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Cold ions with low (a few eV) thermal energies and also often low bulk drift energies, dominate the ion population in the Earth’s magnetosphere. These ions mainly originate from the ionosphere. Here we concentrate on cold ions in the high latitude polar regions, where magnetic field lines are open and connected to the magnetotail. Outflow from the ionosphere can modify the dynamics of the magnetosphere. In-situ observations of low energy ions are challenging. In the low-density polar regions the equivalent spacecraft potential is often large compared to cold ion energies and the ions cannot reach the spacecraft. Rather, a supersonic ion flow creates an enhanced wake. The local electric field associated with this wake can be used to detect the drifting cold ions, and this wake technique can be used for statistical studies. In this paper, we review some of the key results obtained from this technique. These results help us to understand how cold ionospheric outflow varies with various conditions of solar activities and the Earth’s intrinsic magnetic field.
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INTRODUCTION
Ions of ionospheric origin have for decades been suggested to be a very important part of the magnetospheric plasma population [1–5]. The outflow comes from both high and low latitudes, both providing significant contributions of similar order of magnitude (e.g. 106). Recent review papers summarize several studies of ionospheric outflow (107; [6–9]). Here we concentrate on the outflow from high latitudes. In terms of source region, there are broadly three regions in the high latitude ionosphere relevant for outflow and supply of ionospheric plasma to the magnetosphere. They are the dayside cusp region, the polar cap and the auroral zone.
The auroral region constitutes the boundary between open and close field lines, and is home to multiple energization mechanisms, including particle precipitation, Joule heating, quasi-static electric fields, and wave-particle interactions (see, e.g. [10,11]). Ion escaping from the auroral region can have energies ranging from a few eV to a few tens of keV. During the geomagnetic storm times, ion outflow from the auroral region contains a significant fraction of oxygen ions. A similar outflow of oxygen ions also takes place at the cusp region, where the magnetosheath has direct access to the small region of the polar ionosphere. Energization processes are similar to those in the nightside auroral region. Due to plasma transport, outflow from the dayside cusp can also be observed over the polar cap, the high-latitude mantle, and the distant tail regions [12–16].
Poleward of the auroral region, in the polar cap, magnetic field lines are “open” (connected to the interplanetary magnetic field). Upflow in this region is initially driven by an ambipolar electric field set up by the difference in scale height between electrons and ions. Simulations (e.g. [17]) and observations (e.g. [18]) suggest a total potential drop of a few volts due to this ambipolar electric field. Energization is thus only a few eV, but this is enough to energize light ions sufficiently to escape Earth’s gravitational field. Low-energy ionospheric outflow set up by this ambipolar electric field was firstly predicted by Axford [19] and Banks and Holzer [20], and is often referred to as the polar wind. Additional acceleration mechanisms such as the mirror force and the centrifugal force [21,22], provide some additional energy, but these ions typically remain “cold” for a long time as they move through the magnetosphere.
On short time scales, ouflow of these cold ions plays an important role for dynamics of the magnetosphere (e.g. [23]). Due to the combination of parallel motion along the magnetic field lines, and perpendicular motion through convection of magnetic flux tubes, a large fraction of ions emanating from the ionosphere end up in the Earth’s tail plasma sheet after having been transported through the magnetospheric tail lobes. The nightside plasma sheet is of key importance for magnetospheric dynamics and space weather effects like geomagnetic storms and substorms. In particular, magnetic reconnection taking place in the thin current sheet, converts magnetic energy to kinetic energy and results in the deposition of large amounts of energy into the inner magnetosphere, the ring current and the auroral ionosphere.
On a microscopic scale, magnetic reconnection implies a decoupling between particles and the magnetic field in a localized region. This leads to the creation of an electron diffusion region and an ion diffusion region, which scale sizes are governed by the respective inertial lengths and gyroradii of the ions and electrons. Due to their low energy and temperature compared to the pre-existing ions in the plasma sheet, cold ions effectively introduce an intermediate diffusion region into this picture [24,25]. The kinetic physics of reconnection can be drastically changed when cold ions are introduced, e.g., by locally reducing the Hall currents and by introducing new instabilities [26–28]. The large-scale reconnection rate does not seem to change much, at least not for magnetospheric conditions [29].
On geological time scales, ionospheric outflow can also influence the evolution of the atmosphere [30–33]. A frequently recurring question here is the role of a planet’s intrinsic magnetic field. On one side, it is claimed that a magnetic field provides some protection against direct solar wind interaction (e.g. [34]), but on the other side, and as noted above, a magnetic field also facilitates some of the escape mechanisms responsible for long term atmospheric evolution (e.g., [35,36]) [37]).
Measuring low energy ions in the terrestrial magnetosphere is notoriously difficult. In the Earth’s low density magnetotail lobes, spacecraft are usually positively charged due to photoelectron emission. This positive electric potential effectively shields the spacecraft and its instruments from any ions with energies lower than the equivalent electric potential energy of the spacecraft. Consequently, direct measurements of cold ions with particle detectors in this part of the magnetosphere are not possible unless the spacecraft charge can be neutralized [1,3,4,9,38]. Cold ions in the magnetosphere have therefore been considered “invisible” for a long time. However, an indirect method, based on observations of an enhanced electrostatic wake by the Cluster satellites made it possible to determine the bulk flow velocity of cold ions [39–41]. In this paper, we briefly review this wake method and some of the key results obtained from this technique.
