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ABSTRACT
Small-scale internetwork magnetic fields are important ingredients of the quiet Sun. In this paper we analyze

how they appear and disappear on the solar surface. Using high resolutionHinodemagnetograms, we follow
the evolution of individual magnetic elements in the interior of two supergranular cells at the disk center. From
up to 38 hr of continuous measurements, we show that magnetic flux appears in internetwork regions at a rate
of 120±3 Mx cm−2 day−1 (3.7±0.4×1024 Mx day−1 over the entire solar surface). Flux disappears from the
internetwork at a rate of 125±6 Mx cm−2 day−1 (3.9±0.5×1024 Mx day−1) through fading of magnetic ele-
ments, cancellation between opposite-polarity features, and interactions with network patches, which converts
internetwork elements into network features. Most of the flux is lost through fading and interactions with the
network, at nearly the same rate of about 50 Mx cm−2 day−1. Our results demonstrate that the sources and sinks
of internetwork magnetic flux are well balanced. Using the instantaneous flux appearance and disappearance
rates, we successfully reproduce the time evolution of the total unsigned flux in the two supergranular cells.
Subject headings:Sun: magnetic field – Sun: photosphere

1. INTRODUCTION

Internetwork (IN) magnetic fields are observed to fill the
interior of supergranular cells, enclosed by the photospheric
network (NE). In Paper I of this series (Gošić et al. 2014) we
showed that IN regions harbor some 1023 Mx over the en-
tire solar surface, which accounts for 15% of the total quiet
Sun (NE+IN) flux. We also demonstrated that IN fields rep-
resent the main source of flux for the NE, capable of sup-
plying as much flux as it contains in only about 10 hr. This
renders the IN an essential contributor to the flux budget of
the solar photosphere—and probably also to its energy bud-
get (Trujillo Bueno et al. 2004).

IN regions show an enormous flux appearance rate. The
values quoted in the literature range from 1024 Mx day−1

(Zirin 1987) to 3.8× 1026 Mx day−1 (Zhou et al. 2013). All
of them are significantly larger than the 6× 1021 Mx day−1

brought to the surface by active regions during the maximum
of the solar cycle (Schrijver & Harvey 1994). However, the
published rates vary by more than 2 orders of magnitude, in-
dicating that they are not well determined yet. Much of the
difference is probably due to the methods used to derive them.
For example, some authors rely on automatic tracking algo-
rithms while others prefer a manual detection of magnetic el-
ements. Both approaches are affected by uncertainties and/or
subjectivity (e.g., DeForest et al. 2007). Differences in the
spatial resolution, noise level, cadence, and duration of the ob-
servations may also lead to different results. Another source
of disagreement is the fact that many estimates are based on
fitting the observed flux distributions with power laws, rather
than on following the evolution of individual elements. This
method assumes constant appearance rates, but in reality we
do not know if the flux appears at a constant rate or there are
spatial and temporal variations across the solar surface.

To understand the flux balance of IN regions, we have to
evaluate the processes by which flux is injected into and re-
moved from the interior of supergranular cells. The IN gains
flux through in-situ appearance of magnetic elements. Some-

times bipolar structures can be clearly identified, but most
elements seem to appear as unipolar patches. On the other
hand, flux is removed from the cell interior by fading (disap-
pearance of features without obvious interactions with other
elements) and cancellation (total or partial disappearance of
features of opposite polarity as they come into close contact).
Fading has been reported to be the dominant process, account-
ing for 83% of the flux removal in the quiet Sun (Lamb et al.
2013). These authors determined a flux disappearance rate of
2.4×1026 Mx day−1 over the entire solar surface, but they did
not distinguish between NE and IN regions.

Another important sink of IN flux that has been neglected
until now is conversion of IN features into NE elements. In
Paper I we made the first steps to quantify this process, show-
ing that 40% of the IN flux eventually interacts with NE ele-
ments and disappears from the supergranular cell. Flux trans-
fer from the IN to the NE is therefore an essential ingredient
to understand the flux balance of quiet Sun regions.

