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Key Points:
This is the first attempt to combine PVO and VEX data to investigate how ionopause altitude varies with levels of solar activity●

We have derived a relationship between solar EUV level and the dayside ionopause altitude●

We find that dayside ionopause altitude increases as solar EUV level increases, which is consistent with theoretical expectations●
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Abstract: The Venusian dayside ionosphere, similar to other planetary ionospheres, is produced primarily by ionization of its neutral
upper atmosphere due to solar extreme ultraviolet (EUV) radiation. It has become clear that the expansion of the ionosphere may be
strongly controlled by the EUV level, as exhibited in data collected by the Pioneer Venus Orbiter (PVO) during one solar cycle
(1978–1992). However, the EUV-dependence of the Venusian dayside ionopause altitude, which defines the outer boundary of the
ionosphere, remains obscure because the PVO crossed the dayside ionopause only during the solar maximum; its periapsis lifted too high
during the solar minimum. Recently, during the period 2006–2014, which included the longest and quietest solar minimum of the past
several decades, Venus Express (VEX) provided measurements of the photoelectron boundary (PEB) over the northern high-latitude
region. Since the photoelectron boundary is closely related to the ionopause, we have an opportunity to analyze the EUV effect on the
dayside ionopause by combining PVO and VEX observations. We have evaluated and then reduced the orbit bias effect in data from both
PVO and VEX, and then used the results to derive a relationship between solar EUV level and the dayside ionopause altitude. We find that
the dayside ionopause altitude increases as the solar EUV level increases, which is consistent with theoretical expectations.
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1.  Introduction
Venus’s ionosphere  is  similar  to  Earth’s  ionosphere  in  many  as-

pects,  but  it  has  an  ionopause  created  by  direct  interaction  with

solar wind. Since Venus lacks an intrinsic magnetic field, the plan-

et’s  ionosphere  interacts  directly  with  the  shocked  solar  wind

plasma. The ionospheric plasma is a very good electrical conduct-

or;  when  interacting  with  the  solar  wind,  the  ionosphere  acts  at

large sale like a highly conducting spheroid. It stands off the solar

wind, and an ionopause is formed at the altitude where the iono-

sphere’s  internal  pressure  is  approximately  balanced  by  external
pressure (Luhmann, 1986). The external pressure includes the sol-
ar  wind’s  dynamic  pressure ρv2,  thermal  pressure nkT, and  mag-
netic  pressure B2/2μ0. However,  compared  to  its  dynamic  pres-
sure, the thermal and magnetic pressure components of the solar
wind can be neglected, except near the terminator, where the dy-
namic pressure’s normal component goes to zero; in the terminat-
or region, the solar wind’s thermal and magnetic pressure contri-
butions must  be  considered.  The  internal  pressure  of  the  iono-
sphere  is  its  thermal  pressure nkT,  where T=Te+Ti; Te is the  elec-
tron  temperature  and Ti is  the  ion  temperature.  The  magnetic
pressure  inside  the  ionopause  also  contributes  to  the  internal
pressure, becoming  important  when  the  ionosphere  is  signific-
antly magnetized. When the solar wind approaches Venus, its flow
is  shocked  and  diverted  around  the  Venusian  ionosphere  above
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the ionopause (Brace and Kliore, 1991; Luhmann, 1986).

√
P/α

Theoretically,  the  altitude  of  the  ionopause  is  closely  related  to

the solar  extreme ultraviolet  (EUV)  level.  The  dayside  ionosphere

of Venus  is  created  primarily  by  ionization  of  its  neutral  atmo-

sphere. Because the ionosphere is photochemically controlled, its

principal  dayside  layer  behaves  like  a  simple  Chapman  layer.  In

the photochemical equilibrium region for the case of a single ma-

jor  ion,  the ion density ni and electron density ne should be pro-

portional to  , where α is the effective value of the recombin-

ation  coefficient  and P is the  total  ion  production  rate.  The  re-

sponse of the major ion density profile to changes in solar flux can

be predicted by Chapman theory. The ion production increases as

the  solar  ionizing  flux  outside  the  atmosphere  increases.  When

the EUV increases, the ionospheric thermal pressure nkT increases

as  well,  causing  the  altitude  at  which  the  ionospheric  pressure

balances the external pressure to increase. In other words, the alti-

tude of the dayside ionopause varies with the strength of the sol-

ar EUV (Fox and Kliore, 1997).

