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Abstract 13 

We present revised results for the main molecular species in five Oort Cloud (OC) comets observed with 14 

NIRSPEC at the Keck Observatory between 1999 and 2012 (C/1999 S4 (LINEAR), C/2001 A2 (LINEAR), C/2007 15 

W1 (Boattini), C/2012 F6 (Lemmon), and C/2012 S1 (ISON)). The re-evaluation of these data shows the 16 

improvement of results in some of the datasets, in particular for comets observed and analyzed before the 17 

advent of new and revised fluorescence models and terrestrial retrieval methods introduced since 2011. We 18 

observe significant improvements in the resulting rotational temperatures and production rates for all species, 19 

and in mixing ratios of minor species (relative to water). The re-analysis also allowed us to quantify species 20 

not analyzed previously, mostly due to the lack of molecular models (e.g., ammonia and formaldehyde). We 21 

note, however, that the improvement of these revised values is less substantial for comets observed (and/or 22 

analyzed) since 2010. 23 
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1. Introduction 34 

 35 
Cometary nuclei are cryogenically preserved relics from the early Solar System. Their compositional 36 

properties (molecular abundances, isotopic ratios, spin temperatures) are directly relevant to 37 

understanding the processes affecting material during Solar System formation; moreover, they could 38 

test the hypothesis that small icy bodies have delivered prebiotic matter to early Earth. Current 39 

theories suggest that cometary nuclei probably formed from the ice and dust present in the 40 

protoplanetary disk at distances between 5 and 30 AU from the proto-sun; after their formation, 41 

they were ejected to their current reservoirs – the Kuiper Belt and the Oort cloud – as a result of 42 

gravitational interactions with the migrating giant planets (Gomes 2005, Morbidelli et al. 2007). Even 43 

if diverse processes (such as energetic radiation and collisions) partially altered the chemical 44 

fingerprints of nucleus surface layers during their lifetime prior to injection into the inner solar 45 

system, the bulk nucleus is thought to preserve certain local chemical and mineralogical properties 46 

related to the protoplanetary disk where they formed. Our study seeks an accurate chemical 47 

classification of comets, to unveil important information regarding the origins and evolution of the 48 

early Solar System and to understand the true heritage of these icy bodies. 49 

A powerful technique to sample the organic composition of comets is the use of high-resolution 50 

spectroscopy in the infrared region between about 3 and 5 µm, where it is possible to sample 51 

emission lines produced by solar-pumped fluorescence of molecules released directly from the 52 

nucleus, such as H2O, CH4, C2H6, C2H2, HCN, NH3, CH3OH, H2CO, and CO. With this technique, we can 53 

investigate cosmogonic indicators like molecular abundances, isotopic ratios, ortho-para ratios and 54 

spin temperatures that are expected to remain unaltered since the comet’s formation. Since 1996, 55 

high-resolution (λ/Δλ ³ 25,000) spectra of comets in the infrared region were acquired using  ground-56 

based echelle spectrometers. We have created a database collecting all spectra obtained from more 57 

than 60 comets using state-of-the-art high-resolution IR spectrometers (e.g., IRTF/CSHELL, 58 

Keck/NIRSPEC and VLT/CRIRES). The correct modeling and analysis of these data is essential to 59 

interpreting important clues regarding the aforementioned cosmogonic indicators in comets, and to 60 

constraining the conditions present where (and when) a specific comet formed. 61 
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Recent taxonomic reviews (cf., Mumma & Charnley 2011, Dello Russo et al. 2016, Bockelée-Morvan 62 

& Biver 2017) are based on primary volatiles in about 30 comets and have revealed a wide 63 

compositional diversity, but it is clear that an understanding of these bodies is far from complete. 64 

Some infrared results published before 2010 may contain systematic inaccuracies introduced by the 65 

use of immature algorithms and/or incomplete molecular models used to interpret the fluorescence 66 

excitation in comets.  67 

In particular, fluorescence models for some individual ro-vibrational bands have evolved with time, 68 

affecting the production rates derived from measured line fluxes. In the past, certain molecular 69 

models made use of empirical line strengths when calculating the fluorescence efficiencies (g-70 

factors) to interpret the IR fluorescence excitation in comets. While these models were in part 71 

accurate, they were sometimes limited to only a few spectral lines and also did not fully describe the 72 

complexity of some observed spectra, often under-estimating or ignoring fluorescence cascades. The 73 

discovery of H2O hot-band emissions in 1P/Halley with the Kuiper Airborne Observatory (KAO) 74 

revealed their importance (Weaver et al. 1986), and an early model of H2O fluorescence spectra 75 

included several hot-bands (e.g., Bockelée-Morvan & Crovisier 1989). The (later) need to identify a 76 

method for direct detection of cometary water from ground-based observatories led to the use of 77 

hot-band emission as a way to circumvent telluric extinction (Mumma et al. 1995); its first general 78 

application used the 2 µm hot-bands to characterize water in comet C/1996 B2 Hyakutake (Mumma 79 

et al. 1996). This initial success, and the team’s serendipitous detection of H2O hot-band emission 80 

near 4.7 µm in Hyakutake, led to the extended use of water hot-bands in C/1995 O1 (Hale-Bopp) and 81 

later comets (Dello Russo et al. 2005). Searches for trace gases (HCN, H2CO, CH3OH, CH4, C2H2, C2H6) 82 

emphasized their fundamental bands (e.g., HCN, Magee-Sauer et al. 2002; H2CO, DiSanti et al. 2006; 83 

and CH4, Gibb et al. 2003), leading to successful detections and increasingly robust interpretations. 84 

But, they too underwent successive improvements and updates as new band analyses emerged. 85 

Since 2011, realistic quantum band models have been developed for many species, including 86 

complete line lists for specific vibrational bands, updated energy tables, and corrections for the 87 

Swings effect (i.e., the dependence on heliocentric velocity; e.g., Villanueva et al. 2011b, Villanueva 88 

et al. 2012b). Figure 1 shows an example of the remarkable differences between cometary 89 

fluorescence models before and after 2011. By providing more precise g-factors and including weak 90 
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lines that were not considered in some of the previous analyses, these models now allow 91 

investigation of the spectra with unprecedented accuracy, thus enabling retrieval of more precise 92 

rotational temperatures. An improvement between predicted and observed line fluxes translates to 93 

a lower relative error for the rotational temperature (and consequently, for the temperature-94 

dependent g-factors) and retrieved production rates. The development of quantum band models for 95 

many molecular species, revealed also the remarkable complexity present in many spectral regions. 96 

This has increased the ability to recognize blended lines, which otherwise would lead to inaccurate 97 

production rates and mixing ratios – especially important for spectrally dense regions such as the 98 

CH-stretch near 3.32-3.54 µm. Furthermore, some molecules were not investigated in some comets 99 

analyzed before 2002, owing to the lack of specific molecular models (e.g., NH3 or H2CO), for instance, 100 

in comets C/1999 S4 (LINEAR) and C/2001 A2 (LINEAR); here, we provide the first analysis of NH3 and 101 

H2CO in them.  102 

We recently updated our data reduction procedures used for the analysis of ground-based 103 

observations, which have greatly improved the spectral calibration through improved modeling of 104 

the Earth’s atmospheric transmittance and thus a better assessment of the terrestrial corrections 105 

needed for observed cometary spectra. In the past 20 years, different radiative transfer models have 106 

been used to synthesize the terrestrial atmospheric transmittance at high spectral resolution: the 107 

Spectrum Synthesis Program (SSP) accessing HITRAN 1992 (Kunde and Maguire 1974, Rothman 108 

1992), the General Line-by-Line atmospheric transmittance and radiance model (GENLN, Edwards 109 

1992, and the Line-By-Line Radiative Transfer Model (LBLRTM - Clough et al 2005), models that were 110 

further improved with the incorporation of complete and comprehensive databases for water 111 

(Villanueva et al. 2012b), ethane (Villanueva et al. 2011b) and carbon dioxide (Villanueva et al. 112 

