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Abstract. The vertical equivalent winds (VEWS) at the latitude maximum, except that there are much stronger lat-

F-layer are analyzed along the 22050 E longitude sec- itudinal gradients at southern higher mid-latitudes in some

tor with an emphasis on their latitudinal dependence. Theseasons. The gradients during daytime are much smaller at
VEWSs are derived from the monthly median data of four- solar maximum than minimum, whereas they are generally

teen ionosonde stations over two decades. The results shoeomparable at night under both solar activity levels.

that the VEWS have considerable dependences on the Ma%ey words. Meteorology and atmospheric dynamics (ther-
netic latitude with an approximate symmetry about the mag'mospheric dynamics, meridional wind, electric field drift

netic equator. They are mostly controlled by the electric . .
field drifts in the magnetic equatorial region, and shift to be equivalent winds)
mostly contributed by neutral winds at mid-latitudes. The
relative contribution of the two dynamic factors is regulated
by the magnetic dip in addition to their own magnitudes. Thel Introduction
VEWSs generally have opposite directions and different mag-
nitudes between lower and higher latitudes. At solar mini-Recently, the climatology of thermospheric dynamics has
mum, the magnitudes of VEWSs are only betwee20 and  been extensively investigated with the measurements of
20 m/s at lower latitudes, while at higher latitudes they tendFabry-Perot interferometer (FPI), incoherent scatter radar
to increase with latitudes, typically having magnitudes be-(ISR) and ionosonde (e.g. Buonsanto, 1990; Hagan, 1993;
tween 20—40 m/s. At solar maximum, the VEWSs are reducedBiondi et al., 1999; Igi et al., 1999; Buonsanto and Witasse,
by about 10-20 m/s in magnitudes during some local times af.999; Kawamura et al., 2000; Emmert et al., 2003; Foppi-
higher latitudes. A tidal analysis reveals that the relative im-ano et al., 2003). Up to now, some climatological models of
portance of major tidal components is also different betweerthe thermospheric horizontal winds (e.g. Hedin et al., 1996;
lower and higher latitudes. Miller et al., 1997) and electric field drifts (Scherliess and
The VEWs also depend on local time, season and solar ad=€ejer, 1999; Zhang et al., 2001) have been developed. The
tivity. At higher latitudes, the nighttime VEWSs have larger study of the thermospheric dynamics is not only required for
magnitude during post-midnight hours and so do the daytimdnformation on the general thermospheric circulation but also
ones before midday. The VEWSs tend to have an inverse relanecessary as an important reference for identifying effects
tionship with solar activity not only at night, but also by day, under disturbed conditions (Miller et al., 1993; Fejer et al.,
which is different from the meridional winds predicted by the 2002).
HWMB93 model. The latitudinal dependence of VEWSs has The basic characteristics of thermospheric dynamics have
two prevailing trends: one is a maximum at the highest lati-been well known at low and higher latitudes. At low lati-
tudes (as far as the latitudes concerned in the present workjydes, electric fields play an important role in the F region
the other is a mid-latitude maximum. These two latitudinal dynamics. A significant feature of equatorial electric field
trends are mostly dependent on season, while they dependrifts is the pre-reversal enhancement during solar maximum
relatively weakly on local time and solar activity. The lati- years, while this enhancement is either greatly reduced or
tudinal gradients of VEWSs also show a tendency of a mid-completely absent during solar minimum years (Scherliess
and Fejer, 1999). The meridional winds at mid-latitude are
Correspondence td.. Liu consistent with the solar EUV forcing and the consequent
(liul@mail.igcas.ac.cn) latitudinal pressure gradients, namely poleward by day and
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equatorward at night (Hagan, 1993; Kawamura et al., 2000)the electric field drift model (Scherliess and Fejer, 1999).
At higher mid-latitudes, the meridional winds can be influ- The results are also contrasted with previous works involv-
enced by the aurorally driven high-latitude circulation cell ing the F-layer drifts and meridional winds.
even under quiet conditions (Hagan, 1993; Emmert et al.,
2003).

The thermospheric dynamics depends on both latitude an
longitude, and changes with local time, season, and solar a

tivity. Detailed latitudinal trends of meridional winds are | . . X
involved in the above climatological works (e.g. Miller et height (zm2) and critical frequencyffoF2) has been intro

al., 1997; Biondi et al., 1999; Emmert et al., 2003; Foppi- duced by Liu et al. (2003b) in deFan_ and applied to dlsc_uss
. . he seasonal and solar cycle variations over Wuhan (Liu et
ano et al., 2003) and other investigations (Salah et al., 198 . .
. S Ao } al., 2003a, c). This method adopted the following assump-
Oliver et al., 1988; Wickwar, 1989; Miller et al., 1993; Zhang tion (Rishbeth et al., 1978): (1) The topside profile can be
et al., 1995). Miller et al. (1997) have presented climatol- ¥ ' P P

ogy of the F-layer meridional equivalent winds at various described by a function (usually assumed to keep a constant

stations. Those previous results show that the meridiona‘orm’ for example aC_hapma_n layer); (2)_ TthEye.r peak is
. } . .. well above the photoionization production peak; (3) Above
winds are generally larger at higher latitudes and their di-

urnal amplitudes increase with latitude, and also present the F-layer peak, the dominant ion i"@nd decays mainly

strong dependence of the latitudinal variations on local time:’Elhough reactions with @and No. The VEWS express as

