5. BEFPêCTCAISIffi,

In oriler to el¡eck the valí.dity of the calcr¡]-atecL refracÈive

ind.er f5gr:res, and. provid.e some porbable measuring equitrnent¡

an optical refraetometer was macler which neasu¡ed. d,irectþ

cha¡tges in refractÍve i¡rd.ex at a wavelength of 5461 l. fL¡e

Íastnnent reco¡cled. refractive ind.ex cl¡ar€:es conti¡er¡ouslïr a¡rô

was Eúfictentþ str:rdy to bg usecl while suspend.ed. und.en a

tethered. meteorologf caI bal'ì oon.

5.1 fufractive Incloc Gr:a,ùients in tbe lovrer .Afuosiihere

Sone id.ea. of the sensitivity required f¡oo ühe

instn¡msrt ca¡r be ge*ined if reference ls nacle to the

zelati¡nsh.ip betvreen ref¡ective inilex (n) press,¡¡e (p)

ancl tenperature (n), at optÍoe.ì. warvelengths ila' air.
tso a good. appro¡rìqation¡

(n-1) =+ xT9.T2x1o-6 (rl)

where ? is in ¡nilIiba¡s and. f irr d.egrees Kelvin,

In the atnos3ùrere the stable conclition is an aðiabatic

tonperatr:re gracl.ient nhictr amor¡nts to a d,ecrease of

f,empsraüLlTe at a rate of 3oVlrOOO ft. j¡crease of height,

Pressr¡¡e d.ecreases tf t nU/30 ft. r a¡rd conbinecL w'ith the

f,emFerature d":rop produces a refractive i¡d,er drop of

aþout 6 z. ïa'6/1,æo ft.
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Srperio:¡osed. on ihÍs basic refractive i¡rd.ex graô.ient

i,s a tLaily cyc1e, caused, b¡r te.nperature changes tlue to

the heatìtæand. cool5:rg of the geound., as d.iscussed. in

section 2.1

Ð'¡Éng the nþht the refractive index graÀient is larger

than the aûiabatic graclient and easi-ly measured.. ÐurÉ-ug

the heat of the day the ¡efractive ind.ex gradíant is

¡erluced. near the ground. ar¡d. a ref:cactive j¡rdex i¡versÍon

often occrlrs, lnsirection of ¡efractive j¡rd.o-x êpadients

calculated. from r¡easr:ru¿ f,e¡¡Ferai;ure gradients shoredl. that

the ir¡version nea¡ the grorrnd. was quÍte sall aÂð in ord.er

to see sufficie¡rt d.etail the inst:r.¡nent wor¡lil needt to be

capable of ¡esolving a change in refractÍve ind.ex 5 x 104.

5.2 )escription of the Instr.ment

5,2.1 irteasuring Priaciple

lhe interferometer ar:angenent used. in the instn¡nsrt

uas first d.escribed. by Kosters (ZO a. 4) anù has

been used. Bore recently by Terrein (ZZ) ana

tuensson (æ).

lhe neasu¡5¡g qrsten consisted. of a ti,ro bea¡n

jnterferoneter in whíclr friages at a suitable

monoclrro¡aati.o waveler:gtJr were produced. and ûroto-

graphed. by a 16 r,nî caaere. One bean passed. th¡orgh
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a yacr.rum cha¡aber effectively Lcm l-ong while

tb.e othe¡ passed, th¡oueb a sl¡il¿r .'ha¡'bsrr

fiJ-led. with airr the refractive inder of which

nzs to be neasu¡ed..

