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1. INTRODUCTION

1.1 Purpose and Scope

This Software Interface Specification (SIS) describes the organization and contents of the
MESSENGER Mercury Dual Imaging System (MDIS) Calibrated Data Record (CDR) and
Reduced Data Record (RDR) archive. This archive includes data from the two cameras onboard
the MESSENGER spacecraft: the Wide Angle Camera (WAC) and the Narrow Angle Camera
(NAC) (see Figure 1-1 below). The MDIS CDR/RDR data products are deliverable to the
Planetary Data System (PDS) and the scientific community that it supports. All data formats are
based on the PDS standard.

. B\ ¢ Pivot
TWIST |3 \ Actuator

DISE ZAMMlN. Composite
; " Stands

Figure 1-1: MDIS Instrument (exterior view).

There are ten MDIS data sets defined in this SIS document. These include:

1) Calibrated Data Records (CDRs)
2) Derived Data Records (DDRs)

3) Map Projected Basemap Reduced Data Records (BDRs) containing a global 750-nm
mosaic illuminated for morphology, with a typical solar incidence angle near 68° (version 0,
74° for version 1)

4) Map Projected Multispectral Reduced Data Records (MDRs) containing an 8-color global
map illuminated at a minimized solar incidence angle
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5) Map Projected Multispectral Reduced Data Records (MD3s) containing a 3-color regional
map illuminated at a minimized solar incidence angle

6) Map Projected Multispectral Reduced Data Records (MP5s) containing a 5-color regional
map of the northern hemisphere illuminated at a minimized solar phase angle

7) Map Projected Basemap Reduced Data Records containing a global 750-nm mosaic
illuminated at high solar incidence angle from the east, to accentuate low relief morphology
(HIEs)

8) Map Projected Basemap Reduced Data Records containing a global 750-nm mosaic
illuminated at high solar incidence angle from the west, to accentuate low relief morphology
(HIWs)

9) Map Projected Basemap Reduced Data Records containing a global 750-nm mosaic
illuminated at a minimized solar incidence angle, to accentuate albedo variations (LOISs)

10) Map Projected Regional Targeted-observation Mosaics containing one or more NAC or
WAC frames pointed at a high science priority region of interest (RTMs)

These data sets are defined in section 2.4 and described in more detail in sections 3.3.5 through
3.3.14 of this document.

This SIS is useful to those who wish to understand the format and content of the MDIS data
products and ancillary support data. The SIS applies to the MDIS CDR/RDR data products
produced during the course of MESSENGER preflight calibration and mission operations. The
users for whom this SIS is intended are the scientists who will analyze the data, including those
associated with the MESSENGER Project and those in the general planetary science community.

1.2 Contents

This Data Product SIS describes how data products generated by the MESSENGER team are
processed, formatted, labeled, and uniquely identified. The document details standards used in
generating the products and software that may be used to access the products. Data product
structure and organization is described in sufficient detail to enable a user to read the product.
Finally, an example of each product label is provided.

1.3 Applicable Documents and Constraints
This MDIS CDR/RDR SIS is responsive to the following documents:
1. MESSENGER Mercury: Surface, Space Environment, Geochemistry, Ranging: A
mission to Orbit and Explore the Planet Mercury, Concept Study, March 1999.

2. Planetary Data System Archive Preparation Guide (APG), August 29, 2006, Version 1.1,
JPL D-31224.

3. Planetary Data System Standards Reference, February 27, 2009, Version 3.8, JPL D-
7669, Part-2.

4. MESSENGER Data Management and Archiving Plan, The Johns Hopkins University
APL, 7384-9019.

5. [PLR] Appendix 7 to the discovery program Plan: Program Level Requirement for the
MESSENGER Discovery project, June 20, 2001.
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10.

11.

12.

13.

14.

15.

MESSENGER Instrument DPU/MDIS Flight Software Specification, John Hayes, 7390-
9041, Revision a, Feb. 26, 2004. Describes the instrument flight software.

MDIS Compression Description, Pat Murphy, Internal APL Memo SRM-03-056, Aug.
25, 2003. Describes the MESSENGER Main Processor wavelet compression, sub-
framing and binning flight software.

Hawkins, S. E., Il1, et al., Multi-Spectral Imager on the Near Earth Asteroid Rendezvous
mission, Space Sci. Rev., 82, 31-100, 1997.

Hawkins, S.E., I, et al., The Mercury Dual Imaging System on the MESSENGER
Spacecraft, Space Sci Rev 131: 247-338, DOI 10.1007/s11214-007-9266-3, 2007.

Hansen, O. L., Surface temperature and emissivity of Mercury, Astrophys. J., 190, 715-
717, 1974.

MESSENGER Mercury Dual Imaging System (MDIS) Experiment Data Record (EDR)
Software Interface Specification (SIS) document, The Johns Hopkins University, APL,
V2T, Jun. 28, 2015.

Archinal, B.A. et al., Report of the IAU Working Group on Cartographic Coordinates and
Rotational Elements: 2009, 2010.

Domingue, D.L., Denevi, B.W., Murchie, S.L., and Hash, C.D., Application of multiple
photometric models to disk-resolved measurements of Mercury’s surface: Insights into
Mercury’s regolith characteristics, Icarus, 268, 172-203, 2016.

Denevi, B.W. et al., Final calibration and multispectral map products from the Mercury
Dual Imaging System Wide-Angle Camera on MESSENGER, Lunar Planet. Sci 47,
abstract #1264.

Becker, K.J. et al., First global digital elevation model of Mercury, Lunar Planet. Sci 47,
abstract #29509.

1.4 Relationships with Other Interfaces
Data products described in this SIS are produced by the MESSENGER Science Operations

Center (SOC).

Changes to the SOC processing algorithms may cause changes to the data

products and, thus, this SIS. The MDIS CDR/RDR products are derived from MDIS Experiment
Data Record (EDR) products. As such, changes to the EDR product may affect the CDR/RDR
products. Changes in MDIS data products or this SIS may affect the design of the MDIS archive

volumes.

