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a b s t r a c t 

Spectral parameters of Ceres measured by the Dawn/VIR imaging spectrometer are studied as a function 

of illumination angles, by applying a semi-empirical method based on a statistical analysis of the VIR 

dataset acquired up to September 2016. The study also focuses on the photometry of the Occator faculae, 

i.e. the brightest spots of the Ceres surface, showing an albedo up to eight times the Ceres average. The 

considered semi-empirical approach takes into account the small extension (and hence small dataset) of 

this region and lays the groundwork to apply scattering models even on such a limited area. 

The behavior of Ceres visible and infrared reflectance with phase angle is similar to other asteroids 

belonging to its same spectral class, i.e. C-type. The depth of the bands at 2.7 μm (phyllosilicates), 3.1 μm 

(ammonium), 3.4 μm (magnesium carbonates) and the infrared spectral slope linearly increase with phase 

angle, showing analogies with other asteroids and occurrence of phase reddening. The different behavior 

of the 3.9 μm band depth (also due to Mg carbonates), independent of illumination angles, could indicate 

that other carriers contribute to the 3.4 μm band and play a more important role in photometry outside 

the carbonate deposits. 

The phase function of the Occator faculae is much steeper than expected from its high albedo. Mix- 

ture of bright and dark material and larger roughness can be at the basis of this result. The phyllosil- 

icate bands show a steeper increase with phase angle with respect to the Ceres average, due to the 

lower presence of dark materials, and/or again larger roughness. The absence of trends with phase an- 

gles of the two carbonate bands and of the spectral slope suggests that carbonates do not produce phase 

reddening. 

© 2018 Elsevier Inc. All rights reserved. 
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. Introduction 

The Dawn/NASA mission has been orbiting the (1) Ceres as-

eroid since 2015, after having performed a 1-year orbit around

4) Vesta ( Russell and Raymond, 2011 ). The Dawn spacecraft

osts three instrument on boards, the Framing Camera (FC)

 Sierks et al., 2011 ), the Visual and InfraRed mapping spectrome-

er (VIR) ( De Sanctis et al., 2011 ) and the Gamma Ray and Neu-
∗ Corresponding author. 

E-mail address: andrea.longobardo@iaps.inaf.it (A. Longobardo). 
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ron Detector (GRaND) ( Prettyman et al. , 2011 ), as well as the Ra-

io Science Instrument, which all have allowed the investigation

f the surface geology, topography and mineralogy as well as the

lemental composition of the two asteroids. 

The mission revealed that Ceres is a dark body, with an av-

rage reflectance at standard geometry (30 ° phase) of 0.03 at

.55 μm ( Ciarniello et al., 2017 ). Analyses on VIR data concluded

hat the average composition of Ceres is an unidentified dark

omponent, magnesium-rich and ammoniated phyllosilicates and 

agnesium carbonates, partially confirming pre-Dawn results (e.g.,

ivkin et al., 2011; Milliken and Rivkin, 2009 ). The absorption

https://doi.org/10.1016/j.icarus.2018.02.022
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2018.02.022&domain=pdf
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1 The Hapke’s model has been applied by Schroeder et al. (2017) to study the 

photometry of Occator, but they considered the Framing Camera dataset, larger than 

the VIR one (35 versus 6 data points of Occator), and however they have found that 
bands associated with these materials are centered at about 2.7 μm

(the hydration band of phyllosilicates), 3.1 μm (due to ammonium),

3.4 μm and 4.0 μm, both due to carbonates ( De Sanctis et al., 2015;

2016 ); dark materials are instead spectrally featureless. The bands

at 2.7 μm and 3.1 μm show a moderate correlation, indicating that

ammoniated phyllosilicates are diffusely distributed on the Ceres

surface ( Ammannito et al., 2016 ). However, other phases could be

present on the Ceres surface and contribute to the 3.4 μm band

( De Sanctis et al., 2016 ), even if their relative contribution to this

band in different Ceres’ locations has to be still assessed. How-

ever, other materials are observed in localized regions of the dwarf

planet: for instance, the Ernutet crater (52 °N, 45 °E) shows occur-

rence of organics, as revealed by the deepening of the 3.4 μm band

( De Sanctis et al., 2017a ). 

In terms of albedo, Ceres is a quite homogeneous body at global

scale. However, many bright spots are found on its surface ( Stein

et al., 2018; Palomba et al., 2018 ). The composition of these re-

gions could be different with respect to the Ceres average. This is

mostly evident in the two brightest spots of Ceres, i.e. Cerealia and

Vinalia Faculae, located inside the Occator crater (20 °N 240 °E). The

spectra of these areas show a reflectance level up to eight times

larger than the Ceres average (i.e. 0.24 at 0.55 μm), a deepen-

ing and a longward shift of the two carbonate bands ( De Sanctis

et al., 2016 ), as well as a longward shift of the 2.7 μm band (e.g.,

Longobardo et al., 2017a ). This suggests that faculae consist of car-

bonate enrichments (with carbonate abundance larger than 50%),

with occurrence of Na-carbonates in addition to (or instead of) Mg-

carbonates ( Carrozzo et al., 2018; Palomba et al., 2018 ) and of Al-

phyllosilicates instead of Mg-phyllosilicates (as on the rest of Ceres

surface). Their formation is ascribed to impact-induced heating and

upwelling of volatile-rich materials and/or upwelling/excavation of

heterogeneously distributed subsurface brines ( Stein et al., 2018 ). 

The interpretation of all these results has been supported by

the application of a photometric correction on VIR spectra, i.e. the

removal of illumination and viewing biases from the spectra. The

correction has been based on the Hapke photometric model, and is

described by Ciarniello et al. (2017) . A similar model has been ap-

plied on Framing Camera data, as well ( Schroeder et al. 2017 ), and

on ground-based and Hubble Space Telescope data ( Reddy et al.,

2015; Li et al., 2006 ). The latter, however, were based only on ob-

servations at low phase angles (i.e., from 0 ° to 25 °). 
Photometric analysis on minor bodies has been performed also

by applying approaches different than the Hapke modeling. For in-

stance, the Minnaert (1941) modeling has been applied to Lute-

tia (e.g., Magrin et al., 2012; Li et al., 2013 ), and semi-empirical

phase functions have been obtained for Vesta (e.g., Schroeder et al.,

2013 ). 

