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Parker’s Solar Wind Model
à Exospheric Solar Wind Models
à The Solar Wind Magnetic Field
à Early & Recent Observations of the Solar Wind

Complex/Transient Structure of the Solar Wind
à Fast & Slow Solar Wind 
à Corotating Interaction Regions 
à Coronal Mass Ejections
à Waves & Turbulence

The Boundary of the Heliosphere

Outline
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What is the Solar Wind?

earthobservatory.nasa.gov

Solar Dynamics Observatory

, 
, 

, , 

, 
, 

, ' 

, 
, 

SAME COMET was photographed with the 48·inch Schmidt tele· 
scope two days later, when the structure of its tail had changed 
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considerably. The long, thin streamers comprise a tail of Type I. 
The faint, curved dark area to right of this tail is a tail of Type II. 

© 1958 SCIENTIFIC AMERICAN, INC

Biermann & Lüst (1958) Scientific American

The solar wind is a fast continuous flow of plasma emanating 
from the Sun à Sun’s extended atmosphere

What did we know before the 
space age?

Solar flares often followed several 
days later by geomagnetic storms
à Sun at least intermittently ejecting 

material

Comet tails are always directed 
away from the Sun
à Radiation pressure? ❌
à Particle flow? à requires several 

100 km/s flows
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ABSTRACT 
We consider the dynamical consequences of Biermann’s suggestion that gas is often streaming out- 

ward in all directions from the sun with velocities of the order of 500-1500 km/sec. These velocities of 
500 km/sec and more and the interplanetary densities of 500 ions/cm3 (1014 gm/sec mass loss from the 
sun) follow from the hydrodynamic equations for a 3 X 106 ° K solar corona. It is suggested that the 
outward-streaming gas draws out the lines of force of the solar magnetic fields so that near the sun the 
field is very nearly in a radial direction. Plasma instabilities are expected to result in the thick shell of 
disordered field (10-5 gauss) inclosing the inner solar system, whose presence has already been inferred 
from cosmic-ray observations. 

I. INTRODUCTION 
Biermann (1951, 1952, 1957a) has pointed out that the observed motions of comet 

tails would seem to require gas streaming outward from the sun. He suggests that gas 
is often flowing radially outward in all directions from the sun with velocities ranging 
from 500 to 1500 km/sec; there is no indication that the gas ever has any inward motion. 
Biermann infers densities at the orbit of earth ranging from 500 hydrogen atoms/cm3 

on magnetically quiet days to perhaps 105/cm3 during geomagnetic storms (Unsold and 
Chapman 1949). The mass loss to the sun is 1014-1015 gm/sec. It is the purpose of this 
paper to explore some of the grosser dynamic consequences of Biermann’s conclusions. 

For instance, we should like to understand what mechanism at the sun might con- 
ceivably be responsible for blowing away the required 1014-1015 gm of hydrogen each 
second, with velocities of the order of 1000 km/sec. All known mechanisms, such as 
Schlliter’s (1954) melon-seed process, are limited more or less to the speed of sound 
(Parker 1957¿>), minus the deceleration of viscosity and the solar gravitational field. Even 
at a coronal temperature of 3 X 106 ° K, the thermal velocity of a hydrogen ion is only 
260 km/sec, and escape from the solar gravitational field (starting 3 X 105 km above 
the photosphere) requires 500 km/sec, to say nothing of leaving a residual 500-1000 
km/sec at infinity. 

Then again, if Biermann’s conclusions are correct, we should like to know what con- 
figuration of the general solar dipole magnetic field we might expect in interplanetary 
space. Ionized gas, streaming outward with more or less spherical symmetry from the 
sun, would be expected to carry the general solar field with it, so that the lines of force 
are everywhere in the radial direction and extend far out into interplanetary space. 

We shall begin our investigation at the sun, which we idealize to be a gravitating ball 
of mass Mq with spherical symmetry. We shall at first completely neglect any solar 
magnetic fields. With r denoting distance measured from the center of the sun, we shall 
take the effective surface of the sun (so far as the outward flow of gas is concerned) to 
be r = a and choose a = 106 km, representing the outer solar corona. We denote the 
kinetic temperature of the gas by T(r), its density by A(r), and its radial velocity by 
v(r). We shall suppose the conditions at r = a to be given, To, Yo, flo- Optical observations 
suggest (van de Hulst 1953) that No is of the order of 3 X 107/cm3. The mean value of 

* Assisted in part by the Office of Scientific Research and the Geophysics Research Directorate, Air 
Force Cambridge Research Center, Air Research and Development Command, U S Air Force. 
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The Parker Solar Wind
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Hydrodynamic Momentum Equation

The Parker Solar Wind
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Hydrodynamic Momentum Equation

The Parker Solar Wind
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Hydrodynamic Momentum Equation

The Parker Solar Wind
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Directly integrating differential equation gives:
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The Parker Solar Wind
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The Parker Solar Wind
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Supersonic Flows Coming 
From Solar Surface

(Not Observed)

Unphysical Double 
Valued Solutions

(and not coming from Sun)

Solar Breeze

Supersonic Solar Wind
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Connections with Astrophysics

Solar Breeze

Supersonic Solar Wind

Bondi Accretion

NASA/JPL

Negative solutions describe spherically 
symmetric accretion

10
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Exospheric Solar Wind Model

KINETIC MODELS OF SOLAR AND POLAR WINDS 453 
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Fig. 9. Curve 1 shows the equatorial electron num- 
ber density distribution per cubic centimeter in the 
solar corona observed during an eclipse near mini- 
mum in the sunspot cycle as reported by Pottasch 
[1960]; curve 2 gives the corresponding density 
scale height H in kilometers; curves 3 and 4 illus- 
trate, respectively, the proton and electron tempera- 
tures at the exobase as a function of the exobase 

altitude ho expressed in solar radii. 

2. The Electric Field 

Solving (16) and (17), in which the electron and proton flux, respectively, 
are given by (12) and (14), yields •he electric potential distribution in •he 
exosphere. The values of •he single- and double-layer potentials a• an exobase 
altit•ude of 5.6 Rs are assumed t•o be •o• = 60 volt•s and •o2 - 10 volt•s. The elec- 
trons and prot•ons are supposed t•o become collisionless at• this altAt•ude and 
move in a. radial magnetic field. 

