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8.0 FIELDS: FLUX GATE MAGNETOMETER (FGM) 

8.1 FGM OVERVIEW 
The Flux Gate Magnetometer (FGM) measures magnetic field components on three orthogonal 
axes, by periodically saturating the ferromagnetic ring cores which in turn induce currents in the 
sense wires that are modulated by the strength of the ambient field. The MMS Flux Gate 
Magnetometer instrument on each observatory consists of an Analog Fluxgate Magnetometer 
(AFG) and a Digital Fluxgate Magnetometer (DFG), mounted on the end of two five-meter 
booms on either side of each observatory. Both AFG and DFG contain the same sensor design 
(c.f. Figure 8-1), but different electronics units.  Electronic units for DFG are provided by the 
Space Research Institute of the Austrian Academy of Sciences (IWF), and for AFG are provided 
by the University of California, Los Angeles (UCLA). The instruments form a synchronized, 
redundant, cross- and inter-spacecraft calibrated pair of magnetometers on each observatory. 
The details of the instrument design are described in Russell et al. [2016]. 
 



670-MMS-Proj-Plan-CMAD 
MMS Overview – Revision 4 

This document is continually updated as new information becomes available.  Downlink 
the latest version before use: http://doi.org/10.48322/VSHD-SV21. 

8-3 

 
Figure 8-1 Photograph of the Fluxgate Sensor with Pigtail Harness 

AFG and DFG represent a redundant system of magnetometers which enable cross-calibration 
to archive better data accuracy. AFG and DFG measure magnetic fields in two dynamic ranges, 
low-field and high field, as shown in Table 8-1. 
 

 Low Range High Range 
AFG +/- 510 nT +/- 8200 nT 
DFG +/-650 nT +/- 10500 nT 

Table 8-1 AFG and DFG Dynamic Ranges 

The ranges are commanded by the FIELDS Central Data Processing Unit (CDPU) using an 
algorithm with hysteresis based on the data from the magnetometer controllers. 
 

• AFG: range change occurs at 450 nT for increasing field and at 400 nT for decreasing 
field. Two consecutive spins must meet this criterion. 

• DFG: range change occurs at 550 nT for increasing field and at 500 nT for decreasing 
field. Four consecutive spins must meet this criterion. 

Both AFG and DFG operate continuously, outputting data at 128 S/s for storage by the 
spacecraft in a burst memory buffer for later downlink. Meanwhile, FIELDS CDPU decimates 
this data for continuous survey downlink, but also provides the 128 S/s data in real time to the 
EDI instrument to enable electron beam steering. DFG employs digital filters to produce the 128 
S/s data, which have an inherent real-time delay. In order to ensure meeting the time latency 
requirements for EDI, DFG was designed to produce data in one of two digital filter length 
modes: DEC 32, which sacrifices noise performance to achieve shorter delay; and DEC 64, 
which employs a longer filter length to optimize noise performance.   
 
For AFG, the noise level in high range is ~10 pT/ Hz at 1 Hz, and the noise level in low range is 
~5 pT/ Hz at 1 Hz. 
 
For DFG, the noise level in high range is ~100 pT/ Hz at 1 Hz, and the noise level in low range 
is ~8 pT/ Hz at 1 Hz (DEC 32 mode) or ~5 pT/ Hz at 1 Hz (DEC 64 mode).      
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8.1.1 Status of FGM Magnetometers 
All FGM units continue to operate nominally as of 2021-08-30. 
 
Burst Mode Operations 
 
At the beginning of the science phase, DEC 32 and DEC 64 modes were used on alternate 
orbits, to ensure that there were no adverse effects on EDI performance when using the DEC 
64 mode, which is preferable for science. In March 2016, it was determined that DEC 64 was 
adequate for EDI operations, and that DFG should remain permanently in that mode. The 
history of these experimental operations is as follows: 
  
2015-08-31    to 2015-12-13    Alternate orbits in DEC 32/DEC 64  
2015-12-13   to 2016-01-18 15:00   Continuously in DEC 64 
2016-01-18 15:00  to 2016-03-10 07:00   Alternate orbits in DEC 32/DEC 64 
2016-03-10 07:00 to present    Continuously in DEC 64 
 
Note that during periods when alternating from one orbit to the next, MMS4 operates on a 
schedule opposite to MMS1-3: i.e. MMS4 operates in DEC 32 mode on orbits when the others 
are in DEC 64, and vice versa. 
 
Survey Mode Operations 
In early 2020, the slow survey rate is increased, so that data is gathered continuously at 16 S/s. 
This mode of operation was first run experimentally on orbits 1059-1061 (2019/11/20-
2019/11/27), and then implemented permanently as of orbit 1073 (2020/01/08). This is 
implemented by re-enabling fast survey mode immediately after the transition to Slow survey 
mode after each ROI. While this process generally works smoothly, there are occasional short 
(~10 second) gaps in fast survey data at the end of the ROI.   [see section 8.5.2 for survey 
mode data processing and section 8.4.4 for a known issue with data overlap removal in v5 data 
products after this change in operations].   
 
Level 2 Data Operations 
The Level 2 FGM data product selects the best data suited for general science from AFG and 
DFG data to produce a single data product.  
 
Currently, this is accomplished by using AFG for all FGM survey data, and DFG is used for all 
FGM burst data because of DFG’s linear phase response. 
 
Data Availability 
FGM operates continuously for the full mission, except for times during extended eclipse when 
all MMS science instruments are powered off.    
 
There have been occasional, brief instrument resets. 
 
Anomalies and gaps in FGM data production are listed in Table 8-2. 
 

Date Anomaly Observatory Affected 
2015/12/11-12 

Orbit 275 
FIELDS reboot 

23:15:00 - 00:35:00 
MMS4 

2015/12/12  
Orbit 275 

FIELDS reboot 
00:50:00 - 01:50:00 

MMS1 
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2015/12/12 
Orbit 275 

FIELDS reboot 
02:05:00 - 03:05:00 

MMS2 

2015/12/12 
Orbit 275 

FIELDS reboot 
03:20:00 - 04:20:00 

MMS3 

2016/7/12 
Orbit 489 

FIELDS reboot 
21:16:00 – 22:07:00 

MMS1 

2016/7/19-20 
Orbit 496-497 

FIELDS reboot 
19:41:00 - 05:24:00 

MMS4 

2016/7/22 
Orbit 500 

FIELDS reboot 
18:23:00 - 19:11:00 

MMS2 

2016/7/22 
Orbit 500 

FIELDS reboot 
19:56:30 - 22:44:00 

MMS3 

2017/01/01-04  MMS3 Timing anomaly 
caused undue errors in 

attitude/ephemeris.  No L2 
data available 

MMS3 

2017/06/08-09 
Orbit 761 

CDIP anomaly 
03:46:16 – 16:20:00 

MMS4 

2017/06/30 – 2017/07/04 
Orbit 769-770 

CIDP reset  
2017/06/30 03:38:22 – 
2017/07/04 03:10:00  

MMS4 

2018-01-26 14:48:41 –  
2018-01-27 19:48:16 

0.26 s Navigation Timing 
anomaly: a slow drift then a 
reset, resulting in a slight 

error in spacecraft position. 

MMS3 

2019/01/13 – 2019/01/15 
Orbit 969 

S/C Processor Reset 
Anomaly 

2019/01/13 16:35:37 – 
2019/01/15 21:12:00 

MMS4 

2019/06/04 – 2019/06/06 
Orbit 1011 

S/C Processor Reset 
Anomaly 2019/06/04 

09:16:55 
2019/06/06 04:40:00 

MMS3 

2019/08/17 – 2019/08/28 
Orbit 1032-1035 

Extended eclipse: Instrument 
Suite Power Down  

all MMS observatories and 
instruments 

2020/04/16 – 2020/04/20 
Orbit 1101-1102 

DFG latch-up: no L2 burst 
data 

2020/04/16 19:21:20 – 
2020/04/20 22:20:00 

MMS2 

2020/08/17 – 2020/08/28 
Orbit 1132-1135 

Extended eclipse: Instrument 
Suite Power Down  

all MMS observatories and 
instruments 

2021/08/01 – 2021/08/13 
Orbit 1236-1239 

Extended eclipse: Instrument 
Suite Power Down  

all MMS observatories and 
instruments 

2022/07/25 to 2022-08-09 
1338-1342 

Extended eclipse: Instrument 
Suite Power Down  

all MMS observatories and 
instruments 

Table 8-2 FGM Data Anomalies 
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8.2 FGM MEASUREMENT STANDARDS, VOLUME, AND TIMING 

8.2.1 FGM Requirements 
The requirement for the FIELDS Investigation is to measure the 3 axis DC Magnetic Field 
Vector to an accuracy of 0.1nT. This is achieved by FGM through cross-calibration with EDI. On 
its own, the FGM shall measure the 3 axis DC magnetic field vector in low range to an accuracy 
of better than or equal to 0.5 nT, with an accuracy goal of 0.1 nT in low range. The requirement 
for sensitivity is 0.01 nT/√Hz.    The Level 2 data products should be available to the public 
within 30 days of downlink of the telemetry.   
 
