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The effect of removal of short-baseline ALMA data is that line-signals from areas smooth on 
scales > 4 arcseconds are substantially diluted. Thus our l:c correspond to lower limits of PH3 
abundance (but detection-significance is not affected; these values are as stated in Table 1). 
Further, the steep flux density gradients at the limb resulted in more flux being recovered here. 
To ensure that results are robust, we did not attempt to interpret any absorption spectra over 
arcsec-scales (see Supplementary Figure 3). To mitigate for the bias in better-sampling the limb, 
the spectra in Figure 2 are all averages from ‘side-to-side’ strips across the planet. 
The ALMA data confirm the detection of absorption at the PH3 1-0 wavelength. All line-centroid 
velocities are consistent with Venus’ velocity within -0.2 to +0.7 km/s (around 10% of the line 
width), with best measurement-precision at r0.3 km/s and systematics of ~0.1-0.7 km/s (Table 
1). For this degree of coincidence of apparent velocity, any contaminating transition from 
another chemical species would have to coincide in rest-wavelength with PH3 1-0 within ~10-6.  

Fig. 2. Spectra of Venus obtained with ALMA. Left panel shows the PH3 1-0 spectrum of the whole 
planet, with 1σ errors (here channel-to-channel) of 0.11 10-4 per 1.1 km/s spectral bin. Right panel shows 
spectra of the polar (histogram in black), mid-latitude (in blue) and equatorial (in red) zones, as defined in 
Table 1. Spectra have been offset vertically for clarity, and the polar spectrum was binned in velocity to 
obtain a deeper upper limit. Line wings are forced towards zero outside |v| = 5 km/s in these spectra, and 
only this range was used in characterization (Table 1; Methods: ALMA data reduction). 
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Fig. 1. Reproduction of the ALMA line-spectrum as presented by
Greaves et al. 2020, with the original and reproduction in the left and
right panel respectively. This is after a 12th-order polynomial is removed
from the spectral baseline. The reproduced spectrum is scaled down ar-
tificially by a factor 12.8/16.1 to account for the di↵erent continuum
brightnesses used in the studies. In the reproduction, the line-feature
shows a small velocity o↵set, and the spectral baseline is somewhat
more noisy, but the overall signal-to-noise ratio of the two features is
similar.

the main focus of the analysis presented here. The 33 m cut-
o↵ is near the second minimum of the visibility amplitudes of
the Venus disk at this frequency. These procedures were subse-
quently altered to process the data for di↵erent baseline selec-
tions, including all baselines, and baselines of >20 m and >50
m, corresponding to the first and third minimum of the visibil-
ity amplitudes. Supplementary Software 4 was used for imag-
ing the data cubes1 Following GRB20, the Venus rest-frame fre-
quency of the PH3 1-0 transition was adopted to be 266.9445
GHz (Müller 2013). The spectral data were binned to velocity
steps of 1.10 km sec�1.

3. Reproduction of the phosphine results

At the time of observations, the angular diameter of Venus was
15.3600 (GRB20). Since, for the >33 m baseline selection, the
spectral line data from the limb of the planet still show strong
ripples, data from within one major axis of the synthesised beam
(<1.16”) of the planet limb were excluded from analysis. The
continuum subtracted line data were summed over the planet
disk and divided by the summed continuum data to make the
continuum-normalised line-spectrum (l:c).

To further mitigate the e↵ects of the instrumental ripples and
obtain the flattest spectral baseline, GRB20 fitted a 12th-order
polynomial over a restricted passband of ±40 km s�1 around the
PH3 transition, interpolating across |v| < 5 km s�1. The central
region needs to be masked out, otherwise any line will also be re-
moved. This procedure was reproduced here. The disk-integrated
spectrum obtained by GRB20 is shown in the left panel of Fig-
ure 1 with our reproduction in the right panel. Since in this study
the continuum level of Venus is found at 12.8 Jy beam�1, while
it is stated as 16.1 Jy beam�1 in GRB20, the reproduced spec-
trum is artificially scaled down by a factor 12.8/16.1. The two
spectra appear similar, although the line feature is slightly o↵-
centre in the reproduction. In addition, the reproduced signal is
stronger, but the spectrum is also more noisy. The signal-to-noise
ratio (SNR) is estimated by to be ⇠18 by measuring the peak
1 Imaging was performed as in GRB20, with mask "circle[[121pix,
96pix],50pix]" and the multiscale clean method (niter 1000000; cyclen-
iter 20000)

Fig. 2. The top two rows show parts of the final ALMA spectrum cen-
tred on the transition frequency of PH3 1 � 0 (top left) and five other
features, with superimposed the 12th-order polynomials fitted to the lo-
cal data. The bottom two rows show the same with these polynomials
removed. We find that now all these features appear at signal-to-noise
ratios above 10 within 60 km sec�1 of PH3. It shows that the procedure
followed by GRB20 is incorrect, and results in spurious, high signal-to-
noise lines.

and standard deviation of the spectrum after applying a boxcar
smoothing over 7 velocity steps. This is very similar (15�) to
that presented by GRB20.

