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Abstract: As the interface between the Sun’s photosphere and corona, the chromosphere and
transition region play a key role in the formation and acceleration of the solar wind.
Observations from the Interface Region Imaging Spectrograph reveal the prevalence of
intermittent small-scale jets with speeds of 80-250 km s-1 from the narrow bright network lanes
of this interface region. These jets have lifetimes of 20-80 seconds and widths of ≤300 km. They
originate from small-scale bright regions, often preceded by footpoint brightenings and
accompanied by transverse waves with ~20 km s-1 amplitudes. Many jets reach temperatures of
at least ~105 K and constitute an important element of the transition region structures. They are
likely an intermittent but persistent source of mass and energy for the solar wind.

Main Text:
The Sun continuously emits ionized particles into interplanetary space in the form of the solar
wind. A challenging investigation has now carried on for almost 50 years to understand where
the solar wind originates and how it is accelerated (1, 2). Dark regions in coronal images indicate
the coronal holes that are the commonly accepted large-scale source regions of the high-speed
solar wind. However, identifying precise origin sites within coronal holes requires highresolution observations of the chromosphere and transition region (TR), a complex interface
between the relatively cool photosphere (~6×103 K) and hot corona (106 K). The mass and
energy that ultimately feeds the solar wind must pass through this region.
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The dominant emission features in this interface region are the network structures that appear as
narrow bright lanes enclosing dark cells, with sizes of ~20,000 km in radiance images of
emission lines (3). The network lanes (networks thereafter) are believed to be locations of strong
magnetic fluxes originating from the boundaries of convection cells with similar sizes in the
photosphere. Previous observations of coronal holes with the Solar Ultraviolet Measurements of
Emitted Radiation (SUMER) instrument (4) onboard the Solar and Heliospheric Observatory
(SOHO) revealed Doppler blue shifts of 5-10 km s-1 for emission lines formed in the upper TR
(5). They were interpreted as signatures of the nascent solar wind guided by funnel-like magnetic
structures originating from the networks (6).
Recent analyses revealed weak blue wing enhancements in profiles of emission lines formed in
the TR (7, 8). These weak enhancements indicate the possible presence of a plasma component
flowing upward with speeds of 50-100 km s-1, which may provide heated mass to the solar wind
(8). It has been difficult to test this proposed idea without direct imaging of such TR upflows on
the solar disk. However, moderate-resolution observations have revealed signatures of
chromospheric upflows being heated to TR temperatures at the solar limb in a coronal hole (9).
Using observations from the Interface Region Imaging Spectrograph (IRIS) (10), we report
results from direct imaging on the solar disk of high-speed upflows with apparent speeds of 80250 km s-1. Thanks to the high resolution (~250 km) in new wavelength windows, IRIS slit-jaw
imaging observations with the 1400Å, 1330Å, and 2796Å filters (see Supplementary Materials,
SM thereafter) unambiguously reveal the prevalence of small-scale jet-like emission features
from the bright networks (Figs. S1-S3, movies S1-S2). These three filters sample emission from
the Si IV, C II and Mg II ions which are formed at temperatures of ~105 K, ~3×104 K and ~104 K,
respectively. These network jets usually show fast upward motion with no obvious downward
component. Although these jets are more easily seen in coronal holes located near the solar limb
(movies S1-S5), they are clearly detected at any location on the solar disk outside active regions
(movie S6).
These network jets are best seen in 1330Å images. The jet widths are usually around ~300 km
and approach the instrument resolution limit, suggesting that the actual widths of many jets may
be even smaller. By applying the space-time technique (SM) to the 1330Å image sequence
obtained on 23 January 2014 (Table S1, movie S2), we have quantified the apparent speeds and
lifetimes for 63 randomly selected jets (Fig. 1). The speeds fall mostly in the range of 80-250 km
s-1, which is much larger than the sound speed and close to the Alfvén speed in the chromosphere
(11) and TR. These velocities are significantly larger than previously reported jet velocities in
the chromosphere and TR (12-16). Some jets also show signatures of acceleration. Their
lifetimes range mainly from 20 to 80 seconds. Most jets extend to lengths of 4-10 Mm (1 Mm =
106 m), although some clearly reach ~15 Mm.
Many network jets also exhibit obvious motions transverse to their propagation direction,
indicating that they carry transverse magneto-hydrodynamic waves known as Alfvén waves (11,
17). The wave magnitudes are difficult to measure from slit-jaw images because strong emission
from other features complicates the quantification of the transverse displacement, and the jet
lifetimes are usually too short to allow the detection of a full wave cycle. Instead, we use
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spectroscopic observations to estimate the approximate velocity amplitudes of Alfvén waves.
The root-mean-square value of the fluctuating Doppler shift of the Si IV 1393.77Å line is ~5 km
s-1, which can be regarded as the resolved wave amplitude (SM, Fig. S5).
Many of these network jets are likely the on-disk counterparts and TR manifestation of type-II
spicules (SM), which are jet-like features moving upward with speeds of 50-110 km s-1 in the
chromosphere above the solar limb (15, 16). Our direct imaging of flows along these jets on the
solar disk is almost unaffected by line-of-sight superposition, thus providing further support for
the debated existence of high-speed jet-like features (16, 18). IRIS observations also reveal their
origin in the networks, which off-limb observations cannot determine. Yet, we notice that
network jet velocities are generally twice that of type-II spicules, suggesting that the network jets
sampled by the TR passbands are those being heated and accelerated in the upper chromosphere
and TR (19), and/or that the apparent speeds we observe here are not all caused by mass flows.