The aim of this work is to obtain a disk-resolved photomet-

ric behavior at moderate to high phase angle (i.e., from 20 ° to

60 °) of the spectral parameters describing Ceres spectra, compare

the results with those previously obtained on other asteroids ex-

plored by space missions, such as Gaspra ( Helfenstein et al., 1994 ),

Ida ( Helfenstein et al., 1996 ), Mathilde ( Clark et al., 1999 ), Eros

( Li et al., 2004 ), Steins ( Jorda et al., 2008 ), Annefrank ( Hillier et al.,

2011 ), Vesta and Lutetia ( Longobardo et al., 2016 ), and photometri-

cally characterize the Occator faculae. In particular, the latter goal

allows highlighting and interpreting photometric differences be-

tween this peculiar region and the Ceres average. 

The adopted approach is based on the statistical analysis of the

instrument dataset, already developed for Vesta ( Longobardo et al.,

2014; 2015 ), Lutetia ( Longobardo et al., 2016 ) and the Churyumov-

Gerasimenko comet ( Longobardo et al., 2017b ). The Hapke’s model

could be not appropriate for analysis of small datasets covering

only a few, discrete values of phase angles (such as the VIR data

of Occator faculae), due to the large number of free parameters,

which could be undetermined when retrieved over a small number
 a
f observations and hence deprived of their physical significance. 1 

evertheless, the empirical photometric characterization obtained

n this work permits to apply the Hapke’s modeling by fixing some

ree parameters ( Raponi et al., 2018 ). Moreover, our approach gives

omplementary results with respect to Hapke modeling even when

pplied on the entire Ceres surface, i.e.: 1) variations of photomet-

ic properties across the surface, which in turn may be ascribed to

ifferent physical and/or optical properties, and focus on particular

egions; 2) direct comparison with disk-resolved phase functions

f other asteroids, in order to infer the reasons for their differ-

nces (e.g., taxonomy, composition, grain size, roughness, albedo);

) study of photometric behavior of spectral descriptors other than

eflectance (e.g., band depth, spectral slope), which may add infor-

ation about physical and optical properties of the surface. This

pproach is particularly important for the VIR dataset of Ceres,

ince it allows for obtaining a photometric function given by the

roduct of a disk function and a polynomial curve, which, accord-

ng to the photometric analysis on FC data, yields the highest qual-

ty global maps ( Schroeder et al., 2017 ). Finally, this approach al-

ows doing fast photometry, which could be applied for future mis-

ions, e.g. OSIRIS-REx ( Lauretta et al., 2017 ). 

The method is first applied to the entire Ceres surface, and then

o the Occator faculae, in order to highlight and understand the na-

ure of possible differences of the photometric properties between

hese peculiar regions and the rest of Ceres. 

Data used for this study are presented in Section 2 .

ection 3 defines the spectral parameters studied, by applying

he method described in Section 4 . Sections 5 and 6 are de-

oted to results and their interpretations, respectively. Finally, in

ection 7 conclusions are given. 

. Data 

We used the data provided by the VIR mapping spectrometer,

hich is comprised of hyperspectral images, i.e. bi-dimensional

patial images acquired simultaneously at different wavelengths,

nd the corresponding observation geometries. The instrument is

haracterized by a single optical head, including a visible (0.25–

 μm, spectral sampling 1.8 nm) and an infrared (1–5 μm, spectral

ampling 9.5 nm) channel. 

All the spectra are calibrated in radiance factor I/F , by means

f the procedure described by Filacchione and Ammannito (2014) .

n the following, we could also use the term “reflectance” in state-

ents which apply to both reflectance and radiance factor. Proce-

ures to remove spectral artifacts ( Carrozzo et al., 2016 ) and the

ontribution of thermal emission ( Raponi et al., 2018 ) are applied

o VIR spectra. 

The Dawn mission to Ceres is divided into different stages,

haracterized by a different spacecraft altitude and hence a differ-

nt VIR spatial resolution. During the Approach (January to April

015), these parameters were variable, then the spacecraft stabi-

ized its altitude at ∼13,0 0 0 km during the Rotational Characteri-

ation orbit (April–May 2015), corresponding to a spatial resolu-

ion of ∼3400 m/pixel. A decreasing altitude and hence increasing

patial resolution were reached during the Survey (June 2015, alti-

ude ∼4400 km and resolution ∼1100 m/pixel), High Altitude Map-

ing (HAMO, August to October 2015, altitude ∼1470 km and res-

lution 360–400 m/pixel) and Low Altitude Mapping (LAMO, De-

ember 2015 to September 2016, altitude ∼385 km and resolution

0–110 m/pixel) orbits. 
 polynomial phase function reproduces the data better than the Hapke’s model. 
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Since photometric functions can depend on the spatial resolu-

ion (e.g., Longobardo et al. 2014 ), we divided the entire dataset

nto a “low-resolution dataset” (including Approach, Rotational

haracterization and Survey data) and a “high-resolution dataset”

including HAMO and LAMO data). However, when not specified,

e refer to results obtained in the entire VIR dataset (without sep-

ration between low and high resolution data). 

The VIR dataset includes about 5 million VIS spectra (about 3

illion in low-resolution and 2 million in high-resolution), and

bout 22 million IR spectra (about 3 million in low-resolution and

9 million in high-resolution). 

. Tools 

We studied the behavior with Solar incidence i , emission e and

hase ϕ angles of the spectral parameters introduced in this sec-

ion. 

In order to monitor the photometric behavior in the entire VIR

pectral range, we obtained phase functions of reflectance at six

ifferent wavelengths, three in the VIR visible domain, i.e. 0.55,

.75 and 0.85 μm; and three in the VIR IR domain, i.e. 1.2, 1.9 and

.3 μm. Longer wavelengths were not considered because of the

resence of absorption bands in that spectral interval. 

In particular, the study at 0.55 and 0.75 μm allows a com-

arison with phase functions of other asteroids, since most of

hem have been obtained at, or close to, these wavelengths

 Longobardo et al., 2016 ). In order to maximize the signal-to-noise

atio, the radiance factor at each wavelength was calculated as the

verage on the four VIRTIS spectral pixels closer to that wave-

ength. 

Then, the photometric behavior of band depths at 2.7, 3.1, 3.4

nd 3.9 μm was studied. They were calculated as 1 − R c / R con , being

 c and R con the measured reflectance and the continuum at the

and center (i.e., the band minimum after the continuum removal)

avelength ( Clark and Roush, 1984 ). 

The left shoulder of the 2.7 μm band was defined as the maxi-

um reflectance between 2.63 and 2.70 μm, the right shoulder as

he maximum reflectance of the 2nd degree polynomial fitting the

pectrum between 2.80 and 3.00 μm, and the continuum as the

traight line connecting the two shoulders. 

