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ABSTRACT

Because of the diurnal thermal cycle and the irregular shape of the nucleus, gas outflow of

comet 67P/Churyumov–Gerasimenko could be highly anisotropic as indicated by the collim-

inated dust jet structures on the sunlit side. Based on the OSIRIS imaging observations of the

outgassing effect, a simple model of surface sublimation can be constructed by taking into

account the dependence on the solar insolation. With preliminary information on the time

variability of the global gas production rate, a sequence of gas coma models can be generated

at different epochs before and after perihelion. We also investigate different patterns of dust

particle dynamics under the influences of nuclear rotation and gas drag. From these consid-

erations, a consistent picture of the spatial distribution of dusty materials across the surface

of comet 67P as it moves around the perihelion can be developed. It is found that because of

the redeposition of the ejected dust from the Southern hemisphere to the Northern hemisphere

during the southern summer season the Hapi region could gain up to 0.4 m while the Wosret

region would lose up to 1.8 m of dust mantle per orbit.

Key words: methods: numerical – comets: general – comets: individual: comet 67P/

Churyumov–Gerasimenko.

1 IN T RO D U C T I O N

The European Space Agency’s Rosetta spacecraft has followed the

target comet 67P/Churyumov–Gerasimenko (67P thereafter) since

arrival in 2014 August. The close-up observations of the coma

activities and surface morphology by the remote-sensing instru-

ments and a suite of in situ experiments as the comet moved around

its perihelion point provided a wealth of information on the basic

⋆ E-mail: ianlai@g.ncu.edu.tw

properties of the sublimation-driven erosion of this short-period

comet (Keller et al. 2015; Sierks et al. 2015; Vincent et al. 2015).

Of particular importance is the transport of dust material across the

nucleus surface as it has significant effects on the short-term and

long-term evolution of the outgassing behaviour. In the early devel-

opment of the dust mantle model (Brin & Mendis 1979; Houpis,

Mendis & Ip 1985), it was suggested that the gradual growth of an

insulating dust layer composed of large non-escaping solid grains

on top of the pristine water ice zone will reduce the sublimation

rate until total choke-off (Jewitt et al. 2004). The actual picture of

surface evolution could be much more complicated.

C© 2017 The Authors
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S534 I.-L. Lai et al.

Moehlmann (1994) discussed the lateral transport of dust grains

from one part of the nucleus surface to the other parts by executing

ballistic orbits. It was proposed that inactive regions can be covered

by non-volatile dust particles of cm-size or greater ejected from

some source regions. In the interpretation of the surface geomor-

phology of comet 103P/Hartley 2, Steckloff & Jacobson (2016) and

Hirabayashi, Scheeres & Chesley (2016) examined the scenario of

ballistic transport via surface avalanches or dust grain ejection from

active zones. Based on the imaging data from the OSIRIS scientific

camera (Keller et al. 2007; Sierks et al. 2015) during the early phase

of the Rosetta mission, Thomas et al. (2015) investigated how the

dust particles could be redistributed across the nucleus surface as a

consequence of such airfall process. From model calculations with

the gravitational field determined by the mass and real shape of

comet 67P, these authors showed how non-volatile grains emitted

at different initial speeds (below or close to the escaping thresh-

old of 1 m s−1) in a coordinate system corotating with the nucleus

can have different patterns of re-impact points. It was found that

dust particles emitted from the Hapi region with initial speed of

vi ∼ 0.1 ms−1 will immediately fall back to the source region af-

ter lift-off, the re-impact points will disperse to wider areas as vi

increases. An initial speed of about 0.7 ms−1 will yield a global

regolith coverage. Larger vi values will lead to higher escape rate

and hence less and less fall back.

