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ABSTRACT

Clouds play an important role in the atmospheres of planetary bodies. It is expected that, like all the planetary bodies in our so-
lar system, exoplanet atmospheres will also have substantial cloud coverage, and evidence is mounting for clouds in a number of
hot Jupiters. To better characterise planetary atmospheres, we need to consider the e↵ects these clouds will have on the observed
broadband transmission spectra. Here we examine the expected cloud condensate species for hot Jupiter exoplanets and the e↵ects of
various grain sizes and distributions on the resulting transmission spectra from the optical to infrared, which can be used as a broad
framework when interpreting exoplanet spectra. We note that significant infrared absorption features appear in the computed transmis-
sion spectrum, the result of vibrational modes between the key species in each condensate, which can potentially be very constraining.
While it may be hard to di↵erentiate between individual condensates in the broad transmission spectra, it may be possible to discern
di↵erent vibrational bonds, which can distinguish between cloud formation scenarios, such as condensate clouds or photochemically
generated species. Vibrational mode features are shown to be prominent when the clouds are composed of small sub-micron sized
particles and can be associated with an accompanying optical scattering slope. These infrared features have potential implications for
future exoplanetary atmosphere studies conducted with JWST, where such vibrational modes distinguishing condensate species can
be probed at longer wavelengths.
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1. Introduction

Where there is an atmosphere, there are clouds, or so the ev-
idence suggests. Every planet in our solar system with a per-
sistent atmosphere has clouds, though they are notoriously hard
to define. Here we take the definition of liquid or solid aerosol
particles suspended in a planet’s atmosphere. Clouds are a vi-
tal part of the energy balance of a planetary atmosphere, and
they can potentially play a major role in the observational struc-
ture, blocking the atmosphere beneath them and weakening any
emergent spectral lines. Jupiter’s atmosphere is a prime exam-
ple of how clouds can shape the atmosphere of a planet, form-
ing coloured belts and zones of dark and light bands through
vertical mixing of di↵erent species, which can represent di↵er-
ences in cloud depth of over one planetary scale height (Evans
& Hubbard 1972). The clouds in the atmospheres of solar sys-
tem planets are, however, hugely di↵erent from what we expect
to form in the atmospheres of hot Jupiters (e.g. Sudarsky et al.
2003; Marley et al. 2007; Lodders 2010).

Hot Jupiters occupy a vastly di↵erent region of parameter
space compared to the planets in our solar system, occupying
higher temperatures, spanning wider temperature regimes, pres-
sure structures, and chemical compositions. To compute the ex-
pected transmission spectrum for di↵erent cloud condensates
requires us to understand a number of di↵erent processes in
a planetary atmosphere. Studies have been conducted on the
impact of clouds in exoplanet atmospheres (e.g. Ackerman &
Marley 2001; Fortney 2005; Helling 2008; Howe & Burrows
2012; Marley et al. 2013; Morley et al. 2013) and the conden-
sates that are expected in a wide range of temperatures from

brown dwarfs to solar system bodies (e.g. Burrows & Sharp
1999; Khare et al. 2001; Lodders 2003; Cruikshank et al. 2005;
Seager 2010; Morley et al. 2012).

Clouds and hazes in exoplanetary atmospheres can have a
strong e↵ect on the emerging spectra. As a principle source of ir-
radiative scattering, their presence increases the reflected flux in
the visible and near-infrared regions of the spectrum (Sudarsky
et al. 2003). In addition, significant absorption features can be
present (Morley et al. 2014). In principle, clouds and hazes can
be the result of condensation chemistry or be photochemically
produced. The solar system giant planets are likely dominated
by photochemical stratospheric hydrocarbon hazes (Nixon et al.
2010) produced in a similar way to tholins in the atmosphere of
Titan (Khare et al. 1984). The strong UV flux on the upper at-
mosphere of hot Jupiter exoplanets may generally enhance pho-
tochemically generated hydrocarbon species. However, studies
by Liang et al. (2004) have found that the abundance of hy-
drocarbons in close-in giant planet atmospheres is significantly
less than found in Jupiter and Saturn, where the high abundance
of hydrocarbon aerosols results in strong absorption features
shortwards of 600 nm. The presence of non-equilibrium pho-
tochemical species with absorption in the blue gives their at-
mosphere a characteristic red colour (Zahnle et al. 2009). The
planetary albedo, for instance the observed blue albedo measure-
ment of HD 189733b (Evans et al. 2013), could help di↵erenti-
ate between strong Rayleigh scattering dust and red tholin-like
species.