In this paper we determine the rates of the four processes
mentioned above, namely in-situ appearance, fading, cancel-
lation, and flux transfer to the NE. We focus on two well-
defined supergranular cells and compute the instantaneous
fluxes that appear and disappear in their interiors. The anal-
ysis is based on long-duration, high-cadence magnetogram
sequences taken with the Narrowband Filter Imager (NFI;
Tsuneta et al. 2008) on boardHinode (Kosugi et al. 2007).
These data are perfectly suited to study the highly dynami-
cal IN fields on temporal scales from minutes to days. The
evolution of IN flux elements is followed using an automatic
feature tracking algorithm and a new code developed to accu-
rately resolve interactions between flux patches (Section 3).
In this way we are able to compute, for the first time, the flux
appearance and disappearance rates in individual supergranu-
lar cells and their variations with time (Section 4).

2. OBSERVATIONS AND DATA PROCESSING

The data used in this paper consist of two temporal se-
quences acquired with theHinodeNFI on 2010 January 20–
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Figure 1. Individual supergranular cells observed in data sets 1 and 2(left and right, respectively). The cell interiors are outlined by pink contours and the
surrounding NE flux features are marked with blue contours. Red contours show IN elements that appear in situ in these frames. Magnetic flux disappears from
the cell interiors when elements fade (orange), cancel out (green), or enter the NE and interact with NE features (purple). IN patches that do not undergo any of
those processes in the displayed frames are indicated with yellow contours.
An animation of the right panel is available.

21 and 2010 November 2–3 (data sets 1 and 2, respectively).
They belong toHinode Operation Plan 151. The observa-
tions have been described in detail in Paper I, so here we only
summarize their main features. Magnetograms and Doppler-
grams were constructed from StokesI andV filtergrams taken
at±16 pm from the center of the magnetically sensitive NaI
589.6 nm line. We observed both line wings to make the mag-
netograms as independent of Doppler shifts as possible. In
addition, we pushed the sensitivity of the observations to a
limit by operating the NFI in shutterless mode. This allowed
us to reach a total exposure time of 6.4 s per magnetogram,
resulting in a noise level of 6 Mx cm−2. The noise was further
reduced to 4 Mx cm−2 through application of a 3×3 Gaussian-
type spatial smoothing kernel. Thanks to these choices, our
magnetogram sequences are among the most sensitive ever
obtained in the quiet Sun with a filter instrument.

To study the evolution of the solar IN we made continuous
measurements for 20 hr in the case of data set 1 and 38 hr in
the case of data set 2. The sequences show a few gaps due
to telemetry problems, but their duration is often short (ofthe
order of minutes). The achieved cadences—60 and 90 s—are
ideal for automatic tracking of magnetic features.

The observations cover large areas of the quiet Sun at disk
center (82′′ × 113′′ and 80′′ × 74′′, respectively). Solar ro-
tation was compensated, making it possible to monitor indi-
vidual supergranular cells for long periods of time. Here we
focus on two cells that were visible at the center of the field
of view during the entire sequences (Figure 1). They show
an average total (NE+IN) unsigned flux of 2.4× 1020 Mx
and 3.6×1020 Mx, respectively. We observed their evolution
from the early formation phases until they fully developed
into mature cells. Their effective radius increased from∼9.7
to ∼13 Mm during the process. Neither of them underwent

mergings or fragmentations. Thanks to the longer duration
of the second data set, we witness how the supergranule dis-
perses with time and slowly loses its form, although it is still
visible by the end of the observations. This cell is strongly
unipolar and shows a net flux of−2.3×1020 Mx (enhanced
NE). By contrast, the supergranular cell of data set 1 is in al-
most perfect polarity balance with a net flux of−2×1018 Mx
(quiet NE).

3. METHOD

Our goal is to determine the instantaneous flux appear-
ance and disappearance rates in the two supergranular cells
described above. This requires us to detect and track all
the individual magnetic elements visible in their interiors.
As explained in Paper I, the cell boundaries are known pre-
cisely from horizontal flow divergence maps derived from the
available Dopplergrams through Local Correlation Tracking
(November & Simon 1988), and turn out to be pretty well out-
lined by the strong patches of the NE.