season and solar activity. However, most of those works ei-

a‘. Method and data selection

CI_'he method for deriving the VEWSs from the F-layer peak

ther concentrate on only few stations or deal with only ashort_ dhy, @-1 qmH @ VBo, H
time period. The climatology of the thermospheric dynam- =" — ¢ tla— Ny + (ag, —aco))Po,
ics derived with a uniform method and database over a much

broader latitudinal range is very limited. +(a§\,2 —acn,) BN, H + Wy sirf 1, D

In this work, we try to present the climatology of the ver- ]
tical components of equivalent winds (VEWSs) with a sys- Where the suffix m denotes the value at the peak height;
temic analysis of their latitudinal dependence over a long peNm @ndg,, are the F2-layer peak height, maximum electron
riod. The VEWSs combine both the contributions Bk B density and ion production rate at the peak height, respec-
drifts and meridional winds. The great differences betweentiVely. Wy is the diffusion velocity; 7, the magnetic dip;
the vertical components of equivalent winds (VEWSs) and the¢o,@ndcn,, the servo constants{, the scale height of neu-
meridional ones are that the vertical ones are more controlledf@l O atomia, the factor of the topside profiley,, andajy,,
by electric field drifts at low latitudes and greatly affected by the height integral constantsi is the vertical equivalent
the magnetic inclination at higher latitudes, although bothWind (VEW), combining both the effects of neutral merid-
components of the equivalents are regulated by meridionalon@l winds /) and Eeasx B drifts (Vv 1), as follows:
winds. The basic characteristics and solar activity variationy, _ ¢/ siny coss + vy, cosi . )
of VEWSs over Wuhan (114%%, 30.6 N, Magnetic 20 N)
have been discussed by Liu et al. (2003a, b, c¢) in detail A profile function of the topside ionosphere and the constant
Over Wuhan, the VEWSs are generally downward by day andc are needed to derive the VEWS. In this work the topside
upward at night with predominant diurnal and semidiurnal electron profiles are assumed as a Chapman layer. Accord-
components, and driven by neutral winds more than by elecing to the discussion of Buonsanto et al. (1997), we multiply
tric field drifts (Liu et al., 2003a, b). The VEWSs are larger the constant introduced from Rishbeth (1967) by a factor
upward in summer, larger downward in winter, and show anof 0.75 and smooth them during the transition time between
equinox asymmetry at higher solar activity conditions (Liu day and night. The cross section of @ collision takes
et al., 2003a). They tend to decrease with the increase athe formula of Pesnell et al. (1993). The calculation of neu-
solar activity both by midday and at midnight, and the day- tral and ion density and temperature follows the description
time trend has a prominent seasonal dependence (Liu et alof Liu et al. (2003a). The F2 layer peak height is deduced
2003c). from the hourly median values of M3000F2¢F2 andfoE

The method of Liu et al. (2003b) is very convenient and with the empirical relationship proposed by Dudency (1983);
fast to derive VEWSs from ionosonde measurements. InfoE was calculated with a modified version of the CCIR for-
the present work, ionosonde measurements with a mucimula (Buonsanto and Titheridge, 1987) if not observed.
expanded latitudinal distribution over a long period are Data included in this work are from the two CD-ROMs of
used. We deal with the VEWSs at magnetic latitudes be-lonospheric Digital Database published by the U.S. National
tween 51.2 S-51.5 N along the 120-150 E longitude sec-  Geophysics Data Center (NGDC) in Boulder, Colorado. The
tor. The VEWSs at solar minimum and maximum, and their CD-ROMs include global ionosonde measurements from
tidal components at solar minimum, are analyzed with an1957 to 1990. The measurements of fourteen ionosonde sta-
emphasis on their latitudinal dependence. In addition, thetions over 22 years are carefully selected. These stations
VEWSs are compared with the similar components estimatechave a good latitudinal distribution along the 22050 E
from the empirical HWM93 model (Hedin et al., 1996) and longitude sector, in which some parts of the East Asia sector
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Table 1. The ionosonde stations and years analyzed.

Station Geographic Geomagnetic DIP Years analyzed
Lat. Long. Lat. Long.
Hobart —42.9 1473 —512 2249 —724 1957-1990
Canberra —35.3 1491 —435 2250 —65.7 1957-1990
Brisbane —275 1529 —35.3 2275 -573 1957-1986
Townsville  —19.7 1469 —284 2197 —48.6 1961-1990
Vanimo 2.7 1413 —-121 2118 —20.8 1967-1990
Manila 147 1211 39 1906 139 1964-1989
Taipei 250 1212 142 1903 343 1959-1989
Okinawa 263 1278 158 1964 364 1957-1988
Yamagawa 3r 1306 208 1986 438 1957-1990
Kokubuniji 357 1395 260 2062 487 1957-1990
Akita 397 1401 300 2063 533 1957-1989
Wakkanai 4 1417 358 2069 591 1957-1988
Khabarovsk 4% 1351 384 2008 632 1959-1990
Yakutsk 620 1296 515 1945 754 1957-1990