Recent studies of hot Jupiters have revealed that many of the
exoplanets observed in transmission have cloudy or hazy prop-
erties, with their spectra dominated by strong optical Rayleigh

Article published by EDP Sciences A122, page 1 of 13



Observa(ons	
  of	
  exoplanet	
  atmospheres	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

Wakeford	
  et	
  al.	
  2013	
  
Line	
  et	
  al.	
  2013	
  
Nikolov	
  et	
  al.	
  2014	
  	
  
Huitson	
  et	
  al.	
  2013	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Pont	
  et	
  al.	
  2008	
  
McCullough	
  et	
  al.	
  2014	
  
Nikolov	
  et	
  al.	
  2015	
  
Sing	
  et	
  al.	
  2013	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Sing	
  et	
  al.	
  2015	
  
Ballester	
  et	
  al.	
  in	
  prep	
  
Sing	
  et	
  al.	
  in	
  prep	
  
Fortney	
  et	
  al.	
  (2010)	
  

Clear	
   Cloudy/Hazy	
  

Sing	
  et	
  al.	
  in	
  prep	
   Sing	
  et	
  al.	
  in	
  prep	
  

cloud 

[kloud]  

	
   	
  Liquid	
  or	
  solid	
  parTcle	
  suspended	
  in	
  a	
  planet’s	
  atmosphere	
  



Clouds	
  in	
  exoplanet	
  atmospheres?	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

Wakeford	
  et	
  al.	
  2013	
  
Line	
  et	
  al.	
  2013	
  
Nikolov	
  et	
  al.	
  2014	
  	
  
Huitson	
  et	
  al.	
  2013	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Pont	
  et	
  al.	
  2008	
  
McCullough	
  et	
  al.	
  2014	
  
Nikolov	
  et	
  al.	
  2015	
  
Sing	
  et	
  al.	
  2013	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Sing	
  et	
  al.	
  2015	
  
Ballester	
  et	
  al.	
  in	
  prep	
  
Sing	
  et	
  al.	
  in	
  prep	
  
Fortney	
  et	
  al.	
  (2010)	
  

Cloudy/Hazy	
  

Sing	
  et	
  al.	
  in	
  prep	
  

Knutson	
  et	
  al.	
  2014	
  

GJ	
  436b	
  

Knutson	
  et	
  al.	
  2014	
  

GJ	
  1214b	
  

Kreidberg	
  et	
  al.	
  2014	
  

Clouds	
  obscure	
  absorpTon	
  features	
  across	
  the	
  opTcal	
  and	
  
o[en	
  near-­‐IR	
  

ISM	
  and	
  Brown	
  dwarf	
  studies	
  have	
  shown	
  that	
  it	
  
is	
  possible	
  to	
  differenTate	
  between	
  spectral	
  

absorpTon	
  of	
  different	
  species	
  



Poten(al	
  cloud	
  condensates	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

500 1000 1500 2000 2500 3000
Temperature (K)

2

0

-2

-4

-6

lo
g(

pr
es

su
re

) (
ba

rs
)

 Mg2SiO4

 MgSiO3

 Fe

 Cr

 MnS

 Na2S

 ZnS

 KCl

 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Tem
perature (K)

2

0

-2

-4

-6

log(pressure) (b
ars)

 M
g

2 SiO
4

 M
gSiO

3

 Fe Cr M
nS Na

2 S ZnS

 KCl
 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Temperature (K)

2

0

-2

-4

-6

log(pressu
re) (b

ars)

 Mg
2 SiO

4

 MgSiO
3

 Fe

 Cr

 MnS Na
2 S ZnS

 KCl
 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Temperature (K)

2

0

-2

-4

-6

log
(p

re
ss

ur
e)

 (b
ar

s)

 Mg
2 SiO

4 MgSiO
3 Fe

 Cr
 MnS

 Na
2 S

 ZnS

 KCl

 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Temperature (K)

