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Abstract: Cassini observations over the past ten years have revealed that Titan possesses a chemically complex ionosphere. In this study,
we investigate the relative contributions of different ion species to the total ion escape on Titan, by dividing all ion species probed by the
Cassini Ion Neutral Mass Spectrometer (INMS) into six groups according to their mass-to-charge ratios (M/Z). For the three lightest ion
groups, with characteristic M/Z of 22, 41, and 52 daltons , the observed scale heights tend to be lower than the scale heights predicted by
assuming diffusive equilibrium; for the three heavier groups, observed and predicted scale heights are in general agreement, implying
that most ion escape from Titan is by relatively light species, with M/Z < 60 daltons. A diffusion model is constructed to describe the
density distribution of each ion group in regions where the effect of ionospheric chemistry could be neglected. The data model
comparison predicts an optimal total ion escape rate of 3.1×1024 s–1, of which more than 99% is contributed by relatively light ions with
M/Z < 32 daltons.
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1.  Introduction
The presence  of  a  substantial  ionosphere  on  Titan  was  first  re-
vealed by the Voyager-1 radio occultation measurements (Bird et
al.,  1997).  Multi-instrumental  observations  made  by  the  Cassini
spacecraft during its encounters with Titan further indicated that
the ionosphere on Titan was chemically complex (e.g., Wahlund et
al.,  2005; Cravens  et  al.,  2005, 2006; Vuitton  et  al.,  2007), popu-
lated  mainly  by  HCNH+ and  C2H5

+ but also  with  a  substantial  in-
ventory of other species (Cravens et al., 2006).

Subsequent studies have revealed substantial escape of ions from
Titan.  Based  on  Cassini  Radio  and  Plasma  Wave  Science  (RPWS)
data  acquired  during  the  first  two  Titan  flybys, Wahlund  et  al.
(2005) estimated a total ion escape rate of ~1025 s–1, which is high-
er than the value of ~5×1024 s–1 predicted by global multispecies
Magnetohydrodynamic (MHD) models (e.g., Ma YJ et al., 2006) but
lower  than  the  value  of  ~(1.5–6)×1025 s–1 predicted  by  hybrid
models  (e.g., Sillanpää  et  al.,  2006; Modolo  and  Chanteur,  2008).
By  comparing  the  measured  RPWS  electron  density  distribution
with  that  in  diffusive  equilibrium, Cui  J  et  al.  (2010) obtained  a
comparable total ion escape rate of ~(1.7±0.4)×1025 s–1. For com-
parison, the neutral escape rate of ~1027 s–1, primarily contributed
by  escaping  H2 molecules  (e.g., Cui  J  et  al.,  2008, 2011; Strobel,

2010; Tucker  et  al.,  2013), is  significantly  higher  than  the  ion  es-
cape rate on Titan.

Information on the escape rates of a restricted set of ion species is
also available from Cassini data collected during several individu-
al Titan flybys. Using Cassini Plasma Spectrometer (CAPS) data, Sit-
tler et al. (2010) estimated an ionospheric H+ and H2

+ escape rate
of  ~4×1024 s–1 for  the  T9  flyby.  Investigations  by Coates  et  al.
(2012) based  on  CAPS  data  revealed  both  heavy  (with  mass-to-
charge  ratio, M/Z =  16  and  28  Da  (Dalton))  and  light  (M/Z =  1–2
Da) ion populations streaming into the magnetic tail region of Ti-
tan. These authors estimated the escape rates of ion species with
M/Z = [1–2, 16, and 28] Da to be [0.1, 1.4, and 1.4] × 1024 s–1 for T9,
[0.2, 0.5, and 0.5] × 1024 s–1 for T63, and [0.1, 0.2, and 0.2] × 1024 s–1

for  T75.  Based  on  Cassini  Ion  and  Neutral  Mass  Spectrometer
(INMS)  data  acquired during the  T40  flyby, Westlake  et  al.  (2012)
found  an  extended  distribution  of  CH5