[he path len€:th throrigh the vacr¡:n c]ra,mber was

lrcn àne the eçriva,lent vaculm path of the a^ir

filletL chapber was nï.,t Lrhere Ìt ç.¡as the refractive

j¡rdex of the air, Ihus the difference in path len€:th

between the two beaas was¡

l(n - 1)

and. the frÍnee shift caused. þ the intmcluction of

the vacurm path * 
(" - 1) frir¡ges' lÊ the refractive

Í¡d.e¡c of the air c}aangetl by y'n then

the j¡rterferrence fringes noved- a clistance ¡"* fringes'

fhe sensitivity of the refractometer is cl.efíned. as tJ:e

change j¡r r.efractive índsc required. to pröduce ê mo\rê-

¡aent of one fringe in the interfereriq s¡-sten. It is giver

Ay lX. the i¡rstn:ment used. light of navelength

546$, antl the sensitivity was l.oTg x 10-6 c]ra¡rge

in n pen frirrge,

5r2r2 Interferoneter Conponents

Itre beam spIítter (z+ U 25) consisted. of two

3oo, 600, loo gLass priss eenentecl. together as shorçr
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jn figr:re 42. Ehe surfaces i¡ contaot were coated'

¡rith a semi-reflecti¡g: ah¡niniua filn.

Collinated light írom a mercur¡r arc lanp

entered. one of the Ïrypotenì¡se faces at no:mal

incid.ence end. r¡as split into t¡ro beans by the

a}:oiníu¡n fi.ljn. lhe bea¡rs rrn'd.e:v,,Eent total intem.al

reflections at 'bìre t¡ypotenuse faces and. ¡lassecl. thrcllglt

the ceI1. A rnirror reflected. the beams back through

the ceII to the bean splitter, '¡¿ltere they re-

conbined, and. passed. to the ca¡eera via a 1ens,

apertr:re stop¡ and. -'i:catten No. 58 filter. Both tbe

collj¡aator and. canera optical rysten were foId.ed. by

front aluninised nirrors to reduce the -:lqrsical

d.imensions of the inst:L:ment.

fne cel1 is shorur diagraroniaticalþ in figure {2.

It had. tr¡o cha¡nbers, the larger of which vras evacr¡a,ted.

to a ;oressu¡e of t0-3nn rercuJ$r end. the other was

opên to the atmosphere. The o-otical i¡ag'es of .À

ar¡d. D (fiet¡re {2) coíncid.e antt the intenference frÍnges

produceiL are displaced. by changes in the refractive

ino.e¡< of the air. the ima¿:es of 3 and. C also

eoj-ncid.e and. the fringes fo::m.ed are used. as reference

frínges.
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liIt f¡ingês -:rêae j¡rt¡oduced. inio the systen by

mear's of a wedg:e 5neorporated. in one si-d.e of tlre

bean spliltet. The const:ruction of the instnment

j.s shovúx in figures 43 and 44-

r}re interferoneter components .lrere all mounted.

on the stainless steel cel1 assembþ which consisteil

of tr¿o coaJcial tubes joined by end platesu flre bean

splitter L'¿s cem.etlted into a staj-nless steel hoJ.d.er

uhich nas screwed. to the top end. nlate of the ce1l¡

The rairror Tras cer.¡:ented. to a ¡oountirrg plate whic.?r was

spring Ioad.ed. a€:ainst three aüusting sctrews at the

botton end. of the ceIl.

lhe 1anpl colli¡l¿tor, and. canera lens rystem.s

r.zere all ¡rcunted. in a IÍght tight a1r¡nÍnÍrn alIoy box

screçed. to the bealr s;olitter itold.er at the upper encl, of

the celI asselbly. The ca¡rera tu-as nounted. on top of

the box¡ and. a raèiation shÍeld. to 1:io,cect the ce11

fro¡r solar radiation iras ¡rounted. fron i;be botton.

The sbield. consisted. of a r-.rhite ¡rajated resin bonded.

paper tube. In the bottom of the tube was a fan

d.=iven by a 9 volt d.,c. motor to draw air through

the ¡efractoneter fron¡ a ro¡y of Ìroles located. near

the top of tire sìrie1d.. The air was d.ra-ryn thror:gh-

the tr:,be at appæoxi:oately 2 ît/s.
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Ðhen in use, the Ínstn¡nent nas hrurg fro¡l a

single suspension point and. ¡ras peuduJ.us with a

natr:¡a1 frequency of 3/4 hertz. In this ¡rosition

(figure 43) the cêI1 ass-.r¡bIy was zupported. f:rou

its top encl. ancì ¡¡as not in contact vrith any other

part of the refraotoneter. 'Eris nethod. of nor:ntÍrag

reduced. d.istortions of the inter:fero¡neter conponents

when the tæperatr:re of the strucü¡re changed.. The

ceJ-I -uyas sufficiently stiff tha,t onJ¡r stall

d.ei¡iatíons of the fringe rysten occr:¡ered. ät¡.en the

Ínstn¡rerrt r'¿as a -lowed. to oscillaie about its

suspension point.

