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1. AENeAS version of Heelis code

The TIE GCM version of Heelis (used within AENeAS (7, 7)) uses similar equations to
those defined in (Hairston & Heelis, 1990). It is parameterised using B, (nT) and cross
polar cap potential, ®., (kV). IMF B, is set to be in the range —11 < B, < 7 in the
northern hemisphere and —7 < B, < 11 in the southern hemisphere. TIE GCM uses an

expression of Kp to represent the cross polar cap potential.

V., =15+ 15Kp + 0.8 Kp*. (1)

1.1. Initial equations

The center (origin) of the polar cap circle is offset from the geomagnetic poles by of fc
along the magnetic noon-midnight line and D, in the dawn-dusk direction. N.B. equations
given in degrees are converted to radians in the TIE GCM code. The plus and minus (+)

refers to the northern and southern hemisphere, respectively.

Offe = 1.1°, Offset of convection towards 0 MLT relative to magnetic pole. (2)

D. = —0.08"£0.158,, Offset of convection in radians towards 18 MLT.  (3)

The parameter, r, describes the decay of the potential equatorward of the convection
reversal boundary, (Hairston & Heelis, 1990). It is set to the value of -2.6 in TIE GCM

from average AMIE results.

r = —2.6, Exponential fall-off of convection from convection radius. (4)
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The convection flow reversal circle, 0, is similar to equation 1 in Hairston and Heelis

(1990) and that defined in Siscoe (1982).
fo = —3.8° 4 8.48°W) 1570, Convection reversal boundary. (5)

The potential at the maximum, minimum and centre of the convection pattern (ofy,
D.) are defined as v,,, ¥, and ¥, respectively. These equations are of the same form as

equations in Hairston and Heelis (1990) but have different values (7, ?).
Uy = 044, x 1000 = 13 = 14 = 7 = s, Maximum potential in morning cell, (6)

e = —0.56¥,,, x 1000 = 91 = 1) = 95 = 1), Minimum potential in evening cell. (7)
Uy = (—0.168 F 0.027B,)V,,. x 1000, Potential at the centre. (8)

The dayside and nightside convection entrance, or zero potential line, ¢4 and ¢,,, are
first defined in MLT such that ¢ = 0 is noon, before converting to degree and then to
radians. The local magnetic time dependencies are described by six angles, similar to
those described in Heelis, Lowell, and Spiro (1982). The maximum locations are the

minimum of 7/2 or half way between the dayside and nightside zero potential lines.

¢a=(9.39 F0.21B, — 12)15°, Dayside convection entrance 9)
¢n = (23.50 F 0.15B, — 12)15°, Nightside convection entrance (10)
by = 5 min(7, ¢, — dq), (11)

mx 1 :
w =5 min (7, ¢g — ¢, + 27), (12)
o = Pp > (13)
dm = Pup - (14)
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1.2. Magnetic latitude and longitude
If nit is the number of latitude points, 1 < It < nit. The resulting magnetic latitude

0., is not equally spaced.
r0 = 6.37122e8 + 9.0¢6, (15)

rl = 1.06¢7, (16)

O = (16 — 1) (”) - (17)

nlt
| tan O] (24+2x1.668)

(1 + | tan Ox|2) 1665

hamhO = 1| tan x| + r0 (18)

hamh0
r0

hamh0

: :
Om = ylatm = { arctan ( ) , if O > 0, — arctan ( ) , if Oy < 0.(19)

Poles are equal to Ox([1, nlt]).
nlon is the number of longitude points, lon is 1 to nlon. Sunlons defines the Sun’s

longitude in dipole coordinates from date.

2m(lon — 1
¢m = ylonm = 2mlon 1) _ 7 — sunlons. (20)
nlon
1.2.1. Auroral Circle Coordinates
O = (Ofy. + D)%, (21)
Gorf = aslonc = arcsin 66’ (22)
6 = colat = arccos (cos O sin |fy,| — sin O, cos O, €08 (¢m + Gofs)), (23)
¢a = alon = (A, 27) — T, (24)

where A = arctan2(X,Y) — ¢orr + 371, X = sin(¢m + ¢orf) c0sbpm, and Y =

Sin |Opm | sin O, + cos O, cos O, €08 (pm + Goff)-
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1.2.2. Boundaries for longitudinal function:

L/
¢4:¢d+10*6—m1n 5 ot

f
5 ;
7 = 6 — 107° + min g,qﬂ; ,
¢1 = ¢5 — 2,
P2 = ¢ — 2,
¢3 = ¢7 — 2,
Gs = Qs+ 2w

1.2.3. Ring current rotation to potential

TIE GCM is set to have no ring current rotation hence:
wka = (¢a + 57, 2m) — T,

wks = (¢ + 67, 27) — 7.

