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Monitoring the Solar Wind Before It Reaches 1.1
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Abstract Space weather predictions of the solar wind impacting Earth are usually first based on remote-
sensing observations of the solar disc and corona, and eventually validated and/or refined with in situ
measurements taken at the Sun—Earth Lagrange L1 point, where real-time monitoring probes are located.
However, this pipeline provides, on average, only a few tens of minutes of lead time, which decreases to ~30
min or less for large solar wind speeds of ~800 km-s~! and above. The G5 geomagnetic storm of 2024 May
provided an opportunity to test predictions generated employing real-time data from the STEREO-A spacecraft,
placed 13° west of Earth and 0.04 au closer to the Sun than L1 at the time of the event, as shown recently by
Weiler et al. (2025, https://doi.org/10.1029/2024sw004260). In this Commentary, we contextualize these results
to reflect upon the advantages of measuring the solar wind in situ upstream of L1, leading to improvements in
both fundamental research of interplanetary physics and space weather predictions of the near-Earth
environment.

Plain Language Summary The solar wind, streaming continuously outwards from the Sun, can
embed structures that have the potential to cause significant space weather effects at and near Earth, such as
coronal mass ejections. Currently, the solar wind impacting Earth is estimated with a relatively high degree of
confidence only after its properties are directly measured at the Lagrange L1 point, located 0.01 au ahead of
Earth toward the Sun and where a handful of satellites monitor the local conditions. This results in space weather
forecast leading times of the order of a few tens of minutes. Weiler et al. (2025, https://doi.org/10.1029/
2024sw004260) took advantage of a fortuitous spacecraft configuration in 2024 May and the strongest
geomagnetic storm in two decades to demonstrate how warning times can be shortened by employing real-time
measurements from probes placed closer to the Sun than L1. In this Commentary, we summarize these results
and discuss advantages and challenges of measuring the solar wind from so-called “sub-L1 monitors.”

1. Introduction

The near-Earth space environment is constantly shaped and affected by the dynamic solar activity, resulting in a
plethora of phenomena both on ground and in space collectively known as space weather. Amongst the solar
drivers that can induce disturbances in geospace is the ever-blowing solar wind, which has been monitored
continuously from the Sun—Earth Lagrange L1 point (0.01 au ahead of Earth from the Sun) since the 1990s—
initially with science missions such as the Solar and Heliospheric Observatory (SOHO; Domingo et al., 1995),
the Advanced Composition Explorer (ACE; Stone et al., 1998), and Wind (Ogilvie & Desch, 1997), which were
later joined by the first deep-space operational spacecraft, that is the Deep Space Climate Observatory (DSCOVR;
Burt & Smith, 2012). The L1 point is a crucial location for space weather monitoring, allowing probes to measure
the solar wind locally before it impacts Earth's magnetosphere whilst maintaining a relatively low fuel con-
sumption. The importance of L1 for operational forecasting and mitigation is remarked further by the fact that
there are plans in place to maintain assets at this location for the foreseeable future, with the Space Weather
Follow On L1 (SWFO-L1) recently launched in September 2025.

Nevertheless, measuring the solar wind at L1 provides only a brief warning time before a given structure
eventually impacts Earth, ranging from just under 1.5 hr for slower flows of ~300 km-s~! to approximately
25 min for more extreme speeds of ~ 1000 km-s~'. These lead times are much shorter than the ideal time ranges of
afew hours to a couple of days required by end-users (e.g., Jackson & Marshall, 2023; Vourlidas et al., 2023). One
approach that allows to provide longer-term forecasts is via employing global, magnetohydrodynamics (MHD)
modeling of the “background” solar wind and its transient structures such as coronal mass ejections (CMEs), as
has been done operationally for over a decade (e.g., Pizzo et al., 2011). However, uncertainties in modeling
the ambient medium (e.g., Gressl et al., 2014; Reiss et al., 2023) as well as in determining CME input parameters
(e.g., Kay & Palmerio, 2024; Verbeke et al., 2023) translate directly into advance forecasts that are characterized
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by relatively large uncertainties (see, e.g., Jian et al., 2015; Kay et al., 2024). An additional challenge is provided
by predicting the north—south magnetic field component (B;) embedded in CMEs (e.g., Kilpua et al., 2019;
Vourlidas et al., 2019), which is strongly correlated to the corresponding geomagnetic response and that is
currently not forecast operationally before a given structure is measured directly at L1. These issues are amongst
the reasons that have pushed the research community toward reflecting upon the utility of measuring the solar
wind in situ before it reaches L1, that is via sub-L1 monitors (e.g., Lugaz et al., 2025; Morley, 2020; National
Academies of Sciences et al., 2025).