Most  of  our  knowledge  about  the  Venusian  ionopause  comes
from  Pioneer  Venus  Orbiter  (PVO)  observations  (reviewed  by
Brace  and  Kliore  (1991)).  The  PVO  operated  for  14  years
(1978–1992), from the  maximum of  solar  cycle  21  to  the  maxim-
um of solar cycle 22,  and gave us a wealth of data for one entire
solar cycle (see Figure 1a). From 1979 to 1980, the PVO frequently
crossed the ionosphere,  recording the ionopause on most orbits.
However, the PVO’s periapsis started to rise slowly after the sum-
mer of 1980 (see Figure 1b). By April 1981 the periapsis was above
the average  altitude  of  the  dayside  ionopause,  so  the  PVO  en-
countered the ionosphere only  in  the terminator  regions  and on
the nightside. Only after 1992 when the periapsis returned to low
enough  altitudes,  was  the  dayside  ionopause  again  recorded.
From 1981 to  1992,  which included the solar  minimum,  the  PVO
rarely  crossed  the  dayside  ionopause  —  it  did  so  only  when  the
ionosphere was  extremely  expanded,  as  a  consequence  of  tenu-
ous  solar  wind  rather  than  low  solar  EUV  levels  (Russell  et  al.,
1993). Therefore, it is not possible to use PVO data to analyze the
EUV  effect  on  the  dayside  ionopause  altitude  over  a  whole  solar
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Figure 1.   Comparison of the F10.7 and periapsis of PVO and VEX. (a) The F10.7 extrapolate from Earth to Venus. The blue and red curve represent

the extrapolated F10.7 during operation period of PVO and VEX, respectively. The green curve represents the EUV measured by PVO. The

extrapolated F10.7 during the PVO period is consistent well with the EUV measured by PVO. (b) The altitude of PVO and VEX periapsis.
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cycle.

Fortunately,  Venus  Express  (VEX)  had  a  low  periapsis  during  its
mission  period  (2006–2014),  which  included  an  unusually  long
solar minimum. VEX had an elliptic polar orbit and a 24-hour peri-
od,  similar  to  PVO,  and its  periapsis  was always above the Venus
north  pole.  Since  its  periapsis  altitude  was  maintained  at  160–
400  km  (see Figure  1b),  on  most  orbits  VEX  crossed  the  dayside
ionopause  either  inbound  or  outbound.  Though  VEX  carried  no
onboard Langmuir probe, it had been proposed to use VEX meas-
urements  of  the  photoelectron  distribution  to  identify  the  outer
boundary of  ionosphere,  which  could  be  a  proxy  of  the  iono-
pause,  and  many  new  features  were  disclosed  with  this  method
(Martinecz et  al.,  2008, 2009; Angsmann et  al.,  2011; Han X et  al.,
2014; Vech et  al.,  2015),  which we,  too,  will  follow (introduced in
details in  Section  2.1)  to  construct  an  ionopause  database.  Com-
bining PVO and VEX data, we are then able to investigate the EUV
effect on the ionopause over an entire solar cycle.

2.  Observations

2.1  Datasets
Physically  the  term  ionopause  describes  an  extended  altitude
range over which the ionospheric plasma density falls off steeply,
but to  investigate  the  dependence  of  this  altitude  range  on  ex-
ternal  parameters  one  needs  to  define  a  specific ionopause alti-
tude.  Several  different  definitions  of  the  ionopause  have  been
offered,  depending  on  observations  from  different  instruments.
The different earlier datasets used to describe the Venusian iono-
pause  indeed  show  similar  global  configurations  (Phillips  et  al.,
1988), and  thus  any  of  these  can  be  used  to  investigate  the  re-
sponse of the Venusian ionosphere to solar wind and/or EUV level.
In our work, the ionopause datasets from PVO and VEX also come
from different types of instrument.

