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Intense currents produced during geomagnetic storms dissipate energy in the ionosphere through Joule heating. This dissipation has significant space weather effects, and thus it is important to determine the ability of physics-based simulations to replicate real events quantitatively. Several empirical models estimate Joule heating based on ionospheric currents using the AE index. In this study, we select 11 magnetic storm simulations from the CCMC database and compare the integrated Joule heating in the simulations with the results of empirical models. We also use the SWMF global magnetohydrodynamic simulations for 12 storms to reproduce the correlation between the simulated AE index and simulated Joule heating. We find that the scale factors in the empirical models are half what is predicted by the SWMF simulations.
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1 INTRODUCTION
Dayside merging and nightside reconnection produce plasma flow in the ionosphere, which can be intense and steady during a geomagnetic storm. The flow means that there is an electric field in Earth’s reference frame, and this electric field drives auroral electrojet currents that close the Birkeland currents driven by reconnection. This current dissipates energy in the ionosphere through frictional heating, which is generally referred to as Joule heating, although actual electromagnetic Joule heating should be calculated in the plasma frame (Vasyliūnas and Song, 2005). The energy dissipated through the Joule heating process is the second most important energy sink after the ring current (Akasofu, 1981) or even sometimes the most important (Harel et al., 1981; Lu et al., 1998). Thermospheric responses to Joule heating during magnetic storms can be quite significant (Deng et al., 2018). The ionospheric Joule dissipation heats the ionosphere and thermosphere so they can expand upward. These upward expansions can produce increased ionospheric ion outflow and satellite drag. The effect of satellite drag and the changes in the drag produced by space weather is an important effect that needs to be quantified (Doornbos and Klinkrad, 2006). Thus it is essential to understand how well the Joule heating produced by physics-based global simulations of magnetic storms compares to empirical estimates based on observations if such physics-based simulations are to be used for space weather prediction.
Studies often use empirical models of electric fields and conductivities to estimate Joule heating. These models typically do not represent the variability of electric fields, currents, and conductivities about the average. The contribution of electric-field variance to total Joule heating and its thermosphere/ionosphere effects can be substantial (Richmond, 2021). Therefore, to understand the energy transfer during geomagnetic storms and the coupling mechanism between the solar wind and the thermosphere-ionosphere-magnetosphere system, it is necessary to estimate the Joule heating rate accurately (Richmond and Lu, 2000).
Dissipation of energy through Joule heating is due to the current parallel to the electric field [image: image]. Hence the height-integrated Joule heating can be expressed as a function of Pedersen conductivity in the reference frame of the neutrals,
[image: image]
where σP is the Pedersen conductivity, U is the neutral winds, and B is the magnetic field. Calculating the Joule heating rate requires Pedersen conductivity and electric field measurements over the entire polar region. However, there is still a challenge to monitor these quantities continuously over the entire high-latitude region. Ionospheric electric fields and conductivities could be directly measured locally by using rocket-borne instrumentation or more widely with incoherent scatter radar. Therefore several empirical models have been developed using geomagnetic indices such as Kp, AE, or AL to estimate the first approximation measure of the global Joule heating rates (Ahn et al., 1983; Foster et al., 1983; Baumjohann and Kamide, 1984). For example, Baumjohann and Kamide (1984) assumed that the height-integrated ionospheric conductivity simulates substorm activity in the AE index (Spiro et al., 1982; Zhou et al., 2011). However, these empirical models usually use small data sets and are based on assumptions that may not always be valid. For instance, Baumjohann and Kamide (1984) used the inversion method discussed by (Kamide et al., 1981), however, that technique may not always yield the best results and reflect the actual ionospheric electric fields and currents, a fact that was noted by the authors themselves. The empirical model of Weimer (2005) also solves for the ionospheric potential but uses a much larger database for its solution. However, for the purposes of this paper, we will use simple AE-based empirical formulations. This will allow us to determine if the global simulated Joule heating is related to the simulated AE in a manner similar to the empirical relationship between the Joule heating calculated from observation and the observed AE.