From the estimate of total mass-loss of 2.7 ± 0.4 × 109 kg,

Bertaux (2015) suggested that the surface layer of comet 67P could

be eroded by as much as 1.0 ± 0.5 m per orbit. This value is com-

patible with average mass-loss rate estimated for periodic comets

(Sekanina 2008). On the other hand, Keller et al. (2015) discussed

the possible enhanced heating of the neck region between the two

lobes and the possibility of mass erosion of the order of 10 m in

the south side of the nucleus which could lead to substantial mass

transport from the south to the north. With focus on the northern

summer season during the initial phase of the Rosetta mission when

the Hapi region received maximum solar radiation and was the

dominant source region, Thomas et al. (2015) estimated that with

a total mass-loss rate of about 4 × 109 kg per orbit, a loose re-

golith layer of about 0.5 m thickness could be built up each time the

comet passed the perihelion. Because the dust and gas production

rates both reached peak values at perihelion and shortly afterward at

which time the Southern hemisphere where Wosret, Sobek, Anhur,

Geb and Bes are located was subject to intense solar heating, the

dust mantle building process should be most active at that time. The

Rosetta imaging observations showed that, unlike Hapi, the sur-

faces of these above-mentioned southern provinces are relatively

free of smooth material (El-Maarry et al. 2016; Ip et al. 2016; Lee

et al. 2016). It is therefore important to include the dust dynam-

ics and corresponding ballistic transport in the later phase of the

Rosetta mission to the general consideration of the airfall process

so that the unique surface features of comet 67P can be understood

better.

The paper is structured as follows. In Section 2, we will describe

several components of our model calculations. These include the

solar illumination effect on surface sublimation as indicated by the

Rosetta measurements, the seasonal effect, which partly controls

the north–south dichotomy of the outgassing phenomena, and the

time variation of the gas production rates according to the prelimi-

nary Rosetta observations. The dynamics of dust grains in the coma

outflows will be analysed in Section 3, in which a numerical de-

scription of the gravitational potential field distribution of the comet

nucleus is given. This is followed by the formulation of the trajec-

tory calculations of dust grains of different sizes. The airfall process

Figure 1. A schematic description of global gas production rates Q for dif-

ferent periods of time before and after perihelion according to de Almeida

et al. (2009), Bertaux (2015) and the preliminary results from the MIRO

microwave spectrometer experiment on Rosetta (Biver et al. private com-

munication).

associated with erosion sublimation and dust mantle buildup as

comet 67P moves around the sun is addressed in Section 4. Sum-

mary and discussion are given in Section 5.

2 G A S C O M A D E V E L O P M E N T

2.1 The global outgassing rates

The gas production rate (Q) of 67P as a function of time and helio-

centric distance has been monitored by ground-based observations

before the Rosetta encounter. From a compilation of the estimated Q

values within 2 au to perihelion from different returns, de Almeida

et al. (2009) produced a radial dependence of Q ∼ QdA(r/q)−7 pre-

perihelion and Q ∼ QdA(r/q)−3.3 post-perihelion with q = 1.25 au

and QdA = 3 × 1028 H2O molecules s−1. The SWAN Lyman α pho-

tometer onboard SOHO measured a peak value of Q = 1.5 × 1028

H2O s−1 near perihelion for the 2002 return but a smaller peak value

of about 9 × 1027 H2O molecules s−1 at 20 d after perihelion for the

2009 return (Bertaux 2015). Preliminary results from the MIRO ob-

servations on Rosetta indicate that the pattern of outgassing process

and gas production rate of 67P during the 2015 return could be simi-

lar to the SWAN values in 2009 (Biver et al. private communication)

(see Fig. 1).

2.2 The solar illumination effect

The outgassing effect of comet 67P is characterized by two impor-

tant aspects. The first one has to do with the remarkable north–south

dichotomy. Because of the 52◦ tilt of the rotational axis of the nu-

cleus to the ecliptic plane (Sierks et al. 2015), only the Northern

hemisphere was illuminated on the inbound leg until equinox in

2015 May. Until this point, the Hapi region was the most important

source region of gas and dust (Biver et al. 2015; Haessig et al. 2015;

Lara et al. 2015; Lin et al. 2015; Sierks et al. 2015). The Southern

hemisphere in shadow was found to emit CO2, CO and other gas

molecules of volatility higher than that of water (Bockelee-Morvan

MNRAS 462, S533–S546 (2016)
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Gas outflow and dust transport of comet 67P S535

et al. 2015; Haessig et al. 2015). The water ice sublimation was

gradually turned on in the Southern hemisphere when it was sunlit

in 2015 May and reached the maximum level at perihelion while

the outgassing rate subsided in the Hapi region. This brings to mind

the second essential feature that is termed ‘solar insolation effect’.

