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1 Purpose

This document provides a description of the conversion of MESSENGER Magnetometer Science (SCI) Experimental Data Records (EDRs) to Calibrated Data Records (CDRs). The processing steps described in this document represent the state of knowledge at the date of this document and were applied to the final mission dataset delivered to the PDS.

2 Introduction

The SCI EDRs are the raw data records used to derive magnetic field data used for scientific analysis. They contain 3-axis field samples from the magnetometer at the commanded sample rate as well as the Mission Elapsed Time (MET) and a range flag indicating the dynamic range the magnetometer operated in at the time of the observation. There are two dynamic ranges, a fine range of ±1,530 nT (range flag 0) and a coarse range of ±51,300 nT (range flag 1). Before the science data can be used for scientific analysis, the count rates in the EDRs must be converted to physical units and the data must be transformed into meaningful physical reference systems. This conversion yields calibrated data, which are stored in CDR data files. The processing steps from the EDR to the CDR level are described in this document and include: 

(1) accounting of time latency between the registered and actual times of the observation and conversion from spacecraft mission elapsed time (MET) to UTC; 

(2) subtraction of the temperature-dependent and sensor-heater thermally-induced magnetometer DC offsets for the three axes; 

(3) conversion from engineering units to physical units; 

(4) coordinate transformation from sensor to spacecraft coordinates and to other physical interplanetary and planetary reference frames; 

(5) assignment of a data quality flag to the observations. 

3 Coordinate Systems

The calibrated data were transformed into several coordinate systems necessary for scientific analysis: J2000 inertial, Mercury Solar Orbital (MSO), Mercury Body Fixed (MBF), and Radial-Tangential-Normal (RTN). These coordinate systems are defined as follows. Position data in each system is included in the CDR products for J2000, MSO, MBF, and RTN coordinates.

3.1 Sensor and Spacecraft Coordinates

Sensor and spacecraft coordinates are defined as shown in Figure 1. In the spacecraft coordinate system, the Y-axis is parallel to the magnetometer boom axis with +Y directed from the spacecraft toward the MAG sensor; the X axis is parallel to the solar array rotation axis; the Z axis is orthogonal to X and Y and +Z points outward from the spacecraft adapter ring, and the +X direction completes the right handed system. The sensor axes are oriented nearly parallel to the spacecraft axes. The transformation between the two coordinate systems is reported in the magnetometer instrument paper [Anderson et al., 2007]. 
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J2000 Coordinates

In this coordinate system, the +X-axis points toward the mean vernal equinox, +Z points along the mean rotation axis of the Earth on 1 Jan 2000 at 12:00:00.00 Barycentric Dynamical Time (TDB), which corresponds to JD 2451545.0 TDB, and Y completes the right-handed system.

3.3 Mercury Solar Orbital (MSO) Coordinates

In this coordinate system, the +X-axis points from Mercury center toward the Sun, +Z points northward perpendicular to Mercury’s orbit plane, and Y completes the right hand system nominally directed opposite Mercury’s orbital velocity around the Sun. SPICE constructs the MSO coordinate system in the following manner: it computes the position of the Sun as viewed from Mercury and labels this as the +X-axis. Then it computes the projection of the velocity of Mercury as viewed from the Sun into the plane normal to the already defined X-axis and forces this to be the –Y-axis of the MSO frame. The Z-axis is defined by completing the right-handed axes triple (i.e. the cross product of X with Y). The Venus-centered Venus solar orbital (VSO) coordinate system is similarly defined.
3.4 Mercury Body Fixed (MBF) Coordinates

The MBF coordinate system is defined by the planetocentric position, Cartesian X, Y, Z coordinates related to the planetocentric distance, r, the latitude, , measured positive northward from the equator, and the longitude, , measured positive eastward from the prime meridian. The cartesian X, Y, Z coordinates are: xMBF = r*cos()*cos(), yMBF = r*sin()*cos(), zMBF = r*sin(). The unit eMBF components, exMBF, eyMBF and ezMBF are defined simply as: exMBF = XMBF/r, eyMBF = YMBF/r, ezMBF = ZMBF/r. 