FGM is required to provide preliminary (L2pre) data products for use in the production of EDI, E-
field, and particles Level 2 data products. The L2pre AFG and DFG data products provide the 
magnetic field vector with an accuracy of 1 degree and field magnitude with 1 % accuracy. In 
small fields where the magnetic field is less than 50 nT, the goal is to achieve 0.5 nT accuracy.   
 
The requirements on the MMS observatory that affect the magnetometer measurement include:  
 
1) at the location of AFG/DFG sensors, the spacecraft magnetic field shall be stable to +/-0.1nT 
over 4000 seconds.   
2) the magnetometer boom stability shall be ±0.1° about each axis during science operations, 
exclusive of disturbances caused by entry into/exit from umbra,  
3) the observatory shall provide sufficient attitude sensor data to enable the ground to calculate 
spin axis orientation of the observatory relative to ecliptic normal to within ±0.1° (3 sigma) both 
in sunlight and eclipse, and  
4) the observatory shall provide sufficient attitude sensor data to enable the ground to calculate 
spin phase of the observatory to within ±0.1° (3 sigma).  

8.2.2 FGM Coordinate Systems 

L2 data is provided in 4 coordinate systems:  

• GSE – Geocentric Solar Ecliptic 
• GSM – Geocentric Solar Magnetospheric 
• BCS – The MMS Body Coordinate System 
• DMPA – Despun Major Principal Axis, a spacecraft-specific approximation of the GSE 

coordinate system. Its X-axis is in the spin plane and nominally points towards the Sun, 
and the Z-axis is aligned with the Major Principal Axis (MPA), which is typically inclined 
3-4° towards the Sun from the ecliptic normal. 

Refer to section 3.2 for a general description of MMS coordinate systems and transformation 
methods. Figure 8-2 shows the relationship of the FGM instrument coordinates relative to 
spacecraft BCS coordinates. 
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Figure 8-2 The Relationship of AFG and DFG Instrument Coordinates Relative to the MMS S/C 
(or BCS) Coordinates and Other Magnetic Instrument Coordinates 

8.2.3 Accuracy of FGM Time Tags in L2 Data 
The time tags of AFG and DFG on the same observatory are obtained from the same 
synchronous time base defined by the FIELDS independent clock. The FIELDS data packets 
times are assigned with a combination of TAI at whole second and FIELDS values at fractional 
second, in the following steps:  
 
1) FIELDS CDPU receives a TAI time code and a Pulse Per Second (PPS) tone from the CIDP;  
2) FIELDS CDPU latches the TAI time code and sets the coarse time to this whole second value 
at the arrival of the time at the PPS tone signal;  
3) FIELDS CDPU has a free running clock that is used to define the fine time between the PPS 
tones.  
See section 7.0 FIELDS for more details. 
 
In all FGM data products, time tags are center times for the sampling intervals. One time tag is 
provided for each 3-axis vector measurement. The effective sample times for AFG and DFG are 
not simultaneous. Timing accuracy relative to other FIELDS instruments is <0.1 millisecond for 
the spin axis component of each vector.   
 
For DFG, the 3 vector components are sampled simultaneously to better than 100 micro-
second, and the frequency response of all channels is identical, as the filters are implemented 
digitally. The frequency response for DEC 32 and DEC 64 modes are shown in Figure 8-3 and 
Figure 8-4, respectively. A DEC64/DEC32 flag is available as the mms?_dfg_pfmode (where ‘?’ 
matches the observatory number, 1, 2, 3, or 4) data quantity in L1A data, but this is not passed 
on to the L2 data files, as of v5. The planned upcoming v6 L2 FGM data files will include these 
flags. 
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For AFG, the 3 channels on each unit are simultaneous to better than 1 millisecond. Differences 
are due to difference in the frequency response of each channel, as shown in Figure 8-5. The 
frequency response of each unit, as well as each of the two redundant ADCs have similar, but 
not identical frequency response, which is well characterized by the Fields Integrated Timing 
(FIT) tests. The frequency response of the AFG analog filter is comparable to DFG DEC 64 
mode. The time tags in the L2 data files are adjusted to correspond to the timing of the 
Instrument X-axis, which is nominally aligned with the spacecraft spin axis (denoted Z in the 
MMS coordinate systems). No signal processing is applied to correct the relative the delays 
between the spin plane channels and the spin axis channel, as this would alter the frequency 
response of the spin plane components. Further details of FGM timing and frequency response 
are discussed in Torbert [2014].  
 
Frequency response of both AFG and DFG dominated by a recursive filter implemented in the 
FIELDS CDPU that is applied to all FGM data, regardless of instrument source (AFG or DFG), 
instrument mode (low range/high range), or instrument-dependent filtering (DEC32/DEC64 for 
DFG, ADCA/ADCB for AFG). Timing corrections appropriate to each instrument and each mode 
of operation are fully characterized by the FIT tests. Each AFG/DFG L0 telemetry data packet 
contains housekeeping data indicating the instrument mode. UNH L1A processing software 
applies timing corrections accordingly for each mode. 
 

 
(Frequency [Hz]) 

Figure 8-3 Frequency Response for DEC 32 Mode of DFG in Low Range 

 
(Frequency [Hz]) 

Figure 8-4 Frequency Response for DEC 64 Mode of DFG in Low Range 
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Figure 8-5 AFG FM4 128 S/s Frequency Response for X (Blue), Y (Green), and Z (Red) Instrument 
Axes 

Each FGM unit provides data to the FIELDS CDPU at a fixed rate of 128 samples/sec. These 
data are stored in burst memory for downlink by command. In addition, the FIELDS CDPU 
reduces the sample rate to implement fast and slow survey modes for continuous transmission 
to the ground. Data rates are shown in Table 8-3.  
 

Mode Sample 
Rate 

Burst 128/sec 
Fast Survey 16/sec 
Slow Survey 8/sec 

Table 8-3 FGM Data Rate Modes 

The sampling on different observatories is not synchronized. For calculations using multi-
spacecraft data, such as curlometer, the users are recommended to first interpolate the data to 
the same time stamp.   

8.2.4 Data Volume 
 Survey Burst 

SLOW FAST 
Raw data rate (bit/sec) 60 120 960 
Orbit averaged rate (bit/sec) 90* (currently 120) 11.4** 

Table 8-4 Raw and Orbit-Averaged Telemetry Downlink Rates for AFG and DFG [*Assuming 50% 
Duty Cycle for ROI Per Orbit (Current ROI duty cycle is less; however, Fast Survey currently runs 

at 100% duty cycle). **Assuming 17 Minutes of Burst Downlink/day] 
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Telemetry is compressed by a factor of 2, and is uncompressed and converted to floating point 
values in L1A data processing. Data volume for L2 is higher, as it is provided in multiple 
coordinate systems. 
 
Average data volume per daily L2 survey file: 68 MB   
 
Data volume per L2 burst file: 
 
For first 6 months of science phase, average burst file size was about 1 MB, with an average of 
27 burst files per day. 

8.3 MAGNETOMETER MEASUREMENT ALGORITHM AND 
UNCERTAINTY ESTIMATION 

8.3.1 Measurement Algorithm 
Three components of the magnetic field are measured in the spinning spacecraft frame and are 
converted into a true vector measurement that can be transformed into geophysical coordinates 
with the aid of spacecraft attitude measurements. The magnetometer measurements from the 
three sensor axes need to be corrected by the offsets and gains for each axis, and then by a 
series of angular corrections illustrated in Figure 8-6. The three sensor axes (marked as e1, e2, 
and e3) are not exactly orthogonal, thus the first step is to convert the sensor coordinates into an 
orthogonalized sensor system, with θ1 being the angle between ZOrtho and e1, θ 2 being the angle 
between e2 and e3, and ϕ12 being the angle between XOrtho and the projection of e2 in the X-YOrtho 
plane. A differential gain factor gSP accounts for the difference in gain between the 
measurements along the e1 and e2 vectors. Step 2 is to align zOrtho to the Spin Axis (SA) frame – 
more properly called the major principal axis (MPA) frame – with sx and sy being the projections 
of zOrtho along xSA and ySA, and θ being the angle between zSA and zOrtho. In step 3, the absolute 
determination of the azimuth, denoted ϕabs, of xSA relative to the nominal radial direction of the 
AFG boom in the spin plane yields the rotation to a boom direction principal axis frame, denoted 
Orthogonalized Magnetometer Boom (OMB). The gain factors gSA_abs and gSP_abs are applied to 
the spin axis and spin data, respectively.  In step 4, the measurements are transformed into the 
spinning MMS spacecraft major principal axis (SMPA) frame, by rotating by -225° with respect 
to the spin axis. Note that the SMPA frame is a close approximation to the BCS frame.* The 
BSMPA data is despun to the BDMPA frame (which is a close approximation to GSE coordinates) 
using spin phase data provided by the Flight Dynamics and Orbital Analysis (FDOA) branch of 
GSFC. Finally, the BDMPA data are transformed into GSE and GSM geophysical coordinates 
under the assumption that the MPA is aligned with the angular momentum vector provided by 
the definitive attitude data products. 
   
