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Interpretation of the Polarization of Venus

James E. HaNsEN
Goddard Institute for Space Sindies, New Vork, N, ¥V, 10023

J. W. HOovENIER

Depl. of Plysics aond Astrononey, Free University, Amsterdam, Netherlands
{Manuscript received 20 November 1973, in revised form 15 January 1974)
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The Microphysics of the Clouds of Venus: Results of the
JLLENBERG AND HUNTEN: MICROPHYSICS OF THE CLOUDS OF VENUS

Pioneer Venus Particle Size Spectrometer Experiment

R. G. KNOLLENBERG

Particle Measuring Systems, Inc., Boulder, Colorado 80301

D. M. HUNTEN

University of Arizona, Tucson, Arizona 85724

ALTITUDE {Km)
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NUMBER DENSITY (Ncm3) 1.0 10 100 1000
EXTINCTION COEFFICIENT @ 800 nm (Km')  0.001 0.0 0.1 1.0 10 100
MASS LOADING (mg m?) 0.0001 0.001 0.01 0.1 1.0 10

Fig. 4. Vertical structure of Venus cloud system. The above data represent direct computations from the LCPS data.
No allowance has been made for particles smaller than the 0.6 pm lower limit of size sensitivity or above the largest sizes
actually measured. A density of 2 g cm™? was assumed for mass loading computations. The thickness of T, is about 1 km
while T, is several hundred meters thick.
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PV Probe/LCPS® &5 A

TABLE 4. Mode 1, 2, and 3 Size Distribution Parameters for LCPS Data

Log Normal Distribution Gaussian Distribution Log Normal Distribution
Mode 1 Mode 2 Mode 3
Altitude Range NT, ncm™ o dopm Npoem™> o,pm  dyum  Npnem™ Oy d,, pm
Upper cloud 66.10-65.20 181 216 035 0.50 1.33
65.20-63.80 211 2.16 0.35 0.68 238
63.80-62.50 336 2.16 0.35 0.68 220
62.50-61.25 521 2.16 0.35 0.80 2.20
61.25-60.20 544 2.16 0.35 0.69 232
60.20-59.00 608 2.16 0.35 0.84 2.28
59.00-58.15 348 2.16 0.35 091 2.26
58.15-57.10 197 2.16 0.35 0.87 212
Tum 57.10-56.20 54 2.16 0.35 0.82 238
Middle cloud 56.20-55.40 69 2.16 0.35 0.74 254 17 1.25 7.40
55.40-54.80 69 19 0.30 0.44 283 30 1.25 7.40
54.80-54.30 69 1.9 030 0.49 2.73 k) 1.25 7.40
54.30-53.90 86 1.9 0.30 0.48 280 2 1.25 740
53.90-53.25 n 1.9 0.30 0.55 2.70 50 1.26 7.28
53.25-52.80 9 1.9 0.30 0.55 2.80 38 1.26 7.28
52.80-51.30 112 1.9 0.30 0.65 2.73 35 1.26 7.28
51.30-52.70 122 1.9 0.30 0.59 213 48 1.26 7.28
52.70-51.10 110 1.9 0.30 0.63 2.70 40 1.27 741
31.10-530.60 121 1.9 0.30 0.68 270 39 1.27 741
50.60-50.10 93 1.9 0.30 0.63 245 14 1.27 T1.41
T 50.10-49.70 144 1.80 0.35 0.60 .70 15 1.27 7.41
Lower cloud 49.70-49.25 528 1.80 04 0.75 258 126 1.29 7.20
49.25-48.75 563 1.80 0.4 0.60 273 177 1.29 7.20
48.75-48.30 404 1.80 0.4 0.55 2.60 72 1.29 7.20
48.30-47.75 233 1.80 0.4 0.66 2.14 33 1.29 7.20
Upper precloud 47.75-47.50 474 2.02 0.35 1.25 2.10
Lower haze 47.50-46.45 128 1.70 0.28
Lower precloud 46.45-46.30 179 1.80 0.30 0.85 290
Lower haze 46.30-43.25 218 1.57 0.25
43.25-38.70 41 1.57 0.25
38.70-31.00 46 1.57 0.25
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the acid concentration, mode 3 abundance, base al-
titude and CO and H,O between 1.6 and 2.6 um.
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Variations in Venus cloud particle properties: a new view of Venus’s cloud
morphology as observed by the Galileo Near-infrared Mapping
Spectrometer
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Cloud Acidity 2009 Measurements
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Figure 10. Acid concentration maps from 2009. Note the hemispherical
dichotomy of higher H,50,4 concentration in the north.
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Figure 11. Acid concentration maps from 2010. There may be a hemi-
spherical dichotomy with more H;50,4 concentration in the north.
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' IR1+IR2 onboard Akatsuki:
A near-IR |mager suie§or .
- planetary smences V4

