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A B S T R A C T   

Although the horizontal density structures of the polar ionosphere have been extensively studied mostly using 
the F-region peak density or total electron content, there are relatively few studies on the vertical density 
structures. In this review, we present the climatology of the polar ionospheric density not only in the F-region but 
also in the E-region and topside ionosphere, in comparison with the mid-latitude ionosphere, using long-term 
incoherent scatter radar (ISR) observations at Millstone Hill, Tromsø, and Svalbard. The ISR data during the 
period of 1995–2015 are analyzed to study on the variations with local time, season, and solar/geomagnetic 
activity. The diurnal variations of the F-region density are much smaller in the polar region than in the mid- 
latitude, particularly in summer. At Svalbard, there is a characteristic double-peak structure in the diurnal 
variation of the polar ionosphere in winter only for high solar activity. The diurnal variation of hmF2 decreases 
with increasing latitude and eventually disappears at Svalbard for low solar activity but the hmF2 and its diurnal 
variations in the polar ionosphere are remarkably enhanced for high solar activity. The distinctive irregularity in 
the mid-latitude F1-layer nearly disappears in the polar region, especially at Svalbard. The anomalous seasonal 
variations of the F-region density are less evident in the polar ionosphere especially for low solar activity and for 
high magnetic activity conditions. The polar E-region density shows characteristic nighttime peaks induced by 
auroral precipitation but it does not necessarily increase with solar activity. The topside ionospheric density 
variations are much stronger in the polar region for high solar activity. Finally, it is found that the polar iono-
spheric density profiles more strongly respond to increasing solar activity as well as the magnetic activity 
compared with the mid-latitude ionosphere.   

1. Introduction 

The ionospheric density is chiefly produced by solar extreme ultra-
violet (EUV) radiation, depleted by recombination with atmospheric 
molecules and redistributed by electric field and/or neutral winds. In 
addition to these processes, the polar ionosphere including the auroral 
oval and polar cap/cusp is characterized by the coupling with the 
magnetosphere along the geomagnetic field lines, which results in 

unique characteristics of the polar ionosphere such as strong plasma 
convection, energetic particle precipitations, and joule/frictional heat-
ing. The auroral oval is the luminous boundary between the open 
geomagnetic field lines, which connect out to the solar wind, and the 
closed field lines. The auroral oval itself lies largely on the closed field 
lines. The polar cap, poleward of the auroral oval, is therefore a region of 
the open field lines, connecting out to the solar wind, generally far 
downstream of the Earth. The auroral energetic particles precipitate into 
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the upper atmosphere from the magnetosphere along the magnetic field 
lines, resulting in characteristic features such as auroral emissions, ion 
production, and heating mainly in the auroral oval. In the cusp region in 
which the magnetosheath plasma has a direct access to the ionosphere, 
there are additional productions in the E-region by energetic proton 
precipitation and in the F-region by soft electron precipitation. In the 
polar cap within the auroral oval and the cusp there exist a homoge-
neous electron precipitation (i.e., a polar rain), which originates with 
the suprathermal component of the solar wind electron population, and 
sun-aligned arcs, which are intense auroral emissions imbedded in the 
polar rain. As for the transport processes affecting the ionospheric 
density distribution in the polar region, the anti-sunward plasma con-
vection carries the plasma from the dayside at lower latitudes to the 
nightside across the polar cap, which produces characteristic plasma 
density structures such as tongue of ionization (TOI) and polar cap 
patch. Compared with the low and mid-latitude ionosphere, however, 
the polar ionospheric density structure has not been well established, 
presumably due to the relatively limited observations from ground or 
space. In previous studies, moreover, much attention has been paid to 
the horizontal structures of the ionospheric density such as polar cap 
patch, TOI, ionization trough, ionization hole and auroral blobs, mostly 
using the measurements of the F-region peak density (NmF2) or total 
electron content (TEC). However, there are relatively few studies on the 
characteristic features of the vertical density structures including the E- 
region and topside ionosphere. 

The variations of the F-region density profile in the polar ionosphere 
have mainly been investigated by using incoherent scatter radar (ISR) 
and/or ionosonde observations (e.g., Fontaine, 2002; Zhang et al., 2005; 
Cai et al., 2007; Moen et al., 2008; Ratovsky et al., 2014; Xu et al., 2014). 
Using the European Incoherent Scatter (EISCAT) radar observations at 
Tromsø and Svalbard, Cai et al. (2007) performed a statistical investi-
gation of the seasonal variations of the polar ionospheric density. Their 
results showed that the winter anomaly appears only at Tromsø during 
solar maximum but it does not appear at Svalbard. It was also found that 
the polar ionosphere shows a weak diurnal variation in summer due to 
the extended period of solar production, but in winter two peaks appear 
near the magnetic local noon and pre-midnight at Svalbard. They sug-
gested that the first peak is caused by soft particle precipitation from the 
cusp and the second peak seems likely to be transport effects related to 
substorms. Fontaine (2002) reported brief observational results ob-
tained from the EISCAT radars, showing the E-region nighttime density 
enhancement in the auroral region and the effect of particle precipita-
tion on the dayside ionosphere in the cusp region in winter. Moen et al. 
(2008) studied on the diurnal variations of the F2-region plasma density 
using the data from EISCAT Svalbard radar (ESR) and showed that the 
NmF2 exhibits one maximum at around 12 MLT and another at around 
23 MLT, which was explained by the cross-polar cap transport of solar 
EUV ionized plasma from dayside to nightside. Xu et al. (2014) inves-
tigated the climatological features of NmF2 including diurnal and sea-
sonal variations in the northern and southern polar regions using the 
long-term observations from ISR at Svalbard, dynasonde at Tromsø 
and digisonde at Zhongshan Antarctic station. They found that the 
maximum NmF2 occurs at local noon in the auroral region (i.e., Tromsø) 
but at magnetic local noon in the cusp region (i.e., Svalbard and 
Zhongshan station), due to the productions by solar EUV and soft par-
ticle precipitation, respectively. In addition to the noontime peak, they 
also found the second peak at pre-midnight sector at Svalbard in winter 
during solar maximum condition, which was explained to be caused by 
plasma transport from dayside. Regarding the seasonal variations, it was 
found that the semiannual anomaly always occurs in both the auroral 
and polar cap regions during solar maximum condition. Using the 
empirical models based on long-term ISR observations in the middle and 
high latitudes, Zhang et al. (2005) reported seasonal variations such as 
annual and semiannual anomalies showing clear latitude, longitude, and 
altitude dependencies. 

Most of these previous studies on the polar ionosphere have been 

focused on the F-region peak density. However, the polar ionosphere is 
known to show unique features not only in the F-region peak density but 
also in the whole profile of plasma density including the E-region and 
the topside ionosphere. In particular, the E-region density is character-
ized by additional production due to the energetic particle precipitations 
(Baron, 1974; Hunsucker, 1975) and the topside ionospheric density is 
closely coupled to the magnetosphere by the ion outflows in the polar 
region. These processes should produce unique density structures in the 
polar E-region and topside ionosphere. In this review, we comprehen-
sively investigate the general characteristics of the entire density pro-
files in the auroral and polar cap regions in comparison with the 
mid-latitude ionosphere, using long-term ISR observations from 
Tromsø, Svalbard and Millstone Hill, for various geophysical conditions, 
in order to emphasize the distinguished features of the polar ionospheric 
density profiles bringing new insight into the polar region. In the 
following sections, a brief introduction for ISR observations used for this 
study will be described with the analysis of the data and then the results 
and discussions will be followed. 

