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ABSTRACT
The Rosetta mission escorted comet 67P/Churyumov-Gerasimenko for approximately two years including the perihelion passage
(1.24 au, August 2015), allowing us to monitor the seasonal evolution of the water and carbon dioxide loss rates. Here, we model
67P/Churyumov-Gerasimenko water and carbon dioxide production as measured by the Rosina experiment during the entire
escort phase by applying the WEB (Water-ice-Enriched Block) model, namely a structural and activity model for a nucleus made
of pebbles. Furthermore, we compare the surface temperature distribution inferred by VIRTIS-M observations in August 2014
(≈3.5 au inbound, northern summer) with the expected temperatures from our simulations in the nucleus’ northern hemisphere,
investigating the relevance of self-illumination effects in the comet "neck" and assessing the active area extent during the northern
summer. Our simulations imply that: 1) water production at perihelion is mostly from the dehydration of water-poor pebbles,
continuously exposed by CO2-driven erosion; 2) at large heliocentric distances outbound the water loss rate is dominated by
the self-cleaning of fallout deposits; 3) the outbound steep decrease of the water production curve with heliocentric distance
results from the progressive reduction of the nucleus water-active area, as predicted by the proposed model; 4) in August 2014
the water production is dominated by distributed sources, originating in the active "neck"; 5) distributed sources originating in
water-ice-rich exposures dominate the water production approximately up to the inbound equinox; 6) the time evolution of the
CO2 loss rate during the Rosetta escort phase is consistent with the WEB model.

Key words: comets: general – comets: individual: 67P/Churyumov-Gerasimenko – methods: analytical – methods: numerical
– space vehicles

1 INTRODUCTION1

Before ESA’s Giotto mission to comet 1P/Halley, the thermophysical2

models of cometary nuclei assumed that pure water ice was exposed3

on the nucleus surface (Delsemme 1982). The water-vapor loss rates4

computed according to the early measurements of nuclei’s cross5

sections often resulted in values much larger than the observed ones,6

so that the concept of active area fraction was introduced, e.g. close7

to 8% in case of 67P/Churyumov-Gerasimenko (hereafter 67P) (Lis8

et al. 2019). After the Giotto mission, which found a nucleus much9

darker than expected, most of the subsequent thermophysical models10

of cometary nuclei were based on the assumption of a desiccated11

crust, mantling an interior richer in water ice (e.g. Keller et al.12

2015; Davidsson et al. 2022). This assumption required additional13
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free parameters, as the thickness of the crust and the nucleus active14

area fraction (Hu et al. 2017).15

Crust-based models, however, cannot explain the presence of dust16

in the coma, because the gas pressures at the nucleus surface are17

always lower than 0.1 Pa (Pajola et al. 2017b), i.e. lower than the ten-18

sile strengths bonding sub-cm dust particles to the nucleus (Skorov &19

Blum 2012; Gundlach et al. 2015), unless particular crust properties20

are assumed, e.g. a meter-thick mantle depleted of super-volatiles21

and with pores of sizes ≤ 1 mm (Bouziani & Jewitt 2022), how-22

ever inconsistent with the ejection of dm-sized chunks from Jupiter23

Family Comets (Kelley et al. 2015; Fulle et al. 2016; Ott et al. 2017;24

Gundlach et al. 2020; Ciarniello et al. 2022; Lemos et al. 2023), or,25

for the case of 67P, ad-hoc spatial variability of the dust mantle thick-26

ness coupled with the comet specific illumination conditions (Skorov27

et al. 2020). Also, the observed evolution of the 67P nucleus color28

excludes the presence of a desiccated crust (Ciarniello et al. 2022).29

Models based on a crust (e.g. Davidsson et al. 2022), although con-30
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sistent with the measured dust deposition (Cambianica et al. 2020),31