3.5 Radial-Tangential-Normal (RTN) Coordinates

In RTN coordinates, R points from Sun center to the spacecraft. T is formed by the cross product of the solar rotation axis and R and lies in the solar equatorial plane. N is formed by the cross product of R and T and is the projection of the solar rotational axis on the plane of the sky.

4 SPICE Kernels

The MESSENGER project adopted the SPICE information system to assist science and engineering planning and analysis. SPICE is developed by the Navigation and Ancillary Information Facility (NAIF) under the directions of NASA's Science Directorate. The SPICE toolkit is available at the NAIF web site (http://naif.jpl.nasa.gov) in the compiled programming languages FORTRAN and C. Interfaces to higher-level data analysis software, e.g., Interactive Data Language (IDL) and Matlab, are also provided. The MESSENGER MAG CDR processing routines were written in IDL using the toolkit provided by NAIF.
The primary SPICE data sets are kernels. SPICE kernels are composed of navigation and other ancillary information structured and formatted for easy access. SPICE kernels were generated by the most knowledgeable technical contacts for each element of information. Definitions for kernels include or are accompanied by metadata, consistent with flight project data system standards, which provide pedigree and other descriptive information needed by prospective users.

The following SPICE kernel files were used to compute the UTC time and any geometric quantities found in the PDS labels. Kernel files were generated throughout the mission with a file-naming convention specified by the MESSENGER project. The SPICE kernels are archived separately in the SPICE data volume with the VOLUME_SET_NAME “MESSENGER: GEOMETRY” and the VOLUME_SET_ID “USA_NASA_PDS_MESSNAIF_1001”.

*.bsp:  

MESSENGER spacecraft ephemeris file. Also known as the Planetary Spacecraft Ephemeris Kernel (SPK) file.

*.bc:  

MESSENGER spacecraft orientation file. Also known as the Attitude C-Kernel (CK) file.

*.tf:

MESSENGER reference frame file. Also known as the Frames Kernel. Contains the MESSENGER spacecraft, science instrument, and communication antennae frame definitions.

*.ti:

MESSENGER instrument kernel (I-kernel). Contains references to mounting alignment, operating modes, and timing as well as internal and field of view geometry for the MESSENGER Magnetometer.

*.tsc:  

MESSENGER spacecraft clock coefficients file. Also known as the Spacecraft Clock Kernel (SCLK) file.

*.tpc: 

Planetary constants file. Also known as the Planetary Constants Kernel (PcK) file.

*.tls:

NAIF leapseconds kernel file. Used in conjunction with the SCLK kernel to convert between Universal Time Coordinated (UTC) and MESSENGER Mission Elapsed Time (MET). Also called the Leap Seconds Kernel (LSK) file.
This kernel set used in generating a CDR is listed in the release notes for the produced CDR.

5 Time Latency Correction

As described in Anderson et al. [2007], the time stamps in the EDR records are delayed with respect to the actual time of the magnetic field observations due to onboard filtering of the data and intrinsic delay in the instrument feedback response. The net time lag depends on the sample rate and is given in Table 1 from Anderson et al. [2007]. These values listed in the “net lag” column are subtracted from the MET associated with the vector sample in the EDR.


