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a b s t r a c t 

Here we present new ultraviolet–visible spectra of irradiated ammonium hydrosulfide (NH 4 SH), a re- 

ported jovian atmospheric cloud component, for a range of temperatures and radiation doses and make 

assignments to the spectral features. We show that the combination of radiolysis and thermal annealing 

of NH 4 SH causes the originally featureless ultraviolet–visible reflectance spectrum to evolve into one that 

absorbs in the ultraviolet–visible region. Furthermore, we find that our laboratory spectra resemble HST 

spectra below 500 nm, suggesting that the more stable reaction products of NH 4 SH radiolysis are likely 

an important component of the Great Red Spot. 

Published by Elsevier Inc. 
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. Introduction 

Jupiter’s Great Red Spot (GRS) is arguably one of the more rec-

gnizable features in the Solar System. The GRS was observed in

he nineteenth century and perhaps earlier ( Falorni, 1987 ), and

ince its discovery many candidate materials have been proposed

o explain its color ( West et al., 1986 ). However, no consensus

as emerged concerning a unique chromophore, chromophores, or

omposition. One reason for the difficulty in understanding the

RS’s color is that this feature’s spectrum lacks distinct absorption

ands, possessing only a strong slope below 600 nm and into the

ltraviolet region, which results in the aforementioned red appear-

nce ( Simon et al. 2015a ). We note that the colors associated with

he GRS are not as pronounced as is indicated in Voyager and Pi-

neer images and that the GRS is actually more orange than red

 Simon et al., 2015a ). 

The GRS is believed to originate in jovian tropospheric clouds

ade of NH 3 , NH 4 SH, and H 2 O ( Weidenschilling and Lewis, 1973;

ong et al., 2015 ). Although a simple explanation for the GRS’s

olor might involve one of these three cloud components in solid

orm, none of the laboratory reflectance spectra of the correspond-

ng ices is an adequate match at ultraviolet and visible wavelengths

 Lebofsky and Fegley, 1976 ). However, because these same cloud

omponents are exposed to cosmic rays ( Whitten et al., 2008 ) and

ossibly solar UV photons, they will undergo chemical reactions.
∗ Corresponding author. Tel.: +1 301 286 7502. 

E-mail address: mark.loeffler@nasa.gov (M.J. Loeffler). 
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uch chemical alterations could contribute to an explanation of jo-

ian colors, but the pursuit of this possibility has been hindered

y a lack of laboratory data. Only the photochemical alteration of

he ultraviolet–visible (UV–vis) reflectance of NH 4 SH has been re-

orted in the refereed literature ( Lebofsky and Fegley, 1976 ), and

nly at a single temperature far below that of the GRS, and the

esulting spectrum does not match that of the GRS. 

Given that there is only one published photochemical study

f NH 4 SH available ( Lebofsky and Fegley, 1976 ) and no radiation-

hemical studies, and that there are many variables that could

lter the reflectance spectrum of this solid, we investigated

hether ion-irradiated ammonium hydrosulfide (NH 4 SH) could be

n important contributor to the GRS’s spectrum. As a radiation

ource we used ∼1 MeV protons (p+), which serve as an analog

o low-energy cosmic rays and high-energy cosmic rays that

ave been slowed down in Jupiter’s atmosphere. Our proton-

rradiation results also give insight into what changes other energy

ources, such as vacuum-UV photons, electrical discharges, and

igh-energy electrons, might cause as the reaction products and

pectral changes induced by various types of energetic processing

re often similar (Baratta et al. 2002; Hudson & Moore 2001),

lthough this has not been checked for NH 4 SH until now. Our

revious work on NH 4 SH relied on infrared (IR) spectroscopy to

dentify radiation products, which were found to be predomi-

antly polysulfur ions and radicals ( Loeffler et al., 2015 ). We now

eport the first correlations between our infrared studies and the

ltraviolet–visible region. 

