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• High latitude M-I coupling varies based on region:

−Open field lines in the polar cap

− Closed field lines in the auroral oval, high L-shells

− Closed field lines below the auroral oval, low L-shells

• Magnetic coordinates can't accurately separate 

these regions, as they change based on changes 

in the Interplanetary Magnetic Field (IMF)

• Gridding relative to the polar cap (Open-Closed 

field line Boundary, OCB) and auroral oval 

(Equatorward Auroral Boundary, EAB) can 

improve modelling and statistical studies

• Providing EAB and OCB locations to ionospheric 

models can improve our high latitude 

specifications and magnetospheric coupling

Top: Plasma Physics of the Local Cosmos (2004)
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Adaptive Coordinate Systems
• The high latitudes at Earth consist of three 

physically distinct regions:

– Polar cap

– Auroral oval

– Sub-auroral region

• Location of these regions change based on 

interactions between the solar wind and 

magnetosphere

• Treating the locations as static causes 

excessive smoothing and incorrect 

Atmosphere-Ionosphere-Magnetosphere 

(AIM) coupling

• Considering only one boundary is sufficient 

when in the polar cap or sub-auroral region



Goal: Model the OCB and EAB
• Requirements:

– Available for public use

– Specification of OCB and EAB in geodetic 

coordinates across all local times

– Separate treatment for Northern and 

Southern hemispheres

– Driven by appropriate solar and 

geomagnetic state specifications

– Potentially provide an alternative version 

that can be driven by less-appropriate 

solar and geomagnetic state specifications 

that can be forecasted

• Current Options:

– Models of auroral energy and probability

– Models of particle precipitation

– Private models of boundaries

– Models of one boundary Breedveld (2020)

Troyer et al. (2025)



VIKING FREYAePOP FAI AIRS
High latitude boundary measurements

❑ DMSP: OCB and EAB from SSJ (Newell 
boundaries, Kilcommons boundaries)

❑ DMSP: IVM measures Convection Reversal 
Boundary (CRB) along satellite track

❑ DMSP: SSUSI measures the auroral 
luminosity boundaries (ALBs)

❑ TIMED: GUVI measures the ALBs

❑ DE-2: particle precipitation boundaries (EAB 
and OCB)

❑ POES: have been used to get OCB/EAB

❑ AMPERE: R1/R2 current boundaries or 
R1peak (related to OCB), R2 peak, Heppner-
Maynard Boundary (HMB) proxy

❑ IMAGE: ALBs in three wavelengths

❑ POLAR: ALBs

❑ Ground-based All Sky Imagers (ASIs): ALBs

❑ SuperDARN: CRB, HMB

❑ SuperMAG: can identify magnetic fluctuations 
associated with FACs

❑ AIRS: CO2 imaging identified auroral 
boundaries

❑ VIKING (Swedish): ALBs

❑ FREYA: ALBs

❑ ePOP FAI: ALBs 

Potential Data for Boundary Model
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✓ DMSP IVM (1998 – 2012)

• Use the Ion Velocity Meter (IVM) 

to measure the cross-track drift 

and along-track in situ ion drift 

• Chen and Heelis (2017) describe 

the methodology used to produce 

this data set [source of figure]

• Further work has produced an 

expanded data set that 

encompasses F11 – F18

• Useful for validating OCB near 

dawn and dusk MLT, where the 

two boundaries should move 

together

Boundary Data from DMSP IVM



✓ DMSP SSJ (Newell: 1997 – 1998; Killcommons: 2010-2014)
• SSJ4 and SSJ5 measure the particle precipitation 

• Newell et al. (2004) used SSJ to identify several different types of particle precipitation boundaries

• Killcommons et al. (2017) used SSJ with updated ephemera to identify poleward and equatorward 
auroral boundaries based on particle precipitation

• Useful for calibrating auroral luminosity boundaries and for model creation

Boundary Data from DMSP SSJ

Newell Particle Precipitation Regions Killcommons Particle Precipitation Boundaries



✓ IMAGE (2000 – 2002)

• SI12, SI13, and WIC measured Ly-𝛼, 

O, and LBH emission bands in the 

Northern hemisphere

• Chisham et al., 2022 found the polar 

and equatorward ALBs and used 

Newell DMSP boundaries to 

determine the offset between the 

luminosity and precipitation 

boundaries

• Fits to the offset boundaries agree 

well with the DMSP CRB locations

• Useful for model creation

Boundary Data from IMAGE
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represent electron aurora), is shifted signif icantly toward dawn (by 5°–7°). This anomalous shift in the mapped 

SI13 auroral position persists throughout this orbit.

