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. . . . . Top: Plasma Physics of the Local Cosmos (2004)
» 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 18:00 06:00

* Providing EAB and OCB locations to ionospheric
models can improve our high latitude
specifications and magnetospheric coupling 00-00
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« The high latitudes at Earth consist of three |
phyS|Ca”y d|St|nCt reglonS Jan ZO%kSEESZSOUthward Bz: 17:30(—)&2:30 MLT

— Polar cap 200}
— Auroral oval

-
c il
. ~ 100+ iRy L
— Sub-auroral region 2 ,!lww MJM il .
« Location of these regions change based on . H‘M‘f" o M’.ﬁ’- ﬂ""!""m‘wﬁm
EAB

interactions between the solar wind and Dual
I

magnetosphere 2001

— [

« Treating the locations as static causes = Lool II*. _ .'*| I
excessive smoothing and incorrect 3 o wlll|||||||| #
Atmosphere-lonosphere-Magnetosphere o I i R A

i 60 70 80 90 60 70 90
(AIM) Coupllng Mag Lat (°) Mag Lat (°)

» Considering only one boundary is sufficient
when in the polar cap or sub-auroral region
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* Requirements:
— Available for public use

— Specification of OCB and EAB in geodetic -
coordinates across all local times

— Separate treatment for Northern and . E " :
Southern hemispheres Troyer et al. (2025)

— Driven by appropriate solar and TED Electrons < 20 keV Fourier Fit Model
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

—Equatorward boundary
—Poleward boundary

- - -Feldstein equatorward
- - -Feldstein poleward

- - -Feldstein diffuse

2 o 9 Breedveld (2020)
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. . VIKING FREYA AIRS
High latitude boundary measurements ™ e"oPFa B
DMSP: OCB and EAB from SSJ (Newell SSUSI IMAGE DE2 I AVPERE THEMIS-AS|
boundéries Kilcommons boundaries) GUVI Polar DMsP-SS| NS DMSP-Newell [N POES
DMSP: IVM measures Convection Reversal 400

Boundary (CRB) along satellite track

DMSP: SSUSI measures the auroral
luminosity boundaries (ALBSs)

TIMED: GUVI measures the ALBs

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

X POES: have been used to get OCB/EAB

AMPERE: R1/R2 current boundaries or 100k
R1peak (related to OCB), R2 peak, Heppner-
Maynard Boundary (HMB) proxy

& IMAGE: ALBs in three wavelengths 400
@ POLAR: ALBs

™ Ground-based All Sky Imagers (ASls): ALBs 300
X SuperDARN: CRB, HMB

X SuperMAG: can identify magnetic fluctuations <CEL 200
associated with FACs

X AIRS: CO, imaging identified auroral

pouncanes 100 pobil X Needs further investigation
o VIKING (Swedish): ALBs dr

FREYA: ALBs '
™ ePOP FAI: ALBs 980 1985 1990 1995 2000 2005 2010 2015 2020

Universal Time (years)

W
o
o

200 ¢

F10.7 (sfu)

v/ Available in ocbpy

V' Ready to use
Under review/could use improvement

v Needs processing
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v" DMSP IVM (1998 — 2012)

S F151713 12/11/2008 DOY=346

» Use the lon Velocity Meter (IVM) ETNN T T T~
to measure the cross-track drift S ~— —— AN\
and a|ong-track in Situ ion dr|ft B 1;5:5;23 12:0I8:23 12:1Is:23 12:'2;:23 120%1_8:23 1%:4I8:23 1(2):5I8:23 13:0Is:23

- Chen and Heelis (2017) describe | [ . ' ] e, e TR
the methodology used to produce = 2, ["Ss_ A1 ] ™ 70

. . L ! | ] i 16 8
this data set [source of figure] e =L | : %0
- Further work has produced an S Al Q%:”nrr{ S 18;%6
-500 | : : . .
expanded data set that _sof el | ;
F11 - F18 E 0 AN — 20 4
encompasses S gl _
s 500 | ol . ]
- Useful for validating OCB near 0 e 7 0 50 A