‘Takehiko Satoh |
“Institute of Space and Astronautical
~ Japan Aerospace Exploration Agency

IDP2020 (Tokyo Sky-tree Town Campus, Chiba Institute of Technology, 25-27 Feb 2020)
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Nikon

IR1+IR2 on Akatsuki

Scientific targets Wavelengths

Liahtnina and airalow 777 nm (lightning),480-605, 558 nm
LAC [Hghtning J (airglow), 545 nm (background)

LIR |[Cloud-top temperature 9-11 um

UVi Cloud motion, UV 283 nm, 365 nm
absorber and SO2

distribution

|[R1 [Surface temp., minerals {0.90,0.97,1.01 um (night), 0.90 um :
and clouds (day) « 4

|R2 Mid to lower cloud 1.735,2.26,2.32 um (night), 2.02 um
motion, CO, cloud-top (day), 1.65 um (zodiacal light)

alt., and zodiacal light

* |IR1 and IR2 shares IR-AE
= Data from Sensor DE goes to DHU
* Data stored on DR (in DE)

IDP2020 (Tokyo Sky-tree Town Campus, Chiba Institute of Technology, 25-27 Feb 2020)
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IR1 (1-um Infrared Camera)

“Cloud Tracking” for dynamics

Day side (0.90 um): winds within clouds

Latitude

Night side (0.90 um): winds at cloud base _ =
“SUI‘face & HZO” StUdy _ (Sanchez-Lavéga_ .

et al., 2007)
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Science Targets of IR2

= Venus Night (un-illuminated) Side
“ Imaging in 1.735um, 2.26um, 2.32um windows
* Motion in the mid-to-low atmosphere

= 1.735um, 2.26pum combination
— physical properties of aerosols

= 2.26um, 2.32um combination
— spatial & temporal variability of CO

= Venus Day (illuminated) Side
« Imaging in 2.02um CO,, absorption band

; I 1 1 1

1 1 1
1 1 1
- 1 1 1
1 i 1

ol - S [ S L ;
= 4§ 1 1 i
1 1 1

B I 1
Skt ———d———4—
e = ] 1 1

= Peaks and dips in pixel-to-pixel photometry
— complements cloud-top temperature

measurements with 10-um camera (LIR)
= Zodiacal Light (while cruising)
= Imaging in 1.65um (Astronomical H band)

= Map interplanetary dust distribution in the region
0.7 — 1.0 AU for the first time

IDP2020 (Tokyo Sky-tree Town Campus, Chiba Institute of Technology, 25-27 Feb 2020)
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Outlook of IR1~IR2~IR AE~DE

Nikon

Flow of data
& command
Flow of data
& command
Box-shape 6-position filter Lens & Detector
housing housing

light baffle  wheel

Cryo gooler
(undeﬂa n

,: e

i

IDP2020 (Tokyo Sky-tree Town Campus, Chiba Institute of Technology, 25-27 Feb 2020)
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. B . DHU
DE (Sensor digital electronics) )—l_ (Spacecraft data

IR2-SNS IR2-CMP I_I Commands, telemetry;, handling unit)

(under CP) data

Cutput
Power PCU

— (Spacecraft power
- conftrol unit)