This paper is organized as follows: In Detecting Cold Ion Outflow, we first outline the methodology to infer flow velocity and density of cold ions from Cluster mission data, and then briefly introduce the observations of ionospheric outflow prior to the Cluster mission. In Transport of Cold Ions in the Magnetosphere, we present results based on a large data set of wake measurement from the Cluster satellites. In particular, we use these observations to infer the ionospheric source region, transport paths and fate of the outflowing ions. In The Role of the Earth’s Intrinsic Magnetic Field and Energy Sources for the Outflow, we present studies on the role of the Earth’s magnetic field and the energy sources of cold ion outflow, respectively. In Discussion, we discuss possible comparison using results from the wake technique on Earth with observational studies for other terrestrial planets. Finally, Summary summarizes the paper.
DETECTING COLD ION OUTFLOW
Characterization of cold ion outflow requires knowledge about number density and flow velocity of the cold ions. A major challenge with in-situ spacecraft observations of low energy plasma is spacecraft charging. One primary source region, the polar cap, is magnetically connected to the magnetospheric lobes—large regions of space characterized by very low plasma densities, typically less than 0.1 cm−3 (e.g. [42]). A sunlit spacecraft in such environments will rapidly be charged up to several tens of volt due to photoemission of electrons (e.g. [43,44]). This spacecraft charging acts as a barrier to ions with energies below energy associated with the electric potential of the spacecraft. Consequently, cold ions will be invisible for particle detectors onboard the spacecraft, so alternative methods to determine density and flow velocity have to be used.
Cold Ion Density Determination
In addition to particle instruments and calculation of plasma moments, two alternative methods to determine cold plasma density are possible with Cluster observations. The Wave of HIgh frequency and Sounder for probing Electron density by Relaxation (WHISPER—see e.g. [45]) relies on the identification of the plasma frequency in a wave spectrum and can provide very accurate measurements of electron densities. However, it is not always possible to automatically determine a single unique resonance line, so densities from WHISPER are not always available. Furthermore, in active mode, WHISPER operation involves excitation over a wide frequency range to determine the resonance line. The lowest possible excitation frequency of WHISPER is around 4 kHz, corresponding to approximately 0.2 cm−3 as the lowest detectable electron density value. In addition, contamination from the locally produced photoelectrons can also influence WHISPER measurements.
A second, and frequently used method is based on utilization of the spacecraft charging [44,46]. As shown in e.g. Pedersen et al. [46], a functional relationship between spacecraft charge and the ambient electron density of the form, [image: image], exists. Here, [image: image] is the electron density and [image: image] is the spacecraft potential relative to the ambient plasma. On Cluster, the spacecraft potential is routinely measured by the Electric Field and Wave instrument (EFW- see [47]). A and B are empirical constants, and can be determined from cross-calibration with other instruments including the CIS [48], PEACE [49] and WHISPER [50] when densities obtained from these instruments were available (e.g., [44,46]). Assuming quasi-neutrality, the cold ion density is identical to electron density. This technique has been used by e.g. Svenes et al. [42], and Haaland et al. [51,52] to study cold ion density in the polar cap and lobe regions and their response to changes in the solar irradiation and solar wind—magnetosphere coupling.
Cold Ion Bulk Velocity Inferred From Electrostatic Wake Measurements
Spacecraft in the low-density lobes are often positively charged to tens of volts. The outflowing positive ionospheric ions are typically supersonic with bulk velocity corresponding to an energy of only a few eV and an even lower thermal velocity. These ions are not deflected by the spacecraft body but by the much larger electrostatic structure due to the spacecraft voltage, causing an enhanced ion wake. Since the flow is subsonic with respect to the thermal speed of the electrons, the wake charges negatively. Both ions and electrons can here be treated as essentially unmagnetized (e.g. [39–41,53]). Consequently, a local electrostatic electric field arises due to the wake caused by the charged spacecraft. By measuring this electric field of the wake region, as well as the unperturbed electric field outside the wake, the velocity and direction of the bulk cold ion flow can be determined [53]. Cluster, with its two complementary electric field instruments, is able to measure both the wake field and the unperturbed electric field.
Each wire boom pair of the EFW instrument has two probes 88 m apart. Given a length scale of the wake on the order of 100 m [41,54], the electric field measured by EFW, [image: image], is a superposition of the wake field and large-scale background electric field.
The unperturbed electric field can be measured by the Electron Drift Instrument (EDI) [55,56]. EDI emits electron beams with an energy of 0.5 or 1 keV in the direction perpendicular to the ambient magnetic field, [image: image]. The emitted electrons gyrate and return to the instrument, where their gyro center displacement (“drift step”) and thus convection are determined. In the magnetotail lobes, the gyro-radius of the emitted electron beams is usually on the order of kilometers and thus much larger than the wake dimensions. The electric field measured by EDI, [image: image], is thus largely unaffected by the wake field.
The wake field can be calculated by subtracting the two measurements, [image: image], and since the ions are essentially unmagnetized this gives the direction of the bulk flow velocity, [image: image]. In the magnetotail lobes, the perpendicular bulk velocity of cold ion flow is equal to the magnetospheric convection velocity, [image: image], which can be inferred from [image: image]. With knowledge about the direction of the total bulk flow velocity and the perpendicular convection, the parallel bulk flow velocity, [image: image], of cold ions can be determined. Combined with cold ion density estimated from the spacecraft potential as described above, it is possible to calculate the flux of cold ions. Details concerning the data analysis and error estimates are given by [40] and in Appendix A of André et al. [5]. A comparison between the enhanced wakes in the polar lobes and narrow wakes in the solar wind and in low Earth orbit is given by André et al. [8].