The shape of the 3.1, 3.4 and 3.9 μm bands varies across the

eres surface, especially on the bright spots and in particular on

he Occator faculae, hence their definitions are challenging. The

ork by Galiano et al. (2017) was aimed at finding a definition of

hese bands, with the ability to reproduce them in dark, interme-

iate, bright and very bright (i.e. the Occator faculae) terrains of

eres. In our work, we adopted their definitions for left and right

houlders, i.e.: 

- For the 3.1 μm band, the reflectance maxima are calculated on

2nd order polynomials between 2.8 and 3.0 μm and 3.16 and

3.27 μm, respectively; 

- For the 3.4 μm band, the reflectance maxima are between 3.05

and 3.36 μm and 3.55 and 3.68 μm, respectively; 

- For the 3.9 μm band, the reflectance maxima are between 3.55

and 3.68 μm and 4.05 and 4.19 μm, respectively. 

Continua are the straight lines connecting left and right shoul-

ers ( Fig. 1 ), whereas the band center is the minimum after the

ontinuum removal, calculated between 3.0 and 3.16 μm (3.1 μm

and), 3.36 and 3.55 μm (3.4 μm band), 3.68 and 4.05 μm (3.9 μm

and), respectively. 

In order to study the spectra phase reddening, we also

tudied the infrared spectral slope. This was defined accord-

ng to the definition by Zambon et al. (2017) , i.e. ( RAD F 1 . 9 −
AD F 1 . 2 ) /RAD F 1 . 9 ( 1 . 9 − 1 . 2 ) , where RADF λ is the radiance factor at

he wavelength λ. 
The Occator faculae have been observed by VIR, especially dur-

ng the HAMO stage. For most of this orbit, only the infrared chan-

el operated. Therefore, for the Occator faculae case, we stud-

ed the photometric behavior of the infrared spectral parame-

ers, only, and did not consider the visible spectral slope. The

hotometric behavior of the latter has already been studied by

iarniello et al. (2017) for the Ceres average, and a comparison

ith Occator is, in fact, not possible. 

. Method 

.1. Ceres 

.1.1. Reflectance 

The semi-empirical approach used to retrieve phase functions

f Vesta ( Longobardo et al. 2014 ) is based on a definition of re-

ectance families, which is in turn based on a statistical analysis

f the instrument dataset. In detail, phase bins of 1 width are de-

ned, each containing a number N �ϕ tot of values. Indicated with

 �ϕ the number of points with reflectance larger than a reference

alue R ϕ , the percentile P �ϕ = 100 N �ϕ / N �ϕtot is a number com-

rised between 0 and 1 and is a function of R ϕ and ranges between

 and 1, i.e. P �ϕ = xx% corresponds to the minimum reflectance R ϕ
f the xx% of the brightest pixels (if xx = 100, it corresponds to the

inimum reflectance in the �ϕ bin). For each phase bins, nine val-

es are considered (from 10 to 90, with a step of 10): each value

epresents a reflectance family. For each reflectance family, the cor-

esponding phase function is retrieved. 

This approach allows the retrieval of the phase functions of

he brightest and darkest terrains of the studied surface. How-

ver, if the surface is homogeneous in terms of albedo or pho-

ometric properties, the phase functions corresponding to dif-

erent reflectance families coincide within the errors. This is

he case of the VIR dataset of Ceres, as already found for

utetia ( Longobardo et al. 2016 ) and Churyumov-Gerasimenko

 Longobardo et al. 2017b ), which is therefore photometrically ho-

ogeneous at large spatial scale. This is due to the fact that the

otal area occupied by all the Ceres bright spots is too small to

e significant in a statistical analysis. Therefore, the study of pho-

ometry of the very bright faculae requires a separate study (see

ection 4.2 ). 

Given this, we did not adopt the definition of reflectance fam-

lies, and instead calculated a single phase function describing the

hotometric behavior of each spectral parameter considered for

he Ceres average. 

In order to obtain the photometrically corrected reflectance,

.e. the reflectance at a defined observation geometry (e.g. i = e

 ϕ = 0 °), we used the common assumption (e.g., Schroeder et al.,

013 ) that I/F is the product of a disk function D ( i, e , ϕ), modelling

he topography contribution, and a phase function F ( ϕ), describing

he behavior with phase angle. 

The correction is hence applied in two steps: 

1. Selection of the disk function that best removes the topography

influence (i.e. i and e ) from the reflectance, among those de-

fined in literature, i.e. Lambert, Lommel-Seeliger, Akimov (e.g.

Schroeder et al., 2013; Shkuratov et al., 2011 ), and retrieval of

the equigonal albedo I/FD, henceforth R/D . The best disk func-

tion minimizes the slope of the residual trends R/D vs. i and

R/D vs. e . In particular, we consider that no residual trend with

incidence and emission arises if the absolute value of this slope

(calculated by means of linear fits) is lower than 1 ·10 −4 (i.e., a

reflectance variation lower than 0.01, which is our resolution of

photometric parameters, defined in next sub-section). 

2. Retrieval of the phase function, by fitting the median values of

R/D , calculated on phase angle bins of 1 ° width (whereas their
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Fig. 1. Definition of continua of the absorption bands in Ceres’ VIR spectrum, in the case of a typical Cerean terrain (left) and of an Occator facula spectrum (right). In the 

right spectrum, the continuum of the 3.1 μm band is thicker. 
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uncertainty is calculated as standard deviation of the mean), as

a function of phase angle, by means of a 3rd degree polynomial,

i.e.: 

R/D = A 0 + bϕ + c ϕ 

2 + d ϕ 

3 (1)

The equigonal albedo at phase angle 0 ° was obtained as A 0 =
R/D − bϕ − c ϕ 

2 − d ϕ 

3 and mapped on the Ceres surface. Note

that this quantity does not coincide with the geometric albedo,

because the minimum phase angle in our dataset is 12.3 °,
hence the opposition effect is not modeled (i.e., the behavior

between 0 ° and 12.3 ° is assumed to follow the Eq. (1) ). 

This process was applied at all the wavelengths considered in

this study. 

