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2 INFRARED WEBCAM HACK

Using infrared light to observe the world in a new way

Subject: Physics, Geography Thissetofthreeactivities willenable students
Age range: 12-16 years old toundersta nq the electror.na‘gnetic spectrum
and observe infrared radiation through the
modification of a cheap webcam. It will
Lesson time required: 30 minutes per activity enable discussion of how infrared radiation
Cost: medium (10-30 euros per group) can be used to obtain information that is not
available using visible light. Students will
also analyse satellite images providing them
with a context to understand why it is useful
Keywords: Earth observation, Infrared light, to “see” in infrared.

Complexity: medium

Location: any indoor space with daylight
Includes the use of: webcam and computer

Satellite imagery, Physics, Geography.

Learning objectives

- Identify the different types of electromagnetic radiation.

- Describe different applications of infrared light.

+ Use tools available on the internet to collect and analyse satellite data.

« Understand how infrared light can be used to monitor the health of vegetation.
« Identify false colour and true colour satellite images.

teach with space - infrared webcam hack | P15 3 European Space Agency



2 Summary of activities

Summary of activities

visualise near-infrared
light.

and why it is useful to
“see” in infrared.

Title Description Outcome Requirements | Time

1 Hacking the | To modify a webcam An Infrared webcam | None 30

webcam so that it sees in near- minutes
infrared light rather
thaninvisible light.

2 Looking at To look at different To identify different Completion of | 30
objects with | types of objects, applications of Activity 1 minutes
aninfrared | observingeachin infrared light and
camera both visible and near- | understand how

infrared light. infrared light can
be used to find out
information that is
not available using
visible light.

3 Lookingat | To analyse true colour | To understand how None 30
the Earth satellite images and infrared light can be minutes
in infrared compare them to false | used to monitor the
light colour images that health of vegetation

teach with space - infrared webcam hack | P15
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2 Introduction

The electromagnetic spectrum categorises the electromagnetic radiation that exists, including
infrared radiation(Figure 1). Most electromagnetic radiation emitted by the Sun is reflected or
absorbed by Earth’s atmosphere. However, some radiation like visible radiation, radio waves, and
part of infrared can pass through the atmosphere.

Objects with different surface features reflect and absorb the Sun's radiation in different ways. The
reflected radiation contains information about the surface of the object, and enables us to see the
colour and form of the object. The human eye can only see a very limited range of the spectrum,
the visible light. However we can use different instruments to see what is invisible to us. Earth
observation satellites, for example, carry scientific instruments that can see in the visible and the
infrared range, as well as other ranges of the electromagnetic spectrum.

S el B @

radio microwaves | infrared in’;‘::rred ultraviolet X-ray gamma-ray
10cm 1mm Ipm 0,7pm 0,4pm 10nm 0,01nm
wavelength

‘NThe electromagnetic spectrum categorises different types of radiation, from the longest (radio) to the shortest
(gamma ray) wavelengths.

In this resource, we will focus on the near-infrared
and visible parts of the spectrum. Infrared radiation
is divided into different parts, just like visible light is
divided into different colours. Near-infrared radiation,
with its slightly longer wavelengths than visible
light,is reflected by vegetation, delivering detailed
information about plants on Earth. That is why this
part of the electromagnetic spectrum is used in Earth
bservation satellites to monitor Earth’s vegetation.

Figure 2

‘N The European Sentinel-2 satellite carries an high-resolution
multispectral imager with 13 spectral bands for a new
perspective of our land and vegetation.

teach with space — infrared webcam hack | P15 5 European Space Agency



2 Background

Vegetation monitoring

Plants have a particular way of reflecting electromagnetic radiation. The chlorophyll in the plants
absorbs light to get energy for the photosynthesis process. But only the red and blue part of the
visible light are needed. The green light is reflected, which explains why leaves appear green to us.
The near-infrared light is not needed for the photosynthesis, therefore most of the light is reflected
by the cell structure of the leaf.

Figure 3 shows the percentage of reflected radiation, also called reflectance, for a healthy plant.
The blue light is absorbed almost completely by the chlorophyll, about 10% of the green light is
reflected, and the red light is absorbed almost completely. Moving to slightly longer wavelengths,
about 50% of the near-infrared light is reflected. The

combination of low visible reflectance and high near- m
infrared reflectance is a characteristic of most plant §
tyPES. blue green red near infrared

When a plant becomes less healthy, for example due
to water scarcity, it reflects more of the visible red
light and less of the near-infrared light. This can also
be seen in autumn when leaves turn yellow and red,
due to phenology. The bigger the difference between
the reflected red and near-infrared light, the healthier

reflectance (%)

600 700 800
a plant is. This fact is used in Earth observation to wavelength (nm)

calculate indices which help us obtain information
about the health of plants on a large scale.

/N Percentage of radiation reflected by a healthy plant for
the wavelengths of visible light and near-infrared light.

True colour and false colour images

A way to visualise reflected near-infrared light is to create false colour images, making use of the
fact that cameras carried by satellites can ‘see’ more than just the visible part of light. A false colour
image uses at least one wavelength outside the visible range, and as a result the colours in the final
image may not be what we expect them to be. For example, grass is not always green! A true colour
image combines actual measurements of reflected red, green, and blue light. The result looks like
the world as we are used to seeing it.

In the figures below, we can see a true colour image(Figure 4) and a false colour image (Figure 5)
of the town of Birkerpd in Denmark. The false colour image shows reflected near-infrared light as
red, red light as green, and green light as blue. Since plants reflect more near-infrared than green,
vegetation areas will appear red. The brighter and richer red indicates a higher reflectance in the
near-infrared, therefore indicating more and healthier vegetation. In the true colour image, the
vegetation appears green, like we are used to seeing it.

Overall, the reflectance in the visible light is much lower than the one in the near-infrared, and the
image is darker. This makes it harder to identify water bodies in the real colour image, because the
reflectance is also very low. In the false colour image, the water bodies can be clearly identified due
to the high difference in reflectance for water and the surrounding vegetation (high reflectance).
Water absorbs most of the incoming light— near-infrared, red, and green —and therefore has a very
low reflectance.

teach with space - infrared webcam hack | P15 6 European Space Agency
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/N True colour image of the town of Birkergd in Denmark.

Figure 5

dified Copernicus Sentinel data [2018] processed by Sentinel Hub

Contains mo

/M False colour image of the town of Birkergd in Denmark.
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2 Activity 1 — Hacking the webcam

In this activity, students will modify a webcam so that it sees in near-infrared light rather than in
visible light.

Equipment (for each infrared camera)

Figure 6

+ 1webcam with manual focus ring on the front

« 1drawing pin or a similar pin

« Two pieces of exposed photographic film or a polarising
filter large enough to cover the lens

« Clear tape

« Scissors

« Computer
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N Infrared webcam hack video. See links

Instructions for hacking the webcam are provided in the section.

student activity sheet. Cheap webcams are usually easier to disassemble than more expensive
models. The example used in the student activity sheet is a Trust 17405. Refer to the Infrared Webcam
Hack video for a video guide of how to set up and carry out the experiment. Students can work in
small groups. Alternatively, the webcams can be modified in advance, and students can run Activities
2and 3.The principal modification to be performed is to remove the infrared filter. Depending on the
conditions of light it may be necessary to add a visible light filter.

Exercise

Filters work by blocking light within a specific wavelength range. Two polarised filters are required to
block visible light. This is because the wave may be moving up and down, or side to side (this single-
plane oscillation is called polarisation). Two filters ensure that all the visible radiation is blocked.

Most webcams are “plug and play” — the software required to run them is already on the camera.
However, depending on the webcam you use, there is a small chance that it may be necessary to
install the operating software before the webcam is plugged into a computer.

Teachers should make sure that students understand that the hacked camera is a near-infrared
camera, not a thermal imaging camera!

The sensors used in digital cameras are sensitive to light with wavelengths up to around 1 pm (near-
infrared). Thermal imaging cameras use infrared at longer wavelengths. These cameras are sensitive
to the infrared radiation which is emitted by all objects with a temperature above absolute zero and
not visible to our eyes. The higher the temperature of an object, the shorter the wavelength of the
emitted radiation will be. When the temperature of an object is high enough, the radiation emitted
can be imaged using near-infrared cameras or our very own eyes. We can see this in our kitchen:
when a toaster reaches very high temperatures, it turns red!

teach with space - infrared webcam hack | P15 8 European Space Agency



2 Activity 2: Looking at objects with an infrared camera

In this activity, students will look at different types of objects, observing each in both visible with
their eyes and near-infrared light with the modify webcam.

Equipment

« Infrared camera (from activity 1)

+ Remote control

Led light

« Candle

Healthy plant and fake plastic plant

Exercise

Daylight is necessary for the experiment with the plants. The experiment should always be tested
in the classroom before doing it with the students. Depending on the light conditions in the room
it may be necessary to block the visible light and to put the polarising filter/exposed film in front of
the lens.

Students should observe the different objects and fill the table in the student activity sheet, where
they describe how they see each object in both types of light, and then give an interpretation for
their observations.

Results

See the table on the next page.
Discussion

The remote control, the candle and the LED light send out (emit) infrared radiation. With the help of
the hacked webcam, students can ‘see’ infrared light, e.g. emitted from the remote control. Looking
at light sources from daily life, like the LED light and the candle, the infrared camera allows us to
investigate which one emits less infrared light and is therefore more energy-efficient.

Looking at the plants with the hacked webcam, what we see is reflected daylight. As the real plant

reflects a lot of near infrared light and this is related to a healthy plant structure, we can understand
how healthy a plant is when looking at it in infrared light.

teach with space - infrared webcam hack | P15 9 European Space Agency
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2 Activity 3: Looking at the Earth in infrared light

Exercise

The satellite images were downloaded from the
EO Browser, an online application where you can
access ready-to-use satellite images in true colour,
false colour showing near-infrared, and many more
products! You can explore this tool and start by
showing the students their hometown in the summer &
and the winter with true and false colour images.
Students can also research their own examples.

N Screenshot of the EO Browser online tool (08.08.2018).

1. Observe the true colour image below taken by the Sentinel-2 satellite (Northern Germany,
28.11.2016). Which of the following features can you identify?
o Agriculture fields
o-Show
o Forest
o-Clotds
o River
o Lakes
o Streets
oCars
o Buildings
o-Peopte

Teachers can ask students why there are no cars or people visible in the image. The reason is
the spatial resolution of the satellite image. The spatial resolution is the area on Earth that is
represented by one pixel of the satellite image. The satellite image in this exercise has a spatial
resolution of 10m, therefore a pixel represents 10m x 10m on Earth. At this resolution, people and
cars cannot be identified.

2. Observe the false colour image.
a. Try to find the features you previously observed. Can you also identify new features?

All features can be identified. Water bodies, especially the ones in the forest, can now be
distinguished much more easily.

b. What surface type/feature appears red in the false colour image? Distinguish between
bright red and dark red.

Vegetation/plants appear red. The fields are bright red and the forest is dark red. The
structure of the forest can be identified due to the shadow of the treetops.

European Space Agency



3. Describe the differences and similarities between the true colour image in Exercise 1 and the
false colour image in Exercise 2.

In the true colour image, the vegetation (grass and forest) appears in very dark green, and the
bare soil in brown. Buildings and roads are grey. In the false colour images, the grass and forest
appear in red.

Water bodies (lakes and rivers) are very dark in both images, and large buildings that could
represent industrial areas are very bright/white in the true and false colour images.

4. Discuss the advantages and disadvantages of the true colour and false colour images
showing near-infrared light.

Overall the reflectance displayed in the true colour image is much lower than the one in the
false colour image, and the image is darker. This makes it harder to identify water bodies in the
real colour image, because the reflectance is also very low. In the false colour image, the water
bodies can be clearly identified due to the difference in reflectance values for water (very low
reflectance) and the surrounding vegetation (high reflectance).

In the false colourimages, more details of the vegetation can be identified. The reason is the high
reflectance in combination with the shadows that occur due to the structure of the treetops.
The angle of incidence of the Sun has to be taken into account when discussing shadows: the
image was taken in November, meaning that the angle of incidence is lower than in the summer,
therefore the shadows are bigger and rough surfaces appear darker.

2 General discussion
These practical activities can be used to discuss the electromagnetic spectrum, Earth observation

applications, and the monitoring of vegetation on our planet. The activities also provide a setting for
the discussion of the impact of space technology on our future and on our everyday lives.

European Space Agency



2 INFRARED WEBCAM HACK

Using infrared light to observe the world in a new way

Our eyes can't see infrared light, but we can use an infrared camera to see this ‘invisible’ light. The
light we can see —visible light — is only a very small part of the electromagnetic spectrum. Figure
A1 shows the different types of radiation and their wavelengths on the electromagnetic spectrum
and gives examples of what certain wavelengths are used for.

S e B @

radio microwaves | infrared Heal E ultraviolet X-ray gamma-ray

infrared

10cm Imm 1pm 0,7pym 0,4pm 10nm 0,01nm

wavelength

“NThe electromagnetic spectrum categorises different types of radiation in order of wavelength, from the longest (radio) to the
shortest (gamma-ray)

Infrared light is divided into different parts, just like visible light is divided into different colours.
Near-infrared light, the part closest to red light, can be easily detected by the sensors used in
digital cameras. Also Earth observation satellites carry scientific instruments designed to detect
electromagnetic emissions from constituents of the Earth's surface and atmosphere allowing us
to observe our planet in a new way.

Did you know?

Onboard the International Space Station (ISS) there is a
very special infrared camera that can be used to take great
pictures of Earth! The infrared camera is part of Astro
Pi, a small computer with a set of sensors and gadgets
that can be used to run great scientific experiments.
Teams of students can program this small computer by
participating in the European Astro Pi Challenge and
use the Astro Pi’s near-infrared camera to measure, fot
example, the health and density of vegetation on Earth.

teach with space - infrared webcam hack | P15 13 European Space Agency
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2 Activity 1: Hacking the webcam

In this activity you are going to make an infrared camera by hacking a normal webcam. Usually,
in all digital cameras and webcams there is an infrared filter behind the lens that filters out all
infrared light in order to mostly capture visible light. This filter needs to be removed. Here you find
simple instructions on how to hack your webcam to be able to see in near-infrared.

Equipment

« 1webcam with a manual focus ring on the front

« 1pin or scalpel

- 2 pieces of exposed photographic film or polarising filter
« Clear tape

« Scissors

Exercise Figure A2
1. Disassemble the camera

Unscrew the focus ring in an anticlockwise direction until
the whole lens can be pulled out.

2. Remove the infrared filter

On the inside of the lens there is a small piece of plastic
with a red/green tint (see the left lens in Figure A2). This is
the infrared filter. Using a pin or a scalpel, remove the filter.
Be careful: this should be done very gently, as the filter can
break if too much pressure is used.

3. Assemble the camera

Screw the lens back onto the webcam and plug the
webcam into a computer. It may be necessary to open
video software to view an image through the webcam. Use
the focus ring to adjust the focus until you have a clear
image of the object that you wish to look at.

N How to make an infrared camera.

The infrared webcam is now ready to be used!

Figure A3

Tip: If your image appears very bright on the screen, there
is too much visible light which needs to be filtered out. For
this, two pieces of polarising filter or exposed photographic
film have to be put in front of the lens. Make sure the two
pieces are put on one another perpendicularly. The filters
can also be fixed with clear tape.

