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Abstract 
This paper investigates the night-time Weddell Sea Anomaly and TEC climatology during the 1996/97 southern 
summer. To ascertain the morphology of spatial TEC distribution in terms of hourly, geomagnetic, longitudinal and 
summer-winter variations, the TOPEX TEC, magnetic and published neutral wind velocity data are utilized. To 
understand the underlying physical processes, the TEC results are combined with inclination and declination data plus 
global magnetic field-line maps. To investigate spatial and temporal TEC variations, local times are computed. As 
results show, the night-time Weddell Sea Anomaly is a large (~1,600(o)2; ~22x106km2 estimated for a steady 
ionosphere) space weather feature. Extending between 200oE-300oE (geographic), it is an ionization enhancement 
peaking at 50oS-60oS/250oE-270oE and continuing beyond 66oS. It develops where the spacing between the magnetic 
field lines is wide/medium, easterly declination is large-medium (20o-50o), and inclination is optimum (~55oS). Its 
development and hourly variations are closely correlated with wind speed variations. There is a noticeable (~43%) area 
reduction during the 10 January storm. Southern TECs follow closely the variations of declination and field-line 
configuration, and therefore introduce a longitudinal division of four. Northern TECs are rather uniform longitudinally. 
Maps depict the expected strong asymmetry in TEC distribution about the magnetic dip equator. 
 
Introduction 
In the early 1980s, when the separate research plans of Ocean Topography Experiment (TOPEX) and Poseidon merged 
to study large-scale oceanic circulations and climatic changes, the concept of TOPEX/Poseidon was born. The mission 
started only in August 1992, and continued through a three-year prime mission and an extended observational phase. 
Today the satellite is still producing high-quality data, and thus NASA decided to continue its operation. About 14 
years of ionospheric height correction data are available today that are feasible for obtaining an equally large data base 
for investigating TEC climatology over the oceans (Jee et al., 2004 and references therein). 
 
Horvath and Essex (2003) utilized the TOPEX/Poseidon technique first to study two prominent ionospheric space 
weather features that Penndorf (1965) commonly called the Weddell Sea Anomaly. Just about the complete image of 
both phenomena during the 1998/99 high-sunspot summer period was detected over the South-Eastern Pacific and 
South-Western Atlantic Oceans (Horvath and Essex, 2003). According to current knowledge, their development can be 
explained by the unusual combination of solar produced ionization (abundant at summer nights and limited at winter 
days due to the tilted geomagnetic field) and by the thermospheric neutral winds (equatorward directed during the night 
and poleward directed at daytime) in the Antarctic region where the distance between the geomagnetic and geographic 
poles is twice as large as in the northern hemisphere (Clilverd et al., 1991 and references therein). Horvath and Essex 
(2003) pointed out first that the real size of Weddell Sea Anomaly is much larger than was thought previously by other 
researchers (Clilverd et al., 1991) based upon their land-based ionosonde observations at Argentine Islands 
(295.7oE;65.3oS, geographic) in Antarctica providing only a limited data coverage. With a series of TOPEX TEC maps, 
Horvath and Essex (2003) demonstrated that larger part of the Weddell Sea Anomaly is situated west of Argentine 
Islands over the Bellingshausen Sea -not over the Weddell Sea that is east of Argentine Islands-, and concluded that it 
should be called the Bellingshausen Sea Anomaly. The main goal of this paper is to investigate in detail the TEC 
climatology of night-time Weddell Sea Anomaly and to study the night-time TEC climate over the oceans during the 
low-sunspot number 1996/1997 southern summer solstice between 28 Nov 1996 and 5 Feb 1997. 
 
Mater ials and Methods 
Operating at nadir direction only, the dual-frequency (fKu = 13.6 GHz; fC = 5.3 GHz) NASA radar altimeter generates a 
radar pulse at each frequency to measure their return distances from the surface of the ocean. Each radar pulse 
experiences a time delay (DT1 and DT2; in ns) because of the enlarging effects of ionized medium as it travels through 
the ionosphere and thus a differential time delay (DdT = DT1-DT2; in ns) that is linearly proportional to the integral of 
electron density can be obtained. Multiplying DdT by the speed of light (c) leads to the computation of an absolute path 
difference (dDP' in mm) between the two one-way signals (see Equ.1). A tailor-made software package, made up of 
several computer programs, was developed to utilize this ionospheric height correction (i.e. dDP') for obtaining vertical 
TEC or TOPEX TEC (in TECU; 1TEU=10+16e-/m2), which is equivalent with the integral of electron density (N; in e-

