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a b s t r a c t 

HBr (1–0) R2 2605.8/6.2 cm 

−1 , the strongest line of the strongest band of HBr, was observed when search- 

ing for this species on Venus. The observation was conducted using the NASA IRTF and a high-resolution 

long-slit spectrograph CSHELL with resolving power of 4 × 10 4 . 101 spectra of Venus were analyzed, and 

the retrieved HBr abundances varied from -8 to + 5 ppb. Their mean value is -1.2 ppb, standard deviation 

is 2.5 ppb, and uncertainty of the mean is 0.25 ppb. The negative value presumes a systematic error, 

and the estimated upper limit of the HBr mixing ratio at the cloud tops of Venus is ∼1 ppb. From the 

simultaneously retrieved CO 2 abundances, this corresponds to an altitude of 78 km for the uniform dis- 

tribution of HBr. A simplified version of the bromine photochemistry is included into the photochemical 

model (Krasnopolsky 2012, Icarus 218, 230–246). Photolysis of HBr and its reactions with O and H de- 

plete the HBr mixing ratio at 70–80 km relative to that below 60 km by a factor of ≈300. Reanalysis of 

the observational data with the calculated profile of HBr gives an upper limit of 20–70 ppb for HBr below 

60 km and the aerosol optical depth of 0.7 at 70 km and 3.84 μm. 

The bromine chemistry may be effective on Venus even under the observed upper limit. However, if 

a Cl/Br ratio in the Venus atmosphere is similar to that in the Solar System, then HBr is ≈1 ppb in the 

lower atmosphere and the bromine chemistry is insignificant. Thermodynamic calculations based on the 

chemical kinetic model (Krasnopolsky 2013, Icarus 225, 570–580) predict HBr as a major bromine species 

in the lower atmosphere. 

© 2017 Published by Elsevier Inc. 
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1. Introduction 

The surface of Venus and the nearby atmosphere are very hot,

and some rocks may have saturated vapor pressures that con-

tribute to the atmospheric composition (for example, iron chloride

Krasnopolsky, 2017a ). The high temperature stimulates reactions

between rocks and atmospheric species that may release exotic

volatiles like HCl and HF, which looked very unusual when they

were detected by Connes et al. (1967) . One may expect that the

next hydrogen halide, hydrogen bromide HBr, may exist in mea-

surable quantities in the Venus atmosphere as well. However, we

have not found any attempts to detect this species in the literature.

The only result relevant to bromine on Venus is an upper limit of

0.2 ppb to Br 2 near 15 km from the spectrophotometric observa-
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E-mail address: vlad.krasn@verizon.net (V.A. Krasnopolsky). 
1 Visiting Astronomer at the Infrared Telescope Facility, which is operated by the 
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ions at the Venera 11 and 12 descent probes ( Moroz et al., 1981 ).

ur search for HBr on Venus is the subject of this study. 

. Observations 

Bromine has two isotopes, 79 Br and 

81 Br, with almost equal

elative abundances, 0.507 and 0.493, respectively. The difference

etween the reduced masses of the HBr isotopologues is small,

nd each line of HBr has two isotopic components. The funda-

ental band (1–0) is stronger than the first overtone (2–0) by a

actor of 92 and is a better candidate to search for HBr. Its lines

2 at 2605.80 and 2606.20 cm 

−1 have strengths of ≈8 × 10 −20 cm

t 200–220 K that are the strongest in the band. The former is in

 clean spectral interval that is not contaminated by telluric, so-

ar, and Venusian lines. These HBr lines are subject of our search.

hough the lines are strong, they are weaker than the similar HCl

nd HF lines by factors of 8 and 36, respectively (HITRAN 2012,

othman et al., 2013 ). This makes our task more difficult. 