S

/M Polarising filters.

teach with space - infrared webcam hack | P15 14 European Space Agency
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2 Activity 2: Looking at objects with an infrared camera

In this activity, you will use the hacked infrared webcam to make your own experiment about how
objects look like when seen with visible and infrared light.

Equipment

-
L
L
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wn
x
(2 4
g
-
=
L
Q
=
[
wn
)

« Infrared camera (from activity 1)

« Remote control

Led light

+ Candle

Healthy plant and fake plastic plant

Exercise
1. Look at the different objects firstly with your eyes (visible light) and then through the webcam
(infrared light).
2. Fill in the table on the next page with your observations.

Discussion

Taking into consideration the results from your experiment, discuss with other students how
infrared light can help us better understand what we see. Summarise your conclusions below.

Did you know?

The European Space Agency (ESA) has helped develop lots
of satellites that use different types of cameras for looking
at Earth. A group of missions called the Sentinels aim to
improve our understanding and management of the Earth'’s
environment. One of the missions is called Sentinel-2 and
consists of two twin satellites. The cameras onboard the
satellites take images in visible as well as in infrared light, §
and they cover the whole planet every five days! Sentinel-2
can be used to monitor plant growth, map changes in land
cover, and monitor the world’s forests.

teach with space - infrared webcam hack | P15 15 European Space Agency
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2 Activity 3: Looking at Earth in infrared light

Infrared cameras are used in Earth observation satellites. With the help of computers, we can then
visualise the light we cannot see with our own eyes. What comes out is a ‘false colour image’. If we
display the light visible to human eyes, we call it a ‘true colour image’. A true colour image combines
actual measurements of reflected red, green, and blue light, and shows the world as we see it. A
false colour image uses at least one wavelength outside the visible range. As a result, the colours
in the final image may not be what we expect them to be. For example, grass is not always green!

In this activity you will analyse satellite images and compare true colour images with false colour
images. Will you be able to find the differences?

Exercise

1. Observe the true colour image below taken by the Sentinel-2 satellite (Northern Germany,
28.11.2016). Which of the following features can you identify?

« Agriculture fields « Lakes

* Snow « Streets

+ Forest « Cars

« Clouds + Buildings
« River « People

@ SENTINELTTD -

/| True colour image taken by the Sentinel-2 satellite. Contains modified Copernicus Sentinel data [2017]
processed by Sentinel Hub.
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2. Observe the false colour image taken by the Sentinel-2 satellite (Northern Germany, 28.11.2016).
Note: The false colour image shows reflected near-infrared light as red.

a. Trytofind the features you previously observed. Can you also identify new features?
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b. What surface type/feature appears red in the false colour image? Distinguish between bright
red and dark red.

Figure A5

/M False colour image taken by the Sentinel-2 satellite. Contains modified Copernicus Sentinel data [2017]
processed by Sentinel Hub.

teach with space - infrared webcam hack | P15 18 European Space Agency



3. Describe the differences and similarities between the true colour image in Exercise 1 and the
false colour image in Exercise 2.
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4. Discuss the advantages and disadvantages of the true colour images and the false colour
images showing near-infrared light.

Did you know?

This image from the Sentinel-2A satellite shows how
Saudi Arabia’s desert is being used for agriculture. The
circles come from an irrigation system, where the long
water pipe rotates around a well at the centre. It is a
false colour image and the near-infrared is displayed e
in red. Plants reflect most of this light. These high s
reflection values explain the bright red of the irrigated SSOSSSE
fields. Near-infrared light is often used to monitor EMES®SS
vegetation from space. ' 3
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2 Links

ESA resources

ESA teach with space —infrared webcam hack video | VP15:
esa.int/spaceinvideos/Videos/2017/06/Infrared_webcam _hack - using_an_infrared webcam
to_observe_the world in_a new _way - classroom_demonstration video VCis

ESA classroom resources:
esa.int/Education/Classroom_resources

ESA space projects

ESA's Earth Observation missions
www.esa.int/Our_Activities/Observing the Earth/ESA for Earth

Sentinel -2
www.esa.int/Our_Activities/Observing the Earth/Copernicus/Sentinel-2

Extra information

Online platform to access satellite imagery
https://apps.sentinel-hub.com/eo-browser

Video Sentinel-2: an introduction
esa.int/spaceinvideos/Videos/2015/07/Sentinel-2_an_introduction

ESA Earth Observation Image of the Week
esa.int/spaceinimages/Sets/Earth _observation_image of the week

teach with space - infrared webcam hack | P15 20
European Space Agency
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http://www.esa.int/spaceinvideos/Videos/2017/06/Infrared_webcam_hack_-_using_an_infrared_webcam_to_observe_the_world_in_a_new_way_-_classroom_demonstration_video_VC15
http://www.esa.int/Education/Classroom_resources
http://www.esa.int/Our_Activities/Observing_the_Earth/ESA_for_Earth
https://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-2
http://biosphere2.org 
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https://www.esa.int/spaceinvideos/Videos/2015/07/Sentinel-2_an_introduction 
http://www.esa.int/spaceinimages/Sets/Earth_observation_image_of_the_week

nature
astrononny

LETTERS

https://doi.org/10.1038/s41550-019-0743-x

A brightening of Jupiter's auroral 7.8-uym CH,,
emission during a solar-wind compression

J. A. Sinclair®™, G. S. Orton', J. Fernandes'? Y. Kasaba3, T. M. Sato®*4, T. Fujiyoshi®, C. Tao®,

M. F. Vogt ®7, D. Grodent?, B. Bonfond

F. Tabataba-Vakili', L. N. Fletcher'? and P. G. J. Irwin

Enhanced mid-infrared emission from CH, and other strato-
spheric hydrocarbons has been observed coincident with
Jupiter's ultraviolet auroral emission™. This suggests that
auroral processes and the neutral stratosphere of Jupiter
are coupled; however, the exact nature of this coupling is
unknown. Here we present a time series of Subaru-COMICS
images of Jupiter measured at a wavelength of 7.80 um on
11-14 January, 4-5 February and 17-20 May 2017. These data
show that both the morphology and magnitude of the auroral
CH, emission vary on daily timescales in relation to external
solar-wind conditions. The southern auroral CH, emission
increased in brightness temperature by about 3.8 K between
15:50 ur, 11 January and 12:57 urt, 12 January, during a pre-
dicted solar-wind compression. During the same compres-
sion, the northern auroral emission exhibited a duskside
brightening, which mimics the morphology observed in the
ultraviolet auroral emission during periods of enhanced solar-
wind pressure*°. These results suggest that changes in exter-
nal solar-wind conditions perturb the Jovian magnetosphere
in such a way that energetic particles are accelerated into the
planet's atmosphere, deposit their energy as deep as the neu-
tral stratosphere, and modify the thermal structure, the abun-
dance of CH, or the population of energy states of CH,. We
also find that the northern and southern auroral CH, emission
evolved independently between the January, February and
May images, as has been observed at X-ray wavelengths over
shorter timescales® and at mid-infrared wavelengths over lon-
ger timescales’.

Images at 7.80-pm were obtained using Subaru-COMICS
(Cooled Mid-Infrared Camera and Spectrograph) on 11-14
January, 4-5 February and 17-20 May 2017 (UT). A subset of these
images is shown in Figs. 1 and 2, which respectively show southern
and northern polar projections at times when the southern auro-
ral region (SAR; 330°-60°W in system III longitude) and northern
auroral region (NAR; centred at 180°W in system III longitude)
were visible on the disk of Jupiter. These images demonstrate vari-
ability of both the magnitude and morphology of the 7.80-pm CH,
emission over timescales of days to months. Further details of the
measurements and processing are provided in the Methods and
Supplementary Information.

8 J. 1. Moses®, T. K. Greathouse', W. Dunn

M R.S. Giles,

13

In terms of the morphology, the strongest 7.80-pm emission in
both auroral regions appears enclosed inside the statistical mean
of the ultraviolet emissions of the main oval®. Figure 3 shows the
results of ionosphere-to-magnetosphere mapping model calcula-
tions (see Methods) and demonstrates that the positions of strongest
CH, emission in the auroral regions predominantly correspond to
radial distances of more than 95 Jupiter radii (R)); beyond the day-
side magnetopause’ and potentially on open field lines. The excep-
tion is the morphology of the emission in the NAR at 16:13UT on
12 January (Fig. 2a), when a poleward, duskside feature of stronger
emission parallel to the eastern boundary of the statistical oval was
observed. This feature was not present less than 24 h later (Fig. 2b)
and we have ruled out variable atmospheric seeing conditions
between these two nights as the source of this intermittent mor-
phology (see Supplementary Fig. 2). A similar morphology for
the ultraviolet auroral emission, described as the ‘duskside-active
region, has also been observed during periods of enhanced solar-
wind pressure, and has been attributed to duskside/nightside recon-
nection associated with the Vasyliunas or Dungey cycles or velocity
shears caused by changing flows on the nightside magnetospheric
flank**'°. Tonosphere-to-magnetosphere mapping calculations map
73°N, 155°W (an example location covered by the duskside fea-
ture) to roughly 100R; at a local time of 19.0h. Unlike the NAR,
the SAR does not appear to exhibit any smaller-scale morphology,
although its position at a comparably higher latitude than the NAR
reduces the effective spatial resolution and thus the ability to resolve
smaller-scale features. In contrast to previous studies”'!, we find
no obvious movement in the longitudinal position of the southern
auroral CH, emission.

To quantify temporal changes in the magnitude of the auroral
emission and its relation to solar-wind conditions, we calculated the
residual radiance between each auroral region and a lower-latitude
zonal mean, henceforth named the auroral-quiescent residual AT,
(see Methods). Figure 4 compares the auroral-quiescent residual
and uncertainty for both auroral regions and the results of a solar-
wind propagation model (see Methods). The solar-wind propagation
model predicts the arrival of a solar-wind compression at Jupiter at
approximately 22:00 UT on 11 January, when the dynamical pressure
was predicted to have increased from less than 0.1nPa to 0.7 nPa.
The auroral-quiescent residual increased from AT, =8.0+0.3K at
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b 12:57 ut, 12 January 2017
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Fig. 1| Southern polar projections of Jupiter's 7.80-um CH, emission. a-f, Images were recorded by Subaru-COMICS on 11 January (a), 12 January (b),
14 January (c), 4 February (d), 17 May (e) and 20 May (f) 2017. These are a subset of the observations shown in Supplementary Fig. 1, when the

SAR (330°-60° W, system Ill) was fully or partially visible on the disk. The colour scale indicates the brightness temperature. Solid light-blue lines
represent the statistical-mean position of the ultraviolet auroral main oval emission®. For consistency with the Juno science team and the community
supporting the Juno mission, increasing system Il longitude is shown anticlockwise. All latitudes and longitudes are in degrees and are planetocentric

and System lll, respectively.

15:50uT 11 January to AT, =11.8+0.5K at 12:57 uT 12 January—a
net increase of 3.8 +0.6 K in brightness temperature T} or a roughly
25% increase in radiance. Although the viewing geometries of the
SAR differ between these two images, forward-model calculations
of the 7.80-pm emission (see Methods) at these two geometries dif-
fer by only 0.7K in T, and thus cannot explain all of the observed
change. From 12:57 uT 12 January to 12:33 uT 14 January, the SAR
returned to a brightness similar to that observed pre-compression;
this brightness then remained roughly constant in all subsequent
measurements (although variability between these measurements
cannot be ruled out).

The NAR was not visible on the disk of Jupiter in the images taken
on 11 January (before the solar-wind compression) and so we do not
know whether it also brightened during the same solar-wind com-
pression. However, the aforementioned duskside-active emission
captured by COMICS at 16:13uT on 12 January (Fig. 2a) occurred
shortly after the solar-wind compression, which reiterates that this
morphology is probably driven by enhanced solar-wind conditions
and their perturbing effect on the nightside magnetosphere. From
16:13UuT 12 January to 12:30UT 13 January, the auroral-quiescent
residual of the NAR was constant in time within uncertainty and

subsequently decreased significantly to 1.2+ 1.1K. Similarly, mea-
surements in May show the NAR emission to be weak and com-
parable with, if not weaker than, lower-latitude regions. From 18
May to 19 May, there was a marginal increase in the emission in
the NAR during a small solar-wind compression (about 0.2nPa);
however, the change in emission was not significant with respect
to measurement uncertainty. Without measurements between
13 January, 5 February and 18 May, it is uncertain whether the
NAR emission was consistently weaker in time or whether it exhib-
ited short-term (daily or weekly) variability and the measurements
by chance captured periods of weaker emission. We favour the
latter possibility given that the measurements on 5 February and
17 May were preceded by at least seven days of steady, low-pressure
(Iess than 0.05nPa) solar-wind conditions. We note the results of a
recent study'’, which showed that the total auroral power during
a solar-wind compression exhibited a positive correlation with the
duration of steady, quiescent solar-wind conditions preceding the
compression. We also note that the northern auroral C,H, emis-
sion was shown in previous work to weaken during periods of low
solar activity, which similarly suggests a connection with solar-wind
conditions on longer timescales’.
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a 16:13 ut, 12 January 2017 b 12:30 ut, 13 January 2017
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e 05:37 ur, 19 May 2017 f 09:55 ur, 20 May 2017
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Fig. 2 | Northern polar projections of Jupiter's 7.80-um CH, emission. a-f, Images were recorded by Subaru-COMICS on 12 January (a), 13 January (b),

5 February (c) 18 May (d), 19 May (e) and 20 May (f) 2017. These are a subset of the observations shown in Supplementary Fig. 1, when the NAR (centred at
180° W, system III) was fully or partially visible on the disk. The colour scale indicates the brightness temperature. Solid light-blue lines represent the statistical-
mean position of the ultraviolet auroral main oval emission®. All latitudes and longitudes are in degrees and are planetocentric and System lll, respectively.

a 12:57 ut, 12 January 2017 b 12:30 ut, 13 January 2017

300

Statistical mean - — = = 55R, e 75R, e 95R,
Region A

Region L

Fig. 3 | Polar projections and regions chosen for analysis. a,b, Subaru-COMICS 7.80-pm images recorded at 12:57 ut, 12 January 2017 (a; shown in the
south) and 12:30urt, 13 January 2017 (b; shown in the north), as in Figs. 1 and 2, shown again here for comparison with the ultraviolet main oval statistical
mean® and contours that map to different distances in the magnetosphere of Jupiter, as indicated in the legend. The region enclosed within the 95R,
contour is interpreted to map to the outer magnetosphere/magnetopause. Regions A and L (enclosed within the magenta and green regions) were chosen
to represent the auroral and non-auroral regions, respectively, for calculations of the relative radiance and its variability, as detailed in the Methods.

All latitudes and longitudes are in degrees and are planetocentric and System Ill, respectively.
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Fig. 4 | Auroral-quiescent residual over time. a,b, The residual 7.80-pm
brightness temperature AT, (left axis) between region A and region L, as
described in the text and Methods, are shown as red circles with error bars.
Results are shown for January 2017 (a) and May 2017 (b). Predicted solar-
wind dynamical pressure at Jupiter (right axis; see Methods) is shown

as the solid black line, with horizontal error bars showing the potential
time error. The data suggest a brightening of Jupiter's southern auroral

CH, emission in response to a solar-wind compression at approximately
22:00ut on 11 January 2017.

