
A&A, 694, A134 (2025)
https://doi.org/10.1051/0004-6361/202244327
c© The Authors 2025

Astronomy
&Astrophysics

Estimating uncertainties in the back-mapping of the fast solar wind
A. Koukras1,2,3,? , L. Dolla2 , and R. Keppens1

1 Centre for mathematical Plasma-Astrophysics, Department of Mathematics, KU Leuven, Celestijnenlaan 200B, 3001 Leuven,
Belgium

2 Solar-Terrestrial Centre of Excellence, Royal Observatory of Belgium, Avenue Circulaire 3, B-1180 Brussels, Belgium
3 Columbia Astrophysics Laboratory, Columbia University, MC 5247, 550 West 120th Street, New York, NY 10027, USA

Received 23 June 2022 / Accepted 16 November 2024

ABSTRACT

Context. Although the most likely source regions of fast solar wind relate to coronal holes, the exact acceleration mechanism that
drives the fast solar wind is still not fully understood. An important approach that can improve our understanding involves the
combination of remote sensing and in situ measurements, often referred to as linkage analysis. This linkage tries to identify the source
location of the in situ solar wind with a process called back-mapping. Typically, back-mapping is a combination of ballistic mapping,
where the solar wind draws the magnetic field into the Parker Spiral at larger radial distances, and magnetic mapping, where the solar
wind follows the magnetic field line topology from the solar surface to a point in the corona where the solar wind starts to expand
radially.
Aims. By examining the different model ingredients that can affect the derived back-mapped position, we aim to provide a more
precise estimate of the source location and a measure of confidence in the mapping procedure. This can be used to improve the
connection between remote sensing and in situ measurements.
Methods. For the ballistic mapping, we created velocity profiles based on Parker wind approximations. These profiles are constrained
by observations of the fast solar wind close to the Sun and are used to examine the mapping uncertainty. The coronal magnetic field
topology from the solar surface up to an outer surface (the source surface) radius RS S is modeled with a potential field source surface
extrapolation (PFSS). As inputs, the PFSS takes a photospheric synoptic magnetogram and a value for the source surface radius,
where this latter is defined as the boundary after which the magnetic field becomes radial. The sensitivity of the extrapolated field
is examined by adding reasonable noise to the input magnetogram and performing a Monte Carlo simulation, where we calculate
the source position of the solar wind for multiple noise realizations. Next, we examine the effect of free parameters –such as the
height of the source surface– and derive statistical estimates. We used Gaussian Mixture clustering to group the back-mapped points
associated with different sources of uncertainty, and provide a confidence area for the source location of the solar wind. Furthermore,
we computed a number of metrics to evaluate the back-mapping results and assessed their statistical significance by examining three
high-speed stream events. Finally, we explored the effect of corotation close to the Sun on the derived source region of the solar wind.
Results. For back-mapping with a PFSS corona and ballistic solar wind, our results show that the height of the source surface produces
the largest uncertainty in the source region of the fast solar wind, followed by the noise in the input magnetogram, and the choice of
the velocity profile. Additionally, we display the ability to derive a confidence area on the solar surface that represents the potential
source region of the in situ-measured fast solar wind.
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1. Introduction

The solar wind is a continuous magnetized plasma flow emanat-
ing from the Sun, turning supersonic and super-Alfvénic at rela-
tively close distances. It is the extension of the solar atmosphere,
which expands into the interplanetary space. The solar wind
was first theorized based on the observed effects on cometary
tails (Eddington 1910; Biermann 1957) and on the interactions
with the Earth’s magnetic field (Birkeland 1914), as corpuscular
radiation. But it was Parker (1958) who, using the first obser-
vational evidence of a hot solar corona (Edlén 1943; Alfvén
1947; Chapman & Zirin 1957), deduced that such a hot solar
atmosphere cannot maintain hydrostatic equilibrium and that
the plasma flow from the Sun must expand and turn super-
sonic. He coined the term ‘solar wind’ and soon afterwards in
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situ data by the Mariner II spacecraft confirmed his prediction
(Neugebauer & Snyder 1962).

Since then, there have been consistent measurements of
the solar wind, either in situ with spacecraft like Ulysses
(Bame et al. 1992), ACE (Stone et al. 1998), and WIND
(Acuña et al. 1995) or remotely with UVCS (Kohl et al. 1995)
and LASCO (Brueckner et al. 1995), which provided a detailed
view of the solar wind properties. These measurements have led
to categorization of the solar wind based on its speed at 1 AU,
revealing the existence of both slow (<500 km s−1) and fast wind
(>500 km s−1) (Schwenn 1990; Geiss et al. 1995; Zurbuchen
2007). There has been extensive discussion about whether other
solar wind properties could provide a more reliable catego-
rization (Neugebauer et al. 2016; Camporeale et al. 2017) but a
generic classification remains based on typical fast-wind proper-
ties and typical slow-wind properties, encompassing additional
plasma parameters such as ion composition, Alfvénicity, and
first ionization potential (FIP) bias (Verscharen et al. 2019).
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From the first Ulysses data at high latitudes, it was evident
that the fast solar wind originated from dark regions on the
Sun (near the poles during solar minimum) called coronal holes
(Krieger et al. 1973), and that the slow wind comes from within
or near the partially closed streamer belt, at the solar equator
(Schrijver & Siscoe 2009; Verscharen et al. 2019). Subsequent
observations enhanced this view and showed that, at solar maxi-
mum, the fast and slow solar wind can emerge from everywhere
in the corona in neighboring patches (Verscharen et al. 2019).
For a more detailed description of the nature of the solar wind,
see reviews by Antiochos et al. (2012), Cranmer et al. (2017),
Verscharen et al. (2019), and references therein.

One of the most common methods for deriving the source
location on the solar surface of an in situ solar wind measure-
ment is based on a process called solar wind back-mapping
(Neugebauer et al. 1998; Peleikis et al. 2017; Badman et al.
2020). Back-mapping consists of two main parts and is often
referred to as two-step ballistic back-mapping. The first part is
ballistic mapping, where the solar wind is traced from the in
situ point to a point in the outer corona called the source sur-
face (SS) that is the boundary above which the modeled coro-
nal magnetic field becomes radial. The second part is magnetic
mapping, where the wind is then traced from the SS down to the
photosphere. A graphical example of the back-mapping process
is shown in Fig. 1. This figure takes inspiration from Fig. 1 of
Peleikis et al. (2017) and together with the back-mapping pro-
cess it displays the uncertainties in the different components of
the framework, which are indicated with the shaded areas.

Parker (1958) showed that the solar wind becomes nearly
radial after a critical point close to the Sun, and pulls the mag-
netic field into a Parker spiral. The ballistic mapping that has
been used until now usually assumes that the in situ-measured
speed remains constant along the entire Parker spiral. Based on
this assumption, if we have an in situ speed vsc measured from
a spacecraft at a radial distance from the Sun of rsc and a radial
extent of the SS of rss, we can compute the time it takes the solar
wind to reach the SS (∆t, the so-called back-mapping time) and
the corresponding displacement in Carrington longitude of its
footpoint φss on the SS:

∆t =
rsc − rss

vsc
, (1)

∆φ = Ω ∆t , (2)
φss = φsc + ∆ φ , (3)

where Ω is the solar sidereal rotation rate and φsc the Carrington
longitude of the spacecraft. In this formulation, the spacecraft is
orbiting the Sun and its position is given in the Carrington coor-
dinate system, which is a system that corotates with the Sun.
The ballistic mapping does not produce any latitudinal displace-
ment θsc = θss. Finally, the azimuthal component of the solar-
wind velocity vector is considered negligible and is not taken
into consideration (see Sect. 3). The aforementioned assumption
of constant speed propagation is based mainly on the work of
Nolte & Roelof (1973), who showed that such an approxima-
tion derives a fairly accurate estimation of the source region. In
this paper, we explore more realistic means for ballistic back-
mapping, where we account for the solar wind speed variation
as a function of distance, and do this based on observationally
constrained wind profiles.

For the magnetic mapping, a derivation of the coronal
magnetic field topology is necessary, and this is achieved
with global models, such as the potential field source sur-
face (PFSS) model (Altschuler & Newkirk 1969; Schatten et al.

Fig. 1. Representation of the solar wind back-mapping process and its
uncertainties assessed in this paper. In the zone of ballistic mapping
(above the SS), the lines that connect the spacecraft to the SS repre-
sent different trajectories for different velocity profiles of the solar wind;
the shaded area around them represents the uncertainty associated with
them. The shaded area around the dashed circular line (which shows
the SS) represents the uncertainty in its height. In the magnetic map-
ping zone (below the SS), the magnetic field lines are followed from the
SS down to the solar surface (dotted lines). The shaded area around the
back-mapped positions on the solar surface represents the uncertainty
in the source region of the wind observed at the spacecraft.

1969), which extrapolates the photospheric magnetic field in the
corona up until a certain height (i.e., the SS). In this domain,
solar wind can be connected from the SS down to the solar sur-
face by tracing the magnetic field lines. This part of the back-
mapping may be influenced by errors in the input data and the
variation of the free parameters in the extrapolation model. We
examine this topic here as well. For the present study, we used
synoptic magnetograms from the Global Oscillation Network
Group (GONG; Harvey et al. 1996) as they are widely used
as input for magnetic extrapolation models and space weather
modeling in general (Plowman & Berger 2020). Furthermore,
there is some evidence indicating that different magnetogram
sources do not produce strong deviations compared to GONG
in back-mapping frameworks, and results based on GONG mag-
netograms may be preferred (Badman et al. 2020).

Despite the wide use of the back-mapping method, there has
been limited work on estimating the uncertainties in its imple-
mentation. Peleikis et al. (2017) added noise with a uniform dis-
tribution (magnitude ±10◦) to simulate the error in the longitudi-
nal displacement of the solar wind footpoint on the SS based on
the 10◦ error estimate of Nolte & Roelof (1973). Additionally,
Peleikis et al. (2017) added noise to each pixel in the input mag-
netograms (MDI) with a value of ±0.1× Ip –where Ip is the mag-
netic field strength at each pixel– to estimate an error from the
PFSS extrapolation. Badman et al. (2020) used different sources
of input magnetograms and heights of the SS to investigate
the effect they have on the reproduction of the radial magnetic
field measured from Parker Solar Probe (PSP). MacNeil et al.
(2022) investigate the error in the ballistic mapping proposed
by Nolte & Roelof (1973) by comparing the simple ballistic
approximation with models that include radial and azimuthal
variations. This analysis was focused on the slow solar wind as
the evaluation method was the comparison between crossings of
the heliospheric current sheet (HCS) at Earth and at 2.5 R�. More
recently, da Silva et al. (2023) proposed a method to produce
probability distributions of the solar wind connectivity using
the combined Air Force Data Assimilative Photospheric Flux
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Fig. 2. Overview of the in situ speed and density measurements for the case-study high-speed stream (Event 1) analyzed in this study. (Top) In
situ solar wind speed by WIND. (Bottom) In situ solar wind density. The shaded area in both plots represents the high-speed interval that was
used during the analysis (Event 1). (Inset) The zoomed-in view of the selected high-speed interval. The red star markers represent the in situ speed
measurements that were back-mapped to the solar surface and examined in more detail.