2008a).  We now use the Planetary and Universal Model of Atmospheric Scattering (PUMAS - 113 

Villanueva et al. 2018). PUMAS uses realistic profiles from the latest atmospheric database produced 114 

by NASA’s Modern-Era Retrospective Analysis for Research and Applications (MERRA-2, Gelaro et al. 115 

2018), and the latest radiative-transfer methods and spectroscopic parameters to calculate a line-116 

by-line, layer-by-layer, radiative transfer model for the terrestrial atmosphere under the specific 117 

observational conditions.  118 
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Considering that data analysis techniques and molecular and atmospheric models have evolved and 119 

improved greatly since 1996, a chemical classification of comets may be affected by systematic 120 

uncertainties introduced by different reduction and retrieval approaches. This is expected to impact 121 

mostly comets that were observed before 2011 – when we introduced the new analysis approaches 122 

– which constitute the majority of targets in our database (see Figure 2). 123 

Here, we present updated rotational temperatures and production rates (and mixing ratios relative 124 

to water) for five OC comets (C/1999 S4 (LINEAR), C/2001 A2 (LINEAR), C/2007 W1 (Boattini), C/2012 125 

F6 (Lemmon) and C/2012 S1 (ISON), hereafter S4, A2, W1, F6, S1, respectively), using data selected 126 

from our rich archival dataset. By the re-analysis of five OC comets, we seek an initial evaluation to 127 

quantify these inaccuracies. The comparison of current and earlier results for W1, F6 and S1 confirm 128 

the validity of the current reductions, while the current results for S4 and A2 present updated or 129 

even entirely new values for them.  Thanks to the aforementioned improvements in the data 130 

retrieval process, our re-analysis of these spectra demonstrates that we can now unlock new and 131 

improved information from these datasets, especially for comets observed and analyzed prior to 132 

2011. 133 

 134 

 135 
2. Data acquisition and reduction 136 

 137 
The data presented in this paper were obtained with the near-infrared echelle grating spectrometer 138 

(NIRSPEC) at the W. M. Keck Observatory (McLean et al. 1998), located on Mauna Kea, Hawaii.  In 139 

Table 1, we summarize the observing logs for the five comets along with a list of sampled molecules. 140 

For more details, we refer the reader to the original publications: Mumma et al. 2001 for S4, Magee-141 

Sauer et al. 2008 and Gibb et al. 2007 for A2, Villanueva et al. 2011a for W1, Paganini et al. 2014 for 142 

F6 and DiSanti et al. 2016 for S1. 143 

We processed all datasets in a systematic way using semi-automated tools to improve processing 144 

speed and minimize possible human errors. These tools include the latest procedures for flat fielding, 145 

removal of high dark current pixels and cosmic ray hits, along with spatial and spectral straightening 146 

with milli-pixel precision. Spectral calibration and compensation for telluric absorption is achieved 147 

by comparing the data with highly precise atmospheric radiance and transmittance models obtained 148 
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with PUMAS. Flux calibration was obtained using the archived observations of a suitable standard 149 

star (observed closely in time with the comet) and our current data reduction algorithms.  150 

To retrieve rotational temperatures (Trot) and production rates (Q) we performed two different and 151 

independent analyses: a c2 minimization technique (using a Levenberg-Marquardt fitting algorithm) 152 

and a correlation analysis (for more details on these methodologies see Villanueva et al. 2008 and 153 

Bonev 2005, respectively). It has been demonstrated that these two methods are highly 154 

complementary, and they converge to a unique solution for Trot, validating the robustness of the 155 

retrieval approach (see Bonev et al. 2013). 156 

Once Trot is determined, we calculate line production rates (Qline) using the following formula:  157 

 158 

𝑄!"#$ = 𝐺𝐹	 %&'!("#$%
)&'"*(,)."#$%

	        159 

 160 

where Fline is the line flux (W/m2, corrected for telluric transmittance), Δ is the geocentric distance 161 

(AU), 𝜏/0!  is the molecular photodissociation lifetime of the considered molecule (in seconds and 162 

calculated for a heliocentric distance of 1 AU), and 𝑓(𝑥) is a function representing the fraction of all 163 

molecules in the coma contained in the beam (spherically symmetric uniform outflow is assumed, 164 

see appendix in Hoban et al 1991); 𝑔!"#$  is the line g-factor (W molecule-1) calculated at the correct 165 

rotational temperature (and for a heliocentric distance of 1 AU), while 𝐺𝐹  is a “growth factor", 166 

accounting for slit losses and aperture effects, and derived by comparing the column abundance 167 

measured at discrete nucleocentric distances with outflow and photolysis models for the molecule 168 

in question (for detailed discussions of the "Q-curve" formalism see Villanueva et al. 2011a, Appendix 169 

B2 in Bonev et al. 2006, Dello Russo et al. 1998, Mumma et al. 2003). The final production rate for a 170 

certain molecular species is computed as the weighted average of total production rates resulting 171 

from individual emission lines.  172 

We report rotational temperatures, production rates, and mixing ratios (MR) of (minor) volatile 173 

species with respect to water. For detections, the uncertainty in production rate is taken as the larger 174 

of the stochastic and standard noise contributions; statistical uncertainties are then propagated 175 

quadratically. If lines are not clearly detected for a given molecule, we provide upper limits at 3σ, 176 
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calculated as three times the uncertainties retrieved through the covariance matrix of the Levenberg-177 

Marquardt fitting algorithm scaled for the goodness of the fit (i.e. the square root of the reduced c2). 178 

 179 

3. Results and comparison 180 

 181 
3.1. C/1999 S4 (LINEAR) 182 

 183 
Comet C/1999 S4 was discovered on 1999, September 27th (IAU Circular 7267), and after several 184 

outbursts it was declared extinct in mid-August 2000. The retrieval of rotational temperatures and 185 

production rates for this comet was impacted by an unusually large water content in Earth’s 186 

atmosphere during the observing night, resulting in low transmittance in some spectral regions. 187 

Moreover, the comet showed a very bright dust continuum but weak emission lines. Even so, we 188 

identify multiple water lines resulting in a rotational temperature of (75 ± 5) K, and we measure 189 

different water production rates depending on the used setting. These measurements are consistent 190 

with an exponential decrease in water production rate over time (see Figure 3), possibly related to 191 

the peculiar outgassing behavior of comet S4, which was characterized by significant 192 

increase/decrease of its activity before disruption (e.g., a minor outburst on July 13th; Bockelée-193 

Morvan et al. 2001, Farnham et al. 2001, and references therein). Unfortunately, we were not able 194 

to verify that other molecules exhibited a similar behavior.  195 

In addition to water, we detect C2H6, CH4, HCN and CO, and retrieve (3σ) upper limits for NH3, C2H2, 196 

H2CO and CH3OH. Since water showed a strong variation during the night, our mixing ratios are 197 

calculated using the individual H2O production rates, depending on the considered setting. 198 

Production rates and mixing ratios (with respect to water) are summarized in Table 2; and an example 199 

of extracted spectra for comet S4 is shown in Figure 4 – panel A. 200 

Our results differ in many ways from those presented in Mumma et al. 2001 (see Figure 5 and Tables 201 

3 - 5), owing largely to the maturation of molecular fluorescence models and of data reduction 202 

algorithms. The new quantum molecular models and the updated atmospheric models play 203 

important roles in the updated results for this comet. The ability to sample multiple lines of water 204 

yielded a higher rotational temperature (+50%), and distinct production rates for the three settings 205 

used. Previously, Mumma et al. 2001 identified and used two water lines in MW setting and assumed 206 
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a fixed Trot of 50 K, based on observations of only 8 comets before S4. They did not reduce water 207 

lines from the KL1 and KL2 settings since suitable fluorescence models were not available then. If we 208 

use their rotational temperature to retrieve water from the KL1 spectra, the production rate that we 209 

obtain is ((650 ± 50) x 1026 mol/s), lower than the weighted mean from OH* (prompt emission) in the 210 