fhis nethod. of asseubly and. suspension proved veqy

satisfaotory aird. the in,lerference fringes were

stable el¡en Tvhen the equiiment was being. used. j¡

25 nfl.;es/lnou¡ l¡'ind.s. [he refractometer rras

subjeotecl. to sweral ha,rd. tc¡ocks¡ Íntentional. ancl.

other,v'isel but ¡s da.rna,gs reflrlted, ancl. only slight

ad.justnent of the interference fringes 'was necessar¡r,

Tl¡e total equipuent weight was 8,2 Ib.

Canera Systen

f,he ca¡xera ras a 16 us cine nagazíne moùified. so

that the fi-Lm r'¡as tlriven at a constant speeä. by a

9 volt d..c. motor working through reduction gea,ring,
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The filn speed. was controllecL to about I Ínches

per u.inute by afiusfuient of the motor cr¡¡seü.t' Plus

ï negative fiLn was used..

F;re complete field. of view at the filn pla¡re

is shorvn in fig¡¡re a5G), to reccrd. fringe

movernents continuously two 0.043 iacl¡ slits sere

placed Lr front of the slorþ noving fÍl¡ as shown

i¡ figure +f(¡)J IíaLf the fil-n wid.th was occ'upied.

þ the reference fringes arrd the other half þ the

meas'.rring fringes. Figure 45G), shows the effect

on the filn when the refractive inclex increased. at

a rate of ! x 10-6 per sê@nd., In practíce, much

sallen changes occured.

',lhen requiredr alx event ma.rk was record.ed, by

i1lur¡:inating the erit slits l!'ith wtrite light f:ron

a tungsten filanent lanp,

áuxilIary Equ.iIrûent

15e l.qmFs and. motors ffere nur from a 24 volt
battery supply on the ground.. ?lrree wires were

aecessa^rîr to ¡un the eqrriiment. fhese r,rere wound.

on a geared. mdnch and. pover iras supplied. to then

through slip rings. T{:e electrical circuits arÊ.

shovrn i¡ fi€r¡¡e 46,
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5.3 Measuring P¡oceù¡re

5.3.1 Method. of IIse

The ìnstrr¡¡rer¡.t was Iífted. in steps above the

ground. shile su¡iported. fron a taII nastr craner or

tethered. baIloon. [he step lengbhs uere va.riecl. fron

10 to 20 ft near the Sroundt where the refractive

ind.erc changed. rapitly, to about 3O or 40 ft at heights

of 100 ft or molser *here the refractive l¡¡d-ex change

was nore regular. llre ca¡tera vas n¡n both ascend.ing

anô d.escencl;ing, arrcl after eac]r change in height the

instrument was he1d. stationa:¡r for 10 second.s so

th¿t a sanple of air could. be drawn through the

cell. fhe j¡stn¡nent neasr:red. the change in

refractive i¡dex and. the absolute value yras

ca1 culat ed. f ron t enperature and loressu.re measure¡tent s.

Severa-l runs r¡ere need.ed. to give a representative

profile as local variations in the refractive

ind.ex occu.r::ed..