That is, the nucleus surface can emit coma gas with sublimation rate

depending mainly on the solar zenith angle (θ ). Such solar illumina-

tion effect in ice sublimation was analysed quantitatively by Cowan

& A’Hearn (1979). More recently, the azimuthal dependence of the

sublimation process was applied to the nucleus evolution of the

sun-grazing comet C/2012 S1 ISON by Steckloff et al. (2015). In

the case of comet 67P, Bieler et al. (2015) found similar effect by

comparing theoretical models with the ROSINA-COPS measure-

ments. This also means that a strong day–night asymmetry always

exists in the inner coma of comet 67P.

From the orientation of the nucleus (Sierks et al. 2015) and the

shape model obtained by the OSIRIS imaging camera experiment

(Jorda et al. 2016), the diurnal variation of the solar illumination can

be determined. The sublimation rate on a certain facet is assumed

to be given by Z ∼ cos θ . As the nucleus rotates around, each

sunlit facet will experience time variation of the solar radiation flux

and heating effect. In principle, the surface sublimation rate should

be the highest at local noon (θ ∼ 0◦) and taper off to zero as θ

increases from 0◦ to 90◦. To speed up the calculation, the average

value (〈cos θ〉) of the solar zenith angles on the sunlit side over

one rotation is computed for each facet from which an average

sublimation rate is generated by using 〈Z〉 ∼ 〈cos θ〉.
The next step is to estimate the surface temperature of each facet

which can be derived from the following energy balance equation.

The following expression is for the ith facet (Weissman & Kief-

fer 1982):

S⊙(1 − αH) 〈cos θ〉i
RH

2
= ǫσT 4 − L 〈Z〉i . (1)

In the above equation, αH is the albedo (αH = 0.4), S⊙ is the solar

constant at 1 au, RH is the heliocentric distance of the comet, ǫ is

the infrared (IR) emissivity (ǫ = 0.9), σ is the Stefan–Boltzmann’s

constant, L is the latent heat and 〈Z〉 is the local sublimation rate.

We assume the initial gas temperature is equal to surface temper-

ature. In the regions in permanent shadow, we set the temperature

T = 40 K as measured by the MIRO experiment on Rosetta (Schlo-

erb et al. 2015). The water molecules emanate from the surface of

the comet with a half-Maxwellian velocity distribution in which gas

dynamics will be followed by the DSMC (Direct Simulation Monte

Carlo) method. The DSMC code, PDSC++, is a general-purpose par-

allel 2D/2D-axisymmetric/3D DSMC code using unstructured grid,

which is developed by Wu’s group. Some important features of

the PDSC++ include hybrid unstructured mesh, variable time-step

scheme (Wu, Tseng & Wu 2004), transient adaptive sub-cell method

(Su et al. 2010), unsteady simulation (Cave et al. 2008), domain re-

decomposition, automatic steady state detection scheme, parallel

computing technique and chemical reaction based on total collision

energy model (Lo et al. 2015). It also has been applied to the rare gas

flows of cometary comas (Finklenburg et al. 2014; Lai et al. 2016;

Liao et al. 2016; Marschall et al. 2016). In our DSMC calculation,

we neglect the effect of dust particles in the gas flow in accordance

with other DSMC codes (Tenishev, Combi & Rubin 2011).

2.3 The seasonal effect

Fig. 2 shows the spatial variations of the 〈cos θ〉 value between

0 and 0.65 on the first day of each month in 2015. The gradual

southward movement of the sunbelt with the arrival of equinox on

2015 August 15 can be clearly seen. With the gradual illumination

of the Southern hemisphere, the solar heating reaches maximum

at perihelion. It is noted that the time evolution of the sunlit zone

is consistent with the pattern of dust jets emitted from the nucleus

surface as observed by the OSIRIS science camera experiment. In

addition to the sunlit condition, the effective solar radiative flux

will vary with the heliocentric distance RH (see equation 1). The

actual ejection rate (and redeposition rate) of dust particles would

necessarily depend on the corresponding gas sublimation rate and

how much dust can be lifted off.

