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J. SAASTAMOINEN

~ . 2|
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P,
Fig. .w — Schematic illustration of astro—
nomical and photogrammaetric refractions
Q.wm_ and A8,). Notice that sateffite P,
viewed against the steflar background
appears too fow by an angle equal to
photogrammetric refraction A, .

In the ca i o
station, distans wm_.: M“ Mwﬁwhﬂwwﬁwzohﬂu_.mug H.mxm: from a terrestrial camera
fomon: ned Trom orbital efements or computed by the

g = _ 2.2 5

Ty =01 sin*z; — z\a_ulﬁ_.: rysinz, —d)? ~
>y ( Qu\:vuls_.nnm_lno:_v (46)
For departure d » we have from (30)
sin(Az)) ~ Az, = tan s ( RT,
w — sec N_+ME: zy(n; -1} +5
‘ cos(Az,) ~ | \.u_m (Az,)?
which gives
4= (ng - 1)RT, tan z, (ng-DT
_ 0
. v Pr—rycosz; |1 — tan’z, L {47}

Po H.,m

where correction term & = 81 -8, -8; +6
4

. is ex i i .
assuming an effective wavelength of 0.554 micr pressed in radians. Numerically,

ons,
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THEORY OF ATMOSPHERIC REFRACTION

d = 0.002317

@izl P Y 1335c0sz8”||1 = 0.000079 an? [ B} |ia7a)
cosz \ 1000 T

o

where d is thedeparture in kilometres, p is the total barometric pressure in millibars,
T is the absolute temperature in degrees Kelvin, z is the apparent zenith distance of
the satellite, and 8 is the correction term given in Table Ill on page 387 (B.G.
n” 106). Table V| gives the resulting values of A8, at standard atmaspheric pressure
and temperature for different zenith distances and orbital heights. The satellite will
appear too low against the stars ; the image displacement (in microns) near the
principal point of the photograph is equal to the tabular values multiplied by the
focal length of the camera {in metres}.

Table VI.

Differential Refraction in Microradians Between

Satellite and Stellar Background of White Stars

Apparent Zenith Orbital Height
Distance 250 km | 500 km | 750 km | 1000 km | 1500 km |[2000 km
10° 1.7 08 0.6 04 0.3 0.2
20° 34 17 1.1 0.9 0.6 04
30° 5.5 2.7 18 14 09 0.7
40° 8.0 40 27 2.1 14 1.1
50° 115 59 40 3.0 2.1 1.6
60° 16.8 838 6.1 47 3.3 2.6
70° 28.4 15.4 110 8.7 6.3 5.0
80° 69.1 41.2 309 25.3 192 15.8

Sunlight reflected from the satellite is nearly white in colour, and the
ditferential refractions in Table V| therefore apply to white stars only. Differences
in colour as well as in zenith distance of individual stars can be taken into account
by corrections to their astronomical refractions.

(n the case of vertical photography of the earth’s surface taken from an
orbiting satellite, the photogrammaetric refraction is obtained similarly by computing
first zenith distance z; from nadir distance 0, measured from the photograph :

ng—1)T
M___.:N.H “A—n\—._v ~|Imll.m.|l.tv m m.._.DQN Abmu
Pe Ty

or numerically, for A = 0.554 microns :

sinz = (15 /1y) [1 —0.000079 (p /T)] sin8 {48a)
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SAASTAMOINEN THEORY OF ATMOSPHERIC REFRACTION

sec2 = seczy + I_.-l% m....mnun_ —seczy)— I-n Amnnwm_lnmnn_vl By the substitution of (3*), integral (1*} breaks down into a linear
ry Ty function of six atmospheric integrals :
H w qv Ho X
- _+Mw@|:~&6mn_ +W<Q+C~@|:mﬁnu~_! AS =secz, {(n—-1)dr—A, (n—1)(r—-ry)dr +
n I
5
v RACRRVECEINE S r . , .
+A, (n—1)(n;—n)dr + A, (n-1}(r-r)dr~ BY
I n

into which we substitute the approximations

r A_.VA.:I.H
— -y =|—] =q;-n

|>»..-\.~ fn—1)(ny —n)(r—ry)dr—A;