In general, removal of a 12th-order polynomial over a small
spectral range in this way has the e↵ect of removing noise struc-
tures and instrumental e↵ects. This can lead to severe overes-
timations of the significance of spectral features and artificial
results. To demonstrate this, a search by eye for other features
over the observed spectral range of |v| < 60 km s�1 was per-
formed and were subsequently treated with the same procedure.
The result is shown in Figure 2. It leads to at least five other
lines with an SNR>10, three in absorption and two in emission.
The SNR is estimated in the same way as for the feature near
the phosphine transition. No plausible assignments to the rest
frequencies of these features were found. It shows that the pro-
cedure followed by GRB20 is incorrect, and results in a spurious,
high signal-to-noise line.

4. Independent Analysis

To independently assess the possible significance of a PH3 1-0
line in the ALMA data, the disk-averaged l:c spectrum, as shown
in the left panel of Figure 3, is fitted with a 3rd-order polyno-
mial to remove the low-frequency curvature of the spectral base-
line. This polynomial is removed from the spectrum as shown
in the right panel of Fig. 3, resulting in a standard deviation of
3.5⇥10�5. The central dip, identified by GRB20 as the PH3 1-0
line, has an SNR of ⇠2. Without the polynomial fitting, the SNR
is ⇠1. In astronomy, features at such a low SNR are generally not
deemed statistically significant. Furthermore, as is shown in Fig-
ure 4, the noise distribution in these data is highly non-Gaussian,
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Figure 1: Comparison between the ALMA data as presented in G2020 and G2021a and our 
independent analyses of the same data retrieved from the ALMA science archive. Models with 
constant 1 and 20 ppbv PH3 abundances are superposed. Panel A: The ALMA data as 
presented in Figure 2 of G2020 for the whole planet (dv:1 km/s). Panel B: Our original 
analysis of the raw ALMA data (dv:0.55 km/s), employing the original G2020 scripts but 
enabling the “usescratch=True” setting in CASA’s setJy, correcting the bandpass 
calibration. Panel C: The re-analyzed data presented in G2021a using updated scripts, yet 
G2020 employed a higher (12th order) polynomial in the bandpass calibration (instead of 3rd 
order in the JAO script), and excluded short baselines (<33 m) from their analysis (dv: 0.55 
km/s). Panel D: Our independent analysis of the JAO-revised ALMA data, employing 
different methods, a resolution of dv:0.55 km/s, methods 1 and 2 including all baselines and 
method 3 excluding <33 m baselines. A 6th order polynomial was removed for (1), see details 
in the methods section and in the supplementary section S2, while only a 2nd was removed for 
(2) and (3). The red line corresponds to the model with a constant abundance of 1 ppbv PH3. 
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Composition of tenuous atmospheres:  
E.g. Mercury and the Moon

Oxygen: few 10 000s atoms per cm3 

Sodium: few 10 000s atoms per cm3 

Helium: few 1000s atoms per cm3 

…

Mercury Moon

Helium: few 1000s atoms per cm3 

Argon: few 1000s atoms per cm3 

…



Atmospheric composition of icy satellites
Europa Enceladus

water-ice surface + oxygen atmosphere



Atmospheric composition of  
the giant planets

80 - 90% Hydrogen (by volume) 

10 - 15% Helium (by volume) 

 

But would expect 84% H and 16% He, like the protosolar nebula 
(unless some of their cores mixed into the atmospheres, or ingested 

planetesimals after forming). 

Protosolar Jupiter Saturn Uranus Neptune

H 83.5% 86.4% 88% 83% 82%

He 16.2% 13.6% 11.9% 15% 15%



Atmospheric composition of  
the giant planets

He/H = 13.7 % in Jupiter 

vs 

He/H = 16 % in Saturn



Atmospheric composition of  
the giant planets

All four planets show methane (CH4) in emission in their atmosphere.

This indicates that methane is present in their stratosphere. 

Expected for Jupiter and Saturn because of relatively high temps in the 
troposphere below. 

But strange for Uranus and Neptune (temps in troposphere are low 
enough to cause methane to condense and rain out -> cold trap). 

One possible cause: strong convection from below carries the methane 
back up to the stratosphere.



Clouds on Solar System Planets
Venus

mostly sulfuric acid (H2SO4) 

evaporate below ~45 km 

too hot for CO2 clouds!

Mars

not much water, but some ice 
clouds can still form at  ~10 km 

higher up some CO2 ice clouds 
can form



Clouds on Solar System Giant Planets

Upper cloud decks: 

NH3 ice on Jupiter 
and Saturn 

CH4 ice on Uranus 
and Neptune



Transmission spectra



Transmission spectra

Figure 1: Analysis of the K2-18 b white (black points) and spectral (coloured points) light curves,

plotted with an offset for clarity. Left: Overploted detrended light curves. Right: Overploted

fitted residuals, where � indicates the ratio between the standard deviation of the residuals and the

photon noise (see Methods for more details). The black vertical bar indicates the 1000ppm scatter

level.
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Figure 2: Best-fit models for the three different scenarios tested here: a cloud-free atmosphere

containing only H2O and H2/He (blue), a cloud-free atmosphere containing H2O, H2/He and N2

(orange), and a cloudy atmosphere containing only H2O and H2/He. (green). Top: best-fit models

only. Bottom: 1� and 2� uncertainty ranges.
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Transmission vs. Secondary Eclipse 
Spectroscopy