Full details of this process are discussed in Anderson et al. [2022]. 

 
* SMPA differs from BCS only by a ≲1° misalignment of the MPA from the BCS Z-axis. The MPA vector in BCS 
coordinates is used to transform BSMPA to the BBCS data product that is provided in the L2 data files.  The most up-to-
date measurement of the MPA vector relative to the BCS is found in the INERTIA TENSOR CALIBRATION 
REPORT (INERTIACAL) generated by the FDOA after each spacecraft maneuver. 
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Figure 8-6 Diagram of the Coordinates and Axes Used in the Calibration Process  

In the above figure, angles and parameters derived for the calibrations are also shown. Top left 
panel shows the coordinate system 1-2-3 described by the unit vectors ê1, ê2, and ê3, (cf. Figure 
2.1-1 and 2.1-2 of Anderson et al. [2021]). Top right panel shows the spin aligned sensor 
system, XSA, YSA, ZSA, and the angle between ê3 and the spin axis (defined as ZSA) together with 
the projections of ê3 in the XSA and YSA directions. Left bottom panel shows the orthogonal 
magnetometer boom (OMB) system and its relationship to the SA system consisting of a 
rotation of ϕabs about the spin axis, ZSA. The lower right panel shows the definition of the SMPA 
frame, which is closely aligned with the Body Coordinate System (BCS) of the MMS spacecraft. 
Rotation from OMB to SMPA consists of a rotation about the spin axis from boom coordinates 
into spacecraft coordinates 

8.3.2 Net Uncertainty Estimation 
The sources of uncertainty in the FGM measurements come from the uncertainties in the sensor 
offsets, gains, and angular parameters. A complete discussion of uncertainty estimation and 
mathematical equations can be found in Anderson et al. [2023]. 
 
The uncertainty due to gains comes from the gabs uncertainty times the background field. The 
pre-flight gain calibrations are accurate to 0.01% or better [Russell et al., 2016]. Refinements in 
the gain are typically smaller than this, so while important for resolving offsets, the gains are not 
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major contributors to the total uncertainty [Plaschke et al., 2019]. In flight, the absolute gain 
calibrations exhibit apparently random variability between spacecraft of about 0.01%. In the 
ROI, the magnetic field is ~100 nT so the uncertainty due to gains is on the order of ~10 pT. 
 
The uncertainty due to orientation is also proportional to the background field. The star camera 
accuracy is 0.01° or better [Tooley et al., 2016] and corrections to the axes orthogonality and 
sensor orientation relative to pre-flight calibration are typically less than 0.05° their variability, 
indicative of errors between spacecraft, is less than 0.01°. Hence, in the ROI where the 
magnetic field is ~ 100 nT, the angular error in the vector orientation is of order 0.01° (10-4 
radians), so the orientation error is of order 10 pT. 
  
As discussed in detail in section 4 of Anderson et al. [2023], the offsets typically vary by 0.1 to 
0.3 nT over an orbit, but variations of up to 1 nT do occur during eclipse epochs when the 
sensor temperature varies substantially. These variations are determined to somewhat better 
than ~100 pT. Note the offset error dominates the contributions of the net relative calibration 
uncertainty and the primary focus of minimizing errors in the inter-spacecraft calibration is on 
the offsets. Efforts to optimize the gain and orientation calibrations are motivated because of 
their effects on the offset estimation rather than for their direct influence on the uncertainties. 

8.4 FGM CALIBRATION AND VALIDATION 
Ground and in-flight calibrations determine the twelve calibration parameters defined in section 
8.3.1, which include the six angular parameters defined in Figure 8-6, the offsets on each 
sensor axes (o1, o2 and o3), the relative and absolute gains in spin plane (gSA_abs, gSP) and the 
absolute gain along spin axis (gSP_abs).    
 
The methods of pre-flight calibration are discussed in Russell et al. [2016]. The application of 
these pre-flight calibrations to the data, and the methods of in-flight calibration are discussed in 
Anderson et al. [2023].     

8.4.1 Pre-Flight Calibration / On-Ground Calibration 
To assure intra-sensor timing knowledge, an extensive suite of calibrations was conducted as 
part of the FIELDS Interference and Timing (FIT) campaign [Torbert et al., 2014]. The phase 
and gain curves versus frequency, and the relative timing delay as compared to other FIELDS 
instruments were measured with 10 microsecond accuracy for each of the of the AFG and DFG 
sensor channels. These calibration data show that both the AFG and DFG have the capability to 
measure the DC and low frequency component of the vector magnetic field over the full range of 
each magnetometer with a timing accuracy of better than 0.1 ms. Timing corrections were 
determined for each flight unit, for each data rate (Burst, Fast/Slow Survey), digital filter length 
(for DFG only) and magnetic field range (High/Low). These timing calibrations are applied in 
L1A data, as described in section 8.5.2. 
 
An extensive magnetic cleanliness program for the MMS satellite system was supervised and 
validated by the magnetometer team, as described in Russell et al. [2016]. Pre-flight 
measurements of spacecraft-generated magnetic fields at the sensor locations were compared 
with in-flight observations of the instrument offsets [Anderson et al., 2023]. 
 
As described in Russell et al. [2016], extensive calibration and cross-calibration of the 
magnetometers was undertaken by Technical University Braunschweig, Germany, at the 
magnetic coil facility MAGNETSRODE, as well as at the μ-metal chamber at UCLA. Gain 
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(sensitivity) versus sensor temperature and electronic temperature, non-linearity of the gain, as 
well as alignment as a function of sensor temperature is determined. These measurements are 
determined for high range and low range on each unit, as cross-talk characteristics may differ 
between ranges. 

8.4.2 In-Flight Calibration 
The FGM in-flight calibration methods are described in Russell et al. [2016]. Details of 
implementation have changed, as described or referenced in this document. Anderson et al. 
[2023] provides a consolidated presentation of the current in-flight calibration process.  
 
In-flight calibrations adjust the 12 parameters of gain, offset and alignment summarized in Table 
8-5.  These parameters are determined after the pre-flight characterization of gain (as a function 
of sensor and electronics temperature) and non-linearity (section 8.4.1) have been applied. The 
12 calibration parameters must be determined for each field range. On a spin-stabilized 
spacecraft, 8 of these calibration parameters can be determined independently in 4 pairs: o1, o2; 
sx, sy; θ1, θ2 and φ12, gSP [Plaschke, Auster et al., 2019]. Bromund et al. [2015] describes how 
this process is adapted to MMS FGM and performed independently on each magnetic field 
range. The spin axis offset, o3, is determined in low range by the EDI method [Plaschke, 
Nakamura et al., 2014] or Solar Wind Alfven method [Plaschke, 2019] . This offset can be 
extrapolated to high range, while low range spin axis gain can be extrapolated from high range, 
where it is determined by comparison with the Earth magnetic field T02 model, along with the 
absolute spin phase alignment. The in-flight calibration effort is coordinated among three 
institutions: Goddard Space Flight Center (GSFC), IWF, and UCLA. On a weekly basis, the full 
magnetometer team (FGM, SCM, EDI) reviews the combined calibration product in a 
magnetometer conference (or “MagCon”) led by UCLA [Bromund et al., 2015].   
 
Orthogonalization and Spin Plane Offsets 
 
As discussed in section 8.3.2, the primary sources of error are the instrument offsets, and these 
parameters have the largest variability. The spin plane offsets can be evaluated accurately on 
15-mintute time windows generally for > 50% of each orbit, while the spin axis offsets can be 
evaluated accurately on an on an orbit-by-orbit basis. Figure 8-7 gives a sense of the relative 
magnitude of short- and long-term trends on the offsets in the low range. 
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  Calibration 
Parameters 

Parameter Names 
and Time Window 

Physical Methods Used Owner 

  
Low field 

range 
High Field 

Range 
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R

AT
IO

N
 P

R
O

C
ES

S "O
R

TH
O

G
O

N
AL

IZ
AT

IO
N

" 

spin plane 
offsets 

o1, o2 
~15 min 

o1, o2 
~2 hour 

Minimize spectral power at ωspin  
in the spin plane. 