The PVO dayside ionopause database (874 data points) is from the
Orbiter  Electron  Temperature  Probe  (OETP).  The  OETP  uses  two
cylindrical Langmuir  probes  (axial  and  radial)  to  measure  iono-
spheric  electron  density  (ne),  electron  temperature  (Te),  and  ion
density (ni) (Krehbiel et al., 1980). It can detect ionospheric plasma
when  the  spacecraft  is  in  the  ionosphere.  The  ionopause  is
defined at the point where ne crosses through 100 cm–3 in a steep
gradient;  PVO  data  thus  identifies  the  ionopause  as  the  point
where ne first  rises  above  the  instrumental  background  density
(Brace  et  al.,  1980). When  irregularities  or  waviness  in  the  iono-
pause  produce  multiple  ionopause  crossings,  the  outer-most
crossing  is  the  only  one  selected.  This  database  was  built  up  by
the  PVO/OETP  team  before  1993  and  now  can  be  accessed
through  the  Planetary  Data  System  (PDS)  website  (https://pds-
ppi.igpp.ucla.edu/).

The VEX  dayside  ionopause  database  (1764  data  points)  is  ob-
tained from the plasma instrument Analyzer of Space Plasma and
Energetic  Atoms  (ASPERA-4)  (Barabash  et  al.,  2007).  Unlike  PVO,
VEX  did  not  carry  Langmuir  probes  to  measure  the  ionospheric
cold plasma. However, the Electron Spectrometer (ELS) in the AS-
PERA-4 package measures  photoelectrons  produced in  the  iono-
sphere.  ELS  is  designed  to  detect  electrons  within  the  energy
range from 1 eV to 20 keV with a time resolution of 4 s, but due to

spacecraft  charging  the  real  lower  limit  of  the  energy  range  is  5
eV,  making  it  impossible  to  detect  the  ionospheric  cold  plasma.
The  ELS  frequently  observed  specific  photoelectron  lines  in  the
energy  spectrum  between  18  and  25  eV  (real  value  23  to  30  eV,
taking into account the –5 V spacecraft potential), indicating local
production from O or CO2 atoms (Coates et al., 2008). Since these
photoelectrons  can  propagate  along  magnetic  field  lines,  the
ionopause  altitude  should  not  be  higher  than  the  location  at
which  a  strong  flux  gradient  of  these  photoelectrons  occurs.
Therefore,  such  a  photoelectron  boundary  (PEB)  may  be  used  as
an indicator of  the ionopause altitude.  Following this idea,  a VEX
dayside ionopause dataset can be built up by identifying the PEB
(Martinecz et al., 2008, 2009; Angsmann et al., 2011). On the other
hand, Han X et  al.  (2014) have shown that at  Mars the PEB is  ob-
served at an altitude which is about 200 km higher than the loca-
tion of the steepest cold electron gradient. Furthermore, Han QQ
et  al.  (2019) have  also  investigated  the  relationship  between  the
PEB  and  the  steep  electron  density  gradient.  Their  results  show
that, although on average the PEBs are located at higher altitudes,
when observed on the same orbit  the two boundaries are nearly
collocated.

VEUV = 1.53 × 1011ipe

The  PVO’s  solar  EUV  measurements  are  based  on  photoelectron
emission from  the  onboard  Langmuir  probe;  daily  solar  EUV  val-
ues  are  based  on  the  photoemission  current ipe from  the  radial
probe, which is proportional to the intensity of the ionizing com-
ponent  of  the  solar  radiation.  Thus  the  total  solar  EUV flux  (VEUV)
can  be  derived  from  the  daily ipe measurements using  the  rela-
tions  (photons cm–2 s–1), where ipe is in units