Transport-Wang Sheeley Arge (ADAPT-WSA) model, varying
the starting point of the trace on the outer boundary and con-
sidering a window of acceptable parcel-arrival times but with
no variation in the SS height. Dakeyo et al. (2024) investigated
the corotation and acceleration balance as a function of distance
from the Sun and for different solar wind speeds, finding a max-
imum of 4◦ deviation in the Carrington longitude of the source
below 3 AU.

The importance of a detailed estimation of all the uncer-
tainties involved in the back-mapping process becomes even
more evident in the context of “linkage” analysis, where in situ
measurements are connected to remote sensing measurements.
In this study, we quantify the uncertainty in the location of
the source region based on different components of the back-
mapping framework and derive quantitative precision estimates
where possible. The structure of the paper is as follows. In Sect.
2 we present our methodology, which includes a description of
the data set (Sect. 2.1), the ballistic mapping with custom veloc-
ity profiles (Sect. 2.2), the magnetic mapping (Sect. 2.3), and the
different sources of uncertainty (Sect. 2.4). In Sect. 3 we discuss
the results of our analysis and finally in Sect. 4 we provide our
conclusions.

2. Methods and analysis

2.1. Data set

In order to test our back-mapping framework, we looked at a
number of events of fast solar wind originating from low lati-
tude coronal holes. To demonstrate our methodology and analy-
sis, we present in more detail a case study of a high-speed stream
event that was observed on 21–25/12/2020. The data for this
event were taken (with the use of HelioPy Stansby et al. 2020a)
from the Solar Wind Experiment (SWE; Ogilvie et al. 1995) on
board the WIND spacecraft (Acuña et al. 1995; Ogilvie & Desch

1997), which is located in a halo orbit at the Lagrangian point L1
and can been seen in Fig. 2. The top plot displays the solar wind
speed and the bottom plot the solar wind density. The shaded
area represents the high-speed stream interval we studied. In
this interval an average wind speed close to 600 km s−1 and a
max speed of 650 km s−1 are observed. The inset plot displays
a zoomed-in view of the selected interval. The red stars in this
plot represent the in situ solar wind speed measurements that we
examined in more detail. Since SWE provides measurements of
the solar wind speed every 92 s we downsampled the selected
interval in order to have a more manageable data set for our
analysis. We selected a downsampling step of 30 measurements
which is equivalent to a cadence of 46 min and a total number
of 25 speed measurements for this event. We refer to these speed
measurements as ‘in-situ points’ from now.

This particular event was selected because during this
interval there were data available from a similar back-
mapping framework, called Magnetic Connectivity Tool (MCT)
(Rouillard et al. 2017), which is one of the components we use
to evaluate our framework. Additionally, the wind speed for this
event is not that large compared to the fastest solar wind streams
that are observed, which provides the opportunity to examine
the performance of our framework in the limit of what is consid-
ered fast solar wind and provide an upper bound on the possible
uncertainty in the back-mapped region. Lastly, solar wind speeds
in this range are correlated to the smallest fast wind speeds
for which observational constraints from Doppler dimmings are
available, these observations are discussed in Sect. 2.4.1.

In order to make sure we have a ‘pure’ fast solar wind event,
we avoided any compression regions as can be seen in the bottom
plot of Fig. 2 and we cross-checked with a near-Earth Interplan-
etary Coronal Mass Ejections (ICME) catalog1 that there were

1 http://www.srl.caltech.edu/ACE/ASC/DATA/level3/
icmetable2.html
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Table 1. Fast solar wind events.

Event Start End In-situ points

1 22/12/2020 17:59 23/12/2020 15:10 25
2 13/04/2012 04:07 13/04/2012 23:13 24
3 04/08/2017 13:19 05/08/2017 10:11 26

no ICMEs during this high-speed stream. We examine this fast-
wind event in detail in order to present our methodology, mainly
through the analysis of a single in situ point of this event. A
statistical study of additional fast wind events will then be con-
ducted, with each event comprising several in situ points. The
details of these events can be seen in the Table 1.

2.2. Ballistic mapping

The first implementation of ballistic mapping appears in
Snyder & Neugebauer (1966), where based on the assumption
of a constant solar wind speed and radial velocity they attempt
to locate, following “ideal” Parker spirals, the sources of high-
speed streams observed by Mariner II (Nolte & Roelof 1973).
Theoretical work in the 70s (Sakurai 1971; Matsuda & Sakurai
1972) demonstrated that the solar wind propagates radially and
with constant speed beyond the critical point in the quasi-
radial hypervelocity approximation (QRH). The QRH approx-
imation is based on the assumption that the sonic and Alfvén
Mach numbers are large, and that gravitational potential and
azimuthal convection effects are negligible. This approximation
has been shown to be valid for radial distances of greater than
30 R�.

Based on that, Nolte & Roelof (1973) introduced the extrap-
olated quasi-radial hypervelocity approximation (EQRH), where
the assumption of constant speed and radial velocity for the
solar wind can be extended below 30 R�. This approximation
is based on the canceling of two corrections (coronal corotation,
interplanetary acceleration) with opposite effect on the derived
source location. While this model does not reflect a realistic
velocity profile for the solar wind, it has been proven to be a
good approximation for mapping the in situ wind to its source
in the outer corona and it is considered the standard practice for
ballistic mapping (Neugebauer et al. 1998; Peleikis et al. 2017;
Badman et al. 2020).

Nolte & Roelof (1973) used the comparison with steady-
state streamlines from theoretical solutions (both azimuthally
dependent and independent) of the steady-state plasma equations
to argue that the error, in the longitude of the source region, of
their mapping method is in the order of 10◦. Given the under-
lying assumptions of this model (quiet-time coronal expansion,
quasi-stationary wind) and the simplicity in the error estima-
tion (the difference of two extreme values) we wanted to pro-
vide a more rigorous assessment of the radial velocity profile on
back-mapping efforts. Therefore, we investigated how an actual
sampling of possible solar wind velocity profiles that match
observational constraints can improve the uncertainty in the
source region of the back-mapped solar wind.

There are a plethora of models that describe the solar
wind propagation and the corresponding velocity profile. These
include the original isothermal/polytropic models (Parker 1958),
the exospheric models, which approach the acceleration of
the solar wind from a kinetic point of view (Jockers 1970;
Maksimovic et al. 1997; Zouganelis et al. 2004) and a family

of more sophisticated models that examine the effect of Alfvén
waves on the acceleration of the solar wind (e.g. Hu et al. 1999).
But in order to have more control on the shape of the veloc-
ity profile, especially close to the Sun, we introduce a family of
hybrid velocity profiles for the solar wind propagation based on
the Parker (1958) approximations for small and large distances
from the Sun. Also, the impact of realistic tangential speed pro-
files is examined later in Sect. 3.

Parker (1958), taking the approximation that the corona is
isothermal, derives an equation for the solar wind, which has
a specific sonic point. Since the Parker solution is governed
by a transcendental equation it can be decomposed further into
two analytic, closed-form approximations, one for large distance
from the Sun and one for small distances.

The main equations are the original transcendental equation
for the isothermal (temperature T0) wind profileu2

a2
0

 − ln
u2

a2
0

 = 4 ln
r
rs

+ 4
r
rs
− 3 , (4)

which features the constant sound speed (a0) and sonic point (rs)

a0 =

(
2kT0

mp

)1/2

, (5)

rs =
GM
2a2

0

. (6)

Instead, here we make hybrid use of the large (Eq. 7) and small
distance (Eq. 8) approximations, given by

v ≈ 2a0[ln(r/rs)]1/2 , (7)

v ≈ a0e3/2e−2rs/r . (8)

Since our aim is to have a function that takes as input the in
situ measured solar wind speed and produces different veloc-
ity profiles based on free adjustable parameters, we combine the
small and large distance approximations to create a family of
‘hybrid’ velocity profiles that differ from each other by the accel-
eration close to the Sun. Therefore, we actually relax the “sonic
point” meaning for rs and rather select the rs (in units of R�)
as our free parameter, where we simply locally switch prescrip-
tions between Eq. (7)–(8). For radial distances above this value,
we use the large distance approximations and for radial distances
below, the small distances approximation. The fact that this com-
bination of approximate wind profiles is not an isothermal wind
solution anymore (and has a local jump in its derivative) makes
this a hybrid profile, which we further constrain by the measured
speed value. To that end, we constrain the a0 value based on the
in situ measured speed (vs/c) and the radial distance where this
was measured (rs/c), for both approximations. For example, for a
selected rs = 2.7 R� and an in-situ observed speed of 600 km s−1,
measured at L1 (≈215 R�), we can find the appropriate a0 value
for the large distances approximation as

a0large =
vs/c

2[ln (rs/c/rs)]1/2 , (9)

vlarge(r) = 2a0large [ln(r/rs)]1/2 . (10)

Similarly, we constrain a0small and derive the small distances
section of our hybrid profile.

Hence, we create a solar wind velocity profile combining the
two Parker approximations, whose shape is determined by only
one free parameter (rs). In this formulation rs does not represent
anymore physically the sonic point, but gives us a direct handle
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Fig. 3. Hybrid solar wind velocity profiles for different values of the free parameters rs, calculated for an in situ solar wind speed of 600 km s−1

(colored lines). Observations of solar wind outflow velocity close to the Sun, based on the Doppler dimming method are shown as lines with
symbols. The velocity profile with constant speed is displayed by the horizontal dotted line. The profile output by the model of Hu & Habbal
(1999) is also overploted, for comparison.

on the shape of the velocity profile. An example of these hybrid
solar wind velocity profiles for different values of rs can be seen
in Fig. 3, where all of these profiles indeed match the local mea-
sured speed value at L1.

In summary, based on a single in situ solar wind speed mea-
surement, we create a family of possible velocity profiles param-
eterized by rs. For each profile, we can then determine the time
it takes a solar wind parcel to travel from the SS to the in situ
measurement location (typically L1) by integrating its velocity
profile, and we refer to this time as back-mapping time (from
here on as bmt). It is evident that there is a lower limit on the
back-mapping time (for every in situ solar wind speed), which is
produced by assuming a constant speed all the way from the Sun.
Since all the profiles we have in our family lie below the final
constant speed, we need now to derive an upper limit on bmt,
in order to define a confidence interval in the final source region
location. To accomplish that we look to constrain the space of the
possible velocity profiles and by extension the space of possible
rs values.