4.1.2. Photometric parameters 

The comparison of disk-resolved phase functions of Ceres

with other asteroids has been performed by adopting two pho-

tometric parameters describing these functions, as defined by

Longobardo et al. (2016) : the I/F at 0.75 μm retrieved at 30 ° phase

( R30 ) and the steepness of the phase function between 20 ° and

60 ° phase angles, henceforth Phase Curve Slope ( PCS ), defined as

1-R60/R20 , where R60 and R20 are the I/F at 60 ° and 20 ° phase

angle, respectively. These parameters have been already calculated

by Longobardo et al. (2016) for all the other asteroids explored

by space missions, except Itokawa (observed only at phase angles

lower than 40 °). In the R 30 vs. PCS scatterplot, asteroids belonging

to the same spectral class are grouped together, and the general

trend observed is a PCS decreasing for increasing R30 , due to the

increasing role of multiple scattering ( Longobardo et al., 2016 ). 

In order to obtain these parameters on Ceres, we recalculated

the Ceres phase function at 0.75 μm, by modeling I/F as a function

of ϕ, instead of R/D , in order to obtain a reliable comparison with

the available phase functions, which model the behavior of the ra-

diance factor. However, the influence of incidence and emission an-

gles on the retrieval of photometric parameters is generally minor

( Longobardo et al., 2016; 2017b ). The uncertainties on R 20, R 30 and

R 60 are given by the difference between modeled and calculated

values, and the uncertainty on PCS is obtained by propagating the

errors on R 20 and R 60. 

The R30 and PCS parameters were used also to evaluate the

influence of spatial resolution on the retrieval of Ceres phase

functions. They were calculated on the phase functions obtained

from the analysis on the entire, low-resolution and high-resolution
atasets, respectively. However, since the visible high-resolution

ataset does not include phase angles larger than 40 °, it is not

ossible to calculate R60 and hence PCS in this case. Therefore, the

valuation of the role of spatial resolution was made at 1.2 μm,

nce verified that the photometric behavior at this wavelength is

ery similar to visible wavelengths ( Section 5.1 ). 

.1.3. Band depths and spectral slope 

The photometric behavior of band depths and spectral

lope was studied by applying the same process described in

ection 4.1.1 , skipping Step 1. According to our assumptions, disk

unction is a multiplying factor and, in principle, does not af-

ect these parameters that are basically given by reflectance ra-

ios. The validity of this assumption was verified a posteriori, when

e observed no trends in phase-corrected band depths (or phase-

orrected spectral slopes) with incidence and emission angles. 

.2. Occator faculae 

To apply the same method described in Section 4.1.1 to the Oc-

ator faculae regions, we had to overcome two issues. 

The first one is the selection of spectra of Cerealia and Vina-

ia faculae. The faculae are in fact recognizable from their larger

lbedo, but the albedo is indeed the quantity we want to retrieve.

ince the faculae are characterized by occurrence of sodium car-

onates, showing a longward shift of the 3.9 μm band center,

e selected all the spectra included in the Occator crater region

defined by latitude boundaries 18.2 °N and 20.7 °N and longitude

oundaries 237 °E and 242 °E), whose band center of the carbonate

ands is located at 4 μm or longward. 

The second issue is the low number of selected observations

about 50 0 0), with some phase bins showing only few observa-

ions to be reliable for a statistical analysis. Therefore, in order to

etrieve the faculae phase function, we considered only phase bins

ith at least 50 spectra. Due to the lack of bins corresponding to

hase angles larger than 60 °, a linear fit is sufficient to model the

aculae phase function. We extracted R30 and PCS from this fit. 

After the reflectance correction, the A 0 values are available. We

sed these values to select the spectra of the faculae in order to

tudy the photometric behavior of the other spectral parameters. In

articular, we selected all the spectra showing A 0 at 1.2 μm larger

han 0.13. This threshold excludes all the spectra with short band

enters (i.e. < 3.98 μm), and most of spectra with band centers be-

ween 3.98 and 4.00 μm ( Fig. 2 ). Moreover, we verified a posteriori
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Fig. 2. Albedo at 1.2 μm as a function of the 3.9 μm band center for all the observations included in the Occator crater region (latitude between 18.2 °N and 20.7 °N and 

longitude between 237 °E and 242 °E). The discrete values of band center reflect the VIR spectral sampling. A 0 values larger than 0.13 (horizontal straight lines) exclude short 

band centers. 

Table 1 

Slope of the reflectance behavior with incidence and emission angles before (i.e. 

I/F column) and after (i.e. R/D columns) the application of different disk functions. 

The residual slope is better than the acceptability threshold (i.e. 1 ·10 −4 ) in both 

Lommel-Seeliger (LS) and Akimov cases. 

Trend I/F R/D (Lambert) R/D (LS) R/D (Akimov) 

R/D vs. i −2.5 ·10 −4 1.2 ·10 −4 −9.9 ·10 −5 −3.4 ·10 −5 

R/D vs. e 4.4 ·10 −4 2.9 ·10 −4 −5.8 ·10 −5 1.8 ·10 −5 
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Table 2 

Parameters of the Ceres phase functions at different wavelengths. 

Wavelength (μm) b (0 ·10 −3 ) c (0 ·10 −5 ) d (0 ·10 −8 ) R 2 

0.55 −1.69 ± 0.04 1.90 ± 0.10 −8.2 ± 0.7 1.00 

0.75 −1.69 ± 0.05 1.88 ± 0.09 −8.1 ± 0.7 1.00 

0.85 −1.62 ± 0.05 1.76 ± 0.10 −7.4 ± 0.7 1.00 

1.20 −1.52 ± 0.03 1.70 ± 0.08 −7.6 ± 0.5 1.00 

1.90 −1.51 ± 0.04 1.65 ± 0.08 −7.2 ± 0.5 1.00 

2.30 −1.55 ± 0.03 1.68 ± 0.08 −7.2 ± 0.5 1.00 
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2  
hat the reflectance phase function obtained for these observations

s similar within errors, with the phase function obtained by ap-

lying the band center selection (see Fig. 7 in Section 5.2 ). 

. Results 

.1. Ceres 

.1.1. Reflectance 

Table 1 shows the slopes of the linear fits R/D vs. i and R/D vs.

 , before and after the application of the Lambert, Lommel-Seeliger

LS) and Akimov disk functions. In order to minimize the phase an-

le influence, we calculated these trends in a narrow phase angle

nterval, i.e. between 30 ° and 50 °. The values indicating the sub-

tantial absence of residual trends (i.e., lower than 1 ·10 −4 , in abso-

ute value) are highlighted. For simplicity, we considered only non-

arametric disk functions. Since some of them are already able to

emove trends with incidence and emission angle, there was no

eed to consider parametric and more complicated disk functions. 

