
HAL Id: hal-04587837
https://hal.science/hal-04587837

Submitted on 24 May 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Radial evolution of the accuracy of ballistic solar wind
backmapping

J.-B. Dakeyo, S. T. Badman, A. P. Rouillard, V. Réville, D. Verscharen, P.
Démoulin, M. Maksimovic

To cite this version:
J.-B. Dakeyo, S. T. Badman, A. P. Rouillard, V. Réville, D. Verscharen, et al.. Radial evolution of
the accuracy of ballistic solar wind backmapping. Astronomy and Astrophysics - A&A, 2024, 686,
pp.A12. �10.1051/0004-6361/202348892�. �hal-04587837�

https://hal.science/hal-04587837
https://hal.archives-ouvertes.fr


A&A, 686, A12 (2024)
https://doi.org/10.1051/0004-6361/202348892
c© The Authors 2024

Astronomy
&Astrophysics

Radial evolution of the accuracy of ballistic solar wind
backmapping

J.-B. Dakeyo1,2 , S. T. Badman3 , A. P. Rouillard2 , V. Réville2 , D. Verscharen4 ,
P. Démoulin1,5 , and M. Maksimovic1

1 LESIA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, Université de Paris, 5 Place Jules Janssen,
92195 Meudon, France

2 IRAP, Observatoire Midi-Pyrénées, Université Toulouse III – Paul Sabatier, CNRS, 9 Avenue du Colonel Roche, 31400 Toulouse,
France
e-mail: jdakeyo@irap.omp.eu

3 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
4 Mullard Space Science Laboratory, University College London, Holmbury House, Dorking RH5 6NT, UK
5 Laboratoire Cogitamus, rue Descartes, 75005 Paris, France

Received 9 December 2023 / Accepted 1 February 2024

ABSTRACT

Context. Solar wind backmapping is a technique employed to connect in situ measurements of heliospheric plasma structures to their
origin near the Sun. The most widely used method is ballistic mapping, which neglects the effects of solar wind acceleration and coro-
tation and instead models the solar wind as a constant radial outflow whose speed is determined by measurements in the heliosphere.
This results in plasma parcel streamlines that form an Archimedean spiral (the Parker spiral) when viewed in the solar corotating
frame. This simplified approach assumes that the effects of solar wind acceleration and corotation compensate for each other in the
deviation of the source longitude. Most backmapping techniques so far considered magnetic connectivity from a heliocentric distance
of 1 au to the Sun.
Aims. We quantify the angular deviation between different backmapping methods that depends on the location of the radial probe and
on the variation in the solar wind speed with radial distance. We assess these differences depending on source longitude and solar
wind propagation time.
Methods. We estimated backmapping source longitudes and travel times using (1) the ballistic approximation (constant speed), (2) a
physically justified method using the empirically constrained acceleration profile Iso-poly, derived from Parker solar wind equations
and also a model of solar wind tangential flows that accounts for corotational effects. We compared the differences across mapped
heliocentric distances and for different asymptotic solar wind speeds.
Results. The ballistic method results in a Carrington longitude of the source with a maximum deviation of 4′′ below 3 au compared
to the physics-based mapping method taken as reference. However, the travel time especially for the slow solar wind could be under-
estimated by 1.5 days at 1 au compared to non-constant speed profile. This time latency may lead to an association of incorrect solar
source regions with given in situ measurements. Neglecting corotational effects and accounting for acceleration alone causes a large
systematic shift in the backmapped source longitude.
Conclusions. Incorporating both acceleration and corotational effects leads to a more physics-based representation of the plasma tra-
jectories through the heliosphere compared to the ballistic assumption. This approach accurately assesses the travel time and provides
a more realistic estimate of the longitudinal separation between a plasma parcel measured in situ and its source region. Nonetheless,
it requires knowledge of the radial density and Alfvén speed profiles to compute the tangential flow. Therefore, we propose a com-
promise for computing the source longitude that employs the commonly used ballistic approach and the travel times computed from
the derived radial acceleration speed profile. Moreover, we conclude that this approach remains valid at all radial distances we studied
and is not limited to data obtained at 1 au.
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1. Introduction

Solar wind backmapping is a method that traces the trajectory of
a solar wind plasma parcel measured in situ in the heliosphere
back to its origin on the Sun (e.g., Neugebauer & Snyder 1966;
Krieger et al. 1973; Burkholder et al. 2019; Rouillard et al.
2020a; Badman et al. 2020; Griton et al. 2021). Establishing this
linkage is the basis of the so-called connectivity science. The
solar wind connectivity typically is a two-step procedure com-
prising the tracing of complex magnetic field lines provided by
a coronal model and a simpler treatment of the plasma trajectory

above a few solar radii where the coronal field is primarily topo-
logically open. We focus on the second part of this procedure.