513.2 j,,(easu¡e¡aent of fiLas

llhen the instrr.unent .,.ras suspend.ed. Ín the aÍr¡

motor vibrations caused. some bh.¡¡ring of the

interference fringe records. End.er these cond.itions

the fringe mo\lenrents on fþs fi]m could. þs dstsnnined
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t" 1/N of a frilge¡ :rhieb is eq*ivalent to a

refractive ind.ex chenge of 5.4 * 104.

l{ovener¡,ts of the interference fringes rrhieå

moníto:c refractive incle>c were measuretl. 1n relation

to the refetence fringes rather than the edge of the

fí]n. Elris eli¡rfurated errors dr¡.e to instabilities in

the mirror systens or d.istorbíoas of the refractometeæ

bodyr whích could. cause the ilrìa€e fo*rí¡tg rays of

both frinee rysteurs to be d.eviatecl"

pte fiLus were read ¡rith a rpeât n J :i nagnifier

whictr consisted. sf ¿ RaÍûsden tyr:e eyepiece with a

calibratecL gratic,trle, ltre neasr.rring procedure r+as

as follows¡-

(*) rhe fri¡ge spaciag was d.etssÍnecL by measuring

from one fringe to ihe same posÍtion on the

next frilge.

(U) Íhe ùistance f¡on a reference fringe to a

suitable refractive ind.e¡r noaitorÍng fringe

Tras neasured. on the filn taken at grou¡rcl

1evel,

(") .[t eac]r srbsequent hefuht, the sane

measr¡¡enent was rnaile until ground ler¡el was

rea¡hed. a€p"in.

(A) Iiultiplication of the number of fringes

of moveurent by 1.078 x 1O-6 gpve tbe change

fn refractive ind.ex.
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5,313 Eef¡active Inltcx l{easì¡rements

Figr:res 47 anð {B show sone refractive index

neasurerrleats mad.e at lïoomera¡ coilpared. with

calculated. values of refractive i¡rd.e.x d.erived. frc¡i

t eurperature measursaents.

For the tests the instnøent was operatecl frou

the 150 ft nast d.escribed. in section (1). The

refractive inclex was calculatecl by equatioa 11¡ and.

the pressr:re grad.ient !.ïas assuaed. to be 1nU/30 tt.
?he refractoneter ¡¡as wÍnchecl. up and clolyn the

mast and. an event nark iras put on the fil-a at each

thermocouple junc'cion position, Eactr round. trip took

alrproxÍ.nately fi're minutes. The filns were read to

give the refractive j¡rd.sc change over .t[re hêight i¡ten¡aI
separatjng the jwrction positions. Figrrres 4T æd, lA

show two sets of three rr,lrlsl taken at ùifferent ti¡¡es

of clery in cool sunn¡r ireather. Each set was measured.

ln a fifteen minute perÍod..

û:-Ìng to the slow ti.ne response gf .the tl.repocouples
(about 1 deefnín). tft" calcuLaied. refractive index graphs

relaín substantÍätly ttte sane duriag tlne 15 nj¡rutes whæ.

the refractometer was in use. [}re ¡efractometer results
displa;' s¡ralI varíationsl es the instnment he.d a respo!.s

tirae of about one second, and was effected. by the siaaIl
ì;eiperature cha;rges'which ihe tìrsmocou;o1e'equi.Sment was

d.esÍgned. to ignore. ..

Calc'"rl-a-bion of Refracti-on fron Refrac'ooi:let er Measurøer¡t s

Ia ord.e¡ to assess the usefullness of the refractomete
in the fieIcl, it was used. in conjunction -øith the refrac-
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tíon monitor d.escribed' j¡ section 3 to measr:re the refractive

index gfacLient whjJe fleasur€tents of rdraation were being nad'e.

tno method.s of eaLculati.ng refraètíor¡ wete used..

The first was the ray trace ¡nethocl d.escribeil ia section 2'3¡

and seconðLy the refrac-Ëion was öa.loulated. in tems of the

ray path by equation 4r

5.4,1 ileasu¡ements

Ðlr:ring one d.ay j¡r August 1967 tlne refractometer

was used to meast¡¡e the refractive inôe¡. gradl€tt

at the tenperature lteasuring nast wery two hours

thror:ghout the d,a¡r. Tae neasr:riag¡ procedure was as

d.escribeil. j¡ section 5.3.1' tr'igr.lre 49 sÌ¡ows the

refractive ind,o< gpadients measnred' ilt.ring the cla¡r'

