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Abstract Electron density profiles of Venus’ ionosphere are inveftech the Venus
Express (VEX) one-way open-loop radio occultation experits carried out by the
Shanghai 25 m antenna from November 2011 to January 201 ansaximum con-
ditions and by the New Norcia 35 m antenna from August 2006ite 2008 at solar
intermediate conditions. The electron density profiler(frb10 km to 400 km), re-
trieved from the X-band egress observation at the Shangi@drs, shows a single
peak near 147 km with a peak density of abdut 10* cm~3 at a solar zenith an-
gle of 94. As a comparison, the VEX radio science (VeRa) observatbtise New
Norcia station were also examined, including S- and X-barttidual-frequency data
in the ingress mode. The results show that the electron tygmsifiles retrieved from
the S-band data are more analogous to the dual-frequerayrdigrms of the profile
shape, compared with the X-band data. Generally, the S-tesuits slightly under-
estimate the magnitude of the peak density, while the X-lvaadlts overestimate it.
The discrepancy in the X-band profile is probably due to thetively larger unmod-
eled orbital errors. Itis also expected that the ionopaegghiiis sensitive to the solar
wind dynamical pressure in high and intermediate solavitiets, usually in the range
of 200—-1000 km on the dayside and much higher on the nightSidectural varia-
tions (“bulges” and fluctuations) can be found in the eletdensity profiles during
intermediate solar activity, which may be caused by therautton of the solar wind
with the ionosphere. Considerable ionizations can be obdein Venus’ nightside
ionosphere, which are unexpected for the Martian nighisidesphere in most cases.
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1 INTRODUCTION

The dayside ionosphere of Venus is produced locally by tleqdbnization of the solar EUV and
soft X-ray radiations along with impact ionization by pheliectrons and secondary electrons, while
the nightside ionosphere is produced by a combination oflan from the dayside and local ion
production by the suprathermal electron impact ionizafeg., Zhang et al. 1990; Fox 2011). The
superrotation of Venus’ atmosphere and the lack of an isitimagnetic field make the nightward
ion flow play an important role in the formation of the nighisionosphere (Russell et al. 1980).
The magnetic field of Venus’ ionosphere is induced by therautiion between its ionosphere and
the solar wind, and can also be viewed as a compression ohtdglanetary magnetic field as it
drapes around the ionosphere. The weak magnetic field ofsveravides negligible protection to
the atmosphere against solar radiation (Brace & Kliore 1991

The electron density profiles returned from the Pioneer Sedibiter (PVO) radio occultation
(RO) observations show that the nightside ionosphere ofi¥emists regardless of the solar activity,
most of the time with a robust density peak (Kliore 1992). émtrast, the Martian nightside iono-
sphere is a sporadic phenomenon; the peak densities aremmalkst conditions or do not even exist
at all (Zhang et al. 1990; Kliore 1992). The nightside iortusge of Venus is also highly variable,
especially in the regions near and above the peak altitud@lyndue to variations in the number
of ions transported from the dayside which is correlatedh silar fluxes, and the altitude of the
ionopause which is anticorrelated with the solar wind dyicgmnessure (Cravens et al. 1981a; Fox
2011).

An ionopause can be formed between the solar wind plasmaandriospheric plasma, where
the external pressures (the solar wind dynamic pressariidgtmal pressure and the magnetic pres-
sure) are balanced with the internal pressures (the iomospthermal pressure and the field pres-
sure) (Brace & Kliore 1991; Luhmann & Cravens 1991). The jpangse height can be defined as the
altitude where the electron or ion density passes througtite\of102 cm—2 in a steep gradient for
the Langmuir probe and the retarding potential analyzeegmgents (Brace et al. 1983; Knudsen
et al. 1979), or the altitude where the electron density fali$ below5 x 102 cm=3 for the RO
observations (Kliore & Luhmann 1991; Kliore 1992), or thaubdary where the magnetic pressure
transforms to thermal pressure for magnetometer expetar{hillips et al. 1984), or the bound-
ary between the thermal and suprathermal ion componentsrfanass spectrometer experiments
(Taylor et al. 1980). During solar maximum, the plasma presssxceeds the solar wind pressure to
form a high ionopause and the ionization transport from #gsitle dominates. During solar min-
imum, the ionopause is much lower, which may prevent theidaytsansport of ions leaving only
the contribution of impact ionization by energetic elens@Kliore 1992).

