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Magnetic field draping occurs when the magnetic field lines frozen in a plasma flow wrap around
a body or plasma environment. The draping of the interplanetary magnetic field (IMF) around
the Earth’s magnetosphere has been confirmed in the early days of space exploration. However, its
global and three-dimensional structure is known from modeling only, mostly numerical. Here, this
structure in the dayside of the Earth’s magnetosheath is determined as a function of the upstream
IMF orientation purely from in-situ spacecraft observations. We show the draping structure can
be organized in three distinct regimes depending on how radial the upstream IMF is. Quantita-
tive analysis demonstrates how the draping pattern results from the frozen-in condition with the
magnetosheath flow, deflected around the magnetopause.

Magnetic field draping is a universal phenomenon in highly conducting magnetized astrophysical plasmas. It
is known to occur around induced [8, 4] and intrinsic planetary magnetospheres ([9, 3, 17]), comets [37, 23], solar
ejecta in the IMF [28, 12, 19], the heliosphere in the interstellar field [32, 35], galaxies in the intergalactic field
[34]. Magnetic field draping is key in understanding how plasma environments couple with their surroundings. In
particular it is of pivotal importance in determining the location, triggering and efficiency of magnetic reconnection
at magnetic boundaries.

The closest example of magnetic field draping is found in the Earth’s magnetosheath, where the IMF drapes
around the magnetopause. This region thus constitutes an unique observatory for in-situ measurements of this
ubiquitous plasma process. Predicted theoretically from the transport of field lines in gas dynamics models [46],
the draping effect was first evidenced in the magnetosheath the following couple of years [9, 3] in spacecraft in-situ
measurements, although very few data points were accessible at the time. Increasingly more detailed observations
were subsequently performed [7, 31, 18, 16, 6, 24, 40], confirming the draping of the IMF and comparing the
orientation of the magnetic field locally measured in the magnetosheath, to that predicted by models. Unfortunately,
these observations were restricted to coarse angular sectors of the IMF orientations and to particular orbital planes.
Our current understanding of how the magnetic field drapes around the magnetosphere in a global and three-
dimensional manner and as a function of the IMF orientation thus only comes from analytical ([21, 15, 51]) and
numerical modeling ([16, 49]). There is still so far no consistent equivalent from a purely observational standpoint.

An example of in-situ spacecraft data measured in the near-Earth environment, is given on Fig. 1a-d. The data
shows the signatures typically seen in an outbound trajectory from the magnetosphere to the solar wind, going
through the magnetosheath region. The magnetosphere is characterized by the strongest magnetic field amplitude,
lowest density and most stagnant plasma of all three regions. The solar wind is easily recognized as a relatively
dense plasma flowing at supersonic speed during the last part of the time interval. The magnetosheath is the region
in between these two, downstream of the bow shock where the plasma is heated, compressed, and flows around the
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obstacle after having been decelerated to a subsonic speed. In that region, the magnetic field increases in amplitude
and drapes around the magnetopause.

Reconstructing the global and three-dimensional magnetic field draping pattern as a function of the IMF ori-
entation, from such data, intrinsically local in space and time, is actually quite challenging. Firstly, the data is
intrinsically heavily spatially biased by the satellite orbital planes. Reconstructing a global draping from observa-
tions thus imperiously requires having multiple spacecraft on significantly different orbits. Secondly, understanding
the dependence of the draping on the IMF orientation requires the constant monitoring of the upstream solar wind
from yet another spacecraft. And even if such data is available, estimating the causal IMF orientation for each
magnetosheath measurement may come with possibly substantial errors that call for large statistics so that the
errors do not dominate the results. Then, the magnetosheath flow carries many small scale plasma and magnetic
fluctuations from which the macroscale field can only stand out if using again a large number of uncorrelated mea-
surements. Unfortunately, the complexity of the time series makes it difficult to automatize the identification of
time intervals during which the spacecraft explores regions of interest. Data selection is often performed manually,
hampering large statistics, consequently adding substantial uncertainties when drawing conclusions. Last but not
least is the fact that multivariate time series like that shown in Fig. 1 actually represent slices in an unsteady com-
plex three-dimensional system in which the instantaneous position of the spacecraft relative to plasma structures
is unknown. This space/time ambiguity substantially complicates the reconstruction of the spatial pattern of the
draping, for which the magnetic field measured at a given time must be positioned relative to the magnetopause
and bow shock boundaries.