This effort of constraining the rs values is based on obser-
vations of the solar wind speed close to the Sun. The acquisi-
tion of reliable measurements between 1–10 R� is not a trivial
task. There are three main remote sensing techniques that are
used for solar wind speed measurements in this region: the time
delay of interplanetary radio scintillation, which is used to derive
the speed of density irregularities typically in the region above 5
R�; the direct tracking of coronal features propagating in white
light coronagraphic images; and lastly the Doppler dimming
technique (Withbroe et al. 1982), which uses ultraviolet (UV)
spectroscopic observations to derive solar wind outflow speeds
(Bemporad 2017, and references within).

The Ultra Violet Coronagraph Spectrometer (UVCS;
Kohl et al. 1995) on board SOHO (Solar and Heliospheric
Observatory; Domingo et al. 1995) has taken systematic mea-
surements of solar wind outflow speeds using the Doppler dim-
ming technique for many years (different phases of the solar
cycle) and encompasses a multitude of solar latitudes. This
large number of measurements makes the results of the Doppler

dimming method the most reliable observational constraint for
our velocity profile space. In this respect, observational solar
wind velocity profiles that are associated with coronal holes
(fast solar wind origin; Zangrilli et al. 2002; Miralles et al. 2004;
Bemporad 2017; Dolei et al. 2018) can be used directly in our
framework to define the largest rs value that produces the
’hybrid’ velocity profile better matching the measured velocity
profiles, which in turn will provide the upper limit in bmt. Fur-
thermore, profiles from other models (e.g., Hu & Habbal 1999)
can also be included for comparison.

An example of how the observational constraints based on
the Doppler dimming technique match with our family of hybrid
profiles can be seen in Fig. 3. In this figure, the colored lines
represent a family of velocity profiles, computed for a single in
situ speed value of 600 km s−1. The different colors indicate dif-
ferent values of the free parameter rs, as shown in the legend.
All of these profiles reach the same speed in situ at the space-
craft (at 215 R�), but here only a radial extent until 11 R� is dis-
played, for a better visual comparison with the remote-sensing
measurements. The horizontal dotted line represents the solar
wind profile with constant speed (equal to the in situ measure-
ment). As expected, this profile gives the shortest travel time
for the solar wind. Lastly, remote-sensing measurements, above
coronal holes, of the solar wind outflow close to the Sun are pre-
sented with colored lines connecting different symbols. Specifi-
cally, lines that use the star symbol represent observational data
from polar coronal holes. Here, we can note how the rs values
affect the hybrid profile shape and how the constant speed profile
and the remote-sensing measurements bound the profile space.
The profiles shown have rs varying from 0.1 to 3.0, leading to
bmt values from 73 up to 84 hours, respectively and the shortest
bmt of 68 hours is given by the constant profile.

2.3. Magnetic mapping

The second part of the back-mapping framework, as briefly men-
tioned in Sect. 1, consists of the magnetic mapping of a solar
wind parcel from the outer corona (source surface) down to the
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photosphere. The reason we back-map the solar wind through
the tracing of the magnetic field lines in this region, is based
on the local plasma conditions. In this region the plasma beta
parameter (β = 2µ0 p/B2) is usually smaller than unity, which
means that magnetic forces dominate over pressure gradients and
under the ideal magnetohydrodynamic (MHD) prescription we
can assume that the outflow is constrained by the field topology.

Higher in the corona, the outward pressure of thermal plasma
accelerates the solar wind and forces Sun’s coronal magnetic
field to open into the heliosphere. This opening of the magnetic
field can be approximated by PFSS models which impose that at
a boundary surface, typically at a height of 2.5 R�, the mag-
netic field can have only a radial component. At that height,
the higher-order multipoles that describe the coronal field on
scales associated with individual active regions have decreased
so much that the field entering the heliosphere is dominated by
the low-order dipole and quadrupole components of the global
photospheric field. As a result, the pattern of the radial field
at this height mostly consists of two large patches of oppo-
site polarity, separated by an evolving, undulating, neutral line
where the radial field itself vanishes. This neutral line on the
SS extends into the heliosphere through the heliospheric current
sheet. Based on that, the selection of the appropriate SS height
is important, as it affects the overall topology. For example, for
lower SS heights more coronal structures become open, which
results in more open flux to extend in the interplanetary medium
(Lee et al. 2011).

The PFSS model represents the simplest case of a force-free
model. Force-free models rely on a number of assumptions about
the physical conditions in the corona. In ideal MHD, the momen-
tum balance equation is

ρ(
∂v
∂t

+ v · ∇v) + ∇p − J × B + ρg = 0 . (11)

Under the assumption that the corona is static on the photo-
spheric timescale, which originates from the big difference in
density between corona and photosphere (nph/nc ≈ 108), we
can consider that the corona evolves as a series of quasi-static
equilibria. Now, with the assumption that the plasma is static
(∂/∂t = 0 and v = 0) we arrive at the magnetohydrostatic
momentum balance equation

∇p − J × B + ρg = 0 . (12)

Next, if we consider a coronal domain with β < 1 where coronal
structures change on length scales comparable to or shorter than
the typical coronal scale height (H = p/ρg), Eq. (12) reduces to
the force free equation

J × B = 0 . (13)

A simple solution for Eq. (13) can be obtained by assuming that
the current density vanishes. In this case we have a potential
magnetic field. From Ampère’s law (∇ × B = µ0J) we arrive at
the current-free equation, coupled with the solenoidal condition
for B

∇ × B = 0 , (14)
∇ · B = 0 . (15)

The PFSS model solves for a magnetic field that satisfies
Eqs. (14)–(15) in a spherical shell 1 < r < Rss, between the pho-
tosphere (r = 1 R�) and an outer boundary at r = Rss, which is
the SS. For the magnetic field extrapolation two boundary condi-
tions are imposed. The first is that at the SS the magnetic field is

strictly radial (Bφ = Bθ = 0 on r = Rss) and the second is that at
the lower boundary the magnetic field equals the measured radial
photospheric magnetic field (Br(θ, φ) = g(θ, φ) on r = 1). Eq.
(14) means that we can express the magnetic field by the gradient
of a scalar potential φB, such that B = −∇φB. From the solenoidal
condition (no-monopole) we have ∇ · B = −∇2φB = 0, meaning
that the scalar potential obeys the Laplace equation. The poten-
tial field solution is well understood and is typically given by a
spherical harmonics expansion (Altschuler et al. 1977). Despite
its simplicity, PFSS performs well in comparison to more elabo-
rate MHD models (Riley et al. 2006) and the low computational
cost makes it one of the most widely used tools.

For our analysis we use the pfsspy2 (Stansby et al. 2020b)
implementation of the PFSS model. pfsspy is an open source
code which takes as input synoptic maps of the photospheric
field, the value for the radial position of the SS and the number
of grid cells in the radial direction and then computes the full
3D magnetic field in the specified volume. Additionally, pfsspy
is fully integrated with astropy’s (Price-Whelan et al. 2018)
coordinate and unit framework and has the capacity to trace mag-
netic field lines in the extrapolated volume. These features give
us the ability to define the ballistically back-mapped point on the
SS in the Carrington coordinate frame (SkyCoord object) and
then use it as a seed to trace its field line connectivity to the solar
surface with pfsspy. The resulting solar surface point is also
expressed in the Carrington coordinate frame, which facilitates
the plotting of these points on top of solar extreme ultraviolet
(EUV) observations from AIA (Atmospheric Imaging Assem-
bly; Lemen et al. 2012). As input we used GONG synoptic mag-
netograms, these data are described in more detail in Sect. 2.4.3.

An overview plot of the back-mapping for a single in situ
point (point 10 of Event 1) can be seen in Fig. 4. The computed
SS point is represented with a blue star and the solar surface
point with a red start for all the plots. For a visual representation
of the magnetic mapping, the magnetic field line that connects
the two points is displayed as a black line. The top left plot dis-
plays the AIA 193 Å synoptic map. The top right the AIA 193
Å full disk image at the time of the back-mapping. This image
is the most accurate representation of the solar atmosphere for
the time indicated with the dashed line box in the synoptic map.
The radial magnetic field at the SS height can be seen in the
bottom left plot, in which the blue line indicates the polarity
inversion line and the colored regions the different polarities.
The bottom right plot is an R-theta slice of the 3D magnetic field
that was computed from the PFSS extrapolation: the inner cir-
cle (solid black line) represents the solar surface and the outer
circle (dashed line) the SS, the blue and red lines represent the
magnetic field lines with different polarities.

2.4. Sources of uncertainty

The first step in the effort to define the uncertainty in the back-
mapped position is to identify all the possible sources that can
affect the final result. Sources of uncertainty can be different
underlying assumptions of the framework, approximations, free
parameters or sensitivity to certain conditions.

Some of the input data of our framework are the in situ speed
of the solar wind, the location of the spacecraft together with the
clock time, and the synoptic magnetograms that are used to cal-
culate the magnetic topology. These input data have themselves

2 Although pfsspy is no longer actively maintained, support for all its
capabilities is continuing housed under sunpy/sunkit-magex – https:
//github.com/sunpy/sunkit-magex
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Fig. 4. Overview plot of the back-mapping for a single in situ point (point number 10 of Event 1). The computed SS point is represented with a
blue star and the solar surface point with a red start for all the plots. The magnetic field line that connects the two points is displayed as a black
line. (Top left) AIA 193 Å synoptic map. (Top right) AIA 193 Å full disk image at the time of the back-mapping. This image is the most accurate
representation of the solar atmosphere at the time that is indicated with the dashed line box in the synoptic map. (Bottom left) The radial magnetic
field at the SS height. The blue line indicates the polarity inversion line and the colored regions the different polarities. (Bottom right) An R-theta
slice of the 3D magnetic field that was computed from the PFSS extrapolation; the inner circle (solid black line) represents the solar surface and
the outer circle (dashed line) the SS, the blue and red line represent the magnetic field lines with different polarities.

intrinsic measurement errors, which can propagate in the final
location of the source region. The main free parameter comes
from the magnetic mapping and it is the height of the SS. This
height is important because it affects strongly the configuration
of the magnetic topology. In almost all implementations of two-
step back-mapping with a PFSS model, a typical SS height value
of 2.5 R� is used, but we also look at meaningful variations
around this value. Lastly, for the ballistic mapping the main
assumption is the constant and radial propagation of the solar
wind, with a typical error estimation of 10◦, we explore if this
can be improved by using more refined velocity profiles as dis-
cussed in Sect. 2.2.