KL1 and KL2 settings presented in Mumma et al. 2001 ((730 ± 50) x 1026 mol/s)).  211 

Dello Russo et al. (2005) re-analyzed the S4 spectra using a then-updated water fluorescence 212 

model, retrieving a corresponding rotational temperature of 73+8
-6 K and a water production rate of 213 

(677 ± 51) x 1026 mol/s (see Tables 3 and 4). To our knowledge, values for trace gases were not re-214 

analyzed with the updated temperature, excepting methane (for an assumed rotational temperature 215 

of 70 K, Gibb et al. 2003 reported a production rate of (1.0 ± 0.3) x 1026 mol/s and a mixing ratio of 216 

(0.18 ± 0.06)%).  The current analysis is the first to update values for all trace gases using self-217 

consistent and modern algorithms and procedures.  218 

In the 3310 cm-1 spectral region, our analysis of C2H2 and HCN gives production rates that are 219 

substantially lower than those in previous publications. This spectral region contains several spectral 220 

lines from different molecular species, whose overlap, if not accounted for, can lead to erroneous 221 

production rates. Moreover, before 2001 several specific molecular models did not exist (e.g., NH3) 222 

or were deficient (e.g., H2O), resulting in an incomplete picture of the spectra. For example, the water 223 

line at about 3320 cm-1 was not modeled in the previous analysis of S4, so its potential blend with a 224 

spectral line of HCN (R2) resulted in a higher production rate for HCN. Later studies omitted the R2 225 

line from HCN analyses for this reason (for example, the study of 2001 A2 by Magee-Sauer et al. 226 

2008, see below).  With the mature post-2011 algorithms, we can include it since we solve for all 227 

molecules simultaneously using the Levenberg-Marquardt formalism.  The HCN production rate 228 

retrieved including the updated water molecular model and using a rotational temperature of 50 K 229 

results in (0.10 ± 0.04) x 1026 mol/s, a lower value than the previous result of (0.61 ± 0.17) x 1026 230 

mol/s. 231 

Finally, we report the first upper limits for NH3 and H2CO; their fluorescence models were lacking 232 

in 2001 and thus their production rates were not reported in previous work.  233 

 234 
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3.2. C/2001 A2 (LINEAR)  235 

Comet A2 was discovered on 2001, January 15th (IAU Circular 7564); this comet was characterized 236 

by several outbursts and breakups, offering the possibility to study fresh organic material released 237 

from the nucleus. Observations and data reduction were complicated by poor weather conditions 238 

and by a reduced sensitivity of the spectrometer, especially in the region near 3.0 μm, due to the 239 

presence of water ice on a mirror within the instrument. Nevertheless, A2 showed many bright 240 

molecular emission lines, allowing us to retrieve individual rotational temperatures for H2O, C2H6, 241 

CH3OH, and HCN (Table 6). The rotational temperatures for H2O, C2H6, and CH3OH are consistent with 242 

the weighted mean of (85 ± 5) K, and adopting this value for all molecular species results in the 243 

production rates and corresponding mixing ratios shown in Table 7; Figure 4 – panel B shows the 244 

detection of CH3OH on 2001, July 9th.   245 

Our reanalysis of data from comet A2 presents important new insights into its chemical 246 

composition. Like comet S4, the new quantum molecular models and the updated atmospheric 247 

transmittance play important roles in our analysis. Our retrieved rotational temperatures for H2O, 248 

C2H6, and HCN are slightly smaller and less dispersed than those of Magee-Sauer et al. 2008 (see 249 

Table 6), and they agree with our newly retrieved Trot for CH3OH. Our rotational temperature for HCN 250 

is significantly lower than that for H2O (and other trace species), in agreement with previous findings. 251 

The lower temperature for HCN suggests that it arose farther from the nucleus than the native 252 

species, perhaps owing to extended release; our measured growth factors for HCN and H2O are 253 

similar, and this is consistent if release is centered along the line of sight. Further discussion will be 254 

given elsewhere.   255 

Our production rates for H2O are smaller than those of Magee-Sauer et al. 2008 (about 30% lower, 256 

see Table 8).  Using the modern algorithms, the current mixing ratios are smaller for HCN, H2CO, CO 257 

and C2H2, but greater for CH3OH, C2H6 and CH4 (see Table 9 and Figure 6). The lower production rate 258 

for water is noticeable even when we run our models with the rotational temperatures used in 259 

previous publications. For example, if we use the rotational temperature of 105K reported by Magee-260 

Sauer et al. 2008 for observations of UT 10.5 July 2001, we obtain a water production rate of (343 ± 261 

26) x 1026 mol/s. This is about 20% lower than the previously reported value of (430 ± 37) x 1026 mol/s 262 

(Magee-Sauer et al. 2008).  263 



 10 

Our rotational temperature and production rates for CH3OH are consistent with recent results in 264 

Villanueva et al. 2012a, that used the same molecular fluorescence model (i.e., g-factors); however, 265 

they adopted water production rates from Magee-Sauer et al. 2008, so their reported mixing ratio 266 

differs from our value. Finally, we report a 3σ upper limit for NH3 mixing ratio, not investigated 267 

before. 268 

 269 

3.3. C/2007 W1 (Boattini)  270 

 271 
Comet W1 is a dynamically new comet discovered in 2007 (IAU Circular 8899). The observing 272 

conditions for this comet were highly favorable during its passage through the inner Solar System, 273 

with perihelion at 0.85 AU and closest approach to the Earth at 0.21 AU, making this an optimal 274 

target for spectroscopic observations.  275 

We retrieve rotational temperatures for H2O, C2H6, CH3OH and HCN, and using an averaged value 276 

of (83 ± 3) K we report revised production rates and mixing ratios for H2O, C2H6, CH3OH, HCN, C2H2, 277 

NH3, CH4, and CO, and an upper limit (3σ) for H2CO (see results in Table 10 and a spectrum from W1 278 

in Figure 4 – panel C). In our analysis we scaled the nucleus-centered production rates with the 279 

retrieved growth factors; we then applied an additional correction factor of 2.5 to production rates 280 

of water and methanol (see footnote ‘d’ in Table 3 of Villanueva et al. 2011a) . 281 

Given that Villanueva et al. 2011a used some of the latest reduction techniques and fluorescence 282 

models, we note minor differences in the two results (see Figure 7 and Tables 11, 12 and 13). We 283 

obtain similar rotational temperatures for all the molecular species, and a lower production rate for 284 

water (about -10%); the trace species show mixing ratios that are consistent (within ± 1σ confidence 285 

limits) with the previous results, except for CH3OH (about +11%) and C2H6 (about +18%).  286 

The observed differences in mixing ratios are mainly related to our lower value for the water 287 

production rate. For example, Villanueva et al. 2011a reported the modeling of only the Q-branch of 288 

CH3OH n3 band – as opposed to the full ro-vibrational band model that we apply for the current 289 

analysis; moreover, they don’t include Q-scale uncertainties propagation in the calculation of the 290 

mixing ratios. 291 

If we follow a similar approach, limiting our analysis to the Q-branch observed on UT 9 July 2008 292 

and before applying the 2.5 correction factor, we obtain a methanol production rate of (4.49 ± 0.34) 293 
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x 1026 mol/s — comparable with the value of ((4.42 ± 0.34) x 1026 mol/s) previously reported and 294 

only about 4% smaller than the value we retrieve by considering the complete n3 band ((4.67 ± 0.36) 295 

x 1026 mol/s). If we use our Q-branch value along with the previously published water production 296 

rate, we retrieve a methanol mixing ratio of (3.73 ± 0.12)%, which is similar to the one published in 297 

