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A B S T R A C T 

Between 2014 December 31 and 2015 March 17, the OSIRIS cameras on Rosetta documented the growth of a 140 - m wide and 

0 . 5 - m deep depression in the Hapi region on Comet 67P/Churyumov–Gerasimenko. This shallow pit is one of several that later 
formed elsewhere on the comet, all in smooth terrain that primarily is the result of airfall of coma particles. We have compiled 

observations of this region in Hapi by the microwave instrument MIRO on Rosetta , acquired during October and No v ember 
2014. We use thermophysical and radiative transfer models in order to reproduce the MIRO observ ations. This allo ws us to 

place constraints on the thermal inertia, dif fusi vity, chemical composition, stratification, extinction coefficients, and scattering 

properties of the surface material, and how they evolved during the months prior to pit formation. The results are placed in 

context through long-term comet nucleus evolution modelling. We propose that (1) MIRO observes signatures that are consistent 
with a solid-state greenhouse effect in airfall material; (2) CO 2 ice is sufficiently close to the surface to have a measurable effect 
on MIRO antenna temperatures, and likely is responsible for the pit formation in Hapi observed by OSIRIS; (3) the pressure at 
the CO 2 sublimation front is sufficiently strong to expel dust and water ice outwards, and to compress comet material inwards, 
thereby causing the near-surface compaction observed by CONSERT, SESAME, and groundbased radar, manifested as the 
‘consolidated terrain’ texture observed by OSIRIS. 

Key words: conduction – diffusion – radiative transfer – methods: numerical – techniques: radar astronomy – comets: individ- 
ual: 67P/Churyumov–Gerasimenko. 
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 I N T RO D U C T I O N  

ear-nucleus operations of the ESA Rosetta/Philae spacecraft 
Glassmeier et al. 2007 ) at Comet 67P/Churyumov–Gerasimenko 
hereafter, 67P) began 2014 August 6 and ended 2016 September 30 
Taylor et al. 2017 ). The OSIRIS (Keller et al. 2007 ) Narrow Angle
amera (NA C) and W ide Angle Camera (WA C) revealed a geo-

ogically diverse landscape with two major types of morphological 
nits: consolidated terrain that constitutes topographically complex 
tructures, and smooth terrain dominated by < ∼ 1 cm -sized chunks 
Mottola et al. 2015 ; Pajola et al. 2017 ) that form vast plains (e.g.
ierks et al. 2015 ; Thomas et al. 2015a ; El-Maarry et al. 2015b ) that
losely follow equipotential surfaces (i.e. slopes with respect to the 
ocal gravity field are small, often < 5 ◦; Auger et al. 2015 ; Sierks
t al. 2015 ; Pajola et al. 2019 ). The Southern hemisphere, that is
trongly illuminated near perihelion (Keller et al. 2015b ), consists 
rimarily of exposed consolidated terrain (El-Maarry et al. 2016 ). 
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he Southern hemisphere is a source of large coma particles that rain
own on the Northern hemisphere (that experiences polar night near 
erihelion) as airfall (Keller et al. 2015b , 2017 ; Thomas et al. 2015b ;
u et al. 2017 ; Davidsson et al. 2021 ). Airfall thereby contributes

o the formation of smooth terrain, often on top of partially exposed
onsolidated terrain (Thomas et al. 2015a , b ; El-Maarry et al. 2015b ).

In May 2015, three months pre-perihelion, the large (0 . 8 km 

2 )
mooth terrain at Imhotep (for region names and definitions, see 
homas et al. 2018 ) started to display morphological changes in the

orm of several roundish shallow features that grew and merged 
 v er the following months (Groussin et al. 2015b ). For brevity,
e occasionally use the more informal ’pits’ for such shallow 

epressions. The escarpments that constituted the rims of these pits 
ad heights on the order of one metre and mo v ed with speeds at 0.2–
 . 3 m h −1 (Groussin et al. 2015b ). The largest single feature grew
o a diameter of 220 m, and these morphological changes eventually
ffected 40 per cent of the surface area of the Imhotep smooth terrain
Groussin et al. 2015b ). Similar phenomena were later observed in
everal smooth terrains on different parts of the comet (El-Maarry 
t al. 2017 ; Hu et al. 2017 ; Birch et al. 2019 ; Bouquety et al. 2022 ). 

http://orcid.org/0000-0002-8725-6644
http://orcid.org/0000-0001-7678-3310
http://orcid.org/0000-0002-7332-6269
http://orcid.org/0000-0003-4277-1738
http://orcid.org/0000-0002-5058-613X
http://orcid.org/0000-0001-8475-9898
http://orcid.org/0000-0003-3924-1867
mailto:Bjorn.Davidsson@jpl.nasa.gov


6010 B. J. R. Davidsson et al. 

M

 

m  

T  

e  

p  

i  

m  

k  

t  

w  

w  

i  

T  

a  

e  

d  

a  

t  

t  

t  

a  

m  

G  

t  

S  

a  

q
 

o  

m  

e  

u  

n  

t  

o  

s  

(  

s  

a
 

w  

s  

D  

2  

o  

t  

i  

i  

a  

t  

u  

2  

d  

t  

t  

t  

e  

m  

c  

f  

M  

a  

t  

s  

f  

t  

c  

t  

c  

o
 

i  

i  

c  

r  

a  

S  

t  

s  

a

2

2

2

T  

t  

P  

H  

s  

h  

b  

b  

r  

b  

o  

(  

 

1  

o  

l  

b  

a  

f  

g  

e  

o  

(
 

J  

F  

d  

h  

r  

i  

f  

b  

1 ht tps://www.cosmos.esa.int /web/psa/roset ta 
2 https:// pds-smallbodies.astro.umd.edu/ data sb/ missions/rosetta/index.sht 
ml 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/6009/6696016 by C
IS Psicologia Biblioteca F.M

etelli - U
niversita degli Studi di Padova user on 30 January 2023
Thus far, the characterization of expanding pits and moving escarp-
ents has relied e xclusiv ely on visual images and spectrophotometry.
his provides snapshots of the pit morphology that can be used to
stablish a time-line of how the pit size and shape evolved, and it
laces some constraints on composition. Ho we ver, this information
s not sufficient in order to understand why the pits form or what
echanisms are responsible for their evolution. We also do not

now the physical properties of the near-surface material (such as
emperature, porosity, and thermal inertia), and we do not know
hich volatiles are present, at what depths they are encountered, or
hat vapour pressures they are capable of reaching. Furthermore, it

s necessary to know the thermal history of the location in question.
his requires calculating the amount of energy that is available at
n y giv en moment to driv e changes, and to understand the previous
volution that has led up to the current conditions. Only with such
etailed information available it is possible to develop a pit formation
nd evolution scenario that is quantitative and not merely qualitative,
hat is physically realistic and consistent with observational data, and
hat explains why the phenomenon starts and ends at given points in
ime. We here take the first step of expanding the database of physical
nd chemical properties at pit formation sites by using observations
ade by Rosetta /MIRO (Microwave Instrument for Rosetta Orbiter;
ulkis et al. 2007 ), and apply the state-of-the-art comet nucleus

hermophysics model NIMBUS (Numerical Icy Minor Body evolUtion
imulator; Davidsson 2021 ) in order to analyse the MIRO data
nd to provide the contextual information necessary to develop a
uantitative understanding of the pit formation phenomenon. 
This work is important because we still have a poor understanding

f comet activity (a post- Rosetta analysis of the state of affairs is
ade by Keller & K ̈uhrt 2020 ). Pit growth is one of the most dramatic

xpressions of comet activity observed by Rosetta . Reaching an
nderstanding of how and why these pits form and grow is therefore
eeded in order to better understand comet activity itself. One of
he four main measurement goals of the Rosetta mission was ‘Study
f the development of cometary activity and the processes in the
urface layer of the nucleus and inner coma (dust/gas interaction)’
Schwehm & Schulz 1999 ). If the problem of pit growth could be
olved, substantial progress could be made to understand comet
ctivity and fulfil a key Rosetta science goal. 

As stated previously, Imhotep was not the only smooth terrain in
hich pits were formed. In this paper, we focus on one particular

et of shallow pits in the Hapi region, that formed around 2014
ecember 31 and grew until growth stopped sometime between
015 February 28 and March 17. Hapi is a smooth terrain located
n the Northern hemisphere on the neck between the two lobes of
he comet (Sierks et al. 2015 ). Its properties have been described
n detail by Pajola et al. ( 2019 ). We use a sequence of OSIRIS
mages to reconstruct the temporal evolution of the depressions,
s well as OSIRIS spectrophotometry to obtain constraints on
he composition of the material within, and around, the pits. We
se observations by MIRO acquired in October and No v ember
014, that provides the thermal emission of the surface material
uring the months leading up to pit formation. A combination of
hermophysical and radiative transfer models are employed in order
o analyse the MIRO microwave data and to place constraints on
he thermal inertia, dif fusi vity, chemical composition, stratification,
xtinction coefficients, and scattering properties of the near-surface
aterial. From this analysis, we infer that significant changes in

hemical stratification and physical properties took place prior to pit
ormation. We use thermophysical models of the nucleus from the

ay 2012 aphelion to mid-March 2015 to place our findings into
 broader context. This allows us to place important constraints on
NRAS 516, 6009–6040 (2022) 
he properties of airfall material (by demonstrating the presence of a
olid-state greenhouse effect), and on the mechanism responsible
or morphological changes in smooth terrain (by demonstrating
hat the MIRO observations and the timing of pit formation are
onsistent with CO 2 -dri ven acti vity). Furthermore, we demonstrate
hat such activity may be responsible for the observed near-surface
ompaction of cometary material, and ultimately for the formation
f consolidated terrain. 
Section 2 describes the observational data, specifically, OSIRIS

mages and spectrophotometry in Section 2.1 , and MIRO data
n Section 2.2 . Section 3 summarizes our models: illumination
onditions (Section 3.1 ); a relatively simple (Section 3.2 ) and a
elati vely adv anced (Section 3.3 ) nucleus thermophysical model; and
 radiative transfer model (Section 3.4 ). Our results are described in
ection 4 , focusing on the MIRO October 2014 data (Section 4.1 ),

he MIRO No v ember 2014 data (Section 4.2 ), and the conte xtual
imulations (Section 4.3 ). These results are discussed in Section 5
nd our conclusions are summarized in Section 6 . 

 OBSERVA  T I O NA L  DA  TA  

.1 OSIRIS obser v ations 

.1.1 OSIRIS imaging 

he images shown in this section (Sierks et al. 2020) are available on
he ESA Planetary Science Archive (PSA 

1 ), as well as on the NASA
lanetary Data System (PDS 

2 ). Fig. 1 (upper left-hand panel), shows
api and its surroundings – Seth on the large lobe to the left, and the

teep Hathor cliff of the small lobe to the right. Fig. 1 (upper right-
and panel), shows a 213 × 213 m part of Hapi, at a location marked
y a square in the upper left-hand panel. Here, Hapi is dominated
y material with a particle size smaller than the 0 . 35 m px −1 spatial
esolution, forming a rather flat plain. The plain is co v ered with
oulders with sizes ranging from the resolution limit to several tens
f meters. Three boulders have been labelled for reference purposes
B1–B3). Note the ridge abo v e B3, running parallel to the B1–B2 line.

Fig. 1 (upper right-hand panel), was acquired on 2014 December
0, prior to any detectable change. The first-known indications
f changes are from 2014 December 30, where Fig. 1 (lower
eft-hand panel) shows two crescent-shaped dark features between
oulders B1 and B2. The two features, indicated by the arrows,
re 4 . 9 ± 0 . 5 and 7 . 7 ± 0 . 5 m across, respectively. During the
ollowing 12.10 d (Fig. 1 , lower right-hand panel), the features
rew in size to 12 . 9 ± 2 . 6 and 13 . 1 ± 2 . 6 m. If assuming circular
xpansion, that corresponds to average radial propagation velocities
f 0 . 33 ± 0 . 13 m d −1 (13 . 7 ± 5 . 4 mm h −1 ) and 0 . 22 ± 0 . 13 m d −1

9 . 4 ± 5 . 4 mm h −1 ). 
The upper left-hand panel image in Fig. 2 was taken on 2015

anuary 22, or 11.40 d after the lower right-hand panel image in
ig. 1 . The two features have now merged into a single shallow
epression located between boulders B2 and B3, and a new feature
as appeared to the left of boulder B2. The large depression to the
ight has a length of ∼ 63 m and a width of ∼ 22 m. The escarpment
s located 30 . 9 m from B2 in the direction towards B3, and is 42 . 6 m
rom B3 along the same line. The features appeared near the line
etween B1 and B2, thus the escarpment has mo v ed about 22 m

https://www.cosmos.esa.int/web/psa/rosetta
https://pds-smallbodies.astro.umd.edu/data_sb/missions/rosetta/index.shtml


Surface changes on Comet 67P 6011 

Figure 1. Upper left-hand panel: NAC context image of Hapi and surroundings taken on 2014 August 30. The large lobe is to the left and the small 
lobe is to the right (outside the image). The distance from Rosetta to the comet surface was approximately 55 . 5 km and the resolution was 0 . 98 m px −1 . 
The square marks the area in which the currently discussed changes took place, and is the approximate field of view in the upper right panel. Image 
MTP006/n20140830t034253546id20f22.img. Upper right-hand panel: This NAC image of a small portion of the Hapi region was acquired on 2014 December 
10, prior to any detectable change (see the upper left-hand panel for context). The distance from Rosetta to the comet surface was ∼19 . 9 km and the resolution was 
0 . 35 m px −1 . The boulder B1 measures 27 . 4 ± 0 . 4 m across. Boulders B2 and B3 are 1 . 8 ± 0 . 4 m and 2 . 1 ± 0 . 4 m across, respectively, and the projected distance 
between the two is 65 . 5 ± 0 . 4 m. Image MTP010/n20141210t062855791id20f22.img. Lower left-hand panel: This NAC image, taken on 2014 December 30, 
sho ws the first-kno wn indications of changes (two dark features marked with arrows). The distance from Rosetta to the comet surf ace w as approximately 27 . 8 km 

and the resolution was 0 . 49 m px −1 . The surface is seen at a high emergence angle that distorts the perspective. The left feature is 4 . 9 ± 0 . 5 m across, and the 
right feature is 7 . 7 ± 0 . 5 m across. Image MTP011/n20141230t081300834id20f22.img. Lower right-hand panel: This WAC image w as tak en on 2015 January 
11. The distance from Rosetta to the comet surface was approximately 27 . 1 km and the resolution was 2 . 57 m px −1 . The features have grown with respect to the 
lower left-hand panel. The left feature is 12 . 9 ± 2 . 6 m across, and the right feature is 13 . 1 ± 2 . 6 m across. Image MTP011/w20150111t125858091id20f13.img. 
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n 23.5 d, yielding an average propagation speed of approximately 
 . 9 m d −1 . About 28 m right of B2 there is a rim with a slope facing
ight, and ∼ 27 m f arther aw ay is a second rim with a slope facing left.
f this quasi-circular structure is interpreted as the expanded 13 . 1 m
eature in Fig. 1 (lower right-hand panel), those rims propagated with 
 speed of about 0 . 6 m d −1 . These speeds are 2–4 times higher than
hose measured for the period 2014 December 30 to 2015 January
1, suggesting that the propagation speed may have accelerated. 
At the time the image in Fig. 2 (upper left-hand panel) w as tak en,

he solar incidence angle was ∼68 ◦ (for facet F#1, see Section 3.1 ).
ecause the horizontally oriented rims in that image cast shadows 

nto the depressions, we can infer that the rims have slopes steeper
MNRAS 516, 6009–6040 (2022) 
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M

Figure 2. Upper left-hand panel: This is a portion of a NAC image taken on 2015 January 22, and shows two shallow and flat-bottomed depressions that were 
not present six weeks earlier (Fig. 1 ). The distance from Rosetta to the comet surface was an approximately 27 . 3 km and the resolution was 0 . 49 m px −1 . The 
projected distance between boulders B1 and B2 is 73 . 1 ± 0 . 4 m. Image MTP012/n20150122t223400384id20f22.img. Upper right: Close-up of the left feature 
in the upper left-hand panel, on 2015 January 22. Lower left-hand panel: Close-up of the left rim of the right feature in the upper left-hand panel, on 2015 
January 22. Lower right-hand panel: Close-up of the right rim of the right feature in the upper left-hand panel, on 2015 January 22. 
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han ∼68 ◦. Based on the length of these shadows being 1–2 m, the
epth of the depressions can be estimated as 0 . 5 ± 0 . 1 m. 
The isolated depression to the left is roughly triangular in

hape with dimensions ∼ 29 m by ∼ 20 m. The surface area is an
pproximately 290 m 

2 , and the volume affected by the change is
bout 140 m 

3 , corresponding to nearly 80 metric tons of material
f assuming that the density is identical to the nucleus bulk density
bulk = 535 kg m 

−3 (Preusker et al. 2015 ; Jorda et al. 2016 ). 
The lower rim is diffuse and featureless. The rest of the rim, seen
agnified in Fig. 2 (upper right-hand panel), is continuous and seems

o consist of a number of weakly curved segments, each being a few
eters in size. If mass wasting takes place at the steep rims, this
aterial is too small to be resolved. Compared to the immediate

urroundings, the bottom of the depression has a larger degree of
esolved roughness, at least in the upper half of the depression. 

The left half of the large depression to the right in Fig. 2 (upper left-
and panel), is seen magnified in Fig. 2 (lower left-hand panel). An

5 m wide region, tracing the curved escarpment, appears rougher
t resolved size scales than the material below. The smoother material
ay form a tongue-shaped feature (just right of B2 in Fig. 2 ), upper

eft-hand panel, though the contrast is poor. 
NRAS 516, 6009–6040 (2022) 
Fig. 2 (lower right-hand panel) is a close-up of the right part of
he right depression in Fig. 2 (upper left-hand panel). The rim lacks
hadows in two places, suggesting that the slope locally is less than
68 ◦. Just below the rim, the floor of the depression is hummocky

n appearance, with a half-dozen relatively bright structures visible.
ust right of the central boulder in Fig. 2 (lower right-hand panel),
 number of concavities and hills are seen on the floor of the 
epression. 
The upper left-hand panel image in Fig. 3 taken on 2015 February

, or 13 . 12 d after the upper left-hand panel image in Fig. 2 , shows
hat the two depressions have merged, having a common escarpment.
he width of the bridge between the depressions in Fig. 2 (upper

eft-hand panel) was 7 . 4 m, suggesting a propagation velocity of
0 . 28 m d −1 if both depressions grew at similar speeds. The width

f the depression, as measured from the B1–B2 line towards the
scarpment near B2, varies between 30–45 m, suggesting an average
ropagation velocity of 0.8–1 . 2 m d −1 for the escarpment. The
istance between boulders B2 and B3 is 75 . 1 ± 2 . 1 m in the image
lane. Since 2015 January 22, the distance from the escarpment to
oulder B3 decreased from ∼ 43 to ∼ 21 m, suggesting a propagation
elocity of ∼ 1 . 7 m d −1 . Considering that the propagation speed from

art/stac2560_f2.eps


Surface changes on Comet 67P 6013 

Figure 3. Upper left-hand panel: On 2015 February 5, the two depressions have merged into a single one. The distance from Rosetta to the comet surface 
was approximately 58 . 9 km and the resolution was 1 . 05 m px −1 . Image MTP012/n20150205t013716672id20f41.img. Upper right-hand panel: This NAC 

image w as tak en on 2015 February 9. The distance from Rosetta to the comet surface was approximately 106 . 1 km and the resolution was 1 . 89 m px −1 . 
MTP012/n20150209t123142699id20f22.img. Lower left-hand panel: This NAC image was taken on 2015 February 28. The distance from Rosetta to the comet 
surf ace w as approximately 108 . 3 km and the resolution was 1 . 93 m px −1 . Image MTP013/n20150228t044349351id20f22.img. Lower right-hand panel: This 
NAC image w as tak en on 2015 March 17. The distance from Rosetta to the comet surf ace w as approximately 77 . 2 km and the resolution was 1 . 37 m px −1 . 
Image MTP014/n20150317t061250371id20f22.img. 
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ig. 1 (lower right-hand panel) to Fig. 2 (upper left-hand panel) was
stimated as 0 . 9 m d −1 , again suggests acceleration. At this stage, the
ull length of the depression was ∼ 140 m. 

Fig. 3 (upper right-hand panel) was taken on 2015 February 
, 4.45 d after Fig. 3 (upper left-hand panel). The escarpment 
s now 13 ± 4 m from B3, suggesting a propagation speed of
 . 8 ± 0 . 9 m d −1 , which is similar to the speed during the previous
wo weeks. The irregular shape of the escarpment suggests that 
here are some differences in propagation speed in different places. 
lthough the resolution is comparatively poor, there is some 

ndication of a rougher region just behind the escarpment, compared 
o much earlier locations. 

The next image of this region was taken 23.13 d after Fig. 3 (upper
ight-hand panel) on 2015 February 28. As seen in Fig. 3 (lower
eft-hand panel), the escarpment passed underneath boulder B3, and 
ontinued ∼ 15 m beyond it. The projected distance between B2 
nd B3 is ∼ 83 m. The distance from boulder B2 to the escarpment
ncreased by ∼ 34 m with respect to Fig. 3 (upper right-hand panel),
mplying an escarpment propagation velocity of ∼ 1 . 5 m d −1 . This
 i  
s similar to the speed measured since 2015 January 22, implying
uasi-constant progression for about a month. 
The last image of this region before perihelion with ∼ 1 m px −1 

esolution w as tak en on 2015 March 17, and is shown in Fig. 3 (lower
ight-hand panel). During these 17.06 d, the escarpment mo v ed v ery
ittle, suggesting that it came to a halt at the beginning of March. The
otal size of the region affected by this phenomenon is about 100 m
ide and about 140 m long. For simplicity, this region is hereafter

eferred to as ‘Hapi D’ (D for depression). Thus, a total area of
14 000 m 

2 was crossed by the escarpment, and considering the 
.5-m depth, the volume affected was ∼7000 m 

3 . This corresponds
o ∼3700 metric tons of mass. 

