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Mercury	  Atmospheric	  and	  Surface	  
ComposiPon	  Spectrometer	  (MASCS)	  

•  The	  Ultraviolet	  and	  Visible	  
Spectrometer	  (UVVS)	  
–  115-‐600	  nm	  (split	  into	  FUV,	  MUV,	  Vis)	  
–  Primarily	  designed	  for	  exosphere	  
measurements	  

–  Some	  surface	  scans	  being	  conducted	  
–  Surface	  data	  sPll	  being	  validated	  for	  
science	  quality	  

•  Visible	  and	  Infrared	  Spectrograph	  
(VIRS)	  
–  Surface	  measurements	  (300-‐1450	  nm)	  
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VIRS	  ObservaPons	  

•  Since	  entering	  orbit	  in	  March	  2011,	  >10	  million	  spectra	  have	  been	  
collected	  (~95%	  surface	  coverage	  at	  20	  km	  spacing	  between	  footprints)	  

•  ObservaPon	  geometry	  is	  heavily	  restricted	  by	  spacecraa	  operaPonal	  
requirements.	  Global	  data	  at	  laPtudes	  below	  70°N	  and	  S	  are	  limited	  to	  
incidence	  <70°,	  emission	  <85°,	  Phase	  ranges	  from	  78-‐102°	  
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VIRS	  Instrument	  Design	  
•  Cassegrain	  Telescope	  (feeds	  
both	  VIRS	  and	  UVVS)	  

•  VIS	  detector:	  linear	  512	  
element	  Si	  array	  
–  300-‐900	  nm	  
–  5	  nm	  spectral	  resoluPon	  

•  IR	  detector:	  linear	  256	  
element	  InGaAs	  array	  
–  900-‐1450	  nm	  
–  5	  nm	  spectral	  resoluPon	  

•  No	  acPve	  detector	  cooling	  
•  Shuier	  on	  VIRS	  entrance	  
assembly	  
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Fig. 17 Solid-model drawing showing the VIRS components

4.5.1 Optical Mechanical Design

Figure 18 shows a cross-section view of the VIRS channel. The fiber feed from the telescope
enters through a hole in the floor of the optical bench and is routed to the entrance assembly,
which is shown in Fig. 19. Its output end is cemented into a ferrule and clamped to the top of
the assembly using a “V” block. The “slip fit” provided by loosening the “V” block retaining
screws provides a convenient method for adjusting the focus of the instrument before cover
installation. Two grain-of-wheat lamps (not shown in Fig. 19), which are located on either
side of the ferule, provide flat-field illumination for the detectors during calibration. The
entrance assembly also supports a shutter mechanism that is used to interleave dark current
spectra with normal observations. This is accomplished using an Aeroflex 16305 stepper
motor to rotate an arm in front of the fiber input to block the incoming beam. A light-
emitting and receiving diode pair provides an electrical signal that indicates when the shutter
is closed.

Light diverging from the fiber travels 210.9 mm to the grating vertex, which is rotated
9.08° with respect to the incoming beam. The grating diffracts wavelengths 200–1,500 nm
into a 7.5° fan of angles projected toward a flat focal plane, which is located 206 mm from
the grating pole and is rotated by 9.1° with respect to its normal.

A 6.1-mm-thick, fused-silica beam splitter, which is rotated by 19° relative to the inci-
dent fan, intercepts the rays before they reach the focal plane. The lower half of the first
surface reflects all wavelengths toward the visible focal plane where they are imaged onto a
Hamamatsu S3901-512SPL negative-channel metal-oxide semiconductor (N-MOS) silicon
diode array. The upper half of the first surface transmits light to the second surface of the
beam splitter, which has a concave cylindrical surface with a 250-mm vertical radius of cur-
vature. Both the upper half of the first surface and the entire second surface have infrared
anti-reflection coatings optimized for wavelengths greater than 900 nm. After light exits the
beam splitter it travels to the infrared detector head (NIR) where it traverses a fused silica
convex-plano cylindrical lens, which has a 6.6-mm vertical radius of curvature, before being
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Fig. 18 Cross-section view of the VIRS showing the locations of major components

Fig. 19 VIRS entrance assembly

imaged onto a Hamamatsu G8162-256S InGaAs diode array. The two opposing cylindrical
surfaces remove astigmatism from the spectral images in order to focus all the light from
the grating onto the detector pixels (see Fig. 8).

4.5.2 Detector Head Assemblies

Figure 20 shows a solid-model view of the VIS detector head. The diode array and its control
and readout electronics are mounted on a pair of 75-mm-square printed circuit boards, which
are inter-wired and supported in the corners by four aluminum spacers. This arrangement
produces a lightweight, compact (75 mm × 75 mm × 50 mm tall) integrated sensor package

Figures	  from	  McClintock	  and	  Lankton,	  2007,	  SSR	  



Nominal	  VIRS	  CalibraPon	  (to	  CDR)	  
•  Raw	  DN	  converted	  to	  corrected	  counts	  	  

in	  DN.	  	  
•  Shuiered	  dark	  measurements	  are	  

interleaved	  with	  observaPons	  to	  
monitor	  changes	  in	  dark	  current	  with	  
temperature	  or	  other	  external	  
condiPons.	  A	  polynomial	  is	  fit	  to	  the	  
shuiered	  darks	  in	  each	  data	  record	  to	  
interpolate	  the	  dark	  level	  at	  the	  Pme	  
of	  each	  observaPon.	  	  

•  Corrected	  counts	  are	  converted	  to	  
radiance.	  

•  Noise	  spectrum	  –	  predicted	  standard	  
deviaPon	  of	  observaPon	  based	  on	  
dark	  measurements	  as	  a	  funcPon	  of	  
temperature	  (noise	  is	  in	  DN)	  

5	  

CALIBRATION ISSUES IN VISIBLE AND INFRARED SPECTROSCOPIC OBSERVATIONS OF 
MERCURY AT HIGH TEMPERATURE. Rachel L. Klima1, Noam R. Izenberg1, Scott L. Murchie1, Gregory M. 
Holsclaw2, William E. McClintock2, and Sean C. Solomon3,4. 1Johns Hopkins University Applied Physics Laborato-
ry, Laurel, MD 20723, USA, Rachel.Klima@jhuapl.edu; 2Laboratory for Atmospheric and Space Physics, Universi-
ty of Colorado, Boulder, CO 80303, USA; 3Department of Terrestrial Magnetism, Carnegie Institution of Washing-
ton, Washington, DC 20015, USA; 4Lamont-Doherty Earth Observatory, Columbia University, Palisades, NY 
10964, USA. 

Introduction:  The Mercury Atmospheric and Sur-
face Composition Spectrometer (MASCS) Visible and 
Infrared Spectrograph (VIRS) has collected almost 9.5 
million measurements of Mercury’s spectral reflectance 
since the MErcury Surface, Space ENvironment, GEo-
chemistry, and Ranging (MESSENGER) spacecraft was 
inserted into orbit in March 2011. The VIRS instrument 
measures reflectance over a wavelength range (0.3–1.45 
µm) that may contain electronic transition absorptions 
indicative of silicate mineralogy when transition metals 
are present. These wavelengths are also sensitive to 
space weathering and differences in regolith scattering 
properties. VIRS detector operating temperatures have 
exceeded the maximum expected throughout this time, 
requiring modifications to the pre-orbit data calibration 
pipeline. We here describe effects observed during high-
temperature observations and the processing applied to 
mitigate them.  

Overview of Instrumentation and Calibration: 
The MASCS instrument consists of two spectrometers, 
the Ultraviolet and Visible Spectrometer (UVVS) and 
VIRS, both of which are fed light by a Cassegrain tele-
scope [1]. The VIRS wavelength range is separated into 
two detector channels: the visible (VIS), covering 0.3-
0.9 µm using a linear silicon (Si) array, and the near-
infrared (NIR), covering 0.9-1.45 µm using an indium-
gallium-arsenide (InGaAs) linear array. UVVS focuses 
on exosphere measurements with some targeted UV 
surface observations, whereas VIRS is designed primar-
ily for surface observations. The Si detector maintains 
an acceptable signal-to-noise ratio (SNR) even at higher 
operating temperature (≥30°C), but the SNR for the 
InGaAs detector declines markedly at high temperature.  

