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The origin of interplanetary switchbacks in 
reconnection at chromospheric network 
boundaries

Chuanpeng Hou    1, Jiansen He    1  , Die Duan1, Ziqi Wu1, Yajie Chen    2, 
Daniel Verscharen    3  , Alexis P. Rouillard    4  , Huichao Li    5, Liping Yang6 & 
Stuart D. Bale7,8

There is renewed interest in heliospheric physics following the recent 
exploration of the pristine solar wind by the Parker Solar Probe. Magnetic 
switchback structures are frequently observed in the inner heliosphere, 
but there are open questions about their origin. Many researchers 
are investigating the statistical properties of switchbacks and their 
relationships with wave modes, stream types and solar activity, but the 
sources of switchbacks remain elusive. Here we report that interplanetary 
switchbacks originate from magnetic reconnection on the Sun that occurs 
at chromospheric network boundaries and launch solar jet flows. We link 
in situ interplanetary measurements and remote-sensing solar observations 
to establish a connection between interplanetary switchbacks and their 
solar source region, featuring solar jets, chromospheric network boundaries 
and photospheric magnetic field evolution. Our findings suggest that joint 
observations of switchbacks and solar jets provide a better estimate of the 
contribution of magnetic reconnection to coronal heating and solar wind 
acceleration.

Since its successful launch, the Parker Solar Probe (PSP)1 has approached 
closer to the Sun than other probes, and its in situ measurements have 
filled a gap in our understanding of the conditions of young solar wind 
and interplanetary magnetic fields at heliocentric distances below 
0.3 au. Frequent deflections, and even inversions, of the interplanetary 
magnetic field are a notable finding of PSP2,3. The pitch angle distribu-
tion of strahl electrons remained the same as PSP passed through the 
reversal region boundary4, suggesting that the reversal is not due to a 
current sheet or closed magnetic loop, but to the bending of magnetic 
field lines. The geometry of these inversions thus led to these structures 
being called magnetic switchbacks. Before the launch of PSP, other 

spacecraft had detected such switchback structures at different helio-
centric distances—for example, Helios between 0.3 au and 1 au (ref. 5), 
ACE near Earth6 and Ulysses beyond 1 au (ref. 7). However, the significant 
difference is the higher frequency of switchbacks observed by PSP and 
the more prominent features of the plasma in these switchbacks, such 
as their increased radial velocity3,8 and higher temperature8. The meas-
urement of switchbacks and the study of their formation mechanism 
provide new opportunities to resolve several key issues in solar physics, 
such as the heating of the corona9 and the acceleration of the solar wind10.

The recent literature proposes primarily three classes of switch-
back generation mechanism, and each process is able to explain some 
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reconnection in the solar atmosphere and Alfvén waves11 generated 
by the shuffling of the footpoints of magnetic field lines due to pho-
tospheric convection. In simulations of interchange magnetic recon-
nection with guide-field discontinuity13, the resulting magnetic fields, 

of the observational features of switchbacks. The first major category 
is the steepening of wave modes that propagate outwards from the 
solar atmosphere11–13. This theory accounts for different excitation 
processes of wave modes, such as Alfvén waves13 generated by magnetic 
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Fig. 1 | Correspondence between solar jet events and switchback clusters. 
The numbers 1–10 represent the ten jet events observed by AIA at 193 Å that 
were launched from the footpoints of magnetic field lines connecting to the 
switchback clusters observed by PSP. The dates and times of the events are listed 
above the images. a, The radial magnetic field component (Br) measured by PSP’s 
flux-gate magnetometer. b, The radial solar wind velocity (Vr) measured by PSP/

SPC. c, The number density of protons (Np) measured by PSP/SPC. d, The proton 
thermal velocity (Vth,p) measured by PSP/SPC. e, The pitch angle distribution 
of electrons in an energy range of ~314–786 eV measured by the Solar Probe 
Analyzers-Electrons aboard PSP. The blue shaded bars mark the times when the 
associated disturbances arrive at PSP’s position with an uncertainty of 1 h. The 
grey shaded areas in a–d represent the time intervals of switchback clusters.
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velocities, densities and temperatures are close to those of switchbacks 
observed by PSP. Alfvén wave excitation thus potentially plays an 
important role in providing the seed of switchback structures. The 
propagation of large-amplitude Alfvén waves in the expanding solar 
wind11 and the turbulence14 driven by Alfvén waves are potentially 
responsible for the development of switchbacks. The second category 
of proposed switchback production mechanisms refers to more rigid 
magnetic structures carried into interplanetary space by the solar wind, 
such as kinked magnetic field lines12 and magnetic flux ropes15. One 
numerical simulation suggested that the kinked magnetic field lines 
largely maintain their morphology to the orbital distance of PSP during 
outward propagation16. The third category considers the perturbation 
of magnetic field lines due to stream interactions. For example, the 
footpoint of a magnetic field line rapidly transfers from a low-speed 
flow zone to a high-speed flow zone (such as a coronal hole), forming 
a super-Parker spiral that produces a switchback beyond the Alfvén 
critical point17. In addition, in magnetohydrodynamic (MHD) simula-
tions, nonlinear shear-driven turbulence also produces switchback-like 
fluctuations under certain circumstances18. All of these scenarios and 
theories are reasonable but further observational evidence is needed 
to obtain a definitive conclusion.

