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TEXES @ IRTF, Mauna Kea Observatory, Hawaii

Observing program: Mapping of SO2 
(at 7 and 19 µm) and H2O (through 
HDO) at 7 µm
• Cloud top probed at 7 µm (z = 62 km,  

T = 235 K, P = 150 mbar)
• Within the cloud at 19 µm (z = 57 km, 

T = 241 K, P = 250 mbar)
• Above the clouds at 8.6 µm (z=67 km)
• 12 campaigns between  January 2012 

and April 2019; 11 campaigns since 
2021: June, Sept. & Nov. 2021, Feb.  & 
June 2022, March, July, Oct. & Dec. 
2023, Feb. 2024

TEXAS Echelon Cross Echelle Spectrograph 5 – 25 µm, 
R = 8 104 @ 7 µm
Main question: To understand the SO2 & H2O cycles 
above and within the clouds 

T. Encrenaz et al.: HDO and SO2 mapping on Venus

Table 3. Spectroscopic parameters of the transitions used for the HDO and CO2 mapping and for the spectral fits.

Molecule Wavenumber QN(band) QN(line) S E Broad. coef. n
(cm�1) (cm mol�1) (cm�1) (cm�1 atm�1)

HDO 1344.899 010 000 303 404 1.62 ⇥ 10�23 150.2 0.133 –0.35
SO2 1345.096 011 010 27 25 2 27 25 3 2.11 ⇥ 10�21 712.4 0.140 –0.75
SO2 1345.108 001 000 26 1 26 27 1 27 4.10 ⇥ 10�20 229.5 0.143 –0.75
SO2 1345.126 001 00 23 7 16 24 7 17 2.62 ⇥ 10�20 275.2 0.143 –0.75
SO2 1345.137 001 000 21 11 10 22 11 11 1.25 ⇥ 10�20 367.1 0.143 –0.75
SO2 1345.141 011 010 16 9 8 17 9 9 1.38 ⇥ 10�21 756.5 0.140 –0.75
SO2 1345.282 001 000 24 3 22 25 3 23 3.80 ⇥ 10�20 223.05 0.143 –0.75
SO2 1345.285 001 000 17 16 1 18 16 2 1.21 ⇥ 10�21 541.3 0.143 –0.75
CO2 1345.219 100 01 000 01 R3E 4.20 ⇥ 10�27 4.4 0.119 –0.75

SO2 529.310 010 000 20 4 16 20 3 17 3.53 ⇥ 10�21 160.0 0.143 –0.75
SO2 529.315 010 000 28 2 26 28 1 27 2.15 ⇥ 10�21 261.0 0.143 –0.75
SO2 529.324 010 000 23 3 21 23 2 22 2.82 ⇥ 10�21 180.6 0.143 –0.75
SO2 529.327 010 000 19 1 19 18 0 18 6.69 ⇥ 10�21 105.3 0.143 –0.75
SO2 529.314 010 000 431 322 1.61 ⇥ 10�21 10.7 0.143 –075
CO2 529.261 111 02 100 01 P9E 1.13 ⇥ 10�26 1399.0 0.110 –0.75

Notes. SO2 transitions weaker than 1.0 10�21 cm mol�1 have been omitted from the Table, but they have been included in the calculation of the
synthetic spectra.

study of both weak and strong CO2 transitions in the TEXES
spectra taken in October 2012. As discussed in E13, it showed
some departure from the VIRA low-latitude profile, with a lower
temperature at the cloudtop (z = 60 km in E13), and a lower
gradient above this level. It was, however, closer to the ther-
mal profile derived from the VIRTIS-M data at 4.7 µm (Irwin
et al. 2008). In the E13 model, the temperature was 241 K at the
19-µm penetration level (z = 57 km, Ps = 250 mbar), and 231 K
at the 7.4-µm penetration level (z = 61 km, Ps = 100 mbar). In
the mesosphere, temperatures were 215 and 192 K at altitudes of
70 km and 80 km respectively. In the present study, we have used
a thermal profile intermediate between E13 and VIRA as a first
guess, and we have adjusted the pressure scales and the mean
temperatures of the penetration levels, at 7.4 and 19 µm respec-
tively, in order to fit the disk-integrated spectra of February 26,
2014 and January 14, 2016 (see Sect. 3.1).