I

. Asi_le:vu dr

LS Iy n,
Iy 3]
1 3 3
S Lo?:w == (y-1) = = (r—1,)’°
2 2 2r, The first term in equation (5*) is given by refractivity integral {(8)
3 3 discussed previously. The five remaining integrals will now be determined, as
3
Sy(y+ D (y-1P == (y-12=2 r t_vl?_ —n)f? = follows.
8 2 2| 4,
3 2_3 1 " 1 )ed
=—— (r—r1)*—=(a; —n)(t—ry) Integrals (n—-1)(r—r, r.
Mqu ry 1y
3 y(y +1Y (y-1)} = = r—r,)? Using the substitutions
“—m 2 T
and obtain Uu=n-1 <H?|:vn+~
secz =secsy — A (r—1)) +A) (n,—n) + A, (xr~1,)P - du = dn dv=(q+1)(r—r)%dr

Az {0y —n)(1—11) - A3 (r—ry) (3% and integrating by parts, we obtain for these integrals

where the coefficients are :

Ay

It

r’ ) n
Apnu.u.mvw.\. (n—1){r—1,)dr = !I_l..v-\. _TI:vn+Ha= {60)
. q+ifJ

(sec®zy —secz;)/ 1y

Al =secdz, —secz,

The values of the integrals on the right side have been determined

_ 5 3 2
Az = 3(sec 2y —sec” 2,)/(21y) t4*) previously in Part |, equations (20}, (28) and (29).

A, =3secSz,/r,

&
I
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J. SAASTAMOINEN

which added to the stratospheric component gives the total value of the integral

wp (ny 12T -(n°-1)2T, T°
-1 (t-ry)dr = — 1(n® 1) 1%
u\-? Y2 (r—1y)dr YT +5(n" - 1)*T°

(52)
and finally, in view of equations {50} and {20}

?_L:_u[?.f:a%
1-Rf/g

1’ Wm
AuI:A:_l:v:I:vaa HInMT:IC
r

R -T2y T

+ (-1 .
2g ~+E&m

+1%-1)2 1% (53)

Combining the results from the preceding developments, we may now write
on the basis of equation {b*) the following expressian for the range correction :

R 2 > 2 0 cn
AS Hl.ﬁnu;z_l:.—._flwl (sec® 2, —sec z,) (/-1 - (a"-nT '
’ g 1-Rp/g
0 ot
FOT-DTT 405486 - 5, - 8y (30%)
where

(n{ -1 T/ +L(RB/g)(n®— 1) T

R s
85 =— (sec®zy —secz)) [(ny ~ 1) T, -

8 24+Rp/g
3R3 ny -T2 —m®-1) 1"
b6 = 5= (sec’ z; — sec? Z1) (DT - DT +A=cJ:,~.ou +
r g’ (1-RB/g)(1-2RPB/g)
3R?
+ (sec® z, —sec” 7)1 - 1) (n®—1) T
Hmumn 1 H|Wm\m A _VA v
?
3R? (n;-13T1,%2 —(n°—1)T°
§; = sec®z, (ny—1) | — ! o_1y1ot_
e 1{m 1 _RB/g +(n"-1)T
2 o —1 Mi—.,..u..r 0 _1\2770
|%wn§wf Sl Sl T +1 (-1 7%
g 2+RB/g 2
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4
4 r—1 ..—.;ajl a|~ ..—..a
&g H_M_ﬂ sec” Z, (oy DT - (n ) +A==|:Hoa +
gt :|_~me_|m_~m\wv2|ww.@\mv
I15R* 1 o 0 0
4+ = sec'z; | 1- (=)0 -1TY +
dg | (-RB/p(1-2RB/g) :
15 R? ’ 1 o 1.0 0?
4+ ez 1 - — = (n®* -1)T
27 g ! 1-Rf/g !

represent minor correction terms, and the primed quantities refer to values corrected
for ground inversion, The formal accuracy of formula (30*) has been tested in
Tables I1Xa — IXc on the three atmospheric models introduced earlier. The
refractive indices were computed using the Essen and Froome formula for radio
microwaves,

