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Abstract

Context. The interplanetary magnetic field (IMF) is one of the important external drivers that controls the Martian-induced magnetosphere and ionosphere. Previous studies have shown that the ion escape process is highly influenced by both the direction and intensity of the IMF. The enhanced IMF may decrease the ion escape rate by inducing a stronger magnetosphere that protects the Martian ionosphere, but the mechanisms have not been investigated thoroughly. Further studies are needed to reveal the response of ionospheric heavy ions to IMF variation as well as the underlying physical mechanism.

Aims. This study aims to investigate the influence the IMF strength has on the Martian ionosphere. We adopted a multifluid magnetohydrodynamic model in this study, which can self-consistently simulate the interaction between solar wind and Mars. By comparing different cases, we analyzed the ionospheric structure on the dayside and near nightside as well as the ion transport process. We aim to obtain a deeper understanding of how the IMF intensity variation impacts the Martian ionosphere and the escape of planetary ions.

Methods. A three-dimensional multifluid MHD model was used to simulate the interaction between the upstream solar wind and Mars. Four major species in the Martian ionosphere, H+, O2+, O+, and CO2+, are considered in the model, with the chemical reactions and particle collisions included to calculate ion distribution and ion motions. We analyzed three cases where the IMF strength was set to 1 nT, 3 nT, and 5 nT.