3. Results

3.1. SO2 variability

Figures 8 and 9 illustrate the variability of the SO2 volume mix-
ing ratio above and within the clouds between January 2012 and
January 2016. Examples have been taken for each of the six runs,
corresponding to the same maps as for the continuum and the
CO2 line depth (Figs. 2�5). The SO2 content is inhomogeneous
over the disk, both at the cloudtop (7 µm map) and a few kilo-
meters below within the clouds (19 µm map), as already stated
in our previous analyses (E12, E13). Comparison with Fig. 1
shows that there is no evidence for a di↵erence between the day-
side and the nightside. The 19-µm maps are of lower quality than
the 7.4-µm because of two reasons: (1) the spatial resolution is
lower; and (2) the continuum shows a curvature (Fig. 7) which
may slightly change over the disk, and introduces some uncer-
tainty in the retrieval of the SO2 volume mixing ratio within
the clouds. This uncertainty in the continuum may actually in-
duce an artifact in this measurement, as was probably the case
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Fig. 6. Examples of disk-integrated spectra recorded during each of
the TEXES observing runs between 1344.8 and 1345.4 cm�1 (7.4 µm).
The exact dates and durations of the corresponding observations are in-
dicated in Table 2. It can be seen that the SO2 absorption bands are
strongest in January 2016, and weakest in February 2014.

in our measurements of October 4, 2012 (E13). In E13, we an-
nounced a short-term variation of the SO2 content within the
clouds between two maps separated by 30 min. After examining
data from other runs since 2012, we now attribute this variation
to an instrumental artifact due to a change in the continuum slope
curvature at 529.7 cm�1. Because of this potential problem, we
consider that the 19-µm data should be considered with special
caution.

Both Figs. 8 and 9 illustrate that the SO2 content exhibits
very strong long-term temporal variations at the cloudtop and
within the clouds over a timescale of four years, confirming the
tendency shown in the disk-integrated spectra (Figs. 6 and 7).
The strongest di↵erence is observed between the February 2014
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Fig. 7. Examples of disk-integrated spectra
recorded during each of the TEXES observ-
ing runs in the 18.9-µm range. Left: 529.1–
529.4 cm�1; right: 529.65–530 cm�1. The exact
dates and durations of the corresponding obser-
vations are indicated in Table 2. It can be seen
that the SO2 absorption bands are strongest in
January 2016, and weakest in February 2014.

Fig. 8. Example maps of the line depth ratio
of a weak SO2 multiplet around 1345.11 cm�1

(7.4 µm) divided by a weak CO2 transition
at 1345.22 cm�1, recorded during each of the
TEXES observing runs. The scale is the same
for the six maps. The exact dates and durations
of the maps are indicated in Table 2.

maps, which correspond to a minimum SO2 content, and the Jan-
uary 2016 maps where the SO2 content is maximum.

In order to better follow the short-term variations of SO2,
we have recorded a sequence of maps between January 13 and
January 17, with two or three maps per day at both 7.4 and
19 µm, separated by 1 to 2 h each day. Results are shown in
Figs. 10 and 11 respectively. We recall that the four-days ro-
tation of the clouds at the cloudtop makes the SO2 features (if
associated with clouds) shift by 90 deg over a 24-h period. It is
thus not surprising that the SO2 morphology drastically changes
from a day to the next one. A rotation of two hours translates
into a shift of 7.5 deg at the equator. Such shift is observed be-
tween the three 7.4-µm maps of January 14, 2016 and also (al-
though less clearly) on the three maps of January 17. The e↵ect
is slightly visible on the January 14 maps (and possibly the Jan-
uary 15 maps) at 19 µm.

For a better analysis of the correlation between the motion
of the SO2 features at the cloudtop and the four-day retrograde
rotation, we have selected in our dataset a few examples where
such correlation is clearly visible. These maps, shown in Fig. 12,
correspond to data recorded on July 7, 2014, July 8, 2014 and

January 14, 2016; they are separated each time by about two
hours. The shift by 7.5 deg is actually visible in these three cases.
On the other hand, there are also examples (as shown in Fig. 10
on January 13, 2016 and in Fig. 12 on July 8, 2014) where real
changes seem to take place at the cloudtop within a timescale of
two hours. We thus conclude that the lifetime of the SO2 features
at the cloudtop is of the order of a few hours.

In order to obtain an absolute calibration of the SO2 vol-
ume mixing ratio as a function of the SO2/CO2 line depth ra-
tio, we modeled two disk-integrated spectra corresponding to a
minimum SO2 value (Feb. 26, 2014) and a maximum SO2 value
(Jan. 14, 2016), both at 7.4 µm and at 19 µm. Figures 13 and 14
show the two SO2 spectra recorded at 1345 cm�1 (7.4 µm). To
determine the thermal profile, as a first guess we took a profile
intermediate between E13 and VIRA (see Sect. 2) and adjusted
the pressure scales and mean temperatures of the penetration lev-
els to fit the weak CO2 lines of the disk-integrated spectra. Our
inferred profile, used for both the February 2014 and the Jan-
uary 2016 datasets, has the following parameters: T = 240 K
for P = 210 mbar (z = 60 km), T = 230 K for P = 100 mbar
(z = 64 km), T = 220 K for P = 47 mbar (z = 68 km) and
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HDO & SO2 @ 62 km
     (7.3 µm)                                            SO2 @ 57 km
                                                                    (19 µm)
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Cloud deck

Can we reconcile the IR & mm measurements ?

Where does the radiation comes from?