A key part of the calibration approach is subtraction 
of background measurements that are collected periodi-
cally by closing a mechanical shutter. These measure-
ments are interleaved throughout an observation to 
monitor changes in the background, composed of an 
electronic offset and dark current, with temperature.  A 
shutter cadence of ~25-90 s is typical, and short obser-
vations are monitored more frequently. A curve is fit to 
the background observations as a function of tempera-
ture for each detector element, providing a smoothed, 
modeled, dark level in units of raw data number (DN) 
(Bd). Radiance at the sensor (L) for a given spectrum 
and wavelength in units of W m-2 sr-1 µm-1 is then calcu-
lated as:  

abundance of Fe is low, with an upper limit of 4 wt%, and the Ti
abundance is less than 0.8 wt% (Nittler et al., 2011). Data from
the Gamma-Ray Spectrometer (GRS) (Evans et al., 2012) corrobo-
rate the low surface Fe abundance and indicate an average north-
ern hemisphere value of 1.9 ± 0.3 wt%. In contrast, sulfur is
unexpectedly abundant on Mercury’s surface, with XRS and GRS
measurements indicating a global range of !1–4 wt% (Nittler
et al., 2011; Weider et al., 2012) and a northern hemisphere aver-
age of 2.3 ± 0.4 wt% (Evans et al., 2012).

Multispectral imaging observations obtained with MESSEN-
GER’s Mercury Dual Imaging System (MDIS) (Hawkins et al.,
2007) have enabled Mercury’s surface to be divided into several
terrain types on the basis of morphology, stratigraphy, and color
variation (Robinson et al., 2008; Blewett et al., 2009; Denevi
et al., 2009). The youngest widespread unit, smooth plains, can
be further divided into high-reflectance red plains, intermediate
plains, and low-reflectance blue plains (Denevi et al., 2009,
2013). Low-reflectance material (LRM) (Robinson et al., 2008), dis-
tinct from low-reflectance blue plains, is generally associated with
material excavated by impact craters and basins. Also spectrally
distinct are a number of smaller units, including bright material
exposed by the youngest impact craters (Robinson et al., 2008);
bright, relatively blue ‘‘hollows’’ (Blewett et al., 2011, 2013); and
bright, relatively red pyroclastic deposits (e.g., Kerber et al., 2009,
2011; Goudge et al., 2012).

MESSENGER’s Mercury Atmospheric and Surface Composition
Spectrometer (MASCS) (McClintock and Lankton, 2007; McClintock
et al., 2008) provides globally distributed measurements of spec-
tral reflectance at a spectral resolution finer than and covering a
greater wavelength range than the multispectral imaging of MDIS.
In this paper we use orbital observations of Mercury’s spectral
reflectance obtained with the Visible and Infrared Spectrograph
(VIRS) channel of MASCS to constrain the mineralogy of Mercury,
including the materials and phases that might host the small
amounts of iron detected at the surface. We also search for associ-
ations between spectral variations of surface materials and mor-
phological units and geological processes; spectral evidence for
sulfides, particularly in association with the hollows; and spectral
evidence for the presence of water at the poles, such as hydroxyl-
ated minerals near polar impact craters with permanently shad-
owed floors.

2. Visible and Infrared Spectrograph

MASCS (McClintock and Lankton, 2007) consists of a Cassegrain
telescope that simultaneously feeds VIRS and an Ultraviolet and
Visible Spectrometer (UVVS). VIRS is a point spectrometer with a
0.023! field of view and two linear array detectors covering the
wavelength range 300–1450 nm at 5-nm spectral resolution. A vis-
ible (VIS) detector is sensitive to wavelengths that extend from 300
to 900 nm, and a near-infrared (NIR) detector to wavelengths that
extend from 900 to 1450 nm. Instrument temperature is modu-
lated by orbital and seasonal variations in thermal load from Mer-
cury and varies from 10 !C to >50 !C. The NIR detector is more
susceptible to increased background and noise from elevated tem-
perature than is the VIS detector, so the signal-to-noise ratio (SNR)
of the VIS detector is typically at least 3–5 times greater than that
of the NIR detector, and the NIR SNR becomes progressively lower
at higher instrument temperatures.

For this paper we used the calibrated MASCS data products
available from the Planetary Data System (PDS), and here we pro-
vide a brief overview of the calibration process with which these
products were created. VIRS measures the radiance of sunlight
scattered from the surface of Mercury. This radiance, L, carries

units of W m"2 sr"1 lm"1 and is proportional to the instrument
output through the relation

L ¼ ðC " Be " Bd " BgÞ
t

! "
1
S

! "
ð1Þ

where C is the raw data number (DN) value, Be is a background due
to an electronic offset (in DN), Bd is the temperature-dependent
dark current background (in DN), Bg is a background offset resulting
from grating-scattered light (in DN), and t is the integration time (in
s). The radiometric sensitivity, S, is defined as the ratio of the instru-
ment output rate to a known input radiance as measured in the lab-
oratory and specified in units of DN s"1 (W m"2 sr"1 lm"1)"1. The
instrument’s radiometric sensitivity, also known as the absolute
radiometric calibration, was validated by Holsclaw et al. (2010)
from a comparison of observations of the star Sirius with Earth-
based measurements; agreement was found to within 10% over
most of the spectral range 320–700 nm. Because of MESSENGER’s
highly eccentric orbit and the associated varying heat load from
the planet, detector temperature can vary substantially over the
course of any single observation sequence. As the temperature-
dependent background Bd constitutes a large fraction of the ob-
served signal, especially in the NIR channel, it is critical that this
term be estimated accurately. A combination of backgrounds Be

and Bd was measured by engaging a shutter, which blocks light to
the instrument, every 5th, 20th, or 40th spectrum, depending on
observation type. A polynomial fit was used to interpolate the back-
ground output of each pixel as a function of temperature for each
observation sequence. A residual offset, Bg, interpreted as light scat-
tered from the grating, is present following background subtraction.
This offset, assumed to be uniform (i.e., constant with wavelength),
was determined for each spectrum by measuring the signal at
wavelengths below the short-wavelength cutoff of the VIS channel.

After calibration of the VIRS data to spectral radiance, we de-
rived the radiance factor (often denoted I/F) by dividing by the pre-
dicted radiance from a Lambertian surface illuminated normally by
the Sun at the same distance:

r ¼ L
ESun=p

ð2Þ

where ESun is the solar spectral irradiance (in W m"2 lm–1). We
used the observed solar spectrum of Thuillier et al. (2003), con-
volved to match the spectral resolution of VIRS.

To facilitate a direct comparison of absolute reflectance be-
tween any two measurements obtained at an arbitrary viewing
geometry, we employed a photometric normalization. Following
the approach of Hillier et al. (1999), we modeled the dependence
of reflectance on viewing geometry, represented by the function
f, as the combination of a Lommel-Seeliger term representing iso-
tropic scattering and a phase function to represent directional
effects:

f ði; e;aÞ ¼ cos i
cos iþ cos e

pðaÞ ð3Þ

where i, e, and a are the incidence, emission, and phase angles for a
given observation, and p(a) is the phase function. A linear relation
was found to represent the phase function adequately:

pðaÞ ¼ a0 þ a1a ð4Þ

where a0 = 0.0576, a1 = "3.52 ' 10"4, and the phase angle a is in
degrees. These parameters were found not to change markedly be-
tween 400 nm and 700 nm, implying that any variation in the slope
of the line with wavelength (e.g., phase reddening) is small.
Although phase reddening has been demonstrated previously for
Mercury (Holsclaw et al., 2010) from observations by MDIS and
MASCS prior to orbit insertion, we consider the lack of evidence
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(1) 

where C is the raw data value in DN, Be is the back-
ground due to an electronic offset (in DN), Bg is grating-
scattered light (in DN), t is the integration time (in s), 
and S is the radiometric sensitivity measured in the la-
boratory in units of DN s-1(W m-2 sr-1 µm-1)-1. Tempera-
ture dependence of the sensitivity has been measured  
and for the Si detector is greatest at longer wavelengths 
[2]; adjustments for these effects is included in the 
standard calibration pipeline.   

Data Coverage and Temperatures in Orbit: Col-
lected over almost three Earth years, VIRS spectra pro-
vide near-global coverage at a spacing of several tens of 
kilometers. Detector temperatures in orbit vary from 
~10°C through ~50°C, as much as 20°C above expecta-
tions. Despite the challenges presented by these operat-
ing temperatures, data from the Si detector are compa-
rable to those obtained by the Mercury Dual Imaging 
System (MDIS; Fig. 1). Because of orbital constraints, 
observations at elevated temperatures occur consistently 
over the same regions of the surface (Fig. 2). To obtain 
global coverage, it is essential to include higher-
temperature data.    
 