.1.2 OSIRIS spectrophotometry 

ultispectral analysis of Hapi, together with other active areas, 
hows sub-units within the region (Oklay et al. 2016b ). While the
egion was interpreted as covered with well-mixed icy and non- 
cy materials, Hapi D is known to have had lower spectral slopes
MNRAS 516, 6009–6040 (2022) 
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M

Figure 4. Images and associated spectral slope S map, e v aluated in the 480–701-nm range and normalized at 480 nm , for data acquired on 2014 December 
10 (left-hand panel; MTP010/n20141210t062911447id4bf24.img and MTP010/n20141210t062919757id4bf27.img) and on 2015 January 22 (right-hand panel; 
MTP012/n20150122t223416529id4bf24.img and MTP012/n20150122t223425034id4bf27.img). In both figures the symbols represent ROIs near and inside the 
pits, before and after their formation, for which we tabulate S in Table 1 . 
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han the areas beyond (towards B3 in Fig. 2 , upper left-hand panel)
nd compared to the large boulders (towards Hathor in Fig. 1 ,
pper left-hand panel). The high-resolution views of Hapi D on
014 December 10 (Fig. 1 , upper right-hand panels) acquired before
isible changes, and that on 2015 January 22 (Fig. 2 , upper left-
and panels) obtained when pit formation was well underway, are
v ailable in dif ferent camera filters. Specifically, the filters F24
480 . 7 nm ), F23 (535 . 7 nm ), F22 (649 . 2 nm ), and F27 (701 . 2 nm ), are
ommon to the two dates. This allows for the detection of potential
xposures of volatiles at the surface (Pommerol et al. 2015 ; Oklay
t al. 2016a, 2016b ; Fornasier et al. 2016 ), as well as spatial and
emporal variability in ice abundance. We calculated the spectral
lope for the two filters with the largest wavelength difference, 

 = 

( R 701 . 2 − R 480 . 7 ) × 10 4 

(701 . 2 − 480 . 7) R 480 . 7 
. (1) 

Here, S is in units per cent (100 nm) −1 and R is the radiance
actor at the indicated wavelengths (i.e. the observed radiance in units
 m 

−2 ster −1 nm 

−1 divided by F λ/ ( r 2 h π), where r h is the heliocentric
istance and F λ with units W m 

−2 nm 

−1 is the monochromatic solar
rradiance at the central wavelength of the filter at 1 au ). These
adiance factor images are produced using the OSIRIS standard
ipeline, including corrections for geometric distortions, following
he reduction steps described in Tubiana et al. ( 2015 ) and Fornasier
t al. ( 2015 , 2019 ). The two data sets were acquired at high and very
imilar phase angles (92 ◦ on 2014 December 10, and 93 ◦ on 2015
anuary 22), thus the phase reddening effect, observed on Comet 67P
Fornasier et al. 2015 , 2016 ) should be negligible. 

The reliable determination of the subtle variations in spectral
lope is delicate, and the results are susceptible to artefacts. To
ssess the reliability of the results, two independent groups analysed
NRAS 516, 6009–6040 (2022) 
he data with two different methods. In the first approach, the
equences were coregistered using the F22 NAC filter as reference
ith dedicated python scripts (Fornasier et al. 2019 ). To impro v e

he quality of the coregistration to sub-pixel level, the full images
ere cropped and we coregistered only the region of interest around

he pit location. Considering that the shape model does not take
nto account the morphological surface changes, we did not apply
 Lommel–Seeliger disc function correction, as normally done for
he 67P spectrophotometry (Fornasier et al. 2017 ), in order to a v oid
iases in the illumination corrections. Ho we ver, considering that S
s normalized at a given wavelength (480 . 7 nm ), this should not be
n issue, because the same disc function appears at the numerator
nd denominator of equation ( 1 ), and thus any normalization applied
ould cancel out. The slope S obtained with the first method is shown

n Fig. 4 . 
A comparison of the spectral slope at Hapi D before and during

he appearance of pits reveals some local colour changes. Globally,
or the area shown in Fig. 4 , the spectral slope decreases from
1 . 0 per cent (100 nm) −1 to 20 . 2 per cent (100 nm) −1 . A substantial
raction of the region, including the pits, is spectrally bluer in January
015 compared to December 2014. This cannot be explained by
hase reddening effects, but points to a local removal of dust caused
y the cometary activity. In fact, seasonal spectral slope variations
ave been reported for 67P, with progressively bluer colours as the
evel of activity increases when approaching perihelion (Fornasier
t al. 2016 , 2017 ). This seasonal variation in colours has been
ttributed to the progressive thinning of the dust-coating with increas-
ng acti vity, with relati vely bluer colour and thus smaller spectral
lope values associated to the exposure of the underlying layers
icher in volatiles. Simultaneous VIRTIS and OSIRIS observations
ave indeed confirmed that a smaller spectral slope in the visible
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Table 1. Spectral slope S , computed in the 480–701 - nm wavelength range 
and normalized at 480 nm , for the five ROIs selected around and inside the 
pits (see Fig. 4 ), selected at the same position in the images acquired before 
(December 2014) and during (January 2015) their formation. 

ROI Spectral slope Spectral slope 
S [% (100 nm) −1 ] S [% (100 nm) −1 ] 
December 2014 January 2015 

Circle 21.2 ± 0.2 21.2 ± 0.2 
Red star 21.7 ± 0.2 20.7 ± 0.3 
Cyan asterisk 21.5 ± 0.2 19.8 ± 0.2 
Green triangle 21.5 ± 0.2 19.0 ± 0.2 
Magenta square 21.3 ± 0.3 19.7 ± 0.2 
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Figure 5. Spectral slope S map, calculated in an alternative way than 
was used in Fig. 4 (see text), e v aluated in the 480–701-mm range and 
normalized at 480 nm . The spectral slopes in the close vicinity of the 
depressions are about 2 per cent (100 nm) −1 lower than the average of 
their surroundings. Images MTP012/n20150122t223416529id4bf24.img and 
MTP012/n20150122T223425034id4bf27.img. 
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ange is associated with absorption bands in the near-infrared region 
ue to H 2 O or CO 2 ice (Barucci et al. 2016 ; Filacchione et al. 2016 ;
eshapriya et al. 2016 ). Similar correlations are seen in Comets
P/Tempel 1 and 103P/Hartley 2 (Oklay et al. 2016a ). 
We also investigated the spectral slope in specific Regions Of 

nterest or ROI (measuring 3 × 3 pixels and shown in Fig. 4 ) at the
oor of the pits and surroundings before and during their formation. 
he S values for the ROIs are reported in Table. 1 . We notice that

he floor of the pits, represented by the red star, cyan asterisk, and
reen triangle, are spectrally less red than surroundings in January 
015 data, notably compared to the ROI represented by the circle 
hat appears unchanged both in morphology and colours in the two 
elected data sets. The spectral slope inside the pits decreased by 
bout � S = 1.0–1 . 7 per cent (100 nm) −1 from 2014 December 10 
o 2015 January 22, or a relative 7 per cent change in only 40 d,
ompared to the 1 per cent error bars on spectral slope. The slope at
he magenta square becomes smaller despite not being located within 
 pit, suggesting that resurfacing may take place without resulting in 
etectable morphological changes. This is an important point, that 
e will return to in Section 2.2.3 . 
The 2015 January 22 data were also analysed using a second, 

lternative, approach. Here, the images taken with different filters 
ere coregistered to a reference image (F23 at 535 . 7 nm ) in sub-
ix el accurac y using Integrated Software for Imagers and Spectrom- 
ters (USGS ISIS3 software, 3 Anderson et al. 2004 ). In this way,
he colour artefacts introduced due to rotation of the comet and the

otion of the spacecraft are eliminated. Every step of this procedure 
an be found in Oklay et al. ( 2016b ). The spectral slope S was
alculated according to equation ( 1 ) and is shown in Fig. 5 . The
wo methods give consistent results – the depressions are spectrally 
ifferent from their surroundings. In the close vicinity of the 
epressions in the direction of B1 and B2 there are small areas with
ean spectral slopes of 17 . 60 per cent (100 nm) −1 , which is lower 

han their surrounding with a value of 20 . 25 per cent (100 nm) −1 . 
Similar feature formation associated with sub-surface water-ice 

xposures were observed later in various places on the comet 
ncluding the Hapi region (Birch et al. 2019 ). While the spectral
lope definition in the scarps study of Birch et al. ( 2019 ) is slightly
ifferent than ours (the F41 filter at 882 . 1 nm was used instead of the
27 filter at 701 . 2 nm ), both studies find about 2 per cent (100 nm) −1 

ower spectral slopes in the areas close to the depressions. The 
scarpments in the Imhotep region reported in Groussin et al. ( 2015a )
re different from those in Hapi. The Imhotep escarpments contained 
right material that had almost neutral spectra, indicating those were 
 ht tp://isis.ast rogeology.usgs.go v/inde x.html 

m  

m  

b

ich in water ice. While the Hapi depressions expose local small
reas of bright and presumably water-ice-rich material, those are not 
s prominent as seen in the escarpments described by Groussin et al.
 2015a ). In conclusion, the pit formation in Hapi D exposed material
hat was somewhat richer in ice than the undisturbed surface, but not
y much. At the time of pit formation, the top ∼ 0 . 5 m appears to
ave been already largely devolatized. 

.2 MIRO obser v ations 

bservations by MIRO have previously been analysed and discussed 
y, for example, Choukroun et al. ( 2015 ), Gulkis et al. ( 2015 ),
ee et al. ( 2015 ), Schloerb et al. ( 2015 ), Marshall et al. ( 2018 ),
iver et al. ( 2019 ), and Rezac et al. ( 2019 , 2021 ). We here consider

hermal emission from 67P observed by MIRO in two broad-band 
ontinuum channels centred at the wavelengths λ = 0 . 533 mm and
 . 594 mm (Gulkis et al. 2007 ; Schloerb et al. 2015 ), referred to as the
ub-millimetre (SMM) and millimetre (MM) channels, respectively. 
he measured antenna temperatures have been av eraged o v er 1 s

ntervals and stored at NASA’s Planetary Data System (PDS) with 
 wealth of ancillary information, including the time of observation 
nd the Cheops-system spherical coordinates (Preusker et al. 2015 ) 
f the interception point of the SMM and MM beam centres with the
ucleus surface (Hofstadter et al. 2019 ). Time is measured in ‘day
umbers’ with d n = 1 occurring 2014 January 1 at 00 : 00 UTC and
ncremented by unity every 24 h. 

The archived antenna temperatures T ′′ SMM 

and T ′′ MM 

need to be 
orrected for two instrumental effects, in order to obtain values 
ele v ant for the main beams: spillo v er and beam efficiency (Frerking
t al. 2020 ). Spillo v er refers to losses due to incomplete interception
f radiated power at the optical components, and is 1.5 per cent
t the secondary mirror and 2.5 per cent at the primary mirror,
mounting to a total of 4 per cent in both channels. Spillo v er-
orrected antenna temperatures are therefore T ′ SMM 

= T ′′ SMM 

/ 0 . 96
nd T ′ MM 

= T ′′ MM 

/ 0 . 96. Beam efficiency refers to additional losses
aused by μm-scale roughness on optical surfaces and optics 
isalignment (coma effects). By inte grating o v er the laboratory-
easured beam patterns out to 100 arcmin (far beyond the main

eams with full width at half-maximum, FWHM, of 7.5 arcmin 
MNRAS 516, 6009–6040 (2022) 
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Figure 6. Upper left-hand panel: Raw SMM 1-s continuum MIRO antenna temperature observations of Hapi D in October 2014, on the original time-line, 
assuming a beam efficiency (see text) of B e = 0.96. Upper right-hand panel: Binning the SMM data into 2 . 4 min -wide bins (error bars show the standard deviation 
for the data within a given bin), on the original time-line. Middle left-hand panel: The binned SMM data are here time-shifted to a common master period. 
Lower left-hand panel: The time-shifted data are here compared to the flux (direct solar illumination plus infrared self-heating) as described in Section 3.1 . 
Lower right-hand panel: The nucleus of 67P as seen from the Rosetta spacecraft on 2014 October 13, at 19 : 21 UTC , during the continuous stare. The intensity 
of the copper colour scales with the local solar flux, grey areas are in shadow, the green field shows Hapi D, and the red (SMM) and blue (MM) rings are the 
MIRO FWHM beam footprints. 
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t SMM and 23.8 arcmin at MM; Schloerb et al. 2015 ), the beam
fficiency is found to be nearly complete at MM, but B e = 0.96 ± 0.02
t SMM. Therefore, we apply finally calibrated antenna temperatures
 MM 

= T ′ MM 

and T SMM 

= T ′ SMM 

/B e . We nominally use B e = 0.96,
ut occasionally apply other values in the 0.94 ≤ B e ≤ 0.98 range
sometimes B e = 1 for comparison), as indicated in the text. When
he nucleus is close enough to enter the antenna side lobes (at 1 ◦–
 

◦ from the beam centre, or at < ∼ 20–100 km from the nucleus),
mall reductions of T MM 

and T SMM 

take place because of the extra
eripheral signal, that slightly counter the effect of spillo v er and
eam efficiency. We estimate that these are sufficiently small to be
bsorbed by the uncertainties assigned to the antenna temperatures
nd B e . Calibrated antenna temperatures are here generically referred
o as T A if we do not need to distinguish SMM and MM. 

The archive was searched for suitable observations as follows.
he 3.1 × 10 6 -facet SHAP5 version 1.5 shape model of 67P (Jorda
t al. 2016 ) was read into the MESHLAB 

4 tool that allows the user
o visualize the geometry of the nucleus. The region corresponding
o the 2015 March 17 extension of the depression (Fig. 3 , lower
ight-hand panel) was identified visually and marked using the Z-
ainting tool of MESHLAB . Searching the shape model data files for
ark ed f acets showed that the region is located between longitudes
 

◦–44 ◦ E, latitudes 44 ◦–71 ◦ N, at a distance 0.53–0 . 58 km from
NRAS 516, 6009–6040 (2022) 

 Visual Computing Lab – ISTI – CNR, http:// meshlab.sourceforge.net/ 

e  

e  

a  
he nucleus core. The MIRO data base was searched for entries
aving simultaneous SMM and MM observations with beam centres
ithin the specified longitude, latitude, and radial ranges, excluding
bservations at emergence angles e ≥ 80 ◦. This was done for October
nd No v ember 2014, the months prior to the onset of surface changes
hen Rosetta was closest to the nucleus. 
We first discuss the retrieved observations for October (Sec-

ion 2.2.1 ) and No v ember (Section. 2.2.2 ). We then discuss the spatial
esolution of these observations in relation to the size of the area of
nterest (Section 2.2.3 ). 

.2.1 MIRO observations in October 2014 

or October 2014, a total of 2712 observations were found, as shown
n the upper left-hand panel of Fig. 6 . All occurred during the 15-d
eriod between October 8–23. Ideally, the region should have been
bserved continuously during a nucleus revolution to allow for a
omparison between calculated and observed diurnal temperature
 ariations. Ho we ver, the longest continuous stare lasted 48 min , and
he other data points were acquired when the MIRO beams passed
api D briefly and serendipitously during scanning. The dispersions
f antenna temperature during these crossings are roughly 2–8 K,
 x emplifying the sensitivity to the exact pointing in this region. An
mpirical diurnal temperature curve was created by sampling the
vailable data in 2 . 4 min -wide bins (upper right-hand panel of Fig. 6 ),

art/stac2560_f6.eps
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Figure 7. The MM and SMM (with B e = 0.96) binned 1-s continuum antenna temperatures, shifted to the October 2014 (left-hand panel) and No v ember 2014 
(right-hand panel) master periods. Both panels show the beam centre emergence angle e at the time of observation. 

r  

s  

2  

o  

b  

a  

r  

s  

e  

t
i  

o  

o  

c
p  

w  

e  

b
a
o  

e  

b
r
t  

A  

s  

o  

t
d
a
w

2

A  

r
N  

s
s
p  

3

d  

u  

h  

M  

i  

b  

l  

d
a

i  

s  

m  

d  

t
a  

m
t  

t  

S  

i  

w  

o
c
O

2

A  

1  

s
t
H  

p  

b  

d  

s
r
r  

o  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/6009/6696016 by C
IS Psicologia Biblioteca F.M

etelli - U
niversita degli Studi di Padova user on 30 January 2023
oughly corresponding to a nucleus angular rotation of 1 ◦, and time-
hifting those bins on to a common nucleus master period starting
014 October 13 at 14 : 18 : 12 UTC ( d n = 286.596). The error bars
f the bins are the standard deviation of the temperatures within each
in, ranging between 1.5–2 . 4 K. These are larger than the ∼ 1 K
bsolute calibration error of each data point (Schloerb et al. 2015 ),
eflecting the fact that each bin consists of numerous data points with
ome temperature dispersion. It was decided to apply a flat ±2 . 5 K
rror bar for the purpose of assessing goodness of fit with respect
o synthetic temperature curve (Section 3.4.3 ). The temperature 
ncrease due to a reduced heliocentric distance during the period of
bservation is smaller than 2 . 5 K. The time-shifted curve, consisting
f 31 bins, is shown in the middle left-hand panel of Fig. 6 , abo v e the
alculated illumination conditions at this location during the master 
eriod (see Section 3.1 ). The rise and fall of the antenna temperature
ith rotational phase correlates with changes of the incident flux, as

xpected. As a precaution, the observing geometry at the time of each
in was visualized as seen from Rosetta , including the illumination 
nd shadowing conditions on the nucleus, as well as the location 
f Hapi D with respect to the MM and SMM FWHM beams (one
xample is shown in the lower right-hand panel of Fig. 6 ). If the
eams intercepts foreground or background terrain in addition to the 
egion of interest (potentially having strong temperature differences), 
he corresponding bins would be remo v ed for both MM and SMM.
 single bin had to be remo v ed, situated at the very end of the time-

hifted curve. At the time of observation, Hapi D was in darkness and
bserv ed just abo v e the fully illuminated small lobe in the foreground
hat intercepted parts of the beams. The antenna temperature of the 
eleted bin is some ∼ 10 K warmer than other observations acquired 
t similar rotational phases, consistent with the suspicion that the 
arm small lobe is influencing the measurements. 

.2.2 MIRO observations in November 2014 

 similar 1-s continuum data base search for No v ember 2014
esulted in 4936 observations concentrated in a 20-d period between 
o v ember 10–30. These data contained a 55 min stare at Hapi D plus

everal substantially shorter glimpses. These were binned and time- 
hifted to create a single diurnal temperature curve, using a master 
eriod starting on 2014 No v ember 10 at 13 : 21 : 01 UTC ( d n =
14.5563). The temperature increase due to a reduced heliocentric 
istance during the period of observation is smaller than the ±2 . 5 K
ncertainties. The curve consisted of 36 bins. Ho we ver, four of those
ad to be remo v ed. In one case, Hapi D was in darkness and both
IRO beams contained foreground terrain on the small lobe that was

n full illumination. In the other three cases, Hapi D was illuminated
ut the MIRO MM beam contained foreground terrain on the large
obe that was in darkness. In all cases, the substantial temperature
ifference between interfering terrain and Hapi D caused significant 
nomalies that could not be tolerated. 

Fig. 7 shows the MM and SMM antenna temperature curves plotted 
n the same diagram, with October and No v ember shown side by
ide for comparison (using the nominal B e = 0.96 for SMM). Two
ain differences between the October and No v ember data sets are

iscernible. Both concern the first peak and dip of the curves. At
hese rotational phases, the maximum and minimum incident fluxes 
re ∼ 100 and ∼ 10 J m 

−2 s −1 , respectively, which is true for both
onths. Despite the similarity in illumination conditions it is seen 

hat: (1) the MM amplitude is reduced from ∼ 30 K in October
o ∼ 15 K in No v ember, but no corresponding change is seen at
MM; (2) the SMM first peak and dip are warmer by some 5–8 K

n No v ember compared to October, and the MM curve is somewhat
armer as well. These systematic changes from one month to the
ther, under similar illumination conditions, suggest a significant 
hange in the physical conditions of the surface material between 
ctober and No v ember. 

.2.3 MIRO beam footprint sizes 

s stated previously, the Hapi D pits co v ered a region that measured
00 m × 140 m. Pit formation was associated with a reduction of the
pectral slope, presumably because ice-free material was ejected, 
hus exposing material containing small amounts of water ice. 
o we ver, Figs 4 and 5 show that similar spectral slope changes took
lace in a larger region extending for at least another 100 m below
lock B2. It is reasonable to assume that the mechanism that ejected
ust at the pits also was active below Hapi D, albeit causing too
ubtle morphological changes to be easily recognized at the available 
esolution. The larger region that experienced spectral slope changes 
oughly coincides with the white square in the upper left-hand panel
f Fig. 1 , with approximate dimensions 200 × 200 m 

2 . The green
egions in Figs 6 (lower right-hand panel) and 8 show shape model
MNRAS 516, 6009–6040 (2022) 
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Figure 8. Left-hand panel: The viewing geometry on 2014 October 13, at 11:09 UTC, when the emergence angle was e = 77 ◦ and the MIRO beam footprints 
were the largest for the selected October observations: 37–by–171 m in the SMM (red) and 119–by–544 m in MM (blue), when projected on to the nucleus. 
Right-hand panel: The viewing geometry on 2014 No v ember 18, at 04:15 UTC, when the emergence angle was e = 65 ◦ and the MIRO beam footprints were 
the largest for the selected No v ember observations (71–by–166 m in the SMM and 226–by–527 m in MM). The SMM and MM FWHM footprints are shown as 
red and blue circles, respectively. 
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acets with centres located within Hapi D, but because the facets
re rather large, 5 the y e xtend somewhat beyond and co v er an area
imilar in size to the white square. MIRO receives radiation from
n extended area of the nucleus, primarily from within the FWHM
eams of 7.5 arcmin at SMM and 23.8 arcmin at MM (amounting
o 76 per cent of the collected power). We here compare the sizes of
hese footprints with the area of interest. 