Boundaries determined from data in the orbits in the Longden data base that are affected by this anomalous 

mapping have been removed from the new PALB and EALB data sets. This issue resulted in the removal of 2% 

of the data base, predominantly SI12 and SI13 data. It is possible that future analysis may provide the opportunity 

to correct this mapping problem and for these intervals to be included in future versions of the IMAGE FUV 

boundary data.

4.2. PALB

A summary of the new PALB data base is presented in Figure 3. The black solid line shows the variation with 

MLT of the median PALB latitude for each imager: (a) SI12, (b) SI13, and (c) WIC. The thick error bars at each 

MLT show the latitude range from the lower to the upper quartile of the measured PALB latitudes, whereas the 

thinner bars show the latitude range from the 10%–90% percentiles. Although the variations for the three imagers 

are similar, there are subtle differences in the median latitudes of the different boundaries (as discussed above), 

Figure 2. Auroral images measured by the IMAGE FUV imagers at 06:52 UT on 30 September 2000 (day 274), from (a) the SI12 imager, (b) the SI13 imager, and (c) 

the WIC imager. The yellow squares indicate the locations of the Poleward Auroral Luminosity Boundar ies (PALBs) and Equatorward Auroral Luminosity Boundar ies 

(EALBs) determined using the original Longden methodology.

Figure 3. Statistics of Poleward Auroral Luminosity Boundar ies (PALB) locations identif ied in data from the IMAGE 

FUV imagers (a) SI12, (b) SI13, and (c) W ideband Imaging Camera (WIC), in AACGM and Magnetic Local Time (MLT) 

co-ordinates. The solid black line describes the MLT variation of the median PALB latitude. The thick black error bars 

present the quartile latitude variation at each MLT. The thin black error bars at each MLT present the extent of the distribution 

from the 10%–90% percentile. The orange histograms present the number of PALB observations in each MLT sector.



✓ AMPERE (2010 – 2021)

• AMPERE assimilates magnetic 

perturbation measurements to provide 

information about field-aligned currents 

(FACs) at the high latitudes

• Milan et al. (2015) used principle 

component analysis to identify different 

FAC boundaries

• Burrell et al. (2020) used the 

Killcommons SSJ boundaries to 

determine the offset between the OCB 

and R1/R2 current boundary

• Validated against DMSP CRBs

• Useful for model creation

Boundary Data from AMPERE

DMSP CRB – AMPERE OCB (˚)



✓ POLAR (1997 – 1998)

• UVI measured LBHL and LBHS 

bands in the Northern 

hemisphere

• Carbary et al., (2003) used LBHL 

ALBs and Newell DMSP 

boundaries to determine the 

offset

• Wu et al. (2021) provided ALBs 

for both LBHL and LBHS

• Validation of fits to adjusted 

boundaries using DMSP CRBs 

shows a higher error than IMAGE

• Useful for model creation

Boundary Data from POLAR

Carbary Offsets Wu ALBs



✓ TIMED GUVI (2002 – 2007)
• Measured LBHL and LBHS bands 

in both hemispheres

• NASA files provide auroral 
boundary identifications, but these 
boundaries do not match the 
intensity data well

• Adapted the code described in 
Longden et al. (2009), into a new 
Python package 
`pyIntensityFeatures`

• Paired with Newell boundaries to 
determine offset to particle 
boundaries

• Validation performs better than 
POLAR, but worse than IMAGE

• Useful for model creation

Boundary Data from GUVI

OCBEAB



✓ SSUSI (2005 – 2024)

• Measured LBHL and LBHS 

bands in both hemispheres 

on F16, F17, F18, and F19

• Similar format and issues as 

TIMED GUVI, used 

`pyIntensityFeatures` to 

identify ALBs

• Paired ALBs with 

Kilcommons SSJ boundaries 

to determine EABs and 

OCBs in both hemispheres

• Boundary validation shows 

similar accuracy as GUVI

• Useful for model creation

Boundary Data from SSUSI

OCBEAB



Gathered Boundaries and Drivers

• Boundary Data

– Start with DMSP SSJ, 
AMPERE, IMAGE, 
POLAR, GUVI, and 
SSUSI

• Covers about 2.5 
solar cycles

• Both EAB and OCB 
in both hemispheres

• Calculate weight for 
each boundary using 
available quality 
metrics for the 
different data sets

