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Abstract. In the present work we use the NASA-JPL global 1 Introduction
ionospheric maps of total electron content (TEC), firstly to

construct TEC maps (TEC vs. magnetic local time MLT, and garly investigations revealed that the F2 layer is “anoma-
magnetic latitude MLAT) in the interval from 1999 to 2005. |oys” rather than simply controlled by the solar zenith angle,
These TEC maps were, in turn, used to estimate the annuahccording to the prediction of Chapman theory (Appleton
to-mean amplitude ratio, A and the semiannual-to-mean and Naismith, 1935). The well-known temporal anomalies
amplitude ratio,A2, as well as the latitudinal symmetrical ghserved are the winter anomaly or seasonal anomaly (that
and asymmetrical parts’ andA” of A;. Thus, we investi-  noontime NmF2 values at mid-latitudes are larger in win-
gated in detail the TEC climatology from maps of these in-ter than in summer), the semiannual anomaly (that NmF2
dices, with an emphasis on the quantitative presentation fofg greater at equinox than at solstice), the annual or non-
local time and latitudinal changes in the seasonal, annual angdeasonal anomaly (that by taking the Northern and South-
semiannual anomalies of the ionOSpheriC TEC. Thenwe tOOl@m Hemispheres together, NmMF2 is greater around Decem-
the TEC value at 14:00 LT to examine various anomalies ayer solstice than around the June solstice both by day and by
a global scale following the same procedure. Results reveahight; an alternative description is that the seasonal anomaly
similar features appearing in NmF2, such as that the seasong{ |ess evident in the Southern Hemisphere than the North-
anomaly is more significant in the near-pole regions than ingrn). Though in some papers, “variation” was used to replace
the far-pole regions and the reverse is true for the semianihe term “anomaly”, the two concepts are different. Any
nual anomaly; the winter anomaly has least a chance to bgend with a period of a year or one half of a year can be
observed at the South America and South Pacific areas. Thggjled an annual or semiannual variation, while the annual
most impressive feature is that the equinoctial asymmetry issnd semiannual anomalies only refer to the above descrip-
most prominent at the East Asian and South Australian areasjgn in the bracket. Any trend with a seasonal asymmetry
Through the analysis of the TIMED GUVI columnar [O/N2] can be named a seasonal variation while a seasonal anomaly
data, we have investigated to what extent the seasonal, annu@Jﬂy denotes a winter anomaly. Many authors used the an-
and semiannual variations can be explained by their counternyal and semiannual variation to denote seasonal, semian-
parts in [O/N2]. Results revealed that the [O/N2] variation is nyal and annual anomalies for convenience. To avoid a mis-
a major contributor to the daytime winter anomaly of TEC, ynderstanding one knows that the meaning of the variation
and it also contributes to some of the semiannual and annuak more extensive than that of the anomaly. Since discover-
anomalies. The contribution to the anomalies Unexplaineqng these anoma”eS, they have become very prominent sub-
by the [O/N2] data could possibly be due to the dynamicsjects and attract the interest of many authors. Yonezawa
associated with thermospheric winds and electric fields.  and Arima (1959) and Yonezawa (1971, 1972) scrutinized
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( P q P ) Torr (1973) constructed maps with observed foF2 data to

