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Abstract – When outflow of heavy ions such as O+ occurs, the atmospheres of planets are 

gradually loss. The ions being depleted in the ionosphere, under favourable conditions, upwell 

into the underlying magnetosphere and forms a substantial part of plasma in the magnetosphere. 

The motion of the heavy ions affects the Alfvén speed as a result, alters global magnetospheric 

dynamics. Joule heating, electron precipitation and other suprathermal energization are part of 

the mechanisms involved in the outflow process. Seven hundred and sixty two 762 events of 

periods of noticeable velocity upflow in conjunction with activities in the electron precipitation as 

well as enhancement in electron and/or ion temperature(s) were observed by the EISCAT Svalbard 

Radar (ESR) during the 2007 campaign. The 762 events were categorized by velocity strength in a 

colour coded plots.  A further observation of periods when the ion upward velocity covered a wide 

range of altitude is examined, and the distribution of the events shows that about 9.2% of the 

upflow velocity covers a wide range of altitude. Furthermore, analysis shows that the distribution 

of high velocity events (≥ 200 ms-1), in conjunction with Kp ≥ 4 is peaked around local noon while 

other upwelling’s of moderate and low velocities with same range of Kp is skewed towards the 

night-side. Ion upwelling on the other hand, being a function of electron density and the 

corresponding velocity, shows that events of same velocity range, may belong to different flux 

regime, and vice versa.  

 

Keywords: Ionospheric upwelling, joule heating, ion flux, ion velocity, heavy ions. 

 

Received: 09/07/2024 – Revised: 23/10/2024 – Accepted: 29/11/2024 

 

I. Introduction 

 

The ionospheric high latitudes contain both light thermal 

ions (H
+
, He

+
) and heavy energetic ions (e,g., O

+
, O2

+
, 

N2
+
) [1]. Under certain conditions, oxygen ions (O

+
) in 

the upper atmosphere can outflow into the 

magnetosphere, influencing magnetospheric dynamics 

within the sun-magnetosphere-ionosphere system. The 

ionosphere, a region rich in oxygen ions (O
+
), 

experiences upwelling of heavy ions, a process that can 

lead to the loss of planetary atmospheres. It is believed 

that wave modes are responsible for accelerating these  

 

 

upwelling ions once they are above the atmosphere [2],  

though much about this acceleration process remains 

unclear. However, when the ambipolar electric field 

grows beyond a certain threshold due to increasing 

electron heating, there is a significant reduction in the 

upflowing ion flux [3].  

It could also be inferred from Khazanov et al. [4] that in 

a collisionless space, inaccessibility regions in the 

velocity space could be created as particle velocity vector 

changes direction and magnitude as a result of changes in 

https://www.ijeca.info/
https://creativecommons.org/licenses/by-nc/4.0/


 T.W. David et al. / International Journal of Energetica (IJECA) Vol. 9, N°2, 2024, pp. 48-53 

 

 Page 49 

 

either the magnetic field or the various potential energies. 

They explain further that in the polar cap ionosphere, the 

force due to the ambipolar electric field for oxygen ions 

(O
+
) to flow out is weaker than that due to gravity. In a 

nut shell, suprathermal energization is required to free 

the upwelling heavy ions from the strong magnetic field 

and gravitational pull of the planet into near Earth space. 

Zhang et al. [5] reported two species of upwelling 

oxygen ion (O
+
) in the polar cap region, one been 

energised by frictional heating, and the other by field-

aligned current. Yuang et al. [6] in their analysis of 

Defense Meteorological Satellite Program F15 data, 

estimated that during intense geomagnetic storms, the 

polar cap boundary is rich in O
+
 to support ion upwelling 

into the magnetosphere. Ogawa et.al. [7] in their study of 

ESR data in comparison with solar wind plasma 

parameters during solar cycle 23, observed that ion 

upflow variation on the dayside follows a direct 

relationship until the solar wind velocity reaches 650 km 

s
-1

, while David et al. [8] established that upflow 

occurrence bears a directly relationship with an increase 

geomagnetic activities. Ion downflow is predominant 

with high solar wind speed, yet the upflow-downflow 

ratio will still exceed 1 [7,8]. Endo et al. [9] showed that 

downflow is more prevalent at midnight and though, 

upflow and downflow increase with an increase in Kp 

index, increase indownflow occurrence becomes 

negligible at higher level of Kp. David et al, [10] studied 

different categories of ion upflow with their 

corresponding level of associated noise, and highlighted 

that the noise level increases with the magnitude of the 

ion flux and varies seasonally. 

Previous studies investigate upflows in conjunction with 

solar wind velocity, whereas, the analysis of the 

occurrence of ion upwelling identified by ion upflow 

velocity itself in conjunction with the Kp index, a 

measure of geomagnetic disturbance, is studied. 

Secondly, the upwelling is also investigated based on the 

ion flux strength in order to compare upwelling’s caused 

by the same velocity regime. In comparison to previous 

works, a database of large set of continuous data for a 

complete year during the international polar year (IPY) 

campaign of 2007 will be studied, thereby ensuring a 

robust data analysis.  