 

 
Fig. 1. (A) Simple cylindrical map (central longitude 0°E) of 
reflectance at 750 nm from VIRS, interpolated between adja-
cent tracks. (B) Reflectance at 750 nm from MDIS. VIRS 
coverage is denser in the south, leading to longer interpolation 
distances in the north. Several dark stripes resulting from im-
proper closure of the shutter can be seen (e.g., red arrow). 
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L	  =	  radiance	  at	  the	  sensor	  
C	  =	  raw	  data	  value	  in	  DN,	  	  
Be	  =	  background	  due	  to	  an	  electronic	  
offset	  (in	  DN)	  
Bd	  =	  dark	  level	  (in	  DN)	  
Bg	  =	  graPng-‐scaiered	  light	  (in	  DN)	  	  
t	  =	  integraPon	  Pme	  (in	  s)	  
S	  =	  radiometric	  sensiPvity	  measured	  
in	  the	  laboratory	  in	  units	  of	  DN	  s-‐1(W	  
m-‐2	  sr-‐1	  µm-‐1)-‐1	  	  
	  	  



Nominal	  VIRS	  Data	  CalibraPon	  (to	  DDR)	  

•  Radiance	  divided	  by	  solar	  spectrum	  to	  get	  radiance	  factor	  
•  Corrected	  for	  viewing	  geometry	  and	  phase	  dependence	  
•  Noise	  spectrum	  converted	  to	  reflectance	  units	  
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L	  =	  radiance	  at	  the	  sensor	  (W	  m-‐2	  sr-‐1	  µm-‐1)	  
ESun	  =	  Solar	  spectrum	  irradiance	  (W	  m-‐2	  µm-‐1)	  	  
f	  =	  dependence	  of	  reflectance	  on	  viewing	  
geometry	  
i	  =	  incidence	  angle	  
e	  =	  emission	  angle	  
α	  =	  phase	  angle	  
p(α)	  =	  phase	  funcPon	  
a0	  =	  0.0576	  
a1	  =	  -‐3.52	  x	  10-‐4	  
r’	  =	  normalized	  reflectance	  	  

abundance of Fe is low, with an upper limit of 4 wt%, and the Ti
abundance is less than 0.8 wt% (Nittler et al., 2011). Data from
the Gamma-Ray Spectrometer (GRS) (Evans et al., 2012) corrobo-
rate the low surface Fe abundance and indicate an average north-
ern hemisphere value of 1.9 ± 0.3 wt%. In contrast, sulfur is
unexpectedly abundant on Mercury’s surface, with XRS and GRS
measurements indicating a global range of !1–4 wt% (Nittler
et al., 2011; Weider et al., 2012) and a northern hemisphere aver-
age of 2.3 ± 0.4 wt% (Evans et al., 2012).

Multispectral imaging observations obtained with MESSEN-
GER’s Mercury Dual Imaging System (MDIS) (Hawkins et al.,
2007) have enabled Mercury’s surface to be divided into several
terrain types on the basis of morphology, stratigraphy, and color
variation (Robinson et al., 2008; Blewett et al., 2009; Denevi
et al., 2009). The youngest widespread unit, smooth plains, can
be further divided into high-reflectance red plains, intermediate
plains, and low-reflectance blue plains (Denevi et al., 2009,
2013). Low-reflectance material (LRM) (Robinson et al., 2008), dis-
tinct from low-reflectance blue plains, is generally associated with
material excavated by impact craters and basins. Also spectrally
distinct are a number of smaller units, including bright material
exposed by the youngest impact craters (Robinson et al., 2008);
bright, relatively blue ‘‘hollows’’ (Blewett et al., 2011, 2013); and
bright, relatively red pyroclastic deposits (e.g., Kerber et al., 2009,
2011; Goudge et al., 2012).

MESSENGER’s Mercury Atmospheric and Surface Composition
Spectrometer (MASCS) (McClintock and Lankton, 2007; McClintock
et al., 2008) provides globally distributed measurements of spec-
tral reflectance at a spectral resolution finer than and covering a
greater wavelength range than the multispectral imaging of MDIS.
In this paper we use orbital observations of Mercury’s spectral
reflectance obtained with the Visible and Infrared Spectrograph
(VIRS) channel of MASCS to constrain the mineralogy of Mercury,
including the materials and phases that might host the small
amounts of iron detected at the surface. We also search for associ-
ations between spectral variations of surface materials and mor-
phological units and geological processes; spectral evidence for
sulfides, particularly in association with the hollows; and spectral
evidence for the presence of water at the poles, such as hydroxyl-
ated minerals near polar impact craters with permanently shad-
owed floors.

2. Visible and Infrared Spectrograph

MASCS (McClintock and Lankton, 2007) consists of a Cassegrain
telescope that simultaneously feeds VIRS and an Ultraviolet and
Visible Spectrometer (UVVS). VIRS is a point spectrometer with a
0.023! field of view and two linear array detectors covering the
wavelength range 300–1450 nm at 5-nm spectral resolution. A vis-
ible (VIS) detector is sensitive to wavelengths that extend from 300
to 900 nm, and a near-infrared (NIR) detector to wavelengths that
extend from 900 to 1450 nm. Instrument temperature is modu-
lated by orbital and seasonal variations in thermal load from Mer-
cury and varies from 10 !C to >50 !C. The NIR detector is more
susceptible to increased background and noise from elevated tem-
perature than is the VIS detector, so the signal-to-noise ratio (SNR)
of the VIS detector is typically at least 3–5 times greater than that
of the NIR detector, and the NIR SNR becomes progressively lower
at higher instrument temperatures.

For this paper we used the calibrated MASCS data products
available from the Planetary Data System (PDS), and here we pro-
vide a brief overview of the calibration process with which these
products were created. VIRS measures the radiance of sunlight
scattered from the surface of Mercury. This radiance, L, carries

units of W m"2 sr"1 lm"1 and is proportional to the instrument
output through the relation

L ¼ ðC " Be " Bd " BgÞ
t

! "
1
S

! "
ð1Þ

where C is the raw data number (DN) value, Be is a background due
to an electronic offset (in DN), Bd is the temperature-dependent
dark current background (in DN), Bg is a background offset resulting
from grating-scattered light (in DN), and t is the integration time (in
s). The radiometric sensitivity, S, is defined as the ratio of the instru-
ment output rate to a known input radiance as measured in the lab-
oratory and specified in units of DN s"1 (W m"2 sr"1 lm"1)"1. The
instrument’s radiometric sensitivity, also known as the absolute
radiometric calibration, was validated by Holsclaw et al. (2010)
from a comparison of observations of the star Sirius with Earth-
based measurements; agreement was found to within 10% over
most of the spectral range 320–700 nm. Because of MESSENGER’s
highly eccentric orbit and the associated varying heat load from
the planet, detector temperature can vary substantially over the
course of any single observation sequence. As the temperature-
dependent background Bd constitutes a large fraction of the ob-
served signal, especially in the NIR channel, it is critical that this
term be estimated accurately. A combination of backgrounds Be

and Bd was measured by engaging a shutter, which blocks light to
the instrument, every 5th, 20th, or 40th spectrum, depending on
observation type. A polynomial fit was used to interpolate the back-
ground output of each pixel as a function of temperature for each
observation sequence. A residual offset, Bg, interpreted as light scat-
tered from the grating, is present following background subtraction.
This offset, assumed to be uniform (i.e., constant with wavelength),
was determined for each spectrum by measuring the signal at
wavelengths below the short-wavelength cutoff of the VIS channel.

After calibration of the VIRS data to spectral radiance, we de-
rived the radiance factor (often denoted I/F) by dividing by the pre-
dicted radiance from a Lambertian surface illuminated normally by
the Sun at the same distance:

r ¼ L
ESun=p

ð2Þ

where ESun is the solar spectral irradiance (in W m"2 lm–1). We
used the observed solar spectrum of Thuillier et al. (2003), con-
volved to match the spectral resolution of VIRS.

To facilitate a direct comparison of absolute reflectance be-
tween any two measurements obtained at an arbitrary viewing
geometry, we employed a photometric normalization. Following
the approach of Hillier et al. (1999), we modeled the dependence
of reflectance on viewing geometry, represented by the function
f, as the combination of a Lommel-Seeliger term representing iso-
tropic scattering and a phase function to represent directional
effects:

f ði; e;aÞ ¼ cos i
cos iþ cos e

pðaÞ ð3Þ

where i, e, and a are the incidence, emission, and phase angles for a
given observation, and p(a) is the phase function. A linear relation
was found to represent the phase function adequately:

pðaÞ ¼ a0 þ a1a ð4Þ

where a0 = 0.0576, a1 = "3.52 ' 10"4, and the phase angle a is in
degrees. These parameters were found not to change markedly be-
tween 400 nm and 700 nm, implying that any variation in the slope
of the line with wavelength (e.g., phase reddening) is small.
Although phase reddening has been demonstrated previously for
Mercury (Holsclaw et al., 2010) from observations by MDIS and
MASCS prior to orbit insertion, we consider the lack of evidence
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abundance of Fe is low, with an upper limit of 4 wt%, and the Ti
abundance is less than 0.8 wt% (Nittler et al., 2011). Data from
the Gamma-Ray Spectrometer (GRS) (Evans et al., 2012) corrobo-
rate the low surface Fe abundance and indicate an average north-
ern hemisphere value of 1.9 ± 0.3 wt%. In contrast, sulfur is
unexpectedly abundant on Mercury’s surface, with XRS and GRS
measurements indicating a global range of !1–4 wt% (Nittler
et al., 2011; Weider et al., 2012) and a northern hemisphere aver-
age of 2.3 ± 0.4 wt% (Evans et al., 2012).