23
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Tabla 1Xc.
Atmospheric Modet No. 3
{Arctic Zons)

r
Range Correction, A8 = f fn—I)geczdr, forz = 60°, 76° & 80°
51

5km |(n—13109 e (a=1)10% %ee2 Llm [(n— 1) 104 sz (n=1110 zecz
0-H 00

0 2 =60" | 2y =70° | 2,=80"| 2, =60"| 2, =70°| z, =80°] . 2;=60"| 2, =70"| z, =80" |z, =60" | 2, =70" | 2, =80"

0| 313.57 | 2.00000 | 292380 | 5.75877| 062714 | 0.91682 | Ls0se (| 183 | 2460 198482 | 286889 533617 | D.04883 | 0.07058 | 013129 integrais*

0.2 | 30260 |1.99988 1 2923361 5.75503 [ 0.60517| 088462 | 174149 )| 202 | 1838 [1.98313 ) 2.86200] 5.20420 | 0.03645 | 0.05263 | 0.09732] 0 - 16Kkm: | 087507 | 127879 | 251375
0.4 | 29211 199975 | 292290 | 5.75119| 058415] 0.85381] 1.67998)f 221 | 1373 |198144 | 2.85692| 5.25203 | 0.02721 | 0.09924 | 007215 16— B8km: | 237161 | 345773 | 673402
0.6 | 282.06 |1.99963 [ 292243 | 5747281 056402} 0.82432| L62111|| 24 | 10.26 197974 | 28509 | 4.21267 | 0.02032 | 0.02926 | 0.05349] 88— 24 km: | 123684 | 179310 | 338433
0.8 [ 27244 ]1999s0 | 29295 | 5.74351] 0.54475 0.79607 | 156474 || 26 755 |1.97796 | 234471 517109 | 0.01493 | 002148 | 003904 | 26 —40 km: | ©.12072 | 017337 | 031286
1| 26323 |199936 1 29147 | 573926 | 052629| 076902 | 15107 f] 28 556 |1.97619 | 2.23850] s.u3043 | 0.00098 | 0.01577 | vozese| 40 72 km: [ GOLE ;001388 | 002738

5 1.2 | 25440 | 1999231 292088 | 573506 0.50860] 0.74308) 1asem ]| 30 409 1197441 | 283213 506069 | 0.00807 | DOLISS | 0.02081 | Ramge Comection, | " ca1s 12952

14 | 24595 | 199909 292048 | 573100 049164| 0.71823] vLavsas|] 32 301 [1.97264 | 2.82613| 5.05184 | 0.00593 | 0.00850 | 0.01519| metres: - -

16 | 237.81 | 1.99896 | 2.91997 | 5.72678| 0.47537| 0.6s4s0! 1.36180)( 34 221 [ 1.97087 | 2.82007( 5.01387 ! 0.00436 | 0.00624 ; 0.01108] Formuia 30*};

16 | 237.81 | 190896 | 201997 | 572678 047337| D.esas0| 1.36189| 36 163 [1.96911 | 2.81401 497675 | 0.00321 | 0.00458 | 0.00810 1%t term - 46287 69667 | 13421
ol ol et o e e R P oo e Do o S e B e
4.3 17860 | 199679 2.91204 | 566192 035663 0.52009) 1,01122 40 088 | L96S6L| 2.80202| 4.304%8 | 000173 | 0.00247 | 0.00432 55 . o-omz 0'0015 u.usm
2 ) 16162 | 199s0s| 290935 | 5.6a032) 052260| 0401 | msnrenll 048 | 196213 | 279019 4.83631 | 0.00094 | 0.00133 | 0.00231 56 : o e >

48 0.26 | 1.95867; 2.77852| 4.77054 | 0.00051 | 0.00072 | 0.00123 -by 2 -0 -0 ~0.0095

6.1 | 14590 | 199531 290664) s.61876) e29112| n42408| 081976 42 0.4 |1.95524] 276703 4.70750 | 0.00027 | 0.00039 | 6.00066 -8 : [0.0000 | -0.0001 . -0.0088
| el 2w o o | 95| s s | s | o | T
a8 | 10567 | 1993087 289843 | s.55444] 021060 030627] 058692|] ° 004 | 184844 | 2744511 458886 | D.OCOCH | 0.00011 | 0.00019 * See footnate to Table Lia.