2. DATA PRODUCT CHARACTERISTICS AND ENVIRONMENT

2.1 Instrument Overview

The Wide Angle Camera (WAC) has 12 band pass filters, while the Narrow Angle Camera
(NAC) is monochromatic (has a single filter). Table 2-1 summarizes relevant parameters for
both the WAC and NAC cameras. The CDR format for each camera is identical.

Narrow Angle Camera (NAC)

Wide Angle Camera (WAC)

Field of View

1.5 degree

10.5 degree

Scan Range

-40° to +50° from spacecraft +z

-40° to +50° from spacecraft +z
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Exposure Time 110 9989 ms 1to 9989 ms

Frame Transfer Time 3.4 ms 3.4 ms

Image Readout Time 1ls 1ls

Spectral Filters 1 12 positions

Focal Length 550 mm 78 mm

Collecting Area 462 mm” 48 mm”

Detector- TH7888A CCD 1024 x 1024, 14 pm pixels CCD 1024 x 1024, 14 um pixels
Pixel FOV 5.1 m at 200 km altitude 35.8 m at 200 km altitude

Table 2-1: MDIS Camera Details.

2.1.1 Hardware Overview

Most of the MESSENGER instruments are fixed-mounted (Figure 2-2), so that coverage of
Mercury is obtained by spacecraft motion over the planet. The imaging system uses a pivot
platform to accommodate flyby imaging and optical navigation, as well as imaging during the
orbital phase.

Figure 2-2: MESSENGER Spacecraft Instrument Deck.

The full MDIS instrument includes the pivoting dual camera system as well as the two redundant
external Data Processing Units (DPUs). The dual camera assembly without the DPUs is usually
simply referred to as “MDIS.” The overall design and look of MDIS, shown in Figure 2-3, was
driven by mass limitations, the severe thermal environment at Mercury, and the requirement for a
large field-of-regard for optical navigation and off-nadir pointing. The total mass of MDIS is
8.32 kg, including flight blankets, harness to DPU, and thermal gasket.
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The pivot platform houses the multispectral WAC and the monochrome NAC. The thermal
design generally maintained the CCD detectors in the WAC and NAC within their desired
operating temperature range of -45°C to -10°C; during the hottest parts of Mercury orbit,
occasional excursions above this range occurred. Only one DPU may be active at a time, and
due to thermal constraints only one camera will operate at a time; however, observations with the
two cameras can be interleaved at 5-s intervals. A separate electronics assembly accommodates
switching between the various modes of operating with the redundant DPUs. The pivot platform
has a large range of motion (~240°) to allow the cameras to be “tucked away” to protect the
optics from contamination.

2.1.2 Pivot Mechanism

The MDIS pivot platform is controlled by a stepping motor (Fig. 2-3). The motor phases are
controlled directly by the DPU software to move the platform. The phase pattern can be adjusted
by software to move the platform forwards or backwards. The pivot platform’s range of motion
is mechanically constrained by “hard” stops. The range of motion is further constrained by
“soft” stops applied by the software. The nominal allowed range is shown in Fig. 2-4. The total
range of motion of MDIS is about 240°, limited by hard mechanical stops in the pivot motor.
The hard stops are fixed at -185° and 55°. The pivot motor drive-train provides precision rotation
over the 90° operational range of motion (Figure 2-4) about the spacecraft +Z axis.

The MDIS pivot actuator is capable of accurately stepping in intervals of 0.01° (~150 prad) per
step. Crude pointing knowledge is determined by first “homing” the instrument, which is
accomplished by driving the actuator into one of the mechanical hard stops for a period of time
sufficient to ensure the orientation of the instrument if it had been previously stopped at the
opposite extreme of travel. The rotational speed of the pivot platform is 1.1°/s. Once the
location of the pivot actuator is known, the flight software retains this knowledge and subsequent
pointing commands are achieved by counting pulses (steps) to the motor.

There are two alternative measures of pivot position: by counting motor steps following homing,
as described above, or by using the position returned from a pivot position resolver. The latter
method, augmented by inflight calibration of resolver readings using stellar pointing calibrations,
is used for the most accurate determination of pivot pointing for construction of SPICE camera
kernels and for production of map products.
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Figure 2-3: MDIS Design.
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Figure 2-4: Range of motion of the MDIS pivot platform. Operational range is -40° sunward to +50°
antisunward (planetward). When stowed, the sensitive first optic of each telescope is protected.

2.1.3 MDIS Data Compression

The MESSENGER mission requires compression to meet its science objectives within the
available downlink. Figure 2-5 summarizes the compression options available to MDIS at the
instrument level and using the spacecraft main processor (MP). At the focal plane, 2x2 binning is
available on-chip to reduce the 1024x1024 images to 512x512 format, 12-bit data number (DN)
levels can be converted to 8 bits, and data can be compressed losslessly. After data are written to
the recorder, they can be uncompressed and recompressed by the MP more aggressively using
any of several options: additional pixel-binning, subframing, and lossy compression using an
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integer wavelet transform. The strategy for MP compression is that most data except flyby
imaging are wavelet compressed, typically 4:1 for monochrome data and to a lower ratio (< 4:1)
for orbital color data. Color imaging but not monochrome imaging may be further pixel-binned.
For the special case of optical navigation images, there is a “jailbar” option that saves selected
lines of an image at a fixed interval for optical navigation images of Mercury during flyby
approaches.

Hardware compression in MDIS DPU:

2x2 3
12:28 bit DPCM FAST
(DPU HW) (DPU HW)
1024 X 1024 X 12 \ \ > @

1024 x 1024 x 12 compressed

1024 x 1024 x 8 1024 x 1024 x 12
512x 512 12 1024 x 1024 x 8
512x512x8 512x512x 12

512x512x8

Figure 2-5a: MDIS/DPU Real-time Compression flowchart.

