
Choosing units and 
coordinate systems

Stuart D. Bale
University of California, Berkeley

(bale@berkeley.edu)

(Calculating Quantities)



Who am I?  Why am I here?



PhD work:  SCEX3 and Electron Echo 7
University of Minnesota
Two separate NASA sounding rocket experiments

- Electron Echo 7
- 35 keV electron coded pulse electron beam
- Subpayloads with sensors
- Measured dipole field line lengths

- SCEX 3
- Variable (1-6 keV) coded beam
- Subpayloads with sensors
- Mostly measured instabilities and discharge



PhD work:  Shoemaker-Levy 9
- Built up a 2-element decametric array and receiver system in Hartebeesthoek RAO in SA
- No evidence of decametric emission associated with SL-9



• Postdoctoral Career
• 1994-1997 - Astronomy Unit, QMW with Steve Schwartz and David Burgess

• Professional Career
• 1997-2004 - Assistant Research Physicist, Space Sciences Lab, UC Berkeley
• 2004-2006 - Assistant Professor of Physics, Physics Dept, UC Berkeley
• 2006-2009 - Associate Professor of Physics, Physics Dept, UC Berkeley
• 2009-date  - Professor of Physics, Physics Dept, UC Berkeley
• 2008-2018 - Director of the Space Sciences Laboratory, UC Berkeley

Cluster 1 mission spacecraft!

Wind spacecraft!

NASA PI for several instruments (in flight and in development)



Choosing units and 
coordinate systems



V1-V4 electric antennas

MAGi, MAGo

V5 electric antenna

SCM

V1-V4 electric antennas

- Five voltage sensors
- Two Fluxgate magnetometers
- One search-coil magnetometer
- Main Electronics Package
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(Parker Solar Probe/FIELDS Instrument)
We use ‘measurements’

Voltage/currents in->

->Voltage out



Voltage/currents in-------------------------->

------------> numbers 01101010011 come out with clock pulses… and we 
use software to turn these into ‘engineering’ units vs time



These units are great for exchanging information between 
humans about human-made stuff.  But they are made up by 
us.  Nature knows (almost) nothing about them.



Plasma physics units!
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Mach numbers

Cyclotron frequency

Plasma frequency

‘Collision’ frequency

Sound speed

Thermal speed

Alfven speed

Debye length

Collisional MFP

Inertial lengths

Gyroradii

Plasma beta



Solar wind speed is bimodal

Fast wind emerges from coronal holes, 
Slow wind from streamer belt (?)

(McComas et al.)



(Kasper et al., 2017)

Proton temperature anisotropy 

Alpha/proton temperature ratio

Alpha-proton speed difference

ßall plotted against solar wind speed in km/s



(Kasper et al., 2017)
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…and this is precisely what is observed

Collisional isotropization



(Kasper et al., 2017)



Solar wind speed is bimodal

Fast wind emerges from coronal holes, 
Slow wind from streamer belt (?)

(McComas et al.)



(LeChat et al, 2012)

Spacecraft HG 
latitude
Wind, Ulysses, 
Helios

Solar wind 
speed
Wind, Ulysses, 
Helios

Total energy 
flux (!)
Wind, Ulysses, 
Helios

But …is not bimodal

Energy flux is the fundamental parameter!



Density

Magnetic field
‘Perpendicular’ thermal speed

‘Parallel’ thermal speed

Several years of Wind spacecraft measurements in the ambient solar wind
  - entirely unremarkable as a time series
  - when organized as temperature anisotropy vs plasma beta reveals the 
presence of two fundamental instabilities being excited by solar wind 
expansion – a new energy pathway in turbulence

(Hellinger et al., 2006; Bale et al., 2009)



Summary:

• Choose your data analysis variables based on the physics at 
hand, not simply on what’s available out of the box

• Think carefully about how to create composite variables, 
merge datasets, etc. 
• Best cadences
• Spectral filters and downsampling
• Median/mode filters
• When you become an instrument PI, be pushy about 

this…



Coordinate systems

• Choose your coordinate system based on the physics at 
hand, not simply on what’s available out of the box

• Measurements start out in ‘instrument’ coordinates and are 
usually given to us in some simple system
• Geocentric Solar Ecliptic (GSE)
• Geocentric Solar Magnetic (GSM)
• RTN 