show the global distributions of these anomalies mentioned
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equinoctial asymmetries (the electron density in one equinoXL983) compared to the small annual component for NmF2.
being larger than that in the other equinox) in the ionosphere In recent years, a database of TEC in the ionosphere and
and thermosphere during solar maximum period by using theplasmasphere, derived from a worldwide network of global
Japanese MU radar data. Ma et al. (2003) derived features gjositioning system (GPS) observations, has been used to
the semiannual anomaly at different latitudes and longitudesnvestigate the local and regional characteristics of various
using worldwide ionosonde data from 1974—1986. anomalies (Huang and Cheng et al., 1996; Unnikrishnan
Many theories have been proposed to explain the variaet al., 2002; Wu et al., 2004). Since the early 1990s, a
tions of the F2-layer anomalies, as reviewed by Rishbethworldwide network of permanent GPS tracking stations has
(1998). Among these various theories, the “chemical explarapidly grown under the management of the International
nations” proved to be rather reasonable and have been aGGNSS (Global Navigation Satellite Systems) Service, known
cepted to some extent. Rishbeth and Setty (1961) and Wrighdis IGS. In May 1998, IGS created the lonosphere Working
(1963) recognized that the change in the chemical composiGroup (Feltens and Schaer, 1998), and soon after five differ-
tions in the upper atmosphere, such as the atomic—moleculagnt centers started computing and making available several
ratio [O/N2], could mainly account for the variation of NmF2 GPS-derived ionospheric products, mainly two-dimensional
during the daytime. Subsequently, Johnson (1964) and Kingvorld-wide grids of vertical total electron content (VTEC)
(1964) suggested that the thermospheric circulation from theand differential code biases (DCBs) for every satellite and
summer hemisphere to the winter one could affect the [O/N2]Jmany receivers in the network. To make feasible inter-
ratio and finally change NmF2. Since the 1980s, numericakhanges and comparisons, the so-called IONEX (lonosphere
methods have been applied to investigate the electron derap Exchange) standard format was established (Schaer et
sity variations in the ionosphere. Based on the global theral., 1998). In this study, we use the global ionospheric maps
mospheric circulation theory, Fuller-Rowell and Rees (1983)(GIMs) developed by the JPL because of its relatively high
reproduced the seasonal variation of NmF2. After consider+eliability and accuracy. There is a rich literature describing
ing the offset of the geographic and geomagnetic poles, Mill-the development of JPL GIM (e.g. Mannucci et al., 1998), as
ward et al. (1996) tried to explain the longitude differenceswell as their use in studies of ionospheric behavior, partic-
in seasonal and semiannual characteristics at mid-latitudesilarly under disturbed conditions (Ho et al., 1996; Pi et al.,
Fuller-Rowell (1998) proposed a mechanism named “ther-1997). The GPS system and the JPL GIMs derived from its
mospheric spoon” to interpret the semiannual variation indata have become a standard ionospheric diagnostic tool, and
the ionosphere. He suggests that the global-scale, interhemare particularly useful for our study.
spheric circulation at solstices acts like a huge turbulent eddy Mendillo et al. (2005) have found the annual anomaly in
in mixing the major species. The effect causes less diffusiveTEC to be a global characteristic by using GIMs data of the
separation of the species at solstices, which tends to a rise iear 2002. Here, to some extent, we are about to expand
the molecular nitrogen and oxygen densities and a reductioftheir work and explore the global feature of the principle F2-
in the atomic oxygen density. With a coupled thermosphereqayer anomalies, including the winter anomaly, the semian-
ionosphere-plasmasphere model (CTIP), Zou et al. (2000hual anomaly and the annual anomaly. First, we have at-
re-examined the global thermospheric circulation theory andempted to find out how these anomalies varied under differ-
how far the semiannual anomaly could be explained by thisent magnetic local time (MLT) and different solar activity, in
theory without invoking other causes. Thereafter, Rishbethyhich we compare them with the magnitudes of the annual
et al. (2000) gave a detailed physical discussion. and semiannual anomaly by using data from the GUVI ex-
Hitherto, most studies of the F-layer anomaly have usedheriment aboard the TIMED satellite. Then we studied the
data on NmF2 from ionosonde stations (e.g. Yonezawaglobal distribution of the amplitudes of various anomalies
1971; Torr and Torr, 1973; Yu et al., 2004). However, someduring the daytime under different solar activity. In the Dis-
measurements have shown that these anomalies vary at digussion section, current theories and mechanisms were used
ferent altitude regimes. Observational evidence indicateso give possible explanations of various anomalies. We hope
that there is no winter anomaly in the topside ionospherethe work could help us in achieving comprehensive insight
whereas it is significant in the F-region (e.g. Balan et al.,into the complexities of F2-layer behavior.
1998; Torr and Torr, 1973; Su et al., 1998; Zhao et al., 2005;
Liu et al., 2007). Moreover, observational evidence also
shows that the annual anomaly is very strong in the topside Magnetic local time variation of the anomalies
ionosphere, as compared with the bottomside ionosphere (Su
et al., 1998). It is reasonable to imagine that the total elec2.1 Data resources and analysis method
tron content (TEC) and the integral of electron density height
profile N(h) might have different characteristics as comparedWe used data spans from 1999-2005 which can be down-
with those derived from the NmF2. Further support is pro-loaded from the websithattp://cddis.gsfc.nasa.govBefore
vided by the fact that the annual anomaly predominates oveday 307, 2002 all JPL IONEX files provided include 12
the seasonal variations for TEC (Titheridge and BuonsantoVTEC maps, starting from 01:00 UT to 23:00 UT, due to
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) ) ] Fig. 2. Annual and semiannual indiceg and A, for the year 2000
Fig. 1. An example of GIM being transformed from an Earth-fixed nhaye been estimated as functions of MLT and MLAT, according to
geographic frame into a MLAT-MLT frame at 01:00 UT on 1 Jan- tne Eq. (1). In the left panel of Fig. 2, positive values indicate that

uary 2000. the maximum value of the yearly TEC appears at the December
solstice and negative denotes the June solstice.

the fact that each new daily file contains ionospheric infor-

mation covering not only 22 but 24 h. The new daily file in- value of TEC.A; and A, are, respectively, the relative am-
cludes 13 VTEC maps, starting from 00:00 UT to 24:00 UT, plitudes of the TEC annual and semiannual componefts;

in order to facilitate the data interpolation. Each map is cre-andd, are the corresponding phases, respectively, denoting
ated in an Earth-fixed reference frame with geographic longithe winter solstice and vernal equinox and vary slightly from
tude ranging from-18(° to 180 (5° resolution) and latitude  year by year. For the year 1999, 2002 and 2003is 22
from —87.5 to 87.5 (2.5 resolution). For our purpose in  December and for the remaining year 21 December. For the

constructing TEC maps, we follow the works of Codrescu year 1999 and 2003 is 21 March while for the remaining
et al. (2001) and Jee et al. (2004) to estimate the TEC mapgear 22 March.