+,  HCNH+,  and  C2H5
+ over

the altitude range from 2225 to 3034 km, and estimated a repres-
entative  ion  outflow  velocity  of  0.8–1.5  km·s–1,  equivalent  to  an
ion  escape  rate  of  ~1024 s–1 for each  of  these  species.  These  au-
thors  suggested  that  the  observed  ions  were  created  below  the
exobase,  followed  by  upward  transport  driven  by  both  thermal
pressure  and  magnetic  pressure.  More  recently, Romanelli  et  al.
(2014) analyzed  the  ionospheric  flux  flowing  away  from  Titan
based on the CAPS measurements made during T17, T19, and T40.
They computed the relative abundances and escape rates of two
main groups of ions with M/Z ranging from 15 to 17 Da and from
28  to  31  Da,  and  obtained  the  respective  ion  escape  rates  of
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(1.1–1.3)  ×  1025 s–1 for  T17,  (0.7–1.2)  ×  1025 s–1 for  T19,  and
(3.2–6.5) × 1024 s–1 for T40. In this study, we investigate further the
relative contributions  of  different  ion  species  to  the  total  ion  es-
cape on Titan in a globally averaged sense, by dividing all the ion
species up to M/Z ~99 Da sampled by the INMS into six groups ac-
cording to their M/Z values.

The  layout  of  the  paper  is  as  follows:  A  brief  description  of  the
INMS  observations  is  presented  in  Section  2.  The  implication  of
these observations is the topic of Section 3 where we use a diffu-
sion model to describe the density distribution of each ion group
and derive the respective escape rate. Finally, we summarize and
discuss our results in Section 4.

2.  Observations
The data used in our analysis relies exclusively on the globally av-
eraged Cassini INMS measurements obtained during 19 close en-
counters  of  Cassini  with  Titan,  known  in  project  parlance  as  T5,
T17, T18, T26, T32, T36, T39, T40, T48, T50, T51, T57, T59, T61, T65,
T71, T83,  T84,  and  T86,  for  which  the  ion  density  data  are  avail-
able  in  the  Open  Source  Ion  (OSI)  mode  (Waite  et  al.,  2004).  The
ion  densities  are  retrieved  based  on  the  algorithm  described  in
Mandt et al. (2012). The electron number densities and temperat-
ures are  obtained  from  the  RPWS  Langmuir  probe  (LP)  measure-
ments also made onboard Cassini (Gurnett et al.,  2004). The geo-
metrical information of the 19 Titan flybys considered here is de-

tailed  in Table  1,  including  the  date  of  observation,  the  latitude
(LAT), the longitude (LON), the solar zenith angle (SZA), as well as
the 10.7 cm solar radio index (F10.7) at 1 AU in solar flux unit (SFU,
10–19 erg·cm–2·s–1·Hz–1),  whereas  LAT,  LON,  and  SZA  refer  to  the
closest  approach  (CA).  The  table  reveals  that  the  Cassini  dataset
used here samples near evenly the dayside and the nightside, the
ramside and the wakeside, as well as the full  latitude range of Ti-
tan,  with  the  maximum  available F10.7 index up  to  140.  Accord-
ingly,  our  sample  represents  reasonably  the  globally  averaged
situation of Titan under low to mid solar activity conditions.

The ion species with M/Z < 100 sampled by the INMS are divided
into  six  ion  groups  (G1–G6)  according  to  their M/Z values, as  lis-
ted in Table 2.  For each group,  we assign a representative group
mass  by  the  respective  median M/Z value,  denoted  as  <M/Z>.
These  masses  are  later  used  to  determine  the  density  scale
heights and escape rates of various ion groups.

The  globally  averaged  ion  density  profiles  for  the  six  ion  groups
measured by the INMS are presented in Figure 1 with distinct col-
ors. As shown in the figure, ion group G1 with a M/Z range of 12 to
31 Da  is  the  most  abundant  population,  with  densities  compar-
able to the electron densities at all altitudes. But it is important to
note that because of the presence of both negative ions and pos-
itive  ions  heavier  than M/Z =  100  Da  (e.g., Wahlund  et  al.,  2009;
Coates  et  al.,  2007, 2009),  the  total  ion  densities  are  not  always
identical  to  the  electron  densities.  For  simplicity,  we  treat  the

