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Abstract We systematically evaluate the high‐latitude Joule heating of the recently released version 3.0
Thermosphere Ionosphere Electrodynamics General Circulation Model (TIE‐GCM) by comparison to EISCAT
incoherent scatter radar measurements. The model performance is examined using normalized root mean square
deviations derived from test runs driven by different convection patterns from empirical and data‐assimilated
models. The following features are revealed: (a) Data‐assimilated geomagnetic forcing improves the agreement
between modeled and EISCAT‐derived Joule heating rates by 8%, 28%, and 54% for low, moderate, and high
geomagnetic activity. (b) Increasing model grid resolution from 2.5° to 1.25° leads to ∼20% higher Joule
heating rates. (c) AMIE‐driven runs better reproduce the magnitude of the Joule heating rates, AMGeO‐driven
runs the vertical profile. (d) Internal model time step resolution has no effect on the Joule heating rates.

Plain Language Summary In the polar regions of the ionosphere, there is an electric potential
difference between the dawn side (“positive pole”) and the dusk side (“negative pole”). Electric currents along
the associated electric fields heat the upper atmosphere, similar to a power wire being heated. Models of the
upper atmosphere can estimate this Joule heating, though their accuracy varies strongly. We evaluate the Joule
heating rates of the Thermosphere Ionosphere Electrodynamics General Circulation Model for multiple model
settings to assess which settings give the presumably most accurate Joule heating rates under which conditions.

1. Introduction
The high‐latitude plasma convection gives rise to Pedersen and Hall currents that peak in the E region of the
ionosphere. These currents cause Joule heating of the thermosphere‐ionosphere system and geomagnetic dis-
turbances. Previous studies investigated the global pattern of height‐integrated Joule heating rates derived from
satellite measurements (e.g., Kauristie et al., 2024; Palmroth et al., 2005; Rich et al., 1991) and the vertical Joule
heating rate profiles derived from incoherent scatter radar (ISR) measurements (e.g., Baloukidis et al., 2023;
Günzkofer et al., 2024; Kavanagh et al., 2022; Thayer, 2000). Thermosphere‐ionosphere models are known to
have difficulties with representing high‐latitude Joule heating rates (Baloukidis et al., 2023; Codrescu et al., 1995;
Emery et al., 1999; Günzkofer et al., 2024). Hence, systematic model evaluations are required to assess potential
shortcomings and derive proper mitigation by parameterizing or a more physically consistent description of the
Joule heating.

Günzkofer et al. (2024) suggested adjusting the empirical Joule heating scaling factor of the Thermosphere
Ionosphere Electrodynamics General Circulation Model (TIE‐GCM) (Codrescu et al., 1995; Richmond
et al., 1992) based on 2,000 hr of measurements with the EISCAT ultra‐high frequency ISR. However, Codrescu
et al. (2000) showed that the short‐scale variability of the electric field changes with geomagnetic latitude and
local magnetic time. A globally constant scaling factor is therefore limited in its applicability, and adjusting it
based on local measurements might not lead to improvements.

This study provides a general overview of howwell the model reproduces locally measured Joule heating rates for
different model settings and geomagnetic forcing methods. A special focus is on the recently (May 2024) released
TIE‐GCM version 3.0 (Wu et al., 2025). This version includes changes to the physics, as well as the option to
perform model runs with an increased horizontal resolution of 1.25°. We will systematically assess the impact of
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the model version and grid resolution on the Joule heating rates. While previous studies mostly investigated a
single plasma convection model, we aim to give a systematic overview of four convection models and their
impact on the Joule heating rates.