When the October observations were acquired, Rosetta was 9.2–
8 . 2 km from the nucleus centre. At such distances, the SMM
ootprint is 20–40 m across on perpendicular surfaces. Considering
he spacecraft-Hapi D distances and the emergence angles at the
ime of observations, the long-axes of the resulting elliptic footprints
re larger, 24–171 m, due to the cosine-ef fect. Ho we ver, the short-
xes are still 20–40 m. Note that 22 out of 30 bins have footprint
ong-axes smaller than 140 m (the largest extension of Hapi D).
bservations were selected so that SMM and MM beam centres are
laced within Hapi D, and visual inspection shows that the SMM
WHM falls entirely within the green field. This is e x emplified by

he red circle in Fig. 6 (lower right-hand panel), that projects as 35-
y-123 m on the nucleus. The confinement to the green field is also
llustrated by the largest 2014 October SMM footprint (37-by-171 m
nd corresponding to the last bin in Fig. 7 , left, near d n = 287), shown
n Fig. 8 (left-hand panel). This bin is merely ∼ 3 K cooler than the
econd last bin, at nearly the same rotational phase but having a
uch smaller 20-by-32 m footprint. This indicates that footprint size

ffects the antenna temperature rather little. 
During the No v ember observations, Rosetta was 29.6–41 . 7 km

rom the comet. The SMM footprints are then 65–91 m on per-
endicular surfaces. The long–axes of the elliptic footprints during
lanted observations ranged 79–166 m, but only three of 32 bins
ad footprints in excess of 140 m. The median long axis decreased
rom 129 m in October to 115 m in No v ember, due to smaller e -
 alues. The vie wing geometry for the largest No v ember 2014 SMM
ootprint (71-by-166 m and corresponding to the last bin in Fig. 7 ,
ight-hand panel, near d n = 314.95) is shown in Fig. 8 (right-hand
anel). 
Clearly, the SMM beam is dominated by emission emanating from

he pit-forming Hapi D region in both October and November, with
NRAS 516, 6009–6040 (2022) 

 The graphical rendering uses a degraded shape model with 5 × 10 4 facets. 
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mall contributions from the immediate surroundings. Judging from
he similarity in spectral slope evolution, which suggests an enhanced
apability of ejecting material to space, these surroundings likely
ad thermal properties comparable to those of Hapi D itself. It will
herefore be assumed that the SMM observations sampled the special
onditions that led to pit formation. 

The situation is more complex at the MM wavelength, because
f the ∼3 times larger MM footprint, which made presence of
ndesirable terrain within the MM beam una v oidable. The green area
ypically fills 25–50 per cent of the MM FWHM, as illustrated by the
lue circles in Figs 6 and 8 . In case the physical properties of the top
ew centimetres of Hapi D surface material are drastically different
rom those of the surrounding smooth terrain, the dominating signal
rom the surroundings could distort signatures that are unique to
api D. 
We approach this problem in two ways. First, we independently

earch for physical conditions (temperature and composition versus
epth and time) that reproduce the observed antenna temperature,
t both MM and SMM, for a given month. If those solutions are
nique and turn out to be identical for MM and SMM, we consider
his evidence of insignificant distortion of the MM signal. That
nvestigation is presented in Section 4 . Secondly, we investigate
hether a substantial dislocation of the MIRO pointing results in
 significant change of the measured antenna temperature. If this is
ot the case, then the thermophysical properties in the vicinity of
api D are similar to those in the pit forming area, and distortion

ffects should be small. 
For this reason, a nearby region ∼ 100 m to the north–west of

api D was selected, called ‘Hapi C’ (C for control unit). It consists
f smooth terrain (seen in the lower half of the upper right-hand
anel image of Fig. 1 ) that is visually indistinguishable from that
f Hapi D. Because both terrains sit on a relatively flat portion
f the nucleus their illumination conditions are similar. SMM data
or Hapi C, located at longitudes 18 ◦ W–27 ◦ E, latitudes 61 ◦–78 ◦ N,
nd 0.49–0 . 53 km from the nucleus centre, were binned and time-
hifted to the same No v ember 2014 master period as the Hapi D
ata. The Hapi C curve has only four bins. The two data sets o v erlap
emporally at points where Hapi D has high, intermediate, and low
ntenna temperatures, i.e. co v ering a wide range of conditions. At
hese points, the Hapi C T SMM 

are located within the error bars of
he Hapi D T SMM 

. The strong similarity between the neighbouring
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egions suggests that Hapi D is similar to its surroundings, at least
n the more shallow surface layer sampled by the SMM. The Hapi C

M curve is also very similar to the Hapi D MM curve. Although
he SMM observations have sufficiently high-resolution to not mix 
ignals from Hapi C and D, this is not necessarily the case at MM.
o we ver, e ven if the MM observations of Hapi C might contain
eripheral signal from Hapi D, that contribution is very small due 
o the Gaussian shape of the instrument sensitivity profile that peaks 
t the beam centre. If Hapi D had been drastically different from its
urroundings (at the slightly larger depth sensed at MM wavelengths), 
he antenna temperatures ought to have changed measurably when 
he beam centre mo v ed from Hapi D to Hapi C. The lack of such a
hange again suggests that the two regions have very similar physical 
roperties. It is therefore likely that the MM observations indeed are 
epresentative of Hapi D despite the relatively large footprint that 
ncludes surrounding terrain. We recall that the spectral slope change 
n Hapi C (represented by the magenta square in Fig. 4 and in Table 1 )
lso was very similar to that in Hapi D. This further strengthens the
otion that both regions experienced the same thermophysical and 
pectral evolution. 

 N U M E R I C A L  M O D E L S  

ection 3.1 describes the calculations performed to obtain illu- 
ination conditions for Hapi D. These are fed to two nucleus 

hermophysical models of different levels of complexity, BTM 

Section 3.2 ) and NIMBUS (Section 3.3 ). The resulting physical 
ucleus temperature, as function of time and depth, are fed to the
adiative transfer equation solver THEMIS described in Section 3.4 , 
hat calculates the emitted radiance and converts those to synthetic 
ntenna temperatures that can be directly compared with MIRO 

bservations. Note that we first describe our nominal approach, 
hich takes advantage of the global flatness of Hapi D to calculate

emperatures for a representative location within that region, instead 
f performing point-by-point e v aluations of temperature within the 
IRO beams. This approach is later moti v ated in Section 3.4.2 . 

.1 Illumination conditions 

n order to calculate the illumination conditions at Hapi D we proceed
s follows. The facets at Hapi D on the 3.1 × 10 6 -facet SHAP5
ersion 1.5 shape model had already been identified (Section 2.2 ). 
he average outward surface normal vector was calculated (because 

he region is rather flat, the normal vectors of individual facets 
eviate at most a few degrees from the average). Because the million-
acet shape model is too large to practically carry out some of the
alculations to follow, MESHLAB was then used to degrade the SHAP5 
ersion 1.5 shape model to one with 5 × 10 4 f acets, and the f acets
orresponding to Hapi D on that model were identified. Among 
hose, a centrally placed facet with a surface normal close to the
verage Hapi D normal vector of the high-resolution model was 
ound (aligned to within 1 . ◦6). We took this facet, here called F#1, to
epresent Hapi D. 

An algorithm developed by Davidsson & Rickman ( 2014 ) was 
sed to identify the 2,698 facets on the degraded shape model that
re visible from F#1 (here called ‘the terrain’). We emphasize that 
his method carefully a v oids including facets that formally are along
 line-of-sight, but are located behind foreground topography. Terrain 
acets are capable of shadowing F#1 by intercepting the line between 
#1 and the Sun. They are also capable of illuminating F#1 with
arts of their scattered visual and emitted infrared radiation (this 
rocess is referred to as ‘self-heating’, meaning one facet of the 
ucleus radiatively heats another facet). We also identified the 14 672
acets that are visible from at least one terrain facet (here called ‘the
urroundings’). These are facets capable of shadowing the terrain. 
e used the model by Davidsson & Rickman ( 2014 ) in order to

alculate the total flux at F#1 (direct solar and diffuse self-heating
y scattered visual and emitted infrared radiation from the terrain) at
pecific nucleus rotational phases, throughout one 67P orbit around 
he Sun (applying the nucleus spin axis determined by Jorda et al.
016 ). 
Specifically, we calculated all view factors of the terrain facets 

ith respect to F#1, and the approximate temperatures of terrain 
acets by balancing local direct solar illumination with thermal 
eradiation, assuming zero albedo. The temperatures were set to zero 
f a terrain facet was shadowed by the surroundings. This temperature
istribution across the terrain was then used to calculate the self-
eating flux on to F#1 at any given rotational phase and orbital
osition. The direct solar flux was added, unless the Sun was located
ehind nucleus topography, as seen from F#1. 
This is a simplification with respect to the nominal model of

avidsson & Rickman ( 2014 ), that e v aluates temperatures based on
ll mutual exchanges of radiation between facets , and additionally 
ccounts for heat conduction (either along each facet surface normal, 
r in full 3D). The simplifications meant substantial savings in 
alculation time, while still providing reasonably accurate illumi- 
ation conditions at F#1. By ignoring self-heating at terrain facets 
hemselves, the local fluxes are off by typically ∼10–20 per cent,
orresponding to < ∼ 10K. By setting the albedo of terrain facets 
o zero, we artificially remo v e scattered visual radiation (with
espect to the real surface) but increase the thermal emission by the
orresponding amount. As seen from F#1, it still receives the same
mount of energy it would have done for a realistic albedo (assuming
hat scattering is Lambertian, as is the case for thermal emission).
y ignoring heat conduction effects, terrain facets do not experience 

he modest thermal lag of the real nucleus surface. By setting the
emperature of shadowed terrain facets to zero, we somewhat reduce 
he self-heating flux at F#1 (but it would have been worse to allow
hose facets to illuminate F#1 as if having been fully exposed to
unlight). In reality, shadowed regions would have temperatures of 

130 K, compared to the ∼ 215 K of the surrounding cliff walls (if
lluminated) that provide most self heating. To e v aluate the error in
he flux on to F#1, introduced by assuming 0 K for shadowed terrain
acets, we made test simulations with shadows at 130 K for the two
aster periods. In October, the total flux increased by 6.2 (mean) and

.7 (median) per cent. The corresponding numbers for No v ember
ere 7.4 and 3.9 per cent. In terms of physical temperature, that

orresponds to a 2.2–2 . 5 K increase if assuming � = 0, but smaller
alues for our actual modelling, that includes a non-zero thermal 
nertia. The antenna temperatures would be affected even less, 
herefore we consider our assumptions acceptable. 

To further test the effect of uncertainties in the calculated self-
eating, it was reduced by half during the October master period
nd the model re-run. The resulting reduction of the MM antenna
emperature was at most 3 . 8 K, and on average it was 1 . 6 K. For the
MM, the maximum antenna temperature drop was 5 . 0 K, and the
verage was 2 . 0 K. It therefore seems that the self-heating would
ave to be off by a factor of ∼2 in order to give errors in the antenna
emperatures that start to approach (and locally exceed) the ±2 . 5 K
rror margins applied for the binned data. To have errors in the
elf-heating flux of this magnitude, the temperatures would have to 
e systematically off by more than 30 K (e.g. a drop from 200 to
68 K corresponds to a 50 per cent lower flux). Systematic errors in
emperature of that magnitude are not likely. 
MNRAS 516, 6009–6040 (2022) 
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We performed illumination condition calculations for F#1 every
0 ◦ of nucleus rotational phase for a full 360 ◦ nucleus rotation,
t every 12th nucleus rotation, throughout the orbit. Because illu-
ination conditions change very slowly with time, an accurately
 v aluated illumination sequence was therefore copied to the next
1 rotations, before the actual conditions were calculated anew (in
rder to obtain a continuous time-sequence). The master periods were
 v aluated accurately with a higher resolution (1 ◦ in nucleus rotation
ngle) compared to the 10 ◦ applied elsewhere. The calculation of
he nucleus rotational phase accounted for the changes in nucleus
otation period caused by outgassing torques. We used a table of
ucleus rotation periods throughout the mission as determined by
SA in weekly internal Rosetta -team communications, assembled
y Dr. H. U. Keller (private communication), of which some have
een published (Keller et al. 2015a ). We validated our calculations
f the nucleus rotational phase by generating synthetic views of the
ucleus (including shadows caused by topography) as seen from
osetta , that were cross-compared with actual OSIRIS images. 
Fig. 6 (lower left-hand panel) e x emplifies the e v aluated flux for

#1 at Hapi D during the 2014 October 13 master period. As seen,
he daytime illumination of Hapi D is interrupted by shadowing
caused by the small lobe) during an ∼ 2 h period. According to our
alculations, the onset of sudden full illumination at F#1 took place
ust prior to the MIRO observations corresponding to the fifth bin
n Fig. 7 (left-hand panel). Because of the finite sizes of the SMM
nd MM footprints, the transition is in reality not instantaneous,
nd it took place at different times in the two channels. At the
ime of the fifth bin, calculations show that the SMM FWHM only
iewed illuminated terrain. Indeed, the SMM channel has registered a
ubstantial antenna temperature increase with respect to the previous
in. Ho we ver, at this point, a substantial fraction of the MM FWHM
as still in shadow, and the corresponding antenna temperature bin is

he coldest in the sample. During analysis, several variants of partial
llumination were tested, but as it turned out, it was very difficult
o match the observed low MM antenna temperature. Therefore, the
ominal approach for analyzing the MM data was to extend the
eriod of shadowing by an additional ∼ 15 min , so that the fifth
in was still in full darkness. In Section 4.1.2 , we find that models
ncluding CO 2 reaches the low T MM 

more readily than models only
ontaining H 2 O. If partial illumination of the MM beam at the dip
ad been included, the need for such additional cooling would only
ave become stronger. The solar flux file generated as described in
ection 3.1 was passed to both thermophysical models (described in

he following). 

.2 The basic thermophysical model BTM 

he first-thermophysical model applied in this paper is relatively
imple. It considers a homogeneous, porous medium with fixed (i.e.
emperature-independent) heat conductivity and heat capacity. The
ertz factor (correcting the heat conductivity for porosity) is used

o give the medium a desired thermal inertia �. The temperature
as function of depth and time) is obtained by solving the 1D
nergy conservation equation (accounting for heat conduction). The
oundary condition at the upper surface balances the absorbed
adiation (the flux in Section 3.1 corrected for albedo), the thermal
mission to space, the conducti ve heat flo w to/from the surface and
he interior, and energy consumption due to sublimation of surface
ater ice. Sublimation only takes place from a part of the available

urface area, given by the volumetric ice fraction f i of the medium.
he refractory and icy patches are assumed to be sufficiently small
nd well mixed to be isothermal. 
NRAS 516, 6009–6040 (2022) 
Accounting for the possibility of having thermally isolated patches
f hot dust and cold ice would only be important if the ice co v erage
s large, but in Hapi it is �5 per cent, except in small zones near
hadows (De Sanctis et al. 2015 ). The model does not consider
ub-surface sublimation, condensation, or vapour transport, nor
tratification or erosion. 

We refer to this as the Basic Thermophysical Model, or the
TM . The go v erning equations hav e been pro vided elsewhere (see
ection. 2.3, Davidsson et al. 2021 ) and are not repeated here. The
hysical properties taken into consideration are admittedly simple:
his is intentional. If observational data can be fitted by such a simple
odel, it means that the effects of real and significant deviations from

he model limitations are not detectable. This, by itself, disqualifies
ny claim that higher order physics is necessary in order to explain
he observ ations. Ho we ver , if no BTM fits the data con vincingly, or
nly does so for unphysical parameter values, there is a real need to
ntroduce a more elaborate description of the physical environment
n the upper layer of the comet nucleus. By carefully scrutinizing
f, how, and when BTM fails, important information is provided
hat can be used to better understand what additional physical
rocesses need to be introduced. For this reason, we make quite
ome effort in describing ‘failed’ solutions, because we believe they
re illuminating in the process of better understanding the cometary
ear-surface region. 
The parameters used to run the BTM are summarized in T able 2 . W e

olve the 1D energy conservation equation using the finite element
ethod. We al w ays resolved the diurnal skin depth by ∼6 equidistant

rid cells. With the parameters in Table 2 , this corresponded to
rid cell thicknesses of (1–7 . 7) × 10 −3 m for a thermal inertia � =
0–230 MKS . We al w ays applied 3400 grid cells, thus modelling
he upper 3.4–26 . 2 m of the nucleus (a zero temperature-gradient
oundary condition was applied at the lower boundary, placed several
imes below the seasonal skin depth). All models were run from
phelion (with an initial temperature of 120 K) up to and including
he October or No v ember 2014 master period under consideration,
ith 10-s time-step. 

.3 The advanced thermophysical model NIMBUS 

he second thermophysical model applied in this paper is relatively
omplex. We use the Numerical Icy Minor Body evolUtion Sim-
lator, or NIMBUS , that is fully described by Davidsson ( 2021 ). In
ts currently applied form, it considers a porous mixture of dust,
rystalline water ice, and (in certain models) CO 2 ice. NIMBUS

as the capability to consider amorphous and cubic water ice, as
ell as CO ice (that partially may be trapped in any of the H 2 O

ces and/or the CO 2 ice), but such material is not considered here
heating by short- and long-lived radionuclides is switched off
s well). The ices are considered finite resources, which means
hat they may form sublimation fronts that withdraw underground.
eat is transported both through solid-state conduction and through

adiative transfer, using temperature-dependent heat conductivities
hat have been measured in the laboratory for all species under
onsideration (heat capacities are temperature-dependent as well).
IMBUS considers sub-surface sublimation, gas diffusion within the
orous medium along temperature and vapour pressure gradients,
as venting to space at the upper surface, and recondensation at
epth if sufficiently cool regions are encountered by the vapour.
hese processes consume (sublimation), release (condensation), and

ransports (advection) energy as well. In essence, NIMBUS solves
 coupled system of differential equations describing energy and
vapour/ice) mass conservation. 
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Table 2. These parameters were applied in the Basic Thermophysical Model ( BTM ) work. The only free parameters are f i and � (regulated through h ). For 
e v aluating the thermal skin depth, we applied a fixed approximate nucleus rotation period of P = 12 . 4 h (Mottola et al. 2014 ). Here, ‘ice’ means H 2 O. 

Quantity Symbol Value Unit Reference/comment 

Input parameters 
Hertz factor h 
Volumetric ice fraction f i 

Constants 
Bond albedo A 0.0123 ± 0.007 Fornasier et al. ( 2015 ) 
Ice specific heat capacity c i 1200 J kg −1 K 

−1 Klinger ( 1981 ) 
Average of 100 K, 200 K values 

Dust specific heat capacity c i 420 J kg −1 K 

−1 Forsterite, Robie, Hemingway & Takei ( 1982 ) 
Average of 100 K, 200 K values 

Ice latent heat L H 2 O 2.66 · 10 6 J kg −1 Tancredi, Rickman & Greenberg ( 1994 ) 
200 K value 

Emissivity ε 0.9 Standard 
Ice conductivity κ i 4.25 W m 

−1 K 

−1 Klinger ( 1980 ) 
Average of 100 K, 200 K values 

Dust conductivity κd 5.00 W m 

−1 K 

−1 Forsterite, Horai ( 1971 ) 
Ice density ρ i 917 kg m 

−3 Weast ( 1974 ) 
Dust density ρd 3250 kg m 

−3 Forsterite, Horai ( 1971 ) 
Porosity ψ 0.7 P ̈atzold et al. ( 2019 ) 

Dependent parameters 
Volumetric heat capacity c = (1 − ψ)( ρ i f i c i + ρd f d c d ) J m 

−3 K 

−1 

Heat conductivity κ = h ( f i κ i + (1 − f i ) κd ) W m 

−1 K 

−1 

Thermal inertia � = 

√ 

cκ J m 

−2 K 

−1 s −1 / 2 = MKS 
Thermal skin depth L = 

√ 

P κ/ 2 πc m 
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The full-scale NIMBUS code considers both radial and latitudinal 
nternal transport of energy and v apour. Ho we ver, the current work
pplies a specialized version ( NIMBUSD with D for ‘dust’) that 
acrifices latitudinal energy and mass transport in order to enable 
rosion of the upper surface (injecting dust and potentially ice into 
he coma, while thinning the dust mantle). Such simplifications are 
cceptable because of the short-duration of the current simulations 
latitudinal energy and mass transport are important on geological 
ime-scales). We apply the erosion rate (as function of heliocentric 
istance) of Davidsson et al. ( 2022b ), based on Rosetta observations
f the 67P dust mass-loss. Because there is no risk of confusion as
o which version is being applied in the current paper, we here refer
o NIMBUSD simply as NIMBUS . 

The go v erning equations and man y auxiliary functions are de-
cribed in detail by Davidsson ( 2021 ) and are not repeated here. The
nitial composition is determined by assigning a certain mass ratio 
etween refractories and water ice μ, and a certain molar abundance 
f CO 2 relative to water (see Sections 4.1.2 and 4.2.2 ). The initial
orosity is determined by requiring a bulk density of 535 kg m 

−3 

Preusker et al. 2015 ). Overtime the porosity and bulk density 
hange because of local sublimation of ice and recondensation of 
apour. The heat conductivity and heat capacity depend on the 
ontinuously changing porosity and temperature, as well as on a 
orosity-dependent Hertz factor, obtained by using the method of 
hoshany, Prialnik & Podolak ( 2002 ). This gives rise to a certain
range of) instantaneous thermal inertia during nucleus rotation. 
eviations from this nominal Hertz factor correction (introduced 
hen it is desirable to drastically change the thermal inertia) are 
escribed in Sections 4.1.2 and 4.2.2 when necessary. Another 
mportant free parameter in NIMBUS in the context of the current 
imulations is the dif fusi vity (regulated through tube lengths L , tube
adii r p , and tortuosity ξ , see equation 46 in Davidsson 2021 ).
IMBUS is fed with the same illumination sequence as the BTM

see Section 3.1 ). NIMBUS here uses radial grid cells that grow with
eometric progression from 1 mm at the surface to 200 m at the core.
t uses a dynamic time-step that ensures that certain criteria regarding
hanges of energy and pressure are respected at all times. 

