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Introduction:  The Deep Impact spacecraft en-

countered Comet 9P/Tempel 1 on July 4th, 2005 [1]. 

We analyzed publicy available data obtained by the 

HRI (High Resolution Imager) consisting of a tele-

scope serving both a camera and an imaging  spec-

trometer in the infrared range [2]. We have selected 

data taken before the impact, where the nucleus is re-

solved and has a maximum spatial resolution of 120 m 

per pixel. 

We started this activity in preparation of the Roset-

ta rendez-vous with comet 67P/Churyumov-

Gerasimenko in the second half of 2014. Rosetta car-

ries the VIRTIS imaging spectrometer [3] which has 

characteristics similar to those of HRI, and will pro-

vide large amounts of data, with resolutions never 

achieved before. Thus the goal of this work is to apply 

to the HRI data set the unmixing algorithms we intend 

to use to interpret the 67P/C-G nucleus spectra data 

and thus retrieve information on the water ice abun-

dance and emplacement on the surface of 9P/Tempel1. 

 Radiance calibrated data from the HRI camera and 

spectrometer were geometrically corrected and reduced 

to I/F. Applying the Hapke model [4] in a similar man-

ner as described in [5] we are able to constrain the 

amount of water ice and the regolith grain size for the 

ice-rich regions of the comet. Two mixing modalities 

are investigated: areal and intimate. As endmemebers 

for the spectral mixing we have considered pure water 

ice and an average spectra from the non-icy regions of 

the comet. Adopting the areal mixing we obtain from 

the spectral fits an average grain size of 30±20 μm in 

diameter with a percentage of water ice of 0.4±0.2%. 

In the case of intimate mixing we obtain a grain size of 

70±40 μm with a percentage of water ice of 1.0±0.5%. 

The spectra corresponding to the icy regions are well-

fitted with both mixing methods. 

  

Data analysis: The calibrated radiance spectra are 

available through the Planetary Data System website 

(http://pds.jpl.nasa.gov/). We use the data of the spec-

trometer in the range 1.2 – 3.5 μm to avoid problems 

of calibration at the extremes of the spectral range. To 

obtain the reflectance from the radiance, we modeled it 

as the sum of two contributes: the reflected sunlight 

(1.2 – 2.5 μm, setting as free parameter the spectral 

reddening, namely the slope of the reflectance spec-

trum) and the thermal emission (2.5 – 3.5 μm, setting 

as free parameters the temperature and the effective 

emissivity). The effective emissivity includes the effect 

of the surface roughness, and in the case of comet 

Tempel 1 it is significative, as described in [6]. 

The data of the camera are available for seven dif-

ferent bands from 0.35 to 0.95 μm. These images are 

rescaled to the same spatial resolution of the hyper-

spectral cubes obtained from the spectrometer (see Fig. 

1). In this way we are able to extend the spectra of 

each pixel to the visible wavelengths. This task is 

straightforward because all the data we have used were 

acquired in a short time interval compared with the 

comet’s rotation period. Therefore the dataset we are 

analyzing contains only observations taken on the 

same nucleus hemisphere. Since the radiometric accu-

racy of the VIS channel is higher than the IR, we have 

scaled the latter to the former before bridging the spec-

tra of each pixel. Out of statistics pixels are then re-

moved by applying a standard despiking filter on the 

whole dataset. As further products of this process, we 

have obtained temperature maps, emissivity maps, and 

reddening maps of the surface of the comet’s nucleus.  

 

 
 

Figure 1: Panel A: image of the nucleus of the comet at 0.35 

μm (exposure ID 9000906, UTC 05:44:02), rescaled to the 

same resolution of the hyperspectral cubes. Panel B: spectral 

classification of the comet’s nucleus: in blue the icy regions, 

in green the low reddening regions, in orange the high red-

dening regions, in grey the regions which presents unfavour-

able angles for the analysis. 

 

 
Figure 2: Average spectra of nucleus regions shown in Fig. 1 
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Figure 3: Areal mixing results: icy region  (corresponding to 

pixels marked in blue in Fig. 1) average observed spectrum 

(black curve); areal mixing spectra with 2.4, 1.2 and 0.4% of 

water ice are indicated by red, green and blue curves, respec-

tively. The best-fit is obtained with the 0.4% water ice-rich 

spectrum (blue curve). 

 

Detection of icy regions: The hyperspectral cubes 

with visible and infrared data are powerful tools to 

select icy regions. After having assigned thresholds for 

the reflectance at visible wavelengths and for the 2.0 

µm band depth is possible to identify the ice-rich units. 

In this way we have obtained similar results to that 

published by [7].  

Dividing the non-icy regions, in high and low red-

dening ones (namely with reddening over and under 

the average) we have noticed that low reddening re-

gions are mostly nearby the icy ones (see Fig. 1). We 

thus have took an average of the low reddening spectra 

as typical non-icy spectrum. This is useful in the appli-

cation of the Hapke model as follows. 

 

Spectral fit: In modeling our fitting we make use 

of the Hapke model. To fit the icy regions spectra we 

have calculated the single scattering albedo (SSA) for 

both the typical non-icy and pure water ice spectra. 

The SSA of non-icy spectrum is extrapolated from the 

reflectance and viewing geometry. The SSA of pure 

water ice is obtained from optical constants by [8] and 

[9], covering a large range of temperature (40 – 260 

K), and different states (crystalline and amorphous). In 

the final fit we don’t find any remarkable differences 

in the result using different optical constants. As 

shown in Fig. 3-4 the low amount of surface ice (and 

the instrumental sensitivity) don’t allow us to infer the 

water ice state. In particular the 1.65 µm secondary 

absorption feature, characteristic of the crystalline 

form is not evident on Tempel spectra. 

The single particle phase function is another varia-

ble in our fitting process. At the only phase angle 

available for the observations considered in this work 

(63°) it results to have a value slightly greater than 1 

for both areal and intimate mixing. This could indicate 

that the material is mostly backscattering. 

 
Figure 4: The same reflectance spectrum of Fig. 3 (black). 

Three different intimate mixing are plotted, showing differ-

ent amounts of ice (same amounts of Fig. 3). The green spec-

trum, with 1.2% water ice, represents the best fit.  

 

 

Remarks: Comparing the fit results shown in Fig. 

3 and 4, the different influence to the amount of ice 

between areal and intimate mixing is appreciable. It is 

also clear that the two best fits have a comparable 

goodness. 

 An intimate mixing means that the ice and non-icy 

components are thermally coupled. This implies that 

the ice sublimates due to the high temperature detected 

(~300 K). If the mixing is areal the sublimation is in-

stead prevented. The two different kinds of mixing 

could occur at the same time.  

It must be noted however, that the non-icy compo-

nent also shows weak absorption features at 1.5 and 

2.0 μm (see Fig. 2), indicating the presence of water 

ice. This implies that the water abundace estimates 

given in Fig. 3 and 4 are lower limits. This could be 

the reason of different water ice amount resulting from 

this work compared to that of [7]. A derivation of the 

water ice abundance in the “non-icy” component is 

being performed with the goal of providing an accurate 

estimate for the icy regions.  
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