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ABSTRACT 

The loss of planetary atmospheres is due to the process of heavy ions depletion 

from the upper atmosphere. It is a significant source of magnetospheric plasma 

and plays an important role in altering global magnetospheric dynamics. A number 

of mechanisms are responsible for these outflows, which include electron 

precipitation, joule heating and other suprathermal energization. Seven events are 

considered at a time that the Fast Auroral SnapshoT (FAST) satellite and EISCAT 

Svalbard radar (ESR) simultaneously detected ion upflow, and this is validated by 

ground-based radars called, the Cooperative UK Twin Located Auroral Sounding 

System (CUTLASS). ESR and CUTLASS observations around the time of 

conjunctions are analyzed. The results show that ESR observed upwelling ion flux 

to be ~ 1013 m-2 s-1. Enhanced electron and ion temperatures are also observed at 

the time of these events. The dominant mechanism identified is the electron 

precipitation that results in an ambipolar electric field. The two striking events are 

the 2006-03-18 event that shows a distinct cusp signature indicated by CUTLASS 

and the 2002-01-20 event, which indicats a disturbed ionosphere due to data loss 

at ESR magnetic latitude.  

 

INTRODUCTION 

Plasma originating from the ionosphere and entering the 

magnetosphere forms a substantial part of the plasma that 

populates the magnetosphere. The regions by which 

plasma from the ionosphere is energized into the 

magnetosphere are, the plasmasphere, auroral regions, 

and polar cap field-lines regions (Glocer et al., 2009). 

Strangeway et al. (2005) stated that Alfvén speed slows 

down when mass from ionospheric outflows are added to 

flux tubes. This speed reduction thus affects the way in 

which the magnetosphere responds to changes in external 

drivers. 

Dessler and Hanson in 1961 were the first to discuss the 

ionosphere as a source of magnetospheric plasma. They 

recognised that the terrestrial ionosphere is a significant 

potential source of plasma especially light ions, at high 

latitudes outside the plasmasphere. Schunk, (1999) and 

Albarran et al. (2024) extended this theme, exploring the 

formation of a steady polar ionosphere outflow into the 

magnetosphere (Moore et. al., 1999) and the references 

therein). Zhang and Brambles, (2021) and Hoffman et al. 

(1974) established by observation, the ionospheric 

supply of light ion plasma of polar wind outflow to the 

magnetosphere. The ionosphere supplies an amount of 

polar ion outflow that might be of sufficient strength to 

populate the earth’s magnetosphere; both the quiet time 

light ion plasma and the heavy ion plasma characteristic 

of active times (Chappell et al., 2000; Lin and Ilie, 2022). 

Former assumption was that the only notable ion outflow 

from the polar cap ionosphere was the polar wind that 

was first put forward by Axford in 1968. It was envisaged 

to be made up of light ions (H+ and He+) with few 

electron volts (Schunk, 2016). It was first observed that 

heavy ions of atmospheric source form a significant 

component of the magnetosphere through the 

composition measurement of Schunk, (2016). The 

measurements indicated a precipitation of energetic O+ 

fluxes above that of H+ at the time of geomagnetic 

storms. Since then, composition measurements on the 
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(GEOS) 1 and 2, Spacecraft Charging AT High Altitude 

(SCATHA), and International Sun-Earth Explorer (ISEE 

1), in the high-altitude magnetosphere have shown 

significant availability of O+ fluxes throughout the 

magnetosphere: in the ring current and the plasma sheet  

(Winglee et al., 2005) 

At thermospheric altitude, hydrogen experiences light 

gravitational attraction and as such, a slight rise in 

temperature releases substantial hydrogen atoms into the 

overlying space. The hydrogen density is thus increased 

above the thermosphere and decreased at lower altitudes 

of the thermosphere. According to Lin and Ilie (2022), 

the classical theory of plasma escape from the high-

latitude ionosphere envisages that gravitational pull on 

heavy ions is strong while light ions (H+ and He+) require 

only the ambipolar electric field set up by ion-electron 

charge separation as a result of electron precipitation. 