PSP’s observations during several encounters show that switch-
backs tend to appear in clusters and that the spatial distribution of 
switchback clusters is comparable to the typical size of a supergranu-
lation19. These findings suggest that switchback clusters originate at, 
or are modulated by, supergranulation cell boundaries19, where the 
magnetic field lines usually protrude from the photosphere into the 
corona20. The magnetic reconnection between the open and surround-
ing closed magnetic field lines naturally becomes the most likely source 
of switchbacks in this scenario. Numerous models for the excitation 
of solar jets have been proposed based on both remote sensing and 
simulations21. These models, including the emerging-reconnection 
model22, embedded-bipole model23 and breakout jet model24, all iden-
tify magnetic reconnection as the central process responsible for jet 
initiation. The distinctions among these models primarily concern the 
triggering of magnetic reconnection. This can involve factors such as 
the emergence or cancellation of photospheric magnetic fields25–27 or 
the shearing motion of magnetic loop footpoints28. A series of stud-
ies29–31 revealed that small-scale solar jets excited by magnetic recon-
nection exhibit lifetimes similar to the duration of switchbacks in the 
solar wind. These observations led to the proposition that solar jets 
may serve as a source of switchbacks.

MHD simulations show that there is a heat flux conducting out-
wards along the magnetic field lines during interchange reconnec-
tion13, in addition to magnetic flux ropes, fast/slow mode waves and 
Alfvén waves32. Recent work comparing Solar Terrestrial Relations 
Observatory (STEREO) and PSP observations revealed that switchback 
clusters are often measured jointly with significant changes in the 
local plasma density, especially when they form inside streamers33. 
Density fluctuations are common in the corona and could be produced 
during small eruptions and jets triggered near the surface of the Sun34. 
Based on these observations and simulations, we speculate that small 
solar jets and switchbacks may be two characteristics of the same 
physical process. We establish a causal link between solar jets and 
interplanetary switchbacks with a two-step ballistic backmapping 
method (described in full in the Methods). The Atmospheric Imaging 
Assembly (AIA) and Helioseismic and Magnetic Imager (HMI) aboard 
the Solar Dynamic Observatory (SDO)35 provide multi-waveband 
extreme ultraviolet images and line-of-sight magnetic field meas-
urements of the Sun with cadences of 12 s (AIA) and 45 s (HMI). The 
measurements taken by PSP’s flux-gate magnetometer, Solar Probe 
Cup (SPC) and Solar Probe Analyzers-Electrons4 provide data for 
magnetic fields, protons and electrons at cadences of 60 s, 0.44 s 
and 14 s, respectively. During the fourth solar encounter of PSP, the 
spacecraft was nearly aligned with the SDO spacecraft as viewed 

from the Sun, facilitating our synergistic study of the same solar wind 
stream and associated turbulence from both in situ measurements 
and remote-sensing observations.

Results
In PSP observations between 2020 January 24 and 2020 January 27, 
we found that the sudden changes in the radial magnetic component 
occurred in clusters (Fig. 1a), with the peak of the strahl electron pitch 
angle distribution remaining near 180° during the magnetic field rever-
sal (Fig. 1e). Consistently with previous work, we thus confirmed that 
PSP observed several clusters of switchbacks. These switchbacks were 
accompanied by increased radial velocity (Fig. 1b) and increased tem-
perature (Fig. 1d) of the solar wind protons, as well as non-significant 
changes in density (Fig. 1c). By visually identifying the projection points 
of switchbacks on the solar photosphere and AIA 193 Å images (Meth-
ods), we found a total of ten small solar jets (Fig. 1; see Supplementary 
Videos 1–10). These jets were all accompanied by bright Y-shaped struc-
tures at the base and two magnetic fragments of opposite polarities 
(Supplementary Videos 1–10), which are typical features of magnetic 
field reconnection36. We highlight the moment when the plasma/struc-
ture originating from the solar jets arrived at PSP with blue shading in 
Fig. 1. We found that the excitation of each jet corresponded to a cluster 
of switchback structures.

Taking jet 2 in Fig. 1 as an example, we applied the linear force-free 
field extrapolation method37 to the line-of-sight components of the 
photospheric magnetic field observed by HMI (Fig. 2c) to obtain a 
three-dimensional magnetic field distribution in the vicinity of the 
jet (Fig. 2b). The topology of the magnetic field lines matched the 
magnetic configuration expected to trigger magnetic reconnection 
between open and closed magnetic field lines13. In addition, a higher 
ion temperature was measured in the PSP observations during Alfvénic 
magnetic field reversals than in the surrounding background solar wind 
(Fig. 1d). These measurements are consistent with MHD simulation 
results for Alfvénic pluses launched from interchange reconnection 
sites, from which the compressional wave and heat flux propagate 
outwards along the magnetic field lines13.