[image: image1]
6 Heater Correction

Data judged to be valid data (see MAG CDR confidence level note in MAGCDR_DS.CAT) are subject to contributions from temperature dependent zero-levels and signals related to sensor survival-heater operation. This section describes the time-dependent signals due to heater operation and specifically those commensurate with the heater cycle period. A contamination signal associated with the magnetometer heater operation with the same period as the heater-cycle period and synchronized with heater operation is superimposed on magnetometer data when the heater was operating. The origin of the periodic contamination signal is not entirely known but is presumed to be due to variations in temperature gradients within the sensor. The contamination is manifested as perturbations with the periodicity of the 100-s heater control period. The magnitude and waveform of the offset variations is different for each of the three axes and depends on the heater duty cycle. Effects of the thermal environment and heater duty-cycle changes on the zero-levels or offsets are covered in Section 7.
During cruise after 9 March 2007 when operations were started with version 10 of the MAG EPU software (see MAG CDR confidence level note), the sensor was in darkness and the heater typically operated at a duty cycle of 40%, i.e., at full power for 40 seconds and then off for 60 seconds. The heater state (on/off bit) is captured in the MAG log AC data stream (LAC) EDRs at a time resolution of one second, corresponding to the one-second command iteration at which this state was changed via command to the spacecraft. The heater state bit was used to construct the average time behavior versus time within the 100 second heater period using a superposed epoch analysis of all data acquired in the solar wind binned by heater duty cycle in 4% wide bins for bin centers from 12% to 40%. The bins start at 10% because the spacecraft required a 10-count persistence in a change of the heater state bit before turning the heater either on or off. Thus, any duty cycle below 10% was ignored by the spacecraft. In addition, this leads to a 10-s delay between the heater request bit and the actual heater power state change.

The results of the superposed epoch analysis are shown in Figure 2 for the sensor X, Y, and Z axes. The 10-s delay is obvious as is the flat profile for duty cycles below 10%. In addition, there is a regular evolution in the shape and amplitude with increasing duty cycle. The largest signal is in the Y-axis and is just under 0.75 nT in peak-to-peak amplitude. The discrepancies between the spline fits and the averages are less than 0.1 nT or 2 DN. The spline fits in units of counts or DN versus heater cycle time are given in the Appendix. 
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Figure 2. Superposed epoch averages of solar wind observations from all orbital mission phase data versus time during the 100-s period heater operation for a range of duty cycles from 0% (top) to 40% (bottom).  Colored traces show the averages and dashed curves are the spline fits which were used to construct a continuous representation for the perturbations within each duty cycle. From left to right panels show response for the sensor X, Y, and Z axes, respectively. 

To obtain a continuous function for the heater-cycle time profile, the start time of the heater period was identified from the rising edge in the heater bit time series. If the persistence was at least 10 s, then a waveform was interpolated both in time and duty cycle from the curves in Figure 2 to the actual time and duty cycle. Linear interpolation was used between duty-cycle bins and the derivative of the duty-cycle signal at a given heater-cycle time derived from the 12% and 16% bins was used to extrapolate below 12%. Similarly, the derivative obtained between the 36% and 40% bins was used to extrapolate above 40%. 
7 Offset Variation Correction
The thermal environment of the magnetometer sensor was substantially different during orbital operations than it was during cruise. During cruise after final implementation of the software heater controller, the sensor temperature was regulated to remain near −50(C. The cruise offset calibration is valid for this temperature and the mean heater duty cycle required when the sensor was in the spacecraft shadow. As a result, the net offset during cruise was constant. In Mercury orbit however, the sensor was exposed to radiant heat from the planet, which was most intense at low altitudes on the dayside, as well as conducted and radiant heat from the magnetometer sun shade when the spacecraft was tilted to accommodate remote-sensing observations. As a result, the heater duty cycle varied from its nominal cruise value and maximum of near 40% to 0% whenever the sensor temperature warmed above −50(C, which occurred on most orbits. During the final year of the mission, the sensor temperature occasionally exceeded +30(C at the lowest altitudes. 

The temperature and duty-cycle variations principally impact the zero levels or offsets of the magnetometer. Denoting the readings (counts) in the X, Y, and Z axes by cx, cy, and cz and the variable offsets as cx0(T,d), cy0(T,d), and cz0(T,d), where T is the temperature and d is the heater duty cycle, the corrected data counts cx,C, cy,C, and cz,C in sensor coordinates are given by
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(1)
The duty cycle only varies when the sensor temperature is regulated at −50(C, and the temperature only varies when the heater is not being used so that the functional form for the offsets may be written as
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(2)