The daily variability of the southern auroral CH, emission sug-
gests that the source of the variability is in the upper stratosphere/
mesophere to thermosphere region (10-1 pbar), where the thermal
inertial timescales are much shorter (around four weeks at 1 pbar)'
compared to the lower stratosphere (around 30 weeks at 1 mbar)".
We suggest that the observed changes in CH, emission result
from: (1) variable auroral-related heating of the 10- to 1-pbar level,
(2) auroral-driven changes in the vertical CH, profile near its homo-
pause at roughly 1pbar, (3) variable non-local thermodynamic
equilibrium (non-LTE) effects that modify the population of energy
states of CH, or (4) some combination of (1)-(3). To explore the
first two possibilities and to determine what magnitude and type
of change in the vertical temperature or CH, profiles could yield an
increase in T, of 3-4K at 7.80 um, we performed a series of radia-
tive-transfer calculations using NEMESIS (see Methods).

As shown in Supplementary Fig. 5a,b, assuming the CH, abun-
dance is held fixed, a 3-4-K change in T}, would require either:
(1) the pressure level of the mesosphere-thermosphere transition to
move deeper in the atmosphere by approximately a pressure-scale
height or (2) the lapse rate in the thermosphere to increase by a
factor of 2. The former corresponds to a total, atmospheric tem-
perature increase of more than 100K at the 0.5-pbar level, assuming
a thermospheric lapse rate similar to that measured during Galileo’s
descent’, whereas the latter corresponds to a total, atmospheric
temperature increase of about 20K at 0.5 pbar. In steady state, ther-
mospheric general circulation models show that the mesosphere-
to-thermosphere transition pressure is deeper in the auroral regions
compared to the non-auroral regions'®". Yates et al."® performed
time-dependent thermospheric circulation modelling to investigate

NATURE ASTRONOMY

the response of the thermospheric structure and circulation to solar-
wind compressions and expansion events. Between steady and com-
pressed solar-wind conditions, the model predicted a warming of
around 20K and an increase in lapse rate near 70°N due to increased
rates of joule heating at pressures lower than 1 pbar (with the lower
model boundary set at 2 pbar). This is consistent with the two-fold
increase of the thermospheric lapse rate required to brighten the
7.80-um emission by 3-4K, as detailed above.

As shown in Supplementary Fig. 5c, assuming a fixed vertical
temperature profile, increasing the altitude of the CH, homopause
(with respect to the Moses et al."” model A CH, profile) by greater
than a pressure-scale height would yield a 3-4-K increase in T, at
7.80 pm. At the 0.2-pbar level, this would correspond to an increase
in the volume mixing ratio of the order of 10~ In solving the verti-
cal continuity equation assuming that the change in volume mixing
ratio is driven entirely by advection and not a chemical source (that
is w=(—AX/At)/(AX/Az), where w is the vertical velocity, X is the
volume mixing ratio, ¢ is time and z is height), a change in vertical
wind of 2.7 cm s~ with respect to the steady state would be required.
The Bougher et al. thermospheric model' predicts vertical winds
near 70°S of approximately 50 cms™ at the 0.2-pbar level in steady
state, and thus a change in vertical wind of 2.7 cms™ is reasonable.
A higher-altitude homopause of CH, (and other hydrocarbons) in
Jupiter’s auroral regions was also found to optimize the consistency
between Juno and Hisaki measurements®.

Non-LTE effects are likely to be important at the altitudes where
the source of variability has been inferred or could itself be the
driver of the observed variability. In the absence of a strong radiation
source, classical non-LTE effects become non-negligible at pressures
below 0.1 mbar, where collisional timescales become longer than the
spontaneous radiative lifetime*'~**. Without a sufficient number of
thermal collisions, the population of rotational and vibrational ener-
gies deviates from the translational energy population and thus can
no longer be described as a Boltzmann distribution. In comparison
to non-auroral regions, the upper-stratospheric heating present in
Jupiter’s auroral regions”*** also yields a larger contribution of pho-
tons at mid-infrared wavelengths from pressure levels where classi-
cal non-LTE processes become non-negligible. In addition, currents
of electrons and ions in Jupiter’s auroral regions and the resulting
charged-particle collisions and dissociative recombinations may
induce a non-Boltzmann population of the excited energy states of
CH,. A further process might be ‘H;* shine), whereby the downward
flux of H;* emission in lines in the 3-4 pm range ‘pump’ overlapping
CH, v, lines, exciting the vibrational modes and thereby modifying
the population of lines responsible for the v, band at approximately
7.80 pm (ref. *°). Modelling of the aforementioned non-LTE pro-
cesses will be the subject of future work.

We cannot distinguish between temperature, CH, abundance
and non-LTE effects driving the variable CH, emission observed
between 11 and 12 January 2017. Nevertheless, all of these processes
describe a direct coupling of the neutral stratosphere in Jupiter’s
auroral regions to the external magnetosphere of Jupiter and solar-
wind environment. Although daily variability of the northern
auroral C,H, and C,H, emission has been observed in previous
studies”*, we believe that the results presented here represent a
substantial advance in the understanding of this phenomenon. First,
the availability of solar-wind measurements and their modelled
propagation to Jupiter’s orbit allow the variability of the CH, emis-
sion to be tentatively linked to external solar-wind changes and their
perturbing effect on the magnetosphere. Second, COMICS imaging
at high-diffraction-limited spatial resolution allows the morphol-
ogy of the CH, emission and its variability to be resolved at finer
spatial details and mapped to the outer magnetosphere/magneto-
pause using ionosphere-to-magnetosphere mapping calculations.
Auroral-related heating and chemistry dominate the forcing of the
thermal structure and composition at Jupiter’s poles”****; our results
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suggest that these processes are directly connected to the external
magnetosphere. This phenomenon could therefore be ubiquitous
for rapidly rotating Jupiter-like exoplanets with an internal plasma
source around a magnetically active star”. In particular, magnetohy-
drodynamic simulations of a hot Jupiter at a close orbital separation
of 0.05 AU from its host star predict auroral powers several orders of
magnitude larger than on Earth, affecting both polar and equato-
rial regions™. The coupling of the neutral stratosphere and magne-
tosphere of Jupiter presented here may therefore be important in
the near-future characterization of Jupiter-like exoplanets from the
James Webb Space Telescope and of directly imaged planets whose
atmospheres are sensed predominantly at higher latitudes.

Methods

COMICS 7.8-pm images. The COMICS’"* instrument is mounted at the
Cassegrain focus of the Subaru Telescope, which is located at the Mauna Kea
Observatory (approximately 4.2 km above sea level). Subaru’s 8.2-m primary
aperture provides a diffraction-limited spatial resolution of approximately 0.24"
at 7.8 pm, which corresponds to a latitude—longitude footprint of approximately
2.5°%2° at +70° latitude. COMICS provides both imaging and spectroscopic
capabilities over a spectral range of approximately 7-25 pm. Images are measured
on a 320 X 240 array of Si:As blocked impurity band pixels each with a scale of
0.13", which provides a total field of view of 42” X 32”. Images can be measured
over a number of discrete filters in both the N band (7-13 pm) and Q band
(17-25pm). We focus on images obtained in the 7.80-pm filter, which is sensitive
to Jupiter’s stratospheric CH, emission (Supplementary Fig. 3). Images were
measured on 11-14 January, 4-5 February and 17-20 May 2017. Measurements
were performed during periods when Jupiter was available at airmasses lower
than 3. The full disk of Jupiter (with equatorial diameters of approximately 36"

in January, 39” in February and 42” in May) could not be measured in a single
image by the COMICS field of view. In the January and February measurements,
the full disk of Jupiter was measured using a 2 X 1 mosaic of individual images
centred at Jupiter’s mid-northern and mid-southern latitudes. In May, a 2 X 2
mosaic was conducted owing to Jupiter’s larger size during this time period. For
each individual image, A-frames (of Jupiter) and B-frames (dark sky 60" north
of Jupiter) were continuously recorded over a total exposure time of 20s. Further
details of the measurements presented here are provided in Supplementary Table 1.

Imaging processing, calibration and error handling. Images were processed and
calibrated using the Data Reduction Manager. A —B subtraction was performed

to remove telluric sky emission. The resulting images were then divided by a

‘bad pixel mask’ that accounts for corrupted pixels (due to cosmic ray damage,
bright star saturation, manufacturer flaws, and so on) and by a flatfield to remove
variations in pixel-to-pixel sensitivity across the detector. A limb-fitting procedure
was used to assign latitudes, longitudes and local zenith angles to each pixel on the
disk of Jupiter, using the known sub-observer latitude and longitudes at the time of
each exposure. The absolute radiometric calibration of the images and correction
for telluric absorption was conducted by scaling the observed lower-latitude
zonal-mean brightness to those measured by Cassini’s CIRS” instrument during
the 2001 flyby. This procedure is described in greater detail in Fletcher et al.*.

We chose this method of calibration because experience with past mid-infrared
images of Jupiter and Saturn has demonstrated that the radiometric calibration
using a standard star provides inconsistency between datasets obtained on different
nights’*. As detailed further in the Auroral-quiescent residual calculations
section of Methods, our analysis of the images involved comparing the relative
brightness of the auroral regions with a lower-latitude region over time, which
negates errors introduced by offsets in the absolute calibration between nights.
The reduced and radiometrically calibrated images are shown in Supplementary
Fig. 1 in units of brightness temperature (T,) at 7.80 pm. Portions of the image
within 6 pixels (or approximately 0.8") of the assigned limb were removed as a
conservative means of removing the effects of seeing and diffraction in blurring
dark sky together with emission from Jupiter. The noise-equivalent spectral
radiance was calculated by finding the standard-deviation emission of dark-sky
pixels more than 1.5” (approximately 12 pixels) away from the planet. This was
calculated for each image to capture changes in sensitivity due to variations in
airmass and telluric atmospheric conditions between measurements. A centre-to-
limb variation correction in the longitudinal direction was applied to correct for
the foreshortening and limb-brightening, such that longitudes at different viewing
geometries on different nights could be more readily compared. A power-law

fit, of the form logR = alogu + b, where R is radiance, u = cos6 and 6 is the zenith
emission angle, was performed in each latitude band to derive a centre-to-limb
correction factor. For the January and February measurements, we performed the
power-law correction using the image from 15:50 UT 11 January (Supplementary
Fig. 1a) in the northern hemisphere and the image from 12:30 ut 13 January
(Supplementary Fig. 1d) in the southern hemisphere. For the May measurements,
the images from 09:40 UT 17 May and 09:35UT 18 May (Supplementary Fig. 1i,j)
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were similarly chosen to perform the power-law correction in the northern and
southern hemispheres, respectively. These specific images were chosen because
they best capture non-auroral longitudes in each hemisphere.

Ionosphere-to-magnetosphere mapping. We adopted the ionosphere-to-
magnetosphere mapping calculation by Vogt et al.***” to map a location on the
planet in planetocentric latitude and system III longitude to its position in radial
distance and local time in the Jovian magnetosphere. The calculation is performed
by imposing magnetic flux equivalence of a specified region at the equator to the
area at which it maps in the ionosphere assuming a given internal field model.
We adopted the VIPAL (Voyager Io Pioneer Anomaly Longitude) internal field
model** owing to its validity in both the northern and southern hemispheres and
to larger (roughly 95R,) radial distances. Stepping through latitude and longitude
in increments of 1° polewards of +45° latitude, the ionosphere-to-magnetosphere
mapping calculation was performed to derive the local time and distance within
the magnetosphere at each location. Regions enclosed within the statistical
ultraviolet oval for which the calculation did not produce a real value were
interpreted as mapping beyond the 95R,; limit of the model, which also marks the
estimated position of the dayside magnetopause’. This calculation was used to
derive the contours of distance shown in Fig. 3.

Auroral-quiescent residual calculations. Figure 3 demonstrates the areas denoted
by region A and region L at high northern and high southern latitudes. Region

A was chosen as a subregion of the auroral regions that mapped to the outer
magnetosphere and was commonly sampled by all measurements presented in
Figs. 1 and 2. Region L was chosen as a lower-latitude region away from the area

of auroral influence, which is sampled at y = cos(@.,,,,) (Where 0, is the zenith
emission angle on Jupiter) in the range 0.4 < <1 in each image. By calculating

the residual between region A and region L, any inconsistencies in the radiometric
calibration from one night to the next are effectively removed, which would
otherwise affect a comparison of the absolute radiance in time. The mean radiances
within region A and region L were calculated. The 1o uncertainty on the mean
radiance in each region was chosen to be the larger of: (1) the noise-equivalent
spectral radiance of each image (see the Imaging processing, calibration and error
handling section of Methods) scaled by 1/ [ where n, is the number of pixels
averaged, and (2) the standard deviation of the mean radiance in the region. The
radiances and uncertainties were then converted to brightness-temperature units
and the brightness-temperature residual and uncertainty were calculated.

Solar-wind propagation model. The Juno spacecraft continues to provide
information on the magnetic and charged-particle fields while performing
53.5-day orbits inside Jupiter’s magnetosphere. However, the Juno spacecraft
cannot provide in situ measurements of the external solar-wind conditions
outside Jupiter’s magnetosphere. In the absence of such measurements, we look

to modelling results. A solar-wind propagation model” was adopted to calculate
the solar-wind dynamical pressure (p,,,,=pv?, where p is the density and v is the
velocity of the solar wind) impinging on Jupiter’s magnetosphere. This model is
used extensively for the magnetospheres of the outer planets*-** in the absence

of in situ measurements of the solar-wind conditions. The model adopts hourly
measurements of the solar wind and magnetic field at the nose of Earth’s bow
shock from OMNI* as input and then performs 1D magnetohydrodynamic
(MHD) calculations to model the solar-wind flow out to Jupiter’s bow shock. The
1D model prediction of a 3D problem can introduce uncertainties on the arrival
time and magnitude of the dynamical pressure of solar-wind compressions. When
the magnitude of the Earth-Sun-]Jupiter angle is less than 50°, the uncertainty

of the arrival time of the solar-wind shock is less than +20h and that of the
maximum dynamic pressure is 38% (ref. ?). Given the Earth-Sun-Jupiter angles
were between 80° and 120° in during January-February 2017, we adopted a 48-h
time error on the results of the solar-wind propagation model. In May 2017, the
Earth-Sun-Jupiter angle was approximately 18° and thus we assumed a time error
of 20 h for May 2017. These values also seem to be commensurate with a statistical
comparison of 1D MHD predictions and solar-wind data measured by several
spacecraft'’. These errors are shown in Fig. 4.