Multispectral imaging observations obtained with MESSEN-
GER’s Mercury Dual Imaging System (MDIS) (Hawkins et al.,
2007) have enabled Mercury’s surface to be divided into several
terrain types on the basis of morphology, stratigraphy, and color
variation (Robinson et al., 2008; Blewett et al., 2009; Denevi
et al., 2009). The youngest widespread unit, smooth plains, can
be further divided into high-reflectance red plains, intermediate
plains, and low-reflectance blue plains (Denevi et al., 2009,
2013). Low-reflectance material (LRM) (Robinson et al., 2008), dis-
tinct from low-reflectance blue plains, is generally associated with
material excavated by impact craters and basins. Also spectrally
distinct are a number of smaller units, including bright material
exposed by the youngest impact craters (Robinson et al., 2008);
bright, relatively blue ‘‘hollows’’ (Blewett et al., 2011, 2013); and
bright, relatively red pyroclastic deposits (e.g., Kerber et al., 2009,
2011; Goudge et al., 2012).

MESSENGER’s Mercury Atmospheric and Surface Composition
Spectrometer (MASCS) (McClintock and Lankton, 2007; McClintock
et al., 2008) provides globally distributed measurements of spec-
tral reflectance at a spectral resolution finer than and covering a
greater wavelength range than the multispectral imaging of MDIS.
In this paper we use orbital observations of Mercury’s spectral
reflectance obtained with the Visible and Infrared Spectrograph
(VIRS) channel of MASCS to constrain the mineralogy of Mercury,
including the materials and phases that might host the small
amounts of iron detected at the surface. We also search for associ-
ations between spectral variations of surface materials and mor-
phological units and geological processes; spectral evidence for
sulfides, particularly in association with the hollows; and spectral
evidence for the presence of water at the poles, such as hydroxyl-
ated minerals near polar impact craters with permanently shad-
owed floors.

2. Visible and Infrared Spectrograph

MASCS (McClintock and Lankton, 2007) consists of a Cassegrain
telescope that simultaneously feeds VIRS and an Ultraviolet and
Visible Spectrometer (UVVS). VIRS is a point spectrometer with a
0.023! field of view and two linear array detectors covering the
wavelength range 300–1450 nm at 5-nm spectral resolution. A vis-
ible (VIS) detector is sensitive to wavelengths that extend from 300
to 900 nm, and a near-infrared (NIR) detector to wavelengths that
extend from 900 to 1450 nm. Instrument temperature is modu-
lated by orbital and seasonal variations in thermal load from Mer-
cury and varies from 10 !C to >50 !C. The NIR detector is more
susceptible to increased background and noise from elevated tem-
perature than is the VIS detector, so the signal-to-noise ratio (SNR)
of the VIS detector is typically at least 3–5 times greater than that
of the NIR detector, and the NIR SNR becomes progressively lower
at higher instrument temperatures.

For this paper we used the calibrated MASCS data products
available from the Planetary Data System (PDS), and here we pro-
vide a brief overview of the calibration process with which these
products were created. VIRS measures the radiance of sunlight
scattered from the surface of Mercury. This radiance, L, carries

units of W m"2 sr"1 lm"1 and is proportional to the instrument
output through the relation

L ¼ ðC " Be " Bd " BgÞ
t

! "
1
S

! "
ð1Þ

where C is the raw data number (DN) value, Be is a background due
to an electronic offset (in DN), Bd is the temperature-dependent
dark current background (in DN), Bg is a background offset resulting
from grating-scattered light (in DN), and t is the integration time (in
s). The radiometric sensitivity, S, is defined as the ratio of the instru-
ment output rate to a known input radiance as measured in the lab-
oratory and specified in units of DN s"1 (W m"2 sr"1 lm"1)"1. The
instrument’s radiometric sensitivity, also known as the absolute
radiometric calibration, was validated by Holsclaw et al. (2010)
from a comparison of observations of the star Sirius with Earth-
based measurements; agreement was found to within 10% over
most of the spectral range 320–700 nm. Because of MESSENGER’s
highly eccentric orbit and the associated varying heat load from
the planet, detector temperature can vary substantially over the
course of any single observation sequence. As the temperature-
dependent background Bd constitutes a large fraction of the ob-
served signal, especially in the NIR channel, it is critical that this
term be estimated accurately. A combination of backgrounds Be

and Bd was measured by engaging a shutter, which blocks light to
the instrument, every 5th, 20th, or 40th spectrum, depending on
observation type. A polynomial fit was used to interpolate the back-
ground output of each pixel as a function of temperature for each
observation sequence. A residual offset, Bg, interpreted as light scat-
tered from the grating, is present following background subtraction.
This offset, assumed to be uniform (i.e., constant with wavelength),
was determined for each spectrum by measuring the signal at
wavelengths below the short-wavelength cutoff of the VIS channel.

After calibration of the VIRS data to spectral radiance, we de-
rived the radiance factor (often denoted I/F) by dividing by the pre-
dicted radiance from a Lambertian surface illuminated normally by
the Sun at the same distance:

r ¼ L
ESun=p

ð2Þ

where ESun is the solar spectral irradiance (in W m"2 lm–1). We
used the observed solar spectrum of Thuillier et al. (2003), con-
volved to match the spectral resolution of VIRS.

To facilitate a direct comparison of absolute reflectance be-
tween any two measurements obtained at an arbitrary viewing
geometry, we employed a photometric normalization. Following
the approach of Hillier et al. (1999), we modeled the dependence
of reflectance on viewing geometry, represented by the function
f, as the combination of a Lommel-Seeliger term representing iso-
tropic scattering and a phase function to represent directional
effects:

f ði; e;aÞ ¼ cos i
cos iþ cos e

pðaÞ ð3Þ

where i, e, and a are the incidence, emission, and phase angles for a
given observation, and p(a) is the phase function. A linear relation
was found to represent the phase function adequately:

pðaÞ ¼ a0 þ a1a ð4Þ

where a0 = 0.0576, a1 = "3.52 ' 10"4, and the phase angle a is in
degrees. These parameters were found not to change markedly be-
tween 400 nm and 700 nm, implying that any variation in the slope
of the line with wavelength (e.g., phase reddening) is small.
Although phase reddening has been demonstrated previously for
Mercury (Holsclaw et al., 2010) from observations by MDIS and
MASCS prior to orbit insertion, we consider the lack of evidence
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in the MASCS orbital data to result from the restricted range of
phase angles sampled.

Because of Mercury’s proximity to the Sun, limitations on
spacecraft pointing result in phase angles for MASCS that range
from a = 78! to 102!. Most of the planet was observed at the min-
imum phase angle possible, between 78! and 80!, though the
southernmost latitudes are observable only at a near 102!. The
majority of libraries of laboratory spectral measurements of plan-
etary analog materials contain spectra acquired with an incidence
angle of 30!, an emission angle of 0!, and a phase angle of 30!, a
standard adopted to confine spectral variations among samples
to those resulting from mineralogy (e.g., Pieters, 1983). Normaliza-
tion of MASCS observations to a typical laboratory geometry of
i = 30!, e = 0!, a = 30! would involve extrapolation far beyond the
range of angles of MASCS measurements and would likely result
in large errors. We therefore chose to normalize all data to a view-
ing geometry of i = 45!, e = 45!, and a = 90!. Thus, the normalized
reflectance for a given observation is

r0ð45; 45; 90Þ ¼ rði; e;aÞ f ð45; 45; 90Þ
f ði; e;aÞ ð5Þ

3. Global spectral diversity

The MASCS coverage of Mercury during MESSENGER’s primary
orbital mission (18 March 2011 to 17 March 2012) is shown in
Fig. 1. The size of the MASCS footprint varies systematically with
integration time, altitude, and slant angle to the surface, ranging
from 0.1 km (cross-track) $ 3 km (down-track) to over 6 $ 7 km.
Systematic mapping of Mercury has allowed VIRS to sample all
geologic regions. The false-color composite presented in Fig. 1 in-
cludes all MASCS observations of the illuminated surface with
i < 88! for latitudes between 83!N and 83!S. At higher latitudes,
higher incidence angles were included. Colors have been chosen
to highlight the overall visible albedo, using the reflectance at
575 nm wavelength (R575, red); the spectral slope at visible and
infrared wavelengths, represented by the ratio of reflectance at
415 nm to that at 750 nm (VISr, green); and the spectral slope at
ultraviolet (UV) and visible wavelengths, represented by the ratio
of reflectance at 310 nm to that at 390 nm (UVr, blue).

