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Variability of Weddell Sea ionospheric anomaly as deduced
from observations at the Akademik Vernadsky station

Abstract. Ionospheric Weddell Sea anomaly is an inversion of diurnal variation of the electron density in the ionosphere over 

Antarctic Peninsula, Weddell Sea, and neighbor territories observed during Antarctic summer. This paper aims at analyzing the 

reaction of the ionosphere during the Weddell Sea anomaly to changes in solar and geomagnetic activity as deduced from the data 

of vertical sounding of the ionosphere conducted at the Akademik Vernadsky station. The aim is achieved by comparing the monthly 

median values of the critical frequencies of the ionosphere (foF2) during Weddell Sea anomaly for the years of high and low solar 

activity; as well as by comparison of median December height-time diagrams (HT-diagrams) of foF2 calculated separately for the 

time intervals characterized by low or high levels of F10.7 and K indices for the period from 2007 till 2016. It was experimentally 

demonstrated that the Weddell Sea anomaly depends on the levels of solar ultraviolet flux and local K indices. The biggest nighttime 

maximum of ionization corresponds to low K indices and high values of F10.7. The most accurate inversion of diurnal variation of 

electron density in the F region is observed under the low values of K index and low F10.7 flux. The growth of geomagnetic activity 

decreases the nighttime ionization under both low and high levels of F10.7 fluxes and leads to a blur of the night maximum. Visible 

virtual heights of maximums increase together with F10.7 independently of the K index level. Blurring of the night maximum can 

be explained by destruction of the field of thermospheric winds supporting the nighttime anomaly, and/or by increasing role of 

plasma drifts in comparison with wind impact. The growth of visible virtual height of the nighttime maximum with increasing solar 

F10.7 flux could be explained by the gain of equatorward thermospheric wind with increasing solar ultraviolet flux that leads to 

growth of plasma upwelling effect. The Doppler frequency shift of the signals reflected from the ionosphere during nighttime in 

presence of the Weddell Sea anomaly is close to zero which could be explained by a stable F2 layer formed as a result of dynamic 

equilibrium between photochemical processes and upward plasma transport.
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1 Introduction 

In the late 1950s, it was discovered that according to 

the data of the vertical sounding of the ionosphere by 

ionosonde located in Halley Bay (75.6° S, 26.6° W), 

in summer the values of the critical frequency of the 

F2 layer (foF2) at midnight exceed the midday values 

(Bellchambers & Piggott, 1958). The effect was called 

the Weddell Sea anomaly (WSA) because the iono-

sonde was located on the coast of this sea. Although 

the first information on the inversion of the diurnal 

variation of the critical frequencies of the ionosphere 

was published according to the Halley ionosonde, 

further measurements and comparisons showed that 



48 ISSN 1727-7485. Ukrainian Antarctic Journal, 1, 2021, https://doi.org/10.33275/1727-7485.1.2021.666

A. Zalizovski, I. Stanislawska, V. Lisachenko et al.: Variability of Weddell Sea ionospheric anomaly

the WSA is most pronounced at the Argentine Islands 

Archipelago located off the western coast of the 

Antarctic Peninsula. Ukrainian Antarctic Akademik 

Vernadsky station (until 1996 it was British Faraday 

base) is operating at that Archipelago. Continuous 

vertical sounding of the ionosphere at the Faraday-

Akademik Vernadsky station (65°15′ S, 64°16′ W) has 

been carried out there since the late 1950s as well. 

The role of the thermospheric winds as the main 

driver of the anomaly has been explained a long time 

ago, for the first time, probably, in (Kohl & King, 

1967). The Weddell Sea anomaly is maybe the bright-

est example demonstrating how the dynamics of the 

neutral atmosphere can affect the main parameters 

of the near-Earth plasma. 

In recent years, the morphology of the anomaly is 

studied mostly using satellite techniques and data 

(Chang et al., 2015; Zakharenkova et al., 2017). Mea-

surements of the total electron content carried out 

within TOPEX/Poseidon experiment showed that WSA 

is expressed in the range of longitudes from 200° to 

300° E (Horvath & Essex, 2003). Detailed studies of 

the three-dimensional structure of the electron den-

sity in the WSA for the period from 2007 till 2013 

during the COSMIC experiment showed that the 

WSA extends over a large region in the south-central 

Pacific Ocean with a maximum to the west of the 

southern part of South America (Lin et al., 2009; He 

et al., 2009; Jee et al., 2009). As part of this experi-

ment, it was shown for 2007 that the effect appears at 

22:00 LT from November to February, but is most in-

tense in December and January (Lin et al., 2010). 