The solid line in Figure 10, which illusLrat•es the ratio of the elect•ric force 
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Fig. 10. The ratio of the parallel electric 
force to the gravitational force acting on a 
proton in the solar wind. The solid line cor- 
responds to the kinetic model 1 of Lemaire 
and $cherer [1972c]. The dots correspond 
to empirical values deduced from Pottasch's 
[ 1960] observed coronal density distribution. 
The dashed line corresponds to Pannekoek- 
Rosseland's electrostatic potential distribu- 

tion. 
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Collisionless Kinetic Model of the Solar Wind
• Lower mass of electrons means electrons are much 

more mobile than ions 
à more electrons have escape velocity from Sun

• To maintain quasi-neutrality, an ambipolar electric 
field is set up in the plasma accelerating the ions 

𝐸 = −
∇𝑃!
𝑛𝑒

• By requiring no net current, self-consistent solutions 
can be found resulting in a super-sonic solar wind
à in limit of Maxwellian distributions and vanishing 

electron mass model is consistent with Parker 
solar wind

11
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• Consider the magnetic field to be frozen-in to 
the hydrodynamic flow

• At solar surface, magnetic foot point rotates 
with Sun

• Once solar wind plasma leaves Sun, 
magnetic flux dragged radially outward

Produces Archimedean spiral magnetic
à Parker spiral in solar wind context  

Kivelson & Russel (1995)
Introduction to Space Physics

What will the magnetic field lines embedded in the solar wind look like?

The Solar Wind Magnetic Field

12
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The Solar Wind Magnetic Field

Sun has both inward and outward polarity 
magnetic fields that are dragged into solar wind

Current sheet present at interface of two polarities

What will the magnetic field lines embedded in the solar wind look like?

predictions at PSP. This procedure is schematically illustrated
in Figure 3, and derives from Stansby et al. (2019a).

3.1. PFSS Implementation

The PFSS model is run in Python using the open source
pfsspy package (Yeates 2018; Stansby 2019). This code is
available online and is very flexible, fast, and easy to use. As
input, it takes synoptic maps of the radial magnetic field at the
photosphere and a value for the source surface height parameter
RSS. From these data it produces a full 3D magnetic field within
the modeled volume, as well as a utility to trace individual
magnetic field lines through the model solution. This input/
output mapping is illustrated in Figure 3(A) which shows
selected 3D field lines produced by pfsspy, the extent of
the model, and the photospheric map that seeds the model. The
gray surface illustrates the spherical source surface at which the
field is constrained to be radial. As shown by the coloring of
the field lines, they may either be open (red or blue depending
on polarity) or closed (black). Open field lines are those which
by definition intersect the source surface. Where they connect
to the inner boundary of the model they indicate the probable
locations of coronal holes (see Section 4.2.1). During solar
minimum, most open field lines emerge from large polar
coronal holes.

For the input magnetogram, there are a number of possible
sources of data. In this work we initially considered the Global
Oscillation Network Group (GONG; Harvey et al. 1996) zero-
corrected data product (Clark et al. 2003), and the Heliospheric
Magnetic Imager (HMI; Scherrer et al. 2012) vector magneto-
gram data product (Hoeksema et al. 2014). GONG is mea-
sured from a network of ground-based observatories and is
operationally certified as input to a number of space weather
prediction models. HMI, an instrument on board the Solar
Dynamics Observatory (SDO; Pesnell et al. 2012), is higher
resolution and does not suffer atmospheric effects. Both of
these have the limitation that they rely purely on observations
and so cannot account for evolution on the far side of the Sun

until that part of the Sun rotates into view. With this in mind,
we have also used the Air Force Data Assimilative Photo-
spheric Flux Transport (ADAPT) modeled magnetogram (Arge
et al. 2010) evaluated with GONG input, and the DeRosa/
LMSAL modeled magnetogram (Schrijver & De Rosa 2003)
(based on HMI data) to compare results. ADAPT and LMSAL
make use of surface flux transport models into which new
observations are assimilated. This procedure therefore models
the far side evolution, implying a more accurate global picture
of the photosphere. In practice, on discriminating between
PFSS outputs from different magnetogram inputs using PSP
data, we find little impact on our conclusions. We find GONG
maps produce smooth predictions combining maps from one
day to the next (Section 4.1), and require no pre-processing.
While this smoothness may be a product of low resolution and
atmospheric effects, it results in good clarity in displaying the
features discussed in Section 4 without changing the conclu-
sions. ADAPT maps resulted in very similar predictions but
with some small fluctuation in the flux strength prediction from
one day to the next which can be interpreted as model
uncertainty. The HMI data include some missing days in the
magnetogram record and does not include reconstruction
of unobserved polar regions. The DeRosa/LMSAL model
reconstructs the polar region and produces very similar
predictions to the other models at lower source surface heights.
For source surfaces much higher than 2.0 Re some deviation
from the observations and other models takes place such as
predicting constant positive field prior to October 29 (see
Appendix A). This adds to the evidence we build in the results
below that taking lower source surface heights in general is
necessary for the best agreement between PFSS modeling and
the observations.
In addition, in certain parts of this work, we use a model from

a single date to represent the entire encounter (Figures 6(C), 7,
8(A)). The extra model evolution of ADAPT or the DeRosa
model actually makes this presentation difficult since times
earlier than the model evaluation have changed significantly and
no longer agree with what PSP measured at that time. For

Figure 3. Schematic of process to connect PSP measurements to PFSS modeling. Panel (A): PFSS model output from pfsspy. The synoptic magnetogram input is
shown as the photospheric (inner) boundary. The model domain is bounded at at the exterior by the source surface (gray surface). Field lines initialized by a uniform
grid at the photosphere are shown. Panel (B): the outer boundary of the model is connected to the orbital position of PSP via an ideal Parker spiral magnetic field line.
With some choice of solar wind speed, this maps the PSP trajectory to a locus of latitudes and longitudes at the source surface. This is illustrated by the near equatorial
blue data points on the source surface in panel (A).

5

The Astrophysical Journal Supplement Series, 246:23 (17pp), 2020 February Badman et al.

