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1
INTRODUCTION

The fair, veiled form of Venus moves in prudent nearness to the guardian sun.
She is thus scen seldom, and never scen well, by the observers of the night.
As her devotees well know, she is best pursued by day, or in bright twilight.
And some of her best-kept secrets are reserved for those bold few who will gaze
into the very eye of the sun, to find her at inferior conjunction, or at transit.
I'here, her outer and diaphanous draperies gleam in the through-shining sun-
light. T'here, the eye can find a spectacle of rare, delicate beauty. As she approaches
within 15 degrees of the sun, out from the needle-pointed cusps of the shm
crescent grow two faint, blue-white threads of light. Slender they are, beyond
the resolution of any earthly instrument, yet their length makes them casily
visible in the smallest of telescopes. As Venus approaches nearer to the sun,
these bright threads extend themsclves along the dark rim of the planet until
at last the dark Cythercan disk stands encircled in a ring of light.

To this vision of the eye, the mind adds broader vision of its own, of high
decked, sun-blazed cirrus floating in the clear, thin cytherean air above the
dark shoulder of the planet; the twilit sky upon that distant world. Further,
a skillful eye-estimate of the angular extension of those threads of light, plus

1



2 J. B. EDSON

simple calculation, yields the height of that bright cloud sheet—with an accuracy
of a few hundred meters across a distance of some 24,000,000 miles. Of such
are the twilight phenomena of Venus. Like some others of Nature’s best kept
secrets, they lie open to the simplest of access; unseen because they are unsought.

TWILIGHT EXTENSIONS OF THE VENUS CUSPS:
OBSERVATIONAL RECORD

In 1790, Johann Hieronymus Schroeter of Lilienthal discovered that the thin
crescent of Venus near the sun could be seen extended far beyond the half-
circle. The phenomenon was confirmed by William Herschel, who engaged

Fic. 1. Venus, 25 June 1940, showing the dark hemisphere outlined in light scattered
from material suspended in the Venus atmosphere. Photographed by the Planet Group.
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Schroeter in a spirited debate about the measurement and interpretation of it
Guthric in 1842 was the first to see the extensions coalesce into a complete ring
(Fig. 1). Since that time, a number of people have seen and measured the cusp
extensions. Their results are assembled in Table 1.

TABLETA

OBSERVATIONS OF ViNts Cusp Extensions, 1790-1898¢

Nhimi-
Angular Height  mum
Elon-  Cusp extent of elonga-
gatton  exten- of  scatter-  tion
of stion  twihght  mg at con-
Venus  angle  zone layer  junction
Observer Date Thine v’ p' s* h(meters) e
Schroeter 1790 Mar. 12 Daylirht 12 42 15719" 2 20° 5100
1793 Nay 21  Daylight 9 28 1928 219 5040
1794 Dee. 20 Daylhight 19 04 1156 227 5630
Dec 22 Twilight 16 24 1358 233 6120
1795 Jan 10 Twihght 12 50 1809 234 6260
1794 Dec 15 ''wilight 25 20 1210 331 11600
17 Twilight 23 00 1222 314 9750
18 Twilizht 21 35 1515 346
19 ‘I'wihght 20 24 1429 32 10400
20 T'wihght 19 04 1723 344
22 Twihght 16 25§ 2022 346
23 ‘I'wilight 14 42 2207 338 12250
Herschel 1793 May 20 11 42 1500 1 54 3400
20 11 42 2407 3112 9530
Guthrie 1842 Dee 90
Maedler 1849 Mav 9 6 16’7 10’ 35 300
10 578 225§ 71 1300
11 357.1 275 65 1100
11 3365 275 59 900
12 3257 30 61 950
12 3257 30 61 950
12 3264 30 61 450
15 6254 175 69 1220
16 7369 15 71 1300
Secchi 1857 May 8 418 19 36’ 600

3.3 Dee

C‘on-
junc-
tion
date

84 Nar 18
1.4 Nay 27
33 Dec. 30

30

14 May 27

16 Dec. 17

-32 May 12
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TABLE I A (continued)

MNini-
Angular Height mum
Elon- Cusp extent of  clonga-
gation cxten- of  scatter-  tion Con-
of sion twilight 1ng at con- junc-
Venus angle zone layer junction tion
Observer Date I''me v’ p° s’ h(meters) o, date
Lyman 1866 Dec 7 6 25 20 79 1630 -+ 0.5 Dec 11
10 124 920 46.4 550
12 152 90 655 1100
12 204 90 74 1850
14 506 25 77 2000
15 643 15 60 900
18 1123 11 78 1150
Winnecke 1871 Sept. 25 90 ? 8.2 Sept.25
Lyman 1874 Dec. 8 032’5 90 ST -100 Transit Dee 9
10 2317 4941’ 681 1200
11 4025 2638 633 1050
11 4204 2543 25 43 66.7 1100
12 5583 1741 634 1050
Barnard 1890 Nov 29 (Note. S cusp extension longer, more slender than N extenston)
Dec 1 528 45 105’ 2800 —05 Dec 4
5 328 80 79 1600
7 50 ?
Russell 1898 Nov. 29 445’7 37 75 1500 —10 Dec 2
Dec. 2 2300 90 =-64 1100
7 13 11 11.3 66 1150

“ Based upon a tabulation by H N. Russell

Henry Norris Russell in 1899 observed the complete circle. He developed
the correct concept of interpretation and gave the simple gcometric theory
required for the calculation of the angular size of the Venus twilight arcs as
well as the maximum height & at which the scattering material can be seen
above the opaque lower cloud deck of the planet. His approximate cquations
for those two quantitics are:

_r
20
h == (secs — 1)R

s4 1" =5 -esinp
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TABLE I B

OBSFRVATIONS OF VENUs Cise ExreNstons, 1906-19407

Approx
mint-
mum
Plancto- clon-
Elon-  Cusp conttie Seat-  pation
gation  pro-  angle  tering  atcon-  Con-
of lon-  of twi- height  junc-  junc-
Venus gation  light h tion tion
Observer Date Time v » s" (meters) oy Date
Russell 1906 Nov. 27 4.55" 20" 58’ 850 172 Nov. 29
Dec 4 723 105 45 500
Danzsel 1906 Nov. 27 1.83 90 62 1000 1.2 Nov. 29
Rabe 1913 Apr. 21 831 1246 6372 1080 P S3 Apr. 24
22 724 1391 6151 1000
27 6.60 1642 6680 1150
29 868 1409 7712 1950
30 9,95 1111 6894 1200
Mav 2 1260 720 5482 780
Campbell 1918 NMar. 2 3b GM'T .25 77 Feb 9
S 4.5
Graff 1921 Apr 12 1698 550 5677 800 156 \pr, 22
13 1575 742 7388 1450
17 1040 1573 10650 1500
21 657 1316 5131 680
22 6.06 2094 7945 1650
23 594 1222 41.34 400
26 814 937 4419 500
May 2 15.35 1432 14748 5600
Richter 1937 Apr. 12 1130 663 4333 500 60 Apr IR
Richter 1940 June 14 1817 172 118 100 28 June 27
17 1449 540 46.2 550
17 1405 416 317 300
18 1264 967 780 1600
19 118 1179 848 1850
21 839 1883 1025 2600
July 1 800 2094 1088 3060
6 1493 854 823 1700
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TABLE I B (continued )