GSFC 

spin plane 
gain 

differential 
and non-

orthogonality  

gSP, φ12 
~1 day 

gSP, φ12 
~2 hour 

Minimize spectral power at 2ωspin 
in the spin plane.  

orthogonality 
of spin plane 

sensors 
relative to 
spin axis 
sensor  

θ1, θ2 
>7days 

θ1, θ2 
~2 hour 

Minimize linear regression factor between 
spin-plane sensor offset (determined by sine 

fit to each spin) and the spin-axis field.    

sensor 
alignment 
relative to 
spin axis 

sx, sy 
~1 day 

sx, sy 
~2 hour 

Minimize spectral power at ωspin 
on the spin axis. 

ED
I spin axis 

offset 
o3 

~1 day   
Electron time of flight method: Electron Drift 

Instrument (EDI) provides |B|  
Solar Wind method: optimize o3 to minimize 

|Bmeasured|   

IWF 

EA
R

TH
 F

IE
LD

  

high range: 
absolute 
gains, 

absolute 
phase 

  

gSP_abs, 
gSA_abs, 

φabs 
1 month  

Fit to Data to  Earth Field Model using 
weighted linear regression. 

UCLA 

R
AN

G
E 

JO
IN

IN
G

 a
nd

 
IN

TE
R

SP
AC

EC
R

AF
T  spin axis: 

  low range 
gain, high 

range offset 

gSA_abs 
~1 month  

o3 
~1 

month 

 Propagate high range gains to low range,  
cross-calibrating AFG, DFG, 4 observatories.  

Propagate low range offset to high range. 

low range  
spin plane: 
absolute 

gain,  
absolute 
phase 

gSP_abs, 
φabs 

~1 month 
  

Match gain and phase of low range data to 
high range data,  cross-calibrating AFG, DFG, 
and the 4 observatories while AFG is in high 

range and DFG is in low range.  

Table 8-5 In-flight Calibration Methods Listed in the Order of Evaluation [The calibration 
quantities determined by each method in each gain range are listed, together with the approximate 
time window required to calculate updates in the calibration files. The calibration effort is divided 

between three institutions, with each institution taking ownership of a subset of the calibration 
methods, as shown] 
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Figure 8-7 Mission Trend of AFG Offsets [DFG shows similar short-term variations and trends. 
Spin axis offsets (o1+o1t and o2+o2t) show measured (and corrected) short-term offset changes. 

Error on spin plane offset measurements are <0.05 nT. Error bars are shown on spin axis data to 
estimate probable level of orbit-scale variations. Note that large changes in spin axis offsets during 

maneuvers are not always reflected in the o3 measurements due to insufficient data] 

As will be documented in Anderson et al. [2023], the quality of the calibration process has 
improved over the course of the mission primarily because of improved dynamic models for the 
variations in the offset parameters o1, o2 in low range, as well as the dynamic models of the 
alignment angles θ1, θ2. Each of these refinements are cumulative and can be summarized as 
follows.  
 

1) The dynamic model for o1, o2 is a constant value that is updated once each orbit at 
perigee, and the dynamic model for θ1, θ2 is a constant value that is updated once 
each week.  Updates for each interval are based solely on data available during each 
interval. 

2) The model for o1, o2 has an additional component that is a function of sensor 
temperature that is determined empirically in-flight.  This accounting for variations as 
large as 0.5 nT in low range (excluding the larger variations during eclipse), as 
described in Bromund, et al. [2016]. 
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3) The model for o1, o2 has an additional component that is a linear function of 
electronics temperature (consistent with pre-flight calibrations), accounting for errors 
as large as 0.2 nT, often during the ROI. 

4) The constant component of o1, o2 may be updated at times of maneuvers, in addition 
to each perigee update. 

5) Dynamic changes in the θ1, θ2 parameters are derived from measured sensor 
temperature using second order polynomial functions, whose linear and quadratic 
factors were determined from pre-flight alignment calibrations. Empirical constants 
added to the polynomial fits and are updated only as necessary to account for 
variations with time scale > 1 month, as observed in mission trends. This eliminates 
reliance on data within each 7-day evaluation window, which by late 2016 were 
found to exhibit bias > 0.02 deg. for periods > 1 month, causing errors >0.2 nT in 
~400 nT fields.  

6) The constant component of o1, o2 may be updated at arbitrary times within an orbit, 
as required to fit observed dynamic changes on time scales ranging from 1 minute to 
~1 day, with magnitudes ranging from 0.05 nT to ~0.3 nT.  Such changes become 
more common later in the mission, but also existed earlier and were not 
systematically corrected. 

7) The model for o1, o2 has two additional components that depend on the thermal 
loading from the Sun and Earth, respectively, on the spin-axis oriented faces of the 
sensor, as described in Bromund, et al. [2021].  

a. Thermal loading on the sunward-tilted face is related to the sun angle (the 
angle of the spin axis direction, 𝐋" , relative to the spacecraft-sun direction, 𝐫$!). 
The sun angle drifts seasonally with the orbit and is adjusted by ~1 deg. on 
routine maneuvers to maintain the nominal ~3° sun angle. In addition, spin 
axis tilt maneuvers increase the sun angle to ~15° during sun tilt maneuvers 
for extended eclipses (2019 and later).  This contributes a component to the 
offset that is proportional to 𝐫$! ∙ 𝐋" . The constants of proportionality are 
determined empirically. 

b. Thermal loading from Outgoing Longwave Radiation (OLR) from the Earth 
onto the sensor face that is normal or anti-normal to the spin axis (i.e. the 
‘top’ or ‘bottom’ of the sensor, respectively). This contributes a component to 
the offset that is proportional to (𝐫$" ∙ 𝐋" )/𝒓𝐄𝟐	 ie, it is a function of the angle of 
the spin axis of the spacecraft relative to the direction towards the Earth, 𝐫$", 
and the inverse square of the distance from the Earth, 𝒓𝐄. Constants of 
proportionality are determined empirically for the separate cases of OLR 
incident on the top or bottom of the sensor. 
 

Spin Axis Offset Calibration 
 
When the EDI instrument operates in Field-mode, the spin axis offset can be determined from 
the EDI time-of-flight (TOF) method. The TOF is measured from emitting and receiving of time-
coded sequences of electron beams perpendicular to the ambient magnetic field, which 
provides independent measurements of the magnetic field modulus [Plaschke, Nakamura et al., 
2014]. When the spacecraft trajectory is in the solar wind, the spin axis offset can also be 
determined from the Alfven technique, as described in Plaschke [2019]. The Alfven technique 
uses the intervals when the solar wind perturbations are predominately transverse to the 
magnetic field (i.e. Alfvenic disturbances), so the spin axis offset can be estimated by 
minimizing the variability of the field magnitude (i.e. compressional power). The offsets 
estimated from the TOF method started to become less reliable in Feb 2019, so a combination 
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of TOF method and Alfven method has been implemented. During intervals when neither 
method is available (e.g. in the tail season), the relative offsets are adjusted to minimize AFG-
DFG and inter-spacecraft differences, and absolute offsets are corrected only after a reliable 
calibration results from either the EDI or Solar Wind method.  
 
 
Calibration for Absolute Accuracy and Inter-Calibration 
 
The Earth field comparison / range joining process that is described in Russell, et al. [2016] 
process was updated in the second year of the science operations to improve the inter-
calibration of the 4 observatories, and the current process is described as follows. 
 
Earth Field Model Comparison for High Range Data 
 
The measurement near perigee are used to inter-calibrate the magnetometers to the same 
external field, using the Tsyganenko T02 model with IGRF2015 Earth main field model. The 
spin axial component and spin component need to be greater than 2000 nT to perform the 
comparison because earth field model being more accurate in the high field region. And both 
components need to be less than 8000 nT to avoid the influence of instrument saturation (c.f. 
Table 8-1). For each instrument, the high range gSP_abs, gSA_abs, φabs are obtained for each orbit 
and then averaged over a four-week window to minimize the influence of orbit-to-orbit 
variations, but keeping the long-term variations. Because all instruments deviate from the 
reference model by very similar amounts, while the relative difference between each 
instruments are over an order of magnitude less than the averaged difference between all 
instruments and the model, the magnetometer team decided to only correct the relative 
difference between instruments and attribute the averaged difference between all eight 
instruments and the model to the error in the model rather than the error in the instruments.  
 
Range Joining and Inter-Spacecraft Calibration 
  
In the region where the AFG and DFG magnetometers change from low range to high range the 
median of the four AFG magnetometers and the four DFG magnetometers are cross-calibrated. 
In the inbound orbits the AFG magnetometers switch from low range to high range first, and the 
high range median AFG data are adjusted to match the low range median DFG data by 
specifying a delta for the median high range AFG offset. The median DFG high range data are 
then adjusted to match the high range median AFG data. Finally, these changes are propagated 
back to low range to adjust the median gains and offsets for low range. The individual 
magnetometers are then adjusted to match the new medians. As a result, for the spin axis data 
new high range offsets and low range gains and offsets are determined. These methods are 
performed in GSE coordinates, in order enable inter-spacecraft calibration. The spin plane data 
are monitored as part of the process, with the primary effect being a misalignment in terms of 
relative pointing between the different instruments, but this is generally below the 0.1% level, 
not significant for portions of the orbit where MMS is acquiring fast mode data, and thus the spin 
plane calibration parameters are not routinely adjusted. 