Villanueva et al. 2011a (3.67 ± 0.11)%.  298 

 299 

3.4. C/2012 F6 (Lemmon)   300 

 301 
Comet F6 was discovered on 23rd March 2012 and belongs to the nearly isotropic long period comet 302 

group, originating from the Oort Cloud. For observations on 20th June 2012, we retrieve a water 303 

rotational temperature of (53 ± 3) K, production rates for H2O, C2H6, CH3OH, HCN and NH3, and 3σ 304 

upper limits for C2H2 and H2CO. Observations of methane were precluded by the low geocentric 305 

velocity of the comet and CO was not sampled. The results are summarized in Table 14 and a sample 306 

extracted spectrum is shown in Figure 4 – panel D. These data were originally presented in Paganini 307 

et al. 2014, which used similar procedures and molecular models. Thus, as expected, our values are 308 

consistent within 1σ confidence limits (see Figure 8 and Tables 15, 16 and 17), excepting 309 

formaldehyde for which we found a smaller upper limit. This difference is probably related to the 310 

fact that for non-detections our 3σ upper limits are calculated using the uncertainties retrieved 311 

through the covariance matrix of the Levenberg-Marquardt fitting algorithm, while previous 312 

reductions consider the uncertainties retrieved from the correlation analysis.  313 

 314 

3.5. C/2012 S1 (ISON)  315 

Discovered on 2012 September 21st, C/2012 S1 (known as D/2012 S1 after its disruption) was a 316 

dynamically new sun-grazing comet that disintegrated as it passed close to the Sun; NIRSPEC 317 

observing runs are listed in Table 1.  Except on the night of November 7th, the comet did not show 318 

very bright lines and the spectra were quite noisy, limiting the possible molecular detections.  In 319 

Figure 4 – panel E we show the detection of water on November 7th. We report our results in Table 320 

18.  321 

Even though comet S1 was observed and analyzed quite recently, we find some differences 322 

between our results and those presented in DiSanti et al. 2016 (see Figure 9 and Tables 19, 20 and 323 



 12 

21). We obtained robust water rotational temperatures for October 25th and November 7th, showing 324 

a slight increase of temperature in November, and our production rates for water are consistent with 325 

those of DiSanti et al. 2016. Our mixing ratios for HCN, C2H6 and CH4 are higher, while we get the 326 

same value for C2H2. Due to the low signal-to-noise ratio, we report only upper limits for CH3OH and 327 

H2CO, that are consistent with values reported previously, as well as upper limits for CO and NH3. 328 

Despite these differences, our results are in agreement within 1σ confidence limits with DiSanti et 329 

al. 2016.  330 

 331 

4. Discussion 332 

 333 
In the previous section we showed that for comets S4 and A2, observed and analyzed before 2011, 334 

the results obtained with the updated models and procedures differ significantly from previous work. 335 

For comets W1, F6 and S1, we notice some differences with respect to previous rotational 336 

temperatures, production rates, and mixing ratios, but the results are in general consistent within 337 

confidence limits. We find that these discrepancies are likely due to the inherent uncertainties 338 

related to the noise of the astronomical observations and (slight) human interaction in the data 339 

analysis. However, we observe improvements to pre-2011 work, and we attribute these changes to 340 

the following factors: 341 

• New and improved quantum fluorescence molecular models. Using the new models, the 342 

rotational temperatures, production rates, and mixing ratios are better constrained thanks to more 343 

precise g-factors, more complete molecular line lists, and availability of improved molecular 344 

constants. These breakthroughs have facilitated the analysis of spectral regions characterized by 345 

overlapping of emission lines from different molecules (e.g., the HCN spectral region). Furthermore, 346 

the development of new models has allowed the characterization of species not reported in previous 347 

studies. 348 

• Implementation of updated atmospheric models. An accurate model of the terrestrial 349 

transmittance at the times of observation is necessary to assist in the reduction and calibration of 350 

spectroscopic data collected using ground-based observations. Inaccuracies in the atmospheric 351 

models translate into an improper removal of terrestrial features, which affects the characterization 352 
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of the comet’s continuum and can critically affect the modeled atmospheric transmittance at the 353 

Doppler-shifted position of an individual line. 354 

• Novel approaches for the retrieval of the molecular properties. The c2 minimization 355 

technique and the correlation analysis are two different and independent methods that can be used 356 

for the analysis of the spectral features. When used together, their convergence to a common 357 

solution for rotational temperatures and production rates is a test that can verify the self-consistency 358 

of the results. The c2 minimization technique could not be used before the advent of advanced 359 

quantum molecular models. 360 

• A systematic study of the flux calibration. Flux calibration is one of the key steps in reducing 361 

spectra: for this reason, we have recalculated the flux calibration factors for each observation, using 362 

the semi-automatic procedure and the updated atmospheric transmittance models; we then 363 

compared all the calibration factors from different observing campaigns, cross-checking for their 364 

consistency. 365 

 366 

The significant differences observed in pre-2011 results could bring strong implications to our 367 

understanding of cometary taxonomy, and the addition of new molecular species (e.g., NH3 and 368 

H2CO) in the infrared database can further our understanding of cometary origins. For example, in 369 

Figure 10, we show how the relationship between HCN and C2H6 mixing ratios investigated in 370 

previous reviews (e.g. Mumma & Charnley, 2011, Dello Russo et al., 2016) changes if we consider the 371 

results presented in our new analysis. Since the mixing ratios retrieved from about 58% of comets 372 

present in our database need revision (see Figure 2), we expect that the updated results will impact 373 

on molecule-to-molecule relationships, with the greater impact for those species that are at the 374 

moment poorly determined (e.g., NH3 and H2CO). But, to infer more definite conclusions we will first 375 

need to complete our revisions, as exemplified by the sample results presented here.  376 

 377 

 378 

 379 

 380 



 14 

4.1. Comparison and classification of comets 381 

 382 
We can make use of the updated results to retrieve some information about the possible origins of 383 

the analyzed comets. When comparing abundances of trace species, two comets can share the same 384 

relative amount of the individual molecules, although absolute values of mixing ratios can appear 385 

very different. For this reason, we decided to consider pie charts to show how the elements are 386 

proportionally distributed in a given comet (see Figure 11). In theory these proportions are related 387 

to the processes that affected a comet during its formation and its history and can give valuable clues 388 

on cometary taxonomy. For the trace species we created multilevel pies, where the inner level takes 389 

into consideration a possible chemical formative origin, resulting in the following four representative 390 

sub-groups: 391 

 392 

• Group 1 – CO (red): it is one of the most hyper-volatile species in cometary coma and most 393 

likely has interstellar origin 394 

• Group 2 – CH3OH, H2CO and CH4 (yellow): methanol and formaldehyde may form through 395 

hydrogenation of condensed CO, while hydrogenation of atomic C trapped in CO ice can 396 

produce methane (Hiraoka et al. 1994, Hiraoka et al. 1998). 397 

• Group 3 – C2H2 and C2H6 (blue): hydrogenation of acetylene can produce ethane (Hiraoka et 398 

al. 2000). 399 

• Group 4 – HCN (green). 400 

 401 

The outer band of each pie shows the proportional amount of individual molecular species using 402 

corresponding color shades; the proportion between water and all other species considered here is 403 

also reported in an additional pie. The NH3 molecule was not included because for comets S4, A2 and 404 

S1 it is not detected with NIRSPEC, and the corresponding retrieved upper limits are not significant 405 

if compared with the NH3 average found in other Oort Cloud comets, leading to possible bias in the 406 

pies. 407 
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If we organize the multilevel pies with decreasing CO, we can see a gradient in their redox ratio 408 

(sum of H2CO, CH3OH, and CH4 relative to CO) that ranges from 0.37 (S4) to 2.25 (W1): the five comets 409 

are quite distinct in redox ratio, excepting F6 and S1 with redox ratios of 0.58 and 0.61 respectively.  410 