Results. The enhancement of the IMF produces a stronger electromagnetic field in the Martian plasma environment. Both the electric field and magnetic field intensity increase, which provides a shielding effect to the Martian ionosphere, hindering the intrusion of solar wind particles. Thus, less planetary ions are produced by the chemical reactions between the solar wind and the Martian neutral particles, leading to shrinkage of the ionospheric upper boundary. As the IMF strength increases, both the day-to-night plasma transport and the ion outflow decreases. Thus, a more depleted nightside ionosphere is formed, and the tailward ion escape may be weakened, decreasing the global ion escape rate. Moreover, the strong crustal fields in the southern hemisphere enhance the electromagnetic field on the southern dayside, which withstand the penetration of solar wind plasma more effectively, resulting in asymmetry structures in the ionosphere.
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1 Introduction
It is widely believed that ~3.5 Gyr years ago ancient Mars possessed a denser atmosphere, and therefore, the early climate of Mars may have been warm and humid enough to sustain surface water and potentially able to host life (e.g., Jakosky et al. 2017; McKay & Stoker 1989; Wordsworth 2016). However, the atmosphere of Mars experienced a significant loss from then on, with the Martian atmospheric pressure decreasing from ~0.1 bar to ~6 mbar in the present (Jakosky & Phillips 2001). The nonthermal atmospheric escape process is one of the important pathways for Martian atmospheric loss since the end of the Noachian Period (e.g., Lammer et al. 2013; Shizgal & Arkos 1996). Therefore, investigating the influence of solar wind conditions, solar extreme ultraviolet (EUV), and crustal field on atmospheric escape is beneficial for picturing the outgassing history of the Martian atmosphere.
Unlike Earth or Jupiter, Mars does not possess a global intrinsic magnetic field. The solar wind interacts directly with the upper atmosphere of Mars to form the induced magnetosphere and magnetotail (e.g., Cui et al. 2020; Kallio et al. 2008; Matsunaga et al. 2017; Ramstad et al. 2020), and local crustal magnetic fields that are distributed mainly in the southern hemisphere have been reported (Acuña et al. 1998; Acuna et al. 1999). The existence of local crustal fields modifies the morphology of the magnetic field, thus playing an important role in controlling the plasma distribution on Mars. The crustal field can cause the formation of a mini-magnetosphere and uplift the magnetospheric pileup boundary (MPB) and bow shock (BS) (e.g. Breus et al. 2005; Edberg et al. 2008; Fan et al. 2023; Fang et al. 2017; Garnier et al. 2022; Harnett & Winglee 2003; Song et al. 2023b). Previous studies have shown that local crustal fields in the southern hemisphere hinder parallel ion transport while facilitating vertical ion transport, causing asymmetrical features in the dayside and near-nightside ionosphere (e.g., Girazian et al. 2017a; Li et al. 2022a,b; Song et al. 2023b).
The Martian ionosphere has been a subject of study since the first Martian mission (e.g., Chen et al. 1978; Gurnett et al. 2008; Vogt et al. 2015). The primary plasma source in the dayside ionosphere is the photoionization process. On the nightside, day-to-night plasma transport and electron precipitation dominate (Withers 2009; Zhang et al. 1990), forming a patchy and sporadic nightside ionosphere. The main peaks in the nightside ionosphere occur between 120 and 180 km, with the peak electron density approximately one to two orders of magnitude lower than the dayside peak density (e.g., Fowler et al. 2015; Girazian et al. 2017b; Lillis et al. 2009). The trans-terminator plasma transport, which is strongly dependent on the dayside ionospheric structure and the upstream solar wind conditions, functions as a main plasma source in the nightside with SZA<115° (Cao et al. 2019; Chaufray et al. 2014; Cui et al. 2015; Withers et al. 2012; Song et al. 2023b). The occurrence rate of the nightside ionosphere decreases with increasing SZA, indicating that the influence of plasma transport on the nightside ionosphere does not terminate until SZA = 125° (Němec et al. 2010). In the deep nightside ionosphere (SZA>115°), the electron precipitation controls the plasma source.
External drivers such as solar wind dynamic pressure, solar irradiation, and the interplanetary magnetic field (IMF) can profoundly influence the Martian ionosphere and ion escape (Edberg et al. 2009). The variation in the IMF is one of the important features of solar wind events. During interplanetary coronal mass ejection and co-rotating interaction region events, the IMF strength is significantly enhanced, and the IMF direction as well as the magnetic topology vary significantly, thus affecting the plasma transport process (e.g., Dong et al. 2015; Ma et al. 2017; Sakai et al. 2021; Xu et al. 2018, 2019). The upper ionosphere is strongly asymmetric in the direction of the upstream motional electric field −VS W × BI M F, which is highly influenced by the direction and intensity of the IMF (e.g., Dubinin et al. 2018, 2019). At higher values of the cross-flow component of the IMF, the dayside ionosphere shrinks, while in the E+ hemisphere (ZM S E>0) the ionosphere expands to a higher altitude than in the E− hemisphere (ZM S E<0). Fowler et al. (2022) observed a severely eroded dayside ionosphere in a case study with radial IMF, with both the altitudes of the upper ionosphere and the ionospheric densities significantly reduced compared to the average conditions. Diéval et al. (2014) also reported the impact of IMF direction on the nightside ionosphere, showing that very high nightside ionospheric peak densities are often associated with the westward IMF. Moreover, ion escape is also controlled by the direction and strength of the IMF. The Martian ion escape rate is much lower in the northward (parallel) IMF compared to the southward (antiparallel) IMF, with the escape rate increasing from ~5 × 1023 s−1 to ~3 × 1025 s−1 during the IMF rotation from parallel to the intrinsic magnetic field to antiparallel (Sakai et al. 2021, 2023). Using a hybrid simulation model, Zhang et al. (2023) studied the influence of the IMF intensity and direction on the heavy ion escape rate. Their simulation results show that the enhancement of the IMF can result in a stronger induced magnetosphere, which then leads to a decrease of the heavy ion escape rate, but the detailed mechanisms of these processes have not been analyzed thoroughly. In general, previous studies have focused mainly on the influence of IMF directions instead of IMF intensity. In addition, the response of the Martian ionosphere to the variation of the IMF strength has not been analyzed systematically, meaning the underlying mechanisms still need to be revealed.
In solar wind events, external drivers such as solar wind dynamic pressure, solar EUV, and IMF conditions all vary simultaneously. The mixed effects caused by multiple factors complicate the scenario, making it challenging to distinguish the influence of IMF strength on the Martian ionosphere. The in situ observational data are also limited by satellite orbits and the temporal sampling coverage. Thus, to investigate the Martian ionosphere response to the IMF intensity variation while revealing the physical mechanism, a study based on the global simulation model is necessary.
There are three main approaches to simulating the Solar System plasmas and the interactions with planets: the gas-dynamic model, the hybrid model, and the magnetohydrodynamic (MHD) model (Ledvina et al. 2017). In this study, a 3D multifluid MHD model is applied to simulate the interaction between solar wind and Mars, and in the model the mass, momentum, and energy equations are solved separately for each fluid component. In our previous studies, the impact of solar wind dynamic pressure, including individual variation of solar wind density and velocity, on the Martian ionosphere and magnetosphere was investigated, which validates the reliability of our model. As the IMF is also one of the important external drivers that controls the Martian plasma environment, we focus on the influence of IMF intensity on the Martian ionosphere. Three cases with ideal solar wind parameters are analyzed in this work. We first compare the nightside electron density profiles under different IMF intensities, and then the plasma transport and ion distribution at ionospheric altitudes (100–600 km) are analyzed, revealing the possible mechanisms in the changes of ionospheric structures. The rest of the paper is organized as follows: A detailed model description is presented in Section 2, simulation results are shown in Section 3, and Section 4 provides the conclusion of our study.
2 Model description
In this study, a 3D multifluid MHD model that has been utilized and validated in numerous previous researches is applied to simulate the Martian ionosphere and magnetosphere (e.g., Li et al. 2022a,b). Four major ion species in the Martian ionosphere are included: [image: equation], and [image: equation]. The ion species are self-consistently produced through ionospheric chemical reactions, including photoionization, charge exchange, and recombination reactions (Ma et al. 2004; Najib et al. 2011; Li et al. 2020). The ion transport processes are also considered in the model, increasing the accuracy of the dayside and near-nightside ionosphere simulation (Song et al. 2023b).
In this model, a one-dimensional neutral density profile derived from Bougher et al. (2000) is adopted so that the oxygen corona is incorporated. We chose three neutral species, CO2, O, and H, which are the main neutral components of the Martian atmosphere. The Chapman function instead of a simple cosine function of the solar zenith angle (SZA) was employed to calculate the optical depth effects, allowing for more accurate modeling of the Martian ionosphere, especially in simulation of the M2 layer. The multifluid MHD model solves the continuity, momentum, and energy equations independently for each ion species as well as a magnetic induction equation that includes the Hall term and thermal pressure gradient term. Inelastic collisions (charge exchange, recombination, and photoionization) and elastic collisions (ion-neutral and ion-ion collisions) were considered in the source term of the MHD equations. A detailed description of the MHD model can be found in Song et al. (2023a).
The simulation was conducted under the Mars-centered Solar Orbital (MSO) coordinate system, in which the X-axis points from Mars to the Sun, the Z-axis is parallel to the north celestial pole, and the Y-axis completes the right-handed coordinate system. The computational domain was set to −24 RM ≤ X ≤ 8 RM, −16 RM ≤ Y ≤ 16 RM, and −16 RM ≤ Z ≤ 16 RM, where RM represents the average radius of Mars (RM ≈ 3396 km). The simulation grid consists of 960 000 cells, with the minimum radial grid size set to 10 km at the inner boundary of 100 km above the Martian surface. In our model, only one H+ population is considered, and solar wind protons and planetary protons are not distinguished. Therefore, at the inner boundary, the density and velocity of H+ are assumed to be 0.3 of the solar wind density and zero, while the ion densities are assumed to be the photochemical equilibrium, based on the work of Dong et al. (2014). The simulation assumes a solar irradiance condition at solar maximum. The remnant crustal field is simulated by using the 110° spherical harmonic crustal field model developed by Gao et al. (2021), with the strongest crustal field located on the dayside.
According to the statistical solar wind parameters upstream of Mars (Liu et al. 2021), three simulation cases with varying IMF strength were studied, as detailed in Table 1. The solar wind velocity was aligned with the X-axis in the MSO coordinate system. The IMF direction was set at a 56° Parker spiral angle in the X − Y plane; as an example, the IMF vector for Case 2 is (−1.68, 2.49, 0) nT in the MSO coordinate system.
Table 1 
Upstream solar wind condition settings of simulation cases.