are inconsistent with the measured 67P nucleus erosion (Cambianica32

et al. 2020), which implies values of the nucleus refractory-to-water-33

ice mass ratio 𝛿 orders of magnitude larger than those provided by34

crust models, which thus seem not being able to constrain 𝛿 reliably.35

Depending on the model, the mantle thickness ranges from a few36

tens of 𝜇m (Keller et al. 2015) to a meter (Bouziani & Jewitt 2022)37

according to the fit of the different observations.38

Recently, a nucleus thermophysical model consistent both with39

dust ejection and with all available data of cometary dust (Güttler40

et al. 2019) has been developed (Fulle et al. 2020), assuming the pres-41

ence of Water-ice-Enriched Blocks (WEBs) in pebble-made comets42

and here named WEB model (Ciarniello et al. 2022). It shows that the43

only parameter-free approach to overcome the cohesion bottleneck44

between dust and nucleus is the sublimation of water-ice occurring45

inside the particles composing the nucleus pebbles, because only46

there all the pores are small enough to force the gas pressure to reach47

values of many Pa, thus providing steep pressure gradients at the peb-48

ble surface. Rosetta data provide a ratio 𝜒 ≈ 105 between the sizes49

of the pebbles and that of the grains composing the dust particles50

(Güttler et al. 2019). In this respect, experiments based on 𝜒 < 1051

(Kossacki et al. 2023) cannot measure the pressure gradient at the52

pebble surface.53

The WEB model fits most collected data at 67P (Fulle et al. 2020;54

Fulle 2021). Furthermore, basing on the assumption that comets are55

formed by two classes of pebbles (Ciarniello et al. 2022), namely56

water-ice-rich (𝛿𝑟 ≈ 2, O’Rourke et al. 2020) and water-ice-poor57

(𝛿𝑝 ≈ 50, Fulle 2021, the actual uncertainty of this 𝛿-value is dis-58

cussed in Section 4.1), with different deuterium-to-hydrogen ratio —59

D/H𝑟 = 1.56× 10−4 (Vienna Standard Mean Ocean Water de Laeter60

et al. 2003) and D/H𝑝 = 5.3 ± 0.7 × 10−4 (Altwegg et al. 2015), re-61

spectively — the WEB model predicts the anti-correlation between62

the deuterium-to-hydrogen ratio and the hyperactivity of comets (Lis63

et al. 2019; Fulle 2021). The updated D/H value of 67P and its in-64

variability within the measurement uncertainties with heliocentric65

distance and level of activity (Müller et al. 2022) perfectly matches66

the predictions in case of 67P negligible water distributed sources67

at perihelion (Fulle 2021). The WEB model confirms that nuclei of68

comets are composed of cm-sized pebbles (Blum et al. 2017), which69

are inhomogeneous clusters of porous dust particles, i.e. porous ag-70

glomerates of rocks (Brownlee et al. 2006) and ice-enveloped dust71

grains (Güttler et al. 2019; Fulle et al. 2020).72

Here we show that the WEB model also fits with good accuracy73

the observed temporal evolution of 67P water and carbon dioxide74

loss rates (Läuter et al. 2020) across the Rosetta escort phase, in a75

consistent picture with the above-mentioned previous findings and76

allowing us to characterise the processes concurring to water pro-77

duction. In particular, we show that around perihelion, the water loss78

rate is dominated by dehydration of water-bearing pebbles exposed79

by CO2-driven erosion occurring over part of the surface (Gundlach80

et al. 2020), while after the outbund equinox the water production81

is driven by self-cleaning of fallout material (Pajola et al. 2017a).82

Also, we find that distributed sources dominate water production83

approximately up to the inbound equinox.84

2 WATER ACTIVITY MODEL85

In this section we provide a brief summary of the WEB model (Fulle86

et al. 2020; Ciarniello et al. 2022). For brevity we do not report a full87

description of the model equations, which the interested reader can88

find in the dedicated paper. Nonetheless, we provide here a reference89

for key modelled quantities involved in the computation of 67P water90

production rate.91

At each heliocentric distance 𝑟ℎ and solar zenithal angle 𝜃 deter-92

mining the incident solar flux 𝐹, the WEB model (Fulle et al. 2020)93

is defined by five analytical equations fixing (i) the average tempera-94

ture 𝑇 of the sunlit pebbles, which depends on 𝐹; (ii) the water-vapor95

pressure 𝑃 and (iii) the gas flux 𝑞 from the nucleus surface; (iv) the96

heat conductivity 𝜆𝑠 ; and (v) the temperature gradient ∇𝑇 at depths97

of a few cm. All these quantities depend on 𝑇 . A nucleus is active if98

the gas pressure 𝑃 overcomes the tensile strength 𝑆 bonding dust par-99

ticles to the nucleus surface (Skorov & Blum 2012). If this condition100

is not met, dust ejection is quenched, and the water ice sublima-101

tion builds up an insulating crust finally stopping the activity in e.g.102

half-an-hour at 67P perihelion (Section 4.1). According to the WEB103

model, dust ejection is possible only if 𝑇 ≥ 205 K, thus representing104

the activity onset temperature. In Fig. 1 we report the expected sur-105

face temperature as a function of the solar flux, while in Fig. 2 the106

gas flux 𝑞 as a function of 𝑇 . The WEB model is defined at thermal107

equilibrium (Fulle et al. 2020), so that it cannot provide the transition108

from steady activity at T≥205 K to inactivity due to the presence of109

a crust at T<205 K. The activity onset temperature is reached for110

an incident solar flux of 96 Wm−2, corresponding to a heliocentric111

distance of approximately 3.8 au at normal incidence, while around112

perihelion, the maximum average temperature of pebbles exposed to113

sunlight is approximately 275 K.114

The above quantities allow us to compute also the dehydration rate115

𝐷 (the thickness dehydrated per unit time because of water ice sub-116

limation, proportional to 1 + 𝛿, Eq. 1a), and the water-driven erosion117

rate 𝐸 (the thickness eroded per unit time by dust ejection). Since the118

dust volume distribution is dominated by the largest particles (Güttler119

et al. 2019; Fulle et al. 2020), the erosion rate is computed as the120

ratio of the size of the largest ejected particle 𝑠𝑀 and the timescale of121

heat conduction at depth 𝑠𝑀 . The size of the largest ejected particle122

is an output of the model and corresponds to the maximum depth at123

which the water vapour pressure overcomes the tensile strength of the124

dust aggregates. This depends on the temperature profile with depth,125

which in turn is univocally determined by the surface temperature 𝑇 .126

Given this, the size of the largest ejected particle can be expressed127

as 𝑠𝑀 (𝑇). The timescale of heat conduction at depth 𝑠𝑀 is given by128

𝜌𝑑𝑐𝑝𝑠
2
𝑀
/𝜆𝑠 (𝑠𝑀 ), where 𝜆𝑠 (𝑠𝑀 ) is the heat conductivity at depth129

𝑠𝑀 , 𝜌𝑑 ≈ 800 kg m−3 is the average dust bulk density (Fulle et al.130

2017) and 𝑐𝑝 ≈ 103 J kg−1K−1 is the heat capacity of the pebbles131

(Blum et al. 2017). As such, the erosion rate 𝐸 is only a function of132

𝑇 and does not depend on 𝛿 (see eq. 1b and Fig. 2). By comparing133

eqs. 1a and 1b, we can define the refractory-to-water-ice mass ratio134

for which 𝐸 (𝑇) = 𝐷 (𝑇) at each temperature. We refer to this value135

as 𝛿𝑀𝐴𝑋 , being the maximum refractory-to-water-ice mass ratio at136

a given 𝑇 for which the dehydration rate is not larger than the erosion137

rate (𝐷 (𝑇) ≤ 𝐸 (𝑇)) (Eq. 1c, Fig. 2).138

𝐷 (𝑇) = (1 + 𝛿)𝑞(𝑇)
𝜌𝑛

, (1a)139

where 𝜌𝑛 = 538 kgm−3 is the nucleus density (Pätzold et al. 2019),140

𝐸 (𝑇) = 𝜆𝑠 (𝑠𝑀 )
𝜌𝑑𝑐𝑝𝑠𝑀 (𝑇) , (1b)141

𝛿𝑀𝐴𝑋 (𝑇) =
𝐸 (𝑇)𝜌𝑛
𝑞(𝑇) − 1. (1c)142

143

Water-driven activity can be sustained if 𝐷 < 𝐸 , implying that the144

surface pebbles are eroded by dust ejection before being dehydrated,145

and exposing underlying water-ice-bearing pebbles. Conversely, if146

MNRAS 000, 1–12 (2022)



Comparison of a pebble-based model with 67P water and carbon dioxide outgassing 3

0 200 400 600 800 1000 1200 1400

Solar flux [W/m
2
]

220

240

260

280

300

T
 [

K
]

Figure 1. Average temperature 𝑇 of the sunlit pebbles as a function of the
incident solar flux 𝐹 at the nucleus surface (Fulle et al. 2020). Average
temperatures 𝑇 < 205 K make a comet water-inactive, so they are not shown
here.