2. Incoherent scatter radar observations 

The electron density profiles have been observed by ground-based 
radar instruments such as ISR and ionosonde. Although the ionosonde 
observations have been much more extensively performed over the 
whole globe, it is mostly concentrated in the low and mid-latitude 
ionosphere and there are only a few observations in the high-latitude 
region particularly in the southern hemisphere. In the northern polar 
region, the EISCAT Scientific association has been operating ISR systems 
over the northern Scandinavian countries since the first radar (Tromsø 
UHF) has started its observation in 1981 and greatly contributed to the 
upper atmospheric researches (Rishbeth and Van Eyken, 1993). We use 
the long-term data of electron density profiles measured by the EISCAT 
radars at Tromsø (EISCAT) and Svalbard (ESR) for the polar ionosphere 
and also Millstone Hill ISR as a representative mid-latitude ionosphere 
to be compared with the polar ionosphere during the period of 
1995–2015. Table 1 shows the information of each station and the 
observation periods for this study. 

The physical properties of the ionosphere in the auroral oval, polar 
cap, and polar cusp are very different from each other and therefore it is 
critical to consider the locations of the observation sites with respect to 
these polar regions in order to properly interpret the results of the data 
analysis. Fig. 1 shows the approximate locations of the ISR stations 
relative to the auroral oval in the northern hemisphere. The boundaries 
of the auroral oval in this figure are adopted from Xiong et al. (2014) 
which statistically determined the boundaries using 10-year magnetic 
field data measured by the Challenging Minisatellite Payload (CHAMP) 
satellite. The boundaries vary with magnetic activity as expected but 
show no dependence on solar EUV flux or season. Note that the poleward 
boundary of the auroral oval near the magnetic local midnight does not 
vary with Kp level. In this figure, the EISCAT radar at Tromsø is located 
near the equatorward boundary of the auroral oval during nighttime but 
in the subauroral region during daytime for geomagnetically quiet 
condition (Kp < 2). As the magnetic activity increases, the EISCAT is 
mostly located in the auroral oval except for around the magnetic local 
noon. The ESR at Svalbard is located in the auroral oval during daytime 
but at night it is mostly located in the polar cap. Since the poleward 
boundary of the auroral oval does not change with magnetic activity 

Table 1 
Location of three incoherent scatter radar stations and period of observations 
used in the present study.   

Latitude Longitude Magnetic Lat. Obs. period 

Millstone Hill 42.62oN 288.51oE 53oN 1999–2013 
Tromsø (EISCAT) 69.35oN 19.14oE 66oN 1995–2015 
Svalbard (ESR) 78.09oN 16.01oE 75oN 1999–2015  
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near the magnetic midnight, the nighttime ESR is considered to be al-
ways located in the polar cap regardless of the magnetic activity level. 
Note that the ESR is mostly located near the cusp at around magnetic 
local noon. These relative locations of EISCAT and ESR should be kept in 
mind throughout the discussions of the results of the study. 

The observation period for this study includes the solar cycle 23 and 
24, as can be seen in Fig. 2 that shows, at the top two panels, the daily 
F10.7 and Kp indices obtained from NASA/OMNI website (http://om 
niweb.gsfc.nasa.gov/form/dx1.html). The red lines at F10.7 = 120 
and Kp = 2 represent the criteria for low/high solar activity and quiet/ 

disturbed geomagnetic activity conditions, respectively. The ISR data 
were obtained from the EISCAT UHF radar at Tromsø and the ESR radar 
with a 42-m antenna at Svalbard, which were downloaded from NIPR 
database (pc115.seg20.nipr.ac.jp/www/eiscatdata/ne_te_ti_vi.html), 
and the Millstone Hill ISR radar, which was obtained from the Madrigal 
CEDAR database (http://cedar.openmadriga.org). We used all available 
data from these radars in the observation period with 1-min integration 
time. The lower three panels in Fig. 2 show the data coverage of the 
three ISR observations and the white sections indicate the time of the 
day at which the data are available. 

Fig. 1. Schematic illustration of the locations of three incoherent scatter radar stations for different geomagnetic conditions (adopted from Xiong et al., 2014).  

Fig. 2. The daily F10.7 and mean Kp indices during the period of 1995–2015 at the top panels. The red lines represent criteria to divide low/high solar activity and 
quiet/disturbed geomagnetic activity conditions. The bottom three panels show the data coverages at each hour-month grids in the MLT vs. year coordinate for 
Millstone Hill (MH), Tromsø (EISCAT) and Svalbard (ESR) stations. 
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For the analysis of the data, a vertical interpolation with a 5-km 
altitude step was applied to each measured electron density profiles at 
which the number of data points is greater than 10 within the observed 
altitude range, and then the hourly-mean density profiles are 

reproduced for the analysis. The resulting density profiles are sorted by 
low and high solar/geomagnetic activity levels (F10.7 < 120, F10.7 >
120; Kp < 2, Kp > 2) for equinox (3, 4, 9, 10), summer (5, 6, 7, 8), and 
winter (11, 12, 1, 2) solstices. With these geophysical data bins, the 

Fig. 3. a. Hourly mean electron density profiles with magnetic local time during equinox, summer and winter for low solar (F10.7 < 120) and low geomagnetic (Kp 
< 2) activities at Millstone Hill (MH; left), Tromsø (EISCAT; middle), and Svalbard (ESR; right) stations. The diurnal variations of the density profiles are presented in 
the contour (top) and line plots (bottom). ‘TH’ in the line plots indicates the transition height between O+ and H+ ion dominated regions during nighttime. b. Same as 
Fig. 3a but for low solar (F10.7 < 120) and high geomagnetic (Kp > 2) activity conditions. c. Same as Fig. 3a but for high solar (F10.7 > 120) and low geomagnetic 
(Kp < 2) activity conditions. d. Same as Fig. 3a but for high solar (F10.7 > 120) and high geomagnetic (Kp > 2) activity conditions. 
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ionospheric parameters are determined from the reproduced hourly- 
mean density profiles, including the F2-layer peak density (NmF2) and 
height (hmF2), the E-region peak density (NmE), and the ionospheric 
slab thickness (IST) and scale height (ISH). The NmF2 was determined as 
a maximum density in the altitude range of 200–450 km with the cor-
responding peak altitude as hmF2 in order to avoid the E-region density 
that can be even larger than F-region density in the polar region. The 

NmE was determined at the altitude where the gradient of the density 
profiles changes from positive to negative with increasing altitude or 
where the density gradient becomes smaller below 140 km. The deter-
mination of IST and ISH will be described in the section for the topside 
ionosphere. 