In the corona, the solar wind that is emitted from its source
region corotates with the Sun, and beyond a certain distance, it
mostly flows in the radial direction in the inertial frame. The
rotation of these sources creates a spiral pattern of wind streams
from the different source regions viewed in the solar corotat-
ing frame. These trajectories can be described by the Parker
spiral (Parker 1958). A given stream of plasma is frozen in to
its source field line (rooted at the Sun), that is, the field line
passively reflects the velocity streamlines when viewed in the
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corotating frame (also called the Carrington frame). Throughout
this paper, plasma parcel trajectories viewed in the solar corotat-
ing frame are referred to as streamlines.

The ballistic mapping approximation estimates the stream-
lines of the solar wind assuming a constant radial speed mea-
sured at the location of the probe (ur(r) = uref), and zero
tangential velocity (uφ(r) = 0) everywhere. In the corotating
frame, this leads to a wind streamline that follows an exact
Archimedean spiral, whose azimuthal angle evolves with radius
as tan φballistic(r, uref) = r Ω�/uref , where Ω� is the angular rota-
tion velocity of the Sun (Snodgrass 1983). Hence, the wind
stream and resulting streamline (i.e., the associated Parker spi-
ral) becomes inclined with increasing heliocentric distance. The
winding angle of the spiral is inversely proportional to the wind
speed. Given an arrival time and location in the heliosphere
(t, r, φ), the stream origin for these spiral lines at rss is easily
expressed as tss = t − (r − rss)/uref and φss = φ+

Ω�
uref

(r − rss). The
objective of this work is to compare (tss, φss) from this simple
ballistic backmapping model with values derived from a more
physics-based wind model that depends on the observed radial
distance (r) and the solar wind speed (uref).

In more realistic models of the solar wind such as
those used by Weber & Davis (1967), Nolte & Roelof (1973),
Macneil et al. (2022) and Koukras et al. (2022), the plasma has
a nonzero tangential speed profile. These models account for the
nearly rigid corotation of the plasma near the Sun. The tangen-
tial velocity reaches a peak below the Alfvén point and sub-
sequently decays with heliocentric distance. Recent empirical
studies have identified the Alfvén point at distances between
10 and 15 R�, where it varies with time and different wind
streams (Kasper et al. 2021; Chhiber et al. 2022; Liu et al. 2023;
Badman et al. 2023). The introduction of nonzero tangential
velocities leads to a straightening of the plasma streamline close
to the Sun relative to the ballistic spiral and to a shift of the
backmapped plasma origin to a lower longitude. However, it
does not significantly affect the travel-time estimate.

The ballistic approximation can also be improved by
accounting for the acceleration of the solar wind in the
inner heliosphere. This aspect was accounted for by Parker
(1958), and it was recently measured directly as close to the
Sun as 13.3 R� (Maksimovic et al. 2020; Dakeyo et al. 2022;
Halekas et al. 2022). The specific acceleration profile strongly
depends on the asymptotic wind speed. The acceleration of the
slowest solar wind (∼350 km s−1 at 1 au) is non-negligible and
extends over large heliocentric distances (by ∼100 km s−1 from
0.1 au to 1 au) (Dakeyo et al. 2022). The solar wind speed is
reduced by a factor up to two-thirds at 0.1 au compared to its
value at 1 au. The effects on the spiral clock angle are expected
to be significant. In the absence of tangential flows, the accelera-
tion causes the spiral to become less tightly wound closer to the
Sun than in the ballistic approximation. The use of an accelera-
tion profile affects the expected travel time because the plasma
parcel spends a substantial portion of time traveling at slower
speeds than its given speed uref .