𝐷 > 𝐸 , the surface pebbles get dehydrated before dust is ejected, de-147

veloping an insulating layer which dumps further activity (Fulle et al.148

2020), unless additional erosion mechanisms takes place. At temper-149

atures just above 𝑇 = 205 K (𝛿𝑀𝐴𝑋 ≈ 0.7 × 104, Fig. 2), 𝐷 < 𝐸 for150

most possible 𝛿-values (Fulle 2021), so that 67P activity is driven151

by sublimation of residual water-ice also in dust deposits by the so-152

called self-cleaning process (Pajola et al. 2017b). Around perihelion,153

𝐷 < 𝐸 occurs only in exposed WEBs for which 𝛿 ≈ 2 < 𝛿𝑀𝐴𝑋 ≈ 5154

(Fulle 2021; Ciarniello et al. 2022), where the erosion is driven by155

water-ice sublimation. However, around perihelion, the overall nu-156

cleus erosion is dominated by CO2-driven activity (Gundlach et al.157

2020; Ciarniello et al. 2022), which exposes to a continuous dehy-158

dration also the rest of the nucleus surface, which is composed of159

water-poor pebbles of 𝛿 ≈ 50 where 𝐷 > 𝐸 . In our computation160

we assume that CO2-driven erosion is fast enough to expose new161

pebbles as the old ones get dehydrated (Fulle 2021), thus providing162

the condition for a potentially all active surface. Following from this163

assumption, all the portion of the surface at the same temperature164

𝑇 > 205 K provide the same water-vapor flux 𝑞 (Fig. 2) also around165

perihelion.166

3 WATER LOSS RATE COMPUTATION: FROM167

ILLUMINATION MAPS TO THE MODELED WATER168

LOSS RATE CURVE169

To compute the water loss rate with the WEB model we assume170

that all the surface elements with a temperature larger than 205171

K are active (potentially all-active surface). The energetic input172

in each position is derived by taking advantage of the illumina-173

tion maps by Beth et al. (2017). These are computed as a func-174

tion of the subsolar point position at 1◦ steps of subsolar longi-175

tude (0◦-360◦) and latitude (-52◦–52◦) by using the shape model176

CSHP_DV_130_01_LORES_OBJ.OBJ (104192 facets), and provide177

the cosine of the angle 𝜃𝚤 between the Sun direction and the normal178

to the 𝚤-th facet. This quantity is used to calculate the Solar flux179

𝐹𝚤 = 𝐽𝑐𝑜𝑠(𝜃𝚤)/𝑟2
ℎ
, with 𝑟ℎ being the comet heliocentric distance and180

𝐽 the Solar irradiance at 1 au. From 𝐹𝚤 we compute the temperature181
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Figure 2. Water vapor flux 𝑞 (𝑇 ) (red curve), erosion rate 𝐸 (𝑇 ) (blue curve),
and refractory-to-water-ice mass ratio 𝛿𝑀𝐴𝑋 (𝑇 ) (black curve) for which the
erosion rate is equal to the dehydration rate (𝐷 = 𝐸), as functions of the
average temperature 𝑇 of the sunlit pebbles (Fulle et al. 2020). 𝑇 < 205 K
makes a comet water-inactive.

of the surface pebbles at each facet (𝑇𝚤) through the relation shown182

in Fig. 1. The total water loss rate 𝑄𝑡𝑜𝑡 at each position along the183

orbit is computed as 𝑄𝑡𝑜𝑡 =
∑
𝚤 𝑞𝚤 (𝑇𝚤)Δ𝐴𝚤 providing the sum of184

the water flux from each facet 𝑞𝚤 (𝑇𝚤) times the facet area Δ𝐴𝚤 . To185

account for the water loss rate variability over one comet rotation the186

computation is repeated over 360 subsolar longitude steps, for each187

position along the orbit. The computed water vapor loss rate curve is188

reported in Fig. 3, compared to the measured water loss rate derived189

from Läuter et al. (2020), and the average value of the nucleus area190

where 𝑇 > 205 K.191

4 WATER LOSS RATE: MEASURED VS. MODELED192

Läuter et al. (2020) report the water loss rate for comet 67P during193

the escort phase of the Rosetta mission, from 2014 August 1 (he-194

liocentric distance of 3.63 au inbound) to 2016 September 5 (3.70195

au outbound), as inferred from measurements of the COPS (COmet196

Pressure Sensor) and DFMS (Double Focusing Mass Spectrometer)197

sensors of the ROSINA (Rosetta Orbiter Spectrometer for Ion and198

Neutral Analysis, Balsiger et al. 2007)) instrument (Fig. 3). Their199

estimation of the water production temporal evolution is generally200

in good agreement with results from different authors (Hansen et al.201

2016; Biver et al. 2019; Combi et al. 2020), and we refer to such water202

loss rate curve to carry out the comparison with our computation. Ac-203

cording to Läuter et al. (2020), the water production reaches its peak204

(𝑄𝑀𝐴𝑋 = [1.85 ± 0.03] × 1028 molecules/s) approximately three205

weeks after perihelion, whereas the WEB model, assuming thermal206

equilibrium, predicts a peak at perihelion, a difference however not207

appreciable in Fig. 3, due to the uncertainties of the measurements208

after perihelion and the diurnal oscillations of the computed water209

loss rate (grey band in Fig. 3). The water loss rate reduction with210

heliocentric distance occurs in an asymmetric fashion between the211

inbound and outbound legs. In the latter case, the water produc-212

tion is characterised by a steep drop at large heliocentric distances213

([4.1±1.3]×1024 molecules/s at≈ 3.6 au), while, along the inbound214

orbit at ≈ 3.6 − 3.1 au, the water loss rate stagnates (lower bound215

value of 2.4× 1025 molecules/s at ≈ 3.5-3.6 au), also suggesting the216

MNRAS 000, 1–12 (2022)
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Figure 3. Solid line: computed water vapor loss rate compared with the estimates by the DFMS/COPS observations (blue boxes, Läuter et al. 2020)). The
computation has been performed assuming a potentially all active surface, that is all the nucleus surface at 𝑇 > 205 K ejects water. The gray band encompasses
the maximum and minimum simulated water loss rate over one comet rotation, while the average value is represented by the black line. The blue boxes account
for the uncertainties of the observed loss rate. Green symbols: estimated contribution from distributed sources at selected orbital positions (see Section 6).The
different background colors indicate the dominating water production mechanisms at different orbital phases (indicated in the plot) as discussed in detail in
Sections 4, 5, and 6. Dashed line: average value of the nucleus area where 𝑇 > 205 K.

occurrence of a local minimum at ≈3.2 au. The comparison of the217

measured and modeled water loss rate curves (Figs. 3 and 4) indicates218

that the latter provides a generally good match, in particular for the219

outbound phase, while somewhat larger discrepancies can be noted220

for the inbound orbit, and in particular at large heliocentric distances,221

where the water loss rate is largely underestimated. We point out that222

the modelled curve stems directly from the application of the model223

assuming a potentially all active surface. In the following sections,224

we discuss in greater detail the comparison between the measured225

and modeled water loss rate for different orbital phases, defining up226

to what extent the assumption of a potentially all active surface is227

valid, and the resulting implications on the processes contributing to228

water production.229

4.1 From around perihelion to the outbound equinox230

In Fig. 4, we show the ratio between the modeled and measured water231

loss rate for the best possible match at each position, by taking into232

account the corresponding variability intervals of the measured and233

modeled values. Around perihelion, the modeled water loss rate curve234

overestimates the measured one approximately by a factor two (with235

the exception of the pre-perihelion phase, where the water loss rate is236

overestimated by a factor ≈4). According to Ciarniello et al. (2022)237

and (Fulle 2021), more than 92.5 ± 2.5% of comet 67P/Churyumov-238

Gerasimenko is composed by pebbles with a relatively low water ice239

content (𝛿 = 50+70
−25 , Fulle 2021)1. These, having 𝛿 > 𝛿𝑀𝐴𝑋 (so240

that 𝐷 > 𝐸 , Fig. 2), cannot sustain water-driven erosion at the com-241

puted average temperature of the surface pebbles (T=275 K, Fulle242

et al. 2020; Fulle 2021) in the southern hemisphere during the po-243

lar summer, and are completely dehydrated in about ≈ 25 minutes244

once exposed (Fulle 2021). As discussed in Section 2 this condition245

would be consistent with the adopted assumption of a potentially all246

active surface, only if CO2-driven erosion is sufficiently fast to mo-247

bilize enough chunks and expose enough sub-surface pebbles before248

complete dehydration occurs (Gundlach et al. 2020, see also Fulle249

(2021) for details on the resulting surface erosion). As the modelled250

water loss rate overestimates the measured one around perihelion, we251

1 The dust-to-ice mass ratio in the fraction (92.5 ± 2.5%) of the nucleus of
67P with low water ice content (𝛿 = 50+70

−25), determines the dust-to-ice mass
ratio of the chunk deposits in the northern hemisphere, and in particular in
Hapi. Assuming the deposits are composed of chunks ejected at perihelion
from the southern hemisphere (Keller et al. 2017), it can be shown that, upon
dehydration, chunks develop an external crust of approximately half of the
total volume, thus doubling their final dust-to-ice mass ratio before reaching
the northern hemisphere. Cambianica et al. (2020) showed that the dust-to-
ice mass ratio of the deposits in Hapi is 𝛿𝐻 = 100+140

