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Coronal mass ejections (CMEs) are enormous bursts of plasma and magnetic field from the Sun that propagate ex-
plosively through the Solar System. CMEs are the primary drivers of the most severe space-weather events, posing 
major radiation hazards for human exploration beyond Earth’s magnetosphere, including missions to the Moon 
and Mars. During Europa Clipper’s cruise between Earth and Mars, its Plasma Instrument for Magnetic Sounding 
(PIMS) recorded unusual solar-wind conditions later identified as the wake of a complex CME. Data from an unprec-
edented network of 17 spacecraft across the inner Solar System revealed a hidden Earth-directed component that 
propagated asymmetrically and could not have been predicted without off-Sun-Earth-line observations. This com-
ponent also affected Europa Clipper and Mars, demonstrating how a missed forecast of this kind could endanger a 
crewed mission. These findings highlight the need for multipoint observations, including planetary missions in 
cruise, to improve space-weather forecasting, mission planning, and operations.

INTRODUCTION
NASA’s flagship planetary mission, Europa Clipper, launched on 
14 October 2024 and is now en route to Jupiter’s ocean-world Europa 
via gravity assists at Mars (completed on 1 March 2025) and Earth 
(scheduled for 3 December 2026). Two of its 10 instruments, the 
Plasma Instrument for Magnetic Sounding (PIMS) and the Europa 
Clipper Magnetometer (ECM), will determine Europa’s subsurface 
ocean thickness, conductivity (a proxy for salinity), and ice shell 
thickness (1).

On 19 December 2024, Europa Clipper was 1.19 astronomical 
units (au) from the Sun, outbound toward Mars and nearly aligned 
with Earth within the ecliptic plane. During a 1-hour instrument 
checkout, PIMS (2) collected solar wind data to confirm postlaunch 

performance. Meanwhile, ECM (3) continuously measured magnetic 
fields to monitor potential interference from spacecraft subsystems 
between 22 November 2024 and 22 January 2025 (4). Figure 1 shows 
selected Europa Clipper magnetic field and plasma measurements 
during this interval, including ECM data (Fig. 1, A to C) and the 
PIMS energy-time spectrogram obtained during the checkout pe-
riod (Fig. 1D).

Examination of the PIMS data revealed that the sunward-facing 
PIMS cup detected ions between ∼1450 and ∼1700 eV (Fig. 1D), cor-
responding to fast solar wind (∼530 to 570 km s−1 assuming protons). 
Because PIMS directly samples the energy of the incoming plasma, 
the spectrogram provides an immediate visual indication of changes 
in the solar wind speed, temperature, and density. The spectrogram in 
Fig. 1D displays a broad current peak and low intensity, indicative of 
low-density, high-temperature plasma relative to nominal solar wind 
conditions (5, 6). These anomalous PIMS measurements prompted 
further investigation into the broader heliospheric context.

While these plasma characteristics are atypical for nominal solar 
wind at this heliocentric distance, they are commonly associated with 
coronal mass ejection (CME)–driven structures. At the time of the 
PIMS measurements, it was unclear whether the anomalous plasma re-
flected a CME wake, a flank encounter, or other transient solar wind 
variability. From the perspective of a single spacecraft, such plasma sig-
natures do not uniquely identify the global structure behind them. Dis-
tinguishing among these possibilities requires multipoint observations.

Fortuitously, in December 2024, the inner heliosphere was covered 
by an unusually large and well-distributed fleet of 17 spacecraft, provid-
ing dense radial and longitudinal coverage. This configuration enabled 
reconstruction of the CME and revealed that the PIMS measurements 
captured only one portion of a structure far more complex than could 
be inferred from single-point observations. We begin at the Sun.
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RESULTS
Solar origin and the hidden Earth-directed component
A slow CME was observed on 15 December at 00:48 UT in SOHO/
LASCO C2 (7) and at ∼01:53 UT in STEREO/SECCHI COR2 (8). 
The CME was associated with an extended quiet-Sun filament on the 
Earth-facing solar disk near 28° south latitude (Fig. 2, A and C), 
spanning more than 60° in longitude. The filament eruption persisted 
for over 4 hours, from 14 December at 22:30 UT to 15 December at 

02:30 UT, and was accompanied by low-level flaring activity (GOES 
class C2-C5) in nearby active regions AR3924 (C2.6 at S16W15 and 
C4.2 at S17W22) and AR3917 (C2.6 at S14W78). These flares oc-
curred concurrently with the filament eruption and were likely asso-
ciated with the CME’s onset.