3 Simulation results
We initially investigated the ion density distributions of the dayside and near-nightside ionosphere for different IMF conditions. The mean electron density (ne) profiles at ionospheric altitudes are depicted in Figure 1. Here, we present data with SZA ranges from 80° to 120°, for the day-to-night plasma transport dominates the plasma source in the near-nightside ionosphere (SZA<115°). At higher solar zenith angles, the nightside ionosphere is mainly produced by electron precipitation (Cui et al. 2015; Qin et al. 2022; Withers et al. 2012), which is not included in our model.
As shown in Figure 1, the electron density peaks are located between 150 and 200 km in the terminator and near-nightside regions, with the peak values decreasing with increasing SZA, which coincides with previous observational studies (Fowler et al. 2015; Girazian et al. 2017b; Qin et al. 2022). For the |IMF| = 3 nT case, which is taken as the normal condition case, the peak density decreases from 104.5 e−/cm3 in the SZA range of 80°–90° to 103.2 e−/cm3 in the SZA range of 110°–120°. The electron density displays a clear decrease with increasing IMF intensity. Near the terminator with the SZA range of 80°–100°, the expansion of electron density profiles only appears at the upper ionosphere, where the altitude is larger than 400 km. For the near-nightside region with the SZA range of 100°–120°, the inflation of density profiles occurs at all altitudes above 110 km. It is apparent that from the terminator to the near-nightside ionosphere, the response of electron density to IMF variation becomes more significant. In the SZA region of 110°–120°, the peak electron density depletes from 103.5 to 103 e−/cm3 as the IMF strength increases from 1 to 5 nT, while in the SZA region of 80°–90°, the peak density is almost the same for all three cases. Therefore, it is reasonable to deduce that the day-to-night plasma transport process is considerably influenced by changes in IMF strength since the near-nightside ionosphere is controlled by plasma transport. The discrepancy in electron density between the northern and southern hemispheres occurs mainly above 300 km. In the SZA range of 80°–90°, the electron density in the upper ionosphere is larger in the southern hemisphere compared to the northern one, while in the SZA range of 100°–120°, the near-nightside ionosphere is denser in the north. This north-south asymmetry could be explained by the hindering effect of the strong crustal field in the southern hemisphere on the horizontal plasma transport process.
Figure 2 shows the mean electron density distribution and the upper ionospheric boundary for different IMF intensity conditions. The data set has been divided into the northern hemisphere and the southern hemisphere, illustrating both the influence of IMF strength and the crustal magnetic field. The plots correspond to the SZA range of 0°–120° with a bin-size of 5° and to the altitude range of 120–600 km with a bin-size of 20 km. The ionospheric upper boundary, which is defined by the isoelectron density lines for ne = 100 cm−3, is marked by white lines to indicate how far the ionosphere extends (Ma et al. 2014). We note that the ionospheric upper boundary presented here is not the ionopause, which is usually identified by a sudden drop in electron density with increasing altitude in the Martian ionosphere or by the pressure balance criteria (Sánchez-Cano et al. 2020). Since the Martian ionosphere is sporadic and was not continuously observed, especially on the nightside (Duru et al. 2009, 2020; Vogt et al. 2015), we chose the artificially defined upper boundary instead of the ionopause to demonstrate the expansion and shrinkage of the ionosphere.
As shown in Figures 2a,b, in the Martian dayside, the ionospheric upper boundary is clearly uplifted in the southern hemisphere compared to the northern one, which is consistent with previous observational studies (e.g., Andrews et al. 2023; Chu et al. 2019; Dubinin et al. 2019; Flynn et al. 2017; Withers 2009). While in the near nightside, confirming the result in Figure 1, the upper boundary in the southern hemisphere is slightly lower than that in the north, but the difference is not significant.
In panels c and d, the upper boundary of the dayside ionosphere is located at an altitude range of 400–500 km in the northern hemisphere, while in the southern hemisphere, the upper boundary appears at a 450–550 km range. The simulated upper boundary coincides well with the observed altitude where ne = 100 cm−3 (Morgan et al. 2008), confirming the validation of our model. With increasing |IMF|, the ionospheric upper boundary appears to shrink in both hemispheres. The plasma transport process only changes the distribution of ions and electrons, and it does not generate new plasma particles on a global scale. Therefore, the shrinkage of the ionosphere in the SZA range of 0°–120° is caused by the difference in the ion production process or ion escape process. In the nightside region, the shrinkage of the ionosphere is also partly caused by the difference in the transterminator plasma transport since plasma transport functions as the main supplement of the near-nightside ionosphere.
To illustrate the mechanism of the response of the ionosphere to the IMF intensity variation, we investigated the influence of the IMF on plasma transport. Figure 3 exhibits the mean ion velocity and the mean ion flux of [image: equation] along the X direction on the terminator plane. For all three cases, the mean [image: equation] velocity VX is higher in the northern hemisphere, confirming that the strong crustal field in the southern hemisphere hinders the day-to-night plasma transport for both normal and high IMF conditions. The mean trans-terminator ion flux is higher in the northern hemisphere for Case 2 and Case 3. However, for Case 1, the ion flux above 400 km is higher in the southern hemisphere, whereas at lower altitudes, the ion flux is higher in the north. This discrepancy may be caused by the lower ion density in the terminator region of the northern hemisphere, as shown in Figure 1. In general, it can be concluded that the day-to-night plasma transport is hindered by the crustal field in the southern hemisphere.
In both hemispheres, the mean [image: equation] velocity (VX) and the [image: equation] flux along the X direction decrease with increasing |IMF|, proving that the trans-terminator plasma transport decreases with increasing IMF intensity. Therefore, the ion density in the near-nightside ionosphere decreases, causing shrinkage of the ionospheric upper boundary.
The “1/e profile” of the heavy ion and electron density are presented in Figure 4, depicting the depletion of the nightside ionosphere. Here we define the 1/e profile following the study of Cao et al. (2019): The 1/e edge is where the value of the ion/electron density declines to 1/e of that at SZA = 90°, with e being the base of natural logarithms. It should also be noted that the 1/e edge in Figure 4 as well as the isoelectron density in Figure 2 were both obtained by using the interpolation method.