We use the YAFTA code (Welsch & Longcope 2003) and
the clumping method to automatically identify and track indi-
vidual elements in the magnetogram sequences. Only fea-
tures that have at least 4 pixels with flux densities above
12 Mx cm−2 (three times the noise level) and live for 2 or
more frames are taken into consideration. We have devel-
oped a new code to solve some of the problems that lead to
misidentifications and/or incorrect labeling of the magnetic
elements (Gošić et al., in preparation). By use of this code
we can follow individual elements from birth to death, which
is necessary to derive reliable appearance and disappearance
rates. The quality of the final tracking can be assessed from
the animation accompanying Figure 1.

Supergranular cells gain flux through in-situ appearance of
magnetic elements and their subsequent evolution. The flux
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Figure 2. Sketch of the flux evolution of typical IN magnetic elements.The red shaded areas represent the flux gained by an element during its lifetime. The
orange shaded areas represent the flux lost by fading until the element disappears (by either in-situ fading, cancellation, or merging with a stronger flux patch).
Blue dots mark the moments of appearance, disappearance, and interactions.

contributed by an element to the IN is not only its initial flux,
but also any intrinsic flux increase it may experience with
time. We refer to the sum of both contributions as total ap-
peared flux. Flux disappears from the cell when IN elements
fade inside the supergranule, cancel totally or partially with
opposite-polarity IN elements, or leave the supergranule and
interact with NE elements (a process we refer to as flux trans-
fer to the NE). Below we explain how the rates of these pro-
cesses are calculated and describe the problems solved by our
code in each case.

3.1. Flux sources

The flux that appears in situ in a given frame is computed
considering all IN patches that become visible for the first
time in that frame. Identifying those elements is easy be-
cause YAFTA tags them with new labels. If the elements do
not interact with other patches, their maximum flux is taken
to be the flux they bring to the solar surface. IN elements
tend to increase in flux upon appearance, so the maximum
flux they reach is usually larger than the initial one. When
interactions occur, however, the maximum flux is not a good
indicator of the flux appearing on the surface, because the el-
ements may simply grow through mergings with like-polarity
patches. The flux gained in this way does not represent new
flux and should not be counted. In addition, elements that ap-
pear in situ can fragment a few frames later and the fragments
themselves may continue to gain flux. Such a flux increase
needs to be added to the flux appearance rate. Fragments are
tagged by YAFTA as children of their parents, so they are easy
to detect.

Thus, one has to be careful with interactions to derive reli-
able flux appearance rates. In practice, we go through each of
the magnetic elements assigned a new label by YAFTA in a
given frame—either because they appeared in situ or because
they fragmented from an existing element. We examine how
they gain flux over time, correct for mergings and fragmenta-
tions, and sum all the contributions to get the total flux they
bring to the surface. The process is illustrated schematically
in Figure 2. The solid line represents the flux of an IN element
during its evolution. The moments of appearance, disappear-
ance, and interactions are marked with dots. Each dot has a
value fromF0 to F10, which corresponds to the flux of the
element at those particular times.F2 andF7 coincide with
sudden flux increases due to mergings with weaker elements.

The maximum observed flux isF7, but this value is the re-
sult of one such merging.F5 would be the maximum flux
in the absence of interactions. There are two fragmentations
which decrease the flux fromF3 to F4 and fromF8 to F9,
respectively.

We calculate the total flux the element brings to the super-
granular cell by adding together the initial fluxFinit and the
flux increases from one checkpoint to the next (blue dots),
i.e.,

Fapp= Finit + (F1− F0)+ (F3− F2)+ (F5− F4). (1)

If the element appeared in situ, we takeFinit = F0. If it is a
fragment of an existing patch, thenFinit = 0. The fluxFinit is
assigned to the moment when the element was first detected
(also for fragments). The other contributions in Equation 1
are evenly distributed over their corresponding time intervals.

By adding the flux carried by the patches that appear in situ
and through fragmentation we obtain the total flux appearance
rate. For completeness, we also compute the appearance rate
using only the initial flux of the features that appear in situ.
We do this because the initial flux is a well-defined quantity
that does not depend on interactions between patches. This
rate represents the flux that discrete magnetic elements bring
to the solar IN right at the moment of appearance, before they
experience any perturbation.