Whereas the application of the Lambert disk function overcor-

ects the reflectance, introducing a positive trend with incidence

ngle, LS and Akimov disk functions allow for obtaining equigonal

lbedo values which could be considered independent of incidence

nd emission. In particular, the slopes obtained for the Akimov-

orrected equigonal albedo are lower, therefore we applied this
isk function for all the wavelengths considered, i.e.: 

 ( β, γ , ϕ ) = cos 
ϕ 

2 

cos 

[ 
π

π − ϕ 

(
γ − ϕ 

2 

)] 
( cosβ) 

ϕ/π−ϕ 

cosγ
, (2) 

here γ = arctan cos i −cos e cos ϕ 
cos e sin ϕ is the photometric longitude, β =

rccos cos e 
cos γ is the photometric latitude and ϕ is the phase angle 

 Shkuratov et al., 1999 ). D is an unitless quantity which is equal to

 for a normal observation ( i = e = ϕ = 0 °, in this case I/F = R/D ) and

ecreases at increasing illumination and observation angles. 

The parameters of Eq. (1) are shown in Table 2 for the different

avelengths analyzed, together with the R 2 parameter, indicating

he goodness of fit. As the latter is 1, the polynomial curve very

ell fits the data at all the wavelengths. 

The obtained Ceres phase function (at 1.2 μm) is shown in

ig. 3 , whereas the reflectance distribution across the surface be-

ore (i.e. I/F ) and after (i.e. A 0 ) the photometric correction is shown

n Fig. 4 . The correction is able to remove the reflectance dis-

ontinuities between images taken under different phase angles.

n the A 0 map, we observed that the Ceres is overall uniform

n terms of reflectance, and the brightest and the darkest large-

cale terrain are the Vendimia Planitia, located at equatorial lati-

udes and at longitudes between 90 ° and 160 °, and the region east-

ard of Vendimia Planitia, located at longitudes between 170 ° and

20 °. The Occator faculae region is enclosed in the black square in
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Fig. 3. Equigonal albedo as a function of phase angle (asterisks) and modeled phase function (curve). Error bars are included within the points’ size. 

Fig. 4. Distribution of I/F (top, before correction) and A 0 (bottom, after correction) at 1.2 μm. The black square includes the Occator faculae region. The mosaics are composed 

of 712 images, acquired in different mission stages. The color (green/blue) discontinuities observed in the top figure are due to overlapping of images taken under different 

phase angles. These discontinuities are removed from the photometric correction (bottom figure). (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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Table 3 

Photometric parameters of asteroids visited by space missions. Taxonomy refers to the classification by De Meo et al. (2009) . Uncertainty on R30 

is always lower than 0.01. Photometric parameters of Ceres are the same at 0.55 and 0.75 μm. For each wavelength, photometric parameters 

were calculated on the entire, low-resolution (LR) and high-resolution (HR) dataset. 

Asteroid Taxonomy Wavelength (μm) R30 PCS Phase function reference 

Vesta (dark terrain) V 0.75 0.15 68 ± 6 Longobardo et al. (2016) 

Vesta (average) V 0.75 0.18 58 ± 2 Longobardo et al. (2016) 

Vesta (bright terrain) V 0.75 0.22 48 ± 1 Longobardo et al. (2016) 

Steins Xe 0.63 0.19 50 ± 6 Jorda et al. (2008) 

Ida S 0.56 0.06 67 ± 5 Helfenstein et al. (1996) 

Annefrank S 0.63 0.10 56 ± 4 Hillier et al. (2011) 

Eros S 0.55 0.08 59 ± 5 Li et al. (2004) 

Gaspra S 0.56 0.08 58 ± 5 Helfenstein et al. (1994) 

Lutetia Xk 0.75 0.07 50 ± 2 Longobardo et al. (2016) 

Mathilde C 0.70 0.02 77 ± 7 Clark et al. (1999) 

Ceres (entire dataset) C 0.55–0.75 0.03 71 ± 7 This work 

Ceres (LR dataset) C 0.55–0.75 0.03 68 ± 7 This work 

Ceres (HR dataset) C 0.55–0.75 0.03 N/A This work 

Ceres (entire dataset) C 1.2 0.03 64 ± 7 This work 

Ceres (LR dataset) C 1.2 0.03 69 ± 7 This work 

Ceres (HR dataset) C 1.2 0.03 62 ± 7 This work 

Occator C 1.2 0.12 64 ± 8 This work 

Fig. 5. PCS as a function of R30 at 0.75 μm for different asteroids and for the Occator region. Errors are not shown for clarity. Ida is not shown because its photometric 

parameters could be biased since obtained from observations at much better spatial resolution with respect to the other asteroids. Occator’s photometric parameters are 

extrapolated, by assuming that the variation between visible and infrared spectral range is the same as the rest of Ceres. 
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ig. 4 and is by far the brightest region of Ceres (its reflectance is

ut of color scale). 

The albedo distribution is in very good agreement with

hat found by Ciarniello et al. (2017) , by applying the Hapke

ethod, as well as with distribution derived from Framing Cam-

ra ( Schroeder et al., 2017 ) and HST ( Li et al., 2006 ) observations. 

Moreover, the phase functions retrieved at the six wavelengths

i.e., b, c and d parameters in Table 2 ) led to corrected reflectance

alues within errors (see Section 5.1.2 ), hence we can assume a

nique phase function for the entire spectral range analyzed. 

.1.2. Photometric parameters 

The photometric parameters calculated for Ceres and for the

ther asteroids are shown in Table 3 and Fig. 5 . Details about

he retrieval of R30 and PCS for other asteroids are found in

ongobardo et al. (2016) . 

The photometric parameters of Ceres were calculated in the VIR

isible domain, in particular at 0.55 and 0.75 μm, in order to com-

are them with other asteroids. The retrieved values of R30 and

CS are the same at the two wavelengths. Moreover, they were cal-

ulated at 1.2 μm, to enable a comparison with the Occator region,

ainly observed by the VIR IR channel. 

An increasing spatial resolution can change the PCS value. For

xample, Ida was observed at better spatial resolution (i.e. down

o 25 m) and was characterized by a larger PCS ( Longobardo et al.,
016 ). In order to evaluate the role of spatial resolution also on

he Ceres phase function, the retrieval of photometric parameters

as performed on the entire, low-resolution and high-resolution

IR datasets. However, visible high-resolution data cover phase an-

les not larger than 40 °; therefore R60 , and hence PCS , cannot be

btained. 