In the procedure of data analysis, the limitations of the ISR obser-
vations are considered. For example, the data below about 80 km 

Fig. 3. (continued). 
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altitude were excluded due to the large uncertainty that is known to be 
caused by atmospheric scatter or instrumental effects (Ranta et al., 
1985; Hargreaves et al., 1987). The uncertainty of the ISR measurements 
also tends to increase at higher altitude where the signal-to-noise ratio 
becomes very low as the electron density decreases (Caton et al., 1996). 
With these limitations of the ISR observations at low and high altitude 
regions, the density profiles only from 100 to 450 km altitude are 

utilized for this study. Regarding the general estimation errors of the 
ISR, Vallinkoski and Lehtinen (1990) discussed the effect of a priori 
knowledge of a parameter on the estimation accuracy of other param-
eters in the incoherent scatter radar observation. 

Fig. 3. (continued). 

E. Kim et al.                                                                                                                                                                                                                                     



Journal of Atmospheric and Solar-Terrestrial Physics 211 (2020) 105449

7

3. Results and discussions 

3.1. F-region in the polar ionosphere 

3.1.1. Diurnal variations of the F-region density 
Fig. 3a-d shows the hourly mean electron density profiles with 

magnetic local time (MLT) as contour and line plots at Millstone Hill 

(MH), Tromsø (EISCAT), and Svalbard (ESR) for equinox, summer, and 
winter during low and high solar/magnetic activities. The ionospheric 
density varies principally with solar EUV production which solely de-
pends on the solar zenith angle varying with local time, latitude and 
season, in addition to the solar activity. Therefore, the overall iono-
spheric density is supposed to be smaller in the polar region than in the 
mid-latitude region, due to the reduced solar EUV production by 

Fig. 3. (continued). 
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increased solar zenith angle. The diurnal variations should also be 
significantly different from the mid-latitude ionosphere especially in 
solstice when a complete dark or sunlit condition exists in the polar 
region. However, the observations show much greater variabilities of 
the polar ionosphere than expected, probably due to characteristic ion 
productions and strong transport processes induced by magnetospheric 
energy inputs, as well as different seasonal characteristics of solar illu-
mination in the region. 

The most noticeable characteristics of the polar ionosphere in Fig. 3 
is that the diurnal variations of the density profiles are in general greatly 
reduced as expected. In particular, it nearly disappears in the topside 
ionosphere at both Tromsø and Svalbard in summer when the upper 
atmosphere is always sunlit (see line plots of the density profiles at the 
lower panels of Fig. 3). In winter, on the other hand, the solar production 
almost disappears and other factors such as particle precipitation and 
plasma transport become more important to produce different diurnal 
variations. Especially at Svalbard for high solar activity (Fig. 3c), there 
are two density peaks at around 12 MLT and 23 MLT. This double-peak 
structure is most obvious in winter but does not exist in summer. In 
equinox, the nighttime density peak is not conspicuous as in winter but 
broadly distributed at around 20 MLT. During disturbed condition, the 
double-peak structure becomes less evident even in winter as shown in 
Fig. 3d. Although there is a noticeable density enhancement at around 
magnetic local midnight in winter, the daytime density does not show 
any noticeable peak. The double-peak structure has been reported at a 
few previous studies also using ESR observations (Cai et al., 2007; Moen 
et al., 2008; Xu et al., 2014). Cai et al. (2007) found that the density 
reaches a maximum at around 23 MLT with a smaller secondary peak at 
around 12 MLT in winter during solar maximum period of 1999–2003. 
Moen et al. (2008) also found the similar double-peak structure in the 
diurnal variations of NmF2 at Svalbard in Feb. 2001 and Oct. 2002 
during solar maximum condition. Xu et al. (2014) reported the 
double-peak structure at Svalbard (Longyearbyen) for both solar mini-
mum and maximum conditions but with different local times. The peaks 
at solar minimum appear at 08 MLT and 19 MLT with a daily minimum 
near the magnetic local noon while the peaks at solar maximum appear 
at the same magnetic local times as in the current study (i.e., at around 
magnetic local noon and pre-midnight sector). However, the 
double-peak structure for low solar activity was not found in Fig. 3a and 
b, which implies that the double-peak structure at Svalbard may be a 
characteristic feature occurring only for high solar activity condition. 

When the ESR observation is performed at the cusp near magnetic 
local noon for geomagnetically quiet condition (Kp < 2), the soft particle 
precipitation induces ionization to form the daytime peak. Note that the 
daytime peak is less clear for Kp > 2 probably because the location of 
ESR is off the cusp region due to the expansion of the auroral oval to 
lower latitude as Kp increases (see Fig. 1). More detailed discussions of 
the soft particle effects on the daytime peak can be found at Cai el al. 
(2007). However, there is an alternative attempt to explain the daytime 
peak at magnetic local noon. Moen et al. (2008) attributed it to the solar 
EUV ionized plasma being transported into the cusp and subsequently to 
the midnight sector across the polar cap. Further investigation would be 
required to identify which factor is more important to produce the 
daytime peak in winter at Svalbard. As for the nighttime density peak, 
which seems to be more crucial for the formation of the double-peak 
structure, it appears at around the magnetic local midnight only for 
high solar activity. Cai et al. (2007) suggested a possible relation with 
substorm events. Moen et al. (2008) attempted to explain the nighttime 
peak caused by the solar wind controlled plasma transport from dayside 
to nightside across the polar cap, which is also responsible for the TOI 
and/or the polar cap patch. Even though the mean convection pattern is 
less dependent on the solar cycle compared to the dependence of the 
interplanetary magnetic field (IMF) condition, Forster and Haaland 
(2015) showed that the antisunward ion drift velocity increases with 
increasing solar activity. Dandekar (2002) also found that the occur-
rence and strength of polar cap patches increases with increasing solar 

activity. Besides, major geomagnetic storms accompanying energetic 
particle precipitation and strong plasma convection tend to more 
frequently occur near the peak of solar cycle (Gonzalez et al., 1990; 
Obridko et al., 2013; Le et al., 2013). 

All these aspects of solar cycle dependency seem to support the 
double-peak structure occurring only for high solar activity. 

3.1.2. F1-layer 
In the mid-latitude ionosphere, the daytime F-region ionosphere 

splits into the F1- and F2-layers but when the solar EUV production ends 
at night the F1-layer begins to be abated and eventually disappears 
before the midnight due to the rapid recombination rate in the region. 
The daytime F1-layer appears at around 150 km altitude for all seasons 
but strongest in summer (see the line density profiles in Fig. 3). Note that 
the peak of the F1-layer generally appears at the similar height to the 
peak of the solar EUV production rate in the F-region. The F1-layer is less 
pronounced as the solar zenith angle increases: it becomes less distinc-
tive in winter than in summer and at higher latitudes (Rishbeth and 
Garriott, 1969), which is consistent with the ISR observations. At Mill-
stone Hill, the F1-layer is most distinctive in summer but least in winter 
as theory indicated. In the polar region, it is not as noticeable as in the 
mid-latitude region and almost disappears at Svalbard except for sum-
mer when the F1-layer appears only as a smooth bulge at around 150 
km. Therefore, it is confirmed that as the solar zenith angle increases 
from low to high latitude, the splitting of the F-region ionosphere into 
the F1- and F2-layers becomes less pronounced and the F1-layer even-
tually disappears in the polar winter ionosphere. With regard to solar 
activity dependence of the F1-layer, it is found that the mid-latitude 
F1-layer is less distinctive for high solar activity than for low solar ac-
tivity, presumably due to strong solar activity dependence of the 
F2-layer. No geomagnetic activity dependence was found in the 
F1-layer. 