−50 , implying an original
value of the chunks at ejection of 𝛿 = 50+70

−25.
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Figure 4. Modeled vs. measured water loss rate ratio. At a given position,
if the modeled and measured water loss rate intervals overlap, we assume a
value of 1 for the ratio. If not, we compute the model/measured ratio for the
closest pair of upper/lower values (best possible match). The blue diamonds
indicate the same computation performed only for the central position of the
measured water loss rate variability boxes from Läuter et al. (2020).

can conclude that only approximately half of the surface is kept wa-252

ter active, i. e. undergoing CO2-driven erosion by decimeter-chunk253

ejection (exposing sub-surface ice-bearing pebbles to dehydration)254

as suggested by independent modeling of the perihelion activity by255

Gundlach et al. (2020). Another possible interpretation of our re-256

sult is that the CO2-driven erosion rate is 2-4 times slower than the257

dehydration rate. Thus, even if CO2 erosion occurs over the whole il-258

luminated surface the active fraction of the nucleus would be reduced259

down to half-one fourth of the nucleus. However, it is worth men-260

tioning that the estimated water loss rate around perihelion slightly261

differs among different authors. In this respect, Biver et al. (2019)262

infer a maximum water loss rate from the Microwave Instrument for263

the Rosetta Orbiter (MIRO) data ∼2.5 times smaller than Läuter et al.264

(2020)’s, which would imply even a smaller portion of the surface265

undergoing CO2-driven erosion and/or slower CO2-driven erosion266

rates. Conversely, the peak water production from Combi et al. (2020)267

(2.8× 1028 molecules/s) slightly exceeds our maximum value in the268

same period (2.3 × 1028 molecules/s) thus being more consistent269

with our original assumption of a potentially all-active nucleus.270

Receding from perihelion, along the outbound orbit, the modeled271

water loss rate tops the measured one, still matching within a fac-272

tor of 2, at least up to the outbound equinox. This suggests that the273

progressive reduction of CO2-driven erosion and freshly exposed274

sub-surface ice-bearing pebbles, with the comet 67P receding from275

the Sun, is approximately balanced by the prolongation of the pebble276

dehydration time.277

4.2 Outbound orbit at large heliocentric distance278

After the outbound equinox, when the comet was at ≈3.6-3.7 au to-279

wards the end of the Rosetta mission, the model provides a close280

match to the measured water loss rate, suggesting that approxi-281

mately the whole surface with T>205 K is actually contributing282

to the observed water production. This is consistent with the ac-283

tivation of fallout deposits, accumulated ubiquitously across 67P284

surface from the back-fall of material ejected from the southern285

hemisphere during the polar summer. Fulle et al. (2019) indicate286

that at least 80% of the ejected chunk’s mass slowly falls back on287

the surface. At 3.6 au, the maximum computed surface temperature288

would be ≈207 K, implying that even partially dehydrated mate-289

rial with 𝛿 < 𝛿𝑀𝐴𝑋 (𝑇 = 207𝐾) ≈ 0.5 × 104, would be able to290

sustain water-driven erosion, thus being water-active (fallout self-291

cleaning, Pajola et al. 2017b) and providing the observed water loss292

rate. Conversely, at similar heliocentric distances, we expect negligi-293

ble CO2-driven erosion (Ciarniello et al. 2022) and consequently a294

negligible contribution to the water production from freshly exposed295

sub-surface pebbles. Given this picture, moving along the outbound296

orbit, from perihelion to relatively large heliocentric distances (≈3.6-297

3.7 au), we suggest a progressive transition between a CO2-driven298

erosion regime, where the water production is provided by the de-299

hydration of freshly exposed sub-surface pebbles, to a H2O-driven300

erosion regime, where the dominating contribution is from the ac-301

tivation and self-cleaning of fallout deposits. We also notice that302

our simulation reproduces the steep decrease of the water loss rate303

curve outbound, which can be ascribed to the progressive reduction304

with heliocentric distance of the nucleus surface with 𝑇 > 205 K,305

i.e. water-active (Fig. 3). This adds up to the flux reduction at larger306

heliocentric distances due the surface temperature decrease, thereby307

increasing the steepness of the water loss rate curve.308

4.3 Inbound orbit at large heliocentric distance309

At ≈ 3.6 − 3.4 au inbound (August 2014) during the 67P northern310

summer (Keller et al. 2015), the modeled water loss rate underes-311

timates the measured one at least by a factor 2 (up to ∼5 when312

considering the central position of the water loss rate variability313

boxes; Figs. 3, 4). As in our computations all the surface elements314

with T>205 K contribute to the water production, the observed mis-315

match can be explained by assuming 1) that the predicted modeled316

surface temperatures underestimate the actual ones in the particular317

conditions of the northern summer, or 2) that the sublimation of the318

water-ice fraction of the dust in the coma (distributed sources), not319

accounted for in our model, provides an additional contribution to320

water vapour directly coming from the nucleus. We explore both321

these options separately in sections 5 and 6.322

5 SURFACE TEMPERATURES DURING 67P NORTHERN323

SUMMER IN AUGUST 2014324

In August 2014, comet 67P was at ≈ 3.6 − 3.4 au inbound, during325

the northern summer (subsolar latitude ≈ 45◦ − 43◦). As a conse-326

quence, the north-facing portion of the nucleus was illuminated, in327

particular the Hapi region (El-Maarry et al. 2015), located in the328

comet "neck". Given the concave shape of this region, we may then329

wonder whether self-illumination effects2 (Keller et al. 2015), not330

included in our computation, might account for an additional radia-331

tive input, able to increase the local temperature and the resulting332

water flux. According to previous simulations with different activity333

models (Keller et al. 2015), the increase in water production during334

the northern summer at ≈ 3.5 au, when self-illumination effects are335

included, is of the order of ≈ 10−20%, thus suggesting that these are336

not sufficient to explain the resulting mismatch in our computations.337

2 Self-illumination indicates the additional radiative input on a given sur-
face element from reflected visible light and infrared thermal radiation by
surrounding areas.
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Nonetheless, in the next section we test the effect of self-illumination338