Software compression in spacecraft main processor (MP):

Binning not

512x512xn Binning

1024 x 1024 x 12

1024 x 1024 x 8
compressed %2 512x 512x 12
1024 x 1024 x 12 1024 x 1024 x 12 512x512x 8
1024 % 1024 x 8 1024 x 1024 % 8 256 x 256 % 12

512x512x 12 256 % 256 % 8

512x 512 %12
512x512x8 “Un™ ‘ 512x512x8
®) FAST I B S

Jailbar

— =start column

=end column
*spacing (4,8 or 16)

Wavelet is supported for
a) Full image -OR-

Subframes (max: 5) b) Single Commanded Subframe

—{ =115
1[1..5]

'ymh 5% Wavelet
~dy[1.5]

“Compi ratic ’

Inrugt
»

When more than one single subframe is commanded,
data is simply extracted and no additional compression
is performed on any subframes

Figure 2-5b: MESSENGER Main Processor (MP) image post-processing compression flowchart.
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Figure 2-6: Mapping of 12 bits to 8 bits will be accomplished using onboard look-up tables. The tables are
designed to preferentially preserve information at different DN ranges, and they can accommodate a nominal
detector dark level as well as one that has changed with time. “Noise” refers to the read noise, which is “low”
(1 12-bit DN) for the WAC CCD and “high” (2 12-bit DNs) for the NAC CCD. (1) Low noise, high bias SNR
proportional. Usage: Typical imaging with varied brightness. Nominal for most imaging. (2) Low noise, high
bias DN-weighted SNR proportional. Usage: Faint object imaging. (3) High noise, high bias DN-weighted
SNR proportional. Usage: B/W, low brightnesses. Nominal for NAC imaging. (4) Low noise, medium bias
SNR proportional. (5) Low noise, medium bias DN-weighted SNR proportional. Usage: Faint objects. (6)
High noise, medium bias DN-weighted SNR proportional. Usage: B/W mostly low brightness. (7) Zero-bias
SNR proportional. Usage: Typical imaging, varied brightness. (8) Linear. Usage: High brightness mapping,
preserves high DN information.

2.1.4 Exposure Control

The exposure time of images can be set manually by command or automatically by the software.
In manual mode, a full 9989 ms range of exposure times is available. In automatic mode, the
exposure time of the next image is computed by the DPU software (Fig. 2-7). This computation
has two distinct steps. The first step computes a new exposure time based on the brightness of a
test image. The second step anticipates commanded filter wheel motion to a new filter and
adjusts the computed exposure time accordingly.

During the read stage of the image pipeline, the hardware generates a histogram of the image.
The histogram is analyzed by the software to determine if the image is overexposed or
underexposed. First, the histogram is scaled by a factor of four if it comes from a 2x2 binned
image. If the brightest histogram value (except for a commandable number of allowable
saturated pixels) exceeds a saturation threshold, the image is considered overexposed and the
exposure time is scaled back. Otherwise the image is considered underexposed. Histogram
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values are accumulated starting from the brightest bin down towards the dimmest bin, until the
saturation threshold is exceeded. The brightness value that causes the sum to exceed the
threshold is the actual image brightness. The exposure time is scaled by the ratio of the
commanded target brightness to the actual brightness, after a background brightness is removed.
The algorithm is characterized by uploadable parameters for the saturation threshold, allowable
number of saturated pixels, overexposure fallback, and background brightness.

The algorithm described so far compensates for changes in scene brightness and filter wheel
changes. The next step adjusts the exposure time further if the imager, binning mode, or filter
selected for the next exposure does not match what was used in the test exposure. The exposure
time is scaled by the ratio of the transmissivity (actually, the expected brightness in DN/s) of the
old setup to the transmissivity of the new setup. An uploadable table of transmissivities for the
WAC filters and for the NAC imager in either binning mode are used. Finally, the computed
exposure time is forced to fall within an uploadable range but is always less than 1 second.

7]
E Image /////\\\\ Gurrent Exposure
_D__ Histogram -~ Overe:cpossd?\ Yes p'e Exposure’
. Fallback
0 (f
No
0 N 4095 AR
Brightness (DN) -~ -
Underexposed? Yes | Target— Backgrourd
. AGTUAL"- background
\\\/'
Anticipation:

Transmissivity(previous camera, bin mode, filter)

Exposure” = Exposure’ X

Trensmissivity{current camera, bin mode, filter)

Figure 2-7: Autoexposure algorithm decision tree. A 64-bin histogram is computed in hardware for each
image. If an image is determined to be underexposed, the actual exposure is computed as Actual = minimum
brightness such that the sum of the pixels above this brightness < saturation threshold.

2.1.5 Optical Design

The WAC (Figure 2-8) consists of a 4-element refractive telescope having a focal length of 78
mm and a collecting area of 48 mm? (Table 2-9). The detector located at the focal plane is an
Atmel (Thomson) TH7888A frame-transfer CCD with a 1024x1024 format and 14-um pitch
detector elements that provide a 179-prad pixel (instantaneous) field-of-view (IFOV). See
Appendix M for the Atmel TH7888A data sheet. A 12-position filter wheel provides color
imaging over the spectral range of the CCD detector. Eleven spectral filters spanning the range
from 395 to 1040 nm are defined to cover wavelengths diagnostic of different potential surface
materials. The twelfth position is a broadband filter for optical navigation and low-light
imaging. The filters are arranged on the filter wheel in such a way as to provide complementary
passbands (e.g., for 3-color imaging, 4-color imaging) in adjacent positions.
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Figure 2-8: WAC optical layout.
Narrow Angle Wide Angle
Field of view 1.5°%x1.5° 10.5° x 10.5°
Pivot range -40° to +50°
(observational) (Sunward) (Planetward)
Exposure time 1t0 9989 ms
Frame transfer time 3.4 ms
Image readout time’ 1s
Spectral filters 1 12 positions
Spectral range 725-783 nm 395-1040 nm in clear filter
Focal length 550 mm 78 mm
Collecting area 462 mm? 48 mm?
NAC-WAC coalignment knowledge | <0.01 deg (<179 prad)
Spacecraft pointing control <0.1 deg (<1.75 mrad)
Spacecraft pointing knowledge 0.02 deg (<350 prad)
Detector-TH7888A CCD 1024x1024, 14-um pixels
IFOV 25 prad 179 prad
Pixel FOV 5.1 m at 200-km altitude 35.8m at 200-km altitude
Quantization 12 bits per pixel
Compression Lossless, multi-resolution lossy, 12-to-8 bits

TTransfer to DPU; transfer from DPU to SSR limited to 3 Mbps (4 s to transfer 1024x1024 image).
Table 2-9: MDIS specifications.