To estimate the energy dissipated through the Joule heating process, one can use global Magneto-Hydro-Dynamic (MHD) simulations. Such models have been used for many years to simulate storms and substorms and investigate the transfer of energy in the geospace system (e.g., Lopez et al., 1998; 2011). Palmroth et al. (2004) used the global MHD simulation code GUMICS-4 and found that the temporal variation of the Joule heating during substorms is well correlated with a commonly used AE-based empirical model, whereas, during the storm period, the simulated Joule heating was different from the empirical model. Following that study, in this paper, we use the Space Weather Modeling Framework (SWMF) MHD simulation for 12 storm events that had already been simulated with the results available at the Community Coordinated Modeling Center (CCMC) to compare the Joule heating resulting from simulations with empirical models. The SWMF simulation combines numerical models of the Inner Heliosphere, Solar Energetic Particles, Global Magnetosphere, Inner Magnetosphere, Radiation Belt, Ionosphere, and Upper Atmosphere into a parallel, high-performance model (Tóth et al., 2005). Two versions of the SWMF model are used on CCMC. All simulations selected in this paper are the version of v20180525.
2 CORRELATIONS BETWEEN SWMF SIMULATIONS AND OBSERVATIONS, USING THE SME INDEX
In this section, we compare three empirical models of Joule heating with the output of SMWF simulation. We select 11 magnetic storms with Dst* ≤ −50 nT for the period between 2010 and 2020 from the storm sample provided in (Bagheri and Lopez, 2022). The information on the SWMF simulations of these storms at the CCMC is listed in Table 1 (for more information, see Supplementary Appendix A). We calculate the Joule heating using three empirical formulas that relate the Joule heating to the AE index:
• Model 1: UJH (GW) = 0.32AE (Baumjohann and Kamide, 1984),
• Model 2: UJH (GW) = 0.28AE + 0.9 (Østgaard et al., 2002a; b),
• Model 3: UJH (GW) = 0.23AE (Kalafatoglu Eyiguler et al., 2018).
TABLE 1 | Information on SWMF simulations on CCMC used to compare the simulated Joule heating and three empirical models. All selected simulations are real storm events and the version of v20180525.
[image: Table 1]The AE index (Nose et al., 2015) is produced at a 1-min cadence using data from up to 12 magnetometer stations at latitudes that correspond to the average location of the auroral oval. SuperMAG now produces SME, an equivalent to AE, at a 1-min cadence (Gjerloev, 2012). SME is the difference between upper (SMU) and lower (SML) indices. SMU and SML are based on the H-component measured at stations in the latitudes of the auroral oval, with baseline removal carried out. The difference between AE and SME is the number of stations used in their derivation. While AE uses (at maximum) 12 stations, the number of stations used to derive SME is roughly an order of magnitude larger and the stations cover a broader range of latitude. Using the 1-min SME data from SuperMag in Eq. 2 instead of AE, we can better estimate the energy dissipated through Joule heating for each storm since the SME index has better coverage than AE, particularly at lower latitudes where intense electrojets can be found during magnetic storms because of the expanded polar cap. Furthermore, we use data from Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) to measure the strength of Birkeland (Field-Aligned Currents (FACs)) current during each storm. AMPERE produces global maps of the Birkeland current using magnetometer data from over 70 satellites in the Iridium network with a cadence of 2 min (Anderson et al., 2000).
We compare the solar wind input for the simulations to the 1-min OMNI data provided by CDAWeb for each event. We only use the simulations whose inputs are in perfect agreement with OMNI data. Figure 1 illustrates two examples of storms where the solar wind data from OMNI is the same as the simulation input. This is not the case for some storms in the CCMC database, and there can be a substantial difference between the input for the simulations and the actual OMNI data during the event.
[image: Figure 1]FIGURE 1 | Left: the solar wind data from OMNI and SWMF input for the magnetic storm on 6 August 2011. The simulation input and OMNI data are highly correlated with a correlation coefficient of 0.99 with a lagtime of 4 min. Right: the solar wind data from OMNI and SWMF input for the magnetic storm on 14 November 2012. The simulation input and OMNI data are highly correlated with a correlation coefficient of 0.99 with a lagtime of 6 min.
We find that good agreement of the simulation input with the OMNI data does not necessarily result in a good correlation between empirical and SWMF Joule heating. For instance, although in both cases shown in Figure 1, the inputs of SWMF simulations of the storms are consistent with the OMNI data, in the first event (6 August 2011), the resulting Joule heating is highly correlated with all the three empirical models, whereas in the second event (14 November 2012) they are not (Figure 2). The lagtime between OMNI data and SWMF inputs in Figures 1, 2 is because OMNI data report the value of the solar wind parameters as they projected at the Bow shock region, while SMWF input data are projected at 32 RE.
[image: Figure 2]FIGURE 2 | The correlation coefficient of Joule heating resulted from three empirical models and SWMF simulations as a function of lagtime during the main phase of left: the storm happened on 6 August 2011, and, right: the storm happened on 14 November 2012.
