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High-Latitude Joule heating in models
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[Weimer, J. of Geophys. Res., 110, A05306, 2005][Günzkofer, PhD thesis, LMU München, 2024]

• interaction of Earth‘s and interplanetary magnetic field 

lines leads to large-scale polar plasma convection

• electric fields propagate down along magnetic field 

lines into the ionospheric dynamo region

• resulting currents cause Joule heating (Pedersen 

currents) and geomagnetic disturbances (Hall 

currents)

Empirical plasma convection is

commonly applied in ionosphere models! !

convection model parameter(s)

Heelis Kp

Weimer 𝐵𝑦 , 𝐵𝑧 , 𝑣𝑆𝑊, 𝜌𝑆𝑊

AMGeO (assimilative) SuperDARN, SuperMAG, +



Empirical scaling factor (Codrescu et al., 1995)
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[from TIE-GCM userguide]

[Codrescu et al., Geophys. Res. Lett., 22, 2393-2396, 1995]
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𝑸𝑱 ∼ 𝟏. 𝟓 ⋅ 𝑸𝑱,𝒎

BUT: JOULEFAC is based on a 6-hour, 

geomagnetically disturbed measurement period

• geomagnetic activity

• local time

• latitude

• season (Emery et al., 1999)

! !



EISCAT electric field measurements (69°N, 19°E)

4 [Günzkofer et al., Earth Space Sci., 11, e2023EA003447, 2024]

𝑴 = 𝐀 ⋅ 𝒙 + 𝜖 ෝ𝒙 = 𝐐−1 ⋅ 𝐀𝑇 ⋅ 𝚺−1 ⋅ 𝑴

𝑴: measurement vector

𝐀: theory matrix

𝒙: unknow variables (𝒗𝐹)
𝜖: measurement uncertainties

ෝ𝒙: most probable solution

𝐐: Fisher information matrix

𝚺: covariance matrix of 𝜖

𝑬⊥ = −𝒗𝐹 × 𝑩

Stochastic inversion, following Nygren et al., (2011):

22-day campaign September 2005

𝑲𝒑 > 𝟐

Heelis: 𝒇 = 𝟏. 𝟔𝟎

Weimer: 𝒇 = 𝟏. 𝟒𝟏

• 3D ion velocity measurements with

EISCAT beam-swing campaigns

• two TIE-GCM runs with Heelis/Weimer 

convection

𝒒𝑱,𝑬 = 𝝈𝑷(𝑵𝒆,𝑬) ⋅ 𝑬𝑬
𝟐

𝒒𝑱,𝒎 = 𝝈𝑷(𝑵𝒆,𝒎) ⋅ 𝑬𝒎
𝟐



EISCAT CP2 database and method
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total: ∼ 𝟐𝟐𝟐𝟎 hours

2003 - 2017

bin measurement/model 𝑞𝐽 profiles with respect to

• 𝐾𝑝 index

• Kan-Lee merging electric field (solar wind and 

IMF parameters)

• magnetic local time 

𝒒𝑱,𝑬 𝒉 = 𝒇 ⋅ 𝒒𝑱,𝒎(𝒉)

determine scaling factor with non-linear 

least-square fit of Joule heating rate 

profiles:

[Günzkofer et al., Earth Space Sci., 11, e2023EA003447, 2024]



Required scaling factor - 𝑲𝒑
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strong deviations from default 𝒇 = 𝟏. 𝟓 found! !

• low Kp: no major impact on absolute 𝑞𝐽/𝑄𝐽

• medium Kp: 𝑓 = 1.5 works considerably well

• high Kp: low occurence

[Günzkofer et al., Earth Space Sci., 11, e2023EA003447, 2024]



Required scaling factor – magnetic local time
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• day-night variation: 

− Weimer-driven ↑

− Heelis-driven ↓

• daytime 𝑄𝐽 underestimated for low 𝐾𝑝/𝐸𝐾𝐿

• afternoon 𝑄𝐽 underestimated for high 𝐾𝑝

[Günzkofer et al., Earth Space Sci., 11, e2023EA003447, 2024]



Summary Outlook
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1. Default Joule heating scaling factor 𝑓 = 1.5
works considerably well as the general 

average

2. Distinct variations of the required scaling factor 

with geomagnetic activity, magnetic local 

time, and plasma convection model 

3. Look-up tables with corrected scaling factors

provided in Günzkofer et al., (2024)

1. Measurements:

• Problem: single-point measurements 

➔ no latitudinal or longitudinal variations 

➔ including PFISR (Fairbanks, Alaska)

• Problem: low time resolution for 3D ion 

velocity/electric field measurements

➔ apply phased-array ISRs (PFISR, EISCAT_3D)

2. Modelling: 

• do assimilative convection models perform better?

➔ AMGeO convection model

• what impact has a higher time resolution on the 

model Joule heating rates? 

➔ high-res WACCM-X
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