All these difficulties can be overcome today. We indeed now have access to decades of in-situ measurements
from a fleet of spacecraft that have been or still are exploring the near-Earth environment. Many of these missions
have been operating at a time when solar wind monitoring was available. Furthermore, handling such a massive,
heterogeneous and complex dataset to build large statistics is now within reach with the help of statistical learning.
In this study, statistical learning was key to automatically detect all time intervals during which Cluster, Double
Star, THEMIS and MMS spacecraft have measured magnetosheath data, as explained in the method section. This
allowed us to gather the unprecedented number of 45 million magnetosheath in-situ measurements at 5 second
resolution over a period of two decades, offering an excellent spatial coverage of the 3D dayside magnetosheath,
under all and statistically unbiased IMF orientations (Figures 1f and g). Machine learning was also an asset
in positioning each individual magnetosheath measurements relatively to the magnetopause and bow shock, by
enabling the prediction of these boundaries’ position given upstream solar wind/IMF parameters, as explained in
the method section.

This work thus offers the first global and detailed three-dimensional reconstruction of the magnetic field draping
around the magnetosphere, as a function of the IMF orientation. The observed draping patterns will be shown
to be strongly and globally determined by the frozen-in condition in the deflected magnetosheath flow. To make
this point clear, our reconstructed drapings are first presented in contrast to the one obtained from a widely used
magnetostatic model [21] where no plasma is assumed, before quantitatively demonstrating the role of the frozen-in
condition in the observed patterns. In the magnetostatic model, the potential magnetic field drapes between the
bow shock boundary, where the normal component of the IMF is conserved, and the magnetopause boundary, to
which the magnetic field is made tangential. Such draping is broadly used by researchers and has been at the root
of studies of the dynamics of cosmic dust [14], spacecraft fine debris [13] and many other plasma processes occurring
not only in the Earth’s magnetosheath (e.g. [10]), but also in that of other planets such as Mercury [44, 43], Jupiter
[27], Saturn [47], Uranus and [25] and Neptune [26]. It is a key ingredient in how researchers nowadays predict
where reconnection may occur at the magnetopause for a given upstream IMF orientation [48]. Very recently, the
same analytical approach has been undertaken with more realistic boundary geometries but still without coupling
to the flow [51] and compared to THEMIS observations [50].

The magnetic field connectivity in the magnetosheath is reconstructed in three dimensions from our massive
magnetosheath catalog. The details of the reconstruction of continuous field lines from discrete scattered in-situ
mesurements can be found in the method section. In the magnetostatic model, the magnetopause is assumed
to be axisymmetric and represents an impenetrable boundary to which the magnetic field must be tangential.
Under such conditions, the structure of the draping only depends on the absolute value of the IMF cone angle

(tan θco =
√

B2
y +B2

z/Bx). The IMF clock angle (tan θcl = By/Bz) just rotates the pattern around the Sun-Earth

axis. In reality, the magnetopause can be crossed by field lines when magnetic reconnection occurs, which depends
on the IMF clock angle. This may marginally impact the draping close to the boundary. An effect that we neglect in
the present discussion by considering all IMF clock angles together. In the following, the data will thus adequately
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Figure 1: In-situ data and orbit from THEMIS B probe on May 16 2008. Panels a to d show respectively
the ion density, the magnetic field components, the velocity components, the omnidirectionnal energy fluxes of ions.
Panel e shows in the orbit of the probe on a 5-day period with the dotted line. The bow shock [11] and magnetopause
[45] are represented as solid gray lines. In a-c and e, the green, red, and blue color filling and line colors correspond
to the time intervals automatically classified by the machine learning algorithm as magnetosphere, magnetosheath
and solar wind respectively. The blue and green histograms in f and g correspond to the polar density distribution
of the IMF clock and cone angle, respectively, for all times associated with magnetosheath measurements. The blue
and green solid lines represent the same distributions but for the whole twenty-six years of OMNI data.
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be represented in the SWI coordinate system, as described in the method section. The following analysis thus
focuses on specific sectors of the IMF cone angle.