3 D U S T T R A J E C TO RY C A L C U L AT I O N S

3.1 Gas coma outflow models

For the gas outflow, our approach in agreement with the MIRO

measurements (Biver et al. private communication) is to prescribe

a fraction of about 85 per cent to the total gas production from the

dayside and another fraction of about 15 per cent with a uniform

sublimation rate to the whole surface (Keller et al. 2015). The parti-

tion of the dayside sublimation rate is further assigned by the relative

values of 〈Z〉 in individual facets. If the total gas production rate is

Q(t) at time t, this means that we have basically an isotropic compo-

nent of coma outflow with total gas production Q2 = 0.15Q(t) and

a strong anisotropic component of gas outflow with Q1 = 0.85Q(t)

from the dayside.

Fig. 3 compares the DSMC 3D coma outflow patterns of 2015

January and 2015 August, respectively, showing the switching of

the anisotropic component from north to south. Note the increase

of the flow speed from 600 to 750 m s−1 in this time interval.

The numerical results in three dimensions from the DSMC model

calculations will allow the next step of simulation of launching dust

grains from the nucleus surface.

3.2 The gravitational field of 67P

In a rotating coordinate system attached to the cometary body, the

acceleration of a dust particle can be written as

dv

dt
= adrag + ag + acentrifugal + aCoriolis

= adrag + ag − ω × (ω × r) − ω × vdust, (2)

where adrag is the acceleration of dragging force, ag is the effect

of gravitational acceleration, ω = 2π/P , the rotation period of 67P

which is 12.4 h and r is the distance from the rotational centre of the

comet. The gravity is calculated by constructing a simplify model

based on version SHAP5 (Jorda et al. 2016) of the shape model.

To do this, we discretized the volume in 359419 volume elements.

The gravitational acceleration ag of a small element exhibited at

any point in the 3D space can be written as,

ag = Gρ
∑

r i △ Vi
∣

∣

r
3
i

∣

∣

(3)

where G is the gravitational constant, △Vi is the volume of the

ith elements, ri is the distance from the location to the centre

of this element, and we assume a homogeneous bulk density of

ρ = 532 kg m−3 (Jorda et al. 2016). Because of the irregular shape,

there are some local positions with lower gravitational potential on

the surface of the head, neck and body. The gravitational potential

field distribution was calculated by integration of the gravitational

MNRAS 462, S533–S546 (2016)
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S536 I.-L. Lai et al.

Figure 2. Temporal and spatial variations of the average values of the sunlit angle parameter 〈cos θ〉i from 2015 January to December according to the

cometary shape model provided by the OSIRIS science camera experiment (Jorda et al. 2016).

MNRAS 462, S533–S546 (2016)
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Gas outflow and dust transport of comet 67P S537

Figure 3. A comparison of the coma gas outflow pattern in 2015 January (left) and August (right), respectively. Upper panels: the H2O number density

distributions; lower panels: the velocity distributions and gas streamlines. The total H2O production rates are assumed to be Q(1/2015) = 7 × 1025

molecules s−1 and Q(8/2015) = 1.0 × 1028 molecules s−1, respectively, according to the preliminary results of the MIRO measurements (Biver et al. private

communication).

Figure 4. A Mercator projection of the gravitational potential (U) of comet

67P.

acceleration field. Fig. 4 shows only the potential of gravity on the

nucleus surface and does not include the rotational potential.

3.3 The dust motion

We consider the dust grain as a spherical icy particle with a cross-

section σ d = πa2, where a is the grain radius. The acceleration of

the dust particle due to the drag force can be written as (Marschall

et al. 2016)

adrag =
1

2
Cdσd(vgas − vdust)

∣

∣

vgas − vdust

∣

∣ ρgas, (4)

Figure 5. An illustration of the dust particle size distribution and the size

binning adopted in the present study.

MNRAS 462, S533–S546 (2016)
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S538 I.-L. Lai et al.