are included, as presented in Table 1. The data are binne8 Results
according to the solar activity level, month and local time
at each station. We define periods with the monthly meanGenerally, the eastward electric fields or equatorward merid-
solar 10.7 cm flux index (F107) less and greater than 120onal winds contribute to the upward VEWSs, while the west-
as solar minimum and maximum, respectively. It is a pity ward electric field or poleward meridional winds tend to
that the observations of the southern higher mid-latitude stainduce downward VEWSs (Eqg. (2)). As can be seen from
tion, Hobart, are often absent during some hours in June anéqg. (2), the VEWs may be more controlled by electric field
September at solar minimum and we cannot obtain full-dayat low latitudes where the magnetic inclination is small, and
data from Hobart during these two months. as expected, the VEWSs can be considered as neutral winds
at mid-latitude, where the contribution of zonal electric field
can be neglected (Miller et al., 1997). If not specified, the
latitude mentioned refers to magnetic latitude in the follow-
ing.
This analysis neglects the possible longitudinal depen-
dence. The HWM93 model predicts little longitudinal vari- 3.1 The averaged diurnal pattern
ations of the meridional winds except for high latitudes
(Titheridge, 1995b). According to the work of Karpachev et Figure 1 presents the averaged diurnal and latitudinal vari-
al. (2001), the longitudinal variation of vertical plasma drifts ation of VEWSs during solar minimum years in all seasons
induced by neutral winds at the 12@50 E sector is less along the 120-150 E longitude sector. The VEWSs are
than 10 m/s at mid-latitudes when meridional winds are largeapproximately symmetrical about the magnetic equator and
enough. There are also possible errors from the uncertaintyheir magnitudes show a strong dependence on magnetic lat-
of atomic oxygen density from the MSIS model (Hedin, itude. At higher latitudes, they blow upward at night and
1987), and the effect of magnetic activity can not be elimi- downward by day and the magnitudes tend to increase with
nated completely by using the monthly median data. In addidatitudes during both nighttime and daytime. The transition
tion, peak heights derived from ionospheric data (M3000F2 time between the upward and downward VEWSs is at about
foF2 andfoE) have a typical uncertainty of 10—20 km, giv- 05:00-07:00 LT in the morning and at about 17:00-19:00 LT
ing an overall error of about 40 m/s in meridional winds in the evening. At lower latitudes (typically lower than about
(Titheridge, 1995a), which indicates this error is no more 10°), the directions of VEWSs are generally opposite, namely
than 20 m/s around mid-latitudes and much smaller at othedownward at night and upward by day. The time intervals
latitudes, considering the dependence of VEWSs on the magef the upward VEWSs are much shorter than the downward.
netic inclination. However, since the above errors are randonThe magnitudes of VEWs are small, no more than 20 m/s,
and the ionosphere data are routinely observed for a long pen general. At higher latitudes, the VEWSs' magnitudes are
riod, the total errors may be much smaller. typically about 20-40 m/s, both by day and at night. The
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Fig. 1. The averaged diurnal and latitudinal variation of the ver- Fig. 2. Same as Fig. 1, but for solar maximum.
tical equivalent winds (VEWS) in each season for solar minimum.
Positive upward.

itudes are similar at both hemispheres, and that the magnetic
meridional winds can lead to significant differences between
two hemispheres. The flow from summer to winter hemi-
sphere is just an equatorward flow at the summer hemisphere
and a poleward one at the winter hemisphere, which con-
tributes to the upward and downward VEWS, respectively.

Secondly, at latitudes higher than about® 3Be day-

differences in direction and magnitude of the VEWs between
low and higher latitudes are essentially due to the d|fferent
major dynamical controls, which will be discussed in detail
at the Manila and Wakkanai stations (Sect. 4.1).

Figure 2 depicts the averaged diurnal and latitudinal vari-

ation of VEWSs at solar maximum. The behaviors of VEWSs . . .
are similar to those of solar minimum, but at higher latitudestiMe VEWSs are always larger in magnitudes in the North-

their magnitudes are reduced by about 20 m/s at some locd™ Hemisphere than the Southern Hemisphere, except dur-
times, both by day and at night. The detailed comparison of"d the March equinox, and at latitudes between abofit 10
VEWs at particular local hours under two solar activity levels 21d 30, the northern daytime VEWs magnitudes are also

is presented in Sects. 3.3 and 3.4. Iarger, except in June_(Fig. 1). Itis distinct that the northern
daytime VEWSs’' magnitudes are much larger than the south-
3.2 The seasonal variation ern ones during September and December. The similar fea-

ture of large daytime magnitudes of VEWs and meridional

The VEWSs at the two hemispheres tend to be symmetricapquivalent winds during fall and winter were also reported at
about the magnetic equator. However, the extent of the symWuhan (Liu et al., 2003a) and Kokubuniji (Igi et al., 1999),
metry is relatively better during equinox than solstice peri- respectively.
ods and by night than during daytime. Seen from Figs. 1 Besides the effect of apparent transequatorial merid-
and 2, the nighttime VEWSs generally have a good symmetryional winds during the solstice period, the discrepancy of
about the magnetic equator, except that the VEWSs are a littlggeographical latitudes between the two hemispheres may
stronger in the summer hemisphere (northern June or souttse partly responsible for the great asymmetry of daytime
ern December) than in the winter one (northern December oWEWSs. Because of the displacement of the geographical
southern June) after midnight. In contrast, the great asymequator from the geomagnetic one at this longitude sector,
metry of daytime VEWSs at the two hemispheres is evident inat the same magnetic latitude in two hemispheres, the south-
all seasons. ern ones are closer to the geographical equator. This prox-