Data Set of Cold Ions
Many studies have investigated ion outflow at high latitudes. Early observations with particle detectors on satellites include hydrogen polar wind outflow by [57] and the discovery of precipitating keV oxygen ions in the magnetosphere by [58], showing the existence of an ionospheric ion population at higher altitude. Observations have then been obtained by several satellites including S3-3, Dynamics Explorer 1, Viking, Akebono, Freja, Polar, FAST, DMSP and Cluster, by several sounding rockets, and by the European Incoherent Scatter (EISCAT) radar and the EISCAT Svalbard (ESR) radar. A schematic summary of observations is given in Figure 2 in Yau et al. [59] and recent reviews are given by [7,60]), André et al. [8] and Toledo-Redondo et al. [9].
In the ionosphere a spacecraft can be negatively charged due to the high density and high flux of electrons. At higher altitudes in a low-density plasma, the photoelectrons emitted by a spacecraft in sunlight can dominate, causing positive charging. At altitudes of several RE (Earth radii) in the polar lobes, spacecraft charging of tens of volts positive is common. This will obviously prohibit positive ions of ionospheric origin with energies of a few eV to reach the spacecraft.
Comparing observations of low-energy ions by different particle detectors using different techniques with different nominal lowest energy channels on different spacecraft, is not trivial. For statistical studies this must include different phases of a solar cycle in different regions, with gradually increasing spacecraft charging as altitude is increasing and density is decreasing. Nevertheless, it is clear that in the energy range where particle detectors and the wake method overlap (order 10 eV) results from low altitudes (ionosphere to a few thousand kilometers) where spacecraft charging is less of a problem and from high altitudes (several Re), both techniques give an average total outflow rate of the order 1026 ions s−1, see Table 2 in Peterson et al. [61], Table 1, André et al. [8] and Table 2, Toledo-Redondo et al. [9].
The spacecraft potential at high altitude can during some periods be artificially reduced by emitting a plasma cloud (the Polar satellite [3]) or a beam of positive ions (Cluster and MMS, [62,63]). Typically a satellite potential of a few volts positive remains. Observations by the Polar satellite at altitudes of 5,000 and 50,000 km using active spacecraft potential control and particle detectors are roughly consistent with the Cluster observations we discuss in detail, although a significant fraction of the low-energy ions may still not reach Polar ([3,40,53,61,64,65]. In situ comparison of two Cluster spacecraft in the same polar lobe region at an altitude of about 100,000 km give similar results for both satellites, with one spacecraft using the wake method and the other using particle detectors and artificial reduction of the spacecraft potential [39]. Again direct detection of ions with an onboard instrument, and the Cluster wake technique, give consistent results. The techniques have different advantages. For example, a mass spectrometer can identify different ion species, while the wake technique can detect ions down to the lowest thermal energies and can routinely be used for statistical studies covering many years.
Detailed comparison is further complicated by the fact that ions typically are gradually energized as they move upward. Particle tracing over altitude ranges of several RE using different observations to initiate the particles still give reasonably consistent results. Tracing based on observations by Polar [66], Akebono [67,68] and on the Cluster wake method [69,70] all show that low-energy ions are common in the magnetotail lobes and often are a significant supply to the tail magnetosheet.
The Cluster wake technique can detect low energy (eV) positive ions also using instruments on a spacecraft charged to tens of volts positive, and can be used for statistical studies during many years. As described above, this technique is based on supersonic flowing ions causing an enhanced wake. Using this technique, and 5 years of observations from one of the four Cluster satellites, ([39,53] presented the first survey of cold ion measurements in the polar cap and lobe regions. Their results demonstrated that the ionospheric outflow during most of the time is dominated by very cold ions—a population that until then had been invisible. By combining outflow velocity and density [40], also estimated the total outflow rate to be the order of 1026 ions s−1. As noted above, this value is consistent with observations at much lower altitude where spacecraft charging is less of a problem, but is higher than that in previous studies at high altitudes based on measurements of ions with higher energies (Table 1), [53].
The outflow velocities derived from the wake method, the simultaneously obtained outflow density from spacecraft potential measurements, and outflow fluxes are summarized in Figure 1. Figure 1A is the histogram of the parallel velocities of cold ions. The mean parallel velocity of outward moving cold ions is 28 km s−1. There are also a few cases of inward moving cold ions as seen in Figure 1B.
[image: Figure 1]FIGURE 1 | Properties of cold ion outflow. (A) Parallel velocity. (B) Outward velocity aligned with the magnetic field lines. (C) Total speed of cold ions. (D) Cold ion density derived from measurements of spacecraft potential. (E) Outflow flux calculated from outflow parallel velocity times density with a fact of 0.8 for proton, assuming the outflow consists of 80% of protons. (F) Flux in the topside ionosphere mapped from the locations of Cluster to the altitude of 1000 km, where the strength of the magnetic field is assumed to be 37 μT. Adopted from [53].