The recent 2024 May G5 geomagnetic storm (e.g., Hayakawa et al., 2025) provided an opportunity to test in a
real-time-like scenario how sub-L1 measurements improve the warning time of solar wind forecasts. Weiler
et al. (2025) employed data available in real time from the Solar Terrestrial Relations Observatory Ahead
(STEREO-A; Kaiser et al., 2008), located 0.044 au upstream and 12.5° west of L1 at the time of the event, to show
that such a sub-L1 monitor would have allowed extension of the prediction lead time by approximately 2.5 hr. In
this Commentary, we first provide a brief summary of the approach and results reported by Weiler et al. (2025),
and then discuss the advantages and challenges of monitoring the solar wind upstream of L1 in the context of
space weather research as well as operations.

2. Catching a Storm Before It Impacts L.1: The 2024 May Event

The 2024 May “superstorm”—mentioned in the literature also as the Mother's Day storm (e.g., Kruparova
et al., 2024) and/or the Gannon storm (e.g., Thampi et al., 2025), in honor of Jennifer Gannon (Lugaz, Knipp,
et al., 2024)—was the strongest since the 2003 “Halloween” event, reaching a Kp index of 9 (resulting in a storm
of G5 category) and a Dst index of —406 nT. It gained significant attention in the research community (e.g., Hajra
et al., 2024; Hayakawa et al., 2025; Jaswal et al., 2025; Liu et al., 2024), and the overall consensus is that the
observed geomagnetic effects were caused by at least five CMEs launched in close succession and interacting in
interplanetary space. An interesting feature of this event was that the STEREO-A spacecraft was located upstream
of and relatively close to the L1 point, that is 0.044 au upstream and 12.5° to the west. This fortuitous positioning
was exploited by Weiler et al. (2025) to formulate predictions of the interplanetary magnetic fields impacting
Earth and geomagnetic indices in a real-time-like scenario, that is employing uniquely information and data
available at the time of the event. An overview of the in situ observations near L1 from the STEREO-A and
Advanced Composition Explorer (ACE; Stone et al., 1998) spacecraft is provided in Figure 1.

Weiler et al. (2025) took advantage of the earlier (by ~2.5 hr, as highlighted in Figure 1) arrival of the first
disturbance—i.e., an interplanetary shock—at STEREO-A to test and demonstrate an extension of the prediction
lead time. Apart from modeling the arrival times and speeds of the five CMEs under consideration based on
remote-sensing observations using the ELliptical Evolution (ELEvo; Mostl et al., 2015) model, the authors
employed real-time magnetic field data from STEREO-A (no plasma measurements were available at the time of
the event) to predict the geomagnetic effects of the complex series of interacting transients. By applying the
empirical formulas by Temerin and Li (2006), which employ solar wind data to assess the corresponding
geomagnetic response in terms of the Dst index, and combining STEREO-A magnetic field measurements with
estimates of the plasma parameters, Weiler et al. (2025) predicted Dst and SYM-H minimum values of
—460 £ 55nT and —479 + 8 nT, respectively, overestimating the observed minimum Dst index of —406 nT by
12% and underestimating the observed SYM-H of —518 nT by 8%. Considering that the predictions could be
generated starting ~2.5 hr before the first impact at L1, these results appear rather encouraging and provide an
illustration of the potential utility of a longer lead time, as well as a first assessment of the feasibility of sub-L1
monitoring in the context of a “worst-case scenario” (i.e., a G5-class storm driven by multiple, interacting CMEs).

Additionally, it is intuitive to assume that the hindcasts reported by Weiler et al. (2025) may have proven even more
accurate had STEREO-A plasma data been available in real time. The plasma parameters that were released after
the event (displayed in Figure 1), despite being characterized by significant data gaps, show a solar wind speed
spanning a range of ~200 km-s~! and a highly variable density profile, suggesting that the constant, average values
estimated by Weiler et al. (2025) may not have accurately described the finer structure of the disturbances
encountered. On the other hand, concluding that better measurements at STEREO-A should have yielded better
predictions of the solar wind later impacting ACE may be too simplistic of an assumption, which neglects CME
evolution with radial distance and structural differences over a given angular separation. In fact, in the case of the
2024 May storm, Liu et al. (2024) and Weiler et al. (2025) agreed that the estimated geomagnetic impact at
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Figure 1. Overview of the available in situ observations near 1 au of the interplanetary structure(s) responsible for the 2024 May geomagnetic storm, showing data
collected by (a) STEREO-A and (b) ACE. Each panel shows, from top to bottom: (i) magnetic field magnitude, (ii) Cartesian fields components in Geocentric Solar
Ecliptic (GSE) coordinates, (iii) latitudinal and (iv) longitudinal angles of the magnetic field, (v) solar wind speed, (vi) proton density, (vii) proton temperature, and (viii)
plasma beta. Note that plasma data from STEREO-A were not available in real time, whilst the remaining data sets (magnetic field from STEREO-A as well as magnetic
field and plasma from ACE) are displayed in both (purple) real-time and (gray) science-level formats (except for panel (ii), where only science-level data are shown). In
both panels, the orange and blue dashed lines mark the first shock arrival time at STEREO-A and ACE, respectively.