Considering the second group (CH3OH, H2CO and CH4), comet F6 is more similar to S1 and S4, even 411 

though the proportion of methanol in the latter is lower; for A2 and W1 the contribution of this group 412 

to the total composition is much higher than the other comets.  413 

In the third group (C2H2 and C2H6), we see that comets S4, S1 and F6 again look similar, showing 414 

lower abundance fractions for C2H6, opposite to W1 and A2 that show much higher contributions for 415 

this molecule – especially in comet A2. Finally, HCN looks quite the same for all compared comets 416 

excepting S4 which displays a lower value. 417 

Effective hydrogenation of simple compounds (e.g., CO, C2H2) is favored in relatively cold formation 418 

environments, where atomic hydrogen is better retained on grain surfaces, and this affects the 419 

hydrogenation ratios in pre-cometary ices (Mumma et al. 1996, 2001). If we assume that mixing 420 

ratios are cosmogonic indicators of chemical conditions in a given comet’s birth-place, the higher 421 

redox ratio for C2Hx in A2 and W1 suggests that they formed in a colder region of the disk than that 422 

where S4, S1 and F6 formed. In this colder region, the retention and hydrogenation of CO on pre-423 

cometary grain should also have been more efficient, and indeed the COHx redox ratio is higher for 424 

A2 and W1 compared with S4, S1 and F6.  The intermediate hydrogenation product (C2H4) has not 425 

been detected in any comet, consistent with much faster hydrogenation rates for adsorbed C2H4 than 426 

for C2H2 (cf., Hiraoka et al. 2000). A2 shows a higher proportion of C2H6 and a lower one for CH3OH, 427 

consistent with a different hydrogenation history or a different endowment of initial C2H2 vs CO with 428 

respect to W1.  The gradual decrease of the proportion of CO in the compared comets may also 429 

suggest a gradient in temperature in the protoplanetary disk. 430 

 431 

5. Conclusions and Future Steps 432 

 433 
We presented updated production rates, mixing ratios of minor species (relative to water), and 434 

rotational temperatures for five comets observed with NIRSPEC at the Keck Observatory since 1999, 435 

obtained using more complete fluorescence quantum-band models and stand-alone analysis 436 
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techniques. Our results for these comets allowed us to identify certain drawbacks in previous 437 

analyses that could limit a true understanding of cometary taxonomy. In particular, we showed that 438 

it is possible to obtain significant improvements in datasets that were analyzed before the advent of 439 

recent fluorescence models and terrestrial retrieval methods (i.e. before 2011). For instance, we 440 

quantified results for ammonia and formaldehyde in comets S4 and A2.  441 

We are now revisiting the 60+ comets in our database to build an updated chemical classification 442 

of comets. In addition to the updated mixing ratios, our chemical classification would include 443 

comparisons with other cosmic indicators, such as isotopic ratios, ortho-to-para ratios, and spin 444 

temperatures. Ultimately, a self-consistent, revised chemical taxonomy would allow the removal of 445 

inconsistencies added by dissimilar retrieval strategies and inaccurate (or absent) information due 446 

to missing fluorescence efficiencies. As already mentioned, a better understanding of cometary 447 

compositions and their possible groupings can help us understand the conditions that shaped our 448 

planetary system during its formation, and with this work we demonstrated the need to revisit 449 

existing (pre-2011) cometary data. We expect that a re-assessment of certain datasets could provide 450 

a more accurate picture of the chemical taxonomy of comets.  451 

 452 

 453 
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 454 
 455 
Figure 1. Example of evolution of molecular models used to interpret fluorescence in comets before (upper panel) and 456 
after (lower panel) 2011. The x-axis corresponds to the spectral region between 3050 and 2800 cm-1, while the y-axis 457 
corresponds to molecular line fluorescence efficiencies scaled by typical molecular abundances and terrestrial 458 
transmittance (for Mauna Kea, HI). In the upper panel empirical g-factors corresponding to the CH3OH-ν3 (purple), C2H6-459 
ν7 (cyan), and CH4-ν3 (green) ro-vibrational transitions are shown. The same colors are used to represent full quantum 460 
molecular models for the same molecules considering also the CH3OH-ν2 and C2H6-ν5 ro-vibrational transitions; in the 461 
same panel H2CO (sand), CH3D (brown) and C2H4 (red) quantum molecular models are also shown. References to the 462 
different models are reported in the bibliography. 463 
 464 
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 465 
 466 
Figure 2. Observations through time of comets with selected infrared spectrometers (CSHELL in red, NIRSPEC in cyan, 467 
CRIRES in green). The pies in the upper part of the figure represent the percent of comets observed before (darker color) 468 
and after (lighter color) 2011, for each instrument and considering the total (grey pie). The lower graphic shows the 469 
number of comets observed for each year, from 1996 till 20171.  470 
 471 

 
1 The acronyms and full comet names are: 22P: 22P/Kopff, 95O1: C/1995 O1 Hale Bopp, 96B2: C/1996 B2 Hyakutake, 96Q1: C/1996 
Q1 Tabur, 21P: 21P/Giacobini-Zinner, 99H1: C/1999 H1 Lee, 2P: 2P/Encke, 99S4: C/1999 S4 LINEAR, 9P: 9P/Tempel 1, 99T1: C/1999 T1 
McNaught, 00WM1: C/2000 WM1 LINEAR, 01A2: C/2001 A2 LINEAR, 19P: 19P/Borrelly, 153P: 153P/Ikeya-Zhang, 02T7: C/2002 T7 
LINEAR, 01RX: C/2001 RX 14 LINEAR, 02X5: C/2002 X5 Kudo-Fujikawa, 78P: 78P/Gehrels 2, 01Q4: C/2001 Q4 Neat, 03K4: C/2003 K4 
LINEAR, 04Q2: C/2004 Q2 Machholz, 73P: 73P/Schwassmann–Wachmann (B-C), 8P: 8P/Tuttle, 17P: 17P/Holmes, 06P1: C/2006 P1 
McNaught, 6P: 6P/d’Arrest, 07N3: C/2007 N3 Lulin, 07W1: C/2007 W1 Boattini, 06W3: C/2006 W3 Christensen, 07Q3: C/2007 Q3 
Siding Spring, 10P: 10P/Tempel 2, 29P: 29P/Schwassmann–Wachmann 1, 81P: 81P/Wild 2, 103P: 103P/Hartley 2, 09P1: C/2009 P1 
Garradd, 10G2: C/2010 G2 Hill, 45P: 45/P Honda–Mrkos–Pajdušáková, 260P: 260P/McNaught, 10S1: C/2010 S1 LINEAR, 11Q4: C/2011 
Q4 Swan, 12J1: C/2012 J1 Catalina, 12K5: C/2012 K5 LINEAR, 12S1: C/2012 S1 ISON, 11L4: C/2011 L4 Pan-STARRS, 12F6: C/2012 F6 
Lemmon, 13R1: C/2013 R1 Lovejoy, 13A1: C/2013 A1 Siding Spring, 12K1: C/2012 K1 Pan-STARRS, 13V5: C/2013 V5 Oukaimeden, 14E2: 
C/2014 E2 Jacques, 332P: 332P/Ikeya Murakami, 13US: C/2013 US10 Catalina, 13X1: C/2013 X1 Pan-STARRS, 14Q2: C/2014 Q2 Lovejoy, 
252P: 252P/LINEAR, 14S2: C/2014 S2 Pan-STARRS, 14W2; C/2014 W2 Pan-STARRS, 41P: 41P/Tuttle–Giacobini–Kresák, 14E2: C/2014 
E2 Jacques, 15V2: C/2015 V2 Johnson. 
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 472 

 473 
 474 
Figure 3. Water production rate evolution in time for comet S4, during the 2000 observations. The blue dots are the 475 
retrieved water production rates reported with their uncertainties for each used setting (KL1, KL2, MW), while the dotted 476 
line represents an exponential fit to the data. 477 

 478 
 479 
 480 
 481 
 482 
 483 

 484 
 485 
 486 
 487 
 488 
 489 
 490 

 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
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          500 
 501 