in the plane of magnetic local time (MLT) vs. magnetic lat-

itudes (MLAT) using quasi-dipole coordinates (Richmond, 2.2 Results of the GIM

1995). Thus, we first transform the geographic longitude and

latitude into MLT (00:00-24:00) and MLAT 70°~70°), Displayed in Fig. 2 are the annual and semiannual indices,
and then divide the MLT vs. MLAT plan into mesh grids with A; and A,, for the year 2000 which have been estimated
grid length dMLT=0.5 hour and dMLAT=2% We calculate  as functions of MLT and MLAT, according to the Eq. (1).
the average TEC in each bin as the grid TEC values. Wen the left panel of Fig. 2, a positive value means that the
estimate the TEC maps in the plane of magnetic local timemaximum value of the yearly TEC appears at the December
(MLT) vs. magnetic latitudes (MLAT) by virtue of the tilted solstice and negative denotes the June solstice. It is shown
dipole field. Figure 1 gives an example of GIM being trans- that A, has a clear local time variation. The summer maxi-
formed from an Earth-fixed into a MLAT-MLT frame. The mum appears from the sunset, 18:00 MLT, to after the sun-
most prominent feature of the TEC maps is the well-knownrise, 08:00 MLT. At night, the overall summer to winter pre-
double crest structure of the ionospheric equatorial anomalyvailing wind will, respectively, enhance and retard the equa-
The equatorial anomaly crests usually appear in the magnetitorward winds in the summer and winter hemisphere, which
latitude about:-10°~15° during almost the entire daytime, raise or lower the F2-layer and thus increase and decrease the
with a maximum value at post noon. For each day there aréNmF2 (Rishbeth, 1998). It should be noticed that a promi-
12 or 13 maps and we make an average to give one map a daent maximum occurs at around sunrise time, 06:00 MLT.
which is enough for the investigation of the ionospheric cli- This is understood to be due to the control of the F2-layer
matology. To extract the amplitudes of the annual and semiby production and not by diffusion, which varys markedly
annual variations, a yearly TEC variation is represented bydue to the seasonal change. Winter maximum, namely the
the sum of the yearly average TECO, annual TEC1 and semiwinter anomaly, appears at middle and mid-high latitudes be-

annual TEC2 components: tween 10:00-16:00 MLT, and the maximum value occurs at
around 14:00 MLT. The main cause of the winter anomaly
TEC(mlat,d) = TECO+ TEC1+ TEC2 is that the vertical wind does change the chemical composi-
=TECO1+ A1 x cod2n(d —d1)/T] (1) tion (Rishbeth et al., 1987). As part of the entire atmosphere
+A2 x cod4r(d — d2)/ T} circulation, upwelling air that occurs at low latitudes and in
summer hemisphere, due to the pressure divergence, will de-
A1 =TECL1/TECG A, = TEC,/TECG, crease the [O/N2] and increase the mean molecular mass,

thus decreasing the electron content. Subsequently, this
whered is the day number andl (7=365, and 366 for leap molecule-enriched air will be transported by the horizontal
year) is the total days of a year. TECO is the yearly averagesummer to winter prevailing wind and descend at mid-high
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Fig. 3a. Distribution of (a) symmetrical indexA’, defined as Fig. 3b. Continued.
(A1(MLAT) —A1(—MLAT))/2 (b) asymmetrical indexd”, defined

as (A1 (MLAT)+ A1(—MLAT))/2 and(c) semiannual component . . L . .
for the year 1999—2005. and during high solar activity} is 15%. Figure 3b displays

the distribution ofA”. Since large differences in solar ac-
tivity between the two solstitial months might result in the

) ) o ) ) o annual anomaly, we calculate the relative change in the mean
latitude, meeting the subsidiary circulation that originated g4y radiation F107 index8-r10% (R-F1o%=(F107ec —
from the winter auroral oval. The downwelling air will in- F107un)/F107unx 100%) between December and June, re-
crease the [O/N2] and decrease the mean molar mass,thectively. Noting that typically 1 unit of geomagnetic daily
increasing the electron content (Rishbeth, 1998). The right,jex Ap decreases NmF2 by only 1% (e.g. Rishbeth and
panel of Fig. 2 depicts the variation of the semiannual i”deXMendiIIo, 2001), and that the change in TEC should be sim-
Az, which has a clear latitudinal and local time dependence;ja e also calculate the difference of mean values of the
Generally, there is a small, semiannual background COMPOgeomagnetic Ap index, dARIA p=Appec—Ap ) between
nent distributed from equatorial region to the high latitudes. e two solstitial months. From the figure, we can see that
However, a significanti; occurs after 12:00 MLT, where the o large value oft” at the year 2001 should result from the
ma?dmum value appears at sub-equatorial regions during_th97% solar flux difference between December and Jufigs
period 20:00-24:00 MLT. To further explore the characteris-eak at the sunrise and sunset sector, acting as a boundary to
tics of the various anomalies, we define the symmetrical ands,eparate daytime and nighttime positivé appearing nearly
asymmetrical indices ag’=(A1(MLAT) —A1(=MLAT))/2 4 g the latitudes. Except for the year 2000 is shown
and A”=(A1(MLAT)+ A1(—MLAT))/2, in which the former 5 e more evident during high solar activity, such as 2002
denotes the amplitude of the seasonal variation and the lattef, 4 |east evident during low solar activity 2005, which may
represents the annual anomaly. Thus, plentiful properties Oguggest a dependence on the solar activity level. Figure 3c
the ionospheric TEC climatology were found. in t.hese iNdeXshows that the semiannual compondatincreases signifi-
maps from the year 1999 to 2005, as shown in Fig. 3. cantly with the solar activity. During low and moderate solar