– Retain Newell 
boundaries for model 
validation

• Potential Model Drivers

– Considering accuracy 
and forecastability

– Solar:
• Day of year

• Time of day

• F10.7

• Cosmic ray counts

– Geomagnetic:
• Hp30

• AE

• SMU

• SML

• SMR

• IMF X, Y, and Z

• IMF Clock Angle

• Solar Wind Speed

• Solar Wind Pressure

• Solar Wind Density

• Newell Coupling 
Function

• Dipole moment



Outlier removal by Data Set

• POLAR

– Remove outliers at each UT

– Remove outliers at each MLT

• IMAGE

– Outliers removed as described in Chisham 
et al. (2021)

• GUVI

– Defined outlier quartiles and IQR using 
southern hemisphere data for each channel

– Removed outliers at each MLT

• SSUSI

– Removed boundaries in regions with a low 
occurrence, due to orbit

– Removed outliers at each MLT and 
hemisphere

• SSJ

– Removed boundaries with a FOM < 3

– Removed boundaries in regions with low 
occurrence, due to orbit

• AMPERE

– Removed boundaries with ΔJ < 0.15 mA m-1



Weights by Data Set

• Boundary weights should have higher values 
when data is more reliable

– SSJ has a figure of merit for each boundary that 
is already appropriate as a weight

– IMAGE and POLAR boundaries do not have 
individual uncertainties, so the weight was 
calculated using the median (q2) and standard 
deviation (σ) from the CRB validation (1)

– GUVI and SSUSI boundaries have individual 
uncertainties (ε), so their weight includes these 
along with the CRB validation (2)

– AMPERE fits have current values that are used 
for quality control, with ε2 = ΔJ-1, so these are 
combined with the CRB validation (2)

(1)

(2)



Driving Parameter Correlation: Solar

• Solar Variations are not key factors in determining the particle precipitation boundary locations

• MLT has a strong diurnal variation



Driving Parameter Correlation: Geomagnetic

• Multiple geomagnetic parameters are correlated with particle precipitation boundary locations

• Northern and southern hemispheres respond similarly to the different magnetic drivers 



Driving Parameter Correlation: IMF

• IMF BX and BY response is well behaved about zero, while BZ shows a correlation with OCB for negative values

• The clock angle (θ) shows a consistent correlation for OCB and EAB



Driving Parameter Correlation: Solar Wind

• VX and dynamic pressure show the strongest correlation with OCB and EAB locations



Driving Parameter Correlation: More!

• The Newell Coupling Function (                                              ) shows the strongest correlation

• The main field’s magnetic dipole moment, me, shows little variation with boundary location over this time period
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Potential Methods
• Spherical harmonics

– ωi initially includes:

• MLT, Hp30, AE, θ, VX, Dynamic 
Pressure, and Newell Coupling 
Function

– φX is the boundary latitude, where 
X is OCB or EAB

• Machine learning tools
– Need to investigate potential options

Potential Formulations
• Analyse impact of contributions 

from selected independent 
variables
– Start with PCA

– Manually add additional 
variables to determine impact

• Test formulations with 
hemispheres combined, 
separate, and as an 
independent variable

• Test formulation with magnetic 
and geodetic coordinates

Potential Model Formulations



Published Products

• Improved gridding data sets

– Expanded OCBpy to grid in dual-boundary coordinates

– Updated AMPERE boundaries in OCBpy

• Formalized Longden boundary detection code

– Generalized methodology
• Allow any number of multi-Gaussian fits

• Added adaptive limits for partial-aurora scans

• Added test for MLT consistency in boundary IDs

– Developed a unit test suite

– Available as a pip-installable Python package, 
pyIntensityFeatures



Conclusions

• Implementing adaptive, high latitude coordinates would improve 
research efforts for terrestrial atmospheric, ionospheric, and 
magnetospheric physics

– Standard magnetic coordinates combine data from the polar cap and 
auroral regions, even for a narrow selection of solar and geomagnetic 
conditions

– Considering only one boundary is sufficient when examining the region 
well-defined by that boundary

– Dual-boundary gridding does the best job of fully specifying the high-
latitude features 