          502 
 503 

 504 
 505 
 506 

Figure 4. Sample spectra for the re-analyzed comets. In each plot, the modeled spectrum, obtained using the Levenberg-507 
Marquardt 𝜒(algorithm, is plotted over the data in red; below the modeled spectrum, the dotted line represents the sum 508 
of atmospheric telluric and cometary continuum, while the grey line is the cometary spectrum after continuum 509 
subtraction; the quantum molecular models are represented by distinct colors below the spectra. The final black traces 510 
represent the residuals together with their corresponding ± 1σ errors (orange lines). Panel A – detection of H2O and OH* 511 
in comet S4; Panel B – detection of CH3OH and OH* in comet A2 (2001, July 9th); Panel C – detection of C2H6, CH3OH and 512 
CH4 in comet W1; Panel D – detection of HCN, NH3, NH2, OH*, H2O and C2H2 in comet F6; Panel E – detection of H2O and 513 
OH*in comet S1 (2012, November 7th). 514 

 515 
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 516 
 517 

Figure 5. Comparison of results presented in  Mumma et al. 2001 (yellow bars) and this work (cyan bars), for comet S4. 518 
Mixing ratios for detected molecules are shown and reported together with the corresponding confidence limits, while 3σ 519 
upper limits are indicated with a downward arrow. 520 
 521 
 522 
 523 

 524 

 525 
 526 
Figure 6. Comparison of results presented in Magee Sauer et al. 2008 (yellow bars) and this work (cyan bars), for comet 527 
A2. Mixing ratios for detected molecules are shown and reported together with the corresponding confidence limits, while 528 
3σ upper limits are indicated with a downward arrow. 529 

 530 
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 531 
 532 
 533 

Figure 7. Comparison of results presented in Villanueva et al. 2011a (yellow bars) and this work (cyan bars), for comet 534 
W1. Mixing ratios for detected molecules are shown and reported together with the corresponding confidence limits, 535 
while 3σ upper limits are indicated with a downward arrow. 536 
 537 
 538 

 539 
 540 

Figure 8. Comparison of results presented in Paganini et al. 2014 (yellow bars) and this work (cyan bars), for comet F6. 541 
Mixing ratios for detected molecules are shown and reported together with the corresponding confidence limits, while 3σ 542 
upper limits are indicated with a downward arrow. 543 

 544 
 545 

 546 
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 547 
 548 

Figure 9. Comparison of results presented in DiSanti et al. 2016 (yellow bars) and this work (cyan bars), for comet S1. 549 
Mixing ratios for detected molecules are shown and reported together with the corresponding confidence limits, while 3σ 550 
upper limits are indicated with a downward arrow. 551 
 552 
 553 
 554 

 555 

 556 
 557 

  Figure 10. Study of the correlation between HCN and C2H6 mixing ratios with respect to water before and after our 558 
revision of the data. The dark gray dots represent data for 21 comets (see Dello Russo et al. 2016 and references therein); 559 
the revised comets are indicated with different colors (S4 – violet, A2 – yellow, W1 – cyan, F6 – green, S1 – orange). 560 
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                 561 

      562 

                 563 
 564 
 565 
Figure 11. Double level pie charts retrieved using the updated mixing ratios for the five analyzed comets, ordered with 566 
decreasing CO. Colors and groupings are described in the text. For every sector (i.e. molecule) the reported proportion is 567 
obtained normalizing the corresponding mixing ratio to the sum of all the considered mixing ratios obtained for that 568 
particular comet. Starred labels represent 3σ upper limits. 569 
 570 
 571 
 572 
 573 
 574 
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 575 
Table 1: Observing logs for the analyzed comets 576 

 577 
Notes: Rh is the heliocentric distance of the comet, Vh 	is the comet-sun relative velocity, Δ is the geocentric distance and 578 
VΔ is the topocentric velocity; AM is the airmass. The values are given for the midpoint of the observing time interval. 579 
 580 
 581 
 582 
 583 
 584 

Date 
(UT) Setting Principal molecules 

sampled 
Rh 

(AU) 
Vh 

(km s-1) 
Δ 

(AU) 
VΔ 

(km s-1) AM Slit 
(arcsec) 

C/1999 S4 (LINEAR) 

2000, Jul 13 

KL1 H2O, CH3OH, C2H6 0.804 -10.33 0.547 -54.58 2.697 0.72 

KL2 H2O, HCN, C2H2,NH3, 
CH4, H2CO 0.804 -10.31 0.546 -54.51 2.281 0.72 

MW H2O, CO 0.804 -10.28 0.545 -54.38 1.810 0.72 

C/2001 A2 (LINEAR) 

2001, Jul 9 
KL1 H2O, CH3OH, C2H6, CH4 1.160 22.41 0.275 11.39 1.120 0.43 

KL2 H2O, HCN, C2H2, NH3, 
CH4, H2CO 1.161 22.42 0.276 11.57 1.020 0.43 

2001, Jul 10 

KL1 H2O, CH3OH, C2H6, CH4 1.172 22.53 0.282 12.24 1.350 0.43 

KL2 H2O, HCN, C2H2, NH3, 
CH4, H2CO 1.173 22.54 0.282 12.40 1.110 0.43 

MW H2O, CO 1.175 22.55 0.283 12.83 1.061 0.43 

C/2007 W1 (Boattini) 

2008, Jul 9 
KL1 H2O, CH3OH, C2H6, CH4 0.893 9.77 0.348 12.91 1.910 0.43 

KL2 H2O, HCN, C2H2, NH3, 
CH4, H2CO 0.893 9.79 0.348 12.96 1.506 0.43 

2008, Jul 10 
MW H2O, CO 0.898 10.34 0.356 12.92 1.534 0.43 

KL2 H2O, HCN, C2H2, NH3, 
CH4, H2CO 0.899 10.36 0.356 12.98 1.899 0.43 

C/2012 F6 (Lemmon) 

2013, Jun 20 
KL1 H2O, CH3OH, C2H6 1.737 24.29 1.790 5.26 1.787 0.43 

KL2 H2O, HCN, C2H2, NH3, 
CH 4, H2CO 1.738 24.29 1.790 5.38 1.308 0.43 

C/2012 S1 (ISON) 

2013, Oct 22 
MW H2O, CO 1.213 -38.05 1.502 -52.08 1.695 0.43 

KL1 H2O, CH3OH, C2H6 1.212 -38.06 1.502 -52.06 1.475 0.43 

2013, Oct 24 
MW H2O, CO 1.168 -38.75 1.443 -51.70 1.906 0.43 

KL1 H2O, CH3OH, C2H6 1.168 -38.77 1.442 -51.65 1.574 0.43 

2013, Oct 25 KL2 H2O, HCN, C2H2, NH3, 
CH4, H2CO 1.146 -39.14 1.413 -51.41 1.620 0.43 

2013, Nov 7 KL2 H2O, HCN, C2H2, NH3, 
CH4, H2CO 0.829 -45.91 1.056 -42.08 1.905 0.43 
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Table 2: Production rates and mixing ratios with respect to water for comet S4 585 
Molecule Setting Total production rate a 

1026 mol s-1 
Averaged mixing 

ratios % 

H2O 
KL1 735 ± 50 

100 KL2 495 ± 40 
MW 303 ± 56 

CH3OH KL1 < 1.38 < 0.19 
HCN KL2 0.20 ± 0.08 0.04 ± 0.01 
NH3 KL2 < 5.64 < 1.14 

H2CO KL2 < 0.56 < 0.11 
C2H2 KL2 < 0.36 < 0.07 
C2H6 KL1 0.81 ± 0.16 0.11 ± 0.02 

CH4
 KL1 1.48 ± 0.55 

0.22 ± 0.06 
KL2 1.17 ± 0.55 

CO MW 4.11 ± 0.89 1.36 ± 0.32 
Notes: All the production rates are calculated for a common rotational temperature of (75 ± 5)K. 586 
a) Total production rate, after applying a measured growth factor (GF) of (1.47 ± 0.03) retrieved from water. 587 
 588 

 589 
 590 

Table 3: Comparison of previous and updated rotational temperatures for comet S4 591 
Rotational temperatures (K) 

Molecule Mumma et al. 2001 Dello Russo et al. 2005 This work 
H2O (50) 73 +8

-6 75 ± 5 
Notes: values in parenthesis are assumed. 592 
 593 
 594 

Table 4: Comparison of previous and updated water production rates for comet S4 595 
Water production rates 1026 mol s-1 

