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BEDKEFEREERNDAS

* Viking (1976): Imaging Camera
e Mars Pathfinder (1997): IMP

 Mars Exploration Rover (MER), Spirit and
Opportunity (2004): Pancam

* Phoenix (2008): SSI

e Mars Science Laboratory (MSL), Curiosity
(2012): Mastcam
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Viking 1,2 1976 TFrEAA—R,  6/\F 100 X 342 5EF 200-320
Imaging Camera 12 400-1100nm

Pathfinder 1997 CCD. YAWIN 14 X 14]& < 350
IMP 248 X 256  450-990nm

MER 2004 CCD. 167\ K 16 X 16JE >200
Pancam 1024 X 1024 400-1100nm

(Z2%)MER 2004 CCD. WAWIN 45 X 45 & >200
Navcam 1024 X 1024 600-800nm

Phoenix 2008 CCD. 21\ K 14 X 14E >100
SS| 1024 X 1024 450-1000nm

MSL 2012 CCD 7IN\UR 15 X 20

Mastcam-34 1200 X 1600 440-1034nm

MSL 2012 CCD 8/ K 5.1 X 6.8

Mastcam-100 1200 X 1600 440-1035nm
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Mars Pathfinder (MPF)

1996F12H4B#Tb LT, 1997474855 kE (19.33N, 33.55W)

e |IMP (Imager For Mars Pathfinder)
* APXS (Alpha Proton X-Ray Spectrometer)
* ASI/MET (Atmospheric Structure Instrument/Meteorology Package)



Mars Pathfinder (MPF)
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Figure 1. Viking Lander 1 data for two Martian years for
both morning (squares, year 1; crosses, year 2) and afternoon
(diamonds, year 1; triangles, year 2) observations [Colburn et
al., 1989]. These data taken in the Viking 670 nm solar filter
are compared with similar data taken 20 years later by IMP in
the same wavelength (asterisks, morning; circles, evening).
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Figure 5. Opacity at (a) 0900-1000 LST and (b) 1300-1600
LST versus L for 450 nm (circles), 670 nm (squares), 883 nm
(diamonds), and 989 nm (triangles).
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Table 8. Parameters for Best Fitting Models atla = 1.6 pm, b = 0.2} n, = 1.5
Single Column Number Asymmetry
Wavelength, | Imaginary| Scattering Density, Tau Theta_,,, Parameter
nm Index Albedo X 10° cm? Extinction| G deg g
443.6 0.0122 0.755 4.6 0.485 115 138 0.777
670.8 0.0023 0.949 4.6 0.528 70 145 0.677
896.1 0.0036 0.940 4.4 0.528 120 150 0.706
965.3 0.0042 0.937 4.5 0.539 75 164 0.699
N ? —
2. SREARDATv o BAIICLSER
Table 2. The Optical Depth and Single Scattering Properties Derived from Sol 56 Data
A pm T Tefjf Veff b Omin n, Qext Qsca < cosf >
443.6 0.56 1.45 0.28 0.042 170 0.015 2.80 2.09 0.77
481.0 0.60 1.66 0.30 0.051 140 0.009 2.84 2.30 0.75
670.8 0.59 1.60 0.15 0.052 160 0.0032 3.00 2.80 0.73
896.1 0.61 1.85 0.25 0.046 220 0.0038 3.10 2.89 0.74
965.3 0.60 2.00 0.26 0.044 230 0.0024 3.20 3.07 0.72
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Silicon Carbide
* antimony oxide
e cerium oxide
e calcium carbonate
e aluminum silicate
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=—&— Calcium Carbonate Measurements
— -Total at 865
I —----Total at B98
---Total 444

| —a— Silicon Carbide

—#— Antimony Oxide
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Singla Scattering Phase Function
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Figure 21. The total single scattering phase functions de-
rived for four wavelengths for 7 = 1.6 umand b = 0.2. The
phase functions at 444 nm (short dashes), 671 nm (medium
dashes), 898 nm (dots and dashes), and 965 nm (long dashes)
are shown, Also shown for comparison are the phase functions
determined from laboratory measurements by West et al.
[1997] for mineral powders of silicon carbide (triangles), anti-
mony oxide (diamonds), cerium oxide (inverted triangles), cal-
cium carbonate (dots), and aluminum silicate (squares).
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Tronsmittance

Tronsmtttonce spectrc ot IMP resolutron
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T W\/\
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Wavelength, micron

Figure 1. Bandpasses of the IMP water vapor filters (curves
labeled L2,..., R4). Solid, dashed, and dotted lines at the top
show the transmittance spectra of the dust-free Martian
atmosphere calculated for air mass 10. Numbers at the curves
denote H,O mixing ratio in units of parts per million (ppm).
Corresponding H,O column densities are 2.5, 8, and 25 pr

pm.
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Figure 5. Water vapor transmittance measured by IMP.