With these limitations in mind, the ballistic approach is not a
physically well-justified representation of the solar wind stream-
line. Nevertheless, Nolte & Roelof (1973) have shown that the
effects of acceleration and the corotation act on the wind at 1au
to a similar extent, but in the opposite sense (i.e., they displace
φ0 in opposite directions). These two effects mainly compensate
for each other, which provides support to the simpler ballistic
backmapping. Ballistic backmapping therefore works better than
expected and has long been known to be useful. As a result, it is
widely used to estimate the origins of solar wind in situ plasma

(Sanchez-Diaz et al. 2016; Rouillard & Sheeley 2011; Liu et al.
2020; de Pablos et al. 2021; Kruse et al. 2021; Badman et al.
2023). The limitation effects on ballistic backmapping from 1 au
have been quantitatively estimated by Nolte & Roelof (1973),
who reported a deviation in φss of ∼10◦. In more recent work,
these effects were supported statistically (Macneil et al. 2022),
and the deviation was reported to be even lower for the fast wind
stream (Koukras et al. 2022). However, these previous studies
focused on backmapping from 1 au inward, whereas the weight
of each effect is determined by the full radial profiles of ur and
uφ. This weighting suggests that the accuracy of the backmap-
ping depends on the initial radial distance and the local solar
wind speed that is used to initiate the mapping. The recent
launches of the Parker Solar Probe (PSP) and Solar Orbiter
(SolO) (Fox et al. 2016; Müller 2020) to orbits much closer
than 1 au have made it even more important to account for
the backmapping radial accuracy, as highlighted in the review
on tools supporting ‘connectivity science’ by Rouillard et al.
(2020b).

The radial evolution of the solar wind has been studied
extensively since the late 1950s (Parker 1958). Numerous mod-
els have been proposed to describe the solar wind acceleration
with distance. The radial evolution of the wind can be described
by several analytical approaches. One of the most common
approaches is the hydrodynamic fluid approach proposed by
Parker (1958), which assumes that the wind is constituted of
particles that evolve as a fluid. Another example are exo-
spheric models in which the electron thermal pressure gradient
is linked with an ambipolar electric potential that accelerates the
solar wind (Lemaire & Scherer 1973; Maksimovic et al. 1997;
Zouganelis et al. 2004). It has been shown that this descrip-
tion has an equivalent hydrodynamic expression according to
Parker (2010). Other approaches include full magnetohydrody-
namic (MHD) modeling of the solar wind, accounting for the
Lorentz force, instabilities, and non-Maxwellian particle distri-
butions (e.g., Sachdeva et al. 2019; Réville et al. 2020).

For the purpose of our work, one of the most important
aspects is to model the radial evolution of the solar wind prop-
erties well. Applying radial evolution constraints has recently
become easier due to the direct measurements near and inside
the solar wind acceleration region made by the PSP.

Dakeyo et al. (2022) recently developed the iso-poly fluid
model. He fit model profiles to statistical wind observations
at heliocentric distances between 0.1 and 1 au. Derived from
Parker’s equations, the iso-poly model assumes two different
thermal regimes depending on radial distance (isothermal close
to the Sun, representing the region where coronal heating is
effective, and polytropic in the solar wind, following the empiri-
cally determined thermal behavior). This simple assumption pro-
vides significant acceleration close to the Sun (below 15 R�) and
fits in situ spacecraft observations of the radial profiles of speed,
temperature, and density beyond. This approach has the advan-
tage of being physics driven, and it is therefore more accurate
outside the range of empirical constraints than simpler analyti-
cal profiles that could be fit to the same velocity profiles (e.g.,
ur(r) = a × log(r) + b).

We compute uncertainty profiles of the ballistic backmap-
ping method as a function of initial distance by comparing the
ballistic source longitudes and travel times with those predicted
by incorporating acceleration and corotation. In Sect. 2 we detail
the modeling methods and the results of these comparisons. To
model the acceleration of the wind, we use the iso-poly pro-
files of Dakeyo et al. (2022) defined for five wind populations
from the slow to the fast solar wind (Maksimovic et al. 2020,
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Fig. 1. Velocity profiles used for the comparison of the mapping methods. Left panel: radial speed profiles from the iso-poly model are shown as
continuous lines (Dakeyo et al. 2022), and empirical Alfvén speed profiles are shown as dashed lines. Right panel: tangential speed profiles that
account for corotation near the Sun (Macneil et al. 2022; Koukras et al. 2022). The dashed gray line represents a fully corotational solution (limit
case). The pink curve represent an MHD simulation (Réville et al. 2020). The shaded gray region represents the coronal region limited upward by
the source surface set at 2.5 R�. The dashed vertical colored lines represent the associated Alfvén radii.