We point out that equilibrium thermodynamic models ( Wong

t al., 2015 ) predict that the jovian NH SH cloud component is
4 
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Fig. 1. Ultraviolet–visible reflectance spectra and photographs of initially-crystalline 

NH 4 SH before and after irradiation at 120 K with 0.9 MeV protons, followed by post- 

irradiation heating. The proton fluence (top panel; units of 10 13 p+ cm 

−2 ) and sam- 

ple temperature during heating (bottom) are given to the right of the spectra. For 

clarity, spectra after doses labeled 0, 0.08, and 0.62 have been vertically offset by 

0.9, 0.6, and 0.25, while spectra taken at temperatures of 190 K, 200 K, and 220 K 

have been vertically offset by 1.2, 0.8, and 0.25. 
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stable at higher temperatures than those used in our experi-

ments, the difference being due to a greater pressure in Jupiter’s

atmosphere than in our sample chamber. Thus, in this study

we investigated whether heating our irradiated samples to the

predicted NH 4 SH cloud temperatures ( ∼200 K; Wong et al. 2015 )

caused their UV–vis reflectance spectra and color to change signif-

icantly and to match GRS observations. Our new laboratory results

are presented here, compared with HST spectra of the GRS, and

discussed in light of 40 years of research into sulfur chemistry

since the early work of Lebofsky and Fegley (1976) . 

2. Methods 

2.1. Laboratory details 

The experimental approach and preparation of NH 4 SH are de-

scribed in Loeffler et al. (2015) , so only a few points require ad-

ditional comments. Samples approximately 17 μm thick were ir-

radiated with 0.924 MeV p+ to a fluence of 5 ×10 13 ions cm 

−2 

(or an average absorbed dose of 2.83 MGy), corresponding to 150

years on Jupiter based on the cosmic-ray energy flux of 9 ×10 −3 

ergs cm 

−2 s −1 ( Sagan and Thompson, 1984 ). The film thickness was

chosen to be smaller than the range of the impinging ions ( Ziegler,

2010 ). After irradiation, samples were warmed at 0.4 K min 

−1 to

the desired temperature. Before and after various irradiation and

warming steps, spectra of NH 4 SH were recorded with an Avantes

ULS2048XL fiber-optic spectrometer from 250 to 10 0 0 nm at a res-

olution of 1.5 nm. To make our spectra as comparable as possi-

ble to those derived from HST observations, we measured the dif-

fuse reflectance of our ices on a nearly Lambertian aluminum sub-

strate, created by sandblasting the substrate’s surface. The incident

light was aimed normal (perpendicular) to the sample’s surface

and the reflected light was collected at an angle of 9 ° from nor-

mal. Again, this small phase angle was chosen to make our re-

sults more directly comparable to those from ground-based and

HST observations, which are limited in jovian phase angle cover-

age. The laboratory reflectance spectra shown here were obtained

by dividing the intensity (I) of the light collected from the sample

by a reference spectrum of the blank substrate, after subtracting

a dark-current spectrum from each. This procedure gave the ice’s

reflectance as R = (I sample − I dark )/(I reference − I dark ). In addition to

measuring spectral reflectance, we also photographed our samples

with a Canon Eos Rebel T3i camera. 

To assess the stability of our equipment, we performed a va-

riety of blank experiments that tested to what degree factors such

as source fluctuation, detector drift, and background contamination

caused changes to the UV–vis reflectance of our samples. Over the

timescale of our experiments, we found that all such reflectance

variations due only to our equipment were under 1% over the

wavelengths used (250–10 0 0 nm). In addition to the errors deter-

mined from these blank experiments, which are errors analogous

to the error bars given for the HST data (see below), the various

steps in the synthesis, irradiation, and annealing of our NH 4 SH

ices raised the possibility of sample-to-sample variations. Thus,

to assess the reproducibility of our laboratory samples and their

spectra, multiple experiments were repeated under identical con-

ditions. Comparisons of the results showed that reflectance values

in the initial NH 4 SH spectrum in Fig. 1 were reproducible to within

5%, while those of the spectra of irradiated and of irradiated and

heated NH 4 SH were reproduced to better than 10%. 