Badman+ (2020) ApJS

13



julia.stawarz@northumbria.ac.uk @JEStawarz

Solar Wind Observations

14



julia.stawarz@northumbria.ac.uk @JEStawarz

MARCIA NEUGEBAUER
CONWAY W. SNYDER

Jet Propulsion Laboratory, California
Institute of Technology, Pasadena

SCIENCE, VOL. 138

4.5cm-3, T = 7.4 X 105 deg K. These
figures were based on the further as-
sumption that the currents at the three
lowest values of E/Q were due to pro-
tons only.
Another model which we hope soon

to be able to compute has equal proton
temperatures parallel and perpendicular
to the ·direction of motion. In this
respect, it should be noted, the plasma
flow observed by Explorer X was con-
sistent with ion temperatures of 4 to
8 X 105 deg K (1).
If we assume that the values of Vo,

n, and T given above are approximately
correct, and if we further assume an
average value for the interplanetary
magnetic field of B = 5 gamma = 5
X 10-5 gauss, we can compute the fol-
lowing important parameters for spec-
trum a, which appears to be fairly rep-
resentative of quiet, non-storm condi-
tions during the period of observation:
Plasma flux = nVa = 1.2 X 108 cm-2
sec-I; plasma energy density == n(lh
mVa2 + =4.4 X 10-9
erg cm-3 ; magnetic field energy density
= B 2/81r = 1.0 X 10-10 erg cm-3; Alfven
velocity == VA =B/ (41f' mn)i =69 km
sec-I; Va/VA == 6.7.
From these computations, conclu-

sions can be drawn as follows:
1) The plasma flux is in good agree-

ment with the values found by Explorer
X (2) and by the ion traps on the Lunik
satellites (3).
2) However, the plasma velocity

Va appears to be greater than that ob-
served close to the earth by Explorer
X. The measured velocity agrees fairly
well with the value predicted from
Parker's "solar wind" theory (4) but
is higher than the value predicted from
the observation of comet tail orienta-
tions (5) and much higher than the
values predicted by "solar breeze"
theories (6) .
3) The plasma energy density is

much greater than the energy density
of the magnetic field. Thus we may
conclude that the magnetic field in
interplanetary space is carried along
by the plasma, the field giving little or
no hindrance to the plasma flow.
4) The flow of plasma about the

earth and its magnetosphere is super-
sonic in the sense that the flow velocity
is greater than the Alfven velocity; this
is probably a necessary condition for
production of the predicted bow shock
wave (7).

of the front was 504 km/sec. This
velocity corresponds fairly well to the
measured plasma spectrum, in which
more current was measured at the
value of E/Q which corresponds to a
proton velocity of 464 km/sec than at
379 or 563 km/sec.
This discontinuity, or plasma front,

passed the spacecraft so quickly that
the instrument, with its 3.7-minute
time resolution, could not resolve its
structure, which must therefore be less
than 112,000 km thick. The Mariner
magnetometer data for this period
could be interpreted as showing a front
of thickness of the order of 50,000 km.
Another interesting feature of the

plasma spectrum for this period is
that the energy of the ions in the
plasma kept increasing for approxi-
mately one day after the passage of
the initial front. The plasma density,
however, increased very rapidly, by a
factor of about 5, and then returned
to below its prestorm value about 5
hours after the storm front passed.
The plasma associated with the

seven other geomagnetic storms ex-
hibited similar behavior, although it is
more difficult to identify the storm
front for these other storms.
A few selected spectra are given in

Fig. 2. An outstanding feature of
many of the spectra is the presence
of two peaks, the lower-voltage peak
being the higher of the two. Due to
the relatively wide spacing of values of
E/Q for which the flux was measured,
it is not possible to prove whether or
not two peaks were always present.
The most probable explanation of the
presence of two peaks is that the
lower-voltage maximum is due to pro-
tons while the higher-voltage maxi-
mum is due to alpha particles with
approximately the same velocity away
from the sun as the protons (and thus
twice the value of E/Q).
Another consequence of the wide

spacing of values of E/Q is the diffi-
culty in determining the density and
temperature of the plasma. Estimates
have been made for only a few spec-
tra so far. The values for spectra a
and I of Fig. 2 were estimated on
the basis of a model in which the
plasma flows directly from the sun
with a bulk velocity Va, density n, a
proton temperature T in the direction
of motion, and zero proton tempera-
ture perpendicular to the direction of
motion, with results as follows: For
spectrum a-va =460 km/sec, n =
2.5 cm-3, T = 1.9 X 105 deg K; for
spectrum I-Va = 810 km/sec, n =
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Fig. 2. Selected plasma spectra.
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Fig. 1. Summary of plasma flux as a func-
tion of E / Q and time for the period 29
August through 31 October.
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1664
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Table 1. Distribution of E/Q of the peak of
the solar plasma spectrum.
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REPORTS

The Mission of Mariner II:
Preliminary Observations

Profile of Events

The interplanetary spacecraft Mariner
II, designed and built by the Jet Pro-
pulsion Laboratory of the California
Institute of Technology, was launched
from Cape Canaveral by an Atlas-
Agena propulsion system at 06h 53m
14s Universal Time on 27 August
1962. In addition to two radiometers
designed to make close-up measure-
ments of the electromagnetic radiation
from Venus in the microwave and in-
frared spectral regions, it carries seven
other scientific instruments to observe
various features of the interplanetary
medium. Preliminary results of some of
these experiments are discussed in the
papers which follow.

Mariner II is, by a large margin, the
most successful interplanetary space
probe which has ever been sent out
from the earth. It will pass closer to
another planet than any of its predeces-
sors. No other attitude-stabilized space-
craft has operated so far into space.
Rocket propellants have never before
been stored in space for so long and
then used successfully. This is the deep-
est penetration into space at which a
craft has been commanded and which,
in response, performed maneuvers suc-
cessfully. Far more data from translunar
space have been recorded on earth from
Mariner II than were ever received be-
fore-720,000 data bits per day for
more than 75 days (as of 20 November
1962).
Some of the significant events in the

voyage of Mariner II are listed below;
the times are given in days after launch
and the distances from the spacecraft
to the earth in gigameters (1 Gm = 10
meters = 1 million kilometers = 621,-
370 miles).

1) 2.39 days, 0.72 Gm: The inter-
planetary experiments were begun.

2) 8.73 days, 2.41 Gm: The orbit
was corrected in response to radio
command from earth.