Next, we analysed the solar chromospheric images taken by the 
He ii 304 Å passband of SDO/AIA and plotted the distribution of He 
304 Å radiation in the region related to jet 2 in Fig. 2a. We introduced 
the method of image segmentation with watershed algorithm and 
successfully identified and outlined the chromospheric network 
boundaries (red curves in Fig. 2a). In the vicinity of jet 2, we performed 
a linear force-free field extrapolation based on the observation of the 
photospheric magnetogram to obtain the open magnetic flux tube of 
the corresponding funnel-like structure (marked in Fig. 2a with yellow 
grid lines). The funnel-shaped root of the open magnetic structure was 
near the boundary of the chromospheric network. In fact, the topology 
and polarity of the magnetic lines at the root of this structure look like 
a typical null-point reconnection configuration (Fig. 2b): it is divided 
into three divergent strands, which land in three magnetic fields of dif-
ferent polarities on the photosphere. Such a distribution of topological 
patterns is typical for magnetic reconnection13.

The results of these analyses indicated that the jets associated 
with the origin of switchbacks were driven by magnetic reconnec-
tion occurring at the boundary of the chromospheric network. The 
multi-passband AIA images show the features of solar atmosphere 
materials with different temperatures. For example, imaging of the 
304 Å passband usually corresponds to materials with a temperature 
of 0.5 million kelvin, whereas other passbands such as 171 Å, 193 Å, 211 Å 
and 335 Å successively image the higher-temperature atmosphere. All 
of these Y-shaped structures of jets appear in the 304 Å passband, but 
they are blurred in the 335 Å passband (Fig. 2c). Emission measure loci 
show that the brightness may be contributed mainly by materials with 
a temperature of 0.28 million kelvin (Supplementary Fig. 1), which is 
the typical temperature of the transition region. The excitation region 
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of jets could therefore be located at the transition region or slightly 
higher corona.

The time cadence of 45 s of the solar magnetograms recorded 
by HMI enabled us to estimate the change in magnetic flux that may 
be responsible for magnetic reconnection. We found that seven out 
of the ten cases experienced a decrease in magnetic flux (magnetic 
cancellation), whereas three jet events were accompanied by a slightly 
ambiguous change in the magnetic flux, which we could only interpret 
as a tendency towards magnetic flux emergence. Using the tangential 
velocity component of the solar wind and the radial magnetic field com-
ponent measured by PSP, we obtained the direction-switched magnetic 
flux in the switchback clusters (Fig. 3) under the assumption that PSP 
traversed flux tubes with circular cross-sections along the diameter 
direction. We found a clear positive correlation (with a correlation 
coefficient of 0.81) between the interplanetary switchback-related 
magnetic flux change and two times the jet-associated magnetic flux 
change. The positive correlation had a linear slope of 0.74, which is less 
than 1, probably due to the assumption of a circular flux tube that would 
overestimate the area of the in situ magnetic flux tube. This correlated 
phenomenon indicates a physically intrinsic relationship between 
switchbacks, solar jets and magnetic reconnection.

We marked the locations of the ten jets on the solar surface 
(Fig. 4a,b). They were distributed mainly in the southern hemisphere 
and were not located on the boundaries of the same network structure, 
but on the boundaries of different network structures that were not 
very far apart. The bending and expansion of the magnetic flux tubes 
associated with the jets led to a neighbouring distribution of switch-
back clusters after extending into interplanetary space, although their 

roots were not co-located (Fig. 4c). The solar wind states (for example, 
flow speed, temperature) in these ten different open magnetic flux 
tubes were also dissimilar. Some of the intervals showed higher flow 
speeds and temperatures (for example, the magnetic flux tubes cor-
responding to jets 6 and 10). In contrast, others had lower flow speeds 
and temperatures (for example, the magnetic flux tubes corresponding 
to jets 1 and 7). When PSP successfully crossed the magnetic flux tubes 
with high- and low-speed solar wind, it detected changes in the solar 
wind flow velocity and temperature. These changes can be fast, forming 
quasi-discontinuous changes (for example, crossing from jet 6 to jet 7; 
Fig. 1b,d). In addition to the different background solar wind states, all 
observed magnetic flux tubes were accompanied by intermittent speed 
spikes and magnetic switchbacks. These spikes and switchbacks had 
strong Alfvénicity in their associated in situ measurements.

Discussion
Our study shows that interplanetary switchbacks, solar jets and magnetic 
reconnection are correlated. Solar jets and interplanetary switchbacks 
are probably two observable phenomena caused by the same magnetic 
reconnection process. Combined with the correlation between jets and 
switchbacks, our findings suggest that the switchbacks originate from 
a magnetic reconnection in the transition region or the low corona and 
at the boundaries of the chromospheric network. Parameters such as 
the occurrence rate of switchbacks and the amount of magnetic flux 
associated with the deformation of magnetic field lines within switch-
backs will be helpful in diagnosing the occurrence rate and duration of 
coronal magnetic reconnection, and thus quantifying the transport of 
energy and mass into interplanetary space by the turbulent solar wind.