IR-AE
(Shared
with IR1)
I

IR2-OPT (under CP) - IR1

1 IR2
E IR2.STR
]

Unwanted

jight Power

(Camera structure)

Minimum . x
1]

= IR2-H
— = | (Box-shape pm
Light from buffle)

object
(12° FOV)

IR2-OPT
(Triplet
lens)

IR2-SNS
(1M PtSi
CSDICCD)

Light

Diriving
cumrent
-

IR2-FLTR
(Short-wave
pass filter)

IR2-FWH
(G-pos. filter
wheel)

Temp. monitors
and heaters
{IR2-H, CMR,
CHD, CMP)

HCE (Spacecraft heater control unit)

CP {(Ribbed AlBeMet 152 radiator
plate, 500mm x 735mm)

Spacecraft

Heat

\J

Disposed to the space
(outside the spacecraft)

IR2-CHD
(Cooler
cold head)

IR2-CMP
(Cooler
COmpressor)

panel
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PtSi Detector on IR2

= Domestic sensor (MELCO)

© 1024x1024 pixels with 17um pitch
+ 8-lines OB area (1040x1040 total)

= QE not very high (~4% @ 2um) but
uniformity and stability superb

= CSD (Charge-Sweep Device)
transfer in vertical lines, achieving
a good fill factor (59 %) w/o micro lenses

JA FHEMZHAHATERE @ Sumitomo Heavy Industries, td. MITSUBISHI |
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How CSD/CCD works

« CSD (Charge-Sweep Device) transfers
electrons in vertical.

« CCD (Charge-Coupled Device) transfers
electrons in horizontal. _

Tragsrer Gate CSD Channel
™~ i

Vertical Scanning Line
i

Detector

CSD Scanner

Storage

i i i| Control Gate
. H __,-/

Charge Sweep Device

Fig. 6. Pixel photograph of 512 x 512 element PtSi Schottky-
barrier FPA designed with CSD readout architecture. The
photograph was taken just before the Al reflector formation.
The pixel size and fill factor are 26 x 20 um? and 71%,
respectively.

Fig. 3. Block diagram of Schottky-barrier FPA with Charge
Sweep Device (CSD) readout architecture.
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Nikon

Actual MELCO sensor

« Full frame (1040x1040
pixels) is electronically
divided to 4 quadrants.

+ PtSi formed in the inner
1024x1024-pix region,
leaving IR non-sensitive
margin of 8 pixels wide |

. : FOA} o———— ———~ FDAM
« Each quad is read via a

TG SCNR 1

/[ 5D SCHR

—

FOA : Floating Diffusion Amp,

FDA on the corner after 4000 : Horlzontal 6D
CSD/CCD transfer of T8 SORSTHe de
electrons from pixels. (5D SCHR: 63D Seénne

Fig. 3 Block diagram of 1040 1040 IRCSD.
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Chamber

IR2 Cooling System

= Cryo-cooler for IR2's PtSi CCD [ikas i E TTT ==

MLIBOTTOM oy MLI BOTTOM MLITOP OF @ MLITOP 3y
OF Detector OF FW & Det OFFW =

* A single-stage Stirling-cycle o
cryocooler (SHI) cools the |
detector down to desired e ok
temperature (65K) -

(RPes.7K)

o
\J
O

MLI Radiation I
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Nikon

= Two major components generate heat
* The IR2 Compressor
= The IR2 Cold Head

= Their locations on the radiator plate are very
important, affecting the heat distribution &
utilization of the available surface area for
heat disposal.
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Optics of IR1/IR2

Designed & manufactured by Nikon
Common spec: f = 84.2 mm Triplet optics
(Glass materials are different, of course)

For IR1
F/8. Nikon provided the lens assembly

For IR2
F/4 . Nikon provided shaped glasses, and

SHI manufactured the low-temperature holder Photos of IR1 lens assembly
tests (top: vibration test, bottom:
optical performance test)

Nikon

G1L /A (S-LAH65)

[R1 f=84.2 F/8

IDP2020 (Tokyo Sky-tree Town Campus, Chiba Institute of Technology, 25-27 Feb 2020)
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Low-Temp Lens Holder

= Two conflicting requirements: IR2 |
= At the time of /aunch: the lens, at normal temp, | A N
needs to be tightly held to survive vibration. | Sy
= But, the lens should not be held too tight, when it g
is cooled to operation temp, to avoid excessive RS-

stress which could damage the glass.