The NAC (Figure 2-10) is an off-axis reflective telescope with an effective 550-mm focal length
and a collecting area of 462 mm?. The NAC focal plane is identical to the WAC’s, providing a
25-prad IFOV. The NAC has a single medium-band filter (50 nm wide), centered at 750 nm to
match to the corresponding WAC filter for monochrome imaging.
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Figure 2-10: NAC optical layout.

2.1.6 Filters
The WAC camera utilizes a twelve position filter wheel with bandpasses from 430 to 1020 nm,

including a broadband navigation filter centered at 750 nm. The NAC is a broadband BW
imager with a center wavelength of 747 nm and a bandpass of 53 nm. Other than the image
dimensions, the data products of each camera are identically formatted. Table 2-9 shows the
design-level focal length, collecting area, and field of view for each camera. Table 2-11 shows
the calibrated filter wheel position and bandwidth parameters, and the design-level focal lengths
for each filter. More accurate values for focal lengths are derived from flight measurements, and
are updated over the course of the mission as knowledge of the values improves.

Filter _FiIter Wave_length FWHM Total Focal Scale
Number Filename (Flight) (Flight) Thickness length change
letter (nm) (nm) (mm) (mm) (%)
1 A 698.8 53 6.00 78.218 -0.104
2 B 700 600.0 6.00 78.163 -0.104
3 C 479.9 10.1 6.30 77.987 -0.329
4 D 558.9 5.8 6.30 78.023 -0.283
5 E 628.8 55 6.20 78.109 -0.173
6 F 433.2 18.1 6.00 78.075 -0.216
7 G 748.7 51 5.90 78.218 -0.033
8 H 947.0 6.2 5.20 78.449 0.262
9 I 996.2 14.3 5.00 78.510 0.340
10 J 898.8 51 5.35 78.390 0.186
11 K 1012.6 33.3 493 78.535 0.372
12 L 828.4 5.2 5.60 78.308 0.082

Table 2-11: WAC Filters Specifications — Wavelength and FWHM Measured at -26° C.

For WAC spectral filters, bandpass widths were selected to provide required SNR in exposure
times sufficiently short to prevent linear smear by along-track motion, yet sufficiently long (>7
ms) to avoid excessive artifacts from removal of frame transfer smear during ground processing.
SNR is not an issue, as sufficient light is available for SNRs >200, but saturation is a concern at
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low phase angles. At the same time, both cameras must be sufficiently sensitive to provide star
images for optical navigation. When imaging Mercury against a star background, at least three
stars must be visible per image at > 7% noise with the clear filter.

2.1.7 Flatfield Non-uniformity

Response uniformity, or flat field, is a measure of pixel-to-pixel variations in responsivity. One
significant non-uniformity in the data noted during ground calibration is that of dark spots
scattered across the FOV of both imagers. The darker spots scattered across WAC images are
fixed with respect to the CCD regardless of filter wheel setting, though their intensities do vary
slightly with filter. The sizes of the spots are consistent with shadows of <<35-pum dust on the
CCD window, and their number density is consistent with the standards for a class-10,000 clean
room in which the camera was assembled. Also consistent with this hypothesis, following
instrument vibration during environmental testing, the locations of several spots changed. With
the exception of a single particle (arrow, Figure 2-12) the dust spots do not significantly affect
the DN levels. The spots themselves also moved as the instrument was subjected to the
vibrations of launch and flight. The original determination of the flat field was made using
images of the interior of an integrating sphere, acquired during ground calibration. Inflight,
several iterative improvements of the flat-field correction were performed. Images of an onboard
calibration target inside the spacecraft adaptor ring, as well as of the Venus cloud tops acquired
during the second Venus flyby, have been used prior to Mercury orbit insertion. After Mercury
orbit insertion, medians of thousands of low-contrast field-filling images acquired through each
filter provided an improved flat field.

/

Figure 2-12: Non-uniformity due to dust particles is visible in integrating sphere images acquired through
the quartz window in the OCF chamber door of the calibration facility.

2.1.8 Dark Columns

Dark models for MDIS images can be created using either (a) dark images (usually acquired with
MDIS stowed against the spacecraft deck) or (b) columns lying outside of the CCD’s active area.
In the full-frame mode for either the WAC or NAC, the first four columns of each image are
taken from a region of the CCD that is never exposed to light and, thus, represents a dark level
that is purely a function of bias and dark current. The dark columns are separated from the
image section by five isolation columns to avoid diffusion of signal from the active area. When
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the image is read out, these four columns are mapped into the first four imaging columns, so the
resulting image is a square 1024 by 1024 pixels, with the first four columns replaced with the
sampled dark columns. The four dark columns behave identically to the scene as a function of
row, exposure time, and temperature to within 0.26 DN.

In the binned mode for both cameras, true dark columns are unavailable due to the pixel-shift
problem described in the following section. However, the second column of a binned image
provides a much lower response to light than a column in the active image area. This lower-
response column does show a temperature- and exposure-time response that can be modeled,
making it a functional “dark.” Therefore, the dark column model simply uses the second column
of an image (binned or full-frame) to be a representative of the dark strip properties.

Given the problematic nature of binned “dark” columns, model (a) above is used as the basis for
an analytical model of dark current. Nevertheless, the dark strips could serve as an indicator of
the variations of the CCD’s response to radiation, and, as such, a means to validate the
performance of the dark model over time.

2.1.9 Pixel Shift Due to Pixel Binning

For either camera, an error in programming the Actel field-programmable gate arrays (FPGAs)
that executes binning at the focal plane results in a different sampling of the CCDs. Binned
images are sampled from a part of the CCD that is offset 8 unbinned pixels (4 binned pixels) in
the direction of increasing sample number in the image. This difference in pointing is accounted
for in the SPICE frames kernel.
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Figure 2-13: Pixels intended for dark columns, and actual pixels used in binned images for WAC and NAC.