of 10–9 amperes (Brace et al., 1988). However, because VEX did not
carry  a  UV  instrument,  we  must  use  the F10.7 extrapolated  from
Earth to Venus (Mitchell et al., 2001). Therfore, for consistency we
use extrapolated F10.7 values for both PVO and VEX, comparing ex-
trapolated values during the PVO mission period with the EUV flux
measured  by  PVO  (Figure  1a).  It  is  obvious  that  the  extrapolated
F10.7 (blue curve) is quite consistent with the EUV flux measured by
PVO (green  curve).  The  time  period  of  the  VEX  ionopause  cross-
ings  used  here  included  almost  one  complete  solar  cycle.
However, the mean flux of 10.7 cm solar radiation during the VEX
interval  was  lower  than  that  during  the  PVO  period  (Figure  1a).
Figure  2a and Figure  2b,  show  the  distributions  of  PVO  and  VEX
dayside  ionopause  observations  as  a  function  of  time,  altitude,
and  solar  zenith  angle  (SZA),  respectively.  The  horizontal  axis  is
time in years and vertical axis is the solar zenith angle in degrees;
the color represents the altitude of the dayside ionopause. For the
PVO dayside ionopause,  the altitude is  higher for  larger SZA.  It  is
obvious  that  a  large  data  gap  exists  for  PVO  during  1982–1990,
due  to  its  raised  orbit  (Figure  1b).  On  the  other  hand,  since  VEX
operated over almost one complete solar cycle, its data can fill the
solar minimum data gap left by the PVO. Combining the PVO and
VEX  data  sets  in  this  way  allows  us  to  analyze  the  EUV  effect  on
the dayside ionopause altitude over an entire solar cycle. It is clear
that the averaged altitude of the dayside ionopause measured by
VEX is lower than observed by PVO (Figure 2c). This may be attrib-
uted to the different mean EUV level, as is to be expected (Fox and
Kliore, 1997). Before evaluating the relationship between VEX and
PVO observations, we should first analyze and try to reduce orbit
biases  of  both  the  PVO  and  VEX,  in  order  to  extract  from  these
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r =
√
y2 + z2

SZA ≈ arccos (x/r)

datasets  as  accurately  as  possible  the  behavior  of  the  ionopause

altitude. In this paper we display both datasets in the Venus Solar

Orbital  (VSO)  coordinates  system,  where  the x axis  points  from

Venus to the sun,  the y axis is  opposite  to  the Venus orbital  mo-

tion, and the z axis is toward the ecliptic north. For simplification,

we assume that the ionosphere is symmetric about the axis, and r
is  the  distance  to  the  Venus–Sun  line, .  Since x and r

are very much smaller compared with the distance of Venus from

the Sun, .

2.2  Method to Reduce Orbit Bias
We analyzed  the  VEX  dataset  and  found  that  it  includes  signific-

ant orbit  bias. Figure 3 shows the dayside ionopause data points

(red dots) and the periapsis altitude (blue curves) of VEX. It can be

seen that most of the data points are focused just above the peri-

apsis, especially at solar minimum (2006–2010). This indicates that

VEX orbits  did  not  cover  the  whole  range  of  the  ionopause  alti-

tude  distribution.  Moreover,  the  data  points  are  denser  at  lower

altitudes  than at  high altitudes,  which  may be  a  consequence of

the uneven sampling, i.e., VEX spent more time in low altitude re-

gions and thus crossed the ionopause more frequently there. If we

were  simply  to  average the  calculations,  the  resulting ionopause

altitude would lower than its actual value.

In order to reduce this kind of effect, we introduce a probability P
based on  the  observation  that  the  number  of  ionopause  cross-

ings N in a  certain  region  is  proportional  to  the  time  the  space-

craft spends in that region T. P is given by the following formula:

Pi (xi ± Δx, ri ± Δr) = N
T
. (1)

Δx and Δr
Here,  (xi, ri)  are  the  coordinates  of  the  center  of  the  grid,  and

 is  half  of  the  length  of  the  grid.  Then,  we  use  these P
values to analyze the effects of physical factors on ionopause alti-

tude. We group the ionopause data points according to the phys-

ical  conditions;  the  average  altitude  of  the  ionopause  in  each

group can be given:

H =
∑n

i=1 Pi × hi
∑n

i=1 Pi
, (2)

where h is  the altitude of each grid center in this group, and n is

the  total  number  of  grids  into  which  the  ionopause  data  points

distribute.  Here,  we  have  grouped  the  data  points  based  on  the

EUV range to investigate the EUV effect on ionopause altitude.

Using this  method,  we  calculate  the  distribution  in  the  grid  sys-
tem  of T, N,  and P for  both  VEX  and  PVO  observations  (Figure  4
and Figure 5).  From Figure 4c it can be seen that the most prob-
able altitude of the ionopause (yellow curve) is at the lowest grid
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Figure 2.   Distribution of the dayside ionopause data. (a) Distribution of the dayside ionopause positions measured by PVO. The color represents

the altitude of the dayside ionopause in units of km. (b) Distribution of the dayside ionopause data measured by VEX. The color represents the

altitude of the dayside ionopause in units of km. (c) Combination of PVO and VEX datasets. Blue and red dots represent the dayside ionopause