Nemesis forward-model calculations. A single, broadband measurement of

the CH, emission does not provide sufficient information to invert or retrieve
atmospheric parameters and determine at what altitudes they vary. Nevertheless,
we computed synthetic or forward-model spectra for a range of vertical
temperature and CH, profiles to explore what changes in those atmospheric
parameters could yield the observed 7.80-pum brightening of 3-4 K of the SAR.
The NEMESIS forward model and retrieval tool** was adopted to compute
forward-model spectra of the radiance in the COMICS 7.80-pm bandpass.
Forward-model spectra were computed using the line-by-line method using the
sources of line information for CH,, CH,D and “CH,, C,H,, C,H,, NH, and PH,
detailed in table 4 of Fletcher et al.*. Calculations were performed using a square
instrument function with a width of 0.04 cm™' (chosen on the basis of a balance
of a sufficiently high spectral resolution to resolve both weak and strong emission
lines while minimizing computational expense) and subsequently convolved with
the COMICS 7.80-pm bandpass and the telluric transmission spectrum
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(see Supplementary Fig. 2). The vertical temperature and CH, profiles were varied

as detailed below. The remaining parameters of our model atmosphere, including

the vertical C,H,, C,H,, C,H,, NH; and PH; profiles, were held constant because

they have negligible effect on the spectrum in the 7.80-pm bandpass. Further

details of the model atmosphere are provided in Sinclair et al.**. Note that the

current NEMESIS forward model assumes LTE conditions, whereas conditions in

the auroral regions may have departed from LTE, as discussed in the main text.
First, we kept the vertical CH, profile and its isotopologues fixed to the ‘model

A vertical profile from Moses et al.”’. Starting from the temperature profile shown

in Supplementary Fig. 4a, we modified the vertical temperature profile in the

range 0.1 mbar to 1 pbar, which includes the transition from the upper

stratosphere/mesosphere to the thermosphere. The vertical temperature

gradient (or lapse rate) in thermosphere was fixed and the pressure level of the

mesosphere-thermosphere transition was varied as shown in Supplementary

Fig. 5a. For each profile, a forward model was computed at the same viewing angle

(= c08(0,m) =0.205) as region A in the SAR at 12:57 uT 12 January (during

the solar-wind compression). The synthetic spectrum was convolved with the

7.80-pm bandpass (as detailed above) and converted to T;. These T, values are

shown in the legend in Supplementary Fig. 5a. Further sets of forward models

and brightness temperatures were similarly computed, where the pressure level

of the mesosphere-thermosphere transition was fixed at 0.2 pbar and the vertical

temperature gradient (or lapse rate) was varied, as shown in Supplementary Fig. 5b.
Second, we fixed the vertical temperature profile as shown in Supplementary

Fig. 4a. Starting from the vertical CH, profile derived from model A of

Moses et al.””, the pressure level of the methane homopause was varied as

shown in Supplementary Fig. 5¢, and a forward-model radiance in the 7.80-pm

bandpass was calculated and converted to T}, These values are shown as the

legend of Supplementary Fig. 5c.

Data availability

The COMICS images presented here are publicly available on the SMOKA (Subaru
Mitaka Okayama-Kiso Archive) system (https://smoka.nao.ac.jp/). Reduced and
calibrated images may be requested from J.A.S. The Data Reduction Manager is a
suite of IDL software designed for reduction and processing of planetary images
and is available in compressed format from G.S.O. on request (glenn.s.orton@jpl.
nasa.gov). The ionosphere-to-magnetosphere mapping calculation is also written
in IDL and is available from M.EV. on request (mvogt@bu.edu). Results of the
solar-wind propagation model in a specific time period may be requested from C.T.
(chihiro.tao@nict.go.jp). The NEMESIS forward model and retrieval tool is written
in Fortran and is available as a GitHub repository; a user account for this repository
may be requested from P.G.J.I. (patrick.irwin@physics.ox.ac.uk).
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Jupiter’s X-ray aurora has been thought to be excited by energetic
sulphur and oxygen ions precipitating from the inner magneto-
sphere into the planet’s polar regions'™. Here we report high-
spatial-resolution observations that demonstrate that most of
Jupiter’s northern auroral X-rays come from a ‘hot spot’ located
significantly poleward of the latitudes connected to the inner
magnetosphere. The hot spot seems to be fixed in magnetic
latitude and longitude and occurs in a region where anomalous
infrared*~” and ultraviolet® emissions have also been observed. We
infer from the data that the particles that excite the aurora
originate in the outer magnetosphere. The hot spot X-rays pulsate
with an approximately 45-min period, a period similar to that
reported for high-latitude radio and energetic electron bursts
observed by near-Jupiter spacecraft™'’. These results invalidate the
idea that jovian auroral X-ray emissions are mainly excited by
steady precipitation of energetic heavy ions from the inner
magnetosphere. Instead, the X-rays seem to result from currently
unexplained processes in the outer magnetosphere that produce
highly localized and highly variable emissions over an extremely
wide range of wavelengths.

Observations were made with the high-resolution camera (HRC)
of the Chandra X-ray Observatory on 18 December 2000 for an
entire 10-h Jupiter rotation (from 10-20ut) in support of the
Cassini fly-by of Jupiter. These observations show strong auroral
emissions from high latitudes (Fig. 1) as well as a rather featureless
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disk that probably results from a combination of reflected and
fluoresced solar X-rays''. The Chandra data are time-tagged and
thus can be mapped into jovian latitude and system III longitude
coordinates (system III longitudes are based on the 9.925-hour
rotation period of Jupiter’s magnetic field). Comparison of the
resulting X-ray emission map with simultaneous far-ultraviolet
images obtained by the Hubble Space Telescope imaging spectro-
graph (HST-STIS) shows that the northern auroral X-rays are
concentrated in a ‘hot spot’ within the main ultraviolet auroral
oval at high magnetic latitudes (Fig. 2).

The hot spot is located roughly at 60—70° north latitude and 160—
180° system III longitude; no similar hot spot is seen in the south,
but this is almost certainly due to the poor viewing geometry for the
southern polar cap. We note that this same hot-spot region is the site
of enhanced infrared emissions from CH, (ref. 4), C,H, (ref. 5),
C,H, (ref. 6) and C,H, (ref. 7), as well as highly variable H,
emissions at far-ultraviolet wavelengths®, and a ‘dark spot’ in the
sunlight reflected from Jupiter at mid-ultraviolet wavelengths'.

Jupiter’s main auroral oval lies at latitudes that map magnetically
to radial distances near 30 jovian radii, R (refs 13—15); the location
of the hot spot at latitudes poleward of the main oval indicates that
the bulk of the jovian X-ray emissions must connect along magnetic
field lines to regions in the jovian magnetosphere well in excess of
30R,; from the planet. The Chandra HRC observations therefore call
into question earlier views that attribute the X-ray auroral emissions
to energetic particles diffusing planetward from the outer regions of
the To plasma torus and precipitating in the atmosphere at latitudes
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Figure 1 Chandra X-ray Observatory image of Jupiter on 18 December 2000. False
colour brightnesses are indicated in rayleighs (/). The observation lasted 10 h (10-20 ur)
and each X-ray photon has been smeared by double the 0.4-arcsecond full-width half-
maximum point-spread-function of the high-resolution camera. A jovicentric graticule
with 30° intervals is overplotted, along with the maximum equatorward extent of the

L = 5.9 (orange lines) and L = 30 (green lines) footprints of the VIP4 mode!'®
magnetosphere. The auroral emissions are located at much higher latitudes than we
expected on the basis of previous X-ray observations and indicate a connection with
Jupiter's outer magnetosphere. An animation showing the time dependence of these
observations may be viewed at http://pluto.space.swri.edu/yosemite/jupiter/ chan-
dra_hrc.html.
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below those of the main oval’. On the other hand, our magnetic
mapping of the hot spot to distances greater than 30R; means that
the source of the precipitating particles is unclear, because at such
large distances from Jupiter there are insufficient S and O ions (B. H.
Mauk, personal communication) to account for the hot-spot
emissions. Another ion source or excitation mechanism (such as
electron bremsstrahlung) must be considered.

Further evidence that some process other than energetic ion
precipitation from the inner magnetosphere is responsible for the
bulk of the observed auroral X-rays is provided by the lack of
expected correlation between the X-ray emission morphology and
the surface magnetic field strength (that is, the magnetic field
strength at 1R;) as determined with the VIP4 model" (Fig. 2).
That is, for the nominal mechanism of generation by energetic ion
precipitation, the brightest X-ray emissions would be expected
where the eastward drifting (that is, toward lower longitude) ions
encounter the most steeply decreasing surface magnetic field
strength along their L-shell footprint (that is, the locus of inter-
section of their magnetic field lines with the surface of Jupiter) and
only if the field strength is lower than in the conjugate
hemisphere'”"®. Thus, although we would expect emissions at
slightly higher latitudes than the L =5.9 footprint of the lo
plasma torus, at system III longitudes of 0-60° in the north and
120-260° in the south, we found minor clusters of X-rays near the
L = 5.9 footprint near 140° in the north and 80—120° in the south.

A result even more puzzling than the high-latitude location of
the X-ray hot spot is revealed when the X-ray counts are plotted as a
function of time. The resulting light curve and power spectrum
(Fig. 3) show a very strong ~45-min oscillation in the emitted X-
rays. One of the primary goals of the Chandra and HST campaigns
supporting the Cassini fly-by was to search for transient auroral
variations that might be related to the interaction of the solar wind

North pole
180°
4
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with Jupiter’s magnetosphere. However, correlative Cassini solar-
wind data acquired upstream at about 200R; show no comparable
periodicity, even accounting for the 5-10-h delay time for the
propagation from the spacecraft to the planet. Likewise, no 45-min
periodicities were seen in Galileo and Cassini energetic-particle
and plasma-wave measurements at the time of the Chandra
observations, although such periodicities are seen at other times
(W. S. Kurth, personal communication). Forty-minute oscillations
have been seen before in energetic particles in the outer magneto-
sphere and in radio waves™"’. Following the Ulysses fly-by of Jupiter,
intermittent bursts of 1-200-kHz radio emissions with an approxi-
mately 40-min period were observed for several months originating
from high southern-jovian latitudes; these bursts were correlated
with Ulysses measurements of solar-wind velocity and both relati-
vistic (>8MeV) and lower (~50keV) energy electrons from
Jupiter”. However, the origin of these quasi-periodic radio bursts
has not been explained.

As there is no apparent correlation between the auroral X-rays
and the solar-wind parameters measured by Cassini before and
during the Chandra observations, it seems most likely that the
oscillations arise from processes internal to the jovian magneto-
sphere. Global ultra-low-frequency (ULF) oscillations of the mag-
netic field and of the density of high-energy ions are ubiquitous in
the jovian magnetosphere and are generally found to have periods in
the 10-20-min range'**. Certain models of the ULF oscillations as
standing waves along magnetic field lines indicate that spacecraft
motion affects the measured periods so that they are closer to one
hour in a reference frame that corotates with Jupiter'. The observed
ULF oscillations may arise in a resonance with the bounce periods of
the energetic particles (that is, the period for a magnetically trapped
ion to repeat its north—south motion along a field line). Scattering
of some portion of this particle population into the loss cone could

South pole
0°

Brightness (MR)

Figure 2 Polar projections of X-rays seen by Chandra and simultaneous far-ultraviolet
images obtained by the Hubble Space Telescope. The mapped locations of individual
X-ray photons (crosses) are overlaid on averages of several northern (left) and southern
(right) auroral images made with the Hubble Space Telescope imaging spectrograph
(HST-STIS) during 10-20ut on 18 December 2000. The mapping assumes that the X-ray
and ultraviolet auroras peak in emission at 240 km above the 1-bar pressure level. The
size of each cross gives an approximate indication of the uncertainty in location of the
corresponding X-ray photon, and only photons with emission angles of <85 are shown.
The HST-STIS images made with the 25MAMA filter are displayed in false colour with
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auroral H» emission brightnesses in megarayleighs (MR) as indicated by the colour bar.
Surface VIP4 model'® magnetic field strength contours are shown for comparison (dark
blug). The L = 5.9 and L = 30 footprints of the VIP4 model magnetosphere are also
included (outer and inner green ovals, respectively), and a 10° graticule (brown dotted
lines) with system Ill longitudes labelled. Most of the northern auroral X-rays are
unexpectedly located well within the main far-ultraviolet oval and are coincident with the
polar-cap far-ultraviolet emissions. The red circle in the northern auroral plot (left) shows
the region defined for the hot spot used in the timing analysis. The apparent increase in
X-rays toward the equator is an artefact of the polar projection.
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result in quasi-periodic precipitation that would account for the
periodicity observed in the X-ray emissions. However, bounce
periods vary with particle energy, distance from Jupiter, and pitch
angle, and it is unclear what would cause a narrow range of periods
to dominate this resonance over much of the magnetosphere.

It is difficult to estimate the power in the emitted X-rays, because
the Chandra HRC responds over a broad energy range (0.1-10 keV)
with a variable sensitivity that peaks near an energy of 1.1 keV. We
currently have no knowledge of the details of the emitted spectrum,
so we can only make very rough estimates of the emitted power.
Assuming a photon energy of 574eV (corresponding to an O°*
emission feature expected to be bright in ion auroras or solar-wind
charge exchange®"*), the estimated X-ray luminosities of the disk of
Jupiter and its northern and southern auroras are about 2.3, 1.0 and
0.4 GW, respectively. These results are consistent with previous
observations made with low spatial resolution’”.

As we note above, it is difficult to account for the ion flux needed
to produce the estimated luminosities with a source region located
in the outer magnetosphere. If the emissions are indeed generated
by heavy-ion precipitation, one possibility is high-latitude recon-
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Figure 3 Light-curve and power-spectrum data for the auroral hot spot. a, Light curve
showing the X-ray count rate measured by Chandra as a function of time for the auroral
hot spot. Here we defined the hot spot region to include only those X-rays emitted within a
5°-radius circle centred on a latitude of 65° and a system Ill longitude of 170° (as shown
by the red circle in Fig. 2). The total number of X-rays emitted from this region is 113, and
the plot shows an 11-min boxcar smoothing of a 1-min binning of the data. The orange
dashed line shows the projected area of the hot spot (as a percentage of the projected
area of Jupiter). The times of the HST-STIS northern auroral region images shown in Fig. 2
are indicated by vertical purple lines. Unfortunately, no images were obtained during any
of the bright X-ray pulses. b, Power spectrum of the hot spot signal, normalized so that, if
the photons were randomly distributed over the visibility period, the mean power spectral
density of any particular frequency bin would be expected to have a value of 2 (ref. 26).
The peak at a period of approximately 45 min is clearly seen. The peak at 300 min is
associated with the approximately 600-min rotation period of Jupiter. The dashed lines
are labelled with the probability of a random signal exceeding that level in a particular
frequency bin (for example, the 45-min period peak has a 4 % 10~ ° likelihood of having
been attained at random).
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nection of the planetary and solar-wind magnetic fields, with the
subsequent entry of the highly ionized (but low energy) heavy-ion
component of the solar wind. The captured solar-wind ions could
be accelerated to MeV energies by the field-aligned currents present
in the outer magnetosphere™®*. Such particles could also be
consistent with the observed plasma waves. For example, the
bounce period of 20 MeV oxygen ions on a dipole field line at
L = 120R, with an equatorial pitch angle of 30° is about 38 minutes.
Although outer magnetospheric field lines are not dipolar®, they are
close enough for this simple calculation to be informative. We
wondered whether electron bremsstrahlung, originally rejected
primarily on energetic grounds, should be reconsidered as an
explanation for the X-rays. The energetics argument still holds:
the power needed to produce the brightest far-ultraviolet ‘flares’
seen in the same polar-cap region as the X-ray hot spot is a few
tens of TW (ref. 8), much less than the estimated power of a few PW
(ref. 1) needed to produce the observed X-rays by electron brems-
strahlung. Thus, explaining the observed hot-spot X-rays with
electron bremsstrahlung still seems unpromising. Whatever ulti-
mate source is determined for the hot-spot X-rays, it should
probably also account for the far-ultraviolet flare emissions, the
various hydrocarbon infrared emissions, and possibly the mid-
ultraviolet dark spot, as it is unlikely that these various phenomena
occur in the same area of the upper atmosphere of Jupiter and yet
are unrelated to one another.
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Abstract