Ceres is located in the R30-PCS scatterplot close to the C-type

athilde. The variation of photometric parameters with spatial res-

lution is well within errors. This is not an obvious result, because

hotometric similarity between Ceres and other C-type asteroids

bserved so far has been based on low phase angle observations,

nly (i.e., lower than 20 °, Shevchenko and Belskaya, 2010 ). In ad-

ition, this scatterplot led to different results for objects expected

o be grouped together, such as the comets, characterized by simi-

ar albedo but very different photometric behavior, due to different

oughness and surface evolution ( Longobardo et al., 2017b ). 

.1.3. Band depths and spectral slope 

Since we obtained that phase functions do not depend on spa-

ial resolution, we can assume that the same occurs for photomet-

ic behavior of other spectral parameters, too. Therefore, the anal-

sis of these parameters was performed on the entire VIR dataset,

ithout separation in high-resolution and low-resolution dataset. 



104 A. Longobardo et al. / Icarus 320 (2019) 97–109 

Fig. 6. From top to bottom: behavior with phase angle of band depths at 2.7 μm, 3.1 μ, 3.4 μm and of infrared slope, for the Ceres average, and related linear fits (solid 

lines). Error bars are included within the points’ size. 

Table 4 

Increasing rate S with phase of the different spectral parameters considered in this work, calculated for the Ceres average and the Occator 

faculae. “No trend” means R 2 close to zero, i.e. lower than 0.15. 

Spectral parameter Ceres average Occator faculae 

S R 2 S R 2 

2.7 μm band depth (7.29 ± 0.15) ·10 −4 0.98 (1.7 ± 0.9) 0 ·10 −3 0.50 

3.1 μm band depth (1.39 ± 0.11) 0 ·10 −4 0.70 No band 

3.4 μm band depth (1.09 ± 0.03) 0 ·10 −3 0.98 No trend 

3.9 μm band depth No trend No trend 

Infrared slope (1.19 ± 0.03) 0 ·10 −5 0.98 No trend 
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Almost all of the considered parameters linearly increase with

the phase angle ( Fig. 6 ), as the 3.9 μm band depth is the only pa-

rameter not showing this trend. 

We calculated the relation between each spectral parameter P

and the phase angle, by means of a linear fit P = P 0 + Sϕ. 

Fits were calculated in the phase angle interval 20 °−70 °, includ-

ing the most populated phase angle bins. The best linear fits are

also shown in Fig. 6 . 

The S values corresponding to each parameter and the R 2 of the

linear fit are shown in Table 4 . 

The high R 2 values indicated that the linear fit reproduces very

well the observed data. Only for the 3.1 μm band depth, the fit is

slightly worse, probably due to the very small increase with phase.
.2. Occator faculae 

Due to the small dataset considered for this analysis, and hence

ue to the small number of phase bins useful for it, a linear fit is

he most indicated to reproduce the Occator faculae phase func-

ion ( Fig. 7 ): in fact, the uncertainty on fitted parameters is in this

ase not larger 10–15%, whereas it becomes of 100% or larger when

olynomial fits are applied. However, since the fit is calculated on

 few points, the R 2 is 0.50. 

The corresponding photometric parameters are shown in

able 3 . Whereas R30 is four times the Ceres average, the PCS is

ssentially the same. 
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Fig. 7. Phase function of the I/F at 1.2 μm for the Occator faculae region. The dotted line is the phase function obtained by selecting the Occator’s pixels basing on albedo 

instead of 3.9 μm band center. 
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In order to compare the faculae’s photometric parameters with

hose obtained for the other asteroids in the visible range, we as-

ume the Occator faculae’s PCS at 0.75 μm equal at the Ceres av-

rage’s PCS at the same wavelength. This value is plotted in Fig. 5 .

ur assumption is corroborated by the following observational ev-

dences: 

- Ceres average and Occator faculae have the same PCS at 1.2 μm,

despite their different R30 ; 

- PCS is mainly related to R30 (anti-correlation), and this value is

almost constant among both Ceres and Occator spectra. Never-

theless, in the case of Occator a slight bluing is observed be-

tween 0.75 and 1.2 μm ( De Sanctis et al., 2016 ), therefore the

Occator faculae’s PCS might be larger. 

However, the value plotted in Fig. 5 is already much larger than

ther asteroids having a similar R30 , i.e. the S-type asteroids. Thus

his region deviates from the classical behavior of the steepness of

hase function, which generally decreases at increasing albedo, as

nferred from both ground ( Shevchenko and Belskaya, 2010 ) and

pace ( Longobardo et al., 2016 ) observations, and does not have a

hotometric equivalent among the asteroids. 

The similar steepness of phase function between Occator and

he rest of Ceres confirms the results obtained by the photometric

nalysis from Framing Camera data ( Schroeder et al., 2017 ). 

Concerning the other spectral parameters, the band depth at

.7 μm is the only one that preserves an increasing trend with

hase angle. The increasing rate S is two times that found for the

eres average ( Fig. 8 ), even if the uncertainty is larger (due to the

ower number of observations). The 3.1 μm band is not observed in

his region ( De Sanctis et al., 2016; Longobardo et al., 2017a ), be-

ause this band is ascribed to ammoniated phyllosilicates, whereas

n Occator ammonium is present in a different form ( Raponi et al.,

018 ). The other two band depths have a very similar behavior,

ndependent of phase angle ( Fig. 9 ). The infrared slope does not

how variations with phase angle, neither. 
. Discussion 

.1. Ceres 

For each wavelength, we could consider a single phase function

odeling the photometric behavior of Ceres. In other words, Ceres

s photometrically uniform, and variations of optical and physical

roperties among the surface are, when present, limited to a few,

mall regions. This result indicates that events capable to heavily

hange these properties are very old and/or were very localized. 

The reflectance is very well modeled by the product of the Aki-

ov disk function and the 3rd degree polynomial ( Eq. (1) ), with a

 

2 parameter of 1. This result is in agreement with the photomet-

ic analysis on FC data of Ceres, which concluded that the com-

ination of the Akimov disk function and a polynomial allows for

btaining the best quality maps ( Schroeder et al. 2017 ). 

The agreement within errors of the phase functions retrieved at

ifferent wavelengths is justified by the small reflectance variation

cross the visible and NIR spectrum, i.e., lower than 10% ( De Sanc-

is et al., 2015 ). It is thus likely that the optical properties of the

urface do not change in this spectral range. 