The CME propagated southward from the ecliptic plane (Fig. 2B, 
green wireframe), but it was sufficiently wide to produce a flank en-
counter with STEREO-A and possibly Earth. STEREO-A/COR2 
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Fig. 1. PIMS plasma and ECM magnetic field measurements show anomalous solar wind conditions at Europa Clipper. (A) Calibrated magnetic field measurements 
from ECM, rotated into the spacecraft frame, over ∼3-day interval. Shaded regions indicate the CME shock (blue box), sheath (lilac), and ejecta (yellow). The green box 
marks the PIMS interval shown in (D). (B) Magnetic field data showing a well-defined interplanetary shock at 22:52 UT on 17 December 2024. (C) Zoomed-in view of the 
magnetic field during the PIMS interval. (D) Energy-time spectrogram from the sunward-facing PIMS Faraday cup on 19 December 2024, 21:00 to 21:50 UT. Enhanced ion 
currents near 1500 eV (orange/yellow) correspond to fast solar wind (∼530 to 570 km s−1). The broadened, low-amplitude peak indicates lower densities and higher tem-
peratures than nominal solar wind conditions. To improve signal statistics in this low signal-to-noise regime, a 64-point running average was applied, and a 10-pA back-
ground was subtracted. The currents are partially calibrated and do not represent absolute plasma flux or density. Together, these measurements show that Europa 
Clipper encountered CME ejecta under disturbed solar wind conditions, motivating reconstruction of the event using multipoint observations.
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images (Fig. 2D, cyan wireframe) show the east flank of the event; 
from the Sun-Earth line, this Earth-directed flank was obscured by 
the dominant southward-propagating portion of the CME (Fig. 2B). 
Consequently, the Earth-directed component was indistinguishable 
from the dominant southward-directed CME when viewed from the 
Sun-Earth perspective (hereafter referred to as the “hidden” or Earth-
directed component).

STEREO-A COR2 captured the Earth-directed front at 01:55 UT 
on 15 December 2024. Positioned ∼29° west of the Sun-Earth line 
(Fig. 2D), STEREO-A provided the crucial side-on perspective that 
revealed this otherwise hidden component. Without that vantage 
point, the Earth-directed CME could not have been forecasted.

Multipoint detections in the inner heliosphere
To understand how this CME evolved through the inner heliosphere, 
we examine its in situ signatures across the spacecraft located along its 

path. We performed a coordinated analysis of a 17-spacecraft network 
in a fortuitous geometric alignment to reconstruct the CME’s propa-
gation path and structure within the ecliptic plane.

We focus below on the hidden Earth-directed component that was 
invisible from Sun-Earth-line remote sensing observations. This com-
ponent was sampled sequentially by spacecraft near Mercury, Earth, 
and Mars. We group these observations according to the distinct com-
ponents of the CME revealed by the multipoint configuration, allow-
ing the geometry of the event to emerge from the combined dataset. 
Detailed spacecraft-by-spacecraft descriptions and timing informa-
tion are provided separately (table S2).

BepiColombo (9, 10) first detected the Earth-directed CME 
component near Mercury (0.35 au) on 16 December 2024 (Fig. 3, 
BepiColombo). As the structure propagated outward through the 
Sun-Earth-Mars sector, it affected spacecraft at the first Sun-Earth 
Lagrange point (L1), within the Earth-Moon system, and later 