A follow-up study using the wake technique was presented by André et al. [5]. They used measurements from two of the four Cluster satellites over a 10-year period (2001–2010, nearly a full solar cycle). During this time EDI was operational on the two spacecraft, so velocity estimates could be obtained, needed to estimate the flux. For each year data from 3 July to 3 November were used, centered on 3 September when the polar orbit apogee of about 20 RE was at local midnight and thus close to the center of the geomagnetic tail behind the Earth, although this time period may introduce a hemispherical seasonal bias because it is closer to the northern summer solstice than to the southern summer solstice. All parts of orbits on the nightside (XGSM < 0) and geocentric distances beyond 5 RE were used. In this study, approximately 1,680,000 data points (4 s spacecraft spins) were used to search for enhanced wakes. The presence of a wake was detected in approximately 1,070,000 data points, corresponding to 64% of the total observation time. Cold ions are therefore present in the lobes and polar cap regions most of the time. Figure 2 shows the occurrence rate of cold ions inferred from wake detections as color-coded maps. The occurrence rate is defined as the ratio of number of wake detections to the total number of measurements in the spatial ranges of the grids in Figure 2. In many regions, the occurrence rates of wake detection were above 50%.
[image: Figure 2]FIGURE 2 | The occurrence rate of cold ions defined by wake detection. A total of about 1,680,000 data are obtained from Cluster 1 and 3 during the years from 2001 to 2010. Adopted from [5].
After selection of data points with low enough error to be used for estimates of density, velocity, and flux, the number of data points is reduced to 320,000. These data show that the outflow of cold ions is of the order of 1026 ions/s and often dominates over the outflow at higher energies.
In addition to the pioneering studies by [39,40] and André et al. [5], a number of other studies (e.g. [69–76]) have made use of this data set to investigate the role of cold ions in the magnetosphere. Transport of Cold Ions in the Magnetosphere and The Role of the Earth’s Intrinsic Magnetic Field of our paper discuss some of the key results from these studies.
TRANSPORT OF COLD IONS IN THE MAGNETOSPHERE
Transport of cold ions from their source in the high latitude polar ionosphere is facilitated by a combination of parallel motion of the ions along the magnetic field, and the convection of magnetic flux tubes due to the solar wind-magnetosphere interaction.
Since the Cluster observations are obtained from point measurements of E-fields, mainly in the high-altitude polar cap and lobe regions, they do not provide much information about the transport paths of ions. Neither the source region nor the fate of the outflowing ions can be directly determined from local measurements alone. One possibility to assess details about the transport of cold ions through the magnetosphere is to use particle tracing. Using a model of the Earth’s magnetic field, and the observed convection at Cluster [69,70], used first order guiding center approximations [77] to trace the motion of individual ions from the location of Cluster, either backward to the source region of the ions in the ionosphere, or downtail to the Earth’s plasma sheet where many cold ions end up.
Mapping the Ionospheric Source of Cold Ions
One of the objectives of the Li et al. [69] study was to assess the role of solar wind-magnetopshere interaction and geomagnetic activity on ion outflow. Figure 3, adapted from their paper, shows color coded maps of source regions of the cold ions for various geomagnetic disturbance activities as reflected by the Dst index. The fluxes shown in the figure are mapped to the altitude of 1000 km. The upper row shows maps for the northern hemisphere and the lower row shows maps for the southern hemisphere. From Figure 3, one notes that geomagnetic activity influences cold ion outflow and the source regions in two ways. The outflow flux varies, and the source area changes with geomagnetic activity.
[image: Figure 3]FIGURE 3 | Cold ion outflow flux in the northern (A–C) and the southern (D–F) hemispheres. For each hemisphere, the three panels from left to right show the fluxes under quiet, moderate, and disturbed geomagnetic conditions, respectively. Each colored pixel indicates the mean flux. From Li et al., (2012).
During quiet conditions (Dst>0 nT, shown in panels 1) and 4)), the outflow fluxes are fairly low, on the order of 108 ions s−1 cm−2, and mostly emanating from a rather small area at high latitudes in the polar cap. Conversely, during high activity (Dst < -20nT, panels 3) and 6)), outflow fluxes are higher by almost an order of magnitude, and the outflow now occurs from a larger area. This is consistent with and expanding/contracting polar cap during disturbed/quiet conditions (e.g. [78]).
The increased flux during disturbed conditions can probably be attributed to a combination of enhanced ionization (e.g. [5]) and enhanced upward/outward forces such as the mirror force or centrifugal force [21,22,79].
From Figure 3, it is also seen that there are regions of enhanced outflow near the dayside cusp and the nightside auroral region during disturbed conditions. This may suggest that particle precipitation or energy flux in the form of waves from the solar wind or the magnetosphere drives some of the outflow. The apparent north-south asymmetry in outflow flux was caused by the Cluster’s orbit. Due to the tailward magnetospheric convection, ions escaping from the dayside are likely to travel to higher altitudes than that from the nightside. During the time when cold ions were measured, the Cluster satellites were at higher altitudes in the southern hemisphere than in the northern hemisphere. Therefore, we see more ions from the dayside of the southern polar cap and also from the nightside of the northern polar cap.