Figure 6. The temporal and spatial variations of the escape efficiency (0 for no escape and 1 for total escape) of cometary dust particles of different median

sizes ranging from 3 nm (the median value in size bin no. 1) to 3 cm (the median value in size bin no. 14) in 2015 January.

MNRAS 462, S533–S546 (2016)
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where vgas is the velocity of the local gas flow, vdust is the velocity of

dust particle, ρgas is the mass density of the local gas flow and Cd is

the drag coefficient that can be defined as (Marschall et al. 2016),

Cd =
2s2 + 1
√

πs
+

4s4 + 4s2 − 1

2s4
erf (s) +

2
√

π

3s

√

Tdust

Tgas

, (5)

s =
∣

∣

vgas − vdust

∣

∣

√

2kTgas

mgas

, (6)

where Tgas is the temperature of the gas, Tdust is the temperature

of the dust (assume Tgas = Tdust), and no specular reflection of the

gas molecules at impact with the dust grains because of the porous

structure of the grain surface.

Because of differences in size and mass, dust grains with radii

from sub-micron to cm would experience different gravitational

force and viscous gas drag effects. To begin with, the dust size dis-

tribution is assumed to follow a power-law distribution dn/da ∼ a−b,

where b is the power-law index. As illustrated in Fig. 5, the power-

law distribution has a break at a = 1 mm with b1 = 2 for a < 1 mm

and b2 = 4 for a > 1 mm, according to the observations of the dust

coma of comet 67P (Fulle et al. 2010, 2016). In our study, this size

distribution is divided into 14 size bins in logarithmic scale between

2.8 µm and 4.5 cm. See Lin et al. (2016) for examples of velocity

profiles of dust grains with different sizes.

For each size bin, 400 000 particles are placed randomly over

the whole nucleus surface for the specific time under consideration.

Because of the finite size of the facets, test particles emitted from

the same facet could have somewhat different trajectories. In the

airfall scenario of Thomas et al. (2015), an important parameter

is the escape efficiency of the test particles in different size bins.

Figs 6 and 7 illustrate the distribution of this parameter across

the nucleus surface of comet 67P for different dust sizes in 2015

January and August, respectively. As can be seen in Fig. 6, during

the northern summer the escape flux of large particles (a ∼ 0.1 mm)

would be limited even in the regions with strong solar illumination.

It is however, possible that in some localized areas characterized

by collimated jet structures mm-sized dust would be ejected (Lara

et al. 2015; Lin et al. 2015, 2016). Dust particles that are accelerated

to beyond the escape velocity will move into the expanding dust

coma and dust tail and eventually become a part of the interplanetary

dust medium.

In Fig. 7, we see that at the peak of the gas production rate near

perihelion passage in 2015 August dust grains up to 10 mm can be

ejected from the nucleus surface. It is therefore likely that a pop-

ulation of cm-sized grains would have been injected into the dust

coma in this time period under normal condition. On the occasions

of large outbursts as often seen between 2015 July and September,

that might have been generated by thermal stress and/or cliff col-

lapse (Vincent et al. 2015, 2016), particles of even metre-size could

be ejected (Pajola et al. 2015). The validity of this approximation

depends on the radiative cooling process of the nucleus surface as

examined by Sekanina (1988, 1992).

4 E RO S I O N V E R S U S BU I L D U P O F R E G O L I T H

L AY E R S

4.1 The ballistic transport of the dusty material

The return flux of the non-escaping dust grains and re-distribution

among different facets on both the dayside and nightside will depend

on the exact trajectories of individual particles. Fig. 8 illustrates the

Figure 8. Examples of the trajectories of non-escaping dust particle across

the nuclear surface. The black spots show the launching points of the dust

particles.

ballistic motion of some non-escaping dust grains across the nucleus

surface. In the present scenario, it is assumed that the particles after

surface impact will rebound (as in the case of the Philae lander) in

random direction because the nucleus surface should be relatively

rough at mm scale. In any event, the case of re-bounce in the original

impact direction has been tested and no major difference was found

in the results. It is also assumed that the ejection speed is 50 per cent

of the impact speed to account for inelastic collision. As shown, the

hopping distances of the rebounding particles are generally small

and the final residence locations are usually in the neighbouring

facets around the first impact sites.