We observed Venus on July 16, 2015, using the NASA Infrared

elescope Facility (IRTF) on Mauna Kea, Hawaii, with elevation

f 4.2 km and mean overhead water of 2 precipitable mm. The

elescope with diameter of 3 m was coupled with a long-slit high-

http://dx.doi.org/10.1016/j.icarus.2017.04.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
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Fig. 1. Latitudes (right scale), secants of the solar zenith angle θ and observing 

angle ϕ, and their sums, that is, airmasses for 121 observed spectra of Venus. 101 

spectra restricted by vertical lines are chosen for analysis. 
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Fig. 2. Observed and synthetic spectra of Venus at the equator. Vertical lines show 

resolution elements at the expected positions of the Doppler-shifted HBr lines. The 

black line near the bottom shows a difference between the synthetic and observed 

spectra scaled by a factor of 5 and shifted to 0.2 for convenience. The green line is 

the same but for an HBr abundance of 10 ppb. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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esolution spectrograph CSHELL ( Greene et al., 1993 ). It operates

n the range 1.1 to 5.6 μm with a resolving power ν/ δν ≈ 4 × 10 4 .

he instrument detector is a InSb array of 256 × 150 pixels that is

ooled to 30 K. Each pixel is equal to 9 × 10 −6 ν0 in the dispersion

irection and 0.2 arcs in the aspect direction. Here ν0 is a chosen

ean wavenumber, and spectral coverage is 0.0023 ν0 with the

lit length of 30 arcs. The slit width is 0.5 arcs, and each row on

he detector is a spectrum of the proper point on the slit. 

The angular diameter of Venus was 40.9 arcs, and its heliocen-

ric and geocentric velocities were 0.15 and −11.4 km s −1 . Phase

Sun-Venus-observer) angle was 125 °, and the bright crescent of

enus was 0.43 of its radius. The slit was placed near the mid-

le of the bright crescent tangential to the limb. Spectra of Venus,

earby sky foreground (1 arcmin off Venus center), dark current,

nd flat field from a continuum light source were acquired. 

. Data analysis and results 

The spectra of the sky foreground were subtracted from the

enus spectra that then were divided by the difference between

he flat field and dark current spectra. This operation removes their

ffects on the Venus spectra. Then bad pixels were replaced by

ean values of their neighbors. 

The slit is a chord that is 24 arcs long on Venus. Therefore we

bserved 121 spectra along this chord. Calculated latitudes, secants

f the solar zenith angle θ and the observing angle ϕ, and their

um are shown in Fig. 1 . This sum is airmass that is almost con-

tant at 4.8 for the central 101 spectra and steeply increases to the

imb beyond these spectra. We will analyze the 101 middle spectra

 Fig. 1 ). 

The central wavenumber is ν0 = 2606 cm 

−1 , and the spec-

ral coverage is 2603–2609 cm 

−1 . We choose a spectral interval

f 2604.6 to 2607.1 cm 

−1 for analysis. This interval includes the

trongest HBr (1–0) R2 lines at 2605.80 and 2606.20 cm 

−1 that are

oppler-shifted by 0.099 cm 

−1 . 

Our technique for fitting the observed spectra by synthetic

pectra involves conversion of the observed spectra to a scale with

 wavenumber step of 0.001 cm 

−1 . This is done by parabolic fitting

f three adjacent pixels to transform a pixel value into eight sam-

ling points that keep the sum of those points at the pixel value.

he spectra include four strong Doppler-shifted CO 2 lines from the

enus atmosphere. These lines were used for wavenumber calibra-

ion of the spectra. Then the spectra were linearly interpolated to
cales with the step of 0.001 cm 

−1 , and we further reduced the

pectral interval to 2604.9–2606.6 cm 

−1 . 

Our fitting procedure involves further adjustments to the spec-

ra. Venus reflectivity, the solar continuum, and the instrument

ensitivity may slightly vary within the spectral interval, and we

pplied a parabolic correction (three fitted parameters) to compen-

ate for these effects. Minor errors in the wavenumber scale result

n significant differences between the observed and synthetic spec-

ra for strong absorption lines, and we used wavenumber correc-

ions at the edges and in the middle of the observed spectra, that

s, six fitting parameters per spectrum. The corrected spectrum ob-

erved at the equator is shown by the red line in Fig. 2 . 