No variation (or variation within the errors) of the phase func-

ion between low- and high- spatial resolution is also observed.

or comparison, in the case of the VIR dataset of Vesta, the “high-

esolution (HR)” PCS exceeds the PCS calculated on the entire

ataset of five times the error ( Longobardo et al., 2016 ). Analo-

ously, the higher PCS of Ida with respect to the other asteroids has

een ascribed to the highest spatial resolution of its observations

 Longobardo et al., 2016 ). This would occur because of the more

mportant role of local topography, which would cause shadowing,

specially at larger phase angles. The reasons for the different be-

avior observed for Ceres could be one or more of the following: 

- The spatial resolution of the Ceres HR images is not small

enough to appreciate variations due to local topography. The

best spatial resolution achieved for Ceres is 100 m, whereas
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Fig. 8. Behavior with phase angle of band depth at 2.7 μm for the Occator faculae region, and related linear fit (solid line). 
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it is 50 m for Vesta ( Russell et al., 2012 ) and 25 m for Ida

( Helfenstein et al., 1996 ). Moreover, the spatial resolution ra-

tio, e.g., between Survey and HAMO observations of Ceres is

about 10, whereas for Vesta it is about 15 ( Russell and Ray-

mond, 2011 ). Therefore, the difference between the HR and LR

datasets is highlighted in the case of Vesta. 

- Physical properties (e.g., roughness) of the surface are similar

at small and large scales. This would be in agreement with the

low roughness of Ceres features observed even in LAMO FC im-

ages ( Schroeder et al., 2017 ). 

- Whereas the multiple reflections occurring at a small scale of

a bright surface could render the radiation extinct, on a dark

body such as Ceres the role of multiple scattering is negligible

(e.g., Ciarniello et al. 2017 ). 

The asteroid closest to Ceres in the R30 vs. PCS scatterplot

( Fig. 5 ) is Mathilde, belonging to the same taxonomic class, i.e. C-

type, according to results by Ciarniello et al. (2017) . This scatter-

plot is once again demonstrated to be useful in discriminating dif-

ferent asteroid taxonomies. In particular, Ceres is slightly brighter

than Mathilde, and its phase function is slightly flatter, according

to the general anti-correlation between R30 and PCS observed for

the minor bodies. Since comparison with ground-observations sug-

gests that Mathilde is a good representative of the C-type spectral

class ( Shevchenko and Belskaya, 2010 ), we may consider Ceres to

be a bright C-type asteroid. This would mean that the slight pho-

tometric difference between Ceres and Mathilde would lie in their

different optical properties, instead of physical properties (such as

grain size and roughness), which may be similar among the C-type

asteroids. 

The linear increase of band depths with phase angle has al-

ready been observed for other asteroids, e.g., Vesta ( Longobardo

et al., 2014; Schroeder et al, 2014 ), and could be due to: (a) steeper

phase function of the reflectance corresponding to band center,

due to the larger absorption involved; (b) phase reddening (dif-

ferent reddening of the two band shoulders). Therefore, the lack

of this increasing trend for the 3.9 μm, due to carbonates, could
e justified by one or more of the following reasons: a) abun-

ance of carbonates is too small to produce a band depth behav-

or with phase which is suppressed by the presence of opaques

according to De Sanctis et al., 2015 , carbonate and opaque abun-

ances are on average lower than 20% and larger than 70%, respec-

ively); b) the difference between phase functions at the shoulder

nd band center wavelengths is minimal, due to brightness of car-

onates; c) carbonates do not contribute to phase reddening. We

iscard hypothesis a) because independence of phase angle is ob-

erved even in the Occator faculae, where carbonate is the most

bundant component (see next sub-section). However, in both the

emaining cases, we should observe an independence of phase an-

le also for the 3.4 μm, as well ascribed to carbonates. The differ-

nt photometric behavior of this band hence suggests that other

hases contribute to this spectral feature, as suggested by its com-

lex shape ( De Sanctis et al., 2015 ). In addition, it gives us the pos-

ibility of understanding the relative contribution of carbonates on

his band, giving clues on the Ceres surface composition. We could

ot however discard that the procedure of thermal removal masks

he photometric behavior of the 3.4 μm band. 

Finally, the phase behavior of the infrared slope indicates

he occurrence of phase reddening, as already demonstrated in

revious works ( Ciarniello et al., 2017 ). In particular, the in-

rement S is in very good agreement with that obtained by

iarniello et al. (2017) , by applying the Hapke method (in that case

 = 1.5 ·10 −5 , and the slight difference is justified by the fact that

hey calculated the slope between 1.2 and 2.0 μm, instead of 1.2

nd 1.9 μm). 

.2. Occator faculae 

Different from what was expected from its large albedo, the

teepness of the phase function of the Occator faculae is the same

s the rest of Ceres. This means that Eq. (1) can be used to obtain

hotometrically-corrected reflectance even for those regions much

righter than the Ceres average. A similar result was found from

he photometric analysis on FC data ( Schroeder et al., 2017 ). This
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Fig. 9. Band depth at 3.4 μm (top) and at 3.9 μm (bottom) as a function of phase angle for the Occator faculae region. 
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esult could not be obtained by applying the Hapke’s model on VIR

ata of Occator, because the small number of observation geome-

ries would led to largely undetermined Hapke’s free parameters.

n the other hand, the obtained result allowed to make assump-

ions in applying the Hapke’s linear mixing model and infer some

hysical properties of Occator, as done by Raponi et al. (2018) . 
d  
The R30 vs. PCS scatterplot ( Fig. 5 ) shows the lack of an aster-

id spectral class equivalent to the Occator faculae. Nevertheless,

hotometric parameters of the dark terrains of Vesta are not much

ifferent from the R30 and PCS values obtained for the faculae.

oth Vesta dark terrains and Ceres bright spots are composed of

 mixture of dark and bright materials. In both cases, the abun-

ance of the dark component, i.e., carbonaceous chondrites for
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Table 5 

Summary of photometric behavior of the spectral parameters analyzed in this work and related interpretations. 

Spectral parameter Ceres average Occator faculae Interpretations 

VIS/NIR reflectance Compatible with C-type asteroids Same slope of phase curve wrt Ceres, 

despite of the larger albedo 

Larger roughness on faculae; mixture of dark 

and bright materials 

2.7 μm band depth Increasing with phase Steeper increasing with phase wrt 

Ceres (2 times larger) 

Larger roughness; lower abundance of opaques 

on faculae 

3.1 μm band depth Increasing with phase No observed band Commonly observed behavior of band depths 

3.4 μm band depth Increasing with phase No behavior Another carrier could contribute to the 3.4 μm 

band on Ceres average 

3.9 μm band depth No behavior No behavior Carbonates do not produce phase reddening; 

carbonate brightness 

IR slope Phase reddening No phase reddening Carbonates do not produce phase reddening 
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Vesta ( McCord et al., 2012 ) and unidentified for Ceres, is 20–30%

( Palomba et al., 2014; De Sanctis et al., 2016; Raponi et al., 2018 ).