3.1.3. F-region peak height 
The height of the F-region peak density (hmF2) occurs at the tran-

sition altitude between the chemical recombination and diffusion 
dominated regions, which is normally located at about 200–300 km 
altitude for low solar activity (F10.7 < 120) and 250–400 km altitude for 
high solar activity (F10.7 > 120) as can be seen in Fig. 4. This figure 
shows the magnetic local time variations of the hourly mean hmF2s at 
Millstone Hill (MH), Tromsø (EISCAT), and Svalbard (ESR) for low and 
high solar/magnetic activity conditions. At mid-latitude (MH), the 
minimum hmF2 occurs at around 08 MLT and continuously increases 
before it begins to decrease again at around 02 MLT and sharply drops to 
the minimum as the solar EUV begins to produce ions in the lower 
ionosphere. The diurnal variations of the mid-latitude hmF2 are broadly 
ranged from about 210 km altitude in winter for low solar and magnetic 
activities to about 410 km altitude in summer/equinox for high solar 
and magnetic activities. As time proceeds from day to night, the lower 
part of the ionosphere (E-region and F1-layer) is quickly depleted by 
recombination but the ionospheric plasma in the F2-layer and above is 
lifted upward by the equatorward neutral wind and maintained at night 
due to the reduced recombination at higher altitude. This wind effect 
sometimes results in the anomalous density structures such as the mid- 
latitude summer evening (or nighttime) anomaly (MSEA or MSNA) and 
Weddell Sea anomaly (WSA) in association with the geometry of the 
geomagnetic field lines (Jee et al., 2009; Klimenko et al., 2015 and 
references therein). The MSEA is observed at Millstone Hill in Fig. 3. As 
the geographic latitude increases, however, this wind effect becomes 
negligibly small due to the increased magnetic inclination. The 
maximum diurnal variation of hmF2 reaches up to about 150 km at 
Millstone Hill but it decreases with increasing latitude and becomes only 
about 30 km for solstice conditions at Svalbard for low solar and mag-
netic activity conditions as also reported by previous studies (Ratovsky 
et al., 2013, 2014). In addition to the smaller magnitude of the diurnal 
variations, the polar ionosphere shows fairly different phase of the 
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diurnal variations of hmF2 from the mid-latitude ionosphere. The 
maximum and minimum hmF2s occur at around 04 MLT and 16 MLT, 
respectively, in the polar region while they occur at around 02 MLT and 
08 MLT in the mid-latitude ionosphere. 

The diurnal variations of hmF2, as well as the peak height itself, are 
greatly increased from low to high solar activity at all three locations. At 
mid-latitude, the maximum and minimum hmF2s are about 310 km and 
210 km, respectively, with the diurnal variation of about 100 km for low 
solar activity but they are about 420 km and 250 km with the diurnal 
variation of about 180 km for high solar activity. Note that the variations 
of hmF2 with solar activity are much more significant in the polar re-
gion. For instance, the maximum and minimum hmF2s are about 290 km 
and 240 km, respectively, with only about 50 km diurnal variation at 
Tromsø in equinox for low solar activity, which is only a half of the mid- 
latitude, but for high solar activity they are greatly enhanced to about 
420 km and 270 km with about 150-km diurnal variation, which is 

comparable to the mid-latitude ionosphere. It is remarkable that the 
hmF2 and its diurnal variations are considerably enhanced from low to 
high solar activity especially in the polar ionosphere. Furthermore, there 
are significant seasonal variations of hmF2 for high solar activity in the 
polar ionosphere although they are relatively small for low solar activity 
at all latitude regions. At Millstone Hill, hmF2 in winter is slightly 
smaller than the other seasons while the diurnal variations are similar 
for all seasons. In the polar ionosphere, hmF2 in equinox is much larger 
than in solstices in the early morning sector of about 00–08 MLT for high 
solar activity condition and this seasonal difference is particularly strong 
at Svalbard. It should be noted that both the diurnal and seasonal var-
iations of the F-region density in the polar region did not show such a 
large enhancement with solar activity in Fig. 3. It needs to be further 
investigated why only the hmF2 is greatly enhanced with solar activity 
in the polar ionosphere. 

Fig. 4. Diurnal variations of hourly mean hmF2 for Equinox (yellow square), Summer (blue triangle) and Winter (red diamond) at corresponding radar stations for 
different F10.7 and Kp conditions as indicated in each panel. 
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3.1.4. Seasonal variations 
We confirmed that the seasonal variations of the polar ionosphere 

are significant in terms of local time and height variations of the density 
profile in the previous section. In this section we further investigate 
anomalous seasonal variations such as annual, semiannual, and winter 
anomalies that are well known to exist in the mid-latitude ionosphere 
(Millward et al., 1996; Rishbeth, 1998; Rishbeth et al., 2000). There 
have been only a few studies on these seasonal variations in the polar 
ionosphere (Zhang et al., 2005; Cai et al., 2007; Xu et al., 2014). In order 
to investigate the seasonal variations with the extensive period of ob-
servations, we present the monthly mean density profiles of the daytime 
ionosphere (9–15 MLT sector) during low (left) and high (right) solar 
activities for quiet condition (Kp < 2) in Fig. 5. This figure clearly shows 
the well-known winter and semiannual anomalies at Millstone Hill for 
both low and high solar activity conditions and it is also true for high 
magnetic activity (Kp > 2). However, such seasonal variations are less 
evident at higher latitudes. At Tromsø (EISCAT), there seems to be 
semiannual anomaly for both low and high solar activity conditions, 
which was also noted in the four-month average densities in Fig. 3a and 
c. However, it is found for the first time that the semiannual anomaly at 
Tromsø seems to appear only for low magnetic activity (Kp < 2) but does 
not appear for high magnetic activity (Kp > 2). Fig. 3b and d for Kp > 2 
show that the daytime F-region densities at Tromsø are largest in sum-
mer (i.e., no semiannual anomaly). The monthly mean density profiles 
in Fig. 5 were not presented for high magnetic activity because the data 
seems to be not enough to make statistically significant monthly mean 
density profiles for disturbed condition. No previous studies reported the 
semiannual anomaly in the auroral region in association with geomag-
netic activity. Also note that the semiannual peaks at Tromsø appear to 
be shifted toward summer, compared to the peaks at Millstone Hill, 
which seems to be consistent with the empirical ionospheric local 
models developed by Zhang et al. (2005). Regarding the winter anomaly 
(i.e., annual anomaly in the northern hemisphere) at Tromsø, it was 
barely noticeable only for high solar activity and low magnetic activity 

condition in the very narrow (approximately 3 h) local time sector at 
around 14 MLT in Fig. 3c. A similar result was found at Farmer et al. 
(1990) and Xu et al. (2014) using the EISCAT and Dynasonde observa-
tions at Tromsø for 1981–1987 and for 1994–2005 periods, respectively. 
However, the daytime (09–15 MLT) mean density in Fig. 5 exhibits no 
winter anomaly by showing that the density in December is smaller than 
in June. The averaging process for 7-h daytime mean density in Fig. 5 
may work to cancel the narrow density anomaly in Fig. 3c out. 