The uncertainty in the position of the WIND spacecraft
depends on the time at which the data are taken. During orbital
maneuvers the uncertainty is tiny, on the order of a few tens
of meters. The further from an orbital maneuver, the larger the
uncertainty grows (e.g., due to accumulation of rounding errors
and gravitational perturbations). At its largest, the uncertainty is
on the order of 100 km. Since the error in spacecraft position is
very small, varying it yields negligible effect in the back-mapped
location of the source region (<1◦). Additionally, the error in
solar wind speed as it is retrieved from the WIND data prod-
ucts and shown in Fig. 5, produces a very small uncertainty in
the back-mapped position (≤1◦). This uncertainty is derived by
applying the ballistic back-mapping procedure for the measured
speed ±1σ and comparing the corresponding locations on the
solar surface with that of the original measured speed.

Based on the above, in this study we focus mainly on three
sources of uncertainty: the choice of the velocity profile, the
height of the SS and the error in the input magnetograms. The
effect of each uncertainty source on the final back-mapped loca-
tion of the solar wind will be examined and a confidence interval
will be computed. The analysis of each source is described in
more detail in the following sections.

2.4.1. Velocity profiles

In order to accurately sample the space of our hybrid velocity
profiles (see Sect. 2.2), we need a bound for the largest rs value
that comes from observational data. As it is evident in Fig. 3,
different studies of outflow speeds above coronal holes provide
varying observational constraints. Not all observations are done
in the same conditions, they include coronal holes at different lat-
itudes, at different phases of the solar cycle, with varying mor-
phology and different approximations in the Doppler dimming
technique. In this respect, the observational constraint we select
depends on the properties of the solar wind parcel we want to
back-map.

In this study we are focusing on the back-mapping of fast
solar wind flows measured at L1, which should have origi-
nated from a mid to low latitude coronal hole (Earth directed).
With this in mind we can discard observations that are focused
on polar coronal holes. UVCS data showed differences in
the outflow velocity and temperature of the solar wind above
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Fig. 5. Overview of the uncertainty in the in-situ solar wind speed. (Top) WIND-measured solar wind speed (blue line) and its 1σ uncertainty as
provided in the WIND data (shaded area). (Bottom) The 1σ uncertainty for the selected interval of our case study, together with its average value
(horizontal dashed line).

equatorial and polar coronal holes, with the first presenting
slower and cooler flows (Miralles et al. 2004), but in both cases
similar in situ speeds. This can be seen in Fig. 3 as all the lines
that represent observational data from polar coronal holes use
the star symbol. We note in passing that although we are focus-
ing here on the fast solar wind, our methodology can easily be
applied to slow solar wind regimes in a very similar fashion.

The next step in narrowing down our selection of an obser-
vational constraint is the in situ measured solar wind speed. Due
to the fact that UVCS can measure outflow speeds only off limb,
there are very few cases where outflow speeds close to the Sun
have been clearly associated with in situ speed measurements
at larger distances. Most of these cases display an in situ solar
wind of approximately 600 km s−1 (Miralles et al. 2004), mean-
ing that the validity of this observational constraint, for selecting
the largest rs value, could potentially be challenged for much
lower in situ solar wind speeds. Miralles et al. (2004) provided a
range of values for the outflow velocity above low latitude coro-
nal holes, the lower bound of this range is the observational con-
straint which presents the biggest correlation with our data set (in
situ speed) and is the one we use for our analysis (see the curve
with circle markers in Fig. 3). Based on this we can selected the
hybrid profile with the largest rs. This observational constraint,
with very low speed values close to the Sun, will provide a first
order bounding in the uncertainty of the source region location,
which can be further be improved for specific cases of in situ
solar wind.

For our analysis, we sample uniformly the velocity profile
space between the constant speed profile (dotted horizontal line
in Fig. 3) and the largest rs profile, creating a sample of 20 pro-
files. The sampling in velocity profile space means sampling in
the back-mapping time and by extension in the longitude that we
arrive at the SS. Next, we follow the magnetic topology to find
the corresponding solar surface points. For the PFSS extrapola-
tion a fixed SS height of 2.5 R� was used.

Results for varying across the 20 velocity profiles for the in
situ point number 10 (indicated in Fig. 2) are shown in Fig. 6.
The derived solar surface points are plotted on a synoptic EUV
map that was created with full disk 193 Å images from AIA.

The displayed region is a zoom-in, of the full synoptic map,
at the coronal hole that generated the observed wind. The low
intensity areas of the map (seen as black) represent the coronal
hole. In this figure, the solar surface points for the 20 velocity
profiles considered are displayed as colored circles. Their color
represents the difference in back-mapping time compared to that
of the constant speed profile point, as shown in the adjacent col-
orbar. Additionally, the solar surface point of the constant speed
profile (shortest travel time) is displayed with a red star and the
solar surface point of the largest-rs profile (largest travel time)
with a cross.

2.4.2. Source surface height

The height of the SS in the PFSS models can have significant
effect on the magnitude of the magnetic field and the amount
of open flux, which in turn will affect the shape of the Helio-
spheric Current Sheet (HCS). The canonical value of the SS
height that is widely used during PFSS extrapolations is 2.5 R�
and it is based on earlier works by Altschuler & Newkirk (1969),
Hoeksema et al. (1983), Hoeksema & Scherrer (1987).

But as discussed previously this is a free parameter and it
is reasonable to assume that the height of the SS varies due to
different factors, such as with the solar cycle. Lee et al. (2011)
showed that during minimum solar activity lower SS heights
generate results that better match the observations, with val-
ues between 1.5–1.9 R� being the optimal fit. There are also
strong indications that the SS deviates from the purely spheri-
cal shape, with its height depending on longitude and latitude
(Schulz et al. 1978; Levine et al. 1982; Panasenco et al. 2020;
Kruse et al. 2020). Schulz et al. (1978) introduced first a non-
spherical SS description, which was tailored initially for bipo-
lar and later on for quadrupolar magnetic fields, but under more
realistic boundary conditions with multipolar magnetic fields
this description presents computational challenges (Levine et al.
1982; Schulz 1997; Lee et al. 2011). Panasenco et al. (2020)
reconstructed a non-spherical SS over a period of 6 months, from
a time series of spherical SS heights that, each, best matched
the polarity inversions observed by Parker Solar Probe. They
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Fig. 6. Back-mapped points on the solar surface derived from the veloc-
ity profiles analysis for in situ point number 10 of Event 1. The back-
ground is a zoom-in of a synoptic AIA 193 Å map and their color repre-
sents the difference in their back-mapped time compared to the constant
speed point (smallest travel time; red star). The point derived from the
largest-rs solar wind velocity profile (upper boundary on the travel time)
is shown with a cross.

showed that the SS height tends to be lower above polarity inver-
sion lines, and that it typically lays between 1.8–2.5 R�, although
it can reach values of as low as 1.2 R� in certain locations.
Whereas Kruse et al. (2021), with the investigation of ellipti-
cal SSs for the PFSS extrapolation, found indications that dur-
ing solar minimum an oblate elliptical SS performs better than
the spherical SS, resulting to equatorial heights of around 3 R�.
More recently, Benavitz et al. (2024) showed that a better agree-
ment between PFSS models and eclipse observations can be
achieved by varying the SS height with solar cycle. They found
RS S ≈ 1.3 R� to be optimal for solar maximum, while RS S ≈ 3
R� yields a better match at solar minimum.

Due to the variation of the SS height (either along the solar
cycle or with magnetic features present on the solar surface), it
is important to quantify its effect on the back-mapped position of
the solar wind and identify a confidence interval. For this reason,
we work in a similar fashion as before (Sect. 2.4.1) and sample
the SS height space, deriving a number of solar surface locations
for a single in situ point. For the ballistic portion of the back-
mapping the norm of a constant speed profile is used to arrive
at the SS. For our study we have selected a range of SS heights
between 1.5–3.5 R�, as it encompasses all the acceptable values
that have been reported.

The results of this analysis for in situ point number 10 of
Event 1 and with a sample size of 11 SS heights, can be seen
in Fig. 7. The solar surface points are presented with circular
markers on top of a zoom-in region of a synoptic AIA 193 Å
map (similar to Fig. 6). The color of the marker represents the
SS height that was used to derive this point. As we transition
from lower to higher SS heights a clear shift in the connectivity
is observed. For lower heights (≤2.3 R�) the back-mapped points
are traced to a location close to the equatorial active region, but
for higher heights (>2.3 R�) we get a clustering to the low lati-
tude coronal hole.
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Fig. 7. Back-mapped points on the solar surface derived from varying
the SS height for in situ point number 10 of Event 1. The points are
plotted on a zoom-in of the synoptic AIA 193 Å map as background.
The color of the solar surface points represents the SS height that was
used during their magnetic mapping.

This can be interpreted as the following: because the wind
is first back-mapped to the SS at the latitude of the equator, it
is more likely that field lines reaching the low SS heights cor-
respond to those that come from the edges of the AR, which is
closer to this same back-mapped point. In other words, as the
SS height goes lower, higher order multipoles present in the AR
fields are able to intersect it.

2.4.3. Magnetogram noise

The synoptic photospheric magnetograms that are provided as
input in the PFSS model are a crucial component of the back-
mapping framework as they have a direct impact in the calcu-
lated magnetic topology of the low corona. Therefore the sensi-
tivity of the magnetic topology on the boundary conditions (syn-
optic magnetograms) will provide an uncertainty in the back-
mapped position on the solar surface. In order to quantify this
sensitivity we add noise to the input magnetograms and calculate
the effect on the source region location. As mentioned before, the
photospheric synoptic magnetograms that we use for our analy-
sis are taken from GONG.

The Global Oscillation Network Group (Harvey et al. 1988,
1996; Leibacher 1999), is a community-based program that was
designed to study the conditions in the solar interior using the
information of acoustic waves that propagate through the Sun
(helioseismology). To accomplish that, GONG developed a net-
work of six identical instruments around the world, to record
the Doppler velocity of the solar surface and thus obtain nearly
continuous observations of the Sun’s “five-minute” oscillations,
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or pulsations. Despite the fact that magnetic field measurements
were not the primary objective in the design of GONG they have
become one of the most important and widely used products,
with 75% of all the publications that cite the GONG instru-
ment paper (Harvey et al. 1996) using the GONG data for space
weather related global field extrapolations (Plowman & Berger
2020). After the latest updates in the GONG network (GONG+
and GONG++) high quality magnetograms are obtained every
minute at each site of the network (Hill et al. 2008).