2

0

-2

-4

-6

log
(p

re
ss

ur
e)

 (b
ar

s)

 Mg
2 SiO

4 MgSiO
3 Fe

 Cr
 MnS

 Na
2 S

 ZnS

 KCl

 Al-Ca

 Ca-Ti

500

1000
1500

2000
2500

3000

Temperature (K)

2

0

-2

-4

-6

log
(p

re
ss

ur
e)

 (b
ar

s)

 Mg
2SiO

4 MgSiO
3 Fe

 Cr

 MnS
 Na

2S
 ZnS

 KCl

 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Temperature (K)

2

0

-2

-4

-6

log
(p

re
ss

ur
e)

 (b
ar

s)

 Mg
2 SiO

4 MgSiO
3 Fe

 Cr
 MnS

 Na
2 S

 ZnS

 KCl

 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Temperature (K)

2

0

-2

-4

-6

log
(p

re
ss

ur
e)

 (b
ar

s)

 Mg
2 SiO

4 MgSiO
3 Fe

 Cr
 MnS

 Na
2 S

 ZnS

 KCl

 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Temperature (K)

2

0

-2

-4

-6

log
(p

re
ss

ur
e)

 (b
ar

s)

 Mg
2 SiO

4 MgSiO
3 Fe

 Cr
 MnS

 Na
2 S

 ZnS

 KCl

 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Temperature (K)

2

0

-2

-4

-6

log
(p

re
ss

ur
e)

 (b
ar

s)

 Mg
2 SiO

4 MgSiO
3 Fe

 Cr
 MnS

 Na
2 S

 ZnS

 KCl

 Al-Ca

 Ca-Ti

500

1000

1500

2000

2500

3000

Temperature (K)

2

0

-2

-4

-6

log
(pr

es
su

re)
 (b

ars
)

 Mg
2 SiO

4
 MgSiO

3
 Fe

 Cr
 MnS

 Na
2 S ZnS

 KCl

 Al-Ca

 Ca-Ti

CondensaTon	
  curves	
  calculated	
  following	
  equaTons	
  outlined	
  
in	
  Visscher	
  et	
  al.	
  (2010)	
  and	
  Morley	
  et	
  al.	
  (2012).	
  P-­‐T	
  profiles	
  
for	
  three	
  hot	
  Jupiters	
  from	
  Fortney	
  et	
  al.	
  (2010).	
  

Clouds	
  are	
  expected	
  to	
  form	
  where	
  the	
  
condensaTon	
  curve	
  crosses	
  the	
  P-­‐T	
  profile	
  

of	
  the	
  planetary	
  atmosphere.	
  

Transmission	
  spectroscopy	
  probes	
  
the	
  atmosphere	
  around	
  the	
  mbar	
  

pressure	
  level,	
  which	
  is	
  indicated	
  on	
  
the	
  three	
  exoplanet	
  P-­‐T	
  profiles.	
  

500 1000 1500 2000 2500 3000
Temperature (K)

2

0

-2

-4

-6

lo
g(

pr
es

su
re

) (
ba

rs
)



Op(cal	
  Proper(es	
  of	
  condensates	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

Wakeford	
  &	
  Sing	
  (2015)	
  

Wakeford	
  &	
  Sing	
  (2015)	
  



Op(cal	
  proper(es	
  of	
  condensates	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

Wakeford	
  &	
  Sing	
  (2015)	
  



Vibra(onal	
  modes	
  

a)	
  

b)	
  
c)	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

AbsorpTon	
  features	
  are	
  dominated	
  
by	
  vibraTonal	
  modes	
  of	
  the	
  major	
  
di-­‐atomic	
  bond	
  in	
  the	
  condensate.	
  

Wakeford	
  &	
  Sing	
  (2015)	
  

Wakeford	
  &	
  Sing	
  (2015)	
  



Transmission	
  Spectra	
  of	
  cloud	
  condensates	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

As	
  a	
  result	
  on	
  
observaTonal	
  
disTncTon	
  can	
  be	
  
made	
  between	
  
species	
  generated	
  
photochemically	
  or	
  
through	
  
condensaTon.	
  