in the framework of the WEB model, including in our computations339

the corresponding contribution to the energy input. This allows us to340

compare the resulting surface temperature distributions with the ones341

inferred from the infrared thermal emission measured by the Visi-342

ble InfraRed and Thermal Imaging Spectrometer-Mapper channel343

(VIRTIS-M) (Coradini et al. 2007) onboard Rosetta, and to evaluate344

the impact of self-illumination on the computed water loss rate.345

5.1 VIRTIS-M measurements for the characterization of the346

surface temperature distribution in August 2014347

From 2 August 2014 to 2 September 2016 (heliocentric distance348

ranging from 3.62 to 3.44 au, Medium-Term-Planing phase 006:349

MTP006) the VIRTIS-M IR channel acquired 242 images of comet350

67P nucleus, from which it was possible to characterize the surface351

temperature by modeling the measured thermal emission following352

the approach of Tosi et al. (2019). With the aim to compare the353

measured surface temperature distribution with the outcome of our354

computations, we selected observations imaging as large a fraction355

of the illuminated nucleus as possible, with the best available spatial356

resolution. This selection results in six observations (Table 1) ac-357

quired with spacecraft-comet distance of around 90 km, and as small358

a phase angle as possible (≈ 30◦).359

5.2 Self-illumination contribution and modeled surface360

temperature distributions in August 2014361

In order to evaluate the self-illumination of the nucleus in our simu-362

lations, we compute the additional thermal energy input (W m−2) of363

all the nucleus facets of index 𝑗 to the facet of index 𝑖364

𝑍𝑖 =
∑︁
𝑗

[−→𝑎𝑖−→𝑟𝑖 𝑗 ] [−→𝑎 𝑗−→𝑟𝑖 𝑗 ]
4𝜋𝑟4

𝑖 𝑗

𝐴 𝑗𝜎𝑇
4
𝑗 , (2)365

where −→𝑟𝑖 𝑗 is the distance vector between the centers of the facets of366

index 𝑖 and 𝑗 ; −→𝑎𝑖 and −→𝑎 𝑗 are the unit normals for the facets of index367

𝑖 and 𝑗 , area 𝐴𝑖 and 𝐴 𝑗 , and temperature 𝑇𝑖 and 𝑇 𝑗 ; and the square368

brackets indicate the scalar product operator. Negative values of the369

scalar products (corresponding to facets not facing each other) and370

𝑖- 𝑗 couples with 𝑟𝑖 𝑗 crossing another facet 𝑘 are not considered in the371

sum. As Eq. 2 is valid for large values of 𝑟𝑖 𝑗 , while for neighboring372

facets it produces unphysical results (Davidsson & Rickman 2014),373

the nearest neighbors of a given facet are excluded from the computa-374

tion. The term 𝑍𝑖 is summed to the incident solar flux 𝐹𝑖 to determine375

the surface temperature through the relation of Fig. 1. Starting from376

the base case where self-illumination is not inclued, the term 𝑍𝑖 is377

applied iteratively to update the surface temperature of all the facets,378

converging to the final surface temperature distribution after three it-379

erations. We tested our code assuming that the nucleus is a grey-body380

of emissivity 0.9, and compared our output to similar computations381

performed with the code adopted in Keller et al. (2015). In particular,382

we compared the final histogram of the facet temperatures, obtain-383

ing a good agreement (see Fig. A1 in Appendix). Notice that with384

respect to the approach of (Keller et al. 2015), our computation does385

not account for the additional contribution to self-illumination of the386

nucleus reflected components. Nonetheless, the good match between387

the surface temperature histograms obtained with the two different388

methods indicate that the contribution of the reflected components af-389

fect marginally the facet temperature distribution at T>205 K, when390

the surface can be potentially active.391

We then applied the method described above to compute the theo-392

retical surface temperature of each nucleus facet for the illumination393

conditions (sub-solar latitude and longitude) of VIRTIS images in394

Table 1. In doing this, we assume that the entire surface is poten-395

tially active (thus implying that part of the absorbed energy goes396

into sublimation of water ice), provided that the corresponding facet397

surface temperature is larger than 205 K. We note that each VIRTIS398

image is acquired over approximately 35 minutes, thus each line is399

in principle characterized by a different sub-solar point position. In400

practice, the variation of sub-solar latitude is negligible during this401

time-frame, while the sub-solar longitude varies of about 16.6◦ due402

to the comet rotation. Given this, for our simulations we assume403

the sub-solar longitude value at mid-acquisition. This appears as a404

reasonable approximation, as we only aim to compare the overall405

surface temperature distributions from VIRTIS and from our simu-406

lations, whereas a pixel-by-pixel comparison is beyond the scope of407

the present work.408

We produce a simulated version of each VIRTIS-M temperature im-409

age, by assigning to each VIRTIS-M pixel the maximum temperature410

among the ones computed for the nucleus facets falling within the411

pixel. This provides an upper limit of the reference simulated surface412

temperature of a given pixel, and roughly accounts for the fact that413

the thermal radiance is dominated by the warmest surface portions414

within the pixel (Tosi et al. 2019). We limit our analysis only to415

those pixels (and the surface facets falling within) having VIRTIS-M416

inferred temperature above T>205 K, being the ones consistent with417

water emission according to the WEB model. In Figure 5, we show418

the histograms of the surface temperature distribution for T>205 K,419

as obtained from the VIRTIS-M observations of Table 1 and the420

corresponding simulations for a potentially all-active surface. It can421

be noted that the assumption of a potentially all-active surface, even422

including self-illumination effects, provides modeled surface tem-423

peratures with modal values systematically smaller (up to 8 K) that424

the measured ones, indicating that this scenario is not compatible425

with VIRTIS-M observations.426

By taking advantage of this set of simulations, we also compute427

the water flux from the surface for the illumination condition of the428

6 VIRTIS-M images of Table 1, to evaluate the additional contribu-429

tion of self-illumination, with respect to the simulations of Section430

3. The resulting water loss rate ranges in the interval ≈0.9-1.6×1025431

molecules/s. These values, although larger (roughly by a factor two)432

than the computed water loss rates at similar inbound heliocentric433

distances without including self-illumination effects, are still signif-434

icantly smaller than the values measured by ROSINA.435

As such, it results that the assumption of a potentially all-active sur-436

face, even including self-illumination effects in the proposed model,437

is not consistent with 1) the measured water loss rate from ROSINA,438

and 2) with the observed surface temperature distribution measured439

by VIRTIS-M. In the latter respect, a distribution of surface temper-440

atures more consistent with VIRTIS-M results can be obtained by441

assuming that a large part of the surface is actually not water-active.442

In Fig. 5, we show the surface temperature distributions obtained443

by including self-illumination and assuming that only a small (≈0.4444

km2, namely the smallest area defined by longitude and latitude445

ranges including the elliptical area of 0.2 km2 defined by Cambianica446

et al. 2020) portion of the neck where erosion has been effectively447

measured by Cambianica et al. (2020) is water active (we refer to448

this scenario as "active neck"). This scenario leads to larger surface449

temperatures as on large parts of the surface no incoming energy450

is spent to sublimate water ice. The modal values of the measured451

and modeled surface temperature distributions are in agreement typ-452

ically within 1-3 K, and the root-mean-square deviations are at most453
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Comparison of a pebble-based model with 67P water and carbon dioxide outgassing 7

Figure 5. Left panels: 67P temperature images VIRTIS-M-IR observations of table 1. The color bars indicate the surface temperature for pixels with T>205 K,
while pixels with T<205 K are shown with grey tones. Black pixels correspond to blank sky or to poorly/not illuminated surface, for which temperature is too
low to be estimated. Right panels: surface temperature histogram as obtained from VIRTIS-M temperature images, for pixels with T>205 K (black), and the
corresponding histograms obtained by applying the WEB model including self-illumination effects assuming that 1) all the surface is all potentially active (light
blue) and 2) only part of neck where surface erosion has been measured (≈ 0.4 𝑘𝑚2, see text) is active (green). For comparison, also the grey-body case with
no water sublimation is shown (orange), mostly overlapping the green curve due to the small area of the "active neck" (see text).
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Observation ID Alt. over the surface [km] Avg. Phase angle [deg] Sub-solar long. [deg] Start Time