5.4.? Êay Trace OalcuLation

fhe s¡allest change in refractive ind.ex rutrich

-p
coutd. be resolved. by the refractometer, ! x l0-'¡

rnas ciroserr as the layer thiciaress for the ray trace

ca,iculation. Bhe height at whiclr the layer bound.aries

rrere crcossecl rras esti¡oated. frorn figr:re 49. Card.s

were pr,mched. srith ¡efractíve indoc and. height

info::nation and- the c.olr1;uter progra¡ime shotn in

É,ppend.ix IV used. to perfo:m the ray trace calsulaticnr

Output froro the conputer was the total d.eviation of

the rey, Tire refractíon angle was by d.eflnitj.on
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half this angle' fhe measrretl and calculated'

rêfraction ang'led erê shorvn in f,igr¡re 5O.

C\r¡r¡atr:¡e of Ra;r Path

In salcrrlating the cur¡retr:re of the ray patÌe a

sj-nilar treafuient to that used. for the teuperatr:re

measu-renents was used.. .S sí-npIe straÍght Iìne

representation for the ground. unCier ihe sþhtline

nas used. as j¡r the case of equatíon 5.

The refraction a.ngle was g:iven by equation 6.
x

E= (x - =) ¡'(x) oxt
ï

çhere F

then

3.gg o
from equation 4.dz

3x
E

jsr this case 3

t)&
\zz - z1)

2t

-2.061g x lo5
tt

lhe refraction angle was er¡aluatecl rith a

comlnrter progra,mne si¡ilar to that shonn i¿

Append.Lt II. R.efractive ind.e¡c figr:res were read.

in for heights up to 100 feet above ground. a¡rd. an

interpolation fonai¡Ia llas used to calculate the

refractive i¡rde:c at 2 foat interr¡als between 10 and.

42 îeet aboye g:ror:nd., Si.,rFsorls ¡rule was usetl to
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ervaluate t'Ïre integral.

Figue 50 shows the refraction angles oouputed by

this ue'chod. toþether r¿ith the va,Iue measu¡ed by the

refraction mo¿itor'

5.9 Er¡rors

Soræces of error ín the instn¡ment wete changes in the

ce11 length caused by thermal expansíon and. changes j¡r the

atmos¡ùreric pressure, which caused wa1l movenents ín the

measrrring frilges but d.id. not effect the reference fringes,

Alsor the celf oistorüed. due to uneven heating', anil tbe fa¡¡

produced. a saLL pressure reduction i¡ the measu.ri..ng space.

5.5.1 Granges i.n' the fenperatr.rre of the Refractoneter Cell

Iïre d.ifference in optica-l path l*rgth between

the vacurm, aniL air paths through 'she ceII was given byl

L,
i (" - t) rri¡ges

iïhen the temperabure of tire cell rose, the effective

leng:th increased. by a factor of 't0-5 per degfee

centigrad.e, Thus the path length ôifference alterecL þrr

I C" - 1) * to-5 rri.nses

i?ren I = ñ.72 coÀ= 5461 x lO4 m a¡rd. n = 1¡OO29Z tbe

path leqth differènce changes by 2.7 x 1O'3 fringes

per clegree centigrad.e.
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5'5.3

5z --

Since the ¡esolution of the i¡nst:r.me¡rt co:æespond.ed.

to lfZOtn of a fr5.rage, this enor was negligible,

[he trfect ôf AjJ Pressr¡re Ghang:es on the l,eirgth of

the CeI1

.A hefuht rise of say iOO ft produced a pressr:re

reêuction of about 16 nb, which caused. a reduction ia

stress along the cell of i6 x 1O-3 a¡zres/cuz.

Assr:uaing that the Tor.nrgls nodulus of the stee} eeIl

walIs is 20 * 1011 aynes/ø.z the change j¡r stra.Í¡ a]-ong

the celI Ís 8,3 x 1O-9. For a ceI1 length of 25.4 ø
this anor¡nts to a ctrange in leneth (¿f) of 21 x lO4ø,

Thus the friage shÍft producetl. by the presstrre

reduction is (n - t)ol = 't.22 x 1o-7 rri¡ees¡ which

nay safeþ be i€aorecl..