= Satisfied with carefully-designed spring mechanism G2.G3 L R BE A E/ %
in both axial and radial directions.

G1 lens housing G2+G3 lens housing

G1 lens | G2+G3lens G2 lens IRZ

radial spring y  axial spring radial spring
" | " G3lens
radial spring

axial{spring

GILX + AMmIER
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Optical Performance of IR2

= Low-temp focus tests in a space chamber

* Focus shift: 4.5 um/K
Operation temp (optics): 162 K £10 K

* The best focus is FWHM ~1 pixel
Degradation of optical performance in £10 K

is acceptable (F/4 lens with 17-um pitch pixel)
2 ngh'performance Opt|CS SUCCGSSfU”y been made Temperature—Dependent Focus of IR2

File Edit View Frame Zoom Color Reglon WCS  Analysis
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Nikon .2
IR?2 filter transmission (Half-cone angle = 15°, T = 298 K)
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IR2 Data “How To”
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Restoration

Takehiko Satoh, and IR2 Team
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Low-frequency flat-field pattern

a Oct 19: full frame

C Mathematical representation

Low-Frequency Term of IR2 Flat

« Equation published
- Satoh et al. (2017) A |
- May be applied AFTER e w
corrected for PSF R wp

T 600 -300 0 300 600
Distance from Image Center [pixels]

Table 5 Coefficients for “low-frequency” flat

oW oME 4o am

Order i Coefficient for P (t) Order i Coefficient for Py(t)

d Apr 25 before "low-freq” flat fielding @ Apr 25: after “lovi-freq flatfielling
0 1.009934 6 — 0.049436
— 0.045019 8 — 0.002947
4 0.038583

Pre-Optics Optics Camera Filters Detector Electronics




High-frequency flat-field pattern

Pre-launch measurements (Satoh et al., 2016)
— Corrected in L2B

-

v Discontinuity between Il and 1

CSD/CCD transfer Before After
in IR2 sensor flat-fielding flat-fielding

AMP

Fig. 6 Flat-field correction: Flat-field correction is applied to an example 1.735-pm image. The brightness discontinuity between adjacent quad-
rants disappears, indicating appropriateness of the correction. The overall flat-field pattern is indicated in the left with explanation how pixels are
read with CSD/CCD architecture. The gray scale from 0.8 to 1.2 is shown as indicated in the color bar

Pre-Optics Optics Camera Filters Detector Electronics




Slight changes of inter-band sensitivity

: : 2 1 |
o Equathn DUb|IShed 8.) o 0816, 26 Orbit 24 (2016MMDD)
e 0817,27 Orbit 25 (2016MMDD)
- Satoh et al. (2021) A 0818, 28
15+ | + 0819, 29
- Noticeable for 2.26/2.32 0 0820, 30 0
| gt
- Not noticeable for 1.735/2.26 . 2 0P R
O L
ko3, =0.0491T —2.11
IR2 filter transmission (Half-cone angle = 15°, T=298 K)
100—""'"""""'2:;2'—
I 2.26 pm | | 0.5}
?;E 80: :‘1‘.65 pm) (i?%)pm
§ 40: P | | |
A Ry 66 70
20
i J s PtSi Temperature [K]
O — gm0 ZH0 2300
Wavelength [nm]
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Multiple reflection in Si substrate (an extended PSF)

0.20

Can be reduced by el b) 232128

- Subtraction (RSS)
L2S datasets will be shared . '

Satoh et al. (2021)

— Deconvolution (RD) o7 0608 0827-0811
L2D datasets will be shared
Sato et al. (2020)

« Leaveitasis Q ’