	
  

Wakeford	
  &	
  Sing	
  (2015)	
  



Par(cle	
  size	
  distribu(ons	
  

a)	
  

b)	
  
c)	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

Rayleigh	
  cross-­‐secTon	
  α	
  a6	
  	
  

This	
  results	
  in	
  the	
  transmission	
  spectrum	
  largely	
  
dependent	
  on	
  the	
  largest	
  grain	
  size	
  in	
  the	
  

parTcle	
  distribuTon.	
  

Wakeford	
  &	
  Sing	
  (2015)	
  



Hot	
  Jupiter	
  transmission	
  spectra	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

HD	
  189733b	
  

We	
  use	
  HD	
  189733b	
  as	
  an	
  	
  
example	
  hot	
  Jupiter.	
  

HD	
  189733b’s	
  atmosphere	
  shows	
  
strong	
  Rayleigh	
  scagering	
  below	
  1μm	
  
and	
  ligle	
  indicaTon	
  of	
  the	
  expected	
  

alkali	
  metal	
  lines.	
  (Pont	
  et	
  al.	
  2008)	
  	
  



Condensate	
  transmission	
  spectra	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

Rayleigh	
  scagering	
  in	
  the	
  opTcal	
  can	
  be	
  used	
  as	
  a	
  diagnosTc	
  for	
  parTcle	
  size	
  and	
  
condensates	
  to	
  be	
  observed	
  in	
  the	
  IR.	
  

	
  

Wakeford	
  &	
  Sing	
  (2015)	
  



C-­‐H	
  gaseous	
  vs.	
  condensate	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

Wakeford	
  &	
  Sing	
  (2015)	
  

Some	
  notable	
  condensate	
  features	
  may	
  be	
  used	
  to	
  differenTate	
  between	
  
gaseous	
  and	
  solid	
  parTcle	
  spectra	
  

Yurchenko	
  &	
  Tennyson	
  (2014)	
  

Amundsen	
  et	
  al.	
  (2014)	
   Rothman	
  et	
  al.	
  (2009)	
  

Sharp	
  &	
  Burrows	
  (2007)	
  C2H4	
  CH4	
  



James	
  Webb	
  Space	
  Telescope	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

JWST	
  MIRI	
  will	
  have	
  50x	
  sensiTvity	
  and	
  7x	
  angular	
  resoluTon	
  of	
  Spitzer.	
  	
  
	
  

Wakeford	
  &	
  Sing	
  (2015)	
  



Summary	
  

Wakeford	
  &	
  Sing,	
  2015,	
  	
  A&A,	
  	
  573,	
  A122	
  

	
  
•  Rayleigh	
  scagering	
  in	
  the	
  opTcal	
  can	
  be	
  used	
  as	
  a	
  

diagnosTc	
  for	
  parTcle	
  size	
  and	
  condensates	
  to	
  be	
  
observed	
  in	
  the	
  IR.	
  

•  JWST	
  MIRI	
  will	
  have	
  50x	
  sensiTvity	
  and	
  7x	
  angular	
  
resoluTon	
  of	
  Spitzer.	
  

•  Condensate	
  transmission	
  spectra	
  can	
  be	
  approximated	
  
using	
  the	
  largest	
  parTcle	
  size	
  in	
  a	
  distribuTon.	
  

•  AbsorpTon	
  features	
  are	
  dominated	
  by	
  vibraTonal	
  
modes	
  of	
  the	
  major	
  di-­‐atomic	
  bond	
  in	
  the	
  condensate.	
  

•  As	
  a	
  result	
  on	
  observaTonal	
  disTncTon	
  can	
  be	
  made	
  
between	
  species	
  generated	
  photochemically	
  or	
  through	
  
condensaTon.	
  

	
  

Wakeford	
  &	
  Sing	
  (2015)	
  



by	
  
Hannah	
  Wakeford	
  

Cloudy	
  with	
  a	
  
chance	
  of	
  H2O	
  

What’s	
  Next?	
  

NPP	
  Fellow	
  
working	
  with	
  Avi	
  Mandell	
  

InvesTgaTng	
  hot	
  Jupiter	
  	
  
atmospheres	
  through	
  	
  

ObservaTon	
  and	
  	
  
analysis	
  