 

II. Materials and Methods 

 

The EISCAT Svalbard Radars run on the Incoherent 

Scatter Radar (ISR, [11]) technique and with it, measure 

some basic plasma parameters of the ionosphere can be 

measured, these include; electron density (  ), from the 

total scattered energy, ion temperature (  ), from the 

spectrum width, electron temperature (  ), from the 

spectrum height with a usual double hump-shaped, and 

the ion drift velocity (  ). The ESR 42 m diameter fixed 

dish shown in Figure 1 measures the ion drift velocity 

along the local geomagnetic field line with a data 

resolution of 1 minute and it is the source of data for the 

electron density and ion velocity used in this work. Data 

for Kp index, a measure of geomagnetic activity, where 

low geomagnetic disturbance indicated by     , and 

      , and      denoting medium and high 

disturbance respectively was also sourced for this study 

from the Madrigal site. 

 

 
Figure 1. Fixed 42 m dish of the EISCAT Svalbard Radar. From 

EISCAT, 2015 

 

III. Result and discussion 

 

III.1. Velocity based criteria 

 

The snapshots of the ESR parameter plots comprising the 

graphs of electron density, electron temperature, ion 

temperature, and ion drift velocity (  ) were downloaded 

from the EISCAT database. By visual inspection, 762 

events of periods of noticeable velocity upflow in 

conjunction with activities in the electron precipitation as 

well as enhancement in electron and/or ion 

temperature(s) were observed. The 762 events were 

categorized by velocity strength in the colour coded 

graphs as follows: 

 Weak velocity:                    
   

 Fairly moderate velocity: 

                      
   

 Moderate velocity:  

                     
   

 High velocity:   
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 Very high velocity:           
   

 

Another category of upflow that is included in the 

observation is the period when the ion upward velocity 

covered a wide range of altitude. Table 1 shows the 

distribution of the events. 

 

Table 1. Classification of events by velocity 

Classification Rank Number of events 

Very high 5 134 *(1) 

High 4 318 *(22) 

Moderate 3 170 *(17) 

Fairly moderate 2 126 *(19) 

Weak 1 14 *(11) 

 Total 762 

*( ): number of event(s) across wide range down to low altitude 

 

Figure 2 shows the Kp distribution of events with respect 

to different velocity regimes. The Kp index is a system of 

numbering that scales the geomagnetic activity to 

indicate level of disturbed condition in the geomagnetic 

field. Kp < 2 indicates a period of low disturbance, while 

2 ≤ Kp < 4  and Kp ≥ 4 are periods of moderate and high 

activities respectively. Analysis shows that events with 

velocity regime ≥ 200 ms
-1

 (Figure 2a,b), when Kp ≥ 4 

are peaked around local noon, whereas upwelling during 

the same range of Kp ≥ 4  for weak to moderate 

velocities is predominant from midnight till dawn (Figure 

2c). 

The implication of this is that high geomagnetic activities 

during the upwellings are predominantly related to  

 high velocities events around the cusps 

 moderate and low velocities events on the night 

side aurora 

It is also worth noting that when the velocity drops below 

the fourth rank, events with high Kp no longer occur 

between pre-noon and noon as shown in Table 2, 

indicated by the red digits. 

The second aspect of Figure 2 is the frequency 

distribution. For the very high velocity events (≥ 300ms
-

1
, Figure 2a), the occurrence frequency is predominantly 

between pre-noon and post-noon. The ionization, being a 

function of the sun and activities from it, fluctuates 

greatly in the level to which the atmospheric constituents 

are being ionized. Since the solar radiation reaching the 

atmosphere is at a maximum around noon, it is expected 

that high ionization and high velocity as a result, should 

be peculiar to this time of the day as could been seen 

from graph. Seasonal variation is another effect that 

contributes to the variation in the ionospheric ionization; 

this would be investigated in another work. 

The frequency distribution in Figure 2b indicates that 

though occurrence ionization is still dominant between 

the dawn and day side, frequency from both flanks are 

gaining momentum to level up. In Figure 2c where all 

categories of velocity is investigated, the dominance has 

moved to the night sector and early dawn. Activity from 

the sun continues even when solar radiation subsides, and 

the interaction of the activity with the geomagnetic field 

lines through the solar wind and the frozen-in 

interplanetary magnetic field (IMF) causes 

magnetospheric loading with energy in the nightside. At 

a point in time, the plasma sheet, which acts as a 

reservoir, has sufficient energy build-up that it becomes 

unstable and potential drops are generated. These 

potentials, according to Kivelson and Russell [12], 

accelerate electrons towards the Earth into the 

ionosphere, which collide with the atmospheric atom or 

molecule to cause air glow. About 52% of the events 

investigated are in the weak to moderate velocity 

regimes, and the reason it takes the lead in occurrence 

frequency could be due to energization of the particles 

from the nightside aurora, and this will be subject of 

further investigation 

 
Figure  2a. Kp distribution of events with velocity ranked as 5 
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Figure 2b. Kp distribution of events with velocity ranked 4 and 5 

 
Figure 2c. Kp distribution of events for all ranks of velocity 

 

Table 2. Relationship between velocity of events with high Kp index at 

different local time; indicating that events with high Kp no longer occur 
between pre-noon and noon at velocities below 200 ms-1. 