We use a version of a high-resolution solar spectrum from

urucz (2011) that is based on the ATMOS spectrum ( Farmer and

orton 1989 ). The observed spectra include two strong CO 2 lines

nd a few weaker but prominent CO 2 lines. These lines are venu-

ian and calculated using the Voigt line shape. Two lines are essen-

ial in the Earth’s atmosphere, though the CO 2 abundance above

auna Kea is smaller than the observed slant Venus abundances

y a factor 200. Two parameters, abundance and temperature, are

pplied to CO 2 on Venus, and pressure is calculated using the

dopted CO 2 abundance. The telluric CO 2 , H 2 O, CH 4 , and N 2 O lines

re calculated with the known terrestrial data and abundances

f H 2 O and CH 4 as free parameters. The calculated spectra are

onvolved by a Gaussian with a variable spectral resolution. The

onvolution further reduces the spectral interval to 2605.0–2606.5

m 

−1 ( Fig. 2 ). The number of parameters to calculate a synthetic

pectrum ( Fig. 2 ) is six, and the total number of fitting parameters

s 12. The number of degrees of freedom is equal to the number of

ixels in the spectral interval, that is, 64. 

Standard deviation is 0.5% for the difference between the syn-

hetic and observed at 2605.6–2606.0 cm 

−1 around the first HBr

ine. The difference in the line is smaller than the standard devi-

tion and corresponds to a negative HBr abundance of −0.5 ppb.

 spectrum calculated for the abundance of 10 ppb is shown in

ig. 2 as well. The difference at the line position is 1.3% for this

pectrum, that is, 10 ppb corresponds to 2.6 sigma detection for a

ingle spectrum. The data from 101 spectra reduces the detection

imit to 1 ppb. 
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Fig. 3. Retrieved column abundances of CO 2 (uncorrected and corrected for air- 

mass) in the sounded atmospheric layer. 

Fig. 4. Retrieved HBr mixing ratios in the observed 101 spectra of Venus. The mean 

value and standard deviation of the data distribution are shown by black solid lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Bond energies of bromine and some other species. 

Species HBr Br 2 BrO HCl H 2 H-OH OH H 

–O 2 NO –O 

E (eV) 3.80 2.00 2.47 4.48 4.48 5.14 4.39 2.0 3.12 

Fig. 5. Vertical profiles of bromine species in the photochemical model. 
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Retrieved abundances of CO 2 uncorrected and corrected for air-

mass are shown in Fig. 3 . The corrected values are rather constant

and result in pressure of 14 mbar at the bottom of the sounded

atmospheric layer. Our data for Venus refer to a half pressure level

of 7 mbar, which is at 78 km according to VIRA ( Seiff et al. 1985 ).

The observed abundance of telluric water above Mauna Kea is 1.2

pr. mm, smaller than the mean abundance of 2 pr. mm. 

Derived HBr and CO 2 column abundances are converted into

HBr mixing ratios in Fig. 4 . The scatter of the results is large with

a mean value of −1.2 ppb and standard deviation of 2.5 ppb. If the

data conform the Gauss statistics, that is, their distribution is ran-

dom, then uncertainty of the mean of 101 values is smaller by a

factor of 10 and equal to 0.25 ppb. The negative mean abundance

exceeding the uncertainty indicates effect of possible systematic

errors. Our evaluation of an upper limit to the HBr mixing ratio

is ∼1 ppb at 78 km on Venus. 

4. Possible bromine photochemistry on Venus 

To understand and establish the bromine photochemistry on

Venus, it is helpful to compare bond energies of the simplest

Br species with those of some other important species on Venus

( Table 1 ). 

The HBr dissociation energy is smaller than that of HCl, its ab-

sorption cross sections are larger and extend up to 230 nm. The
Br bond energy is smaller than those of H 2 and OH as well, and

Br is lost in reactions with O and H ( Table 2 ) that are ineffective

or HCl. Similar to HCl, HBr is delivered by eddy diffusion from the

ower atmosphere and formed by the reaction of Br + HO 2 and the

ermolecular association. Bromine cycles that produce O 2 are 

Br + O 3 → BrO + O 2 

BrO + O → Br + O 2 

Net O 3 + O → O 2 + O 2 

and 

Br + O 3 → BrO + O 2 

BrO + NO → Br + NO 2 

NO 2 + O → NO + O 2 

Net O 3 + O → O 2 + O 2 

They are similar to those of Cl. However, the ClCO cycle that

rovides recombination of CO + O 2 does not have a bromine ana-

og. Termolecular association and fast photolysis of Br 2 by the vis-

ble light determine its balance in our simplified scheme. The ex-

stence of bromine is questionable in the Venus atmosphere, and

ere we do not include reactions between bromine and nitrogen

nd chlorine species. 