2.2 Flyby Imaging Overview

The MESSENGER trajectory provided three flyby opportunities of Mercury: January 2008,
October 2008, and September 2009. During the first flyby, approximately half of the hemisphere
not viewed by Mariner 10 was illuminated (subsolar longitude 190°E); the first Mercury data
returned from MESSENGER thus covered new terrain, including the previously unseen western
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half of the Caloris Basin and its ejecta. During the second flyby, illumination was centered on the
eastern edge of the Mariner 10 hemisphere (subsolar longitude 4°E). The lighting geometry for
the third encounter was nearly identical to that of the second encounter with the subsolar point at
the prime meridian (0°E); the approach and departure phase angles were less extreme, however,
resulting in better inbound imaging. During the second and third flybys, most of the remaining
unseen portion of Mercury was imaged. Total coverage between Mariner 10 and the three flybys
excluded only the poles and a small longitudinal gap up to 6° wide, centered at 93°E longitude.

During each of the flybys, three major types of image mosaics were acquired. First, MDIS-NAC
raster scan mosaics covered >80% of the planet at a resolution averaging ~500 m/pixel,
providing a first version of a global map. Second, MDIS-WAC imaged the planet in 11 filters at
as good as ~2.4 km/pixel. Finally, high-resolution WAC and NAC mosaics covered selected
areas at higher resolutions.

Creating maps from imaging obtained at various photometric geometries during the flybys and
from orbit requires an accurate photometric model of the planet at the wavelengths of the NAC
and WAC filters. Therefore, MESSENGER began the collection of multi-geometry photometric
characterization of Mercury’s surface from data acquired during the flybys, through observations
of the same point on the ground acquired at the same incidence angle, but different emission and
phase angles.

2.3 Orbital Imaging Overview

Imaging during the 8 solar day orbital phase is divided into two types, acquired as parts of
organized mapping "campaigns”, and "targeted observations" covering regions of interest
specifically defined by the Science Team. In the latter case the region of interest is recorded by
the SITE_ID keyword.

2.3.1 Primary Mission (Solar days 1-2)

On 18 March 2011 MESSENGER was placed in a highly elliptical orbit with a periapse of 200
km at ~64°N and an apoapse of 13100 km. The orbit had an approximately 12-hour period, was
inclined 80° to the planet’s equatorial plane, and was not sun-synchronous. During one
Mercurian solar day, the orbit precessed completely around the planet twice. At times the
groundtrack was near the terminator; 22 days later it passed over the sub-solar point. The
following were the major imaging campaigns during the ~1 Earth year primary mission.

2.3.1.1  Global Monochrome Basemap Campaign

One of the primary goals of MDIS is to acquire a global monochrome basemap at ~250-m/pixel
average spatial sampling, low emission angle, and moderate incidence angle (45°-80°). For a
given area, coverage was first obtained when local nadir was viewed at a solar incidence angles
as close as possible to 68°. This value is a compromise between higher incidence angles to
highlight subtle topography and lower incidence angles to eliminate shadows. The choice of the
NAC or WAC camera was driven by the necessity of maintaining both cross-track overlap and
near uniform spatial resolution: the NAC was used to image the southern hemisphere, whereas
the WAC was used in the northern hemisphere. For monochrome imaging, the 750 nm filter was
used in the WAC to match the 750 nm bandpass of the NAC. This first global nadir-viewing
basemap was acquired during the first Mercurian solar day of the mission (i.e., during the first
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half of the primary mission).

2.3.1.2  Stereo Mapping Campaign

An off-nadir stereo-complement to the above basemap consists of images taken at nearly the
same local solar time one solar day later, with stereo convergence attained using off-nadir
pointing up or down the groundtrack. The stereo complement was acquired on solar day two
(i.e., the second half of the primary mission).

2.3.1.3  Global 8-Color Mapping Campaign

Color mapping was repeated after the flybys, improving spatial resolution by nearly a factor of 3
to 1.0 km/pixel on average. Images were acquired using near-nadir pointing, but in contrast to
the monochrome basemap, low incidence angles were targeted. The data were acquired in only 8
of the 11 filters used during the flybys, to manage data volume. In addition, 2x2 or 4x4 pixel-
binning was applied at northern latitudes, also to manage data volume.

2.3.1.4  South Polar Mapping Campaign

In order to identify permanently shadowed (and permanently illuminated) areas, the south polar
region was imaged repeatedly throughout each Mercurian solar day during every fourth orbit, so
that all longitudes were illuminated at ~5° increments of solar longitude. This strategy provides
coverage of all areas near their minimum solar incidence angle, with nearly a full 180° range of
solar azimuth from local sunrise to local sunset. The campaign was divided between the two
solar days. On the first solar day, the WAC was used while the spacecraft was at high altitude at
high southern latitude, providing 1.5-1.7 km/pixel image coverage extending equatorward to
approximately 60° latitude on the dayside (70° latitude with the full azimuth range). On the
second solar day a more limited region to 75° latitude was covered at about 300 m/pixel using
the NAC.

2.3.1.5  High-resolution NAC Targeted Observations

Selected areas mostly in the northern hemisphere, targeted predominantly using flyby imaging,
were imaged from orbit at resolutions of typically ~20 m/pixel using strips of NAC images.
Pointing was attempted to be at geometries similar to that of the global monochrome basemap.
Some strips were re-imaged at an off-nadir geometry to provide stereo convergence. Additional
targets were observed, usually off-nadir, at poorer resolutions and with lower incidence angles,
simultaneously with measurements from the MASCS/VIRS spectrometer.

2.3.1.6  3-Color WAC Targeted Observations

Selected regions of the planet were targeted with full-resolution color imaging with spatial
sampling typically ~400 m/pixel, but using only 3 color filters. This reduced number of filters
was driven by spacecraft velocity, slower cadence of the readout of unbinned images, and the
need to maintain overlap between filters. Targets were identified from Mariner 10 data and
MESSENGER flyby results.