MagLat (°)

dawn and dusk MLT, where the
two boundaries should move
together
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Newell Particle Precipitation Regions Killcommons Particle Precipitation Boundaries
e L § = Sl e 'fl 0 &
wee v -99.0 < By < -3.0 - ; | Wi l I 106 S

| S 12 % 198 ) \ ‘N [ 'l'l‘v"”l."‘mt . 105 -
M s b')_‘ }83

& 10u }/\1 e

& 00 (= Energy

E 108 lux

i il 11

2 106 0 3

c) 101
101? W WW‘W
101 ~_
1010
21[82 Total
100 —— Flux
™ 1N6 Uncertainty =

v 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

Viem”2/s/sr]
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Intensity (Counts) Intensity (Counts) Intensity (Counts)
0.0 4.0 8.0 12.0 16.0 0.0 3.0 6.0 9.0 12.0  400.0 500.0 600.0 700.0 800.0
L0

v IMAGE (2000 - 2002) () e o

« SI12, SI13, and WIC measured Ly-a,
O, and LBH emission bands in the
Northern hemisphere

« Chisham et al., 2022 found the polar
and equatorward ALBs and used

12 MLT (b) IMAGE si13 12 MLT () MaGE wic 12 MLT |
274/2000 =T i T, 274/2000 =T 274/2000 T i -
06:51:53.6\ D 06:51:53.6\ 06:51:53.5<7 VAN
y N\ 4 N P R~ AL

Newe” DMSP boundaries to o Boundary differences wil(:):inM;Th of 18:00 or 06:00 MLT o
determine the Offset between the N=705, 51:2?3:'23’18:. N=500, MEdﬂSiIa::-'I2=0‘48:A N=300, Medsiﬂzlati-o".'gf. N=26, Medi::I:C:lOl‘;
luminosity and precipitation R o T S
boundaries 80
* Fits to the offset boundaries agree _ e
well with the DMSP CRB locations “
« Useful for model creation
20
0 =20 0 20 -20 0 20 =20 0 20 =20 -.‘t 20

DMSP CRB - OCB AACGM latitude ()
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Elliptical fit to North and South combined

v AMPERE (2010 — 2021) K(A) = 4.01 (1 - 0.552]/[1 + 0.55 cos(h - 0.92)]

* AMPERE assimilates magnetic 10 la
perturbation measurements to provide __ sl sl | o
information about field-aligned currents %;; | Ly ~-J0 1y z
(FACs) at the high latitudes e S e S S R AP I SR

 Milan et al. (2015) used principle s} | | |
component analysis to identify different 0 6 Magnetic Liial Time () 18 24
FAC boundaries

AMPERE North AMPERE South

* Burrell et al. (2020) used the 800 ot = 2150, Median = 0.177 1000 Nt = 3437, Median = 0.25"
Killcommons SSJ boundaries to ool 800
determine the offset between the OCB 600! 5
and R1/R2 current boundary 400[ sool E

 Validated against DMSP CRBs o 200}

* Useful for model creation o L i

DMSP CRB — AMPERE OCB (°)
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Carbary Offsets Wu ALBs
POLAR (1 997 - 1 998) COMB YRS EQ (1 ‘HR) COMB YRS PO (1 r‘—tR)

e |.|.g
UVI measured LBHL and LBHS l | | \—/

bands in the Northern - v / }

hemisphere d\ g,

Carbary et al., (2003) used LBHL o

ALBs and Newell DMSP RN O U -

boundaries to determine the Boundary differences within 1 h of 18:00 or 06:00 MIT N R B

offset 80 Nmt=215,1|‘;1|-t|2:1ian=-1.76” 80 Nm=215,3l\-ll:rdian=-1.72° ;;1'0- i : ' E i'gQ

Wu et al. (2021) provided ALBs ™) """ T | M L Besy AL T

for both LBHL and LBHS o o pob—i i J0o

Validation of fits to adjusted = 40| a0} 151 m - e [

boundaries using DMSP CRBs 30| 30| I I e) 89

shows a higher error than IMAGE 2} 20} %0.5_ & §§

Useful for model creation 9l ol i} J w Iz
=0 o 10 =10 o 10 %0 e 80

DMSP CRB - Polar OCB AACGM Co-Latitude (°) MLat (Deg)
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v TIMED GUVI (2002 — 2007) @ . R I TR
* Measured LBHL and LBHS bands ¢ * 2 ol
in both hemispheres PR s 2N
. . 2 : 2 —4E
* NASA files provide auroral 5 -2} 5 el
boundary identifications, but these ; : i . PR . s - )
boundaries do not match the Magnetic Local Time Magnetic Local Time
intensity data well —_——
° Adapted the code described in Boundary differences within 1 h of 18:00 or 06:00 MLT omten;:y (Ra;ejg,,s;:’ 8
Longden et al. (2009), into a new T e ey B T itensity Sice
Mean=-1.58", 0=2.67" Mean=-0.91°, 0=3.02° :
Python package ean~ =
“pylntensityFeatures’ 201 201
+ Paired with Newell boundaries to sl sl
determine offset to particle z 2
boundaries 10 10}
 Validation performs better than . ;
POLAR, but worse than IMAGE
* Useful for model creation ol N o m I