Ten bromine reactions from Table 2 are included into the photo-

hemical model by Krasnopolsky (2012) that was recently updated

 Krasnopolsky 2017b ) using new data on the S 2 O 2 photolysis. The

odel is calculated assuming the HBr mixing ratio of 10 ppb at the

odel lower boundary of 47 km. The calculated vertical profiles of

he bromine species are shown in Fig. 5 . 

Photolysis and the reactions with O and H steeply reduce the

Br mixing ratio above 67 km. The fast photolysis of Br 2 and the

eactions of BrO with O and NO convert these species to Br, which

ominates above 67 km. The most significant effect of the bromine

hemistry is in the production of H 2 (reaction 3), which exceeds

hat without Br by a factor of 5, and in the production of O 2 , which

s a third of that without Br. 

. Discussion 

We have already mentioned above that the strongest HBr lines

re weaker than those of HCl and HF by factors of 8 and 36, re-

pectively. Taking this fact into account, the derived upper limit of

 ppb to HBr at 78 km is very sensitive. Scaling it to HF, it corre-

ponds to HF detectivity of 0.03 ppb. 
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Table 2 

Bromine reactions, rate coefficients, column rates (CR), mean altitudes (km), and CR for chlorine analogs. 

# Reaction Rate Coefficient Reference CR h CR (Cl) 

1 HBr + h ν → H + Br – Sander et al. (2011) 3.27 + 10 68 9.46 + 10 

2 HBr + O → Br + OH 5.8 × 10 −12 e −1500/T DeMore et al. (1997) 1.15 + 10 68 1.60 + 9 

3 HBr + H → Br + H 2 1.7 × 10 −11 (T/300) 0.5 e −300/T Mitchell et al., (1995) 1.30 + 10 71 2.31 + 9 

4 H + Br + M → HBr + M 5 × 10 −31 (300/T) 1.87 Baulch et al., (1981) 1.47 + 10 73 –

5 Br + HO 2 → HBr + O 2 7,7 × 10 −12 e −450/T Atkinson et al. (2007) 4.12 + 10 67 6.71 + 10 

6 Br + O 3 → BrO + O 2 1.7 × 10 −11 e −800/T Atkinson et al. (2007) 2.16 + 12 69 6.89 + 12 

7 BrO + O → Br + O 2 1.9 × 10 −11 e 230/T Atkinson et al. (2007) 4.35 + 11 74 3.50 + 12 

8 BrO + NO → Br + NO 2 8.7 × 10 −12 e 260/T Atkinson et al. (2007) 1.73 + 12 68 4.22 + 12 

9 Br + Br + M → Br 2 + M 10 −32 (300/T) 2.77 Donohoue et al., (2006) 1.04 + 14 57 1.64 + 13 

10 Br 2 + h ν → Br + Br 0.03 s −1 Sander et al. (2011) 1.04 + 14 57 3.18 + 13 

Rate coefficients of bimolecular and termolecular reactions are in cm 

3 s −1 and cm 

6 s −1 , respectively; those of (4) and (9) are corrected 

for the higher third-body efficiency of CO 2 than Ar and N 2 , respectively. 3.27 + 10 = 3.27 × 10 10 cm 

−2 s −1 scaled to the lower boundary of 

47 km. CR (Cl) are column rates of the chlorine analogs from Krasnopolsky (2012) . 
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However, our upper limit is applicable for the uniform dis-

ribution of HBr. Here we will try to obtain constraints on the

Br abundance in the lower atmosphere from our observation and

he model. Venus albedo is 0.028 at 3.66 μm ( Krasnopolsky 2010 ),

uch smaller than 0.85 at 600 nm and 0.7 at 2.25 μm because of

he H 2 SO 4 absorption. Single scattering approximation is reason-

ble for such a black atmosphere in our observation at 3.84 μm.