The distribution ofd’, shown in Fig. 3a, manifests that the activity, A, does not exceed 20% during 09:00-18:00 MLT,
noon winter anomaly has a clear solar activity dependencewhile during high solar activity within the same periag
During the low solar activity year, the noon anomaly at mid- reaches 30%. In the post-sunset period at low latitudes a pro-
latitudes is absent, with” being negative. At moderate so- nounced double peak structure is manifestedijn where
lar activity, for example 1999 and 2003/ is no more than it even reaches 40% during a high solar activity year while
5% (5% means 0.05 and the same for the following value)being absent during low and moderate solar activity year.
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2.3 Results in neutral O/N2 from GUVI observations 1995 2000

We take as a first approximation that photochemical equilib-
rium conditions prevail up to the F-region peak. In this case
the maximum ionization is given by Nmax/8~[O/N2]
(Rishbeth, 1998). In this study, we want to find out whether : . - - .
the neutral gas composition at F-layer heights has the sea- MLT(hou) MLT{ou)

sonal, semiannual and annual anomalies of the comparable 2 2o
magnitude, as that which appears in the TEC, without con-
sidering the effects of the transport processes. We use the £
[O/N2] data measured from the global ultraviolet imager on 2 -u

MLATE)
z S
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'

MLATE)

=4
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MLATE)
e
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the TIMED satellite (Christensen et al., 2003). The values = -

of [O/N2] refer to column density ratios above levels of the 0 5 - e w7 5 1 e o
fixed N2 column content (Fdm=2 or 10’ m—2), derived MLTthoun) MLTthaug)

from airglow observations in the 140-250 km height range; 7 = m -

see Christensen et al. (2003) and Strickland et al. (2004) for = o

details of the experiment and analysis techniques. Strickland & 1o 1

et al. (2001) showed that the electron concentration varies = 20

with this column density ratio. These are shown as global = 50

o
@
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e
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maps in Strickland et al. (2004), depicting the global distri-
bution of columnar [O/N2] at local noon on four particular e

days in 2002—-2003, which were geomagnetically quiet, and ;g

have similar levels of solar flux index F107. i I |
The TIMED satellite was launched on 7 December 2001 *EDE 02 01 0 01 0z 03 04

into a 630 km, 74 .dinclination circular orbit with a 97.8 min a0 A2

period. The orbital precession rate is such that the beta an- 7,

gle (the angle between the Earth-Sun vector and the orbital ® MTtow
plane) passes through zero every 120 days, so the local time

of the orbit varies with this periodicity. As a consequence, Fig. 3c. Continued
GUVI samples all local solar times every 60 days, counting
ascending and descending node orbits. The data have been
transformed into the MLAT vs. MLT frame and a 60-day o

moving average has been employed to preserve the spati auw—
and temporal information. Four years of data during 2002— o N
2005 have been utilized to extract the seasonal, semiannui ~ ., i

and annual amplitudes with Eq. (1). Figure 4 gives the dis- = i
tribution of the columnar [O/N2] centered at equinox and N T Wit ® 2 s
solstice during the year 2003. The distribution presents &

clear seasonal variation which shows that [O/N2] is low in "
the summer hemisphere and high in the winter hemispherc
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at middle-high latitudes. Data during the 08:00-16:00 MLT £ " g 1 p>

interval is shown with full resolution, to facilitate the study ~ *a ' b

of various anomaly changes. - ng
Figure 5 displays the magnitudes of the symmetrical index v S v ST PR

A’, the asymmetric index” and the semiannual variation

Az for [O/N2] from 2002 to 2005, respectively. The mag- Fig. 4. Distribution of the columnar [O/N2] centered at equinox and
nitude of A’ has a clear solar dependence that varies fromsolstice during the year 2003.

0.3-0.45 with increased solar activity, and is much larger

than that for the winter anomaly in TEC. This is probably

because the daytime summer-to-winter wind will reduce theannual anomalies in TEC. The semiannual variatignis
winter anomaly effect by uplifting and depressing the F-layershown with a considerable magnitude of about 0.1-0.2, es-
peak. The difference may also partly result from the differ- pecially at middle and mid-low latitudes, providing some ev-
ent height range measured for these two parameters. Thience that the TEC semiannual variation is related to semi-
overall value of the distribution od” is ~0.1, less than that annual changes in thermospheric composition. Furthermore,
of TEC at~0.15, which partly can be used to explain the the magnitude of the semiannual variation in [O/N2] in the
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Fig. 5. From the top to bottom panel are the magnituded’ofA” and A, for GUVI [O/N2] during 08:00-16:00 MLT from 2002 to 2005,
respectively, corresponding to Fig. 3a, b and c.

northern mid-high latitudes is weaker than that in the South-sunset may be associated with the semiannual variation of
ern Hemisphere. This feature can be also identified in thehe equatoriak x B drift. Detailed discussion is given in the
distribution of A, in TEC, as shown in Fig. 3c at around the Discussion section.