DMSP CRB - OCB AACGM Co-Latitude (°)
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EAB OCB
v' SSUSI (2005 — 2024) 5|

- Measured LBHL and LBHS ~ £%2 .
bands in both hemispheres =~ _|| ,
on F16, F17, F18, and F19 5 o P 18 340 6 12 18 24

« Similar format and issues as oo me e ess e
TIMED GUVI, used % 8§ £ £ &
‘pyIntensityFeatureS‘ to Boundary differences within 1 h of 18:00 or 06:00 MLT intensy (Rayiigns)
identify ALBs TR EryoR Vo200, Medan= 035"

100f Mean=0.09°, 0=4.04° 100F Mean=-0.03°, 0=3.64"

» Paired ALBs with

Kilcommons SSJ boundaries %0y 80y %
to determine EABs and _ 60/ 60 S g
OCBs in both hemispheres wl wl . 8
* Boundary validation shows
similar accuracy as GUVI 2l 2
- Useful for model creation ° 0 g Om=—jp TGRS i

DMSP CRB - OCB AACGM Co-Latitude (°)
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* Boundary Data — Solar:
— Start with DMSP SSJ, : D.ay of year
AMPERE, IMAGE, * Time of day POLAR m GUVI 55|
POLAR, GUVI, and * Fio7 IMAGE SSUSI B AMPERE
SSUSI - Cosmicray counts  400f 10CB
- Covers about 2.5 — Geomagnetic: 5 -
solar cycles *  Hps, )
« Both EAB and OCB .« AE S
in both hemispheres . SMU L
» Calculate weight for
) « SML
each boundary using
available quality * SMR
metrics for the « IMF X, Y,and Z
different data sets * IMF Clock Angle
— Retain Newell « Solar Wind Speed
boundaries for model - Solar Wind Pressure
validation » Solar Wind Density 1396 2000 2004 2008 2012 2016 2020 2024
« Potential Model Drivers * Newell Coupling Universal Time (years)
Function

— Considering accuracy

o * Dipole moment
and forecastability P
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o PO LAR Polar boundary cleaning IEAOBESUS‘ ot temerarterens 102‘3030
— Remove outliers at each UT f \30 :;/ \30
— Remove outliers at each MLT £3| =13 & = |2
. IMAGE . %‘,\, e % s
—  Outliers removed as described in Chisham = g g
etal. (2021) Y T
sc,f/ 50° ;.c, Of/ 60 Y
. GUVI 00:00 "00:00 25 - 2
. . i . MLT (HH:MM) MLT (HH:MM) b /° =\, /<
— Deﬂned out“er quart“es and IQR US|ng - Al MLT Outliers Removed = UT Outliers Removed T& “:._, T& A:,
. % g % I
southern hemisphere data for each channel W oo
- Removed OUt|IeI"S at eaCh MLT GUVI Boundary Outlier Removal for LBHIong Orbit Selection + Outliers Removed
0oCB EAB SS) EAB Outlier Removal

. SSUS| 12:00 2 1‘2.:;:0 " : F17
< d a :’,’.-.. g I,
— Removed boundaries in regions with a low Sl
occurrence, due to orbit

— Removed outliers at each MLT and
hemisphere

18:00
00:90
18:00

— Removed boundaries with a FOM < 3

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

18:00
South
00:90
18:00

. AMPERE
— Removed boundaries with AJ < 0.15 mA m"

00:00
MLT (HH:MM)

All

00:00
MLT (HH:MM)

UT Outliers Removed
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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 (q,) and standard
deviation (o) from the CRB validation (1)

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

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

Weights by Data Set

POLAR A GUVI SS)
IMAGE SSuUsI # AMPERE
OCB EAB

w

w

r r

2002 2013 2024 2002 2013

2024

Universal Time (years) Universal Time (years)
1
- - (1)
\/ BGers T 9CRB
1
(2)

2 2 2
\/QQCRB + OCRB +€
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Driving Parameter Correlation: Solar