Approx.
mini-
mum
Plancto- clon-
Elon- Cusp centric Scat-  gation
gation  pro- angle tering atcon-  Con-
of lon-  of twi- height  junc-  junc-
Venus gation  hight h tion tion
Observer Date Thine 7 P s” (meters) 7, Date
Rabe 1937 Apr. 12 625GMT 1117 1340 9687 2400 —60 Apr 18
18 562 648 2073 84.61 1850
20 640 737 1562 71.69 1300
24 507 1142 1504 11256 3250
Rabe 1940 June 18 618 GMT 1274 982 7737 1600 28 June 27
18 660 1268 1191 9877 2500
20 615 983 1860 12048 5900
20 656 977 1945 12544 6300
21 592 850 1640 8964 2060
23 457 574 2175 7818 1600
23 468 5.73 2878 10469 2780
Note.,
S. cusp measured ~— 23 475 §73 3456 12529 4000
23 516 560 3007 108 34 3050
23 520 567 3047 109.56 3100
23 524 5.66 3255 11669 3450
25 452 328 45 8622 1900

* As collected by W Rabe

where ¢ twilightarc alongthe surface of Venus perpendicular to the terminator
11" - allowance for the finite angular size of the sun as seen from Venus,
which is 44
r  distance from earth to sun
p = distance from Venus to sun
¢ — angle between Venus and sun as seen from carth
R - radius of Venus
p — angle of cusp prolongation beyond the theoretical cusp, as measured
from the center of Venus.

Russell reviewed all obscervations to that date, and reduced those which gave
sufficient data for the calculations of s and A. He estimated that for the “brighter
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TABLE 1C

OnservATIONs OF VENUS Cusp Exiensions, 1938 1960

Mimi-
Angular Hetght mum
Flon-  Cusp extent of clonga-
gation  exten- of scatter- tion Con-
of sion  twibight ing at con-  junc-
Venus  angle zone layer  junction tion
Observer Date 'I'ime v P s’ h(meters) o date

Shipher
and
Edson® 1938 Nov 16 15:30MST 6°52 1315 2:164 4390 -28 Nov. 20
120 0759 549
17 14:30 515 423, 1209 1400
—11 0.494 479
17 15.30 5.00 » 35, 0.794 3030
15. 0.709 479
18 11.40 4.06 1 45.5 1.813 3080
—14  0.494 239
19 10:00 3.23 i
—-90 2044 3940
19 15:00 310 4
—90 1.953 3600
20 14.00 3.00 | 90.
- 90 1 886 3320
21 12:00 3.40 480 2123 4180
—25  0.806 597
22 10:50 4.61 163 2699 5950
—17 0796 525
24 0950 7.37 437 2873 7690
16 1216 1383
Planet
Group: 1940 June See scparate tabulations of results: measurements fiom photo-
Edson, graphic record.
Wright,
Winget,
Canright,
and
Meinel

* The Shipher-Edson data are the result of measurement of the first photographic
record of the Venus cusp eatensions (see Fig 2). In the column headed p | refers to
the advancing cusp, - refers to the retreating cusp, as Venus moves past the sun. Venus
passed south of the sun at this conjunction.
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TABLE I C (continued)

Mini-

Angular Height mum

Elon-  Cusp extent of elonga-
gation  exten- of  scatter- tion Con-
of sion twilight ing at con- junc-
Venus angle 2zone layer junction tion

Observer Date Time v° p° s°  h(meters) g date

Naef 1950 Jan. 22 N. Horn +7.2 Jan. 31
15°
S. Horn
15°
Jan. 30 N. Horn
23°
S. Horn
17°
Feb. 2 N. Horn
17°
S. Horn
18°
Tom-
baugh 1950 Jan. 31 7.2° E.Horn 20 3740 +7.2 Jan. 31
(unpubl- 25°
ished W.Horn 0.27 57
commu- 5°
nication)

Edson 1954 Nov. 14 1200PST 4° E. Horn 2610 —3.7 Nov. 15
44°
W. Horn 540
19°

portion” of the cusp extensions, that is, those seen by observers through the
normal atmospheric haze prevalent at most observing stations, the angular
extent s of the twilight zone is about 68’ of arc and the height 4 of the illuminated
scattering layer is in the range of 800 to 1200 meters. For the longer, fainter
cusp extensions seen by Schroeter and others in clearer air he calculates s at
about 3°21' and the height of the scattering layer % as around 11,600 meters.

In subsequent years there have been a few more observations as cataloged
in Table I. However, the state of knowledge remained substantially unchanged
until 1938, when the phenomenon was first photographed at Lowell Observatory.
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TABLE I D
DISTRIBUTION OF k& Vvs. POsITION ANGLE.® JUNE 1940 INFERIOR CONJUNCTION OF VENUS®
No. of No. of
observa- observa-
Position tions Position tions
angle in 5° h angle in 5° h
(deg) interval  (meters) (deg) interval  (meters)
5 0 — 185 5 4610
10 0 — 190 4 8650
15 0 — 195 1 11000
20 0 — 200 0 —
25 0 — 205 0 —
30 0 — 210 0 —
35 0 — 215 0 —
40 1 1780 220 0 —
45 1 2830 225 0 —
50 4 2670 230 1 4030
55 2 1072 235 0 —
60 1 2693 240 2 3200
65 4 909 245 0 —
70 1 1460 250 1 2460
75 0 — 255 0 -
80 0 — 260 0 —
85 2 494 265 0 —
90 0 — 270 0 —
95 0 — 275 2 3030
100 0 — 280 0 —_—
105 1 1410 285 1 1950
110 2 1870 290 0 —
115 0 — 295 1 6970
120 0 - — 300 1 6970
125 1 891 305 3 5470
130 2 1240 310 3 3845
135 0 — 315 1 1857
140 2 1670 320 1 1318
145 3 1930 325 0 —
150 2 2780 330 0 —
155 2 2760 335 0 —
160 5 3040 340 0 —
165 5 4520 345 0 —
170 7 3110 350 0 —
175 5 3110 355 0 —
180 3 3165 360 0 —_

4 Position angles measured eastward from the N. points.

® Composite histogram: Summary of all determinates of the height of the scattering
lager in the Venus atmosphere by the Planet Group (Edson, Winget, Canright, and
Meinel).
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TABLE 1E

DALy AVERAGES FOR SCATTERING HEIGHT A IN Five CoLor Banps: PLANET GRoupr
PHoTOGRAPHS, JUNE 1940

Scattering height & (meters)
+ Cusp — Cusp

Date  Ultra- Infra- Ultra- Infra-
(1940) violet Blue Yellow Red red violet Blue Yellow Red red

June 22 — 2960 4080 1740 3420 — 2560 6100 1160 6880
23 — 1340 — 1590 2680 — 5000 — 2990 4080
24 915 1010 915 700 1460 2040 1860 4030 3660 4050
25 1770 1950 1400 457 520 3350 3260 3350 3350 2980
26 1220 1250 1590 885 1830 2440 2020 1890 1830 2200