3) 38.73 days. 9.96 Gm: The space-
craft stopped falling behind the earth
and began to overtake it (that is, earth
7 DECEMBER 1962

and spacecraft had equal angular ve-
locities about the sun).

4) 65.40 days, 19.10 Gm: The
spacecraft passed the earth (that is,
heliocentric longitude of earth and
spacecraft were the same).

5) 65.57 days, 19.23 Gm: The in-
terplanetary experiments were turned
off by radio command from earth be-
cause of the malfunction of one of the
solar power panels.

6) 73.61 days, 23.56 Gm: Inter-
planetary experiments turned on again
by radio command from earth after
solar power returned to normal.

7) 81.0 days, 28.5 Gm: New dis-
tance record was attained for the trans-
mission of telemetry data, and sur-
passed that set by Pioneer V in June
1960. The Pioneer V record for one-
way transmission of a radio signal
(36.15 Gm) will have been surpassed
at 90.18 days if Mariner II is still oper-
ating at that time.

8) 109.33 days, 57.70 Gm: Mariner
II will pass by Venus at a distance of
0.04 Gm from the center of the planet.

Solar Plasma Experiment

Abstract. A preliminary summary of the
data received from the Mariner II solar
plasma experiment for the period 29
August through 31 October 1962 is pre-
sented. During this period there was always
a measurable flow of plasma from the di-
rection of the sun. The velocity of this
ion motion was generally in the range
400 to 700 km/sec. Time variations, plas-
ma density, and ion temperatures are also
discussed.

The Mariner II solar plasma ex-
periment is made with a single elec-
trostatic spectrometer which always
points to within less than ½2 degree of
the center of the sun. Positively
charged particles of kinetic energy
per unit charge, E/Q, within a certain
range, and of near-normal incidence
are allowed to pass through the spec-
trometer to a Faraday cup. The cur-
rent to this cup is measured for each
of ten ranges of E/Q, 3.7 minutes be-

ing required to obtain a complete
spectrum.

Data were received from the inter-
planetary experiments on Mariner II
almost continuously from 29 August
through 31 October 1962. In this peri-
od, approximately 23,550 spectra were
received from the plasma experiment;
of these, approximately 20,200 have al-
ready been made available for analysis.

One of the principal results of the
Mariner plasma experiment is the find-
ing that there was always a measurable
flow of plasma from the direction of
the sun. The data are summarized in
Fig. 1, which contains eight plots of
the logarithm of the collected current
versus time-one plot for each value
of E/Q between 516 and 8224 volts.
Each bar represents the total spread in
measured current for the time cor-
responding to 256 spectra, or 15.77
hours.
The lines in Fig. 1 marked 130 and

140 correspond to approximately 10'
and 10' ampere, respectively; thus,
the vertical distance between these
lines is equivalent to one decade of
collected current. The largest current
observed during the 63-day period was
about 4 X 10° ampere. Measure-
ments were also made at values of
E/Q = 231 and 346 volts; however,
the currents in these ranges of E/Q are
not plotted because they were always
below 10- ampere.
From Fig. 1 it can be seen that

there was almost always a plasma flux
at values of E/Q = 1664 and 2476
volts (corresponding to proton veloci-
ties of 563 and 690 km/sec). Only
occasionally during this period did
E/Q become as low as 516 volts (314
km/sec) or as high as 8224 volts
(1250 km/sec).
Table 1 is a summary of -the per-

centage of time the peak of the mea-
sured spectrum fell in each of the
windows of E/Q.

There were eight geomagnetic
storms during the period 29 August
through 31 October. The geomagnetic
storm which started at 2025 hours
universal time, on 7 October has been
studied in some detail. A sudden in-
crease in plasma flux and energy oc-
curred at about 1547 on 7 October,
when the spacecraft was 8.55 X 106 km
closer to the sun than the earth was.
If one assumes that this plasma front
was advancing with spherical sym-
metry and constant velocity from the
center of the sun (at least for the
region of space containing the space-
craft and the earth), then the velocity
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4.5cm-3, T = 7.4 X 105 deg K. These
figures were based on the further as-
sumption that the currents at the three
lowest values of E/Q were due to pro-
tons only.
Another model which we hope soon

to be able to compute has equal proton
temperatures parallel and perpendicular
to the ·direction of motion. In this
respect, it should be noted, the plasma
flow observed by Explorer X was con-
sistent with ion temperatures of 4 to
8 X 105 deg K (1).
If we assume that the values of Vo,

n, and T given above are approximately
correct, and if we further assume an
average value for the interplanetary
magnetic field of B = 5 gamma = 5
X 10-5 gauss, we can compute the fol-
lowing important parameters for spec-
trum a, which appears to be fairly rep-
resentative of quiet, non-storm condi-
tions during the period of observation:
Plasma flux = nVa = 1.2 X 108 cm-2
sec-I; plasma energy density == n(lh
mVa2 + =4.4 X 10-9
erg cm-3 ; magnetic field energy density
= B 2/81r = 1.0 X 10-10 erg cm-3; Alfven
velocity == VA =B/ (41f' mn)i =69 km
sec-I; Va/VA == 6.7.
From these computations, conclu-

sions can be drawn as follows:
1) The plasma flux is in good agree-

ment with the values found by Explorer
X (2) and by the ion traps on the Lunik
satellites (3).
2) However, the plasma velocity

Va appears to be greater than that ob-
served close to the earth by Explorer
X. The measured velocity agrees fairly
well with the value predicted from
Parker's "solar wind" theory (4) but
is higher than the value predicted from
the observation of comet tail orienta-
tions (5) and much higher than the
values predicted by "solar breeze"
theories (6) .
3) The plasma energy density is

much greater than the energy density
of the magnetic field. Thus we may
conclude that the magnetic field in
interplanetary space is carried along
by the plasma, the field giving little or
no hindrance to the plasma flow.
4) The flow of plasma about the

earth and its magnetosphere is super-
sonic in the sense that the flow velocity
is greater than the Alfven velocity; this
is probably a necessary condition for
production of the predicted bow shock
wave (7).