It should be clear by now that a very accurate tracking of
magnetic elements is mandatory to obtain reliable flux ap-
pearance rates. In particular, false detections of disappear-
ances followed by appearances of the same element must be
avoided. This problem occurs frequently due to fluctuationsin
the signal of the elements. They may exhibit flux densities be-
low the detection threshold during a few frames, only to return
to their previous state after such episodes. YAFTA interprets
this evolution as the disappearance of the element by fading
and the subsequent appearance of a new like-polarity patch at
the same location, artificially increasing the appearance and
disappearance rates. Our code corrects for this problem in the
following way.

For each element disappearing in situ, we check whether
a new like-polarity flux structure appears nearby in the next
three frames. In that case, the new patch is considered to be
the evolution of the previously disappeared element if three
conditions are met. First, the newly appeared element has to
have at least 30% of its area inside a circle centered on the
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flux-weighted center of the disappeared element. The circle
radius is 2 pixels (230 km) in the frame after the disappear-
ance occurred, and 4 pixels afterward. Second, the size and
total flux of the two patches cannot differ by more than a fac-
tor of three. Third, if any of the two elements is visible in
only one frame, then they have to overlap by more than 70%.
This correction decreases both the flux appearance and disap-
pearance rates by 10%, compared with the original YAFTA
results.

Another problem fixed by our code is in-situ appearance of
IN elements followed by merging with existing NE patches
in the same frame. YAFTA does not detect these IN fea-
tures and therefore their flux is not included in the flux ap-
pearance rates. We identify such elements by comparing the
shapes of the NE elements that are inside the cell with the
shapes they had in the previous frame, looking for large size
changes. When we find 16 or more contiguous pixels in the
non-overlapping area, they are taken to be a newly appeared
IN element which merged with the NE patch right away. In
our data sets, such a correction increases the appearance rates
by approximately 5%. Yet, this is only a lower limit because
structures smaller than 16 pixels are not counted in (to avoid
errors induced by the intrinsic shape variation of NE patches
from frame to frame).

3.2. Flux sinks

The simplest process of flux disappearance from supergran-
ules is in-situ fading, whereby IN magnetic elements disap-
pear in a given frame without interacting with other features
in their vicinity. YAFTA tags fading events as in-situ disap-
pearances, so their detection is relatively straightforward (but
see below). The flux they remove from the IN is calculated in
a similar way as the flux that appears on the solar surface. If
the element does not undergo interactions, the total flux lost
by fading is the maximum flux it attains during its lifetime.
When interactions occur, we determine how the flux decreases
from one interaction to the next. In the example of Figure 2,
the total flux removed by fading is

Ffading = (F5− F6)+ (F7− F8)+ (F9− F10)+ Ffinal. (2)

Ffinal = F10 if the element disappears completely by fading.
If the patch loses its label atF10 because of a merging with
a stronger feature (either from the IN or from the NE), then
Ffinal = 0 to avoid counting the flux it had right before the
merging. Thus, even though mergings do not remove flux
from the photosphere, we still calculate the flux lost by fading
before the elements merge with stronger features. The flux
Ffinal is assigned to the frame where the element is detected
for the last time, and the remaining terms to their respective
intervals.

The second mechanism capable of removing flux from the
IN is cancellation of opposite-polarity patches. It turns out
that YAFTA does not identify this as a process different from
in-situ disappearance. To detect cancellations, we use the
YAFTA output and look for IN elements that disappear at
most 2 pixels away from an opposite-polarity IN patch. The
flux lost by the supergranular cell through this process is equal
to the flux the two canceling features had at the beginning of
the cancellation. If the magnetic elements merge with other
patches or fragment during the process, we keep track of the
changes and revise the total canceled flux accordingly. In
partial cancellations with one surviving feature, the canceled
flux is taken to be twice the flux of the feature that disap-
peared completely. Partial cancellations where neither ofthe

elements disappear are very difficult to detect, so we do not
account for them. As a consequence, our flux cancellation
rates may be smaller than the actual ones. However, the to-
tal disappearance rate is correct, because the flux removed in
those cases is counted as fading flux. For all the magnetic
elements that cancel out, we check if they lose flux before
the cancellation starts. Any observed flux drop is ascribed to
fading.