27 —  — 2440 2540 1460 2440 — 3450 2920 4020
28 — 1040 3500 4020 —  — 1890 3230 2830 —
29 — - - = S

30 7320 7860 3840 7620 3510 3810 2200 4640 6950 1830
July 1 8540 >8540 2620 3660 — 5300 7900 1340 4020 —

Average 3950 3240 2550 2580 2120 3240 3339 3500 3300 3580

Average,
4 and — 3595 3285 3025 2940 2850

Examples of these photographs are shown in Fig. 2. Results of this first photo-
graphic record were as follows:

1. Measurements of the photographs yielded values for the diameter of
Venus. At inferior conjunction, the width of the cusp points is far below the
limits of instrumental resolution. Consequently, irradiation effects are almost
exactly symmetrical about the true edge of the planet. The measuring engine
can be set to quite precisely bisect the image at the cusp points; the resulting
diameter determinations have a small internal probable error. The usually
troublesome irradiation systematic error is absent. The diameter determinations
are at unit distance (one astronomical unit):

In red light, from 19 selected images, 16’898 + 0"015.

In yellow light, from 9 selected images, 167938.

In blue light, from 4 selected images, 16"'973.

The slight increasing trend from red to blue is perhaps suggestive, but is
probably not significant and should not be made the basis for the notion that
the apparent diameter of Venus varies with the wavelength of the light in which
it is observed..These measurements do offer a reliable and accurate value of the
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diameter of Venus between points within a few hundred meters of the effective
upper surface of the opaque cloud deck, this value being 16”919 4 0"'012.

Fic. 2. Venus, 19-22 November 1938. Selection from the first series of photographs

ever made of the Venus twilight cusp extensions—Lowell Observatory. On 20 November

the dark rim of Venus was completely outlined by the twilight of her atomsphere. On

the 22nd, a bright red segment appeared, as indicated by the arrow. Note the marked

dissymmetry in length and brightness of the two cusp extensions on 19, 21, and
22 November,

2. The twilight cusp extensions are of very similar general appearance in
the red, yellow, and blue photographs, as recorded against the light or the
terrestrial sky near the sun. This agrees with the visual observation that the
cusp extensions are generally bluish-white.

3. However, reddish bright spots appear in local areas along the twilight
cusp extension. An exceptionally prominent one is shown on the image (taken
in red light) of 22 November 1938, in Fig. 2. Photometry verifies that this spot
represents an addition of red light with no appreciable absorption in the blue.

4. The distribution of the brightness along the cusp extensions in red and
blue light was measured photometrically (Fig. 3). Interpretation of these photo-
metric curves led to a model of the upper scattering layer that will be discussed
later.

5. The cusp extensions are markedly unsymmetrical, as is evident in Fig. 2.
As the planet moves past the sun, the illuminated crescent sweeps around the
rim of the planet and the cusp extensions scan out most of the planetary rim.
Calculation of the scattering height A, according to Russell’s formula, and a
plot of the results around the rim of the planet yielded the striking and suggestive
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pattern shown in Fig. 4. At position angles in the southwest quadrant (as
projected in our sky), the observed values of 4 ranged between 3000 and
7700 meters. The prominent red spot was also observed in this quadrant near
the south point. In the northeast and northwest quadrants, the A-values were
between 300 and 1400 meters, corresponding to relatively short twilight cusp
extensions. This pattern is suggestive of some relationship to the meteorology
of Venus, and perhaps to its rotation.

BLUE

10,000 FT

Fic. 3. Photometric curves of the cusp  FiG. 4. Distribution of h, 16-24 November
extensions, 22 November 1938. These 1938. Distribution of scattering height &
Lowell Observatory curves are from around the Venus rim, compiled from meas-
photographs in red and blue light. urements of the Lowell Observatory photo-
Results for the two colors are similar graphs of 1938. Note the asymmetric height
except in the region of red brightening.  pattern which corresponds to the dissymmetry
of the cusp extensions, & + R(secs — 1).

The prospects thus opening up led to the formation of the Planet Group,
a privately supported group of graduate students at the California Institute of
Technology. The group consisted of E. Wright, R. Canright, J. Winget,
A. Meinel, and J. Edson. With friendly assistance from many quarters they
assembled at the Smithsonian Solar Observatory Station at Table Mountain,
California a special set of equipment for the observation of the Venus inferior
conjunction of 27 June 1940. A unique item of equipment was the sunshade,
mounted on an aluminium mast and arranged so that it could be moved along
by a system of ropes and pulleys to follow the sun across the sky. From its
shade, the telescopes peered out at Venus. This observing setup is shown in
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Fig. 5. The observing instruments were the Smithsonian Observatory’s 6-in.

refractor for visual and Roger Hayward’s 6-in. reflector for photography.
The resulting photographic record contained more than 2000 Venus images

in five colors bands taken in the interval 16-24 November 1938. Figure 6 is a

Note the special sunshade which was moved

quipment of the Planet Group on the grounds
along by a system of ropes and pulleys to shield the telescopes from the sun’s direct rays.

, June 1940. The e

onjunction

of the Smithsonian Solar Observatory, Table Mountain, California.

F16. 5. Observing Venus at inferior ¢
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series containing one image for each day. Another series of images in the five
color bands from ultraviolet to intrared is displayed in Fig. 7. The appearance
of the cusp extensions is generally similar in all colors, again confirming the

Fic. 7. The cusp extensions in five color bands, June 1940. UV = ultraviolet; Eastman

lantern slide with ultraviolet filter. AES = blue; Eastman lantern slide with aesculine

filter. T = yellow; Eastman 3T plate with Wratten K3 filter. F -~ red; Eastman 3F

plate with red filter. N = infrared; Eastman 3N plate with infrared filter. One image

for each color band, all taken on the same day, is here presented. Cusp extensions appear
gencrally similar in all color bands.

blue-white appearance reported by visual observers. This bluish tinge is further
substantiated by the fact that the average of measured A-values tends to increase
slightly and progressively from infrared to ultraviolet, indicating that the cusp
extensions could be seen and measured through a slightly greater angle in the
shorter wavelengths, as shown in Fig. 8.

A check for gross polarization effects was made by photography through a
polaroid filter in each of the five wavebands. As was expected, no detectable



16 J. B. EDSON

2000

Scattering height A (meters)

1,000+ E

1 1
UV Blee Yellow FRed IR
Color =—»

Fic. 8. Average h-value vs. color, 22 June-1 July 1940. Planet Group photographic

data. UV = lantern slide, ultraviolet filter. Blue = lantern slide, aesculine filter. Yell-

ow = 3T plate, K3 filter. Red = 3F plate, red filter. IR = 3N plate, infrared filter.

Shows tendency for cusp extension tips to appear slightly brighter in comparison to sky
background, hence slightly longer, in shorter wavelengths.

polarization was found. Figure 9 is a pair of images polarized at right angles to
each other.

N/

Fi1G. 9. Polarized pair, June 1940. Polarization parallel and normal to theoretical line
of cusps, respectively. No appreciable polarization effects are shown.