Additional absorbing components at the blue wings of some chromospheric absorption lines
were previously claimed to be on-disk counterparts of type-II spicules (13). These features with
speeds of 20-50 km s-1 are likely the lower-temperature parts and/or less-accelerated phase of the
network jets.
Many network jets tend to recur at roughly the same locations on timescales of ~2-15 minutes.
Our on-disk observations show that these jets originate from localized bright regions in the
networks (Fig. 2, movie S4). Sometimes we see obvious brightening at the footpoints of these
jets. A few jets appear to reveal the characteristic inverted “Y”-shape morphology (Fig. 2B) that
is associated with a bipolar magnetic field line reconnecting with a unipolar large-scale field (12).
These characteristics, together with the high speeds, suggest that some of these intermittent jets
may result from repeated magnetic reconnection (20) between small magnetic loops and the
background open flux in the networks. It is also possible that the source regions of these jets are
too small to be resolved by IRIS, or that other mechanisms (SM) such as flux emergence and the
associated Lorentz force are responsible for the acceleration of the jets (21).
Spectroscopic observations from IRIS reveal that many jets reach temperatures of at least ~105
K, the formation temperature of the Si IV 1393.77Å line under ionization equilibrium. The most
prominent signature of network jets in Si IV line profiles is a significant increase of the line
broadening, which could be a consequence of field-aligned flows (22) or unresolved transverse
motions such as Alfvén waves (23) and twists (24). Combined imaging and spectral observations
of IRIS can help evaluate the contribution from field-aligned flows and transverse motions.
Greatly enhanced widths of the Si IV line are found around two locations of network jets (Fig.
3). The slit crosses the lower part of a recurring jet complex at location 1. There the obvious
enhancement of the line profile at the blue wing (Fig. 3D, SM) indicates an association with the
network jets visible in the slit-jaw images (movie S5). Thus, the enhanced line broadening here
is largely caused by the superposition of the field-aligned flows (jets) on the network background.
Location 2 corresponds to the upper part of some swaying network jets (movie S5). Given the
nearly symmetric line profile and that this region is close to the limb, these jets are likely
propagating largely in the plane perpendicular to the line-of-sight. So the line broadening appears
to be largely caused by unresolved Alfvén waves, or small-scale twists which are often
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associated with unresolved torsional Alfvén waves (25). If we attribute the non-thermal width
(SM, Fig. S5) to these unresolved waves, the wave amplitude is estimated to be ~21 km s-1.
Intensity and line width maps of Si IV (Fig. 4) reveal details of the TR structures. One prominent
feature of these maps is the presence of filamentary or elongated structures. Comparing these
maps with the slit-jaw images (movie S6) reveals an association of many such features with
network jets. Depending on viewing angles, enhanced line widths in these filamentary structures
could be caused by either the superposition of jet emission on the network background, or
unresolved transverse motions, or both. This association reveals that network jets constitute an
important element of TR structures (SM).
These jets are likely an intermittent but continual source of mass and energy for the solar wind.
We find a total mass loss rate of (2.8 - 36.4)×1012 g s-1 for these jets if we assume that all jet
plasma contributes to the solar wind (SM). This value is about 2 - 24 times larger than the total
mass loss rate of the solar wind, yet we have to remember that it is difficult to determine the true
contribution to the solar wind without sufficiently sensitive coronal observations. With a wave
amplitude of ~20 km s-1, the energy flux of Alfvén waves carried by the jets should be 4 - 24 kW
m-2 (SM). This is much larger than that required to drive the solar wind (~700 W m-2), yet we do
not know how much of this energy is dissipated.
The prevalence of these network jets may challenge current solar wind models. Most time-steady
descriptions of the solar wind (1, 26) rely on mass flux driven by evaporation from the upper TR,
induced by a combination of downward heat conduction from the corona and local radiative
losses (27). Although successfully predicting the coronal heating and wind properties at Earth,
these models usually produce steady flows of only a few km s-1 in the chromosphere and
TR. Such steady low-speed outflows have never been imaged.
In contrast, our IRIS observations reveal the presence of intermittent high-speed upflows from
the networks. If the mass in these jets actually is lost in the solar wind, then models must be
updated to account for this highly intermittent component. A proposed reconnection-driven solar
wind model (6) may be consistent with our observations. This scenario, which involves
reconnection between open field lines in the network and surrounding low-lying loops, has been
simulated numerically (28). However, the maximum outflow velocities produced by this model
are only ~30 km s-1, and it is unclear if the entire mass and energy flux of the wind can be
produced in this way (29).
If these jets are not the nascent solar wind, at least their interaction with the wind should be
considered in solar wind models since they are the most prominent TR features in the networks
where the wind is believed to originate. One recent model does include some upward and
downward motions of the TR plasma (30). However, these motions have speeds of ~60 km s-1 at
most, and the jets we observe show much faster upward motions. Obviously, a successful solar
wind model must carefully evaluate the mass and energy contributions from these network jets.
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Fig. 1. Examples of network jets. (A) An unsharp masked (SM) 1330Å slit-jaw image (movie
S3). The dashed line marks the path of a jet. (B) Space-time plot for the jet marked in (A). (C)
Distributions of the apparent speeds and lifetimes for 63 jets. The average (a) and standard
deviation (s) values are also shown.
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Supplementary Text