Firstly, it is obvious that, during solstice months, the day- imity makes the southern magnetic latitudes lie at lower ge-
time upward VEWSs at lower latitudes depart away from the ographical latitudes than the northern ones. Hence, the two
magnetic equator where they lie during the equinox period hemispheres divided by magnetic equator may absorb differ-
and intrude into the summer hemisphere (Figs. 1 and 2)ent solar heat in-site even during equinox periods. On the
It can be well explained by the transequatorial meridionalother hand, if the daytime VEWSs tend to increase with geo-
winds from the summer to the winter hemisphere (Changraphic latitude, it will be reasonable that the daytime VEWs
and Walker, 1984), since the empirical electric field drift are generally larger in the Northern Hemisphere. Therefore,
model predicts no obvious daytime magnitudes variation ofit can be concluded that the daytime VEWs may be influ-
the electric field drifts from summer to winter (Scherliess and enced more significantly by the geographic than the magnetic
Fejer, 1999). Balan et al. (1995) also reported that the movelatitudes. During nighttime, better symmetries of VEWs
ments of ionization controlled by the electric fields at low lat- about the magnetic equator suggest that the VEWs are more
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dependent on magnetic latitudes. The latitudinal dependencern Hemisphere and at noon in the Southern Hemisphere by
of the VEWSs during day and night agrees with the indication the HWM90 model (Miller et al., 1997). A mid-latitude max-
of Miller et al. (1997) for the meridional equivalent winds.  imum trend of meridional winds is also the possible reason,
as predicted at midnight in the Southern Hemisphere and at
3.3 The local time and solar activity variation noon in the Northern Hemisphere by HWM90 model (Miller
et al., 1997). Given the dip angle, the latitudinal trend of a
To further understand the latitudinal dependence of VEWs,maximum at the highest latitude for VEWSs indicates a much
Figs. 3 and 4 depict a snapshot of VEWSs at particular locallarger latitudinal gradient of meridional winds.
times during night and day at two solar activity levels. We
do not discuss the VEWSs during sunset and sunrise hour8.4 The latitudinal gradient of VEWs
to avoid the possible uncertainty due to the rapid change in
ionospheric processes (Titheridge, 1995a). Twelve stations with a magnetic latitude interval of about
At higher latitudes, the nighttime VEWSs magnitudes are 4°—16" are singled out to derive the latitudinal gradient
relatively larger after midnight, while the daytime ones are ©f VEWs. The gradients are attained from the ratio of
greater before midday at both solar minimum and maximumA (V EW's)/A(latitude) and the final results are from a poly-
(Figs. 3 and 4). At the same time, the tendency of VEWs in-nomial fit of five degree. The relatively larger latitude in-
creasing with latitude at higher latitudes (the higher the lati-terval between Vanimo (Magnetic 12.8) and Townsville
tude, the larger the magnitudes of the VEWs, or a maximum(Magnetic 28.4S) may introduce some uncertainty. To
at the highest latitude as far as the latitude are concerned if€€ clearly the regulation of the magnetic inclination on the
present work) also appears at most post-midnight hours aniy EWS, the related magnetic inclination angles are used as
hours before midday. But the VEWs do not simply enhancethe label of abscissa axis rather than the magnetic latitudes.
in magnitude with latitude at higher latitudes. The latitudi- For higherlatitudes, if the electric field drifts are insignificant
nal dependence of VEWs has two prevailing trends. In ad-2nd the relationship between the dip @nd the magnetic
dition to the one of a maximum at the highest latitudes, thelatitude () are assumed astdr:2 tang, then the latitudinal
VEWs also show an apparent feature of a mid-latitude max-9gradient of VEWSs can be estimated as follows:
imum, namely strongest at the mid-latitudes at both hemi'd(VEWs) U

spheres, mostly between abour38C°. After midday and ~de =3 sin(21)

before midnight, the second latitudinal trend appears with ¢ ¢

much more frequency than the first one, just in contrast with +U[0.75c02(21) + 1.25cos21)], ©)
the periods when relatively stronger VEWs appear, except

during daytime in winter solstice. where U is the meridional winds;/ is the magnetic dip

An inverse relationship between the VEWSs and the solarbetween about 3475 in both hemispheres ang is
activity is evident during both daytime and nighttime, simi- the magnetic latitude between about®SE5F N. In the
lar to the results over Wuhan (Liu et al., 2003c) while differ- right side of Eq. (3), the coefficients of the second term
ent from the meridional winds predicted by the HWM model 0.75 cog(2/)+1.25 cog2/) decrease from about 0.52 to
(Hagan, 1993; Buonsanto and Witasse, 1999). However, the-0.52 with the dip angles at both hemispheres.
latitudinal trend of VEWSs is significantly dependent on sea- Figure 5 depicts the derived results in March, September,
son, and relatively less dependent on local time and solar acune and December for hours near noon and midnight. A
tivity. During solstice periods either of the two trends (a max- positive (negative) gradient means an increase (decrease) pat-
imum at the highest latitude (MH) and a mid-latitude maxi- tern of VEWSs with latitudes. The maximum gradients tend
mum (MM)) dominates both by day and at night at whateverto appear at dip angles near°4svith magnitudes varying
solar activity level, while the latitudinal trend is very com- between 1.0-2.6 m/s per latitude degree near midday at solar
plex during equinox periods, changing with local time, solar minimum and typically about 2.0 m/s per latitude degree at
activity and hemisphere (Figs. 3 and 4). The dependences afight. These gradients of VEWSs indicate the same magni-
the latitudinal trend on hemisphere, local time, season, andudes of the meridional wind gradients, which are consistent
solar activity are described in detail by Table 2. Comparedwith the results for diurnal amplitude of meridional winds
to the nighttime trend, the daytime one has nearly oppositd1 m/s per degree of latitudes) in June, 1987 (Miller et al.,
dependences on season during solstice periods. 1993). However, strong gradients appear around midnight