Figure 10 displays the pattern of scattering layer heights 4 around the
planetary rim in the five color bands. The patterns are all similar, and have
been averaged together over ten degree intervals to produce the summary of
the h-pattern around the Venus rim shown in Fig. 11. The Lowell Observatory
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1938 results have been plotted in Fig. 11, along with a few other points, for
comparison. This pattern, and the photographs shown in the several figures,
display the same kind of dissymmetry of the cusp extensions that was observed
at Flagstaff in 1938. Being more complete, it suggests even more strongly a
systematic pattern connected with the general circulation of the Venus atmo-
sphere.

HOOOO T

”

F1c. 10. Scattering height distributions in five colors, June 1940, showing the general
similarity of h-distributions in all colors.

The scattering layer is high at the south point. Though data are lacking at
the north point, the neighboring trends suggest a small value there. The fact
that 4 is large at the south and small at the north in both the 1938 and the 1940
conjunctions is is interesting because the two conjunctions occurred in November
and in June, respectively, on roughly opposite sides of the Venus orbit. There
is more of similarity than of difference in these two atmospheric height patterns
for very different Venus seasonal dates. This independence of seasonal date
would be compatible with an axis of rotation nearly perpendicular to the Venus
orbit plane, including the case in which the planet would keep the same face
toward the sun. If the period of rotation is shorter than that of orbital revolution
and in the same west-to-east sense as that of the earth, the east-west dissymmetry
of the 1938 and 1940 scattering height patterns would indicate high clouds at
dawn and low clouds or haze at sunset in the temperate and equatorial regions.
However, the rather scanty evidence from observation of other inferior con-
junctions does not support the assumption that the general 1938-1940 pattern
is a permanent one.

Between 1940 and 1961 there appear to have been only a few sporadic observa-
tions. Two of them, one by C. W. Tombaugh on 31 January 1961 at the White
Sands Missile Range and the other by J. Edson with a portable telescope near
Mt. Wilson, California in 1954, showed cusp inequalities similar in character
to those recorded in 1938 and 1940. Both of these yield scattering heights 4
in the NE and SE quadrants that are moderately higher than those found in
1938 or 1940. But both indicate very small values of 4, about 100 meters at
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most, at a point about 20° south of west on the west rum where the height of
the 1940 pattern would have been around 5000 meters (Fig. 11).

What can earlier observations contribute to knowledge of scattering height
distribution around the rim ? Unfortunately, not much at present. The observa-
tions, visual and photographic, in 1938, 1940, and since, indicate that inequalities
in the cusp extensions are so common as to be the rule, and so conspicuous as
to be obvious. Yet in the history of the observations there is little mention of
these inequalities between the time of Schroeter, who often noted differences
between the cusp extensions and discussed them at some length, in the 1790’s
and the conjunction of 1938. That so conspicuous and so significant a difference
between the cusps should have been unnoted by a series of experienced observers
engaged in the quantitative measurement of the cusp extension angles whould
appear truly remarkable. Yet there is strong evidence that it can have happened.
This is shown by Rabe’s record of his 1940 visual observations. Observing
the same conjunction as that recorded in the 1940 photographs, he measures
and records in the traditional way, under the assumption that the cusp extensions
are equal—except for one occasion, on 23 June. On that day, Rabe noticed that
the south cusp extension appeared longer and stronger than the north extension.
He made one separate measurement of the south extension, and this agrees
with the values measured from the 1940 photographs. But the other measure-
ments he made on the same day were on the usual assumption of cusp equality.
He made no measurement of the north extension, but it can be correctly cal-
culated on the assumption that Rabe was following the common practice of
making a single angle measurement, namely, that of the angle around the
unilluminated rim of Venus between the tips of the two twilight cusp extensions,
subtracting that quantity from 180° and assigning half of the remainder to
each cusp. The degree of cusp inequality which attracted his notice to the
extent of one measurement out of the six measurements he made on that day
is portrayed in the photograph for 23 June in Fig. 6.

The modest amount of recoverable information about cusp inequalities, or
of occasions on which the two cusps were specifically compared and found to
have equal extensions, can be set forth in a brief space. Schroeter, as mentioned
above, often noted and verbally described inequalities in length and brightness
of the two cusp extensions, but recorded few numerical measurements. One
set of his measurements at a time when he explicitly stated that the cusp exten-
sions were equal are plotted in Fig. 11 and indicate that, at that time, 23 De-
cember 1794, the height of the scattering layer near the north point was around
10 km. This one old observation is in fair agreement with the 1940 pattern
near the south point. But it is the only available quantitative measurement of
high A-values near the north point. Schroeter summarizes his qualitative observa-
tions of the cusp inequalities with the statement that the north cusp extension
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was longest in the conjunction of March 1790, and that the south cusp extension
was longest in the conjunctions of May 1793 and December 1794.

Lyman on 12 November 1866 saw Venus as a complete ring of light when a
passing cloud shaded his telescope objective against the direct rays of the sun.
He says nothing about the distribution of brightness along the twilight side of
the ring, but he saw the sunlit part of the crescent dim between 25° and 50°
away from the crescent vertex toward the north cusp; that is, just north of the
east point on the crescent rim. He reports that this dim spot had disappeared
before the time of his next observation, on the 14th. Bright and dark irregulari-
ties were also observed along the sunlit part of the crescent on the photographs
of 27 June 1940.

It is not certain how these observations of the sunlit side of the crescent
should be related to the observations of irregularities in the twilight cusp
extensions, but both must reflect some large-scale nonhomogeneities in the
Venus atmosphere. In the 1940 case, the dim sector of the sunlit crescent appears
at a position angle on the rim corresponding to a sector of relatively low scattering
height values in the 1940 cusp extension pattern.

Barnard, at Lick Observatory, states that on 1 December 1890 the south
cusp extension was longer than the north, but his measurements do not reflect
the difference. Assuming that the south cusp was between 10° and 20° longer
than the north, his measurements of that date can be roughly reconciled with
the 1938-40 pattern. However, his observations of 5 December are about
one-third of the 1940 values.

In 1898, Henry Norris Russell explicitly looked for inequalities in the cusp
extensions, and found none. His assignment of equal extensions to the two
cusps was thus meaningful, and his observations can be used to determine a
pair of points in the Venus scattering height pattern, as shown in Fig. 4. Russell’s
measurements of the cusp extensions correspond to small height-values, probably
because he observed through a relatively bright, hazy sky. The equal lengths
and relative shortness of the cusp extensions as he observed them, and the
smooth symmetry of the extensions as he saw them extended to a full circle
on 2 December 1898, seem inconsistent with the patterns of 1938-40. However,
the brighter parts of the cusp extensions, where the haze layers a kilometer or
less above the opaque surface are illuminated by the sun and visible to the
terrestrial observer, tend to be much more symmetrical; the major dissymme-
tries occur in the light from the fainter, higher regions as can be seen by inspec-
tion of the accompanying photographs. Both the shortness and the symmetry
of the extensions as seen by Russell can probably be accounted for by the
brightness of his sky.