Liu and Yamamoto (2011) showed a weakening of 

the mid-latitude summer nighttime anomaly during 

geomagnetic storms.

Concerning the interpretation of WSA, the most 

likely and strongest factor is the thermospheric wind 

of the neutral atmosphere (Kohl & King, 1967; 

Dudeney & Piggott, 1978; Chen et al., 2011; Ren et 

al., 2012). The authors of some studies have suggest-

ed that the main reason for the increase in electron 

density in the nighttime southern ionosphere is the 

geometry of the geomagnetic field lines (Horvath & 

Essex, 2003; Horvath, 2006; He et al., 2009; Chen et 

al., 2016). Lin et al. (2009) and Knyazeva et al. (2010) 

noted that the WSA is caused by a significant differ-

ence between the geographic and geomagnetic poles. 

The experimental data were compared with the re-

sults of modeling in the frames of modern models 

(Richards et al., 2017). Jakowski et al. (2015) dem on-

strated the role of plasma transport between conjugate 

areas in the formation of ionospheric anomalies. 

It should be noted that satellite experiments pro-

vide extensive information on the spatial distribution 

of ionospheric parameters; however, they are seri-

ously limited in time. Satellite experiments in recent 

years have coincided with low solar activity, which 

also limits the possibilities for a comprehensive study 

of WSA using those data. 

Richards et al. (2017) note in their conclusions that 

it would be useful to compare the simulation results 

with the data of ionospheric sounding from the center 

of the anomaly, namely from the Argentine Islands, 

where the ionosonde operated in the second half of the 

20th century. The last comment has partially initiated 

this article. The fact is that after the transfer of the 

Faraday station to Ukraine in 1996 the ionosonde was 

not turned off, it has been operating continuously. 

Since the ionosonde has been in operation for over 60 

years, its data make it possible to analyze the reaction 

of the ionosphere to solar and geomagnetic activity in 

a wide range of their values. Thus, processing an un-

precedentedly long series of observations can provide 

valuable information on the processes and mecha-

nisms of interaction between the neutral and ionized 

components in the Earth’s ionosphere. Moreover, 

pro visional comparison of experimental variations of 

foF2 over Akademik Vernadsky station with estimates 

obtained using the NeQuick model (Nava et al., 2008) 

showed a significant discrepancy between them. This 

fact became one more incentive for a detailed study of 

WSA using the data of long-term ionospheric sound-

ing at the Akademik Vernadsky station.

This paper aims at analyzing the reaction of the 

ionosphere during WSA to changes in solar and geo-

magnetic activity as deduced from the data of vertical 

sounding of the ionosphere conducted at the Aka de-

mik Vernadsky station. It should be emphasized that 

this interaction is most pronounced on Earth in the 

WSA region over Argentine Islands. 
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2 Data and methods

2.1 Ionospheric sounding
at the Akademik Vernadsky station 

As was mentioned earlier, the vertical sounding of the 

ionosphere (VSI) at the Akademik Vernadsky station 

has been going on since the late 1950-s. At present 

two different ionosondes are operating there (Zali-

zovski et al., 2020). The first one is the IPS-42 iono-

sonde that has been used since 1982. A new portable 

Doppler ionosonde (Zalizovski et al., 2018) developed 

and manufactured in cooperation between the Insti-

tute of Radio Astronomy of the National Academy of 

Sciences of Ukraine (IRA NASU) and the Interna-

tional Centre for Theoretical Physics (ICTP) was in-

stalled at Akademik Vernadsky station in April 2017 

to support and extend existing ionospheric observa-

tions. Thus, since 2017 in addition to traditional iono-

grams, we have information about Doppler frequency 

shift (DFS) of reflected signals that permit us to esti-

mate the vertical movement in the ionospheric layers. 

More detailed information about the joint operation 

of two ionosondes at the Akademik Vernadsky station 

as well as the technique of median HT-diagrams 

building is provided by Zalizovski et al. (2020). 

2.2 Data processing techniques

Ionospheric parameters at the Akademik Vernadsky 

station were traditionally estimated from the iono-

grams manually by an operator. At present software 

developed by Konstantin Garmash in 2001 during 

the 6th Ukrainian Antarctic expedition and updated 

later is used. As a result, text files with values of main 

ionospheric parameters such as critical frequencies 

and virtual heights of E, sporadic E (Es), F1, F2 lay-

ers, parameter M(3000) for F1 and F2 layers, and 

some comments are accumulated with a time step of 

1 hour. After the end of a month the monthly median 

values of foF2, foEs, and M(3000) for the F2 layer 

are calculated and archived. 