–715 –705

21.8

14.5

7.25

0  
–735

 –65.0 
–55.0 
–45.0 
–35.0 

x (arcsec)

y (arcsec)

a

b

c

M
ag

ne
tic

am
pl

itu
de

 (G
)

x (arcsec)

y (arcsec)

z 
(M

m
)

0.
04

21
.9

43
.7

65
.5

–800
–780

–760

–740

–720

–700

–680

–660

–640

200
–20

–60
–40

–80–100–120

–725

AIA 335 Å

–735

–730

–725
–720

–715
–710

–705

–35–40–45–50–55–60–65

AIA 211 Å

AIA 193 Å

AIA 171 Å

AIA 304 Å

HMI

x (arcsec)
y (arcsec)

Fig. 2 | One solar jet event on 2020 January 23. a, Position of the jet on the AIA 
304 Å image. The magnetic flux tube (in yellow) shows the position of the jet.  
The black curves superposed on the background image represent the boundaries 
of the chromospheric network. The white rectangle marks the areas shown 
in b and c. b, The magnetic field geometry obtained by linear force-free field 
extrapolation in the vicinity of the jet. The colour along the magnetic field lines 
shows the amplitude of the local magnetic field from low (blue) to high (red).  

The bottom ends of the magnetic field lines connect to the HMI magnetogram, 
with white and black representing positive and negative magnetic polarity. 
The yellow tube represents the corresponding magnetic flux tube. c, HMI 
magnetogram and multi-waveband AIA images from 2020 January 23 16:41:41 
arranged by the peak temperatures of the response functions. The HMI 
magnetogram is the same as in b. The bright areas in AIA images show the 
morphology of the jet.
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There are a few switchback clusters shown in Fig. 1 without cor-
responding solar jet events, such as the switchback clusters on 2020 
January 24 at 22:00 to ~07:00 on 2020 January 25, 2020 January 25 at 
12:00 to ~00:00 on 2020 January 26 and 2020 January 27 at 00:00 to 
~14:00. We suggest two possible reasons for the absence of observable 
solar jet events: (1) the jet flow may be along the line of sight, which 
results in a lack of elongated jet structures or (2) these jets may be 
inconspicuous jets, such as those defined in ref. 38. Sterling et al.38 
found that some jets appear only as a bright base in soft X-ray images, 
but exhibit strong jet features in Doppler velocity fields. Although 
on-disk jetlets are not easy to observe, they have been the focus of 
attention in the academic community, with efforts made to observe 
and identify them. Recently, on-disk jetlets have been observed by 
telescopes such as AIA, Interface Region Imaging Spectrograph and 
High Resolution Coronal Imager at the edges of magnetic network 
boundaries39–41. In Solar Orbiter/Extreme Ultraviolet Imager images, 
some small-scale brightening events (named campfires) have been 
reported. Joint observations from SDO/AIA and Solar Orbiter/Extreme 
Ultraviolet Imager at extreme UV and Lyman α wavelengths suggest 
that these campfires are rooted at network boundaries in the heights 
of the transition region or corona42. Most campfires exhibit features 
of jets and are accompanied by the cancellation of opposite-polarity 
magnetic fields43. Besides campfires, brightening events associated 
with small-scale loop complexes also feature magnetic reconnection 
and eruptive activity44,45. It is therefore appropriate to choose bright-
ening events as a proxy of jets. In Supplementary Fig. 2 we show the 
time series of brightening numbers and the time series of switchback 
measurements from 15:00 on 2020 January 23 to 08:00 on 2020 Janu-
ary 24. The positive correlation indicates that brightenings/jets are 
potential sources of switchbacks. We calculated the radiation inten-
sity in the AIA 193 Å images corresponding to the footpoint region of 

switchbacks over a longer time interval (from 2020 January 21 to 2020 
January 29). The probability distribution of AIA 193 Å intensity in the 
footpoint region varied with time, and the intermittent changes in 
the radiation distribution associated with brightenings were similar 
to the intermittent occurrence of interplanetary switchback clusters 
(Supplementary Fig. 3). We expect relatively low eruptive activity in the 
solar source region of the quiet solar wind, as shown in Supplementary 
Fig. 4. A detailed discussion of the correspondence between solar jets 
and switchbacks is included in the Supplementary Information.

While our results clearly show signatures that are consistent with 
the model of interchange reconnection as the origin of switchbacks, 
this work cannot rule out additional and alternative scenarios, such as 
Alfvén waves caused by the reshuffling of magnetic line footpoints in 
the photosphere due to the random collision of converging convec-
tion plasma patches at network boundaries46. Alfvén waves launched 
from the photosphere can experience amplitude amplification and 
nonlinear steepening in expanding structured magnetic flux tubes 
with gravity stratification47, which are usually rooted at the network 
boundaries. The lower solar atmosphere, with sharp transitions in 
physical quantities, serves as a wave filter by blocking/reflecting a large 
proportion of those outward waves—only 5% escape across the solar 
transition region48, especially those at a longer wavelengths49. There-
fore, the possibility that Alfvén waves originate from the photosphere 
and directly evolve into coronal or interplanetary Alfvénic switchbacks 
is greatly reduced. However, we cannot rule out the role of filtered 
outward waves. Outward waves with a small, but finite, amplitude 
at the coronal base could potentially contribute to the formation of 
switchbacks in a turbulent environment11,14.