The first comparison, shown in Fig 2, is made for large IMF cone angles within the range 70◦ ≤ |θco| ≤ 80◦. At
such a large cone angle, the IMF is almost perpendicular to the Sun-Earth axis, as can be seen in the two leftmost
panels, representing the system in the plane containing the IMF. Note that although the magnetopause and the bow
shock are represented by their cross-section in the Xswi − Yswi plane, the magnetic field lines are the projection on
that plane of lines exploring the three dimensions of space. Although small, the radial component of the magnetic
field is sufficient to break the symmetry between the two sides of Yswi = 0. The side where the IMF is most parallel
to the shock surface normal vector, the so-called quasi-parallel side is found where Yswi < 0, by convention of the
SWI coordinate system adopted here. Respectively, the so-called quasi-perpendicular side is found for Yswi > 0.
By convention of the SWI system also, the Xswi component of the IMF is taken positive.

A quick glance at Fig. 2 reveals that the draping obtained with the magnetostatic model (upper panels a,b,c)
is strikingly similar to the one obtained from in-situ data (lower panels d,e,f)). The leftmost panels show that
field lines in the quasi-perpendicular side exit the magnetosheath through the bow shock on the quasi-parallel side.
The closer a line is from the magnetopause in the quasi-perpendicular side, the farther from the subsolar region
it exits to the interplanetary medium. Consistently, the Bx component, positive in the quasi-perpendicular side,
goes through zero around the subsolar region and becomes negative in the quasi-parallel region. The lines that
appear to cross the magnetopause actually do not, but rise in the third dimension, above the Zswi = 0 plane to
circumvent the magnetopause. This is better seen from the middle panels which represent the field lines close to the
magnetopause surface as seen from the Sun vantage point. Initially contained in the Xswi − Yswi plane upstream
of the bow shock, the field lines bend in the Zswi direction to wrap the magnetopause. The rightmost panels offer
a complementary 3D view of the field lines close to the magnetopause. The great similarity between the modeled
draping and the one obtained from in-situ data hides the fundamentally different underlying physical constraints
they must satisfy. When considered, these constraints explain the subtle differences seen in this large IMF cone
angle limit between lower and upper panels of Fig 2, and are at the root of a much more pronounced disagreement
between the two draping patterns at lower cone angles, as will be explained in the following.

In the model (resp. the data), field lines must meet the imposed IMF orientation at the bow shock and must
be exactly (resp. almost) tangential to the magnetopause. In the magnetostatic case where no electrical current
flows within the magnetosheath volume, the magnetic field lines wrap the magnetopause like paper wraps a candy
and diverge from two singular points at the magnetopause along the normal to the shock where it is parallel to
the IMF. Without any other constraint, field lines just diverge away from these two singularities as prescribed by
the magnetic potential function. This behavior explains the convergence of the field lines easily seen on the two
flanks if looked at from the Sun standpoint in panel b of Fig. 2. In a perfect 90◦ IMF cone angle condition, the
two singularities would be perfectly symmetric with respect to Yswi = 0. Here, however, the singularity in the
quasi-parallel region is closer to the subsolar region due to the slight radial component, resulting in slightly more
pronounced apparent convergence of the field lines in the quasi-parallel region of Fig 2b.