DistortÍon of the CeII

ïïhen the cel1 bent, the fringe systen rutated.¡ antl

the fring'e spacing altered.. [his was record.ed. on the

filn as a move¡aent of both the reference arìd. the

neafltring fring:es. Thus it was possible to reject

those record.s 'where it occr¡rred.. In fact provid:i-ug

the refractoneter was allolved half an hor¡r to wa¡st

up to the anbient air temperatrte, no serious cel1

bendjns occurred.,
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If the refractometer r¡as allowed' to swing

riolently about Íts s,:spension poÍntr the ce1I

ðistortecl ancl a s].ight uavering of the film record'

was liroduced. No:mal1y the chag of the poirer supìrIy

cables was sufficj ent to d.a¡rp out anJr such oscillations.

5.5.4 Pressure Reduction D¡e to Fan

Bte action of the fan r,vhich drew aír through

the eelL caused. a slight d.e1:ression of the ai¡

pressure in the refractoueter. lhe air flow was

kept as slor as possible but there renained an erndr

of l/6 fri:rge between trfa,n onrr and. $fa¡r offrt. À11

read,i.ngs ¡¡ere therefore taken wj.th fan on'

5,'6 Ðiscussion

[he ref]actor¿eter proveC. to be a workable method. of

measr:ring the refractive ind.ex grad.ielrt in the atmosp)rere.

Ðqlected. problens due to solar radiation'Fere overcone by

shieldir¡g the interfe¡ometer components and. iaaking the ce1l

assenbþ a stiff single i:nit su;oported. onþ at its top end..

ï?Ìren this had. been d.one the interference fringes renaineê

quite stable after an initial period. in whioh the conponents

warr¿ed. up to the air teuperaùure. fhe Kosters bea¡o splitter

amarìgeßrent also helped. the tenperatu¡e stability as tlre light

paths of both bea¡rs were sJnnmetrica.l, and. they travell-ed.
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al.most the same cl-istar¡ce th¡oryh gilass'

The ca,oera systet nas a cheap antl eaq¡ nethocl of

Iecord.iJxg all rtovensrts of the interfelence frin¿ies but ca¡seful

fÍ.ln reaiij¡g waS aecessar¡r to obtain the refraciive index

gradient to the d.esired. aecu,radJr'

0f the elrrors 'which ',yere co!,sid.ered.1 rtone vrere 1a¡ge

enough to affect the resui-ts significantþ.

Provid.in6 the avera.ge of sevelal measuring nuls ç.ith the

refractoæeter were useè, the calculation of the refraction

angle gãve vetãr sj-nilar resrrlts to those obtaìned. from the

tenperatr:re neasuJcing equilurent. [he ray trace resu]-ts

lyere coupa¡able with the restrLts froo tire curvature equation

and. showed. si!ûilar trends. r.he nain problem with the

refractometer was the labor¡¡ imrolved. in usÍ¡g it anil

the consid.erabLe ca¡e needecl. in ileasuring the filus ucl

plotting'the results,

ïn cal¡r cond.itions the instu:ment v¡as used successfulþ

supported. by a tethered. meteorologÍcal balloonr but for all

the neasurenents d.iscussed. i¡¡ section 5.4 it r,ras operated.

fron the tenperatr.rre neasr:rÍng nast as the height coulil be

controlleè more easily,
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6. coNúT,uslolfs

A surney of, afuos¡¡he¡ic ¡efraction ang:les on a fixed sightline in

typical Ausì;ra.lian inland. cond,itions has been conducted.. fhe dir¡r¡¿-1

varÍation of ¡efraction was reuarkably co¡tsta¡rt throughout the year.

