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During the final three of the five consecutive and similar Cassini Titan flybys T55-T59 we observe a
region characterized by high plasma densities (electron densities of 1-8 cm~3) in the tail/nightside of
Titan. This region is observed progressively farther downtail from pass to pass and is interpreted as a
plume of ionospheric plasma escaping Titan, which appears steady in both location and time. The ions
in this plasma plume are moving in the direction away from Titan and are a mixture of both light and
heavy ions with composition revealing that their origin are in Titan’s ionosphere, while the electrons
are more isotropically distributed. Magnetic field measurements indicate the presence of a current
sheet at the inner edge of this region. We discuss the mechanisms behind this outflow, and suggest that
it could be caused by ambipolar diffusion, magnetic moment pumping or dispersive Alfvén waves.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

All atmospheres in the solar system are slowly but continu-
ously being eroded and lost into space. This has been observed
through satellite measurements at Mars, Venus as well as at Titan
(e.g., Lundin et al., 1989; Barabash et al., 2007; Wahlund et al.,
2005). The rate of this atmospheric loss and the physical mechan-
isms that control it have been studied extensively. The loss rate

at Mars and Venus have been measured to be of the order of
10%4-102° particles per second and initial estimates at Titan are of
the same orders of magnitude (Wahlund et al., 2005; Modolo
et al., 2007). For the case of unmagnetized bodies the ionospheric
plasma is being scavenged by the external flowing plasma and is
transported away down the induced magnetospheric tail.

In this paper we report on a set of observations from Cassini at
Titan, which show that the escape of ionospheric plasma from
Titan can be very structured in location and that it indeed is a
continuous process.

The early Voyager 1 measurements in 1982 showed that Titan
had enough of an atmosphere that could be ionized such that an
appreciable ionosphere could form around the moon, as was detected
through radio occultation measurements (Bird et al., 1997). Prior to
the observational evidence of the existence of an ionosphere it had
been shown that an induced magnetosphere was formed around
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the moon as it interacted with the co-rotating plasma of Saturn
(Ness et al,, 1982; Neubauer et al., 1984).

After Cassini arrived at the Saturn system in 2004 and through
the multitude of passes by Titan, knowledge of Titan’s plasma
environment has grown significantly. Backes et al. (2005) pre-
sented magnetic field measurements from the first Titan flyby
(TA) which showed that Titan did not possess a strong intrinsic
magnetic field. Hence Saturn’s plasma interacts directly with the
ionosphere of the moon. This interaction ideally leads to a
characteristic pileup of Saturn’s magnetic field around Titan
(Bertucci et al., 2009) and the formation of a magnetospheric tail
with a dual-lobe structure downstream of Titan (Neubauer et al.,
2006). Using data from the first two passes by Titan Wahlund
et al. (2005) presented measurements of the cold plasma envir-
onment of the moon. Saturn’s dynamic plasma environment was
shown to affect the structure of Titan’s plasma environment and
initial atmospheric escape rates of ~10% s—! were presented.
Categorization of each flyby by ambient plasma properties
(Rymer et al., 2009) and by ambient magnetic field properties
(Simon et al., 2010) have shown that Titan is truly situated in a
dynamic space environment.

Photoionization was shown to be the main ionospheric ioniz-
ing process (Agren et al., 2009), but impacting magnetospheric
particles from Saturn also contribute, especially to the production
of the night side ionosphere (e.g., Cravens et al., 2005, 2008, 2009;
Agren et al., 2007; Galand et al., 2010). Plasma transport from the
dayside to the nightside has also been suggested as a possible
contributor to the ionosphere (Cui et al., 2009, 2010). The
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structure of the ionosphere was studied by Kliore et al. (2008)
through radio occultation measurements from Cassini and was
found to be variable and with a main peak at an altitude of
1200 km. Larger statistical studies using Langmuir probe mea-
surements confirm this (Edberg et al., 2010a), and have also
shown that it varies with solar illumination angle and upstream
magnetospheric conditions (Agren et al., 2009). Agren et al. (in
press) presented the first detections of ionospheric currents and
associated electric fields in Titan’s ionosphere during three
Cassini passes, indicating that electrodynamic processes are
occurring.