In contrast, field lines in reality must also comply with the frozen-in condition, imposing that magnetically
connected solar wind fluid elements must remain so during the draping. The temporal aspect of the draping
then becomes important, and in the large IMF cone angle limit, follows the schematics of Figure 3a. Among the
represented connected points, the red one is the first to meet the shock surface. In the subsolar region, that element
will be strongly decelerated while other connected points remain in motion at the solar wind speed. Because the
IMF cone angle is large, connected fluid elements are not far apart from one another along the Sun-Earth axis. The
element arrived at the shock in the subsolar region (red dot) is thus still lagging in the slow stagnation flow region
when other connected elements make contact with the shock. Together with the curved shape of the magnetopause
and shock, this gives the observed bow shape to the field line, reminiscent of the one obtained in the magnetostatic
model. Field lines close to the magnetopause are deflected around it and thus also bend in the Z directions like in
the model, as seen from the Sun vantage point in Fig 2e. Coincidentally, field lines appear to converge more on the
quasi-parallel side than in the quasi-perpendicular side as in the modeled draping. However, the reason here has
nothing to do with topological singularities but is again found in the temporal sequence of the draping. Parts of
the field lines that crossed the shock in the quasi-perpendicular region did so earlier than those in the quasi-parallel
side. Consequently, they had more time to rise away from the Zswi = 0 plane and are thus found slightly more
spread apart than their counterparts in the quasi-parallel side, but in a way that is slightly different than for the
modeled field.

Differences between the model and data become more drastic as the IMF cone angle decreases. As it does so,
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Figure 2: Large IMF cone angle draping. Subset 70◦ ≤ |θco| ≤ 80◦. Panels a-c to and d-f correspond
respectively to magnetostatic [22] and in-situ magnetic field. The color maps correspond to Bx/Bimf . The grey
arrowed lines correspond to the magnetic field lines integrated in 3D (see the method section). Panels a and d
correspond to the data close to the Zswi = 0 plane. Panels b and e correspond to the data close to the magnetopause
[45]. The three-dimension views c and f show the magnetic field lines close to the magnetopause.
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Figure 3: Schematics of the draping mechanism. Panels a, b and c represent the expected draping pattern
for the large, intermediate and low IMF cone angle regimes, respectively. t1 to t4 represent the arrival time at the
bow shock of the different fluid elements (purple, red, orange and blue points) connected by the same magnetic
field line.
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Figure 4: Intermediate IMF cone angle draping. Subset 20◦ ≤ |θco| ≤ 30◦. The legend is the same as Fig 2.

the parallel shock region moves closer to the subsolar region. The previously discussed magnetic singularity of the
model is now found closer to the subsolar region as well, as seen in Figure 4a. Clearly, this singularity is not seen
in the data of panel d. In contrast, all the field lines obtained from in-situ data, no matter how far from subsolar
region on the quasi-parallel side, eventually connect to more sunward regions, as reveals Fig 4d. Consequently, Bx

takes negative values all along the magnetopause on the quasi-parallel side, exactly as it did for large IMF cone
angles, and thus opposed to what the model predicts. This important difference again lies in the frozen-in condition
constraining the draping pattern in reality.

As before, the part of the field line entered in the subsolar region does not have the time to re-accelerate before
other parts arrive at the shock in the quasi-parallel region. Field lines entering the quasi-parallel region must thus
again connect to the subsolar region. It is interesting to note, however, that the field lines do not immediately turn
towards the dayside as soon as they cross the shock as they do for the large IMF cone angle regime. The key is that
for lower IMF cone angle, connected elements are now further apart along Xswi in the solar wind, as can be seen
on Fig. 3b. They are close enough for the subsolar part of the line to still lag behind by the time they arrive at the
shock. However they are too far apart for elements entering the magnetosheath at any point of the quasi-parallel
region to pass ahead of connected elements previously entered, as in the large cone angle regime. Upon crossing the
bow shock in the quasi-parallel region, field lines thus must continue nightward over some distance before turning
back towards the dayside. The sign of Bx is thus necessarily reversed across the magnetosheath in the quasi-parallel
side, and an associated steady current sheet exists in the central magnetosheath over a significant portion of the
dayside. This electrical current in the magnetosheath volume is the consequence of the frozen in condition only.

As previously noticed in the regime of large IMF cone angles (Fig 2b,e), an asymmetry is visible in the orientation
of field lines between the quasi-parallel/perpendicular sides of the magnetosheath as viewed from the Sun (Fig 4b,e).
However, here the asymmetry is much more pronounced(Fig 4b). In the modeled draping, this strong asymmetry
simply relates to the singularity being now located closer to the subsolar region, towards which field lines must
converge. In reality, the asymmetry still relates to the temporal aspect of the draping. For these lower IMF cone
angles, connected fluid elements are more separated along Xswi. The delay between their arrival at the shock in the
quasi-parallel and quasi-perpendicular is thus significantly longer. As a result, field lines in the quasi-perpendicular
region have a much longer time to leave the plane Z = 0, but they need to remain connected to parts arrived near
Zswi = 0, leading to the observed asymmetry. The 3D plots on the rightmost panels offer a clear complementary
overview of the fundamental difference between the two draping patterns.