- Okay for cloud tracking or
morphological studies
(image enhancement would
be applied any way)

c) 2.26CLN d) 2.26NTC

0.00

Pre-Optics Optics Camera Filters Detector Electronics

Radiance [ W m2 sr' um ]



Mirror-symmetric repetitions

* Reported by Satoh et al. (2017)

SS method

— Can be corrected for
only very limited cases

(28 March 2016)

b

2.26CLN 1.735CEN
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Temperature dependent senS|t|V|ty (T-SENS)

a) ge TSy pf [Tr v or v Tt
IR2 Night (2.26 pm) ,2. |
; o
e 1t 52 LJN g g 1 ) o Rgn ?5!;§
. . = r L - B4 [
e Equation published % ol . |5 | i,
w =
& o6} g
- Sato et al. (2020) LT p—
. £ o4} %‘ ¥ o 0624
(the first use) g Pl | mmmamee
0.2k « Binned averages ‘3 | >'< g:;g Phase effect corrected.
| = | + D626
- Satoh et al. (2021) PO B
. . . 4 65 66 67 68 69 70 71 60 62 64 66 68 70
(details of derivation) Pisi Temperature (4 Pisi Temperature (€
80
T
b) Orbit 18 Orbit 19 I+ Orbit 20
: i c$d|[§J ly)
anomaly (5 July
<ot Tpesi—To) > % : 1
Low temperature (Tp; < Tg): I'12p = ILZB/[LU — Psog X (W) ] 100f o . Fo "
o =R TS s NI I ISR 2
High temperature (Tp.g; = Tp)' I'1op = 1 /[1 0 — prok X (M)g] 2 | EHL 2 9 L : ) ﬂ"/:p F "%y % :
gh temper: > Upesi = 1 L2B = Ir2/ |10 = P70k 70-Ty £ * }. F i :"Z‘FI{ *%%é): LR, "/ a2 o
O B AEET: Shn el - JE ugn
Sl A XTARLAT M7 s &
] ’/‘ LT ooz ¥
! . , 0624 o2
(psog = 0.13, pyox = 0.25,and Ty = 65.2 K) ! 4
0 57660 D 57570 STéSO >
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Brightness variations among quadrants (T-dependent)

a T ang b L ——— lllllll
i y Delusxe (0x05) ([Jﬂxm- ¢ 1.03_ ~—Q— Day Deluxe (0x05)
. . 2 g9 @  Night Deluxe (0:01) an ; /"_ 5 | @  Night Delunce (0x01) |
. Eq u atl O n p u b I IS h ed E Upper Right / Upper Left fc}: E 1.01f Lower Right / Lower Left :
3 [ o © b i 3 - e
5 o9 ° o e E o099 Pige® 7V ]
- Satoh et al. (2017) £ Y 5 | o
g ; S o1
H % 0.91 a %
- Corrected in L2B g N E oo
(v. 0.5 is the latest) . S -
: 50 o4 o8 72 0855 64 68 72
CCD_T2 (N) [K] CCD_T2 (N) [K]

- Day-side:

o

d Comparison of “before” and “after” flat-

—r— Day Deluxe (x05)

fu ” CO rrectlon 1 03; iR o o field correction (2.02 um, May 6, 2016)

E pper Left / Lo ft I I
- Night-side: EUL Tea ml
only upper/lower variations |z o | o302 6o
3 Qiﬁc@)cﬁo Qbooo o®
£ og7] ©

CCD T2 (N) [K]
Fig. 6 Temperature dependence of correction factors for brightness variation between quadrants. a Correction between upper-right and upper-
left quadrants. b Correction between lower-right and lower-left quadrants. € Correction between upper-left and lower-left quadrants. d A demon-
stration of the brightness correction between four quadrants
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(a) IR2 H-band
image

BRERFODSIERATHDZE
REI_ 2R 5| K73 AL
A YR (PSF) INFEL. B
mEMNLDEEHNKEL (Satoh
et al., 2017),
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| Traditional "C93" coordinate system
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