The heavy ion escape is dependent on geomagnetic 

storms and solar wind energy inputs, both in the form of 

photoionization of the Earth’s neutral atmosphere by 

solar photons, and electromechanical energy (transmitted 

from the sun by the solar wind and linking the ionosphere 

through the magnetosphere) that heats the plasma (Lin 

and Ilie, 2022; Albarran et al., 2023). Moore et al. (1999) 

reported that the light ion polar wind is a pervasive 

feature of the polar regions and that these outflows fill the 

polar caps and lobes and continue into the near-Earth 

plasma sheet, in addition to the more energetic beams and 

conics of the auroral regions. These results suggest that 

the inner plasma sheet, and by extension the ring current 

plasma, may be dominantly supplied by ionospheric 

outflows. In contrast, solar plasma generally dominates 

the more distant boundary layers and plasma sheet. 

Recent advances in understanding the geospace 

environment have made it increasingly clear that there is 

little about space weather that can be understood without 

reference to the ionosphere and magnetosphere. 

The interconnectivity between the plasma of the 

ionosphere with that of the energetic and highly 

dynamical magnetosphere is the process known as 

magneto-ionospheric coupling. The process of 

interconnectivity is brought about by the Birkeland 

currents system, outflow mechanisms, wave heating, 

precipitating particles and electric fields (Figure 1). 

 

 
Figure 1: Magnetosphere-ionosphere coupling (http://esp.igpp.ucla.edu/research.html) 

 

The ionosphere of the Earth and the magnetosphere 

combine to form a system of plasma, which provides all-

encompassing in situ investigation and research. Its 

density scope between 1012 and 104 m-3 and temperature 

variation between 103 and 107 K has made it a valuable 

tool in the study of cosmic plasma. The local plasma is 

http://esp.igpp.ucla.edu/research.html
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even of more important because it is the scene of 

multiplex activities leading to particle energization and 

element separation. The comprehension of these 

activities is extremely important to stand in for distant 

astronomical spots, which could not be possible with in 

situ investigation. Planetary plasma has the capability for 

efficient particle acceleration, which occurs in the near-

earth region, and this local plasma permits us to delineate 

the mechanisms that are accountable for it. The coupling 

between the magnetosphere and the ionosphere gives 

room for energy and momentum transfer between them 

(Tenfjord and Østgaard, 2013). There is a clear difference 

in the exchange, for instance, the chemical constituent of 

the plasma from the ionosphere to the magnetosphere is 

a singly ionized helium (He+), while that from the solar 

source to the same sink is doubly ionized (alpha particle, 

He2+) 

The complexity of the magneto-ionospheric coupling 

involves the electric field and mass movement. The 

movement can be from either the ionospheric region to 

the magnetosphere or vice versa. The flow from the 

magnetosphere, heating and auroral activity is brought 

about by the precipitation of high energy electron and 

proton. Indeed, ionospheric plasma is found in the 

magnetosphere during both quiet and active times 

(Glocer et al., 2009). 

The ionospheric plasma found in the magnetosphere can 

have a tremendous effect on the solution in the 

magnetosphere. Ionospheric outflows add mass to the 

magnetosphere, leading to: 

i. decreased Alfvén speed on flux tubes 

ii. reduced momentum/energy transfer rates 

iii. a slower magnetospheric response time to external 

drivers 

iv. changes in high-latitude magnetospheric dynamics 

v. Magnetosphere-ionosphere coupling via Alfvén 

waves 

Moreover, the presence of heavy ions can modify the ring 

current in the inner magnetosphere, impacting the Dst 

index and the local plasma beta.  