Cassini measurements have shown the presence of complex
chemistry in the ionosphere. Cravens et al. (2006) showed that
the most abundant species in the ionosphere are HCNH" and
CoHs . A wealth of additional species, mostly organic molecules,
are also present (Waite et al., 2005). The detection of heavy
(> 100 amu) ions (positive and negative) adds to the chemical
complexity in the upper atmosphere (Coates et al., 2007a, 2009;
Wiaite et al., 2007; Wahlund et al., 2009; Vuitton et al., 2009;
Crary et al., 2009).

In addition to new observational findings there have been
many attempts to model the ionosphere and its interaction with
the Saturnian plasma. Pre-Cassini, (Ip, 1990; Keller et al., 1992,
1998; Galand et al., 1999) made early attempts to model Titan’s
ionospheric structure, composition and variability. Post-arrival of
Cassini, several models of Titan’s ionosphere have been produced
(e.g., Cravens et al., 2005, 2009; Vuitton et al., 2007; Robertson
et al., 2009). Furthermore, there have been numerous attempts to
try to model and simulate the ionosphere’s interaction with the
co-rotating plasma of Saturn. Ma et al. (2006, 2007, 2009) used a
MHD code to simulate this interaction while Sillanpdd et al.
(2006, 2007), Simon et al. (2006, 2007), and Modolo et al.
(2007) used hybrid simulation codes. Despite detailed differences,
all models are fairly good at reproducing the general features of
Titan’s global plasma environment and its interaction with
Saturn’s co-rotating plasma.

In this paper we will study the structure of the outflow of this
ionospheric plasma from Titan. Using five similar Titan flybys, i.e.
T55-T59, which systematically and gradually change the flyby
trajectory from pass to pass, we are able to study where plasma
escape occurs in the tail region of Titan. We will also provide
some suggestions for which mechanisms control the ionospheric
plasma escape.

This paper is structured as follows. In Section 2 we introduce
the instruments used, while in Section 3 we describe the orbit
geometry of the Titan flybys. In Section 4 we present the
observational findings, and in Section 5 we summarize and
discuss the results.

2. Instrumentation

The Cassini spacecraft carries three instruments which have
been used in this study and which will be described in this section.

2.1. Radio and plasma wave science

The Radio and Plasma Wave Science (RPWS) investigation
includes three orthogonal search coil magnetic antennas, three
orthogonal electric field antennas and a Langmuir probe (LP)
(Gurnett et al., 2004; Wahlund et al., 2005) out of which we use
the LP and electric field antennas.

The Langmuir probe consists of a spherical shell, with a
diameter of 5cm, fastened to a stub, which is situated on a
1.5m boom mounted on the spacecraft bus. It is a versatile
instrument with different operating modes. Here, we will only

use measurements from when the probe is in the so-called
‘sweep’ mode. In this mode the voltage which is fed to the probe
sweeps from —4 to +4 V in 512 steps (or from —32 to +32V in
1024 steps), and the current, drawn from electrons and ions in the
plasma, is collected. Normally, the probe sweeps in the shorter
voltage range when the closest approach of a Titan flyby reaches
below 1400 km. A sweep is carried out every 24 s. From the
characteristic current-voltage curve the electron density, n,; the
electron temperature, T.; and the floating potential of the probe,
Ugioar can be determined. The floating potential measured at the
probe also gives a measure of the spacecraft potential Usc
through the relation

Us/c—Upoae = cUs ce~%r/*, M

where d;p=1.5 m is the distance from the probe to the spacecraft
bus, Ap is the Debye length of the ambient plasma, and c~5/6 is a
constant. The electron density and temperature estimates are
based on a theoretical fit to the current-voltage curve which takes
into account up to three electron populations, and is based on a
three-electron and one drifting ion component orbit motion
limited (OML) theory (Mott-Smith and Langmuir, 1926; Medicus,
1962; Whipple, 1965; Fahleson et al., 1974). One electron popula-
tion consists of the spacecraft photoelectrons, while the others are
the ionospheric electrons, which are of central interest here. The
electron current sampled by the probe in the OML approximation
for one electron population and positive voltages is

le =1Ie0(1 _Xe)v 2)
where
kgTe.
Iog — 3
e0 = Apneqe ane ( )
is the random current, A;p is the probe area, and
_ qe(Upigs +U1)
e — kBTe (4)

where kg is Boltzmann’s constant, m, the electron mass, g, the
electron charge, Upis the applied voltage, and U; the characteristic
potential of the electron population (equal to the floating potential
Ugoar for the photoelectron population). When the plasma density
falls below ~ 5 cm—3, the floating potential can be used as a proxy
for the electron density. Morooka et al. (2009) showed that the
floating potential was related to the electron density, as measured
by the electron spectrometer instrument (ELS), through an expo-
nential function. The average ion mass m;, the ion density n;, and
the ion bulk speed v; can also be determined under certain
conditions, but as those parameters will not be used in this paper,
we will not describe those considerations here.