In summary, the two photographically recorded and measured inferior
conjunctions give generally similar and grossly unsymmetrical patterns of the
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maximum height of the visible scattering layer above the opaque cloud surface
as distributed around the rim of Venus. These patterns are suggestive of some
connection with the general circulation and other large-scale phenomena in
the Venus atmosphere. Most of the other observations and measurements reported
between 1790 and 1940 were made on the assumption that the cusp extensions
are symmetrical and in such a way that the dissymmetry cannot now be recovered
from the recorded measurements. The records essentially state the angle of the
illuminated arc between the tips of the visible cusp extensions.

Occasional reference in observers’ notes to inequalities in brightness or
length of the extensions, and a very few measurements, can be recovered from
the century and a half of visual observations. Results of this gleaning of past
and subsequent records do not fit the idea that the 1938-40 type of pattern is
a permanent feature. Nor is the added evidence sufficient to indicate what the
pattern might have been at other times, or to correlate the pattern with seasonal
change or other parameters. It appears highly probable that observation of
future inferior conjunctions and the scattering height patterns then displayed
can provide valuable indications as to the general circulation, meteorology,
climatology, and rotation of Venus. Perhaps the photographic record obtained
by C. W. Tombaugh and his associates, covering the inferior conjunction of
11 April 1961, but as of this writing not reduced or published, will be helpful
in these respects.

m
COLOR IN THE TWILIGHT CUSP EXTENSIONS

All observers agree in describing the color of the twilight cusp extensions as
gray or gray-blue. This observation is, as noted above, substantiated by Fig. 8,
which gives the average of all mcasures of the scattering height for each separate
color band. It can be seen from the resultant plot that the cusp extensions
were measured progressively as slightly longer (presumably because they were
slightly brighter near their tips as seen against the sky) as the wavelength of
the observation becomes shorter. This indicates that the cusp extension tip
were slightly bluer than the blue-white of the terrestrial sky at the point of
observation. The sky at Table Mountain, California (elevation 2.3 km), where
these 1940 observations were made, is exceptionally clean and shows very
little of white haze aureole near the sun. Thus indicates that the Venus cusp
extension tips are almost as blue as the color produced by pure Rayleigh scattering
and that the scattering particles are of colloidal size. It also strongly indicates
that the reddening of the transmitted beam as it passes through the Venus
atmosphere above the lower opaque cloud deck is small. This is consistent
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with the determination of the horizontal refraction of the Venus atmosphere
at the altitude of the upper surface of the opaque cloud deck as about
1 min of arc, corresponding to an atmospheric pressure, at the same level, of
the order of 0.1 atm.

At times, red brightenings appear along the twilight cusp extensions. As
noted earlier, an unusually conspicious one was seen and was recorded on color
filter photographs at the Lowell Observatory on 22 November 1938. Several
other red brightenings, very faint, were photographed by the Planet Group
in 1940 at Table Mountain. Reference to the photometric curves of the cusp
extensions in red and blue light, made at Lowell Observatory from the photo-
graphs of 22 November 1938 (Fig. 3), show the red spot as a brightening in the
red, an addition of a source of red light, with little or no evidence of any influence
at all in the blue. This could come about through the appearance of some red-
only scattering material in the beam either (a) above and thus behind the blue-
scattering layer, or (b) of such character as to intensely scatter red light while
presenting negligible absorption to the blue, or (c) by a geometrical accident
produce a blue scattering just sufficient to cancel the effects of its blue absorp-
tion. Alternative (a) above seems most plausible.

v

INTERPRETATION OF THE BRIGHTNESS DISTRIBUTION
ALONG THE CUSP EXTENSIONS

By photographic microphotometry it is possible to measure the brightness of
the twilight cusp extensions as a function of the angular extension beyond the
theoretical cusps. This was done for three Lowell Observatory plates. Reference
to the red and blue pair, shown in Fig. 3, has already been made in the discussion
of the bright red spot of 22 November 1938.

Such photometric curves as these, taken in various color bands and in sequence
through a week or 10 days around inferior conjunction, are in principle capable
of yielding a rather complete description of the optical characteristics and
geometrical structure of the Venus atmosphere above the opaque layer. The
general theory for such a reduction would be rather elaborate. With modern
computing aids, it should be manageable.

Fortunately, the structure of the Venus atmosphere seems to be of a relatively
simple character from the standpoint of the twilight scattering phenomena,
and yields interesting results from an easy analysis.

Let us first examine the traditional picture of the Venus atmosphere as laden
with a dust that thins with increasing height above some opaque layer whose
upper surface represents the upper limit of a violently turbulent region. The
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solar beam comes tangent to this upper surface of turbulent opacity and
continues on to illuminate the “twilit” sky of Venus. A terrestrial observer
sees that part of the Venus twilit sky which is above his Venus horizon, (that is,
above the dark limb of Venus as seen from earth) and bounded by the tangent
ray from earth past the opaque layer of Venus. When the total amount of scattered
light from the Venus atmosphere above both of these tangent rays becomes
great enough, the observer sees it as the tip of the twilight cusp extension. As
one moves back along the prolongation toward the theoretical cusp point, these
two rays intersect lower in the Venus atmosphere. And, at any given height
above their intersection they include more horizontal miles of illuminated Venus
atmosphere in the observer’s view. The brightness of the extension, as one
proceeds toward the cusp, should be increased by three causes.

First, the cross section of the Venus atmosphere illuminated by the sun and
visible from the earth will increase. Second, lower layers of the illuminated
atmosphere, which presumably carry more scattering material per unit volume,
come into the observer’s view. Finally, each volume of atmosphere of a given
height which was previously seen will now be seen along a path through less
dense portions of the Venus atmosphere, hence with less absorption. Conse-
quently, if one assumes the brightness of the cusp extensions to be proportional
to the cross sectional area of the illuminated and visible atmosphere below a
certain height (this height being the assumed upper limit of any appreciable
scattering power in the Venus atmosphere), then this model will indicate an
increase in brightness along the twilight extension which must be less than the
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Fic. 12. Venus, 22 November 1938, 10:50 Mountain Standard Time. Relative intensities
along twilight extension. O, observed, blue light. +, observed, red light. , computed,
“circus deck”, simple model. — —, computed, simple ‘“‘area of visible heam’ model.
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rate observed in a dust-filled atmosphere. Figure 12 shows the computed curve
of illuminated and visible cross section of the scattering Venus atmosphere at
various cusp extension angles compared with the observed red and blue data
for 22 November 1938, One sees that the observed curve is of a totally different

Arbitrary scale of brightness of cusp extension

O 10 20 30 40 S 60 70 80 Weq)
Angular extension from cusp (prolongation angle )

Fic. 13. Venus, 21 November 1938, 12:00 Mountain Standard Time. Intensity of twilight
cusp extension. -+, observed. , computed, simple “cirrus deck’” model, deck
height = 3.5 miles, — —, computed, ‘‘area of visible beam’ model.

kind than the computed one. The observed brightness fails entirely to rise
with the steep upward acceleration demanded by this computed ‘“‘lower bound”
theory for a dust-laden atmosphere. Observation in this case grossly fails to
support the hypothesis of a dusty Venus atmosphere.