of the front was 504 km/sec. This
velocity corresponds fairly well to the
measured plasma spectrum, in which
more current was measured at the
value of E/Q which corresponds to a
proton velocity of 464 km/sec than at
379 or 563 km/sec.
This discontinuity, or plasma front,

passed the spacecraft so quickly that
the instrument, with its 3.7-minute
time resolution, could not resolve its
structure, which must therefore be less
than 112,000 km thick. The Mariner
magnetometer data for this period
could be interpreted as showing a front
of thickness of the order of 50,000 km.
Another interesting feature of the

plasma spectrum for this period is
that the energy of the ions in the
plasma kept increasing for approxi-
mately one day after the passage of
the initial front. The plasma density,
however, increased very rapidly, by a
factor of about 5, and then returned
to below its prestorm value about 5
hours after the storm front passed.
The plasma associated with the

seven other geomagnetic storms ex-
hibited similar behavior, although it is
more difficult to identify the storm
front for these other storms.
A few selected spectra are given in

Fig. 2. An outstanding feature of
many of the spectra is the presence
of two peaks, the lower-voltage peak
being the higher of the two. Due to
the relatively wide spacing of values of
E/Q for which the flux was measured,
it is not possible to prove whether or
not two peaks were always present.
The most probable explanation of the
presence of two peaks is that the
lower-voltage maximum is due to pro-
tons while the higher-voltage maxi-
mum is due to alpha particles with
approximately the same velocity away
from the sun as the protons (and thus
twice the value of E/Q).
Another consequence of the wide

spacing of values of E/Q is the diffi-
culty in determining the density and
temperature of the plasma. Estimates
have been made for only a few spec-
tra so far. The values for spectra a
and I of Fig. 2 were estimated on
the basis of a model in which the
plasma flows directly from the sun
with a bulk velocity Va, density n, a
proton temperature T in the direction
of motion, and zero proton tempera-
ture perpendicular to the direction of
motion, with results as follows: For
spectrum a-va =460 km/sec, n =
2.5 cm-3, T = 1.9 X 105 deg K; for
spectrum I-Va = 810 km/sec, n =

130

140
.2

0.2
2.0
2.2
4.0
0.1

8.5

Time (in %)
during which
measured
current in
two adjacent
channels of
E/Q was ap-
proximately

equal

IX,O

Cd) 7 OCT 1631 UT
FRAME 63-076

en 8 OCT 1550 UT
FRAME 64- 198

(b) 25 SEPT 1511 UT
FRAME 44-005

0.0
18.3
22.5
30.5
19.9
0.3
91.5

Time (in %)
during which
measured
current in
E/Q was the
maximum

(e) 28 SEPT 0003 UT
FRAME 47-224

(e) 7 ocr 0520 UT
FRAME 64-028

(01 31 AUG 1212 UT
FRAME 3-202

!-
1'0

140

FRAME COUNT CYCLE

Fig. 2. Selected plasma spectra.
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Fig. 1. Summary of plasma flux as a func-
tion of E / Q and time for the period 29
August through 31 October.
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Table 1. Distribution of E/Q of the peak of
the solar plasma spectrum.
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Science, 138, 1905-1907 (1962) 

Soviet Luna 1-3 & Venera 1
Made first measurements of 
solar wind between 1959 - 1961

Early Solar Wind Observations
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Parker Solar 
Probe

Solar Orbiter

In-situ measurements 
at distances closer to 
sun than ever before

Key Science Objectives
Parker Solar Probe [Fox+ (2016) Space Sci. Rev.]
• Trace the flow of energy that heats the solar corona 

and accelerates the solar wind
• Determine the structure and dynamics of the plasma 

and magnetic fields at the sources of the solar wind
• Explore mechanisms that accelerate and transport 

energetic particles

Solar Orbiter [Müller+ (2020) A&A]
• What drives the solar wind and where does the 

coronal magnetic field originate?
• How do solar transients drive heliospheric variability?
• How do solar eruptions produce energetic particle 

radiation that fills the heliosphere?
• How does the solar dynamo work and drive 

connections between the Sun and the heliosphere?

Both in-situ and remote 
sensing observations

New Solar Wind Observations
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Parker (1958) ApJ Hekekas+ (2022) ApJ

In the Parker (or exospheric) models, asymptotic solar wind speed depends on 
temperature in the corona
While the slow solar wind can be reasonably accounted for by observed 
temperatures, the fast solar wind is not

Binned by expected 
asymptotic flow speed

Solar Wind Acceleration
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”Interchange” magnetic reconnection

Recent observations from Parker Solar Probe near the Sun, have suggested that 
interchange reconnection on top of a Parker-like slow solar wind background may 
account for fast solar wind streams

Solar Wind Acceleration

Bale+ (2023) Nature
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Multi-Spacecraft Conjunctions

measurement (green diamond: ne,PSP= np,PSP/0.95, assuming a
fully ionized plasma with 2.5% helium, according to Moses
et al. 2020) corroborates the fact that the same element of
plasma is indeed followed from the coronal region, where it is
undergoing acceleration during its outward propagation, to the
PSP position in the very inner heliosphere. The radial
component of the coronal wind velocity on the POS is
obtained by the Doppler dimming technique applied to a 3D
solar coronal modeled on the basis of the so-inferred electron
density and the measured UV H I Lyα intensity (the reader is
referred to Antonucci et al. 2020b; Romoli et al. 2021, for an
exhaustive review on how to infer outflow velocities from UV
radiative lines observed in the expanding corona and for the
Metis first light observations of the coronal solar wind,
respectively), under the following assumptions: (i) a hydrogen
temperature Tp= 1.6× 106 K (Antonucci et al. 2005); (ii) a
helium abundance of 2.5% (Moses et al. 2020); (iii) a
temperature anisotropy T⊥,p/TP,p= 1.72 as constrained by
PSP observations; (iv) the electron temperature derived by
Gibson et al. (1999); (v) the chromospheric H I Lyα profile
given by Auchère (2005), scaled to the irradiance on 2021
January 17 (5.42× 1015 photons cm2 s−1 sr−1), as provided by
the LASP Interactive Solar Irradiance Data Center.49 The
resulting coronal VR values are displayed as black diamonds in
Figure 4(c), where they are compared with the Parker outflow
solution for an isothermal solar corona with T= 1.2× 106 K
(Parker 1958, blue solid line).