RO is one of the most important techniques to explore the spimere and ionosphere of a
planet, which utilizes the radio links between a spaceenaftind the target planet and an antenna
on Earth. The ionosphere of Venus was firstly detected by ae@riment by Mariner 5 in 1967
(Mariner Stanford Group 1967; Kliore et al. 1967), and thbssguent Venera, Mariner, PVO and
Magellan programs (Fjeldbo et al. 1975; Ivanov-Kholodryle1979; Knudsen et al. 1979; Jenkins
et al. 1994). In addition to the remote sensing experiméhts,in situ instruments mounted on
Venera and PVO (from 1978 to 1992) spacecrafts also measarews’ ionosphere for 6 and over 12
years, respectively. The large body of data from both inaitd RO measurements allows extensive
studies on the structure and temporal behavior of Venug'sphere, as well as comparisons with the
Martian ionosphere (Brace & Kliore 1991; Kliore & Mullen 18XKliore & Luhmann 1991; Kliore
1992; Luhmann & Bauer 1992; Knudsen 1992).

There have been many efforts on the theoretical modelingafiy’ dayside ionosphere (Nagy
et al. 1980; Cravens et al. 1980; Kim et al. 1989; Shinagawar&énhs 1988; Shinagawa 1993,
19964a,b), studies on the near-terminator and nightsidesjaimere of Venus (Fox 1992, 2011; Fox
& Kasprzak 2007; Luhmann et al. 1982; Mahajan & Oyama 2004g, studies on the solar wind
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interaction with Venus’ ionosphere (Taylor et al. 1980; salket al. 2006; Terada et al. 2004, 2009).
Cravens et al. (1981a,b) interpreted the behavior of thespheric peak on the dayside with electron
density profiles from the PVO RO observations by comparirtg wiodel results. Brace et al. (1983)
found the existence of large amplitude post-terminatorenstvuctures in the electron density and
electron temperature profiles below 175 km at solar zenithesn(SZAs) betweefi0° and 120°.
lonospheric holes or plasma depletions were found in thbtsige ionosphere (Brace et al. 1980,
1982; Taylor et al. 1980), and the production mechanism wassdudied by Grebowsky & Curtis
(1981) and Grebowsky et al. (1983).

The Venus Express (VEX) spacecraft is the latest Venus exjdm mission after the PVO and
Magellan programs, and is the first European mission to Vefilns main objective of the VEX
mission is to investigate the atmosphere and plasma emagohof Venus from a polar orbit when
the spacecraft is occultated as observed from the groutidrstand also aspects of the geology and
surface physics in a comprehensive way (Svedhem et al. 206&)complete descriptions of the
VEX radio science (VeRa) experiments can be found in Haugglal. (2006).

From the VEX RO observations, Patzold et al. (2007) disedighe day-to-day changes in
Venus’ ionosphere from the radio sounding data of the fira/eccultation season; Patzold et al.
(2009) identified a sporadic layer of meteoric origin in Vehower ionosphere; Peter et al. (2014)
compared the electron density profiles retrieved from thRa/ebservations with those simulated
from a one-dimensional photochemical model. Independé&i RO experiments in China were
also carried out with the Shanghai 25 m antenna. This papietyrdeals with the ionosphere inver-
sion from different occultation modes and the structuraiatens revealed from the VEX RO data
collected at the Shanghai and New Norcia antennas.