4.2 The dust mantle building

If the sublimation rate 〈Z〉, escape efficiency and global map of

re-impact points of different size bins are computed for each facet

according to the above-mentioned numerical procedure, we would

be in the position to estimate the mass erosion rate and mass ac-

cretion rate of the regolith layers in various regions of the nucleus

surface. A key step is to give a weighting factor to each launched

test particle in our simulation such that such a simulated macro-

particle can represent the mass of many dust grains in the real

situation. The approach we follow is to sum up the number of

emitted particles in different bin sizes to reconstruct a pseudo-

size frequency distribution (dn/da) for each facet. We note that

the pseudo-SFDs so obtained might not be exactly the same as

the original SFD plotted in Fig. 5 because of the nature of our

Monte Carlo model calculation. The integral mass flux contained

in this ensemble of dust particles is assumed to be proportional to

the sublimation rate of the facet in question. The differential mass

flux contained in individual size bins can be computed by taking

into account the relative mass ratios (β j) from size bin j = 1–14.

Finally, the mass escape rate represented by each macro-particle in

the jth size bin emitted from the ith facet with sublimation rate 〈Z〉i

and a cross-section Ai is obtained by Wij = ξβ jAi〈Z〉i/Kij, where ξ

is the dust-to-gas mass ratio and Kij is the number of ejected test
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Gas outflow and dust transport of comet 67P S541

Figure 9. Examples of the spatial distributions of the mass-loss rate, mass influx and net mass change rate (in unit of kg m−2 per month) of several selected

dust sizes in 2015 January.

particles of the jth size bin. Following Fulle et al. (2016), we assume

ξ = 6.

The launch of Kij particles from the facet ‘i’ with the weighting

factor Wij means a mass-loss rate of △Ṁij (−) = ξβjAi 〈Z〉i . The

total mass-loss rate of this facet is therefore Ṁi(−) =
∑

j △Ṁij

by summing up contributions of dust particles in different size

bins. At the same time, the impact of a macro-particle with the

weighting factor Wi′j ′ at the ith facet will be recorded as a mass

accretion rate given by Wi′j ′ and the total mass accretion rate of

this facet will be given by Ṁi(+) =
∑

i′
∑

j ′ Wi′j ′ . The net mass

change (increase or loss) rate of the ith facet is therefore given by

Ṁi = Ṁi(+) + Ṁi(−).

Fig. 9 gives snapshots of the Ṁi(−), Ṁi(+) and Ṁi over the

nucleus surface in 2015 January. Because of the solar illumination

condition, erosion sublimation occurs only above the equator. The

left-hand panels for Ṁi(−) illustrate the hot spots of mass-loss

because of sunlit condition (see Fig. 6). Only dust particles of size

<0.1 mm would be ejected because of the relatively weak gas

production rate of 7 × 1025 molecules s−1 globally. However, we

note that larger grains could be emitted at localized areas because

of jet activity (Lara et al. 2015; Lin et al. 2015). The middle panels

give us some idea on how the airfall effect would refill the nucleus

surface with the dust emitted from the hot zones. The right-hand

panels show the net result Mi identifying the Ash and Ma’at regions

as the most affected by erosion sublimation (Ṁi < 0) whereas the

Hapi region as a place with mass net gain (Ṁi > 0) even though the

amount is small (Ṁi ∼ 0.6 kg m−2 per month).

Fig. 10 gives examples of the surface mass change rates in 2015

August. Because of the strong gas production rate, dust particles

with a ∼ 10–20 mm will be ejected from the Southern hemisphere.

The dust grains in this size range do not move too far away from

their source regions. The effective mass transport effect is therefore

not significant (see panels for size bin 13). Instead, it is the dust

population in the size range of about 0.1–1.0 mm (i.e. size bin ∼5–

8 in Fig. 10) that will be important in the mass transport process.