A series of works29–31 proposed coronal jets, jetlets and even smaller 
jets as the sources of switchbacks and estimated the duration of switch-
backs considering the radial profile of the Alfvén speeds. According to 
these studies, the duration of switchbacks originating from coronal jets 
with a typical lifetime of 10 min is about 25 min. However, in our work, 
the switchback clusters lasted much longer than the lifetimes of the jets, 
which we interpreted as follows. A statistical study50 showed that in the 
heliocentric range between 20 surface radii (Rs) and 100 Rs, the radial 
size of switchbacks increases as the square of the radial distance (~R2). 
Hence, their expansion increases the duration compared with the solar 
surface counterparts. Another possible reason is that the jets, during 
their outward propagation, disturb the ambient field and excite addi-
tional fluctuations51. These additional fluctuations may also steepen to 
magnetic kinks and switchbacks. Tian et al.36 reported the prevalence 
of smaller jets rooting at network boundaries of the solar transition 
region and chromosphere. These smaller jets exhibited short lifetimes 
(~20–80 s), widths of less than 300 km (smaller than the resolution 
of AIA and HMI and barely detectable by AIA and HMI), brightenings 
and sometimes Y-shape footpoints (resulting from magnetic recon-
nection). They also displayed transverse fluctuations that probably 
correspond to outward Alfvén waves. Hence, it is possible that the solar 
jets in our work may be accompanied by these abundant, but invisible, 
smaller jets or brightenings shown by Tian et al.36, thus explaining the 
long duration of switchback clusters compared with the durations of 
single large solar jets. There is indeed a positive correlation between 
the occurrence of intense reversals of the radial component of the mag-
netic field and the number of coronal brightenings (Supplementary 
Fig. 2). We consider the study of the intricate relationships between 
the phenomena affecting the duration of switchbacks worthy of future 
investigation. Our work reveals the state of switchbacks in interplan-
etary space and their origin on the Sun. However, we did not address 
the propagation of switchbacks from their place of origin into space. 
Therefore, in future work it will be important to identify and track the 
propagating evolution of switchback structures from remote-sensing 
imaging of the dynamic corona into the inner heliosphere. Telloni et al.52 
recently made an insightful attempt to identify one possible event, the 
estimated propagation speed of which was slower than the local Alfvén 
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wave. Multi-point observations of the Sun and inner heliosphere (with 
PSP, Solar Orbiter, SDO, Solar Terrestrial Relations Observatory and 
so on) will create favourable observation conditions to uncover the 
origin and formation of switchbacks. For example, the joint observa-
tion of the same switchback structure by two spacecraft (one taking 
in situ measurements and the other taking images remotely) will help 
reveal the structure of the switchback, including its kinematics and 
dynamics. In addition, advanced numerical simulations are also a 
powerful means to resolve this critical problem in the research field of 
solar and heliospheric physics. Based on solar surface observations as 
time-varying, data-driven inner boundary conditions, (quasi-) global 
multi-fluid MHD numerical simulation are expected to be capable of 

investigating the causal chain formed by the origin of switchbacks at 
the boundary of the chromosphere network and their propagation into 
the corona and inner heliosphere.

Methods
Two-step ballistic backmapping method
By integrating the in situ measurements and remote-sensing obser-
vations, we established a causal link between interplanetary switch-
backs and small solar jets, thereby determining the source region and 
generation mechanism of switchbacks. We used a two-step ballistic 
backmapping method2,53 to identify the magnetic field lines connect-
ing the solar surface and PSP. We then used the radial speed of the 
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Fig. 4 | The relationship between solar jets and switchback clusters.  
a, Distribution of solar jets (green boxes labelled with jet numbers) in the field of 
view of AIA 304 Å. The black lines mark the chromospheric network boundaries. 
b, The full solar disk AIA 304 Å image. The grey hexagon represents PSP’s 
projection point at the time of the image, and the black line shows the trajectory 
of PSP on the source surface. The white points connected to each jet represent 
the footpoints of magnetic field lines on the solar photosphere. Please note that 
we use a solar chromosphere image taken at 15:00 on 2020 January 24 at 304 Å 

wavelength as the background. We then overlaid the small patch regions of jet 
events associated with PSP-observed switchbacks based on their respective 
Carrington longitude and latitude ranges onto the background image. c, The 
magnetic flux tubes connecting the solar surface and switchback clusters. The 
yellow tubes represent magnetic flux tubes and the black line shows the orbit 
of PSP. The green disturbance represents the radial magnetic component and 
shows the distribution of switchback clusters along PSP’s orbit.
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switchbacks and PSP’s orbital positions to predict the origin time of the 
disturbance counterpart on the Sun corresponding to the switchback 
in interplanetary space.