Fig. 2. Extreme ultraviolet (EUV) and coronagraph observations of the solar disk and corona highlighting the extended filament that produced the complex 
CME. (A) SDO/AIA 193-Å image from the Sun-Earth line on 14 December 2024 at 23:00 UT. (C) STEREO-A/EUVI view of the same region from ∼29° off the Sun-Earth line on 
15 December 2024 at 23:00 UT. (B) SOHO/LASCO C3 coronagraph image from the Sun-Earth line on 15 December 2024 at 06:42 UT. (D) STEREO-A/COR2 coronagraph im-
age from ∼29° off the Sun-Earth line on 15 December 2024 at 06:38 UT. The occulting disk radii are ∼3.7 solar radii (LASCO C3) and ∼2.7 solar radii (COR2). Colored overlays 
show the three-dimensional reconstruction of CME structure. When viewed along the Sun-Earth line, the Earth-directed component (cyan) is fully superposed on a 
southward-directed component (green), completely obscuring it in the SOHO/LASCO view. From the STEREO-A, vantage point, however, the two components separate 
clearly, revealing the previously hidden Earth-directed expansion. The reconstruction demonstrates that the event was a single CME with intrinsically distinct directional 
components, including an Earth-directed component invisible from the Sun-Earth line.
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Fig. 3. Multipoint observatory measurements of the CME between 0.35 and 1.6 au. The central panel shows spacecraft locations in the ecliptic plane together with 
the reconstructed CME structure at five successive times (colored outlines). The shaded regions denote the shock, sheath, and ejecta intervals using the same color 
scheme as Fig. 1. The reconstruction reveals pronounced longitudinal asymmetry, including a fast Earth-directed lobe and a slower longitudinal flank. Surrounding panels 
show magnetic field measurements from representative spacecraft across the inner heliosphere, illustrating differences in arrival time, magnetic field strength, and inter-
nal structure at each location. Earth-orbiting spacecraft (MMS, Wind, and ACE) are shown in GSE coordinates, whereas deep-space observatories (Europa Clipper, STEREO-
A, and Solar Orbiter) are shown in radial-tangential-normal (RTN) coordinates. MAVEN data are presented in Mars-centered coordinates (see Materials and Methods for 
definitions). Additional magnetic field measurements are provided in the Supplementary Materials. The markedly delayed arrival at STEREO-A, despite its heliocentric 
distance being comparable to Earth’s, together with the absence of a direct encounter at SolO, constrains the longitudinal extent of the Earth-directed component. These 
multipoint in situ measurements show that the Earth-directed CME component was confined to a limited longitudinal sector and consisted of distinct fast and slow lobes, 
features that cannot be resolved without off-Sun-Earth-line in situ observations.
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between Earth and Mars. Wind, ACE (11), and DSCOVR (12) at L1 
detected the shock on 17 December 2024 (Fig. 3, Wind and ACE; 
fig. S1), followed by signatures consistent with a turbulent, high-
speed sheath, and magnetic cloud.

Within the Earth-Moon system, the four-spacecraft Magneto-
spheric Multiscale (MMS) Mission (13) and the two ARTEMIS (14) 
spacecraft observed a well-defined shock and associated magnetic 
variability consistent with the same structure. Although MMS and 
ARTEMIS were located within the same general region of space, ob-
served differences in magnetic configuration reflect local environ-
mental effects rather than separate events (figs. S2 and S3). Europa 
Clipper subsequently detected the same CME during its cruise 
phase, sampling the magnetic cloud and its turbulent wake (Fig. 1, 
A to C).

As the structure continued outward, MAVEN (15) recorded a 
sudden increase in dynamic pressure between 19 December and 
20 December, consistent with the passage of the same Earth-directed 
CME component. Together, these measurements indicate coherent 
radial propagation of a single CME component through the Sun-
Earth-Mars sector over ∼2.3 days.

In contrast, STEREO-A, located at nearly the same heliocen-
tric distance as Earth (0.98 au) but displaced in longitude (∼29° 
west of the Sun-Earth line), detected the shock ∼25 hours later on 
18 December 2024 (Fig. 3, STEREO-A), with a lower solar wind 
speed sunward of the CME (∼400 km s−1). This delayed arrival dem-
onstrates that the Earth-directed CME component did not expand 
azimuthally as a single, uniform front.

Together, these observations reveal two geometrically distinct 
aspects of the Earth-directed CME component: a fast lobe passing 
through the Sun-Earth-Mars sector and a slower longitudinal flank 
sampled by STEREO-A. These lobes represent different portions of 
the same asymmetric CME rather than separate events.

A complementary constraint is provided by Solar Orbiter [SolO; 
(16)], positioned ∼10° east of the Sun-Earth line at 0.94 au. In con-
trast to STEREO-A, SolO did not observe a shock or magnetic cloud 
associated with this event. The absence of a clear CME signature at 
this longitude limits the eastward extent of the Earth-directed CME.

Together, the delayed arrival at STEREO-A to the west and the 
nondetection at SolO to the east constrain the longitudinal bound-
aries of the Earth-directed CME. The observations suggest that the 
CME was confined to a relatively narrow sector within the ecliptic 
plane rather than expanding azimuthally as a broad, uniform front. 
Within this confined CME, the multipoint measurements further 
reveal asymmetry in the form of fast and slow lobes.