Sect. 2.1). For the tangential flow profile, we use the iso-poly
radial speed and empirically determined Alfvén speed profiles
as an input in the Weber–Davis model (Weber & Davis 1967,
Sect. 2.2). In Sect. 3 we analyze these results and propose a best
practice for backmapping in which ballistic mapping remains
the best approach for efficiently estimating source longitude,
although it is essential to consider the acceleration profiles to
accurately account for travel time.

2. Comparison of backmapping methods

To estimate the uncertainties of ballistic backmapping, we com-
pared the ballistic estimation of the footpoint location and travel
time for three different cases: (a) ur = uref with a constant radial
speed, (b) with an accelerating solar wind speed profile, but with-
out corotational effects ur = ur(r), uφ = 0, and (c) with both
acceleration and corotational effects: ur = ur(r), uφ = uφ(r). We
note that the actual backmapping cannot be observed or deter-
mined, that is, none of the backmapping methods in the literature
have been fully validated by observations. However, method (c)
is one of the most accurate methods known to date, and we con-
sidered it as a reference in this study.

2.1. Accelerating solar wind: Parker model

We used the iso-poly fluid model from Dakeyo et al. (2022). The
first-order conservation of momentum is

n ∓ ur
dur

dr
= −

∑
s={p,e}

dPs

dr
− n ∓

G M
r2 , (1)

where n is the density, and Ps is the pressure, and where the sum
over the species s is taken over protons (p) and electrons (e). The
temperature is

Ts(r) = Ts0

( n(r)
niso|s

)γs−1
→

{
if r ≤ riso|s ⇒ γs = 1
if r > riso|s ⇒ γs > 1 , (2)

where riso|s is the distance below which the expansion is isother-
mal, and γs is the polytropic index. For more details about the
iso-poly equations and the numerical resolution, we refer to
Dakeyo et al. (2022) and Shi et al. (2022).

Maksimovic et al. (2020) defined five wind populations
based on speed in a statistical study of Helios data. Based on
these five populations, Dakeyo et al. (2022) fit the associated
iso-poly modeling results. The iso-poly model solutions are pre-
sented in the left panel of Fig. 1 as solid lines. We emphasize that
these models were fit to statistical datasets and therefore provide
a well-constrained representation of the average speed profiles
of the solar wind in the observed radial range (reaching down to
0.1 au).

In terms of acceleration between 0.1 and 1 au, the iso-poly
curves present an increase in the speed of 53%, 28%, 23%, 20%,
and 17% from the slow to the fast wind. This means that the local
streamline angle φ extrapolated at 0.1 au can involve a deviation
of the same extent as the mentioned speed increase. As we show
in Sect. 2.3, considering corotation without acceleration results
in a substantial deviation of the mapped longitude compared to
the ballistic estimate.

2.2. Corotating solar wind: Weber–Davis model

Tangential flow in the solar wind is known to be important
for the purposes of ballistic mapping (Nolte & Roelof 1973;
Macneil et al. 2022; Koukras et al. 2022). Based on a given
radial speed profile ur(r), Weber & Davis (1967) proposed an
expression for the tangential speed uφ(r),

uφ(r) =
Ω� r

uA(rA)
uA(rA) − ur(r)

1 − MA(r)2 , (3)

where uA(r) = |Br(r)|/
√
µ0 ρ(r) is the Alfvén speed profile, ρ(r)

is the total mass density, and MA = ur(r)/uA(r) is the Alfvén
Mach number.

To compute the uφ(r) profiles, we used the five radial iso-
poly speed profiles discussed in the previous section and Alfvén
speed profiles uA(r). This last quantity requires a representation
or model of the radial evolution of the magnetic field. Based on
observations of Helios 1 and Helios 2, we estimated Br at 1 au.
We used the same data set as was used by Dakeyo et al. (2022)
for the magnetic field. However, due to the bimodal nature of
the Br distribution (one mode per magnetic sector), it would not
be representative of the typical values encountered in the solar

A12, page 3 of 8



Dakeyo, J.-B., et al.: A&A, 686, A12 (2024)

Table 1. Average magnitude of the radial magnetic field at 1 au for each
of the five wind populations depending on the wind speed.

ur (km s−1) 300 350 400 500 650

|Br| (nT) 2.37 2.74 3.18 3.33 3.15

wind to compute the average value of |B| (Badman et al. 2021).
Following Badman et al. (2021), we computed an absolute aver-
age value of Br using a bi-Gaussian fit. For more details about the
Br determination, we refer to Appendix A. The absolute bimodal
averages are shown in Table 1, and the Br distributions are dis-
played in Fig. A.1. With these values and the iso-poly density
profiles, we computed the associated Alfvén speed uA(r), which
is plotted as dashed lines in the left panel of Fig. 1. The cross-
ings of the dashed and solid colored curves define the associated
Alfvén critical points rA. These values are annotated as dashed
vertical bars in the right panel of Fig. 1.