For our analysis we need to determine the noise level in the
GONG synoptic magnetograms. This noise level is found to be
0.5 G with three independent methods. The first, and the most
important, comes from the underlying processes that produce
the synoptic map and the GONG characteristics. The other two
are based on noise detection techniques. The GONG network
is in operation since 1995 and had many upgrades through the
years, making the identification of the appropriate noise level
for synoptic maps not straightforward. Hill et al. (2008) and
Harvey et al. (2009) quote a noise level of 3 G per pixel, but this
noise refers to a single full disk magnetogram (1 min cadence)
and is an average value per pixel near the disk center. The noise
would be higher for pixels closer to the solar limbs. Normally,
1-minute magnetograms are averaged to produce 10 min full
disk magnetograms. This is the main data product for GONG
magnetic field measurements. Files for 10 min full disk magne-
tograms include standard deviations for each pixel. These can be
used to estimate the uncertainties for each synoptic map pixel,
which represent both errors in measurements, and real varia-
tions, such as the evolution of the magnetic flux in each pixel.
These uncertainties result in an approximately 0.5 G (0.42–0.5)
noise level for a synoptic map pixel near the disk center, and
this value is expected to increase when going towards the solar
limbs (Alexei Pevtsov; private communication). We addition-
ally confirm this 0.5 G noise level of the synoptic magnetogram
with two noise detection methods. The first is based on wavelet
analysis (Donoho & Johnstone 1994) and is implemented with
the Python package scikit-image (Van Der Walt et al. 2014,
Module:restoration, function:estimate_sigma). The second is
based on the work of Immerkaer (1996), which uses the Lapla-
cian of the image to derive an estimate for the noise level.
The calculated noise estimate from these functions, for synop-
tic GONG magnetograms, is ≈0.4–0.6 G.

Based on the above, 0.5 G is selected as an appropriate noise
estimation in the input magnetograms, and in order to examine
its effect on the back-mapped position at the solar surface we
perform a Monte Carlo simulation. The steps of this simulation
are the following. First, we select a set of random noise values
from the normal distribution (0,0.5), with mean 0 and standard
deviation 0.5, and add it to the pixels of the input magnetogram,
meaning that each pixel has a different (random) noise value.
Next, we perform the magnetic extrapolation using pfsspy and
having the SS height set at the canonical value of 2.5 R�. Lastly,
a specific point at the SS is traced through the newly computed
magnetic topology to the solar surface. This SS point is derived
from the ballistic mapping (constant speed) of a single in situ
point and remains the same for the whole simulation. This way,
a single in situ measurement of the solar wind speed is correlated
to a number of solar surface points, the spread of which repre-
sents the uncertainty in the source location originating from the
magnetogram noise.

We examined the effect that a different number of Monte
Carlo runs (nMC) have on the derived solar surface points. We
found that, in general, above nMC = 80 we do not have any
more significant changes in the uncertainty area. Furthermore,

our analysis showed that in some cases even from nMC = 50 we
have sufficient convergence.

Results of the magnetogram noise analysis for the example
of in situ point number 10 of Event 1 are seen in the left panel of
Fig. 8. Each circular marker (purple circle) represents the solar
surface point that was derived for one realization of noise for
the input magnetogram in the Monte Carlo simulation. The solar
surface point that was computed without added noise in the input
magnetogram is displayed with a red star marker. A sample of
50 noise realizations was used in this example. The background
image, similar to Figs. 6 and 7, is a zoomed-in region of the
corresponding AIA 193 Å synoptic map. Although the synop-
tic EUV map does not represent the morphology of the coronal
hole at the time correlated to the back-mapping time, it provides
a good approximation to inspect the association of the back-
mapped points with the coronal hole.

In order to investigate in depth the grouping of the back-
mapped points we use the Gaussian Mixture Model (from here
on as GMM). A GMM is a probabilistic model in which all data
points are assumed to be generated by a mixture of a finite num-
ber of Gaussian distributions with unknown parameters. Mix-
ture models can be thought of as a generalization of simpler
clustering techniques that provide a fixed convex shape for the
clusters, by including information about the covariance structure
of the data as well as the centers of the latent Gaussian distri-
butions. The Python package scikit-learn (Pedregosa et al.
2011) implements various classes for estimating GMMs, each of
which corresponds to a different estimation strategy.

For this study we focus on the GaussianMixture module3,
which implements the expectation-maximization algorithm for
fitting mixture-of-Gaussian models. The main input parameters
of this model is the number of clusters and the type of covari-
ance matrix. The optimal number of clusters, typically referred
to as number of components, is a crucial parameter in all cluster-
ing algorithms and cannot be derived in advance with absolute
certainty. One way to estimate the optimal number of compo-
nents is based on the inspection of information criteria such as
the Bayesian Information Criterion (BIC) and the Akaike Infor-
mation Criterion (AIC). In scikit-learn these are expressed
as

BIC = −2 log(L̂) + log(N)d , (16)

AIC = −2 log(L̂) + d , (17)

where L̂ is the maximum likelihood of the model, d is the num-
ber of parameters and N the number of samples. We investigated
these criteria together with another model, the Bayesian Gaus-
sian Mixture, but a definitive and automated way to derive the
optimal number of components could not be achieved. For this
reason we created a custom function that identifies the optimal
number of clusters based on two parameters, the overlapping
of neighboring clusters and the minimum number of elements
allowed in each cluster. For the other input parameter, we have
selected the ‘full’ covariance type. This allows each component
to have its own covariance matrix. Essentially meaning that for
every component, a confidence ellipsoid can be drawn with a
shape that is independent of the other components.

The results of the GMM clustering are presented in the right
panel of Fig. 8. Similar to the left panel, each circular marker
represents a back-mapped position on the solar surface for one
noise realization (in the input magnetogram). The different col-

3 https://scikit-learn.org/stable/modules/mixture.
html
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Fig. 8. Back-mapped points on the solar surface derived from varying the noise in the input magnetogram for in situ point number 10 of Event 1.
(Left) The back-mapped points (purple circles) are plotted on a zoom-in of the synoptic AIA 193 Å map. The point with the red star represents the
back-mapped point without noise in the input magnetogram. The white dashed box delimits the area that is enlarged in the right panel (without the
EUV background image). (Right) Gaussian Mixture clustering of the back-mapped solar surface points from the Monte Carlo simulation. Here
the optimal number of cluster was found to be 3. The light blue ellipses represent the confidence intervals of each cluster and next to them the
probability of connection to each cluster is displayed. The level of transparency of each ellipse displays the variance interval they portrait, meaning
the least transparent represents the 1σ confidence interval and the more transparent the 3σ confidence interval. These are also overplotted in the
left panel.

ors of the markers, indicate the cluster that they belong. Addi-
tionally, we can compute an uncertainty area for every cluster, as
shown by the ellipses in Fig. 8. The level of transparency in each
ellipse represents the confidence interval that it displays. Here
the 1–3σ intervals are shown, with the least transparent ellipse
representing the 1σ confidence interval. These ellipses can be
displayed on the synoptic EUV map (left panel of Fig. 8) or on a
full disk EUV image providing us with a confidence area for the
source region of the solar wind parcel that we measure in situ.
This confidence area represents the uncertainty coming from the
sensitivity of the extrapolation to the boundary conditions and
can be computed for other sources of uncertainty as well.

2.4.4. Uncertainties aggregation

The process that was used to derive the uncertainty area in
the case of the magnetogram noise can be applied to the other
sources of uncertainty as well. The results for the three uncer-
tainty sources that we examined can be seen in Fig. 9. The 3
sigma confidence ellipses for the three sources of uncertainty are
presented in a single figure. The left plot displays the AIA 193 Å
synoptic map together with a dashed box for the region of inter-
est. The right plot is an enlarged view of the region of interest.
The uncertainty in the back-mapped location is displayed with
the colored ellipses. The color of the ellipses indicates the source
responsible for this uncertainty and their transparency the 1–3
sigma area, with the 1 sigma being less transparent. This view
clearly shows the impact of each source of uncertainty, with the

height of the SS having the most significant effect, followed by
the magnetogram noise and the uncertainty in the velocity pro-
files.

We assumed here that the three uncertainties behave inde-
pendently one from another. As this assumption is only a first
order approximation, a proper aggregation of the uncertainties
would require to cluster a number of Monte Carlo realizations
produced by randomly selecting, for each realization, a velocity
profile (rs), a SS height and a magnetogram with random noise.
But this is out of the scope of the current study, as our aim is to
illustrate the different sources of uncertainty and how they com-
pare one to another.

2.5. Statistical analysis on multiple events

From the analysis of a single in situ point we can derive an
estimation about the effect of each source of uncertainty in the
source region of the solar wind and compute a confidence area.
To generalize these local, single-point estimations we need to
inspect the connectivity of multiple in situ points and also mul-
tiple high-speed streams.

First, we focus on the quantities that can be computed for
all the in situ points of a specific high-speed stream, in this
case the fast solar wind interval that is shown in Fig. 2 (Event
1). These quantities are computed for each source of uncer-
tainty separately. The first one is the optimal number of clus-
ters that was found with the GMM, which provides an indica-
tion of how closely correlated are the back-mapped points and in
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Fig. 9. Confidence areas for the source region of the solar wind derived for different sources of uncertainty. (Left) The synoptic AIA 193 Å map
corresponding to Event 1. The black box indicates the area of interest. (Right) A zoom-in of the area of interest. The colored ellipses display the
confidence area in the back-mapped position (on the solar surface) of the in situ solar wind for different sources of uncertainty. The color of each
ellipse denotes the uncertainty source responsible (as indicated in the legend) and the transparency the 1–3 sigma area, with the 1 sigma being less
transparent. These confidence area results correspond to in situ point number 10 of Event 1.

particular if, when perturbing the initial value of our free param-
eters, we fall on different sides of a separatrix in the magnetic
topology. Since the number of clusters can display only one
aspect of the correlation we have also computed the barycen-
ter of all the clusters and calculated the average distance from
each cluster centroid to the barycenter. This metric works as an
indicator for the spatial proximity of the clusters. Next, we com-
pute the 3 sigma uncertainty area from the confidence ellipses of
each cluster and examine the area of the most probable cluster
and the total area from all the clusters. Lastly, the percentage of
back-mapped points that ended up inside the coronal hole, as this
was identified from the AIA 193 Å images by using a threshold-
ing technique, is calculated. An example of this analysis, for the
uncertainty in the velocity profiles, can be seen in Fig. 10.