The southern provinces, especially the Bes and Wosret regions, are

losing mass during the perihelion passage. On the other hand, the

northern provinces, Hapi region in particular, can quickly add a new

MNRAS 462, S533–S546 (2016)
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S542 I.-L. Lai et al.

Figure 10. Same as Fig. 9 but for 2015 August.

regolith layer because of the dust infall with Ṁ ∼ 50 kg m−2 per

month.

5 R E SU LT

Fig. 11 compares the mass change over the nucleus surface in 2015

January and August, respectively. The monthly mass change is es-

timated by multiplying the corresponding mass change rate of each

size bin with the time (△t = 30 d) and then sum them all up. In

January, the outgassing activity above the equator leads to mass-

loss in most parts of the Northern hemisphere except for the Hapi

region. Some of the dust ejected will be recycled (redeposition) to

the Southern hemisphere that was in darkness at that time. During

perihelion passage in August, the gas production rate in our model is

high enough that even the isotropic background outflow discussed

in Section 3 can accelerate micron-sized particles (size bin 1–3)

away from the nucleus surface (see Fig. 6). As a consequence, only

a patch of limited area in the Hapi region can retain mass influx of

this size range.

As an approximation to the evolution of the regolith layer, we

repeat the same computational procedure for all months of 2015

using the gas production rate at the beginning of each month as

described in Fig. 1. The corresponding net mass changes month by

month so obtained are added together to produce the cumulative

mass change in global scale.

Fig. 12 shows the increase or decrease of the dust mantle ob-

tained by dividing the cumulative mass change with the nucleus

bulk density ρ of 0.53 g cm−3 (Jorda et al. 2016). According to our

model calculation limited to the time interval between 2015 January

and December, the Hapi region has net gain of dust mass with the

development of an additional regolith layer of thickness of ∼0.4 m

(at least) in one orbit. Everywhere else except for some localized

spots would lose mass. The southern side of the Bes and Wosret

region appears to be subject to a high level of mass-loss.

In Fig. 13, the geomorphologies of several regions on comet

67P are compared with the numerical results. In good agreement

with Thomas et al. (2015), the Hapi region is heavily covered by

dust as a consequence of the airfall effect (Figs 13 a and b). How-

ever, the major dust mantle buildup is found to take place near

perihelion when the outgassing activity was the strongest in the

Southern hemisphere. Dust-filled regions with limited thickness

of the regolith layers might exist in the top parts of Imhotep and

MNRAS 462, S533–S546 (2016)
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Gas outflow and dust transport of comet 67P S543

Figure 11. A comparison of the net mass gain (or loss) rates in 2015 January and August, respectively, by integrating together all 14 size bins in unit of

kg m−2 per month.

Figure 12. The integral change of thickness of the regolith layer from 2015

January to 2015 December.

Hatmeit, respectively. This conjecture appears to be supported by

the OSIRIS observations (see Figs 13 c–f). Finally, the Southern

hemisphere should be largely clear of dust-rich regolith layer be-

cause of the strong outgassing activity at and after perihelion (see

Fig. 1). However, some localized patches in the southern neck in the

vicinity of Anhur and Sobek could still harbour sand ponds. This nu-

merical result is also consistent with the observed geomorphology

shown in Figs 13(g) and (h).

6 SU M M A RY A N D D I S C U S S I O N

Based on the studies of the surface mass erosion and transport be-

fore and in the early phase of the Rosetta mission (Bertaux 2015;

Keller et al. 2015; Thomas et al. 2015), a first-generation numer-

ical model of the regolith growth on comet 67P is produced by

integrating several key elements. These include the time profile of

the water production rates derived from ground-based, space-born

and Rosetta observations (de Almeida et al. 2009; Bertaux 2015;

Biver et al. private communication). The peak value of the water

production rate is taken to be 1028 molecules s−1 which is subject to

change upon more detailed analyses (Biver et al. private communi-

cation). Following a simple solar illumination effect in the control

of surface sublimation, the average value of the cosine of the so-

lar zenith angle (θ ) according to the nucleus shape model (Jorda

et al. 2016) in each facet is computed and the average sublimation

rate of a facet follows the relation: 〈Z〉 ∼ 〈cos θ〉. The global dis-

tribution of the surface sublimation rates is further divided into two

components. One of the gas components is assumed to accounts

MNRAS 462, S533–S546 (2016)
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S544 I.-L. Lai et al.