This paper is structured as follows: Section 2 deals withilBX radio sounding experiments of
Venus' ionosphere. Section 3 discusses the retrieval abti@spheric parameters. Sections 4 gives
the results retrieved from the RO observations at the Staragid New Norcia stations. Section 5
discusses the variation of the ionopause altitude revdededthe electron density profiles. Section
6 concludes this paper.

2 RADIO SOUNDING OF VENUS’ IONOSPHERE

The VEX spacecraft was launched on 2005 November 9 and drat&enus on 2006 April 11.
The design of scientific payloads on VEX was inherited fromtiars Express (MEX) and Rosetta
spacecrafts, and permit direct comparisons of differeangis due to the same instrument errors
(Hausler et al. 2006). Two coherent one-way radio sign8kbdnd at 2.3 GHz and X-band at
8.4 GHz) were used to investigate Venus’ surface, neutnabsphere, ionosphere and gravity field.
The Ultrastable Oscillator (USO) installed on VEX is a dirderivative of Rosetta’s USO, with an
Allan deviation of~ 3 x 10~!3 at 1-100s. The high stability of the onboard USO guarantessre
vation of the egress occultation can be conducted sucdlyssfsithe downlink signal is controlled
by the reference signal on the spacecraft in this mode (eé&esal. 2006). Meanwhile, the coherent
downlink signals allow the separation of dispersive meftfieces from the classical Doppler shifts.
During the 12th occultation season of the VEX spacecraferse RO experiments were con-
ducted by the Shanghai 25 m antenna. The 600 MHz intermefdéiaency (IF) radio signal was
recorded digitally by a Radio Science Receiver (RSR), whials developed jointly by Southeast
University and Shanghai Astronomical Observatory. Theigfaa was then down converted and
desampled to a baseband signalZ00 kHz), where the Doppler shift was computed via the self-
developed frequency estimation scheme. After subtradtiagclassical geometrical Doppler shift
caused by the relative movement between the spacecrafhargtaund station, as well as the ef-
fect of transmission through Earth’s atmosphere and iodmargp signal variations caused by Venus’
atmosphere and ionosphere were left in the Doppler resdiiaen the Doppler residuals can be
used to retrieve the molecular number density, pressureéeangerature profiles of the atmosphere



1562 S.-J. Zhang et al.

and electron density profiles of the ionosphere by the ptapetccultation observation processing
software, which is described in Zhang et al. (2011).

The vertical resolution of the RO experiment is determingdhe radius of the first Fresnel
zone, in the form of AD)'/2, where )\ is the wavelength of the transmitting signal, abds the
distance from the transmitter on the spacecraft to the staggproach of the ray path to the limb
of Venus. It represents the scale of the smallest apertatedties not disturb a wave in the actual
medium (Hausler et al. 2006). For X-band frequency &ne: 10 000 km, the vertical resolution is
about 60 m (Hausler et al. 2006).

3 RETRIEVAL OF THE IONOSPHERIC PARAMETERS

A radio signal propagating through Venus’ atmosphere andgphere is refracted by the surround-
ing media. Assuming a spherically symmetric atmosphereh &oppler shift corresponds to a ray
path that penetrates the atmosphere down to a differenthdéplhe spatial positions of the space-
craft, the target planet and the ground station are knovenidfraction angle and the altitude of the
ray path asymptote can be determined from the Doppler shtfischange in the bending angle with
respect to the altitude of the ray path asymptote can be aseeérive the refractivity variation via
the Abel transform (Fjeldbo et al. 1971). The electron dgrmiofile can be subsequently computed,
as the refractivity variation is directly related with treechl electron density.