Naturally, our framework and analysis can now routinely be
done for many more events of interest. To prove this point, we
analyzed two more high-speed streams on 13–14/04/2012 and
on 4–5/08/2017, associated with a low latitude coronal hole and
a polar coronal hole extension, respectively. We refer to these as
Event 2 and 3 from now on, considering Event 1 the case study
high-speed stream from Fig. 2. More details for these events can
been seen in Table 1 and a context image of their morphology
in the bottom row of Fig. 11. The methodology for the analysis
of Events 2 and 3 follows exactly what we displayed so far for
Event 1. The results collected for all three events are shown in
the form of violin plots in Fig. 11. A violin plot depicts distri-
butions of numeric data for one or more groups using density

curves (or kernel density estimate (KDE)). The width of each
curve corresponds with the approximate frequency of data points
in each region, this way an overview of the distribution for mul-
tiple groups can be presented in a single figure. In Fig. 11 each
column of the violin plots represents the source of uncertainty
that was examined and each row one of the first four quantities
from Fig. 10. The horizontal orange line in the violin plots indi-
cates the location of the median value and the two light blue
horizontal lines the location of the max and min values. Where
the violin plot is not visible, the distribution is very concentrated
around a single value. In the last row of Fig. 11 three AIA 193 Å
full disk images are displayed, taken approximately at the mid-
time of each event. The corresponding event number for each
image is indicated in the upper left corner of the images. Addi-
tionally, we have overplotted the contours of the coronal holes
in every AIA image, as computed from the method described
below in Sect. 2.6.

The back-mapping uncertainties, as shown in the violin plots
of Fig. 11, are strongly influenced by the coronal hole morphol-
ogy of every event. Noticeably, for all the back-mapped points
of Event 2, the back-mapping process yields a compact source
region of the solar wind that remains relatively unaffected by
the different perturbations: all perturbed solutions are grouped
within a very small area (as seen in Fig. 11 from the small cen-
troid distance between the clusters and the total area). This is
clearly associated with the size, location and shape of the coro-
nal hole, which presents a significant extent both in longitude
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Fig. 10. Evolution of four metrics that we use to assess the quality of our back-mapping for all the in situ points of Event 1, focusing on the
uncertainty derived from the different solar wind velocity profiles. The horizontal axis indicates the in situ points number (selected solar wind
measurements) of the Event 1 high-speed stream, as indicated previously in the inset plot of Fig. 2 (red stars markers). From top to bottom: the
optimal number of clusters that was found, the average distance of each cluster centroid to the barycenter of the clusters, the uncertainty area of the
most probable cluster, the total uncertainty area, and the percentage of the back-mapped points that ended up inside the coronal hole (as identified
from the AIA 193 Å passband). For the first 4 metrics we present the values calculated for all the back-mapped points, as indicated with the blue
line, and the values for only the back-mapped points that are located inside the coronal hole, as the dashed red line.

and latitude. The coronal hole is located near the equator (where
the spacecraft also lies) and is at the same time more compact
and less fragmented than the other coronal holes of our study.
As a result, the magnetic topology is very simple and consists
in field lines that are mostly radial, with no major topological
discontinuity that could be crossed when the initial conditions
are perturbed. The opposite effect can be seen in Event 3, where
a polar coronal hole extends all the way to the equator, creat-
ing a very big area of possible back-mapped locations. This is
especially true in the case of the SS height uncertainty: as the
SS height increases, connections to ever larger latitudes occur,
resulting in a very big confidence area for the source region of
the solar wind.

After inspection of Fig. 11, it is again evident that the height
of the SS produces the biggest uncertainty in the back-mapped
location, followed by the noise in the input magnetogram
and the uncertainty in the velocity profiles. This is a strong
indication for the hierarchical significance of each source of
uncertainty.

2.6. Framework evaluation

Unfortunately, we do not know with absolute precision the area
on the Sun from where the in situ-measured solar wind origi-
nates. This lack of ground truth makes it difficult to assess which
back-mapped locations, derived after perturbing different com-
ponents of the back-mapping framework, can be considered as
reasonable indications of the solar wind source region. Con-
sequently, it is important to try to evaluate our back-mapping
results with other methods. One of these methods is the compar-
ison with the results of another, well established, back-mapping
framework. This is the MCT (Rouillard et al. 2017, 2020).

The Gaussian Mixture clustering can also be applied to the
existing results from the MCT. This tool uses in situ measure-
ments of the solar wind but when these are not available to
the framework it returns 2 groups of results, one with a fixed
value of 800 km s−1 (assuming fast wind) and one with a fixed
value of 300 km s−1 (slow wind). For the purpose of com-
paring with our own framework, we cluster independently the
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Fig. 11. Violin plots (first four rows) of the back-mapping assessment metrics, for every source of uncertainty in Events 1, 2 and 3. The horizontal
axis represents the event (high-speed stream) that was examined. Each column corresponds to a source of uncertainty and each row to a statistical
quantity: optimal number of clusters, average distance of cluster centroids from the barycenter, the 3-sigma uncertainty area of the most probable
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measured solar wind velocity results, blue contours in the left
panel of Fig. 12, and the results assuming the default value for
the fast solar wind, red contours. On the right panel of Fig. 12,
the clustering of the combined MCT wind measurements is dis-
played on top of the confidence areas for the different uncertainty
sources that we computed. The background is the zoomed-in
region of the AIA 193 Å synoptic map, similar to the right plot
of Fig. 9. By comparing the connectivity of the MCT with the
results of our framework we can see that they are almost co-
spatial. The differences lie mostly in the shape and orientation of
the derived uncertainty area, with the ellipses of the SS height
from our framework being more extended in the north-south

direction due to the wide range of SS heights that was taken into
consideration.

An additional metric that can be used to evaluate our frame-
work is the correlation of the back-mapped points with the coro-
nal hole, as it is seen in the EUV images and specifically in the
AIA 193 Å passband. This is applicable because we examine
fast solar wind streams, which should originate from coronal
holes. The coronal hole boundaries are extracted after mask-
ing the original image with a certain threshold value (25% of
the mean pixel value in the image) and applying a 2D Gaussian
smoothing function to the data. This function is taken from the
Python scipy package (Virtanen et al. 2020) and particularly
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Fig. 12. Uncertainty area of the solar wind source region after clustering the MCT results for in situ point 10 of Event 1. The background is a
zoom-in of the synoptic AIA 193 Å map that corresponds to this observation. (Left) The uncertainty area for the measured solar wind data is
indicated with blue and the uncertainty area for the fixed solar wind values is indicated with red. (Right) The uncertainty area of both fast and
measured solar wind combined is indicated with the hatched pattern ellipse, superimposed on our own uncertainty areas for each source, as shown
in Fig. 9.

the ndimage library. An example of this metric for the veloc-
ity profiles uncertainty can be seen at the bottom row of Fig. 10.
On average we observe that the percentage of the back-mapped
points that are located inside the coronal hole is around 85%.
Additionally, when we inspect the points that are outside the
coronal hole boundaries, we see that they are located, most of
the time, at the edge of the coronal hole or very close to it. To
study this connection further we examine the connectivity of a
few additional high-speed streams where the coronal hole from
which the solar wind originated was very small or patchy. The
outcome of this analysis was that the coronal hole percentage
of the back-mapped points was decreasing with patchier coronal
holes. This outcome is expected and associated with the under-
lying assumptions of the PFSS model, which are discussed in
more detail in Sect. 3.

3. Discussion

This work presents a framework for the back-mapping of the fast
solar wind and the estimation of the uncertainty in the derived
location on the solar surface. The performance of this frame-
work is in agreement with a similar back-mapping tool (MCT),
the results follow what is expected from the underlying physi-
cal processes, and confirm that the height of the SS produces the
biggest uncertainty.

The main limiting factor of this framework and other simi-
lar back-mapping processes is the extrapolation method. PFSS
is known to be a less reliable approximation in areas of complex
magnetic topology such as active regions and in general during
the maximum of the solar cycle, where the coronal magnetic
field is further away from a potential state. On the other hand,
low latitude coronal holes that can produce high-speed streams
observable from Earth appear mostly in periods of increased
solar activity. This creates some inaccuracy in the magnetic field
topology. The alternative would be the use of MHD models, but
such models are quite computationally expensive and cannot be
run routinely. As PFSS is the most widely used method to derive
the magnetic field topology for solar wind back-mapping, a pre-
cise estimation of all the uncertainties associated with it and their
impact is very important for the study of the solar wind.

As mentioned in Sect. 2.4.1 this back-mapping framework
can be extended to slower solar wind speeds, by adapting our
selection of observational constraints in the velocity profile
space. Additionally, it can be extended to use data from many
other spacecrafts, not only WIND. This is possible by retriev-
ing the spacecraft’s instant location using the sunpy library
(Mumford et al. 2015) (in any coordinate system) and convert-
ing it to Carrington coordinates, which are then used for the
back-mapping. That is particularly important in the current era
of multiple missions away from Earth, like Parker Solar Probe
and Solar Orbiter.
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Fig. 13. Back-mapping example for Solar Orbiter data. (Top) Solar
Orbiter orbit (blue line) in the Heliographic Stonyhurst frame together
with the orbit of Parker Solar Probe and the location of the Solar
Dynamic Observatory. The orbits have been plotted within ±80 days
around the time of the high-speed stream observed in Solar Orbiter.
(Bottom) Back-mapped points from the high-speed stream that was
observed from Solar Orbiter on 13/05/2021 (blue stars), the background
is the AIA 193 Å synoptic map.

To illustrate this we present in Fig. 13 an example of
the back-mapping achieved for an in situ high-speed stream
observed by Solar Orbiter on 13/05/2021. During this stream
23 in situ points were selected and back-mapped at their source
location on the solar surface. These points can be seen as blue
stars at the bottom panel of Fig. 13. All of them are connected to
the edges of a small coronal hole and the fact that they overlap is
due to the small separation between them, which is not visible in
the full synoptic map representation. A more detailed analysis of
these and future events will be performed in follow-up studies.