Table 1.   Geometry for each flyby in our samplea

Flyby Date LAT LON SZA F10.7

T5 16/04/2005 74°N 271° 127° 84

T17 07/09/2006 23°N 57° 44° 88

T18 23/09/2006 71°N 357° 90° 71

T26 10/03/2007 32°N 358° 149° 70

T32 13/06/2007 84°N 2° 107° 73

T36 02/10/2007 60°S 109° 67° 67

T39 20/12/2007 70°S 177° 61° 70

T40 05/01/2008 12°S 130° 38° 77

T48 05/12/2008 10°S 179° 25° 67

T50 07/02/2009 34°S 306° 136° 69

T51 27/03/2009 30°S 235° 84° 71

T57 22/06/2009 42°S 178° 128° 70

T59 24/07/2009 62°S 179° 112° 71

T61 25/08/2009 20°S 237° 86° 69

T65 12/01/2010 82°S 358° 95° 90

T71 07/07/2010 56°S 303° 82° 77

T83 22/05/2012 73°N 128° 71° 124

T84 07/06/2012 39°N 283° 75° 132

T86 26/09/2012 63°N 201° 47° 140

Notes: aVarious columns, from left to right, give the flyby name, the date of observation, the latitude (LAT), the longitude (LON), and the solar
zenith angle (SZA), all referred to the closest approach (CA), as well as the corresponding 10.7 cm solar radio index at 1 AU in solar flux unit
(SFU, i.e., 10–19 erg·cm–2·s–1·Hz–1).
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most abundant ion group as one single major ion species, and re-

gard the other  five ion groups as  minor ion species.  Clues to the

implications of the INMS density profiles could be gained with the

aid  of  the  momentum  equation  in  the  diffusion  approximation,

neglecting all ionospheric chemical terms. The lower boundary is

placed  at  1250  km  to  ensure  that  the  regions  examined  here  lie

above  the  photochemical  equilibrium  region  (e.g., Ma  YJ  et  al.,

2006; Cui  J  et  al.,  2010),  while  the  upper  boundary  is  placed  at

1500 km to ensure that  accurate density  determination could be

achieved for each of the ion groups listed in Table 1 (e.g., Cui J et

al.,  2009, 2010; Mandt  et  al.,  2012).  Note  that  although  the  ions

lighter than M/Z = 40 Da manifest as two separate ion groups in a

typical  INMS ion mass spectrum and were divided into two mass

groups by Ma YJ et al.  (2006),  in this study we do not distinguish

between  these  two  groups,  which  greatly  simplifies  the  analysis

presented below.

3.  Species-Dependent Ion Escape
In  the  diffusion  approximation,  the  momentum  equation  in  the

vertical direction  for  the  major  ions  and  electrons  in  Titan’s  par-

tially ionized atmosphere can be expressed as (Schunk and Nagy,

2009)

∇pi−nieE−nimiG = nimiνin (un−ui) , (1)

∇pe+neeE = 0, (2)

E
G ui un

νin

where pi, ni, and mi are the pressure, number density, and mass of
the  major  ion  species i, pe and ne are  the  pressure  and  number
density  of  electrons, e is  the  electron  charge,  is  the  ambipolar
electric field,  is the local gravity,  and  are the major ion and
neutral drift velocities, and  is the ion-neutral momentum trans-
fer  collision  frequency.  For  the  minor  ion  species l,  the  Coulomb
collisions with the major ion species i should also be considered in
the momentum equation, written as (Schunk and Nagy, 2009)

∇pl−nleE−nlmlG = nlml [νln (un−ul)+ νli (ui−ul)] , (3)

where νli is  the  ion-ion  momentum  transfer  collision  frequency.

The stress  tensor  term is  neglected in  the  momentum equations

because it is significantly smaller than the plasma pressure gradi-

Table 2.   Six ion groups divided according to their M/Z values and their escape rates

Ion group <M/Z> M/Z Typical speciesa Escape rate (s–1)

G1 22 12–31 CH3+, CH4+, CH5+, NH4+, HCNH+, C2H5+, CH2NH2+ 3.1×1024

G2 41 36–45 CHCN+, C3H3+, C3H4+, C3H5+, CH3CNH+, C3H7+ 1.7×1022

G3 52 49–57 C4H3+, HC3NH+, C4H5+, C2H3CNH+, C4H7+, C2H5CNH+ 3.4×1021

G4 66 61–69 C5H5+, C4H3NH+, C5H7+, C4H5NH+, C5H9+ D. E.b

G5 79 73–80 C6H3+, HC5NH+, C6H5+, C5H3NH+, C6H7+, C5H5NH+ D. E.

G6 91 84–94 C7H5+, C6H3NH+, C7H7+, C6H5NH+, C7H9+, C6H7NH+ D. E.