 
 

 

III.2. Impact of Carrier Density and Thickness of ZnS 

Buffer Layer on Performance Parameters 

 

The ESR–IPY raw data is downloaded from the Madrigal 

website and the ion fluxes are calculated where neither 

the electron density nor the ion velocity is equal to    . 

Out of the 762 events identified by upflow velocity from 

the ESR snapshots, data is available for 755 events 

through the raw data. In order to sieve out downflows 

and events that are not likely to result in an upflow, a 

filtering technique that allows only value      

             is incorporated. About 98% of the events 

binned by upward velocities satisfy the     

              ion flux threshold value indicated by 

Wahlund et al. [13]. The fluxes that satisfied this 

minimum value are categorized as follows: 

i. Weak:                        

                 

ii. Fairly moderate:                      

                 

iii. Moderate:                       

                 

iv. High:                        

                 

v. Very high:            
          

  

The rest of this study is based on the ion flux because it 

gives a true picture of the upwelling ions. For example, 

Figure 3 compares periods of fairly moderate and high 

velocities with little or no difference in the ion flux. 

The blue, black, orange, red and green coloured shapes 

represent weak, fairly moderate, moderate, high, and 

very high categories of flux respectively. The first panel 

in Figure 3 shows two events of same velocity range, but 

the peak flux in the first event extends to the high flux 

category while the second peak belongs to the moderate 

category. There are also two events of different velocity 

regimes on the same day in the second panel. The second 

event of the day though of velocity rank 2, has a peak 

flux that is greater than the first event of the day whose 

velocity is ranked 4. Comparison between the rank 2 and 

4 velocities in the middle and bottom panels of Figure 3 

respectively indicates similarity in the pattern of flux 

despite the difference in their class of velocity. The 

reason for this is because flux is the product of electron 

density and the corresponding velocity. 

 

                                                                       

 

It is possible to have a period of high upflow velocity, 

but low density, and vice versa, which will in turn affect 

the ion flux.  

Figure 3 further shows day-to-day variability in the ion 

upflow. The first panel of Figure 3 indicates ion upflow 

between midnight and dawn, the second panel shows 

dawn and noon upwellings, while prenoon and midnight 

upwellings are seen in the third panel. Furthermore, 

between the period of 4 – 6 UT, the magnitude of the ion 

upflows attains high flux category on day 0322, while 

days 0323 and 0325 indicate fairly moderate and no flux 

respectively between the same time interval. 

Some studies in the past have sorted the ion upflows 

based on its velocity to categorize events, while David et 

al. [8] for example, based the choice of events on the 

flux.  

The results described above from Figure 3 validates that 

the ion flux is a better quantity to describe upflow regime 

as it can be seen that different velocity regime can result 

in the same ion upflow and vice versa. The ion flux in the 

flux tube is maintained at a constant overall total unless 

the state is turbulent, otherwise, it is a conserved 

quantity. As a result, the ion flux other that its velocity 

should be employed when measurement of potential 

outflow from the ionosphere into the magnetosphere. 

Furthermore, the proper understanding of categorizing 

the heavy ion is of paramount importance as its motion 

affects the Alfvén speed and as a result, alters 

magnetospheric dynamics [14]. 
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Figure 3. Comparison between velocity and ion flux: ‘R2’ means fairly 

moderate or rank 2 velocity and ‘R4’ means high or rank 4 velocity 

 

IV. Conclusion 

 

This study examined ion upwellings in the Earth's upper 

atmosphere during the 2007 IPY campaign, a period 

characterized by extremely low solar activity. Seven 

hundred and sixty-two (762) events were manually 

selected when the EISCAT Svalbard Radar (ESR) 

observed upflow in the ion velocity in conjunction with 

activities going on in the precipitation and Poynting 

fluxes. Ion velocity ranges between weak (rank 1) and 

very high (rank 5), and periods of wide coverage in 

altitudes are highlighted. The ion fluxes are calculated 

for these events and the following conclusions are arrived 

at: 

 Analysis shows that events with velocity regime ≥ 

200 ms
-1

 when geomagnetic index Kp ≥ 4, are 

peaked around local noon. 

 Moderate and low velocities events with      

are predominantly skewed unto the nightside. 

 Early dawn (6:00 – 7:00 UT) takes the lead in 

frequency distribution of events while the night 

sector dominates on the overall. This might be 

related to minimum condition in solar activity 

during the year 2007. 

 Events with high Kp ceases to occur between pre-

noon and noon at velocities below 200 ms
-1

 

 There are periods of low velocities driven by high 

densities. This condition makes the flux a better 

parameter over the velocity, to investigate the ion 

upwellings. 

 Day-to day variability is observed in the ion flux. 
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