S1. Details of the observations
Three data sets obtained with IRIS are used in this paper: a low-cadence sit-and-stare
observation from 15:56 UT to 17:36 UT on 18 August 2013, a high-cadence sit-and-stare
observation made from 07:10 UT to 08:02 UT on 23 January 2014, and a low-cadence raster
scan from 23:26 UT on 9 October to 02:57 UT on 10 October 2013. Information on the pointing,
size of the field of view (FOV) and exposure time is summarized in Table S1. The observed
regions on the solar disk are shown as the rectangles outlined in the coronal images taken in the
211Å passband of the Atmospheric Imaging Assembly (AIA)(31) onboard the Solar Dynamics
Observatory (SDO) in Fig. S1. Note that the observed region in the 23 January 2014 observation
is part of a large coronal hole, although the coronal intensity seems not very weak due to the
limb brightening effect and the foreground coronal emission from the surrounding quiet Sun. To
demonstrate this we also show an AIA image taken one day before this observation, and mark
the IRIS FOV and slit location on this image (Fig.S1A).
The 23 January 2014 observation was taken during the eclipse season of IRIS and we can see
that the slit location drifted slightly to the east side. This leads to the fact that the signatures of
the recurring jet complex shown at location 1 of Fig.3 move a little bit to the south on the slit
since lower parts of the jets are crossed by the slit at later times.
The calibrated level 2 data of IRIS is used in our study. Dark current subtraction, flat field
correction, and geometrical correction have all been taken into account in the level 2 data (10).
The high-cadence observation (dataset 2) is used to study the network jet dynamics, e.g., lifetime,
speed, moving direction. The low-cadence observations (datasets 1 and 3) cannot be used to
study the dynamics of the jets since the time resolution is too low to fully resolve the propagation
of the short-lived jets. But they are useful for the estimation of the spatial filling factor,
comparison of the jet morphology in different passbands and study of spectral signatures of the
network jets. Note that IRIS does not allow multiple passbands to be used at the same time. To
achieve a high cadence, we often use only the 1330Å passband in our observations of network
jets. Using multiple passbands alternatively in one observation will lead to a much lower cadence
for each passband, which is often not enough for the study of the jet dynamics.
In this paper we use slit-jaw images mainly in the 1330Å passband, which samples emission
from the strong C II 1334/1335Å lines formed in the lower TR (~3×104 K). The network jets are
also clearly present in the 1400Å passband, which samples emission from the Si IV 1394/1403Å
lines formed in the TR (~105 K). The contrast between the network jets and the background is
lower in 1400Å images (Fig.S2, movie S1), which might be explained by the fact that in coronal
holes the C II lines are about five times stronger than the Si IV lines (32). The broad passbands
also include UV continuum emission formed in the upper photosphere. The ubiquitous grain-like
structures in the slit-jaw images are mostly emission features of the UV continuum associated
with granules (magneto-convective cells on the solar surface) and magneto-acoustic shocks (33,
34), and they usually do not have emission in the Si IV 1394Å line (e.g., Fig.4). The elongated
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jet-like features we report here can also be identified in the clean spectra of Si IV lines (e.g.,
Fig.4), thus are clearly TR features. The 2796Å passband samples emission from the Mg II
2796Å line formed in the upper chromosphere (~104 K). The contrast between the network jets
and the background is even lower in 2796Å images (Fig.S2, movie S1), which might be caused
by the lower resolution and the shadow of the Solc filter mask (in the upper right part of the
images) for the 2796Å passband. But we can still see that many jets in this passband are clearly
connected to the network jets in the TR passbands. The jets appear to be shorter in 2796Å images
compared to the TR images.
S2. Unsharp masking
Isolating individual network jets in the slit-jaw images is often not easy since the occurrence
frequency of the jets is very high and different jets are often close to each other in space. The
visibility of the jets is also hampered by the background network emission and emission from the
ubiquitous bright grain-like structures in the network cells.
The unsharp masking technique we have applied to the slit-jaw images can make the network
jet structures sharper in the images. When referring in the paper to an unsharp masked image we
have subtracted a 1”×1” (6×6 pixels) box-car smoothed version of that image from the original
image. The unsharp masked image is the total of this residual and the original image. To further
enhance fine structures, we have also applied a Laplacian sharpening filter to these images. The
visibility of the network jets in the unsharp masked image sequences is usually enhanced to a