8.4.3 Science Data Assessment (Validation) 
There are plasma environments encountered by MMS providing natural conditions suitable to 
test the accuracy of the calibrated data. The magnetotail lobe has low plasma density and 
nearly uniform magnetic field, thus the differences in the measurements between MMS 
spacecraft are dominated by uncertainty in the calibrated data. Another region for testing is in 
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the quiet solar wind, when the field magnitude is low, less than about 5 nT, any residual errors 
in the calibrated data are more readily identified owing to the small natural magnetic field and its 
variations.  
 
Figure 8-8 shows an example of an MMS magnetotail pass, and the vertical dashed lines and 
arrow indicate the northern magnetotail lobe encounter lasting roughly four hours on 14 July 
2019. Panel (g) and (h) shows the current density (derived from Ñ×B), and Ñ·B, and panel (i) 
shows the magnetic field error estimates, εBJ and εBDiv, calculated as the product of spacecraft 
separation s and the deduced current density or the divergence of B. The εBDiv are 
unambiguously error estimates, but the εBJ are dominated by real currents except in the lobe. 
Thus in the lobe, the εBJ are considered as an error upper limit since the current density should 
be very small, but is not identically zero. In this example, εBJ is generally below 60 pT and εBDiv 
is no larger than 30 pT, which indicate the accuracies being better than the 100 pT objective.  
 
Within this figure below, panel (a) shows FGM1 magnetic field data in GSE coordinates from 
MMS1 and panel (b) shows the field magnitude. Panels c through e are show data from HPCA 
on MMS1 showing the proton flux versus energy (c), proton density (d), and proton temperature 
(e). Panel (f) shows the tetrahedron quality factor in black (left axis) and the average MMS 
separation in red (right axis). Panel (g) shows the current density, J, derived from Ñ×B, and 
panel (h) shows Ñ·B both calculated using finite difference derivatives from all four MMS 
observatories. Bottom panel (i) shows estimates of the magnetic field error estimates, εBJ and 
εBDiv. 
 

 
Figure 8-8 Overview of MMS Magnetotail Pass on 13 to 16 July 2019  
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Similar analysis is performed for the solar wind interval on May 1 to 3, 2019. During close 
spacecraft separation of 15 to 25 km, εBJ and εBDiv, are in the range of 0.1 to 0.2 nT throughout 
the solar wind interval on 1 and 2 May, indicating that the gradient scale lengths in the solar 
wind may be sufficiently short to introduce errors in the finite difference gradient calculations. 
Thus, the curl and divergence error estimates in the solar wind are not useful measures of the 
data uncertainty. Instead, we use pairwise differences between MMS spacecraft to identify 
systematic errors. Figure 8-9 shows pairwise differences in the magnetic field for the interval 
from 08:50 to 09:00 UT on 2 May 2019, which has a steady and weak solar wind magnetic field. 
The X-GSE and Y-GSE differences have small baseline shifts and a dominant spin tone signal 
with amplitudes anywhere from below 20 pT to above 50 pT, but below 100 pT. This indicates 
that errors in the calibrated data in the spin plane, nearly coincident with the GSE X-Y plane, are 
below 100 pT. The Z-GSE differences indicate consistent offsets between observatories 
between 0.1 and 0.2 nT for the 1-3 and 3-4 pairs, approaching 0.1 nT for the 1-2, 2-3, and 2-4 
pairs, and well below 0.1 nT only for the 1-4 pair. The results for this solar wind interval indicate 
that on some occasions the calibration process does not achieve the goal of 0.1 nT accuracy. 
 

 
Figure 8-9 Expanded View of the Pairwise Differences in the Magnetic Field for the 08:50 to 09:00 

UT Interval on 2 May 2019 Showing Differences in the Magnetic Field for All Three Magnetic Field 
Components in GSE Coordinates 

In general, the FGM L2 data accuracy should meet the 100pT requirement, but there could be 
intervals having higher data errors. More examples of uncertainty analysis and statistical 
estimates can be found in section 6 of Anderson et al. [2023]. The next section will discuss the 
possible causes that limit measurement accuracy. 

8.4.4 Known Issues  
The known issues with data accuracy fall into the following categories: 
 
Issues requiring improvements to the data processing software that is run at the MMS SDC 
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The version of the data processing algorithm is recorded in the X-version of the L2 files (c.f. 
section 8.5.3.4). The version release notes are listed in Table 8-6. The improvements that affect 
science data are primarily the implementation of new data flags, data overlap issues, and 
improvements to attitude data processing. 

• Data overlap issues after the implementation of continuous 16 S/s survey mode 
operations (c.f. section 8.1.1) are corrected in v6, but can be corrected by users of v5 
data files by inspecting the mms?_fgm_mode_srvy_l2 housekeeping value (c.f. Table 8-
10), and removing all data points where mms?_fgm_mode_srvy_l2 is less than 15 S/s. 

• Data discontinuities at L2 survey data file boundaries (00:00 UTC). These are due using 
the average L-vector for 24-hour time period in each data file. As the L-vector typically 
changes by ~0.05° degree with each perigee pass, jumps of ~0.1 nT can be introduced 
into data within the ROI.  This issue is fixed in v5. 

• A 7-minute wobble with amplitude ~0.05° in the effective spin axis, attributed to 
oscillation of the SDP wire booms after maneuvers. The oscillation decays with a time 
scale on the order of ~10 hours, when it can result in errors of ~0.1 nT in the measured 
difference of the magnetic field between separate spacecraft, which can result in errors 
in current density as calculated by curlometer techniques. This issue is also fixed in v5. 

• An 18-second nutation in the spacecraft spin axis, which decays over a period of hours 
after a maneuver. And has a similar effect as the 7-minute wobble. This is not currently 
planned to be corrected, but can be anticipated after perigee and times of maneuver. 

 
X-Version Notes First Epoch 

Available 
as of 2021-
11-20 

Last Epoch 
When Used 
for 
Production 

4 • First version used for public release of L2. 
• Renamed variables to conform with new MMS 

variable name guidelines 
(obs_instr_paramName[_coordSys]_mode_level)  

o Mag field parameters include ‘b’ for 
paramName.   

o Use ‘r’ instead of ‘pos’ for S/C position 
paramName.   

o Eliminated ‘rate’, replaced with 
‘bdeltahalf’.  Added ‘rdeltahalf’. 

o l1a_mode is now just ‘mode’ 
• Variable names are not backwards compatible with 

v3 data files available to MMS instrument teams 
during commissioning! 

2015-09-01 2017-05-05 

5 • Y-version number comes from cal file entries.  
• Ensures there are 2 ephemeris points 

before/after data to enable proper spline.   
• Fix to depend_0 of rdeltahalf:  fixes bug when 

reading position data. 
• L-vector for DMPA2GSE transformation is 

smoothed with a gaussian filter, instead of using 
a single average value for the day.  This short-
term filter avoids introducing artificial jumps at 
00:00 UTC and removes 7-minute ‘wobble' 
after maneuvers in the GSE and GSM results.    

2016-09-01 TBD 
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• Fixes error with DEFATT file selection found 
when choosing the daily DEFATT files to be 
used in Phase 2. 

• Fixed bug where reference Etemp was used for 
high range gain.  Now uses measured Etemp. 

6 • Able to read flag files that are delivered to the 
SDC together with updated calibration files.  New 
flags implemented by v6 are: MNVR, SHAD, 
NOISE, OFFST, O3WARN and STWARN.  

• Add DFG PFMODE flag as support data to 
indicate DEC 32 mode 

• Fix data overlap issues (simultaneous 8 S/s and 
16 S/s data) at ‘fast/slow’ survey mode changes. 

• Use CDF_REAL8 (double precision) CDF data 
type for ephemeris data, instead of CDF_REAL4  
(single precision float). 

• Apply temperature dependent gain when 
converting offsets specified as nT into pseudo-
nT before applying calibrations. 