In Figure 4, the 1/e profiles under three different IMF intensities as well as those of the northern and southern hemispheres are compared. The figure presents the influence of the IMF strength and crustal field on ion depletion in the nightside ionosphere.
Similar to the observational study of Cao et al. (2019), below 250 km, the 1/e edge of [image: equation] and [image: equation] mainly locate in the SZA range of 95°–105°. Comparing to [image: equation] and [image: equation], the 1/e edge of O+ extends to a larger SZA range, implying that the decline of the O+ density is weaker as compared to other heavy ion species. This phenomenon could be caused by the difference in the ion speed since the ion mass of O+ is much lower than the ion mass of [image: equation] and [image: equation]. In addition, the relatively lower chemical loss reaction rate of O+ in our model may also contribute to this discrepancy, but the main influence should be the differences in the ion transport process.
When comparing the 1/e edge of the northern and southern hemispheres, it is evident that the nightside ionosphere in the north extendeds further into darkness, confirming the results of Cao et al. (2019). In our model, the crustal field is fixed and does not rotate with time, and the strongest crustal field is located on the southern dayside. Thus, the north-south asymmetry of the 1/e edge should mainly be caused by the difference in the day-to-night ion transport instead of the protection effect of the nightside crustal field on the nightside ionosphere. With the enhancement of the IMF, the 1/e edge in both hemispheres contracts into a lower SZA range, coinciding with the shrinkage of the nightside ionospheric upper boundary shown in Figure 2 as well as the decrease of the trans-terminator plasma transport exhibited in Figure 3. Therefore, increasing the IMF intensity can restrict ion transport from the dayside ionosphere to the nightside, resulting in a weaker nightside ionosphere. In addition, strong remnant magnetic fields in the Martian dayside also reduce the plasma source of the nightside ionosphere by impeding the ion transport.
To investigate the impact of IMF strength on the ion transport process more specifically, we analyzed the contour plots of horizontal ion speed, ion density, and vertical ion flux at different isosurfaces of altitude. Figure 5 shows the horizontal velocity for [image: equation] in the 350 km altitude plane. On the dayside and near the terminator, the horizontal ion speed in the northern hemisphere is significantly higher compared to the southern one, confirming the hindering effect of the crustal field on ion transport. The velocity pattern in the southern hemisphere is also less regular compared to the north, probably due to the deflected plasma flow caused by the strong crustal fields, as reported in previous studies (e.g., Li et al. 2022b; Song et al. 2023b).
The horizontal flow speed does not show any apparent differences in the northern dayside for the different IMF strengths. Nevertheless, in the southern dayside, the horizontal ion velocity near the strong crustal field is significantly enhanced with the increasing IMF strength. Such a variation could probably be caused by changes in the magnetic field topology, as the magnetic field topology is highly dependent on the upstream IMF condition (e.g., Weber et al. 2020; Xu et al. 2020). Changes in the occurrence rate for open, closed, and draped fields can then affect the horizontal and vertical plasma transport in the Martian ionosphere. As the IMF enhances, the horizontal ion velocity near the terminator experiences a pronounced decrease, which proves that the trans-terminator plasma transport is weaker, as shown in previous analysis.
Since the heavy ions in the Martian nightside and magnetotail regions are mainly ions transporting from the dayside ionosphere, the decrease in day-to-night plasma transport with enhancing IMF may cause a lower planetary ion escape in the magnetotail. To illustrate the heavy ion escape flux on a global scale, Figure 6 exhibits the vertical flux and ion density of [image: equation] at ionospheric altitude. Here we chose iso-altitude planes of 300, 350, 400, 450, and 500 km to analyze the response of the vertical ion flow to IMF intensity since the difference in ion velocity and density is more prominent in the upper ionosphere.
Figures 6a–6c present the distribution of vertical [image: equation] flux with respect to geographical longitude and latitude. At 300 km, the ion flow is mainly inward (downward) at the dayside and near the terminator, which is consistent with the radial ion velocity and ion fluxes provided by Dubinin et al. (2020) and Li et al. (2022b), who suggested that the radial velocity of oxygen ions is mainly inward below 400 km. Near the strong crustal fields, an outflow (upward) region forms. At higher altitudes (above 400 km), the outward flow dominates, with a relatively strong outflow channel shown in the southern strong remnant field region.
By comparing three simulation cases, it is apparent that the increase in the IMF strength results in a lower outward flux and a higher inward flux on a global scale. Therefore, the enhanced IMF can weaken the ion escape process globally, leading to a lower escape rate for planetary ions. For the same solar wind velocity, a stronger IMF denotes a larger solar wind motional electric field, which in turn leads to a stronger induced magnetosphere (e.g., Chang et al. 2020; Wang et al. 2021; Zhang et al. 2024). In this way, the shielding effect of the induced magnetosphere to the Martian ionosphere is enhanced, reducing the ion escape flux. Moreover, the stronger downward ion flow under high IMF strength drives the heavy ions toward the ground, leading to the compressed ionospheric upper boundary presented in Figure 2.
However, in the strong crustal field region, the outward flow increases with the increase of IMF strength, indicating that the enhancing IMF can facilitate ion outflow locally near the strong crustal field. This promotion effect may be caused by the enhanced reconnection between local crustal fields and the IMF.
Figures 6d–6f depict the [image: equation] number density on a log scale. At 300 km, the ion density does not show a prominent north-south asymmetry, similar to the results shown in Figure 1. At higher altitudes (above 350 km), the ion density is higher in the southern hemisphere, especially in the strong crustal field region. The [image: equation] density in the southern crustal field region is approximately an order of magnitude higher than that in the northern dayside. Since our model adopts the 1D spherical neutral profiles as initial input, the north-south asymmetry presented here is mainly caused by the remnant fields, and the asymmetric distribution of neutral components is not included. Strong remnant fields effectively shield the ionospheric ions from depletion, with the closed field topology hindering the horizontal transport of ions (Song et al. 2023b). Therefore, the ion density is higher near the strong field region, uplifting the local ionospheric upper boundary.
