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Figure 4. The brightness slopes with log�log scale (right panel) were measured including the outburst plume/ejecta (red square), coma jets (blue circle and
star) and background coma (black triangle) from the OSIRIS individual image (left panel) obtained on 2015 September 23 from a distance of 402 km using the
NAC with the orange �lter. The frame is 20.85× 20.85 km2. Note that all the measured pro�les are subtracted by the background coma.

Figure 5. Assuming a constant production rate, out�ow speed and one particular size of dust particle (i.e. 223µm in radius), the simulated radiance along the
outburst plume as a function of time is shown in the left panel. After subtracting the reference image taken before the outburst started, the leading edge as a
shell moving outward is shown in the right panel.

abundant than larger particles, meaning that the largest particles will
contain most of the ejected mass. The size distribution in the investi-
gation isn(rd) � r � g

d and the results show a signi�cant change in the
size distribution of the grains from the early phase in late 2014 to the
perihelion in 2015. For instance, according toes Fulle et al. (2015)
and Rotundi et al. (2015), the size distribution cannot be �tted by a
single power-law model, as the heliocentric distance of comet 67P
is larger than 3 au. Instead, they infer a knee-like size distribution
with a corner radius of 0.5 mm and a differential size distribution
exponent ofg= 4 for large particles and an exponent� 2 for smaller
particles. Knollenberg et al. (2016) investigated an outburst from
the night-side part of the Imhotep region at the heliocentric distance
of 2.2 au in 2015 March, and found that the outburst plume possibly
consists mostly of small particles (< 1 mm) following a power-law
size distribution withg= 2.6. Fulle et al. (2016) claimed further that
g � 3.7 for small particles (a < 1 mm) and 4.0 for large particles
(a > 1 mm) at perihelion (� 1.2 au). We note that the modelling
results of the size distribution for the 2016 March outburst are com-
patible with the analysis of Fulle et al. (2016) for the same period of
time. Therefore, we assumed a constant power-law index ofg = 3.7
and a wide particle size range (fromµ m to mm) when calculat-
ing the mass of the dust ejected in the outburst. In addition to the

size distribution, we need to estimate the cross-section of the dust
particles. The method for estimating the dust cross-section from
the difference images is described below and can also be found in
Knollenberg (2016).

The speci�c radiance received from the optically thin dust plume
can be expressed as

L � = f plume
p
�

� (� )
� (0)

f �

rh
2 (1)

wherep is the geometric albedo of the dust particles at wavelength
� , � (� ) is the phase function at phase angle� , f� is the solar irradi-
ance (in W m� 2 nm� 1 at 1 au),rh is the heliocentric distance in au
andfplumeis the dust �lling factor (e.g. the fraction of a pixel covered
by dust). Assuming that the geometric albedo of the dust particles
is similar to that of the nucleus, the geometric albedo and speci�c
solar �ux are 0.068 and 1.513 W� 2 nm� 1 for the orange (648.6 nm)
�lter, and 0.027 and 0.23 W� 2 nm� 1 for the UV (270.7nm) �l-
ter (Fornasier et al.2015), respectively. The �ux ratio� (� )/� (0)
can be derived by using the dust phase function (Kolokolova &
Kimura2010). By integrating the radiance over the image area (e.g.
within the boxes in Fig.7) containing the dust from a difference
outburst plume, the total cross-section from difference images of
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Physical properties of outbursts on comet 67PS737

Figure 6. An example of how the leading edge determined from the difference image on 2015 September 10 (20:51:22.797) is used to derive the expansion
velocity (left panel). A radial brightness pro�le (right panel) is an averaged value outwards from the nucleus in the selected box marked in the difference
image. The subtracted background level is shown by the dashed line. The cross match in between the radial brightness pro�le and subtracted backgroundlevel
is shown by the vertical dotted line.

the dust jet from within a given time interval can be determined.
Then, we used a power-law indexg = 3.7 for the size distribution
with a constant bulk density of 1000 kg m� 3 for all ejected particles.
The ejected mass in size interval ofa1 < a < a2 (i.e. 1µ m to 1 mm)
is given by

M =
(4/ 3)� �N

4 � g

(
a4� g

2 � a4� g
1

)
, (2)

whereN is the total number of dust particles in the size interval 1
µ m to 1 mm. The estimated dust cross-section and ejected mass are
given in Table2. The uncertainty of the ejected mass is typically
of the order of 5�10 per cent, depending on the uncertainty on
the brightness integration of the selected box. The averaged mass
ejection rate for the outbursts can be estimated from the ejected mass
(M) by dividing by the time interval between the difference images.
Note that our calculation is based on the chosen time intervals and
hence produces lower limits on the mass ejection rates. For example,
the estimation of the ejected mass for a major outbursts on July 29
is about 4550 kg. Given a time interval of 18 min, the average
mass ejection rate would be of the order of 4 kgs� 1. However, if
this outburst lasted for a time interval of 5 min only, which is the
cadence for the outburst sequence, the corresponding mass ejection
rate would be as much as 15 kgs� 1.