TBD  

Table 8-6 Data File X-Version Release Notes [See FGM Version Release Notes at the SDC web site 
Datasets section for latest updates 
(https://lasp.colorado.edu/mms/sdc/public/datasets/fields/fgm_vrn.txt)] 

Issues corrected by improvements to the calibration algorithms: 
  

Calibration methods that help to achieve the FGM accuracy goal of 0.100 nT are incorporated 
into L2 production as soon as practical. However, reprocessing and validating previous data 
requires additional effort, and thus these issues may still be present in data versions currently 
available for earlier epochs. The Y-version number of the L2 files may be used to determine if 
these processes have been applied to the data in any given file. For a full discussion of the 
FGM versioning conventions, see section 8.5.3.4.  The primary improvements to the calibration 
process are discussed in section 8.4.2. Table 8-7 lists each of the significant improvements, the 
Y-version and Epoch when they were first incorporated into L2 processing and the Epoch when 
they are first available in re-processed data. 
 
Modification to Calibration Process Y-version 

first 
available 
in L2 

Epoch when 
routinely 
introduced; 
(first epoch of data 
re-processed with 
this method, if 
applicable, as of 
2022-10-20) 

New data selection criteria avoid periods of rapid 
temperature change when evaluating θ angles  

31 or 
earlier 

2016-05-05 ~00:30 

Remove spintone related to changes in Sensor 
Temperature during each orbit. 

43 2016-07-01 18:07:46 

Current method for Earth Field Comparison first 
applied 

53 2016-09-01 

Remove spintone due to changes in offset baseline 
when necessary, particularly at maneuvers. (v10) 

61 2016-11-18 01:52:28 
(2016-09-01) 
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Manual changes allowed to update the values of sx 
and sy immediately after a maneuver (rather than on 
the next orbit after the maneuver).  Reduces spin tone 
on the Z-axis on some orbits with maneuvers. 

77 2017-03-14 

Use mission averages of alignment angles (Theta1, 
Theta2), replacing weekly evaluations.  This can 
improve the evaluation of the temperature 
dependence of the offsets, potentially reducing spin 
tone within the ROI by ~0.05-0.10 nT 

86 2017-05-21 16:47:49 
(2016-09-01) 

Remove spintone related to changes in Electronics 
Temperature in MMS1 Survey data (AFG). 

86 2017-05-21 16:47:49 
(2016-09-01) 

Range Joining: Spin Axis Gains:  evaluated on the 
interval 2016-08-31 11:05 to 2017-02-10 16:07; 
Weekly updates of low range spin axis offsets 
throughout that same interval. 

87 2017-06-14 
(2016-09-01) 

Remove spintone related to changes in Electronics 
Temperature in Survey data (AFG) for all spacecraft. 

138 2018-05-16 11:04:27 

Remove spintone due to magnetic offset baseline 
shifts at arbitrary times, as identified in AFG-DFG 
differences.  This method identifies baseline shifts as 
small as 0.05 nT, with timing accuracy <60s. even 
when obscured by variations in the ambient field.  

141 2018-05-28 15:38:00 

0.14 nT ‘Glitches’ began to occur randomly in MMS4 
Survey (AFG) data as of 2017-09-22.  Spin tone 
amplitude will be enhanced by 0.14 nT for an average 
of 45 minutes.  Glitches recur at random after an 
average of 10 hours.   Durations follow a power law 
distribution.  Glitches that persist longer than 30 
seconds are corrected by an automated process.  

151 2018-07-31 12:33:06 

Solar Wind method used for spin axis offsets, when 
possible. 

181 2019-02-27 

Range Joining update of low range spin axis gain, 
evaluated on interval 2018/11/15T12:58 to 
2019/04/23T16:07 

188 2019-05-19 

Account for offset variations due to Thermal Loading 
from Earth IR.  Reduces spin tone in high fields by 
~0.05-0.20 nT and improves evaluation of 
temperature dependence of the offsets, potentially 
reducing spin tone within the ROI by 0.05 – 0.1 nT.   

304 2021-07-06 
19:40:34 

Table 8-7 Lists the Y-Version and Epoch of L2 Data at which Improvements to the Calibration or 
Calibration Process were Introduced to the Calibration File, as well as the Earliest Epoch 
Reprocessed with these Improvements 

Issues that cannot be corrected, but are flagged in L2 data:   
 
Flagged data are not removed from the data files, as they may still be valid and usable for some 
applications. However, flagged data should not be loaded by L2 data access routines (e.g. 
mms_load_fgm in SPEDAS) by default. The flags parameter should always be examined to 
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determine whether missing data can be loaded by overriding this default behavior.*   
 
Flagged data issues fall into 3 categories:    

 
• Issues that are flagged in all available L2 data. 
• Issues that are tracked and recorded by the FGM team, to be flagged in the v6 data files 

planned for release in the near future. 
• Issues that may persist for an indeterminant amount of time after the flagged intervals.  

These issues are primarily related to recovery from eclipse or maneuvers.  
 

Currently flagged categories are listed and described in Table 8-8 and the L2 flag format may be 
found in Table 8-12 in section 8.5.3.6. 
 
Description of Issue Method of Flagging Flag Name 

(data version 
availability) 

Saturation: The magnetic field 
exceeds the dynamic range of the 
instrument.  In the early phases of 
the mission, saturation occurs in 
high field range at every perigee 
pass.  Low field range saturation is 
not an issue, due to range change 
operations implemented 
automatically by the FIELDS CDPU 
For each sensor axis.    

Data are automatically flagged by the 
L2 processing software when the raw 
value of the data contained in the L1A 
data are equal to the maximum or 
minimum integer value that can be 
expressed in the 24-bit ADC output, 
corresponding approximately to the 
values expressed in nT in Table 8.1. 

B1SAT, 
B2SAT, 
B3SAT, (v3+) 

Range Change data spikes.  Times 
changes of dynamic range are not 
precisely flagged in raw data.  Data 
are corrected to the extent 
possible, but some spikes may 
remain. Also, any ringing due to 
anti-alias filtering of the sudden 
change cannot be corrected. 

Data intervals at the times range 
changes are automatically flag   

RANGE (v3+) 

Data spikes of ~0.1-0.2 nT that 
remain after correcting for sudden 
changes in the offset on one of the 
spin plane sensors. 

Identified by examining differences 
between AFG and DFG on each spin 
axis sensor. 

OFFST (v6+) 

Periods of rapid ~0.1 nT or larger 
offset shifting.  Appears as excess 
noise in the data.  See example in 
Figure 8-10. 

Identified primarily by examining the 
difference between the fields measured 
by AFG and DFG, which can be 
attributed to a specific instrument by 
comparisons of spectrograms. 

NOISE (v6+) 

Noise due to thruster solenoid 
during maneuvers.  Data spikes 
repeating with a 10-second period. 

Flagged according to the mission 
timeline provided by the FDOA. 

MNVR (v6+) 

 
* Note that the data quality flag should always be loaded by default, to raise visibility.  Unfortunately, the flags 
parameter is classified as CDF ‘support data’ in v5 or earlier L2 files, and thus this parameter is not loaded by 
default by many CDF reader utilities.  This will be corrected in v6 data files. 
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Nutation with 18-sec period, 
decaying with a time constant on 
the order of 1 hour.  Seen as a spin 
tone in the spin plane. 

May be inferred by the presence of the 
MNVR flag in earlier data 

MNVR (v6+) 

Excess spin tone due to increased 
variability of offsets during eclipse. 

In v6, shadow periods are automatically 
identified by the rapid decrease in 
temperature. 

SHAD (v6+) 

Spin tone as large as ~0.2 nT on 
the Z-axis (~ecliptic normal).  This 
is due to the fact that alignment of 
Sensor 3 with respect to the spin 
axis is sensitive to temperature.  
The calibration process does not 
account for these angular changes, 
which primarily only affect data in 
fields larger than typical in the ROI. 

In v6, shadow periods are automatically 
identified by the rapid decrease in 
temperature. Thus, the initial portion of 
this issue will be flagged.  In all data 
versions, the sensor temperature 
parameter STEMP (c.f. Table 8-10) so 
the user may identify periods of rapidly 
decreasing temperature. 

SHAD (v6+) 

Offset on the spin axis significantly 
larger than 0.10 nT. 

Inferred by AFG-DFG and inter-
spacecraft comparison, in absence of 
good EDI or Solar Wind data. 

O3WARN 
(v6+) 

Spin tone significantly larger than 
0.1 nT may be present:  amplitude 
of spin tone is too variable to be 
corrected with existing methods. 

Inferred by comparison of AFG-DFG, or 
from observed spin tone. 

SPWARN 
(v6+) 

Table 8-8 Known Issues Flagged in FGM Data 
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Figure 8-10 Example of an Interval that will be Flagged as NOISE 

Regarding the above figure, an interval that will be flagged as NOISE is indicated by the 
horizontal line on the top panel corresponding to the interval of rapid ~0.1 nT changes in the 
offset identifiable when examining the difference between the fields measured by AFG and DFG 
(bottom panel). The second and third panels show the time variation of power spectral density 
for AFG and DFG, respectively, clearly revealing excess noise only on AFG during that time 
period. At the same time, there are unusually prominent higher harmonics of the spin tone, as 
well as distinct periods where broadband noise exceeds the typical AFG noise level of 5 nT/√Hz 
@ 1Hz by less than a factor of 2, and thus is not flagged. The NOISE flag is set in L2 Survey 
data (taken from AFG), but not in L2 Burst (taken from DFG). 