The coronal solar wind velocity undergoes a rapid increase
with heliocentric distance, from ∼80 to ∼150 km s−1, in the
range from 3.5 to 4.5 Re. Above this height, the acceleration

slows down and a velocity of ∼180 km s−1 is reached at 6.3
Re. Some residual acceleration persists up to the PSP location,
where a solar wind speed of 247 km s−1 is measured locally
(green diamond). Despite the overall good agreement with the
purely hydrodynamic Parker model, in order to estimate as
accurately as possible the transit time of the plasma volume
from the Metis FOV (r1= 3.5 Re) to the PSP location
(r2= 0.1 au = 21.4 Re), Metis and PSP results were fitted to
a parametric curve (solid red line: sum of a log-normal
distribution and logarithmic quadratic function), which has no
interpretative ambition, but aims only at defining an analytical
profile. The transit time results in
t V r dr 16.3 1.1 hr

r r r

r1

2 1 1

2 ( )ò= = 
-

, thus confirming, as
mentioned above, that PSP was measuring the same plasma
observed with Metis during its propagation across the coronal
region.
The simultaneous Metis and PSP observation of the same

solar wind plasma is a noticeable step forward allowing the
estimation of the coronal magnetic field beyond a few solar
radii (not directly measurable in the corona nowadays). This is
achieved by applying the conservation of mass and magnetic
flux (assuming flux-freezing) to Metis measurements of density
and velocity (black diamonds in Figures 4(a) and (c)) and using
the plasma and magnetic field data obtained at PSP, according
to, e.g., Wang (1995). The so-extrapolated coronal magnetic
field along the plasma flow BR, in the equatorial region close to
the coronal current sheet, is displayed in Figure 4(b) (black
triangles): it varies from ∼104 to ∼2×103 nT from 3.5 to 6.3
Re. These values are somewhat lower than those previously
reported in the literature (Dulk & McLean 1978; Pätzold et al.
1987; Vršnak et al. 2004; Gopalswamy & Yashiro 2011;

Figure 4. Radial evolution of electron density ne (a), radial component of the magnetic field BR (b), radial coronal outflow VR and Alfvén speed VA (c), and bulk
kinetic energy flux density of the solar wind Fw (d), at coronal (black signs) and PSP (green sign, pointed by an arrow) heights. Diamonds denote direct Metis/PSP
observations, while triangles mark extrapolated values based on conservation laws and PSP data as described in the text. Red solid or dashed curves denote
corresponding fit and/or extrapolated empirical functions. The vertical dashed line and the blue solid curve in (c) indicate the inferred Alfvén radius rA = 8.7 ± 1.2 Re
(compared with the result by Verscharen et al. 2021, black full circle) and the Parker model for an isothermal corona with T = 1.2 × 106 K, respectively. As shown in
the legend, empirical profiles previously reported in the literature are shown in (b) and (d) for comparison. Uncertainties of the derived quantities are drawn as
error bars.

49 https://lasp.colorado.edu/lisird/data/composite_lyman_alpha/
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nonlinear interactions, from the corona into the very inner
heliosphere, aiming to link the local properties of the plasma
stream measured in situ with PSP with the coronal source from
where it originated imaged by the SO/Metis coronagraph.

2. Analysis and Results

The SO–PSP orbital configuration offers the opportunity to
track the same plasma volume as it expands from the extended
corona to the inner heliosphere. Indeed, thanks to the
continuous expansion of the solar corona, the two probes will
at some point be located such that the plasma crossed by PSP,
which is moving outward at a speed around 100–200 km s−1

on the solar equatorial plane, is the same plasma observed with
Metis just a few hours earlier at a distance of 3.5–6.3 Re. From
the cartoon of Figure 1 (top panel), this condition requires that
during Metis observations, PSP is not yet on the instantaneous
plane of the sky (POS) of the coronagraph, so that PSP and the
Metis-observed volume of plasma reach the same location at
the same time.

On the basis of the spacecraft’s ephemerides and (as shown
below) of the solar wind speed at both coronal and heliospheric
heights, this particular condition occurred when Metis was
observing the solar corona on 2021 January 17 at 16: 30 UT (t0

in the cartoon of Figure 1). At that time PSP was about 30°
behind the instantaneous POS of Metis and it took ∼16.2 hr to
travel that longitudinal separation, thus reaching the Metis POS
on 2021 January 18 at 08: 44 UT (t2 in the cartoon of Figure 1).
This occurred when PSP was approaching perihelion at 0.1 au
from the Sun and at a latitude of 3°.8 below the ecliptic plane (
i.e., 93°.8 counterclockwise from the North Pole). As shown
below (based on the expansion velocity inferred from Metis
observations), the plasma observed (at t0) with Metis at a
distance of 3.5–6.3 Re took 16.3± 1.1 hr to travel the distance
from PSP thus encountering it on its way outward. The
corresponding SO and PSP locations are shown along their
orbits in the XZ and XY planes of the HelioGraphic Inertial
(HGI) coordinate frame of Figures 1(a) and (b), respectively.
A time interval of about 2.5 hr centered on t2, comparable to

the coronal plasma transit time through the Metis FOV
(according to the speed of the outflowing plasma shown
below) and resulting in a slight off-quadrature of±2° longitude
relative to the Metis POS, is thus identified in PSP data as
corresponding to the same plasma volume observed remotely
with Metis 16.3 hr earlier. Some relevant parameters during
this time period are displayed between the vertical dotted lines
in Figure 2, which overall spans a time interval of 3.5 days.

Figure 1. Top panel: cartoon showing how the same plasma volume observed remotely with SO/Metis can be measured locally with PSP during their quadrature.
Bottom panels: SO (blue) and PSP (red) positions relative to the Sun (yellow star), in side (a) and top (b) views of the ecliptic plane in the HGI coordinate system, at
the times (reported in the legends) of the observation of the same solar wind stream. The corresponding heliocentric distances (r), and heliographic latitudes (f) and
longitudes (λ) are also reported. The spacecraft trajectories from 2021 January 14–21, and their longitudinal separation of 90° in the XY plane are shown as color-
coded solid and black dotted lines, respectively.
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Combined PSP-Solar Orbiter 
In-Situ & Remote Sensing Measurements

Solar Orbiter

Radial Alignments Between PSP & Solar Orbiter

Both spacecraft see nearly the same parcel 
of plasma when accounting for propagation 
of the plasma!