Small open and solid rectangles show

the individual

determinations of transmittance in the morning and evening,
respectively. Large rectangles and error bars are the mean
values of transmittance and its standard deviation within the
bins of 1° in elevation. Solid lines are the same as in Figure 4
and show the transmittance calculated for the uniform
vertical distribution of water vapor. Dashed lines show the
transmittance calculated for the nonuniform model with

water vapor confined to a near-surface layer

1 km thick.



Mars Exploration Rover
(MER, Spirit and Opportunity)

Spirit: 20036 A10H$T £ . 200451 A48 75 (14.57S, 175.48E)
Opportunity: 20037878 #T L. 200441 A 25H 75 [E (1.95S, 354.47E)

Pancam (Panoramic Camera)
MI (Microscopic Imager)
Mini-TES (Miniature Thermal Emission Spectrometer)
MB (Mo"ssbauer Spectrometer)
* APX (Alpha Particle X-Ray Spectrometer)
RAT (Rock Abrasion Tool)
Magnet Array



MER (Spirit and Opportunity)
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Fig. 1. Visible optical depth. Atmospheric optical depth observed with
Pancam’s (A) L8 filter (440 nm + red leak) and (B) R8 filter (880 nm) is
shown for Spirit (diamonds) and Opportunity (squares). The closed
symbols represent afternoon measurements for each sol, and the open
symbols represent morning measurements for each sol. The Opportunity
scale is displaced upward by 0.1 for clarity. The observations are shown
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as a function of Spirit sol number, defined as 1 at Spirit's landing and
20.5 at Opportunity’s landing. Sol 1 corresponds to L, = 3287, sol 61 to
L, =0° and sol 110 to L, = 24°. The gap in data for Spirit beginning at
sol 18 was due to a rover anomaly; the gap in data for both rovers
beginning at about sol 95 was due to a pause in operations to allow a
software upload.
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Fig. 2. Sky radiance. The sky intensity as a function of scattering angle
for low-Sun sky surveys by Spirit on sol 49 (A) and Opportunity on sol 33

Scattering angle

between 11.5° and 12.5° elevation were averaged over 1° scattering angle
intervals to obtain the intensity shown. Each discrete group represents a

(B) is shown for three of the six colors observed: 440 nm (solid line), 535 nm

subset of one 128- by 128-pixel image, except that three separate images
(long-dashed line), and 1001 nm (short-dashed line). All observations
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Fig. 3. Imaginary index, n. The
value of n, derived from the
Spirit (open circles, solid line)
and Opportunity (open squares,
solid line) sky surveys is shown
as a function of wavelength. For
comparison, previously deter-
mined values of n, of martian
atmospheric dust are shown,
based on Viking sky surveys
(22) (filled circles), Pathfinder
low-Sun sky surveys (23) (filled
squares) and high-Sun sky sur-
veys (24) (filled triangles), and
an analysis of a single 12-filter
image set (27) (filled triangles,
dotted line).
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2.9. Accuracy and Precision of the Calibration

[90] Uncertainties in the RAD calibration pipeline are
difficult to quantify for the Pancam data, because they
represent a complex combination of errors accumulated by
the bias, dark current, and flatfield modeling/correction
processes as well as the uncertainties in the preflight
integrating sphere radiance scaling procedure. Based on
preflight calibration data analysis, we estimated that our
typical absolute radiance uncertainty would be <7%, an
assumption that was validated by independent calibrated
diode measurements from an engineering model Pancam
[Bell et al., 2003]. In flight, Lemmon et al. [2004] attempted
to estimate the level of uncertainty of calibrated Pancam
data by comparing calibrated radiances from sky images to
their model of expected sky radiance for the specific
observing geometries and dust opacities encountered. For
the Pancam filters at 432, 535, 601, 753, 864, and 1009 nm,
they found an average difference between modeled and
measured radiances of 0.98 + 0.06 for Spirit and 1.11 £ 0.08
for Opportunity. Given the uncertainties and assumptions
inherent in their sky model, these results appear to indicate
that the absolute radiance calibration of Pancam flight data
from Mars. calibrated using the methods and data files
described above, is probably at least accurate to within
the ~10% level, and is probably actually slightly more
accurate, especially for the longer wavelength, higher SNR
filter observations.