The primary object of this study is to investigate the 

initial upwelling observations made by the ESR during 

outlows identified by the FAST satellite, and to validate 

these findings with another ground-based instrument - 

the CUTLASS radar. In comparison to previous works on 

upwelling ions (Endo et al., 2000; Ogawa et al., 2009; 

David et al., 2018; David et al., 2024, David et al., 2025), 

where ion upflows where investigated based on meeting 

the ion velocity or ion flux threshold criteria, the 

presented work considers the study of upwelling that has 

already been observed by the FAST satellite to be leaving 

the Earth’s auroral regions. 

 

Instrumentation 

FAST 

Fast Auroral SnapshoT (FAST) satellite shown in Figure 

2 is one of the Small Explorer (SMEX) missions by the 

National Aeronautics Space Agency (NASA), in fact, the 

second, in order to make a quick but detailed scientific 

observations at not very high cost (Harvey et al., 2001; 

Zhou et al., 2003). The multiplex spacecraft was 

configured to take in situ measurements above the 

Earth’s auroral regions. The FAST spacecraft measures 

the acceleration of particles and takes readings that would 

assist in the understanding of the auroral processes. It 

completes a revolution in about 2¼ hours, and with its 

apogee altitude of a little above 4000 km, it can venture 

high into the territory of the particles that create the 

aurora (Pfaff et al., 2001; Ergun, 2001; Carlson et al., 

2001; Baddeley et al., 2023). The FAST spacecraft was 

put into orbit on 21st August, 1996, at a respective apogee 

and perigee of 4175 km and 350 km by a rocket 

disengaged from a jet travelling at Mach 0.8. It carries 

instruments that carry out measurements above the 

Earth's auroral zones. The spacecraft has a tracking 

station monitored by NASA at Poker Flat, Alaska, 

collecting real-time data and another in Kiruna, Sweden, 

which is maintained by the European Space Agency 

(ESA) (Pfaff et al., 2001; 

http://ham.space.umn.edu/spacephys/fast.html). 

The spacecraft database has assisted scientists in 

reviewing theories about the nature of Earth’s auroral. 

The FAST mission has helped in addressing key 

questions on the mechanisms responsible for particle 

acceleration, auroral formation, pitch-angle distribution 

of energetic auroral particles, and associated processes 

relating to the suprathermal energetic upflowing ions 

from the auroral ionosphere, which includes ion beams, 

ion conics and UWI (Carlson et al., 1998; 2001; Pfaff et 

al., 2001). 

It is worthy to note that FAST’s normal operations ended 

on May 1st, 2009, so, FAST is no longer gathering 

routine data (http://cse.ssl.berkeley.edu/fast_epo/). 

 

http://ham.space.umn.edu/spacephys/fast.html
http://cse.ssl.berkeley.edu/fast_epo/
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Figure 2: Fast Auroral SnapshoT (FAST) satellite  

(source: Department of Physics, University of Leicester) 

 

EISCAT 

The EISCAT (European Incoherent Scatter) Scientific 

Association is a body set up to carry out research, using 

the ISR technique to probe the ionosphere as well as the 

different divisions (from lower to upper) of the 

atmosphere. EISCAT can also play the role of coherent 

scatter radar (CSR) in order to study ionospheric 

instabilities and investigate the dynamics of the middle 

atmosphere. Its heating facility could also be used to 

modulate the ionosphere for experimental purposes. 

Ten ISRs are being operated in the world, of which 

EISCAT runs three of the highest-standard facilities. The 

present study is focused on the EISCAT Svalbard radar 

(ESR; Figure 3), situated close to Longyearbyen, 

Svalbard. The frequency of operation is in the 500 MHz 

band and it is being transmitted at a maximum power of 

1.0 MW. In 1994, a facility credited for its very high gain 

and low noise performance, a fully steerable parabolic 

dish antenna of 32 m diameter was completed, and the 

ESR was officially launched on August 22, 1996 

(Wannberg et al., 1997). Also in 1999, another fixed field 

aligned antenna of 42 m diameter was added. The aim of 

locating this facility at high latitude is to foster, in 

particular, the studies of the cusp and polar cap region. 

(https://www.eiscat.se/about/whatiseiscat_new). 