Exoplanetary science is on the verge of an unprecedented revolution.
The thousands of exoplanets discovered over the past decade have
most recently been supplemented by discoveries of potentially habitable
planets around nearby low-mass stars. Currently, the field is rapidly
progressing towards detailed spectroscopic observations to characterise
the atmospheres of these planets. While various surveys from space
and ground are expected to detect numerous more exoplanets orbiting
nearby stars, the imminent launch of JWST along with large ground-
based facilities are expected to revolutionise exoplanetary spectroscopy.
Such observations, combined with detailed theoretical models and in-
verse methods, provide valuable insights into a wide range of physi-
cal processes and chemical compositions in exoplanetary atmospheres.
Depending on the planetary properties, the knowledge of atmospheric
compositions can also place important constraints on planetary forma-
tion and migration mechanisms, geophysical processes and, ultimately,
biosignatures. In the present review, we will discuss the modern and
future landscape of this frontier area of exoplanetary atmospheres. We
will start with a brief review of the area, emphasising the key insights
gained from different observational methods and theoretical studies.
This is followed by an in-depth discussion of the state-of-the-art, chal-
lenges, and future prospects in three forefront branches of the area.
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1. Introduction

Planetary atmospheres serve as Rosetta Stones for planetary processes. Encoded in the
spectrum of a planetary atmosphere is information about its various physical and chemical
properties which in turn provide key insights into myriad atmospheric processes as well
as the formation and evolutionary history of the planet. Over a century of spectroscopic
observations of planets and moons in the solar system have revealed a vast treasury of
information on their diversity in all these aspects. From the giant storms and NHjs clouds
on Jupiter to the dense sulphuric clouds on Venus, from Hs-rich giant planets to CO2-rich
Venus and Mars, and then the unique Earth, the atmospheric diversity of the solar system
is a sight to behold for the intrepid explorer. Yet, all the breathtaking diversity of the solar
system arises from a surprisingly limited range of macroscopic planetary parameters from
a cosmic context. The equilibrium temperatures of the solar system planets lie between
50 and 500 K, with only Venus and Mercury being above 300 K. The planetary sizes
and masses fall in three broad ranges - the gas giants (8-11 Rg, ~100-320Mg), the ice
giants (4Rg, ~14-17Mg), and the terrestrial planets (< 1Rg,< 1Mg). In contrast, the
thousands of exoplanets known today span a range in bulk properties that would have been
considered impossible two decades ago with temperatures ranging between 200 - 4000 K
and radii and masses spanning continuously over a large range (~0.5-20 Rg,~1-10* Mg).
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Figure 1: Processes active in exoplanetary atmospheres and how they are probed by different
parts of the electromagnetic spectrum. These processes occur in different regions of the
atmosphere and are labelled at the relevant location. On the right, the penetration depths
of UV, optical and infrared light are shown, indicating which processes can be probed
by observations in each wavelength range. The chemical species whose signatures can be
detected in each wavelength range are also indicated. On the left are shown three types of
temperature profile which can arise as a result of atmospheric processes: the profile of a
highly-irradiated planet with a thermal inversion (red), that of an irradiated planet without
a thermal inversion (cyan), and the temperature profile of a poorly irradiated planet (grey,
dashed).

It is only natural then that the atmospheres of these exoplanets may also be expected
to be similarly diverse. As such, exoplanetary atmospheres serve as excellent laboratories
to study planetary processes and formation mechanisms over the entire possible range of
macroscopic properties - masses, radii, temperatures/irradiation, orbital architectures, and
host stellar types.

The information obtained about an exoplanetary atmosphere depends on the nature of
observations. Figure 1 shows a schematic of atmospheric processes that can be observed
in exoplanets with different spectral ranges probing different regions, and hence different
processes, in the atmosphere. The different atmospheric processes can be understood as a
function of the pressure (P) in the atmosphere. Deep in the atmosphere (P 2 1 bar) the
pressure and temperature, and hence density and opacity, are high enough that thermo-
chemical equilibrium and radiative-convective equilibrium prevail, i.e., chemical reactions
occur faster than kinetic processes. The resulting composition then is that which minimises
the Gibbs free energy of the system for the given temperature, pressure, and elemental
abundances. Higher up in the atmosphere, between ~1mbar and ~1 bar, various processes
become more prevalent including atmospheric dynamics, clouds/hazes, and temperature
inversions, as a result of complex interplay between the incident radiation field, chemical
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composition, and other planetary properties. These processes strongly influence, and are
influenced by, the atmospheric chemical composition and temperature structure both of
which can be out of equilibrium. Further up in the atmosphere (P ~ 107 - 1073 bar),
the low density and high radiation field cause photochemical processes to govern the atmo-
spheric composition through photodissociation of prominent molecules into their constituent
atomic species and formation of new ones. Eventually, at very low pressures, atmospheric
escape of atomic species lead to mass loss from the atmosphere. Therefore, each region of
the atmosphere provides a window into specific physicochemical processes. At the same
time, different chemical species and different regions of the atmosphere are accessible to
different parts of the electromagnetic spectrum. Prominent molecular species (e.g. H2O,
CO, CO2, CHy, etc) absorb primarily in the infrared due to rovibrational transitions, with
the exception of some heavy metal species (TiO, VO, TiH, etc.) which also have strong
visible absorption. On the other hand, atomic species absorb primarily in the optical and
UV, depending on the excitation and ionisation states. Therefore, while UV observations
probe the uppermost regions of the atmosphere where the composition is entirely atomic,
the infrared observations probe lower regions of the atmosphere where the composition is
primarily molecular, with optical spectra probing intermediate regions. Thus the spectral
range of observations governs the region in the atmosphere probed and the corresponding
physicochemical properties and processes.

The study of exoplanetary atmospheres has progressed at a tremendous pace in recent
years. Just a decade ago, fewer than 25 transiting exoplanets were known and the first di-
rectly imaged planets were just being discovered. Observations of exoplanetary atmospheres
were still in their infancy. Prior to that, only a handful of atomic species were detected
robustly, mostly in the two famous transiting hot Jupiters HD 209458b and HD 189733b,
using transmission spectra in the optical and UV obtained with the Hubble Space Tele-
scope (HST) (50, 272). The first detections of exoplanetary atmospheres using multi-band
space-based infrared photometry and spectrophotometry with Spitzer and HST were be-
ing made (51, 96, 258). The instruments used for these early measurements (such as the
HST NICMOS spectrograph and Spitzer photometric instruments) were never designed for
exoplanetary observations which require extreme sensitivities (e.g., photometric precisions
better than ~107*). As such, the early measurements were intensely debated for their accu-
racy and several were subsequently revised as the systematics were better understood and
analysis methods improved. This in stark contrast to the present day as high confidence and
reproducible detections of exoplanetary spectra with HST are routine, as discussed below.
At the same time the first attempts for transit spectroscopy from the ground were also be-
ing made(214, 246). Even so, inferences of molecular absorption and pressure-temperature
profiles (e.g. thermal inversions) relied heavily on forward models with solar-like elemental
compositions and equilibrium conditions (125, 43). Statistical constraints on atmospheric
properties of exoplanets using atmospheric retrieval methods were still a dream for the fu-
ture. On another front, the first thermal phase curves, and brightness maps, were being
observed for hot Jupiters using infrared photometry with the Spitzer space telescope (126).
At the same time, the first three-dimensional atmospheric circulation models were being
developed for hot Jupiters (237) to explain the observed thermal phase curves. In sum-
mary, about a decade ago major observational facilities were being pushed to their limits
to detect spectra of transiting exoplanets. At the same time, concomitant developments in
theory were being pursued to explain the extant observations, however sparse. Such were
the humble beginnings of atmospheric characterisation of exoplanets a decade ago.

N. Madhusudhan
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Figure 2: Masses versus radii of transiting exoplanets whose atmospheres have been ob-
served. Planets with HST transmission/emission observations are shown by blue/yellow
circles, respectively. Emission observations from ground-based facilities are shown in red.
All known planets in this mass and radius range, with or without atmospheric observa-
tions, are shown for reference as grey points. Solar System planets are denoted in black by
their initials and represented by the vertical dashed lines. Data obtained from the NASA
Exoplanet Archive at https://exoplanetarchive.ipac.caltech.edu/.

Fast forward to the present - the field has transformed beyond recognition. Firstly,
robust detections of exoplanetary atmospheric spectra are routinely made today using a
variety of techniques: transit spectroscopy (50), direct imaging (174), as well as Doppler
spectroscopy (251), both from space as well as the ground. Here, robustness of a result
implies high statistical significance of a detection and its reproducibility by multiple groups
using the same dataset. The space-based instruments used for the purpose in recent years
are mainly HST spectrographs such as WFC3 in the near-infrared (177, 63) and STIS
in the optical and UV (244, 71), and until recently the Spitzer IRAC 1 and 2 bands in
the infrared (65), all of which have been very well characterized compared to the early
observations a decade ago. Atmospheres of nearly a hundred exoplanets have been detected
using at least one technique in at least one spectral band, as shown in Fig. 2. However,
meaningful constraints on atmospheric properties require more than a few photometric
observations. The required high-precision spectra over a broad spectral range have been
observed for tens of giant exoplanets resulting in robust inferences of their chemical and/or
thermal properties. Beyond detecting atmospheric spectra (63), the advent of atmospheric
retrieval techniques (162) have enabled inverting the observed spectra to obtain detailed
statistical estimates of atmospheric properties of exoplanets as a standard procedure. Such
observations and inversion techniques are providing initial constraints on key atmospheric
properties such as prominent molecular and atomic species (e.g. H20, CO, CHy, COq,
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HCN, TiO, VO, Na, K), elemental ratios (e.g. O/H, C/O ratios), temperature profiles
(including thermal inversions), clouds/hazes, circulation patterns, and exospheres.

The field is now moving beyond atmospheric characterisation of individual exoplanets
towards comparative characterisation of ensembles of planets. Such constraints on atmo-
spheric properties of exoplanets have advanced theories of a vast range of corresponding
physicochemical processes in exoplanetary atmospheres, spanning chemical and radiative
processes, atmospheric dynamics, atmospheric escape, and clouds/hazes. The derived chem-
ical abundances are also being used to investigate constraints on planetary formation and
evolutionary processes, which is one of the major current frontiers of the field (164, 140). At
the same time, the first observations of chemical signatures in atmospheres of low-mass ex-
oplanets, e.g. Neptunes and super-Earths, are becoming feasible, giving rise to the fledgling
area of exogeology (265, 74, 277). Observations have also been attempted for transiting
planets in the habitable zones of low-mass stars. While no such detection has yet been
feasible the prospect of detecting an atmospheric signature of a rocky planet, potentially in
the habitable zone, seems like a realisable dream.

Developments on the observational front have been led by both demonstrations of new
detection methods as well as new instrumentation. The most remarkable of these successes
have been in three directions corresponding to three detection methods. First, extensive
high-precision transit spectroscopy with HST instruments from the UV to NIR have led to
atmospheric characterisations in a large sample of transiting exoplanets. In particular, the
HST WFC3 spectrograph in the NIR has made H2O detections in exoplanetary atmospheres
a routine matter today, with observed planets ranging from dozens of hot Jupiters to exo-
Neptunes and even a super-Earth. This is remarkable considering that the H,O abundances
are not known for the giant planets in our own solar system owing to their low temperatures
at which H2O condenses. Besides HST, remarkable developments have also been made in
transit spectroscopy using ground-based facilities. Such observations have led to detections
of key species such as Na, K, and TiO, as well as of thermal emission from transiting
exoplanets. Second, starting with the first detections a decade ago, direct imaging and
spectroscopy of exoplanets is a highly successful technique today with nearly ten objects
discovered and various dedicated ground-based surveys now underway. Finally, within this
decade high-resolution Doppler spectroscopy in the near-infrared has made it possible to
detect molecules in exoplanetary atmospheres, both transiting and non-transiting, by cross-
correlation with template spectra. This technique has been very successful in detecting
prominent molecules in several giant exoplanets orbiting bright stars. Beyond these broad
developments, numerous advances have been made in various aspects of each detection
method as will be discussed in this review. Concomitant advancements have also been
made in atmospheric modelling, retrieval and theoretical studies.

The present review is an attempt to discuss the state-of-the-art of this exciting frontier.
We will briefly review the recent advances in observational and theoretical methods in
sections 2 and 3. We will then review the state-of-the-art, challenges, and future landscape
of three frontier topics in the area. We will discuss advances in atmospheric characterisation
of exoplanets in section 4, those on implications for planetary formation in section 5, and
on habitability and biosignatures in section 6. We will conclude with a discussion on the
landscape for the immediate future.
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2. Observational Methods

Exoplanetary atmospheres have been observed using a wide range of methods that allow
complementary constraints on their physicochemical properties. The methods fall into three
broad categories: (a) Transit spectroscopy, (b) High-resolution Doppler spectroscopy, and
(c) Direct imaging spectroscopy. While transit spectroscopy and Doppler spectroscopy are
most conducive for atmospheric characterisation of close-in planets, direct imaging is more
suited for planets at larger orbital separations. These various methods have been discussed
in detail in the literature (227, 78, 167, 135, 26). The bulk properties of exoplanets whose
atmospheres have been observed are shown in Fig. 2. Here we briefly outline each of these
methods, their capabilities and limitations, and their future prospects.

2.1. Transit Spectroscopy

Transit spectroscopy has been the most successful avenue for their atmospheric characterisa-
tion of exoplanets to date, both by number of planets observed and the range of atmospheric
constraints obtained (50, 63). This is due to both the larger number of planets detected
using the transit method as well as the favourable geometry which makes it relatively easier
for atmospheric observations compared to other methods. The transit method allows three
configurations to observe a planet’s atmosphere: (a) a ‘transmission spectrum’ when the
planet transits in front of the host star, i.e. at primary eclipse (b) an emission spectrum
as the planet passes behind the host star, i.e. at secondary eclipse, and (c) a phase curve
as the planet orbits between the primary and secondary eclipses (127, 256). During the
primary eclipse, the star light along the line of sight passes through the atmosphere at the
day-night terminator of the planet. The resultant spectrum observed contains absorption
features of the planetary atmosphere imprinted on the stellar spectrum. The difference be-
tween the in-transit and out-of-transit spectrum, normalised by the out-of-transit spectrum,
yields the transmission spectrum. The transmission spectrum is effectively a measure of
extinction due to the planetary atmosphere at its day-night terminator region. On the other
hand, the secondary eclipse spectrum measures the emergent spectrum from the dayside
atmosphere of the planet. Just prior to secondary eclipse the combined spectrum of both
the star and the planetary dayside is observed. This combined spectrum, when subtracted
by stellar spectrum, which is observed during secondary eclipse, yields the planetary spec-
trum. Finally, the phase curve provides a spectrum of the planet at different phases. Each
of these configurations of transit spectroscopy provides different and complementary con-
straints on the atmospheric properties of a transiting planet. A panorama of state-of-the-art
atmospheric spectra observed during primary and secondary eclipse is shown in Fig. 3.