where j denotes the sensor axis X, Y, or Z, and the subscripts ‘d’ and ‘T’ denote offsets related to the heater duty cycle and sensor temperature, respectively. Because the average solar-wind magnetic field vector is zero, we used long-term averages of data acquired in the solar wind binned either temperature or duty cycle to determine cj0,T and cj0,d, respectively. 
For cj0,T, data acquired when the duty cycle was 0% and the spacecraft was resident in the solar wind were binned by temperature in 10(C-wide bins, and all data in a given temperature bin were averaged. These averages yield estimates of the offset as a function of temperature. These averages and fits to the results are shown in Figure 3. The offsets vary slowly with temperature below −10(C and more rapidly above −10(C so two-segment linear fits were used to represent continuous variation of offset with temperature. The fits used the square root of the number of samples in each bin as a weight for each point and there were very few samples in the upper two temperature bins, which accounts for the apparent departure of these averages from the fits.
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Figure 3. Long-term averages of solar wind observations versus sensor temperature from all orbital-mission-phase data with the sensor heater off. From left to right panels show response for the sensor X, Y, and Z axes, respectively. 
The fits were implemented using two linear functions joined at a middle temperature, Tm, written as

cj,0T = A0j + B0jT
for T ( Tmj
(3a)

cj,0T = A1j + B1jT 
for T ( Tmj
(3b)
where j = x, y, or z, T is in (C, and Tm is the temperature where the two linear functions match given by


Tmj = (A0j − A1j)/(B1j − B0j) 
(4)
The coefficients for all three axes for equations (3a) and (3b) are given in Table 2.

Table 2. Coefficients for offsets as functions of sensor temperature.
	Axis
	A0
	B0
	A1
	B1
	Tm ((C)

	x
	−10.802
	1.2043
	2.8435
	2.5445
	−10.1817

	y
	−76.138
	2.042
	−18.176
	6.6181
	−12.6662

	z
	432.27
	0.45175
	455.4
	2.016
	−14.7866


To determine the cj0,d, all data in each 100-s heater operation period with a finite duty cycle and when the spacecraft was resident in the solar wind were binned by duty cycle in 4% wide bins. Data within a given duty cycle bin were and averaged to obtain estimates for the offset variation with duty cycle. The results of these averages are shown in Figure 4 together with linear fits to these data constrained to yield the values for cj0,T(−50(C). For duty cycles below 20% and above 35%, there were relatively few points, which together with the d = 0 value constraint accounts for the departures of the data from the linear fits. The fits used the square root of the number of samples in each bin as a weight for each point. In addition, the intercept at 0 duty cycle was held fixed to the −50(C values for the offsets versus temperature. The values at d = 0 in Figure 3 are actually obtained for all values of d from 1 through 99 which correspond to no heater use and are plotted at d = 0. As one expects, the averages for d = 0 closely correspond to the results for the temperature offset dependencies at −50(C.
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Figure 4. Long term averages of solar wind observations versus sensor heater duty cycle (in parts per 1000) from all orbital mission phase data with finite heater duty cycles. From left to right panels show response for X, Y, and Z axes, respectively.

The linear fits to the offset with duty cycle represent the level shifts in the offsets but do not capture the time dependence of the change from one duty cycle to another. The variation of offsets with duty-cycle offset were represented with simple line fits

c*j,0d = C0j + D0jd
for d ( 100
(5a)

c*j,0d = 0 
for d < 100
(5b)
where d is in parts per 1000 and the coefficients are given in Table 3. The asterisk indicates that equation (5) gives the level shift in the offsets that occurs in steady state and does not capture the time dependence when the duty cycle changes.
Table 3. Coefficients for offsets as functions of heater duty cycle.

	Axis
	* C0
	† D0

	x
	−71.0
	0.17885

	y
	−178.2
	0.32851

	z
	409.7
	0.01477



* Units for C0 are counts and the relationship to nT is covered in Section 9.


† Units for D0 are counts per unit duty cycle, where d is in parts per 1000.

The thermal controller in version 10 of the MAG EPU software evaluated the heater duty cycle once every ten heater periods, i.e. every 1000 s, and a change in duty cycle was requested at this interval, which corresponds to a shift in the steady state offsets. During orbital operations, the duty-cycle changes were often substantial so that the changes in c*j,0d could be as large as 30 counts or more, corresponding to ~1.5 nT.  Physically, the thermal gradients adjust continuously from their value at one duty cycle to a new value with a characteristic relaxation time. Ignoring this behavior and applying corrections with discontinuities would introduce spurious steps in the data. Thus, it was essential to characterize the time dependence of the transitions in applied duty cycle. 