In a dense plasma (above ~ 1 cm~3) the RPWS electric anten-
nas can also detect electric field emissions at the upper hybrid
resonance frequency

Jon = /f}+12, 5)

where f, =1/2m\/n.q2/meey is the electron plasma frequency,
fe =q.B/m. the electron cyclotron frequency, & the permittivity
of free space, and B the magnetic field strength. Since f, > f; in the
situations discussed here, it follows that fyy~f, =8980./n,
which means that from observations of the upper hybrid fre-
quency the local electron density can be calculated indepen-
dently, and can be compared to the density measured by the LP.

2.2. Cassini particle spectrometer

The ELS instrument, which is part of the Cassini Particle
Spectrometer (CAPS) package, measures electrons in the energy
range 0.6-28 keV with an energy resolution AE/E =0.17, a field of
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view of 5.2° x 160° (eight elevation sectors of 20° each) and a time
resolution of 2 s (Young et al., 2004). In this paper we present the
ELS measurements as differential energy flux (DEF) averaged over
all anodes. The CAPS package also includes an ion mass spectro-
meter (IMS) from which we have retrieved some preliminary
information on ion composition to support the results in
this paper.

2.3. Magnetometer

The Cassini Magnetic field experiment (MAG) consists of a
fluxgate sensor (FGM) which is mounted on a boom 5.5 m away
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from the spacecraft bus. It is capable of measuring vector magnetic
fields at a rate of 2 Hz (Dougherty et al., 2004). In this paper we will
use 1 s averaged FGM vector magnetic field measurements.

2.4. Coordinate system

The magnetic field vector components, as well as Cassini’s
position throughout the paper, are presented in the Titan inter-
action coordinate system (TIIS) where the x axis is directed along
the co-rotation direction of Saturn’s magnetospheric plasma, the y
axis is directed toward Saturn and the z axis completes the right
handed system.
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Fig. 1. (Top) The flyby configuration in three planes in the TIIS system. The red thin lines show the trajectory of Cassini for the T55-T59 flybys while the thick red lines on
top of the T55 and T56 tracks indicate the region of an extended ionosphere. The thick red lines on top of the T57, T58 and T59 tracks indicate the interval when the density
plume is observed (see Figs. 4-6). For orientation purposes the gray lines indicate the shape of an approximate induced magnetospheric boundary and the black lines
indicate the eclipse region, i.e. the region in shadow of Titan. The blue lines show the average components of the magnetic field for each flyby. The components are (by, by,
b,)=(-1.03,1.67, —1.21),(-0.92, 2.61, —1.36), (—0.02, 2.01, —2.32), (1.88, 4.15,0.28) and (1.17, 2.54, —1.68) nT. (Bottom) The position of Titan relative to Saturn during
the T55-T59 flybys shown as red circles. All flybys took place at around 22 h Saturn local time. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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3. Flyby geometry

To date, more than 70 Titan flybys have been carried out by
Cassini. They have taken place at a large range of Saturn local
times and have mapped a large fraction of the near-Titan space
such that most flyby configurations differ from the others. The
T55-T59 flybys are, however, unique in the sense that their flyby
geometries are similar from pass to pass, except for a gradual
decrease in the latitude of closest approach and for a gradual
change in inclination. Hence, the T55-T59 flybys enable systema-
tic studies of Titan’s plasma environment. The T60 flyby also
followed the same trend, but no RPWS, ELS or MAG data were
gathered during that pass so it is omitted from this study.