MLT=12:00 sector in the mid-high latitude. It is understood

that the results of the TEC and [O/N2] are sometime uncorre- ] o ]

lated because we do not consider the transport process. The Longitude variation of the annual and semiannual
ionosphere is not only controlled by the solar zenith angle ~ varation at 14:00 LT

but also constrained by the magnetic field. For example, a

strong semiannual variation at the double crest region aftefa‘S a r_natter of fact, organizing t_he d"?‘ta in the MLAT'MI.‘T
coordinate removes the longitudinal difference of the various
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anomalies. As is shown in the above section, the wintersemiannual variation is likely symmetrical to the magnetic
anomaly is most pronounced during 14:00 LT, so we takeequator in the middle to low latitudes. Among the above
the TEC value at 14:00 LT to examine various anomalies atconclusion, (1) and (2) constitute the annual anomaly where
a global scale. The analysis of the data is the same as thiéhe winter anomaly is more prominent in the Northern Hemi-
previous local time variation by applying Eq. (1) but without sphere than in the Southern Hemisphere.

limiting the phaseg; andd,. Equation (1) can be expanded  panel (D) actually manifests the feature of an equinox
by the following form: asymmetry. Except in the North America region, South Pa-
cific and Atlantic Ocean areaa, which have a strong annual
variation, most of the world is characterized by a prominent
+A2 x cod4n(d —d2)/T] 2) semiannual variation. The maximum value of the yearly TEC
= TECO{]‘"‘_ C1xco92rd/T] + C2x cog4nd/T] appears mainly during vernal months except, to the years
+81 x sin2zd/T] + S2 x sin4nd/T1}. 1999 and 2001. We calculate the ratio of mean TEQ/of
months toS monthR_tec-, as illustrated in panel (E). The
A1=,/C2+5? andd;=tar1(S1/Cy) are the amplitude and  ratio of mean F107 oM months toS month R_g107. for
each year is also given in the map. It is shown that during
the years 1999 and 200R_r107 is 0.81 and 0.77, respec-
and do=tan !(S2/C») are the amplitude and phase of the tively, which should be responsible for the valRerec. <1.
semiannual Variation, reSpeCtively. We use the method Otor 2000, the most Striking equinox asymmetry for the con-
regression analysis to calculate the amplitudes and phases gftion R_tec- >1 occurs in two regions. The first one lies
the semiannual variation. along the band between the magnetic latitudés-30 in the
Panels (A) and (B) of Fig. 6 illustrate the relative ampli- Northern Hemisphere which is clearly evident in the Far East
tudes of the annual and semiannual variations. Panel (Cjegion. Note that in the high latitudes of Europe and Russian,
shows the phase of the annual variation (C) and panel (Dhear the 70 North, R_1ec- is also significant during 2000.
gives the phase of maximum value of TEC. Here we did notThe second one is located in the southern Indian Ocean and
display the phase of the semiannual variation becayse  Australian regions. In these regiom, 107 varies between
during either a vernal month or an autumnal month, whichg.97 and 1.12 whileR _tec-. ranges from 1.3-1.5. In fact,
provides no valuable information. In order to facilitate our thoughR _r107 is relatively small during 1999 and 2001, the
description, we define March, April and the first half part g_e. of the above region remains at 1, which implies that

of May as M-month. June, July, August and the last half the TEC value in¥ months is larger than that i$iMonths.
part of May are denoted a&month, and September, Octo-

ber and the first half part of November &snonth, and De-

cember, January, February and the last half part of Novem- _ )

ber asD-month. In panels (C) and (D), different areas are4 Discussions

filled with different colors according to their phase distribu-

tion. Combining (A)—(C), we note the following features: (1) 4.1 Explanation of the semiannual and annual anomalies
the amplitude of the winter anomaly is prominent at middle

and mid-high latitudes in the Northern Hemisphere, whichSince the solar EUV input is greatest at low latitudes at
is clearly modulated by the solar activity. More area is cov- equinox, it causes a strong upwelling by day accompanied
ered with the winter anomaly at Northern Hemisphere duringby poleward winds, ultimately balanced by a similarly strong
higher solar activity year. The most striking area of winter downwelling by night accompanied by equatorward winds.
anomaly is in the North America region near the north mag-Because of the long time constant for thermospheric com-
netic pole. (2) The winter anomaly is much less prominentposition change, there is no net daily disturbance of thermo-
in the Southern Hemisphere. The relative large values apspheric composition at low and middle latitudes, and diffu-
pear at the south Indian Ocean and Australian area, near thave equilibrium prevails. The consequence is that the ther-
south magnetic pole during the year 2000. (3) The ampli-mosphere has a greater [O/N2] ratio, both in low latitudes
tude during normal conditions, i.e. where the summer valueand globally averaged, at equinox as compared to solstice
is greater than the winter value, is most striking at middle lat-(Rishbeth et al., 2000). Maps of GUVI [O/N2] with an av-
itudes of the South Pacific and Atlantic Ocean areas, and igrage amplitude of the semiannual anomaly of abetl
more evident during moderate and low activity. (4) The am-(larger at high solar activity year but not significant) at mid-
plitude of semiannual variation is most notable at the Southdle and low latitudes shown, in Fig. 5, support the above the-
America and Far East areas, which are far away from theory, which suggests that the variation of [O/N2] serves as a
magnetic pole region. (5) The amplitude of the semiannuabackground parameter controlling the semiannual anomaly
variation is more notable south of South America than in theof TEC at middle and low latitudes. At high latitude, semi-
Far East region. (6) The amplitude of the semiannual vari-annual anomalies arise from the optimized effect of the solar
ation is very weak near the magnetic pole region. (7) Thezenith angle effect and seasonal variation of the [O/N2] ratio,

TEC(mlat, d) = TECO{1+ A1 x co§2n(d — d1)/T]

phase of annual variation, respectively, afig=,/C3+S3
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Fig. 6. Global distributions of the amplitudes of the annual and semiannual compdgAeBsand the phase of the annual variat{@), and
the position of the existing maximum val@®) and the amplitude of the equinox asymmetry. The white line denotes the magnetic equator
(E). x and y-axes are the geographic longitude and latitude and the white line is the dip equator.

as pointed out by Rishbeth et al. (1998), which will be dis- ron, 1973), as the cause of all semiannual aeronomic phe-
cussed later in this paper. nomena. Lal (1997) estimated that the solar EUV source
Another possible mechanism to explain the semiannuafan only account for 62% (equinoxes)-75% (July) of the
anomaly was proposed by Lal (1998), who regards the semiPlanetary averaged F2 layer ion density (F2pd), indicating
annual variation of geomagnetic activity, due to the semi-that a second energy source is required to account for the
annual variation of geometrical coupling of the interplan- deficit. To testify as to how the geomagnetic activity affects
etary and terrestrial magnetic fields (Russell and McPherthe TEC variation, we sum the relative change in the TEC
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Fig. 6. Continued.