To sum up, the mid-latitude maximum trend (MM) ap- at southern higher mid-latitude$~70°) during all seasons
pears at a considered part of local hours during nighttime andn solar maximum and during December in solar minimum,
by day in both hemispheres at whatever solar activity leveland the most significant value can reach about 3 m/s per lati-
(Table 2). It may be explained in part by the effect of the tude degree in March and June, indicating very strong merid-
magnetic inclination. The most valid contribution of neutral ional gradients (see Eq. (3)). Similarly, the strong meridional
meridional winds to VEWSs lies at lower mid-latitude (near gradients have been reported by Salah et al. (1987) between
magnetic 23), where the dip angle equals4&although the  Fritz Peak, Colorado (3N, 105.5 W) and Millstone Hill
magnitudes of neutral meridional winds may be greatest a{42.6> N, 71.5 W) on 26—28 June 1984. The recent climato-
the highest latitudes, as predicted at midnight in the North-logic study at Millstone Hill (Emmert et al., 2003) also shows
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Fig. 4. Same as Fig. 3, but for daytime hours (08:00-16:00 LT). Positive upward.
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Table 2. The dependence of the two latitudinal trend on hemisphere, local time, season and solar activity*.

Season Night Day
F107<120 F10%120 F10<120 F10%120
MM (N)

Summer MM (S, before 0:00 LT) Same as the left MH MH
MH (S, after 0:00 LT)

Winter MH MH MM MM

September MH MM (N) MH (N) MH (a.m.)

MH (S) MM (S) MM (p.m.)

March depends on local time depends on local time MH (a.m.) MH (N)

and hemisphere and hemisphere MM (p.m.) MM (S)

* MM and MH stand for the trends of a mid-latitude maximum and a maximum at the highest
latitude, respectively.
N andS note in the Northern and Southern Hemisphere, respectively. a.m. and p.m. denote local
times before and after midday, respectively.

GRADIENT, m.sec’.deg™

Fig. 5. The magnetic latitudinal gradient of the VEWSs near noon and midnight hours for all seasons at solar minimum and solar maximum.
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very significant latitudinal gradients for meridional winds at also appear at higher mid-latitudes during summer solstice
all seasons, especially during equinox periods at solar minperiods near noon.

imum. The strong positive latitudinal gradients for VEWs

The latitudinal gradients of VEWSs depend on solar activity

and meridional winds at southern higher mid-latitudes sug-more significantly by day than during nighttime (Fig. 5), and
gest an influence by the high-latitude magnetospheric conthey can well reflect the latitudinal trend of VEWS. In agree-
vection (Hagan, 1993; Emmert et al., 2003). Strong gradientsnent with the trend of a mid-latitude maximum for VEWSs,
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Table 3. Diurnal mean velocity (m/s) of equivalent winds, and their diurnal (D), semidiurnal (S), and terdiurnal (T) amplitude (m/s) and
phase (UT, hour) for solstice periods of June and December.

Station Month Amplitude Phase
Mean D S T D S T
June — — — - - — —
Hobart December 19 444 171 4.6 132 64 229
June 08 511 78 3.4 139 122 94
Canberra December B 342 105 3.9 134 55 47
June -0.3 385 40 3.0 136 130 88
Brisbane December 13 256 123 6.4 127 20 56
June -8.9 361 58 3.6 142 150 105
Townsville December 1G6 122 74 9.7 125 236 53
June -16.2 82 57 1.4 141 108 91
Vanimo December 5 54 37 7.4 51 24 19
June RN 26 100 14 a1 48 219
Manila December -5.6 6.2 27 24 27 45 122
June 39 122 124 35 136 61 121
Taipei December -110 162 76 4.7 156 79 140
June 0 178 137 4.6 132 69 110
Okinawa December -10.2 205 45 5.6 159 80 138
June 66 253 119 44 132 69 110
Yamagawa December —45 323 41 43 159 80 138
June 8 336 98 2.9 143 93 131
Kokubuniji December -21 357 40 21 153 37 86
June 138 368 78 24 145 95 152
Akita December @ 367 21 14 151 19 52
June 112 431 102 0.2 146 106 214
Wakkanai December K] 391 12 14 151 231 40
June 69 504 112 3.2 150 117 16
Khabarovsk December —-49 bh7 51 29 152 203 75
June -8.3 547 154 25 150 158 215
Yakutsk December 18 463 34 35 154 203 9.9

the transition from positive to negative gradient (if exist) gen- smaller. In addition, the gradients tend to be smaller in
erally lies near dip angles of about®0rhe always positive  September and March at both hemispheres during hours be-
gradients at higher latitudes represent the other latitudinatween 12:00-14:00 LT, consistent with small magnitudes of
trend of VEWSs, a maximum at the highest latitudes. At night, VEWSs (Fig. 4).