2.3.1.7  Color Photometry Targeted Observations

Orbital photometric observations complement the flyby photometry by repeatedly covering
representative areas near the Rembrandt and Beethoven basins at wide variety of incidence,
emission, and phase angles, initially using the same 8-color filter set as for the global 8-color
map. Images of the same target are taken multiple times, as the planet's rotation varies the
incidence angle as the target region moves from the terminator to near the sub-solar longitude.
Later in the mission the number of filters was increased to 11 to improve photometric correction
of 11-color targeted observations.
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2.3.1.8  Limb Image Campaign

Once per week, three sets of 2x1 frame WAC 750-nm image mosaics are acquired at high
altitudes, showing the entire limb of Mercury. These data are used to help define the low-order
global shape model for Mercury.

2.3.1.9  On-orbit Calibration Campaigns

Star fields were imaged in the WAC clear filter in coordination with limb imaging, to track
temporal drift in MDIS pointing due to plastic deformation of the spacecraft from thermal
cycling. In addition, periodically the MDIS pivot plane is pointed off the planet's limb and star
images acquired at multiple positions within the gimbal plane that are separated by tens of
degrees, and the sequence of positions is repeated over the course of an orbit. This periodic
measurement is used to characterize pointing drift due to temperature dependent elastic
deformation of the spacecraft structure, as well as to characterize plastic deformation.

2.3.2 Extended Mission 1 (Solar days 3-4)

In April 2012 MESSENGER executed a series of maneuvers to change the orbit and spend more
time at lower altitude. The new 8-hour orbit was still highly eccentric, with MESSENGER
travelling between 278 and 10,314 km above Mercury's surface. Imaging campaigns were
modified to take advantage of the lower altitude and to optimize illumination and viewing
compared to the "general purpose” monochrome basemap and stereo complement from the
primary mission. The extended mission comprises Mercury solar days 3 and 4, through the end
of March 2013.

2.3.2.10 Albedo Map and Stereo Complement Campaigns

One issue from the primary mission stereo map was its "one size fits all" illumination geometry
that attempted to meet multiple objectives while being optimized for none. In order to attain
stereo coverage with reduced shadows, a new pair of mosaics was acquired that used the camera
selection and spatial resolution strategy from the primary mission monochrome basemap, but
targeted lower solar incidence angles, 45° instead of 68°. The nadir mosaic was acquired on solar
day 3, and the stereo complement on day 4. Gaps in both were filled over time.

2.3.2.11 High-incidence Mapping Campaigns (illuminated from the east and west)

To improve mapping and characterization of very low-relief features, an additional mosaic was
acquired targeting a higher incidence angle than the primary mission monochrome basemap, 80°
instead of 68°. Later, coverage was augmented to provide separate maps illuminated from the
east and from the west.

2.3.2.12  3-Color Mapping Campaign

3-color mapping of northern and equatorial latitudes without pixel binning was conducted on
solar day 3. This campaign is the equivalent of targeted color imaging from the primary mission,
except with spatially continuous coverage with slowly varying illumination geometries.

2.3.2.13 North Polar Mapping Campaign

In order to identify permanently shadowed (and permanently illuminated) areas, during both
solar days 3 and 4 imaging of the north polar region was conducted whenever possible to build
coverage both at minimum solar incidence angle and with as large as possible a range of solar
azimuths.

2.3.2.14 Ride-along Imaging Campaign
Beginning in Extended Mission 1, spare downlink was used to acquire non-targeted, high-
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resolution NAC images of the northern hemisphere, as "ride-along" observations during times
when spacecraft pointing is optimized for other instruments.

2.3.2.15 Other Imaging

Targeted, high-resolution NAC strips, color photometry, limb images, and on-orbit calibrations
continued to be acquired as during the primary mission. Regular color imaging of the southern
polar region began to be used to monitor radiometric performance of the WAC.

2.3.3 Extended Mission 2 (Solar day 5 through end of mission in solar day 9)

At the end of March 2013 MESSENGER began its second extended mission, with new imaging
campaigns complementing those of the Primary Mission and Extended Mission 1. The orbit
around Mercury remained largely the same initially, but solar perturbations caused the periapse
to approach the surface. In December 2013 the first of several low altitude (<200 km) periapse
periods occurred. Each was followed by a periapse-raising maneuver. Once propellant was
exhausted, the periapse intersected the surface, and active mission operations ended upon
spacecraft impact on 30 April 2015. Imaging campaigns provide new regional views, new global
views at complementary lighting, high-resolution observations at pixel scales as good as <2
m/pixel in the NAC, low-light imaging of the interiors of permanently shadowed polar craters,
color emission phase functions of selected features to investigate small-scale differences in
photometric properties, and oblique views of high-relief features to investigate vertical structure
of the upper crust. Systematic searches were conducted for Mercurian satellites and for vulcanoid
asteroids whose semimajor orbital radii are interior to Mercury.

2.3.3.1  High-incidence Mapping Campaigns, llluminated from the East and West

The high-incidence mapping from Extended Mission 1 included about a dozen large contiguous
areas illuminated at high solar incidence angle from either the east or west. During the second
extended mission, additional coverage at high solar incidence angle was acquired so that nearly
global coverage was attained in two nearly complete, complementary global maps each at high
solar incidence angles, one illuminated from the east and the other from the west.

2.3.3.2 Low-phase North Polar 5-Color Mapping Campaign

Both the 8-color global map acquired during the Primary Mission and the 3-color map acquired
during Extended Mission 1 are mostly nadir-viewing, such that higher latitudes are imaged at
higher phase angles. In each polar region, the high phase angles and extended shadows
complicate the recognition of color variations. The northern plains surrounding the north pole are
the single largest expanse of smooth plains on Mercury, and have a relatively high albedo and
red color. These limitations of the 8-color and 3-color maps obscure whether there are multiple
color units in the northern plains. To address this question, the northern plains region was
imaged in 5 colors at a variable angle off-nadir, to attain a uniform low phase angle near 30°.