F-region vertical plasma drifts measured by Jicamarca ISR

variation RTEC under the conditioAp>15 (34.5% of the
total days) during equinox months from 2002-2005 in the
MLAT-MLT coordinate. RTEC is calculated through (TEC-
<TEC>27)/<TEC>27, where<TEC>57 is the smooth 27-
day median value of TEC. For comparison, R[O/N2] is also
given with the same procedure. As shown in Fig. 7, the dis-
tribution of RTEC is well in accordance with that of RJO/N2]
from sunrise to sunset. The change in [O/N2] is due to
the storm-induced large thermospheric circulation, which de-
creases [O/N2] at high latitude due to the upwelling of the
polar upper atmosphere and the increase in [O/N2] due to : :
the downwelling in the low and middle latitudes, and causes T2 3 4 s fmmh? 8 8 w0 Mmooz
the abatement of TEC at high latitude and an enhancement

at mlddle arld low Iat'tUd?S which is similar to the way in Fig. 8. Monthly average of the equatorial vertical plasma drifts
which the winter anomaly is produced (e.g. Mayr etal., 1978;0a5red by the Jicamarca incoherent scatter radar (ISR) in units
Rishbeth et al., 1987). Here, our statistical result shows thags .

the geomagnetic disturbance tends to decrease the ion den-

sity (~7%) at high latitudes and increase-t§%) at middle

and low latitudes. From a global view, the increased part Ofstrong after sunset. The structure may be related to the

TEC, outweighs the decreased part of TEC which will re-5nqspheric fountain effect caused by the equatoriaBE

sultin a net enhancement of global TEC during the magnetiGyitt Therefore, we used average vertical drift data near
disturbed day. This may explain the results of Lal (1997), i F-region peak (typically between about 300 and 400 km),
who defines a global F2 layer index. Thus, the semiannual,hich was obtained from the CEDAR database at NCAR.
varia}tion of the magnetic activity .tends to contribgte to the Figure 8 shows the distribution of the monthly average verti-
semiannual anomaly of TEC at middle and low latitudes. 4| plasma drifts over Jicamarca, which only considers quiet

As illustrated in Fig. 3c, the distribution of the ampli- time (3-hourlyap<18 is considered) measurements from

tude of the semiannual variation of TEC at low latitude has1984 through 2005. The noon time and post-sunset drift
an obvious “double-humped” structure which is especiallyis shown to be prominent at equinox months. Based on an

Local time(hour)

-30
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empirical orthogonal functions (EOFs) analysis, a linear de-far greater than the value of 0.035 that corresponds to the
pendence of amplitudes of semiannual variations with F107annual variation of the solar irradiance due to the Sun-Earth
has been derived by Ren (2087)he results are consistent distance by using GIM data of the year 2002 (Mendillo et al.,
with early incoherent scatter radar and satellite observation2005). Our study shows the same results and found that the
which showed that the quiet time F-region vertical drifts in annual anomaly exists both by day and by night and is least
the equatorial area had large seasonal variations during s@vident in the sunrise and sunset sectors. Through the anal-
lar maximum and minimum (Fejer, 1991; Fejer et al., 1995).ysis on the GUVI columnar [O/N2], we found that the an-
Since the F-region ionosphere is electrodynamically couplechual anomaly, to a considerable degree, can be explained by
with the E-region ionosphere, the semiannual variation ofthe north-south asymmetry of the [O/N2] during the daytime.
the amplitude of the diurnal tide in the lower thermosphereThe remaining part of the annual anomaly during the day-
may induce the semiannual variation of the E-region equatime and also the south-north asymmetry during the night-
torial electrojet and hence affect the F-region drift. Forbestime may be caused by the difference in meridional winds.
(1981) pointed out that the diurnal tide (1, 1) mode in the By using the Hinotori satellite and Sheffield University Plas-
ionospheric E-layer is the direct driving source for the equa-masphere lonosphere Model (SUPIM), Su et al. (1998) found
torial electrojet. The analysis of the wind data of the UARS that the difference in [O/N2] between December and June,
satellite by Burrage et al. (1995) showed that there are verypbtained from MSIS-86, reproduces the general behaviour
obvious semiannual variations of the amplitude of the diur-of the observed annual anomaly, but only accounts for 30%
nal tide (1, 1) mode at the height of 95 km in the period of of its magnitude. The model calculations suggest that the dif-
October 1991-March 1995. Acceptance of this mechanisnferences between the solstice values of the neutral wind, re-
will require further quantitative studies and a numerical sim- sulting from the coupling of the neutral gas and plasma, may
ulation study. also make a significant contribution to the daytime annual