Median monthly height-time (HT) diagrams are 

calculated at the Akademik Vernadsky station during 

the last years for visualizing the dynamics of the ion-

osphere during the month in one figure. A technique 

for building the HT-diagrams for Akademik Vernad-

sky station ionosondes is also described in (Zalizovski 

et al., 2020). It should be noted that the HT diagrams 

for the IPS-42 data rather demonstrate the plasma 

frequency dynamics for the X- than O-polarized 

wave due to the lack of polarization selection in this 

device. But it is insignificant for the purposes of this 

study because the variations in the plasma frequen-

cies of both the O- and X-polarized waves occur syn-

chronously. 

We analyze the reaction of the ionosphere to solar 

and geomagnetic activity by comparison of median 

foF2 values for the years of low and high solar activ-

ity, and by comparison of HT-diagrams calculated 

for a given month separately for the time intervals 

characterized by low and high levels of F10.7 index 

prepared by NOAA, Space Weather Prediction Cent-

er (downloaded from: https://services.swpc.noaa.

gov/text/daily-solar-indices.txt) and local K index.

3 Results and discussion

3.1 WSA in foF2 variations

As was described above, the WSA manifests itself in 

an inversion of diurnal variation of foF2 in the sum-

mer. It could be seen in Figure 1 that the features of 

foF2 diurnal variations in January are not the same in 

the years characterized by relatively low (1996–1997, 

2006–2008) and high (1999–2002) levels of solar ac-

tivity. Comparison with the variation of plasma up-

welling estimated using the model NRLMSISE-00 

(Picone et al., 2002) for the middle of January for 

quiet and low solar activity respectively demonstrates 

high level of correlation between the two processes. 

3.2 WSA in HT diagrams 

Figure 2 shows the median value of the plasma fre-

quency presented in colors versus local time (the ab-

scissa) and virtual height (the ordinate) for averaged 

HT diagrams for Decembers from 2007 till 2016. 

Iono grams obtained by IPS-42 ionosonde were used 

for that. One can see that the maximum electron 

density in the F region was observed near 0200 LT, 

just after midnight. The virtual height of nighttime 

maximum in plasma frequency and electron density 
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is situated around 500 km, significantly higher than 

the virtual height of daytime one (around 400 km). 

Dense original and sporadic layers are observed in the 

E region between 100 and 170 km (Fig. 2). 

Although the WSA depends on plasma vertical tran-

sport by thermospheric winds we do not see in Decem-

ber significant vertical velocities in the F region during 

either nighttime or evening and morning (Fig. 3a). For 

the nighttime, it could be explained by the dynamic bal-

ance between photochemical processes and plasma 

transport that lead to such a stable and dense F2 layer. 

As a result, the phase paths of signals reflected from the 

ionosphere remain stable too, and DFS, in this case, is 

close to zero. In contrast, for the equinox much bigger 

vertical speeds are observed downward in the morning 

and upward in the evening (Fig. 3b). 

Dependence of Weddell Sea anomaly features on 

helio- and geophysical activity is analyzed by compar-

ing the median height-time charts for different levels 

of flux F10.7 and local K indices calculated at the AIA 

observatory operating at Akademik Vernadsky station. 

Note that the local K index for the Aka demik Vernad-

sky location is changed in line with the value of total 

energy of precipitated particles in the Southern auro-

ral region. The median chart for all datasets (Fig. 2) 

could be compared with the HT charts for the days 

with different levels of indices (Figs. 4–6). 

The dependence of WSA on geomagnetic indices 

is illustrated in Figure 4. The structure of averaged 

WSA (Fig. 2) is reproduced much better under lower 

geomagnetic activity (Fig. 4a), in comparison with 

higher one (Fig. 4b). During the geomagnetically dis-

turbed days, the nighttime maximum becomes weak-

er and blurs in time from 2200 till 0600 LT. Daytime 

minimum remains around 1500 LT for both low and 

high levels of geomagnetic disturbances. 

Similar data processing was done for the different 

levels of the solar F10.7 index. The threshold of F10.7 

Figure 1. Variations of median values of foF2 (filled dots with lines) and variations of vertical plasma 

movement under influence of horizontal wind estimated for the height of 280 km (empty circles) for 

Januaries characterized by quiet (a) — 1996–1997, 2006–2008, and high (b) — 1999–2002 solar 

activity. Error bars show the standard deviations of median values of foF2 within the averaged years

Figure 2. Median height-time charts of plasma frequencies 

over Akademik Vernadsky station for Decembers 2007–2016

(a) (b)
Time, LT [hour]

Time, LT [hour]
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was established to be 95 because that was the median 

number for the days of 2007–2016. One can see that 

the maximum in diurnal variations is shifted exactly 

to midnight for the low solar ultraviolet flux (Fig. 5a). 