Radial timing and propagation characteristics
Using multipoint in situ observations at various radial distances, we 
derived the average propagation speed of the Earth-directed CME 
component (table S3). The results show that the CME’s structure 
was already strongly distorted by the time it reached 1 au. It exhib-
ited a dual-lobe configuration: a fast-propagating lobe that affected 
Earth, Europa Clipper, and Mars, and a slower lobe that reached 
STEREO-A roughly a day later (Fig. 3).

The plasma speed between BepiColombo and STEREO-A was 
significantly lower than between BepiColombo and L1 (table S1), 
reinforcing the CME’s longitudinal asymmetry. The delayed arrival 
at STEREO-A relative to Earth further supports the presence of a 
slower lobe in that sector. This pattern is also reflected in the propa-
gation speed derived from STEREO-A to L1 (table S3).

DISCUSSION
Dual-lobe structure and asymmetric propagation
Although BepiColombo and STEREO-A were located within the 
same longitudinal sector, the CME transit time between them was 
only slightly longer than that from L1 to Earth. This timing supports 
the conclusion that the CME comprised two lobes: a faster one prop-
agating along the Sun-Earth-Mars sector and a slower one moving 
through the longitudinal sector containing Mercury and STEREO-
A. Propagation speeds derived from coronagraph observations near 
the time of the initial shock close to the Sun (Fig. 2D) further rein-
force this interpretation. The results also indicate that the CME de-
celerated as it exchanged momentum with the ambient solar wind 
while traversing the inner heliosphere (table S3). In the Earth-Mars 
sector, the CME propagated from the corona to Earth at an average 
speed of ∼840 km s−1, whereas, in the Mercury–STEREO-A sector, 
its average speed to 1 au was only ∼534 km s−1. Between the corona 
and BepiColombo in that same sector, the CME’s average speed was 
∼566 km s−1, consistent with a dual-lobe, fast-slow configuration. 
Although the low-level flaring associated with the eruptive filament 
does not indicate stronger activity on the western side (both exhibit-
ed similar C-class flare levels), magnetograms from the days preced-
ing the eruption show that the faster western segment originated 
in regions of stronger magnetic field, which may explain its higher 
propagation speed.

The CME did not affect SolO, located only ∼10° east of the Sun-
Earth line and ∼39° east of STEREO-A, providing an additional con-
straint on the CME’s azimuthal extent in the ecliptic plane (Fig. 3). 
Collectively, these results highlight the strong longitudinal structure 
of this event. Statistical analyses show that magnetic ejecta near 1 au 
typically span only ∼20° to 30° in longitude, and symmetric signa-
tures across multipoint spacecraft are rare even within this range 
(17). Other multipoint studies report comparable longitudinal vari-
ability in magnetic field and energetic particle signatures (18), illus-
trating how rapidly CME properties can vary with heliolongitude. In 
this context, the present case, where Earth was affected, SolO (10° 
east) was missed, and STEREO-A (∼29° west) encountered a delayed 
and slower flank, represents longitudinal asymmetry at the extreme 
end of observed CME variability. The ∼25-hour arrival time differ-
ence between near-Earth detections and STEREO-A, despite compa-
rable heliocentric distances and in the absence of any additional 
CME in the ecliptic, cannot be reconciled with a quasi-symmetric 
expanding front. This pronounced asymmetry reflects distinct fast 
and slow propagation lobes confined within a narrow, distorted enve-
lope, underscoring the importance of multipoint observations for 
resolving such geometry.

Forecasting challenges and operational implications
The identification of the hidden CME and its geometry in the ecliptic 
plane was only possible through coordinated multipoint in situ ob-
servations, including vantage points off the Sun-Earth line and span-
ning a range of heliocentric distances. Because CMEs are among the 
most significant drivers of space weather, this event highlights a cen-
tral challenge for space weather forecasting: Without multipoint 
in situ and remote sensing perspectives, the CME’s impact on Earth, 
Europa Clipper, and Mars would have gone unpredicted. National 
Oceanic and Atmospheric Administration’s Daily Solar Geophysical 
Activity Report and Forecast did not mention this CME or its associ-
ated filament eruption. A contemporaneous SWPC forecast discus-
sion issued on 15 December 2024 briefly referenced the eruption, 
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describing a large, southward-directed CME expected to miss Earth 
and propagate upstream. The Earth-directed hidden component 
identified in this study was neither forecasted nor recognized in op-
erational analyses, demonstrating how such components can escape 
detection when viewed solely from the Sun-Earth line. Similar events 
have shown that even well-observed eruptions can appear unde-
tectable or mischaracterized from that perspective (18). This limita-
tion is particularly consequential in the region between Earth and 
Mars, where Europa Clipper effectively served as a proxy for future 
crewed missions.