2.2. HST details 

The HST data used in this study were taken from WFPC2 and

WFC3 over 20 years (1995–2015). The acquired HST images were
onverted into absolute calibrated I/F units (reflectance), as de-

cribed previously ( Simon-Miller & Gierasch 2010 ), so that the

pectral characteristics of the GRS could be studied. The data

hown here were acquired in pixels covering the central core of

he GRS, which is typically the region with the most intense color

 Simon et al. 2015a ). 

The photometric stability of WFPC2 and WFC3 over time has

een monitored using standard stars ( Gonzaga et al. 2006, Kali-

ai et al. 2009, Kalirai et al. 2010 ). For WFPC2, the UV filters

 < 336 nm) showed the greatest long-term change with the re-

ectance of Jupiter varying less than 2–8%, while the longer wave-

ength filters were stable to within ∼2% (see Simon-Miller &

ierasch 2010 ). The WFC3 photometric performance has been even

ore stable than WFPC2 2015 with variation of less than 1%

 Kalirai et al. 2009, 2010 ). Possible variations due to the solar flux

cross the HST pass bands has previously been calculated using

ata from Colina et al. (1996) and found to be constant within 0.1%

ver time ( Krivova et al. 2009 ). 

. Results 

Fig. 1 shows photographs and the corresponding UV–vis spectra

f an initially-crystalline NH 4 SH sample before and after proton ir-

adiations at 120 K and during post-irradiation warming. The only

bsorption in the spectrum of the unirradiated sample is a drop

n reflectance below 300 nm, likely from SH 

− ( Ellis and Golding,

959; Guenther et al., 2001 ). On irradiation of the NH 4 SH ice, a

road feature appeared near 400 nm, followed by one near 610 nm,

nd then a much weaker feature near 900 nm. The photographs in

he figure show that the irradiated sample had a greenish appear-

nce, a color that was rapidly lost on warming. By about 200 K,

he strong green color and the peak near 610 nm were gone, but

 spectral slope remained at 30 0 −50 0 nm that was absent from

he initial spectrum. Heating to higher temperatures caused this

lope to decrease, yet a weak slope was still observed at 260 K. By

oom temperature, no slope or absorption remained in the spec-

rum, indicating that any residual material present did not absorb
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Fig. 2. Comparison of the ultraviolet–visible spectra of irradiated crystalline NH 4 SH 

with HST observations of the GRS from 1995 ( ο), 2008 ( ♦), and 2015 ( ♦ ). The lab- 

oratory spectra are after the sample was irradiated at 120 K and then warmed to 

190 K (dashed line) and then 200 K (solid line). The laboratory spectra are vertically 

offset to match the GRS observational data. Error bars given for the HST data have 

been described in the text; the error in the 2015 HST data is shown but is smaller 

than the symbol. 
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n the wavelength region of Fig. 1 . Samples of NH 4 SH irradiated

t higher temperatures (e.g., 160 K) showed these same trends in

olor and spectra, suggesting that the spectrum of the sample ir-

adiated at low temperature and warmed to 200 K is representa-

ive of the spectrum that would have been produced if irradiation

ould have been performed at 200 K. 

Fig. 2 shows spectral data of the GRS taken over 20 years with

he Hubble Space Telescope ( Simon et al., 2015a; Simon et al.,

015b ), along with our laboratory spectra of irradiated NH 4 SH at

90 and 200 K. The 2015 HST data show a significantly different

pectrum than in the other years, as the reflectance below 500 nm

s lower. This relative darkening may have resulted during the

RS’s decreased interaction with the surrounding clouds observed

n 2014 ( Simon et al., 2014 ). These clouds often add fresh whiter

loud material to the GRS interior, making for an interesting com-

arison between the two epochs. Below 500 nm, all the GRS spec-

ra show a strong slope, which begins to decrease in the UV. Above

00 nm, there is more variation in the HST data, as the two latest

ets show a relatively weak slope, while the 1995 data shows a

rop in reflectance near 620 nm. Determining whether these dif-

erences above 500 nm are solely due to NH 4 SH is difficult, as CH 4 

lso absorbs in this region, though with a much narrower absorp-

ion feature ( Karkoschka and Tomasko, 2010 ). 