I1_00366697117.QUB 88.8 28.4 44 2014-08-15T04:19:45.791
I1_00366700717.QUB 88.6 28.2 15 2014-08-15T05:19:45.712
I1_00366740317.QUB 88.5 29.1 56 2014-08-15T16:19:45.686
I1_00366743917.QUB 89.7 29.3 27 2014-08-15T17:19:45.681
I1_00366747517.QUB 89.9 29.6 358 2014-08-15T18:19:45.789
I1_00366765517.QUB 91.8 31.3 213 2014-08-15T23:19:45.774

Table 1. Observational circumstances for the six selected VIRTIS-M-IR observations in MTP006. Each acquisition is composed of 100 lines (from top to bottom
in each image of Fig. 5) and each line is composed of 256 samples. The single observation is acquired over approximately 35 minutes, thus corresponding to
a variation of the sub-solar longitude of about 16.6◦ from the top to the bottom line due to comet rotation. Given this, we consider as a reference sub-solar
longitude of each image the value at mid-acquisition. For all the observation the heliocentric distance is comprised between 3.54-3.55 au, and the subsolar
latitude is 44.1◦.

of 4.5 K. In Figs. 5 we also show the comparison of our tempera-454

ture histograms with those entirely based on a grey body, indicating455

minor differences with respect to the "active neck" case, given the456

small extension of the water active area in the latter case. Both457

these scenarios match very well the measured surface temperature458

histograms at 𝑇 ≳ 214 K. This suggests a limited contribution of459

surface roughness (≲ 10%), as larger amounts would increase the460

modal temperature and shift the high-temperature tail of the distri-461

bution at larger temperature values, inconsistent with observations462

(see Fig.A2 for a qualitative assessment of the effect of roughness).463

In some of the cases, the model histograms are significantly lower464

than observations at 205 K<T≲214 K. Such residual differences can465

be possibly explained by transient diurnal effects depending on the466

comet rotational phase, not accounted for in the adopted stationary467

thermophysical model.468

The arguments discussed above suggest that a potentially all-active469

surface is not consistent with the measured surface temperature distri-470

butions and cannot explain the water loss rate around 3.5 au inbound,471

thus indicating that a different process is at work. In Section 6, we472

discuss the alternative scenario for which the water loss rate in this473

orbit phase is dominated by distributed sources.474

6 WATER LOSS RATE FROM DISTRIBUTED SOURCES475

Assuming the water active area on 67P at ∼3.5 au inbound is mostly476

limited to the Hapi region, where Cambianica et al. (2020) measured477

surface erosion, the upper limit on the water loss rate from distributed478

sources (𝑄𝑠) can be straightforwardly computed as (Fulle 2021)479

𝑄𝑠 =
𝐸 (𝑇)𝐴𝜌𝑑
𝛿𝐻
𝑓

+ 1
𝑓 = 1 − 𝐷 (𝑇)

𝐸 (𝑇) (3)480

where 𝐴 ≈ 0.4 km2 is the water active area undergoing water-driven481

erosion (Section 5.2), 𝜌𝑑 ≈ 800 kg/m3 is the dust bulk density (Fulle482

et al. 2017), 𝛿𝐻 = 100+140
−50 is the dust-to-ice-ratio in Hapi (Cambian-483

ica et al. 2020) and 𝑓 is the residual water fraction of the dust, which484

underwent partial dehydration before ejection according to the cor-485

responding ratio of the dehydration and erosion rates. The equation486

above implies that the entire volatile fraction of the eroded material487

sublimates within Rosetta orbital distance, which is consistent with488

the ejection velocity of the emitted dust (≈ 3 m/s) and the dust de-489

hydration time (≈ 2.3×103 s) yielding a traveled distance of ≈ 7 km490

(see Fulle 2021, and reference therein). However, at least 95% of the491

distributed sources fall back on the nucleus (Cambianica et al. 2020),492

so that in average the water production from distributed sources is493

confined to occur much closer to the nucleus than 7 km. For T=220 K,494

the characteristic surface temperature in Hapi in August 2014 (Tosi495

Figure 6. The erosion rate 𝐸 from Fulle et al. (2020) as a function of helio-
centric distance inbound.

et al. 2019), and accounting for the uncertainty on 𝛿𝐻 , Eq.3 provides496

𝑄𝑠 = 4.4+5.0
−2.9 × 1025 molecules/s, consistent with ROSINA mea-497

surements and pointing to a dominant contribution from distributed498

sources to the water loss rate in August 2014. Interestingly, this in-499

terpretation appears also in qualitative agreement with the observed500

stagnation of the water loss rate when the comet was at ≈ 3.6 − 3.1501

au, given that the erosion rate from Fulle et al. (2020) (although502

computed neglecting any nucleus self-heating) is characterized by a503

local minimum within this heliocentric distance interval (Fig. 6), and504

qualitatively consistent with the reduction of surface erosion in Hapi505

measured by Cambianica et al. (2020) during 2014. However, we506

note for completeness that such behavior is not confirmed by MIRO507

data. In fact, at similar heliocentric distances, Biver et al. (2019)508

reports a water loss rate of 1.9−2.5×1025 around 3.6 au, monotoni-509

cally increasing to 3.8−5.8×1025 around 3.2 au. Moving to smaller510

heliocentric distances inbound, Ciarniello et al. (2022) showed that511

the blueing of 67P/CG nucleus towards perihelion is provided by512

the progressive exposure of WEBs as Blue Patches (BPs, water-ice-513

rich spots with 𝛿 =2, brighter and bluer than the average surface)514

due to CO2-driven erosion. WEBs can sustain water-driven erosion515

up to perihelic surface temperatures, thus contributing to distributed516

sources. The water loss rate from distributed sources originating from517

the BPs at a given time can be estimated by integrating Eq. 3 across518

the whole surface having T> 205 K, accounting for the temperature-519

dependent erosion rate of each facet, assuming the BP dust-to-ice520
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mass ratio, and weighing for the BP fraction on the nucleus. We521