2.3.3.3  Along-track Stereo Targeted Observations

Prior to Extended Mission 2, high-resolution stereo imaging with the NAC was mostly limited to
image strips taken far apart in time at complementary geometries, yielding inconsistent stereo
convergence. A new approach used control of spacecraft pointing to acquire stereo geometries at
two times along the spacecraft groundtrack on a single orbit, providing spatial sampling typically
better than 50 m/pixel.

2.3.34 Dark-crater Imaging Campaigns
Beginning late in Extended Mission 1 and continuing through Extended Mission 2, the WAC
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clear filter and long exposures in the NAC were used to image permanently shadowed regions
inside high-latitude craters, illuminated indirectly by sunlight reflected from nearby ridges or
crater walls. As of mid-2014, 3-color imaging using 560, 750, and 830 nm filters and longer
exposure times began on an experimental basis.

2.3.3.5  11-color Targeted Observations

Beginning in Extended Mission 2, 11-color targets using the full set of WAC spectral filters were
acquired covering regions of interest for their spectral variations, including pyroclastic vents,
hollows, and fresh crater materials.

2.3.3.6  Multiple-phase Angle Observations (Emission Phase Functions)

Beginning in Extended Mission 2, 3-color targets using 430-, 750-, and 1000-nm WAC spectral
filters at 2 to 5 phase angles were acquired within single orbits or groups of two orbits, to
measure spatial differences in photometric properties of targets including pyroclastic vents,
hollows, and fresh crater materials.

2.3.3.7 Low Flyover Movies
During Extended Mission 2, "movies" were acquired using the WAC 750-nm filter pointed into
the ram direction to capture a view of flying over Mercury's surface at a low altitude.

2.3.3.8  Oblique Images

During Extended Mission 2, high emission angle views of selected high-relief features including
massifs, escarpments, pyroclastic vents, and crater interiors were acquired to provide better
views of exposures of vertical structure of the shallow crust.

2.3.3.9  Satellite Search

The objective of satellite searches was to observe any satellites close to opposition, when they
would be at the largest solar elongation to improve brightness and detectability. Four separate
searches were conducted near Mercury perihelion to enhance the brightness of the satellites, each
looking northward (“upward” from the orbital apoapsis below Mercury’s south pole) toward the
expected orbital plane. During each search, overlapping pointing steps were made, spanning a
range from 2—75 Mercury radii. The sequence began at the greatest distance, stepped to the
smallest, and then stepped back to the largest, allowing faster motion of an inner satellite to be
detected (before an object left the field) while still allowing the slower motion of an outer
satellite to be detected (because enough time had passed). Multiple images were used at single
steps to reject radiation artifacts. Motion expected was due primarily to parallax from the
spacecraft motion. The entire sequence was repeated after a fixed time. The combined searches
covered ~20% of orbital phase space.

2.3.3.10 Vulcanoid Search

Due to its ability to point to 30° from the Sun at Mercury perihelion, MDIS was able to image
the outer portion of the vulcanoid zone at 0.18-0.21 AU which represents 46% of the volume of
the zone where vulcanoids are expected to be most likely. During MESSENGER's cruise phase,
vulcanoid searches were conducted six times, collectively covering 46% of the volume of the
vulcanoid zone. At each search, MDIS observed one field width north and south of the ecliptic
and on both sides of the Sun. This was repeated over three time scales: immediate, to reject
artifacts; after a few hours to distinguish motion from stars; and after a few days to attempt to
recover an object and estimate an orbit. An altered strategy was used for two final searches from
Mercury orbit, allowing detection of smaller bodies at the expense of coverage. These deeper
searches were achieved by co-adding images and by making longer strings of sequential
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observations, thus making any motion much more prominent. Each of these searches covered 5%
of the vulcanoid volume.

2.3.3.11 Nightside limb imaging

During Extended Mission 2, an experiment was conducted to attempt to image emissions from
Mercury's exosphere, and to measure stellar occultations by Mercury's night-side optically. The
latter was a proof-of-concept to demonstrate ability to measure the convex upper high of the
seasonally shadowed portion of an asteroid during a spacecraft encounter much shorter than a
Mercurian year. WAC clear filter images were acquired in sets of 3 to reject radiation noise, at
three positions with the nightside of Mercury filling 0.25, 0.5, and 0.75 of the field of view.
Portions of the limb were targeted where illuminated portions of the planet were at least 10° from
the WAC boresight to minimize scattered light.

2.3.3.12 Other Imaging
High-resolution NAC strips, color photometry, color imaging of the south polar region, limb
images, and on-orbit calibrations continued to be acquired as during the first extended mission.

2.4 Data Product Overview

The MDIS archive contains ten volumes of higher-level data products: CDRs, DDRs, BDRs,
MDRs, MD3s, MP5s, HIEs, HIWSs, LOIs, and RTMs. Each is briefly described below and listed
in Table 2-14. More detailed descriptions can be found in sections 3.3.5 through 3.3.14.

2.4.1 CDRs

The Calibrated Data Record (CDR) data set consists of single-frame calibrated images in units of
radiance or I/F, with I/F for WAC images provided as two versions, either corrected or not
corrected empirically for time-variable responsivity. CDRs are not geometrically corrected.
Versions 1 through 5 represent a series of improvements in accuracy of the radiometric
calibration that reduce systematic artifacts. See section 3.3.5 for a more detailed description of
the CDRs.

2.4.2 DDRs

The Derived Data Record (DDR) data set consists of single images that have 5 bands of data as
32-bit PC_REAL or IEEE_REAL: (a) latitude, (b) longitude, and (c) incidence angle, (d)
emission angle, and (e) phase angle at the equipotential surface. In version 0 DDRs, latitude and
longitude are calculated using the best-determined spacecraft and instrument pointing values,
spacecraft position, and camera model recorded in SPICE kernels, and an ellipsoidal model of
the planet surface. For version 1 DDRs, c-smithed kernels and a global digital elevation model
(DEM) are used. See section 3.3.6 for a more detailed description of the DDRs.