= 64 0.02 |1.94508] 2.73349| 453296 | 0.00004 | 0.00006 | 0.000K0

B8 | 10567 | 1.99305| 289843 555444 01060 030627 0.586%2( o 001 | 194174 | 272351| 447916 | 0.00002 | 0.00003 | 0.000DS

107 | 7885 |199145| 285266 | s.s1026| 0.15722| 022637) 043503l . 0.007 | 1.93843 | 271189| 442732 | 0.00001 | 0.00002 | ©.00003

126 | sess |19mss2| 2.88679| saes1o] 011737 na70zsl 032243

145 | 4407 | 198817 2.88086| 542223 0.08762| 0.12697 0.23897

164 | 3293 | 198650| 2.87488| 5.3738B| 0.06541| 009467 u.nml
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J. SAASTAMOINEN THEORY OF ATMOSPHERIC REFRACTION

Ho
and
-\. ?l_vnaa..umwl?_l_vu T, (59)
w -
n g O .\. T \-8/(RA)-2 T =
Substituting the values of the atmaspheric integrals into equation {58), we -\~ T? mq_u Ty
obtain the following formula for the geometric correction :
-vg{(Rp)-1 R e
L] * 1 €y 1 A; n = — — I+ n
R (n{ -1 T, +5 (RB/g)(n®—1)* T® =— — + R8T
8, = — (sec® z; —sec zy) 12 - T, | vg/(RF +1 1T vg+RB
B 2 2 +RpB/g BTy | ve/(RB) 1
r R ey
7 N1V T2 _(n® 132 T°T0 £ l4 = _ =2 (63}
B mwu so0° 2, (ny 1P T - (a® - 1P T T TR i .\. Tp i P 11 £
4r g 2+ RB/g 2 !
2
-2 ; s6c® 2y (nf 1) 1,7 {60} This gives a correction for vapour pressure
g
— R Coy? 1

where the primed quantities, as before, refer to values corrected for ground 5. = (no—1)RTy 1-—- M v _ 2w hud B v T sec z, ey (64)
inversion. At a maximum zenith distance z; = 80° , the geometric correction v Vpog Ryl vs ve/R+ !

amounts to about 0.03 metres. It can be readily included in the range correction
by modifying appropriate terms in equations {31*}.

which must be added to range correction (5*).

Corrections for Vapour Pressure. The contribution of humidity to the second term in {5*)

The amount and distribution of water vapour in the atmosphere varies Re,,»
greatly according to the prevailing conditions  of evaporation and condensation, i - v, mﬁcm\w+3
Assuming that the vapour pressure decreases with height in a similar manner as
total pressure {16}, we can write

tan? z, sec Z; ey

and to geometric correction {58}

T \- v8/(Rg)
e =¢ | -— {61) Re,,»(n; —1)
.Hu + w tan’? Ly Seciy eq
g(v+1+2RB/g)T,

where ¥ is a numerical coefficient determined from local observations, Equation

101) provides a convenient maans for the evaluation of various humidity integrals | are further corrections for vapour pressure, both derived on the hasis of equations
for the parpose of refraction. (61} and (7), that might be considered in the range correction. They amount wo
. . i in vi inty in the
To determine the contribution of humidity to refractivity integral {(8),we . less than one percent of correction 8.& m:m__ in view of H:.m c.:om:m Y
have from (61} determinaticn of the latter, may be omitted in practical applications.
At a maximum zenith distance Z; = 80° , and assumning an meumqmom value
2dr = o LR CA d R C r of ¥ = 4, vapour pressure correction (64) may under extreme conditions exceed
m.. ql _W.A.IH .H.l_. = ﬂw °F 2.5 metres in the radio range, and 0.03 metres in the laser range.
r
e R i
T =, o 62 |
1 VT ve