ssuming the aerosol scale height of 3 and 4 km above 70 km and

 constant extinction coefficient at 60–70 km, the calculated up-

er limits to HBr below 60 km are 70 and 20 ppb, respectively.

he aerosol optical depth that fits to the observed CO 2 ( Fig. 3 )

s 0.75 and 0.58 at 70 km, respectively, in accord with τ = 1 at

9 ± 1 km at 2.5 μm ( Cottini et al., 2015 ) and at 70.2 ± 0.8 km at

.5 μm ( Fedorova et al., 2016 ). 

Thus, our observation results in the upper limits to HBr of 1

pb at 78 km or 20–70 ppb below 60 km. Overall, the remote in-

rared spectroscopy is not favorable for detection of HBr because it

oes not sound the atmosphere below the cloud tops, where HBr

s much more abundant (if it is) than above. In situ measurements

t future descent probes and balloons may be better to solve this

roblem. 

HBr has the greatest bond energy and is expected as a domi-

ant bromine species in the lower atmosphere. Br 2 dissociates at

< 620 nm, and this light penetrates into the atmosphere down to

he surface ( Ekonomov et al., 1983 ). Atomic bromine reacts with

 2 S, which abundance is predicted at 150 ppb near the surface by

he chemical kinetic model ( Krasnopolsky 2013 ): 

r + H 2 S = HBr + SH. 

Rate coefficient of the direct reaction is 1.4 × 10 −13 e −2750/T ≈
 × 10 −13 cm 

3 s −1 at 700 K ( Nicovich et al., 1992 ). The constant of

hermodynamic equilibrium is 0.8 at 700 K using thermodynamic

arameters from Chase (1998) , and 

HBr 

Br 
≈ 0 . 8 

H 2 S 

SH 

≈ 2 × 10 

5 

ccording to the model. This confirms our expectation based on

he bond energies. 

The upper limit of 0.2 ppb to Br 2 at 15 km ( Moroz et al., 1981 )

ay be also used to estimate abundance of HBr that is relevant to

his limit using thermodynamic equilibrium 

Br 2 + H 2 S = HBr + SH. 

The calculated equilibrium constant is 7 × 10 −5 at 735 K near

he surface, and 0.2 ppb of Br 2 coupled with the model data for

 2 S and SH results in an upper limit of 25 ppm to HBr in the lower

tmosphere. Therefore our upper limit of 20–70 ppb to HBr in the

ower atmosphere is significantly more restrictive for the bromine

hemistry than the limit of 0.2 ppb to Br at 15 km. 
2 
The derived upper limit to HBr may be compared with the ob-

erved abundances of HCl and HF. Nightside observations of the

indow at 1.75 μm by three teams ( Bezard et al., 1990 ; Pollack

t al. 1993 ; Iwagami et al. 20 08 ) resulted in HCl ≈ 50 0 ppb at

5–30 km. Four observations of HCl near the cloud tops give HCl

400 ppb ( Connes et al., 1967 ; Young 1972 ; Krasnopolsky 2010 ;

andor and Clancy 2012 ) and one observation 750 ppb ( Iwagami

t al. 2008 ). Models for the lower atmosphere predict a constant

Cl mixing ratio from the surface to the cloud layer. Photochem-

cal models predict a weak decrease in the HCl mixing ratio from

00 ppb in the clouds to ≈320 ppb above 100 km because of a

artial substitution of HCl by atomic chlorine. Submillimeter ob-

ervations by Sandor and Clancy (2012) show a significant decrease

rom HCl ≈ 400 ppb at 70 km to 0–200 ppb at 90 km. SOIR/VEX oc-

ultations demonstrate an increase from 30 (20–100) ppb at 70 km

o 300 (100–700) at 90 km and 800 (300–1700) ppb at 105 km

 Mahieux et al. 2015 ). Here we give mean values for low latitudes

nd total ranges of the observed variations. The SOIR observations

ear 70 km disagree by an order of magnitude with those of eight

eams at the cloud tops and in the lower atmosphere and require

n unidentified source at 105 km and sink at 70 km. 