To study changes in the cold ion outflow during different phases of geomagnetic storms, Haaland et al. [72] have divided the data from André et al. [5] into subsets according to different phases in various storm events. They have calculated the total outflow rates from the measured outflow fluxes and simultaneously estimated areas of the outflow region, which are modulated by the upstream solar wind conditions and the intensity of the ring current [78]. It is found that the outflow rates and the size of outflow regions are moderate before the main phase of a geomagnetic storm. During the storm main phase, both the cold ion density and velocity increase, and the polar cap regions expand. The average outflow rate increases by almost an order of magnitude during the peak phase of a generic storm compared with the quiet time. The increased outflow velocity may be attributed to larger centrifugal forces during the main phase with enhanced magnetospheric convection.
Determining the Fate of Cold Ions
As noted above, transport of cold ions in the magnetosphere is controlled by the combination of motion along the magnetic field and magnetospheric convection. In the stretched magnetic field of the magnetotail lobes, convection is mainly towards the central plasma sheet, and the same for all species and energies. The parallel velocity, on the other hand, is generally different for different energies of the ions. This leads to a velocity filter effect that separates ions by energy and origin.
Ions with a high parallel velocity can escape the magnetotail and be lost into the solar wind without reaching the plasma sheet, while ions with lower parallel velocities can reach the plasma sheet where they eventually get heated. Likewise, ions starting at high latitudes, or the dayside ionosphere, will have longer transport paths than ions from lower latitudes in the nightside, and are more likely to be lost (e.g., [12,14,32]).
Haaland et al. [71] used the convection velocities obtained from the Cluster/EDI measurements and parallel velocities and flux of cold ions to estimate the fate of cold ion outflow. Their results, summarized in Figure 4, show that the fate of outflowing ions is highly affected by the interplanetary magnetic field (IMF) and consequently the level of the geomagnetic activity. A northward IMF leads to nearly stagnant magnetospheric convection, but there is still cold ion outflow. Under such conditions, most of the outflowing cold ions are lost downtail into the solar wind. The fraction of cold ions directly lost in this way varies from about 4% during storm periods to about 96% during quiet periods. This is consistent with the recent results that the plasma sheet is primarily supplied by ions of ionosphere origin during storm periods [80].
[image: Figure 4]FIGURE 4 | Schematic plots of the trajectories of cold ions during (A) quiet, (B) moderate, and (C) storm periods. The width of the grey arrow in each panel indicates the flux of cold ions. The geomagnetic quiet conditions correspond to near stagnant magnetospheric convection, with relatively small outflow fluxes from the ionosphere. Strong magnetospheric convection happens during the geomagnetic storm periods. Although the outflow fluxes are large compared to that during the quiet periods, most of the cold ions reach the plasma sheet before moving far down-tail. From Haaland et al. [71].
Cold ions are mainly accelerated by the centrifugal force during the transport through the magnetosphere [53,81,82]. The centrifugal force is small, so that cold ions typically remain cold. Li et al. [70] used particle tracing to study the transport of cold ions in more detail. Their results showed that it takes about 2–4 h for a cold ion to travel from the ionosphere to the plasma sheet. Due to enhanced convection, and to some degree increased parallel velocity, the travel time decreases with increasing geomagnetic activity. During the geomagnetic storm periods, cold ions therefore land on the plasma sheet closer to the Earth than during the quiet periods. Furthermore, the results show a persistent dawn-dusk asymmetry with more cold ions ending up near dusk, even though there is no such asymmetry in the source region. This is consistent with simulations by Cully et al. [67] for low-energy ions and by [83] for O+ ions. This phenomenon can be explained by the fact that the movements of outflowing ions are largely constrained by the convection electric field. The averaged convection equipotentials are skewed 2–3 h clockwise under most conditions, as simulated by Weimer [84] and observed by Haaland et al. [85]. Therefore, ions from the dayside traveling tailward typically have a velocity component in the duskward direction and end up in the dusk sector of the plasma sheet.
THE ROLE OF THE EARTH’S INTRINSIC MAGNETIC FIELD
Throughout Earth’s geological history, both orientation and strength of the geomagnetic field have changed dramatically, often within short geological time scales (e.g., [33,86–88]). Changes in the magnetic field will affect the shape, size and location of the polar cap—the source region for cold ion outflow—and consequently the total outflow. Ion outflow is also affected by the strength of the geomagnetic field, since this will influence the interaction between the solar wind and the atmosphere.
In the following, we show how changes in orientation of the geomagnetic field due to the rotation of Earth impact cold ion outflow. We also show how cold ion outflow is affected by changes in strength of the geomagnetic field based on comparison studies of outflow from ionospheric source regions with different geomagnetic field strength, but with similar solar zenith angles and levels of geomagnetic activities. The results of these studies help us to understand the importance of magnetic field strength for quenching planetary mass loss.
The Impact of Geomagnetic Field Orientation
Due to the rotation of the Earth and the offset between the geomagnetic dipole axis and the rotation axis, the geomagnetic dipole tilt angle varies on a seasonal and diurnal basis. This results in corresponding variations in the illuminated area of the polar cap. Studies based on simulations (e.g. [89]) and observations (e.g. [90]) show that variations in the plasma density and temperature in the ionosphere are significantly influenced by the Solar Zenith Angle (SZA). Using the above described cold ion data derived from the plasma wake, Maes et al. [76] showed that both cold ion density and cold ion outflow velocity decrease with increasing SZA, with substantially lower plasma density and outflow velocity for SZA values larger than about 100°.