The pronounced longitudinal asymmetry revealed by this event 
provides a stringent case for ensemble magnetohydrodynamics prop-
agation models (19–22). Evaluating whether ensemble members re-
produce the observed narrow, fast-lobe structure would directly 
assess the capability of current forecasting frameworks to capture 
such asymmetric evolution.

Future directions
Previous large-scale CME studies have tracked CME propagation 
from 1 au to beyond 30 au using up to 10 spacecraft, of which six 
were located in the inner heliosphere (23, 24). In comparison, the 
present analysis uses data from 17 in situ and remote sensing obser-
vatories distributed between 0.35 and 1.5 au, providing the most 
detailed coverage to date of a CME’s radial and longitudinal evolu-
tion within the inner heliosphere. The 1- to 1.5-au region remains 
little explored and represents a critical knowledge gap for heliophys-
ics and space weather research (25). Nonetheless, a few recent stud-
ies have examined CME evolution between Earth and Mars (26, 27), 
reinforcing the importance of multipoint observations in this part of 
the heliosphere.

Fast CMEs often drive interplanetary shocks capable of acceler-
ating solar energetic particles to high energies. These particles can 
penetrate spacecraft shielding and pose acute radiation risks to as-
tronauts during interplanetary transit or lunar surface operations. 
In addition, enhanced dynamic pressure and magnetic disturbances 
can disrupt spacecraft systems and communication. Forecasts miss-
ing Earth- or Mars-directed CMEs, therefore, have direct implica-
tions for crew safety and operational planning.

Our results further demonstrate the value of maintaining mag-
netometer, plasma, and particle instruments operational on plane-
tary missions such as Europa Clipper, BepiColombo, and JUICE 
during their interplanetary cruise phases (26, 27). At the time of this 
event, JUICE (28) was not collecting solar wind data. Contempora-
neous cruise-phase measurements would have provided an addi-
tional longitudinal constraint on the slow lobe of the Earth-directed 
component (Fig. 3).

While this extensive dataset offers a uniquely detailed view of this 
CME’s evolution, some limitations remain. The spatial distribution of 
observatories, although dense within the inner heliosphere, was un-
even, leaving gaps in latitudinal coverage and limited sampling of 
magnetic field orientations. Because all measurements were obtained 
within or near the ecliptic plane, this analysis cannot fully resolve the 
CME’s three-dimensional structure or vertical extent. Expanding this 
approach to additional CMEs with varying morphologies and source 
regions will help determine how common dual-lobed or similarly 
complex structures are.

Future missions positioned off the Sun-Earth line, such as the 
European Space Agency’s upcoming Vigil mission at the Sun-Earth L5 
point (located ∼60° behind Earth in its orbit), together with continued 

operation of planetary cruise-phase instruments, will be key to fill-
ing spatial gaps and testing the generality of these results. Such capa-
bilities will also strengthen space-weather forecasting and enhance 
astronaut safety. Leveraging planetary missions for heliophysics ob-
jectives aligns with the integrated science vision outlined in the So-
lar and Space Physics Decadal Survey (29).

This study demonstrates the power of coordinated multipoint 
observations to uncover the true complexity of CME evolution in 
the inner heliosphere. Capturing a single event with 17 observato-
ries spanning 0.35 to 1.5 au revealed that one CME in the ecliptic 
evolved as a longitudinally structured, dual-lobe system rather than 
as a uniformly expanding “bubble.” Such structure would not have 
been resolvable from Sun-Earth line observations alone. As human 
exploration extends toward Mars, such comprehensive heliospheric 
coverage will be critical for protecting spacecraft and crew. Contin-
ued multipoint monitoring will be vital to predicting the Sun’s dy-
namic behavior and its effects on our human systems.