Thus, if we take these sudden and short-lived outbursts into ac-
count, the average mass ejection rate from those consecutive images
with a longer time interval might be an order of magnitude larger
than our estimation. In comparison, the peak dust production rate
of the coma near perihelion has been estimated to be 1500 kgs� 1

(Fulle et al.2016). Our derivation above shows that the mass ejec-
tion rate (Table2) during a large outburst could reach a few per cent
of the dust coma at most.

4 DISCUSSION

With increased heating by the Sun, the comet experiences a higher
level of outgassing activity during the perihelion approach. The Mi-
crowave Instrument for theRosettaOrbiter (MIRO) indicated that

about 300 liters of water (1028 molecule) were ejected every second,
meaning that the comet was losing 26 million kg of water per day
during this period (Fougere et al.2016). Another 260�390 million
kg of dust per day were lost when the dust-to-water mass ratio was
around 10 at perihelion, as estimated by Fulle et al. (2016). The
activity remained high for several weeks after perihelion, making
it more dif�cult to obtain the excess brightness and the brightness
slopes for the outburst plumes. The jet activities also exhibited diur-
nal variation with the rotation of the nucleus. If we assume that there
was no signi�cant change in repeatable coma jets emanating from
the sunlit side during several full rotational periods, we can derive
accurate values for the excess brightness and the brightness slopes
by analysing images taken with different viewing geometries.

Furthermore, we note that the variability of the brightness pro-
�les indicates that the outburst plumes, coma jets and background
coma are not, in fact, in a steady state. In the pre-landing phase
at around 3.5�3.3 au in 2014, we found steeper slopes (0.95�1.48)
caused by the acceleration of the dust from the coma jets. In com-
parison, the slopes found for coma jets around the perihelion are
not consistent with those in the pre-landing phase, indicating the
existence of less volatile grains or different physical properties (i.e.
size distributions). The outburst plumes also vary over a wide range
depending on their morphology. Some do not seem to be extreme
cases (steeper or shallower slopes). One possible explanation is that
at least the overwhelming majority of cometary outbursts in the
detected images are not explosions but rather continuous streams
of out�owing gas and dust triggered by an outburst mechanism that
has not yet been fully understood, which then remain active for
some minutes to less than a few hours. Additionally, we found that
some of the increasing average mass ejection events could last for
a few tens of minutes (less than a half hour) while some are seen
only in pairs of consecutive images. This could be explained by
an inadequate fuel supply or by mechanisms that we do not fully
understand. In a previous study, a strong increases in the rate of crys-
tallization was proposed as a possible cause of the mini-outbursts
observed in comet Tempel 1, during the intensive campaign in 2005
(Smoluchowski1981; Prialnik, Bar-Nun & Podolak1987; Prialnik,
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S738 Z-Y. Lin et al.

Figure 7. The determined cross-sections were in the selected box (square box). The outburst plumes captured from the difference images on the date were on
2015 July 29, August 5, August 12, August 16, August 26, August 27, August 28, September 3 and September 5 (from left to right, top to bottom). Notice
that the angular width of the outburst plumes might not increase as a function of the radial distance because of the subtraction of the low contrast partof the
outburst plumes from the other image. Some faint patterns in the images are caused by a compression artefact.

A�Hearn & Meech2008). More recently, Skorov et al. (2016) pro-
posed that the deepening of a pre-existing fracture or crack on the
surface of comet 67P, containing a super-volatile ice (i.e. CO2 or
CO) in the subsurface could lead to a short-lived outburst with a
narrow or collimated-like plume. Other possible outburst mecha-
nisms are discussed in more detail by Vincent et al. (2016a) who
concluded that some outbursts detected in the morning of cometary
local time might be triggered by thermal stresses linked to a rapid
change in temperature. Others, occurring in the afternoon, are most
likely related to the diurnal or seasonal heat wave reaching volatiles
buried deep in the nucleus, while a few of them might be associated
with the collapse of a cliff (Pajola et al.2017).

Additionally, the size distribution of the dust grains might change
case-by-case, and vary among the outburst plumes, instead of having

the same size distribution for all outbursts. To obtain a precise
size distribution, we have to work out which mechanism it is that
drives the outbursts, because different mechanisms are proposed
regarding the source of the different driving forces that can carry
away the different sizes of particles from the cometary surface. The
differences in particle size might be related to several different types
of outburst morphologies and associated with the investigation of
the brightness slopes.

However, regardless of which mechanism is dominant (with the
exception of dry outbursts caused by the cliff collapses), the ex-
posed fresh water ice immediately turns to gas, dragging with it
the surrounding dust to produce the short-lived collimated jets or
debris clouds after the start of the outburst. Furthermore, the ejected
mass, which is only a few per cent of the steady-state value of the
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Physical properties of outbursts on comet 67PS739

Table 2. A summary table of measurements. Mass ejection rates are lower limits assuming that the outburst
occurred at a constant rate between two consecutive images. The time interval is measured from two consecutive
images.