 

 
Figure 3: The EISCAT Svalbard Radar (http://www.eiscat.rl.ac.uk/) 

https://www.eiscat.se/about/whatiseiscat_new
http://www.eiscat.rl.ac.uk/
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SuperDARN 

The Super Dual Auroral Radar Network (SuperDARN) 

is a worldwide chain of high frequency (HF) radars that 

monitor plasma dynamics in the high and middle latitude 

E and F regions of the ionosphere (Ribeiro et al., 2013a; 

2013b). The SuperDARN has been in operation since its 

inception over 20 years ago (Gillies et al., 2012), and it 

is a ground-based tool that has achieved considerable 

success in investigating both ionospheric and 

magnetospheric dynamics as well as the neutral 

atmosphere. The SuperDARN consists of several radars 

that employ the coherent-scatter radars (CSRs) technique 

operating in the HF band with a superposed fields-of-

view that envelope the ionosphere above the 

hemispherical poles. The radar network has the principal 

objective of studying and measuring ionospheric 

convection, but has also achieved significant success at 

the magnetospheric altitudes (Chisham et al., 2007). The 

radars return measurements from plasma irregularities 

flowing up to several km s-1, detectable to a range of 

thousands of kilometres, and by autocorrelation 

functions, the line-of-sight velocity, spectral width, and 

backscatter power can be estimated (Ribeiro et al., 

2013a; 2013b). 

The CUTLASS radars 

The two SuperDARN radars employed in this study are 

the bistatic pair of these radars called CUTLASS 

(‘Cooperative UK Twin Located Auroral Sounding 

System’; Milan et al., 1997). CUTLASS is a system that 

has agility for frequency, operating in the 8–20MHz 

bandwidth and comprises stations at Pykkvibær, Iceland, 

and the other pair at Hankasalmi, Finland (Wright et al., 

2004; Millan et al., 1997). The CUTLASS radars consist 

of two arrays of log-periodic antennas, a main array of 16 

antennas that can act both as transmitter and receiver, and 

an interferometer array of 4 antennas acting as a receiver 

only (Figure 4). The radars have fields of view 

enveloping a wide area, including the ESR facility 

(Figure 5), which is the area being considered under the 

present study (Millan et al., 1997; Wright et al., 2004). 

The northward-directed beam 9 of the Finland radar and 

beam 5 of the Iceland radar overlay the ESR facility 

(Millan et al., 1997; Yeoman et al., 2010), and are 

employed in this study as they pass through the coverage 

area of the EISCAT Svalbard Radar. The geographic co-

ordinates of the Finland and Iceland radars are (62.32°N, 

26.61°E) and (63.86°N, 19.20°W)  respectively (Mark, 

2013).  

 

 
Figure 4: The CUTLASS radar 
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Figure 5: The CUTLASS radars fields-of-view in conjunction with ESR 

 

Data and Analysis 

This section examines data during conjunctions of the 

FAST spacecraft with the EISCAT ISRs and CUTLASS 

Coherent Scatter Radars (CSRs) at Longyearbyen, 

Svalbard. Over the whole lifetime of FAST (1996-2009), 

there were ~3000 conjunctions of FAST and ESR. 

Conjunctions between FAST and ESR considered so far 

were 283 intervals when ESR was operating, and only 

seven events were identified. The date, time, magnetic 

latitude, and other parameters during the conjunctions are 

presented in Table 1 below. Detailed analysis of two 

distinct events that met the threshold for ion upflow 

(David et al., 2018; David et al., 2024), a nightside event 

(2002-01-20) and one of the dayside events (2006-03-18) 

are presented in sections 4.1 and 4.2. The data used 

consist of the CUTLASS radar located at Hankasalmi, 

Finland, and the fixed field aligned antenna of 42 m 

diameter of the EISCAT Svalbard radar (ESR), available 

at the SuperDARN and Madrigal database, respectively. 