Figure 5 shows various cold ion outflow parameters in the topside ionosphere [73] as a function of solar wind energy input rate under different conditions of solar EUV and hemispheric dipole tilt angle (μ) using the cold ion data base obtained with Cluster [5]. Here, the μ is defined as the tilt angle of the projection of the outward directed dipole axis on the GSE XZ plane, it is positive or negative as the axis in the hemisphere tilts toward the Sun or the tail. The solar wind energy input rate is estimated from the ε parameter as a measure of the electromagnetic Poynting flux that enters the magnetosphere [91].
[image: Figure 5]FIGURE 5 | Cold ion outflow parameters in the topside ionosphere as a function of the ɛ parameter under different conditions of solar EUV and geomagnetic dipole tilt angle (μ). Each panel shows median values calculated from the 10-years data set described in Data Set of Cold Ions. High and low solar EUV are defined as F10.7 being higher and lower than 155, respectively. FDP and FP stand for outflow particle flux and outflow rate, respectively. FDE and FE are outflow energy flux and outflow power, respectively. Eff is the energy coupling coefficient calculated from Eff = FE/ɛ. From Li et al., (2017).
As we can see in Figure 5, changes in μ controls the outflow density (Figure 5A), and the outflow density also increases with increasing solar wind energy. In contrast, turning of μ from negative to positive seems to result in a small increase in the parallel velocity (Figure 5B). Comparing the values in Figure 5C with different signs of μ but with the same ε parameter under the condition of high solar EUV, the increases in the density and the velocity result in an increase in the outflow particle flux (FDP) and the outflow energy flux (FDE) by a factor of 2 as μ turns from negative to positive. The condition of high solar EUV and negative μ cannot be used for comparison because the number of data points under this condition is not comparable to that under other conditions. The turning of the dipole axis does not change the polar cap area. So, the total hemispheric outflow rate of particle (FP, shown in Figure 5F) and total hemispheric outflow rate of energy (FE, shown in Figure 5G), respectively calculated from FDP and FDE times the outflow area (Figure 5E, see details of calculation in [73]), also increase by a factor of 2 as μ turns from negative to positive.
Therefore, the geomagnetic orientation can control the FP and the FE by changing the outflow density. The changes in the parallel velocity due to changes in the geomagnetic orientation is considerably small and can be statistically negligible in estimating the FP and the FE.
The Impact of Geomagnetic Field Strength
In addition to variations over time, the geomagnetic field also possess strong spatial inhomogeneities (e.g., [92]; 109). In particular, and perhaps best known, the region of reduced field strength known as the South Atlantic Anomaly (e.g., [93]; 108 [94]) allows particles to penetrate deeper into the atmosphere due to the lower mirror altitude, and can locally modify the ionosphere (e.g., [93,95,96]). More relevant for ionospheric outflow is the magnetic field strength in the polar cap regions [97].
Li et al [75] investigated the role of geomagnetic field strength in ion outflow. They analyzed the outflow from different regions of the polar cap ionosphere in the southern hemisphere where there are significant spatial inhomogeneities in magnetic field strength. The northern polar cap has a relatively uniform spatial distribution of magnetic field [97] and thus the data from the northern hemisphere are not used for the analysis. Once again using the above described Cluster wake data set and particle tracing, they determined the outflow density (n) and the outflow particle flux (Fp) at the locations of the source region. The magnetic field strength in the source region of the outflow, |B|, is obtained from the international geomagnetic reference field (IGRF) model. They sorted the observations into subsets according to levels of geomagnetic activity (AE index), solar activity (F10.7), and SZA.
The results shown in Figures 1–3 of Li et al. [75] suggest that there is an anti-correlation between |B| and n (and FP as well). Their results suggest that the anti-correlation mostly happen during periods with the F10.7 index between 150 sfu and 200 sfu. When F10.7 was either smaller than 150 sfu or larger than 200 sfu, the anti-correlation became less prominent. This can be explained by the contraction and inflation of the atmosphere during low and extremely high solar activities. Let us assume that electrons precipitate from the lobes or solar wind with the same properties (such as pitch angle, energy, density, and strength of magnetic field at their source region) for outflow events in similar levels of geomagnetic activity with similar SZAs. In the case of low solar activities, the precipitating electron cannot reach the atmosphere. In the lcase of extremely high solar activity, all energies of the precipitating electrons will be lost in the atmosphere. This leads to the fact that the occurrence rate of anti-correlation is low when the level of solar activity is low or extremely high. Therefore, within the range of the magnetic field strength in the polar region of the southern hemisphere at present time, the intrinsic magnetic field is anti-correlated with ionospheric outflow during the periods of high levels of solar activity (150 sfu < F10.7 < 200 sfu).
Energy Sources for the Outflow
To estimate how efficiently the Sun transfers energies to ion outflow, the power of ion outflow (defined in The Role of the Earth’s Intrinsic Magnetic Field, as the hemispheric outflow rate of kinetic energy carried by escaping cold ions) stemming from solar wind and solar illumination are quantified. These quantities are important to answer the question (though this question is highly debated and remains open): whether the intrinsic magnetic field of a planet is necessary to prevent loss of its atmosphere into space?