At Svalbard (ESR), no semiannual anomaly exists for low solar ac-
tivity but for high solar activity, it appears for both low and high mag-
netic activity conditions although the equinoctial peaks are a little 
shifted to Feb–Mar and Sep in Fig. 5. There is no sign of winter anomaly 
for any solar and magnetic activity conditions at Svalbard. The results of 
the anomalous seasonal variations are summarized in Table 2. The 
seasonal anomalies are usually explained by the neutral composition 
changes which are mainly caused by characteristic thermospheric cir-
culations for each seasonal condition (Rishbeth et al., 2000). For 
instance, the summer-to-winter interhemispheric wind causes upwelling 
in the summer hemisphere but downwelling in the winter hemisphere, 

Fig. 5. Monthly mean density profiles of the daytime ionosphere (9–15 MLT) during low (left) and high (right) solar activity for geomagnetically quiet condition.  

Table 2 
Anomalous seasonal variations at Millstone Hill, Tromsø, Svalbard for low and 
high solar activity conditions.   

Low solar activity 
(F10.7 < 120) 

High solar activity (F10.7 >
120) 

Millstone Hill (mid- 
latitude) 

Semiannual anomaly 
Winter anomaly 

Semiannual anomaly 
Winter anomaly 

Tromsø (EISCAT) 
(near auroral 
region) 

Semiannual (only for 
Kp < 2) 
No winter anomaly 

Semiannual (only for Kp < 2) 
Winter anomaly (only at 12–15 
MLT for Kp < 2) 

Svalbard (ESR) 
(near polar cap/ 
cusp) 

No anomaly Semiannual anomaly 
No winter anomaly 

No double-peak 
structure 

Double-peak diurnal variation in 
winter  
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resulting in reduced and enhanced O/N2 ratios, respectively. Further-
more, the summer-to-winter neutral wind is larger during high solar 
activity than during low solar activity (Hedin et al., 1994). The resulting 
composition changes are known to be one of the principal explanations 
for winter anomaly. At Tromsø and Svalbard, the NRLMSISE-00 model 
shows that O/N2 ratio is largest in winter and least in summer (winter >
equinox > summer) (Xu et al., 2014), which seems to be in favor of the 
winter anomaly even in the polar ionosphere. However, it is found that 
the winter anomaly hardly occurs in the polar ionosphere except for 
high solar and low magnetic activity condition at Tromsø as shown in 
Fig. 3c. In spite of being larger O/N2 ratio in winter than in summer, a 
relatively weak solar production at high latitudes may not produce 
enough plasma to cause anomalously larger plasma density in winter as 
in the mid-latitude region. Furthermore, the ionospheric density is 
further disturbed by the magnetospheric energy inputs in the polar 
ionosphere such as the horizontal plasma convection, energetic particle 
precipitation and auroral and frictional heatings. As the solar activity 
increases with enhanced solar production, however, the larger O/N2 
ratio in winter seems to become effective to cause the winter anomaly 
even at Tromsø. As for the semiannual anomaly, Burns et al. (2012) 
showed that the semiannual components of NmF2 are enhanced and 
extended to higher latitudes with increasing solar activity, which is 
consistent with our results as the semiannual anomaly appears not only 
at Tromsø but also at Svalbard for high solar activity while it barely 
appears only at Tromsø but not at Svalbard for low solar activity (see 
Fig. 3a and c). Furthermore, it should be noted that the semiannual 
anomaly at Tromsø occurs only for magnetically quiet condition (Kp <
2) regardless of solar activity, which may also be related to the distur-
bances of the polar ionosphere by the stronger magnetospheric energy 
inputs during disturbed condition. In other words, this result indicates 
that the magnetospheric energy inputs make the unfavorable conditions 
for the seasonal variations in the polar ionosphere. 

3.2. E-region in the polar ionosphere 

The E-region ionosphere below about 150 km altitude is primarily 
composed of NO+ and O2

+ ions, and unlike the F-region ionosphere, the 
transports by neutral winds or electric field hardly affect the density 
structures due to the fast recombination in the region. The density 
profiles in Fig. 3 shows that, as the solar production ceases after sunset, 
the E-region density is quickly depleted in the mid-latitude ionosphere 
and also in the polar cap (Svalbard) region, except for summer when it is 
still sunlit even at midnight. However, we found that there are important 
differences between the mid-latitude and polar cap E-region ionospheres 
during nighttime. At mid-latitude, the nighttime E-region density pro-
files are severely disturbed with large irregular fluctuations below about 
150 km altitude for low solar activity and the disturbed density structure 
is extended to higher altitude of about 200 km for high solar activity. 
Note that the disturbed density structure does not show any systematic 
altitude dependency over the entire F1- and E-region ionosphere but it is 
irregularly distributed with altitude. Furthermore, it does not show any 
dependency on the magnetic activity. The fluctuations at mid-latitude 
may be associated with the well-known sporadic E-layer. However, 
the sporadic E-layer is known to be a thin-layered enhanced density 
structure mostly occurring at 90–120 km altitudes, which is different 
from the observed structures in Fig. 3. Furthermore, the structures do 
not show any clear seasonal characteristics unlike summer-dominated 
sporadic E-layer (Mathews, 1998; Tsai et al., 2018; Yu et al., 2019). 
Further study seems necessary to understand the nighttime mid-latitude 
lower ionospheric irregularity observed at Millstone Hill. At Svalbard 
near the polar cap, on the other hand, the nighttime density continu-
ously decreases with decreasing altitude all the way down the bottom of 
the observed profiles without showing any noticeable irregularity at 
least for geomagnetically quiet condition (Kp < 2). For disturbed con-
dition (Kp > 2), there are some enhancements at the bottom of the 
profiles and they seem to be related to the additional ion production 

caused by auroral particle precipitation since the ESR location becomes 
closer to the auroral oval as the magnetic activity increases. This aspect 
will be further discussed later in this section. 

In the auroral region (Tromsø), the nighttime E-region ionosphere 
shows a prominent density peak at about 110–120 km altitude caused by 
the auroral electron precipitation regardless of solar activity. The peak 
becomes considerably enhanced as the auroral precipitation gets 
stronger with increasing magnetic activity as in Fig. 3b and d. These 
figures also clearly show that the nighttime E-region peak density (NmE) 
at Tromsø is even greater than the daytime density in winter for low Kp 
and in all seasonal conditions for high Kp. Furthermore, the nighttime 
NmE is even greater than the F-region peak density for low solar activity 
(see Fig. 3a and b). This profile is called the E-layer dominated iono-
sphere (ELDI) profile (Cai et al., 2014; Mannucci et al., 2015). The ELDI 
is most prominent in winter for low solar activity when the solar pro-
duction is minimized. It also appears in equinox for geomagnetically 
disturbed conditions. Note that the nighttime E-region peak height 
(hmE) at Tromsø slightly decreases from about 120 km to about 110 km 
as magnetic activity increases. This may indicate that the energy of 
auroral electrons on average increases with increasing magnetic activ-
ity; the electrons with higher energy penetrate deeper into the lower 
altitude region. According to Rees (1963), the hmE of about 110–120 km 
corresponds to the electron energy of about ~5 keV. Therefore, the 
EISCAT observations of the hmE imply that the typical energy of 
precipitating auroral electrons is approximately a few keV, although the 
auroral electrons are known to have a broad energy range from 100 eV 
to a few hundred keV. 