The applied methodology is equivalent to the analysis presented in Günzkofer et al. (2024). Both EISCAT plasma
parameters and model outputs are binned in 5 km steps from 95 − 125 km altitudes and 10 km steps from
135 − 185 km. The Joule heating rate profile is calculated as

qJ = (
νen

ν2en + ω2e
+

me

mi

νin

ν2in + ω2i
)

Nee2

me
⋅ ( E⃗ + u⃗ × B⃗)2. (1)

In Equation 1, only the electron density Ne and the electric field E⃗ are obtained from ISR observations. The other
parameters—electron/ion‐neutral collision frequency νen/in, electron/ion gyrofrequency ωe/i, mean ion mass mi,
and neutral wind u⃗—are taken from the model output. Hence, the “measurement/EISCAT” Joule heating profile
has to be calculated separately for each investigated model run (Günzkofer et al., 2024). The electron massme and
charge e are fundamental constants, and the magnetic field B⃗ is obtained from the IGRF (Alken et al., 2021). To
assess how well the model profile qm

J resembles the “measurement/EISCAT” Joule heating profile qE
J , we will

apply the normalized root mean square deviation

ϵN =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

mean((qE
J − qm

J )
2
)

√

max(qE
J )

. (2)

Introducing the normalization allows comparison of different geomagnetic activity levels without suffering from
the different energy scales. As in Günzkofer et al. (2024), we will determine an “adjusted scaling factor” f ob-
tained from a non‐linear least‐squares fit of qE

J − f ⋅ qm
J = 0. This will allow distinguishing model runs that

reproduce the shape of the Joule heating profile well, as for these runs ϵN will be significantly decreased when
applying the adjusted scaling factor.

Section 2 presents a summary of the EISCAT Ultra High Frequency (UHF) radar, the TIE‐GCM, and the four
convection models applied for high‐latitude geomagnetic forcing. In Section 3, we will present the obtained
variations of Joule heating rates with model version, grid resolution, and convection model. Section 4 will
conclude the paper, discuss the presented results, and give an outlook on future work.

2. Measurements and Models
2.1. EISCAT UHF Radar

We analyze measurements collected with the EISCAT Ultra High Frequency (UHF, 930 MHz) ISR at Tromsø,
Norway (69.6°N, 19.2°E) (Folkestad et al., 1983). The radar dish has a diameter of 32 m, resulting in a beam
width of about 0.7° corresponding to an antenna directive gain of approximately 48.1 dBi. Since the EISCAT
radars are operated campaign‐based, the database contains only a small number of continuous measurements to
study the Joule heating. In this study, we leverage two EISCAT UHF campaigns from 9 to 28 September 2005
(456 hr, Nozawa et al., 2010) and 14 to 25 September 2009 (240 hr). Larger databases are available (e.g.,
Baloukidis et al., 2023; Günzkofer et al., 2024) but we restricted the analysis to these two campaigns to limit the
required modeling resources (see Section 2.2).

The radar was operated in theCommon Programme (CP) 2, also often referred to as beam‐swingmode (Kavanagh
et al., 2022). Line‐of‐sight ion velocity measurements from the four radar pointing directions are converted to 3D
ion velocity vectors applying the stochastic inversion technique introduced by Nygrén et al. (2011). The electric
field is calculated from the F region ion velocity and propagated into the E region, that is, it increases slightly
∝1/B. The E region neutral winds are explicitly not inferred with the method by Nygrén et al. (2011) since this
would require longer integration times.
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2.2. TIE‐GCM

The TIE‐GCM is a global model of the coupled ionosphere‐thermosphere system (Richmond et al., 1992). At the
lower boundary (∼96 km altitude), atmospheric dynamics are driven by the Global Scale Wave Model (GSWM,
Hagan & Forbes, 2002, 2003). The high‐latitude magnetospheric coupling and the resulting polar plasma con-
vection can be specified by various convection models. For this study, multiple TIE‐GCM runs with varying
settings have been performed and analyzed. Table 1 summarizes all investigated model runs. The vertical res-
olution is 0.25 scale heights of the atmospheric pressure in all model runs. The applied plasma convection models
are introduced in Section 2.3.

2.3. Convection Models

There are multiple ways to parameterize the polar plasma convection. The four models applied in this study are:

• Heelis is an empirical convection model that applies the Kp index as key parameter (Heelis et al., 1982).
• Weimer is an empirical convection model that applies the solar wind speed and density as well as the By and

Bz components of the interplanetary magnetic field (Weimer, 1995, 2005).
• The Assimilative Mapping of Ionospheric Electrodynamics AMIE maps the polar plasma potential from
ground and satellite magnetometer and SuperDARN plasma drift measurements (Richmond &
Kamide, 1988).