Li et al. [73,74] investigated how efficiently solar energy in the form of illumination and Poynting flux, is converted to energy driving ionospheric outflow at Earth. A proxy for solar energy input rate was derived from measurements of the solar wind (the ε parameter—see e.g. [91]), and solar illumination (calculated from the total solar irradiance (TSI) of 1,361 W m−2 [98], which is the solar electromagnetic irradiation power per unit area integrated over all wavelength, times the cross-sectional area of the ionosphere looking from the Sun). The above-described cold ion data set based on Cluster wake measurements, combined with a total outflow area as based on an expanding/contracting polar cap as described in [78] were used to estimate the total power of ion outflow.
Figure 6 shows how the total hemispheric power of the outflowing ions, FE, varies as a function of the solar wind energy input rate. Figure 6A shows the results for an illuminated polar cap source region, and Figure 6B shows the corresponding results for a dark polar cap region. These results indicate that solar wind energy is the main energy source for the cold ion outflow when the ε parameter is larger than 1010 W.
[image: Figure 6]FIGURE 6 | Total hemispheric power, FE, as a function of the ε parameter for the conditions where more than 95% of the polar cap is sunlit (Figure 6A) and dark (Figure 6B), respectively. Colored pixels show the numbers of data points in corresponding ranges of FE and ε parameter. Values indicated by open circles are median values of FE. Under conditions where ε is less than 1010 W, indicated by the red dash line, solar illumination is considered the main energy source of the cold ion outflow. From Li et al., (2018).
When more than 95% of the polar cap is illuminated (Figure 6A), the total hemispheric power associated with the outflow of cold ions increases from 107 W to 108 W with increasing solar wind energy input. However, when the ε parameter is smaller than 1010 W, the outflow power, FE, is almost a constant around 107 W when the polar cap is illuminated, suggesting that solar illumination rather than solar wind energy input in the form of Poynting flux, is the primary energy source for the outflow.
For dark conditions (Figure 6B), FE is almost an order of magnitude smaller. From this, Li et al [73,74] inferred that solar illumination alone provides energy sufficient to sustain outflow power of the order of 107 W, indicating that the main energy source for cold ion outflow is the solar illumination when the ε parameter is smaller than 1010 W.
We note that FE is not zero when the combined solar wind Poynting flux and solar illumination are extremely small. This may be explained by transport of energy from the illuminated area outside the polar cap due to the circulation in the atmosphere. Polar rain precipitation or more energetic precipitation inside nightside polar cap region may also contribute to energization.
From Figure 5H, we also infer that only about 0.1% of the solar wind Poynting flux is converted into ion outflow power when the ε parameter is around 1010 W. This value decreases to about 0.01% with increasing ε values. Contributions to ion outflow energization from solar illumination are about 6–7 orders of magnitude smaller than that of the solar wind electromagnetic energy input.
DISCUSSION
A recurring question concerning the escape of matter from planetary atmospheres is the role of an intrinsic planetary magnetic field [35,37]. For example, at Mars and Venus, the loss through atmospheric outflow has sometimes been attributed to the lack of an intrinsic magnetic field [99]. It has therefore somewhat naively been assumed that a strong planetary magnetic field and the presence of a magnetosphere prevent erosion of the atmosphere. However, this assumption was challenged when the cold ions were taken into account in estimations of total outflow rates. For example, the study by [40] concluded that previous estimates of ion outflow from Earth were underestimated. Updated values on outflow rates, where cold ions are included, suggests total outflow rates from Earth of the same order of magnitude as ion outflow rates from Mars reported in, e.g., Fränz et al. [100]; Persson et al. [101]; Ramstad and Barabash, (2021).
Different planets possess different atmospheres and have different energy transfer processes. In this context it is interesting to understand how the energy sources (solar EUV and solar wind energy) control the ion supply in the ionospheric source region and the energy needed to reach escape velocity and determine whether the outflow is limited by available ion sources or by energy available for the ions to reach escape velocity.
A simple model would include an ionospheric source of ions (ionization provided by solar EUV radiation; other ionization processes such as particle precipitation and cosmic ray absorption are ignored in this simple model) and energy for the ions to obtain escape velocity (energy carried by the solar wind, converted to suitable electromagnetic form to energize the ions). Reality is more complex, with both sources (solar EUV, solar wind) contributing to both the ionospheric source and the energy to reach escape velocity. As one can see in Figure 5, more solar EUV gives more ions (per unit area in the ionosphere). More solar EUV also gives higher ambipolar electric field and maybe slightly higher outflow velocity [76]. More solar wind energy gives higher ion density (higher scale height) in the ionosphere since some energy can be dissipated in the ionosphere and consequently higher ion outflow density (Figure 5A). More solar wind energy also gives larger polar cap area (Figure 5E). In Figure 5B, the ion outflow velocity does not really increase. The outflow flux increases since the density of the outflow increases, as comparing Figure 5C with Figure 5A. During geomagnetic storms also the velocity can increase but density is still more important for outflow per unit area [72]. The total outflow also increases with increased solar wind energy since the polar cap area increases (Figure 5E), which is the more important effect.
From the above analysis, the outflow mechanism can be said to be source-limited in the sense that increased outflow flux depends on higher density in the outflow than higher outflow speed. The cause may be increased solar EUV or solar wind energy through low-altitude energy deposition illustrated for another region for one geomagnetic storm in Figure 1 of Strangeway et al. [11]). The outflow mechanism can also be said to be energy-limited in the sense that more solar wind energy will increase the outflow by increasing its density. The total outflow is energy-dependent also since the polar cap area is enlarged during periods of high solar wind energy input. Therefore, it is not simple to distinguish between source-limited or energy-limited in the case of ionospheric outflow from Earth, as that has been analyzed for Martian ionospheric outflow [37].