MATERIALS AND METHODS
Experimental design
The objective of this study was to characterize a CME observed 
across the inner heliosphere and to interpret the plasma and mag-
netic field measurements obtained by the PIMS and the ECM on 
NASA’s Europa Clipper spacecraft during its interplanetary cruise. 
Multipoint observations from 17 spacecraft were used to analyze 
CME propagation, timing, and structure between 0.35 and 1.6 au. 
Imaging data from SOHO, STEREO-A, and Solar Dynamics Obser-
vatory (SDO) were combined with in situ measurements to recon-
struct the CME in three dimensions using the Graduated Cylindrical 
Shell (GCS) model.

Coordinate systems and reference frames
Magnetic field measurements from the 17 spacecraft are presented in 
the coordinate systems customarily used for each mission. For Earth-
orbiting observatories (MMS, Wind, and ACE), data are shown in 
geocentric solar ecliptic (GSE) coordinates. For deep-space observa-
tories (Europa Clipper, STEREO-A, and SolO), measurements are 
displayed in radial-tangential-normal (RTN) coordinates. MAVEN 
data near Mars are presented in Mars-centered solar orbital (MSO/
SSO) coordinates, while BepiColombo data near Mercury are show 
in ecliptic J2000 coordinates.

For earth-based observatories, GSE coordinates are directly com-
parable to RTN coordinates, with the XGSE axis approximately anti-
parallel to the radial (−R) direction, YGSE corresponding to −T, and 
ZGSE corresponding to N. Because each spacecraft operates in a dis-
tinct heliocentric and planetary reference frame, data are presented 
in mission-standard coordinates for clarity and consistency with 
published instrument calibrations.

For direct comparisons between spacecraft, differences in coor-
dinate systems are accounted for in the interpretation rather than 
through global coordinate transformation.

Three-dimensional reconstruction of the CME
To explain the significant differences in in situ arrival times, we re-
constructed the CME in three dimensions using the GCS model 
(30). The GCS model represents a geometric depiction of a mag-
netic flux rope, the fundamental magnetic structure of a CME (31). 
The model comprises a cylindrical shell representing the CME body 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 19, 2026



Luspay-Kuti et al., Sci. Adv. 12, eaed9960 (2026)     19 August 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 8

attached to two cones representing its “legs.” It includes six free pa-
rameters: three describing position (Carrington longitude, latitude, 
and tilt angle) and three describing shape (angular width, aspect ra-
tio, and heliocentric height of the front).

Parameters were iteratively adjusted to achieve visual agreement 
between the model and coronagraphic observations from SOHO/
LASCO C3 and STEREO-A/SECCHI (COR2A, HI1, and HI2), us-
ing data collected between 15 December 05:00 UT and 18 December 
06:00 UT. Because of the CME’s highly asymmetric nature, two GCS 
components were required to reproduce its geometry (cyan and 
green wireframes in Fig. 2). This approach enabled characterization 
of both the southward-directed and Earth-directed lobes and pro-
vided insight into their physical interactions.

The GCS model has been extensively validated (32–34) and ap-
plied in over 400 studies since 2009. Here, it provided a framework 
for quantifying deviations from an idealized flux rope, offering con-
text for the observed timing discrepancies across the heliosphere.

Propagation speed calculation
We calculated the average CME propagation speeds between pairs 
of spacecraft using a timing analysis based on the observed shock or 
magnetic cloud arrival times. For each spacecraft pair, we deter-
mined the time difference (Δt) between the leading edge or shock 
detections and divided it by the difference in heliocentric distance 
assuming a radially outbound CME propagation path (ΔR)

We identified the arrival times from in situ plasma and magnetic 
field signatures, including abrupt increases in density, dynamic pres-
sure, and magnetic field strength. We retrieved heliocentric distances 
from spacecraft ephemerides.

We estimated uncertainties in the calculated speeds from two pri-
mary sources: (i) the precision of the recorded arrival times, which 
typically ranges from <1 s to hours (only in the case of MAVEN at 
Mars), and (ii) the spacecraft positions relative to the CME front. We 
also used the coronagraph data to generate a time estimate for the 
shock in the corona at 10 solar radii and a hemispherical shock ge-
ometry. We propagated these uncertainties throughout the calcula-
tion to obtain an average error of ±32 km s−1 for all derived speeds 
(table S3). The derived speeds are consistent with in situ observations 
of the bulk plasma flows.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S6
Tables S1 to S3
Legend for data file S1

Other Supplementary Material for this manuscript includes the following:
Data file S1
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