– An open-source model of the polar cap and equatorward auroral oval 
will improve high latitude statistical studies, empirical model 
construction, and energy boundaries in first-principles models



Current and Future Work

• Publish Results
– New boundaries and boundary validations

• POLAR, GUVI, SSUSI

• Make appropriate data sets available on OCBpy

– pyIntensityFeatures manuscript under review

• Creating an empirical boundary model
– Combining DMSP SSJ, AMPERE, IMAGE, POLAR, GUVI, and SSUSI

• Covers about 2.5 solar cycles

• Both EAB and OCB in both hemispheres

– Retaining DMSP Newell boundaries for validation

– Selected a subset of geomagnetic parameters to consider in model 
formulation

– Considering different empirical model construction methods
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Adaptive Coordinate Approaches
• Single Instrument or Platform

– Grid data from the same instrument or 

other instruments on the same platform 

relative to an appropriate boundary 

observed at that time 

• Multi Instrument

– Grid data observed at the same time and 

region as another observation of an 

appropriate boundary

• OCBpy

– Tool to grid data in adaptive coordinates 

(OCB, EAB, or Dual Boundary)

– Provides access to multiple boundary data 

sets

– A model of OCB and EAB locations would 

allow greater usage of adaptive 

coordinates

Reistad et al. (2021): 

Seasonal Electric Potential 

for BZ ≅ 0 in OCB 

coordinates, with Lobe 

region identified

CGM Dual-Boundary

DMSP Southern O+ Downflow: Redmon et al. (2010) 
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is on average shifted toward the nightside, making the circle centered at the magnetic pole in Figures 5–7 

less accurate for representing an average OCB at all MLTs.

The processing steps involved in both analyses shown here are prone to uncertainties from each of the mul-

tiple steps involved. Uncertainties related to variations in the underlying data has been investigated using 

bootstrap re-sampling (e.g., Efron & Tibshirani, 1994). We have drawn 50 bootstrap samples (of the same size 

as number of data points, drawn with replacement) for each θ and Ψ interval to repeat the above described 

analysis using the same regularization parameter, but updating the weighting based on the re-sampled cov-

erage. The results of the 50 different model realizations produced very similar results for the SuperDARN 

analysis. This is likely related to the large number of observations (typically several millions individual LOS 

measurements) resulting in a well defined average convection pattern in each sample. The standard devia-

tion of the estimated cross polar cap potentials and Φ
lobe

 from analysis of the 50 different bootstrap samples 

are all in the range 0.01–0.13 kV. However, this uncertainty only reflects the underlying variability of the 

Figure 7. Maps of electric potential in the same format as bot tom panel in Figure 5. The two rows combine Interplanetary Magnetic Field (IMF) B
y
 directions 

in the two hemispheres in the two possible ways (that will not average out the IMF B
y
 forcing), as indicated with the clock angle dial. Cont our interval is 2 kV.
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interactions (e.g., Cowley & Lockwood, 1992; S. E. Haaland et al., 2007; 

Heppner & Maynard, 1987; Milan, 2015). While the IMF B
z
 component in 

the Geocentric Solar Magnetic (GSM) reference frame is found to be the 

most important single parameter determining the rate of opening of flux 

on the dayside, the IMF B
y
 component is found to be crucial in determin-

ing how the newly opened flux on the dayside is transported asymmetri -

cally into the nightside lobes, as reflected by large dawn-dusk deflections 

in the ionospheric convection. These deflections are interpreted to be a 

consequence of the magnetic tension force acting on newly opened field 

lines in the dayside magnetopause region (e.g., Cowley, 1981; Khurana 

et al., 1996; Tenfjord et al., 2015). Since the dayside reconnection line 

branches into two high-latitude regions of large magnetic shears during 

IMF B
y
 conditions (Trattner et al., 2012), the presence of an IMF B

y
 com-

ponent leads to oppositely directed dawn-dusk plasma flows on the day-

side in the two hemispheres, associated with each of the large shear angle 

regions on the magnetopause.

Pettigrew et al. (2010) presented climatologies of high-latitude iono-

spheric convection during each local season. From separate analysis of 

data from each hemisphere, their results revealed profound differences 

that depended on the hemisphere, local season, and the sign of the IMF 

B
y
 component. One persistent trend they observed was that the convec-

tion in the two hemispheres is generally vastly different, even on large 

scales, since the tilt of Earth's dipole toward/away from the Sun is usually 

significant (>10  70% of the time). However, when accounting for both the 

dipole tilt effect and the hemispheric differences due to the sign of IMF B
y
 (for the above-mentioned rea-

sons), the high-latitude convection pattern between the two hemispheres are largely similar. This suggests 

that dipole tilt and IMF B
y
 are the most important parameters in introducing global north-south asymmetry 

of the magnetosphere.