Besides the electric field, another way to modify the equa-anomaly. It has been suggested (Torr and Torr, 1973) that
torial anomaly is through wind-induced drifts. Near the mag- the Southern Hemisphere may receive more energy than the
netic equator the interhemispheric wind, for example theNorthern Hemisphere, as a result of the asymmetry in the ge-
summer to winter wind, can drive the plasma along hor-omagnetic field. Since thermospheric circulation transports
izontal field lines, producing north-south asymmetries inthe neutral gases from the summer hemisphere to the winter
the manner described by Hanson and Moffett (1966). Thishemisphere, the asymmetry of the energy input with respect
transequatorial wind produces not only the asymmetry buto the equator might result in a greater energy transport to
also reduces the NmF2 at both crests of the anomaly (Bramthe equatorial regions from the Southern Hemisphere at the
ley and Young, 1968). An uplift of the plasma at the wind- December solstice than from the Northern Hemisphere at the
ward crest induces an increase in plasma density, owing tdune solstice. Another possible energy source for the iono-
the decrease in molecular gases (or decrease ilogs rate)  spheric annual anomaly is the tide in the mesosphere. There
at higher altitudes. However, this increment does not com-s observational evidence that the tidal intensity at the De-
pensate for the loss transported to the leeward crest regiorgember solstice is higher than at the June solstice (Barlier et
In the leeward crest region, a downward drift decreases thél., 1974). The energy of the tidal wave in the mesosphere
NmF2 by lowering the F-layer to the height where the re- can propagate upward to the thermosphere. However, recent
combination loss rate is larger. The magnitude exceeds thaimulations with the CTIP model have shown that includ-
transported from the windward crest, thus reducing the elecing mesospheric tides in the model makes little difference
tron density at both crests. In addition, as has been pointetb the annual anomaly. After considering possible explana-
out by Burge et al. (1973), equatorward directed wind dur-tions, which do not account for the asymmetry, Rishbeth and
ing equinox will oppose the poleward transport of ionization Muller-Wodarg (2006) concluded that dynamical influences
along the magnetic field lines. This will hinder the forma- of the lower atmosphere (below about 30 km) are the most
tion of the equatorial anomaly and increase the plasma denkkely cause of the asymmetry.
sity at equatorial areas, which may well explain the enhance-
ment of the equatorial semiannual variation when a “double-4.2  Possible mechanism of the longitude dependence of the
humped” structure disappears near midnight. annual and semiannual variations during daytime

The annual anomaly remains at a long-standing, unex-
plained puzzle which has not been reproduced in the modefFeatures of the longitude dependence of the annual and semi-
simulation. The value of the global average of an “Asymme-annual variations can be explained by the current theory sum-
try Index” (Al) (Al=(December—June)/(December+June)), Mmarized in Rishbeth (1998). Thinking about the global iono-
used to characterize the amplitude of the annual anomaly i§Phere, with equinoxes being a normal state, the solstice
ionosphere is distorted due to the asymmetrical atmospheric

1Ren, Z., Wan, W., Liu, L., Lei, J., and Zhao, B.: Annual and Circulation. That is, at solstices there is a prevailing neu-
Semiannual Variations of the lonospheric Vertical Plasma Drifts tral wind blowing from the summer hemisphere to the winter
over Jicamarca, Ann. Geophys., under review, 2007. one, which leads to the upwelling in the summer hemisphere,
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and the downwelling just equatorward of the auroral ovalof eV range, drifting eastward with lowering mirroring alti-

in the winter hemisphere. Thus at solstices, the upwellingtudes. They estimate the power input for the period of the
in the summer hemisphere, as well as at the tropical lati-observations to be-10'7 erg/s, a few tenths of the power in-
tudes, moves the air rich in molecules to the F2-layer and deput in the auroral zones during this period. This corpuscular
creases NmF2 from the equinox value. This partly explainsexplanation of the annual component in the South Pacific-
the semiannual anomaly that NmF2 is greater at equinox thasouth Atlantic regions would require that more particles be
at summer solstice. However, the downwelling in the winterdumped in summer than in winter. However, this is prob-
hemisphere does not always increase NmF2 at solstice. lably to be expected, as in summer the atmosphere expands
fact, at longitude sectors far from the magnetic poles (far-and thus mirroring particles will encounter more atmosphere
from-pole), the downwelling occurs at relatively high lati- over a wide range of altitude. This localized corpuscular pre-
tudes where the solar zenith angle is very large in wintercipitation in the Southern Hemisphere could also possibly
which leads to a very weak ion production in the ionosphere.enhancing convective flow to the northern winter and inhibit
In this case the decrease of NmF2, caused by weak ion prasonvection to the southern winter through a temperature gra-
duction is more important than the increase of NmF2 causedlient, thus enhances the downwelling effect and increasing
by the downwelling atmospheric circulation; as a result, atthe electron density in the Northern Hemisphere and reduc-
these longitudes, the high-latitude NmF2 is smaller at sol-ing it in the Southern Hemisphere in the winter.