In d.ayligtÌt hor.l¡s refraction i-ras usrrally maI1 both in clear and cloudy

çeather. In the afternoon and enrêning in clear weather it slowþ increasecl

arid. at níght large refraction angles weEe measr¡red.. ¡àt d.ar,rr the refractioa

angle d.ropped. quÍcÞJy to its d.ay tine va1ue, In Ì;he presence of clout!, cover

nuch sa'aller night tine =efraction angles Trere neasu¡ed,

th¡o nethod.s of d.etertining the vertical gradient of refractive ind.ex

i¡t the atnosphere r¡ere used., lhe easiest ancl most reliable method. was t¿

measure the air ten,peratrrre grad.ient, assr.u.e a press¡ce gradient and. hence

calculate the refractive ind.ex gradient. The refractive ind.ex gra.d.ient

was also ueasr¡¡ed. d.irectly vitha refractometer wbich was oonstn¡stetl, so

that it could. be usecl. i¡ the open atmosphere in the heat of the day, Ihe

refraotometer was more @mplicated. tha¡r the the¡soelectrio eguitrnent.

It need-ed. &ore caxeful hand,li¡A and. more d.etailed. analgsis of the recorrùs

rlas necessarXr to calculate the refractive ind.ex g¡rad.ient, Eoweuer the

refracto¡oeter had. the advantage that it eor:ld be used. to measr¡re the

refractive inc¿an €:rad.ient in any location, prcvid.ing the wj¡d. sped.

was lo'w enough to alIow it to be lifted. by a gas fíl1ed. ba,lloon.

It has been shown that ueasr¡reuents of tÌ¡e air ternperature grad.ieot

cor¡ld, be used. to compute the ref,raction ar¡g1e on a sightline, Tbe

Eeasìtrenents of f,emFerature graÀient -urere stili useful er¡en when thg

sightlÍne ïúas se\¡eral rniLes from the ten=ceratr:re neasuriry site. If
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simn"ltaneous opti,cal and. f,emFerature measuxeurents were not available,

the a-rrerage tenperature grad:Lar¡t taken óver a period. of a rnonth Ín

sìrïilar weather concLitions corrld. be used, to ca,lculate the refraction angle

during the dey mdth good. acqr-TasJ¡. .At night poon a€teener¡t was obtainetl

when the mean tomperature ggaðient was usecL as large variations of

tenperatrrre grad.ient occrJr from plaee to place after d.a¡k; The effect

of the dey tine nean teroperatr:¡e gradient on sightli¡res other th¿n

those used. i.n the correlation e4reriments v¡as calculated.. The ::esr¿lts

f::on this analysis Í¡rd.Ícated that in hot daytine conditions the

refraction ar€le on a sightline at an elevation angle of less than

about 10 d,id. ¡¡ot necessarily i¡,crease with ::ar4ge. .Above 10 ele\ration

the refraction angle iacreased. in proportion to an incæease Ín ralger

Ehe ray trace ¡nethod. of calculating refra¿tion gave si.uilar results

to the suJs\rature method. but was uore laborious to use. It could. be used.

on alL sightlines cl.om. to elevatíon angles near zer.ot but increasir:g

ca¡e in the d.efi¡i-tion of the layer thickness rras ¡recessaJãr. [he

cr:rrrature nethod. became easier to use at zero elsration ang'1es as a

constant va"lue for the refractive ind.ex or air ter'Ferature gradient coulcl.

be used..
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GRJ-DIE}fTS

COMPIJ'IE CHANGE OF

TEMPERATURE FROM BASE

OF M/\ST UPWARDS

TTME-12TF

COMPUTE X(J),
v(,i) ¡on PLor-
ÎING UPPER ROIY

OF GRJPHS

CONTPUTE X(.r),
v(,r) r'on PLor-
T]NG LOWER RO1V

OF GRAPHS

IF( rriur - z)
PUNCH

euscH x( ), v(.r)

rr (rriun - 24)

END
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ÄPPBTDIX TT

o0ûÍPIE[ÁrIO$ OF BERACTION åIIGL,E (CmVar',rne HmHoD)

ETOW DIåGRå¡I

READ rt[Pirr, R.A]TGE

A$ÍOSPEERIC PR6S.