certain degree, although the quickly evolving grain-like structures are still present because of
their similar spatial and time scales.
S3. Space-time plots
The technique of space-time plots is widely used to derive the speeds of moving features
(35). We choose the 23 January 2014 data set (movie S2) to study the speeds and lifetimes of the
network jets. The observed region is large in size so that we can identify many network jets in
this single observation. This observation also has a high cadence, which allows us to study the
dynamics of the short-living jets. The observed region is also close to the limb, meaning that the
line of sight component of the jet speeds should be small and that the jet velocities derived from
the slit-jaw images should be close to the real velocities of the jets.
We have visually identified 63 jets with relatively strong emission in the 1330Å image
sequence. These jets were observed at different times and they are well isolated from others, less
affected by the bright grain-like structures and showing clear signatures in the space-time plots
(see below). For each jet, we first draw a line (curved or straight) along the propagation direction
(see an example in Fig.1A), then plot the intensity along this line and stack the intensity with
time (Fig.1B). The lifetime and maximum length of the jet can be obtained directly from the
space-time map. The minimum lifetime we derived is 20 seconds, which is limited by the
cadence 10 seconds. It is likely that many jets have lifetimes shorter than 20 seconds. The speed
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can be calculated as the slope of the inclined stripe in the space-time plot. For example, the speed
of a jet occurring around 07:28:39, marked in Fig.1A-B, is calculated as 206 km s-1.
S4. Asymmetry of line profiles
The technique of Red-blue (RB) asymmetry analysis was first introduced in 2009 to quantify
the magnitude and velocity of the secondary emission component in some asymmetric line
profiles (7). It is based on a comparison of the two wings of the line profile in the same velocity
ranges. The blue wing emission integrated over a narrow spectral range is subtracted from that
over the same range in the red wing. The range of integration will then be sequentially stepped
outward from the line centroid to build an RB asymmetry profile (simply RB profile). The
magnitude and velocity of the secondary emission component can then be inferred from this RB
profile. Initially, the line centroid which separates the blue and red wings was simply taken as the
centroid derived from a single Gaussian fit to the line profile (7, 36). Later on, it was found that
in many situations using the spectral position corresponding to the peak intensity as the centroid
can resolve the secondary component more accurately (37).
Here we apply the RB asymmetry technique to the line profiles shown in Fig.3D-E. These
profiles have been averaged over 9 pixels along the slit to make the profiles smoother. We first
apply a single Gaussian fit to the line profiles. However, the single Gaussian fit significantly
deviates from the highly asymmetric line profile measured at location 1 (Fig.S4A). To reduce the
large deviation of the Gaussian center from the position of the measured peak, we only fit the
central 18 pixels around the peak with a single Gaussian. This Gaussian center is then taken as
the centroid of the line profile. The spectral (velocity) bin size is chosen to be 10 km s-1. The
calculated RB profile is normalized to the peak intensity of the line profile. The RB profile
(Fig.S4B) shows very large negative values at velocities of 20-70 km s-1, suggesting significant
contribution from upflows in this velocity range. Note that these velocities are the velocities of
the upflows projected in the line of sight direction. The real velocities can be much larger. The
average RB value in the velocity range of 20-70 km s-1 is -0.31, indicating that the upflow
intensity is about 31% of the background network intensity.
The line profile at location 2 (Fig.S4C) shows no strong enhancement at either wing,
suggesting that the propagating directions of the associated network jets visible in movie S5 are
largely perpendicular to the line of sight direction. Single Gaussian fits to the full line profile and
the central part yield almost the same value of the line center. The RB profile (Fig.S4D) indicates
only very weak blue wing enhancement and the average RB value in the velocity range of 40130 km s-1 is about -0.04, which is almost negligible.
S5. Calculation of the non-thermal line width
The width of an emission line profile has contribution from both thermal and non-thermal
motions. In addition, the instrument will also cause additional broadening of the line profile. So
the observed line width can be expressed as (38):
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2kT
+ ξ 2 + σ I2
m
where k , m and T are the Boltzmann constant (1.3806503×10-23 m2 kg s-2 K-1), mass and kinetic
temperature of the emitting ion or atom, respectively. 2kT /m , ξ, σI represent the thermal, nonthermal and instrumental width (all expressed in the velocity unit), respectively.
€