We must also note here that there is an underlying caveat in
the derived uncertainty of the source location based on the veloc-
ity profile analysis. As Nolte & Roelof (1973) indicated, there
are two competing effects close to the Sun: solar wind acceler-
ation (tends to move the back-mapped point Westwards; higher
longitude) and corotation (tends to move the back-mapped point
Eastwards; lower longitude) that approximately cancel out. This
makes the use of a constant speed a valid approximation for
back-mapping. Now, in our framework, the velocity profiles

do not have an azimuthal component (vφ) above the SS; that
is, we consider acceleration without corotation. This actually
implies that the solar wind acceleration is the dominant effect
above the SS (below the SS the magnetic mapping, on the con-
trary, involves that the plasma fully corotates with the Sun). The
SS therefore consists in a sharp transition from a fully corota-
tional solar wind to a solar wind with no azimuthal velocity
component. But theoretical works (Weber & Davis 1967) and
observational evidence from Parker Solar Probe indicate that
there still exists a residual azimuthal velocity component at
heights above the SS. Moreover, this azimuthal component is
expected to increase as a function of radial distance (close to
the Sun) and reach its maximum value below the Alfvén sur-
face (Weber & Davis 1967), which is typically well above the
height of the SS (i.e., 10–40R�). On the other hand, in situ
measurements close to 1 AU show very small values of vφ for
the fast solar wind (in the order of a couple km s−1, and even
negative values; Lazarus & Goldstein 1971; Pizzo et al. 1983).
Furthermore, modeling analysis shows that absolute vφ values
of the solar wind are an order of magnitude smaller than vr
values from about 2–3 R� until 1 AU (Keppens & Goedbloed
1999). Although it does not reflect directly the effect on the back-
mapped locations–since integrating on the velocity profile is nec-
essary for that–comparing the absolute values of the two veloc-
ity components provides a first indication of how each compo-
nent contributes to the propagation of the solar wind. Less crude
approximations (for example using MHD models of the solar
corona) would take this component into account. But if we want
to remain in a two step back-mapping framework, other avenues
for investigating the effect of the azimuthal component must be
explored.

Therefore, we first tried to account for the effect of coro-
tation on the back-mapped points (above the SS) using a sim-
ilar methodology as for the radial velocity profile space (see
Sect. 2.4.1), where we parameterize the velocity profiles and
then constrain them by real observations. For this we followed
the work of MacNeil et al. (2022) and derived azimuthal veloc-
ity profiles based on the model of Weber & Davis (1967) (see
Eq. (A.1) in the Appendix) and a range of locations for the
Alfvén point (see Appendix A for more details). Then, we
compared these azimuthal velocity profiles with real measure-
ments of vφ. Measurements of the azimuthal component of the
solar wind velocity close to the Sun were only made possible
recently with Parker Solar Probe. But these first measurements
have shown surprising results with extremely large vφ values,
almost an order of magnitude larger than what was theoretically
expected (Kasper et al. 2019). The scarcity of vφ measurements
closer than 1 AU, together with their large uncertainty, made
it impossible for us to use real observations to constrain the
azimuthal velocity profile space. Comparison of the vφ profiles
with the observations can be seen in Fig. A.1.

Consequently, in order to estimate the effect of corotation on
the back-mapped points at the SS we have to content with only
using the location of the Alfvén point (rA) as a free parameter,
taken inside a reasonable range. We select the range from 10 to
40 R�, as we try to encompass most of the values that are present
in literature (Weber & Davis 1967; Keppens & Goedbloed 1999;
Riley et al. 1999; Zhao & Hoeksema 2010; DeForest et al. 2014,
2016; Kasper & Klein 2019; Kasper et al. 2021; Chhiber et al.
2024). Now we can compute a family of azimuthal profiles for a
given vr profile. For this exemplification we consider the radial
velocity profile with rs = 2.7 R�, from the example of hybrid
radial velocity profiles presented in Sect. 2.2 (rs/c = 215 R�
(L1), vinsitu = 600 km s−1). This profile is selected as it is one
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of the vr profiles that produces azimuthal profiles with large vφ
values, and it is still compatible with solar wind observations
close to the Sun. The resulting family of azimuthal profiles is
shown in Fig. 14.

Using these azimuthal profiles, we can calculate the longi-
tudinal displacement at the SS ∆Φ

s/c
ss (by evaluating the inte-

gral of Eq. (A.2), see Appendix), which is the change in heli-
ographic Carrington longitude of a solar wind parcel from the
point of its release (SS) and the point that is measured in situ
(S/C). These profiles result in a ∆Φ

s/c
ss in the range 41.6–42.7◦

(depending on the location of the Alfvén point), compared to
a ∆Φ

s/c
ss of 48.7◦ if only the radial velocity profile is considered.

This shows that back-mapped footpoints on the SS can be moved
up to 6–7◦ Eastward, when the effect of corotation is taken into
consideration, between the SS and the spacecraft (assuming an
azimuthal velocity component from the model of Weber & Davis
1967). We note that this represents the potential maximum effect
of corotation in this model, because we consider Alfvén point
locations as far as 40 R� and because we used the radial veloc-
ity profile that produces the most Eastward displacement of the
back-mapped points.

We now examine what would be the effect in the uncertainty
region on the solar surface when we back-map considering an
accelerating solar wind velocity profile that has both vr(r) and
vφ(r) components. To accomplish that we need to look first at the
longitudinal difference at the SS (∆φss) between a back-mapped
point with (1) a constant speed profile (vr(r) = const, vφ(r) = 0),
(2) an accelerating velocity profile but no azimuthal compo-
nent (vr(r) , const, vφ(r) = 0) and (3) an accelerating veloc-
ity profile with both radial and azimuthal components (vr(r) ,
const, vφ(r) , 0). To compute this difference we examine the
three Events that we studied and for every in situ point in these
Events we compute the location at the SS of a back-mapped
point for which we considered (1) a wind profile with constant
radial speed equal to the in situ measured speed, (2) a wind pro-
file with a radial speed derived from one of our hybrid profiles
by selecting the maximum rs value that still produces a profile
compatible with remote sensing observations (vmax rs

r (r)) and (3)
a wind profile with the same radial speed (vmax rs

r (r)) but also an
azimuthal component vφ(r) that was computed from this specific
radial profile using the model of Weber & Davis (1967). With
these locations we can calculate the average longitudinal dif-
ference at the SS, ∆φss, between the ballistically back-mapped
points (case 1 from above) and the back-mapped points with an
accelerating radial profile (case 2 from above; largest rs). The
result is ∆φss = +9.02◦ ± 0.31◦.

We would like to highlight the difference between the ∆φss

mentioned above and the ∆Φ
s/c
ss mentioned earlier. The former

represents the difference in longitude at the SS and the latter
the difference in longitude between the SS and the location of
the spacecraft that made the in situ measurement, for different
solar wind velocity profiles (cases 1–3 from above). Follow-
ing the same methodology, we can compute the average lon-
gitudinal difference at the SS between the ballistically back-
mapped points (case 1 from above) and the back-mapped points
with velocity profile that has both radial and azimuthal com-
ponent (case 3 from above; largest rs and vφ(r)). The result is
∆φss = +3.06◦ ± 0.16◦. For the derivation of the azimuthal pro-
files we considered Alfvén point locations (rA) inside our whole
range (10–40 R�), but for the calculation of the average we took
only the vφ(r) profile with the rA that produced the biggest dis-
placement from the ballistic footpoint. Additionally, the positive
sign in the ∆φss values represents that the longitudinal difference
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Fig. 14. Family of azimuthal velocity profiles for the solar wind, derived
using the hybrid radial velocity profile with rs = 2.7, for a range of
Alfvén point locations as indicated in the colorbar at the bottom. For
these profiles an in situ solar wind speed of 600 km s−1 at L1 (∼215 R�)
was considered. (Inset) Zoomed-in view at small radial distances. The
solid black line indicates the azimuthal velocity profile if we consider
corotation with the Sun below the SS height (2.5 R�) and no azimuthal
component after that height.

will be Westward and the negative sign that it will be Eastward
(lower longitude values).

These results indicate that the back-mapped location at the
SS for an accelerating velocity profile (vr(r) , const, vφ(r) = 0)
can never be Eastward of the ballistically back-mapped loca-
tion (vr(r) = const). From our analysis this is also true if
we include an azimuthal component which is derived from the
vr(r) profile and a certain Alfvén point location (Weber & Davis
1967 model). At a first glace, this result might seem in con-
tradiction to the ±10◦ uncertainty in the projected longitude of
the ballistic mapping that Nolte & Roelof (1973) derived. But
Nolte & Roelof (1973) computed this uncertainty by comparing
the Carrington longitude of the ballistic footpoint at r = 0 with
the Carrington longitude resulting from an accelerating veloc-
ity profile down to r0 (the release zone of the wind), considering
rigid body corotation with the Sun below this point (i.e an equiv-
alent of the SS in our framework). The values they selected for
r0 were 21.5 R� (0.1 AU) and 53.7 R� (0.25 AU), which can be
considered quite large for the transition of the solar wind to a
purely radial propagation. Furthermore, this uncertainty (±10◦),
which is typically cited in solar wind back-mapping applications,
is appropriate only when the ballistic mapping is considered until
the solar surface but when there is a two step back-mapping (bal-
listic+magnetic) is not applicable anymore. In the latter, the SS
height plays an important role as it indicates where the corota-
tion with Sun stops. Furthermore, the uncertainty of the back-
mapped locations at the SS is better derived by the uncertainty
in the velocity profile that was used, and the uncertainty at the
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solar surface after tracing the magnetic field lines (from SS to
solar surface).

In that respect, we have shown that the uncertainty of the
back-mapped position at the SS, due to the velocity profile of the
fast solar wind, can be 0–9◦ Westward of the ballistic point when
using an accelerating velocity profile (no azimuthal component)
and 0–3◦ when also including an azimuthal component. Simi-
lar results, for both cases, have been reported in Dakeyo et al.
(2024), where they also showed the deviation decreases closer to
the Sun. Consequently, the reduction in the longitudinal spread
of the back-mapped points at the SS (∆φss), due to vφ, results in
a reduction of the uncertainty area at the solar surface (≤1 deg)
compared to the case where we consider only vr. This would
make an already subdominant source of uncertainty almost neg-
ligible. A schematic example of this reduction in the uncertainty
area at the solar surface when we consider corotation effects
above the SS can be seen in Fig. A.2

Despite the fact that this analysis of the azimuthal component
in the solar wind is a first approximation, it provides a rough esti-
mate of the maximum effect that corotation can have on the back-
mapped points close to the Sun, as explained above. More in
depth analysis of the azimuthal velocity component in the solar
wind (vφ) and its effect on the back-mapping would require addi-
tional observational signatures or more advanced models, like
MHD. Such an investigation is outside the scope of the current
work, since the main effect of including an azimuthal component
is a reduction in the uncertainty area due the choice of velocity
profile (compared to having only a radial component). Also, this
does not affect the hierarchical ordering in the significance of
each source of uncertainty that we found so far.