Stawarz+ (in prep)

Telloni+ (2022) ApJ
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Complex Solar Wind Structure
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Location in Solar Cycle

Radial distance 
à Solar Wind Speed

Polar Angle
à Solar Latitude

Fox+ (2016) Space Sci Rev.

Fast & Slow Solar Wind Structure
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Pizzo (1978) JGR

As Sun rotates faster and slower wind can end 
up ahead or behind each other

Slow ahead of Fast (Corotating Interaction Region) 
Solar wind compressed between regions of 
slower and faster wind 
à can develop into pair of shocks

Fast ahead of Slow (Rarefaction)
Faster wind pulls away from slower wind 
creating region of depleted particle density

Corotating Interaction Regions
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Figure 2. Schematic of the three-dimensional structure of an ICME and upstream shock, relating
magnetic field, plasma, and BDE signatures.

2.2. PLASMA DYNAMICS

The solar wind velocity signatures of some ICMEs indicate expansion in the so-
lar wind rest frame (cf. Figure 2). The ICME leading edge moves at a speed
VICME + VEXP, with a smooth transition during passage of the ICME to a speed
of VICME − VEXP at the trailing edge. The expansion speed VEXP is typically around
half the Alfvén speed in the ICME (Klein and Burlaga, 1982). Not all ICMEs
exhibit expansion signatures, however, and similar speed variations in coronal-
hole-associated solar wind may lead to false identifications.

In the ambient (non-ICME) solar wind, there is an empirical correlation between
the solar wind speed (Vsw) and plasma proton temperature (Tp) (Lopez, 1987,
and references therein). Gosling et al. (1973), however, pointed out occasional
intervals of unusually low Tp that do not follow this correlation. These intervals
were attributed to magnetically isolated, ejected material expanding at a higher rate
than the ambient solar wind. They also tended to follow interplanetary shocks by
a few hours, suggesting that they were related to the drivers of these shocks that
we now associate with ICMEs. Richardson and Cane (1995) found that ICMEs
typically have Tp < 0.5Tex , where Tex is the “expected Tp” determined from the
empirical Vsw − Tp correlation and the simultaneously observed solar wind speed.
Grey shading in Figure 1 denotes intervals when this criterion is met. They also
noted that the fraction of the solar wind having Tp < 0.5Tex increases from ∼4%

Zurbuchen & Richardson (2006) SSR

Teriaca+ (2012) Exp. Astron.

Magnetic reconnection at Sun release loops of twisted 
magnetic field that expand into solar wind

Structure
Shock – generated as CME pushes its way through the 

ambient solar wind
Sheath – region of shocked solar wind, which often 

contain strong fluctuations and complex 
structure generated by the shock

Magnetic Cloud – region of intense twisted magnetic 
field released from the Sun (flux rope)

𝜌
𝜕𝒖
𝜕𝑡 + 𝜌𝒖 ⋅ ∇𝒖 = −∇𝑃 + 𝒋×𝑩 → 𝒋×𝑩 ∼ 0

Force Free Field

Coronal Mass Ejections
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Observed 43 hours earlier

Courtesy of Ronan Laker

Coronagraph Images
observed on March 10 

STEREO

Geomagnetic 
Storm Indices

Solar Orbiter at ~0.5AU
observed on March 12
Wind at L1 point (~1AU)
observed on March 13

Example Coronal Mass Ejection 
from the Sun to the Earth
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Figure 1. Typical trace power spectral density of the magnetic &eld 'uctuations of a βi ∼ O(1) plasma in the ecliptic solar
wind at 1 AU. Dashed lines indicate ordinary least-squares &ts, with the corresponding spectral exponents and their &t errors
indicated. This spectrum represents an aggregate of intervals with each smaller interval being containedwithin the subsequent
larger interval—hence the higher frequencies of this spectrum are not representative of the interval describing the lower
frequencies. At the largest scales is a 58 day interval [2007/01/01 00.00–2007/02/28 00.00 UT] from the MFI instrument on
board the ACE spacecraft, illustrating the large-scale forcing range (the so-called f−1 range). The inertial range is computed
from a shorter 51 h interval [2007/01/29 21.00–2007/02/01 00.00 UT] also from the same instrument. Both these datasets are at
1 Hz cadence, so they just begin to touch the beginning of the sub-ion range. The kinetic scale spectrum in the sub-ion scale
range is given by magnetometer data from the FGM and STAFF-SC instruments on the Cluster multi-spacecraft mission, from
spacecraft 4, while it was in the ambient solar wind [2007/01/30 00.10-01.10 UT] and operating in burst mode with a cadence
of 450 Hz—the two signals from both of these instruments have been merged as in [6]. The vertical dashed lines indicate the
three length scalesmentioned above:λc the correlation length,ρi the ion gyro-radius andρe the electron gyro-radius. (Online
version in colour.)

(a) Brief phenomenology of the energy cascade
We ask the reader to turn their attention to figure 1, which shows a canonical power spectral
density at 1 AU in the solar wind. We have chosen the power spectral density as it is not only the
focus of many, if not most, studies of turbulence, but also serves as a simple map to illustrate the
scales of interest in the phenomena. It is also reflective—being the Fourier transform pair—of the
two-point field correlation, another obsession of generations of turbulence researchers. Owing to
the extremely high speed of the solar wind, faster than most temporal dynamics in the system, we
can invoke the ‘Taylor frozen-in flow’ hypothesis to relate temporal scales to spatial scales (see [7]
for caveats to this). Thus, although the abscissa shows a temporal scale of spacecraft frequency,
for most of this spectrum (in the inertial range and above) it can be viewed as a proxy for spatial
scales—some of which are marked at the top of the figure. In particular, we have highlighted four
distinct regions of interest demarcated by three important length scales:

— The f −1 range. At these very small frequencies—corresponding to temporal scales over
many days—what we are actually measuring is the temporal variability of the source of
the solar wind: the Sun and its solar atmosphere. Near the top of this range, we have
the first of our important length scales: the correlation length λc. Below this scale (higher

Kiyani+ (2015) Phil. Trans. A
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Small Scale Solar Wind Structure:
Turbulence & Waves

The solar wind is filled with complex multi-scale fluctuations at smaller-scales that are thought 
to be associated with nonlinear turbulent dynamics