ω=

The calculation of thermal width depends on the determination of the kinetic temperature of
€
the emitting ion or atom. The most common
way is to use the formation temperature
(temperature corresponding to the maximum of the contribution function) of the line as the
kinetic temperature. Such a method is based on the assumption of (collisional) ionization
equilibrium. The ionization and recombination times in transition region plasma are at least not
(much) larger and often smaller than the typical hydrodynamic timescales. Thus, the assumption
of ionization equilibrium usually can be justified (39). The formation temperature of the Si IV
1393.77Å line is about 104.9 K (40). This will lead to a 1/e width of the thermal broadening of 6.8
km s-1.
According to the laboratory measurements before the launch of IRIS, the full width at half
maximum of the instrumental profile is about 2.5 pixels for the wavelength band of Si IV
1393.77Å. Using the dispersion of 12.72 mÅ/pixel, the 1/e width of the instrumental broadening
expressed in the velocity unit can be calculated as 4.1 km s-1.
For a measured total line width, the non-thermal component can then be easily calculated
using the equation above.

S6. Estimation of the Alfvén wave amplitude
As mentioned in the main text, the slit samples the upper part of a bunch of network jets
around location 2 (Solar-Y=435” - 447”, movie S5) shown in Fig. 3. These jets are recurring
from the same network region many times during the whole observing period. These jets are
largely lying in the plane perpendicular to the line of sight direction. So the Doppler shift
fluctuation of the Si IV 1393.77Å line should give us information on the resolved component of
the Alfvén wave amplitude (41). As we mentioned in the main text, the nearly symmetric line
profile excludes significant contribution of field-aligned flows to the line broadening. Hence,
small-scale transverse waves appear to be the major contributor to the non-thermal line width.
Measurement of the non-thermal line width thus can be used to estimate the unresolved
component of the Alfvén wave amplitude.
Fig. S5A-C shows the maps of the line parameters of the Si IV 1393.77Å line around slit
location 2 marked in Fig.3. Based on the intensity and line width enhancement, and a comparison
with the jets seen in the movie S5, pixels with intensity values (log counts) larger than 0.7 are
regarded as samples of jets. If we interpret transverse motions associated with the jets as Alfvén
waves, we can estimate the resolved and unresolved wave amplitudes from the measured values
of Doppler shift and non-thermal width respectively at pixels within the contours.
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The non-thermal line width is found to have an average value of ~21 km s-1, which can be
regarded as the unresolved Alfvén wave amplitude (root-mean-square value). This typical nonthermal width of our TR line is close to the previously reported values of non-thermal width at a
temperature of ~105 K (23), and slightly smaller than the lower end of the non-thermal widths
measured from coronal lines (formed above 106 K) above the limb (42, 43).
The resolved Alfvén waves are associated with large-scale transverse motions, thus should
show as a temporal fluctuation of the Doppler shift since the jets are nearly perpendicular to the
line of sight at location 2 marked in Fig.3. We simply assume a zero average Doppler shift in the
whole region since we are only interested in the fluctuation of the Doppler shift here. The rootmean-square value of the Doppler shift is found to be ~5 km s-1, which may be regarded as the
lower limit of the amplitude of the resolved Alfvén waves. This amplitude is only ~38% smaller
than the amplitudes of the resolved Alfvén waves measured in even higher-resolution
chromospheric (~104 K) images above limb (7.4 km s-1) (44), and slightly smaller than the
amplitudes of transverse motions associated with the chromospheric rapid blueward excursions
(5-10 km s-1) (45). This value is smaller than the amplitudes of low-frequency transverse waves
in the chromosphere and corona (10-25 km s-1, 11,17).