The tangential speed curves are plotted in the right panel
of Fig. 1, and the rigid-rotation limit case is shown as the dot-
ted gray line. Only the uφ profiles in slow wind closely follow
the rigid rotation limit until ∼3 R� (.350 km s−1), while the fast
wind (&550 km s−1) has already slipped to an essentially radial
velocity vector at 2.5 R�. The tangential speed uφ is comparable
to ur in order of magnitude for the slow wind below 4 R�, which
indicates that the corotational effect is strong for these winds.
The tangential flows peak around 7–10 km s−1 between ∼10 and
17 R� for slow winds and at about 2 km s−1 at 3 R� for the fastest
wind population (below the respective Alfvén point). The tan-
gential speed profiles decrease asymptotically beyond this point.

In addition to the iso-poly models, we used ur(r) given
by a fully isothermal 1D MHD solution of the wind (see
Weber & Davis 1970; Réville et al. 2020) to calculate uφ(r) with
Eq. (3). The result is shown in Fig. 1 as the dashed red line.
We applied the same initial condition as for the second-slowest
iso-poly population (wind B) from Dakeyo et al. (2022). The
evolution is similar for the MHD result and the equivalent iso-
poly curve until ∼10 R�. At larger distances, the MHD solution
gives a slower decrease of the tangential speed due to the greater
acceleration at large distances provided by the isothermal expan-
sion. However, the Alfvén speed and Alfvén radius are almost
the same in both solutions (a relative difference of 5% and 6%,
respectively). This comparison confirms that the modeling of
corotational effects under the MHD and iso-poly approaches acts
similarly close to the Sun (below 20 R�), where the nonballistic
effects become stronger.

Incorporating uφ in the calculation of the local streamline
longitude φ based on the expression of the Parker spiral is equiv-
alent to adding a variation in the relative angular speed between
the source and the plasma (Macneil et al. 2022),

φ(r) = φss +

∫ r1

rss

Ω� − uφ(r)/r
ur(r)

dr, (4)

where φss is the longitude location at rss, and r1 is the distance
from which the backmapping is computed.

2.3. Comparison of mapping methods

For the comparison, we assumed that a parcel of solar wind
leaves the Sun in the solar equatorial plane at longitude φss, and
we compared the trajectory of this plasma parcel with the three
different methods. This was applied for the different iso-poly

speed populations. The right panel of Fig. 2 shows the computed
streamlines, and the left panel shows the radial evolution of the
spiral longitude φ. The ranges of the heliocentric distances cov-
ered by Parker Solar Probe, Solar Orbiter, and Ulysses (Fox et al.
2016; Müller 2020; Wenzel et al. 1992) are indicated in the left
panel. We recall that the mapping methods are referred to: bal-
listic (a), accelerating solar wind (b) and accelerating and coro-
tating solar wind (c).

Figure 2 shows that methods (a) and (c) lead to a very similar
evolution for all wind populations at all sampled distances up to
3 au, while method (b) shows an offset with (c) close to the Sun,
especially for slow winds.

For method (b), the angle φ directly increases at the base of
the streamline with r. This behavior is caused by the assumptions
of neglecting corotational effects while accounting for the accel-
eration in the backmapping process (Nolte & Roelof 1973). The
two effects no longer compensate for each other, and the slow
radial velocity combined with a significant tangential drift (i.e.,
uφ = 0 in the corotating frame) leads to a larger local stream-
line angle. The slower the wind, the larger the local streamline
angles.