Based on the potential field source surface (PFSS) model54, we used 
PFSSPy55, a publicly available Python package, to calculate the magnetic 
field between the photosphere and the source surface. The PFSS model 
solves the Laplace equation for the potential magnetic field with the 
observed photospheric synoptic map as the lower boundary condition 
and the presumed radial alignment of magnetic fields on the source 
surface as the upper boundary condition. In combination with the mag-
netic field distribution, PFSSPy’s built-in field line tracer provided us 
with information about the magnetic field strength and photospheric 
footpoint of a magnetic line connecting any given point below and on 
the source surface. We compared PSP’s flux-gate magnetometer56 meas-
urements, the thermodynamic MHD model from Predictive Science Inc. 
(PSI) and the PFSS modelling results at different source surface radii 
(1.2 Rs, 1.5 Rs, 2.0 Rs and 2.5 Rs) (Supplementary Fig. 5). Source surface 
radii of 2.0 Rs and 2.5 Rs provided better agreement with the observa-
tions. During solar minimum, a lower source surface radius opens more 
field lines from low-latitude coronal holes and improves the consist-
ency of the model extrapolations with observations2,57. Given that our 
analysis was performed during a solar minimum period, we used the 
lower 2.0 Rs instead of the standard 2.5 Rs. The extrapolated magnetic 
field calculated from 2.0 Rs also matched the structural features of 
coronal holes and streamers shown in AIA 193 Å and the CoOronal Solar 
Magnetism Observatory (COSMO) K-coronagraph white-light corona 
images (Supplementary Fig. 6). Moses et al.58 identified a correlation 
between helium abundance (represented by the ratio of the helium 
density to the proton density) and solar latitude during solar minimum. 
The plasma shows significantly lower helium abundances (NHe/Np < 2%) 
near the equatorial region at low latitudes, whereas the abundance of 
helium ions in the high-latitude coronal regions is higher than 10%. 
Motivated by this work, we calculated the helium abundance measured 
by PSP from 2020 January 20 to 2020 January 31. The probability den-
sity distribution of the helium abundance is shown in Supplementary 
Fig. 7. Both the median and mean of the helium abundance are less than 
1%, consistent with the low helium abundance in low-latitude regions 
shown by Moses et al.58. On the other hand, Kasper et al.59,60 found that 
the in situ slow solar wind has a lower helium abundance at solar mini-
mum, even lower than 1%. Hence, the solar wind measured by PSP in our 
work could be classified as slow solar wind, which usually originates 
from low-latitude solar areas at solar minimum59,61. According to the 
above explanation, a source surface radius of 2.0 Rs used here, which 
gives footpoints concentrated at lower latitudes than 2.5 Rs, seems 
more appropriate. We used the hourly updated synoptic map from 
Global Oscillation Network Group (GONG) of National Solar Observa-
tory (NSO) for the photospheric synoptic map.

We considered the magnetic field outside the source surface to 
be frozen with the quasi-radially flowing solar wind. The solar rotation 
causes the interplanetary magnetic field lines to form the Parker spiral 
pattern62. Assuming that the solar wind travels outwards at a constant 
speed, by combining the orbital coordinates of PSP, we calculated the 
magnetic field lines connecting the source surface to the position of 
PSP. For this backmapping, we used the solar wind radial speed meas-
ured by PSP/SPC63. In the second step, the magnetic field line connect-
ing PSP and the source surface was traced back to the photosphere 
using the 3D magnetic field calculated by the PFSS model. Combining 
the PFSS model and the Parker spiral pattern, we identified the mag-
netic field line connecting the photosphere to PSP. After considering 
the influence of the Sun’s rotation and solar wind acceleration, the 
position error in the longitude of the magnetic field line footpoint 
on the photosphere obtained by the two-step ballistic backmapping 
method was usually less than 10° (ref. 2).

We compared the positions of the footpoints of the magnetic field 
lines given by the coronal thermodynamic 3D MHD simulation and the 

two-step ballistic backmapping method. We found that the longitudes 
of footpoints given by the two methods were similar, with the MHD 
simulation yielding significantly higher latitudes for the footpoints. 
As shown in Supplementary Fig. 5, the PFSS model was able to provide 
better magnetic extrapolations than the MHD model during the time 
interval in our work. The MHD simulation used one synoptic magne-
togram for each Carrington rotation, and the two-step backmapping 
method used an hourly updated synoptic magnetogram. Therefore, we 
speculate that the solar magnetic field’s evolution led to the latitude 
differences of footpoints obtained from the MHD simulation and the 
two-step ballistic backmapping method.

The propagation speed of a jet-like Alfvénic pulse in the solar 
inertial reference frame can be viewed as the sum of the solar wind flow 
velocity and the propagation speed of the pulse in the solar wind flow 
reference frame. The propagation speed of the Alfvén pulse in the solar 
wind flow reference system can be approximated as the local Alfvén 
speed7,12,14,64. Thus, the propagation time of an Alfvénic pulse depends 
on the radial profile of the solar wind flow velocity and the Alfvén speed 
between its solar source region and the location of PSP. Unfortunately, 
due to the limitations of local measurements from a single satellite, 
obtaining precise radial profiles of these velocities is challenging. 
As a result, we had to calculate the propagation time based on the 
assumption that the radial propagation speed of the Alfvénic pulses 
in the solar inertial reference frame remained constant, which is the 
sum of the solar wind flow velocity (Vsw) and the local Alfvén speed (VA).