€

The characteristic value of the total amplitudes of the transverse waves is then
212 + 5 2 ≈ 22 km s-1. It is clear that the unresolved component (measured from the non-thermal
width) dominates the wave amplitude. Interpreting the Doppler shift fluctuation as a
consequence of kink waves (46), instead of resolved Alfvén waves (41), will change our
estimation of the total Alfvén wave amplitude by only 1 km s-1.
S7. Comparison with previously reported jet-like features in the chromosphere and TR
The velocities of the network jets are generally 10 times larger than those of the
chromospheric anemone jets outside sunspots (12) and impulsive ultrafine-scale ejections
observed in active regions (14). These previously reported chromospheric (Ca II, He I lines) jets
have velocities of only ~15 km s-1, which were measured using the space-time technique.
Some network jets in the 1330Å images are likely the TR manifestation and on-disk
counterparts of type-II spicules observed in the chromospheric Ca II images above the limb (15,
16). This suggestion may be supported by the following facts: (1) The linear jet morphology and
transverse motions are similar for both features; (2) From movies S1 and S2 we see that the only
elongated features on the disk and above limb are the network jets and spicule-like jets,
respectively; (3) Movie S1 clearly reveals that at least some jets in the chromospheric and TR
passbands originate from the same network regions. Yet, we noticed that the velocities of the
network jets are generally twice larger than those of type-II spicules measured using the same
space-time technique, suggesting an even larger contribution from these jets to the mass and
energy of the upper atmosphere. We have noticed that the discovery of the network jets,
regardless of their relationship to type-II spicules, is important since these intermittent highspeed jets originate from the solar wind source region and they contribute to the bulk TR
emission.
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Recently, rapid blueward excursions (RBEs) in the profiles of chromospheric absorption lines
Hα and Ca II 8542Å were detected in several ground-based observations and they were claimed
to be the on-disk counterparts of type-II spicules (13, 45, 47). The velocities of these additional
absorbing features have been measured through both the space-time technique and spectral line
profile asymmetries and they are usually in the range of 20-50 km s-1, much smaller than the
velocities of the network jets. It is likely that the RBEs are signatures of the lower-temperature
and less-accelerated parts or phase of the network jets.
The extremely weak (2-5%) blueward asymmetries of SUMER line (e.g., C IV formed
around 105 K, Ne VIII formed formed around 6×105 K) profiles (7-8) seem to be related to the
network jets. They both occur at the networks. The recurring frequency of the blueward
asymmetries (48) is also similar to that of the network jets. It is likely that IRIS is now
performing direct imaging of the high-speed upflows inferred from these profile asymmetries.
However, we have noticed that the velocities of our network jets are generally 2-3 times larger
than those inferred from the line profile asymmetries, which might be partly caused by different
viewing angles and resolutions. The direct high-resolution imaging of IRIS has greatly reduced
the uncertainty in the measurement of the jet parameters.
We noticed that several upward propagating jets with speeds up to 400 km s-1 have been
identified from the TR line profiles obtained by the HRTS rocket flights (65). A one-to-one
correlation between these jets with spicules was excluded by these authors. Although the
resolution of HRTS is ~1" and thus could not resolve the tiny jets we report here, we may not
exclude the possibility that some of these high-speed spectral features result from the composite
of several network jets.
IRIS observations have clearly demonstrated that the network jets can reach a temperature of
~105 K. Although we have found signatures of a few network jets in the 171Å passband of
SDO/AIA in one observation we examined, it is still difficult to estimate how much of the jet
plasma is heated to coronal temperatures since many of the network jets can not be resolved by
the moderate-resolution AIA instrument. Moreover, the AIA 171Å passband includes
contributions from not only coronal lines (Fe IX/X, ~106 K) but also TR lines (e.g., O IV, O V,
~105.2 K). Thus, tracing these jets to even higher temperatures and evaluating their contribution
to coronal heating (9, 49) requires high-resolution observations of pure emission lines formed at
higher temperatures. This should be one of the most important goals of future spectroscopic
observations and high-resolution imaging in cool coronal lines, e.g., a Fe IX/X passband in a
future Hi-C rocket flight.