The seasonal variations of the E-region density are relatively small 
compared to the F-region density and they seem to follow the solar 
zenith angle without showing anomalous behaviors in the mid-latitude 
ionosphere: the E-region density tends to be largest in summer but 
smallest in winter especially at night. In the polar ionosphere, however, 
the overall seasonal variations are much larger and more complicated 
than the mid-latitude E-region ionosphere probably due to the addi-
tional ion productions by auroral particles. In particular, it is note-
worthy that the nighttime E-region density exhibits relatively small 
seasonal variations compared to the daytime density at Tromsø, which 
reveals the relative importance of the auroral precipitations to the 
background density without auroral precipitations. Assuming that the 
seasonal variations of the background E-region density basically follow 
the F-region density, we may be able to see the relative importance of 
the auroral ion production by inspecting the ratio of NmE to NmF2. 
Fig. 6 displays the ratios in the same format as Fig. 4. The ratios at mid- 
latitude exhibit the anticipated local time variations: the nighttime ratio 
is smaller than daytime ratio since the nighttime E-region density is 
negligibly small, and it is largely similar at Svalbard. The ratios at 
Tromsø, however, are severely deviated from the solar controlled be-
haviors observed in the mid-latitude and polar cap ionosphere for all 
conditions. First of all, the nighttime ratios are considerably larger than 
the daytime values, especially in winter and equinox for low solar ac-
tivity. Furthermore, the nighttime ratios are enhanced at least by a 
factor of two from low to high magnetic activity for all seasons. This 
result indicates that the auroral contribution to the E-region density is 
extremely important during the nighttime and for high magnetic ac-
tivity. Note that the nighttime NmE is greater than NmF2 (i.e., the ratio 
is greater than 1.0) in equinox and winter for low solar activity condi-
tion, which is the ELDI discussed earlier in this section. In summer, the 
ratio does not change much from day to night for low magnetic activity. 

These seasonal variations suggest that the auroral contribution to the 
nighttime E-region density at Tromsø is largest in winter, then in 
equinox and smallest in summer. Does this result imply that the auroral 
precipitation is largest in winter and smallest in summer? A number of 
studies reported that the auroral electron precipitation is weaker in 
summer than in winter (Liou et al., 2001; Barth et al., 2004; Newell 
et al., 2010). Newell et al. (2010) investigated the seasonal variations of 
auroral precipitations using 11-year DMSP satellite data and reported 
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that the nighttime auroral precipitation is generally greater in winter 
than in summer especially under the disturbed periods, which is 
consistent with the result of this study. The seasonal variation of the 
auroral precipitation is related to the theory that the ionospheric con-
ductivity (i.e., ionospheric plasma density) plays a crucial role in the 
acceleration of auroral particles and the discrete auroral arcs are sup-
pressed in the solar illuminated summer hemisphere. It has been re-
ported that there is a large difference between the occurrence frequency 
of intense aurora in sunlight and in darkness (Newell et al., 1996, 1998, 
2001; Liou et al., 2001; Barth et al., 2004; Hamrin et al., 2005). In 
particular, Hamrin et al. (2005) showed that the ionospheric conduc-
tivity is associated not only with intense discrete aurora but also with 
diffuse aurora that has been known to dominantly contribute to the 
magnetospheric energy input into the ionosphere (Newell et al., 2009). 
Furthermore, this theory may also be related to the solar activity 

dependence of the auroral precipitation. In Fig. 6, the seasonal varia-
tions are still present for high solar activity but to a much lesser extent: 
the nighttime ratios are considerably smaller than for low solar activity. 
This result indicates that the relative auroral contribution to the E-re-
gion density is much smaller for high solar activity than for low solar 
activity: The auroral precipitation does not necessarily increase with 
solar activity. In fact, Newell et al. (1998) argued that the occurrence 
frequency of intense aurora in darkness is uncorrelated with solar 
activity. 

There are also peaks in the daytime E-region density at around 
120–130 km altitude region in winter for geomagnetically quiet condi-
tion at Svalbard (Fig. 3a and c). When the solar production is small in 
winter at Svalbard, the energetic proton precipitation may produce a 
significant amount of ionization in the daytime E-region near the cusp 
region (Vontrat-Reberac et al., 2001). For other seasonal conditions, the 

Fig. 6. Diurnal variations of the ratio of NmE to NmF2 for Equinox (yellow square), Summer (blue triangle) and Winter (red diamond) at corresponding radar 
stations for different F10.7 and Kp conditions as indicated in each panel. 
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solar-EUV production may be too large to expose the proton-induced 
ionization in the daytime E-region. For geomagnetically disturbed con-
dition as in Fig. 3b and d, however, the daytime E-region density peak 
becomes less evident, probably due to the change of the ESR location 
away from the cusp region. 

3.3. Topside region in the polar ionosphere 

In addition to the peak densities and heights of the E and F region 
ionosphere, the ionospheric density profiles can be further characterized 
by other ionospheric parameters such as topside ionospheric scale 
height and slab thickness. The topside ionosphere is the region above the 
F-region peak (hmF2) where O+ is a dominant ion before being over-
taken by H+ ion. This region of the ionosphere is largely controlled by 
plasma transport processes and contains large fraction of the total 
electron content (TEC), which can be important for satellite 

communication. However, this region has been less investigated 
compared to the F-region and bottomside ionosphere mainly due to the 
limited observations. The topside ionosphere at mid-latitude is strongly 
coupled with the plasmasphere along the closed magnetic flux tubes, 
which can be very important for the maintenance of the nighttime mid- 
latitude ionospheric density. In the polar region, on the other hand, the 
topside ionosphere strongly interacts with the magnetosphere via en-
ergetic particle precipitations and ion outflows into the magnetosphere 
along the field lines. The different coupling processes of the ionosphere 
to the above regions (the plasmasphere or the magnetosphere) will 
result in different density structures in the topside ionosphere in the 
mid-latitude and polar regions. 

It is immediately recognized in Fig. 3 that the density profiles of the 
topside ionosphere almost linearly decrease with altitude in the loga-
rithmic density scale (i.e., exponentially decreases in the linear scale). 
However, the nighttime density profiles at mid-latitude show a sudden 

Fig. 7. Diurnal variations of hourly mean ionospheric slab thickness (IST) for Equinox (yellow square), Summer (blue triangle) and Winter (red diamond) at cor-
responding radar stations for different F10.7 and Kp conditions as indicated in each panel. 
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but subtle pause at around 400 km altitude before they continue to 
decrease again for low solar activity. This feature seems to indicate the 
transition height (TH) between the ionosphere (O+) and the plasma-
sphere (H+). The transition height is lower at night than during the day, 
decreases from low to middle latitude and increases from low to high 
solar activity (Titheridge, 1976; Heelis et al., 2009; Lee et al., 2016), 
which explains why the transition appears only for low solar activity 
condition in Fig. 3 when the top boundary altitude is only 450 km for 
this study. This top boundary altitude is too low to show the transition 
height for high solar activity. As the solar activity increases, the 
enhanced solar EUV ionization produces the larger ionospheric density 
and raises the plasma temperature, which expands the whole ionosphere 
to higher altitude and then results in the increases of thickness around 
the peak and the scale height in the topside ionosphere. In order to 
describe the characteristics of the topside ionospheric density profiles, 
we calculate the ionospheric slab thickness (IST) around the F2 peak and 

the ionospheric scale height (ISH) above the peak, which are presented 
in Figs. 7 and 8, respectively in the same format as in Figs. 4 and 5. 