Now let us make another, even simpler, model. Let us assume a lower opaque
cloud deck surmounted by a very thin, clear gas atmosphere. In this clear atmo-
sphere, at the height A given by calculation from the measured cusp extension,
let us assume the existence of a second, cirrus-like, very thin (a few hundred
meters or less) and very bright scattering cloud deck. In this case the brightness
of the cusp extension ought to be proportional to the horizontal length of the
layer of cloud which lies in the solar beam and is visible from the Earth. In
this model, both the absorption of and the scattered light from the Venus gaseous
atmosphere are assumed small and, for the purposes of this estimate, are
neglected.

The computed curve for this cirrus-deck model is also shown in Fig. 12.
It provides a rather satisfactory fit to the observations. Near the theoretical
cusp the observed curve accelerates upward away from this simple theoretical
curve. The residuals form the curve displayed in the lower left corner of Fig. 12
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and are qualitatively of the kind associated with the dusty atmosphere model
earlier described. This feature can be explained by the hypothesis that the upper
surface of the lower, opaque cloud deck is not smooth or abrupt, but that its
upper part is a graduated haze layer with a height varying between a few hundred
meters and about one kilometer. It would then be the relatively bright scattering
from this shallow haze layer that was observed by Russell and other observers
through bright terrestrial skies.

Figure 13 shows the comparison of observed points from a red photograph
of 21 November 1938 (Lowell Observatory) with the modcls for the dust-
filled atmosphere and for the ‘“cirrus” cloud deck. Once more, the dusty
atmosphere model cannot be reconciled with the observations, while the cloud
deck model is consistent with them. The observations on this date suggest
a high “cirrus” deck between 40° and 80° of angular prolongation from the
theoretical cusp, with a “‘break’ down to a similar deck at lower elevation from
35° or 40° on in to the cusp.

The break at the 35° point can also be explained as the result of a shift in
the altitude of the lower, opaque layer at that place. In either case we have here
some evidence of a “front” in the Venus atmosphere. The discontinuity is near
the south point along the Venus rim, near the place at which the prominent
red brightening appeared on the next day, the 22nd.

\4

HORIZONTAL REFRACTION ACROSS THE TWILIGHT ZONE
AT SOLAR TRANSIT

The variation of the scattering height /& with time, and with position on Venus,
raises the question whether the altitude of the upper scattering layer, or of the
opaque cloud deck, or both, are responsible for the differences. This question
cannot be readily answered from twilight extension data alone. Fortunately,
another rare but simple observation of the Venus twilight zone, that of the
horizontal refraction through the Venus atmosphere during ingress and egress
at solar transits, is available. From the horizontal refraction we obtain the
density. This, together with temperature estimates, in turn yields approximate
differences in the altitude of the opaque cloud surface. For this purpose,
F. Link has determined the horizontal refraction of Venus near the top of the
opaque layer. A ““diamond ring effect,” generated by the refraction of the sun’s
image around the dark edge of Venus, was outlined theoretically by Russell
and further investigated by Link. Link’s study shows that the phenomenon
begins only after the disk of Venus partially overlaps the disk of the sun during
ingress at solar transits, or during egress. At such times, the portion of the Venus
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rim which is outside the rim of the sun is seen partly or wholly outlined by
a thread of light. In order to be seen in juxtaposition to the bright rim of the
sun, it must be enormously brighter than the light seen along the twilight
cusp extension at inferior conjunctions. It is in fact the refracted image of the
solar surface seen through the Venus atmosphere. From analysis of the transit
observations of the 18th and 19th centuries, Link finds that this thread of
refracted light appears strongest near the north and south points on the Venus
rim. It appears first near these points at ingress and disappears last near these
same points at egress. This indicates that the horizontal refraction at these
Venusan places is greater than elsewhere around the Venus rim.

Link states that the observations are consistent with Kuiper’s estimate of
the Cytherean axis of rotation, which has a tilt angle of about 32° with respect
to the normal to the Venus orbit plane. Assuming the Kuiper axis, Link inter-
prets his values for the Cytherean horizontal refraction as follows:

Pole in Venus winter: 1'.7
Pole in Venus summer: 1'.1
Venus equator: 0.7

At the opaque cloud surface of Venus the horizontal refraction is related to
the pressure and temperature by the expression

Ap
W = T )
where w = total deflection of the beam; twice the horizontal refraction

A = effective deflection at unit pressure and temperature

p = pressure

T = absolute temperature.

The pressure is related to the altitude / by

Pn = poe™™H, H = RT|Mg )

where R = gas constant
M = effective molecular weight of Venus atmosphere
g = acceleration of gravity on Venus around altitude A.

Substitution of (2) into (1) relates the refractive deflection to the altitude of

the opaque layer by
AeMH
W = —7ran
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and from this may be derived the expression for the height difference that
corresponds to a given ratio of deflection angles

3/2
hy — hy = H log [:”7:(%) ]. 3)
For conditions between the opaque cloud deck and the upper scattering
layer we may estimate T = 220°K, M = 40, and g = 860cm/sec?, yielding
the scale height H = 6.2 km.

Radiometric measurements by Sinton and Strong indicate that the effective
radiation temperature at the center of the Venus disk (near the equator?) is
about 234°K and that near the cusps (polar regions?) it is about 210° or 220°K.
Mintz finds evidence that these temperatures refer approximately to conditions
not far above the top of the opaque layer. From these considerations we may
estimate the decrease in altitude of the top of the opaque cloud deck between
the “equator” and the ‘“‘polar regions,” winter and summer, respectively,
assuming the Kuiper rotation axis to be roughly correct. Employing Eq. (3),
we find for the decrease of the altitude of the opaque layer: from the ‘“‘equator’,
to the ‘“winter pole”—4.5 km; from the ‘“‘equator” to the “summer pole”’—
2.26 km.

These results can now be compared with the variations of the height of the
scattering layer around the Venus rim, as observed at inferior conjunctions.
In the June 1940 pattern the A-values near the south point on the Venus rim
were around 7 to 8 km, compared to values of about 3 to 6 km near the west point
and 1 to 3 km near the east point in the “tropics.” Link does not mention any
evidence of an east-west dissymmetry in the brightness pattern of the refracted
light, though a further discussion of the transit observations might possibly
reveal it. For our present purposes of rough comparison, in June 1940 the south
region can be regarded (following Kuiper and Lyman) as the “winter” pole.
The average of east and west A-values in the “tropics’ in 1940 is about 3 or
4 km, making an observed average difference from the “‘tropics” to the “south
polar” region of about 4 km, in good agreement with the value of about 4.5 km
depression of the opaque cloud deck over the winter pole as calculated from the
refraction observations. It thus appears that, in this instance, the major part
of the variation of the scattering height from ‘“‘pole” to ‘“‘equator” may be
accounted for by a change in the level of the lower, opaque cloud layer. However,
this simple relation fails when we compare the h-values of the north “polar”
region with those for the south “pole” or the “tropics.” The few available
h-measurements around the north point for 1940 or 1938 have very small
values. This situation seems best accounted for by the hypothesis that the
upper, cirrus-like scattering layer simply did not exist over the northern region
at these times. It should be noted that terrestrial June 1940 and terrestrial
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November 1938 correspond to very different Cytherean seasonal dates. For this
northern region, June corresponds to Kuiper's summer and November to
Kuiper’s winter. There is also some evidence that a high cloud deck is some-
times present in this northern region, as, for example, in Schroeter’s observa-
tions of December 1794. It should also be pointed out that, around the south
region in November 1938 (Kuiper’s summer), the scattering heights h were about
the same as those found in June 1940, but according to Link’s results the south
“polar” altitude of the opaque cloud surface should have been some 2.2 km
higher in November than in June.