Turbulence transfers 
fluctuation energy to 
progressively smaller 
scales where it can 
be dissipated

Dissipation of solar 
wind turbulence 
thought to play a role 
in coronal and solar 
wind heating
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The Boundary of the Heliosphere
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Interaction with Interstellar Medium
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Both Voyager 1 and Voyager 2 have crossed the termination shock and heliopause
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currence increased as the distance to the shock
decreased. On the basis of these observations
one could estimate that the radial thickness of
the plasma oscillation region is about 3 AU.
However, from Voyager 2 solar wind pressure
measurements (19) it is known that the solar
wind pressure at Voyager 1 was increasing dur-
ing a substantial portion of the period when the
plasma oscillations were being observed, from
about mid-2001 to mid-2004. Therefore, it
seems likely that the termination shock was
moving outward from the Sun, possibly at the
same rate as the spacecraft during the early part
of this period, so the thickness of the region
may be substantially less than 3 AU. Fourth, no
further electron plasma oscillation events have
been observed by Voyager 1 after 15 December
2004, consistent with a crossing of the termi-
nation shock on or about 16 December 2004.

The evidence that the electron plasma os-
cillations observed by Voyager 1 are associ-
ated with the termination shock is particularly
compelling for the event that occurred on 15
December 2004. At the time of this plasma
oscillation event, the low energy charged par-
ticle instrument (LECP) detected an intense
highly anisotropic beam of 0.35 to 1.5 MeV
electrons streaming away from the termination
shock into the upstream region; see figure 2
in Decker et al. (17). This observation of an
upstream electron beam coincident with the
electron plasma oscillations provides strong

evidence that the plasma oscillations are being
driven by an energetic electron beam from
the termination shock, exactly as predicted
by Kurth and Gurnett (8). In analogy with
planetary bow shocks, we suggest that just
before passing through the termination region
the spacecraft passed through a region where
the magnetic field is nearly tangent to the
surface of the shock, as illustrated in Fig. 4.
The tangent field condition could be caused
either by waviness of the shock boundary or
by irregular variations in the magnetic field
geometry. This interpretation is consistent with
studies of the Earth_s foreshock that show that
the highest beam energies are produced near
the tangent field line and that the most intense
electron plasma oscillations are observed in
this region (11). The sporadic bursty electric
field intensity variations evident in Fig. 3 could
be due to either time variations in the tangent
field line configuration or nonlinear effects,
both of which are known to occur at planetary
bow shocks. We also note that the electron
plasma oscillations occurred during a period
when the LECP was observing large fluxes of
anisotropic energetic (3.4 to 17.6 MeV) pro-
tons arriving from the shock. Although these
protons are unlikely to be responsible for gen-
erating the plasma oscillations, they do provide
further evidence that the spacecraft was in the
region immediately upstream of the shock
when the plasma oscillations were observed.
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R E P O R T

Crossing the Termination Shock into the
Heliosheath: Magnetic Fields

L. F. Burlaga,1* N. F. Ness,2 M. H. Acuña,1 R. P. Lepping,1 J. E. P. Connerney,1 E. C. Stone,3 F. B. McDonald4

Magnetic fields measured by Voyager 1 show that the spacecraft crossed or was
crossed by the termination shock on about 16 December 2004 at 94.0 astronomical
units. An estimate of the compression ratio of the magnetic field strength B (T standard
error of the mean) across the shock is B2/B1 0 3.05 T 0.04, but ratios in the range from
2 to 4 are admissible. The average B in the heliosheath from day 1 through day 110
of 2005 was 0.136 T 0.035 nanoteslas,È4.2 times that predicted by Parker’s model for
B. The magnetic field in the heliosheath from day 361 of 2004 through day 110 of
2005 was pointing away from the Sun along the Parker spiral. The probability
distribution of hourly averages of B in the heliosheath is a Gaussian distribution. The
cosmic ray intensity increased when B was relatively large in the heliosheath.

The existence of a shock at which a stellar wind
makes a transition from a relatively cool super-
sonic flow to a hot subsonic flowwas suggested

byWeymann (1). In the solar wind, this shock
is called the termination shock (TS), and the
subsonic region between the TS and the bound-
ary with the interstellar medium is called the
heliosheath (2, 3). A formula for the position of
the TS in the solar wind was given by Parker
(4). Observations of intense fluxes of energetic
particles from 2002 to 2003 (which continued
into 2004) suggested that Voyager 1 (V1), at
,85 astronomical units (AU), was close to the
TS (5). It was alleged that V1 actually crossed

the TS into the heliosheath in mid-2002 (6),
but this interpretation was not supported by
the magnetic field observations (7, 8). This
Report and new observations described in this
issue (9–11) indicate that V1 first crossed the
TS on about 16 December 2004.

We discuss the V1 magnetic field observa-
tions from day 1 of 2004 (2004/001), through
2005/110. During this interval, V1 was at
34-N moving from 90.6 to 95.2 AU radially
away from the Sun, and solar activity was
decreasing.We believe that the TSwasmoving
toward the Sun and V1 during this interval
because the solar wind pressure and speed were
decreasing (12–18). Predictions of the com-
pression ratio B2/B1 across the TS (19–21)
varied between ,2 and ,3.5. Whang et al. (18)
calculated that this ratio would be ,3.0 T 0.2
if the TS were moving inward.

The magnetic field instrument on V1 (22)
has two identical triaxial sensors mounted on a
13-m boom. The output of each magnetic field
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Studying the Interaction with the 
Interstellar Medium 
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Measures the energy and direction of 
neutral particles created through charge 
exchange in the heliosheath

Next generation version of this mission 
(IMAP) is currently being developed by 
NASA with a UK contribution

IBEX mission has measured the heliospheric boundary using energetic neutral atoms

Studying the Interaction with the 
Interstellar Medium 
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Interplanetary space is filled with a fast flow of plasma emanating from the Sun

Global structure broadly understood using relatively simple Parker Model along 
with intuition about MHD

A variety of more complex structure is present beyond the pure Parker solar 
wind, which motivate much of the ongoing research in the solar wind

à Important for Sun-Earth interaction
à “Laboratory” for studying fundamental plasma processes

Parker Solar Probe Solar Orbiter HelioSwarm Interstellar ProbeIMAP

Summary
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