/m3) between the satellite (S) orbiting at 1336 km height and the sub-satellite reflection point (R) on the surface of the 
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ocean (see Equs.1-2). The negative sigh indicates that dDP' has to be taken away from the combined measured height 
in order to obtain a true geometric height (Monaldo, 1993). 
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For each TOPEX TEC value, the local time was also computed. Further, the TOPEX TEC values had to be averaged 
out as the altimeter data are affected by varying noise due to wave height variations. A 20-second time or ~1o latitude 
interval, which is equivalent with a 116 km spatial distance, was found reasonable to smooth the TEC curve and also to 
maintain the data accuracy at the same time. Finally, by binning the smoothed TOPEX TEC data of odd or even passes 
into 2o lat by 4o long cells, averaged TEC values were obtained for the construction of maps (Codrescu et al., 1999). 
 
In this paper the TOPEX TEC data presented cover the low-sunspot number period of 28 Nov 1996-5 Feb 1997,  

inclusive, situated at the bottom of the ascending phase of solar cycle 22 (F10.7 �  90). Altogether seven cycles are 
mapped from 155 to 161, inclusive, where (except 
cycle 155) all the odd-numbered passes are considered 
as those passes cover the local night-time sector. Maps 
have large latitudinal local time variations across all 
longitudes, and thus they contain both spatial and 
temporal variations. In order to keep track on larger-
scale local time variations, each map (see Fig.1) also 
indicates the geographic equator crossing local time 
(EQ(LT)) and the local time at the highest latitude of 
Weddell Sea Anomaly (WSA(LT)). Because of these 
large spatial and temporal variations introduced by the 
10-day data utilized, these maps are not snapshots from 
space. In each hemisphere these maps depict a realistic 
night-time ionosphere only if the ionosphere did not 
change significantly (i.e. remained almost steady) 
during those local times hours. This steady ionosphere 
assumption was assumed when the geographic area of 
night-time Weddell Sea Anomaly was estimated (in (o)2 
and 106km2) for comparative reasons only. As a 
histogram, area estimations were plotted against the 
local time of Weddell Sea Anomaly (see Fig.1). To 
study the magnetic alignment of space weather features 
detected in the data, the geomagnetic (indicated in red) 
and magnetic dip (indicated in pink) equators are 
plotted over each TEC map (see Fig.1). To observe the 
underlying geophysical activity, the 3-hour Kp indices 
and computed average Kp values are utilized. 
 
Results and Discussion 
According to the night-time TOPEX TEC map series of 

Fig.1, the most outstanding space weather feature of the night-time ionosphere is the night-time Weddell Sea Anomaly 
appearing as a prominent night-time ionization enhancement over the South-Eastern Pacific and South-Western 
Atlantic Oceans. Spatially, the TEC increases toward the source of photoionization that is the solar illuminated high-
latitude region. The night-time Weddell Sea Anomaly appears as a broad build-up extending from around 200oE 
(geographic) sometimes up to 320oE, whilst the night-time TEC peaks at around 250oE-270oE/50oS-60oS. Owing to its 
regular appearance on the TEC maps, it was possible to investigate its hourly variations. Under the assumption that the 
night-time Weddell Sea Anomaly did not change significantly during the approximately four hour LT variation 
introduced by the TOPEX TEC data, its size was estimated and its hourly variation was compared with the published 
(Titheridge, 1995) neutral wind speed data. As the maps and histogram show (see Fig.1), the Weddell Sea Anomaly 
appeared first at around 18LT, soon after the neutral winds turned equatorward (~17LT). At its best development 
(18LT), it appeared over a geographic area of 1,600(o)2 or 22x106km2 and remained well developed (~1,450(o)2; 

 
Figure 1: Night-time Weddell Sea Anomaly dominates 
S-H space weather. A histogram shows its area in LT. 
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~20x106km2 at 22LT; and ~1,400(o)2; ~19x106km2 at 24LT) until local midnight that is the time when the equatorward 
neutral wind speed in the magnetic meridional direction maximizes. After 24LT, it faded away suddenly (320(o)2 or 
4.4x106km2 at 1.5LT and 230(o)2 or 3.1x106km2 at 2.5LT) and simultaneously with the rapid decline of neutral wind 
speed. During the Jan 10 geomagnetic storm there was a sudden 43% decrease in area (~950(o)2; ~13x106km2 at 20LT) 
caused by negative storm effects (see details in accompanying paper on the Jan 10 1997 geomagnetic storm).  
 