The bright component of Vesta is represented by HED achondrites,

whose abundance in dark terrains is 70–80% ( Palomba et al., 2014 ).

The abundance of carbonates (bright components) on the faculae is

a bit lower (i.e., 50–70%), due to occurrence of other materials, i.e.

phyllosilicates, ammonium ( De Sanctis et al., 2016 ; Raponi et al.,

2018 ). We could infer that the location in the R30 vs. PCS scatter-

plot, characterized by moderate to high values of both parameters,

does not correspond to specific asteroid taxonomies, but to mix-

tures of them. 

However, the high steepness of the faculae’s phase function

could also be due to different physical properties. A larger grain

size and/or roughness can in fact increase the PCS . 

We applied the method by Raponi et al. (2018) , based also on

the outcomes of this paper, to estimate the average grain size of

the selected faculae region, finding a value of 60 ± 40 μm. The

same method led to an average grain size of the Ceres surface of

about 100 μm. Hence the anomalous PCS of the Occator faculae

cannot be ascribed to grain size. 

Due to the occurrence of many fractures inside the faculae

( Buczkowski et al., 2017; Stein et al., 2018 ), the faculae’s roughness

is instead larger, as might be confirmed by the large value of the

Hapke’s roughness parameters obtained from analysis of FC data

( Schroeder et al., 2017 ). Therefore, roughness can be identified as a

possible reason of the observed photometric behavior. 

The steeper increase of the band depth at 2.7 μm could be as-

cribed to the much lower abundance of dark materials, i.e., 20–30%

in the faculae versus 60–80% in the rest of Ceres ( De Sanctis et al.,

2015 ). In fact, the presence of opaques suppresses not only the

band, but also its behavior with phase. It is possible that the phyl-

losilicates band depth shows the photometric behavior observed

on the Occator faculae, and this increasing trend is weakened else-

where due to a larger amount of dark components. Larger rough-

ness could also justify the steeper increase of band depth with

phase angle. Coarser grains may be another possible reason, but

it is discarded from the results shown above. 

The 3.4 and 3.9 μm band depths are independent of phase an-

gle. Since natrite (sodium carbonate) is the most abundant compo-

nent in the faculae ( De Sanctis et al., 2016; Palomba et al. 2018 ),

carbonate is the main carrier of the 3.4 μm band, which in fact

shows the same photometric behavior of the 3.9 μm band, i.e. no

trend with phase angle ( Fig. 9 ). This is different from the photo-

metric behavior of the 3.4 μm band depth on the Ceres average,

and again points toward an additional component (at least) con-

tributing to this band and having a major role in the photometric

behavior of this band outside the carbonate deposits. 

The independence of the carbonate bands of phase could be

due to the high brightness and/or to the lack of phase reddening

for these materials. The latter is confirmed by the lack of an in-

creasing trend of the infrared slope with phase, indicating that no

phase reddening occurs in the Occator faculae region. 
. Conclusions 

Except a few localized regions, Ceres is photometrically homo-

eneous, and this could be related to old age or small extensions

f events modeling the Ceres surface. 

The photometric function given by the product of the Akimov

isk function and a polynomial phase function well reproduces the

IR observation of Ceres, as already observed for the Framing Cam-

ra data. No spectral variations of the phase function are observed

etween 0.55 and 2.3 μm, indicating that the surface optical prop-

rties are constant in this spectral range. Furthermore, the phase

unction is independent of spatial resolution, differently to other,

righter asteroids (e.g., Vesta and Ida). This could be due either to

he low albedo or to the small-scale smoothness of the surface.

uture disk-resolved observations of dark asteroids, such as Bennu

 Lauretta et al., 2017 ) and Ryugu ( Ishiguro et al., 2014 ), could con-

rm one or more of these hypotheses. 

The shape of the Ceres phase function is in agreement with the

-type taxonomy, in particular that Ceres could be a “bright” C-

ype asteroid. This is a new result, because the photometric sim-

larity between Ceres and other C-type asteroids has been based

o far only on low phase angle observations, whereas we found

hat this agreement occurs even for phase angle up to 60 °. The ob-

ained result suggests Ceres and other C-type asteroids show simi-

ar physical properties or, however, that physical properties play a

inor role in photometry of C-type asteroids. 

The strength of the bands at 2.7, 3.1 and 3.4 μm and the in-

rared spectral slope (1.2–1.9 μm) linearly increase with phase an-

le, indicating the presence of phase reddening and a photomet-

ic behavior similar to other asteroids. The different behavior of

he band depth at 3.9 μm could indicate that on the spectrum of

he Ceres average, other materials (in addition to carbonates) con-

ribute to the 3.4 μm band. As a matter of fact, when carbonates

re the dominant component (i.e., in the Occator faculae), the two

ands show the same photometric behavior. Therefore, photome-

ry of the 3.4 μm band allows giving a preliminary assessment the

elative contribution of carbonates to this band without need of

adiative transfer model. 

The lack of the linear increase with phase observed in the Oc-

ator faculae for the two carbonate band depth and the infrared

pectral slope would indicate that sodium carbonates do not pro-

uce phase reddening. An analysis on laboratory spectra could be

equired to confirm this result. An alternative explanation is that

arbonates are too bright, and the larger multiple scattering masks

heir phase behavior. 

Moreover, Occator faculae are photometrically very peculiar be-

ause the steepness of their phase function is much higher than

xpected from their large albedo. A similar photometric behavior

s observed on the dark terrains on Vesta ( Longobardo et al., 2014 ),

hat, similarly to Cerealia and Vinalia faculae, are composed of a

ixture of bright and dark material. The large steepness could be

lso caused by larger roughness. Roughness could also produce the
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teeper increase of the band depth at 2.7 μm (due to phyllosili-

ates) with phase observed in the Occator faculae. This behavior

ould, however, be due also to the low abundance of dark materi-

ls, which generally suppresses the phase variation of band depths.

Table 5 summarized the photometric behaviors of the spectral

arameters considered in this work, observed for the Ceres average

nd the Occator faculae, and their possible interpretations. 
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