altitude measured by PVO and VEX.
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of the VEX orbit  coverage,  indicating that most of  time the iono-
pause should locate at altitudes beneath VEX’s periapsis. But more
data points have been recorded in the lower region.  The uneven
sampling has made the directly calculated average ionopause alti-
tude lower than its actual altitude. The method of using P has res-
ulted in a higher altitude, which we claim is closer to the real alti-
tude. From Figure 5c it can be seen that the PVO data points dis-
tribute  both  below  and  above  the  most  probable  altitudes  (yel-
low curve in the bottom panel); i.e., PVO orbits cover the full range
of the ionopause altitude distribution. Since the PVO spent more
time  in  the  higher  region  than  in  the  lower  region  (Figure  5a),  it
recorded  more  data  points  in  the  higher  region  (Figure  5b).  The
uneven  PVO  sampling  has  made  the  directly  calculated  average
ionopause altitudes based on raw PVO data higher than its actual
altitude. Using the P method to normalize the data has yielded a
lower altitude, which again we claim is closer to the real altitude.

3.  Results
In  order  to  investigate  the  EUV  effect  on  the  ionopause  altitude
over  a  whole  solar  cycle,  we  combined  VEX  and  PVO  datasets.
Since  the  VEX  data  points  are  concentrated  at  SZA  60°–90°,  and
the  altitude  did  not  change  as  much  as  the  SZA  changed,  we
chose  from  both  datasets  the  data  points  in  the  SZA  range
60°–90°.  Then we calculated the average altitudes H of the  iono-
pause observed in EUV flux bins,  using the P method for correct-
ing  orbit  bias.  The  relationship  between  EUV  and  the  dayside
ionopause altitude is derived as shown by the light blue curve in
Figure 6. The horizontal axis is the flux of 10.7 cm solar radiation,
which is a proxy of solar EUV flux. The vertical axis is the altitude of
the  dayside  ionopause.  The  blue  points  represent  the  selected
PVO dayside ionopause data points and red points represent the
VEX dayside  ionopause  data  points.  The  grey  solid  circle  repres-
ents  the  mean  altitude  before  the  orbit  bias  reduction.  The  light
blue  solid  circle  represents  the  altitude  after  reducing  orbit  bias.
We find that the altitude of the dayside ionopause increases with
increasing solar EUV. Fitting a cruve to the data, we derive the fol-
lowing equation for the dayside ionopause altitude as a function

of solar EUV flux:

Hip(km) = 0.0065 × F1.9239
10.7 + 301.2054. (3)

However, we are aware that observations are inadquate in the re-
gion  below  the  VEX  periapsis  during  the  solar  minimum.  Use  of
the P method  can  reduce  only  the  orbital  bias,  but  cannot  solve
the problem of lack of observations. If we consider the data points
in this under-observed region, we have reason to believe that the
curvature should  be  smaller;  also  needing  to  be  taken  into  ac-
count is  that  the  PEB  is  probably  located  higher  than  the  iono-
spheric density fall-off (Han X et al., 2014; Han QQ et al., 2019). For
these  reasons,  the  relationship  obtained  here  from  the  available
observed data probably underestimates the EUV effect on the alti-
tude  of  the  dayside  ionopause.  Nevertheless,  the  relationship
agrees  with the physical  theory:  Since the dayside ionosphere of
Venus is  produced primarily by ionization of its neutral  upper at-
mosphere due to solar EUV radiation,  the EUV variation is  expec-
ted to affect the production rate of ions and further to affect the
morphology of the ionosphere. When the EUV solar flux increases,
the production rate of the ions rises as well, thus the ionospheric
thermal pressure nkT is enhanced.  The altitude at  which the nor-
mal component  of  the  external  solar  wind  pressure  is  approxim-
ately balanced by the ionospheric pressure appears to increase.