Some of the relations between spectral variations and geologic
features are illustrated in an expanded view of the Tolstoj–Beetho-
ven area of Mercury in Fig. 2. This %5 $ 106 km2 region includes
medium-reflectance, high-UVr plains; LRM material (Robinson
et al., 2008) concentrated in a ring around the Tolstoj basin;
pyroclastic materials (Kerber et al., 2009, 2011; Goudge et al.,
2012); and fresh crater floors and ejecta. Fresher materials exposed
by young impact craters have higher reflectance at all wavelengths
and the highest VISr value of all units on Mercury. Individual color
terrains correspond approximately to those mapped from MDIS
multispectral images (Robinson et al., 2008; Denevi et al., 2009).
Ejecta from small craters and other relatively fresh materials show
an outward gradation in spectral properties, notably in overall
brightness and VISr value, consistent with lateral mixing of ejecta
with surrounding materials at increasing radial ranges. In addition,
some morphologically fresh craters have reduced contrasts relative

Fig. 1. Color composite in simple cylindrical projection centered on 0! latitude and longitude, for orbital observations from March 2011 to March 2012 superimposed over a
monochrome MDIS global image mosaic at 750 nm. Red channel is R575, stretched between values of 0.03 and 0.10. Green channel is VISr, stretched between 0.50 and 0.65.
Blue channel is UVr, stretched between 0.62 and 0.75. Grid spacing is 30! in latitude and longitude. Location ‘‘1’’ is a region of northern plains (Head et al., 2011), ‘‘2’’ marks
plains around Rembrandt basin, and ‘‘N’’ marks Neruda crater. The white box outlines the area shown in Fig. 2.

Fig. 2. Expanded view of the Tolstoj–Beethoven area (13!N to 45!S, &161!E to
&102!E) within the white box in Fig. 1. Low-reflectance blue plains (Pl) appear in
purple, and LRM around the Tolstoj basin (T, centered at 16.2!S, &164.7!E) appears
cyan. Pyroclastic deposits (Py) in and around craters appear orange and red. Fresh
crater materials (Cr) are bright yellow.
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abundance is less than 0.8 wt% (Nittler et al., 2011). Data from
the Gamma-Ray Spectrometer (GRS) (Evans et al., 2012) corrobo-
rate the low surface Fe abundance and indicate an average north-
ern hemisphere value of 1.9 ± 0.3 wt%. In contrast, sulfur is
unexpectedly abundant on Mercury’s surface, with XRS and GRS
measurements indicating a global range of !1–4 wt% (Nittler
et al., 2011; Weider et al., 2012) and a northern hemisphere aver-
age of 2.3 ± 0.4 wt% (Evans et al., 2012).

Multispectral imaging observations obtained with MESSEN-
GER’s Mercury Dual Imaging System (MDIS) (Hawkins et al.,
2007) have enabled Mercury’s surface to be divided into several
terrain types on the basis of morphology, stratigraphy, and color
variation (Robinson et al., 2008; Blewett et al., 2009; Denevi
et al., 2009). The youngest widespread unit, smooth plains, can
be further divided into high-reflectance red plains, intermediate
plains, and low-reflectance blue plains (Denevi et al., 2009,
2013). Low-reflectance material (LRM) (Robinson et al., 2008), dis-
tinct from low-reflectance blue plains, is generally associated with
material excavated by impact craters and basins. Also spectrally
distinct are a number of smaller units, including bright material
exposed by the youngest impact craters (Robinson et al., 2008);
bright, relatively blue ‘‘hollows’’ (Blewett et al., 2011, 2013); and
bright, relatively red pyroclastic deposits (e.g., Kerber et al., 2009,
2011; Goudge et al., 2012).

MESSENGER’s Mercury Atmospheric and Surface Composition
Spectrometer (MASCS) (McClintock and Lankton, 2007; McClintock
et al., 2008) provides globally distributed measurements of spec-
tral reflectance at a spectral resolution finer than and covering a
greater wavelength range than the multispectral imaging of MDIS.
In this paper we use orbital observations of Mercury’s spectral
reflectance obtained with the Visible and Infrared Spectrograph
(VIRS) channel of MASCS to constrain the mineralogy of Mercury,
including the materials and phases that might host the small
amounts of iron detected at the surface. We also search for associ-
ations between spectral variations of surface materials and mor-
phological units and geological processes; spectral evidence for
sulfides, particularly in association with the hollows; and spectral
evidence for the presence of water at the poles, such as hydroxyl-
ated minerals near polar impact craters with permanently shad-
owed floors.

2. Visible and Infrared Spectrograph

MASCS (McClintock and Lankton, 2007) consists of a Cassegrain
telescope that simultaneously feeds VIRS and an Ultraviolet and
Visible Spectrometer (UVVS). VIRS is a point spectrometer with a
0.023! field of view and two linear array detectors covering the
wavelength range 300–1450 nm at 5-nm spectral resolution. A vis-
ible (VIS) detector is sensitive to wavelengths that extend from 300
to 900 nm, and a near-infrared (NIR) detector to wavelengths that
extend from 900 to 1450 nm. Instrument temperature is modu-
lated by orbital and seasonal variations in thermal load from Mer-
cury and varies from 10 !C to >50 !C. The NIR detector is more
susceptible to increased background and noise from elevated tem-
perature than is the VIS detector, so the signal-to-noise ratio (SNR)
of the VIS detector is typically at least 3–5 times greater than that
of the NIR detector, and the NIR SNR becomes progressively lower
at higher instrument temperatures.

For this paper we used the calibrated MASCS data products
available from the Planetary Data System (PDS), and here we pro-
vide a brief overview of the calibration process with which these
products were created. VIRS measures the radiance of sunlight
scattered from the surface of Mercury. This radiance, L, carries

units of W m"2 sr"1 lm"1 and is proportional to the instrument
output through the relation

L ¼ ðC " Be " Bd " BgÞ
t

! "
1
S

! "
ð1Þ

where C is the raw data number (DN) value, Be is a background due
to an electronic offset (in DN), Bd is the temperature-dependent
dark current background (in DN), Bg is a background offset resulting
from grating-scattered light (in DN), and t is the integration time (in
s). The radiometric sensitivity, S, is defined as the ratio of the instru-
ment output rate to a known input radiance as measured in the lab-
oratory and specified in units of DN s"1 (W m"2 sr"1 lm"1)"1. The
instrument’s radiometric sensitivity, also known as the absolute
radiometric calibration, was validated by Holsclaw et al. (2010)
from a comparison of observations of the star Sirius with Earth-
based measurements; agreement was found to within 10% over
most of the spectral range 320–700 nm. Because of MESSENGER’s
highly eccentric orbit and the associated varying heat load from
the planet, detector temperature can vary substantially over the
course of any single observation sequence. As the temperature-
dependent background Bd constitutes a large fraction of the ob-
served signal, especially in the NIR channel, it is critical that this
term be estimated accurately. A combination of backgrounds Be

and Bd was measured by engaging a shutter, which blocks light to
the instrument, every 5th, 20th, or 40th spectrum, depending on
observation type. A polynomial fit was used to interpolate the back-
ground output of each pixel as a function of temperature for each
observation sequence. A residual offset, Bg, interpreted as light scat-
tered from the grating, is present following background subtraction.
This offset, assumed to be uniform (i.e., constant with wavelength),
was determined for each spectrum by measuring the signal at
wavelengths below the short-wavelength cutoff of the VIS channel.

After calibration of the VIRS data to spectral radiance, we de-
rived the radiance factor (often denoted I/F) by dividing by the pre-
dicted radiance from a Lambertian surface illuminated normally by
the Sun at the same distance:

r ¼ L
ESun=p

ð2Þ

where ESun is the solar spectral irradiance (in W m"2 lm–1). We
used the observed solar spectrum of Thuillier et al. (2003), con-
volved to match the spectral resolution of VIRS.