The relative angular deviations of the three methods are pre-
sented in the left panel of Fig. 3 and are summarized in Table 2
for the ranges of heliocentric distance covered by Parker Solar
Probe, Solar Orbiter, and Ulysses for different latitudes. In the
ecliptic plane, fast wind streamlines always show a relative devi-
ation smaller than 1′′, regardless of the distance and method.
The method with the accelerating wind can deviate from the ref-
erence method (accelerating and corotating wind) by ∼6◦ for an
intermediate wind until ∼18◦ for the slowest wind population
over 3 au. The differences between the ballistic and the refer-
ence method for slow winds increase with distance until they
reach ∼4◦ at 1 au, then they decrease to ∼1◦ for the slow wind
at 3 au (647 R�). For intermediate and fast winds, the deviation
is smaller than 2◦ for all distances. These results suggest that
for the typical range of heliocentric distances covered by Parker
Solar Probe, Solar Orbiter, and Ulysses, the ballistic mapping
method provides a satisfactory estimate of the source longitude
compared to reference method for a maximum deviation of 4◦.
The reference method is physically justified to incorporate radial
acceleration wind and the corotational effect. Ballistic mapping
therefore does not differ much at all studied heliocentric dis-
tances, which justifies its use within and beyond 1 au. Deviations
were also computed for the meridional region (30◦ latitude) and
the polar region (60◦ latitude). The meridional results are very
similar to the results in the ecliptic plane, and we therefore do
not display them here. The polar results show an increase in the
ballistic method compared to the reference method on average.

That the corotational effect is compensated for by the accel-
eration through the radial acceleration profile between the Sun
and the measurement point. For the only weak acceleration close
to the Sun, corotational effects are not compensated for com-
pletely, and the streamline angle is deflected. Therefore, the dif-
ferences between the ballistic streamline and an accelerating and
corotating streamline are stronger when ur and uφ are of similar
magnitude, that is, for the slow solar wind.

We computed the travel time to estimate the plasma depar-
ture time at the source tss. This aspect of the backmapping is par-
ticularly important because the heliospheric backmapping pro-
cedure only provides an accurate location at the outer edge of
the corona. To connect the solar wind to its photospheric foot-
points requires coronal modeling and therefore a choice of the
boundary condition of the magnetogram (Schatten et al. 1969;
Levine et al. 1977). Backmapping can provide the time at which
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(a) : …
(b) : - -
(c) : —

PSP

SolO

Ulysses

Fig. 2. Comparison of the mapping method streamlines. Left panel: streamline angle φ in the corotating frame from Eq. (4) of the five iso-poly
wind populations presented in Fig. 1. Each iso-poly wind speed population is emitted from a different longitude φss = (0◦, 30◦, 50◦, 65◦, and
80◦) from slow to fast. The streamline angle profiles are computed for the three mapping methods of a ballistic (a), accelerating solar wind (b),
accelerating, and corotating solar wind (c). Right panel: Parker spirals (i.e., streamlined spiral) applied to the five iso-poly wind populations until
1 au, with the same line description as in the left panel.

Ulysses

—

Ulysses

PSP

SolO

a-c : 
b-c : - -
a-b : 

—

PSP SolO

Fig. 3. Comparison of the mapping characteristics for all calculated methods. Left panel: relative angular deviation of the streamline from φss in the
compared mapping methods in the longitudinal Carrington coordinates. We show the ballistic (a), accelerating solar wind (b), and the accelerating
and corotating solar wind (c). Right panel: travel-time difference: ∆τ profiles from Eq. (5), computed by subtracting the ballistic travel time τbal
to the iso-poly travel time τip for the five wind populations. The regions of space measured by PSP, Solar Orbiter and Ulysses are colored in both
panels.

this boundary condition must be taken. This information also
informs remote observers of the most relevant time to observe
a given photospheric source region in order to connect it to
in situ measurements (Rouillard et al. 2020a; Badman et al.
2023).

We estimated the difference between the ballistic travel time
from the Sun to probe τbal and the iso-poly travel time τip. This
relative time latency ∆τ is expressed as

∆τ = τip − τbal =

∫ r1

rss

dr
ur(r)

−
r1 − rss

ur(r1)
. (5)

The results of Eq. (5) are presented in the right panel of Fig. 3
and are summarized in Table 3 for different heliocentric dis-
tances. We took the ballistic speed at the distance r1 as the input

for the iso-poly profile at r1. We then calculated the travel times
τbal and τip from r1 to rss by integration, that is, tss − t1.