8.5 FGM DATA PRODUCTION ALGORITHM DESCRIPTIONS 

8.5.1 Description of Data Products 

FGM Level 2 science products use the best available calibration applied that is available 26 
days after receipt. However, revised L2 products will be released if significantly better 
calibrations become available later in the mission. The rather involved calibration procedure is 
described in Anderson et al. [2023]. The Level 2 files to not contain the abbreviations “AFG” or 
“DFG”, instead “FGM” is being used. The data files are processed with final ephemeris, attitude 
and spin phase information. L2 data are available from 2015, Sep. 01 onwards. Data prior to 
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this date gathered during the MMS commissioning phase were available to the MMS team as 
preliminary L2 (L2pre) data files. 

The FGM data product combines the DFG and AFG data into a single data product, choosing 
the best data suited for general science. The L2 FGM survey data is taken from the AFG due to 
consistent low noise (low and high range), but because of the linear phase response (constant 
group delay) of the DFG, L2 FGM burst data is taken from the DFG.  

In addition to the magnetic field measurements, the files contain ephemeris information provided 
at the intrinsic FDOA product resolution (30 sec). Cubic spline interpolation may be used to 
interpolate the ephemeris data to the times of the magnetic field measurements for the purpose 
of deriving spacecraft separation vectors. Enough ephemeris data will be included to allow for 
proper interpolation of the ephemeris vectors to each magnetic field vector contained within the 
file. L2 burst and L2 survey data files will always contain at least two ephemeris data points 
before the start of the data and two ephemeris data points after the end of the data. For 
example, even if the duration of a burst is only a few seconds, the data file will contain at least 4 
ephemeris data points (2 minutes of ephemeris) to allow for a proper cubic spline fit. This may 
lead to data overlap when concatenating consecutive bursts, but as each burst is downloaded 
and processed separately, in order for the ephemeris data to always be useful, each burst file 
must be treated as if there will be no consecutive bursts. [Note: as of 2015/4/18, only one 
ephemeris vector is guaranteed before and after the magnetometer data. In the worst case, 
there may be only 2 or 3 ephemeris data points in a short burst file.]  

8.5.2 Data Production Algorithms 
The algorithms for data production are as follows: 
 
Level 1A (L1A): 

• Decompress Level 0 telemetry (c.f. FIELDS CDPU Flight Software User’s Manual) 
• Apply a single FIELDS time tag to each vector measurement 
• Correct FIELDS time to TAI (c.f. section 7.0 FIELDS) 
• Correct for delay of Mag measurement relative to FIELDS time determined from FIT 

testing 
• Convert 24-bit counts are converted floating point pseudo-nT values, by dividing by the 

following scale factors: 
o AFG low range: -16000 
o AFG high range: 1000 
o DFG low range: 13000 
o DFG high range: 800 

• Re-arrange instrument X,Y,Z axes to Sensor 1,2,3 axes. [c.f. Torbert et al. [2014] figure 
13] 

 
Level 2 (L2): 
The Level 2 process accepts Level 1A as an input, and applies processes in the following 
sequence: 
 
1. Combine Fast and Slow survey data, removing data overlap: 

o Slow and Fast survey data are separate data products produced by the CDPU, with 
an intentional overlap between modes to avoid data gaps.     
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o The separate Level 1A data products are combined into a single Level 2 survey data 
product, where each sample is tagged with its source sampling rate.   

2. Correct known glitches from pre-flight testing (range change glitches) 
3. Post-process housekeeping sensor and electronics temperature data (smoothing filters, 

glitch removal) 
4. Apply pre-flight calibrations for gain (including temperature dependence) and non-linearity 
5. Apply In-flight calibration – adjustments to gain, alignment, and offset 
6. Flag (but not remove) artifacts identified during in-flight calibration 
7. Apply post-processing to definitive attitude (smoothing and interpolation) and ephemeris 

(Hermite spline interpolation from intrinsic (> 30 sec) resolution)  
8. Rotate each vector into spacecraft and geophysical coordinates 
 
Details of these processes are provided in Russell et al. [2016], updated as appropriate by Anderson et al. 
[2023]. 
 
Note that the preliminary L2 data that supports L2 data processing for other instruments are 
produced with these identical algorithms. The only difference is that the preliminary calibrations 
have not been updated by comparison with the earth’s magnetic field to make (generally minor) 
adjustments to the instrument gain, and the magnetic offsets on the spin axis have not been 
updated with either the EDI or Solar Wind method. 

8.5.3 L2 File Structure 
FGM L2 data files that follow the MMS CDF data format guidelines for variable names and 
metadata content. Separate files are produced for each spacecraft, MMS1, MMS2, MMS3 and 
MMS4. In the filenames and variable names listed in this section, replace ‘#’ with 1,2,3, or 4 to 
correspond to MMS1, MMS2, MMS3 or MMS4, respectively. Separate files are available Survey 
data and Burst data. The content of Burst and Survey files are the same, however, the 
parameter names differ in each file. This section lists the parameter names for Survey data files, 
for burst files,  replace ‘_srvy’ with ‘_brst’ in Table 8-9 through Table 8-11. 
All L2 data files specify the instrument name as ‘fgm’. Note that the L2pre data described in 
section 8.5.1 is available in the same format as L2 data, except that both AFG and DFG data 
available in burst as well as survey mode, and the filenames and parameter names differ in that 
they indicate “afg” or “dfg” rather than “fgm”. Note that L2pre data files that were available to the 
MMS team during the commissioning phase used the v3 data format for parameter names, 
which is not compatible with the v4 format described in this document. 

Notes Regarding Preliminary L2 Commissioning data: 

L2pre AFG and DFG files that were available to the MMS team for the commissioning phase 
used the v3 data format, which is not compatible with the v4 format described in this document, 
because the variable names are slightly different.  These commissioning data were last re-
processed on 2015-12-17 using Y-version 11 calibrations.   

For significant portions of the commissioning phase, survey data was acquired at 128 
samples/second.  These survey data are available in L2pre srvy mode files in a decimated 
format, with a data rate of 16 S/s.  The full resolution 128 S/s data are available only in special 
‘iwfl2pre’ CDF files that do not follow the standard filename and variable name conventions.  
These iwfl2pre files provide data in GSE and GSM coordinates and were processed using the 
same calibrations as the v3 l2pre commissioning files.  They are available in the SDC hierarchy 
as mode ‘f128’, and level ‘iwfl2pre’. 
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8.5.3.1 Survey File Conventions 

The survey data files combine Slow Survey and Fast Survey data into a single data product. 
The mms?_fgm_mode_srvy_l2 parameter identifies the whether a given data point was 
collected in slow survey or fast survey mode, by specifying the precise data rate of the L1A 
FAST or SLOW survey file from which it was obtained. This floating point parameter will be 
nearly, but not precisely,  equal to 8.0 or 16.0 S/s for SLOW and FAST survey, respectively. 

Survey files start at with the first complete packet following the even 00:00:00.000 UTC day 
boundary, so the file names can be uniquely specified by the Year, Month and Day (yyyyMMdd) 
of the file start time.  

8.5.3.2 Burst File Conventions 

Burst data are measured inside the region of interest at specific times and are downlinked with 
128 samples per second.  

There is one burst file for each burst segment, as defined by the MMS burst memory 
management. It may be necessary to concatenate multiple burst files to obtain all data for 
continuous burst intervals that span multiple segments. There is generally more than one burst 
file per day, so the name of the burst file specifies the start time of the burst, rounded down to 
the nearest second: yyyyMMddHHmmss.  

8.5.3.3 File Name Conventions 

File names specify the observatory (Replace ‘#’ with 1, 2, 3, or 4 for MMS1, MMS2, MMS3, or 
MMS4, respectively), instrument (always fgm for FGM), data mode (srvy for Survey, brst for 
burst, data level, yyyy for year, MM for Month, dd for day, and version numbers X, Y, Z, as 
described below in section 8.5.3.4. 

Survey Files: mms?_fgm_srvy_l2_yyyyMMdd_vX.Y.Z.cdf  

Burst Files: mms?_fgm_brst_l2_yyyyMMddHHmmss_vX.Y.Z.cdf  

8.5.3.4 Version Numbering Conventions 

Version numbers are specified as vX.Y.Z, following the general MMS guidelines for file 
versioning. The descriptions of each version level, as specifically interpreted for FGM, are as 
follows: 

• X is the interface number. Increments in X represent a significant change to the format 
of the file has been made. E.g. new parameters added, or parameters re-named. X also 
increments upon significant change in the algorithm of the processing software.  