The relaxation time was characterized by accumulating statistics on changes in the duty cycle in a superposed epoch analysis but using a 1200 second interval that was chosen to start 200 seconds prior to a change in the duty cycle. Because the trend of offset with duty cycle is linear, all steps of the duty cycle could be accumulated together and normalized for the duty cycle change. In addition, positive and negative changes in d were combined accounting for opposite signs of the step in the data. Because the dependence of offset on duty cycle is strongest for the Y-axis, the results of this analysis were the most definitive for the Y-axis and yield a time constant, , of 872 seconds.
This result implies that in a 1000-s interval of fixed duty cycle, the offsets reach roughly 70% of the difference between the old and new offsets. One cannot assume that the new steady state value has been attained when a new duty cycle value is commanded but must calculate the offset value achieved at 1000 seconds from the last change and use this as the new starting point for the next relaxation time. Note that at any given change in duty cycle the steady state offset does not correspond to the actual offset value. However, if one assumes that the sensor acquired its steady state offsets at some time in the distant past, say at least 5000 seconds prior, and then track the actual time dependence over that time to the present, the error in the initial assumption becomes negligible. For a time constant of 872 seconds the error is less than 0.3% of the initially assumed offset value, or less than 1 DN. Using this approach, the time-dependent offset was evaluated as follows. Using a 5000 second ‘look back’ interval, we let: 
oc,d(t)
= the time dependent offset value in DN;

ts 
= the time of the current sample in seconds;

dt 
= time delay between the heater bit lo to hi transition and the actual onset of heater board power (10 seconds);

t0 
= the time of the most recent change in the duty cycle in seconds;

c*0 
= the steady state offset value from equation (5) in DN corresponding to the duty cycle that was set at t0;

t1 
= the time of the first duty cycle change prior to t0;

c*1 
= the steady state offset value from equation (5) in DN corresponding to the duty cycle that was set at t1;

t2 
= the time of the first duty cycle change prior to t1;

c*2 
= the steady state offset value from equation (5) in DN corresponding to the duty cycle that was set at t2;

t3 
= the time of the first duty cycle change prior to t2;

c*3 
= the steady state offset value from equation (5) in DN corresponding to the duty cycle that was set at t3; 

t4 
= the time of the first duty cycle change prior to t3;

c*4 
= the steady state offset value from equation (5) in DN corresponding to the duty cycle that was set at t4;
t5 
= the time of the first duty cycle change prior to t4;

c*5 
= the steady state offset value from equation (5) in DN corresponding to the duty cycle that was set at t5;
The offset at ts is then calculated by the following sequence of operations performed in order 6a through 6f which yield estimates for the actual offsets at times t4, t3, t2, t1, t0 and finally ts, denoted ct4, ct3, ct2, ct1, ct0, and c(ts), respectively. Note that these are not equations in the mathematical sense but assignment statements denoted by the ‘←’ symbol.
ct4
←
c*5{1 – exp(–max(t4–t5–dt,0)/) }
(6a)
ct3
←
c*4 – (c*4 – ct4)exp(–(t3 – t4 – dt,0)/)
(6b)
ct2
←
c*3 – (c*3 – ct3)exp(–(t2 – t3 – dt,0)/) 
(6c)
ct1
←
c*2 – (c*2 – ct2)exp(–(t1 – t2 – dt,0)/) 
(6d)
ct0
←
c*1 – (c*1 – ct1)exp(–(t0 – t1 – dt,0)/) 
(6e)
c(ts)
←
c*0 – (c*0 – ct0)exp(–(ts – t0 – dt,0)/). 
(6f)
We then set
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which is used in Equation 2 to obtain the total offset correction as a function of time. This calculation effectively assumes that the offset prior to t5 was zero which results in an error no larger than 200 exp(−5000/) = 0.6 DN which we neglect.
Equation (2) yields valid offsets for all data after implementation of the 100-s heater period with MAG EPU software version 10, which occurred on 9 March 2007 and which spans a period four years prior to orbit insertion including all three Mercury gravity-assist encounters by MESSENGER.