• The Assimilative Mapping of Geospace Observations AMGeO is an expansion of the AMIE procedure
(Matsuo, 2020). The main difference compared to AMIE is the reformulation of the best linear unbiased
estimation problem as a Bayesian estimation problem (Matsuo, 2020). The AMGeO forcing applied in this
paper was generated without space‐based magnetometers.

Table 1
List of the 19 Investigated Thermosphere Ionosphere Electrodynamics General Circulation Model Runs

Run# Dates Convection Version Resolution Internal time step (s)

#1 9–28 September 2005 Heelis 3.0 2.5° × 2.5° 10–30

#2 9–28 September 2005 Heelis 3.0 1.25° × 1.25° 5–30

#3 9–28 September 2005 Heelis 2.0 2.5° × 2.5° 10–30

#4 9–28 September 2005 Weimer 3.0 2.5° × 2.5° 10–30

#5 9–28 September 2005 Weimer 3.0 1.25° × 1.25° 5–30

#6 9–28 September 2005 Weimer 2.0 2.5° × 2.5° 10–30

#7 9–16 September 2005 AMIE 3.0 2.5° × 2.5° 10–30

#8 9–16 September 2005 AMIE 3.0 1.25° × 1.25° 5–30

#9 9–16 September 2005 AMIE 2.0 2.5° × 2.5° 10–30

#10 9–28 September 2005 AMGeO 3.0 2.5° × 2.5° 10–30

#11 9–28 September 2005 AMGeO 3.0 1.25° × 1.25° 10–30

#12 14–25 September 2009 Heelis 3.0 2.5° × 2.5° 30

#13 14–25 September 2009 Heelis 3.0 2.5° × 2.5° 1

#14 14–25 September 2009 Weimer 3.0 2.5° × 2.5° 30

#15 14–25 September 2009 Weimer 3.0 2.5° × 2.5° 1

#16 14–25 September 2009 Heelis 3.0 1.25° × 1.25° 10

#17 14–25 September 2009 Heelis 3.0 1.25° × 1.25° 5

#18 14–25 September 2009 Weimer 3.0 1.25° × 1.25° 10

#19 14–25 September 2009 Weimer 3.0 1.25° × 1.25° 5
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3. Results
3.1. Model Version, Grid Resolution, and Convection Parameterization

Due to the substantial variation in Joule heating rates with geomagnetic activity, we will investigate three activity
levels—“low” (Kp < 2), “moderate” (2< Kp < 6), and “high” (Kp > 6)—separately. A linear interpolation of the
3‐hourly Kp index is performed, and the median model and EISCAT‐derived Joule heating rates are calculated.
We want to highlight that due to the different neutral atmosphere parameters in the model runs listed in Table 1, a
separate “EISCAT profile” is calculated for each of the 19 model runs. Figure 1a shows the Joule heating profiles
of the TIE‐GCM 3.0 runs with 1.25° grid resolution (#2 Heelis; #5 Weimer; #8 AMIE; #11 AMGeO). The mean
of the four EISCAT‐derived profiles is shown as “EISCAT,” since the standard deviation of the four profiles is
consistently below 10% in all regimes, which is sufficiently low for a qualitative comparison. For the TIE‐GCM
Joule heating profiles, the default scaling factor f = 1.5 has been applied. The values in the figure legend give the
height‐integrated Joule heating rates for each profile.

At low geomagnetic activity Kp < 2 (6.5% of all measurements), the Heelis‐, Weimer‐, and AMIE‐driven profiles
resemble the EISCAT‐derived profile well. However, the Weimer‐ and AMIE‐driven runs underestimate the
Joule heating rate below 115 km altitude, and the Heelis‐driven run struggles to reproduce the profile shape. The
AMGeO‐driven model run underestimates the Joule heating rate at all altitudes.

At moderate geomagnetic activity 2< Kp < 6 (76.1%), the model runs driven by AMIE and AMGeO reproduced
the measurement‐derived profile well. The Heelis‐ and Weimer‐driven runs overestimate the peak Joule heating
rate at about 120 km altitude.