.4 The radiati v e transfer model THEMIS 

.4.1 Fundamentals and nominal procedures 

he temperature as function of depth, obtained with BTM or NIMBUS ,
s fed to a radiative transfer equation solver called THEMIS (short
or THermal EMISsion) that calculates the radiance emitted toward 

IRO, that can be converted to a synthetic antenna temperature. 
HEMIS is a Monte Carlo-based parallel code implemented in 
 ++ /MPI by one of us (Davidsson), described here for the first time.
HEMIS generates a large number of ‘test photons’ in proportion to the
lanck function, e v aluated at the local temperature and wavelength 
. Each photon is emitted into a random direction, and is followed

ndividually through a sequence of transfers (with lengths chosen at 
andom to statistically conform with a given extinction coefficient 
 λ) and interactions with the solid medium. The interaction can
e absorption (the photon is lost), scattering (with a probability 
etermined by the scattering coefficient S λ = w λE λ, where w λ is
he single-scattering albedo), or escape across the upper boundary. 
n case scattering takes place, a new direction of motion and flight
istance to the next interaction are selected, and the process repeats
ntil the photon is absorbed, escapes, or penetrates so deep into the
edium that it most likely will not make it across the upper boundary.

HEMIS keeps track of the number of escaping photons, and the angle
etween the surface normal and their direction of travel at the time
f escape. This information is used in order to calculate the radiance
 λ( e ) of emitted radiation from the comet surface, as function of
mergence angle e . Given a certain temperature profile (that changes
ith time during nucleus rotation), the only free parameters of the
MNRAS 516, 6009–6040 (2022) 
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M

Figure 9. Verification of the numerical radiative transfer equation solver 
THEMIS (dotted curve) against the analytical Hapke solution, equation ( 3 ), as 
a solid curve. 
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odel are the extinction coefficient E λ and the single-scattering
lbedo w λ. 

In order to verify the correctness of THEMIS radiances, we cross-
hecked it against known solutions to the radiative transfer problem.
nder the condition that the radiation source function can be written
n the form 

( τ ) = U 0 + U 1 exp ( −τ/Y ) , (2) 

where U 0 , U 1 , and Y are constants and τ is optical depth), and in
he limit of isotropic scattering, Hapke ( 1993 ) demonstrated that the
quation of radiative transfer can be solved analytically, with the
adiance given by 

 λ( e) = γH ( μe ) 
U 0 

π
+ 

Y 

Y + μe 
γ 2 H ( Y ) H ( μe ) 

U 1 

π
, (3) 

here μe = cos ( e ), 

 ( x) = 

1 + 2 x 

1 + 2 γ x 
, (4) 

nd 

= 

√ 

1 − w λ. (5) 

In one specific verification attempt of THEMIS , a temperature
rofile with T = 200 K at the surf ace, f alling linearly to T = 150 K at
 depth of z max = 0 . 15 m was considered. An extinction coefficient
f E MM 

= 338 m 

−1 was applied for the relation between optical
nd physical depths of τ = E MM 

z, and the Planck function was
sed to generate a radiation source function P MM 

= P MM 

( τ ). The
arameter U 0 = 5 . 9875 × 10 −5 J m 

−2 s −1 μm 

−1 was obtained from
 0 = P MM 

( τ = 1.3), and the τ ≤ 1.3 part of ln ( P MM 

( τ ) − U 0 ) was
tted with a linear curve in a least-squares sense, having a slope
 

−1 and crossing with the τ = 0 axis of ln U 1 . That allowed us to
 v aluate U 1 = 3 . 3755 × 10 −7 J m 

−2 s −1 μm 

−1 and Y = 0.61532. It
as verified that equation ( 2 ) provided a reasonable fit to P MM 

( τ )
own to an optical depth of unity. Assuming w MM 

= 0.5, equation ( 3 )
as e v aluated for these v alues of { U 0 , U 1 , Y } , as shown by the

olid curve in Fig. 9 . THEMIS was run with λ = 1 . 594 × 10 −3 m,
 MM 

= 338 m 

−1 , and w MM 

= 0.5, using 150 depth bins, 90 emer-
ence angle bins in the upper hemisphere and generating 4 × 10 8 

onte Carlo test photons, of which 8.6 × 10 6 escaped through the
pper surface and contributed to the THEMIS solution seen in Fig. 9 as
ots. The similarity between the THEMIS solution and equation ( 3 ) is
ufficiently high for us to have confidence in our numerical radiative
NRAS 516, 6009–6040 (2022) 
ransfer calculations. We emphasize that the reason for using THEMIS

nstead of equation ( 3 ) for the simulations in this paper is that
HEMIS can handle any temperature versus depth function, whereas
he analytical solution is limited to situations where equation ( 2 )
pplies. 

The THEMIS simulations in this paper all used 9.6 × 10 7 test
hotons, 90 emergence angle bins (each 1 ◦ wide), and a slab thickness
 z that would result in radiation being attenuated to a fraction
xp ( − d z E λ) = 10 −6 when escaping at the surface, compared to
he production at that depth. The calculated radiances R λ( e ) are
onverted into a synthetic antenna temperature as follows (see Gulkis
t al. 2010 , but note that we here express the radiance per wavelength
nterval instead of per frequency ν interval, remembering that R λ( e ) =
 0 R ν( e )/ λ2 ): 

 sy = 

R λ( e) λ4 

2 c 0 k B 
, (6) 

here c 0 is the speed of light in vacuum and k B is the Boltzmann
onstant. The differing antenna temperatures at SMM and MM
re obtained by applying the corresponding channel wavelength λ
furthermore, the applied extinction coefficients E SMM 

and E MM 

, as
ell as single-scattering albedos w SMM 

and w MM 

depend on λ). 
As seen from Fig. 9 , the calculated radiance often depends on

he emergence angle e when temperature changes with depth. When
alculating antenna temperature curves for the master periods, we
pplied the e -values valid at the time of MIRO observations, as seen
or several bins in Fig. 7 . In order to obtain a continuous synthetic
ntenna temperature curve, we applied interpolated e -values between
ins. 
The solution provided by THEMIS works for materials with substan-

ial surface roughness on the MM-decimetre size scale, but not for
erfectly flat medium/vacuum interfaces, for the following reason.
hen radiation within a solid medium reaches a flat boundary with

acuum, a fraction of the radiation is reflected and the remainder is
ransmitted according to the Fresnel law. Transmission dominates at
mall emergence angles, but for e > ∼ 50 ◦ the reflected fraction grows
apidly and is additionally a function of polarization: the reflection
s stronger for radiation having its electric field oscillating perpen-
icularly to the plane of incidence than when the field oscillates
arallel to it (see, e.g. Lagerros 1996 ). This means that the emissivity
the ratio between the emerging radiance and the Planck function
 v aluated for the surface temperature) drops rapidly at e > ∼ 50 ◦ (even
or isothermal media). Furthermore, the MIRO SMM and MM
eceiv ers observ e the nucleus in orthogonal polarizations, which
otentially could introduce systematic differences in the observed
ntensity at large emergence angles. Ho we ver, surface roughness
andomises the orientation of locally planar boundaries. Lagerros
 1996 ) demonstrates that surface roughness rapidly remo v es the
art of the emergence-angle dependence of microwave transmission
aused by refraction. For this reason, THEMIS does not apply Fresnel
xpressions when e v aluating the emerging radiance. The same is true
or the Hapke ( 1993 ) solution abo v e: the reflection and transmission
o v erned by the Fresnel expressions are applied on constituent grain
evel (when calculating the single-scattering albedo as function of
he refractive index of the grain material) but not at the interface
etween the medium and the exterior vacuum. In fact, the THEMIS

olution is very close to that of Hapke ( 1993 ) according to Fig. 9 . The
uestion is then whether the surface material at Hapi D behaves more
ike a flat or a rough medium. Fig. 7 (left-hand panel) has two bins
ear d n = 287 with e = 52 ◦ and 77 ◦. The fact that the measured
M antenna temperatures are virtually identical, and the SMM

iffering by merely ∼ 2 K speaks against a strong e -dependence
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Table 3. This table quantifies the difference between calculating the antenna 
temperature ˜ T MM 

based on all facets within the MM FWHM × 1.5 foot- 
print, and just considering a single representative facet F#1 with antenna 
temperature ˜ T F#1 . F ootprint facets hav e individually calculated illumination 
conditions, BTM thermophysical solutions (assuming ice-free media with 
� = 30 MKS ) and radiances (assuming E MM 

= 25 m 

−1 ), and contribute to 
˜ T MM 

in proportion to their projected surface area and beam power at the 
rele v ant distance from the beam centre. The small δ ˜ T MM 

= 

˜ T F#1 − ˜ T MM 

values indicate nearly isothermal footprints due to quasi-flat terrain. 

October No v ember 
Bin e ˜ T MM 

δ ˜ T MM 

Bin e ˜ T MM 

δ ˜ T MM 

#1 34.5 171.2 + 0.5 #1 61.7 177.1 + 1.7 
#2 69.8 181.8 −0.7 #3 61.1 178.3 + 1.3 
#3 64.5 182.5 −1.6 #5 59.9 179.3 + 0.9 
#4 71.6 163.4 + 5.6 #7 58.8 180.0 + 0.6 
#5 73.3 167.0 + 3.7 #9 57.7 180.6 + 0.2 
#6 67.8 184.4 −4.2 #11 58.5 181.2 −0.1 
#20 73.6 189.2 −3.1 #13 57.6 181.6 −0.3 
#26 74.8 191.2 −3.5 #15 55.1 181.2 −0.5 
#27 48.2 184.6 −2.0 #17 54.3 181.0 −0.7 
#28 45.3 179.1 + 1.6 
#30 77.4 173.4 −1.1 

f
f  

w
a  

W
t

3

I  

n
t  

i
M

f
i  

p
c
s
v
u  

c
f  

c
w
f  

l  

o
c
w
f
t

T

o  

c  

b  

b  

t
r
a
l  

c  

t  

d  

t  

A  

b
 

O  

a  

b
#  

a  

T  

r
i

(  

s
t
n
a
f  

o  

t  

t

3

I  

t  

t  

b  

2

Q

w  

m

χ

i

t  

w  

b  

H
t  

v
a  

t  

c  

i  

T  

m
T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/6009/6696016 by C
IS Psicologia Biblioteca F.M

etelli - U
niversita degli Studi di Padova user on 30 January 2023
or radiation transmission. Additionally, the antenna temperatures 
or observations with e = 64 ◦ and 70 ◦ near d n = 286.7 are similar as
ell, at both SMM and MM. To fully account for roughness, we apply 
 beaming effect that increases R λ by a factor of 1.04 (M ̈uller 2002 ).
e therefore consider THEMIS adequate for modelling emission from 

he rough surface of Hapi D. 

.4.2 Testing the need for sub-FWHM temperature resolution 

f the temperature varies drastically within the MIRO beams, it is
ecessary to calculate the radiance as function of position within 
he fields of vie w. Ho we v er, a sizeable re gion at and around Hapi D
s nearly flat and similarly illuminated, so the emission within the 

IRO beams is expected to be homogeneous on macroscopic level. 
To quantify the level of temperature dispersion within the beam 

ootprints, all facets within the MM FWHM × 1.5 footprint were 
dentified (this 36 arcmin region collects 92 per cent of the observed
ower) for a given October or November bin, and their illumination 
onditions were calculated for the rele v ant master period, including 
elf heating and shadowing from the terrain facets. Temperatures 
ersus time and depth were calculated individually for each facet 
sing an ice-free BTM model with � = 30 MKS , for simplicity
onsidering steady-state solutions. Radiances emerging from each 
acet were calculated, assuming E MM 

= 25 m 

−1 . Those were used to
alculate a weighted mean antenna temperature ˜ T MM 

, equi v alent to 
hat would have been observed with the MM channel. The weighting 

actors included both the projected facet areas as seen from along the
ine of sight, as well as a Gaussian beam power profile with a FWHM
f 23.8 arcmin that reduces the relative importance of the radiance 
ontribution with increasing distance from the footprint centre. This 
as compared to the corresponding antenna temperature emanating 

rom the representative facet F#1 itself, ˜ T F#1 , assumed to apply within 
he entire footprint. 

Table 3 reports the emergence angle e , the antenna temperature 
˜ 
 MM 

, as well as the difference δ ˜ T MM 

= 

˜ T F#1 − ˜ T MM 

for a selection 
f bins from both the October and No v ember data sets (counted
onsecutively from left to right, as displayed in Fig. 7 ). In October,
ins #1–#3 constitute the beginning of the curve and the first-peak,
ins #4 and #5 are at the first-dip, bins #6, #20, and #26 represent
he continuous stare, #27–#28 constitute the second peak, and #30 
epresents the end of the curve. The differences between full-beam 

nd F#1 synthetic antenna temperatures are admittedly somewhat 
arger than the ±2 . 5 K uncertainties of the data. Yet, they are small
ompared to the level of variation in the observed data that we
ry to fit (and as it will turn out, compared to the 10–30 K level
iscrepancies between the data and the best models achie v able prior
o the introduction of the solid-state greenhouse effect and CO 2 ice).
lso note that the differences will be substantially smaller at SMM,
ecause of the thinner beam. 
Because the No v ember footprint sizes tend to be smaller than the

ctober ones (see Section 2.2.3 ), we expected δ ˜ T MM 

to be smaller
s well. To verify this expectation, we considered a selection of
ins limited to the sunlit part of the continuous stare (bins #1–
17). Indeed, the No v ember | δT MM 

| values are smaller, and are
ll below 2 . 5 K. Note, again, that | δT SMM 

| would be smaller still.
his reinforces the visual impression that Hapi D (and the extended

egion fitting within the MM footprint) is quasi-flat, thus similarly 
lluminated, and consequently rather isothermal. 

Because we need to consider illumination conditions with high 
 ∼ 20 min ) temporal resolution for an orbital arc stretching o v er
everal years, performing this type of evaluation (and the associated 
hermophysical modelling) for each facet in the MIRO footprints is 
ot computationally feasible – thus direct illumination, self heating, 
nd thermophysical modelling is only made for the representative 
acet F#1 (for which THEMIS provides the radiance R λ( e )). Based
n the investigation presented in Table 3 , we consider the observed
errains sufficiently flat and isothermal to allow for such a simplified
reatment. 

.4.3 Goodness of fit 

n order to quantify the goodness of fit of a synthetic antenna
emperature curve T sy ( t ) with respect to the observed MIRO antenna
emperature T A ( t ) with uncertainties � T A at M specific instances (the
ins), we calculate the incomplete gamma function (see Press et al.
002 ). It is given by 

 = Q ( β, ω) = 

∫ ∞ 

ω 
e −z z β−1 d z ∫ ∞ 

0 e −z z β−1 d z 
, (7) 

here β = ( M − η)/2, η is the number of free parameters in the
odel, and ω = χ2 /2, where 

2 = 

∑ 

M 

(
T sy ( t) − T A ( t) 

�T A 

)2 

(8) 

s the χ2 residual between measurements and model. 
Assuming that T sy represents reality, a single attempt by MIRO 

o measure the diurnal antenna temperature curve at the M bins
ould result in some residual χ2 , because T A at each bin would
e off by some amount consistent with the standard deviation � T A .
ypothetically, if MIRO could repeat the measurements of the same 

emperature curve a large number of times (each having a χ2 -
alue corresponding to that particular attempt) one would obtain 
 distribution of χ2 values. Q ( β, ω = χ2 /2) is the probability that
he particular χ2 -value (for which it is e v aluated) is exceeded by
hance in a single measurement of T A . That is to say, the closer Q
s to unity, the higher the probability that any discrepancy between
 A and T sy is due to ‘bad luck’ (i.e. for a large number of T A ( t )
easurements the averaged curve would approach T sy ). Of course, 
 A ( t ) is the measured reality, and Q � 1 will be interpreted as T sy 
MNRAS 516, 6009–6040 (2022) 
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M

Figure 10. Left-hand panel: BTM solutions versus MIRO October 2014 MM data. Ice-free media are far too warm, unless an unrealistically low extinction 
coefficient is applied, which then makes the amplitude too small. Adding significant cooling due to water ice sublimation, and applying a low thermal inertia 
matches parts of the curve, but the highest antenna temperatures are not reproduced. No BTM model managed to reproduce the MIRO MM data, regardless of ice 
abundance, thermal inertia, extinction coefficient, or single-scattering albedo. Right-hand panel: BTM solutions versus MIRO October 2014 SMM data (assuming 
B e = 0.96). The best available fits do not match the lowest antenna temperature. Furthermore, the low abundance and high thermal inertia is inconsistent with 
the MM solutions. 
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ot being a good representation of that reality. It is customary that a
heoretical curve is considered to provide a good fit to measured data
f Q ≥ 0.01 (Press et al. 2002 ), and this is the criterion that will be
onsidered in this paper. 

As previously mentioned, we apply �T A = 2 . 5 K. The BTM has
= 3 at MM ( f i , �, E MM 

are free parameters) and η = 4 at SMM
addition of the SMM single-scattering albedo w SMM 

). We nominally
o not consider scattering at MM (i.e. w MM 

= 0) because it is not
een on the Moon (Gary & Keihm 1978 ) and we assume that the
ranular material of the comet is similar to lunar regolith in terms
f optical properties. We applied the same η-values for NIMBUS to
llow for a direct comparison between the models. 

We noticed one flaw of this method. Some models fitted the dense
warms of bins (see Fig. 7 ) at d n ≈ 286.80 (October 2014) or d n ≈
14.55 (No v ember 2014) e xtremely well, which yielded a high Q -
alue despite the fact that T sy completely missed one or several bins
lsewhere. In order not to bias the goodness of fit to that particular
ense part of T A ( t ), the swarms were replaced by three representative
ins during Q -e v aluation. By doing so, false-positi ves were a v oided,
nd Q ≥ 0.01 values were only obtained when the entire o v erall
 A ( t ) was well represented by a T sy model curve. We note that Q is a
trongly non-linear function. In cases where visual inspection would
uggest that there was ‘almost a fit’, the Q -value would still be very
ow ( ∼10 −8 , and often orders of magnitude lower), unless T sy was
ully statistically consistent with the bins and their error bars. In the
ollowing, when stating that a model does not fit the data, it implies
 � 0.01 (for brevity we rarely report the actual value). 

 RESULTS  

.1 October 2014 

.1.1 October: BTM results 

he BTM has two free parameters: the volumetric ice fraction f i 
nd the thermal inertia � (the specific heat capacity is assumed
xed at the values in Table 2 , and only the heat conductivity

s varied). A small and sparse grid was originally considered,
ocusing on low thermal inertia and small ice abundance, consistent
NRAS 516, 6009–6040 (2022) 
ith previous work (Schloerb et al. 2015 ). When finding solutions
ro v ed difficult, that grid was densified and extended into other
egions of parameter space that appeared more promising. The final
rid considered the 0 ≤ f i ≤ 0.3 interval with � f i = 0.05 reso-
ution and � = { 30 , 50 , 80 , 100 , 130 , 150 , 180 , 200 , 230 } MKS ,
lus a region with 0.35 ≤ f i ≤ 0.55 with the same � f i but � =
 130 , 150 , 180 , 200 , 230 } MKS . Thus, a total of 88 thermophysical
odels were run. We first attempted to fit the MM data. For each BTM

olution, the THEMIS code was run for different E MM 

-values while
eeping w MM 

= 0, in order to find the antenna temperature solution
ith the smallest possible residual with respect to the empirical data.
 total of 812 such THEMIS models were considered. 
The simulations show that ice-free models are too warm for

ealistic E MM 

-values ( E MM 

= 26 + 11 
−6 m 

−1 on average, according to
chloerb et al. 2015 ). Generally, an increasing extinction coefficient

ncreases the day-side antenna temperature. This is because a higher
xtinction coefficient means a larger number of absorbers per
olume unit, which also translates to a larger number of emitters.
t � = 30 MKS the extinction coefficient has to be reduced to
 MM 

= 8 m 

−1 (if so, material down to 12 cm depth would contribute
ignificantly to the signal) for the modelled antenna temperature to
rop to the level of the data. But then the amplitude is not anywhere
ear that of the observ ed curv e, as seen in the left-hand panel of
ig. 10 . Increasing the thermal inertia for such models only reduces

he amplitude further. 
When introducing cooling due to sublimation of near-surface

ater ice, the models can be brought to the general level of the
ata using more reasonable extinction coefficients. Fig. 10 , left-hand
anel, shows a case with { f i , �, E MM 

} = { 0 . 3 , 30 MKS , 80 m 

−1 } ,
hat roughly has the right amplitude at the first-peak and dip.
o we ver, there are se vere problems at the second peak. The model

limbs correctly towards the second peak and reproduces the dense
ollection of data bins, but instead of reaching the high temperatures
t d n ≈ 286.85 the model temperature drops. Model curves that
re significantly warmer around d n ≈ 286.8 than at d n ≈ 286.85
while the observed curve clearly indicates a continuously increasing
ntenna temperature beyond d n ≈ 286.8 that peaks at d n ≈ 286.85)
re here referred to as having a ‘peak shape problem’. Additionally,
he second dip near d n = 287 becomes far too cold. Increasing
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he thermal inertia, as illustrated in the left-hand panel of Fig. 10
y the { f i , �, E MM 

} = { 0 . 3 , 100 MKS , 32 m 

−1 } model, reduces the
mplitude (thus ruining the fit at the first-dip), without improving the 
ituation at the second peak. There seemed to be a weak impro v ement
y simultaneously increasing both f i and �, but the best achie v able
odel with { f i , �, E MM 

} = { 0 . 4 , 200 MKS , 330 m 

−1 } performed
s poorly as the { f i , �, E MM 

} = { 0 . 3 , 30 MKS , 80 m 

−1 } model at
he first dip and second peak, although the second dip was closer to
he data. 