4.  Discussion
We  have  combined  PVO  and  VEX  dayside  ionopause  datasets  to
analyze the  EUV  effect,  and  have  found  that  the  dayside  iono-
pause  altitude  of  Venus  increases  with  the  solar  EUV  flux.
However,  due  to  the  difference  in  the  instruments  measuring
ionospheric parameters  carried by PVO and VEX,  different  defini-
tions of  the ionopause are used to analyze the PVO and VEX ob-
servations. Here we discuss the influence on our results of the dif-
ferent ionopause definitions. Since MEX (Mars Express) carries the
Mars  Advanced  Radar  for  Subsurface  and  Ionospheric  Sounding
(MARSIS), which provides electron density profiles via local plasma
oscillations,  and  the  Analyzer  of  Space  Plasmas  and  Energetic
Atoms (ASPERA-3),  which provides  electron energy spectra,  both
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Figure 3.   Distribution of VEX dayside ionopause and periapsis altitude. The red dots represent the dayside ionopause altitude and the blue

curve represents the periapsis altitude. First, the ionopause data points focus just above the periapsis, especially during solar minimum. The VEX

orbits did not cover the whole region where the ionopause distribute, i.e., there should be more data points below the periapsis. Second, the data

points are denser in the lower altitude region which is caused by the uneven orbits distribution.
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the ionopause and the PEB can be identified during each MEX or-

bit. The discrepancy between the ionopause and the PEB on Mars

has  been  investigated  by Han  X  et  al.  (2014).  They  defined  the

ionopause as the altitude at which the electron density first drops

below a given value (of 103 cm–3), and defined the PEB as the loca-

tion  in  the  ionospheric  spectra  at  which  the  characteristic  CO2

peaks vanish. Their approach results in an average altitude of the

PEB that is  about 200 km higher than that of the ionopause,  and

they  suggest  that  the  discrepancy  between  the  ionopause  and

PEB is  a  conseqeunce of  field  disturbances  that  allow photoelec-

trons  to  travel  outside.  The  relationship  between  PEB  and  the

steep  electron  density  gradient  on  Mars  has  been  investigated

also by Han QQ et al.  (2019).  They report that,  although the PEBs

do appear to be located higher than the electron density gradient

boundary,  on  average  when  based  on  all  observations,  the  two

boundaries are nearly collocated when observed on the same or-

bit leg,  suggesting  that  a  possible  explanation  may  be  the  mag-

netic  field  configuration  in  the  Martian  ionosphere.  Considering

that  Venus  and  Mars  have  very  similar  space  environments,  the

Venusian ionopause would be expected to be lower than its PEB,

suggesting that  the  real  curvature  of  the  dayside  ionopause  alti-

tude versus  EUV should be even smaller  than shown in Figure 6.

Therefore, we  conclude  that  the  different  definitions  of  iono-

pause altitude should not qualitatively influence our result, which

is that the dayside ionopause altitude increases with the solar EUV

radiation.

It can be seen that the ionopause altitudes observed by PVO de-

crease  as  SZA  decrease,  while  those  observed  by  VEX  increase.

This  difference  can  be  seen  in Figure  2, Figure  4,  and Figure  5.

These observations are not contradictory. On one hand, the differ-
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ence is related to the sampling problem, since our P method does

not  completely  eliminate  the  orbital  biases.  On  the  other  hand,

the electron density profiles measured by the Venara 9 and 10 ra-

dio occulation experiment near the minimum of sunspot cycle 21

show  that  near  the  terminator  the  ionopause  altitude  decreases

as  the  SZA  increases  (Mahajan  et  al.,  1989). Most  of  our  know-

ledge  about  the  Venusian  ionopause  comes  from  Pioneer  Venus

Orbiter (PVO) observations taken during a solar maximum. When

solar  wind  pressure  is  high  (or  the  ionosphere  is  weak,  as  is  the

case during  solar  minimum),  the  process  responsible  for  forma-

tion  of  the  ionopause  is  entirely  different  from  that  when  solar

wind pressure is low (during solar maximum).

When Psw is high, the diffusion region is compressed, and the con-

centration of the neutral atmosphere is now sufficiently large that

the ionization  produced  by  the  absorbtion  of  EUV  becomes  im-

portant.  Photoionization  replenishes  the  plasma  that  is  carried

away by the solar wind, causing the plasma to be distributed with

the scale height of atomic oxygen. Since the scale height of atom-

ic oxygen is relatively low, one observes only small changes in the

ionopause altitude  as  the  solar  wind  pressure  changes.  The  ab-
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sorption of  EUV  decreases  as  SZA  increases;  thus  the  VEX  meas-
urements of ionopause altitude decrease. This ionopause is called
the photodynamical ionopause and has been investigated based
on  the  radio  occultation  experiment  during  solar  minimum  (Ma-
hajan  et  al.,  1989; Mahajan  and  Mayr,  1989).  Since  the  Mars  and
Venus ionospheres are similar  during high solar  wind conditions,
understanding the Mars ionopause is relevant to the Venus case.