Notes: aA more detailed list of Titan’s ionospheric species can be found in Table 2 of Vuitton et al. (2007). bD. E. stands for diffusive equilibrium.
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Figure 1.   The INMS density profiles of the six ion groups (small colored dots) with M/Z < 100 divided according to their M/Z values (see Table 1

for details) sampled during the 19 Titan flybys considered in this study, as well as the respective electron density profile (black triangles) extracted

from the RPWS LP measurements. The solid lines show the globally averaged profiles with a vertical resolution of 20 km.
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ent and gravitational terms (e.g., Schunk and Nagy, 2009; Cui J et
al.,  2010). In addition,  all  terms in the electron momentum equa-
tion  that  are  proportional  to  the  electron  mass  have  been
dropped  out  owing  to  the  small  electron  mass.  The  vertical  drift
velocity of  the  neutral  background gas  is  also  neglected for  sim-
plicity (e.g., Müller-Wodarg et al., 2008). Finally, in the globally av-
eraged  sense,  the  magnetic  pressure  term  is  also  much  smaller
than both the thermal plasma pressure term and the gravitational
term by  two  orders  of  magnitude  over  the  altitude  range  con-
sidered here (see their  Fig.  2).  Therefore,  we ignore for  simplicity
the  contribution  of  the  ambient  magnetic  field  in  this  study.
However, we caution that on the nightside of Titan, the magnetic
pressure  force  is  likely  important,  as  noted  by Cui  J  et  al.  (2010)
and Cravens et al. (2010). Since ion escape is stronger on the day-
side as compared to the nightside, such an approximation should
not influence our derived ion escape rates.

Following Schunk  and  Nagy  (2009),  the  ion-neutral  momentum
transfer collision frequency can be calculated with

νin = 2.21π
nnmn

mi+mn

√
γne2

µin
, (4)

µin = mimn/ (mi+mn)

where nn and mn are  the  neutral  number  density  and  molecular
mass, γn is  the  neutral  gas  polarizability,  and μin is  the  reduced
mass  defined  as .  The  ion-ion  momentum

transfer collision frequency is obtained with

νli = 1.27
Z2

l Z2
i M1/2

li

Ml

ni

T 3/2
i

, (5)

where Zl and Zi are  the  ion  charge  numbers, Mli is  the  reduced
mass in Dalton, Ml is the minor ion mass in Dalton, and Ti is the ion
temperature assumed to be common for all ion species.

HDE =
2kbTi

mig
HDE =

kbTi

(ml−mi/2)g

The INMS ion density  scale heights  at  1250–1500 km, along with

uncertainties,  are  displayed by the open squares  in Figure 2 as  a

function of the ion group mass. To interpret the observations, we

start with the assumption that all species of Titan’s ionosphere are

under  D.  E.,  predicting  the  ion  density  scale  height  to  be

 for the major ion species i and 

for each of the minor ion species l, where kb is the Boltzmann con-

stant (Schunk and Nagy, 2009). The ion density scale height under

D. E. as a function of mass is displayed in Figure 2 for two repres-

entative  ion  temperatures  of  250  K  (red)  and 150 K  (blue).  These

values essentially encompass the ion temperature measurements

made by the Cassini CAPS Ion Beam Sensor (IBS) at altitudes of our

interest  (Crary  et  al.,  2009).  For  the  ion  temperature  of  250  K,

Figure 2 reveals  that  the scale heights under D.  E.  for  ion groups

lighter than  60  Da  are  substantially  higher  than  the  correspond-

ing  INMS  scale  heights,  indicating  that  the  three  lightest  ion

groups G1–G3  experience  considerable  escape  on  Titan.  In  con-

trast,  the  agreement  between  the  observed  and  predicted  scale

heights  within  measurement  uncertainties  for  ion  groups  G4–G6

implies that relatively heavy ions are approximately under D. E. in

the globally  averaged sense.  For  the reduced ion temperature of

150  K,  only  the  lightest  ion  group  G1  suffers  significant  escape,

whereas the data suggest a net inflow of ions heavier than 30 Da.

Such  a  scenario  is  clearly  unrealistic  since  no  external  sources  of

such heavy ions can be identified in the Saturnian system and the

local  production  of  heavy  ions  in  Titan’s  upper  atmosphere  is

mainly at altitudes below 1250 km (e.g., Vuitton et al., 2007; De La

Haye et  al.,  2007), the lower boundary of  the altitude range con-

sidered in this study.