There are no mission requirements for MAG data accuracy prior to observations at Mercury. Prior to 9 March 2007, data acquired with the MAG sensor in shadow behind the spacecraft either have uncorrectable noise due to contamination from interference effects of the heater operating in hardware regulation or operating at −50(C in software regulation but with a 1000-s period. In addition, data acquired prior to boom deployment on 8 March 2005 contain uncorrectable noise from the spacecraft. Data acquired after boom deployment with the MAG sensor in sunlight are free of both heater-related contamination and spacecraft magnetic noise and are useful for science analyses of the interplanetary magnetic field. Under these conditions, the mean sensor temperature was 22.4(C with minimal variation (less than 10(C) with a standard deviation of 4.2(C. The offsets from equation (2) with this temperature were used for these data.
8 Absolute Calibration and Relative Alignment

The conversion from counts, corrected for offsets, to physical units of nano-Tesla is described by Anderson et al. [2007]. Using the senor readings corrected for the temperature and duty cycle dependent offsets, the magnetic field in sensor coordinates can be written as
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(8)
where kx, ky, and kz are the gain coefficients for each axis and , , and  measure the contributions of X in the Y axis, X in the Z axis, and Y in the Z axis, respectively. The parameters from the ground calibration are shown in Table 4 [Anderson et al., 2007] and are insensitive to temperature.
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9 UTC Conversion

The UTC conversion from MET to UTC is handled by the SPICE toolkit using the following IDL commands:

cspice_scs2e, sc_id, met_str, et

cspice_timout, et, 'YYYY DOY HR MN SC.###', 21, time_str

The routine cspice_scs2e converts the MET into ephemeris time et native to SPICE, whereby the spacecraft ID for MESSENGER is -236. The routine cspice_timout then convert the ephemeris time et to a UTC time string which is associated with the observation.

10 Spacecraft Position Determination

10.1  Cartesian Coordinates

The spacecraft position for each MET is returned by the SPICE toolkit using the following IDL commands:

cspice_scs2e, sc_id, met_str, et

cspice_spkpos, target, et, frame, correction, observer, position, ltime

The routine cspice_scs2e converts the MET into ephemeris time native to SPICE using the MESSENGER spacecraft ID which is -236. The routine cspice_spkpos then acquires the position of the spacecraft for the ephemeris time et given the target, frame, light-time correction, and observer. Since we are interested in the UTC at the spacecraft, the position of MESSENGER with respect to the Sun in J2000 coordinates is obtained without light-time correction using:

cspice_spkpos, 'MESSENGER', et, 'J2000', 'NONE', 'SUN', position, ltime

The position of MESSENGER in the Mercury-centric MSO coordinate system without light-time correction can be obtained using:

cspice_spkpos, 'MESSENGER', et, 'MSGR_MSO', 'NONE', 'MERCURY', position, ltime

The position of MESSENGER in Mercury body-fixed coordinates without light-time correction can be obtained using:

cspice_spkpos, 'MESSENGER', et, 'IAU_MERCURY', 'NONE', 'MERCURY', position, ltime

10.2  Spherical Coordinates

When transforming the magnetic field samples to Radial-Tangential-Normal (RTN) coordinates, the spacecraft coordinates are more appropriately represented in the following spherical coordinates: (1) radial distance of the MESSENGER spacecraft from the Sun in units of km; (2) northward latitude of the MESSENGER spacecraft above instantaneous ecliptic plane in units of degrees; (3) Azimuth angle of the MESSENGER spacecraft in the instantaneous ecliptic plane with respect to the Earth-Sun line in units of degrees, positive in direction of the Earth's orbital motion. The components are computed as follows:

Radial component:
cspice_spkpos,'MESSENGER',et,pframe,'NONE',observer,m_pos,ltime

pos_r=cspice_vnorm(m_pos)