. Discussion 

.1. Spectral assignments and colors 

The UV–vis spectra after proton irradiation shown in Fig. 1

re generally consistent with the early photochemical studies

n NH 4 SH reported by Lebofsky and Fegley (1976) . While the

adiation-chemical products in NH 4 SH are difficult to determine

rom this spectral region alone, our earlier work ( Loeffler et al.,

015 ) suggested a few spectral assignments. Infrared spectra

ecorded in our previous studies showed the formation of S 3 
− • ,

S x 
−, and S x 

2 −/HS x 
− in proton-irradiated NH 4 SH. The trisulfur

nion radical S 3 
− • has a strong absorbance near 600 nm (e.g.,

hivers and Drummond, 1973 ), therefore we assign the feature

een near that wavelength in Fig. 1 to S 3 
− • . Beyond that, our irra-

iated samples had a broad absorption at 30 0–50 0 nm that agrees

ith expectations for many polysulfur species, including NS x 
−, and
 x 
2 −/HS x . An absorption peak has also been reported for S 6 

2 − at

ositions from 410 to 480 nm in solution ( Prestel and Schindewolf,

987; Dubois et al., 1988; Dubois et al., 1989 ). Therefore, this ion

robably contributes to the absorbance we see increasing near

50 nm after an incident radiation dose of about 1 ×10 13 p+ cm 

−2 ,

ince this dose is needed to form sufficient S 3 
− • monomer radicals

or their dimerization to S 6 
2 −. Other contributors to the absorption

eatures seen in Fig. 1 probably include S 2 
2 − ( Giggenbach, 1972 )

nd neutral amorphous sulfur ( Dubois et al., 1988 ). 

The thermal behavior of our irradiated samples supports our

pectral assignments. The only identified radical, S 3 
− • , is the first

roduct to decrease during warming, and it reached the noise level

y 200 K, consistent with our previous IR studies ( Loeffler et al.,

015 ). The absorption bands between 30 0–50 0 nm, indicative of

he other more stable polysulfur species, persist to higher temper-

tures than does the S 3 
− • and remain relatively unchanged until

bove 200 K ( Fig. 1 ), where thermal sublimation becomes increas-

ngly important. 

The colors in the photographs of Fig. 1 also support our spectral

ssignments. The S 3 
− • radical that we associate with the 600-nm

and produces a blue color ( Chivers and Elder, 2013 ), so a second

pecies is needed to form the striking green of irradiated NH 4 SH.

s the reaction sequence to form the S 3 
− • radical probably is 

S − → S 2 
− • → S 3 

− • (1) 

 2 
− • is a likely candidate. Its yellow color ( λmax ≈ 390 nm), which

e observe at lower fluences (see Fig. 1 (top)) coupled with the

lue of S 3 
− • , would produce the green shown in Fig. 1 . Another

ikely yellow contributor is the dimer of S 3 
− • , namely S 6 

2 − ( λmax 

405 nm). See Chivers and Drummond (1973) and Raulin et al.

2011) for more on S 2 
− • and S 6 

2 −. Warming the irradiated NH 4 SH

ample initiated reactions involving free radicals and reactive ions,

epleting or removing them before the entire sample, including

he larger aforementioned poly-sulfur species, began to sublimate. 

.2. Comparison to remote sensing 

As noted previously (e.g., Simon et al. 2015a ), the variation in

he HST data from 1995 to 2015 comes from the fact that the GRS

nvironment is dynamic. However, even though the GRS spectra

ppear to change with time in all of the data sets shown, there is

lways a steep slope at 30 0–50 0 nm and a subsequent flattening in

he ultraviolet. Our laboratory spectra of irradiated NH 4 SH, heated

o temperatures associated with the Jovian clouds, provide a rea-

onable match to this spectral region with the most recent 2015

ST data fitting the best. Above 500 nm, the HST spectra show

ore variation and thus are more difficult to interpret. Regardless,

ur laboratory spectrum taken at 190 K reproduces the apparent

rop in reflectance observed in the 1995 data, yet as stated earlier

t is unclear whether this decrease is solely due to NH 4 SH, as this

s near a CH 4 gas absorption feature and no finer spectral cover-

ge is available. The laboratory spectrum taken at 200 K is a better

t to the other two HST data sets, which do not show this drop

n reflectance at 600 nm, although the HST spectral slope appears

o be somewhat steeper. We note that it is this steep slope above

00 nm that causes the visual color difference between our sam-

les and the GRS, which appears orange in the HST images ( Simon

t al. 2015b ). 