POLAR GUVI ss) POLAR GUVI ss) POLAR GuvI SSJ
IMAGE SSUSI +  AMPERE IMAGE SSUSI «  AMPERE IMAGE SSusl * AMPERE
North South North South North South
350 - - 24
300 = 20
250 ~ 16
2 z
< 200 C12
3 =
“ 150 8
4
100
= - e 0
50— 75 80 -80 -75 -70 —65 ST 75 80
OCB () OCB () 0CB (*)
350 North South North
350 - 24
300 300 20
250 _ 250 16
2 $ =
200 £
200 = E 12
2 2 150 =
“1s0 3 8
100 :
100 50 4
50 0 : ¢
60 65 70 75 —70 —65 ~60 60 70 -75 -70 —65 -60 60 70 —75 -70 -65 -60
EAB (*) EAB (*) EAB (°) EAB (°) EAB (°) EAB (°)

Oulu Corr. Cosmic Rays (counts)

Oulu Corr. Cosmic Rays (counts)

POLAR GuvI SS)
IMAGE Ssusl + AMPERE
North South
8000
7000 —— .
e ——
. — . A
—.— ——a——
6000 ——— ——
— —a—
5000 —— —t
400060 70 80 -80 -70 -60
OCB (") OCB (")
North South
8000
7000
6000
5000
4000 60 70 -70 -65 -60
EAB () EAB(°)

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

MLT has a strong diurnal variation
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Driving Parameter Correlation: Geomagnetic

POLAR GUVI ss) POLAR GUVI ss) POLAR GUVI ss) POLAR GUVI ss)
IMAGE SSUSI AMPERE IMAGE SSUSI AMPERE IMAGE SSUSI AMPERE IMAGE SSUsI AMPERE
North South North South North South North South
3500 0 - 2500
- . 2000} = . ;n
. . 2500 ~1000 < =
Py ..ﬁ u!i
—a— -—- 5 = £ 1500 5
—s —s— 32990 £ 2000 <
e — < = )
R e 1500 = Z 1000 :
B e 1000 —3000 £
e A 500
e || 500 . - 3
R | . . ;
5 —4000} - . 5 =
60 70 80 -80 ~70 ~60 60 70 80 ~80 ~70 ~60 60 70 80 —80 -70 -60
OCB () 0CB (*) OCB (*) OCB (*) 0CB (*) 0CB (*)
North South North South North South
o ou 3500 0 2500
3000 -500
2000
2500 -1000
2000 E ~1500 E 1500
# : o
1500 = -2000 Z 1000
1000 -2500
500
500 -3000
60 70 —70 -65 -60 -55 0 60 70 -70 ~60 ~350055 60 70  —70 ~60 0 60 70  -70 —60 —50
EAB () EAB () EAB (°) EAB (°) EAB () EAB (°) EAB (") EAB ()

Multiple geomagnetic parameters are correlated with particle precipitation boundary locations
Northern and southern hemispheres respond similarly to the different magnetic drivers
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POLAR GUVI Ss) POLAR Guvi SS) POLAR Guvi SS) POLAR GUVI ss)
IMAGE S «  AMPERE IMAGE SSuUSI «  AMPERE IMAGE SSusI = AMPERE IMAGE SSusI «  AMPERE
North South North South
40
60
30
40 5
20 ‘\e 40
E 10 E 20 - E :
= s s 20 =
) 0 ) [ w0
Q (L) o o
& 10 & 0 a 0 °
-20
-20
-30 -20t
—40 70 80 ~80 =70 70 80 ~80 50 ~40¢0 70 80 80  —70 =60
OCB (*) OCB (*) OCB (*) 0CB (°) oCB (*) OCB ()
40 North South North South North South
60
30 40 300
b 40
= 20 = ~
= - o 240
é £ 20 £ 20 2 L
10 s = o S 180
wv
© 8 8 o N /4 5
@ 0 o 0 : o ® 120
: X -20
-10 a . 60
-20 —40
-20 : : : :
60 70 -70 -65 -—60 60 70 =70 ~60 60 70 —70 65 -60 %o 65 70 -70 -65  -60
EAB (") EAB (") EAB (°) EAB () EAB (°) EAB (°) EAB () EAB (°)

+ IMF By and B, response is well behaved about zero, while B, shows a correlation with OCB for negative values
. The clock angle (8) shows a consistent correlation for OCB and EAB
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Driving Parameter Correlation: Solar Wind

—-200

SS)
» AMPERE
South

-400

-600

-800

—1000

-200

-400

-600

—-800 o, &

—1000

60 70
EAB (°)

-70 -65 -60 -55

EAB (°)

Vy GSE (km s™1)