Having failed to find convincing MM solutions with BTM for 
ctober 2014 when using w MM 

= 0, scattering was introduced in 
he THEMIS modelling. We did this reluctantly because scattering 
s not expected at the MM wavelength, as mentioned previously. 
he effect of increasing w MM 

is to lower the antenna tempera- 
ure, so we applied w MM 

> 0 for models that were too hot and
ncreased the single-scattering albedo in steps of �w MM 

= 0.05 
ntil reaching the level of the data, resorting to fine-tuning when 
t was deemed meaningful. We considered 777 w MM 

> 0 models 
pread across the thermophysical model grid, bringing the total of 
HEMIS MM runs to 1,589. The smallest residuals were obtained 
or { f i , �, E MM 

, w MM 

} = { 0 , 130 MKS , 50 m 

−1 , 0 . 3 } . Although
ost of the data bins could be fitted, the modelled temperature 

emained 10 K too warm at the first dip (despite the fact that
he MM model assumed complete darkness at this point, even 
hen some illumination of the actual footprint took place, see 

ection. 2.2.3 ). In conclusion, no convincing reproduction of October 
014 MM data could be found using thermophysical solutions based 
n BTM . 
Next, the SMM case was considered. Another 18 thermophysical 
odels were added to form a rectangular grid with 0 ≤ f i ≤ 0.4

 � f i = 0.05 resolution) and � = { 30, 50, 80, 100, 130, 150,
80, 200, 230 } MKS. Higher f i -values were not considered. For
ach { f i , �} combination, THEMIS was run at the SMM wavelength
o find the E SMM 

-value that minimised the residual between the 
ynthetic antenna temperature curve and the empirical bins, assuming 
 SMM 

= 0. In total, 208 such simulations were made. The closest
atch was found for { f i , �, E SMM 

} = { 0 . 1 , 80 MKS , 400 m 

−1 } .
s seen in the right-hand panel of Fig. 10 , that model is not

ufficiently cold at the first dip, and failed to reproduce the second
eak. Scattering is more likely to take place at SMM than at MM
avelengths, therefore another 258 THEMIS simulations with w SMM 

 0 were considered, bringing the total number of simulations to 
66. The best of these simulations, having { f i , �, E SMM 

, w SMM 

} =
 0 , 100 MKS , 250 m 

−1 , 0 . 15 } impro v ed the fit at the second peak
odestly (though not performing well at the continuous stare), and 

till failed to match the first dip. After having completed this e xtensiv e
nvestigation of the parameter space we had to conclude that the Basic 
hermophysical Model is not capable of reproducing the MIRO 

easurements and that its time-dependent temperature solutions, at 
nd below the surface, do not match those of the comet. We note that
he discrepancies were far too large to realistically be attributed to 
ny of the simplifications described in Section 3 . 

.1.2 October: NIMBUS results 

s a starting point, a NIMBUS model with refractory to water ice
ass ratio μ = 2, tube length and radius { L, r p } = { 100 , 10 } μm ,

nd tortuosity ξ = 1 was considered (these values were consistent 
ith the pre-perihelion H 2 O and CO 2 production rates observed by 
osetta /ROSINA, according to the NIMBUSD modelling by Davidsson 
t al. 2022b ). In order to prevent the thermal inertia from decreasing
elow ∼ 30 MKS at high porosities, a Hertz factor h = 0.0016 ceiling
as introduced (this constraint was later modified to consider lower 

hermal inertia in a controlled manner). The model was propagated 
rom aphelion on 2012 May 23 to 2014 October 6 (at 3 . 23 au ). To
llustrate the weak water-dri ven acti vity in this ∼ 2 . 3 yr segment
f the orbit, the water withdrew merely 8 . 5 mm under the surface
nd the dust mantle was eroded by only 4 mm . The temperature
istribution at the final date was used as initial condition for a series of
imulations with different model parameters. Thus, a time period of 
8 days for thermal re-adjustments due to the new parameters were

pplied, before reaching the October 14 master period. A first series
f 15 simulations systematically explored the effects of considering 
ifferent dust mantle thicknesses (2–8 mm ), thermal inertia ranges, 
nd { L, r p } values. The thinner the dust mantle, and the larger
he { L, r p } values, the more ef fecti ve is the cooling due to water
ublimation. The lower porosity below the dust mantle (because of 
he presence of ice), leads to enhanced heat conductivity and heat
apacity in that region compared to the dust mantle. Furthermore, 
or r p > ∼ 1 mm , radiative heat transport starts to add visibly to the
nstantaneous thermal inertia. For the largest dif fusi vity considered, 
 L, r p } = { 28 , 6 . 6 } mm , the total thermal inertia is ∼ 25 MKS at
ight and ∼ 50 MKS at day. 
Moving the sublimation energy sink from the top cell (as in the

TM ) to a sub-surface region surrounding the water ice sublimation
ront (as in NIMBUS ) unfortunately did not introduce any significant
ualitative changes to the synthetic antenna temperature curves. Ap- 
lying temperature-dependent heat conductivities and heat capacities 
ad no significant effect either. The peak shape problem remained 
evere, illustrated by the thin blue curve in the left-hand panel of
ig. 11 . Note that BTM produced curves of that type as well, when
sing higher E MM 

values than in Fig. 10 in order to force a match with
he warmest MIRO antenna temperatures at d n ≈ 286.85. In short, a
roperly modelled dust mantle, o v erlaying a sublimating icy interior,
id not provide a better match than the admittedly non-physical BTM

cenario where all cooling takes place at the very surface. 
We decided to try to understand the reason why the modelled

ntenna temperature, when applying a sufficiently large E MM 

value 
o match the hottest measurements at d n ≈ 286.85, yielded an even
igher temperature at d n ≈ 286.8 that exceeded the measurements by 

20 K or more. First it was recognized that the MIRO observations
ear d n ≈ 286.8 were acquired at very lar ge emer gence angles,
ometimes exceeding e = 75 ◦, as seen in Fig. 7 . Secondly, because
f the relatively strong solar illumination at this point of the diurnal
urve, the temperature gradient is very steep, having a high-surface 
emperature and cooling rapidly with depth (upper right-hand panel 
f Fig. 11 ). The analytical solution to the equation of radiative transfer
equation 3 ) was scrutinized to understand how the radiance would
epend on emergence angle in such conditions. In the absence of
cattering ( w MM 

= 0 and γ = 1), the H ( x ) function (equation 4 )
ecomes constantly equal to unity. It means that the first term in
quation ( 3 ) is a constant, and that H ( μe ) in the second term no
onger introduces any e -dependence. It is therefore only the term
 /( Y + μe ) that is changing with emergence angle, taking a value
f Y /( Y + 1) < 1 at nadir observations that grows towards unity as
 → 90 ◦ and μe → 0. Because U 1 > 0 for a ne gativ e temperature
radient ( T falling with depth), the observed radiance is expected to
ncrease strongly with e , growing from I λ(0) = ( U 0 + | U 1 | Y / ( Y +
)) / π towards I λ(90 ◦) = ( U 0 + | U 1 | ) / π. Therefore, the unusually
igh-modelled antenna temperature near d n ≈ 286.8 appeared to 
e a consequence of a strongly ne gativ e temperature gradient in
ombination with very large e -values. 
MNRAS 516, 6009–6040 (2022) 
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Figure 11. Left-hand panel: NIMBUS solutions versus MIRO 2014 October MM antenna temperatures. The model with ζ = 0 had an 8 mm dust mantle and 
{ L, r p } = { 10 , 1 } mm . The model that included the solid-state greenhouse effect ( ζ = 7 . 5 × 10 −3 m) had a 9 . 9 mm dust mantle and { L, r p } = { 7 . 5 , 0 . 75 } mm . 
Both models were applying E MM 

= 100 m 

−1 .The large temperature reduction near day number d n = 286.8 when ζ increases is caused by a high sensitivity of 
the radiative transfer solution to the sign of the near-surface temperature gradient at lar ge emer gence angles. The significant impro v ement of the fit as ζ increases 
is taken as evidence of the solid-state greenhouse effect in smooth terrain on Comet 67P. Right-hand panel: Physical temperature versus depth at a selection of 
time instances during day and night for ζ = 0 (upper) and ζ = 7 . 5 × 10 −3 m (lower). Note that the solid-state greenhouse effect leads to positive near-surface 
temperature gradients at all rotational phases, and sub-surface temperature maxima. 
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Ho we ver, if the temperature gradient is positive ( T increasing with
epth), then U 1 < 0 and equation ( 3 ) suggests that the observed
adiance, as well as the antenna temperature, would fall strongly with
ncreasing e , peaking at I λ(0) = ( U 0 − | U 1 | Y / ( Y + 1)) / π at nadir
nd decreasing towards I λ(90 ◦) = ( U 0 − | U 1 | ) / π. That observation
ed to the suspicion that the MIRO measurements perhaps could
e matched by a model that would have a positive temperature
radient on the day-side. Ne gativ e day-time temperature gradients are
na v oidable in models that assume that the surface material is fully
paque to visual radiation, so that all solar energy is absorbed at the
ery surface. Ho we ver, models that allow for a finite visual opacity
combined with opaqueness in the thermal infrared) absorb energy
ithin a near-surface volume, as opposed to just the surface itself,
hile the radiative cooling from such depths is insignificant. Thus,
ay-side temperature profiles develop that peak at a certain depth,
aving temperatures that fall both towards the surface, and towards
reater depths. An example is seen in the lower right-hand panel of
ig. 11 . This phenomenon, referred to as ‘the solid-state greenhouse
ffect’ has been thoroughly explored theoretically (e.g. Brown &
atson 1987 ; Clow 1987 ; Matson & Brown 1989 ; K ̈omle, Dettleff &
ankert 1990 ; Davidsson & Skoro v 2002 ), e xperimentally (e.g.
aufmann, K ̈omle & Kargl 2006 , 2007 ; Kaufmann & Hagermann
015 ), and has been observed in space (e.g. Urquhart & Jakosky
996 ). 
Accordingly, NIMBUS was modified to accept a flux profile

xp ( −z/ ζ ) of incident radiation, where ζ is the e -folding scale of
ight penetration. A total of 30 NIMBUS models were run, considering
= 5 × 10 −3 m, ζ = 7 . 5 × 10 −3 , and ζ = 10 −2 m, with different

ust mantle thicknesses on the range 6–27 mm and tube dimensions
n the range { 100 , 10 } μm ≤ { L, r p } ≤ { 28 , 6 . 6 } mm . Most models
ad � ≈ 30 MKS , except one low- r p model for which � ≈ 50 MKS
as forced, and several high- r p models that reach � ≈ 50 MKS
aturally through a significant radiative contribution to heat transfer.
he peak shape problem was not resolved for ζ = 5 × 10 −3 m, but
rastic impro v ements were seen for larger e -folding scales as long as
he mantle was not too thick and the { L, r p } -values were not too large.
n example of peak shape improvement (thick blue curve) caused
y the solid-state greenhouse effect is seen in the left-hand panel
NRAS 516, 6009–6040 (2022) 
f Fig. 11 , along with remaining issues that could not be resolved.
ear d n = 286.8 the antenna temperature drops from ∼ 205 K when

he medium is considered opaque ( ζ = 0) to ∼ 185 K when light
s absorbed with a penetration length-scale of ζ = 7 . 5 × 10 −3 m. At
 n = 286.85, where the sensitivity to the properties of the near-
urface temperature gradient are low because of the modest e -values,
he synthetic antenna temperature is modified rather little. Therefore,
he model that includes the solid-state greenhouse effect reproduces
he entire second peak. A temperature reduction is seen at the first
eak as well, for the same reason (see e -values in Fig. 7 ). Temperature
ncreases are seen at the beginning and end of the curve, as well as
ust before the first dip. These are likely secondary-effects, caused be
he higher efficiency by which solar energy is driven into the surface

aterial. 
Because of the drastic impro v ement seen for ζ ≥ 7 . 5 × 10 −3 m,

e consider the existence of a solid-state greenhouse effect consistent
ith MIRO measurements. We think that the prominent solid-

tate greenhouse effect is caused by the nature of airfall material,
onsisting of loosely assembled mm-cm-sized chunks that form a
edium with substantial macro porosity (Pajola et al. 2016 , 2017 ;
avidsson et al. 2021 ). Solar radiation is being absorbed gradually
ith depth, creating a sub-surface temperature peak and a positive

emperature gradient in the uppermost layer that causes a clearly
bservable signature in the MIRO data: an unusually low antenna
emperature at strongly illuminated and warming regions observed
t large emergence angles. 

Encouraged by these initial models, another 51 NIMBUS simula-
ions were performed, to further expand the considered set of mantle
hicknesses, tube dimensions, and ζ -values, for different thermal
nertia. Many simulations aimed at a thermal inertia near ∼ 30 MKS .
bout half of those simulations considered { L, r p } = { 20 , 2 } mm ,

esulting in a relatively small radiative contribution to heat transport.
 lower limit on the Hertz factor was placed so that the thermal

nertia would not be reduced much below 30 MKS even for very
igh porosities. That resulted in the thermal inertia primarily being
o v erned by solid-state conduction, with the total value typically
arying diurnally within the range 30 ≤ � ≤ 35 MKS . The other half
onsidered { L, r p } = { 28 , 6 . 6 } mm , resulting in a relatively large

art/stac2560_f11.eps
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Figure 12. The panels show MIRO October 2014 MM data, and how antenna temperature curves based on NIMBUS simulations change when one parameter 
is varied while all others are fixed in the thermophysical model. Upper left-hand panel: effects of changing dif fusi vity (by v arying the pore radius r p ). Note 
that the entire curves are being vertically displaced when r p changes. Upper right-hand panel: Effects of changing thermal inertia, which are very small at the 
lo west antenna temperatures. Lo wer left-hand panel: ef fects of changing the thickness of the dust mantle. Note that those effects are very small at the very 
beginning/end of the curves. Lower right-hand panel: Effects of changing the depth of the CO 2 sublimation front (including one case without CO 2 . The biggest 
effects are seen at the beginning of the curve, and at the lowest/highest temperatures. 
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adiative contribution to heat transport. In this case the nominal 
hoshany et al. ( 2002 ) porosity-correction of heat conductivity 
as used, leading to negligible solid-state conduction for the high- 
orosity characterizing the dust mantle. That resulted in the thermal 
nertia primarily being go v erned by radiativ e transfer, typically 
arying diurnally within the range 25 ≤ � ≤ 40 MKS . Two methods 
ere used in the remaining models to consider higher thermal inertia. 
he first method considered { L, r p } = { 20 , 2 } mm but multiplied

he Hertz factor (having the previously mentioned enforced lower 
imit) with factors 2, 4, or 6 in order to push the thermal inertia
dominated by solid-state conduction) into the ranges 50 ≤ � ≤
5 MKS , 65 ≤ � ≤ 75 MKS , and 80 ≤ � ≤ 90 MKS , respectively.
here were also cases where the Hertz factor lower limit was reduced

o consider 15 ≤ � ≤ 25 MKS . The second method applied the 
ominal Shoshany et al. ( 2002 ) Hertz factor but boosted the tube di-
ensions to { L, r p } = { 56 , 13 . 2 } mm (yielding 35 ≤ � ≤ 60 MKS )

r { L, r p } = { 112 , 26 . 4 } mm (yielding 55 ≤ � ≤ 90 MKS ). Note
hat heat transport dominated by radiation has a stronger temperature 
ependence, thus a wider diurnal thermal inertia range, than does 
olid-state heat conduction. We considered both options to make sure 
ur modelling is not biased towards one particular type of behaviour. 
e considered mantle thicknesses ranging from 6 . 3 mm to 6 . 8 cm

nd e -folding scales 7 . 5 × 10 −3 ≤ ζ ≤ 2 . 5 × 10 −2 m. 
The large combined set of 81 NIMBUS models allows for systematic 

tudies of how the antenna temperature curve changes when one 
iven parameter changes and all other conditions are held fixed. 
uch a study is valuable in order to better understand how to
mpro v e a giv en model curv e to wards a gi ven empirical data set,
y adjustments of its model parameters. The upper left-hand panel 
f Fig. 12 e x emplifies how the synthetic antenna temperature curve
hanges with tube dimensions { L, r p } . Larger pores, resulting in a
arger net sublimation and cooling, lowers the antenna temperature 
urv e, as e xpected. It is interesting to note that this reduction is
ubstantial both at day and at night. To first order, changing { L, r p }
herefore leads to a vertical displacement of the entire curve. Changes
ue to the thermal inertia are illustrated in the upper right panel of
ig. 12 . Increasing the thermal inertia reduces the amplitude of the
urve. Interestingly, the temperature at the coolest part of the curve
arely changes at all. Therefore, �-adjustments have a large effect on
he day-time temperatures while the dip temperature is very stable. 
hanges to the thickness of the dust mantle are illustrated in the

ower left-hand panel of Fig. 12 . The thicker the mantle, the larger
s the amplitude of the antenna temperature curve. In this case, the
emperatures at the beginning and at the end of the curve hardly
hanges, while there are substantial shifts elsewhere. Also note that 
he peak shape problem is prominent in most of these curves. As
reviously stated, this happens when the mantle is either too thick or
he { L, r p } -value is too large for the considered ζ -value. In fact, there
s a substantial impro v ement of the shape of the second peak in the
ower left-hand panel of Fig. 12 , as the mantle thickness is reduced. 

As can be seen from Fig. 12 , many modelling attempts were
nsuccessful, leading to curve shapes and absolute values that 
re incompatible with the measured data. Only four models were 
ormally consistent with the data ( Q > 0.01 for ±2 . 5 K error
MNRAS 516, 6009–6040 (2022) 

art/stac2560_f12.eps


6028 B. J. R. Davidsson et al. 

M

Figure 13. The best available NIMBUS -based reproductions of the MIRO 2014 October MM (left-hand panel) and SMM (right-hand panel) T A for models 
without sublimating CO 2 ice. These models have { L, r p } = { 28 , 6 . 6 } mm and h m 

= 20 . 1 mm , but different light penetration length scales ( ζ = 1 . 5 × 10 −2 m 

for #40C, but ζ = 1 . 75 × 10 −2 m for #40D). Model #40C requires E MM 

= 30 m 

−1 , but #40D needs E MM 

= 25 m 

−1 . The models are too warm at the beginning 
of the curve. At SMM, model #40C needs an unrealistically low E SMM 

= 30 m 

−1 if B e = 0.96 (and completely misses the first dip) but would increase towards 
E SMM 

→ 120 m 

−1 and match most data (except being much too warm at d n = 286.6) if B e → 1. The higher ζ of model #40D yields suf ficiently lo w near-surface 
temperatures for night-time frost formation, and the daytime sublimation of this frost produces an unacceptable T sy, SMM 

reduction at the bin cluster (red bullet 
curve). That cooling is barely detectable in T sy, MM 
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ars). The two best MM solution are seen in the left-hand panel
f Fig. 13 . The first model (#40C) had { L, r p } = { 28 , 6 . 6 } mm
nd the original Shoshany et al. ( 2002 ) Hertz factor, resulting in
 radiation-dominated thermal inertia varying between 23–39 MKS
uring rotation. That model had a light penetration lengthscale of
= 1 . 5 × 10 −2 m, a h m 

= 20 . 1 mm dust mantle thickness, and the
est fit was reached for E MM 

= 30 m 

−1 , having Q = 0.059. The other
odel (#40D) was identical except that ζ = 1 . 75 × 10 −2 m, having
 = 0.039 at E MM 

= 25 m 

−1 . Those models suggest the MIRO MM
hannel would sample radiation in the top E 

−1 
MM 

= 3 . 3–4 . 0 cm of the
urface. The largest residual is at the first bin ( d n ≈ 286.6), where the
odels were somewhat too warm. It was also notoriously difficult to

each a sufficiently low-temperature at the dip ( d n ≈ 286.75) when
he fit was reasonable elsewhere. 