At high geomagnetic activity Kp > 6 (17.4%), the AMIE‐ and AMGeO‐driven runs also perform better than the
model runs driven by empirical convection models. The Heelis‐/Weimer‐driven runs strongly over‐/underesti-
mate the Joule heating rates. AMIE‐driven runs reproduce the profile generally well but tend to overestimate the
peak Joule heating rate, whereas the AMGeO‐driven run reproduces the shape of the profile well but un-
derestimates the Joule heating rates at all altitudes.

Figure 1b shows the ratios of Joule heating rates in 1.25° and 2.5° model runs. The higher horizontal resolution
results in increased Joule heating rates by 20% on average. The resolution impact ranges from − 10% (Weimer;
Kp > 6) to+38% (Heelis; Kp < 2). Figure 1c shows the ratios of Joule heating rates in TIE‐GCM 3.0 and 2.0 runs,
both with 2.5° grid resolution. There is no clear trend of whether the different versions result in generally
increased/decreased Joule heating rates. It stands out, though, that the model runs driven with the assimilative
AMIE technique show strong variations of Joule heating rates with the model version, ranging from +10% at
Kp < 2 to − 37% at Kp > 6. Note that all percentages are given for height‐integrated Joule heating rates.

To quantitatively assess the agreement of model and measurement‐derived Joule heating rates, we calculate ϵN
from Equation 2 for each of the model runs #1–#11 from Table 1. Figure 2 shows ϵN (a) if the default f = 1.5
Joule heating scaling is applied and (b) if an adjusted scaling factor is applied. It can be seen in Figure 2a that
despite the normalization, ϵN is larger for high geomagnetic activity. ϵN is lowest for moderate geomagnetic
activity for which the f = 1.5 scaling has been determined in Codrescu et al. (1995).

For f = 1.5, AMIE‐driven TIE‐GCM runs show the best agreement of Joule heating rates with our EISCAT
calculations. Notably, the 1.25° resolution run (#8) has the lowest ϵN for moderate and high geomagnetic activity,
while the version 3.0/2.5° resolution run (#7) agrees better at Kp < 2. It can be seen in Figure 2a that, at low and
high geomagnetic activity, the agreement of AMIE‐driven runs with EISCAT is improved for model version 3.0.
Averaged over all three Kp bins, the agreement with the EISCAT‐derived Joule heating rates is 45% higher. When
comparing empirical and data‐assimilated geomagnetic forcing, we find that ϵN is decreased by 8%, 28%, and 54%
for low, moderate, and high geomagnetic activity.

ϵN for the adjusted scaling factor Joule scaling rates in Figure 2b can be seen as a measure of how well the model
reproduces the shape of the profile (see Section 3.2). It can be seen that AMGeO‐driven TIE‐GCM runs agree best
with the EISCAT‐derived profiles for Kp < 2 and Kp > 6. This suggests that AMIE‐driven runs reproduce the
overall magnitude of Joule heating best, while AMGeO‐driven runs reproduce the shape of the profiles at low and
high geomagnetic activity best.
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Figure 1. (a) Joule heating rate profiles for Thermosphere Ionosphere Electrodynamics General Circulation Model (TIE‐
GCM) 3.0 runswith 1.25° grid resolution. The profiles are binned by geomagnetic activity, and themedian profile is shown for
each bin. The EISCAT profile is calculated separately for each model run, and the mean EISCAT profile is shown. Ratio of
Joule heating rates in (b) 1.25° and 2.5° grid resolution runs and (c) TIE‐GCM3.0 and 2.0 runs (bothwith 2.5° grid resolution).
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From Equation 1, it can be seen that two EISCAT measurements, the electron density Ne and the ion velocity v⃗i

from which the electric field E⃗ is calculated, affect the Joule heating rate. Since both these quantities are affected
by the geomagnetic forcing at high latitudes, we need to distinguish their contributions to ϵN .