Understanding the cause of the dipole tilt effect on the climatology of global convection (e.g., Pettigrew 

et al., 2010; Thomas & Shepherd, 2018) is of great scientific interest. It has been pointed out that the lobe 

reconnection process is likely responsible for hemispheric asymmetries in plasma circulation at polar lati-

tudes, as the lobe reconnection process is not bound by the same north-south symmetry constraints as day-

side reconnection, and can hence operate independently in the two hemispheres (e.g., Chisham et al., 2004; 

Reistad, Laundal, Østgaard, Ohma, Thomas, et al., 2019). This leads to hemispheric differences in the iono-

spheric flux transport, often quantified by the cross polar cap potential, for example, Pettigrew et al. (2010); 

Thomas and Shepherd (2018). Distinguishing convection initiated by processes related to the Dungey cycle 

(which includes both the dayside and nightside reconnection) from convection initiated by lobe reconnec-

tion is challenging. This is likely the reason why the lobe reconnection process has mainly been studied 

when the IMF is mainly northward and the IMF B
y
 component is relatively small, since under these con-

ditions, the signatures of lobe reconnection can be more readily distinguished from Dungey-type recon-

nection. However, the question still remains: What is the relative contribution of lobe reconnection to the 

overall convection pattern when the IMF has a dominant B
y
 component? The question is important, as the 

IMF orientation between 1996 and 2019 had |IMF B
y
| >  |IMF B

z
| for 61% of the time (calculated from minute 

resolution data from NASA's OMNI database), and the dipole tilt angle magnitude >10  for 70% of the time.

The present paper describes an approach for separating the Dungey type convection from the plasma cir-

culation entirely on open field lines, where we attribute the latter to the lobe reconnection processes. This 

is made possible by simultaneous observations of ionospheric convection and the open/closed field line 

boundary (OCB). A conceptual illustration of the OCB normalized convection is shown in Figure 1, dis-

playing the global convection features seen in the northern hemisphere during positive IMF B
y
 conditions 

in the above mentioned climatological studies. With the knowledge of the high latitude convection relative 

to the OCB, one can quantify the amount of plasma circulation taking place on open field lines, as illustrat-

ed with the purple lobe cell in Figure 1. The quantification of the potential (total magnetic flux transport 

Figure 1. Conceptual illustration of  the high-latitude ionospheric 

convection relative to the open/closed f ield line boundary for a B
y
 

dominated interplanetary magnetic f ield (IMF). The open/closed f ield 

line boundary (OCB) normalized convection allows for a quantitative 

comparison of  the convection circulating within the polar cap (int erpreted 

as a result of  lobe reconnection, purple) to the Dungey type convection 

(green).


	Slide 1: Developing an Empirical Model of Auroral Boundaries
	Slide 2: Outline
	Slide 3: Motivation
	Slide 4: Adaptive Coordinate Systems
	Slide 5: Goal: Model the OCB and EAB
	Slide 6: Potential Data for Boundary Model
	Slide 7: Boundary Data from DMSP IVM
	Slide 8: Boundary Data from DMSP SSJ
	Slide 9: Boundary Data from IMAGE
	Slide 10: Boundary Data from AMPERE
	Slide 11: Boundary Data from POLAR
	Slide 12: Boundary Data from GUVI
	Slide 13: Boundary Data from SSUSI
	Slide 14: Gathered Boundaries and Drivers
	Slide 15: Outlier removal by Data Set
	Slide 16: Weights by Data Set
	Slide 17: Driving Parameter Correlation: Solar
	Slide 18: Driving Parameter Correlation: Geomagnetic
	Slide 19: Driving Parameter Correlation: IMF
	Slide 20: Driving Parameter Correlation: Solar Wind
	Slide 21: Driving Parameter Correlation: More!
	Slide 22: Potential Model Formulations
	Slide 23: Published Products
	Slide 24: Conclusions
	Slide 25: Current and Future Work
	Slide 26: Acknowledgements
	Slide 27: Adaptive Coordinate Approaches