An important question at this point is to what extent the model and data keep exhibiting these distinct topologies
as the IMF cone angle decreases even further down to zero. For symmetry reasons, it is clear that for an exactly
radial IMF, field lines must spread equally around from the subsolar point. In both the model and data θco = 0
must thus lead to a null point in that region, as it does only for the model for other IMF orientations on the
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Figure 5: Small IMF cone angle draping. Subset 0◦ ≤ |θco| ≤ 12.5◦. The legend is the same as Fig 2.

quasi-parallel side. It is unclear at this point, however, whether data only shows this divergent pattern for the null
cone angle or not.

The answer is clearly seen on Fig 5, which represents both modeled and observed draping for a very small but
non-zero IMF cone angle. In that regime, it is unsurprising to see that the modeled draping only differs from
previous ones by the position of the magnetic singularity, now much closer to the subsolar point. It is, however,
interesting to notice that the observed draping now also exhibits a similar structure, with an apparent divergence
of the field lines originating approximately from the same location as in the model.

The pattern obtained with data within this low IMF cone angle regime is very noisy, due to the limited amount of
data (Fig 1g) and the likely presence of enhanced fluctuations in that region downstream of the foreshock. However,
the results appear again consistent with the dominant effect of the frozen-in condition, and in particular with the
temporal aspect of the draping, represented in the rightmost panel of Fig. 3. For such a low yet non-zero IMF cone
angle, connected fluid elements are now so far from each other along Xswi that their arrival time at the shock is
significantly longer than the time it takes for the red element to leave the flow stagnation region. The part of the
field line entering the subsolar region thus no longer acts as a bottleneck as it did for the two preceding regimes.
Fluid elements arriving at the shock in the quasi-parallel region are now connected to elements that have traveled
a long distance in the magnetosheath and are located much more nightward. As a result, the draping pattern is
again close to the one obtained in the model, since like in the large cone angle regime, the frozen-in condition does
not lead to the existence of a current sheet in the magnetosheath volume, which the model ignores.

Although model and data broadly agree again in this very low IMF cone angle regime, some subtle differences
still reveal the underlying role of the frozen-in condition in data. The field lines obtained from in-situ data (Fig
5d) in the quasi-parallel region indeed appear to come back towards the magnetopause, consistently with the idea
that they should, for some time at least, still remain connected to their previously entered counterpart in the
quasi-perpendicular side. In contrast, the magnetostatic field lines (Fig 5a), ignoring the frozen-in constraint, have
a completely uncorrelated behavior on both side of the singularity.

Previous figures gave us a qualitative and consistent picture of the importance of the frozen-in condition for
understanding the structure of the field line draping around the magnetopause. The following analysis now tests
this interpretation in a more quantitative way. We focus on Fig. 6, where each panel represents the dayside
magnetosphere in the Xswi − Yswi plane for each of the three draping regimes previously identified. Each panel
shows green and red magnetic field lines, obtained from the magnetostatic model and in-situ data, respectively, and
flow stream lines obtained from in-situ data as well. Each line is again the result of a three-dimensional integration.
The red and green magnetic field lines are chosen to intersect the bow shock at an arbitrary but identical position,
located in the quasi-parallel side of the system. Knowing the point at which the magnetic field line intersects the
bow shock, the IMF cone angle, and given a solar wind velocity assumed steady, it is easy to compute the time delay
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Figure 6: Quantitative estimate of the flux freezing condition. Panels a, b and c are associated with the
large, intermediate and low IMF cone angle regimes, respectively. The red and green lines represent the magnetic
field lines obtained from in-situ data and the magnetostatic model [21], respectively. The uncertainty on the
position of the field lines is represented with the shaded area and is calculated with the integration of 1500 field
lines with starting points in a sphere of 0.5 Re of diameter. The solid blue lines correspond to the plasma streamlines
integrated in 3D with in-situ measurements of the velocity (see method). The error bars are determined for each line
by calculating the integration times (see method) corresponding to the first and third quartile of the distribution
of the IMF cone angle in each subset.