S8. Generation and acceleration mechanisms of the network jets
As we mentioned in the main text, the dynamics of the footpoints and the high speeds (close
to the Alfvén speed in the interface region) suggest that recurrent magnetic reconnection between
small-scale magnetic loops and the background network fields might be the mechanism for some
network jets. The observed transverse waves accompanying these jets are also consistent with a
numerical experiment of reconnection jets (50), where Alfvén waves are generated and
propagating away from the reconnection regions. However, possible inverted “Y”-shape
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structures are found for only a few jets, suggesting that sizes of the source regions of these jets
are below the resolution limit of IRIS or that there are other mechanisms responsible for the
generation of the network jets.
Some numerical simulations have been performed to investigate the generation and
acceleration mechanisms of small-scale jet-like features in the interface region. In a threedimensional magneto-hydrodynamic (MHD) simulation, strong Lorentz force associated with
large field gradients and intense electric currents squeezes the dense chromospheric material,
resulting in a vertical pressure gradient that produce, heat and accelerate type-II spicules (19).
Oscillatory reconnection between emerging fluxes and the coronal hole background fields has
been demonstrated to be able to generate quasi-periodic upflows (51, 52). Reconnection between
open fields in the chromospheric network and magnetic loops advected by supergranular flows
has also been simulated and suggested to release mass to the solar wind (28). However, the
speeds of the upflows generated in these models are mostly lower than 60 km s-1. Our IRIS
observations reveal much higher speeds at TR temperatures. The discrepancy between these
existing models and our IRIS observations suggests the need of updating these models.
A recent numerical investigation has simulated Lorentz-force driven jets (21). This model has
successfully produced speeds as high as 66-397 km s-1. The different speeds depend on the
different treatment of the viscosity. This study has demonstrated that magnetic forces must play
an important role in the generation and acceleration of high-speed jets in the chromosphere and
TR. Pressure driven jets produced by both the three-dimensional MHD simulation (19) and onedimensional hydrodynamical models including time-dependent ionization (53) hardly reach
speeds higher than 60 km s-1.
There has been a suggestion that fine structures in the solar atmosphere such as spicules could
be warps in two-dimensional sheet-like structures (54). This scenario may be consistent with the
thin and elongated morphology of the bright network jets. However, this scenario has difficulty
in explaining the apparent upward motion that is clearly observed for the network jets.
S9. Relationship between elongated TR structures and network jets
Small-scale narrow loop like structures were previously reported in the intensity images of
some TR lines observed with SUMER (55, 56). And it has been conjectured that some of these
structures are related to spicules (56). This proposed idea could not be tested in the SOHO era
due to the lack of TR imaging with sufficient sensitivity and resolution.
The spatial resolution of IRIS is about six times higher compared to SUMER. IRIS
observations have revealed many more such filamentary structures in not only the intensity
images, but also the images of line width. As we explained in the main text, the greatly enhanced
line width is the primary signature of network jets in the Si IV line. Moreover, combined
imaging and spectroscopic observations of IRIS allow us to establish a direct link between many
of these filamentary structures and the highly dynamic network jets, as can be seen from Fig.4
and movie S6.
This connection has important implication for the TR structures. It is known that the observed
TR emission in the temperature range of 104 K - 2×105 K is much higher than that produced by
models dominated by field-aligned heat conduction (57). This puzzle has led people to propose
different scenarios of TR structures in the past decades, e.g., low-lying loops within the networks
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(58) and unresolved fine structures thermally disconnected from the corona (55). IRIS
observations clearly reveal that many network jets reach at least ~105 K and that these jets must
contribute to the emission of the TR significantly. Thus, these network jets should not be ignored
when constructing TR models.
S10. Mass loss rate of the network jets
The mass loss rate or mass flux of the network jets can be calculated as:
m = 4πr2ρV ft fs fh
where r is the solar radius. Using an average lifetime of 50 seconds and a recurring period of 8.3
minutes, the temporal filling factor (ft) of these jets is estimated to be ~0.1. A very rough
estimation of the spatial filling factor (fs) yields a value of ~1% from the 1330Å slit-jaw images.
We use the typical measured number density (Ne) of spicules (3.4 - 22)×1010 cm-3 (59) since
these jets are likely heated spicules (movie S1) which are fed with the dense chromospheric
material (19). We assume a reasonable Helium abundance 5% and the mass density (ρ) can then
be calculated as 1.1×Ne×mp, where mp is the proton mass. If we then take a typical fraction of the
area of coronal holes (fh) relative to the total area of the solar surface 5%-10% (60) and a
measured jet speed (V) 150 km s-1, we can obtain a mass loss rate of (2.8 - 36.4)×1012 g s-1 if all
mass of the network jets is lost eventually.
The mass loss rate of the solar wind varies from ~1.2×1012 g s-1 in the solar minimum to
1.9×1012 g s-1 in the solar maximum (61). The total mass loss rate of the network jets we
estimated is comparable to or larger than the mass loss rate of the solar wind. However, lacking
coronal observations of sufficient sensitivity it is difficult to determine the true contribution to
the solar wind mass flux, especially since there are indications that some type-II spicule plasma
may fall back down at TR temperatures (9,62). In our high-cadence (10 s) observation we do not
see obvious downward motions. But it is also possible that emission from the downflowing
plasma is too faint against the strong background to be seen by IRIS slit-jaw images. An
examination of off-limb images of several coronal holes suggests possible signatures of
downward motions following some jet-like upward motions. But the line-of-sight superposition
effect makes it difficult to estimate how many jets show real downward motions since swaying
motions of overlapping jets can easily lead to wrong identification of downward motions.
It might also be possible that some apparent motions are caused by thermal evolution or rapid
ionization changes in a dynamic heating environment, or propagation of shocks. However, the
presence of blue wing asymmetries in the Si IV lines suggest that at least a significant fraction of
the apparent motions are clearly mass flows.