Figure 3 shows that ∆τ is ∼2–3 h for fast solar wind
(∼650 km s−1 at 1 au). The persistence of source structures for
the fast wind such as large coronal holes is typically a few days to
weeks, and therefore, ∆τ is negligible. However, for slow winds
(<350 km s−1 at 1 au), ∆τ reaches 35 h at 1 au and more than 40 h
near 3 au (∼1.5 days). This leaves sufficient time for the magnetic
structure of the source to evolve, which might lead to a poor rep-
resentation of the coronal configuration at the time of plasma
release. This is emphasized by the typical source location of the
slow solar wind assumed near active regions, which evolves on
a faster timescale than large coronal holes. In the worst case,
in situ observations of the slow wind could be associated with
the wrong source.
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Table 2. Relative streamline angular deviation ∆φ between methods (a)
and (c) and between (b) and (c) for the typical range of heliocentric
distances covered by PSP (0.05–0.3 au), SolO (0.3–1 au), and Ulysses
(>1 au) based on the iso-poly ur profiles.

Ecliptic plane (θ = 0◦)

ur (1 au) <350 km s−1 350–550 km s−1 >550 km s−1

|∆ϕ(a|c) | (PSP) ≤3◦ ≤1.5◦ ≤0.5◦

|∆ϕ(a|c) | (SolO) ≤4◦ ≤2′′ ≤1◦

|∆ϕ(a|c) | (Ulysses) ≤4◦ ≤2◦ ≤1◦

|∆ϕ(b|c) | (PSP) 5◦–18◦ 1.5◦–5◦ ≤0.5◦

|∆ϕ(b|c) | (SolO) 8′′–18◦ 3◦–6◦ ∼0.5◦

|∆ϕ(b|c) | (Ulysses) 8◦–18◦ 3◦–6◦ ∼0.5◦

Polar region (θ = 60◦)

ur (1 au) <350 km s−1 350–550 km s−1 >550 km s−1

|∆ϕ(a|c) | (PSP) 1.5◦–6◦ ≤2′′ ≤0.5◦

|∆ϕ(a|c) | (SolO) 3◦–7◦ 1.5′′−3′′ ≤1◦

|∆ϕ(a|c) | (Ulysses) 2◦–7◦ 0.5◦–3◦ ≤1◦

|∆ϕ(b|c) | (PSP) 4◦–14◦ 1.5◦–4◦ ≤0.5◦

|∆ϕ(b|c) | (SolO) 6′′–14◦ 2◦–4◦ ∼0.5◦

|∆ϕ(b|c) | (Ulysses) 6◦–14◦ 2◦–4◦ ∼0.5◦

Notes. The wind speed indicated in the table is the typical ur computed
at 1 au with the iso-poly models. Deviations for a mapping at polar lati-
tude are also computed and summarized.

Table 3. Relative travel-time latency ∆τ between methods (a) and (c)
for the typical range of heliocentric distances covered by PSP (0.05–
0.3 au), SolO (0.3–1 au), and Ulysses(>1 au) based on the iso-poly ur
profiles.

ur (1 au) <350 km s−1 35–550 km s−1 >550 km s−1

∆τ(a|c) (PSP) ∼7 h–30 h ∼2 h–9 h ≤2 h
∆τ(a|c) (SolO) ∼15 h–35 h ∼5 h–13 h ∼2 h–3 h
∆τ(a|c) (Ulysses) ∼17 h–43 h ∼7 h–16 h ∼3 h–5 h

Notes. The wind speed indicated in the table is the typical ur extrapo-
lated to 1 au.

3. Discussion

We compared the ballistic backmapping method with other
methods that include the effects of solar wind acceleration and
solar corotation. The backmapping method with an accelerating
and corotating wind was taken as the reference method. Intu-
itively, backmapping models that account for acceleration and
corotation are generally expected to be more physical and thus
more accurate. We provided further evidence that these effects
compete effectively with each other and ultimately lead to a
satisfactory performance of ballistic backmapping. It results in
a maximum deviation of 4◦ from the reference method for all
explored radial distances and wind speeds. The fastest wind
deviates least in the mapping at all distances. We showed that
this statement also holds for backmapping that starts closer to
the Sun than 1 au. Moreover, ballistic mapping always maps
to a slightly larger longitude than the reference model pre-
dicts, and therefore, corotation generally has a similar but
slightly weaker effect than acceleration. These results are impor-
tant given the interest in connectivity science using spacecraft
such as the Parker Solar Probe and Solar Orbiter in the inner
heliosphere.