find that at the heliocentric distance of ≈2.1 au inbound, with BP522

fraction of 0.28 − 0.87% (Ciarniello et al. 2022) and accounting for523

the variability of the insolation condition during one comet rotation,524

the water loss rate from distributed sources originating in the BPs525

is ≈ 2 − 9 × 1026 molecules/s, consistent with the measured water526

loss rate, and indicating a substantial contribution at this orbit phase.527

Around perihelion (BP fraction ∼ 1.2−1.9%, Ciarniello et al. 2022),528

our computation provides ≈ 2 − 4 × 1027 molecules/s, significantly529

smaller than the measured values𝑄 = [1.1−1.6]×1028 molecules/s.530

This is consistent with the < 15% upper limit on the contribution531

from distributed sources to the total water loss rate estimated by532

Biver et al. (2019) at similar heliocentric distances3, and indicates533

that the additional contribution from dehydrating pebbles, exposed534

by the intense CO2-driven erosion, is required. After perihelion, at535

≈ 2.1 au outbound, with BP fraction ≈ 0.08 − 0.52% (Ciarniello536

et al. 2022) we estimate a water loss rate from distributed sources of537

≈ 0.6 − 5.6 × 1026 molecules/s, smaller than the observed one, and538

pointing to a dominant contribution from water production occur-539

ring directly on the nucleus. Moving at larger heliocentric distances,540

Ciarniello et al. (2022) indicate a substantial reduction of BP frac-541

tion across the nucleus (≈ 0% around 2.7 au), implying negligible542

contribution from distributed sources.543

7 THE CO2 LOSS RATE544

In Ciarniello et al. (2022) it has been shown that the color evolution of545

comet 67P, characterized by a blueing at perihelion, is connected with546

the progressive exposure of sub-surface water-ice-enriched blocks,547

thanks to CO2-driven erosion of the nucleus into decimeter-sized548

chunks. The color evolution curve of 67P would be consistent with549

substantial CO2-driven erosion starting around February 2015, when550

the comet was at approximately 2.3 au inbound, and thereon dominat-551

ing the comet nucleus erosion at least up to perihelion. This appears in552

agreement with the temporal evolution of the CO2 loss rate reported553

in Läuter et al. (2020) (Fig. 7), displaying a surge in the production554

exactly around February 2015, which would imply also an increase555

in the surface erosion by chunk-ejection. Before February 2015 the556

CO2 production is approximately steady around 1025 molecules/s,557

while after perihelion the production decay with heliocentric dis-558

tance is less steep than the inbound increase. The timing of the CO2559

production surge and of the corresponding CO2-driven erosion is560

qualitatively consistent with the proposed time-frame over which the561

water loss rate is dominated by dehydration of ice-bearing pebbles562

exposed by 𝐶𝑂2-driven erosion. Unfortunately, a detailed model of563

the CO2-driven activity, following the complex time-dependent ap-564

proach established by Gundlach et al. (2020), cannot be faced here,565

because it would need to extend such a model (which in the avail-566

able implementation assumes a constant perihelion insolation on the567

constantly sunlit southern hemisphere Gundlach et al. 2020), to the568

3 In addition, Biver et al. (2019) estimates a< 50% upper limit for distributed
sources on November 2015 (𝑟ℎ ∼ 1.6 au). In the same period Läuter et al.
(2020) indicates a total water loss rate of 𝑄 = [3.0−5.3] ×1027 molecules/s,
while Ciarniello et al. (2022) reports a BP fraction of ∼ 0.7 − 1.4%. By
simply scaling the perihelic 𝑄𝑠 values to this BP fraction, we obtain a rough
estimate of the contribution from distributed sources of the order ≈ 1 − 3 ×
1027 molecules/s. These values, derived by assuming perihelic insolation
conditions, overestimate the real ones in November 2015, and are already
consistent within error bars with the distributed sources upper limit provided
Biver et al. (2019) for the same period.

complex thermal regime describing the alternation of day and night.569

This makes such an approach much more complex than Gundlach570

et al. (2020) and will be the topic of a future paper. Nonetheless, to571

support the interpretation of the CO2 temporal evolution, which, as572

shown above, affects the water production, we attempt here an empir-573

ical modeling of the CO2 production. In particular, we assume that574

the gas production inbound is given by a baseline gas production of575

1025 molecules/s driven by CO2 sublimation in the nucleus at a con-576

stant orbital average temperature, plus an additional insolation-driven577

term depending on heliocentric distance. This latter is modeled fol-578

lowing an empirical approach in which the CO2 production is linked579

to the modeled water loss rate with a power-law index, to provide the580

resulting inboud CO2 production rate Q𝑖𝑛
𝐶𝑂2

(T) in the form581

𝑄𝑖𝑛
𝐶𝑂2

(𝑇) = 𝐾
(

𝑄𝐻2𝑂 (𝑇)
𝑀𝐴𝑋 [𝑄𝐻2𝑂 (𝑇)]

)𝛽
+ 1025𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑠, (4)582

with K=1.5×1027 molecules/s being the peak production rate. We583

note that in Ciarniello et al. (2022) a similar approach was adopted to584

empirically describe the inbound evolution of CO2-driven erosion,585

linking it directly to the modeled water-driven erosion by using a586

power-law index 𝛼 = 2. Here we find that a similar value of the587

power law index 𝛽 = 2.2 ± 0.2 provides a reasonable match to the588

measured CO2 loss rate rate (Fig. 7 and Fig. B1 in appendix) con-589

sistent with the surge in CO2 production at ∼2.3 au and the increase590

of CO2-driven erosion inferred by Ciarniello et al. (2022). The ratio591

between the CO2-driven (H2O-driven) erosion E𝑖𝑛
𝐶𝑂2

(E𝑖𝑛
𝐻2𝑂

) and the592

CO2 (H2O) loss rate Q𝑖𝑛
𝐶𝑂2

(Q𝑖𝑛
𝐻2𝑂

), can be considered as proxy of593

the erosion efficiency due to CO2 (H2O) sublimation. For water ice594

E𝑖𝑛
𝐻2𝑂

/Q𝑖𝑛
𝐻2𝑂

decreases towards perihelion, as Q𝑖𝑛
𝐻2𝑂

increases much595

faster (approximately two orders of magnitude) moving at smaller596

heliocentric distances then E𝑖𝑛
𝐻2𝑂

(less than one order of magni-597

tude, Ciarniello et al. 2022). Interestingly, the resulting values of 𝛽598

indicate, from a qualitative point of view, the same trend of the CO2-599

driven erosion efficiency, also decreasing with reducing heliocentric600

distance, although at a faster rate, in fact601

𝐸 𝑖𝑛
𝐶𝑂2

𝑄𝑖𝑛
𝐶𝑂2

∝
(𝐸 𝑖𝑛

𝐻2𝑂
)𝛼=2

(𝑄𝑖𝑛
𝐻2𝑂

)𝛽=2
1

(𝑄𝑖𝑛
𝐻2𝑂

)0−0.4 =

(
𝐸 𝑖𝑛
𝐻2𝑂

𝑄𝑖𝑛
𝐻2𝑂

)2
1

(𝑄𝑖𝑛
𝐻2𝑂

)0−0.4602

with Q𝐻2𝑂 increasing approaching perihelion. This supports the idea603

that similar principles drive the H2O and CO2 activity.604

Outbound, the observed evolution of the CO2 loss rate after peri-605

helion (Q𝑜𝑢𝑡
𝐶𝑂2

(T)), characterized by the above-mentioned less steep606

reduction of the production with heliocentric distance compared to607

the inbound case, cannot be matched by the former modelization.608

For the outbound phase, we find that a reasonable fit can be provided609

by adding a decaying exponential term to the baseline production,610

resulting inc611

𝑄𝑜𝑢𝑡
𝐶𝑂2

(𝑇) = 𝐾 exp (−𝑡/𝜏) + 1025molecules/s, (5)612

with a best-fit 𝜏 =70 ±5 days (Fig. 7 and Fig. B1 in appendix).613

We interpret the exponential decay of the outbound production as614

a result of the seasonal heat-wave propagation within the nucleus,615

providing an outbound CO2 loss rate overcoming the contribution616

linked to the water loss rate described by Eq. 4 (Capria et al. 2017).617

Around 2.8 au outbound the CO2 loss rate overcomes the water618

one when the production is about 5×1025 molecules/s. Assuming619

about half of the comet (∼ 25 km2) ejecting CO2, this provides a620

sublimation rate of 1.8×1018 molecules/s/m2. Computing the subli-621

mation rate as the product of the CO2 pressure and CO2 expansion622

velocity in vacuum, this value corresponds to a CO2 temperature623
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of 84 K and an intra-pebble pressure of ∼40 𝜇Pa. Such a low CO2624