A transmission spectrum is essentially a measure of the thickness of the atmosphere
probed perpendicular to the line of sight as a function of wavelength. It provides constraints
primarily on the chemical composition of the atmosphere at the day-night terminator region,
along with the mean molecular weight and temperature through the scale height. Different
spectral regions provide constraints on different chemical species. Prominent molecules
expected in giant exoplanetary atmospheres such as HoO, CO, CHy4, CO2, HCN, TiO/VO,
etc., have significant abundances and strong absorption features in the infrared and/or
visible wavelengths making them detectable in transmission spectra (161, 188). Similarly,
atomic features of alkali metals Na and K have strong absorption features in the visible
(233, 244). On the other hand, transmission spectra are also excellent probes of scattering
in atmospheres. Different sources of scattering such as Rayleigh scattering for small particles
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Figure 3: A panorama of primary (left) and secondary (right) eclipse spectra of transiting
planets. Observations and error bars are obtained from the sources listed in table 1, while
nominal models which fit these observations are shown by brown and blue lines. The spectral
range affected by water absorption is shaded in blue and water features are present in many
of the spectra. Left panel: Transmission spectra of planets arranged by ascending mass.
Right panel: Secondary eclipse spectra arranged by ascending temperature and spanning a
range of temperature structures from isotherms to profiles with thermal inversions.

versus Mie scattering for larger particles imprint distinct features in the optical transmission
spectra and, hence, provide constraints on the presence of clouds/hazes in the atmospheres
(274). Furthermore, the presence of high-altitude cloud decks in the atmosphere can also
reduce the observable region of the atmosphere and mute the spectral features. Transmission
spectra also provide unique probes of exoplanetary exospheres via detections of ionic species
which have strong absorption features in the visible and UV (71). Recent studies have
also investigated the impact of stellar heterogeneity on the spectral features observed in
transmission spectra (178, 198). This is of particular significance to low-mass exoplanets
orbiting M Dwarfs which are known to be active (211).

An emission spectrum, on the other hand, directly probes the temperature structure of
the dayside atmosphere of the planet along with its chemical composition (132, 256). In
principle, the full planetary spectrum observed at secondary eclipse contains both reflection
and emission. Whereas reflection dominates at optical wavelengths, corresponding to the

N. Madhusudhan



18

peak of the stellar spectrum for FGK stars, the planetary emission typically dominates in
the infrared owing to the lower temperatures. The planet-star flux contrast increases with
wavelength as the star gets fainter and the planet gets brighter with wavelength. Thus,
most of the dayside observations of exoplanetary atmospheres have been reported in the in-
frared. The observed spectrum probes the brightness temperature of the planet at different
wavelengths, which effectively translates to measuring the temperatures at different depths
in the atmosphere corresponding to the planetary photosphere at different wavelengths.
The shapes and amplitudes of the spectral features are governed by both the chemical
composition and temperature gradient in the atmosphere. For a given composition, a tem-
perature profile with negative (positive) gradient, i.e., temperature decreasing (increasing)
with altitude, leads to absorption (emission) features in the emergent spectrum. Therefore,
emission spectra can provide powerful constraints on the presence of thermal inversions
in exoplanetary atmospheres (discussed further in section 4.3). At the same time, for a
given temperature profile the abundances of the chemical species affect the amplitude of
the spectral feature. Thus, thermal emission spectra can provide strong constraints on both
the composition as well as the temperature profile of the dayside atmosphere.

A phase curve measures the emergent spectrum of the planet, and hence its atmo-
spheric properties, as a function of orbital phase (256). In addition to the constraints on
composition and temperature, thermal phase curves provide direct constraints on the at-
mospheric dynamics and energy transport in the atmosphere. A thermal phase curve can
also be deconstructed to provide the longitudinal temperature distribution in the planetary
atmosphere as a function of depth. Thus, atmospheric observations of transiting exoplanets
can provide constraints on a wide range of atmospheric processes as discussed above. The
specific constraints on the various processes reported by existing observations are discussed
in further detail in section 4.

2.2. High-resolution Doppler Spectroscopy

High-resolution Doppler spectroscopy of close-in planets has offered a powerful means to
detect chemical species in atmospheres of close-in giant exoplanets, particularly hot Jupiters
(251, 24). A detailed review of this area can be found in (26). This method involves
phase-resolved high-resolution (R ~ 10°) spectroscopy of the star-planet system to infer
the Doppler motion of the planet using the planetary spectral lines. The combined spectra,
observed using large ground-based facilities, contain contributions from both the stellar and
planetary spectra along with telluric features due to the Earth’s atmosphere. For a typical
hot Jupiter the RV semi-amplitude of the planet is 1000x larger than that of the star.
Thus, the stellar and telluric features are relatively unchanged during the course of the
observations, compared to the planetary spectral lines which undergo significant Doppler
shifts. The stellar and telluric features in the data are removed using various detrending
methods (37, 24, 47) which aim to remove the non-varying components leaving behind only
the time-varying signal from the planet. In addition, some of the spectral regions with
dense telluric contamination are masked out in the data. The resulting residual spectra
after detrending are then cross-correlated with template planetary spectra containing the
expected prominent molecules. For the matching planet spectrum the orbital motion of the
planet can be reconstructed; in particular, the radial velocity semi-amplitude of the planet
(Kp) and systemic velocity (Vsys) are constrained. A high significance peak in the Kp-Viys
plane constitutes a detection of the molecule present in the model template; typically a 5-o
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signal-to-noise is considered a strong detection. The measured K,, along with the known
stellar velocity, also provides an independent constraint on the mass of the planet and the
orbital inclination of the system(37). This method has been used to detect chemical species
in a number of close-in hot Jupiters, e.g. molecular species CO (251, 37), H,O (24), TiO
(196), HCN (101, 47), and atomic species Fe, Ti, Ti+ (106). In addition to molecular
detections, this technique has also led to constraints on the temperature profiles (196) and
atmospheric wind speeds(251, 155).

This technique has also been used for atmospheric characterisation of directly-imaged
planets at large orbital separations. This has been demonstrated by the CO detection in 3
Pic b (250) using a combination of high-contrast imaging and high resolution spectroscopy.
Given their large orbital separations such planets are not expected to be tidally locked.
Thus, their rotational velocity can be measured via the broadening of the spectral line.
A rotational velocity of 25 km/s was measured for S Pic b using CO spectral features.
The combination of high resolution spectroscopy and high contrast imaging enhances the
sensitivities to flux contrasts beyond that achievable by either method. Furthermore, the
combination of the cross-correlation technique with adaptive optics assisted integral-field
spectrographs at medium resolution can also be used for detecting chemical species across
the two-dimensional field of the image. Such ‘molecular mapping’ has been successfully
demonstrated for high-significance detections of prominent molecular species such as HoO
and CO in directly imaged planets (107, 204).

The future of high-resolution Doppler spectroscopy offers both exciting avenues and
commensurate challenges. With the advent of new high-resolution spectrographs, both on
current and future facilities, it is natural to expect this as a promising pathway for molec-
ular detections in exoplanetary atmospheres. Indeed, studies have suggested the feasibility
of detecting molecules in the atmospheres of terrestrial-size planets with upcoming large
facilities such as the E-ELT (248, 220). However, the detection significances of the species
are arguably reliant on the metrics used for quantifying the signals and the detrending
approaches. Latest studies are beginning to quantify these aspects (47). On another front,
this technique on its own is less conducive for measuring the abundances of detected species;
the signal is sensitive mainly to the line positions rather than the depths. However, the
combination of this technique with low-resolution transit spectroscopy where possible may
provide a solution in this regard (41). A viable future direction is one where new chemical
species are first detected using the this technique and the targets, if transiting, are then
followed up with low-medium resolution transit spectroscopy for abundance estimates. The
recent first inferences of HCN (101, 47) and atomic species (106) in hot Jupiters using this
technique may be the first steps in this direction.

2.3. Direct Imaging

Spectroscopy of planets discovered via direct imaging offers another avenue to characterise
exoplanetary atmospheres. In this method, the spectrum of the planet is obtained directly
by nulling out the contribution from the star using a coronagraph. Though simple in prin-
ciple, such observations are challenging given the stringent requirements on the sensitivity
and inner-working angle (78). For example, a Jupiter analogue orbiting a sun-like star at
10 pc would require a planet-star flux contrast below 10~7 in the near-infrared at an inner
working angle of 0.5”; the requirements are even more stringent in the optical. However,
for young giant planets with high temperatures (21000 K) at large orbital separations the
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Figure 4: High-quality spectra of transiting (left) and directly-imaged (right) planets ob-
tained with ground-based telescopes (sources are listed in table 1). For the spectra of
transiting planets, nominal models which fit the data are also shown. The locations of
spectral features arising from different chemical species are marked by dashed lines (left)
and brackets (right). In both panels, the spectra are arbitrarily offset for clarity.

planet-star flux contrasts in the near-infrared approaches 10~* making them detectable with
current facilities. While the numbers of objects discovered via direct imaging are far fewer
than transiting exoplanets, the spectra are typically of higher resolution and higher signal-
to-noise ratio owing to the large-aperture ground-based facilities with adaptive optics used
for this purpose. As such, the method has been successful in obtaining thermal emission
spectra of several young giant exoplanets in the near-infrared.

The atmospheric properties that can be constrained with directly imaged spectra are
similar to those for transiting exoplanets but with some important differences. A directly
imaged spectrum is similar to an emission spectrum observed for transiting planets as
discussed above and, hence, can provide important constraints on the temperature profile
and composition of the atmosphere. However, unlike transiting planets the planetary radius
and mass, and hence gravity, are not known a priori. This leads to degeneracies in accurately
estimating the chemical compositions from the spectra because the shapes of the spectral
features depend strongly on the gravity. Nevertheless, the higher resolution and signal-
to-noise of the observed spectra make it possible to obtain robust detections of chemical
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species in the atmospheres notwithstanding the challenges in obtaining specific quantitative
constraints on the atmospheric properties. For example, high-confidence detections of H2O,
CO, and CHy4 have been reported for several directly imaged exoplanets in recent years (see
table 1). Given the long orbital periods, the spectrum of a planet is typically obtained at a
single orbital phase which is unknown, which restricts constraints on atmospheric dynamics.
However, precise constraints on the globally-averaged compositions and temperature profiles
at the observed phase are possible using atmospheric retrieval techniques. Additionally,
given the low irradiation regime the atmospheric temperature profiles of directly imaged
planets are expected to be markedly different from those of transiting exoplanets which
tend to be highly irradiated. Initial constraints have been reported for a few objects while
highlighting the challenges in resolving the various degeneracies. The specific constraints
obtained for directly imaged planets are discussed in more detail in section 4.

The observational landscape of atmospheric characterisation of directly imaged planets
is promising, limited only by sample size. Only ~10 directly imaged planets have been
discovered since the first detections a decade ago (174, 118). The small current sample
is arguably due to the paucity of giant exoplanets orbiting young stars at large orbital
separations with flux contrasts above the detection thresholds of extant surveys. However,
with new surveys increasingly aiming at higher sensitivities and inner working angles the
sample size is likely to increase (93). On the other hand, current facilities have already
provided spectacular spectra for some of these known planets, such as those in the HR 8799
system (e.g., 15, 129, 14, 174, 144, 143, 93) and 51 Eri b (159). The high-quality spectra
are obtained thanks to high-contrast instruments on large-aperture ground-based telescopes
operating in the near-infrared e.g., Keck (129), GPI on Gemini (93), SCExAO on Subaru
(117), SPHERE on VLT (29). In the near future, the JWST will provide a high-stability
platform for high-contrast imaging and spectroscopy in the near-mid infrared from space
(21). In the late 2020s, NASA’s WFIRST mission is expected provide another space-based
platform for direct imaging of giant exoplanets, particularly in the optical.

These facilities will be followed by the 25-40 m class telescopes in the next decade (mid-
late 2020s), such as the E-ELT (39.3m), TMT (30m), and GMT (25.4 m), which will have
unprecedented sensitivity for direct imaging. The E-ELT could in principle allow the detec-
tion of some atmospheric signatures of habitable-zone super-Earths and Earth-like planets
orbiting the nearest stars (248). The high sensitivities required for such observations may
be achieved by a combination of high dispersion spectroscopy and high contrast imaging, as
has been demonstrated for the giant planet 8 Pic b with the VLT(250). While an exciting
possibility, such observations will still be limited to spectral regions with relatively weaker
telluric contamination and/or thermal background and, hence, limited molecular features in
the NIR. On the other hand, space based facilities can provide the capabilities to surmount
these limitations by offering broad spectral coverage (UV to IR) and very high sensitivities.
Studies are underway for future large space-borne facilities in the 2030s focused on direct
imaging and spectroscopy of habitable-zone exoplanets in search of potential biosignatures.
Two such examples are HabEx (90) and LUVOIR (156). These mission concepts aim at
very high contrast <107 10 direct imaging and spectroscopy over the UV-NIR spectral range
using different flux suppression techniques and apertures, e.g. 4-m aperture for HabEx with
coronograph and starshade, and 8-12 m aperture for LUVOIR with a coronograph.
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1. Advances in atmospheric spectroscopy have been made in three directions: (1)
Transit spectroscopy, (2) Direct imaging, (3) High-resolution Doppler spectroscopy

2. Transit spectroscopy has been the most successful method: Nearly 100 exoplanets
with atmospheres detected and over 20 giant exoplanets with high-precision multi-
band spectra.

3. Transit spectroscopy allows observations of transmission spectra of day-night ter-
minator, thermal emission spectra of dayside, and phase curves over the orbit.

4. Direct imaging provides high S/N thermal emission spectra at a single phase. Nearly
10 directly imaged planets known with high quality spectra available for several of
them.

5. High-resolution Doppler spectroscopy allows detection of chemical signatures in
planetary spectra Doppler shifted due to radial velocity of the planet. Chemical
detections made in seven hot Jupiters.

3. Theoretical Advancements

Alongside observations, important advancements are being made in theoretical modelling
and inverse methods to investigate exoplanetary atmospheres. These developments can be
classified into three main categories: (1) Forward spectral modelling, (2) Retrieval methods
(or inverse methods), and (3) Atmospheric theory. The primary observable in the character-
isation of an exoplanetary atmosphere is an atmospheric spectrum. Firstly, even before an
observation is made, a theoretical model spectrum is required to assess the feasibility of the
observation and to predict the potential science return from the observation. This is the goal
of forward spectral models which are used to compute spectra of exoplanetary atmospheres
under specific assumptions about the atmospheric properties such as chemical abundances,
chemical equilibrium, and/or radiative-convective equilibrium. Once the true spectrum of
the planet is observed it may or may not match the spectrum predicted a priori. Thus, in
practice, the observed spectrum is interpreted using atmospheric retrieval methods, or in-
verse methods, which involve deriving statistical constraints on the atmospheric properties
of a planet from the spectral data using robust parameter estimation methods. The models
used in retrievals, in this case, do not assume chemical/radiative equilibrium but rather use
parametric atmospheric properties to be constrained by the data. Beyond spectral models
and inverse methods, a wide range of studies use detailed theoretical models to investigate
the various physical and chemical processes possible in exoplanetary atmospheres, e.g., non-
equilibrium chemistry, atmospheric circulation, clouds/hazes, atmospheric escape, thermal
inversions, and the like. In what follows, we review the key advancements in these areas.

