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Introduction:  Despite the bright appearance of 

comet comae, cometary grains are dark materials, 
characterized by an albedo or reflectivity, of only a 
few percent. The net flux and its wavelength-
dependence of the scattered and thermally-emitted 
light place important constraints on the physical prop-
erties of the grains. Here we report the results of spec-
trophotometry of comet C/2009 P1 (Garradd) obtained 
on three epochs covering a range of heliocentric (rh) 
and geocentric (Δg) distances, including one at a scat-
tering phase angle of  14 degrees, within the backscat-
ter lobe of the grain scattering phase function.  

Observations:  Comet C/2009 P1 (Garradd) was 
observed on July 28-30, 2011 UT, October 15 and 18, 
2011 UT, and March 27, 2012 UT, using NASA’s In-
frared Telescope Facility (IRTF) and The Aerospace 
Corporation’s Broad-band Array Spectrograph System 
(BASS [1]) which covers a wavelength range of 3-13 
µm and a fixed circular aperture (recently increased to 
a diameter of 4.0 arcsec). Images were also obtained 
on July 28 & 30, 2011 UT, October 16, 2011 UT, and 
March 27, 2012 UT, with the CCD guide camera at-
tached to the BASS spectrophotometer, using the Blue 
Continuum and Red Continuum “Hale-Bopp” filters 
[2], centered at wavelengths of  445 nm and 713 nm. 
IRTF SpeX spectrograph [3] spectra were also ob-
tained in two modes: the long-wavelength cross-
dispersed echelle (LXD; 2.1-5.0 µm) with a 1.6 x 15 
arcsec slit, and the Prism disperser (0.65-2.4 µm) with 
a 3.0 x 15 arcsec slit. The former was used on October 
19, 2011 UT, and March 30, 2012 UT, and the latter on 
July 29 & 31, 2011 UT, October 18, 2011 UT, and 
March 28 & 30, 2012 UT. In addition, we used the 
SpeX guide camera to obtain images in the K band on 
March 28 & 30, 2012.  

Data Reductions:  Figure 1 shows all of the data 
obtained as part of this project. The BASS and SpeX 
guider image data were extracted using a circular soft-
ware aperture set to match the fixed BASS entrance 
aperture (4.0”). The SpeX prism  data were extracted 
using an effective rectangular aperture of 3.0 x 5.2 
arcsec, and are consistent with both the Hale-Bopp 
filter and K band imaging data obtained the same 
nights. Only the SpeX LXD data were scaled, in order 
to match the imaging and Prism flux levels. The LXD 
data do not significantly affect the resulting albedo 
determinations. 

 

 
Fig. 1–The spectral energy distribution of C/2009 P1 
(Garradd) during three epochs: July 2011 UT, Octo-
ber 2011 UT, and March 2012 UT. The heliocentric 
and geocentric distances, scattering phase angles, and 
albedos are listed in Table 1. 
 

 
Fig. 2 – Example of the extraction of the bolometric 
albedo from the October 2011 UT  observations. The 
net thermal emission consists of carbonaceous and 
silicate grains (colored lines) with T=220 K, and a 
warmer blackbody (lower dot-dashed  black line) with 
T=250 K. The scattered solar spectrum appeared 
slightly reddened. The derived bolometric albedo was 
0.095±0.012 for this epoch.  
 

Extracting the Albedo:  There are many defini-
tions used to characterizing the relative reflectivity of 
cometary grains [4]. One common definition is the 
bolometric albedo, which uses the ratio of the scattered 
light to the sum of the scattered plus thermally-emitted 
light, and is a quantity that has been reported for nu-
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merous comets [5,6]. Note that this definition of the 
albedo usually results in values that are larger than 
another commonly-used definition, the geometric al-
bedo. 

To estimate the net wavelength integrated scattered 
and thermal emission, the spectral energy distribution 
(SED)  was modeled using a reddened solar spectrum 
that fit the scattered light component that dominates 
the data at wavelengths shorter than 3 µm, and a ther-
mal grain model consisting of amorphous grains of 
silicates with roughly pyroxene and olivine composi-
tion, amorphous carbon grains, and crystalline olivine. 
For the model shown in Figure 2, the temperature of all 
grain types was set at T=220 K. An additional hotter 
component (T=250 K) was required to reproduce the 
3-8 µm emission. Table 1 lists rh and Δg, scattering 
phase angle, and derived bolometric albedo for each 
epoch. 

 
    Table 1 

Date                 rh          Δg       phase    bolometric 
                            (AU)      (AU)        angle       albedo 
   2011 July        2.5       1.6         13.7°    0.181 ± 0.023 
   2011 October  1.8       1.9         31.4°    0.095 ± 0.012 
   2012 March     2.0      1.4         27.9°     0.081 ± 0.011 

 

 
Fig. 3 – The bolometric albedo and scattering phase 
angle of Garradd on the three observation epochs. The 
bolometric albedo is defined as the ratio of the scat-
tered light flux to the net of the scattered light plus 
thermal emission. Also shown are the same quantities 
for 103P/Hartley 2 [7], and for 73P/Schwassmann-
Wachmann C [8]. For 73P the SpeX and BASS data 
were not simultaneous and covered a a range of scat-
tering angles (the albedo was determined from BASS 
3-13 µm spectrophotometry and CCD filter data). Fig-
ure adapted from [6] and used with permission. 
 
Discussion:  The albedo of  comet C/2009 P1 (Gar-
radd), while well within the range of those obtained on 
other comets [5], was found to be slightly lower than 

the majority of cometary data obtained at similar phase 
angles, even excluding C/1995 O1 (Hale-Bopp) which 
is known to have unusually small bright grains [9], as 
well as exhibiting considerable scatter. Garradd was 
slightly darker by 15%-30% than 1P/Halley measured 
at similar phase angles. Much of this may be due to the 
relatively small sampling aperture used in this study 
compared to most others, as spatial maps of cometary 
albedos demonstrate increasing albedo with distance 
from the nucleus [10].  

We also find that the scattered light component was 
consistently redder than the solar spectrum. This is 
consistent with what is generally found in other comets 
[11].  
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