Observations of HF were made by three teams at the cloud tops

 Connes et al., 1967 ; Bjoraker et al., 1992 ; Krasnopolsky 2010 ) with

 mean value of 5 ppb. Nightside observations in the window at

.3 μm by two teams ( Bezard et al., 1990 ; Pollack et al. 1993 ) gave

 ppb at 30–40 km. The SOIR/VEX occultations show 5 (2.5–10)

pb at 80 km increasing to 50 (30–70) ppb at 103 km ( Mahieux

t al. 2015 ). Again, the SOIR/VEX data require a source at 103 km

nd a sink near 80 km. However, the mean value at 80 km agrees

ith the other observations. 

While the chlorine chemistry initiated by HCl is basic for the

enus atmosphere, effects of HF and related chemistry are ne-

lected in the photochemical models. There are a few reasons for

his neglect. First of all, it is expected that chemistry of fluorine is

ather similar to that of chlorine. Furthermore, HF is less abundant

han HCl on Venus by two orders of magnitude. Finally, photolysis

f HF is shifted to the far UV relative that of HCl and significantly

locked by the CO 2 absorption. 

Relative abundances of F, Cl, and Br in the numbers of atoms

re similar in the Sun and chondrites ( Lodders 2003 ): Cl is more

bundant than Br by a factor of 460. This factor is 560 in the bulk

arth composition ( Wänke and Dreibus 1988 ). Scaling of the HCl

ixing ratio of 400 ppb by the Br/Cl ratios in the Earth and the

un, the expected HBr mixing ratios are 0.7 and 0.9 ppb, respec-

ively, much smaller than the observed upper limit for the lower

tmosphere (20–70 ppb). 

The Cl/F ratio is evaluated at 6.2 in the Sun and chondrites

 Lodders 2003 ) and 1.2 in the Earth ( Wänke and Dreibus 1988 ).

urprisingly the solar ratio is rather close to that observed by
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SOIR/VEX on Venus. Considering 400 ppb as a preferable mixing

ratio of HCl and comparing it with that of HF, we come to the ob-

vious conclusion that reactions of rocks that release and consume

hydrogen halides ( Fegley and Treiman 1992 ) determine their atmo-

spheric mixing ratios, and the bulk abundances of elements are not

the only factors that affect these species in the atmosphere. 

6. Conclusions 

To search for HBr on Venus, the strongest line of the strongest

band HBr (1–0) R2 2605.8/6.2 cm 

−1 was observed using the NASA

IRTF and a high-resolution long-slit spectrograph CSHELL with re-

solving power of 4 × 10 4 . 101 spectra of Venus have been analyzed

and revealed HBr abundances varying from −8 to + 5 ppb. Their

mean is −1.2 ppb, standard deviation is 2.5 ppb, and uncertainty of

the mean is 0.25 ppb. The negative value presumes a systematic er-

ror, and an estimated upper limit to HBr mixing ratio at the cloud

tops of Venus is ∼1 ppb. Using the retrieved CO 2 abundances, this

limit refers to 78 km for a uniform distribution of HBr. 

A simplified version of the bromine photochemistry is included

into the photochemical model. Photolysis of HBr and its reactions

with O and H deplete the HBr mixing ratio at 70–80 km relative to

that below 60 km by a factor of ≈300. Reanalysis of the observa-

tional data with the calculated profile of HBr gives an upper limit

of 20–70 ppb for HBr below 60 km and aerosol optical depth of

≈0.7 at 70 km and 3.84 μm. 

The bromine chemistry may be effective on Venus even under

the observed upper limit. However, if a Cl/Br ratio in the Venus at-

mosphere is similar to that in the Solar System, then HBr is ≈1 ppb

in the lower atmosphere and the bromine chemistry is insignif-

icant. Thermodynamic calculations based on the chemical kinetic

model predict HBr as a major bromine species in the lower atmo-

sphere. 
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