3.1. Self-consistent Models

Self-consistent models are used to compute spectra of exoplanetary atmospheres for given
assumptions about macroscopic parameters such as gravity, irradiation, and elemental abun-
dances. Self-consistent models currently used in the field range from plane-parallel 1D
models in chemical and radiative-convective equilibrium to full three-dimensional general
circulation models (GCMs). Detailed reviews of such models can be found in various recent
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works (167, 89, 110, 105, 173). Here we briefly summarise the state-of-the-art. While 1-D
models are the most commonly used to predict and interpret individual spectra, GCMs are
used extensively in interpreting phase-resolved spectra and photometric phase curves.

3.1.1. 1-D Equilibrium Models. A one-dimensional self-consistent model typically assumes
an elemental composition (e.g., solar abundances) and equilibrium conditions such as ther-
mochemical equilibrium and radiative-convective equilibrium, in a plane-parallel geometry.
While the assumption of chemical equilibrium allows computation of the chemical abun-
dances (i.e. atomic or molecular abundances) from the elemental abundances, the condition
of radiative-convective equilibrium allows computation of the pressure-temperature (P-T")
profile in the atmosphere consistent with the chemistry. The assumption of radiative-
convective equilibrium is particularly relevant for modelling thermal emission spectra of
exoplanets because the temperature gradients in the atmosphere play a critical role in the
formation of emergent spectral features. The models compute radiative transfer through
the atmosphere with the resultant chemical composition and P-T' profile to generate the
spectrum. A number of such models are available in the literature today with varying de-
grees of sophistication and flexibility. Early models in the field until recently were generally
adapted from stellar spectral models and were computed on fixed grids of opacities, e.g., as-
suming solar elemental ratios with varying metallicities (231, 13, 81, 43). Newer models are
now being custom-built for exoplanetary atmospheres and allow more flexible computations
of spectra over a wider range of conditions to reflect the possible diversity of exoplanetary
atmospheres (68, 182, 170, 89). These models span a wide range in chemical abundances
(e.g. C/O ratios and metallicities), irradiation (from highly irradiated to non-irradiated),
treatment of clouds/hazes, and strong visible absorbers such as TiO/VO that can cause
thermal inversions. These models differ in their treatment of various aspects such as the
radiative transfer, radiative versus convective energy transport, scattering, and opacities
(110).

Central to all atmospheric models are the sources of opacity considered. The opacity
is driven by the combination of chemical abundances and their absorption cross sections.
While the chemical abundances depend on the modelling approach as discussed in this
section (e.g. assuming chemical equilibrium, disequilibrium or parametric abundances),
their absorption cross sections are fixed in the models. Therefore, the accuracy of model
spectra are critically reliant on the accuracy of the absorption line lists from which the
cross sections are derived. Such accurate line lists are required for a wide range of tem-
peratures (~300 - 4000 K) and compositions possible in exoplanetary atmospheres, which
extend beyond traditional applications. This need has been widely recognised in the field
and substantial progress has been made in recent years towards accurate high-temperature
linelists of numerous molecular species of importance for exoplanetary atmospheres (260).
For example, recent line lists are now available for various species including H>O (10, 221),
CO (221, 147), CO2 (221, 108, 109), CH4 (284, 285), NH3 (283), HCN (100, 11), collision-
induced-absorption (215) and AlO (203). These developments have greatly improved the
accuracies of such line lists as well as their applicability to exoplanetary atmospheres.

3.1.2. General Circulation Models. GCMs solve the full three-dimensional structure of
the atmosphere given the planetary bulk parameters and irradiation field. These mod-
els compute the chemical, thermal, dynamical and radiative properties of the atmo-
sphere in extensive detail. Starting with the first coupled GCMs, with both radiative
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and dynamical treatment, about a decade ago (239) a number of GCMs are prevalent
in the field today with varied levels of complexity. The latest GCMs span a wide range
of irradiation conditions, from highly irradiated planets to non-irradiated isolated sub-
stellar objects, and orbital parameters (e.g., eccentricities, obliquities), and masses (e.g.
238, 202, 122, 145, 212, 153, 67, 36, 66, 180). These models have been used to explain
phase-resolved spectra and thermal phase curves of hot Jupiters (239, 122, 153) and to
explore various physical processes in detail (239, 202, 200, 67). One of the key successes of
GCMs is the predictions of strong equatorial jets in irradiated hot Jupiters that can lead to
shifting of the hot spot in the dayside atmospheres away from the sub-stellar point (240).
This effect, predicted nearly a decade ago (240, 239), has been substantiated by other GCMs
in the literature (e.g. 213, 241, 67) as well as by numerous observations of hot Jupiters as
discussed in section 4.4. These models have also recently considered the effect of latent
heat on the atmospheric properties through condensate formation and chemical recombi-
nation (259, 22). GCM models also show a trend of day-night temperature contrasts in
hot Jupiters increasing with equilibrium temperatures (128), consistent with observations
and empirical studies (128, 224). Atmospheres of highly irradiated and tidally locked hot
Jupiters have also been predicted to contain larger planetary-scale bands compared to those
of weakly irradiated and faster rotating planets like the solar-system giant planets.

Recent studies are moving beyond hot Jupiter atmospheres with solar abundances.
Early GCMs typically assumed solar elemental abundances for hot Jupiters, from which
the molecular compositions were calculated assuming thermochemical equilibrium. Recent
GCMs are now being used to explore the effect of chemical composition on the dynamical
processes in the atmospheres. New GCMs are capable of simultaneously modelling the
dynamics coupled with chemistry, radiative transfer, and clouds (202, 200, 145, 67, 153).
GCMs are now also exploring lower-mass planets which are within the reach of current and
forthcoming observational facilities. In particular, several studies have explored the effect of
metallicities in sub-Jovian mass planets such as Neptunes and super-Earths which are not
necessarily hydrogen-rich (146, 287, 67). Such studies have sought to model and explain
observations of thermal phase curves of super-Earths, e.g 55 Cancri e, that are already
feasible with current facilities (65).

3.2. Atmospheric Retrieval

Atmospheric retrieval refers to deriving the atmospheric properties of a planet from its
observed spectrum. The canonical retrieval method comprises a parametric forward model
of an exoplanetary atmosphere coupled with a parameter estimation algorithm to estimate
the model parameters given a spectral dataset. The free parameters in the model include
the dominant chemical species with strong features in the observed spectral bandpass, the
temperature profile, and the macroscopic clouds/haze parameters, e.g. the location in the
atmosphere, spatial extent and opacity, besides any other free parameters relevant to the
spectrum at hand. Starting with the first retrieval codes a decade ago, a number of codes are
currently available in the field with applicability over the wide range of observations possible.
A recent review of existing retrieval codes and capabilities in the field can be found in (162).
The latest developments in retrievals include incorporation of non-equilibrium phenomena
at varying levels of complexity, such as different prescriptions for clouds/hazes (e.g. 16, 151,
143, 157), deviations from radiative-convective equilibrium (89), and benchmarking with
three-dimensional circulation models (27). On the other hand, state-of-the-art codes use a
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wide range of parameter estimation methods spanning Markov chain Monte Carlo methods
(27), optimal estimation gradient-descent algorithms (16), nested sampling algorithms (e.g.,
23), and machine learning algorithms (279). In recent years, state-of-the-art retrieval codes
have allowed detailed constraints on the chemical compositions, temperature profiles, and
properties of clouds/hazes in a number of exoplanets, both transiting and directly-imaged
(162).

3.3. Disequilibrium Models

Planetary atmospheres are seldom in equilibrium in entirety. Various processes can drive an
atmosphere out of chemical, radiative, and thermal equilibria. These processes, illustrated
in Fig. 1, include vertical mixing and photochemical processes, circulation, clouds/hazes,
atmospheric escape, etc., one or more of which dominate in any observed region of the
atmosphere. The ultimate model atmosphere would include all these processes simultane-
ously over the entire atmosphere, troposphere to exosphere. However, such a comprehensive
unified model for exoplanetary atmospheres is impractical at present. Additionally, exo-
planetary spectra are typically observed in a limited spectral band at a time constraining
some atmospheric properties/processes but with almost no constraints on other aspects.
Therefore, a realisable and useful approach currently is to explore each individual processes
in detail while allowing for appropriate boundary conditions or simplified prescriptions to
represent the interplay with other processes. This has been the approach in the field.
Theoretical studies in recent years have explored each of the aforementioned processes in
exoplanetary atmospheres in varied detail as summarised below. Here we only discuss
briefly developments in atmospheric chemistry and clouds/hazes. A comprehensive review
of theoretical developments in atmospheric escape processes can be found in (199).

3.3.1. Atmospheric Chemistry. State-of-the-art models of atmospheric chemistry in exo-
planets span a wide range in complexity. While the most extensive chemical networks are
considered in 1-D models of non-equilibrium chemistry (e.g., 188, 267, 263), recent studies
are beginning to combine chemical codes in 3-D General Circulation Models (287, 67). A
recent review of such models can be found in (163). The chemistry in a planetary atmo-
sphere is a strong function of the macroscopic parameters such as the elemental abundances
(e.g., of H, O, C), stellar irradiation, gravity, and mean molecular mass. In particular, there
is a clear dichotomy between primary atmospheres which are expected to be dominated by
Hy/He as in the giant planets and secondary atmospheres that are expected to be domi-
nated by heavier molecules such as HoO, COa2, or N2, as in the terrestrial planets. Given
the bulk properties, the key processes governing the chemistry in a planetary atmosphere
include chemical equilibrium, mixing processes, photochemistry, and chemical diffusion.
Each of these processes dominate in a particular region of the atmosphere (see e.g. Fig. 1),
depending primarily on the incident irradiation and, hence, the temperature profile in the
atmosphere. Chemical equilibrium dominates in the deep atmosphere, typically for P > 1
bar where the high density and temperature lead to fast thermochemical reactions. At
the other extreme, photochemical reactions dominate in the upper atmosphere typically
for P < 1073 bar where the incident UV /optical flux is high and the densities are too low
for thermochemical reactions to dominate. In the intermediate regions between these two
extremes dynamical processes, such as vertical mixing, dominate the chemical composition
of the atmosphere. Recent studies have investigated the critical dependence of all aspects
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of chemistry in exoplanetary atmospheres on the macroscopic parameters, e.g. the level of
stellar irradiation, metallicity, and C/O ratio (188, 186, 268, 287, 68).

3.3.2. Clouds/Hazes. A critical factor in the understanding of exoplanetary atmospheres
is the prevalence of clouds/hazes which can affect both the atmospheric processes and the
observed spectra. Numerous theoretical studies have posited the ubiquity of clouds in at-
mospheres at all temperatures. Detailed reviews on models of clouds/hazes in exoplanetary
and sub-stellar atmospheres can be found in (173, 163). While the clouds in solar system
planets are composed of volatile-rich condensates (e.g. H20O, NHg, hydrocarbons, etc.),
those in hot exoplanets can span a wide range of refractory-rich compositions. Models
of exoplanetary atmospheres over the years have explored the effects of a wide range of
clouds/hazes on exoplanetary spectra, both for irradiated planets observed via transit as
well as directly-imaged planets. Recent developments on the understanding of clouds/hazes
in exoplanetary atmospheres have proceeded in two directions. On one hand, there have
been major efforts on self-consistent cloud modelling at varying levels of detail - from one-
dimensional self-consistent models (e.g., 172, 182, 68) to three dimensional cloud models
(202, 67), as well as detailed studies of clouds microphysics (103). On the other hand,
various studies have explored the range of cloud compositions observable with existing and
upcoming facilities (176, 274, 205), spanning from refractory clouds in high-temperature
atmospheres to volatile clouds in low-temperature atmospheres.

1. Advancements in atmospheric modelling of exoplanets have been made in various
directions, spanning 1-D to 3-D self-consistent models, atmospheric retrievals, and
models of various disequilibrium processes.

2. Self-consistent spectral models are used to compute the spectra of exoplanetary
atmospheres given the macroscopic parameters (e.g., gravity, irradiation, elemental
abundances) and assumptions of chemical and/or radiative-convective equilibrium.

3. Forward models range from one-dimensional equilibrium models to three-
dimensional general circulation models (GCM).

4. Atmospheric retrievals, or inverse modelling, involves using parametric models and
parameter estimation methods to derive atmospheric properties from observed
spectra. Derived properties include chemical compositions, temperature profiles,
cloud/hazes, and deviations from chemical or radiative equilibrium.

5. Disequilibrium models include detailed modelling of various processes that drive
atmospheres out of chemical and/or radiative equilibria, e.g., kinetic processes,
photochemistry, clouds/hazes, and atmospheric escape.

4. Atmospheric Characterisation of Exoplanets

The combination of state-of-the-art spectroscopic observations and theoretical modelling
and retrieval techniques have led to detailed constraints on a wide range of atmospheric
properties in numerous exoplanets. Atmospheres of nearly one hundred exoplanets have now
been observed in at least two photometric bandpasses, low resolution spectra have been ob-
tained for nearly 40 planets, and medium-high resolution spectra obtained for nearly ten
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exoplanets. This is a revolutionary development from a decade ago when barely 25 exoplan-
ets were known to transit and the first directly imaged planets were being discovered. These
new observations have led to unprecedented constraints on chemical compositions, temper-
ature profiles, clouds/hazes, atmospheric dynamics, and atmospheric escape, for numerous
exoplanets. Here we highlight some of the most recent advances in the characterisation of
exoplanetary atmospheres.

4.1. Chemical Compositions

The wide spectral range of exoplanetary spectra observed has enabled robust detections
of several key chemical species in their atmospheres, as shown in Table 1. As alluded to
in section 1, atomic and ionic species have strong absorption in the UV and visible due
to their electronic transitions. On the other hand, prominent molecular species of volatile
elements such as HoO, CO, CHy, etc. show strong absorption in the infrared due to their
rovibrational transitions, though heavier molecules such as TiO and VO also show strong
absorption in the visible. The combination of spectroscopic measurements at different
wavelengths and different observing techniques has led to a range of chemical compositions
observed in diverse planets. The different chemical species detected probe different regions
in the planetary atmosphere, as shown in Fig. 1. The strong UV and visible absorbers such
as the atomic species probe the upper regions of the atmospheres where photochemistry
is most active, with the ionic species probing the exospheres. On the other hand, the
molecular species probe the infrared photosphere between ~1 mbar - 1 bar. Table 1 shows
the chemical species detected using each observing method. While transmission spectra
have been used to probe atmospheres over the entire spectral range from UV - infrared, the
emission spectra of both transiting planets and directly imaged planets have been observed
predominantly in the infrared where the thermal emission peaks.

Table 1: Chemical detections in exoplanetary atmospheres with different observing tech-
niques.