To validate the above assumption, we used PSI’s coronal simulation 
data for solar wind velocity and Alfvén speed. Initially, we computed 
the outward propagation time as a function of distance based on the 
sum of the solar wind flow velocity and the Alfvén speed provided by 
PSI’s simulation data. We adjusted the Alfvén speed provided by PSI by 
a factor of 4.7, which was calculated from the average measured and 
simulated radial magnetic field shown in Supplementary Fig. 5 
(
<Br,psp > t

<Br,PSI > t
≈ 4.7 ). The adjusted Alfvén speed reached a maximum of 

approximately 1,000 km s−1. With this adjustment, the Alfvén radius 
was located at a distance greater than 15 Rs, which was consistent with 
the results obtained by Kasper et al.65. We then calculated the propaga-
tion time as a function of propagation distance, assuming that the 
Alfvén pulse maintained a constant speed in the solar inertial reference 
frame (comprising the solar wind flow speed and the local Alfvén 
speed). We compared the disparity in propagation times resulting from 
these two calculation methods (Supplementary Fig. 8). The findings 
indicate that as the heliocentric distance increases, the distinction 
between these methods diminishes, converging to just a 1 h gap at a 
10 h propagation time. This difference was noticeably smaller than the 
duration of the switchback clusters, as illustrated in Supplementary 
Fig. 8. Consequently, the minor relative deviations did not alter the 
conclusion that a temporal correlation exists between the jets/jetlets 
and switchback clusters. In our study, it is worth noting that PSP was 
situated beyond 30 Rs, which made the calculation of propagation 
times based on the assumption of constant propagation speed an 
acceptable approach.

Considering the propagation time deviations resulting from the 
constant velocity assumption, we show the arrival times of jets with 
shaded areas spanning time widths of 1 h in Fig. 1. Within an acceptable 
margin of error, the estimated jet propagation times to PSP aligned 
with the timing at which PSP detected the enhanced radial magnetic 
field fluctuations.

For the cases in our work, from the solar surface to the source 
surface, the field-aligned distance calculated from the PFSS model 
was greater than the radial distance by a margin of less than 0.3 Rs, 
indicating a minimal discrepancy. This discrepancy led to a deviation 
in propagation time of less than approximately 20 min when assum-
ing an Alfvén speed of 150 km s−1 from the solar surface to the source 
surface. Taking into account a Parker spiral model of interplanetary 
magnetic field lines, the heliocentric distance of PSP (less than 0.23 au), 
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and the solar wind radial speed (500 km s−1), we found that the angle 
between the field direction and the radial direction remained within 
10°. As a result, the deviation in the propagation distance was less 
than 2%. Considering the points discussed above and acknowledging 
the limited information available on the actual propagation path and 
velocity of Alfvénic pulses, we proposed using the radial distance and 
solar wind velocity measured by PSP as an approximation to estimate 
the propagation time of Alfvén pulses.

Processing SDO images and converting coordinate systems
We obtained images of the regions of interest on the Sun (at first, regard-
less of the altitude difference) observed from the multi-waveband 
AIA66 and HMI67 telescopes using the Python package SunPy68. We also 
used SunPy to convert the coordinates of images among the helio-
graphic inertial coordinate system, Carrington coordinate system and 
helioprojective-Cartesian coordinate system.

Determining the positions of the jets on the solar surface
After obtaining the photospheric footpoints of the magnetic lines 
connecting to PSP, we used SunPy to convert the footpoints’ positions 
from Carrington coordinates to helioprojective-Cartesian coordinates. 
Given that the positions of the footpoints obtained by the two-step 
ballistic backmapping method usually had an error of about 10°, we 
visually identified the presence of jets within 100 arcsec of the foot-
points and around the estimated launch time using the software JHelio-
viewer69. We list all of the jets we found around the footpoints in Fig. 1.

Calculating the unsigned magnetic flux changes
We used the magnetic fields measured by SDO/HMI with a time resolu-
tion of 45 s to obtain the change in the photospheric magnetic flux with 
time. At the bottom of each jet, we selected three areas (see the green 
boxes in Supplementary Videos 1–10 and Supplementary Table 1) to 
obtain time series of the unsigned magnetic flux located within the tar-
get area. The time interval for each jet is listed in Supplementary Table 1. 
Considering that the HMI 45 s data record the magnetic field only in 
the line-of-sight direction and the assumption that the photospheric 
magnetic field is usually in the radial direction70, we corrected the total 
magnetic flux using Φ1 = Φ0/cos2θ, where Φ0 and Φ1 are the magnetic 
fluxes before and after modification and θ is the angle between the jet’s 
position and the centre of the solar disk.