Figure 3 shows the ratios of (a) model‐to‐EISCAT electron density and (b) the E⃗ + u⃗ × B⃗‐term (see Equation 1)
calculated from the model and the EISCAT measurements. It is apparent in Figure 3a that all model runs un-
derestimate the electron density below 100 km altitude and overestimate it above. At moderate and high
geomagnetic activity, this overestimation is stronger for Heelis‐ and Weimer‐driven runs. This explains the
overestimation of Joule heating rates for these runs at moderate and for Heelis‐driven runs at high geomagnetic
activity. The fact that Weimer‐driven runs underestimate the Joule heating rate at Kp > 6 is caused by the un-
derestimation of the E⃗ + u⃗ × B⃗‐term (Figure 3b, right panel). The E⃗ + u⃗ × B⃗‐ratio is mainly determined by
the electric fields, while the variability with altitude is due to changing neutral wind directions. Figure 3 dem-
onstrates that the lower ϵN for AMIE‐ and AMGeO‐driven runs is mainly due to a better agreement of model and
EISCAT electron density. AMGeO‐driven runs show the least altitudinal variation of both Ne and E⃗ + u⃗ × B⃗
ratio. Therefore, adjusting the constant scaling factor can overcome most deviations of the model and
measurement‐derived profile. This explains why the AMGeO‐driven runs show a lower ϵN for an adjusted scaling
factor f .

3.2. Model Time Step and Profile Shape

It can be seen in Table 1 that the model time steps Δt for runs #1–#11 (September 2005) were varied from the
default setting Δt = 30 s down to Δt = 5 s. This is necessary since the model can be numerically unstable under
storm conditions for the default time step. To keep the modeling procedure efficient, the internal time steps were
set to the default value whenever feasible and only decreased when necessary. However, this is only justified if the
different internal model time steps do not affect the Joule heating rates.

We performed separate model runs for the EISCAT campaign from 14 to 25 September 2009, which was con-
ducted under generally low geomagnetic activity Kp ≤ 3+ and therefore allowed us to run a larger range of in-
ternal time steps without reaching numerical instability. In these runs, the model time steps were kept constant,
and we tested two time steps for the grid resolution 1.25° × 1.25° (Δt1 = 10 s; Δt2 = 5 s) and 2.5° × 2.5°
(Δt1 = 30 s; Δt2 = 1 s). Since no AMIE or AMGeO outputs were available for this time, this analysis is
restricted to Heelis and Weimer convection forcing. The results are assumed to be representative.

Figure 4a shows a scatter plot of the model Joule heating rates for Δt1 and Δt2. It can be seen that the Joule heating
rates are highly correlated, suggesting that as long as the model does not evolve numerical instability, the Joule
heating results converge for any reasonable model time step. The procedure applied for model runs #1–#11 of
increasing and decreasing the internal model time steps to maximize the efficiency of the modeling process is
therefore justified and does not affect the results.

Figure 4b shows a scatter plot of height‐integrated Joule heating rates QJ in all model runs #1–#11 over the
corresponding EISCAT‐derivedQJ . The correlation varies between the different runs, reaching as low as R = 0.2
for Weimer‐driven run #6 and up to R = 0.5 for AMIE‐driven run #7. This shows that even for the improved
Joule heating representation in AMIE‐driven runs, the correlation with measurements remains moderate.

Figure 4 compares the Joule heating rate profiles at Kp > 6 for (c) AMIE‐ and (d) AMGeO‐driven model runs. It
can be seen that for the default f = 1.5, the AMIE‐driven model profile agrees better with the EISCAT‐derived
profile, even though the Joule heating rate at the peak altitude of 120 km is overestimated. If an adjusted scaling
factor f = 1.2 is applied, the Joule heating rate is underestimated above 130 km altitude. The AMGeO‐driven run
underestimates the Joule heating rate at all altitudes. However, applying f = 2.5, the model and EISCAT‐derived
profiles agree better compared to the AMIE‐driven run.

4. Discussion and Conclusions
Since the presented study is limited to two EISCAT campaigns, conclusions have to be drawn carefully. Our main
conclusions are:
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Figure 2. NRMSD of the modeled and EISCAT‐derived Joule heating rate profiles for (a) the default scaling factor f = 1.5
and (b) separately adjusted scaling factors for each model run.