• Y is the quality number. This number represents a change in the quality of the data in 
the file, which would require re-processing of previously processed data. FGM has a 
slightly non-standard usage of the Y quality number:  

o The Y version number of the calibration increments with each weekly 
Magnetometer Conference, at which a new calibration file is released.  Usually, 
the only change to the calibration is that the tables are extended to include later 
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epochs.  However, a new calibration version Y may also revise previous epochs.  
These revisions are listed in Table 8-7. 

o Thus, for FGM, a change in Y version from file to the next does not necessarily 
indicate a better calibration method was used to data released for previous 
epochs with a lower Y version.  This behavior differs between data files with X-
version 4 and X-version 5 or higher: 

§ X-version 4: Reprocessed data files for a given epoch will have a higher 
Y-version, even though the calibration for the epoch of the data file has 
not changed, if the only change to the calibration file was to extend the 
calibration to later epochs. 

§ X-version 5 or higher: The Y-version of a data files corresponds to the 
sequence number of the Magnetometer Conference at which the 
calibration for the epochs contained withing the data file was last revised. 
However, it is possible that the revised calibration methods that result in 
an increment of the Y-version may not result in a significantly improved 
calibration for all epochs. 

o Y does not reset to 0 when X increments.  
• Z is the revision number. Z is set to 0 the first time a given file is processed, and is 

incremented each time the file is re-processed for any reason. Z is reset to 0 after X or 
Y is incremented.  

8.5.3.5 L2 File Content 
The content of Burst and Survey files are the same. For the Burst parameter names and labels, 
replace ‘_srvy’ with ‘_brst’ in Table 8-9 through Table 8-11.  

The parameters in each CDF file are summarized in Table 8-9, Table 8-10, and Table 8-11. 
Table 8-9 lists the names of the magnetic field data parameters. Table 8-10 lists the magnetic 
field housekeeping parameters that are designated as VAR_TYPE = ‘support_data’.  

The content of Burst and Survey files are the same. For the Burst parameter names and labels, 
replace ‘_srvy’ with ‘_brst’ in Table 8-9, Table 8-10, and Table 8-11. 
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Name Type Dim
ensi
on 

Labels [description] Unit 

Epoch CDF_TIME_TT200

0 

0:[] TT2000 Nanosecond

s, epoch 

terrestrial 

time J2000 

mms?_fgm_b_gse_srvy_l2 CDF_REAL4  1:[4] Bx GSE, By GSE, Bz GSE, 
Bt 

nT 

mms?_fgm_b_gsm_srvy_l2 CDF_REAL4  1:[4] Bx GSM, By GSM, Bz GSM, 
Bt 

nT 

mms?_fgm_b_dmpa_srvy_l
2 

CDF_REAL4  1:[4] Bx DMPA, By DMPA, Bz 
DMPA, Bt  

nT 

mms?_fgm_b_bcs_srvy_l2 CDF_REAL4  1:[4] Bx BCS, By BCS, Bz BCS, 
Bt  

nT 

mms?_fgm_flag_srvy_l2 * CDF_UINT4 0:[] mms?_fgm_flag_srvy_l2 * 0=good.  
See Table 
8-12 for bit 
definitions 

Table 8-9 L2 Magnetic Field Time Series Data Parameters [All parameters have VAR_TYPE = 
'data'. For burst files, replace ‘_srvy’ with ‘_brst’ in the parameter names and labels].  * indicates  

VAR_TYPE was 'support_data' prior to v6.   
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Name Type Dim
ensi
on 

Labels [description] Unit 

mms?_fgm_hirange_srvy_l
2  

CDF_UINT1 0:[] mms?_fgm_hirange_srvy_l2 

[high/low magnetic field 

range] 

1=high 

range, 

0=low range 

mms?_fgm_stemp_srvy_l2  CDF_FLOAT 0:[] mms?_fgm_stemp_srvy_l2 

[sensor temperature] 

C 

mms?_fgm_etemp_srvy_l2  CDF_FLOAT 0:[] mms?_fgm_etemp_srvy_l2 

[electronics temperature] 

C 

mms?_fgm_pfmode_srvy_l
2 ** 

CDF_UINT1 0:[] mms?_fgm_pfmode_srvy_l2 

[DEC mode] 

1 = DEC 32 

0 = DEC 64 

mms?_fgm_mode_srvy_l2  CDF_FLOAT 0:[] mms?_fgm_mode_srvy_l2 

[data rate, accounting for 

clock drift.  Unambiguously 

identifies the source data 

mode of a given record, 

regardless of the output time 

sequence delta-t.] 

Samples/s 

Table 8-10 L2 Housekeeping Data Parameters Associated Record-for-Record with the Magnetic 
Field Data.  All parameters are VAR_TYPE='support_data'.  For burst files, replace ‘_srvy’ with 

‘_brst’ in the parameter names and labels.  ** indicates parameters not available prior to v6. 

Name Type Dim
ensi
on 

Labels Unit 

Epoch_state CDF_TIME_TT200
0 

0:[] TT2000 [time tags for 
ephemeris data] 

Nanosecond
s, epoch 
terrestrial 
time J2000 

mms?_fgm_r_gse_srvy_l2 CDF_REAL8 *** 1:[4] X GSE, Y GSE, Z GSE, R Km 
mms?_fgm_r_gsm_srvy_l2 CDF_REAL8 *** 1:[4] X GSM, Y GSM, Z GSM, R Km 
mms?_fgm_rdeltahalf_srvy
_l2 * 

CDF_FLOAT 0:[] mms?_fgm_rdeltahalf_srvy_l
2 [1/2 delta-t for ephemeris 
data] 

s 

Table 8-11 L2 CDF File Ancillary Ephemeris Parameters have VAR_TYPE = 'data', except * 
indicates VAR_TYPE= 'support_data'. *** indicates data type was CDF_REAL4 prior to v6) [For 

burst files, replace ‘_srvy’ with ‘_brst’ in the parameter names and labels] 

8.5.3.6 Data Flag Definitions 

Table 8-12 summarizes the flags that may be applied to the data, identifying the associated bit 
flags within the 32-bit mms?_fgm_flag_srvy_l2 data quantity. New X-version may implement 
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new flags, so the table also shows the X-version in which each flag is first introduced. Flagged 
issues are discussed in detail in section 8.4.4. 

MNEMONIC Bit Meaning Example 
Figure 

X-Version First 
implemented 

MNVR 00 Maneuver TBD 6 
SHAD 01 Shadow TBD 6 
NOISE 02 Noise (rapid offset 

shifting). 
TBD 6 

OFFST 03 Abrupt Offset shift TBD 6 
B1SAT 04 B1 saturated TBD 2 
B2SAT 05 B2 saturated TBD 2 
B3SAT 06 B3 saturated TBD 2 
RANGE 07 Range-change 

glitch 
TBD 2 

O3WARN 08 Offset on axis 3 
(Spin Axis) 

TBD 6 

STWARN 09 Spin Tone warning TBD 6 

Table 8-12 List of Types of Flags that may be Applied to the Data [identifying the associated bit 
flags within the 32-bit word stored in the mms#_fgm_flag_srvy_l2 parameter, and the X-version of 
the data file when the flag is first available. A bit value of 1 indicates that a given flag is set, so that 

an overall flag word value of 0 indicates good data] 

Flags can be displayed in SPEDAS (Angelopoulos et al., 2019) using the ‘bitplot’ tplot option, 
e.g.: 
 
labels = strsplit("MNEM MNVR SHAD NOISE OFFST B1SAT B2SAT B3SAT RANGE O3WARN 
STWARN") 
options, " mms?_fgm_flag_srvy_l2", tplot_routine='bitplot', psyms=1, colors = 'lrbm', 
labels=labels, yrange=[-1,N_ELEMENTS(labels)] 

8.5.3.7 Error Estimation Metadata in CDF Files 
No specific CDF metadata are provided to give quantitative estimates of the error of each 
record. Each CDF file contains the global TEXT attribute that provides a description of the data 
set, including the current overall error estimate. Data points that may not meet these criteria are 
flagged, as discussed in section 8.4.4. The format of the flags is defined above in section 
8.5.3.6.  

8.6 APPENDIX A- FGM REFERENCES 
Document Number Revision/Date 
Anderson, B. J. et al. (in preparation to be submitted 2023), In-Flight 
Calibration and Performance of the Magnetospheric Multiscale Fluxgate 
Magnetometers, Space Sci. Rev. 

 

https://doi.org/10.1007/s11214-018-0576-4 
Angelopoulos, V., Cruce, P., Drozdov, A. et al. (2019) The Space Physics 
Environment Data Analysis System (SPEDAS). Space Sci Rev 215, 9. 
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ntrs.nasa.gov/api/citations/20170003856 
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