The upper panel of Fig. 1 shows the trajectory of Cassini during
the T55-T59 flybys projected onto the x-y, x—z, and y-z planes, in the
TIIS coordinate system, while the lower panel shows the location of
Titan relative to Saturn during these flybys. All five flybys occurred
at 22 h Saturn local time such that the ideal direction of the
co-rotational flow and the anti-sunward direction are separated by
60°, meaning that the eclipse region, i.e. the region shadowed by
Titan, and the co-rotation wake are far from coincident. Cassini
approached Titan from the wake and nightside during each pass
and had its closest approaches at latitudes —22° (T55), —32° (T56),
—42° (T57), —52° (T58), and —62° (T59). The T55 flyby had the
highest inclination while the T59 flyby had the lowest.

-
-

107 i iy

In Fig. 1 the average magnetic field vectors for each flyby are
also shown projected onto the three planes, which will be
discussed further below. The averages are calculated over
30 min prior to each flyby. On top of the spacecraft trajectories
are three intervals highlighted by thick red lines. These intervals
mark the position where plasma escaping from Titan was
observed. These observations, which are the prime focus of this
paper, will be described in detail in the following section.

4. Observations

Figs. 2-6 show time series of combined RPWS, MAG, and ELS
data during the five Titan flybys T55-T59. The top four panels in
each plot show RPWS measurements of the cold plasma, while
the lowest two panels show vector magnetic field data and
ELS-measured DEF spectrograms. Each figure shows exactly 2 h
of data centered at closest approach in order to simplify the
comparison between the five flybys.

During the T55 flyby (Fig. 2) Cassini is in Saturn’s magnetosphere
from the beginning of the time series at 20:30 UT until 21:00 UT,
when the electron density starts to increase, indicating an entry into
the nightside exo-ionosphere of Titan at an altitude of ~ 7000 km.
The density increases gradually until 21:20 UT when the ionosphere
proper is entered. From 21:10 to 21:20 UT Cassini is in Titan’s
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Fig. 2. Cassini RPWS, MAG, and ELS data from the T55 flyby shown as a time series. The panels show from top to bottom: the LP voltage-current characteristics,
LP measured electron density (blue) together with the density derived from the upper hybrid frequency line as measured by the RPWS electric antennas (red), LP electron
temperature, LP floating potential (cyan) and LP spacecraft potential (blue), MAG vector magnetic fields in TIIS coordinates, and an ELS electron spectrogram.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shadow. Surprisingly perhaps, the density does not decrease in this
region, which is a first indication of that ionospheric plasma from
Titan is escaping through the wake/night region. The temperature
increases significantly in this region indicating the presence of
heating mechanisms, while the spacecraft potential becomes very
negative due to lack of a balancing photoelectron current from the
spacecraft. The ionosphere proper is sampled for 15 min, from 21:20
until 21:35 UT, during which time the ionospheric peak altitude of
~ 1100 km is crossed twice. When the electron density increases in
the ionosphere, the electron temperature decreases as described by
Edberg et al. (2010a). The spacecraft potential stays negative at a
constant value of —0.7 V during the ionospheric pass, and the low
energy electrons are then not visible in the ELS electron spectrogram.
The significant increase in flux values between energies 10 and
500 eV in the ELS data at around closest approach (21:26 UT) are
detections of negative ions as discussed for the T55-T59 flybys by
Coates et al. (2010). After 21:32 UT a sharp drop in the density is
observed as Cassini quickly exits Titan’s ionosphere and enters the
outer plasma environment of the moon. The ionospheric plasma is
very asymmetrically distributed around Titan, with an extended
ionospheric tail on the nightside. This is indicated by a thick red line
on top of the trajectory line in Fig. 1. Cassini leaves Titan’s ionosphere
on the ram side of Titan where a magnetic pile-up region is observed
and the magnetic field gradually decreases until 21:55 UT.

When the density is less than ~5 cm~3, i.e. before 21:10 UT
and in the interval after 21:35 UT, the density is obtained through
the LP density proxy (see Section 2). When the density proxy is
used it is implied that the electron temperature cannot be readily
estimated from the sweep data. Note also that it is not possible to

obtain the density from the LP sweep data in the eclipse region
due to the strong shift in spacecraft potential. Instead, the
voltage-current fit is calibrated to the density obtained through
the upper hybrid resonance frequency (Eq. (5)) such that the
electron temperature and spacecraft potential can be estimated
from the LP sweeps. The electron temperature values and the
spacecraft potential values are therefore more uncertain in the
eclipse region. The ELS measured low energy electrons do,
however, disappear when the eclipse region is entered indicating
that the spacecraft potential indeed goes strongly negative.