In order to qualify as possible solutions, the same physical model
hould reproduce the MIRO SMM data as well. That comparison
s complicated by the error margins on the beam efficiency, B e . If
 e = 0.96, the MIRO SMM measurements would suggest relatively
igh antenna temperatures, shown in the right-hand panel of Fig. 13
y the thin red circles. Pushing the #40C SMM solution (thin red
urve) to reproduce the continuous-stare bin cluster of the B e = 0.96
ata requires E SMM 

= 30 m 

−1 . Ho we v er, because the transparenc y of
omet analogue material is expected to increase with the wavelength
 E MM 

< E SMM 

; Gary & Keihm 1978 ) that is not a satisfactory
olution (for 67P, the average is E SMM 

= 100 + 100 
−33 m 

−1 according to
chloerb et al. 2015 ). Furthermore, that model has a significant peak
hape problem, and the dip temperature is far too high. Assuming
 e = 1 for the SMM channel yields the somewhat cooler thick

ed circles, with model #40C providing the smallest residuals for
 SMM 

= 120 m 

−1 , where Q = 0.0039 (thick red curve). As was
he case for the MM channel the biggest residual is at the first bin
 d n ≈ 286.6). Model #40D (red b ullet curve), ha ving a larger ζ -
alue, is very similar to #40C, except at the second peak where
he temperature dips temporarily when reaching ∼ 170 K (at the bin
luster of the continuous stare) and remaining substantially below the
easurements until the peak tip. The reason for this phenomenon is

rost formation within the dust mantle during the dip, and cooling
ecause of water ice sublimation once the Sun illuminates Hapi D.
NRAS 516, 6009–6040 (2022) 
ll ζ > 0 models have rather low-surface temperatures at day,
nd e ven lo wer ones at night (see Fig. 11 to the lower right-
and panel), sometimes forcing vapour from the warmer interior to
ondense near the surface. Model #40C accumulates a maximum of
1 . 0 kg m 

−3 w orth of w ater ice during the first dip (peaking ∼ 2 mm
elow the surface), that is remo v ed rather quickly. Howev er, #40D
ccumulates 18 . 6 kg m 

−3 (corresponding to a volumetric abundance
f ∼10 per cent relative refractories, for an assumed porosity of ψ =
.8), resulting in more substantial cooling. It is interesting to note that
IRO lik ely w ould have been capable of detecting frost removal, had

t been an important process at the sampled parts of the temperature
urve. VIRTIS did detect 3 μm absorption due to near-surf ace w ater
ce in other regions of Hapi in September 2014, suggesting 5–
4 per cent ice by volume (De Sanctis et al. 2015 ). Such ice was only
een near shadows, and disappeared after ∼ 15 min of illumination,
ndicating it was frost that condensed during darkness. We note that
nly the NIMBUS models with ζ > 0 display frost formation at night
nd during shadowing, typically reaching 5–10 per cent abundances
i. e., closely matching the levels inferred from VIRTIS observations).
he lack of frost signatures at Hapi D according to MIRO, and its
resence elsewhere at Hapi according to VIRTIS, could mean that
he frost-formation efficiency varies strongly by location. Because
> 0 seem to be one of the requirements for frost formation, this

uggests that VIRTIS provides additional support for the existence
f a solid-state greenhouse effect, extending beyond Hapi D. 
We consider #40C and #40D marginal fits, at best. Realistically, B e 

0.98, which means E SMM 

could be substantially lower than 120 m 

−1 

although perhaps not as low as 30 m 

−1 ). The excess temperature near
 n ≈ 286.6 (of about 10 K) does not appear to be correctable with the
eans available. Figs 11 and 12 show that changes to the dust mantle

hickness and the solid–state greenhouse effect parameter ζ have very
eak influences on that part of the curve. The most ef fecti ve way of
odifying the d n ≈ 286.6 temperature is to change the tube dimen-

ions and/or the thermal inertia, but that leads to large modifications
lsewhere and does not solve the problem. The models with the
 v er-all best performance also had trouble to fully reach the lowest
emperature at the dip. Increasing the net sublimation and cooling
apacity of the water sublimation front requires a high dif fusi vity, i.e.
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Figure 14. The best available NIMBUS -based reproductions of the MIRO October 2014 MM (left-hand panel) and SMM (right-hand panel) for models including 
sublimating CO 2 ice. Model #48U with tube dimensions { L, r p } = { 28 , 6 . 6 } mm , light penetration length scale ζ = 2 . 0 × 10 −2 m, dust mantle thickness 
h m 

= 27 . 1 mm , and CO 2 at a depth of 0 . 48 m performed best at MM (for E MM 

= 20 m 

−1 , light blue), but was less satisfactory at SMM (for E SMM 

= 80 m 

−1 , 
light red). A better SMM fit (model #58L, thick red) was obtained for a variable light penetration length scale (nominally ζ = 2 . 15 × 10 −2 m, but reducing to 
1 . 4 × 10 −2 m in the up per centimetre at d n = 286.767–286.85) in combination with a somewhat thicker mantle ( h m 

= 23 . 4 mm ), while tube dimensions and 
CO 2 depth remained the same (using E SMM 

= 60 m 

−1 ). The corresponding MM model (#58L with E MM 

= 25 m 

−1 , thick blue) also performed well. Note the 
significant impro v ement at the be ginning of the curv es with respect to Fig. 13 , that considered CO 2 -free models. The best-fitting model parameters are given in 
Table 4 . 
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arge { L, r p } values. But large pores also enhances the thermal inertia
ecause of the ef ficient radiati ve heat transfer, which tends to reduce
he amplitude of the antenna temperature curve. The best compromise 
etween sufficient cooling and not having e xcessiv e thermal inertia 
ppeared to be { L, r p } = { 28 , 6 . 6 } mm . We do not think it is possible
o further reduce the residuals between model curves and the data, 
ithin the limitations of the currently considered model. 
Thinking of ways to increase the cooling without having to 

ncrease the dif fusi vity, we decided to test the effect of having an
dditional sublimation front at larger depth, caused by CO 2 . Initial 
ests, seen in the lower right-hand panel of Fig. 12 , showed no
easurable differences between a model without CO 2 , and another 
odel that had CO 2 at a depth of 2 . 5 m. Ho we ver, models with
O 2 at depths of 0.48–0 . 84 m caused a reduction of the antenna

emperature at the dip of a few Kelvin, which potentially could 
mpro v e the model fits. More importantly, the addition of CO 2 had
nother unexpected and desirable effect: it caused a distinct drop of
emperature at the beginning of the curve around d n ≈ 286.6. This
as seen as a potential way of removing the excess temperature 
roblem seen in CO 2 -free models, without causing too large changes 
lsewhere. Encouraged by these initial results we ran 97 models 
ncluding CO 2 (increasing the total of NIMBUS models to 192 for
ctober 2014). These models considered different combinations of 

ube dimensions, ζ -values, dust mantle thicknesses, and CO 2 front 
epths, primarily targeting thermal inertia in the 20–40 MKS range 
ominated either by solid-state conduction or radiative heat transfer. 
Among these CO 2 NIMBUS models, nine had higher Q -values 

n the MM than the best non-CO 2 NIMBUS models. The best of
hese (#48U), shown in the left-hand panel of Fig. 14 as a thin
lue curve, had { L, r p } = { 28 , 6 . 6 } mm and the original Shoshany
t al. ( 2002 ) Hertz factor, resulting in a radiation-dominated thermal
nertia varying between 23–38 MKS during rotation. That model had 
= 2 . 0 × 10 −2 m, a h m 

= 27 . 1 mm dust mantle, CO 2 at a depth
f 0 . 48 m, and Q = 0.140 for E MM 

= 20 m 

−1 . As can be seen, the
ynthetic curve reproduces the measured data well. Compared to the 
est CO 2 -free solution in the left-hand panel of Fig. 13 , the fit near the
rst bin has been substantially impro v ed, and the lowest temperature
t the dip is reproduced more convincingly. The corresponding SMM 

urve seen as a thin red curve in the right panel of Fig. 14 fits well,
xcept at the data cluster near d n = 286.8. Here, the temperature
s too low, because of the removal of some frost that accumulated
ear the surface of the dust mantle during the shadowing period.
he SMM signal is very sensitive to the temperature profile in the
ppermost layer, and the difference between the model and the data
s obvious. The fact that the same model conforms very well with the
ata in the MM channel illustrates how the local cooling quickly be-
omes undetectable when a thicker slab contributes to the measured 
ignal. 

At this point, we speculated if the very presence of frost could
ave an effect on the capability of visual radiation to penetrate
nto the surface material. We therefore experimented with a ra- 
iation e -folding scale being reduced to 1 . 4 × 10 −2 m within the
p per centimetre during the d n = 286.767–286.85 part of the curve.
his would concentrate heating to the upper part of the dust mantle
nd remo v e the frost more quickly. In those experiments, we found
he best solution for { L, r p } = { 28 , 6 . 6 } mm , 22 ≤ � ≤ 41 MKS ,
= 2 . 15 × 10 −2 m (except for the brief reduction to 1 . 4 × 10 −2 m),
 m 

= 23 . 4 mm , and CO 2 at a depth of 0 . 48 m. In this case the SMM
odel (#58L) had Q = 0.019 for E SMM 

= 60 m 

−1 when assuming
 e = 0.975, seen in the right-hand panel of Fig. 14 as a thick red
urve. The corresponding MM model, seen in the left-hand panel 
f Fig. 14 as a thick blue curve had Q = 0.086 for E MM 

= 25 m 

−1 .
his is marginally worse than model #48U, but still an acceptable 
t. We consider these solutions the best achie v able with the available
odels, and believe that the corresponding parameters collected in 
able 4 are representative of the physical properties of Hapi D in
ctober 2014. 
It is significant that the same physical solution that works at

MM also reproduces the MM data. The SMM footprint primarily 
amples Hapi D. The fact that the larger MM footprint includes
ome additional terrain, and yet is consistent with the same physical
onditions, indicates the presence of a solid-state greenhouse effect 
nd shallow CO 2 ice deposits in a region that is larger than the pits
hemselves. 
MNRAS 516, 6009–6040 (2022) 
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Table 4. The physical properties of the surface material of Hapi D in October and No v ember 2014, based on best-fitting 
NIMBUS models to MIRO MM and SMM data. Note that a refractories/water–ice mass ratio μ = 2 was used for October 
and μ = 1 was used for No v ember. Both values are compatible with outgassing from airfall material, with a preference 
for the former (Davidsson et al. 2022b ). The molar CO 2 abundance was 30 per cent relative to water, as found by 
Davidsson et al. ( 2022b ). 

Best–fit physical properties of Hapi D 

Physical quantity October 2014 No v ember 2014 

Thermal inertia � of dust mantle 22–41 MKS 110 MKS 
(65 MKS in top 8 mm ) 

Dust mantle thickness h m 

2 . 3 cm 21 cm 

Tube dimensions { L, r p } { 28 , 6 . 6 } mm { 10 , 1 } μm 

Light penetration e –folding scale ζ 2 . 15 × 10 −2 m 0 
(1 . 4 × 10 −2 m when frost) 

MM extinction coefficient E MM 

25 m 

−1 80 m 

−1 

SMM extinction coefficient E SMM 

60 m 

−1 600 m 

−1 

SMM single–scattering albedo w SMM 

0 0.1 
CO 2 sublimation front depth 0 . 48 m 0 . 44 m 
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.2 No v ember 2014 

.2.1 November: BTM results 

he No v ember data set was the first to be analysed, and the
ethodology was somewhat different from the final one, applied

or the October data set. The initial efforts focused on a subset of
he No v ember data: the 24 bins constituting the (time-shifted) d n =
14.55–314.60 continuous stare at Hapi D. The first 16 bins track a
M antenna temperature increase from 184 K to 190 K, during which
api D is illuminated. At that point, Hapi D mo v es into shadow and

he remaining eight bins of the continuous stare track a temperature
eduction to 185 K. The rate of cooling after the sudden switch-
ff of strong illumination was considered a particularly important
ndicator of the thermophysical properties of the surface material.
 total of 16 BTM models were run for a grid of volumetric

ce abundances f i = { 0 , 0 . 05 , 0 . 1 , 0 . 2 } and thermal inertia-values
 = { 30 , 50 , 80 , 100 } MKS . Then, a total of 108 THEMIS models
ere run (assuming w MM 

= 0), in order to find the E MM 

-values
hat yielded the smallest residuals between synthetic and measured

M antenna temperatures, for each BTM model. The best match
as { f i , �, E MM 

} = { 0 . 05 , 100 MKS , 30 m 

−1 } with Q = 0.98 (this
arly work assumed error bars of ±1 K at MM and ±1 . 5 K at SMM,
.e., the Q -values would be somewhat larger if applying our standard

2 . 5 K value). 
For the SMM investigation of this limited data set we as-

umed B e = 0.94 and made 52 searches with THEMIS for the
est E SMM 

-value, assuming w SMM 

= 0, and additionally 202 mod-
ls for which w SMM 

> 0. The best w SMM 

= 0 solution had
 f i , �, E SMM 

} = { 0 . 05 , 50 MKS , 200 m 

−1 } with Q = 0.090. The
 f i , �} = { 0 . 05 , 100 MKS } model (that performed best at MM) had
 = 0.045 for E SMM 

= 400 m 

−1 . Allowing for w SMM 

> 0 the best
olution was { f i , �, E SMM 

, w SMM 

} = { 0 , 50 MKS , 200 m 

−1 , 0 . 15 }
ith Q = 0.824. This limited investigation suggested a lower level
f sublimation cooling and potentially a higher thermal inertia in
o v ember compared to October. 
The investigation was then extended to the full Novem-

er 2014 data set (i.e. also including the eight bins outside
he continuous stare). THEMIS simulations were run for all
ombinations f i = { 0 , 0 . 05 , 0 . 1 } and � = { 30 , 50 , 80 , 100 } MKS ,
rimarily considering the E MM 

values that had w ork ed best
or the limited data set, though some additional E MM 

values
ere considered (25 models in total). The best model was
 f i , �, E MM 

} = { 0 . 05 , 80 MKS , 45 m 

−1 } with Q = 0.624, seen
NRAS 516, 6009–6040 (2022) 
n the left-hand panel of Fig. 15 as a thick blue curve. Two
ther models provided temperature curves similar to this one;
 f i , �, E MM 

} = { 0 . 05 , 100 MKS , 30 m 

−1 } with Q = 0.543 (i.e.
he best fit for the d n = 314.55–314.60 peak), { f i , �, E MM 

} =
 0 . 1 , 100 MKS , 45 m 

−1 } with Q = 0.226. A fourth model, shown
n the left-hand panel of Fig. 15 as a thin blue curve, had
 f i , �, E MM 

} = { 0 , 30 MKS , 35 m 

−1 } with Q = 0.100, for which
iscrepancies with respect to the data start to become obvious. All
ther models performed substantially worse. 
Another 25 THEMIS models were run at SMM, assuming B e =

.96. The best of these models, seen as a thin red curve in
he right-hand panel of Fig. 15 had { f i , �, E SMM 

, w SMM 

} =
 0 . 1 , 100 MKS , 405 m 

−1 , 0 . 07 } with Q = 3 × 10 −11 , i.e. it did
ot formally fit the data (though this { f i , �} -combination w ork ed
ell at MM). The best case from the MM study, { f i , �} =
 0 . 05 , 80 MKS } , had the smallest residuals at SMM ( Q = 2 × 10 −16 )
or { E SMM 

, w SMM 

} = { 315 m 

−1 , 0 . 12 } , seen as a thick read curve in
he right-hand panel of Fig. 15 . In both cases, the main problem is a
oo slow cooling after the first peak, and a too rapid cooling after the
econd peak. 

In summary, the BTM produced very convincing fits for the
o v ember 2014 MIRO MM data, suggesting 5–10 per cent water ice
y volume and a thermal inertia of 80 ≤ � ≤ 100 MKS . Although
uch models provided SMM antenna temperature curves with an
mplitude and shape that were about right, they were not statistically
ompatible with the measurements. Yet, it is interesting that BTM

erformed far better in No v ember than in October. This suggests that
he Hapi surface material may ha ve ev olved significantly, in a manner
hat makes the BTM a better representation of reality. Although the
TM did not represent the MM October 2014 data well, the model

n Fig. 10 with reasonable amplitude and absolute values (having
 f i , �} = { 0 . 3 , 30 MKS } ) suggests that the cooling by sublimation
as reduced, and the thermal inertia increased, when going from
ctober to No v ember 2014. We now turn to NIMBUS simulations

o investigate whether that model confirms that conditions have
hanged, and if so, what those new conditions might be. 

.2.2 November: NIMBUS results 

 total of 56 NIMBUS simulations were performed in order to better
nderstand the 2014 No v ember MIRO observations. The models
ssumed (initial values) refractories to water ice mass ratio μ = 1
also consistent with the inbound water production rate; Davidsson
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Figure 15. The best available BTM solutions versus MIRO 2014 November MM (left-hand panel) and SMM (with B e = 0.96, right-hand panel) data (note that 
just a handful of the bins at the first ’continuous stare’ peak were plotted to ease a comparison between models and data). Though not perfect, the BTM performed 
substantially better in No v ember compared to October 2014. This suggests that some change has taken place in the near-surface material of Hapi D, so that the 
basic thermophysical model is a better representation of reality. This change seems to be associated with a reduction of cooling by sublimation and an increase 
of the thermal inertia. 
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t al. 2022b ), 30 per cent CO 2 with respect to water by number,
nd a porosity of 63 per cent (in order to obtain a bulk density of
35 kg m 

−3 ). One model was run from aphelion to No v ember 8, 2014
about 2.5 d before the start of the master period) in order to have
 starting-point that reasonably accounted for previous evolution (in 
erms of temperature, stratification, etc.). All other models continued 
hat model with new parameter combinations and used the 2.5 d 
about five revolutions) as a relaxation period to adjust to the new
onditions. 

The first eleven models all considered conditions similar to the 
014 October solution (2 . 5 cm dust mantle, ζ = 2 . 15 × 10 −2 m, CO 2 

t 0 . 44 m depth), but having smaller or higher Hertz factors compared
o nominal conditions (to achieve different thermal inertia in the 40–
00 MKS range) and { L, r p } values ( { 10 , 1 } μm or { 28 , 6 . 6 } mm ).
his was done because of the suspected increase of thermal inertia 
nd reduction of sublimation cooling (by lowering the dif fusi vity)
ith respect to October 2014. None of these models w ork ed well,
rimarily because the MM antenna temperature amplitude was too 
arge. The biggest difference compared to the rather successful BTM 

imulations turned out to be the heat capacity of the dust mantle, that
as 3.4 times smaller in the NIMBUS simulations. 
Therefore, 19 additional models were considered where the cell 

ust masses were increased 3.5–4.7 times (which also decreased the 
orosity), with the o v erall effect of producing thermal inertia in the
5–130 MKS range. These had { L, r p } = { 10 , 1 } μm to minimize
he sublimation cooling, and considered different combinations of 
ust mantle opacities ( ζ values) and dust mantle thicknesses (ranging 
.5–16 . 4 cm ). Despite the low diffusivity, most of these models were
oo cold. The exception was the case (model @021A) with the 
hickest dust mantle ( h m 

= 16 . 4 cm ) that had � = 110–130 MKS
nd ζ = 10 −2 m, which yielded Q = 0.068 for E MM 

= 100 m 

−1 .
o we ver, when that model was tested at the SMM wavelength, the

ntenna temperature amplitude was far too small. 
At this point, 14 models with 3.5 times the original dust mass, and

ow thermal inertia (30–60 MKS ) were run for different combinations 
f { L, r p } , ζ , and 3 . 2 ≤ h m 

≤ 9 . 4 cm , primarily to investigate if
odels with low thermal inertia are viable, despite the indications 

rom BTM that the thermal inertia is high. All these models had Q <

.01, and the best cases (with Q on an ∼10 −3 level) both had relatively
hick dust mantles. It therefore seemed that the recipe for success (as
uggested by the BTM work) indeed is to consider a relatively high
hermal inertia ( ∼ 100 MKS ) and a substantially smaller level of
ooling (heavily reducing the dif fusi vity is not sufficient, but the
ater sublimation front has to be comparably deep as well). 
Therefore, the final twelve models considered thick dust man- 

les (14 . 4 ≤ h m 

≤ 27 . 3 cm ), dust mass enhancements that yielded
hermal inertia in the 80–140 MKS range and { L, r p } = { 10 , 1 } μm .
ecause several of these models were convincing at MM wavelength, 

he focus shifted more to finding ways to fit the SMM MIRO
bservations. The primary problem were the SMM amplitudes, 
lthough substantial impro v ements were seen compared to other 
MM cases. The best o v erall solution (that somewhat degraded
M performance while substantially improving the SMM fit) was 

btained by considering a somewhat lower dust mass enhancement 
n the top 8 mm , yielding a some what lo wer thermal inertia ( ∼
5 MKS ) near the surface, compared to deeper parts of the mantle
 ∼ 110 MKS ). 

This model (@056A) had a thick dust mantle ( h m 

= 21 cm ), was
paque ( ζ = 0), and had a best-fitting extinction coefficient of
 MM 

= 80 m 

−1 (resulting in Q = 0.048). In the SMM this model had
 = 0.002 for a beam efficiency of B e = 0.96, when E SMM 

= 600 m 

−1 

nd the single-scattering albedo was w SMM 

= 0.1. Though formally 
ot statistically consistent with the data, this solution is still an
mpro v ement upon the best BTM model (Section 4.2.1 ). These
olutions are shown in Fig. 16 and listed in Table 4 . If the MIRO
MM beam efficiency is closer to unity (as illustrated by the thin
ed circles in the right-hand panel of Fig. 16 ), this lowering of the
MM antenna temperature can be accommodated by increasing the 
ingle-scattering albedo a bit further. 

The NIMBUS simulations seem to confirm the BTM results – the 
hysical and chemical properties of Hapi D in the top decimetres is
istincti vely dif ferent in No v ember 2014 compared to the previous
onth. The dust mantle has become substantially thicker, and the 

roperties of this mantle have changed. The thermal inertia has 
ncreased, the dif fusi vity has decreased substantially, there is no
onger a measurable solid-state greenhouse effect, the extinction 
oefficients at both MM and SMM have increased significantly (i.e. 
he medium is less transparent), and there appears to be a need
or multiple scattering at SMM wavelengths that was not present 
n October. All these changes are consistent with a significant 
MNRAS 516, 6009–6040 (2022) 
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M

Figure 16. The best available NIMBUS -based antenna temperature solutions (model @056A) compared with MIRO No v ember 2014 MM (left-hand panel) and 
SMM (right-hand panel) data. This model has a thick ( h m 

= 21 cm ) and opaque ( ζ = 0) dust mantle with ∼ 65 MKS in the top 8 mm and ∼ 110 MKS below. 
Tubes are small, { L, r p } = { 10 , 1 } μm , and CO 2 is at a depth of 0 . 44 m. The extinction coefficients are E MM 

= 80 m 

−1 and E SMM 

= 600 m 

−1 , with a non-zero 
SMM single-scattering albedo of w SMM 

= 0.1. These solutions confirm the differences at Hapi D in No v ember compared to the previous month, hinted at by the 
BTM solutions. The cooling has been reduced because the dust mantle is thicker and the dif fusi vity is orders of magnitude lower, the thermal inertia and extinction 
coefficients have increased, the solid-state greenhouse effect is no longer detectable, and there may be some multiple-scattering at the SMM wavelength. 
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ompaction of the granular medium (see Section 4.3 for a further
iscussion). 
As was the case for October, the fact that the same thermophysical
odel provides acceptable fits simultaneously at SMM and MM
avelengths speaks against a sharp difference in physical properties
etween Hapi D and its immediate surroundings. Rather subtle
ifferences in dust mantle strength and/or the exact depth of the CO 2 

ould have been responsible for the more obvious morphological
hanges at Hapi D in late December 2014, compared to the weaker
lterations at Hapi C revealed by the change of the spectral slope
bserved by OSIRIS. 