It may be concluded that variations in the height of the opaque layer are
comparable to the vertical distance between the opaque layer and the cirrus
deck, that the cirrus deck is probably very weak or absent over considerable
areas at various times and places, and that an absolute height criterion for the
various layers has not as yet been established.

vi

TWILIGHT PHENOMENA AND THE GENERAL CIRCULATION
OF THE VENUS ATMOSPHERE

Behind the placid Cytherean mask of featureless uniformity there must lie
a mighty thermal engine engaged in the endless mass transfer of heat-bearing
substance across the twilight zone. Only thus can the thermal radiation of the
night side be maintained within a few degrees of that prevailing at Cytherean
noon. Some have reasoned that the Venus surface is composed of a substance
of specific heat so great and effective thermal conductivity so high that the
necessary stored heat is carried around the planet by its slow rotation; an
ocean is usually invoked as the kind of surface required for this mechanism.
In this concept, the atmosphere need play little role in the transfer of heat
from day to night, and perhaps a modest one of supplement to ocean currents
in carrying heat from the tropics to the poles. If this were so, the twilight zone
might be a relatively tranquil place, so far as atmospheric phenomena are
concerned.

But if surface heat transfer by rotation is not the dominant mechanism,
then winds must do the job. In this case one might expect large jets of wind
across the twilight zone, and strong fronts outlined against it. What might be
the nature of such a circulation on a slowly rotating planet?

A circulation pattern offering symmetry about both the poles and the subsolar
point of Venus is set forth by Yale Mintz (1960). The pattern is cellular in the
sense that horizontal wind streams at lower and intermediate altitudes are
arranged alternately around the twilight zone, one blowing from day to night
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and its two neighbors blowing from night to day. Between neighboring cells at
about 45° north and south latitudes at the twilight zone, convection and con-
vergence occur along boundaries of oppositely directed horizontal winds.
Inspecting the scattering height patterns (Fig. 4) we see that maxima in the
h-values tend to occur at roughly corresponding places on the Venus rim,
especially in the western side.

The Mintz pattern is unsymmetrical; air is carried by two parallel tropical
currents off one side of the tropical zone and on at the other. If Venus rotates
in the conventional direction, the Mintz pattern would indicate this flow as
moving from right to left in Fig. 4, or off the daylight area on the dawn side
and from night to day on the evening side. Thus, from our available data the
larger equatorial h-values correspond to an evening flow of wind from the
night side and the smaller equatorial scattering heights (perhaps indicating an
absence of the cirrus deck) would be associated with a dawn flow of warmer air
toward the night side. In the Mintz pattern the poles are near the centers of
circulation cells where it looks as if quiet conditions might prevail. However,
the Mintz model is clearly intended as a simple basis from which a more detailed
model, taking into consideration the effects of polar tilt and the displacement
of the pattern due to planetary rotation, may be evolved.

The Mintz circulation model for higher levels of the Venus atmosphere
consists of a series of wind belts generally parallel to the equator. This upper
pattern might, or might not be associated with the upper scattering cloud deck;
the resemblance to some belted patterns seen on ultraviolet photographs of
Venus seems closer.

Vil

RELATION OF THE VENUS ULTRAVIOLET CLOUDS TO
THE TWILIGHT PHENOMENA

Aside from the twilight cusp extensions, the only detailed features of Venus
to be photographed to date are the ultraviolet “cloud” markings. These hazy,
faint mottlings are in their form usually reminiscent both of belts and of spots.
The beltedness patterns are, as a rule, roughly normal to the line of cusps
Both beltedness and spottedness tend, on the average, toward a symmetry
about the subsolar point, though there may be cases of quite pronounced dis-
symmetry.

There tend to be brightenings at or near the cusps. Sometimes these brighten-
ings take the form of rather narrow, strong belts at right angles to the line of
cusps and around 50° of north or south “latitude”; that is, they appear like
belts around the “polar” regions near what, on the earth, would be the auroral
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zones. The ultraviolet mottlings vary in their patterns within a few hours, in
such a manner that the changes do not appear to represent the horizontal
translation of wind-borne cloud across the planetary surface. Rather, these
appear to be changes in the ultraviolet brightness of the atmosphere “in situ,”
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Fic. 14. Characteristics of the Venus ultraviolet cloud pattern; spring 1937. Eye
estimates from inspection of original negatives by Edson, Lowell Observatory. Note that
the terminator (twilight zone) is often neutral and sometimes darkened at the equator,
while the cusps, particularly the south cusp, are often the regions of ultraviolet bright

spots or belts. A set of similar observatiohs in the interval 20 April—29 Junec 1938 yields
similar results.

possibly due to vertical motions, so that bright or dark areas appear to develop,
fade, and disappear. Any similarity of the patterns from one day to the next
are vague and not very frequent. There are intervals of a few days when the
ultraviolet markings are conspicuous, and other intervals in which they are
virtually absent.

Figure 14 displays a series of subjective estimates of these various qualities
of the Venus ultraviolet cloud pattern in the interval 23 December 1936 to
1 April 1937, made by J. Edson at the Lowell Observatory. Sketches of the
cloud patterns for the same sequence are shown in Fig. 15. The form of these
patterns frequently suggests the theorctical pattern for circulation in the inter-
mediate levels of the Venus atmosphere as set forth by Yale Mintz and discussed
above.
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Can these ultraviolet cloud patterns be related to the height and brightness
patterns shown by the twilight cusp extensions? There are some similarities;
a tendency for brightenings in the polar regions, particularly near the south
cusp, and the exhibition of changes within an interval of less than one day.
However, the persistence of the general pattern of h-values over an interval
of at least several days, and the suggestion of possibly permanent features,
have no easily identifiable counterparts in the evanescent ultraviolet markings.
The only evidence for more persistent causal factors in the case of the ultra-
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20 Feb.  2Feb. 23 Feb. 24 Feb. 1Mo
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FiG. 15. Venus, schematic sketches from ultraviolet photographs, 1937. The ultra-
violet cloud forms are difficult to print photographically because they are of low contrast
compared to the strong gradation of brightness across the Venus disc from limb to
terminator. However, on inspection of the original transparencies the eye readily differen-
tiates the cloud patterns from the general light distribution over the planetary disk.
The sketches in this figure are not intended to look like the original photographs. Rather,
they are formalized diagrams to convey an impression of the various forms taken by the
ultraviolet cloud patterns. The white areas on the diagrams appear brightened in the
photographs. The contour lines within the white areas are rough estimates of iso-brighten-
ing lines.
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violet markings must lie in the recurrence of certain general kinds of patterns.
When this approach is applied to the region of the terminator (that is, the twilight
zone) it is found that the ultraviolet brightenings reach the terminator more
commonly in the higher Venus “latitudes,” and that the terminator midway
between the cusps is usually either neutral or darkened in the ultraviolet patterns.
There are, however, exceptions to this rule; for example, in a pattern repeatedly
seen in which a neutral or bright segment appears with its major axis centered
on and normal to the midpoint of the terminator, and bounded by a darker,
narrow band, the whole being much like Mintz’s segmented pattern but with
a bright segment, not a dark boundary, along the equator.