Northward Latitude:

cspice_spkezr,'EARTH',et,pframe,'NONE',observer,state,ltime

cspice_vcrss,state[0:2],state[3:5],es_norm

pos_lat=90-cspice_vsep(es_norm,m_pos)/!dtor

Azimuth:

cspice_vperp,state[3:5],state[0:2],ve_espl_proj

cspice_psv2pl,state[0:2],state[0:2],state[3:5],es_plane

cspice_vprjp,m_pos,es_plane,m_espl_proj

sign=sgn(cspice_vdot(ve_espl_proj,m_espl_proj))

pos_az=sign*cspice_vsep(state[0:2],m_espl_proj)/!dtor

11 Coordinate System Transformation

The coordinate transformation from MESSENGER MAG sensor coordinates to J2000, MSO, and MBF coordinates is handled by the SPICE toolkit using the following IDL commands:

cspice_scs2e, sc_id, met_str, et

cspice_pxform, frame1, frame2, et, xform

cspice_mxv, xform, b_sensor, b_rot

The routine cspice_scs2e converts the MET into ephemeris time native to SPICE, using the spacecraft ID for MESSENGER, -236. The routine cspice_pxform gives the transformation matrix between the coordinate system of origin, frame1, and the target coordinate system, frame2, at a given ephemeris time, et. The coordinate system of origin for MAG after boom deployment is MSGR_MAG. The coordinate system of MAG prior to boom deployment is accessed using MSGR_MAG_STOWED. The target coordinate systems for the CDRs are J2000, MSGR_MSO, IAU_MERCURY, and MSGR_RTN for transformations into J2000, MSO, MBF, and RTN coordinates, respectively. Finally, the cspice_pxform routine performs the actual coordinate system transformation by multiplying the transformation matrix with the observations in the coordinate system of origin. For example, the transformation from the MAG sensor coordinate system into MSO coordinates is executed using:

cspice_pxform, 'MSGR_MAG', 'MSGR_MSO', et, xform

cspice_mxv, xform, b_sensor, b_mso

12 Data Quality

The final step in the conversion of experimental to calibrated data records is the assignment of the data quality flag to the observations. The MAG data quality flag is a three digit code, denoted as SHC, which is defined in Table 5. S indicates the configuration of the sensor. H indicates the sensor survival heater control mode being used. C indicates the presence of contamination in the data and whether contamination, if present, is judged to be correctable to meet the science requirement of 1 nT. For example, a data quality flag of ‘100’ indicates: that the boom was deployed with the sensor facing the sun, that the heater operated in hardware regulation, and that no contamination signals are known to be present. The data quality flag will be assigned via a lookup table, which is maintained during validation of the data set.
	Table 5: MAG data quality flag definitions.

	S: Sensor Configuration
	Definition

	0
	Sensor stowed – prior to boom deployment

	1
	Boom deployed – SC +Y axis to Sun - sensor in sunlight

	2
	Boom deployed – SC –Y axis to Sun - sensor in shadow

	

	H: Heater Mode
	Definition

	0
	Hardware regulation (MAG FSW V8)

	1
	Software regulation version 1 (MAG FSW V9)

	2
	Software regulation version 2 (MAG FSW V10)

	

	C: Contamination
	Definition

	0
	No contamination signals known to be present

	1
	Uncorrectable contamination signals present

	2
	Contamination signals present but corrected in EDR to CDR conversion.


13 Validation

As a consequence of the thermal baseline correction, the sensor offsets in the final CDR data set are time variable. To ensure that the complex baseline correction was applied correctly, the time series of the sensor offsets were examined for smoothness. The thermal baseline was computed from data recorded at different intervals in distinct EDR files, and the correction required proper alignment of the various time series as well as consideration of details in the instrument flight software implementation. Incorrect implementation of the baseline correction was typically manifested in discontinuities in the offset time series. Evaluation of the smoothness of the baseline correction proved effective for detecting shortcomings of the algorithms applying the correction as defined in sections 6 and 7. Final automated product validation confirmed smooth offset variations and thus correct implementations of the calibration algorithm. 