STEREO-A's heliolongitude would have been higher than at L1, given that the CMEs were more directed toward
STEREO-A. In this context, the extent to which real-time plasma data improve predictions—and, more critically,
whether this improvement depends on the angular separation between the sub-L.1 monitor and Earth—is yet to be
quantified. Having established that an operational solar wind monitor should be equipped at the very least with
magnetic field and plasma instruments designed to be resilient during extreme events, questions remain as to how
many sub-L1 probes are necessary for reliable predictions and their optimal location(s) upstream of Earth. In the
next section, we explore these issues in light of existing studies and proposed mission concepts.

3. Advantages and Challenges of Solar Wind Monitoring Upstream of L1

Given that the purpose of a sub-L1 monitor is, by design, to measure the solar wind somewhere below 0.99 au
to provide earlier warnings than from L1, one of the most critical aspects to consider is where such a probe
should be placed in terms of heliocentric distance. In fact, a spacecraft to be employed in real-time operations
should achieve “the perfect balance” between being as close as possible to the Sun (to detect incoming
structures as soon as possible) and being as close as possible to Earth (to ensure that the structures
encountered have not evolved dramatically by the time they reach 1 au). Some insights on the matter are
provided by previous studies that, in a hindcast fashion, have taken advantage of fortuitous radial alignments
of an asset at 1 au with an inner spacecraft (see Figure 2). For example, Kubicka et al. (2016) used Venus data
to forecast a CME-CME interaction event, achieving satisfactory agreement in arrival time (~ 6 hr late), speed
(~530 vs. ~490 km-s~!), and Dst (=100 vs. =71 nT) with a 21-hr prediction lead time. Mostl et al. (2018)
leveraged in situ data at Mercury to constrain CME flux rope modeling up to Earth, slightly underestimating
both speed (by ~50 km-s~!) and Dst index (=50 vs. =73 nT). Davies et al. (2021) employed data at ~0.8 au
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0.0 —_ ! \' 7 — ! as an upstream monitor, reproducing the Dst index (—47 vs. —60 nT)
" ] despite find a slower-than-expected decay in magnetic field strength. Laker
et al. (2024) showed that measurements near 0.5 au reduced CME arrival
—021 e i time errors by factors of two to four across two events, noting that one case
preserved a similar magnetic configuration at Earth whereas the other was
0.4 altered by CME-CME interaction. Finally, Palmerio et al. (2025) analyzed
e ‘ (@) Q. a CME encountered by four spacecraft (at 0.4, 0.6, 0.8, and 1 au) to assess
§ P ’ the use of inner measurements for predictions, finding consistent results
-;' —06- o i between 0.8 and 1 au but larger discrepancies at smaller heliocentric dis-
Kubicka +2016 tances. Although limited in number and radial coverage, these studies
MOStl+2018 e @ .. collectively suggest that any spacecraft inside 1 au close to radial alignment
—0.8 {Davig & 3 with Earth should provide some degree of improvement in the accuracy of
Laker%"ZQ24 (a) space weather forecasts.
Laker+2024h). o .- _ _ . ' ‘
—1.0 dPalmerio+2025 @ i Another challenge is represented by whether a single monitor aligned with the

Sun—Earth line is sufficient for reliable forecasts, or whether multiple probes

Weiler+2025

T T T T T T should be placed at given angular separation(s) to provide a more robust range

-0.6 -04 -0.2 0.0 0.2 0.4 o S
X [AU] of uncertainties for predictions—an aspect that presently can only be
addressed through probabilistic modeling (Morley et al., 2018; O’Brien
Figure 2. Visualization illustrating the upstream monitor positions that et al., 2023). In fact, Borovsky (2018) noted that even measurements taken at
characterized the “sub-L1 CME hindcasting” studies discussed in this L1 are not fully representative of the solar wind impacting Earth's magne-
Commentary. The positions are reported at the time of the corresponding tosphere, as for example the clock angle of the interplanetary magnetic field is