 

Table 1: The date of events 

FAST 

Orbit 

Date UT Altitude 

(km) 

MagLat (°) GGLat (°) GGLon (°) 

5723 1998-02-01 11:30:34 3129 74.918 78.297 13.827 

21560 2002-01-20 22:20:55 2666 74.673 78.607 19.691 

36411 2005-09-12 11:25:01 3374 74.802 78.278 16.324 

36478 2005-09-18 10:48:00 3104 74.643 78.172 16.64 

38430 2006-03-11 09:21:54 3640 75.192 78.345 12.806 

38508 2006-03-18 08:09:23 3728 74.111 77.78 20.058 

46354 2008-02-14 12:07:05 1036 74.967 78.494 11.609 

 

RESULTS AND DISCUSSION 

Figures 6 and 7 present the power, line-of-sight velocity, 

and the spectral width from the SuperDARN parameter 

plot. Figures 8 and 9 show the electron density (Ne), 

electron temperature (Te), ion temperature (Ti), ion 

velocity (Vi), and the ion flux (Fion) from the ESR 

parameter plot. The black dotted lines in the figures 

indicate the conjunction time. 

SuperDARN Parameter Plot 

2002-01-20 event 

The first event analyzed occurred around 22:21 UT, as 

presented in Figure 6. A few hours before the time of 

conjunction, the power plot shows high irregularities in 

the ionosphere throughout the time of investigation 

across the magnetic latitude as low as 65°. Though there 

was a paucity of data at the exact time of conjunction at 

the ESR magnetic latitude (MLAT 75.4°), which could 

be due to failure of the measuring instrument or a strong 

geomagnetic storm at that time, but data from the 

CUTLASS Finland radar indicate that strong flows 

toward the radar are present. It is worth noting that the 

second event on Table 1 is the only nightside event out of 

the seven conjunctions under study. 
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2006-03-18 event 

Figure 7 presents the SuperDARN parameter plot 

between 06:10 UT and 10:00 UT for the March 18, 2006 

event. The first panel shows a quite substantial 

disturbance in the ionospheric irregularities, which in 

turn gives rise to a high poleward flow speeds away from 

the radar as shown in the second panel. The line-of-sight 

velocity during the time of conjunction is above 800 m s-

1 with a spectral width average of over 500 m s-1. This 

indicates that data from the CUTLASS Finland radar 

signal strong cusp signatures during the dayside event. 

 

 
Figure 6: SuperDARN parameter plot for 2002-01-20 event: (a) power, (b) line-of-sight velocity, (c) spectral width  
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Figure 7: SuperDARN parameter plot for 2006-03-18 event: (a) power, (b) line-of-sight velocity, (c) spectral width 

 

ESR Parameter Plot 

Each of the plots in this section consists of five panels, 

which are electron density (Ne), electron temperature 

(Te), ion temperature (Ti), ion velocity (Vi), and the ion 

flux (Fion), respectively. The plots show variations in the 

above parameters with respect to altitude, ranging from 

100 km to around 800 km. It is worth mentioning that 

positive values of velocity from the ESR data represent 

upward flow away from the radar. 

 

2002-01-20 event 

Figure 8 shows the January 20, 2002 event, which began 

with a stable electron density in the E-region from the 

period of 20:00 UT to around 21:30 UT. However, 

immediately after this time, strong electron precipitations 
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down to an altitude as low as the 100 km in the E-region 

dominate the rest of the period. The last panel in the 

figure shows that ESR observed enhanced ion flow 

between the interval 21:30 UT and 23:10 UT, which 

includes the time of conjunction at about 22:21 UT. 

Archer et al. (2015) had explained that the periods of 

elevated ion flow can lead to anisotropic ion temperature 

distribution, meaning that the ion is being heated 

preferentially in the direction perpendicular to the 

geomagnetic field compared to the parallel component of 

the ion temperature. Under such conditions and in the 

presence of the divergent geomagnetic field, the ions will 

experience an upward force, which Virtanen et al. (2014), 

called the hydrodynamic mirror force. It can be inferred 

from the works of Jones et al. (1988) and David et al. 