In contrast, with increasing solar activity and F10.7 

index, the nighttime maximum is shifted to the morn-

ing and observed around 0300 LT. It could be noted 

that the visible virtual height of the night maximum is 

lower for the lower levels of F10.7 (Figs. 5a, 5b). 

Due to big sets of processed data (10 years), we can 

split the sample into 4 arrays by the levels of both in-

dices without significant losses in quality of statistics 

(Fig. 6). As can be seen, the most accurate inversion 

of diurnal variation of electron density in the F re-

gion is observed under the low values of K index and 

low F10.7 flux (Fig. 6a). The biggest nighttime ioni-

zation maximum is correspondent to low values of K 

index and high values of F10.7 (Fig. 6b). The growth 

of geomagnetic activity decreases the nighttime ioni-

zation under both low (Fig. 6c) and high (Fig. 6d) 

levels of F10.7 fluxes and leads to blurring of the night 

maximum. It could be explained by the destruction 

Figure 3. Median height-time charts of vertical velocities estimated over Akademik Vernadsky sta-

tion for December 2018 (a) and October 2018 (b). Velocities were calculated using the DFS data of 

the new coherent ionosonde

Figure 4. Median height-time charts of plasma frequencies over Akademik Vernadsky station for 

Decembers 2007–2016 for the time intervals with K index lower than 2 (a), and higher than 1 (b). 

Red arrows indicate the time of maximums, blue arrows indicate the time of minimum in diurnal 

variations of electron density of F2 layer

(a)

(a)

(b)

(b)

Time, LT [hour]

Time, LT [hour]
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Figure 5. Median height-time charts of plasma frequencies over Akademik Vernadsky station for 

Decembers 2007–2016 for the time intervals with F10.7 index lower than 96 (a), and higher than 95 

(b). Red arrows indicate the time of maximum, blue arrows indicate the time of minimum in diurnal 

variations of electron density of F2 layer

Figure 6. Median height-time charts of plasma frequencies over Akademik Vernadsky station for Decembers 2007–2016: (a) 

K < 2 and F10.7 < 96; (b) K < 2 and F10.7 > 95; (c) K > 1 and F10.7 < 96; (d) K > 1; F10.7 > 95. Red arrows demonstrate the 

shifts of maximum in comparison with averaged behavior

(a)

(b)

(a) (с)

(b)

(d)

Time, LT [hour]

Time, LT [hour]

F10.7 < 96

F10.7 < 95



53ISSN 1727-7485. Український антарктичний журнал, 2021, № 1, https://doi.org/10.33275/1727-7485.1.2021.666

A. Zalizovski, I. Stanislawska, V. Lisachenko et al.: Variability of Weddell Sea ionospheric anomaly

of the field of thermospheric winds supporting the 

nighttime anomaly, and/or by the increasing role of 

plasma drifts in comparison with wind impact. It 

seems that under high geomagnetic activity and low 

F10.7 index the time of a maximum of electron den-

sity slightly shifts toward the evening on 2300 LT. Vis-

ible virtual heights of maxima increase together with 

F10.7 independently of K index level. 

Let’s consider the possible qualitative explanation 

of the position of nighttime electron density maxi-

mum. As known, the cause of the nighttime maximum 

is the combination of plasma upwelling under the im-

pact of horizontal equatorward thermospheric wind at 

the area of low geomagnetic field inclination and rate 

of ionization and recombination. All these factors are 

grown with UV flux. Temperature and ionization are 

increased directly by the impact of UV flux. Recombi-

nation accelerates due to the growth of the ratio be-

tween molecular and atomic components on every 

height of the F2 region. Understandably, the electron 

density is growing with F10.7 flux (Figs. 5b, 6a, 6b) 

because F10.7 is a good indicator of the ionization fac-

tor. The dayside temperature, horizontal temperature 

gradients across the solar terminator, and hence the 

thermospheric winds are growing too. As a result, the 

maximum electron density is shifted upward together 

with the optimal ratio between photochemical and 

transport balance for accumulating the plasma. 

Shifting the maximum electron density in time is 

not so obvious. Hypothetically, it could be explained 

by turning the horizontal winds at different heights. 