The third mechanism of flux removal from the IN is transfer
to the NE. Many IN elements are sufficiently persistent to drift
toward the supergranular border (e.g., Orozco Suárez et al.
2012), where they merge or cancel with NE patches. In both
cases, the IN loses flux. This complex process has been char-
acterized in Paper I. The basic idea is to follow the evolution
of all IN flux structures to determine if they interact with NE
patches. The flux lost by the IN is taken to be the flux of the
IN element in the frame before the merging or cancellation
occurred. More details about these calculations are provided
in Paper I.

Finally, we note that the IN flux our code detects to appear
in situ and immediately merge with NE features is counted
also as IN flux transferred to the NE, which increases the total
flux disappearance rate by almost 5% compared with the plain
YAFTA results.

3.3. Uncertainties

The main source of error in the YAFTA tracking is the
misidentification of magnetic elements that fade and reappear
again. As explained above, the method we use to correct
for this problem depends on a number of (free) parameters
such as circle radius, minimum area overlap, and maximum
flux and size variations. These parameters have been adjusted
manually to yield the best possible results, but of course they
introduce uncertainties in the flux appearance and disappear-
ance rates. In what follows we estimate them.

We use two limiting cases. The first case represents the
plain YAFTA results. Here, many magnetic features are er-
roneously identified as new elements when their fluxes drop
below and later rise above the 3σ level.

The other limiting case is computed using only one param-
eter, namely the radius of the circle in which we look for reap-
pearing elements. If a new magnetic feature shows up inside
or touches the border of a circle of radius 4 pixels, then that
feature is considered to be the continuation of the previously
disappeared element, regardless of its flux or size. This crite-
rion is too lax, producing bad identifications of many elements
that are detected as reoccurring patches. The appearance and
disappearance rates in this extreme case are 23% and 19%
lower than those from the non-corrected YAFTA output, re-
spectively.

The combination of parameters we actually use in the anal-
ysis leads to more strict criteria for the identification of these
elements. Thus, our final appearance and disappearance rates
are 10% lower than those obtained with the plain YAFTA
tracking, and 13%-9% larger than those resulting from the
second limiting case. Therefore, an upper limit for the un-
certainty caused by the choice of parameters is±13% (ap-
pearance rate) and±10% (disappearance rate).

4. RESULTS

Figure 3 displays the rates at which the IN gains and loses
flux in the supergranular cell of data set 1. The data points are
binned in 30 minute intervals.



Internetwork flux appearance and disappearance rates 5

0
50

100

150

200

250

300
Total flux appearance
Initial flux

IN flux sources

0
50

100

150

200

250

300

F
lu

x 
ra

te
s 

[M
x 

cm
-2
 d

ay
-1
]

Flux transfer to the NE
Flux fading
Flux cancellations

IN flux sinks

0

100

200

300

400
Total flux appearance
Total removed flux

Total IN flux sources and sinks

0 2 4 6 8 10 12 14 16 18
Time [h]

Figure 3. Rates at which the central supergranule of data set 1 gains and loses magnetic flux. The data are binned in 30 minute intervals. Top panel: the source
of IN flux is in-situ appearance of magnetic features and their subsequent evolution (red solid curve). The red dashed line shows the initial flux of the elements
that appear in situ. Middle panel: flux is removed from the cell by three mechanisms, namely interaction of IN patches withNE elements (flux transfer to the
NE; purple), in-situ disappearance of magnetic elements (orange), and cancellation of IN features (green). Bottom panel: total rates at which flux is accumulated
(red solid line) and removed (black solid line) from the cell. The latter is defined as the sum of the flux sinks displayed in the middle panel.

The top panel shows the total flux appearance rate as a func-
tion of time (solid line). On average, newly appeared features
bring 117 Mx cm−2 day−1 to the surface. The appearance rate
increases when strong magnetic elements pop up in the in-
terior of the cell in the form of clusters. This is what hap-
pened, for example, between 1 and 6 hr. During that interval,
the instantaneous appearance rate nearly doubled, reaching
∼200 Mx cm−2 day−1. The flux appearance rate computed
using the initial flux of the elements is 38 Mx cm−2 day−1,
with very little fluctuations (dashed line).