Adopting a common ion temperature of 250 K and a median elec-
tron temperature of 1000 K based on the RPWS LP measurements
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Figure 2.   Comparison between the INMS scale heights (open squares) and the predicted scale heights under D. E. (open circles, red for an ion

temperature of 250 K and blue for an ion temperature of 150 K) for the six ion groups investigated here.
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at altitudes of our interest, equations (1) and (2) are combined to
remove the electric field term which is then used to calculate the
INMS ion density profile for G1 as a pseudo major ion species. The
respective  ion  escape  rate  is  treated  as  a  free  parameter  in  the
data model comparison. The best-fit  model profile is  shown with
the red line in Figure 3, giving an optimal ion escape rate of (3.1 ±
0.3) × 1024 s–1.  For comparison, we show the D. E. solution for G1
with the dash-dotted line in the same figure. In general, the INMS
data can be well reproduced by the simplified diffusion model ex-
cept for the 50 km altitude range right above the lower boundary,
as  indicated  by  the  red  dashed  line  in  the  figure,  which  reflects
model overestimate, presumably due to the neglect of chemistry
for relatively light ion species approaching 1250 km. Existing stud-
ies reveal that the G1 ions such as CH5

+,  C2H5
+,  and HCNH+ suffer

significant chemical  loss  both from reactions with ambient  neut-
rals and from dissociative recombination with ambient electrons;
with  heavier  ions  (see  below),  the  latter  mechanism  is  dominant
(e.g., Vuitton  et  al.,  2007).  We  suggest  that  the  disagreement
between  data  and  model  for  G1  approaching  1250  km  is  due  to
chemical  processes  occuring  below  that  altitude  that  cannot  be
neglected.  For  instance, Cravens et  al.  (2009) showed that  below
1300 km (see their Fig. 6) the chemical lifetimes of several species
in the ion group G1, such as N2

+, CH5
+, C2H5

+, and HCNH+, are less
than the vertical and horizontal transport time.

Obtained in a similar manner, the best-fit diffusion models for ion
mass  groups  G2  and  G3  are  shown  with  the  red  solid  lines  in
Figures 4a and 4b, respectively, giving optimal escape rates of (1.7
± 0.1) × 1022 s–1 for G2, and (3.4 ± 0.1) × 1021 s–1 for G3. The corres-
ponding D. E. solutions are also shown with dash-dotted lines for
comparison.  The  model  fits  observed  data  (not  shown  here)  for
the other ion mass groups—G4, G5, and G6, which are under D. E.,

as implied by Figure 2. Figure 4 also demonstrates that the diffu-
sion model  reasonably describes the INMS observations over the
whole altitude range above 1250 km encountered here, thus val-
idating  our  assumption  of  insignificant  influence  of  ionospheric
chemistry.

By adding together the derived escape rates for all ion groups, we
obtain  a  total  ion  escape  rate  of  3.1  ×  1024 s–1.  According  to  our
model results,  relatively light ions with M/Z < 32 daltons account
for more than 99% of total  ion escape on Titan, with the remain-
ing less than 1% supplied by the escape of heavier ions. A total ion
mass escape rate of 114.8 g·s–1 is predicted from these results,  of
which  only  1.2  g·s–1 is  attributed  to  ions  with  M/Z  from  36  to  45
Da, and 0.3 g·s–1 is attributed to ions with M/Z from 49 to 57 Da.

4.  Concluding Remarks and Discussions
In this study, we investigate the relative contributions of different
ion species to the total ion escape on Titan, by dividing all the ion
species probed by the INMS into six groups according to their M/Z
values.  As  compared  to  the  observed  density  scale  heights,  the
scale heights predicted by assuming D. E.  are substantially great-
er  for  ion  mass  groups  G1–G3  but  in  general  agreement  within
measurement  uncertainties  for  heavier  groups  G4–G6,  implying
that escaping ions on Titan are almost entirely contributed by rel-
atively  light  species  with M/Z <  60  daltons.  We  also  construct  a
simplified  diffusion  model  neglecting  the  effect  of  ionospheric
chemistry, which is compared with the INMS data to constrain the
ion  escape  rates  for  G1,  G2,  and  G3.  An  optimal  total  ion  escape
rate of 3.1 × 1024 s–1 is obtained, of which more than 99% is con-
tributed  by  G1.  The  corresponding  total  ion  mass  escape  rate  is
114.8 g·s–1.