Growth of electron density leads to an increase of ion 

drag force. That can rotate the wind direction which 

depends on the ratio between pressure and friction 

forces. As a result, the maximum wind speed projec-

tion in the direction of the geomagnetic meridian 

could be shifted in the diurnal cycle. 

4 Conclusions 

We have demonstrated the dynamics of the ionosphere 

over Akademik Vernadsky station in presence of Wed-

dell Sea anomaly using averaged HT diagrams. It was 

shown that the observed Doppler frequency shift of 

the signals reflected from the ionosphere during night-

time in presence of WSA is close to zero. It could be 

explained a by stable F2 layer that formed as a result 

of dynamic equilibrium between photochemical pro-

cesses and vertical plasma transport. It was experi-

mentally demonstrated that WSA depends on the 

le vels of solar ultraviolet flux and local K indices. It is 

shown that the inversion in diurnal variations of elec-

tron density manifests itself best under the quiet geo-

magnetic conditions and is destroyed under the dis-

turbed ones. Maximum of electron densities appears 

exactly at midnight under low F10.7 and K indices. 

Growth of solar activity described by the F10.7 index 

shifts the maximum toward the morning to 0300–

0500 LT, whereas increasing K index leads to a blur of 

night maximum. That fact can be explained by the 

destruction of the field of thermospheric winds sup-

porting the nighttime anomaly, and/or by the increa-

sing role of plasma drifts in comparison with wind 

impact. The visible virtual height of the nighttime 

ma ximum grows with increasing solar F10.7 flux. 

The last fact could be explained by the gain of equa-

torward thermospheric wind with increasing solar 

ultraviolet flux that leads to the growth of plasma up-

welling effect. 

Thus, the formation of WSA is a result of com-

plex interaction between temperature and pressure 

values, their vertical and horizontal gradients, winds, 

electron density, and rates of ionization and recom-

bination. The comprehensive analysis of WSA is 

possible in frames of modern physics-based iono-

spheric models. That is why the described WSA mor-

phology could be used for calibrating the existing 

ionospheric models by fitting the model results to 

the experimental ones.
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Мінливість іоносферної аномалії моря Ведделла за даними спостережень
на станції «Академік Вернадський»

Реферат. Іоносферна аномалія моря Ведделла — це інверсія добової варіації електронної концентрації в іоносфері над 

Антарктичним півостровом, морем Ведделла та прилеглими територіями, що спостерігається антарктичним літом. 

Мета роботи полягає в аналізі реакції іоносфери під час аномалії моря Ведделла на зміни сонячної та геомагнітної 

активності за даними вертикального зондування іоносфери (ВЗІ), що ведеться на Українській антарктичній станції 

«Академік Вернадський». Мета роботи досягається шляхом порівняння місячних медіанних значень критичних час-

тот іоносфери (foF2) під час аномалії моря Ведделла для років з високою та низькою сонячною активністю, а також 

порівняння грудневих медіанних висотно-часових діаграм (HT-діаграм) foF2, розрахованих окремо для періодів з 

низькими та високими рівнями індексу F10.7 та локального К-індексу за 10-річний проміжок часу (2007–2016 рр.). 

Експериментально показано залежність аномалії від рівнів сонячного індексу F10.7 та локальних K-індексів. Найбіль-

ший нічний максимум іонізації відповідає низьким значенням K-індексу та високим значенням F10.7. Найбільш точна 

інверсія добової варіації концентрації електронів в області F з максимумом опівночі спостерігається за низьких значень 

K-індексу та низького потоку F10.7. Зростання геомагнітної активності зменшує нічну іонізацію як при низькому, так і 

при високому рівнях потоків F10.7 і призводить до розмиття нічного максимуму у добовій варіації. Видимі віртуальні 

висоти максимумів зростають разом із F10.7 незалежно від рівня K-індексу. Розмиття нічного максимуму при зростанні 

K-індексу можна пояснити руйнуванням поля термосферних вітрів, що підтримують нічну аномалію, та/або збільшен-

ням ролі плазмових дрейфів у порівнянні з впливом вітру. Зростання видимої віртуальної висоти нічного максимуму 

зі збільшенням потоку F10.7 можна пояснити посиленням термосферного вітру в напрямку екватора, що призводить 

до посилення ефекту вертикального переносу плазми. Близький до нуля допплерівський зсув частоти сигналів ВЗІ, 

який спостерігається протягом ночі під час аномалії, можна пояснити стабільністю шару F2, який утворюється в ре-

зультаті динамічної рівноваги між фотохімічними процесами та висхідним переносом плазми.

Ключові слова: іоносфера, іонограма, аномалія моря Ведделла, медіанна висотно-часова діаграма
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