(2025) that in the presence of an anisotropic ion-velocity 

distribution function, which brings into play the magnetic 

mirror force, the conjunction of vertical upwelling of the 

neutral atmosphere and frictional heating of the ions will 

result in an adequate field-aligned velocity for the ions. 

The third and fourth panels in the figure show a good 

agreement with the existing theories. 

 

 
Figure 8: Ionospheric parameters observed by the EISCAT Svalbard Radar (ESR) on 2002-01-20: (a) electron density, 

(b) electron temperature, (c) ion temperature, (d) ion drift velocity, and (e) the ion flux 
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2006-03-18 event 

Each of the five panels in Figure 9 indicates strong 

elevation of their respective characteristics at the 

conjunction time, around 08:09 UT. ESR data indicate 

strong precipitation immediately before the event and 

strong electron temperature almost throughout the 

period. At the conjunction time, the third panel shows a 

strong ion temperature elevation which becomes 

significantly enhanced through ion frictional heating, and 

this agrees with existing theory that there is a clear 

relationship between large ion velocities and ion 

temperature elevation (Goodwin et al., 2018). The 

heating is most effective in the F-region altitude, 

modifying the plasma pressure gradient and resulting in 

field-aligned ion acceleration. A number of intervals of 

ion flow are evident in the figure, most obviously 

between 06:00 UT and 08:20 UT as well as 09:00 UT and 

10:00 UT. However, the scales on this figure do not 

clearly indicate the magnitudes of the flow, but a more 

detailed investigation reveals that ion temperature above 

5000 K and upward velocity of ~ 800 m s-1 occurred at 

the time of conjunction and at some other times. 

According to Wahlund and Opgenoorth (1989) and 

Wahlund et al. (1992) and Yau et al. (2011), the 

characteristics displayed by this event may classify it as 

a Type-II auroral bulk upflow. 

 

 
Figure 9: Ionospheric parameters observed by the EISCAT Svalbard Radar (ESR) on 2006-03-18: (a) 

electron density, (b) electron temperature, (c) ion temperature, (d) ion drift velocity, and (e) the ion flux 
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CONCLUSION  

This study has investigated initial ion upflows from the 

Earth’s upper atmosphere during seven conjunctions of 

the FAST spacecraft with the EISCAT Svalbard Radar 

(ESR), validated with ground-based CUTLASS 

SuperDARN radars. The analysis reveals that ESR 

consistently observed electron precipitation accompanied 

by enhanced electron and ion temperatures, with peak ion 

upflow fluxes on the order of ~10¹³ m⁻² s⁻¹ above 300 km 

altitude. Of the events analyzed, the 2006-03-18 dayside 

interval exhibited cusp signatures consistent with a Type-

II auroral bulk upflow, while the 2002-01-20 nightside 

event demonstrated enhanced flows despite partial data 

loss, confirming the robustness of the upward flux 

signatures. These results demonstrate that electron 

precipitation–driven ambipolar electric fields and ion 

frictional heating are the dominant energization 

mechanisms during the observed events. The upwelling 

fluxes are of sufficient magnitude to make a non-

negligible contribution to magnetospheric mass loading, 

thereby reducing Alfvén speeds along flux tubes and 

altering magnetosphere–ionosphere coupling on 

substorm and storm timescales. The presence of heavy 

ion outflows under both dayside cusp and nightside 

auroral conditions also highlights the variability of 

ionospheric contributions to the ring current and plasma 

sheet populations. By establishing quantitative 

benchmarks for ion upflow fluxes under conjunction 

conditions, this study provides observational evidence 

that supports theoretical models of ionospheric supply to 

the magnetosphere. Future coordinated analyses with 

multi-point satellite missions and next-generation ISR 

facilities will be necessary to resolve altitude-dependent 

energization processes, constrain uncertainties in flux 

magnitudes, and evaluate the cumulative role of upflow 

events in long-term magnetospheric dynamics. 
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