‘Foreshock Coordinates’

(Filbert and Kellogg, 1979)



Distribution of electron-beam excited waves upstream of the bow shock in 
‘Foreshock’ coordinates



Minimum variance systems

Simple current sheet geometry and divergence-
free magnetic field 

Simple example of Principal Component 
Analysis (PCA) for a 3-vector (vs time)

Find a unit vector     that minimizes

…gives a rotation matrix 

whose eigenvectors are unit vectors 
corresponding to the minimum, 
intermediate, and maximum variance 
directions.
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Mi,j = hBiBji � hBii hBji

<latexit sha1_base64="tF2p2ivd9sszsp6e2Owob6ycyE4="></latexit>

�2 =
1

N

NX

i=0

|( ~B(i) � h ~Bi) · n̂|2

<latexit sha1_base64="VdLAJCt8vkhmW9EBQVR6oO3LBXc=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUR8bYRSNy4r2Ac0oUwmk3boZCbMTAoldOfGX3HjQhG3/oI7/8ZpmoW2HrhwOOde7r0nSBhV2nG+raXlldW19dJGeXNre2fX3ttvKZFKTJpYMCE7AVKEUU6ammpGOokkKA4YaQfD26nfHhGpqOAPepwQP0Z9TiOKkTZSzz7yRgRnHkcBQxPo4VBomEv1CbyBTs+uOFUnB1wkbkEqoECjZ395ocBpTLjGDCnVdZ1E+xmSmmJGJmUvVSRBeIj6pGsoRzFRfpb/MYEnRglhJKQprmGu/p7IUKzUOA5MZ4z0QM17U/E/r5vq6NrPKE9STTieLYpSBrWA01BgSCXBmo0NQVhScyvEAyQR1ia6sgnBnX95kbTOqu5l9eL+vFKrF3GUwCE4BqfABVegBu5AAzQBBo/gGbyCN+vJerHerY9Z65JVzByAP7A+fwC+TpiU</latexit>

~r · ~B = 0

There are more sophisticated versions of this:  PCA, Faraday 
residue, deHoffman-Teller frames, etc.

(also nice for shocks and other boundaries)



The Heliospheric Current Sheet (HCS) in the RTN coordinate system

The shearing field is mixed between R, T, and N

Parker Solar Probe at 80 RS



The Heliospheric Current Sheet (HCS) in a MV coordinate system

The shearing field defines a direction

Hall field

Hall current

Parker Solar Probe at 80 RS



'Carrington Coordinates’

Sun-centered, heliographic 
coordinate system

Fixed on the solar surface, 
rotating (sidereal) from an 
inertial frame POV

(Badman et al., 2023)

Parker Solar Probe (PSP) 
trajectories in inertial 
coordinate system

Parker Solar Probe (PSP) 
trajectories in Carrington 
coordinate system



Potential Field Source Surface (PFSS) Models

• Current-free model
• Steady state
• Inner boundary condition (1/2)
• Magnetogram data

• Outer boundary condition (2/3)
• ‘Source Surface’
• Radius from which solar wind ‘escapes’

• Ballistic propagation from PSP/SO back to 
Source Surface

• PFSS from Source Surface to photosphere



Time series data from Parker Solar Probe

Solar wind speed

Magnetic field

Proton energy

Footpoint longitude



PFSS/Ballistic 
Footpoint mapping

(Badman et al., 2023)

• Identify distinct coronal 
hole sources for solar wind 
streams

(Badman et al., 2020)



Now with 2 spacecraft - Parker Solar Probe and Solar Orbiter data – time series

Density * R2

BR * R2

BR * R2

SO - Charge state ratios

Velocity

Carrington Longitude

PFSS Footpoints on Sun
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(Ervin et al., 2023)

PSP and Solar Orbiter data in Carrington Coordinates

HCS

Pseudostreamer

• Allows cross-platform data analysis (i.e. use 
SO data to study PSP phenomena)

• Radial evolution of solar wind structure CH1 CH2 CH3

CH4

CH5

Low FIP plasma



Units and Coordinate systems

• Choose your data analysis variables based on the physics at 
hand, not simply on what’s available out of the box

• Choose your coordinate systems based on the physics at 
hand, not simply on what’s available out of the box