We calculate the Pearson correlation coefficient between each empirical model of Joule heating and SWMF-simulated Joule heating for all storms. Moreover, since each storm has a different duration (i.e., different sample size), we calculated the standard error for Pearson correlation using Fisher’s r-to-z transformation method, which results in asymmetrical confidence intervals. Furthermore, for each storm, we find the best linear fit of the simulated Joule heating as a function of Joule heating from empirical models. We summarize our results in Table 2. All three empirical models have the same Pearson correlation coefficient up to 5 decimal digits. However, Model 2: UJH (GW) = 0.28AE + 0.9 [(Østgaard et al., 2002a; b)] has the greatest slopes in all events, and thus it fits better to the simulations.
TABLE 2 | Correlation coefficients between the simulated Joule heating and Joule heating from empirical models. All three empirical models have the same correlation coefficient of up to 5 decimals. Moreover, the slopes of the best linear fits of the simulated Joule heating as a function of Joule heating from empirical models are reported in columns 3–5.
[image: Table 2]Additionally, we investigate the Pearson correlation between the AMPERE Birkeland current and the Birkeland current in the simulations. Similar to the previous Joule heating calculations, we calculated the standard error for Pearson correlation using Fisher’s r-to-z transformation method. We also find the best linear fits of simulated and the AMPERE Birkeland currents. As represented in Table 3, SWMF simulations predict a smaller amount of Birkeland currents for all events in this study, approximately by a factor of 1/3 for the events with c. c ≥ 0.8.
TABLE 3 | Correlation coefficients and the slopes of best linear fits of the simulated FAC and AMPERE data.
[image: Table 3]As represented in Figure 3 we find that the correlation coefficient between Joule heatings (simulated and empirical) increases as the correlation coefficient of Birkeland currents (simulated and observed by AMPERE) increases. This result corroborates results in (Robinson et al., 2021). They showed the SME index could be accurately deduced from AMPERE data with a correlation coefficient of 0.84. In other words, if SWMF simulation predicts the Birkeland currents correctly, then the Joule heating would be simulated consistently with observations. This is not surprising for two reasons. First, in the simulation results, agreeing with the observed Birkeland current intensity, one can have confidence that the simulation accurately represented the solar wind-magnetosphere interaction and that other simulation features would also bear a reasonable resemblance to reality. Moreover, since the auroral electrojets are the ionospheric closure currents for the Birkeland currents (as represented by the correlation between the simulated SME and simulated Birkeland current), getting the Birkeland currents right will mean that the SME will also be (more or less) correct, at least in terms of the variations if not the absolute magnitude. This result can be used to identify periods when the real-time SMWF simulation of Joule heating is accurate during the geomagnetic storms by calculating a running correlation between the SWMF results and Birkeland current observations.
[image: Figure 3]FIGURE 3 | Pearson correlation coefficient between the empirical and simulated Joule heating as a function of the correlation coefficient between the empirical and simulated Birkeland currents for the storms in our sample. All the standard errors for Pearson correlation were calculated by using Fisher’s r-to-z transformation method.
3 CORRELATIONS BETWEEN AE AND JOULE HEATING USING SWMF SIMULATIONS
To investigate the relationship between Joule heating and the AE index, we use the simulations of 12 magnetic storms (Bagheri and Lopez, 2022) with Dst* ≤ −50 nT. Table 4 summarizes the information on these events. For each storm, we find the best linear fit between simulated Joule heating and the simulated AE index. All these linear fits are shown in Figure 4.
TABLE 4 | Information on the SWMF simulations on CCMC used to study the relationship between simulated JH and the AE index. All simulations are real event simulations. For more information see Supplementary Appendix A.
[image: Table 4][image: Figure 4]FIGURE 4 | Simulated Joule heating as a function of simulated AE index for the events in Table 4.
Taking the average of all the storms’ linear fits between the simulated Joule heating as a function of the simulated AE index, we can write
[image: image]
Comparing this result to empirical models, one can conclude that the SWMF model predicts a greater dependency on the AE index for the Joule heating than the empirical models considered in the paper.
4 CONCLUSION AND DISCUSSION
In this paper, we compare the empirical models of the Joule heating with the results of SWMF simulations for a set of storm events already simulated and available at the CCMC website. We find that the SWMF simulations predict a smaller amount of Joule heating compared to empirical estimates using the SME index. Moreover, we find that events with a good correlation between the simulated ionospheric current and the AMPERE currents show a higher correlation between the simulated Joule heating and the empirical model.