The middle panel of Figure 3 shows the flux removed from
the cell by interactions with NE patches (purple curve), fad-
ing (orange curve), and cancellations (green curve). Transfer
of magnetic elements from the IN to the NE turns out to be
a very important process of flux disappearance from the su-
pergranule, at an average rate of 53 Mx cm−2 day−1. This
process shows large temporal variations in the selected cell.
The peaks between 6 and 8 hr, for example, were produced
by strong patches leaving the IN and merging with the NE. In
addition to this mechanism, flux disappears from the super-
granule through fading, at a rate of 46 Mx cm−2 day−1, and
through cancellations, at a rate of 20 Mx cm−2 day−1. Thus,
fading and transfer to the NE are equally important sinks of
flux for this cell, with cancellations playing a secondary role.

The sources and sinks of magnetic flux are shown in the
bottom panel of Figure 3 with red and black lines, respec-
tively. As can be seen, the flux appearance and removal rates
are similar, but their peaks do not coincide exactly. The rea-
son is that magnetic elements grow in flux upon appearance,
reach their maximum, and disappear at a later time, depending
on their intrinsic evolution and the interactions they undergo.

Figure 4 summarizes the results for the supergranular cell

of data set 2. We observe an average total flux appearance rate
of 122 Mx cm−2 day−1. Fluctuations occur when clusters of
magnetic patches appear in the cell interior. They can be seen
at around 10 and 18 hr, for example. By contrast, the initial
flux appearance rate is very stable at 41 Mx cm−2 day−1.

Also in this case, transfer of IN flux to the NE and fad-
ing are the main flux removal mechanisms (second panel of
Figure 4). The rates at which the cell loses flux through inter-
actions with the NE is 47 Mx cm−2 day−1. Fading is slightly
larger, accounting for 59 Mx cm−2 day−1, while cancellations
proceed at a rate of 25 Mx cm−2 day−1. In general, IN patches
that convert into NE elements are small, but occasionally we
detect strong IN features carrying much flux away from the
cell interior. These events are easily distinguishable at,e.g.,
the beginning of the time sequence or 18 hr. The cancellation
rates are smaller but more stable than the flux transfer to the
NE.

Just like in data set 1, the supergranular cell of data set 2
gains and loses flux at nearly the same rate (Figure 4, bottom
panel).

5. DISCUSSION

Our results convey information on and have implications
for the flux balance of IN regions, the magnetic flux history
of supergranular cells, and the mechanisms responsible for
the appearance of flux on the solar surface. We discuss these
implications in the following.

5.1. Flux appearance and disappearance rates in the IN

Table 1 summarizes the average appearance and disappear-
ance rates obtained from the analysis of theHinode/NFI ob-
servations, along with their ratio. As can be seen, magnetic
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Table 1
IN flux appearance and disappearance rates (Mx cm−2 day−1)

Data Set 1 Data Set 2 Mean

Appearance
In-situ 117 122 120±3

Disappearance
Fading 46 59 53±7
Cancellation 20 25 23±3
Transfer to NE 53 47 50±3
Total 119 131 125±6

Disappearance/Appearance 1.02 1.07 1.04±0.03

flux appears in the IN at a rate of 120± 3 Mx cm−2 day−1

(40±1 Mx cm−2 day−1 if the initial flux of the magnetic ele-
ments is considered). The total flux appearance rate is nearly
the same in the two individual supergranular cells studied
here, but it changes significantly whenever clusters of mag-
netic elements emerge into the surface. At those moments,
the instantaneous rates can be as large as 200 Mx cm−2 day−1.

Our total appearance rate implies that the flux brought to
the entire solar surface by IN elements is 3.7×1024 Mx day−1

(because the IN occupies 47% and 54% of the FOV in
data sets 1 and 2, respectively). This value is larger than
the 3× 1022 to 1.5 × 1024 Mx day−1 injected by bipo-
lar ephemeral regions (Schrijver et al. 1997; Title 2000;
Chae et al. 2001; Hagenaar 2001; Hagenaar et al. 2008),
the 2.6× 1024 Mx day−1 brought by horizontal IN fields
(Lites et al. 1996), and the∼1024 Mx day−1 carried by
small-scale magnetic loops emerging in the solar IN (Zirin
1987; Martínez González & Bellot Rubio 2009). On the other
hand, our rates are lower than the 3× 1025 and 3.8 ×

1026 Mx day−1 reported by Thornton & Parnell (2010) and
Zhou et al. (2013), also based onHinode/NFI measurements.
Still, they are enormous.