As the IMF strength increases, the ion density above 350 km decreases, while at 300 km the discrepancy between the three cases is not prominent. The ion density in the strong crustal field region does not change much with the variation in the IMF, indicating that the increase of outflow flux is mainly caused by the increase of ion velocity rather than ion density. In the northern hemisphere and near the terminator region, the ion density clearly decreases with increasing IMF strength, similar to the trends shown in the panels of vertical flux. Therefore, globally, the decrease of outward ion flux with the enhancing IMF causes the decrease in ion density in the upper ionosphere, while in the strong field region, the enhanced IMF facilitates ion outflow.
In order to investigate the variations in the shielding effect of the electromagnetic field on the Martian ionosphere, we analyzed the electromagnetic field and the proton density distribution at a 1000 km altitude. Figure 7 shows the electromagnetic energy density ϵ (up) as well as the solar wind proton number flux nH+ · UH+ (down). The electromagnetic energy density is defined as ε = (ϵ0E2)/2 + B2/(2μ0), in which ϵ0 and μ0 are the permittivity and permeability of free space, while E and B denote the electric field and magnetic field. We chose to perform the analysis on the 1000 km iso-altitude plane, as this altitude is close to the average altitude of the induced magnetosphere boundary, and the influence of crustal fields becomes weak above 1000 km (Fan et al. 2019).
Similar to the observational results of Dong et al. (2018), the region with a high electromagnetic energy density appears mainly on the dayside and near the terminator, while in the deep nightside region the magnitude of ϵ is relatively small. As the upstream IMF enhances, the electromagnetic energy density on the dayside increases significantly from around 1 × 10−10 J m−3 in Case 1 to around 5 × 10−10 J m−3 in Case 3. The enhanced electromagnetic field then leads to more severe deceleration of solar wind protons, with fewer protons entering Martian space. As shown in Figures 7d–7f, the proton flux decreases prominently with increasing IMF strength, indicating that the ionosphere is less disturbed by the solar wind. Thus, the reaction rate of chemical reactions between solar wind particles and the planetary neutrals decreases, resulting in the lower planetary ion density in the ionosphere. In addition, a distinct north-south asymmetry is shown in the proton flux distribution plots, with the proton flux on the northern dayside significantly larger than that in the southern dayside. This asymmetry feature proves that the crustal fields in the southern dayside effectively withstand the penetration of solar wind plasma, which in turn leads to asymmetry in the planetary ion distribution and ion escape.
Figure 8 displays the intensity of the electric field and total magnetic field near the 1000 km altitude above the Martian surface. Similar to the distribution of electromagnetic energy density, the region with a high electric field intensity is located mainly on the dayside as well as near the north pole. On the nightside, the magnitude of the electric field is below 0.002 V/m, except in regions near the north pole. A prominent north-south asymmetry appears in the distribution of the electric field, which may be caused by the combined effect of the crustal field and motional electric field. On the dayside, the magnitude of the electric field is stronger in the southern hemisphere compared to the northern hemisphere, which may shield the planetary ions in the southern hemisphere more effectively. With increasing IMF intensity, the electric field in both the dayside and near-nightside regions enhances significantly, especially on the southern dayside. The magnetic field strength also exhibits apparent asymmetry features. On the dayside, the magnetic field intensity is much lower in the northern hemisphere compared to the southern hemisphere, as shown in panel b1 of Fig. 8. Therefore, the intrusion of solar wind protons is hindered by the stronger electromagnetic field in the southern hemisphere, resulting in the lower proton flux in Figure 7. Coinciding with Fang et al. (2023), the magnetic field strength also increases globally with the enhancement of the IMF, indicating an enhanced pileup of IMF. The maximum value of the total magnetic field and the electric field varies almost linearly with the increase of the IMF. At the 1000 km altitude plane, the maximum value of the electric field for cases 1,2, and 3 is 0.0037 V/m, 0.0065 V/m, and 0.0093 V/m; while the maximum value of the total magnetic field is around 48 nT, 52 nT, and 56 nT, separately. However, if we normalize the maximum values by the IMF magnitude, it is clear that the magnetic field and the electric field do not increase proportionally with the IMF, as also shown in the observational study of Dong et al. (2019). As discussed in Halekas et al. (2017), enhanced IMF implies a lower Alfven Mach number, which causes a weaker compression of the magnetosheath and magnetosphere. Therefore, the increase in the magnetic field and the electric field in the Martian magnetosphere is not as significant as the increase in the IMF.
It is therefore reasonable to deduce that a stronger IMF can produce a stronger electromagnetic field in Martian space that decelerates solar wind protons more efficiently. With fewer solar wind particles reaching the ionospheric altitudes, the production rate of planetary ions is reduced. The energy transfer between the solar wind particles and the planetary ions may also be reduced, leading to the lower ion transport velocity and ion outflow flux presented in this study. Therefore, the planetary ion density in the upper ionosphere decreases, causing the ionospheric upper boundary to shrink.
	[image: thumbnail]	Fig. 1 Mean electron density profiles for different SZA range in the terminator region. Panels a shows the averaged electron density profiles, with the solid, dashed, and dotted lines representing profiles of the |IMF| = 1 nT case, |IMF| = 3 nT case, and |IMF| = 5 nT case, respectively. Panel b shows the averaged electron density profiles for the |IMF| = 3 nT case. Here, the solid and dashed lines represent profiles of the northern and southern hemispheres. The profiles are shifted on the x-axis by the amounts marked in the figure.