S11. Energy flux of the Alfvén waves carried by the network jets
In many solar wind models (1), interaction between the upward and downward propagating
Alfvén waves in the solar TR leads to Alfvénic turbulence which then accelerates the solar wind.
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Since Alfvén waves are likely volume filling (63), we can assume a filling factor of unity for
these waves. The energy flux associated with the Alfvén waves can be estimated as
f = ρ<δv2>VA
where ρ, δv and VA are the mass density, velocity amplitude and Alfvén speed. The wave
amplitude has been measured as ~20 km s-1 from the Si IV line formed in the TR. As we
mentioned in the main text, some of these jets are likely produced by magnetic reconnection. The
measured jet speed is thus likely the lower limit of the Alfvén speed. If we use the measured jet
speed 150 km s-1 as the Alfvén speed and take the mass density of (6.2 - 40.4)×10-14 g cm-3 as
calculated above, we can obtain an energy flux of 4 - 24 kW m-2. The energy flux that reaches
the corona will be enough to drive the solar wind (~700 W m-2) (64) if the transmission
coefficient is larger than ~3%. But it is still an open question how much of this energy is
dissipated.
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Fig. S1. IRIS observation regions outlined in AIA 211Å images.
(A)-(B) The 23 January 2014 observation. The green and red lines outline the FOVs of the slitjaw imaging and spectroscopic observations, respectively (B). An AIA image taken one day
before the 23 January 2014 observation is shown in (A). The dashed green and red lines represent
the regions corresponding to the FOV and slit location in this observation, respectively. (C) The
9-10 October 2013 observation. (D) The 18 August 2013 observation. The intensities are in
logarithmic scale.
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Fig. S2. Network jets in different passbands.
Upper: Unsharp masked 1400Å (left), 1330Å (middle) and 2796Å (right) slit-jaw images (SJI)
obtained around 15:57 UT on 18 August 2013. The field of view is outlined in Fig. S1D. This is a
snapshot of movie S1. Lower: A 1330Å image in a smaller FOV.
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Fig. S3. Network jets in the 1330Å passband.
Unsharp masked 1330Å slit-jaw image obtained at 07:28:39 UT on 23 January 2014. The field of
view is outlined in Fig. S1B. This is a snapshot of movie S2.
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Fig. S4. Red-blue asymmetry analysis of two line profiles.
These are results from the 23 January 2014 observation. (A) The line profile at location 1
(Fig.3D). The red and blue lines show the single Gaussian fit results for the full line profile and
only the central part of the line profile, respectively. (B) The normalized RB asymmetry profile
for this line profile. (C-D) Same as (A-B) but for the profile at location 2 (Fig.3E). The dashed
lines in (B) and (D) mark a blueward asymmetry level of 20%.
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Fig. S5. Estimation of the resolved and unresolved Alfvén wave amplitudes.
These are results from the 23 January 2014 observation. (A)-(C) Maps of the line parameters of
Si IV 1393.77Å as derived from single Gaussian fit. Pixels with intensity values larger than 0.7
are outlined by the contours and they are regarded as samples of network jets. (D) Distributions
of the Doppler shift (black) and non-thermal width (green). The derived average wave
amplitudes are shown in the panel.
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Table S1. Summary of the datasets used in this paper.
Data
sets

Observation
time

1

15:56 UT 18 784”,
-17:36 UT 18 368”
August 2013

Sit
stare

and 30s

0.33”×173” 173”×173”

99s

2

07:10 UT 23 804”,
-08:02 UT 23 447”
January 2014

Sit
stare

and 4s

0.33”×119” 119”×119”

10s

3

23:26 UT 9 - 513”,
02:57 UT 10 284”
October 2013

Raster
scan

117”×173”

132s
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Pointing
(x, y)

Observing
mode

Exposure
time

30s

FOV
of FOV
of Cadence
spectral
imaging
of 1330
observation observation Å images

283”×173”

Movies
Movie S1. Network jets in different passbands. These are unsharp masked 1400Å, 1330Å, and
2796Å slit-jaw images obtained from 15:56 to 16:46 UT on 18 August 2013.
Movie S2. Network jets in the 1330Å passband. These are unsharp masked slit-jaw images
obtained from 07:25 to 07:33 UT on 23 January 2014.
Movie S3. Examples of network jets. Same as Movie S2 except that only the region of Fig.1A is
shown. The spacecraft jitter has been removed through cross-correlation and interpolation of the
image sequence.
Movie S4. Origin of network jets from small-scale bright regions in the networks. Only the field
of view of Fig.2 is shown. The spacecraft jitter has been removed through cross-correlation and
interpolation of the image sequence.
Movie S5. Signatures of network jets in Si IV 1393.77Å line profiles. (A) Same as Movie S2
except that only a small region around the slit is shown. (B-C) Maps of the peak intensity and
line width as derived from a single Gaussian fit to the Si IV 1393.77Å line profiles. The moving
vertical line indicates different time.
Movie S6. Transition region filamentary structures caused by network jets. These are unsharp
masked 1330Å slit-jaw images obtained from 23:26 UT on 9 October 2013 to 02:57 UT on the
next day. (A) Movie of 1330Å slit-jaw images. (B-C) Maps of the peak intensity and line width
as derived from a single Gaussian fit to the Si IV 1393.77Å line profiles. The moving vertical
line indicates the slit location at different time.
These movies are available at
http://www.sciencemag.org/content/346/6207/1255711/suppl/DC1

Additional Movies:
Movie S7. Same as Movie S1 but in a small FOV.
http://kurasuta.cfa.harvard.edu/~htian/sciencem2.mov
Movie S8. Dynamics of network jets.
http://kurasuta.cfa.harvard.edu/~htian/sciencem1.mov
This paper has been published in Science and the high-resolution version of some figures can be
found there:
H. Tian, E. E. DeLuca, S. R. Cranmer, et al., Science 346, 1255711 (2014)
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