The SWMF simulation uses the Ridley conductance model (Ridley et al., 2004). This model has two major sources of ionospheric conductance: solar EUV conductance on the dayside and auroral precipitative conductance in the polar regions. Other sources of conductance, such as seasonal dependencies, are added as functions of the dominant sources of conductance, solar zenith angle, or scalar constants (Mukhopadhyay et al., 2020). This model produces broad regions of locally elevated conductance that are discontinuous between regions of strong FACs. On the other, the overall conductance can be lower because of unrealistically low values of particle precipitation (Wiltberger et al., 2012). Therefore, during extreme events, it leads to possible unrealistic values of global quantities such as cross polar cap potential or FACs (Mukhopadhyay et al., 2022; Anderson et al., 2017; Liemohn et al., 2018; Welling et al., 2018; , 2022). Consistent with these studies we find that SWMF simulations underpredict Birkeland currents for all storm events in this study.
To calculate Joule heating using empirical equations, we used the SME index instead of the AE index. The SME index used significantly more stations than the AE index, especially in lower latitudes. However, the Ridley model domain in the SWMF simulation is considerably limited, from the magnetic pole to the magnetic latitude of 60°C for all magnetic local times (MLTs). This could lead to inconsistency between the prediction of the SWMF simulations and empirical models for Joule heating.
Two storm cases in Section 2 (13–14 November 2012 and 26 September 2011) show low correlation between the SWMF simulated Joule heating and the empirical models. To see what physical parameters are involved in the correlation coefficients, we investigated the dependency of the correlation coefficients with the solar wind parameters such as velocity, Mach number, and IMF during the main phase of the storms. Our result showed that there is not any significant evidence that these parameters can affect the correlation between SWMF and empirical models. However, increasing the magnitude of the IMF (averaged over the main phase of the storms) decreases the correlation, so there is a weak dependency on the IMF magnitude (with R2 = 0.26). This result is consistent with the conclusion of (Welling et al., 2018), which shows that during intense events, the ionospheric model in the SWMF simulation (Ridley et al., 2004) does not predict the ionospheric conductance and indices accurately.
Furthermore, we investigate the relationship between the simulated Joule heating and the simulated AE index. We find that the scale factor between the AE index and the amount of Joule heating is about two times greater than in the empirical models. One possible reason for the inconsistency is that the SWMF model does not predict the AE index well (Haiducek et al., 2017; Kitamura et al., 2008). The SWMF Biot-Savart calculation of the ground magnetic perturbation due to ionospheric currents does not include magnetotelluric effects. Moreover, the simulation grid latitudinal resolution is 1°–2° (100 km–200 km), spreading out the currents compared to reality. These effects could easily result in a factor of 2 in the calculated ground perturbation compared to observations, even if the total simulated Joule heating and current in the ionosphere is actually similar to reality.
The inconsistency between simulation results and empirical models is not limited to the SWMF simulation. Wiltberger et al. (2012) examine the Coupled Magnetosphere Ionosphere Thermosphere (CMIT) model. In CMIT, the magnetosphere model is the Lyon–Fedder–Mobarry (LFM) global magnetospheric simulation (Lyon et al., 2004). They found a considerable disagreement between the simulation and observational data in predicting the Cross Polar Cap Potential (CPCP) strength, hemispheric power, and SYMH index. In their study, CPCP is highly overestimated due to the weak electron precipitation power seen in the hemispheric power, leading to a low overall ionospheric conductance (Wiltberger et al., 2012). In addition, Pirnaris et al. (2023) compared the evolution of the globally-integrated Joule heating rates between the two Global Circulation Models (GCM) of the Earth’s upper atmosphere (the Global Ionosphere/Thermosphere Model (GITM) and the Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM)) with the several empirical models during the storm of 17 March 2015. They found that all empirical models, on average, underestimate Joule heating rates compared to both GITM and TIE-GCM, whereas TIE-GCM calculates lower heating rates compared to GITM.
In conclusion, there are still discrepancies between empirical models and global MHD simulations in predicting/estimating Joule heating. In this paper, we demonstrate this gap in the understanding and parametrization of Joule heating during storm times. In February 2022, 40 Space-X satellites were lost due to the enhanced Joule heating during a storm (Dang et al., 2022). Therefore, a real-time prediction of Joule heating is essential for predicting the possible atmospheric drag of the satellites. Our result shows that one can use SWMF simulations for real-time prediction of Joule heating during geomagnetic storms if the SWMF result of Birkeland current is highly correlated with observations.
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