the latitudinal gradients are generally equal at solar maxi-

mum and minimum, except that they are a little smaller at

southern higher latitudes at solar minimum. Apparent nega3.5 Tidal analysis

tive gradients appear at northern higher mid-latitudes in sum-

mer solstice, in agreement with the obvious latitudinal trend

of a mid-latitude maximum of VEWs. The apparent featuresExcept for June and September at Hobart, the data at fourteen
during daytime are that the gradients at higher mid-latitudesstations are used to derive the monthly mean velocities of
are significantly positive in summer solstice and negative inVEWSs and to investigate the first three tidal components with
winter solstice at solar minimum. The features are similara least-square harmonic analysis, which has been used for
at solar maximum while the latitudinal gradients are muchinvestigating the seasonal variations of VEWs over Wuhan
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(Liu et al., 2003a), as follows: 4 Comparison and discussions
3 4.1 Comparison with the prediction of empirical models
W(t) = Wo+ Y W, cosnwt — ®,) +I(e) , (4)
n=1 To validate the parameters used in the present work and to

see clear the major dynamical control of VEWS, Figs. 6a—6d

wheren is the order of tidal component, and®, is the  exhibit a detailed comparison of the VEWSs with the similar
amplitude and initial phase of the n-th order component, recomponents estimated from empirical models in March. The
spectively,w=2m /24, the diurnal frequency¥o is the diur-  VEWs at Manila (121.1E, 14.7 N, Magnetic 3.9N) and
nal mean or the prevailing component of VEWg) is the  Wakkanai (141.7E, 45.4 N, Magnetic 35.8N) are selected
error term. as samples for equatorial latitude and mid-latitude, respec-

To learn more about the behavior of VEWSs during the sol-tively. The similar components are estimated from the low-
stice periods, we take the VEWSs at solar minimum as exam-and middle-latitude horizontal wind model HWM93 (Hedin
ples and the results are listed in Table 3. The mean velocitiest al., 1996) and the empirical electric field drift model for
of VEWSs are generally positive in summer solstice (northernequatorial latitude (Scherliess and Fejer, 1999), including:
June and southern December) and negative or small positivél) the vertical components of the electric field drifts (E
in winter solstice, in agreement with the results of meridional Drifts) and of the meridional winds (HWM), and (2) the su-
winds (Buonsanto, 1990; Buonsanto and Witasse, 1999; Fopperposition of E Drifts and HWM, namely empirical equiv-
piano et al., 2003). It suggests net flows transfer from thealent winds (EEWs). The VEWSs generally agree well with
summer to the winter hemisphere. But it differs from the re- EEWs at these two sites, especially in the local time varia-
sults of Igi et al. (1999) that the diurnal mean of meridional tion, though some discrepancies exist in magnitudes.
equivalent winds at Kokubuniji is most strongly poleward in At Manila (Figs. 6b and 6d), the VEWSs are in good agree-
June and most strongly equatorward in November. There isnent with EEWSs at solar maximum and minimum, except
also an exception at Yakutsk (12986, 62.0 N, Magnetic  that the VEWSs are smaller in magnitude during daytime.
51.5 N), where the relationship between summer and winterSimilar to previous results inferred from ionosonde obser-
mean is opposite. This abnormity may be due to the proxim-vations at solar maximum (Fejer et al., 1989), the VEWSs are
ity of Yakutsk to the polar region. Moreover, no clear latitu- about half of the EEWSs in magnitudes of the prereversal en-
dinal dependence of diurnal mean is found. hancement at solar maximum (Fig. 6b). The prereversal ve-

The diurnal amplitudes generally increase with latitude atlocity of VEWs is almost absent at solar minimum, which is
both hemispheres (Table 3), in agreement with those of theonsistent with EEWSs.
meridional winds for June, 1987 (Miller et al., 1993). For From late evening to early morning hours-39:00—
higher latitudes, the diurnal phases tend to be constant, vary96:00 LT), the VEWSs are in general agreement with the
ing between 13.2h and 15.9h (UT) at the Northern Hemi-only contribution of electric field drifts (E Drifts). Differ-
sphere and between 12.5h and 14.1h (UT) at the Southerantly, in many previous works, the electric field drifts are
Hemisphere. Miller et al. (1993) included more stations atmostly derived from the time dependence of the h'F data,
other longitude sectors and their results of the averaged diand those results are reported to be reliable only during sun-
urnal phases are a little advanced, nearly 13.3h and 12.0 ket and evening hours (Bittencount and Abdu, 1981, Fejer et
in the Northern and Southern Hemisphere, respectively. Asl., 1989). At present work, the difference in magnitudes of
shown in Table 3, diurnal amplitudes are much higher in win-night VEWs and E Drifts may be induced by the effect the
ter than in summer solstice months at the Southern Hemimeridional winds. The longitudinal variation of the electric
sphere, similar to the results of three higher mid-latitude stafield drifts is another possible reason (Scherliess and Fejer,
tions in the Southern Hemisphere (Foppiano et al., 2003) af.999). During daytime, the magnitude differences between
solar minimum, while they are comparable at the Northernthe VEWSs and E Drifts are larger than those between the
Hemisphere. The semidiurnal and terdiurnal amplitudes ar&/EWs and EEWs, which may also be explained by the possi-
relatively insignificant, except at equatorial and low latitudes, ble longitude effect of the electric field drifts and the consid-
where the tidal amplitudes are small. At higher latitudes, theerable contribution of neutral winds. The latter is predicted
diurnal amplitudes are larger than the semidiurnal amplitudedy the HWM93 model. At equatorial latitudes near the lon-
for all seasons. This is also similar to the results of Foppianagitude sector in question, a simulation by Chan and Walker
et al. (2003). At low latitudes near the magnetic equator, the(1984) also predicted a strong transequatorial winds through-
semidiurnal and terdiurnal amplitudes are considerable anaut the daytime. In additon, the dip angle at Manila is about
even larger than the diurnal ones (e.g. at Manila and Van4°. However, the similar temporal variation tendency be-
imo). Similarly, the significant semidiurnal amplitude is also tween the VEWs and E Drifts presents a major contribution
reported over Wuhan (Liu et al., 2003a). Therefore, the rel-of electric field drifts. Better agreements between the VEWs
ative importance between major tidal amplitudes are differ-and E Drifts can be expected if the dip is smaller.
ent between low and higher latitudes, which also confirms an At Wakkanai, the VEWSs approach the maximum smoothly
considerable difference between these two latitudinal rangesat midnight and tend to have two peaks during daytime, an
as shown in Figs. 1 and 2. early daylight one and a late afternoon one (Figs. 6a and 6c¢),