Millimeter heterodyne spectroscopy (R = 106)

Line emission region (FWHM = a few MHz) 

Infrared HR spectroscopy (R = 8 104) – Line emission region

IR continuum emission

------- Millimeter continuum emission

Temperature profile

H2SO4
extinction
coefficient

Zasova et al. 1993

1162 cm-1 (8.6 µm)

1345 cm-1 (7.4 µm)

530 cm-1 (19 µm)

19µm           8.6µm  7.4µm
Due to the spectral dependence of the H2SO4 absorption 
coefficient, different levels are probed at 1162 cm-1 
(67 km), 1345 cm-1 (62 km) and 530 cm-1 (57 km)

Where does the radiation come from?



SO2 maps are very inhomogeneous over the disk    HDO maps are uniform  over the disk
              and show strong variations with time and +/- constant over time  

July 7, 2014                     July 8, 2014  January 21, 2017                    
            17:00 UT                          17:00 UT                           

           
   
           July 7, 2014                     July 8:2014   July 12, 2017                 
            19:00 UT                           19:00 UT                             

SO2 & HDO maps exhibit a different behavior

The SO2 plume 
follows the 4-day 
rotation of the 
clouds at the cloud 
top over a time 
scale of a few hours



No anticorrelation      H2O-SO2 anticorrelation (cc = -0.9) No anticorrelation 

July – 
September 
2023:

Sudden 
increase 
of SO2, 
no change 
in H2O
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SO2 @ 57 km is 
usually 
comparable to 
SO2 @ 62 km, but, 
in some cases, 
may be much 
larger (2019)         
or even lower
(June 2021, 
March 2023)
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Long-term SO2 variations at the cloud top (z = 62 km) 
and within the cloud (z = 57 km)
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Can we reconcile the IR & mm measurements ?

Where does the radiation comes from?

Millimeter heterodyne spectroscopy (R = 106)

Line emission region (FWHM = a few MHz) 

Infrared HR spectroscopy (R = 8 104) – Line emission region

IR continuum emission

------- Millimeter continuum emission

Temperature profile

SO2 vmr (ppbv)                  10            100          1000

July 14, 2023
October 3, 2023

TEXES data
SO2 100 ppbv
SO2 30 ppbv
SO2 10 ppbv

Upper limit of SO2 @ 67 km, 14 July 2023

July 14, 2023: SO2(67km)/SO2(62km) < 50
October 3, 2023: SO2(67km)/SO2(62km) = 20

Wavenumber (cm-1)

Detection of SO2 at 67 km on Oct. 3, 2023



Upper limits of minor species at the cloud top of Venus

• Attempts to detect minor species in Venus have been reported in the 
literature :
• PH3: detection, up to 20 ppbv (Greaves et al. 2020, +)
• HCN: upper limit, 38.3 +/- 7.9  ppmv @ 80 km (Mahieux et al. 2023)
•  NH3: upper limit, 0.69 +/- 0.28 ppmv @ 80 km (Mahieux et al. 2023)

• New upper limits have been obtained with TEXES (present work):
• PH3: 1 ppbv (s) at the cloud top (62 km)
• NH3: 0.1 ppbv (s) at the cloud top (62 km)
• HCN: 0.1 ppbv (s) at the cloud top (62 km)



 0.96

 0.965

 0.97

 0.975

 0.98

 0.985

 0.99

 0.995

 955.2  955.22  955.24  955.26  955.28  955.3  955.32  955.34

N
or

m
al

iz
ed

 ra
di

an
ce

Wavenumber (cm-1)

PH3 upper limit at the cloud top

PH3 = 10 ppbv
PH3 = 3 ppbv

Atmospheric 
Absorption

l CO2

PH3

Upper limit: 
PH3 < 3 ppbv (3s)

Confirms our earlier 
analysis:
PH3 < 5 ppbv (3s)
(Encrenaz et al.
A&A 643, L5 (2020)

Data: TEXES, July 16, 2023



NH3 upper limit at the cloud top
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HCN upper limit at the cloud top
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Conclusions
• Since 2012, SO2 has been mapped over the Venus disk and monitored at z = 62 km (cloud top,  7.4 µm) 

and 57 km (19 µm); it was searched for without success at 67 km (8.6 µm) until 2023.
• H2O (using HDO as a proxy) was simultaneously mapped and monitored at the cloud top (7.4 µm).
• H2O & SO2 exhibit different behaviors at the cloud top of Venus:

• H2O is uniform over the disk and shows moderate temporal variations.
• SO2 shows strong spatial and temporal variations in the form of transient plumes and strong long-term variations . 

• The long-term variations of H2O and SO2 were clearly anti-correlated between 2012 and 2019, but not 
before nor after.
• The anticorrelation might be the result of photochemical processes, while convection might favor the mixing of the 

two species. The lack of anticorrelation after 2019 might indicate a change of regime within or below the clouds. 

• Main results:
• SO2 is detected for the first time on Oct.3, 2023; SO2(67km)/SO2(62km) = 1/20 (< 1/50 on 14/07/ 2023)
• Stringent upper limits are obtained for PH3, NH3 and HCN at the cloud top:

• PH3 < 1 ppbv (1s), NH3 < 0.1 ppbv (1s), HCN < 0.1 ppbv (1s)