stice than at equinox. This explains the semiannual anomaly

that NmF2 is greater at equinox than at winter solstice at highd.3 Equinoctial asymmetry

latitudes and far-from-pole longitude sectors, which is con-

sistent with our feature (4) in Sect. 3. On the other hand,The existence of the equinoctial symmetry in NmF2 and TEC
at longitude sectors near the magnetic poles (near-pole), theas been reported earlier by Titheridge (1973), Essex (1977)
solar zenith angle at the downwelling zone (higher mid- and Titheridge and Buonsanto (1983). Their studies show
latitudes) is not so small as that at far-from-pole longitudethat the equinox of strong NmF2 and TEC (March equinox)
sectors, and the increase in NmF2 due to the downwellings the same for Northern and Southern Hemispheres and at
is more important than its decrease caused by the lower iowlifferent longitudes. The mechanism of this equinoctial sym-
production, due to the small solar zenith angle. In contrastmetry was not fully understood until Balan et al. (1998) car-
at higher mid-latitudes in this longitude sector, NmF2 valueried out, for the first time, analysis using all the parameters
is greater at winter solstice, which is consistent with featuresmeasured by the MU radar at Shigaraki{8§ 136 E) dur-

(1) and (2). Using the CTIP model, Millward (1996) has ing the solar maximum period 1988-1992 to study the alti-
shown that the large offset of the geomagnetic axis from theude dependence of plasma density asymmetry. Their results
Earth’s spin axis in the Southern Hemisphere should be rereveal that the meridional component of the daytime pole-
sponsible for the prominent semiannual variation at middleward wind velocity at 300 km is weaker in the March equinox
latitudes in the South American sector, as shown in the feathan in September equinox by up to 20 m/s, and the values of
ture (5). Because of this offset, a given geographic latitude inthe daytime [O/N2] ratio obtained from MSIS-86 are larger
the South American sector corresponds to a lower magnetiin the September equinox than in the March equinox by 20%.
latitude better than in other sectors and is thus farther fronBy virtue of the SUPIM model that uses MSIS-86 for a neu-
the energy inputs associated with the auroral regions. As d@ral atmosphere, Balan et al. (1998) showed that the equinoc-
result, the composition changes are much smaller during théial asymmetries in the ionosphere arose mainly from the
winter months than at other longitudes, with the mean molec-corresponding asymmetries in the thermosphere, with ma-
ular mass being essentially constant for a 4-month periodjor contributions from neutral winds and minor contributions
centered on the winter solstice. In the absence of any comfrom composition. However, incompatible results were given
position changes, noon ionospheric density is influenced prilater by Richards (2001) who analyzed 9 ionosonde stations
marily by the solar zenith angle which reaches maximum indata worldwide from 1970-1980, which makes the cause of
the winter and leads to the diminution of the ion production, the asymmetry more complicated. In their study, no equinoc-
a prominent minimum in NmF2, and therefore a remarkabletial asymmetry was found for noon NmF2 at non-Australia
semiannual variation overall. stations, even at Wakkanai (48, 142 E) during solar max-

In the Southern Hemisphere an annual component arisesnum year 1980, with relatively smooth F107 variation. And
from the fact that the summer TEC in the South Pacific-Southin the Australia region, asymmetry did not exist at Townsville
Atlantic region is boosted with respect to thate displayed in(19° S, 147 N), a low-latitude station, and increased with
feature (3) and pointed out by Torr and Torr (1973). Theincreasing latitude. For those Australian stations that have
position of this region with respect to the South Atlantic ge- clear equinoctial asymmetry, hmF2 was shown te12& km
omagnetic anomaly indicates a geomagnetic influence and higher at the September equinox than at the March equinox.
possible corpuscular component (Gledhill, 1976). KnudsenTherefore, Richards (2001) proposed that it is possible the
and Sharp (1968) suggest that the South Pacific enhancemegteater hmF2 at the September equinox reflects a higher
may be due to energetic electrons in the tens to thousandseutral temperature, which would decrease the atomic to
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Fig. 9. Yearly variation of the GUVI measured average [O/N2] for each latitude zone during 10:00-14:00 MLT. The red line denotes the
smooth value fitted according to Eq. (2).

molecular density ratio at hmF2. Such a high temperatureble to obtain a consecutive variation. Thus, under the premise
may cause an increased circulation from the Southern Hemithat [O/N2] changes smoothly along the daytime as well as
sphere to the Northern Hemisphere, which would then de-magnetic latitude, we select the zone of 10:00-14:00 MLT
plete the atomic oxygen density, and lower the NmF2. How-and 10 in MLAT to calculate its mean value of [O/N2].
ever, it is not clear what could cause the high temperaturéActually, when we reduce the limits, the yearly trend vari-
and why the effect should be limited to the Australian region, ation of [O/N2] does not change. Figure 9 illustrates the
which leaves the neutral density composition to be the mosyearly variation of the different latitudinal zone from 2002—
likely explanation for the observed asymmetric peak density2005. It is shown that in the Northern Hemisphere, from
behavior. high latitude to low latitude, no evident equinoctial asymme-
To test the above assumption, we again used the GUVIry was found in [O/N2]. However, in the Southern Hemi-
[O/N2] data in the MLAT-MLT coordinate. Since the track Sphere the magnitude of the asymmetric feature increased
of the satellite orbit changes everyday, corresponding to drom low latitude to high latitude significantly. The result is
different latitude and longitude and local time, it is impossi- consistent with the conclusion of Balan et al. (1998, 2000),
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who suggested that the thermospheric wind may dominat&he Jicamarca ISR data are taken from the CEDAR Database at
the equinox asymmetry in the Northern Hemisphere. The reNCAR. NCAR is supported by the U.S. National Science Founda-
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two equinoxes according to the mechanism that produces the
winter anomaly. It is still unclear how the equinoctial asym-
metric thermospheric wind originates and why it acts in dif- References
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