pressure, at least a factor 104 lower than the water pressure in water625

active areas (surface temperature T>205 K, P>0.325 Pa), supports626

the idea that only water vapour ejects sub-cm dust, even if the water627

loss rate is smaller than the CO2 one. A proper computation of the628

CO2 loss rate taking into account the inter-pebble pressure needs a629

complete time-dependent approach of the contemporary water and630

CO2 sublimation, following Gundlach et al. (2020). For the water631

case, the ratio between the intra-pebble vs inter-pebble pressures in632

the first pebble layer can be approximated by the following equation633

𝑃𝑖𝑛𝑡𝑟𝑎

𝑃𝑖𝑛𝑡𝑒𝑟
= 1 + 45

14
𝑅

𝑟
, (6)634

derived by combining Eq. 5 and Eq. 16 of Fulle et al. (2020), where635

R≈ 5 mm is the pebble radius and r≈ 50 nm is the dust monomer636

radius (Güttler et al. 2019), yielding 𝑅/𝑟 ≈ 105. This fact points637

out that the results of water sublimation experiments performed638

on dust aggregates with 𝑅/𝑟 < 10 (Kossacki et al. 2023) cannot639

be straightforwardly extrapolated to explore the steep pressure gra-640

dients at the surface of pebbles. The CO2 baseline production of641

1025 molecules/s would correspond to an internal average orbital642

temperature of about 80K over half of the surface, assuming free643

CO2-ice sublimation at negligible pressure, e.g. at the surface of644

the pebbles inside the nucleus (inter-pebble). Possible CO2-ice645

sublimation inside the pebbles (intra-pebble), would occur at higher646

temperatures, according to the higher pressure inside each pebble647

(Fulle et al. 2020), potentially providing an additional contribution to648

the baseline production. Whereas the free sublimation of inter-pebble649

CO2, occurring at negligible pressure, cannot overcome the tensile650

strength bonding the pebbles to the nucleus driving the ejection651

of pebble chunks, the high-pressure sublimation of intra-pebble652

CO2 might potentially eject chunks. However, this would occur653

at depths larger than the size of the chunks observed in the 67P654

coma, suggesting limited intra-pebble CO2 sublimation negligible655

contribution to the baseline CO2 loss rate.656

Following the same approximate approach as above we obtain a657

baseline production rate of 1025 molecules/s assuming a CO2 ice tem-658

perature of 80 K. An internal average orbital temperature of about 80659

K may characterize the southern hemisphere only, where most CO2660

loss has been observed. The internal average orbital temperature of661

the northern hemisphere is probably much lower, consistent with the662

much lower total insolation there, with the CO loss rate independent663

of the CO2 one (Läuter et al. 2019), and with the similar absolute664

values of the CO and CO2 loss rates, requiring an internal average665

orbital temperature of about 30 K only where most CO-ice (much666

more volatile than CO2-ice) is sublimating. Attree et al. (2023) have667

shown that the here proposed water loss rate model provides the best668

fit of the radial non-gravitational nucleus acceleration when com-669

pared to other available models of the water loss rate. They may670

further improve the fits of the other non-gravitational accelerations,671

torques, and nucleus spin motion implementing the here proposed672

model of the CO2 loss rate.673

8 CONCLUSIONS674

We modeled the water loss rate of comet 67P/Churyumov-675

Gerasimenko as inferred from the COPS and DFMS sensors of the676

ROSINA experiment (Läuter et al. 2020) throughout the escort phase677

of the Rosetta mission, by adopting the WEB model (Fulle et al. 2020;678

Ciarniello et al. 2022). The main conclusions of this study can be679

summarized as follows:680

4 3 2 1.24 2 3 4Heliocentric distance [au]
1024

1025

1026

1027

1028

CO
2 lo

ss r
ate 

[mo
lecu

les/
s]

b=2.2 ± 0.2
t=70 ± 5 days

Figure 7. Empirical best-fit (solid black line) of the CO2 production rate from
(Läuter et al. 2020) (red boxes). Dashed lines correspond to the upper and
lower bounds of 𝛽 and 𝜏.

(i) At perihelion, water production mostly arises from the dehy-681

dration of water-poor pebbles, continuously exposed by the intense682

CO2-driven erosion (Gundlach et al. 2020) involving part of the il-683

luminated nucleus. This is consistent with the observed evolution of684

CO2 production, for which we present an empirical modelization.685

(ii) At larger heliocentric distances outbound, fallout deposits686

widespread across the entire nucleus progressively activate (self-687

cleaning defined by Pajola et al. 2017b), providing a dominating688

contribution to the water loss rate.689

(iii) The observed steep decrease of the water production with in-690

creasing heliocentric distance outbound is predicted by the proposed691

model as resulting from the progressive reduction of the nucleus area692

with 𝑇 > 205 K. In this respect, this work improves the results from693

previous studies (Skorov et al. 2020; Davidsson et al. 2022) where694

such dependence has been linked to the presence of a dust mantle695

with variable thickness.696

(iv) During the inbound phase the water loss rate at large helio-697

centric distances (3.6 - 3.4 au) is dominated by distributed sources,698

originating in the active neck. This is consistent with the analysis of699

the surface temperature distribution as inferred from VIRTIS data700

(Tosi et al. 2019), suggesting that most of the nucleus is not water-701

active.702

(v) The contribution from distributed sources originating in the703

BPs (Ciarniello et al. 2022) can explain the measured water loss rate704

approximately up to the inbound equinox.705

(vi) The observed inbound-outbound asymmetry of the water loss706

rate curve is consistent with the water production being dominated707

by distributed sources at large inbound heliocentric distances and708

nucleus fallout self-cleaning at large outbound heliocentric distances.709

(vii) Our good fit of the measured nucleus temperatures in the710

range 214≲T≲225 K suggests a low roughness of the nucleus surface.711
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APPENDIX A: SURFACE TEMPERATURE HISTOGRAMS790

FROM GREY BODY MODELS791

APPENDIX B: CO2 PRODUCTION RATE EMPIRICAL792

MODELS793

This paper has been typeset from a TEX/LATEX file prepared by the author.794
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Figure A1. Comparison of the facet temperature histograms at T>205 K for the grey body case computed with our code (red) and the one employed for
thermophysical modeling in Keller et al. (2015) (K2015, black). For each facet, the corresponding area is taken into account. The different panels correspond to
the reference illumination conditions (subsolar point and heliocentric distance) of the VIRTIS-M-IR observations of Table 1.
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Figure A2. Surface temperature histograms, assuming a grey-body model (Keller et al. 2015), for different levels of roughness. The roughness is modeled
in terms of the fraction of surface covered in mini-concavities (roughness fill factor), following the approach described in Tosi et al. (2019) for the epoch
JD2456892.00288 (𝑟ℎ ≈ 3.5 au, inbound), and using the shape model SPG-SHAP7 v1.6 (Preusker et al. 2015) decimated to about 300,000 facets. The increase
of the roughness fill factor yields to a progressively larger modal temperature and a larger high-temperature tail in the histograms.
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Figure B1. Empirical models (coloured lines) of the CO2 production rate from (Läuter et al. 2020) (red boxes) for different values of 𝛽 and 𝜏.
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