Figure 3. Model‐to‐EISCAT ratios of (a) electron density and (b) the dynamo electric field E⃗ + u⃗ × B⃗ for 1.25° resolution
runs.
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1. The high‐latitude Joule heating in TIE‐GCM agrees better with EISCAT measurements if the data‐assimilated
convection models AMIE and AMGeO are applied (compared to the empirical models Heelis and Weimer).
For high geomagnetic activity, ϵN is decreased by more than 50%.

2. AMGeO‐driven runs reproduce the shape of the vertical Joule heating rate profile notably well.
3. The increased grid resolution (from 2.5° to 1.25°) results in generally higher height‐integrated Joule heating
rates by 20% on average.

4. The new TIE‐GCM version 3.0 improves the agreement of Joule heating rates in AMIE‐driven runs and
EISCAT measurements by about 45%. However, there is no general trend when comparing all convection
models.

5. The internal model time step does not affect the Joule heating rates and hence can be adjusted to make the
modeling process more efficient.

The better agreement of model and measurement parameters for data‐assimilated geomagnetic forcing agrees
well with previous studies investigating AMIE‐ (e.g., Davidson et al., 2025; Lu et al., 1998, 2001) and AMGeO‐
driven (e.g., Hsu & Pedatella, 2023; Hsu et al., 2021) TIE‐GCM runs. However, these studies have mostly been

Figure 4. (a) Scatter plot of Joule heating rates for model runs with different internal time steps. (b) Scatter plot of height‐
integrated Joule heating rates calculated from EISCAT measurements and Thermosphere Ionosphere Electrodynamics
General Circulation Model runs #1–#11. The Joule heating rate profiles for Kp > 6 for (c) AMIE‐ and (d) AMGeO‐driven
runs with the default f = 1.5 and adjusted scaling factors.

Geophysical Research Letters 10.1029/2025GL117647
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restricted to single events, mainly under storm conditions. A systematic evaluation of modeled Joule heating rates
for multiple convection models and the entire range of geomagnetic activity levels was so far missing. The impact
of model resolution on the Joule heating rates is similar to the effect of short‐term variability discussed in
Codrescu et al. (1995). The increased Joule heating rates for higher grid resolution might be caused by the
smaller‐scale variability of electron density (and therefore Pedersen conductivity) and electric fields. The general
underestimation of Joule heating rates reported in previous studies (Baloukidis et al., 2023; Codrescu et al., 1995;
Günzkofer et al., 2024) is partially mitigated by the improved spatial resolution in TIE‐GCM 3.0. The most likely
cause for the differences between model versions is the updated thermal electron heating rate in TIE‐GCM 3.0
(Wu et al., 2025). When the scaling factor was adjusted, AMGeO‐driven runs exhibited a better agreement than
AMIE‐driven runs for low and high geomagnetic activity. This indicates that AMGeO‐driven runs reproduce the
shape of the Joule heating rate profile better. We could identify that the overestimation of Joule heating rates by
Heelis‐driven runs atKp > 6 is caused by the electron density while the underestimation byWeimer‐driven runs is
caused by the E⃗ + u⃗ × B⃗‐term. Therefore, when investigating storm conditions, assimilative convection models
should be applied.

Future research on high‐latitude Joule heating should aim for an extended investigation of TIE‐GCM runs driven
with data‐assimilated convection models. While we limited the analysis to two EISCAT campaigns in this initial
study, extending the investigated measurements is possible by either limiting the number of model runs (and
therefore settings) or dedicating a larger amount of resources. Another important point is the extension of the
measurement capabilities. The Poker Flat Incoherent Scatter Radar (PFISR) is located at about the same
geomagnetic latitude as the EISCAT Tromsø radar and on the opposite side of the polar region. Should the
adjusted scaling for EISCAT and PFISR be comparable, adjusting the global scaling factor as suggested by
Günzkofer et al. (2024) might be applicable for single geomagnetic latitudes. However, due to the small‐scale
variability of electric fields as demonstrated by Codrescu et al. (2000), global scaling of Joule heating rates
might be generally limited in accuracy. The phased‐array radar PFISR would allow for some horizontal coverage
and thereby investigate this short‐scale variability. Similar investigations will be possible for the European sector
with the upcoming EISCAT_3D system (McCrea et al., 2015).
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