	[image: thumbnail]	Fig. 2 Ionospheric upper boundary for different SZA range. Panels a and b show the mean electron density of the Martian ionosphere for an SZA range of 0°–120° and an altitude range of 120–600 km. The white line in each panel marks the altitudes that the electron density ne is equal to 100 cm−3. Panel c and d show the ionospheric upper boundary, with the solid dashed and dotted line representing the boundary of Case 1,2, and 3. The results are exhibited separately in the northern (left panels) and southern (right panels) hemispheres.



	[image: thumbnail]	Fig. 3 Mean ion velocity (panel a) and mean trans-terminator ion flux (panel b) profiles along the X direction for [image: equation] divided into the northern (red lines) and the southern (blue lines) hemispheres. The solid, dashed, and dotted lines represent Case 1, Case 2, and Case 3, respectively.



	[image: thumbnail]	Fig. 4 1/e edge profile of density with respect to altitude and SZA of [image: equation] (panel a), O+ (panel b), [image: equation] (panel c), and e− (panel d). The 1/e edge is defined as the SZA where the ion/electron density declines to 1/e of the magnitude at the terminator (SZA = 90°). The solid, dashed, and dotted lines represent Case 1, Case 2, and Case 3, and the red and blue lines show the results of the northern and southern hemispheres.