.3 Contextual simulations 

he description of the physical and chemical properties of Hapi D
n October and No v ember 2014 (summarized in Table 4 ) are based
n interpretations of MIRO observations with thermophysical and
adiative transfer models. These results give rise to a number
f questions: (1) under what conditions, if any, are the physical
onditions in October 2014 a natural consequence of thermophysical
volution of this region in the previous years? (2) What is causing
he drastic change observed between October and November 2014,
nd is the short one-month time-scale for these changes realistic? (3)
ow is the re gion e xpected to change after 2014 No v ember, and can

n explanation be found as to why pit formation was initiated at the
nd of 2014 December? (4) Why did the pit changes stop at some
oint between late February and early March in 2015? In order to
ddress these questions, we performed NIMBUS simulations from the
ay 2012 aphelion until mid-March 2015. 
Table 4 states that CO 2 is present at shallow depths, and we

rst need to investigate if and how the supervolatile can remain
elatively close to the surface o v er e xtended periods of time. We first
ote, that the total amount of energy absorbed by Hapi D between
erihelion to aphelion (according to the model in Section 3.1 ) is
 . 9 × 10 9 J m 

−2 , the energy absorbed between the 2012 May 23
phelion and late September 2014 is 3 . 1 × 10 9 J m 

−2 , and a total of
 . 3 × 10 9 J m 

−2 is absorbed from aphelion to perihelion. This means
hat Hapi D receives ∼1.6 times more energy between aphelion and
he first considered MIRO observations, compared to that absorbed
NRAS 516, 6009–6040 (2022) 
y the newly deposited airfall material near perihelion, on its way to
phelion. Therefore, we here only model the part of the orbit after
ay 2012, but will later discuss the effect of having been processed

y an additional ∼60 per cent of energy since the previous perihelion.
A first set of NIMBUS simulations considered model parameters

onsistent with our reproduction of October 2014 MIRO data
 μ = 2, 30 per cent CO 2 by number relative to water, { L, r p } =
 28 , 6 . 6 } mm , ζ = 2 . 15 × 10 −2 m). Five models with CO 2 fronts
nitially located at depths between 0.19–0 . 50 m at aphelion were
onsidered. These models were stopped after one year, because the
O 2 had already withdrawn to 0.79–1 . 11 m, i.e. significantly below

he targeted 0 . 48 m depth (Table 4 ). It is clear that preservation of
O 2 within half a metre of the surface requires special conditions, if
t all possible. 

Davidsson et al. ( 2022b ) performed global modelling of Comet
7P with NIMBUSD and simultaneously reproduced the global H 2 O
nd CO 2 production rates measured by Rosetta /ROSINA, both pre-
nd post-perihelion. They found that successful reproduction of the
ost-perihelion branch (when fresh airfall material deposited during
he perihelion polar night is first exposed to sunlight) required
 very large dif fusi vity on the Northern hemisphere, consistent
ith { L, r p } = { 0 . 1 , 0 . 01 } m. Such a high dif fusi vity would be

xpected in material dominated by loosely packed chunks with sizes
anging MMs to decimetres. Ho we ver, the pre-perihelion branch
equired a dif fusi vity corresponding to { L, r p } = { 100 , 10 } μm .
uch values are more consistent with particles ranging micrometres

o MMs. Davidsson et al. ( 2022b ) speculated that this three orders-
f-magnitude drop in dif fusi vity taking place somewhere around
phelion was due to significant fragmentation in a top layer, caused
y thermal fatigue and fracturing in brittle low-temperature material
lready weakened by water ice loss. Macroscopic chunks were
ulverised and transformed to a low-porosity layer of fine grains.
uch a layer could be MMs to centimetres thick, yet provide an
f ficient gas dif fusion barrier. It would o v erlay an interior still
ominated by large chunks and substantial macroporosity. 
We therefore considered the same NIMBUS models as before, but

pplied { L, r p } = { 100 , 10 } μm (and ζ = 0 because the conditions
or efficient light penetration would temporarily be remo v ed as well).
hose simulations were run for more than twice as long (until the

art/stac2560_f16.eps
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nd of September 2014) compared to the first set, yet the CO 2 

ce only withdrew to 0.70–0 . 79 m (meanwhile, water ice withdrew
rom the surface to a depth of 8 . 4 mm and the total dust mantle
rosion was merely 2 mm ). This was a substantial impro v ement, yet
ot satisfactory. A third set considered { L, r p } = { 10 , 1 } μm and
dditionally switched to μ = 1 (in order to increase the CO 2 bulk
ensity from 105 to 144 kg m 

−3 for a fixed 30 per cent abundance
elative to water). That kept CO 2 ice at 0.56–0 . 63 m in late September
014 (increasing erosion to 3 . 4 mm because of the dust mantle bulk
ensity reduction, and reducing the mantle thickness to 4 mm ). Note 
hat the front propagation rate only is sensitive to dif fusi vity when
ublimation is weak (for an explanation of the lack of such sensitivity
uring strong sublimation, see section 3.2 in Davidsson et al. 2021 ).
A final test lowered the Hertz factor by a factor 4, so that the

ypical dust mantle thermal inertia became ∼ 15 MKS instead of 
30 MKS . Such a reduction could take place if the quenching top

ayer has relatively few and small points of contact with the coarse
ubstrate. Under such optimized conditions, CO 2 ice withdrew from 

.19 to 0 . 35 m between aphelion and the end of September 2014 (or
y 16 cm ). If the front initially was at 0 . 31 m, simulations showed that
t withdrew by just 8 cm to 0 . 39 m. In this case, a 3.6-mm layer was
roded, and the dust mantle thickness became 4 mm . Considering 
hat substantially less energy was available outbound, we therefore 
nd the following sequence plausible: (1) the CO 2 ice was located 

o within ∼ 0 . 2 m of the surface when Hapi D emerged from polar
ight after the 2009 perihelion; (2) it withdrew to ∼ 0 . 3 m by the
ime the comet reached aphelion in 2012; (3) it withdrew further to

0 . 4 m by the end of 2014 September. 
We therefore believe we have identified the conditions that 

ould allow for the existence of shallow CO 2 ice at Hapi D in
014 October( ∼ 0 . 48 m according to our interpretations of MIRO
easurements). It requires a combination of lo w dif fusi vity, lo w heat

onductivity, and a high CO 2 concentration (yet, all parameters being 
ithin reasonable limits). Additionally, the CO 2 ice would have to 
e shallow when emerging from near-perihelion polar night on the 
revious orbit, suggesting substantial removal of dust and perhaps 
ater ice during an earlier pre-perihelion pit formation event. 
We postulate that the isolating and quenching layer was remo v ed

n early October 2014 by intensified erosion (most of the nominal 
.6-mm erosion takes place during September, and in reality, it 
ay have been a factor of a few more substantial). Thereby, 

nderlying coarse material was exposed. That removal would quickly 
ncrease the dif fusi vity by four orders of magnitude (here, from
 L, r p } = { 10 , 1 } μm to { L, r p } = { 28 , 6 . 6 } mm ), and restore the
ominal Hertz factor. That would speed up the withdrawal of both 
he H 2 O and CO 2 fronts. As the dust mantle thickened, the near-
urface opacity would decrease and ζ increase. 

We ran a NIMBUS model throughout October 2014 that initially 
ad H 2 O and CO 2 fronts at 4 mm and 0 . 35 m, with ζ = 0 during
he first week, ζ = 4 × 10 −3 m during the second week, and ζ =
 . 15 × 10 −2 m during the remainder of the time (except if the dust
antle developed water frost at a > 0 . 1 kg m 

−3 level, which triggered
emporary reinstatement of ζ = 4 × 10 −3 m). We found that the dust

antle thickness grew to 1.3, 1.9, 4.0, and 5 . 8 cm during weeks #1
hrough #4. We also found that the CO 2 ice withdrew from 0.35
o 0 . 44 m. Considering that the October 2014 MIRO observations
ere performed during a 15-d period centred at the middle of the
onth (see Section 2.2 ), our inferred dust mantle thickness of 2 . 3 cm

Table 4 ) is consistent with the predicted dust mantle growth. In order
o match a CO 2 depth of ∼ 0 . 48 m (Table 4 ), the initial depth in early
ctober should have been somewhat deeper than the 0 . 35 m used
ere (perhaps at ∼ 0 . 40 m, as mentioned pre viously). Ho we ver, we
hink this test shows that the CO 2 likely would have stayed within
entimetres of the inferred depth throughout the 15-d period, despite 
he high dif fusi vity and resulting net sublimation rate. 

The contextual simulations indicate an ∼ 6 cm dust mantle at the 
nd of October 2014, while the NIMBUS best fit of No v ember 2014
uggests an ∼ 21 cm mantle at that time. Possible explanations of this
iscrepancy include: (1) further growth during the remaining 10 d 
ntil the first No v ember 2014 MIRO observation, as well as to the
o v ember 20 mid-point of that measurement series; (2) more rapid
rowth if the dust-to-water-ice mass ratio is closer to μ = 2 than the
ssumed μ = 1 (as suggested by Davidsson et al. 2022b , for airfall
aterial); (3) the potential presence of an ice–free layer somewhere 

n the 6–21-cm re gion. F or e xample, a < ∼ 14 cm ice-free mantle may
av e co v ered H 2 O- and CO 2 -rich material at Hapi D as it went into
olar-night during the previous apparition, to be co v ered by a > ∼ 6 cm
ayer of fresh ice-rich airfall during the September 2009 perihelion. 
f so, that water ice could have been gradually remo v ed during the
ime leading up to the end of October 2014. That could explain the
ump in dust mantle thickness from ∼ 6 to ∼ 21 cm , as October
ransited into No v ember 2014, pro vided that our interpretation of

IRO measurements is correct. 
As previously pointed out, there is a distinct difference between 

he inferred October and No v ember 2014 best-fitting solutions to
IRO data (T able 4 ). W e suggest, that the water ice that was rapidly

emo v ed during 2014 October, left behind a fragile dust mantle made
p of eroded chunks that would have been weakened by the loss of
he icy ‘glue’ that held them intact. Continuously under stress and
ith forced relative movements caused by the CO 2 and H 2 O vapour
elling up from underneath, it is likely that the chunks would rub

gainst one another and eventually crumble. We propose that the 
ust mantle chunks fragmented and decomposed into their smallest 
uilding-blocks, and that these tiny grains settled into a compact 
ow-porosity layer in 2014 mid-No v ember. Such a collapse would
xplain the significant increases in thermal inertia and the MM/SMM
xtinction coefficients, as well as the four orders-of-magnitude drop 
n dif fusi vity, and the remov al of the solid-state greenhouse effect
 ζ = 0), seen in Table 4 . Furthermore, local grain concentrations in
his fine powder (forming optically active sub-units; Hapke 1993 ) 
ay explain why the SMM channel seems to display signs of
ultiple-scattering ( w SMM 

> 0), as seen in lunar regolith (Gary &
eihm 1978 ). 
We continued the contextual simulations, using 2014 November 

arameters and variants thereof. First, the dust bulk density was 
oosted a factor 4.7 (except in the top ∼ 8 mm that was boosted
 factor of 4) in order to account for the presumed compaction.
dditionally, we set { L, r p } = { 10 , 1 } μm , ζ = 0, and mo v ed the
ater sublimation front to a depth of 21 cm . That simulation was run

hroughout No v ember and 2014 December, this time focusing on the
O 2 vapour pressure profile p CO 2 ( z). We are interested in the CO 2 

apour pressure due to its potential role in pit formation, because it
 x erts a substantial outward force on the near-surface material. We
ound, that by the end of 2014 December (when pit formation first
ecame visible, see Fig. 1 , lower panels), the CO 2 ice had withdrawn
o 0 . 57 m, and the vapour pressure at the CO 2 sublimation front had
eached p CO 2 ( z = 0 . 57 m) ≈ 0 . 3 kPa . 

In an additional simulation we decreased the dif fusi vity further
y an order of magnitude during December 2014, by increasing 
he tortuosity from unity to ξ = 

√ 

10 ≈ 3 . 2. The peak H 2 O and
O 2 pressures as functions of time for the total chain of contextual

imulations are shown in Fig. 17 (left-hand panel). The CO 2 pressure
rst exceeds 0 . 01 kPa at 5 . 4 au inbound in March 2013, and remains
elow 0 . 045 kPa until late 2014 September. Because of the postulated
MNRAS 516, 6009–6040 (2022) 
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M

Figure 17. Left-hand panel: The peak vapour pressures of CO 2 and H 2 O, from early August 2014 (arri v al of Rosetta at Comet 67P) to late January 2015. The 
pressure of the shallowly located H 2 O displays substantial diurnal variations (the value at every 10 ◦ of rotational angle at selected revolutions are shown; the 
pressure is < 10 −2 Pa as of No v ember 2014). The deeper CO 2 yields a quasi-constant pressure on rotation-period time-scales. The dip in early October is due to 
the removal of an assumed low-diffusivity surface layer, and the return to a strong CO 2 pressure in early No v ember is due to an inferred fragmentation, collapse, 
and compaction of solids in the upper ∼ 0 . 5 m. The pressure difference between the CO 2 front and the surface ev entually e xceeds the tensile strength of porous 
assemblages of μm-sized grains measured in the laboratory by G ̈uttler et al. ( 2009 ) and represented by the black lines: ∼ 1 kPa (strength of a ψ = 0.85 medium) 
in late December when the first signs of pit formation were observed, reaching ∼ 2 . 4 kPa three weeks later (strength of a ψ = 0.59 medium). Right-hand panel : 
The CO 2 pressure versus depth z in late 2014 December. The pressure peaks near the CO 2 sublimation front (located at the dashed vertical line), and falls off 
both inwards and outwards. 
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oss of the quenching top layer and the strong increase in dif fusi vity,
he CO 2 pressure plummets to 10 −4 kPa during 2014 October. The
O 2 is deep below the thermal skin depth, hence the blue curve shows
o diurnal v ariations. Ho we ver, the water ice is close to the surface,
nd the corresponding water vapour peak pressure (red) shows strong
ay/night variations. Except when { L, r p } = { 28 , 6 . 6 } mm in 2014
ctober, the CO 2 pressure is orders of magnitude stronger than

hat of H 2 O (note that the water pressure drops below 10 −2 Pa
fter 2014 October because of the thickening dust mantle, and
alls outside the plot). The compaction of the dust mantle in 2014
o v ember, reinstates a high CO 2 pressure and it continues to
row with time thanks to the higher thermal conductivity, as solar
adiation intensifies. With ξ = 

√ 

10 ≈ 3 . 2 after 2014 No v ember, the
O 2 ice withdraws to 0 . 50 m, and the vapour pressure at the CO 2 

ublimation front reaches p CO 2 ( z = 0 . 50 m) ≈ 1 kPa at the end of
014 December. 
Fig. 17 (left-hand panel) also shows the tensile strengths of ‘dust

akes’ consisting of 1 μm silica grains measured in the laboratory
y G ̈uttler et al. ( 2009 ). These comet dust mantle analogues have a
ensile strength of ∼ 1 kPa when the dust cake porosity is ψ = 0.85,
nd a tensile strength of 2 . 4 kPa when ψ = 0.59. We note that the
eak CO 2 pressure reaches ∼ 1 kPa at the end of December in the
IMBUS model with ξ ≈ 3.2, and reaches 2 . 4 kPa three weeks later.
e note the similarity between calculated CO 2 vapour pressures and
easured dust mantle analogue tensile strengths, and emphasize that

he timing when this similarity took place coincides with the observed
tart of pit formation. We therefore propose that the pit formation
bserved by OSIRIS at Hapi D at the end of 2014 December, was
aused by the sublimation of shallow ( ∼ 0 . 5 m) CO 2 ice, that became
ufficiently strong to start ejecting the mantle to space. 

The right-hand panel of Fig. 17 shows p CO 2 ( z) at the end of
014 December. The CO 2 vapour pressure peaks at the sublimation
ront and falls off both towards the surface and towards the deep
nterior (vapour diffuses both upwards and downwards, following
ocal gradients in pressure and temperature). Note that the tensile
 ailure w ould occur at the depth where the mantle is weak est, having
NRAS 516, 6009–6040 (2022) 
 strength that is smaller than the local CO 2 pressure. This depth
s not necessarily coinciding with the CO 2 sublimation front, but
ould be more shallow. That suggests that pit deepening may have
een gradual, i.e. shallower layers were ejected first and additional
aterial was ejected later, as the pressure function adjusted to the

ew conditions. That is to say, the entire ∼ 0 . 5 m layer of dust was
robably not ejected at once. Removal of decimetres of dust also
eans that energy can reach buried CO 2 ice laterally near the rim,

n addition to conduction from abo v e. That may explain why the
its were spreading laterally o v er time. Finally, the depths of the pits
 ∼ 0 . 5 m) would be a natural consequence of ejecting loose dust and
ld airfall material (but not necessarily indigenous material, still held
ogether by water ice). 

The pits of Hapi D seem to have stopped expanding at some point
etween 2015 February 28 and March 17 (Fig. 3 ). This may be
nderstood by using the illumination simulations (see Section 3.1 )
nd calculating the total energy absorbed by Hapi D per nucleus
otation (rot). This amount of energy peaks on 2015 February 15,
t 2 . 98 × 10 6 J m 

−2 rot −1 . Between 2015 February 28 and March
7, this energy fell rapidly from 2 . 87 × 10 6 J m 

−2 rot −1 to 2 . 63 ×
0 6 J m 

−2 rot −1 , reaching the same level that had prevailed in early
une 2014. It is therefore clear, that pit growth proceeded at Hapi D
ntil the comet reached r h = 2.06–2 . 21 au , but at that point (by virtue
f the spin axis orientation and shadows caused by nucleus topogra-
hy around the Hapi valley), the daily solar heating suddenly fell to a
e vel as lo w as in June 2014 (when the comet had been at r h = 3 . 9 au ).
herefore, detectable morphology changes at Hapi D stopped. 
We note that Hapi is a large region, and changes were recorded

lsewhere at later times. Importantly, the ‘aeolian ripples’ (Thomas
t al. 2015b ) started disappearing in 2015 April, and were replaced
y an expanding pit, until the ripples reformed in 2015 December
see fig. S10 in the supplementary material of El-Maarry et al. 2017 ).

hereas Hapi D is located close to the north pole, the aeolian ripples
re found near the equator. They were strongly illuminated around
he time of the May 2015 equinox, which explains their later onset
ith respect to Hapi D. 

art/stac2560_f17.eps
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 DISCUSSION  

ur understanding of the evolution of Hapi D that has emerged 
hrough this work is summarized as follows. The region likely 
 xperienced e xcav ation of se veral decimetres of material in February
nd March 2009, similarly to what OSIRIS observed on the following 
rbit. It entered polar night with an ∼ 0 . 1 m dust mantle, o v erlaying
n icy interior, rich in both H 2 O and CO 2 ice. During the 2009
erihelion another ∼ 0 . 1 m was added in the form of mm-dm-sized
irfall chunks consisting of refractories and water ice. On the way 
o ward aphelion, CO 2 withdre w from ∼ 0 . 2 to ∼ 0 . 3 m, while the
pper few mm-to-cm lost its water ice and crumbled into a low-
if fusi vity top layer, having poor thermal contact with the substrate.
his isolating and quenching top layer slowed the CO 2 withdrawal, 
nd it was remo v ed, through intensified erosion, around September 
014. When MIRO started observing Hapi D in October, the antenna 
emperature revealed a solid-state greenhouse effect (caused by the 
oarse near-surface material), and measurable signatures of shallow 

 ∼ 0 . 5 m) CO 2 ice. Rapid dust mantle thickening followed by col-
apse and compaction of the fragile dust layer in late October or early
014 No v ember, caused significantly increased heat conductivity, 
ptical opacity, and microwave extinction, as well as a drastic drop 
n dif fusi vity. Those modifications caused measurable changes to the 
hermal emission observed by MIRO. This scenario is also supported 
y the OSIRIS spectrophotometry (Section 2.1.2 ), that suggested that 
he top decimetres were not particularly ice-rich. The relatively high 
eat conductivity and low diffusivity, caused a gradually increasing 
O 2 vapour pressure and steepening pressure gradients. In late 2014 
ecember, the tensile strength of the mantle was exceeded and pits

tarted to form, as observed by OSIRIS. Pit formation remo v ed the
pper ∼ 0 . 5 m of cometary material. These shallow depressions grew
aterally (with a terminal velocity of ∼ 1 . 5 m d −1 ) until the daily solar
nergy input fell below an activity threshold in early March 2015. 
owards the end of growth, gas drag was not sufficiently strong to
ject the 2 . 1 ± 0 . 4 m boulder B3. When pit growth stopped at Hapi D,
he stratification may have been similar to that in early 2009. If so,
it formation may be a cyclic behaviour that repeats every orbit. We
ote that the escarpment stopped moving near a point where there 
reviously was a ridge (compare Fig. 3 , lower right, with Fig. 1 , upper
ight-hand panel). That ridge possibly marks the location where the 
009 escarpment came to a halt. 
We now discuss various aspects of this scenario in the light of other

nvestigations in the literature. Cambianica et al. ( 2020 ) attempted 
o determine the thickness of the material deposited in Hapi during 
ne perihelion passage by measuring the length of shadows cast by 
oulders. Their average for 10 boulders suggests the addition of a 
 . 4 - m thick layer, but unfortunately the error bars for all individual
oulders are as large or larger than the reported deposition thickness. 
e therefore consider our proposed deposition ( ∼ 0 . 1 m) consistent
ith the measurements of Cambianica et al. ( 2020 ). 
The compaction we propose to have taken place in late October 

r early No v ember has not been observed in the form of a mea-
urable subsidence. Ho we ver, Davidsson, Buratti & Hicks ( 2022a )
emonstrate that the single-scattering albedo at Hapi D was reduced 
etween 2014 August 30 and December 10. They suggest that this
arkening (presumably caused by a decrease of porosity and an 
ncreased coherent effect, as small brighter grains started acting as 
arger and darker optically ef fecti ve particles) is a manifestation of
he compaction that actually was observable by OSIRIS. 

Davidsson et al. ( 2022b ) found that CO 2 ice on average is located
4 m below the surface on the Northern hemisphere. It means 

hat the CO 2 ice at Hapi D is unusually shallow. That may explain

i

hy pit formation is a localized phenomenon. The CO 2 sublimation 
ront depth probably varies strongly within the Hapi valley, so that
ome areas evolve more calmly, while others are subjected to more
iolent morphological changes. If roundish and laterally expanding 
epressions in smooth terrain are indicative of shallow CO 2 deposits, 
t automatically means that the local airfall co v erage is thin (because
irfall chunks are not expected to carry CO 2 – that substance much be
ocated in the native comet material, below the airfall layer). Mapping 
f regions with or without pit formation may therefore offer a method
f ‘tomography’ that probes the thickness of smooth material in such
errain. 