between the time of the representation and that at which the field line crossed the bow shock at any other point.
Multiple points are thus chosen on the bow shock as starting points of flow lines. 3D flow lines, integrated during
the time delay associated to their starting point, stop right on top of the magnetic field line obtained from data for
the large and intermediate IMF cone angle regimes (Fig 6a,b). The agreement is remarkable, considering that the
integration time only assumes a constant solar wind velocity, a steady IMF orientation, and given that the magnetic
field and velocity are two independent in-situ measurements. The flow line integration also agrees better with the
magnetic field data than with that of the model in the large cone angle one, despite their very close behavior. This
analysis clearly confirms previous qualitative interpretations in each of the IMF cone angle regimes. In the very
IMF low cone angle limit (Fig 6c), the results remain consistent, even if the scarcity of the data increases a lot the
uncertainty associated with the field line integration. In addition the large delay between arrival times at the shock
leaves room for many processes to invalidate the steady state assumption our study is based on. Furthermore, it
is not clear to what extent fluid elements arriving at the shock remain connected to nightside regions for such long
times.

It has been known for decades that the interplanetary magnetic field drapes around the magnetosphere of the
Earth as it crosses the bow shock. In-situ evidences for the draping have, however, so far been very local. Only
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Mission Probe Period Instruments

Cluster
C1 2001-2019 Cluster Ion Spectrometry (CIS) [38]
C3 2001-2009 Fluxgate Magnetometer (FGM) [2]

DoubleStar
TC1 2004-2007 Hot Ion Analyzer (HIA) [39]

Fluxgate Magnetometer (FGM) [5]

Themis
P3, P4, P5 2007-2021 Electrostatic Analyzers (ESA) [29]
P1, P2 2007-2009 Fluxgate Magnetometer (FGM) [1]

Magnetospheric
Multiscale

MMS1 2015-2021 Plasma Investigation (FPI) [36]
Fluxgate Magnetometer (FGM) [41]

Table 1: Source of the in-situ data.

global magnetohydrodynamics numerical models have provided a complete, global and three-dimensional structure
of the draping for a given IMF orientation. Through the use of innovative machine learning based in-situ detection
and modeling, this study is the first to offer such a global view from a purely observational standpoint. For large
(|θco| > 45◦ ± 5◦) or extremely small (12.5◦ ± 2.5◦ < |θco|) IMF cone angles, the global draping is found to be
qualitatively consistent with a magnetostatic draping assuming no current in the magnetosheath volume [22]. In
contrast, data clearly and fundamentally disagree with the magnetostatic draping in the intermediate cone angle
regime (12.5◦ ± 2.5◦ < |θco| < 45.0◦ ± 5◦) and angular deviations can be as high as about 180° in some portions of
the quasi-parallel magnetosheath. In the data, field lines fold onto the magnetopause surface and are constrained to
remain frozen in solar wind fluid elements. This folding is associated to a large scale current sheet at mid-depth in
the quasi-parallel magnetosheath. This scenario is further quantitatively validated by mapping magnetic field lines
with the 3D integration of the independently measured flow velocity. The detailed structure of the magnetic field
draping, shown in our study to be intrinsically linked to the radial flow of the magnetosheath plasma, constitutes
the immediate boundary condition for the magnetosphere system. It is in particular relevant to where magnetic
reconnection occurs and operate, and thus how the Earth system couples to its environment. Our study also shows
how having decades of data from multiple missions enables the assessment of global yet detailed and quantitative
properties of the Earth magnetosphere despite the fundamentally local character of in-situ measurements. Although
considerably less data exists, these results are also relevant to the case of other planets and obstacles to magnetized
plasma flows.

1 Methods

Satellites and instrumentation

The in-situ data are provided by the instruments of the four missions shown in Table 1. The data are resampled to
a 5s resolution, on which a 3 points median filter is applied to remove outliers.