To facilitate a direct comparison of absolute reflectance be-
tween any two measurements obtained at an arbitrary viewing
geometry, we employed a photometric normalization. Following
the approach of Hillier et al. (1999), we modeled the dependence
of reflectance on viewing geometry, represented by the function
f, as the combination of a Lommel-Seeliger term representing iso-
tropic scattering and a phase function to represent directional
effects:

f ði; e;aÞ ¼ cos i
cos iþ cos e

pðaÞ ð3Þ

where i, e, and a are the incidence, emission, and phase angles for a
given observation, and p(a) is the phase function. A linear relation
was found to represent the phase function adequately:

pðaÞ ¼ a0 þ a1a ð4Þ

where a0 = 0.0576, a1 = "3.52 ' 10"4, and the phase angle a is in
degrees. These parameters were found not to change markedly be-
tween 400 nm and 700 nm, implying that any variation in the slope
of the line with wavelength (e.g., phase reddening) is small.
Although phase reddening has been demonstrated previously for
Mercury (Holsclaw et al., 2010) from observations by MDIS and
MASCS prior to orbit insertion, we consider the lack of evidence
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High	  Temperature	  Issues	  
•  Temperatures	  were	  predicted	  
to	  remain	  under	  ~30°C.	  Data	  
calibraPon	  was	  anPcipated	  to	  
be	  more	  challenging	  at	  >10°C	  

•  Actual	  temperatures	  have	  
exceeded	  10°C	  for	  most	  of	  the	  
orbital	  data.	  The	  bulk	  of	  data	  
have	  been	  obtained	  at	  
10-‐35°C,	  but	  some	  reach	  >50°C	  

22	  June	  2011	   7	  

The Mercury Atmospheric and Surface Composition Spectrometer 515

Fig. 22 Predicted MASCS component temperatures during one Mercury year

high-emissivity black paint and are radiatively coupled to the spacecraft payload adapter
ring. Protection from the highly varying thermal environment when the spacecraft is in Mer-
cury orbit is provided by a multilayer insulation (MLI) tent that exposes only the end of the
instrument that contains the MASCS telescope aperture and contamination cover.

Figure 22 shows the temperatures of critical MASCS components from the instrument
thermal model during a single 88-day Mercury year. Two curves for each component show
the maximum and minimum temperature over a single 12-hour orbit. For example, at 60°
Mercury true anomaly, the LVPS board varies between 42°C and 30°C over an orbit. The
lower two curves are the predictions for the detectors indicating that they will operate at
10°C or lower during most of the mission, minimizing their dark current.

4.8 Instrument Software

The MASCS instrument flight software controls all instrument functions, accepts and exe-
cutes commands, and formats and transmits telemetry for eventual downlink. The software
executes on the RTX-2010 processor on the APL-provided EPU that serves as the instru-
ment computer. As with most of the MESSENGER instruments, MASCS makes extensive
use of the APL common code for the EPU. Common code functions make up about half of
the 56.6-kbyte total size of the program code; MASCS-specific functions make up the other
half.

At power-on MASCS runs in boot mode, executing a boot program that was created by
APL and delivered in a programmable read-only memory (PROM) with the EPU. The boot
program provides basic communications and limited state-of-health monitoring but no sci-
ence capabilities. From boot mode MASCS is commanded into application mode, in which
it has full capabilities. The application-mode program is built as an executable image using
source code for both MASCS-specific and common code functions. The application mode
program is stored in an electrically erasable programmable read-only memory (EEPROM).
New application code can be uploaded and stored in the instrument if in-flight modifications
to the program become necessary.

!



1.  SaturaPon	  and	  increased	  noise	  in	  
NIR	  
Some	  pixels	  more	  sensiPve	  to	  thermal	  
noise	  than	  others	  

2.  ‘SPcking’	  of	  the	  shuier	  
mechanism	  (affects	  both	  VIS	  and	  
NIR)	  
‘Dark’	  observaPons	  used	  to	  perform	  
background	  subtracPon	  are	  actually	  
light,	  resulPng	  in	  the	  radiance	  being	  
excessively	  low	  or	  total	  dark	  
subtracPon	  failure	  

(for	  more	  info,	  see	  Klima	  et	  al.,	  LPSC	  
2014,	  #1978,	  Thursday	  Posters)	  
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Rachel	  Klima	  (on	  behalf	  of	  the	  MASCS	  team)	  
JHU/APL	  

	  
MASCS/VIRS	  Data	  Users’	  Workshop	  
	  LPSC	  2014,	  The	  Woodlands,	  TX	  

March	  17,2014	  

MASCS/VIRS	  Data	  Record	  Structure	  
What	  are	  EDRs,	  CDRs,	  and	  DDRs?	  



Experiment	  Data	  Records	  (EDRs)	  
•  Experiment	  Data	  Records	  contain	  the	  raw	  data	  and	  spectrum	  

metadata.	  	  
•  Important	  informaPon	  for	  filtering	  or	  checking	  the	  quality	  of	  the	  

data,	  including	  the	  raw	  spectrum	  data	  is	  passed	  through	  to	  
Calibrated	  Data	  Records	  (CDR)	  and	  also	  available	  there.	  

•  Fields	  and	  number	  of	  bytes	  allocated	  to	  each	  field	  are	  described	  in	  
the	  CDR/DDR	  SIS	  available	  here:	  
hip://pds-‐geosciences.wustl.edu/messenger/mess-‐e_v_h-‐
mascs-‐3-‐virs-‐cdr-‐caldata-‐v1/messmas_2001/document/
virs_cdr_ddr_sis.pdf	  

•  Important	  metadata	  includes:	  Dark	  Frequency,	  instrument	  
temperature,	  integraPon	  Pme,	  gain,	  lamp	  on,	  binning,	  start	  and	  
end	  pixel,	  spectrum	  number,	  spectrum	  mission	  elapsed	  Pme	  (MET).	  
All	  of	  these	  are	  passed	  through	  to	  the	  CDRs.	  
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Calibrated	  Data	  Records	  (CDRs)	  

12	  

•  Calibrated	  Data	  Records	  contain	  instrument	  status	  informaPon	  necessary	  to	  filter	  
and	  validate	  data	  quality	  

•  UTC	  Pme	  translated	  from	  spacecraa	  Pme	  
•  Spectra	  included	  (one	  row	  per	  spectrum):	  	  

–  Raw	  Spectrum	  –	  direct	  from	  EDR,	  uncompressed	  raw	  spectrum	  as	  16-‐bit	  DN.	  
–  Corrected	  Counts	  –	  corrected	  for	  dark	  current	  and	  other	  instrument	  level	  

correcPons	  (DN/sec)	  
–  Calibrated	  Radiance	  –	  derived	  radiance	  at	  sensor	  (W	  m-‐2	  sr-‐1	  µm-‐1).	  
–  Noise	  Spectrum	  –	  esPmated	  noise	  (in	  DN)	  based	  on	  noise	  measured	  during	  

shuiered	  darks	  as	  a	  funcPon	  of	  temperature	  plus	  shot	  noise.	  	  
–  Channel	  Wavelengths	  –	  wavelengths	  for	  each	  detector	  element	  

•  Spice	  derived	  geometry	  informaPon	  (lat,	  lon,	  viewing	  geometry,	  slant	  range,	  
subspacecraa	  lat/lon,	  footprint	  size,	  etc.)	  

•  Data	  Quality	  Index	  (described	  on	  next	  slide)	  	  



Data	  Quality	  Index	  (in	  CDRs	  and	  DDRs)	  
19	  character	  index	  of	  data	  quality.	  Each	  digit	  signifies	  quality	  factor	  of	  measurements.	  	  
	  
Format:	  ABCD-‐EFGH-‐IJKL-‐MNOP	  
A:	  Dark	  Scan	  Flag,	  denotes	  shuier	  commanded	  closed	  for	  dark	  observaPon:	  0	  =	  shuier	  not	  engaged;	  	  1	  =	  shuier	  

	  engaged.	  
B,	  C,	  D:	  Temperature	  1,2,	  GraPng	  Flags:	  	  

0	  =	  Temperature	  does	  not	  exceed	  15	  deg	  C	  threshold	  
1	  =	  Temperature	  exceeds	  15	  deg	  C	  threshold	  but	  less	  than	  25	  deg	  C	  threshold.	  
2	  =	  Temperature	  exceeds	  25	  deg	  C	  threshold	  but	  less	  than	  40	  deg	  C	  threshold	  
3	  =	  Temperature	  exceeds	  40	  deg	  C	  threshold.	  

E:	  Anomalous	  Pixels:	  	  Integer	  0-‐9	  =	  Indicates	  number	  of	  hot	  pixels	  found	  (the	  number	  of	  pixels	  with	  a	  noise	  spike	  
	  (defined	  in	  DQI	  L,	  below).	  