2794 X. Luan et al.: A climatology of the F-layer equivalent winds

WAKKANAI MANILA of neutral components, HWM (Figs. 6a and 6c¢), which show
60| F107<120 60| F107<120 that the electric field drifts contribute little to VEWSs.

The two examples above show that the contribution of neu-
tral components increases with latitudes. At the lower mid-
latitude station of Wuhan, the VEWSs are also reported to be
mostly driven by neutral winds and vary consistently with
neutral components (Liu et al., 2003a, b). At lower latitudes,
neither electric field drifts nor neutral meridional winds can

VELOCITY, m.sec”

H‘g; e o Ews jz For — \E/E\\NNS dominate the VEWSs and greater discrepancy between the
£ 20 o7 DS VEWSs and EEWs appears at some local times. Great discrep-
- 0 c/\__A ancy also appears at higher mid-latitudes (not present here).
§ ok ~ PN The possible reason may be the less reliability of the wind
S " o e and electric field model at those respective latitudes.

0T s s 2B Bl 24 0 3 5 5125 1 o Corres_ponding _to Fig. 1_, Fig. 7 presents the variation of
LOCAL TIME, hrs LOCAL TIME, hrs the empirical equivalent winds (EEWSs) at all analyzed sta-
tions during solar minimum years. The EEWs are similar to
Fig. 6. The diurnal variations of VEWs (solid line) and some related the VEWSs in the Northern Hemisphere at night, while great
components at Wakkanai (1398, 35.7 N) and Manila (121.1E, discrepancy in magnitude appears by day. The EEWs are
14.7 N, Magnetic 3.8 N) during March equinox(a) and(c): dur- not approximately symmetrical about the magnetic equator.
ing solar minimum and maximum years at Manila, respectively. EFirst, in equinoctial months, the approximate symmetry cen-
Drifts (dashed) and HWM (solid lines with circled) note the ver- ter of EEWSs departs from the magnetic equator, locating at
tical components of empirical electric field drifts and of merid- magnetic latitudes betweeA-6L0° S, and mostly near (8.
'O”;'H"\‘;'\;‘Ias' resD?Ct'Ve'Y'_EFTWS T‘Otles :he. Cgml(’j'”t"’t‘t'g” onhE Dlr'fts Second, during daytime, the flow in the summer hemisphere
and | » hamely empirical equivalent win s (dotte ) € €€C"is almost upward. Finally, at night the EEWs are gener-
tric field drifts are estimated from the model of Scherliess and Fe- I ler b itude of about 20 m/s in the South
jer (1999) and the neutral meridional winds are from the HWM93 ally ;ma erby a ”.‘agn' ude of abou . mis in the . outhemn
model (Hedin et al., 1996). Positive upward. Hem|sph(_are than in the Nor_th(.arn Hem|sphere_. This may be
partly attributed to poor predictions of HWM93 in the South-
ern Hemisphere because of a sparse database, which has al-

% March June ready been pointed out by many authors (Titheridge, 1995b;
% _/Ag\/J \é\jé E <o },Z M|Iler et a_l., _1997)._ Another_reason may be that the empir-
g ;’g 20 =20 Xi\ |§al electric f|elq drift model |sllgss reliable peyond equato-
W JN/LQB . rial and low latitudes. In addition, the daytime EEWs are
g 2= io o o more significant than VEWSs at equatorial and low latitudes
& N (/ﬂ? & \ - m/ in summer solstice, consistent with the comparison presented
2 w07 — g ‘ b/ at Manila (Figs. 6b and 6d).
ember ecember
P4
é zz /A%g}/J \g\jﬁﬂf zo\aq%: 4.2 Comparison with published results
(e} — o N D B
o TOf i/ﬁ\a Compared to the meridional equivalent winds from Miller et
:30 B /\CP — al. (1997), the VEWSs have similar latitudinal and solar ac-
- & 2| CO— A tivity dependences and symmetry about magnetic latitudes at
5 night. But the daytime behavior has a great difference. The

0 3 6 9 12 15 18 21 0 3 9 12 15 18 21 24 . . . . .
LOCAL TIME, hrs VEWSs tend to have a reverse relationship with solar activity

during daytime as they do at night, consistent with trends of
Fig. 7. The empirical equivalent winds (EEWSs) at solar minimum the meridional winds based on the MU radar measurements
estimated from the HWM93 model and the empirical electric field in Japan (Kawamura et al., 2000). But Miller et al. pre-
drift model by Scherliess and Fejer (1999). Positive upward. dicted that the daytime equivalent winds increase with so-

lar flux near winter solstice in the Southern Hemisphere and

have no clear solar cycle dependence in the Northern Hemi-
very similar to the meridional winds derived from the MU sphere. At northern higher latitudes, their results show that
radar measurements in Japan (Kawamura et al., 2000). Ithe equivalent winds increase rapidly with latitudes at noon.
comparison with EEWSs, the VEWSs are more downward dur-Differently, under the same conditions, the VEWSs only in-
ing sunrise period and upward during sunset period at solacrease quickly with latitudes in June and September, enhance
minimum, while they are much smaller during daytime at slowly in other months, and diminish at higher mid-latitudes
solar maximum. These discrepancies are also very similam winter solstice at both hemispheres (Fig. 4). The depen-
to the comparison by Kawamura et al. As expected, theralence of daytime winds on solar activity and latitude still
is almost no difference between EEWs and the contributiomneeds further investigation.
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250 5 Conclusions
F107<120 F107>120