The ionospheric slab thickness (IST) is an important parameter to 
describe the shape of the ionospheric density profile along with the scale 
height and largely determined by neutral temperature, plasma temper-
ature and the ion composition (Titheridge, 1976; Davies and Liu, 1991; 
Jayachandran et al., 2004; Stankov and Warnant, 2009; Huang and 
Yuan, 2015). But it can also be effectively defined as the ratio of the total 
electron content (TEC) to the F2 peak density (i.e., IST = TEC/NmF2), 
which is sometimes called the equivalent slab thickness. Although the 
ISR measurements of the ionospheric density profile have a limited 
vertical range (e.g., 450 km altitude for this study due to the limited 
signal-to-noise ratio at higher altitude), which is much lower than the 
typical upper boundary of the ionosphere for TEC, it should still be 
meaningful to calculate the slab thickness using TEC and NmF2 from the 
ISR measured density profiles. Note that the ionospheric density for TEC 

Fig. 8. Diurnal variations of hourly mean ionospheric scale height (ISH) for Equinox (yellow square), Summer (blue triangle) and Winter (red diamond) at cor-
responding radar stations for different F10.7 and Kp conditions as indicated in each panel. 
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was integrated from 200 km to the top boundary to exclude the auroral 
contribution to TEC. Fig. 7 shows the calculated ISTs. At all locations, 
the daytime ISTs are largest in summer but smallest in winter while the 
nighttime ISTs show negligibly small seasonal variations. However, the 
IST of the polar ionosphere exhibits significant differences from the 
mid-latitude ionosphere in terms of both diurnal and seasonal varia-
tions. Under the low solar activity and low magnetic activity condition 
(top panels in Fig. 7), the minimum IST of the mid-latitude ionosphere 
occurs just after the sunrise and it continues to increase until around the 
sunset for all season but the deepest minimum occurs in winter. These 
diurnal variations little change even for high magnetic activity except 
that the thickness seems to be slightly enhanced. For high solar activity, 
the daytime ISTs are substantially changed while the nighttime values 
show little changes. The daytime ISTs are significantly enhanced for all 
seasonal conditions and become larger than nighttime values in equinox 
and summer. This solar activity dependence of the mid-latitude IST is 
consistent with Jayachandran et al. (2004). The diurnal variation of the 
polar IST is nearly opposite to the mid-latitude ionosphere: the large IST 
around the sunrise continuously decreases until the around the sunset 
and then rises again. The diurnal variations in general become weaker 
for high solar activity than for low solar activity but it is hard to find any 
systematic diurnal variations for high solar activity. Jayachandran et al. 
(2004) reported that the nighttime IST is larger than the daytime IST for 
both solar minimum and maximum periods in the auroral region. But 
our results do not show such a tendency in the polar region except for 
winter at Tromsø. It is important to note that the IST tends to increase 
with increasing latitude for high solar activity, particularly in summer, 
but there is no such a tendency with latitude for low solar activity. 
Furthermore, the IST tends to increase with increasing solar activity 
particularly at Svalbard. This difference implies that the slab thickness 
more strongly responds to solar activity in the polar ionosphere (Jaya-
chandran et al., 2004; Stankov and Warnant, 2009 and references 
therein). Also noted is that the seasonal variabilities are significantly 
enhanced for high solar activity. With regard to the variations with 
magnetic activity, the overall ISTs are slightly enhanced from low to 
high magnetic activity for both solar activity conditions. 

The ionospheric scale height (ISH) is often used to characterize the 
ionospheric density profile especially in the topside ionosphere. It is a 
critical parameter in the modeling efforts to reconstruct the topside 
ionospheric density profiles from the ionospheric radio occultation 
technique (e.g., Hajj and Romans, 1998) or ground-based ionospheric 
sounding and GPS TEC measurements (Stankov et al., 2003) and also in 
the empirical models such as the International Reference Ionosphere 
(IRI) (e.g., Ram et al., 2009). Under the diffusive equilibrium condition, 
the density in the topside ionosphere decreases exponentially with 
altitude at a rate governed by the plasma scale height. It describes the 
relationship between ionospheric density, temperature and relative ion 
concentration (Watt, 1965) and defined by either − dh/ d(ln(Ne)) or 
kTp/mg (Rishbeth and Garriott, 1969). In this study, we calculated the 
topside scale height using the first definition from the hourly-mean 
density profiles shown in Fig. 3. The linear fitting was applied to the 
density profiles between the top boundary and 30 km altitude above the 
hmF2 to calculate density gradient. This procedure was discussed in 
detail at Kutiev et al. (2006). Fig. 8 shows the calculated ISHs. The 
differences in the overall magnitude and diurnal variations of ISH be-
tween the mid-latitude and the polar ionosphere are relatively small for 
low solar activity, but they are noticeably enhanced for high solar ac-
tivity. Although the mid-latitude ISHs are only slightly increased from 
low to high solar activity, the ISHs in the polar region are greatly 
increased especially in the morning sector (00–08 MLT). The largest 
increase occurs at Svalbard: the ISHs in the early morning (02–06 MLT) 
are increased from about 200 km for low solar activity to about 600 km 
for high solar activity in equinox. Note that similar change of diurnal 
variations with solar activity was also found at the hmF2 in the polar 
region: the increase of ISHs in the morning sector may be related to the 
elevated height for the determination of ISH. With regard to the 

variations of ISH with magnetic activity, only the nighttime ISHs are 
enhanced for high Kp at mid-latitude. In the polar region, however, the 
ISH seems to be generally enhanced with magnetic activity, particularly 
at Svalbard for high solar activity. It is noticeable that the diurnal var-
iations are scattered with large variations for high solar and magnetic 
activity condition regardless of season and latitude. This large scatter 
may result from the statistical problems of the data for high solar and 
magnetic activity condition, but it didn’t occur for hmF2 and IST 
although they are obtained from the same hourly-mean density profiles. 
Therefore, the large scatter of ISH may indicate the large disturbances of 
the topside density profiles for high magnetic activity. Liu et al. (2007) 
also reported that the variability of ISH is enhanced under disturbed 
conditions at Millstone Hill. 