F:	  ParPal	  Data	  Flag:	  0	  =	  No	  parPal	  data;	  1	  =	  ParPal	  data	  exists.	  
G:	  SaturaPon	  Flag:	  0	  =	  No	  pixels	  saturated;	  1	  =	  Saturated	  pixels	  exist.	  
H:	  Low	  Signal	  Level	  Flag:	  0	  =	  Signal	  level	  not	  below	  -‐32768	  threshold;	  1	  =	  Signal	  level	  below	  -‐32768	  threshold.	  
I:	  Low	  VIS	  Wavelength	  Uncertainty	  Flag	  (not	  yet	  implemented,	  set	  to	  0)	  	  
J:	  High	  VIS	  Wavelength	  Uncertainty	  Flag	  (not	  yet	  implemented,	  set	  to	  0)	  
K:	  UVVS	  OperaPng	  Flag:	  0	  =	  UVVS	  is	  not	  scanning	  during	  readout;	  1	  =	  UVVS	  is	  scanning	  during	  readout.	  
L:	  UVVS	  Noise	  Spike	  Flag:	  0	  =	  No	  noise	  spike	  detected;	  1	  =	  Noise	  spike	  detected	  (A	  noise	  spike	  is	  a	  data	  value	  in	  1	  or	  2	  

	  channels	  that	  exceeds	  3	  standard	  deviaPons	  of	  the	  average	  for	  a	  given	  channel	  in	  a	  given	  observaPon).	  
M:	  SPICE	  Version	  Epoch:	  Indicates	  what	  SPICE	  is	  used	  to	  determine	  poinPng	  fields	  in	  CDR.	  ‘Predict’	  SPICE	  may	  change	  

	  one	  or	  more	  Pmes	  before	  seiling	  on	  ‘Final’	  poinPng	  soluPons	  about	  2	  weeks	  from	  data	  acquisiPon.	  
0	  =	  No	  SPICE	  
1	  =	  Predict	  
2	  =	  Actual	  	  

N-‐P:	  Spares	   13	  



Derived	  Data	  Records	  (DDRs)	  

22	  June	  2011	   14	  

•  Temperatures,	  dark	  frequency,	  integraPon	  Pme,	  
spacecraa	  Pme	  from	  EDR;	  UTC,	  Data	  Quality	  
Index,	  Spice	  derived	  geometry	  	  from	  CDR	  

•  Spectra	  included	  (one	  row	  per	  spectrum):	  	  
–  IoF	  Spectrum	  –	  reflectance	  at	  sensor	  (no	  correcPon	  for	  viewing	  geometry)	  
–  Photom	  IoF	  Spectrum	  –	  reflectance	  at	  sensor	  corrected	  to	  a	  viewing	  

geometry	  of	  45,45,	  90	  (see	  slide	  6	  and	  Izenberg	  et	  al.,	  2014)	  
–  IoF	  Noise	  Spectrum	  –	  noise	  spectrum	  propagated	  through	  to	  reflectance	  

units	  
–  Photom	  IoF	  Noise	  Spectrum	  –	  noise	  spectrum	  propagated	  through	  to	  

normalized	  reflectance	  units	  
–  Channel	  Wavelengths	  –	  wavelengths	  for	  each	  detector	  element	  



Derived	  Analysis	  Products	  (DAPs)	  
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1.  An	  image	  file	  containing	  the	  mosaic	  of	  MASCS/VIRS	  reflectance	  @750nm,	  	  
2.  An	  image	  file	  containing	  the	  interpolated	  mosaic	  of	  MASCS/VIRS	  

reflectance	  @750nm,	  	  
3.  An	  image	  file	  containing	  the	  incidence	  angle	  of	  MASCS/VIRS	  observaPons	  

used	  in	  mosaic,	  	  
4.  An	  image	  file	  containing	  the	  emission	  angle	  of	  MASCS/VIRS	  observaPons	  

used	  in	  mosaic,	  
5.  	  An	  image	  file	  containing	  the	  phase	  angle	  of	  MASCS/VIRS	  observaPons	  

used	  in	  mosaic,	  
6.  	  An	  image	  file	  containing	  the	  area	  of	  MASCS/VIRS	  observaPons	  used	  in	  

mosaic,	  	  
7.  An	  image	  file	  containing	  the	  CDR	  Date	  of	  MASCS/VIRS	  observaPons	  used	  in	  

mosaic,	  	  
8.  An	  image	  file	  containing	  the	  CDR	  Time	  of	  MASCS/VIRS	  observaPons	  used	  in	  

mosaic	  	  
9.  An	  image	  file	  containing	  the	  spectrum	  number	  of	  MASCS/VIRS	  

observaPons	  used	  in	  mosaic.	  	  



750	  nm	  Reflectance	  Map	  
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Interpolated	  750	  nm	  Reflectance	  Map	  
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Rachel	  Klima	  (on	  behalf	  of	  the	  MASCS	  team)	  
JHU/APL	  

	  
MASCS/VIRS	  Data	  Users’	  Workshop	  
	  LPSC	  2014,	  The	  Woodlands,	  TX	  

March	  17,2014	  

Accessing	  MASCS/VIRS	  Data	  Directly:	  
Downloading	  from	  PDS	  and	  Reading	  

Structures	  into	  IDL	  



How	  To	  Get	  	  
MESSENGER	  MASCS	  VIRS	  Data	  	  
from	  the	  Planetary	  Data	  System	  

PDS	  Geosciences	  Node	  
For	  the	  MASCS	  VIRS	  Workshop	  

Lunar	  and	  Planetary	  Science	  Conference,	  	  March	  2014	  



PDS	  Geosciences	  Node:	  pds-‐geosciences.wustl.edu	  

Click	  Mercury	  to	  go	  to	  the	  
MESSENGER	  page.	  
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Click	  MASCS	  	  Archive.	  
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Two	  ways	  to	  find	  MASCS	  data:	  

A.  Follow	  links	  directly	  to	  raw	  and	  derived	  
archives	  online.	  

B.  Use	  the	  Mercury	  Orbital	  Data	  Explorer	  
search	  tools	  to	  select	  data	  products.	  
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Method	  A:	  Direct	  links	  to	  data	  online	  

The	  MASCS	  derived	  data	  archive	  is	  in	  
volume	  messmas_2001.	  

Data	  products	  are	  in	  the	  data	  directory.	  	  
Click	  down	  the	  data	  directory	  tree	  to	  
choose	  product	  type,	  mission	  phase,	  VIRS	  
data,	  observaPon	  date,	  and	  sensor.	  
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Method	  A:	  Direct	  links	  to	  data	  online,	  conQnued	  

Every	  data	  file	  (.dat)	  comes	  with	  a	  
PDS	  label	  (.lbl)	  that	  describes	  it.	  
You’ll	  need	  both	  files.	  Right-‐click	  to	  
download.	  	  

If	  you	  want	  more	  than	  just	  a	  few	  files,	  it	  will	  be	  easier	  to	  get	  them	  
with	  FTP.	  You	  can	  use	  any	  FTP	  client.	  We	  recommend	  Filezilla	  
(filezilla-‐project.org)	  because	  it	  allows	  easy	  drag-‐and-‐drop	  
downloading.	  See	  next	  page	  for	  an	  example	  …	  
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Method	  A:	  Direct	  links	  to	  data	  online,	  conQnued	  
Tp://	  

To	  get	  the	  FTP	  address,	  put	  Tp://	  
in	  front	  of	  the	  link	  in	  your	  browser	  
window,	  and	  use	  that	  link	  in	  your	  
FTP	  soaware.	  

This	  example	  uses	  Filezilla	  FTP	  
soaware.	  
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Other	  files	  you	  might	  need	  

Look	  inside	  the	  PDS	  label.	  There	  may	  be	  a	  line	  like	  	  	  
^STRUCTURE	  =	  “VIRSVD.FMT”.	  	  
	  
Structure	  files	  describe	  the	  format	  of	  the	  data	  table.	  
You’ll	  find	  them	  in	  the	  LABEL	  directory	  of	  the	  archive.	  
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Other	  files	  you	  might	  need	  

DocumentaPon	  is	  
found	  in	  the	  
DOCUMENT	  
directory.	  Each	  
document	  comes	  in	  
a	  PDF	  version	  and	  a	  
plain	  text	  version,	  
with	  a	  label	  that	  
describes	  both.	  	  
The	  SIS	  (Soaware	  
Interface	  
SpecificaPon)	  is	  the	  
primary	  document.	  
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Two	  ways	  to	  find	  MASCS	  data:	  

A.  Follow	  links	  directly	  to	  raw	  and	  derived	  
archives	  online.	  

B.  Use	  the	  Mercury	  Orbital	  Data	  Explorer	  
search	  tools	  to	  select	  data	  products.	  

Now	  for	  Method	  B,	  using	  the	  Mercury	  Orbital	  Data	  Explorer.	  
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Method	  B:	  Using	  the	  Mercury	  Orbital	  Data	  Explorer	  

Choose	  Data	  Product	  
Search.	  
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Method	  B:	  Using	  the	  Mercury	  Orbital	  Data	  Explorer,	  conQnued	  

Open	  the	  Select	  Data	  Sets	  pulldown.	  