4. Conclusions

We presented a framework for estimating the uncertainty in the
back-mapping of the fast solar wind, focusing on three main
sources of uncertainty. These sources include the uncertainty in
the velocity profile of the solar wind, which affects the ballistic
mapping step of the back-mapping, and the uncertainty in the
height of the SS and in the noise of the input synoptic magne-
togram, which are used to calculate the magnetic field topology
and perform the magnetic mapping step of the back-mapping.
For the uncertainty in the velocity profiles, we computed custom
profiles that can be used to sample the velocity profile space.
Next, we derived the boundaries in the velocity profile space,
on one hand from the constant speed propagation and on the
other from an analytical profile constrained by Doppler dimming
observations close to the Sun. A sampling in the velocity profile
space translates into different propagation times, meaning dif-
ferent locations on the SS, and subsequently an uncertainty in
the source region on the solar surface. For the height of the SS,
a range of acceptable heights is taken and the back-mapping of
the same in situ point is computed for all of them. The radial
distance of the SS has a significant impact on the underlying
magnetic field topology, resulting in an uncertainty in the back-
mapped position. Finally, we examined the effect of noise in the
synoptic magnetogram by back-mapping a given in situ point
for different realizations of noise in the input magnetogram. The
magnetogram noise has an additional impact on the magnetic
connectivity from the SS down to the solar surface, creating an
additional uncertainty in the source region of the fast solar wind.

To group the back-mapped points from all sources of uncer-
tainty, we used a GMM for clustering. This gave us the ability
to calculate independent confidence ellipsoids for each cluster,
essentially providing an uncertainty area for the source loca-

tion of the fast solar wind. From this, additional metrics can
be derived, such as the number of clusters, the distance of clus-
ter centroids to the barycenter, and the area of the most proba-
ble cluster, which are used to compare the back-mapping across
multiple in situ points.

For this work, we focused mainly on a single high-speed
stream, which was used as a case study to present our framework.
From this, we selected a single in situ point, analyzed the effect
of all the sources of uncertainty, and investigated the results, both
visually by correlation with the EUV images and statistically with
the quantities computed from the GMM. The results show that
the height of the SS produces the biggest uncertainty in the final
back-mapped position, followed by the noise in the input mag-
netogram, and the sampling of the velocity profile space. Sub-
sequently, we built up the statistical significance of these results
by first analyzing all in situ points of our case study high-speed
stream and then performing the same analysis on two additional
high-speed streams. The ranking in the importance of each uncer-
tainty sources, initially determined from a single in situ point, was
found to persist consistently throughout this multi-event statisti-
cal analysis. We also show how modern data from Solar Orbiter
can successfully be used in our framework.

To our knowledge, such a detailed inspection of the uncer-
tainties in the back-mapping of the fast solar wind has never
been performed before, despite the fact this is one of the most
used processes in connectivity studies of the solar wind. The
primary significance of this study lies in the precise estimation
of the influence of each uncertainty source on the determina-
tion of the source region of the solar wind and the ability of
this framework to produce a confidence area around the back-
mapped position at the solar surface. These are especially useful
in the context of linkage analysis, where remote sensing obser-
vations are combined with in situ measurements for the study of
solar wind. For example, if we have some spectral observations
at the time of back-mapping, the overlapping of the uncertainty
ellipsoids with the spectral field of view can indicate which part
of the observations is most suitable in the context of connection
to in situ parameters. Finally, this framework can be extended to
the study of the slow solar wind. Future improvements may use
MHD coronal models to replace the PFSS-based magnetic map-
ping. The framework is implemented in Python and its potential
release to the community is under consideration.
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figures were produced using the MATPLOTLIB plotting library for PYTHON
(Hunter 2007).
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Appendix A: Azimuthal velocity analysis

As indicated in Sect. 2.2 and in Sect. 3 the effect of corota-
tion of the solar wind close to the Sun is represented by a
non zero azimuthal velocity component vφ that would affect the
derived longitudinal displacement on the SS after back-mapping.
In order to examine this effect in more detail we compute a fam-
ily of parameterized azimuthal velocity profiles, following the
methodology indicated in MacNeil et al. (2022). In this paper the
expression for vφ(r), from Weber & Davis (1967), is used based
on pre-calculated vr(r) radial velocity profiles:

vφ(r) =
Ωr
vA

vA − vr(r)
1 − M2

A(r)
, (A.1)

where vA is the local Alfvén speed (vA = vr(rA);with rA the loca-
tion of the Alfvén point) and MA(r) the radial Alfvén Mach num-
ber, with M2

A(r) = (vrr2)/(vAr2
A).

In this formulation the two parameters that control the
shape of the azimuthal velocity profile are the location of the
Alfvén point and the profile vr(r). For the latter we can use
the hybrid velocity profiles described in Sect. 2.4.1. As for the
location of the Alfvén point there has been a lot of discus-
sion about its position, with more recent works indicating that
it lies lower (smaller radial distances) than argued in the past
(DeForest et al. 2014, 2016; Kasper & Klein 2019; Kasper et al.
2021; Bandyopadhyay et al. 2022). A reasonable approach in
this case would be to use a range of Alfén point locations that
encompasses most the values mentioned in literature. An exam-
ple of a family of azimuthal velocity profiles based on a range of
Alfvén points between 10-40 R� and two different hybrid veloc-
ity profiles, with rs = 0.1 and 2.7 can be seen in top right and
top left panels, respectively, of Fig. A.1. For these profiles an in
situ solar wind speed of 600 km s−1 at L1 was used, similar to
the example presented in Sect. 2.4.1.

The next step is to try to constrain this profile space by real
measurements of vφ, similarly to the methodology that we used
for the hybrid radial velocity profiles. Unfortunately vφ measure-
ments in distances smaller than 1 AU are very rare and often
are accompanied by large uncertainties. The first vφ measure-
ments showed a fairly good agreement with the Weber & Davis
(1967) model for distances ∼ 0.8-1 AU, as reported from
Lazarus & Goldstein (1971) with Mariner 5 observations and
Pizzo et al. (1983) with Helios observations. But more recent
measurements with Parker Solar Probe, which reached even
closer to the Sun, showed surprisingly large vφ values that
are almost an order of magnitude higher than what would be
expected from Weber & Davis (1967) model. For the first two
PSP encounters, Kasper et al. (2019) reported values of up to
∼40 km s−1 when PSP was located around 36 R�. These mea-
surements are plotted on top of our velocity profiles as seen in
the bottom panels of Fig. A.1. The bottom left panel displays
the azimuthal velocity profiles calculated with rs = 2.7 (this vr
provides the largest vφ values) together with the earlier observa-
tions of the azimuthal velocity and the bottom right panel the
same family of profiles but including the newest observations
from PSP, as indicated in the legend. The black rectangle in the
bottom right panel indicates the region that is zoomed-in in the
bottom left panel.

It becomes clear that these observations cannot be used to
constrain the azimuthal velocity profile space, since to have a
profile that matches the PSP observations, extremely large dis-
tances for the location of the Alfvén point are needed. Addi-
tionally, there is not a clear consensus about the uncertainty of
these new vφ measurements and if these large values should be

trusted or there are underlying effects and corrections that should
be taken into consideration. Additionally, Finley et al. (2020)
reported that such flows are unlikely to be representative of the
average properties of the solar wind. For a more detail discussion
see MacNeil et al. (2022) and references therein. This hinders
the use of this methodology to constrain the azimuthal profile
space and derive a measure of the effect of corotation in back-
mapped locations.

Despite the above, a rough estimate about the effect of coro-
tation close to the Sun can be achieved if we constrain the
azimuthal velocity profile space only by the range of Alfvén
points locations. In this approach, the vr(r) will be selected as
the radial velocity profile that agrees with observations (Doppler
dimming) and produces vφ(r) profiles with the largest values,
making the only free parameter the location of the Alfvén point.
Consequently, for a range of Alfvén points we can compute the
effect in the back-mapped location, indicated as the longitudinal
displacement in Carrington coordinates ∆Φ

s/c
ss , using

∆Φs/c
ss =

∫ rsc

rss

Ω −
vφ(r)

r

vr(r)
, (A.2)

similar to Eq.1 of MacNeil et al. (2022). With rss and rsc being
the heliocentric distance of the SS and of the spacecraft that mea-
sures the in situ wind, respectively.

As a conclusion, with this longitudinal displacement we are
able to estimate an upper limit (due to the specific selection
of vr(r)) for the effect of corotation close to the Sun, under
the consideration of three physically informed assumptions: the
Weber & Davis (1967) model, a vr(r) that correlates with remote
sensing observations and a reasonable range of locations for the
Alfvén point.
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Fig. A.1. Family of azimuthal velocity profiles for the solar wind, derived using different hybrid velocity profiles (vr) and for a range of Alfvén
point locations as indicated by the colorbar on the right. (Top left) Azimuthal velocity profiles using a hybrid velocity profile with rs = 0.1. (Top
right) Azimuthal velocity profiles using a hybrid velocity profile with rs = 2.7. (Bottom left) The same family of profiles as the top right panel but
including earlier measurements of vφ as indicated in the legend. (Bottom right) The same as bottom left but including newer measurements of vφ
from Parker Solar Probe. The black rectangle indicates the field of view of the plot on the left.
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Fig. A.2. Cartoon representing the effect in the uncertainty area on the solar surface, if corotation effects above the SS are taken into consideration.
The longitudinal spread of back-mapped points at the SS is determined by the location of the ballistically back-mapped point and that of an
accelerating velocity profile with the largest travel time (i.e., a profile which produces the largest offset at the SS). In both illustrations the location
of the ballistically back-mapped point at the SS is given by the dashed blue line. In the illustration on the left, the back-mapped location at the SS
with the largest longitudinal offset is given by an accelerating velocity profile, derived from the family of hybrid profiles presented in Sect. 2.4.1
and for the largest rs value that produces a velocity profile compatible with remote sensing observations. In the illustration on the right, the location
at the SS of the back-mapped point with the largest longitudinal offset is given by an accelerating profile that has both a radial and an azimuthal
component. The radial component is the same as the schematic on the left and the azimuthal component is derived from the Weber & Davis (1967)
model as discussed in Sect. 3 and in the Appendix. It is noteworthy that the longitudinal spread of back-mapped points at the SS is reduced when an
azimuthal component is added to the accelerating velocity profile. Furthermore, this reduced longitudinal spread is included in that computed when
considering velocity profiles without an azimuthal component. Consequently, the uncertainty area on the solar surface, computed after tracing the
field lines that connect the points back-mapped at the SS to the solar surface, will also reduce. This simple cartoon represents more closely the
case of a coronal hole with super-radial expansion (similar to the main morphology of the events in our study), but the reduction in the uncertainty
area on the solar surface should be in principle independent of the magnetic field topology. The reason for this is that the longitude locations (of
the back-mapped points at the SS) when we consider an azimuthal component are a subset of the ones when we consider only a radial component.
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