	[image: thumbnail]	Fig. 5 Contour plots of horizontal velocity for [image: equation] at a 350 km altitude. Panels a, b, and c respectively show the horizontal velocity VH for Case 1, Case 2, and Case 3.



4 Discussion and conclusion
In this study, the impact of interplanetary magnetic field intensity on the Martian dayside and near-nightside ionosphere as well as ion transport and ion escape have been investigated. By using a 3D multifluid MHD simulation model, we revealed that the enhancement of the IMF can reduce the intrusion of solar wind into the Martian ionosphere, resulting in a smaller planetary ion outflow. The presence of a remnant magnetic field complicates the interaction between the solar wind and the ionosphere, causing an apparent north-south asymmetry in ion distribution and ion transport. Comparing our model results with previous observational studies (e.g., Dubinin et al. 2019, 2020; Fan et al. 2020; Qin et al. 2022), it can be seen that our model simulates the ionospheric flow pattern and ion density distribution successfully.
The increase in the IMF can enhance the solar wind electric field, which in turn creates a stronger induced magnetosphere. Thus, both the electric field and the magnetic field are enhanced. The enhanced electromagnetic field then protects the Martian ionosphere from the intrusion of solar wind particles. With fewer solar wind protons entering Martian space, the interactions between solar wind plasma and Martian neutral particles are weakened. Thus, the number of planetary ions generated through chemical reactions is reduced, resulting in a smaller heavy ion density and a lower ionospheric upper boundary. The energy transfer between solar wind plasma and planetary ions may also be reduced in this way, causing a lower heavy ion velocity. The vertical ion outflow flux is reduced for weak IMF conditions. Through the ion transport process, the nightside ionosphere is also influenced prominently by the variation of IMF strength. With a stronger IMF, the trans-terminator ion speed and the ion flux both decrease, causing a weaker day-to-night plasma transport to be exhibited. Therefore, the ion density of the near-nightside ionosphere is lower for high IMF strength, forming a more depleted nightside ionosphere. Both the decrease in heavy ion outflow and the weakened day-to-night plasma transport can influence the ion escape rate and lead to a lower ion escape rate, as presented in Zhang et al. (2023). However, the decrease in plasma transport dominates in this process since the ion escape in the magnetotail region is the main ion escape channel on Mars.
In our previous studies, we have shown that the enhanced solar wind dynamic pressure can increase the electromagnetic forces experienced by the planetary ions. In this way, both the outflow heavy ion flux and the day-to-night plasma transport are enhanced, facilitating the planetary ion escape. However, an increase in IMF intensity can result in a decrease in plasma transport and heavy ion outflow. Thus, in solar wind events such as interplanetary coronal mass ejection and co-rotating interaction region events, the increase in IMF intensity may partly offset the effect of the enhanced solar wind dynamic pressure on Martian heavy ions.
In addition to the IMF condition, our simulation results also present a distinct north-south asymmetry in both the ionospheric structure and the plasma transport processes. The ionosphere in the southern hemisphere is uplifted by the strong crustal field located on the dayside. The solar wind proton flux is much weaker in the southern hemisphere, which can be attributed to the shielding effect of the remnant magnetic field. Therefore, the planetary ion density is apparently higher in the southern dayside ionosphere as compared to that in the northern hemisphere, resulting in the expansion of the southern ionospheric upper boundary. The trans-terminator flow as well as the horizontal ion transport are also hindered by the crustal field. As a result, the nightside ionosphere in the northern hemisphere also tends to be more extended into the nightside. In addition, the outflow ion flux in the strong crustal field regions enhances significantly with increasing IMF intensity, contrary to the deceasing trend of the outflow flux on the global scale. Thus, it is reasonable to deduce that the enhanced IMF alters the magnetic topology near the strong crustal fields and facilitates ion outflow in these regions.
It should be noted that the MHD model used in our study adopts a 1D neutral density profile. Mechanisms such as dust storms and neutral winds are not included in this model. Thus, the Martian ionosphere simulated by our model is not influenced by the asymmetric distribution of neutral species, which leaves the crustal field to be the main endogenous source of north-south asymmetry.
	[image: thumbnail]	Fig. 6 Distribution of [image: equation] ion vertical flux (panels a–c) and [image: equation] density (panels e–f) with respect to longitude and latitude for multiple altitude slices.



	[image: thumbnail]	Fig. 7 Electromagnetic energy density ε (panels a–c) and the solar wind proton number flux nH+ · UH+ for all three cases. Both are depicted at a 1000 km altitude above the Martian surface.