Almost three months of data are presented in form of night-time TOPEX TEC maps (see Fig.1) that are suitable for 
investigating summer-winter variations between the two hemispheres (particularly in the Pacific and Atlantic longitude 
sectors because of the good data coverage) as they combine northern winter with southern summer. When inspecting 
the TOPEX TEC maps of Fig.1, the most striking features of the northern-hemisphere winter night-time TEC pattern 
are the low TEC and the lack of longitudinal variations. Northern winter night-time TEC values at mid (~40oN) and 
higher (~60oN) geographic latitudes are lowest, approximately 6-9 TECU (indicated as dark and light brown), 
particularly over the Northern Pacific. Observed also by Jee at al. (2004), the winter-summer combination creates a 
TEC pattern that is highly asymmetric about the magnetic dip equator. Particularly, the first five TEC maps of Fig.1 
show this strong asymmetry where the northern hemisphere is still in night-time darkness before local sunrise. Higher 
TEC levels in the northern hemisphere are evident in the last three maps constructed with cycles 157, 155 and 156, and 

are due to the higher local times: cycle 157 shows the 
northern hemisphere after local sunrise, whilst cycle 155 
shows the northern ionosphere in the evening sector 
between 18LT (at 66oN) and 22LT (EQ(LT)), and an 
early morning (8LT at the equator) to late morning (11LT 
at 66oN) northern ionosphere is imaged by cycle 156. 
 
In the southern hemisphere a strong correlation has been 
found between the longitudinal variations of night-time 
TEC (imaged by the TOPEX maps) and declination 
(observed in the magnetic data) leading to the 
identification of four longitudinal sections. Namely these 
are the Indian, Western Pacific, Eastern Pacific and 
Atlantic regions. While previous climatology studies (Jee 
et al., 2004 and references therein) recognized three 
longitudinal sectors only, the presence of night-time 
Weddell Sea Anomaly that strongly divides the Pacific 
Ocean into Western and Eastern regions warranted a 
division of four. Into this longitudinal division of four, 
the global field-line configuration pattern that also varies 
with longitudes in terms of line spacing and orientation 
fits perfectly. In Fig.2 the global field-line maps plotted 
over the TOPEX TEC maps and provided clear evidence. 
Indication has also been found and presented by these 
combined maps that the night-time Weddell Sea Anomaly 
develops where the spacing between the magnetic field 

lines are medium/large, and where medium geomagnetic/magnetic latitudes are situated at relatively high geographic 
latitudes due to the geographic position of overlapping geomagnetic and magnetic dip equators creating a large 12o 
offset in the southern hemisphere with respect to the geographic equator. 

 
Figure 3 is constructed with a series of TEC and declination (D) line plots to investigate along various latitudes the 
longitudinal variation of TEC in terms of D. It is important to note that because of the different units, these TEC and D 
variations cannot be compared directly. Arranged in three columns, longitudinal TEC cross-sections along northern 
40o, plus southern 40o, 50o, 60o and 66o geographic latitudes are prepared with averaged TEC values from cycles 161, 
160 and 158 that represent different stages of the evolution of night-time Weddell Sea Anomaly. Thus, during these 
cycles the downlooking TOPEX detected the ionosphere before the development (cycle 161) and soon after the 
development (cycle 160) of Weddell Sea Anomaly, and later on during the night (cycle 158). In each graph, an average 
local time along the latitude is also indicated. In the southern hemisphere these TEC cross sections cut across the 
Weddell Sea Anomaly close to its northern (40oS) and southern (60oS and 66oS) ends, and at around its middle section 