The calibrated magnetic field components in the final CDR data set differ from those in the CDR V6 data set delivered previously to the PDS by up to 10%. Because the difference in the values from the previous data set are not negligible, important scientific results derived from Magnetometer data and published over the course of the mission have been reassessed to determine to impact on the scientific conclusions. This analysis included the quantities describing the nature of Mercury’s low-order planetary field. It was found that the thermal baseline correction yields changes that are well within the uncertainties quoted in the published studies.

14 Version History

The conversion from the EDR to the CDR level was evolutionary. CDR files were reprocessed when (1) the MAG calibration changed, (2) the MAG team found it necessary or desirable to change the file format, or (3) when bugs in the processing software were identified. The reprocessed CDR files and the MAG EDR2CDR processing software were both given new version number reflecting the changes. Version numbers for CDRs and processing software may differ from each other. For this reason the version number of the processing software was captured in the CDR label. Below is the summary of the version history of the MAG EDR2CDR processing software.

v1.0 (04/08/2008): 

· Initial Release

v1.1 (07/14/2008): 

· Increased precision of position angles for RTN files from F6.1 to F12.7.

v1.2 (10/03/2008): 

· BUG FIX: The drift between MAG and SC clocks resulted in falsely identified sample rate changes and assigned latencies.

· Modified format of MAGTable_Offsets.dat and associated read routine.

· Added file names of SCI, SHD, and LAC EDRs to release notes file.

· Added MAG offset determination from M2 MAG rolls.

v1.3 (10/02/2009):

· Updated msgr_kernel_getcurrent.pro to deal work with 3 and 4-digit version numbers.

· Fixed heater correction to include time lag between heater-on request and actual heater turn-on. Affected routines are: msgr_mag_edr2cdr_sci.pro, msgr_mag_correct_latency.pro, and msgr_mag_correct_heater100s.pro.

v1.4 (08/04/2010):

· Added processing of burst and AC channel data.

· Added handshake with SOC via semaphore file.

v1.5 (03/24/2011):

· Added handling of subversioned C-kernels.

· Added attitude rate change information to release notes.

v1.6 (04/15/2011):

· Added mechanism to automatically reprocess CDR files on arrival of updated C-kernels.
v1.7 (01/04/2012):

· Added temperature and heater duty cycle offset corrections as well as corrections for perturbations with 100 s heater period.

v1.8 (03/19/2012):

· Changed filename template for SPICE SPK kernel for compatibility with extended mission trajectory kernels.

· Added option for transformation to Venus Solar Orbital (VSO) coordinates.

v1.9 (10/17/2012):

· Updated numerous routines to accommodate for spacecraft clock roll-over (MET roll-over) on 8 January 2013.

v2.0 (04/15/2014):

· Added code to handle multiple versions of LAC data files.

v2.1 (05/22/2014):

· Added code to handle multiple versions of SCI data files. Added keyword to disable heater correction.

v3.0 (07/14/2015):

· First-iteration of complete thermal baseline correction.

· Hardcoded final SPICE kernels.

v3.1 – v3.6:

· Refinement of complete thermal baseline correction.

v3.7:

· Final complete thermal baseline correction.
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16 
Appendix
Tables 6-8 of the spline fits in units of counts or DN versus heater cycle time for the sensor axes, X, Y, and Z are given on the following pages.
Figure � SEQ Figure \* ARABIC �1�: Definition of sensor and spacecraft coordinates.





Table � SEQ Table \* ARABIC �1�: MESSENGER Magnetometer sample rates, digital IIR filter -3 dB points, filter attenuation characteristics, IIR time lags, and net time lags.





Table 4: Absolute gain, sensor alignment, and internal pre-launch offsets.








- 21 -


[image: image17.png]Parameter Coarse range  Fine range
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kx:nT/count 1.56513 0.046769
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Y offset: counts (nT)  =75.2 (=118) -2520 (-118)

Z offset: counts (nT)  —16.2 (-26) —544 (-26)
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