It  is  especially  useful  to  compare  the  EUV-dependence  of  the
ionopause of Venus to that of Mars. Sánchez-Cano et al. (2015) in-
vestigated  the  solar  cycle  effect  on  the  topside  ionosphere  of
Mars. They analyzed the variation of the topside ionosphere elec-
tron  density  within  an  entire  solar  cycle.  They  reported  that  the
topside  ionospheric  density  in  the  period  of  extremely  low  solar
activity  was  smaller  than  in  other  phases  of  the  solar  cycle.  This
agrees with the result of our present study, that the altitude of the
dayside ionopause increases with the solar EUV flux.  However,  in
their study, the ionospheric density at extremely low solar activity
did not show a dependence on EUV flux.  On the other hand, Ed-
berg et al. (2009) analyzed magnetic pileup boundary (MPB) cross-
ings  observed  by  MEX  from  February  2004  to  January  2009,  and
found  that  the  MPB  decreases  linearly  with  increasing  EUV  flux
during the declining phase of the solar cycle and during solar min-
imum.  These  results  suggest  that  solar  wind  interaction  with  an
unmagnetized body  is  complicated.  In  the  near  future,  the  influ-
ence of  magnetic  fields  on the morphology of  ionopause during
one solar cycle should be investigated on both sides of the iono-
pause, to reveal more details of the variablity of ionospheres with
solar activity.

It  is  worthy  of  note  that,  compared  with  VEX  dayside  ionopause
positions,  PVO  dayside  ionopause  positions  are  wider  spread  in
altitude,  as  shown in Figure  6. This  difference is  probably  associ-
ated  with  variation  in  solar  wind  dynamic  pressure.  PVO  dayside

ionopause data used in the present study were collected at solar

maximum  whereas  VEX  data  were  collected  during  almost  one

entire solar  cycle.  The  solar  wind  dynamic  pressure  is  more  vari-

able in solar maximum than at other times in the cycle, especially

than at solar minimum. The location of the ionopause depends on

the  solar  wind  dynamic  pressure  and  ionospheric  pressure  (Luh-

mann  and  Cravens,  1991). The  ionopause  is  controlled  by  pres-

sure balance, thus the altitude of the dayside ionopause is sensit-

ive to  solar  wind  variations.  When  the  solar  wind  dynamic  pres-

sure  is  low,  purely  thermal  ionospheric  pressure  can  balance  the

normal  solar  wind  dynamic  pressure,  so  the  ionopause  forms  at

relatively  high  altitude.  VEX  observations  demonstrate  that  the

ionosphere can significantly expand during an extremely low sol-

ar  wind  dynamic  pressure  event  (Wei  Y  et  al.,  2012).  If  the  solar

wind dynamic pressure is very high, the ionospheric thermal pres-

sure itself  is  insufficient  to  balance  the  solar  wind  dynamic  pres-

sure. In this case, the interplanetary magnetic field (IMF) can per-

meate  into  the  ionosphere,  adding  magnetic  pressure  to  plasma

thermal pressure in the ionosphere to balance the solar wind dy-

namic  pressure.  The  ionopause  may  then  contract  and  reach  a

lower  altitude.  However,  when  the  external  pressure  exceeds

4×108dyne  cm–2,  the  altitude  of  the  ionopause  reaches  a  lower

limit, and it  decreases only a little when the external pressure in-

creases. Mahajan  and  Mayr  (1989) have  depicted  this  saturation

phenomenon, which occurs when the ionopause is driven deeply

into the thermosphere.

5.  Conclusion
We have combined PVO and VEX datasets to analyze the EUV-de-

pendence  of  the  Venusian  dayside  ionopause  altitude,  and  have

found  that  the  dayside  ionopause  altitude  of  Venus  increases

when  the  solar  EUV  flux  increases.  Our  approach  has  yielded  a
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curve  with  a  larger  curvature  than  previously  reported,  because

the  VEX  database  does  not  contain  ionopause  records  below  its

periapsis. We  suggest  that  a  future  Venus  mission  should  con-

sider a global  survey of  the ionosphere,  especially  the lower part

of the ionosphere during solar minimum.
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