Start time Cross-section Total mass Mass ejection rates Time interval
(UT) (m2) (1 µm to 1 mm) (kg) (kg s� 1) (s)

2015-07-29 13:24:10.760 20234.0 4550.0 4.21/15.16a 1080/300a

2015-08-05 07:10:32.077 82.4 2.0 0.29 6.29
2015-08-05 08:03:57.736 1917.3 41.7 3.79 11.01
2015-08-12 17:20:36.436 269008.6 5857.5 19.52 300
2015-08-16 22:53:06.769 1287.5 28.0 2.79 10.05
2015-08-26 08:19:55.322 509.1 11.1 1.15 9.6
2015-08-27 03:12:06.804 396.3 8.6 0.74 11.68
2015-08-28 10:09:51.784 26712.9 1270.7 93.30 13.62
2015-09-03 17:57:22.781 654.9 14.3 1.19 12.02
2015-09-03 18:02:22.782 8253.1 179.7 14.95 12.13
2015-09-03 18:07:22.801 20854.3 454.1 37.44 12.03
2015-09-03 18:12:22.782 6668.7 145.2 12.07 12.07
2015-09-03 18:17:22.812 6642.9 144.6 11.98 12.07
2015-09-03 18:22:22.799 1884.1 41.0 3.42 12.01
2015-09-03 18:27:22.764 725.4 15.8 1.31 12.02
2015-09-03 18:32:22.856 654.6 14.3 1.18 12.11
2015-09-03 18:37:22.857 566.0 12.3 1.02 12.12
2015-09-03 18:42:22.814 401.3 8.7 0.73 12.12
2015-09-03 18:47:22.797 132.7 2.9 0.26 11.06
2015-09-03 18:51:32.792 151.3 61.5 0.30 11.08
2015-09-03 18:22:22.799 1570.0 3.3 2.85 12.01
2015-09-05 08:23:55.782 431.657 9.4 0.85 11.05
2015-09-05 08:58:43.857 204424.0 4451.2 14.84 300
2015-09-08 22:40:38.846 310.432 6.8 0.61 11.12
2015-09-10 20:51:22.797 468.571 10.2 0.85 12.03
2015-09-10 21:11:12.538 383.75 8.4 0.81 10.27
2015-09-10 21:11:12.538 28.2102 0.6 0.06 10.27
2015-09-12 09:41:53.733 38359 835.2 2.78 300
2015-09-12 09:46:53.760 43901.7 955.9 3.19 300
2015-09-12 09:51:53.715 119808 2608.7 8.69 300
2015-09-12 09:56:53.734 43040.5 973.2 3.12 300
2015-09-23 21:59:37.739 652.382 14.2 1.29 10.99
2015-09-24 22:56:47.769 48.5774 1.1 0.08 13.0
2015-09-24 23:31:46.762 220.441 4.8 0.47 10.23
2015-09-25 04:18:13.134 4727.39 102.9 10.68 9.64
2015-09-25 05:48:13.288 1262.81 27.5 2.86 9.629
2015-09-25 09:09:39.809 3916.96 85.3 6.55 13.01
2015-09-25 09:14:38.751 2587.71 56.3 5.51 10.2
2015-09-25 09:54:38.764 315.871 6.9 0.58 11.92
2015-09-25 10:39:39.757 186.713 4.1 0.31 12.96
2015-09-25 10:54:38.831 326.525 7.1 0.59 12.06
2015-09-30 11:36:45.774 652.942 14.2 2.67 11.04
2015-09-30 21:34:37.765 921.168 20.1 1.82 11.02
2015-09-30 23:29:55.513 1050.73 22.9 2.13 10.76

Note.aWe assume that this outburst lasted for a time interval of 300 s.

dust coma, is not comparable to that in some other comets (e.g.
17P/Holmes, 29P/Schwassmann�Wachmann 1). The asymmetric
shell of radially expanding material and the features of the outburst
plume can be dif�cult to observe at the time of the outburst. It can be
dif�cult to determine their precise position in enhanced images ob-
tained by ground-based telescopes. It should be possible to obtain a
better understanding of the outburst plume dynamics by simulating
different kinds of outburst phenomena in the future.

5 SUMMARY

The measurements of outbursts were based on the outburst se-
quences scheduled by single-�lter observations (UV375 �lter in the

WAC or orange �lter in the NAC) and pairs of consecutive images
obtained in a short time interval with the NAC orange �lter. The
main results from the analysis of the images of outbursts in the pe-
riod 2015 July 29 to September 30 can be summarized as follows.
The calculated excess brightness from these outburst plume ranges
from a few per cent to� 28 per cent. In some major outbursts, the
brightness contributed by the outburst plume can be one or two times
larger than the typical coma jet activities. The strongest outburst is
the perihelion outburst detected just a few hours before the comet
reaches perihelion. The brightness slopes of the outburst plumes
are studied. Some of the detected transient events are interpreted as
continuous streams of out�owing gas and dust triggered by driving
mechanisms, as yet not understood, which remain active for several
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minutes to less than a few hours. The mass ejection rate during a
large outburst can reach a few per cent of the steady-state value of
the dust coma.
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