Selection of magnetosheath data

The plasma moments and magnetic field were used to automatically identify [30] the magnetosheath dataset with
a gradient boosting algorithm [33]. A perfect forecast obtains an Heidke Skill Score (HSS) and Area Under Curve
(AUC) score of 1. Our classification is highly effective considering that it obtains average values of 0.980 and 0.998
for each score respectively. The data with density lower than 4cm−3 has been removed to discard the majority of the
magnetopause boundary layer crossings. More than 50 millions of magnetosheath in-situ measurements have been
automatically selected. The aberration on the velocity due to the orbital motion of the Earth has been corrected.

Solar wind parameters

Each magnetosheath data point is associated to solar wind and IMF properties (magnetic field, density, temperature,
velocity, dynamic pressure, Mach number, plasma beta) from the OMNI dataset [20] measured at a previous time.
This time delay is associated with the propagation of the IMF between the nose of the bow at which OMNI data
is defined and the spacecraft position. The time delay is estimated using the propagation method of Safrankova et
al. 2002 [42].
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Boundaries models with Machine learning

The measurement’s relative positions to the magnetopause and bow shock must be found to calculate the magneto-
static field and to normalize their location between average boundaries. The Gradient Boosting Regressor (GBR)
[33] algorithm was used to predict the position of the boundaries given the solar wind parameters and tilt angle.
To proceed, 33563 magnetopause and 19361 bow shock single crossings on 10 minutes windows have been identified
using the Nguyen et al. 2021 [30] method. Crossings in a solid angle of 7.5° and at less than 30 minutes of each
others are considered as partial crossings and are therefore grouped together to ensure the independence of the
train/test sets. A cross-validation has been performed with a 90/10 split between those two sets and a Root Mean
Square Error (RMSE) of 0.78± 0.03 Re for the magnetopause model and of 0.96± 0.06 Re for the bow shock model
have been obtained.

Magnetic field model computation

The magnetostatic model for Kobel and Fluckiger 1994 [22] is calculated for each measured point in our magne-
tosheath dataset, using the regression models of the magnetopause and bow shock transformed into parabolic and
confocal approximation.

Spatial representation of the dataset

First, it should be noticed that the same methodology has been used to build the spatial representation of the
draping, regardless of the origin of the magnetic field value (model or data). The GSM positions have been
normalized between the average models of Shue et al. 1998 [45] and Jelinek et al. 2012 [11] using the relative
positions to the machine learning boundaries models given the solar wind conditions of each point. The points
located too far outside the magnetosheath as predicted by the boundaries models have been excluded, bringing the
total number of data in this study to almost 45 million measurements.

The solar wind interplanetary (SWI) magnetic field coordinate system [53] is used in this study. This system
depends on the magnetic field and velocity of the solar wind. The Xswi axis is colinear to the solar wind velocity
vector and points towards the sun. The magnetic field vector expressed in the SWI coordinate system only has
components along the Xswi and Yswi axis. Bimf is furthermore transformed to have Bximf positive so that draping
pattern is invariant.

Each point of the colormaps is the result of weighted average over the k nearest samples using the KNeigh-
borsRegressor [33] algorithm.

Integration of the magnetic field and flow lines

The magnetic and velocity field lines have been integrated in 3D with solv ivp [52], where the magnetic field at
each integration step is provided by the KNeighborsRegressor [33] algorithm. The propagation time ∆t of the flow
lines in Figure 6 has been calculated with (1).

∆t =
∆Y

tan θco
+∆Xbs

Vsw

(1)

∆Y is the distance along the Y axis between the start points at the bow shock of the magnetic field and flow
lines, ∆Xbs is the distance along the X axis between those start points produced by the bow shock shape, θco is
the cone angle and Vsw is the solar wind velocity.

Data availability

The in-situ data are available by using the Speasy package (https://github.com/SciQLop/speasy). It allows to
access the data on the CDAweb database (https://cdaweb.gsfc.nasa.gov) for the THEMIS mission, and AMDA
database (http://amda.irap.omp.eu) for Cluster, DoubleStar, and MMS missions.

Code availability

The code to reproduce the figures is available on https://github.com/BayaneMdW/drapingmsh.git.
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