If the oscillator instabilities are ignored and the effetEarth’s atmosphere is corrected by an
atmospheric model, the frequency shift for a one-way radiodue to plasma is given by (Patzold
etal. 2004) ,

fods 1 €2 1d [¥c
Af=fr=fo= c dt = c8m2egme fo dt/

whereds/dt is the rate of change of the distance between the transraittéthe receiver; is the
speed of light in a vacuum, anf is the frequency of the signal transmitted from the spadecfa

is the frequency of the signal received at the ground statipis the permittivity of free space, and
me IS the rest mass of an electron. The first term on the right sidequation (1) is the classical
Doppler shift caused by the relative movement between theespaft and the ground station. The
second term on the right side is the dispersive effect ozehimedia along the ray path from the
transmitter to the receiver, which is inversely proporébio f,. The dispersive media include the
interplanetary medium, planetary ionosphere and Earinssphere.

The classical Doppler shift can be subtracted from the tgipler shift by considering the
geometrical positions of the spacecraft relative to theigdostation. The effects of the signal passing
through the medium of Earth’s ionosphere can be correctethbignospheric model. Then only the
effects of unmodeled orbital error and the interplanetaeginm are left in the Doppler residuals,
which can further lead to fluctuations or unrealistic treimdbe electron density profiles, especially
in the topside where the electron densities are relatiasty The orbital error is proportional tfy,
so a larger orbital error is expected in the X-band data.

In addition to the unmodeled orbital errors, the single fietcy inversion method cannot
separate the classical Doppler shift from the dispersifeces at either the S- or X-band alone.
This problem can be solved by using the differential Doppleservations, which can be given as
Afs — %Afm, whereA f, andA f, are the observed Doppler shifts at the S- and X-band, respec-
tively. The dual-frequency Doppler inversion technique ba referenced in Zhang et al. (2015).

Similar to the Martian RO data processing, a baseline ctioreés necessary to eliminate the
more slowly varying contributions to the ionosphere thandbcome from Venus (e.g., interplan-
etary space and Earth’s ionosphere) using the data aboweférence height (Bird et al. 1997).
A suitable reference height will make the retrieved elattlensity profile around zero both in the
50-80 km altitude range and above the ionosphere. The fneguesiduals of the X-band RO data
observed at the Shanghai 25 m station are shown in the led paRigure 1, in which a small peak
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Fig. 1 X-band frequency residualeft panel), bending anglertiddie panel) and refractivity (ight
panel) variations relative to the impact distance of the RO experit at the Shanghai station. The
blue line geetheonlineversion) is the linear regression of the frequency residuals bef@®aseline
correction is applied. A mean radius of 6051.8 km is adopbe/€nus.

can be found around 147 km above the mean radius of Venus.|Tiadife is the linear regression
of the Doppler residuals before the baseline correctiopied. The linear trend is negligible in
this observation, but there are conditions where the litreaud is obvious. The standard deviation
of the Doppler residuals is 90.0 mHz for a 0.1 second intémrdime and 11.6 mHz for a 1 second
integration time. This Doppler measurement noise will bedu® derive the electron density noise
later.

Assuming that Venus’ atmosphere is spherically symmetrebending angle relative to the
altitude of the ray path asymptaiecan be solved iteratively from the rays outside the ionosptte
rays at a lower altitude by applying the Bouguer formulal(fje et al. 1971). The refractivity/ (r)
can be computed via the Abel transform from the bending andgteough the following equation

(Patzold et al. 2004)
n(ry) = exp <%/ %da) , (2)
ay ac — al

wherea; represents the impact distance of a ray whose radius ofstlegproach ig;. The re-
fractive indexn(r) is associated with refractivity (r) in the form N (r) = 10° x (n(r) — 1). The
description of the bending angle and impact parameter caafbeenced from figure 20 in Fjeldbo
etal. (1971). The variations in bending angle and refragtivith respect to the impact distance are
given in the middle and right panel of Figure 1, respectivEhe integration in Equation (2) can be
solved in the following form (Fjeldbo et al. 1971)

n(riy) = exp (—%/mln{aﬂl—i— (%)2—1} j—jda) . )