Backmapping deviations depend on the chosen speed profile.
We calculated the profile with iso-poly modeling constrained
with observed statistical data (Dakeyo et al. 2022). While other

modeling choices might lead to a different detailed evolution of
the deviation (Maksimovic et al. 1997; Zouganelis et al. 2004),
the theoretical similarities mentioned by Parker (2010), and the
one between iso-poly and MHD solution (Fig. 1) suggest that
this variation will not affect the overall conclusion strongly.

However, even when an acceptable estimated location of the
source in Carrington coordinates is provided (Nolte & Roelof
1973), ballistic backmapping can substantially underestimate the
travel time of a given plasma parcel. Consequently, the most
appropriate magnetogram for driving a coronal model relevant
to backmapping may be more than a day late when it is selected
on the basis of the ballistic travel time. Over this period of
time, the coronal magnetic field configuration can change signif-
icantly, which might lead to potentially incorrect coronal map-
ping results and incorrect associations of the in situ wind char-
acteristics with sources.

The results of backmapping method (b), which used iso-poly
acceleration profiles without considering the effects of corota-
tion, miscalculates the source longitude, but yields a more phys-
ically justified travel time. Backmapping of the fast solar wind
depends only weakly on the acceleration and tangential flow
profiles for the three investigated backmapping methods, and it
results in smaller deviations in source longitude and travel time
compared to the slow wind. For the backmapping process below
1 au, the smaller the initial radius, the smaller the deviations.

The very slow solar wind population is still accelerated
at large heliospheric distances (Maksimovic et al. 2020), but
the iso-poly model does not reproduce this trend at distances
greater than 100 R� (Dakeyo et al. 2022). This slight disagree-
ment might result in a small deviation in the spiral angle. This
effect is particularly strong in the case of the baseline solar wind
(Sanchez-Diaz et al. 2016; Maksimovic et al. 2020), from which
the slowest observed solar wind speeds are reported. Wind with
a strong acceleration above rss deviates more strongly from the
ballistic mapping regardless of the asymptotic speed.

Another limitation of our study is that we did not account for
stream interactions (Sanchez-Diaz et al. 2016), which could play
a role in the field line modification and travel time and might thus
propagate additional deviation in the backmapping results. This
also holds for the solar wind in the vicinity or behind interplane-
tary coronal mass ejections. These are smaller-order effects that
might affect the reference method we used for the study and so
the comparison results.

Based on our study, we conclude by recommending a best
practice for solar wind backmapping. It is appropriate to calcu-
late a streamline using a ballistic approximation to estimate the
Carrington longitude. On the other hand, to estimate its travel
time, it is more relevant to use an accelerating solar wind speed
profile. These models are computationally easy, and source code
for models like this can be found in Badman et al. (2023)1. Our
recommendation avoids the need of full MHD simulations or
a detailed knowledge of the true corotation profile for a given
stream.

This study focused on the interplanetary magnetic connectiv-
ity, but a complementary study must address the field line trac-
ing in the coronal region (i.e., below the source surface). The
near Sun region is the main acceleration region for the solar
wind, which means that the radial velocity is far lower (only a
few dozen km s−1), so that the travel time from the surface (low
corona) until rss could reach several hours and be non-negligible
in the total time travel estimation.

1 https://github.com/STBadman/ParkerSolarWind
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Appendix A: Magnetic observation from Helios

We used the revisited dataset2 from Helios 1 and Helios 2.
Observations were taken only in the period of solar activity
minimum from 1974 until 1977 between 0.3 to 1 au. For each
magnetic sector, we applied a bi-Gaussian fit to determine the
average value depending on the magnetic field sign. Under the
hypothesis that Br evolves in r−2, we corrected the data from
Dakeyo et al. (2022) at all distances by r2/(1au2) for each of the

five winds populations for a better statistics. The observations
are presented in Figure A.1. The speed population names are the
same as in Dakeyo et al. (2022) (from A to E for the slow to fast
wind). The Br averaged values by magnetic sector were used to
compute the global average of Table 1. Because the Br distribu-
tion is asymmetric, the absolute mean between the two sectors is
normalised by the respective amplitude of each Gaussian mode
in the bimodal fit. The distributions are shown in Figure A.1.

Fig. A.1. Distribution of the Br Helios observations at minimum solar activity, corrected by r2/(1au)2. The wind name populations are the same as
in Dakeyo et al. (2022)

2 https://spdf.gsfc.nasa.gov/pub/data/helios/
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