As for the seasonal variations, the daytime ISHs are clearly largest in 
summer but smallest in winter at mid-latitude, which is consistent with 
Liu et al. (2007). Around the midnight, however, the seasonal variations 
of the mid-latitude ISH are negligibly small or slightly larger in winter 
than in summer, which agrees with Stankov and Jakowski (2006). 
Overall, these seasonal characteristics are still true at Tromsø but be-
comes less evident at Svalbard, particularly for high magnetic activity at 
which no systematic seasonal variations are found. As mentioned 
earlier, the fundamental differences between the mid-latitude and polar 
topside ionospheres may come from the fact that the topside ionosphere 
in the polar region is directly coupled to the magnetosphere while the 
mid-latitude ionosphere is coupled to the plasmasphere. Aside from the 
electromagnetic coupling to the magnetosphere in the polar region, the 
exchanges of ions between the topside ionosphere and the magneto-
sphere via ion upflow/outflow must be responsible for the differences 
from the mid-latitude ionosphere which exchanges ions with the plas-
masphere. Further study is necessary to understand how these coupling 
processes in the topside ionosphere produce the differences between the 
mid-latitude and polar ionosphere. 

4. Summary and conclusion 

Using long-term ISR observations for the period of 1995–2015, we 
investigated the climatological characteristics of the entire electron 
density profiles in the polar region at Tromsø and Svalbard (66oN and 
75oN MLAT, respectively), in comparison with the density profiles in the 
mid-latitude ionosphere at Millstone Hill (53oN MLAT). The analysis 
was performed on the density variations with local time, season, solar 
and magnetic activities. We summarize the results as follows.  

1. In the polar ionosphere, the diurnal variations of the F-region 
density profiles are much smaller than in the mid-latitude iono-
sphere and in particular, it is extremely small in summer. In 
winter, however, when the solar EUV radiation is almost absent, 
other ion productions and transport processes become more 
effective to produce characteristic features of the polar iono-
sphere such as the double-peak structure occurring at Svalbard 
during high solar activity.  

2. The diurnal variations of hmF2 are clearly reduced in the polar 
region especially for low solar activity but they become compa-
rable to the mid-latitude ionosphere for high solar activity: hmF2 
and its diurnal variations are remarkably enhanced from low to 
high solar activity in the polar ionosphere. The minimum and 
maximum hmF2s occur at 16–18 MLT and 04–06 MLT sectors, 
respectively in the polar region while they occur at around 08 
MLT and just after the midnight at mid-latitude. The seasonal 
variations of hmF2 are mostly small for low solar activity but 
become fairly large at Svalbard (especially in equinox) for high 
solar activity.  

3. The well-known semiannual and winter anomalies generally 
occurring in the mid-latitude ionosphere are less evident in the 
polar ionosphere. At Tromsø, the semiannual anomaly occurs 
only for low magnetic activity and the winter anomaly exists at 
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very narrow local time sector of 12–15 MLT only for high solar 
activity and low magnetic activity condition. At Svalbard, no 
anomaly occurs except for the semiannual anomaly occurring 
only for high solar activity. It seems that the magnetospheric 
energy inputs make the unfavorable conditions for the seasonal 
variations in the polar ionosphere.  

4. The mid-latitude F1-layer becomes less distinctive in winter than 
in summer and also for high solar activity than for low solar ac-
tivity. No dependence of geomagnetic activity was found in the 
F1-layer. However, the F1-layer nearly disappears in the polar 
region, especially at Svalbard  

5. As expected from the existence of the auroral precipitation, the 
nighttime E-region ionosphere at Tromsø is distinguished from 
Millstone Hill and Svalbard by characteristic density peaks at 
around 110–120 km altitude. The E-region density peaks (NmEs) 
are considerably enhanced for high magnetic activity, even being 
larger than NmF2 in winter for low solar activity (i.e., ELDI).  

6. The mid-latitude nighttime E-region ionosphere shows severe 
small-scale irregular fluctuations regardless of season and solar 
and magnetic activities, but no such fluctuations exist in the polar 
region.  

7. The variations of NmE/NmF2 ratio representing the auroral 
contribution to the E-region density indicate that the auroral 
precipitation is largest in winter and smallest in summer. 
Furthermore, the relative auroral contribution to the E-region 
density is much smaller for high solar activity than for low solar 
activity, which may imply that the auroral precipitation does not 
necessarily increase with solar activity. 

8. At Svalbard, the energetic proton precipitation causes the day-
time E-region density peak at around 125 km altitude in winter 
for low magnetic activity when the ESR locates near the cusp 
region but it becomes less evident for high magnetic activity 
probably due to the change of the ESR location away from the 
cusp region.  

9. Under the low solar activity and low magnetic activity condition, 
the minimum IST of the mid-latitude ionosphere occurs just after 
the sunrise and it continues to increase until around the sunset for 
all seasons. However, the polar ionosphere shows nearly opposite 
diurnal variation. The IST tends to increase from the mid-latitude 
to high latitudes for high solar activity, especially in summer 
being largest at Svalbard. The magnetic activity effect appears to 
be relatively small. The overall magnitude of IST is largest in 
summer but smallest in winter.  

10. The ISH shows relatively small differences between the mid- 
latitude and the polar region for low solar activity, but the ISH 
is generally enhanced with increasing latitude for high solar ac-
tivity. Furthermore, the diurnal variations of ISH in the polar 
region are more substantially enhanced from low to high solar 
activity with maximum in the early morning (02–06 MLT) and 
minimum in the afternoon (14–18 MLT). The ISH shows a large 
scatter for high magnetic activity, which may indicate the large 
disturbances of the topside density profiles. 

As a concluding remark, it is found that the ionospheric density 
profiles in the polar region show much more complicate variabilities 
with local time, season, and solar and magnetic activities, compared to 
the mid-latitude ionosphere. Furthermore, the polar ionosphere gener-
ally responds to increasing solar and magnetic activities in a stronger 
and more complex way than the mid-latitude ionosphere probably due 
to the magnetospheric energy inputs. In order to investigate these var-
iabilities of the polar ionospheric density profiles, more extensive and 
continuous observations are necessary since the current observations 
from the ground and space are far from being adequate to reveal the 
complete variabilities of the polar ionosphere. Among the ongoing ef-
forts to enhance the observations for the polar ionosphere, the EISCAT 
scientific association is preparing for a next generation radar system 

called EISCAT 3D to greatly strengthen the existing observation capa-
bility for the Earth’s atmosphere and ionosphere in the Arctic. The 
EISCAT 3D will measure the spectra of radio-waves that are back- 
scattered from free electrons that are controlled by inherent ion- 
acoustic and electron plasma waves in the ionosphere, which will 
reveal high-resolution information on the ionospheric plasma parame-
ters. Unlike the current EISCAT radars, the new ISR will have the 
capability of producing volumetric images of ionospheric parameters in 
the extended spatial area with simultaneous full-vector drift velocities 
(Stamm et al., 2020; https://www.eiscat.se/eiscat3d-information/). In 
Antarctica, Korea Polar Research Institute (KOPRI) has been started 
monitoring the polar ionosphere as well as the thermosphere and 
magnetosphere using various ground instruments such as Vertical Inci-
dence Pulsed Ionospheric Radar (VIPIR)/Dynasonde, GPS TEC/Scintil-
lation monitor, Fabry-Perrot Interferometer (FPI), magnetometers, and 
auroral All Sky Camera at Jang Bogo Station (JBS), Antarctica (Kwon 
et al., 2018; Ham et al., 2020). These new observations will be greatly 
beneficial to the space science community to further investigate and 
understand the complex variabilities of the polar ionospheric density. 
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