The refractivity as a function of radius is dependent on twal state of the atmosphere and
ionosphere (Patzold et al. 2004)

1 Ke

=N, (r) — f—02

k
whereN,, is the number density of a molecule (Hausler et al. 2005kideret al. 1994), which is

dependent on the composition of Venus’ atmosphateis the electron density;. ~ % x 1068,

N(r) = Ne(r), (4)
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andr. = 2.819 x 10~ m is the classical Compton radius for an electron. In théualé range of
the ionosphere, Equation (4) can be simplified\&s) ~ —%Nc(r) .
Jo
The noise of the retrieved electron density profile can beided from (Withers 2010)

droy femeeg |2mH,
ON, ~ ,
e Vie? Ro

(5)

where the Doppler frequency noise for each observation is computed from the standard dewiatio
of the Doppler residuals in the altitude range of 5000 km.V is the relative velocity between the
spacecraft and ground statiofijs the downlink frequencyt,, = 40 km is the ionospheric scale
height (adopted from Kliore & Mullen 1990), ariéh = 6051.8 km is the mean radius of Venus.

4 RESULTS AND DISCUSSION
4.1 Electron Density Profile Retrieved from the X-band Egres RO Data at Shanghai Station

Due to the lack of S-band observations, a single frequenveysion method is adopted to retrieve the
electron density profile from the X-band RO tracking dataeosd by the Shanghai 25 m antenna.
The Doppler residuals, bending angle and refractivityatans relative to the impact distance are
shown in Figure 1, and the retrieved electron density prisfs@own in Figure 2. As given in Table 1,
the occultation point of this observation is located at (684, 212.8E) in the Venus body-fixed
coordinate system, and the SZA is 94.5Bhis is an early morning observation in the high latitude of
the southern winter. Solar longitude can represent th@asam Venus, where{180°) is the vernal
(autumnal) equinox, and 9@270°) is the summer (winter) solstice for the northern hemisph&he
reverse applies for the southern hemisphere.

A baseline correction is also applied to the X-band Dopmsiduals to remove the trend caused
by the effects of the interplanetary medium and Earth’s éphere. As explained in Section 3, the
unmodeled orbital errors may lead to unrealistic electremsiies, especially in the topside profile
where the density is relatively low. Nevertheless, the Xibaversion result can still represent the
general state of the local electron densities. As showngur€i2, there is an apparent density peak
around 147 km, with a peak density 247 x 10*cm~3. The standard deviation of the density
profile is around).26 x 10* cm 3 (10.5% of the peak density), which is derived from Equatien (
with a oy = 11.6 mHz for the 1 Hz Doppler data. Densities below the standawititlen can be
treated as noise, which is probably from the measuremeserafithe Doppler residuals and the
unmodeled orbital errors of the VEX spacecraft. The degsitibove an altitude to 200 km are
around the noise leved(26 x 10* cm™3), so we cannot find an obvious ionopause in this profile.
As this observation is taken during high solar activity vathaveragé o 7 solar flux of 294 (in the
unit of 10~22 W m ™2 Hz ') at Venus, it is reasonable to speculate that the excessio$jpmeric
thermal pressure relative to the solar wind dynamic pressises the ionopause to a much higher
altitude.

4.2 Electron Density Profiles Retrieved from the VeRa Data Cltected at New Norcia Station

Part of the VeRa observations collected at the New Norcitiostavere also processed from
2006 August 11 to 2007 June 17. The Level 2 residual Doppler @are downloaded from the
planetary atmospheres data node of NASA Phi#{//pds-atmospheres.nmsu.edu/ve/). The cor-
responding Earth, Sun and VEX ephemerides are provideddoW&iF SPICE teamftp://naif.
jpl.nasa.gov/naif/). This group of datasets contains both ingress and egressdtation data in the
single S-, X- or dual-frequency modes.