Other studies of ion outflow from Earth consider other regions and other ion species. One example is an investigation of the dayside high latitude region during a geomagnetic storm, dominated by O+ ions [11,102]. In that study, two primary energy sources are considered; Poynting flux and soft electron precipitation, as observed by the FAST satellite at 4,000 km. The best controlling parameter is the density of precipitating electrons, but the energy sources are strongly correlated. The scenario is that the precipitating energy (originating in the solar wind) dissipated in the ionosphere increases the scale height and increases the number of upwelling ions. Note that not all of the precipitating energies could be traced back to the solar wind, one exception is the wave-induced electron precipitation (defined as the broadband precipitation by 110) originating from the ionosphere, although this type of precipitation mainly happens in the premidnight sector of aurora region. Wave energization is then needed to provide transverse (to the magnetic field) heating which, together with the magnetic mirror force in a converging/diverging geomagnetic field can cause ion outflow ([11], Figure 1). Here it is believed that increased (solar wind) energy input results in a higher ionospheric scale height (more ions in the source), while solar wind energy is needed for wave heating for the O+ ions to reach escape velocity. Since the [11] study is limited to a selected geomagnetic storm, seasonal and solar cycle effects such as varying solar EUV are not considered. They also point out that the results “should be used in conjunction with classical polar wind models”.
It is also useful to compare the energy transfer efficiencies from our studies with investigations of ion outflow from other planets. Care must be taken when trying to reach general conclusions since the studies are obtained with different instruments, and cover different energies, ion masses and parts of the solar cycle. Recent estimates of the coupling coefficient by several researchers are based on different definitions, making it difficult to directly compare the energy transfer efficiencies [37,101]. Nevertheless, one interesting aspect is that an intrinsic planetary magnetic field has been considered as a “shield” needed for planets and exoplanets to protect the atmosphere and ionosphere. Recent simulations and estimates show that this assumption is not necessarily correct, an intrinsic field might well increase the outflow [35–37].
SUMMARY
Ionospheric outflow from the Earth mainly consists of cold ions with both kinetic and thermal energies smaller than 100 eV during geomagnetically quiet times. Cold ions are important to understand the ionospheric outflow, but measuring cold ions with regular ion detectors in space often suffers from spacecraft charging issue for a spacecraft operating in a sunlit and tenuous plasma environment. Statistical studies of cold ions in the polar lobes has not been available until the wake technique utilizing the electric field measurements from two complementary electric field instruments on Cluster satellites. The main conclusions from the wake method are summarized as below:
• The wake method has revealed and allowed characterization of cold ions previously invisible.
• Cold ions dominate the ion population in the magnetotail lobes and polar cap region, especially during geomagnetically quiet times.
• Average outflow rates are of the order of 1026 ions s−1. One main source region of cold ions in the magnetosphere is the polar cap ionosphere with open magnetic field. During periods of geomagnetic storm, both the outflow flux and the size of polar cap increase.
• The fate of cold ions is controlled by the magnetospheric convection and the parallel velocities of cold ions. There are high fluxes of cold ions in the topside ionosphere during the geomagnetic storm periods. But because of high magnetospheric convection velocity, most of them could reach the plasma sheet before they are transported far in the magnetotail.
• Cold ion outflow is modulated by solar wind energy input and solar irradiation. About 0.01–0.1% of solar wind energy input is transferred to the cold ion outflow. While the efficiencies for solar irradiation transferring energy to cold ion outflow are 6–7 orders of magnitude smaller.
• Cold ion outflow is also affected by the orientation of the geomagnetic dipole axis. The orientation of the geomagnetic dipole axis controls the illuminated area of the polar cap and thus the outflow.
• Within the range of the magnetic field strength in the polar region of the southern hemisphere at present time, the strength of intrinsic magnetic field is anti-correlated with ionospheric outflow during the periods of high levels of solar activity.
For the outflow of cold ions in the polar cap and magnetotail lobes we investigate, solar EUV illumination and solar wind energy both contribute to the ionospheric source of ions and the energy needed to reach escape velocity. Usually, the increase of density rather than the increase of velocity is more important for the outflow per unit area when solar EUV illumination or solar wind energy is increased. In addition, the increase of the polar cap, the outflow area, with solar wind energy input, is an important factor for the total outflow.
Nevertheless, some fundamental question about the electric field enabling cold ions to escape remains to answer: how do the electrons from the polar rain and the photo-emission play a role in affecting the ambipolar electric field ? How is the ambipolar electric field affected by the solar wind and the geomagnetic condition? To answer these questions with observations, a special instrument proposed by Li et al. [103] should be built to measure the extremely small electric field.
It is still difficult to estimate from observations how much of the ionospheric ions in the plasma sheet will end up in various parts of the magnetosphere although some simulations have been conducted [104]. Many ions do not escape directly down the geomagnetic tail into the solar wind but return back to the magnetosphere [71] and some may be lost into the ionosphere [105], but most ions are likely to eventually leave the magnetosphere into the solar wind (e,g, André at al. 2015). Unlike O+ ions, protons are heated and mixed up with ions of the solar wind. These protons of ionospheric origin become un-distinguishable from the solar wind, leading to a further complication to study the fate of the ionospheric ions.
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