It should be remarked that, as the Venus crescent becomes more slender,
that is, as the planet comes within a few weeks of inferior conjunction, the
rapidly thinning crescent displays an even more rapid decrcase of ultraviolet
mottling. It may be that the increasingly oblique angles of illumination and
view are not favorable for the display of the ultraviolet clouds. This suggests
that the cause of the ultraviolet markings may be different from that of the
twilight cusp extensions.

The best hint of a relationship, then, is the tendency for larger scattering
height values to appear in those parts of the twilight zone which often appear
brightened in the ultraviolet photographs.

Vil

DISCREPANCY BETWEEN THE OBSERVED AND
THEORETICAL TIMES OF DICHOTOMY

Dichotomy is the situation of exact half-phase; on a diffuse-reflecting solid
sphere illuminated by parallel light the terminator at dichotomy is a straight
line connecting the two cusps, and the axis of the illuminating beam is precisely
perpendicular to the observer’s line of sight. In the case of Venus, dichotomy
is generally observed to occur later than the theoretical time when the planet
is waxing and earlier than the theoretical time when the planet is waning. In
other words, at the theoretical time of dichotomy the terminator is generally
observed not to be straight, but to be convex toward the illuminated side.
The discrepancy has been reported by various observers to be in the range
of 4 to 12 days. If one accepts 8 days as an average figure he finds (since the
phase angle at that time is changing at the rate of about 0°55 per day) that
the discrepancy of phase angle is around 4° or 5°.

One approach toward an explanation of this situation is to attribute it to
the effect of the daylit sky background, which might so raise the threshold of
visual perception as to blot out the outermost faint region of the terminator.
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But, at dichotomy, photometry shows that near the terminator the isophotes
in visible light are quite closely straight lines parallel to the terminator. To a
good approximation, the terminator should still appear straight even though
the faint outer fringes of it were lost in the glare of daylight. Also, at dichotomy
time Venus is relatively far from the sun in our sky and can be observed against
a relatively dark sky background in the later twilight.

What is needed is an effect operating differentially between the cusps and
the midpoint of the terminator. One such possibility is that the effect is due,
not to the obliteration of the terminator, but to an observation of the extended
fringe of it, namely, the light from the high altitude scattering layer. The 1938-40
observations and other evidence suggest that this scattering layer is low, or
at times absent, in the “‘equatorial” region midway between the cusps, and that
it is often high at one or both of the cuspal, ‘“‘polar” regions. Furthermore,
the observer at dichotomy time looks directly down through this layer in the
“equatorial”’ region, but views it edge-on, hence in much greater depth, at the
cusps. The result might be a terminator roughly straight over much of the
planetary diameter, but convex toward the daylight side near the cusps. The
cusps might thus be seen extended by an amount roughly equivalent to the
angular extent of the twilight zone as seen from the center of Venus. For scattering
layer altitudes & prevailing near the south point in the 1938 and 1940 conjunc-
tions, that is, around 6 or 7 km, the angle s subtended by the twilight zone is
around 2°7. Evidently this effect is not large enough to account for the 4° or 5°
involved in the discrepancy between theoretical and observed dichotomy,
although it could possibly be a contributing factor, especially against a clean,
dark sky with good atmospheric steadiness.

The dichotomy shift might also be produced if the opaque cloud deck of
Venus had a downward slope of, say, about 5° across the twilight zone at the
equator, and remained approximately level through the twilight zone near the
cusps, or, more generally, if there were about a 5° increase in the slope of the
cloud surface from the cusps to the center of the disk, in the sense of a down-
slope from the daylit to the dark side. This slope would have to continue for
a distance of something like 5° of planetocentric angle normal to the terminator.
The total altitude change of the cloud deck due to this slope would have to
be around 40 km, corresponding to an atmospheric pressure change at the
cloud surface amounting to about three orders of magnitude. Such a rapid
physical change would probably be reflected in radiometric or other observa-
tional evidence; none is observed. This model does not appear very credible.

Further quantitative measurements of the character of the terminator near
dichotomy, both photometric and geometric, are needed here. Meanwhile
this phenomenon of the Venus twilight zone can not be discarded as an illusion,
nor assigned a definite cause.
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does not require superb ‘‘seeing” because the image is a line of light and Venus
appears relatively large at inferior conjunction, having then a diameter of about
1 min of arc, almost on the threshold of resolution of the naked eye.

Included herewith are some aids to the student or to the observer. Table II
lists the inferior conjunctions from 1790 to 1972. It will be noted that they fall
into five “families.” The members of each “‘family” succeed each other by
intervals of very nearly 8 years minus 2 days. Also listed is an approximate
value of the angle of nearest approach of Venus to the sun as seen by the observer
for each conjunction.

In the vicinity of inferior conjunction, Venus passes the sun at a rate of
about 97 min of arc per day. If in Fig. 16 the sun is at the origin of coordinates,
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FiG. 16. Chart for determination of angle between Venus and the sun.

the approximate path of Venus past the sun can be plotted along the time axis
on a line offset above or below the origin by the distance of nearest approach
given in Table II. The path of Venus in the sky will be tilted away from the
east-west line (line of constant declination) in the sky by an amount given
roughly in Fig. 17, such that, if the angle given in Fig. 17 is positive, Venus
will be moving southward relative to the sun. The angular distance between
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the sun and Venus, as well as the approximate position angle of the line of
cusps, can be estimated by measurements taken from the plotted Venus path.
These plots are approximate guides only; precise circumstances of any specific
inferior conjunction should be obtained by appropriate calculations using
ephemeris data.
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projected on the Venus disk at inferior conjunction.

Angular lengths of cusp extensions can be obtained by eye estimate recorded
in sketches or, better still, by a protractor reticle in the eyepiece, or by some
form of micrometer. Photographs can be measured by projection onto a suitable
protractor chart, or by some kind of measuring engine. But be sure to measure
the length or other characteristics of each cusp extension separately, and in rela-
tion to the true theoretical line of cusps, which is normal to the line from Venus
to the sun.

Having measured the cusp extension angles and having found the angle v
between Venus and the sun as seen by the observer at the time of observation,
one may obtain the height /4 of the scattering layer at the tip of the cusp extension
from Fig. 18. Figure 19 contains the same data as Fig. 18, but plotted in such
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a form as to facilitate use with small angles of cusp prolongation p. The investi-
gator is then in a position to plot his observed values of % at various position
angles around the planetary rim and thus develop his own pattern for the height
of the scattering layers in the atmosphere of Venus.
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