Setting Mumma et al. 2001 a Dello Russo et al. 2005 b This work 
 596 

KL1 730 ± 50 (OH*) 673 ± 56 735 ± 50 
KL2 730 ± 50 (OH*) 673 ± 119 495 ± 40 
MW 446 ± 72  303 ± 56 

 597 
a) Mumma et. al 2001 retrieved a water production rate of (446 ± 72) x 1026 mol s-1 using two H2O lines in the MW setting. 598 
For the KL1 and KL2 settings their reported production rate of (730 ± 50) x 1026 mol s-1 was computed from spectral lines 599 
of OH* (prompt emission).  They used the weighted mean of the MW and KL values ((638 ± 44) x 1026 mol s-1)) when 600 
computing mixing ratios for UT 13 July 2000; b) Dello Russo et al. 2005 introduced a new model for H2O lines detected  in 601 
KL1 and KL2. 602 

 603 
 604 
 605 
 606 
 607 
 608 
 609 
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Table 5: Comparisons of previous and current mixing ratios for comet S4 610 
Molecule Previous results This work Relative difference % 

CH3OH < 0.17 a 
< 0.15 b < 0.19 12% 

27% 

HCN 0.10 ± 0.03 a 
0.08 ± 0.02 b 0.04 ± 0.01 -60% 

-56% 
NH3  < 1.14  

H2CO  < 0.11  

C2H2 < 0.14 a 
< 0.12 b < 0.07 -50% 

-46% 

C2H6 0.13 ± 0.02 a 
0.11 ± 0.02 b 0.11 ± 0.02 -15% 

-8% 

CH4 
0.15 ± 0.02 a 
0.14 ± 0.02 b 
0.18 ± 0.06 c 

0.22 ± 0.06 
57% 
47% 
22% 

CO 0.45 ± 0.34 a 
0.28 ± 0.21 b 1.36 ± 0.32 202% 

354% 
 611 
a) Mumma et al. 2001; b) Dello Russo et al. 2005; c) Gibb et al. 2003. 612 
 613 
 614 
 615 
 616 

Table 6: Comparison of rotational temperatures for comet A2 617 
Rotational temperatures (K) 

Molecule Date 
(2001 UT) 

Magee Sauer 
et al. 2008 This work 

H2O 
Jul 9 98 +6 

-5 88 ± 6 
Jul 10 105 +5 

-3 78 ± 9 

C2H6 
Jul 9 102 +13 

-12 86 ± 5 
Jul 10  82 ± 4 

CH3OH a 
Jul 9  82 +5 

-6 
Jul 10  79 ± 4 

HCN 
Jul 9 56 ± 6 66 +7 

-8 
Jul 10 67 ± 4 67 +5 

-4 
CO Jul 10 126 +42 

-36  
H2CO Jul 9 104 +20 

-18  
a) Villanueva et al. 2012a retrieved a rotational temperature of (78 ± 5) K on UT 9.5 July for CH3OH, using the updated 618 

molecular model, in agreement with current results. 619 
 620 
 621 
 622 
 623 
 624 
 625 
 626 
 627 
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Table 7: Production rates and mixing ratios with respect to water for comet A2  628 
Date 

(UT 2001) Molecule Total production rates a 
1026 mol s-1 

Averaged mixing 
ratios % b 

Jul 9 
H2O c 

284 ± 29 
100 Jul 10 278 ± 18 

Jul 10 H2O d 293 ± 77 
Jul 9 

CH3OH 
14.5 ± 0.6 

4.11 ± 0.25 
Jul 10 10.6 ± 0.5 
Jul 9 

HCNe 
0.86 ± 0.09 

0.30 ± 0.02 
Jul 10 0.84 ± 0.05 
Jul 9 

NH3 
< 2.60 

< 0.77 
Jul 10 < 2.13 
Jul 9 

H2CO 
0.23 ± 0.08 

0.08 ± 0.02 
Jul 10 < 0.17 
Jul 9 

C2H2 
0.41 ± 0.11 

0.14 ± 0.02 
Jul 10 0.38 ± 0.06 
Jul 9 

C2H6 
9.11 ± 0.24 

2.73 ± 0.15 
Jul 10 7.16 ± 0.25 
Jul 9 

CH4 
4.74 ± 0.75 

1.79 ± 0.17 
Jul 10 5.10 ± 0.44 
Jul 10 CO 9.0 ± 2.0 3.07 ± 0.96 

Notes: All the production rates are calculated for a common rotational temperature of (85 ± 5)K. 629 
 a) Global production rates, after applying the following measured growth factors: 9 July – (1.60 ± 0.03) (retrieved from 630 
H2O, CH3OH, C2H6 and HCN), 10 July - (1.50 ± 0.03) (retrieved from H2O, CH3OH, C2H6 and HCN); b) the averaged mixing 631 
ratio is calculated as the weighted average of the singular mixing ratios obtained for the different observing nights; c) 632 

obtained combining KL1 and KL2 settings; d) MW setting; e) the HCN mixing ratio for a temperature of (67 ± 4) is about 633 
(0.29 ± 0.03), that is comparable within 1σ with the one extracted for Trot = (85 ± 5).  634 

 635 
 636 
 637 
 638 

Table 8: Comparison of water production rates for comet A2 639 
Water production rates 1026 mol s-1 

Date 
(2001 UT) Settings Magee Sauer 

et al. 2008 This work 

Jul 9 KL1 + KL2 377 ± 34 284 ± 29 
Jul 10 KL1 + KL2 430 ± 37 278 ± 18 
Jul 10 MW 424 ± 40 293 ± 77 

 640 
 641 
 642 
 643 
 644 
 645 
 646 
 647 
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 648 
Table 9: Relative differences between previous and current mixing ratios for comet A2 649 

Molecule Previous results a This work Relative 
difference % 

CH3OH  
3.27 ± 0.24 

  2.99 ± 0.11 b 4.11 ± 0.25 25% 
37% 

HCN 0.47 ± 0.03 0.30 ± 0.02 -36% 
NH3  < 0.77  

H2CO 0.15 ± 0.02 0.08 ± 0.02 -47% 
C2H2 0.37 ± 0.07 0.14 ± 0.02 -62% 
C2H6 1.57 ± 0.14 2.73 ± 0.15 74% 
CH4 1.33 ± 0.11 1.79 ± 0.17 35% 
CO 3.86 ± 1.02 3.07 ± 0.96 -20% 

a) All previous values are taken from Magee Sauer et al. 2008 and references therein, considering only production rates 650 
on the 9th and 10th of July 2001; b) after Villanueva et al. 2012a, based on the previous water production rate of Magee-651 

Sauer et al 2008. 652 
 653 

Table 10: Production rates and mixing ratios with respect to water for comet W1 654 
Date 

(UT 2008) Molecule Production rates a 
1026 mol s-1 

Averaged mixing 
ratios % b 

9 Jul H2O c 272 ± 15 
100 

10 Jul H2O d 264 ± 20 
9 Jul 

CH3OH 
11.7 ± 0.9 

4.13 ± 0.29 
10 Jul 10.4 ± 0.8 
9 Jul HCN 0.61 ± 0.04 0.22 ± 0.02 
9 Jul NH3 2.07 ± 0.36 0.76 ± 0.14 
9 Jul H2CO < 0.08 < 0.03 
9 Jul C2H2 0.34 ± 0.04 0.13 ± 0.02 
9 Jul 

C2H6 
2.59 ± 0.17 

0.92 ± 0.06 
10 Jul 2.35 ± 0.15 
9 Jul CH4 c 2.13 ± 0.38 0.78 ± 0.15 

10 Jul CO 4.84 ± 0.72 1.83 ± 0.31 
Notes: All production rates are calculated for an average rotational temperature of (83 ± 4) K. 655 

a) Global production rates after applying measured growth factors of (1.39 ± 0.10) to H2O and CH3OH, and (1.63 ± 0.10) 656 
to other trace species, and a correction factor of 2.5 to H2O and CH3OH (see Villanueva et al. 2011 for a more detailed 657 

explanation); b) weighted average of the mixing ratios obtained for the different observing nights; c) obtained 658 
combining KL1 and KL2 settings; d) obtained combining KL1 and MW settings. 659 