30 ” 3
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J. SAASTAMOINEN

where i i i
¥ is the latitude, and H is the station height in kilometres above the sea

. .—..mn.n D -
Q’.m_ ___m correction or 15 equal O unit mDh sea _m(..m_ stations n ﬂ_-m __Qﬂ_m

Accuracy of the Determination of Range Correction

T \ .
oy the mm”M ch_”d“_%m _o*_” ray, as observed in the astronomical refraction. is caused
cal phenomenon which alters the d of ti
errors which affect the determinati oton ar6 therators moate
ination of the range correction are th
¢ : arefore clos:
reiated to those involved in the determination of astronomical refraction W

In laser ranging, the maximum i
: . 8rrars in range correction at = 80°
may be considered to consist of the foHowing : . "
w0’ el
Departure from hydrostatic equilibrium 1.5 cm %
Tilt of isopycnic surfaces 20 cm *®
Error in formula (56a) 1.0 cm
Local error in correction factor B 20cem
Local error i i .
in correction term mr 0.5 cm

Total maximum error 34 cm

From the i i > o v.ﬁ-.s_.qr;
se round figures it can be roughly estimated that for zenith distances not

mxnma m—.-ﬂ mo Qmm ees .n—.-m stand
r 3 [
m rd error o _m:mm oarrectian Am@mv cc___ amount to

T .
bt ton Mw: Mﬂm%_amﬂa mﬂaq:o* range correction {b6b) for radio ranging is probably
s greater. tn this case, the most important singt i
to local variations in the verti istributi i o ooy e e
ical distribution of humidit i
. y which may cause an error
of up to one—fifth of the standard correction for vapour pressure.

Reference in Part I}

International Association of Geode i
sy, Resolution No. 1 of th
General Assernbly, Bulletin Géadésique, No. 70, p. 390, 1963 ore 18

4N Sep My, 10¢ P 390 for &,ﬁ&mmﬁv: Sng_rhﬁwN
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M.T. PRILEPIN
Moscaw Institute of Geodesy, Aerial Surveying and Cartography
Moscow, USSR.

TRANSMISSION OF PLUMB-LINE DEFLECTIONS
BY GROUND OBSERVATIONS IN POLARIZED LIG

Abstract

The problem of Yansferring astrogeodetic plumb—lihe deflections along
the net by measuring angle dpmponents between the plumbAline, produced by the
direction of electric vector Yof a linearly polarized lighf wave is discussed, A
mathematical solution of the prpblem is given and a blglck—diagram of a photo—
electric device for measuring anglé\components betwee plumb—lines is considered.

[+]

In establishing geodetic nets in mdynfainous regions the problems invoived
in the determination of plumb—line deflectigy at every station of the net takeonan
especially great importance, The difficulfies Bncountered in obtaining astronomic
coordinates at every peint by purely agfronomig means and, as is often the case, in
the absence of the necessary gravirgetric data,\all for some other ways 10 be
investigated for the solution of the/roblem [}

in what follows we déscribe one of prackcable methods to transfer
astronomic coordinates or astrg—geodetic plumb—line dgflections along a geodetic
net, point to point, where pfojactions of the angle betwagn plumb—lines into a
plane perpendicular to the fine of sight are used as measurey guantities.

Since under gengral conditions the atmosphere is not gptically active, and
reflection angles are sméll, the polarization plane of plane—palariged light does not
show any appreciable’bending.

As a resylt, the above mentioned projected angles can bg measured as
follows. L=t a solirce of plane—polarized light be set at ong of the\stations. The
plane in which the electric vector oscillations take place must be oriefted paratlel
1o the plumbAZline at that station, and the beam pointed at station 2. 1f she axis of
the receiving system analyser at station 2 is oriented parallel to the plumbiclines at
that poiny, then the value of the light—beam passing through the analyser \Will be
the meafure of the angle between the plumb—lines projected into the plane ich
is nordial to the line joining the two stations.

To obtain the necessary formulae let us denote the astronomic and t
adodetic coordinates of 3 stations by @i, \; and B;j and L; , respectively where
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