-300
-400

Vy GSE (km s~1)

-100

-200

POLAR
IMAGE

North

GuvI SSJ

SSusI = AMPERE

South

|
-
o
o

—-200

Vz GSM (km s71)

Vz GSM (km s71)

80 -80 =70
OCB (°) OCB (°)
North South
&
4 o
¥
{,‘
70 80 -70
EAB (°) EAB ()

-100
-200
-300
-400

400
300
200
100

—100
—200
—300
—400

POLAR SS)
POLAR SS) IMAGE SSusI »  AMPERE
IMAGE #  AMPERE North South
North South 70
w 60
;,6 50
=
=~ 40
w
o
a 30
c
220
10
0
80 -80 =70 70 -80 =70 -60
oCB (°) OCB (°) OCB (°) OCB ()
North South
North South 60 N
_ 50 2
=4 . 3 3 -
5 e g 40
Py, i - - o »
S { gao % . 2 v
a
10 -4 N j
0 W )
70 -70 -60 60 70 -70 -60
EAB (") EAB (°) EAB (°) EAB (°)

* Vy and dynamic pressure show the strongest correlation with OCB and EAB locations
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«  The main field’s magnetic dipole moment, m,, shows little variation with boundary location over this time period

The Newell Coupling Function ( dey,/dt = C,,v**BZ*sin®/3(6./2) ) shows the strongest correlation

POLAR GUVI ss)
POLAR GuvI ss)
IMAGE SSUSI = AMPERE POLAR GuvI ss) IMAGE ssusl
—— o IMAGE SSUSI - AMPERE North South
70 1e22 North South 100
7.80 £ 2
80000 _ =7
. 7 60 £ or » 5
s Es <778 \
=1 60000 > € = —100f a :
o: G 40 E 7.76 E -
- a = £ 200 ’
2 40000 2 30 PRAL ]
. o
z! % 20 £172 -300 H
* 20000 Z 19 e
. G770 -400 .
0 : 768735 75 80 -80  -75  —70 60 70 80 80 -70 _ —60
60 ocgor) 80 —800C—B7((3) —60 OCB () OCB (*) OCB (*) 0CB (°) OCB ()
North South 70 North 1e22 North South North South
_. 7.80 100
80000 s .
w . ~ 60 ¢ E A E
5 - o o r < 7.78 0 . L
&) N o £50 z £ ¢ 3
= 1 60000 . - = g s '
: o 3 2 40 7.76 F ~ -100 i
3 h— a o 5 5
Z 40000 ’ . 230 i 4 =774 £ 200 Y
: 4 o 13 S %
; g £20 & 2772 -300
3 ©
! 20000 ‘ T 10 s
£ 7.70 ~400
0 - ‘ / 0 - 7.68 -500
: ‘ ‘ 60 70 =70 ~60 880 65 70 75 —70 —65 ~60 50 60 70 =70 ~60
50 EAB(f)D 80 ‘BDEAB (”)‘50 EAB (°) EAB (°) EAB (°) EAB(°) EAB (°) EAB (°)
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Potential Methods

. Spherlcal harmonics

¢x = HZ a; j cos jw; + b; ; sin jw;)
1=0 7=0
— W initially includes:
« MLT, Hp30, AE, 6, V, Dynamic
Pressure, and Newell Coupling
Function

— @y Iis 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
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* Improved gridding data sets

— Expanded OCBpy to grid in dual-boundary coordinates
— Updated AMPERE boundaries in OCBpy

« Formalized Longden boundary detection code 4

— 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,
pylntensityFeatures
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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
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 Publish Results

— New boundaries and boundary validations
« POLAR, GUVI, SSUSI
« Make appropriate data sets available on OCBpy

— pylntensityFeatures 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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s Adaptive Coordinate Approaches

LABORATORY
« Single Instrument or Platform DMSP Southern O* Downflow: Redmon et al. (2010)
— Grid data from the same instrument or CGM Dual-Boundary

other instruments on the same platform
relative to an appropriate boundary
observed at that time

e  Multi Instrument
— Grid data observed at the same time and

—
o

. . cal winter Local summer
region as another observation of an Reistad et al. (2021):
appropriate boundary Seasonal Electric Potential -
- OCBpy for B, = 0in OCB

— Tool to grid data in adaptive coordinates coordinates, V'vcilth t?bz
(OCB, EAB, or Dual Boundary) region ldentie

— Provides access to multiple boundary data
sets

A model of OCB and EAB locations would
allow greater usage of adaptive
coordinates
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