The single S-, X- and dual-frequency inversion results gréss mode are shown in Figure 3,
and all of them are on the nightside of southern spring. TleeaaeF 7 solar radio flux at Venus
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Fig. 2 Nightside electron density profile retrieved from the VeR®atd egress RO data taken dur-
ing high solar activity. The relevant Doppler residualsydiag angle and refractivity data are shown
in Figure 1. The peak altitude is located around 147 km, witleak density oR.47 x 10% em™3.
The shadowed area is the standard deviation of the electwosities. The related parameters are
given in Table 1.
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Fig. 3 Electron density profiles retrieved from the ®tug), X-band ¢ed) and differential black)
ingress RO data for four selected datasets of the VeRa mghtibservations taken during interme-
diate solar activity, with the error bars given as the stamhdieviation. The related parameters are
given in Table 1.

is around 163 (in the unit af0—22 W m~2 Hz~!) in this period. From Figure 3, we can see that the
electron density profiles retrieved different modes whioh generally consistent with each other,
with the peak density varying froB12 x 10® cm™3 to 5.0 x 10* cm~2 (see Table 1). The percentage
of the standard deviation relative to peak electron dergsity /V,,,) varies from 1% to 8%, which

is much less than that of the observation made at the Shasigiiain. In additiong y_/N,, is larger

for nightside profiles compared with dayside data.
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As explained in Section 3, profiles retrieved from the défetial Doppler observations are more
reliable than the single frequency inversion results. Carag with the dual-frequency results (black
curves), S-band results (blue curves) can maintain thergkesteape of the profile but slightly under-
estimate the peak density. X-band results (red curveskstiarate the electron density throughout
the profile, especially for profiles 0030 and 0031. The reddyilarger difference between the X-band
and the dual-frequency results is mainly due to the unmadmigital errors, which is positively re-
lated with the radio frequency.

Another eight profiles which are retrieved from the singldafd VeRa observations during
23 days are shown in Figure 4 to illustrate the solar contfemus’ ionosphere. The local true
solar time varies from 1.7 h to 19 h. The peak density of thennkayer increases frori.5 x
10% em 3 t02.1 x 10° cm 3 with the SZA decreasing from 870 27 as given in Table 1, which also
clearly shows the solar control of the photochemical lafkhough the profiles derived from single
frequency data may deviate from the real situation to sontenéxiue to effects from unmodeled
orbital errors and the interplanetary medium, here we oolys@er the relative variations among
these profiles.

Table 1 Relevant Parameters of the Profiles Shown in Figs. 2, 3 and 4

Profile Date DOY SZA Lat Lon Ls LocaltimeH,, N orx ON, 0Ny /Nm
(yy/mm/dd) (DDD) €) (°N) (°E) (°) (h) (km) (103 cm~3) (mHz) (103 cm—3)

0001 2011/12/09 343 94.5 -84.6 212.8 236.9 4.7 147.1 247 6 11. 2.6 0.105
0028 2006/08/11 223 100.9 —-65.4 201.2 358.3 20.0 1415 50 9 6. 04 0.081
0030 2006/08/16 228 107.9 -46.1 214.4 6.3 199 1398 5.0 12.30.17 0.034
0031 2006/08/19 231 111.0 -33.8 222.4 11.2 19.8 1455 4.5 7.70.24 0.055
0032 2006/08/21 233 112.5-25.1 227.7 14.4 19.7 140.6 3.2 7.20.11 0.034
0113 2007/05/26 146 88.9 -87.0 356.2 101.1 19.0 148.9 49.2 517 23 0.046
0115 2007/05/28 148 83.2 -83.9 291.9 1044 143  140.7 88.3 .8 14 18 0.021
0116 2007/05/30 150 77.6 —78.5282.9 107.6 133 139.1 121386 1 2.2 0.018
0119 2007/06/03 154 66.2 —67.3 285.2 1141 127 139.8 159996 2 3.1 0.02
0122 2007/06/07 158 55.0 -56.0 292.3 120.5 12.3 1403 181.08.0 2 2.7 0.015
0125 2007/06/13 164 38.2 -38.9 305.0 130.2 119 1401 214507 3 2.8 0.013
0126 2007/06/15 166 32.6 33.1 309.3 1334 11.8 1404 2089 .2 28 25 0.012
0127 2007/06/17 168 27.1 27.2 313.8 136.7 11.7 1405 2152 .1 26 23 0.011