1.3. Longitudinal variation:

‘Ilfun = ‘IlfnZ =0

Forn=1to7

1 ko — ¢n
\Ilfun = \Ilfun + Z (1% + wn+1 + (wn - wnJrl) COS (m)) )
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if (WkZ - ¢n)(Wk2 - ¢n+1) < 07 or \Ilfun = \Ilfun if (WkZ - ¢n)(Wk2 - ¢n+1) > 0.

And

Tpp = Tpz + (wn st + (B — ) cO8 (“Wkrw)) NET
4 (anrl - (bn

if (Wkg — ¢n)(Wk3 - ¢n+1) < 0or \I’fn2 = \I’fnz if (Wkg — ¢n)<Wk3 - ¢n+1) > 0.

1.4. Evaluate total potential:

Equations for the total potential are given below. Equation 38 gives the potential
inside the polar cap and is the same as equation 4 provided in (Hairston & Heelis, 1990).
Equation 39 is quite different from the trigonometric or Gaussian functions suggested
as frequent expressions of the latitudinal distribution outside of the cap by (Hairston &
Heelis, 1990).

Inside the polar cap:

0\° 6\> 0
‘Iltot - A - + B - —I— C - ‘I— \I/(), (38)
0o 0o 0o

where A = (2(Wo — Wrun) + 3 (Prun — Upn2) ), B = 3 (3(Ypun + Ppnz) — Up) and C' =

1
2
%(\I’fun - lI’fr12)-

Outside the polar cap:

U, = Vg (max (sin @, sin 90)> X exp (7 (1 _ max (sin 6, sin(f + 0.1972))>>.(39)

sin 6 sin(fy + 0.1972)

Average amie results show r1=-2.6 for 11.3 degrees (0.1972 rad) beyond 6,.
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Figures S1 to S7
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Wo5 HH90, @ HH90, €I>Kp TS18 Map potential TiVIE
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Figure S2. Midnight-to-noon directed component of the electric field vector in magnetic

coordinates for the five models are four time intervals. Yellow represents positive, Midnight-to-
noon directed electric field and blue negative, noon-to-midnight directed as shown in the colour
bar. A selection of parameters including the time, IMF conditions, SW velocity, Kp, Sym/H and

the number of SuperDARN vectors are provided per panel.
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wos HH90, &, HH90, ‘I)Kp TS18 Map potential TiVIE
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Figure S3. Dawn-to-dusk directed component of the electric field vector in magnetic coor-
dinates for the five models are four time intervals. Yellow represents positive, Dawn-to-dusk
electric field and blue negative, dusk-to-dawn directed as shown in the colour bar. A selection
of parameters including the time, IMF conditions, SW velocity, Kp, Sym/H and the number of

SuperDARN vectors are provided per panel.
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Figure S4. Convection maps in magnetic coordinates with contour lines representing 10kV
intervals for the heelis model with six ® pc proxies are four time intervals. Purple/pink represents
negative electric potential and blue positive, as shown in the colour bar. A selection of parameters
including the time, IMF conditions, SW velocity, Kp, Sym/H and the number of SuperDARN

vectors are provided per panel.

October 20, 2022, 9:32am



T
|
|
1
|
1

1

Sep 07, 20:00 Sep 07, 22:00 Seip 08, 00:0d : Iep 08, 02:00 1
p n 2017 |
1 1

50
07, 20:00 07, 22:00 08, 00:00 08, 02:00

Figure S5. Figure highlighting the effect of the B, component on the electric field north-south

component from the Heelis model at midnight. A zoomed in version of figure 4, main text.
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Figure S6. Proxy for the size of the polar cap, rp. vs the cross polar cap potential, ®pc. The

black line shows the trend the Heelis model uses for the convection reversal boundary.
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Figure S7. Scatter plot of Egy vs ®pc with the colour representing B, .
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