400 Based on the ionosonde measurements for more than two

350 decades, the climatology of the vertical equivalent winds
(VEWSs) along the 126-15C E longitude sector is investi-
gated with an emphasis on their latitudinal dependence. The
250 VEWs are strongly dependent on magnetic latitude. The de-
pendence of their latitudinal trends on local time, season and
solar activity are also discussed in detail.

The features of VEWSs have considerable differences be-
tween the lower and higher latitudes in their direction, mag-
nitude and also the solar activity dependence, as well as the
relative importance between the major tidal components. Be-
sides the magnitudes of meridional winds and zonal electric
field drifts, the magnetic dip modulates the relative contribu-
tions between the neutral and electric field components. The
corresponding equivalent winds based on Chapmaa-VEWS) VEWSs are more controlled by electric field at low latitudes

and Chapmars (8-VEWS) electron density profiles, and also em- and by nel,!tral r.nerildional winds at higher latitudes. .
pirical equivalent winds (EEWSs) in September at two solar activity The basic latitudinal dependences Of_ VEWs are their ap-
levels at Manila (bottom panel). proximate symmetry about the magnetic equator and larger

magnitudes at higher latitudes, with a maximum occurring at
around magnetic mid-latitudes (about°3@0 in a consid-
4.3 The effect of assumed topside electron density erable percentage of local hours during daytime and night-
time). The extent of the symmetry is relatively better during
The well-known electron density profiles of Chapmaand ~ €quinox than solstice periods and at night than by day. Dur-
Chapmang distribution represent two important ideal cases ing solstice periods, pronounced transequatorial meridional
of the square-law formula loss processes and linear loss pro¥inds are indicated by the VEWs.
cesses, respectively. The Chapmalayer has been assumed The latitudinal dependence of VEWSs has two prevailing
to be a topside profile and successfully applied to derivetrends: one is a mid-latitude maximum and the other is a
meridional equivalent winds by servo techniques at highermaximum at the highest latitude (the higher the latitude, the
latitudes (Risbeth, 1978; Buonsanto et al., 1990, 1997), andgrger the magnitudes, as far as the latitudes are concerned
also adopted to derive VEWSs over Wuhan (124£430.6 N,  in the present work). These two trends depend mainly on

Magnetic 20 N) with our method (Liu et al., 2003a, b, c). Seasons while partly on local time and solar activity as well.
In this work, using either of the two profiles can lead to The derived latitudinal gradient of VEWs reflects well the

similar VEWSs, except for a typical difference of 10m/s in latitudinal dependence of the VEWs. The VEWs at south-
magnitude. Under the same conditions, the difference usern higher mid-latitudes show very strong latitudinal gradi-
ing these two prof”es genera”y appears at around m|dn|gh§nt and indicate significant latitudinal gradient of meridional
at low latitudes and near the sunrise and sunset period avinds.

higher latitudes when the F layer peak height is relatively Our results are based on some assumptions similar to the
low. The difference can reach 30 m/s at low latitudes andservo method (Rishbeth et al., 1978), including an approx-
20 m/s at higher mid-latitudes, appearing at September at sgmate topside profile of the electron density. The VEWs
lar maximum. Figure 8 shows the comparison of VEWSs us-are compared with the corresponding components estimated
ing Chapmarg and Chapman- distribution for the topside  from empirical models at both equatorial latitude and mid-
profiles (8-VEWs andx-VEWs, respectively) and the related latitude in detail, where it is appropriate to apply the em-
averaged/lsz at Manila during September under two so- pil’iC&' models. The similar Comparison is also carried out
lar activity levels. In comparison with EEWs, the VEWs over an expanded latitudinal range. Moreover, our results
using Chapmane distribution seem to greatly overestimate are compared with related published results. General agree-
the nighttime VEWSs, when the F2 layer peak height is rel-ments, as well as some discrepancies, are found in the com-
atively low, though having a good agreement with EEWs parisons above. A more practical topside profile of the elec-
during the daytime at solar maximum. Under the assumpiron density may improve our results.

ion of Chapm lectron density distribution, our calcu- . .
tion of Chapmang electron density distribution, our calcu .AcknowledgementsThis research was supported by the National

lated equivalent winds have general agreements with €MD atural Science Foundation of China (40274054, 40134020) and

f:al model predlf:tlon at thelrvalld latitudes both at solar min- Important Basis Research Project of China (G2000078407). The
imum and maximum (Figs. 6a-6d). A future work will try - coges of the MSIS, HWM93, and IRI90 models are provided by the

to use more reliable topside electron profiles and other paworid Data Center-A. The ionosonde data are from the published
rameters to improve the results, especially when chemicalonospheric Digital database by the U.S. National Geophysics Data
processes are important at relatively lower peak heights.  Center (NGDC) in Boulder, Colorado.
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