 
Figure 2: Magnetic field-lines plus I and D contours 

highlight the spatial night-time TEC variations. 
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(50oS). As the line plots indicate, there is a strong correlation between the variations of TEC and D along latitudes 
40oS, 50oS, and 60oS during these three cycles. Particularly during cycle 161 along 40oS latitude (20.9LT), where the 
TEC and D variations are in phase and are most similar. In many graphs of cycle 160 the average TEC and D curves 
overlap, which is due to the scale used on the graph only. Particularly at latitudes 60oS and 66oS, the large positive 
values of D over the Pacific Ocean (between 150oE and 300oE) suddenly turn negative at around 120oE and remain 
negative over the Indian and Atlantic Oceans. Along 66oS latitude, where the TOPEX/Poseidon satellite turns, the TEC 
profile at 22.2LT (cycle 158) shows high TEC values over the South-Eastern Pacific (between 240oE and 300oE 
longitude) giving a clear indication that the Weddell Sea Anomaly continues at latitudes higher than 66oS. These TEC 

and D line plots demonstrate how dominating is the 
declination effect and how strongly the declination angle 
varies with longitude in the southern hemisphere. Owing to 
the large declination angles, the geographic zonal winds 
contribute significantly to the neutral winds in the 
meriodional direction, and thus introduce a strong 
longitudinal variation of TEC (Jee et al., 2004). This is not 
the case in the northern hemisphere. As the data along 40oN 
in the sectors of Indian and Pacific show, the declination 
angles are small and vary little, and the TEC shows a weak 
longitudinal dependence. Because of the small magnetic 
declination in the northern hemisphere, contributions from the 
geographic zonal winds to the neutral winds in the meridional 
direction are negligible. Thus, the magnetic meridional winds 
approach the geographic meridional winds. This excludes any 
significant longitudinal variations of the TEC, and introduces 
a relatively small longitudinal TEC variation in the northern 
hemisphere (Jee et al., 2004). 
 
Conclusions 
By employing a novel method, this study provided some 
interesting new findings on the night-time Weddell Sea 
Anomaly that was overlooked by previous climate studies of 
other researchers. It developed over a considerable 

geographic area (~1,600(o)2; ~22x106km2) during the 1996/97 southern summer with its centre situated at ~50oS-
60oS/250oE-270oE. It is a large-scale ionospheric feature that dominates space weather, continues at higher than 66oS 
where TOPEX data coverage is not available and divides the Pacific into two longitude sections. With its innovative 
technique, this study also highlighted the principal role of thermospheric neutral winds in changing the night-time 
space weather and space climate. These results are significant as they do move science forward. 
 
Acknowledgements 
Dr. Ildiko Horvath is supported by a University of Queensland Postdoctoral Research Fellowship. Special thanks are 
extended to NOAA’s Geophysical Data Centre for the geomagnetic data and to JPL for the TOPEX radar data obtained 
from the NASA Physical Oceanography Distributed Active Archive Centre. 
 
References 
Clilverd, M.A., Smith, A.J. and Thomson, N.R. (1991). The annual variation in quiet time plasmaspheric electron density, determined from 
whistler mode group delays. Planetary Space Science 39, 1059-1067.  
Codrescu, M.V., Palo, S.E., Zhang, X., Fuller-Rowell, T.J. and Poppe, C. (1999). TEC climatology derived from TOPEX/POSEIDON 
measurements. Journal of Atmospheric and Solar-Terrestrial Physics 61, 281-298. 
Horvath, I. and Essex, E.A. (2003). The Weddell Sea Anomaly observed with the TOPEX satellite data. Journal of Atmospheric and Solar-
Terrestrial Physics 65, 693-706. 
Jee, G., Schunk, R.W. and Scherliess, L. (2004). Analysis of TEC data from the TOPEX/Poseidon mission. Journal of Geophysical Research 
109, AO1301, DOI:10.1029/2003JA010058. 
Monaldo, F. (1993). TOPEX ionospheric height correction precision estimated from prelaunch test results. IEEE Transactions on Geoscience and 
Remote Sensing 31(2), 371-375. 
Penndorft, R. (1965). The average ionospheric conditions over the Antarctic in Geomagnetisn and Aeronomy. Antarctic Research Series, vol. 4, 
edited by Waynick, A.H., pp.1-45, American Geophysical Union, Washington DC. 
Titheridge, J.E. (1995). Winds in the Ionosphere–A review.  Journal of Atmospheric and Terrestrial Physics 57, 1681-1714. 

 
Figure 3: Line plots illustrate the longitudinal 
variations of TEC and D along some latitudes. 