Davidsson et al. ( 2022b ) also found that the mass ratio of
efractories to water ice was μ ≈ 1 on the strongly active Southern
emisphere, and that the water abundance of airfall material is 
ome what lo wer ( μ ≈ 2). That increase of the refractory to water
ce mass ratio is consistent with the level of water loss from cm-
m-sized chunks that are fully exposed to solar radiation in the
oma during transfer times of 12 h, according to NIMBUS calculations
y Davidsson et al. ( 2021 ). The current study confirms that a
ater abundance corresponding to μ = 1–2 is consistent with 

he dust mantle thickness and its variation with time, as inferred
rom MIRO observations. Davidsson et al. ( 2022b ) showed that the
otal comet production rates of H 2 O and CO 2 vapours measured
y Rosetta /ROSINA places strong constraints on the depths of the
ublimation fronts of both species. They also found that reproduction 
f the high CO 2 production rate right after perihelion, required a
igh CO 2 abundance, perhaps as large as 30 per cent relative to
ater by number. This is consistent with what we find in the current
ork. Keeping CO 2 ice as close to the surface as inferred from

he October 2014 MIRO observations (even in the limit of very
o w dif fusi vity and conducti vity) requires a CO 2 concentration of
 100 kg m 

−3 . For a bulk density of 535 kg m 

−3 (i. e., the nucleus
verage), and a mass ratio of refractories to water ice of μ = 1–2,
his corresponds to a molar CO 2 abundance of at least 30 per cent
ith respect to water. That is somewhat high compared with the range
f 10–23 per cent measured in massive protostars (Gerakines et al.
999 ), but is consistent with the 32 ± 2 per cent range measured
or low-mass protostars (Pontoppidan et al. 2008 ), assuming that 
he near-surface abundance is representative of the bulk. The latter 
hould be more rele v ant analogues of the Solar System. 

Birch et al. ( 2019 ) proposed a scenario to explain the presence
f roundish expanding features in smooth terrain. Sloped surfaces 
re illuminated directly from abo v e by the Sun, but additionally,
y infrared self-heating from surrounding flat terrain. Dust is more 
eadily remo v ed from an inclined surface compared to one that
s perpendicular to local gravity. In their view, the combination 
f preferential heating and facilitated water ice exposure causes 
he slopes to evolve into moving escarpments through a higher 
rosion rate than for surrounding material. We do not reject this
ypothesis, that may accurately describe the origin of certain moving 
scarpments on 67P. Ho we ver, we do not think this mechanism
rimarily is causing the formation of the particular pits studied in this
aper. Our thermophysical modelling shows that superficial water ice 
arely is active at the pre v ailing illumination conditions. The MIRO
ntenna temperatures seem to require the presence of an additional 
ooling agent besides water. CO 2 activity offers a substantially 
ore compelling explanation of the observed dramatic phenomenon, 

wing to its volatility. The engine that drives escarpment mo v ement
s buried decimetres under ground, and is more sensitive to reductions 
f that depth, than to near-surface topography. Once the mantle has
een ejected at one point, CO 2 activity near the escarpment base will
ntensify and rapidly remo v e additional material, until the escarpment 
MNRAS 516, 6009–6040 (2022) 
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nters a region where the CO 2 ice is located too deeply to lift material,
r the level of illumination becomes too low. 
Another scenario was proposed by Bouquety et al. ( 2022 ). They
easured a range of morphometrical parameters describing the

imensions, shapes, and orientations for 131 depressions on 67P,
nd found an analogy with terrestrial alases and martian scalloped
epressions. Such structures on Earth and Mars form when water
ce is e v acuated from a soil, and the remaining porous solid loses its

echanical integrity and collapses. Bouquety et al. ( 2022 ) therefore
ropose a similar formation scenario for the depressions on 67P.
hese have depths ranging 0.4–16 m, with a mean and standard
eviation of 4 . 8 ± 4 . 5 m. Additionally, Thomas ( 2020 ) report depth
easurements of a shallow depression in Anubis, and found that its

le v ation was reduced by ∼ 2 m between September 2014 and June
016. If the Bouquety et al. ( 2022 ) scenario is correct, it implies large
ocal variations in the dust mantle thickness. The average thickness
equired to explain the observed water production rate, is ∼ 0 . 02 m
Davidsson et al. 2022b ), and the switch-off of dust jets (that
re common across the entire nucleus) just beyond the terminator
equires a water ice sublimation front at ∼ 0 . 006 m according to
hi et al. ( 2016 ). In pit–forming regions, the dust mantle would
ave to be ∼ 5 m thick on average. We note that a CO 2 sublimation
ront average depth of ∼ 4 m is necessary to explain the carbon
ioxide production rate curve of 67P according to Davidsson et al.
 2022b ). The similarity between the average pit depth and the average
O 2 front depth suggests that ejection of dust and water ice due to
O 2 activity is an alternative to the water loss and mantle collapse
roposed by Bouquety et al. ( 2022 ). Further analysis is needed to
emonstrate whether the CO 2 -driven ejection of a ≥ 5 m thick layer
ndeed is possible, i. e., if sufficient CO 2 pressure can be reached at
uch depths to o v ercome the tensile strength of the o v erlying ice–
ust mixture. Whereas Bouquety et al. ( 2022 ) see subsidence as the
ajor pit-forming mechanism, we here see the collapse as a smaller

relude, that does not lead to detectable morphological changes (put
erhaps leads to darkening, as previously mentioned; Davidsson et al.
022a ). In the currently proposed scenario, morphological changes
ome after compaction and darkening, and are due to ejection of
aterial, not subsidence. 
In order to further investigate the role of CO 2 ice in pit formation

nd escarpment expansion on 67P, the MIRO data base should be
earched for observations at the time and place of other prominent
xamples of morphological changes in smooth terrain. It would be
articularly interesting to perform an analysis of the Imhotep region
rior to, and during, the May–July 2015 events documented by
roussin et al. ( 2015b ). We hope that the current paper serves as

n inspiration and guide on how to perform such an investigation. It
ould be important to better understand whether near-surface CO 2 

ce is common within smooth terrain on 67P, or if the pits in Figs 1 –3
re unique. Such an investigation could prove extremely valuable in
he context of a cryogenic comet sample-return mission. Retrie v al of
O 2 -rich material at a few decimetres depth is substantially easier
nd cheaper than being forced to drill several metres. Knowing
here to sample is another difficult practical problem that needs

o be solved. If escarpments in smooth terrain pro v e to be indicative
f shallow CO 2 deposits, such visible surface expressions of past
ctivity could be exploited during reconnaissance prior to sampling.
he unique capability of microwave instruments to measure sub-
urface temperatures from orbit could further facilitate the search for
ccessible supervolatiles. 

As a final comment on our work, we note that Fig. 17 (right-hand
anel) shows an interesting phenomenon: the CO 2 vapour pressure
elow the CO 2 sublimation front falls to very small values o v er
NRAS 516, 6009–6040 (2022) 
 distance that is comparable to the depth of the front below the
urface. In addition to the pressure difference between the front and
he surface that is responsible for ejecting mantle material, there
s also a strong pressure difference between the front and deeper
egions, that would strive to displace material downwards. It means
hat the CO 2 vapour not only can eject shallow material into the
oma, but it might also be capable of compressing material at depth.

The structural changes of a porous medium with its pores filled
ith a pressurized gas or liquid are studied in the branch of continuum
echanics known as poroelasticity, first formulated in detail by Biot

 1941 ). The equation of motion for the solid describes its coupling
o the gas; 

∂ 2 u 

∂ t 2 
= G 

∂ σ

∂z 
− 2(1 + νp ) G 

3(2 − νp ) H 

∂ p 

∂ z 
+ 

G 

1 − 2 νp 

∂ εv 

∂ z 
, (9) 

here ρ is the density, u is the displacement, t is the time, z is
epth, G is the shear modulus, σ = K ∂ u / ∂ z is the stress ( K is the
ulk modulus), νp is the Poisson ratio, p is the gas pressure, H 

−1 is
he poroelastic expansion coefficient, and εv is the volume change
f the solids. As long as the tensile material strength (first right-
and term) balances the pressure force (second right-hand term), the
olid is static and the other terms are zero. Once the material yields,
article acceleration begins and the medium is deformed according
o equation ( 9 ) until balance is restored anew. If equation ( 9 ) is
nte grated o v er a slab of thickness d z , the force due to gas pressure
s proportional to the pressure difference between the slab walls,
hich explains the importance of the pressure profile in Fig. 17

right-hand panel): the prerequisites for ejection abo v e the front
nd compression below the front, are co-existing. In this context,
e note that thermophysical comet nucleus models typically treat
ust mantle ejection by requiring that the combined gas drag force
nd centrifugal force o v ercome nucleus gravity on a grain-by-grain
asis (e.g. Shul’man 1972 ; Rickman, Fern ́andez & Gustafson 1990 ;
spinasse et al. 1993 ; Orosei et al. 1995 ). Ho we ver, in the seminal
aper by Fanale & Salvail ( 1984 ), the dust mantle ejection criterion
as formulated for an entire mantle slab of thickness d z (as discussed

bo v e), and the y indeed applied the pressure difference o v er the slab
n their criterion. In the context of sub-surface compaction, we are
nterested in understanding which magnitude the pressure difference

ight reach, compared to the compressive strength of the solids. 
A numerical experiment was performed with NIMBUS , where the
odel in Fig. 17 was propagated to mid-February 2015. At that

oint, the diurnal illumination profile was scaled up to peak at the
ux expected at the perihelion sub-solar point of Comet 67P. Such
onditions are not rele v ant for Hapi D but could have been for other
arts of the comet. After two weeks of cycling at those flux levels, the
O 2 vapour pressure peaked at 4 . 9 kPa , which may be considered

he highest CO 2 vapour pressure achie v able for 67P at a depth of
0 . 5 m (but note that CO 2 at ∼ 0 . 2 m at the south pole reached a

ressure of 19 kPa at perihelion; Davidsson et al. 2022b ). According
o the work of G ̈uttler et al. ( 2009 ) on compressive strength, 1 μm -
rain silica powder would compress to a porosity ψ = 0.73 if the
ressure reaches 4 . 9 kPa . Mixtures of dust and ices are stronger, and
y applying the method described by Davidsson ( 2021 ) for an ice
olumetric fraction of 40 per cent, such a mixture compacts to ψ =
.76 at 4 . 9 kPa . These values are similar to the bulk porosity of 0.75–
.85 inferred for the nucleus itself (Kofman et al. 2015 ). Taken at
 ace value, this w ould not suggest significant additional compression
f the nucleus material because of the CO 2 vapour pressure. 
Ho we ver, the measured porosity–pressure relation is based on

hort-term strength and ignores the creep deformation that would
ake place when the medium is subjected to a continuous stress for
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eeks and months. Laboratory investigations of creep in icy soils 
ubjected to long-term loads show that the strain (i.e. the degree of
eformation, here equi v alent with compaction) increases with time 
e.g. Fish 1983 ; Gardner, Jones & Harris 1984 ; Hampton 1986 ).

easurements of the strain for terrestrial snow (which constitutes 
n upper limit in terms of strength, because ice/dust mixtures are 
eaker than pure ice; Lorek et al. 2016 ) shows that 

= 

σ

33 GPa 

(
1 − T 

273 K 

)−0 . 65 (
ρ

0 . 9 Mg / m 

3 

)−9 

t 0 . 6 (10) 

ith t measured in hours (Meussen, Mahrenholtz & Oerter 1999 ). 
onsidering compaction from an assumed bulk porosity of ψ = 0.8 

o 0.6 (equi v alent to a strain ε = 0.75), and assuming σ = 4 . 9 ×
0 −6 GPa , T = 130 K, and ρ = 0 . 3 Mg m 

−3 , then that compaction
ould be achieved in seven months. 

Furthermore, strength typically decreases with increasing size 
cales. This suggests that comet nucleus material on the metre- 
cale and abo v e might be weaker than the strength measured in the
aboratory by G ̈uttler et al. ( 2009 ) on much smaller scales. Indeed, by
tudying collapsed o v erhangs on 67P, Groussin et al. ( 2015a ) found
hat the compressive strength of cometary material was merely 0.03–
 . 15 kPa on 5–30 - m scales. 
Compression of the type suggested here was not observed in 

he KOSI experiments 3–7 that included CO 2 (L ̈ammerzahl 1995 ). 
o we ver, the dif fusi vity was rather high ( ∼ 0 . 1 m 

2 s −1 ; Benkhoff &
pohn 1991 ) in these experiments, because of relatively coarse grains
nd similarly-sized pore spaces (0.01–1 mm ; L ̈ammerzahl 1995 ), 
esulting in modest CO 2 partial pressures (peaking at 13 Pa ; Hsiung &
oessler 1989 ). This is insufficient to cause compaction. We reach 
P a-lev el pressures by having 10 −5 –10 −4 m 

2 s −1 diffusivities, as 
xpected for porous but homogeneous aggregates of μm-sized 
onomers. 
The CO 2 sublimation front can therefore be thought of as a slowly

ropagating wave that compacts the material before it, leaving behind 
 mixture of refractories and water ice that is compressed with respect
o the deep interior. The compaction process might be self-reinforcing 
o a certain level. By decreasing the porosity, which lowers the 
if fusi vity but increases heat conductivity, the CO 2 sublimation front
eeds to de velop e ver-increasing v apour pressures to ele v ate the
apour mass flux rate to the point where most heat conducted to the
ront is being consumed by net sublimation. This effect decreases 
he porosity further, which facilitates additional compaction, and so 
n. The material that is observable on the surface of comet nuclei
ould therefore very well have experienced substantial compression, 
tructural alteration, and mechanical modification before it became 
xposed. Such processing could affect the way near-surface material 
ractures, and the size-frequency distribution function of coma 
aterial. 
Davidsson et al. ( 2022b ) found that the post-perihelion CO 2 pro-

uction rate of 67P required a substantial near-perihelion reduction 
f dif fusi vity (at the depth where CO 2 v apour is being produced)
n the Southern hemisphere, by a factor of 10–250. They proposed 
hat this reduction of dif fusi vity was due to the mo v ement of the
O 2 sublimation front into a deeper layer that it previously had 
ompressed during strong near-perihelion activity. Therefore, sub- 
urface compression due to CO 2 activity appears consistent with 
OSINA data. 
This type of CO 2 -driven near-surface compaction might explain 

ome puzzling observations of comets. Comparisons between the 
ensities of the top few meters of comets inferred from radar 
bservations, and those of the bulk nuclei derived from non- 
ravitational force modelling, led to suggestions of a thin compacted 
urface layer on comets even before Rosetta (Davidsson, Guti ́errez &
ickman 2009 ; Kamoun et al. 2014 ). The CONSERT experiment of
osetta/Philae showed that the upper few hundred metres of the 
mall lobe of 67P has an average dielectric constant (at 90 MHz ) of
 

′ = 1.27, and an inferred porosity of ψ = 0.75–0.85 (Kofman et al.
015 ). Further analysis of this data set revealed a radial gradient of
he dielectric constant, taking values of ε ′ = 1.7 near the surface
hat transitioned to ε ′ = 1.3 at a depth of 150 m (Ciarletti et al.
015 ) or of ‘tens/hundreds of metres’ (Ciarletti et al. 2018 ). This
uggested an increase of porosity and/or decrease of the dust-to- 
ce mass ratio with depth (Ciarletti et al. 2015 ). Measurements by
hilae /SESAME–PP showed that ε ′ = 2.45 ± 0.2 (at 409–758 Hz )
ithin the top metre at Abydos, consistent with a porosity of ψ < 0.5
r 0.75 for dust analogues of carbonaceous or ordinary chondrites, 
espectively (Lethuillier et al. 2016 ). The work by Brouet et al. ( 2016 )
n SESAME–PP data suggests the upper limit on porosity may even
e as low as 0.18–0.55. Comparing with ground-based Arecibo radar 
bservations of 67P ( ε ′ = 1.9–2.1 at 2 . 38 GHz in the top ∼ 2 . 5 m;
amoun et al. 2014 ), it was suggested by Lethuillier et al. ( 2016 )

hat there ‘may also be a gradient in porosity in the first meters of the
ometary mantle’. Temperature measurements by Philae /MUPUS–
M at Abydos are consistent with a thermal inertia of 85 ± 35 MKS
nd a porosity of ψ = 0.3–0.65 near the surface (Spohn et al.
015 ). 
We propose that compaction of material passed by the CO 2 

ublimation front, caused by the CO 2 vapour pressure gradient below 

he front, is responsible for the observed increase of porosity with
epth (the H 2 O vapour pressure is orders of magnitude weaker, and is
ot capable of such compression of the solids). We have demonstrated 
hat the CO 2 pressure difference between the front and the interior
s sufficiently large to reduce the porosity from ψ = 0.75–0.85 at
arge depth, to ∼0.6 in near-surface regions that previously have been
assed by the CO 2 sublimation front, on time-scales that are short
ompared to the orbital period. Such a porosity gradient is consistent
ith the porosity values at depth and near the surface inferred from

he Rosetta and Arecibo observations described abo v e. Davidsson 
t al. ( 2022b ) show that the CO 2 sublimation front on average is
ocated ∼ 4 m below the surface on the Northern hemisphere, and

2 m below the surface on the Southern hemisphere of 67P, which
oughly would correspond to the thickness of the compressed layer. 

e further propose that this type of compaction is responsible for
he formation of consolidated material on 67P observed by OSIRIS 

e.g. Thomas et al. 2015a ; El-Maarry et al. 2015b ). It is visually
ecognisable by the ‘rock-like’ appearance caused by its brittleness 
hat makes it prone to fracturing and forming angular faceted shapes
e.g. El-Maarry et al. 2015a ; Auger et al. 2018 ). Sheet-like o v erhangs
ith thicknesses of 5–30 m and lateral extensions of 10–100 m

t the time of eventual collapse (Groussin et al. 2015a ) serve as
llustrations that the compacted near-surface layers of consolidated 
aterial are thin and stronger than the material that has been eroded

rom underneath them. 

 C O N C L U S I O N S  

e present Rosetta /OSIRIS observations that document the gradual 
rowth of a ∼ 0 . 5 m deep pit in the Hapi region on Comet 67P, from
014 December 31 until 2015 March 17, when it reached lateral
imensions of 140 × 100 m 

2 . We use thermophysical models and a
adiative transfer equation solver, in order to analyse Rosetta /MIRO 

icro wave observ ations of the re gion in October and No v ember,
014, prior to pit formation. Our main conclusions are the following:
MNRAS 516, 6009–6040 (2022) 
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(i) MIRO measurements are consistent with the existence of a
olid-state greenhouse effect on 67P, which is active in coarse airfall
aterial with high macro porosity. 
(ii) MIRO has provided an estimated inferred depth of the CO 2 

ublimation front on 67P, being ∼ 0 . 5 m at the particular pit-forming
egion in Hapi. 

(iii) In October 2014, the pit-forming region of Hapi was charac-
erized by a low-thermal inertia ( ∼ 30 ± 10 MKS ), a thin ( ∼ 2 cm )
ust mantle, a large dif fusi vity (indicati ve of pores and channels in
he 1–10 cm range), a measurable solid-state greenhouse effect, the
resence of shallow ( ∼ 0 . 5 m) CO 2 ice, modest microwave extinction
oefficients, and no evidence of multiple-scattering. 

(iv) The properties of the near-surface material of comet nuclei
ay change drastically and rapidly. Between October and No v ember

014, the pit-forming region at Hapi experienced a rapid removal of
ater ice, and a collapse of the dust mantle that resulted in significant

ompaction. These events measurably changed the thermal inertia
from 30 to 110 MKS , falling toward 65 MKS at the surface),
he dust mantle thickness (from ∼ 2 to ∼ 21 cm ), reduced the
if fusi vity by four orders of magnitude (indicative of pores and
hannels in the 1–10 μm range), increased the microwave extinction
oefficients by a factor 3–10, and introduced multiple-scattering at
MM wavelengths. 
(v) Contextual thermophysical simulations with NIMBUS show that

O 2 can be maintained within the 0.2–0.5-m region below the surface
ue to seasonally recurring pit-formation events, combined with low-
hermal inertia and lo w-dif fusi vity near aphelion. 

(vi) We constrain the conditions under which the CO 2 vapour
ressure becomes sufficiently high to o v ercome the tensile strength
f porous 1 μm grain dust mantle analogues, and to do so at a location
n the orbit that coincides with the observed start of pit formation:
 high-thermal inertia of ∼ 100 MKS , a low diffusivity consistent
ith homogeneous assemblages of μm-sized grains (with a non-

ero but low tortuosity), and CO 2 ice located to within 0 . 5 m of the
urface. 

(vii) Accordingly, we propose that pit formation and escarpment
ropagation in smooth terrain on comet nuclei may be primarily due
o rapid ejection of dust into the coma driven by superficial CO 2 ice
ublimation. 

(viii) We find that the CO 2 vapour pressure at the sublimation front
ay become sufficiently strong to cause an inward compression

f comet material. Accordingly, we propose that the moving CO 2 

ront compresses material before it, and leaves behind a compacted
ixture of dust and water ice that is exposed at the surface of comets.
(ix) Accordingly, we propose that the compaction of material in

he upper few meters in 67P with respect to the more porous material
t depth, inferred from observations by CONSERT and SESAME
n Rosetta/Philae , as well as by the Arecibo radar, is caused by
rocessing during CO 2 sublimation. 
(x) We propose that the consolidated terrain observed on the

urface of 67P (where it is not co v ered by smooth terrain) is the
bservable surface expression of material that has been partially or
rimarily compacted by previous CO 2 sublimation. 
(xi) We recommend enhanced efforts to investigate other pit-

orming ev ents observ ed by OSIRIS and MIRO, vis- ́a-vis near-
urface supervolatile deposits and visually observable surface ex-
ressions of recent pit formation and escarpment mo v ements. This
s particularly important in the context of cryogenic comet sample-
eturn missions, for which deep excavation in the hunt for cold ice
rastically drives up costs and technical complexity. We recommend
he usage of microwave instruments on orbiting reconnaissance
pacecraft in order to locate suitable sampling sites. 
NRAS 516, 6009–6040 (2022) 
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