We split the time series into two halves and calculated the mean 
and standard error of the magnetic flux separately. Then we obtained 
the change in the magnetic flux and the standard error during jet 
events. As we chose three areas for each jet to calculate the time series 
of the magnetic flux, the total change in the magnetic flux is the aver-
age over the three areas, as shown in Fig. 3. This approach of averaging 
over the three areas reduced the impact of imaging noise. An increase 
in the total magnetic flux after the excitation of the jet represented an 
event with magnetic emergence, and a decrease in the total magnetic 
flux represented an event with magnetic cancellation. Using jet 9 as 
an example, we provided three moments of the HMI magnetogram 
map and the AIA 193 Å map, which showed a decreasing unsigned 
magnetic flux during the jet’s excitation, corresponding to a magnetic 
cancellation (Supplementary Fig. 9). We conducted separate statisti-
cal analyses on the three calculation regions to further elucidate the 
impact of the size of the calculation region. Specifically, we calculated 
the change in the photospheric magnetic flux (ΔΦSun) for small, medium 
and large solar regions and examined its relationship with the change 
in the in situ measured magnetic flux (ΔΦpsp) (Supplementary Fig. 10). 
The results revealed varying degrees of correlation between ΔΦsun 
and ΔΦpsp for different calculation regions. It is worth noting that 
the correlation coefficients and R2 indices indicated a stronger linear 
relationship for medium and large calculation regions compared with 
small regions. These results suggested that a larger calculation area 
may be necessary to fully capture the magnetic fields involved in the 

reconnection process, thereby minimizing the impact of area choice 
on statistical analyses.

There was a significant change in Br for switchbacks relative to the 
background magnetic field. We used a sliding window of about 40 min 
to calculate the average value (〈Br〉) and standard deviation (σBr) of Br. 
If σBr > 10%⟨Br⟩, the data point was classified as a switchback; otherwise, 
it was considered to be part of the quiet solar wind. Hence, we quanti-
tatively determined the intervals of each switchback cluster and cal-
culated their corresponding in situ magnetic fluxes. We highlight the 
intervals with grey shaded areas in Fig. 1 and Supplementary Videos 
1–10 for jets 1–10. The interval for each cluster is also listed in Supple-
mentary Table 2. Assuming a circular cross-section of the magnetic 
flux tube associated with switchbacks, we obtained the cross-sectional 
diameter and area based on the tangential velocity of PSP relative to 
the solar wind. The PSP/SPC data provided the tangential velocity of 
the solar wind in the spacecraft reference frame and the upper and 
lower limits of the tangential velocity at the time of the switchback. 
Combined with the variation in Br, we obtained the change in the radial 
magnetic flux and its upper and lower limits. We doubled the in situ 
magnetic flux to compare it with the unsigned photospheric magnetic 
flux. Our current methodology and single-point in situ measurements 
introduced bias in the flux statistics. Furthermore, the reconnection 
process occurring at the height of the transition region and corona had 
a smaller effect on the low-altitude photospheric magnetic field. Meas-
urements of the magnetic field at multiple altitudes, such as the chro-
mosphere, transition region and corona, are important to provide a 
more accurate picture of magnetic reconnection processes. We also 
look forward to the development of the solar magnetic imager with a 
higher signal sensitivity and spatial resolution.

Obtaining the 3D distribution of magnetic fields near the jets
The PFSS model provides the distribution of magnetic fields under 
the potential field assumption only, which is inaccurate when applied 
to a magnetic configuration with a current sheet, as is necessary for 
magnetic reconnection. Near the jets we employed a linear force-free 
field extrapolation program to the HMI magnetograms to obtain the 
magnetic field distribution. The extrapolation program is part of the 
SolarSoftWare package. We also used the MayaVi Python package71 to 
visualize the extrapolated 3D magnetic field distribution.

Visualizing the magnetic flux tubes from the Sun to 
interplanetary space
Using the magnetic field magnitude obtained by PFSSPy, we calculated 
the expansion factor to determine the area of the flux tubes. The direc-
tion of the flux tube was the same as that of the magnetic field line 
serving as the tube axis. Beyond the source surface, we assumed that 
the flux tubes followed the Parker Spiral, and that the sectional area 
increased with the square of the radial distance.

Data availability
The data used in this work are publicly available. The PSP in situ meas-
urement data are available at https://cdaweb.gsfc.nasa.gov/. AIA maps, 
HMI magnetograms and COSMO K-coronagraph images can be down-
loaded via SunPy at https://docs.sunpy.org/en/stable/index.html. 
GONG synoptic maps can be downloaded using the PFSSPy package 
at https://pfsspy.readthedocs.io/en/stable/index.html. The corona 
simulation data provided by PSI are available at https://www.predsci.
com/mhdweb/home.php.

Code availability
The code packages used to read and process data are publicly available: 
SunPy is available at https://sunpy.org/; PFSSpy is available at https://
pfsspy.readthedocs.io/en/stable/index.html; MayaVi is available at 
https://docs.enthought.com/mayavi/mayavi/index.html; and Solar-
SoftWare is available at https://www.lmsal.com/solarsoft/.
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