 660 
 661 
 662 
 663 
 664 

 665 
 666 
 667 
 668 
 669 
 670 
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 671 
Table 11: Comparison of previous and updated rotational temperatures for comet W1 672 

Rotational temperatures (K) 

Molecule Date 
(2008 UT) 

Villanueva et  
al. 2011a This work 

H2O 
Jul 9 80 ± 2 83 ± 4 

Jul 10 79 ± 3 83 ± 3 

C2H6 
Jul 9 79 ± 3 80 ± 3 

Jul 10 78 ± 3 78 +5 -4 
HCN Jul 9 84 ± 5 84 +7 -6 

CH3OH 
Jul 9  83 +5 -4 

Jul 10  83 +5 -4 
 673 
 674 

Table 12: Comparison of previous and updated water production rates for comet W1 675 
Water production rates 1026 mol s-1 

Date (UT) Settings Villanueva et al. 2011a This work 
Jul 9 KL1 + KL2 301 ± 22 272 ± 15 

Jul 10 KL1 + MW 306 ± 23 264 ± 20 
 676 
 677 

Table 13:  Relative differences between previous and updated mixing ratios for comet W1. 678 
Molecule Villanueva et al. 2011a This work Relative 

difference% 
CH3OH 3.69 ± 0.07 4.13 ± 0.29 12% 

HCN 0.20 ± 0.01 0.22 ± 0.02 10% 
NH3 0.70 ± 0.17 0.76 ± 0.14 9% 

H2CO < 0.05 < 0.03 -0.4% 
C2H2 0.12 ± 0.02 0.13 ± 0.02 8% 
C2H6 0.78 ± 0.03 0.92 ± 0.06 18% 
CH4 0.63 ± 0.16 0.78 ± 0.15 24% 
CO 1.80 ± 0.51 1.83 ± 0.31 2% 

 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
 688 
 689 
 690 
 691 
 692 
 693 
 694 
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 695 
Table 14: Production rates and mixing ratios with respect to water for comet F6 696 

Molecule Production rates a 

1026 mol s-1 
Averaged mixing 

ratios % 
H2O b 1160 ± 97 100 

CH3OH 16.9 ± 1.8 1.46 ± 0.20 
HCN 2.24 ± 0.36 0.19 ± 0.04 
NH3 6.69 ± 2.63 0.58 ± 0.23 

H2CO < 0.78 < 0.07 
C2H2 < 0.93 < 0.08 
C2H6 3.63 ± 0.36 0.31 ± 0.04 

 697 
Notes: All the production rates are calculated for an average temperature of (53 ± 3)K.  698 

a) Global production rates after applying measured growth factors of (2.63 ± 0.14) to H2O and (1.63 ± 0.06) to other 699 
trace species; b) combination of KL1 and KL2 settings 700 

 701 
 702 
 703 

Table 15: Comparison of previous and updated rotational temperatures for comet F6 704 
Rotational temperatures (K) 

Molecule Paganini et al. 2014 This work 
H2O 50 +7 -6 53 ± 3 
C2H6 59 +14 -10 50 ± 3 

CH3OH 50 +7 -5 45 +11 -8 
HCN  41+10 -7 

 705 
 706 
 707 

Table 16: Comparison of previous and updated water production rates for comet F6 708 
Water production rates 1026 mol s-1 

Settings Paganini et al. 2014 This work 
KL1 + KL2 1054 ± 66 1160 ± 97 

 709 
 710 
 711 
 712 
 713 
 714 
 715 
 716 
 717 
 718 
 719 
 720 
 721 
 722 
 723 
 724 
 725 
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 726 
Table 17: Relative differences between previous and updated mixing ratios for comet F6 727 

Molecule Paganini et al. 2014 This work Relative 
difference% 

CH3OH 1.48 ± 0.16 1.46 ± 0.20 -1% 
HCN 0.22 ± 0.03 0.19 ± 0.04 -14% 
NH3 0.61 ± 0.21 0.58 ± 0.23 -5% 

H2CO < 0.24 < 0.07 -71% 
C2H2 < 0.06 < 0.08 33% 
C2H6 0.29 ± 0.03 0.31 ± 0.04 7% 

 728 
 729 
 730 
 731 

Table 18: Production rates and mixing ratios with respect to water for comet S1 732 
Date 

(UT 2012) Molecule Production rates a 
1026 mol s-1 

Averaged mixing 
ratios %  b 

Oct 22 

H2O 

116 ± 15 

100 
Oct 24 85 ± 8 c 
Oct 25 71 ± 19 
Nov 7 395 ± 34 
Oct 22 

CH3OH 
< 2.06 

< 1.78 
Oct 24 < 2.80 
Oct 25 

HCN 
< 0.15 

0.10 ± 0.02 
Nov 7 0.38 ± 0.11 
Oct 25 

NH3 
< 2.07 

< 1.03 
Nov 7 < 4.05 
Oct 25 

H2CO 
< 0.25 

< 0.14 
Nov 7 < 0.54 
Oct 25 

C2H2 
< 0.28 

0.11 ± 0.05 
Nov 7 0.43 ± 0.19 
Oct 22 

C2H6 
0.45 ± 0.14 

0.41 ± 0.09 
Oct 24 0.37 ± 0.12 
Oct 25 

CH4 
0.19 ± 0.12 

0.41 ± 0.06 
Nov 7 1.85 ± 0.35 
Oct 24 CO < 3.21 < 3.78 

 733 
Notes: production rates are calculated using an average temperature of 50 K (assumed) for the first two nights,  734 

(53 ± 5) K for the third night and (63 ± 4) K for the last night  735 
a) Global production rates after applying measured growth factors of (1.72 ± 0.12) for the 22nd of October, (1.61 ± 0.10) 736 
for the 24th of October, (1.42 ± 0.22) for the 25th of October and (1.98 ± 0.30) for the 7th of November; b) mixing ratios 737 

are calculated as the weighted average of the singular mixing ratios obtained for the different observing nights; c) 738 
obtained from the combination of KL1 and MW settings. 739 

 740 
 741 

 742 
 743 
 744 
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 745 
Table 19: Comparison of previous and updated rotational temperatures for comet S1 746 

Rotational temperatures (K) 

Molecule Date 
(2013 UT) DiSanti et al. 2016 This work 

H2O 

Oct 22 52 ± 19 (50) 
Oct 24 (50) (50) 
Oct 25 (50) 53 ± 5 
Nov 7 (70) 63 ± 4 

 747 
 748 
 749 

Table 20: Comparison of previous and updated water production rates for comet S1 750 
Water production rates 1026 mol s-1 

Date 
(2013 UT) Settings DiSanti et al. 2016 This work 

Oct 22 KL1 110 ± 14 116 ± 15 
Oct 24 KL1 + MW 92.4 ± 8.4 85 ± 8 
Oct 25 KL2 63 ± 15 71 ± 19 
Nov 7 KL2 400 ± 71 395 ± 34 

 751 
 752 

Table 21:  Relative differences between previous and updated mixing ratios for comet S1 753 
Molecule DiSanti et al. 2016 This work Relative 

difference% 
CH3OH 1.38 ± 0.49 < 1.78 29% 

HCN 0.074 ± 0.016 0.10 ± 0.02 43% 
NH3 < 0.94 < 1.03 10% 

H2CO 0.16 ± 0.04 < 0.14 -13% 
C2H2 0.11 ± 0.04 0.11 ± 0.05 0% 
C2H6 0.34 ± 0.06 0.41 ± 0.09 21% 
CH4 0.33 ± 0.04 0.41 ± 0.06 24% 
CO < 2.57 < 3.78 47% 

 754 
 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
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