Notes: Profile 0001 is the observation made by the Shanghei 2Btenna; Ls: solar longitude; Lat and Lon are the
latitude and longitude respectively of the occultationtfmint in the Venus fixed coordinate system at an altitude of
100 km.H,, and N, the peak altitude and peak density of the electron densitfi@ respectivelyo ;_x : the standard
deviation of the Doppler residuals at the X-band with a 1 Hnsling frequencyo v, : the standard deviation of the
density profile derived from Eq. (5).

All profiles in Figure 4 show a characteristic sharp and wielfined peak in a narrow altitude
range, and considerable ionizations above the peak ati#ndept for profile 0115, while the Mars
data usually show a broad ionization peak (see fig. 7(c) @rkl{1992)). This phenomenon is more
obvious in the linear-scale plot given in Figure 5. The peaksity of the nightside profile 0113 is
around).5 x 10° cm—3, which is comparable with the peak densities of the profil&Eigure 4, and
much higher than those shown by the profiles in Figure 3. Itresh) the peak density of the Martian
nightside ionosphere is usually bel®ws x 10° cm 3.

The region from 140 km to 180 km is in photochemical equilibmi(Schunk & Nagy 2000),
which is formed by the photoionization of the major neut@hponents CQ, O, and O. The altitude
above 180 km is the diffusion region, above which a distuifeatodynamical region can be formed
by the downward and horizontal plasma flows induced by ther saihd when the dynamic pressure
is high (Mahajan & Mayr 1989). The diffusion region can extén a much higher altitude if the
solar wind pressure is low (see fig. 1 of Mahajan & Mayr 1989).



lonospheric Inversion of the Venus Express Radio Occohlicfiata 1567

4QQ [T T T  SpeTI I T
350; 0113) 3 | o115 3 | ©o116) 3§ | (0119) §
250 - 1r 1 1r ’
200 | E

150 1 - > i
100 Evowd vownd ol 3 F vl ol il 3 Enm Tl il 3 vl il 3

400 ::u*m!f\ \HHH‘ T \HHH‘ \: F T \HHH‘ T \HHH‘ T \HHH‘ \: ?W jJA—WWr T \HHH‘ T \HHH‘ \:
350 E o122 £ ©o128)] ©126)3 £ (0127) 3
300 £
250 1 F
200

150 £ 1t
100 Eowd Sl ol 3 E

10% 10° 10* 10°10% 10° 10* 10°10° 10° 10* 10° 10° 10° 10" 10°

Electron density (cm'3)

Altitude (km)

[ ISR

Fig. 4 Electron density profiles retrieved from the VeRS X-bandésg observations during inter-
mediate solar activity, with the shadowed area showing tdredsird deviation. The relevant param-
eters are given in Table 1.

ggg, ‘(0113)‘ 1E ‘(0115)‘ 1E ‘(0116)‘ ElS ‘(0119)‘ 3
300 £ 1F El3 1r E
250 £ ER3 ER3 ER3 E
200 £ ER3 ER3 ER3 E
150 ER3 ER3 ER3 E
100 F ERS El 1F 3
50 EQS i i ]

E T I JET I I 1F I I 1F T I
ggg, o220 1 EF ©o125) § E ©o126) 3 E ©t2n) 3
300 -
250 ¢ ER3 1F 1F E
200 £ 3 El3 ER3 E
150 £ ER3 1F 1F E
100 £ Ela Ela £l 3
50 E U | | 1 B | | i B | | i Bl | | E|

0 10 20 30 0 10 20 30 O 10 20 30 O 10 20 30

Electron density (10° cm™)

Altitude (km)

Fig.5 Same as Fig. 4, but for a linear-scale plot.