1500

1450

1400

1350

1300

A
lt

it
u
d
e 

(k
m

)

102 103

Density (cm−3)

INMS data (G1)

L=3.1×1024 s−1

L=3.1×1024 s−1

L=0 (D.E.)

1250
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The ion escape rate given above is comparable to the result of 1.2

×  1024 s–1 inferred  from  Voyager  1  observations  (Gurnett  et  al.,

1982) and the result of ~(3–5) × 1024 s–1 predicted by MHD mod-

els (Ma YJ et al., 2006). However, our value is lower by an order of

magnitude  than  the  ion  escape  rate  of  ~1025 s–1 estimated  by

Wahlund et al. (2005) and Cui J et al. (2010) based on the electron

distribution measured by the Cassini RPWS LP instrument, as well

as the ion escape rate of 6 × 1025 s–1 predicted by the hybrid mod-

el calculations of Modolo and Chanteur (2008). Meanwhile, the hy-

brid simulation of Ledvina and Brecht (2012) incorporating negat-

ive ions in Titan's ionosphere (Coates et al., 2007, 2009) predicted

a reduced loss rate by (5–20)% for light ions and an enhanced loss

rate of (23–50)% for heavy ions, as compared to our results.

In this study, we adopt a constant electron temperature of 1000 K

to  simplify  the  calculations,  but  in  reality,  available  RPWS/LP

measurements  reveal  an  increase  in  electron  temperature  from

1250  km  to  1500  km  (e.g., Wahlund  et  al.,  2005; Edberg  et  al.,

2010). To evaluate the impact of  the adopted electron temperat-

ure  on  the  modeling  result,  we  calculate  the  escape  rates  with

three representative electron temperature values of 800 K, 1000 K,

and  1200  K;  the  computed  escape  rates  are  [2.5,  3.1,  and  3.9]  ×

1024 s–1 for ion group G1, [1.6, 1.7, and 1.8] × 1022 s–1 for ion group

G2, and [3.3, 3.4, and 3.5] × 1021 s–1 for ion group G3. These values

imply that  the uncertainty created by our adopted electron tem-

perature  has  negligible  effect  on  the  computed  escape  rates  of

the  heavier  ion  groups  and  only  modestly  affects  the  computed

escape rate of  G1 ions.  The above distinction is  clearly  related to

the dependence of the ambipolar electric field force on the elec-

tron temperature, and such a force is important only for relatively

light ion species.

Momentum equations (1)–(3) are valid provided that the ion out-

flow is  subsonic.  Using the derived ion escape rates,  the ion drift

velocity for each ion group could be estimated to be ~(0.03–0.23)

km·s–1 for G1, ~(0.002–0.04) km·s–1 for G2, and ~(0.002–0.1) km·s–1

for  G3,  all  referred  to  the  altitude  range  of  1250–1500  km.  For

comparison, the respective ion acoustic velocity ranges from 0.30

km·s–1 for G1 to 0.20 km·s–1 for G3. Therefore, the ion outflow in-
deed remains subsonic, validating use of the diffusion approxima-
tion in our calculations.

Our calculations indicate that the major and minor ions in Titan's
ionosphere are  accelerated  upward  by  both  the  pressure  gradi-
ent and the ambipolar electric field resulting from the separation
between electrons and ions due to their  mass  difference (Coates
et  al.,  2007).  In  addition,  the  major  ions  tend  to  drag  the  minor
ions along with them via Coulomb interactions as they diffuse up-
ward in response to the pressure gradient and the ambipolar field,
as indicated by equation (3).  Consequently,  the relatively heavier
minor  ions  belonging  to  groups  G2  and  G3  present  an  upward
flow  despite  the  fact  that  strong  gravitational  forces  impede  the
motion of these ions.

Similar ion escape rates of (1024–1025) s–1 on other terrestrial plan-
ets such as Venus and Mars,  despite great  differences in their  at-
mospheric/ionospheric properties and surrounding plasma envir-
onments, have been addressed in various studies (see Brain et al.,
2016,  and  references  therein).  However,  unlike  Titan,  on  which  a
range  of  ion  species  experience  significant  escape,  only  one  or
two  species  dominate  ion  escape  on  both  Mars  (O+)  and  Venus
(O+,  H+)  (Lundin,  2011). Detailed comparison of individual ion es-
cape processes for these objects without global magnetic fields is
required to address properly the coincidence in the ion loss rate.
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