The removal of flux from supergranular cells occurs mainly
through interactions of IN features with NE patches and in-
situ fading, at rates of 50±3 and 53±7 Mx cm−2 day−1, re-
spectively. These two mechanisms account for about 40% and
42% of the total flux lost by IN regions. The rest disappears by
cancellation of IN elements, at a rate of 23±3 Mx cm−2 day−1

which is nearly the same in the two supergranules we have
studied.

The total disappearance rate implied by the three mecha-
nisms capable of removing flux from the IN is similar to the
rate at which the supergranules gain flux (see Table 1). They
coincide to within 7%, reflecting the steady-state nature ofthe
solar IN demonstrated by Figure 5 of Paper I. The small im-
balance we observe is probably not real, but a result of our
limited magnetic sensitivity and ability to interpret interac-
tions between IN patches.

5.2. Magnetic flux history of supergranular cells

The instantaneous flux appearance and disappearance rates
derived in the previous sections allow us to reproduce the
temporal evolution of the flux in the interior of supergranu-
lar cells. Figure 5 shows a comparison between the total un-
signed fluxF(t) observed in the supergranules of data sets 1
and 2 and the result of integrating the instantaneous rates over
time as

F(t) = F(t0) +
∫ t

t0

[Fapp(t) − Fdisapp(t)] A(t)dt, (3)
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Figure 6. Histogram of the ratio between the maximum and the initial flux
of the IN elements that appear in situ, live for at least 4 frames (6 minutes),
and never interact with other elements in data set 2. The meanand median of
the distribution are 3.0 and 2.4, respectively.

whereF(t0) is the total unsigned flux in the cell at the begin-
ning of the sequence,Fapp(t) andFdisapp(t) are the appearance
and disappearance rates displayed in Figures 3 and 4, andA(t)
is the area of the supergranular cell at timet.

The agreement is excellent and testifies to the precision and
relevance of our results: for the first time, the evolution ofIN
flux is reproduced to a remarkable degree of accuracy.

5.3. Origin of IN flux

Comparing the total and initial flux appearance rates it
is clear that magnetic elements grow in flux upon appear-
ance. Indeed, the average initial flux of IN elements is
1.3×1016 Mx but, as can be seen in Figure 6, their maximum
flux is on average three times larger. This has been determined
using all IN elements that appear in situ, live for more than 6
minutes, and never interact with other features (Gošić 2012),
so it is an intrinsic change. Such a flux increase explains why
the ratio between the total and initial flux appearance ratesis
also about 3.

The fact that magnetic elements gain flux after their appear-
ance is puzzling but may convey important information on the
origin of the IN flux. One possibility is that the increase is
simply due to continuous flux emergence on the surface. An-
other possibility is that the magnetic features are formed by
coalescence of undetected background flux which is too weak
to stand out above the noise level until sufficient flux has accu-
mulated, as proposed by Lamb et al. (2008, 2010). This pro-
cess may continue after the feature is first observed, increas-
ing its flux. Changes in the magnetic field inclination, with
the structures becoming more vertical with time, is another
possible explanation for the flux increase detected in longi-
tudinal magnetograms (Bellot Rubio & Orozco Suárez 2015).
It is necessary to confirm whether or not these mechanisms
operate on the solar surface and understand how they affect
observations, because of their implications. For example,if
a large fraction of the flux that appears in situ is due to coa-
lescence and not to genuine bipolar emergence, then the ac-
tual amount of new flux brought to the surface may be sig-
nificantly smaller than suggested by current analyses. In that
case, part of the flux observed in supergranular cells would
actually be recycled (network?) flux whose magnetic connec-
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tivity is impossible to trace after substantial reprocessing.
To clarify these issues, we will investigate the modes of

appearance and the properties of IN magnetic features—
including their intrinsic increase of flux—in the next paper
of this series.
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