We can find “bulges” around an altitude of 180 km in profile 01&dund 250 km in profiles
0113 and 0119 and around 230 km in profiles 0122 and 0125. Tigebwmay be caused by the
increase in electron temperature similar to the Martiam$miere (Fox & Yeager 2006), or just a
photodynamical layer formed due to the pressure exertetidgdlar wind as claimed by Mahajan
& Mayr (1989); Mahajan et al. (1989).

We can also find density fluctuations on the top of profiles QD139 and 0125, which may
be from measurement noise (Kliore 1992) or the wavelikecttires produced by the interaction
between the ionosphere and solar wind (Luhmann & Cravens, % references therein). These
fluctuations still need further study, as Wang & Nielsen @0&tated that “It does appear though
that superposed on these noisy fluctuations, there oftespat@l fluctuations present. It is too early
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to attribute these spatial fluctuations to waves, but thegudmest plasma density variations along
the vertical direction.”

The averagé .7 solar radio flux at Venus is about 153 (in the unitlof 2> W m ™2 Hz ')
during this period. As the solar activity is taken during ititermediate level, the solar wind pressure
may suppress the ionospheric pressure on the dayside rihenapause can form in a relatively low
altitude in Venus’ ionosphere. If the altitude where thetten density first falls below x 102 cm—3
(Kliore 1992) is defined as the ionopause, we can clearly tndpauses in the range of 180 km —
280 km from Figure 4 (around 180 km in profile 0115; around 2@bik profiles 0118, 0126 and
0127; around 250 km in profiles 0119, 0122 and 0125; aroundk@8ih profile 0113).

As indicated by Kliore & Luhmann (1991) and Kliore (1992)etionopause height is generally
low for SZAs below 50 regardless of the solar activity, and highly variable in taege of 200—
1000 km for55° < SZAs < 90° during solar maximum and at times of intermediate condgjon
and generally between 200 km and 300 km during solar mininAs1shown in figure 10 of Kliore
& Luhmann (1991), the response of Venus’ ionosphere to seilad dynamic pressure variations
is quite constant at solar minimum compared to the profilesolar maximum and intermediate
conditions. Phillips et al. (1988) compared the SZA behawiothe ionopause by using different
definitions based on the in situ PYO measurements, from wiiehlionopause rises from about
350 km in the subsolar region to over 1000 km at an SZA of’120

5 CONCLUSIONS

The single band inversion and dual-frequency differeili@bpler inversion methods are used in this
paper to retrieve the electron density profiles from the VEXdta observed by the Shanghai 25m
antenna and part of the VeRa observations by the New Noram 8btenna. Compared with the
X-band data, S-band results agree well with the differélt@pler results in terms of the profile
shape, but generally slightly underestimate the peak tyeiisie discrepancy of the X-band results is
mainly due to the unmodeled orbital errors that remain irtbppler residuals after the geometrical
and media Doppler effects are removed. Nevertheless, thand-data can be used to represent the
general state of Venus’ ionosphere, if the S-band data aeailable. The electron densities of the
nightside profiles in Figures 2 and 3 at solar maximum all éase gradually with altitude to the
noise level, which may indicate that the ionopause is highvabt00 km (the upper limit of the
figure). The ionopause of profiles in Figure 4 during interratsolar activity varies from 180 km
to 280 km. This result is generally consistent with that gilay Kliore & Luhmann (1991) and
Phillips et al. (1988). As the ionosphere of Mars is simitathat of Venus during solar minimum
conditions (Kliore 1992), in most cases, the peak densityesfus’ nightside ionosphere is larger
than that of the Martian nightside ionosphere.
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