CME shock arrival at 1 au, and each color represents a different event (note
that the study of Laker et al., 2024, considers two separate cases). The larger
green circle represents the location near 1 au considered in each work (i.e.,

highly dependent on the traversing structure. Studies that took advantage of
small spacecraft separations in near-Earth space reported that it is possible to

STEREO-A in the analysis of Palmerio et al., 2025, and L1 in the remaining find non-negligible differences between two data sets even for distances

studies).

below ~0.01 au (Ala-Lahti et al., 2020; Koval & Szabo, 2010; Lugaz

et al., 2018). Even more so, dramatic variations between two sets of mea-
surements characterized by an angular separation <5° were reported even for a CME encountered at Mercury's
orbit, that is at approximately one-third of the Sun—Earth distance, where structures in the solar wind are expected
to have undergone less evolutionary processes (Palmerio et al., 2024). These works suggest that a small
constellation of sub-L.1 monitors may provide a more complete assessment of the solar wind that is expected to
later impact L1 and Earth's magnetosphere, including uncertainties (see also the discussion in Lugaz et al., 2025).

Of course, establishing the optimal location(s) of sub-L1 monitor(s) is only one of the hurdles to overcome,
another important aspect to consider being the feasibility of placing one or more space weather sentinels
somewhere inside 1 au in terms of mission design. Several concepts have been proposed over the past couple of
decades, ranging from four spacecraft in distance retrograde orbits at 0.9 au (St. Cyr et al., 2000), to six spacecraft
in a planet-like orbit at 0.72 au (Ritter et al., 2015), to multiple probes sampling the solar wind below L1 along the
Sun—Earth line (Akhavan-Tafti et al., 2023), to a small constellation orbiting Earth that reaches up to ~0.04 au
upstream of L1 (Lugaz, Lee, et al., 2024), amongst others. What all these proposed missions have in common is
that they involve multiple probes, thus highlighting that spacecraft constellations are not only desirable from a
research and operational perspective, but would also ensure that at least one spacecraft is always “close enough”
to the Sun—Earth line due to orbital constraints. Ultimately, a sub-L.1 monitoring mission will have to achieve an
optimal combination of number of probes involved, heliocentric distance(s) covered, and maximum angular
separation to the Sun—Earth line, ideally motivated by insights from research efforts such as the works sum-
marized above as well as funding availability.

4. Concluding Remarks

In this Commentary, we have reflected upon the importance of employing sub-L1 monitors for improved real-
time space weather forecasts. Motivated by the recent results of Weiler et al. (2025), who evaluated how tak-
ing advantage of measurements upstream of L1 improves the prediction lead time in the context of the 2024 May
G5 storm, we have provided a brief overview of the advantages and challenges of designing an operational
mission aimed at sampling the solar wind before it reaches L1. Existing works showed that any monitor close to
radial alignment with Earth at sub-L1 distances should provide at least some improvement to forecasts and that
multi-spacecraft missions are likely to supply more reliable predictions, but a larger statistics is needed to
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determine the optimal positioning (in terms of heliocentric distance(s) and angular separation(s) with L1 and
Earth). For example, many multi-event studies have investigated how solar wind transients evolve with radial
distance (e.g., Good et al., 2019; Salman et al., 2020; VrS$nak et al., 2019) and vary across more or less large
longitudinal separations (e.g., Banu et al., 2025; Lugaz, Zhuang, et al., 2024, Lugaz et al., 2025), but only a
handful of them employed sub-L1 measurements in a forecasting-like scenario (see Section 3 and Figure 2).
Revisiting these existing data sets “as if they were available in real time” may shed additional light in this regard.
It is possible that there may be an optimal distance/separation for improved arrival time estimates and a different
one for magnetic field (and Bz) predictions, in which case a balance between the different parameters to forecast
together with mission design attainability will have to be reached.

Nonetheless, it is clear that the space weather community is progressively converging toward a consensus about
the necessity and feasibility of upstream real-time monitors, and is beginning to explore potential implementation
avenues and opportunities. There is no planned sub-L1 endeavor at the time of writing, but should such a mission
occur, there is promise not only for significant improvements in space weather forecasting (including more ac-
curate predictions of both the incoming solar wind and its impacts on the geospace environment), but also for
deepening our knowledge of how the solar wind and its transient events evolve and/or vary across different
temporal and spatial scales.
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