COI,fPtrlE .ÀREÀ UN}ffi.
rÐûP 1 HEI,GM CÏRVE

BY SïrPSON| S RTII,E

IFS

COÈ,ÍPUTE TEætr"Àg-üRE
.$ EfiGm }i

COÌIPUIE Cút{SÎ.ålrtlS I}{
LÄGRÂI{GE TNl' ilìPOiATIOiÍ
TOIüTM,A FOR EEIGffi' }í

10, 42, 2u

READ II'TPUI, TÐ{Pffi.åTIIR6
{r 5, 10, 3C, 49, €ß, 92 trT.
.åB0VE GE0UNÐ' Då18' fr¡;TR.

273 + t(lo)r

COUPU' gB.[Pffi.ATT]ÏtE

DT¡FM.NVCffi
r(u) - r(+z))

TYRIÎE OUIPUI
Rtr'R.ÅCtT0t{lIITE

RU'RÁCÎ I0N=R¡11{GE x F}T

FÂ+ÏB=.AIEAnv

EB a 16.28P-(if4ffi'D2

FA
/Ê

f6.28 x .O104 x P

EID

o



-æ-
IPPENDIX III

CAI,fiILiIÎIOS OF I'{ONIIELT ìlE¡lS TEI@ÉRATIIRE GRÀDIUU ÂND S"IAI'TDåRD

DE1rIArIOS

EIôF DIJIGR¡M

REÂÐ ]NPB, mlÌftsm. 0F DÂYS
(N)

u' (t

IF -N

rF (r, - z4)

I¡ (u-r)

Itr' z4

u'(¡-a)

REAÐ rlwur, ¡ATE, t¡¿g (L)
rE$íP. IIH,,iÁsr (.1) .l=tre

M+1M

".nI'IE 
oImPUIr f$,iP¡

DIFFMB{C¡S AT åtrI
tfEIGEfS Al[D TÎ.fR IJ

COMPUIE lEIitP. D1399ìBTC6
SENT@{ AIL TíA{SÜR]i{G
Posrrrous nn rrre (l)

J 1, 8, I

¡[ é I'N

L t 4, 24, 4

co¡æIIIE sIßI 0F ÎEÂP. åi{D
[EMP. DIFFMÃ{CES Â[
EEIGgt J .Àt[D gn¡e ïr

-ïRIÎE otmul, i'îEÅN

TTMPM.ATÜAE å,T {I,L
EETGMS FOR TIT.TE T

COI@UTE }IEA}T Tg{P
åI{D TEIP ÐITFEBBTCÎS

-a

o

co¡tinueô overleaf
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¡gPnm¡fX III (continued)

o

rF (¡-r)

IF

r:e(E-24)

J ã 1 1

L z4 4

wRrPE olrfPllr, MEAS TtrMP.

DIIF'ffi$\TCES ÀlID
ST¡HÐÂ3T, -ÐEIrIATIO}T

CSIúPÐIE S1¡ÁITDÁRD

DEI¡TÂII0S 0F TniIE L ålÍ,D
J

coMPlÏrE STIM 0F SqÏIâ46
0F ÐHt.tÅÎIOÑ 0F TÉjP.
DIIIFffiE'ICES Fn0jil rffiåI[

I HBTGHT J

TlRIfxE oIFrPtrD,
suM 0F
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¡ipsrorx w

RAr fRåCE CÂI.C$LÅÎION

ETO'IT DTAGNå¡{

IF N

rr(r-u)

EI}

TÍRTTE OUIPUT
BmR.ÊCrIoN, ÐA'rE, EIME

TÍRITE OÏITPUT
RtrnÂoTIoN, TIETGËIF,

RAIfGE!I = frH

TO?AI, R@'RAGTIOI{
I'¡ ,n(r)

R. x 2A6254.8R

Å+RÂ

r.åITÅ (roc ¡(r) - T.,oc r(r + r))
RERAOTION

R.AITGE r ZfåIqÅ

OOTIPÏEE ZENTTE
arer,E (¿) zuor¡¡is

READ ]]çPUT
REHRÂffi'wE INÐs (¡(u))
EEreE (z(r)), u

R&TD II{PTIT
EEVÀgroN .AI[GLE,

TTME t{

o

o
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