The data gathered during the following flyby, T56 (Fig. 3),
show the same general trend in the data as in the T55 pass.
Cassini approaches Titan from the wake side, goes into a slightly
longer eclipse than during the previous pass since the trajectory
has changed somewhat and is slightly less inclined, before
traversing the ionosphere and finally leaving the Titan environ-
ment on the ram side. Again, ionospheric plasma is observed to be
extended downstream on the wake side in the interval 19:35-
19:55 UT which is indicated by a red line in Fig. 1. During the
following three Titan passes, T57, T58 and T59, the observations
follow the same trend, but with crucial differences.

The difference during the T57-T59 passes (Figs. 4-6), that is of
particular interest in this paper, is that an isolated high density
plasma region, consisting of detached cold ionospheric plasma, is
observed in the tail region of Titan. This is seen progressively
farther back in the tail during each flyby. For T57, an enhanced
density region with a peak density of ~ 8 cm~3 is observed in the
RPWS data in the interval 18:05-18:15 UT, in the altitude range
4500-7500 km. The RPWS measurements are supported by the
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ELS electron measurements, which show a coincident increase in
the DEF during the same interval for energies below 10 eV. The
MAG measurements show that the magnetic field undergoes a
change in direction at the end of this interval, at ~18:12 UT,
indicating the presence of a current sheet. The position of this
density increase interval is marked by a thick red line on top of
the T57 trajectory line in the geometry plot of Fig. 1.

During the following pass, T58, a similar density increase is
observed in the LP density data at 16:20-16:32 UT, in the altitude
range 8000-13000 km. This time the density increase is observed
even farther back in the tail than during the previous pass as can
be seen in Fig. 1. The ELS flux measurements do not indicate any
increased low energy fluxes, as during the previous pass. The
MAG measurements do, however, reveal a major rotation of the
magnetic field, again at the inner edge of the density region,
which again indicates the presence of a current sheet.

Finally, during the T59 flyby, the density increase is observed
for a third consecutive pass in the interval 14:40-15:00 UT
in Fig. 6. These observations take place in the altitude range
9000-15 000 km. The ELS low energy fluxes are now again
coincidentally increasing, while the MAG measurements show
only relatively weak magnetic field fluctuations.

5. Discussion and summary
In Fig. 7 we show the five altitude profiles of the measured

electron densities during T55-T59. During the final three of the five
consecutive and similar flybys, the high density (~1-8 cm~3)

plasma region observed downstream of Titan is marked by shaded
regions. This tail-like structure is observed progressively farther
away from Titan from pass to pass. We interpret these observations
as evidence that cold ionospheric plasma is escaping Titan and is
being transported downstream in a spatially limited escape plume.
CAPS/IMS ion measurements (not shown) indicate that the ions in
this region are coming from Titan, most likely in a magnetic flux
tube connected to Titan’s ionosphere, while the electrons seem to be
isotropically distributed. The very structured way in which the
density increase is observed indicates that Cassini is traversing the
same quasi-stationary high density region during all flybys but at
different distances from Titan. It is less likely that the density
increases are sporadically detached plasma clouds, which happen
to be situated at the location of Cassini during three consecutive
flybys. Preliminary ion composition measurements from CAPS/IMS
reveal that the ions in this high-density region are both light and
heavy species with a composition indicating that their origin are
in Titan's ionosphere (Ronan Modolo, private communication). Obser-
vations of cold ionospheric plasma in the far tail region were also
reported from the T9 flyby of Titan (Coates et al., 2007b; Modolo
et al., 2007; Szego et al., 2007; Wei et al., 2007), but the observed
morphology here differs from that.