Figure 13. Comparison of the surface geomorphology with the simulation results: (a and b) Hapi; (c and d) Imhotep; (e and f) Hatmeit and (g and h) Southern

hemisphere. See Table 1 for the image information.

for 85 per cent of the total gas production rate and the anisotropic

gas emission pattern is determined by the cosine law. The second

component, containing 15 per cent of the total gas production rate,

has an isotropic gas sublimation rate that is independent of the

solar zenith angle. Such partition of the gas emission rates has been

indicated by the MIRO observations of the water gas coma (Biver

et al. private communication).

To derive the dust production rate and the related mass transport

process, we make use of the dust size frequency distributions re-

ported by Fulle et al. (2016). Coupled with the time profile of the

gas production rates, the ejection and re-impact of dust particles of

different sizes can be simulated at different orbital phases of comet

67P. In the present study, the focus is on the dust mantle devel-

opment in 2015. We can examine the step-by-step mass exchange

between various surface regions as the sunlit zone progresses from

the Northern hemisphere to the Southern hemisphere. This model

calculations show how the Hapi region could gain a new regolith

with thickness of about 0.4 m at least in each orbit. The lack of

wide-spread dust cover on the southern provinces like Geb and

Anhur can also be understood.

There are several things to follow up in future investigations. For

example, upon the availability of the ‘official’ gas production rate

curve we would be able to produce a more accurate model with

longer time coverage (to 2016, say). A deeper understanding of the

sublimation process would allow a more realistic description of the

parametric dependence of the gas production rates in different areas.

The phenomenological relation of 〈Z〉 ∼ 〈cos θ〉 cannot explain well

why the Hapi region was observed to be the major source region

MNRAS 462, S533–S546 (2016)
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Gas outflow and dust transport of comet 67P S545

Table 1. The images used in this study.

Figure ImageID Distance (km)a Pixel scale (m)

13a NAC_ 2014-08-20T01.42.54.569Z_ IDB0_ 1397549300_ F22 85.9 1.5

13c NAC_ 2015-05-02T04.54.10.779Z_ ID30_ 1397549002_ F41 125.4 2.3

13e NAC_ 2014-08-05T23.20.11.041Z_ IDB0_ 1397549300_ F41 123.4 2.3

13g NAC_ 2016-01-27T17.20.08.041Z_ ID30_ 1397549000_ F22 70.4 1.3

aThe distance between spacecraft and the centre of comet 67P.

of gas and dust jets (Lin et al. 2015; Sierks et al. 2015) when the

Northern hemisphere was in sunlight. It may therefore be interesting

to include self-heating (Keller et al. 2015) into the analysis even

though it is outside the scope of the present study.

For future work, the effect of the diurnal outgassing behaviour

should also be incorporated. In this regard, it should be mentioned

that the deceleration of the dust grains by the gas outflow during their

re-entry might be important in screening the returning sub-mm dust

grains from reaching the north winter hemisphere near perihelion

as discussed by Fulle et al. (2016). Another effect has to do with

the higher and higher level of recycle of non-escaping dust grains

of increasing sizes until the cutoff point where no dust particles

with larger size will be lifted off from the facets. The combined

effect might provide a physical mechanism in producing a flatter

size distribution (b1 ∼ 2) for small dust grains (i.e. b1 ∼ 2 and b2 ∼ 4

as illustrated in Fig. 5) emitted from Hapi region even though the

original size distribution of the dust from the source region in the

Southern hemisphere should be characterized by both b1 and b2

being equal to 4. We plan to examine this process quantitatively

in future work. Finally, violent outbursts probably triggered by

explosive events or cliff collapse as discussed by Vincent et al.

(2016) could potentially play an important role in mass transport if

a large amount of materials is ejected. With such scenario in mind,

the detailed comparison of the small geomorphological features (i.e.

pits and boulders) imaged before and after perihelion would be most

interesting.
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