2.4.3 BDRs

The Map Projected Basemap RDR (BDR) data set consists of a global monochrome map of
reflectance corrected to i = 30°, e = 0°, g = 30° at a resolution of 256 pixels per degree. Version 0,
released in 2013, is compiled from images taken as a part of the global monochrome basemap
campaign described in section 2.3.1.1. Depending on spacecraft altitude when the data were
taken, either the NAC or WAC 750-nm image was used. Version 0 is uncontrolled, projected
onto an ellipsoidal model of Mercury, and photometrically corrected using a Hapke photometric
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model with parameters optimized to higher solar incidence angles (near 68° and different from
parameters used in map products containing lower-incidence angle data). Version 1, released at
end of mission, is compiled using NAC or WAC 750-nm images from any campaign that best fit
the intended illumination geometry, i.e., low emission angle and incidence angle near 74°. It is
controlled and projected onto a global digital elevation model. It uses a Kasseleinin-Shkuratov
photometric model, whose parameters are the same for any given wavelength band across all
MESSENGER end-of-mission map data products. The map is divided into 54 segments or
“tiles,” each representing the NW, NE, SW, or SE quadrant of one of the 13 non-polar
quadrangles, plus the 2 polar quadrangles, or “Mercury charts” already defined by the USGS (see
Table 3-10). Latitude boundaries do not match precisely the USGS definition. For this archive,
the equirectangular products extend to the shared midpoint latitude rather than include the
defined redundant overlap between those products. Each map also contains 5 additional bands
representing “backplane” data as follows: (a) observation id, (b) BDR metric, a metric used to
determine the stacking order of component images — which image of all those covering piece of
terrain is "on top" (see section 2.5.2.3), (c) solar incidence angle, (d) emission angle, and (e)
phase angle. See section 3.3.7 for a more detailed description of the BDRs.

2.4.4 MDRs

The 8-color Map Projected Multispectral RDR (MDR) data set consists of a mosaicked global
color map of 8-color image sets, as reflectance corrected to i = 30°, e = 0°, and g = 30° sampled
at a scale of 64 pixels per degree, compiled from images taken as a part of the global 8-color map
campaign described in section 2.3.1.3. Each of 54 map tiles, defined geographically in the same
manner as the BDRs, is composed of 8 bands corresponding to 8 of the 11 WAC filters.
Versions 0, 1, and 2 of the map also contain 5 additional bands representing “backplane” data as
follows: (a) observation id for each image set, (b) MDR metric, a metric used to determine the
stacking order of component images (see section 2.5.2.3), and (c) solar incidence angle, (d)
emission angle, and (e) phase angle for the 750-nm image in the set. Versions 0, 1, and 2 are
uncontrolled, projected onto an ellipsoidal model of Mercury, and photometrically corrected
using a Hapke photometric model with parameters optimized to lower solar incidence angles
(and different from parameters used in map products containing higher-incidence angle data).
Version 3 of the map, delivered at end of mission, is compiled differently. Instead of the value
from any single image being used at a particular pixel location in a given wavelength band, the
value used is the average from all of the images at that location where criteria for image scale,
photometric geometry, and detector temperature are met. The averaging approach minimizes
artifacts of time-variable instrument calibration. The 9 backplanes are redefined, and contain (a)
the count of 8-color image sets at each location, and (b-j) for each wavelength band of corrected
reflectance, the standard deviation to the average value. In addition, version 3 is controlled and
projected onto a global digital elevation model. It uses a Kasseleinin-Shkuratov photometric
model, whose parameters are the same for any given wavelength band across all MESSENGER
end-of-mission map data products. For the south polar region only, there is a redundant tile
having lower spatial resolution that eliminates coverage gaps present in the nominal version of
the tile. See section 3.3.8 for a more detailed description of the MDRs.

2.4.5 MD3s

The 3-color Map Projected Multispectral RDR (MD3) data set consists of a mosaicked global
color map of 3-color image sets, as reflectance corrected to i = 30°, e = 0°, and g = 30° sampled at
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a scale of 128 pixels per degree, compiled from images taken as a part of the regional 3-color
map campaign described in section 2.3.2.3. Each map tile, defined geographically in the same
manner as for BDRs and MDRs, contains 3 bands corresponding to 3 of the 11 WAC filters.
Version 0 of the map contains 5 additional bands representing “backplane” data as follows: (a)
observation id for each image set, (b) the same metric as for MDRs, to determine the stacking
order of component images (see section 2.5.2.3) except with the limiting spatial resolution
modified, and (c) solar incidence angle, (d) emission angle, and (e) phase angle for the 750-nm
image in the set. Version 0 is uncontrolled, projected onto an ellipsoidal model of Mercury, and
photometrically corrected using a Hapke photometric model with parameters optimized to lower
solar incidence angles (and different from parameters used in map products containing higher-
incidence angle data). Version 1 of the map, delivered at end of mission, is compiled differently.
Instead of the value from any single image being used at a particular pixel location in a given
wavelength band, the value used is the average from all of the images at that location where
criteria for image scale, photometric geometry, and detector temperature are met. The averaging
approach minimizes artifacts of time-variable instrument calibration. The 4 backplanes are
redefined, and contain (a) the count of 3-color image sets at each location, and (b-d) for each
wavelength band of corrected reflectance, the standard deviation to the average value. In
addition, version 1 is controlled and projected onto a global digital elevation model. It uses a
Kasseleinin-Shkuratov photometric model, whose parameters are the same for any given
wavelength band across all MESSENGER end-of-mission map data products. See section 3.3.9
for a more detailed description of the MD3s.

2.4.6 MP5s

The 5-color Map Projected Multispectral RDR (MP5) data set consists of a mosaicked regional
color map of 5-color image sets, as reflectance corrected to i = 30° e = 0°, and g = 30° sampled
at a scale of 128 pixels per degree, compiled from images taken as a part of the regional 5-color
map campaign described in section 2.3.3.2. There is a single map tile, the north polar tile, that
contains 5 bands corresponding to 5 of the 11 WAC filters. Version 1 of the map, delivered at
end of mission, is compiled using at a particular pixel location in a given wavelength band, the
average fr