Click	  the	  checkboxes	  next	  to	  MASCS	  VIRS	  
data	  sets.	  
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Method	  B:	  Using	  the	  Mercury	  Orbital	  Data	  Explorer,	  conQnued	  
Further	  down	  the	  page,	  enter	  your	  
desired	  search	  criteria.	  

For	  example,	  to	  search	  a	  specific	  area,	  
first	  open	  Find	  by	  Product	  LocaQon,	  and	  
then	  enter	  laPtude-‐longitude	  limits.	  	  

When	  ready,	  choose	  
View	  Results	  in	  Table.	  
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Method	  B:	  Using	  the	  Mercury	  Orbital	  Data	  Explorer,	  conQnued	  
Click	  a	  Product	  ID	  to	  
see	  more	  informaPon	  
on	  the	  right	  side	  of	  
the	  screen	  

Check	  the	  
products	  	  
to	  be	  
downloaded	  

Click	  Update	  Cart	  to	  
add	  checked	  
products	  to	  your	  
shopping	  cart	  

When	  
ready,	  click	  
Download.	  
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Method	  B:	  Using	  the	  Mercury	  Orbital	  Data	  Explorer,	  conQnued	  

Open	  View	  
Products	  Selected	  
for	  Download	  to	  
see	  what’s	  in	  the	  
shopping	  cart.	  

Check	  one	  of	  the	  
Download	  OpPons	  
to	  include	  
addiPonal	  files	  in	  
the	  cart.	  

When	  ready,	  click	  	  

	  

at	  the	  boiom	  of	  the	  page.	  
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Method	  B:	  Using	  the	  Mercury	  Orbital	  Data	  Explorer,	  conQnued	  

Enter	  your	  email	  
address	  to	  be	  
noPfied	  when	  your	  
order	  is	  ready	  to	  
download.	  

Then	  click	  
Submit	  Request.	  
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Other	  Useful	  Tools	  

Mercury	  Footprint	  
Coverage	  Explorer	  
shows	  product	  
coverage	  maps	  in	  
various	  formats.	  

MESSENGER	  
Quickmap	  allows	  
map-‐based	  searches	  
and	  downloads.	  

MASCS	  CDR	  and	  DDR	  
Readers	  help	  read	  
data	  into	  IDL.	  
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For	  More	  InformaQon	  

36	  

Visit	  the	  PDS	  Geosciences	  Node	  booth	  at	  LPSC	  to	  talk	  with	  
PDS	  representaPves	  and	  get	  a	  hands-‐on	  demonstraPon.	  
	  
QuesPons	  aaer	  LPSC?	  Try	  the	  Geosciences	  Node	  Forums	  
for	  data	  users	  and	  data	  providers,	  at	  
hip://geoweb.rsl.wustl.edu/community/.	  	  
	  
If	  you	  can’t	  find	  the	  answer	  on	  the	  forums,	  send	  an	  email	  
to	  geosci@wunder.wustl.edu.	  	  



IDL	  Reader	  Files	  (CDR	  and	  DDR)	  
•  Available	  at	  
hip://pds-‐geosciences.wustl.edu/missions/
messenger/mascs_soaware.htm	  

•  Not	  officially	  part	  of	  PDS	  delivery	  (not	  reviewed	  and	  
support	  not	  guaranteed)	  

•  Reads	  MASCS	  data	  into	  an	  IDL	  structure	  that	  can	  be	  
used	  in	  programs	  or	  to	  plot	  data	  

•  Use	  show_dqi.pro	  to	  read	  data	  quality	  index	  into	  
proper	  format	  
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IDL	  Readers	  –	  Required	  Files	  
•  CDR	  Readers	  
–  init_mascs_cdr_templates_6.pro	  
–  read_mascs_cdr_6.pro	  
–  read_uvvs_cdr_hdr_6.pro	  
–  read_uvvs_cdr_sci_6.pro	  
–  read_virs_nir_cdr_6.pro	  
–  read_virs_vis_cdr_6.pro	  
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IDL	  Readers	  –	  Required	  Files	  
•  DDR	  Readers	  
–  init_mascs_ddr_templates.pro	  
–  read_mascs_ddr.pro	  
–  read_uvvs_ddr.pro	  
–  read_uvvs_surf_ddr.pro	  
–  read_uvvs_surf_hdr.pro	  
–  read_virs_nir_ddr.pro	  
–  read_virs_vis_ddr.pro	  
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Noam	  Izenberg	  (on	  behalf	  of	  the	  MASCS	  team)	  
JHU/APL	  

	  
MASCS/VIRS	  Data	  Users’	  Workshop	  
	  LPSC	  2014,	  The	  Woodlands,	  TX	  

March	  17,2014	  

MASCS/VIRS	  Data	  Access	  	  
Using	  Quickmap	  



MASCS	  VIRS	  Data	  Access	  Using	  
Quickmap	  

Noam	  Izenberg	  for	  the	  MASCS	  team	  
JHU/APL	  

noam.izenberg@jhuapl.edu	  





Global	  Overview	  I	  	  

•  MDIS	  basemap	  



Global	  Overview	  II	  

•  VIRS	  Footprint	  map	  



Global	  Overview	  III	  

•  VIRS	  750nm	  Mosaic	  (DAP	  PDS11)	  



Global	  Overview	  IV	  

•  VIRS	  750nm	  Interpolated	  Mosaic	  (DAP	  PDS11)	  



Global	  Overview	  V	  

•  VIRS	  Color	  Mosaic	  
•  Red	  =	  575nm	  Reflectance	  
•  Green	  =	  415	  nm	  /	  750	  nm	  
•  Blue	  =	  310	  nm	  /	  390	  nm	  



Global	  Overview	  VI	  

•  VIRS	  Interpolated	  Color	  Mosaic	  



Regional	  I	  	  

•  MDIS	  basemap	  



Regional	  Ib	  	  

•  Search	  by	  feature	  name	  



Regional	  II	  

•  VIRS	  Footprint	  map	  



Regional	  III	  

•  VIRS	  Color	  Mosaic	  



Regional	  IV	  

•  VIRS	  Interpolated	  Color	  Mosaic	  



Regional	  V	  

•  MDIS	  Color	  Mosaic	  



Local	  I	  	  

•  MDIS	  basemap	  



Local	  II	  

•  VIRS	  Footprint	  map	  



Local	  III	  

•  VIRS	  Color	  Mosaic	  



Local	  IV	  

•  Region	  of	  Interest	  



Local	  V	  

•  Region	  of	  Interest	  



Local	  VI	  

•  Individual	  Spectra	  



Local	  VII	  
Individual	  Spectra	  
view	  
•  Radiance,	  

reflectance	  
plots	  

•  DDR/CDR	  
source	  

•  CSV	  Downlink	  
•  Viewing	  

Geometry	  
•  Spectrum,	  Pme	  
•  CDR	  source	  

name	  
•  Detector	  temps	  



Local	  VIII	  

•  Linked	  parameter	  descripPons	  



Local	  IX	  

•  QuickSpectra-‐Retriever	  



Local	  X	  

•  QuickSpectra-‐Retriever	  



Local	  VI	  

•  Individual	  Spectra	  



Local	  VI	  

•  Individual	  Spectra	  



Local	  VI	  

•  Individual	  Spectra	  



Local	  VI	  

•  Individual	  Spectra	  



Local	  VI	  

•  Individual	  Spectra	  



Nabokov	  Example	  I	  

•  MDIS	  basemap	  



Nabokov	  Example	  II	  

•  VIRS	  Color	  –	  crowded	  with	  many	  spectra,	  hard	  to	  
select	  one	  with	  accuracy.	  Use	  QuickSpectra	  



Nabokov	  Example	  III	  

•  Probe	  spot	  and	  select	  small	  area	  (1x1	  km)	  



Nabokov	  Example	  IV	  

•  Area	  filled	  with	  footprints,	  not	  all	  of	  high	  value	  



Nabokov	  Example	  V	  

•  Individual	  spectra	  that	  touch	  target	  area	  



Nabokov	  Example	  VI	  

•  Excluding	  footprints	  you	  don’t	  want	  from	  average	  



Nabokov	  Example	  VII	  

•  Radiance	  



Nabokov	  Example	  VIII	  

•  Shows	  only	  selected	  spectra	  and	  their	  average.	  



Do	  Science	  With	  VIRS!	  
•  Planned,	  not	  yet	  implemented:	  

–  ROI	  mulPple	  spectrum	  downloading	  (currently	  all	  bulk	  data	  access	  is	  
via	  PDS)	  	  

•  QuesPons,	  feedback	  
•  Contact	  

–  noam.izenberg@jhuapl.edu	  
–  rachel.klima@jhuapl.edu	  

	  
Key	  References:	  
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