Bell lll et al. [2006, JGR]
In-flight calibration and
performance of the Mars
Exploration Rover
Panoramic Camera
(Pancam) instruments



Phoenix

20078 A4H#TH LIF. 200845 A 25H 75 E (68.22N, 234.25E)

e SSI| (Surface Stereo Imager)

 MECA (Microscopy, Electrochemistry, and Conductivity Analyzer)
 TECP (Thermal and Electrical Conductivity Probe)

 RAC (Robotic Arm Camera)

 TEGA (Thermal and Evolved Gas Analyzer)

 MARDI (Mars Descent Imager)

« MET (Meteorological Station)

* Lidar

 Telltale (BLR)
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Figure 4. Ten-frame zenith sequences displaying several different observed behaviors. Each row is a
single sequence proceeding from the (left) earliest captured image to the (right) last. (top to bottom)
Blowing dust on sol 008, swirling dust on sol 009, narrow and optically thin cloud streets with blowing
dust on sol 101, and optically thick cloud from sol 141. All image sequences are SSI right eye blue filter
images.



Figure 5. Ten-frame suprahorizon sequences displaying several types of clouds observed. Each row is a
single sequence proceeding from the (left) earliest captured image to the (right) last. (top to bottom)
Fluffy clouds taken on sol 094, forming clouds from sol 112, thin high-altitude cloud from sol 078,
streaky cloud from sol 084, and virga-like features from sol 080 are displayed. All image sequences are
SSI right eye blue filter images.




EDOWIRSEE
MIKDED D FEAEZESEIZITEHONT-

Table 2. First Look Suprahorizon Data Set

Sclock Sol LTST  Filter(s) Classification”
900575810 49 1638 LC NAP
901182062 56 1233 L2 Cirrus/Cirrocumulus
901182119 56 1234 R& Cirrus/Cirrocumulus

901449939 59 1259 LC/RE Cirrus

001714257 62 1227 LC/RC  NA°

903035936 77 0947 LC/RC Cirrus

903124956 78 0951 LC/RC Cirrocumulus

003143142 78 1446 LC/RC Stratocumulus/Cirrostratus
903163947 78 2024 LC/RC Cirrocumulus

903310376 80 1159 LC/RC Stratocumulus/Cirrostratus
903323485 80 1532 LB/RB Stratocumulus/Cirrostratus
903327504 8O 1637 LC/RC Stratocumulus/Cirrostratus
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Tomasko et al. [1999, JGR]

Table 1. Summary of Measurements of Mean Cross-Section-Weighted Size and Variance of Martian Aerosols

Author Parameter (Feg), pm Vegp Comment
Pollack et al. [1977] a = 0.4, b = 0.15 -0 vy superseded by Pollack et al. [1995] due to lack of
vignetting correction
Toon et al. [1977] alpha = 2, gamma = 0.5, ( 275 0.42 ) observations at 540 pm wavelength from Viking
r, = 0.4 orbiter
Pollack et al. [1979] same as Toon [1977] =25 O superseded by Pollack et al. [1995] due to lack of
vignetting correction
Drossart et al. [1991] alpha = 1, gamma = 1, 1.24 0.25 spectra from ~1 to 3 wm wavelength from outside
r, = 031 (somewhat uncertain) the atmosphere from the Phobos mission
Korablev et al. [1993] alpha = 2, gamma = 1 0.8 at 25 km, 02+x01 solar occultations at 1.9 and 3.7 um wavelength
1.6 at 15 km from Phobos mission
Pollack et al. [1995] lognormal 1.85+03,152+0.3 05x03 Viking lander result replaces Pollack et al.
[1977, 1979] papers
Clancy et al. [1995] alpha = 1, gamma = 0.3, 1.8 0.997 includes observations from the ultraviolet to the
r» = 0.014 (given as 0.8) thermal IR to constrain width of size distribution
This work a=16,b=0.2-05 1.6 £0.15 0.2-0.5 or more preliminary result from IMP observations; no data
from ultraviolet or thermal IR included
Lemmon et al. [2004] 1.47%+0.21um 0.2(EE) Spirit
Lemmon et al. [2004] 1.52+0.18um 0.2(El%E) Opportunity
Komguem et al. [2013] 1.2-1.4um Phoenix, lidar
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