	[image: thumbnail]	Fig. 8 Color plots of magnetic field strength with respect to longitude and latitude at an altitude of 900 (panels a,d), 1200 (panels b,e), and 1500 km (panels c,f) for Case 1 and Case 3.
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	[image: thumbnail]	Fig. 1 Mean electron density profiles for different SZA range in the terminator region. Panels a shows the averaged electron density profiles, with the solid, dashed, and dotted lines representing profiles of the |IMF| = 1 nT case, |IMF| = 3 nT case, and |IMF| = 5 nT case, respectively. Panel b shows the averaged electron density profiles for the |IMF| = 3 nT case. Here, the solid and dashed lines represent profiles of the northern and southern hemispheres. The profiles are shifted on the x-axis by the amounts marked in the figure.
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	[image: thumbnail]	Fig. 2 Ionospheric upper boundary for different SZA range. Panels a and b show the mean electron density of the Martian ionosphere for an SZA range of 0°–120° and an altitude range of 120–600 km. The white line in each panel marks the altitudes that the electron density ne is equal to 100 cm−3. Panel c and d show the ionospheric upper boundary, with the solid dashed and dotted line representing the boundary of Case 1,2, and 3. The results are exhibited separately in the northern (left panels) and southern (right panels) hemispheres.
In the text



	[image: thumbnail]	Fig. 3 Mean ion velocity (panel a) and mean trans-terminator ion flux (panel b) profiles along the X direction for [image: equation] divided into the northern (red lines) and the southern (blue lines) hemispheres. The solid, dashed, and dotted lines represent Case 1, Case 2, and Case 3, respectively.
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	[image: thumbnail]	Fig. 4 1/e edge profile of density with respect to altitude and SZA of [image: equation] (panel a), O+ (panel b), [image: equation] (panel c), and e− (panel d). The 1/e edge is defined as the SZA where the ion/electron density declines to 1/e of the magnitude at the terminator (SZA = 90°). The solid, dashed, and dotted lines represent Case 1, Case 2, and Case 3, and the red and blue lines show the results of the northern and southern hemispheres.
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	[image: thumbnail]	Fig. 5 Contour plots of horizontal velocity for [image: equation] at a 350 km altitude. Panels a, b, and c respectively show the horizontal velocity VH for Case 1, Case 2, and Case 3.
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	[image: thumbnail]	Fig. 6 Distribution of [image: equation] ion vertical flux (panels a–c) and [image: equation] density (panels e–f) with respect to longitude and latitude for multiple altitude slices.
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	[image: thumbnail]	Fig. 7 Electromagnetic energy density ε (panels a–c) and the solar wind proton number flux nH+ · UH+ for all three cases. Both are depicted at a 1000 km altitude above the Martian surface.
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	[image: thumbnail]	Fig. 8 Color plots of magnetic field strength with respect to longitude and latitude at an altitude of 900 (panels a,d), 1200 (panels b,e), and 1500 km (panels c,f) for Case 1 and Case 3.
In the text
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      Upstream solar wind condition settings of simulation cases.

      
        


	
	VX (km/s)
	nsw (cm−3)
	Pdyn (nPa)
	|IMF| (nT)





	Case 1
	500
	4
	1.68
	1



	Case 2
	500
	4
	1.68
	3



	Case 3
	500
	4
	1.68
	5





      

    

  
    
      Fig. 1 
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        Mean electron density profiles for different SZA range in the terminator region. Panels a shows the averaged electron density profiles, with the solid, dashed, and dotted lines representing profiles of the |IMF| = 1 nT case, |IMF| = 3 nT case, and |IMF| = 5 nT case, respectively. Panel b shows the averaged electron density profiles for the |IMF| = 3 nT case. Here, the solid and dashed lines represent profiles of the northern and southern hemispheres. The profiles are shifted on the x-axis by the amounts marked in the figure.

      

    

  
    
      Fig. 2 
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        Ionospheric upper boundary for different SZA range. Panels a and b show the mean electron density of the Martian ionosphere for an SZA range of 0°–120° and an altitude range of 120–600 km. The white line in each panel marks the altitudes that the electron density ne is equal to 100 cm−3. Panel c and d show the ionospheric upper boundary, with the solid dashed and dotted line representing the boundary of Case 1,2, and 3. The results are exhibited separately in the northern (left panels) and southern (right panels) hemispheres.
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        Mean ion velocity (panel a) and mean trans-terminator ion flux (panel b) profiles along the X direction for [image: equation] divided into the northern (red lines) and the southern (blue lines) hemispheres. The solid, dashed, and dotted lines represent Case 1, Case 2, and Case 3, respectively.
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        1/e edge profile of density with respect to altitude and SZA of [image: equation] (panel a), O+ (panel b), [image: equation] (panel c), and e− (panel d). The 1/e edge is defined as the SZA where the ion/electron density declines to 1/e of the magnitude at the terminator (SZA = 90°). The solid, dashed, and dotted lines represent Case 1, Case 2, and Case 3, and the red and blue lines show the results of the northern and southern hemispheres.
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        Contour plots of horizontal velocity for [image: equation] at a 350 km altitude. Panels a, b, and c respectively show the horizontal velocity VH for Case 1, Case 2, and Case 3.
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        Distribution of [image: equation] ion vertical flux (panels a–c) and [image: equation] density (panels e–f) with respect to longitude and latitude for multiple altitude slices.

      

    

  
    
      Fig. 7 
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        Electromagnetic energy density ε (panels a–c) and the solar wind proton number flux nH+ · UH+ for all three cases. Both are depicted at a 1000 km altitude above the Martian surface.
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        Color plots of magnetic field strength with respect to longitude and latitude at an altitude of 900 (panels a,d), 1200 (panels b,e), and 1500 km (panels c,f) for Case 1 and Case 3.
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