.3. Implications for Jupiter’s Great Red Spot 

Our studies suggest that a cloud layer containing fresh NH 4 SH

an be modified by cosmic rays, producing a broad absorption

t 30 0–50 0 nm (e.g., Fig. 1 ) that is similar to the HST data pre-

ented here. Warming our irradiated NH SH ices to ∼200 K, where
4 
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a pristine cloud is expected to be thermally stable ( Wong et al.,

2015 ), caused their spectral reflectance to change significantly

above 500 nm, with the loss of the S 3 
− • radical’s absorption, to

more closely resemble the HST data. The observation that the sam-

ple is not more orange in color, as expected from the HST images

( Simon et al., 2015b ), is a consequence of our sample having a

weaker slope above 500 nm, which suggests that another compo-

nent may be needed to fit the entire spectral range shown. This

other component may also be responsible for the slope variation

at 30 0–50 0 nm in the HST data. 

Besides showing that irradiation and warming of NH 4 SH pro-

duces spectra similar to those of the GRS, it is also important to

consider whether the doses used in our studies will accumulate

in a NH 4 SH cloud at 1–2 bars. Using a rough estimate for the Jo-

vian cosmic-ray energy flux ( Sagan and Thompson, 1984 ), we find

that a dose of ∼10 13 ions cm 

−2 in our experiments corresponds to

about 30 years of cosmic ray exposure, and can produce the broad

absorption at 30 0–50 0 nm that resembles the HST data. However,

considering that the GRS extends to higher altitudes than other

cloud features ( Simon-Miller et al., 2002 ) and that NH 4 SH has

been attributed to the ubiquitous 3 μm absorption observed near

the highest altitudes in Jupiter’s atmosphere ( Sromovsky and Fry,

2010 ), it seems likely that other, less penetrating, forms of radia-

tion will also be able to modify the NH 4 SH grains, shortening this

exposure time considerably. Comparing this time to that in which

a NH 4 SH grain in the GRS is exposed to cosmic rays is desirable,

yet measurements are lacking. Instead, we point out that models

predict that the material arising in the center of Jupiter’s Oval BA

should thoroughly mix throughout the entire vortex on a timescale

that varies between months ( de Pater et al., 2010 ) and decades

( Conrath et al., 1981 ) depending on the vertical temperature gra-

dient assumed, suggesting that the doses in our experiments are

reasonable. It is worth noting that the grain exposure time could

be much shorter, as NH 3 grains in Jupiter’s atmosphere were only

detectable for ∼40 h after they first appeared ( Reuter et al., 2007 ).

Although in that case it was suggested that another material might

be coating grains ( Atreya et al., 2005; Reuter et al., 2007 ), no such

thin coating could impede cosmic ray ions from altering the un-

derlying grain material. 

Given the resemblance between our laboratory spectra and HST

data below 500 nm and the theoretical predictions that NH 4 SH is

an important cloud component in Jupiter’s troposphere it seems

possible that the reaction products of NH 4 SH radiolysis contribute

to the spectrum of the GRS, and possibly to other colored regions

of Jupiter. To better quantify the results reported here, future work

is also needed along the lines of, for example, measurements of

the optical constants of the unirradiated and irradiated NH 4 SH ice,

which would enable a full radiative-transfer analysis of the NH 4 SH

cloud component. Laboratory measurements of NH 4 SH in the near-

IR region used by observers would also be useful, as there may be

additional absorption bands diagnostic of NH 4 SH and its radioly-

sis products. In addition, experiments in which NH 4 SH is doped

with trace amounts of impurities, such as hydrocarbons, that are

believed to be present in the jovian atmosphere might also prove

useful, particularly in determining whether their addition could

improve spectral fits at longer wavelengths. 
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