It is also worth mentioning that high density plasma regions
have been observed downstream of the other unmagnetized
objects, Venus and Mars, but with some differences in appear-
ance. At Venus, plasma ‘clouds’ have been observed as a regular
phenomena in the nightside, (Brace et al., 1982; Brace and Kliore,
1991). These do not appear as a steady plume like the findings
reported here but rather as sporadic events. Ong et al. (1991)
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related the plasma ‘clouds’ to changes in the orientation of the
interplanetary magnetic field, which drapes around the planet,
during solar wind sector boundary crossings. That situation is not
likely to be occurring here since Saturn’s dipole field does not
change polarity like the solar wind. At Mars, Brain et al. (2010)
reported observations of intermittently escaping bulk ionospheric
plasma. This bulk removal occurred when the streaming solar
wind plasma stretched the Martian crustal magnetic field, which
in turn dragged out ionospheric plasma. The stretched crustal
magnetic field is then detached through magnetic reconnection.
Titan does not posses strong crustal fields which could trigger this
type of events. Sporadic increase in the loss of ionospheric plasma
from Mars and Venus has also been associated with the impact of
co-rotating interaction regions and coronal mass ejections on
each planet (e.g., Luhmann et al., 2007, 2008; Dubinin et al., 2008;
Edberg et al., 2010b; McEnulty et al., 2010). This could possibly be
analogous to a general triggering mechanism for increased escape
of Titan’s ionosphere. Since the co-rotating plasma of Saturn also
show great variation in plasma density it could act in a similar
way as solar wind storms and sporadically enhance the iono-
spheric escape.

The structured escape plume is similar to the results from
global 3D simulations by e.g., Sillanpdd et al. (2006, 2007) and
Modolo et al. (2007) with the difference that their observed main
outflow is located on the Saturn-side of Titan (in the +y region),
while these observations occur on the anti-Saturn side. However,
a minor region of high ionospheric plasma density can be seen on
the anti-Saturn side in the simulations of Modolo et al. (2007).
The outflow asymmetry in their models is dependent on the

direction of the magnetic field B and the co-rotational flow
direction V., Which determines the direction of the convective
electric field Econy = —Veoror x B. An ‘ideal’ flow in the +x direction
and a magnetic field primarily in the —z direction would give a
convective electric field in the —y direction. This is essentially
how the model runs were set up and is similar to the situation
during our observations, except that here there are strong x and y
components of the magnetic field, as shown by the blue
average magnetic field vectors in Fig. 1. Therefore, the structured
outflow we report here does not seem to be governed by the
convective electric field. During the T9 flyby, the incident flow
direction, which also influences the direction of the convective
electric field, was far from the ‘ideal’. Strong fluctuations in the
flow direction could possibly cause loss of plasma in a sporadic
fashion through the build-up of surface instabilities at the iono-
sphere-magnetosphere interface. However, this would be unli-
kely to occur during three consecutive flybys. The ambient
magnetic field is measured to be relatively steady during
each flyby.

Fig. 8 displays a summarizing cartoon of three possible causes
of the observations. One possible driver of the outflow is ambipolar
diffusion, which adds a pressure gradient —Vp to the fluid motion
equation, and which is caused by electric fields set up partly by
ionospheric photoelectrons, as was discussed for the similar
observations during the T9 encounter (Coates et al., 2007b). Our
observations take place close to, or within, the eclipse region. We
speculate that since photoelectrons are produced in the sunlit
region but not in the eclipse region it is possible that ambipolar
electric fields, due to the charge separation, are set up and
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accelerate ionospheric plasma away from Titan, like Earth’s
polar wind.

Magnetic moment pumping, which adds another gradient term,
—uV,B, to the fluid motion equation, could be another mechanism
behind the observed escape (e.g., Lundin and Hultqvist, 1989). The
draped field lines in the induced magnetosphere around Titan have

a gradient that goes from the tail to the ram side. The presence of
this field strength gradient means that a force will act on the plasma
and accelerate it in the tailward direction.

A third possible mechanism is dispersive Alfvén waves that are
being generated in the exo-ionosphere of Titan, break down to
broadband extremely low frequency (BB-ELF) waves and
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Fig. 8. A cartoon of the system showing three possible causes of the observed
ionospheric escape.

accelerate ions in the tailward direction (e.g., Louarn et al., 1994;
Wahlund et al., 1994; Knudsen et al., 1998). However, we do not
observe any Alfvénic fluctuations in the data so if this would be
the explanation then the waves would have to be generated closer
to the ram side of the moon.

We cannot say for sure which mechanism that is responsible,
but rather suggest that one of the above mentioned, or several of
them combined, should be considered when trying to explain the
observed structured atmospheric outflow.
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