Transmission Spectra (Primary Eclipse)

Chemical Species Planet (References)

HD 189733b (178), HD 209458b (63),
WASP-12b (133), WASP-17b (171), WASP-19b (112),
WASP-39b (276), WASP-43b (132), WASP-52b (266),
H,0O WASP-63b (123), WASP-69b (266), WASP-76b (266),
WASP-121b (77), HAT-P-1b (275), HAT-P-11b (84),
HAT-P-18b (266), HAT-P-26b (277), HAT-P-32b (60),
HAT-P-41b (266), XO-1b (63)

HD 189733b (214), HD 209458b (50), WASP-17b (244),
WASP-39b (194), WASP-52b (52), WASP-69b (48),
WASP-96b (193), WASP-127b (53), HAT-P-1b (195),
XO-2b (245)

Continued on next page
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Table 1 — Continued from previous page

Chemical Species Planet (References)

WASP-6b (192), WASP-31b (247), WASP-39b (244),
WASP-127b (53), HAT-P-12b (244), XO-2b (243), HD

K
80606b (55)
TiO WASP-19b (232)
AIO WASP-33b (273)
- HD 189733b (116, 33), HD 209458b (272, 116), GJ 436b
(71)
He WASP-107b (253)
C HD 209458b (270)
0 HD 209458b (270)
Li WASP-127b (53)
Ca HD 209458b (8)
Sc HD 209458 (8)
Mg WASP-107b (271), WASP-12b (83)
Si HD 209458b (223)
Emission Spectra (Secondary Eclipse)
O WASP-43b (132), HD 209458b (151), HD 189733b (59),
WASP-121b (76), Kepler-13Ab (20), WASP-33b (102)
Co WASP-18b (236)
VO WASP-121b (76)
TiO WASP-33b (102)
HCN HD 209458b (101)

Continued on next page
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Table 1 — Continued from previous page

Chemical Species Planet (References)

High-resolution Doppler Spectroscopy

51 Peg b (25), HD 179949 b (39), HD 189733b (24), HD

H20 209458b (101)
co 7 Bootis b (37), HD 209458b (251), 51 Peg b (38), HD
179949 b (39), HD 189733b (219, 40)
TiO WASP-33b (196)
HCN HD 209458b (101), HD 189733b (47)
Ti, Fe, Ti+ KELT-9b (106)

Direct Imaging

HR 8799 (144), HR 8799¢ (129), HR 8799d (143), HR
H,0O 8799¢ (143),  And b (262), 51 Eri b (222), Gl 570D
(152), HD 3651B (152), 8 Pic (54), ULAS 1416 (149)

HR 8799b (14), 51 Eri b (222), GJ 504 (114), GJ 758 B

CH,4 (115), G1 570D (152), HD 3651B (152), ULAS 1416
(149)

NH; G1 570D (152), HD 3651B (152), ULAS 1416 (149)

CcO HR 8799b (144), HR 8799¢ (129)

4.1.1. Atomic and lonic Species. The first chemical detections in exoplanetary atmospheres
were of atomic and ionic species observed using HST transmission spectra in the optical
and UV (50, 272). Nearly 20 chemical species have now been detected in exoplanetary
atmospheres as shown in table 1. In recent years, chemical species have been detected both
from space, using HST, as well as large ground-based telescopes. Foremost among these are
detections of the alkali species Na and K, one or both of which have now been detected in
over a dozen transiting hot Jupiters. The Na doublet has peaks near 576.8 nm whereas K
peaks near 778.8 nm. Many of the Na and K detections have been made using the HST STIS
spectrograph in the visible (e.g., 244). Recently, He was also detected in the atmosphere of
a giant exoplanet using HST at 1083 nm (253). A major development in recent years has
been the ability to detect these species routinely and robustly using ground-based facilities.
While the first ground-based Na/K detections were already made a decade ago (e.g., 214),
recent observations are demonstrating nearly space-quality spectra from large ground-based
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telescopes such as VLT and GTC (193, 53). Besides Na and K, the first potential inference
of Li was also made from the ground recently using the GTC (53). The above detections
were made using medium-resolution spectra from space and the ground. On the other hand,
atomic species have also been detected using very high-resolution spectroscopy of transiting
planets, e.g. Na and K in the hot Jupiter HD 189733b (282) and Ti and Fe in the ultra hot
Jupiter KELT-9b (106).

In addition, several atomic and ionic species have also been discovered using transmission
spectra in the UV with HST. These are elements in the exosphere which originated from
photodissociation of molecules in the lower atmosphere followed by interactions with higher
energy UV photons in the upper atmosphere. Several of the detections are of Lyman
alpha absorption of exospheric hydrogen (H) at 121.6 nm using the HST STIS instrument
(272, 71). On the other hand, some heavier elements such as C, O, and Mg, have also been
detected in the NUV (270, 83). Overall, such exospheric elements have been discovered
in nearly ten giant exoplanets, mostly for hot Jupiters but also including a hot Neptune
(136, 71). Efforts to detect exospheric elements in super-Earths have not yet resulted
in detections but have provided important upper limits on the composition of the lower
atmosphere. For example, the non-detection of H in the super-Earth 55 Cancri e rules out
a hydrogen-rich atmosphere in the planet and places an upper-limit on the possible amount
of H2O in the atmosphere (70).

4.1.2. Molecular Species. The advent of high-sensitivity infrared spectrographs has made
it feasible to robustly detect molecules in exoplanetary atmospheres. The most important
molecules in planetary atmospheres are those containing the prominent elements after H
and He, namely O, C, and N. Theoretical studies have long predicted that key volatile
molecules such as HoO, CH4, CO, HCN, CO; should be present in Hs-rich atmospheres
at high temperatures, e.g. of hot Jupiters, depending on the metallicity, temperature, and
C/O ratios (e.g., 46, 189, 161). However, the search for these molecules in exoplanetary at-
mospheres is usually limited by the spectral range and sensitivities of available instruments.
A decade ago only a handful of molecular inferences were reported with very low resolution
spectro-photometric data which have since been revised in subsequent analyses. Here we
focus on the current state-of-the-art molecular detections.

A major development in this area occurred in the last few years with the advent of
the HST Wide Field Camera 3 (WFC3) (177) which allowed high-precision near-infrared
spectroscopy of transiting exoplanets (63). The spectral range of the HST WFC3 G141
grism of 1.1-1.7 pum contains strong spectral bands of key volatile species such as HoO, CHy,
NHs, and HCN, making it a prime instrument for molecular spectroscopy of exoplanetary
atmospheres. Among these species, HoO has the strongest features in this band and is also
predicted to be the most abundant oxygen-bearing species, besides CO, in high temperature
atmospheres (161, 188). In the last five years, spectra of nearly 40 transiting exoplanets
have been observed with HST WFC3 and robust detections of HoO have been reported in
over ten transiting exoplanets (63, 178, 132, 244, 266). Most of the detections were made
for gas giants, though H20 has also been detected in a few exo-Neptunes (85, 277). Beyond
H2O, initial indications have also been suggested for HCN and NHs using HST WFC3
transit spectroscopy (158, 123). In addition, signs of TiO, VO, and AlO have also been
reported using HST and/or large ground-based facilities (102, 76, 232, 273).

Complementary to transmission spectra, molecular detections have also been reported
using thermal emission spectra of transiting exoplanets. Such spectra using HST WFC3
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Figure 5: Atmospheric H,O abundances for exoplanets in the literature. The abundances
shown here are those with uncertainties smaller than 2 dex. The methods used in each
case are denoted by colour; primary transit (orange), secondary eclipse (blue) and direct
imaging (green). The regions of sub-solar and super-solar abundances are shown in light and
dark blue, respectively. Methane abundances of the Solar System planets are shown in red
(since their water abundances are not known), and a power-law fit for these measurements
is shown by the red line. The methane abundances are obtained from the following sources:
Jupiter and Saturn (9, 281, 79), Neptune (121), and Uranus (254). The exoplanet HoO
abundances are from various works: HD 209458b (206, 151), HD 189733b (206, 278), WASP-
12b (206), WASP-43b (132), WASP-33b (102), TrES-3 (148), GJ 436b (187), HAT-P-26b
(277), WASP-39b (206), HR, 8799 planets (143), x And b (262).

have led to detections of H2O in the dayside of several hot Jupiters (e.g., 59, 132, 151) as
well as high-temperature molecules such as TiO (102) and VO (76). At a lower resolution,
inferences of CO have been reported in some hot Jupiters based on infrared photometry
using Spitzer in the 3.6 and 4.5 um IRAC bands (e.g., 236).

Beyond transit spectroscopy, more molecular detections at high confidence have now
been made through direct imaging and Doppler spectroscopy. High resolution Doppler
spectroscopy has led to detections of various molecules including CO (251, 37), H2O (24),
TiO (196), and HCN (101) in hot Jupiters. At the same time, spectroscopy of directly
imaged planets have led to detections of CO (129), HoO (14, 129, 262, 222), and CHy
(14, 222, 114) in the atmospheres of several planets. Typically, current data quality for
directly imaged objects is significantly better compared to transit planets (129, 262, 160).
On the other hand, comparative characterisation of directly imaged planets are limited by
the much smaller number of objects know, compared to transiting planets, and the lack of
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prior knowledge about the masses, radii, and gravity.

4.1.3. Chemical Abundances. Beyond detections of chemical species, the high quality spec-
tra have also led to constraints on the atmospheric chemical abundances using detailed
retrieval methods. A recent review of retrieval methods and abundance constraints can
be found in (162). Here, we briefly highlight the state-of-the-art abundance constraints.
Despite the detections of a wide range of chemical species in tens of exoplanets, robust
abundance constraints are available for only a subset of those planets due to the challenges
in retrieving abundances from observed spectra. Firstly, constraints on chemical abun-
dances are presently possible using both transit spectroscopy (transmission and emission)
and thermal emission spectra of directly imaged planets. Currently, high resolution Doppler
spectroscopy on its own is not as sensitive to abundance determinations (24, 41). Sec-
ondly, even within transit spectroscopy reliable estimations of chemical abundances require
a wide spectral coverage and very high precision observations. In particular, in transmis-
sion spectroscopy robust spectra across the visible to near-infrared are required to break
the degeneracies between the chemical abundances and the presence of clouds/hazes in
the atmosphere. In emission spectra, high-precision observations are required to break the
degeneracies between abundances and temperature profiles.

Currently, the most stringent constraints on chemical abundances have been possible
for H2O. Observations of transit spectroscopy in the HST WFC3 band at 1.1-1.7 ym span a
strong H2O feature near 1.4 ym. Furthermore, the HST STIS band in the optical provides
important constraints on clouds/hazes in the atmosphere, thereby resolving degeneracies
with composition. Such observations have been used to retrieve HoO abundances for over
ten transiting hot Jupiters and Neptunes (16, 206, 277). Similarly, emission spectra in the
near-infrared with HST WFC3 have led to constraints on HoO abundances in the dayside
atmospheres of several hot Jupiters (132, 151). In addition to this, ground-based spectra of
directly imaged planets have also provided initial constraints on HoO abundances (262, 143).

The estimated H>O abundances in transiting and directly-imaged planets are shown
in Fig. 5. Most of the HoO abundance estimates are derived from transmission spectra
obtained using HST STIS and WFC3 instruments spanning the optical to near-infrared
instruments. While the infrared WFC3 spectral range contains the H2O feature the opti-
cal range is necessary to resolve degeneracies with clouds/hazes. Overall, the abundance
estimates from transmission spectra across all transiting hot Jupiters known to date are
consistent with sub-solar HoO abundances. Whether such low abundances are due to low
metallicities in the atmosphere or high C/O ratios is currently unknown. A detailed dis-
cussion on these aspects can be found in (162). The handful of constraints obtained from
emission spectra of a few transiting exoplanets are consistent with both sub-solar and super-
solar HoO abundances given their larger uncertainties. On the other hand, directly imaged
planets with their superior spectral quality have led to much more precise abundance esti-
mates and indicate super-solar HoO abundances (262, 143).

4.2. Clouds/Hazes

Inferences of clouds/hazes in exoplanetary atmospheres have been made using varied tech-
niques and instruments. The effect of clouds/hazes on exoplanetary transmission spectra is
evident through (a) subdued spectral features of prominent chemical species (63), and (b)
slopes in optical spectra that are deviant from gaseous Rayleigh scattering (209). In addi-
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tion, the effects of clouds have also been inferred through optical phase curves of transiting
exoplanets (64, 242, 91, 200) as well as a few reflection spectra (75, 175). At the same time,
clouds have also been inferred in directly imaged planets through the modulation of their
spectral features in the infrared (173). A survey of observational inferences of clouds/hazes
until a few years ago can be found in (163). Here, we outline some key trends.

One of the most surprising findings from the large ensemble of exoplanetary transmission
spectra observed is the consistently low spectral amplitudes of HoO absorption features. In
the tens of transmission spectra observed to date, for exoplanets over a wide range of masses
and temperatures from cool super-Earths to ultra hot Jupiters, every single one has a H2O
feature that is below two scale heights (86, 255, 58). This is in stark contrast to expectations,
for which a saturated spectral feature in a transmission spectrum is expected to have an
amplitude of ~5-10 scale heights. The low spectral amplitudes may indicate either lower
H,0O abundances than assumed in equilibrium models (166), the presence of high-altitude
clouds obscuring part of the atmosphere (80, 63), or a high mean molecular weight (150).
One way to break the degeneracy is through observations in the optical which, as discussed
above, can constrain the scattering mechanisms and hence the presence of clouds/hazes.

A recent survey of transmission spectra (244) spanning the optical and infrared range
provided important constraints on both the properties of clouds/hazes as well as the HoO
abundances in ten hot Jupiters. Initial inferences of the data using forward equilibrium mod-
els reported the possibility of clouds with no evidence for HoO depletion (244). However,
as discussed in previous section, subsequent studies using atmospheric retrieval methods
showed evidence for depleted HoO abundances in most of the planets in the sample, along
with varied levels of clouds/hazes (16, 206). These studies show a diverse range of cloud
properties, including the optical slopes, cloud fractions, and cloud-top pressures. Most im-
portantly, these studies show the critical role of the optical range in transmission spectra
for constraining both the clouds/hazes as well as the composition. Indeed, other stud-
ies that used only near-infrared HST WFC3 spectra show significantly weaker constraints
on the cloud parameters and/or the H,O abundances (266). On the other hand, the low-
temperature super-Earths and Neptunes have mostly shown flat spectra in the WFC3 band-
pass (131, 124) with a few exceptions (85, 277), which indicate the predominance of clouds
in low-temperature atmospheres.

The potential pervasiveness of clouds/hazes has motivated various studies to devise
empirical metrics to quantify the cloudiness in exoplanetary atmospheres. Some studies
suggest a metric based on the amplitude of the HoO feature relative to the continuum
in adjacent wavelengths (244, 255), or the amplitude of the Na/K line centre relative to
their adjacent continua (104). Using known transmission spectra these studies find an
intuitive anti-correlation between irradiation and cloud levels, i.e., the likelihood of clouds
in atmospheres of hot Jupiters decreases with increasing equilibrium temperature.

4.3. Temperature Structures

Temperature profiles of planetary atmospheres provide important insights into radiative
processes and their interplay with chemical and dynamical processes. Measurements of
pressure-temperature (P-T) profiles in exoplanetary atmospheres are obtained primarily
from thermal emission spectra. An emission spectrum probes the brightness temperature
in the atmosphere as a function of the wavelength and, hence, the pressure or altitude
corresponding to the photosphere at that wavelength. In principle, transmission spectra of
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transiting planets also provide some constraints on the temperature at the day-night termi-
nator region of the atmosphere but the constraints are relatively weak. This is because there
is almost no information in a transmission spectrum about emission from the planet, and
the constraint on temperature is primarily through the atmospheric scale height which gov-
erns the amplitude of the absorption feature. Therefore, the most stringent constraints on
P-T profiles in exoplanetary atmospheres have been obtained for dayside thermal emission
spectra of transiting hot Jupiters. A detailed review of observational inferences of atmo-
spheric P-T profiles in exoplanets and their theoretical implications have been discussed in
several recent works (167, 163, 162). Here we focus on the latest developments in this area
and future directions.

Recently, new directions are emerging in our understanding of P-T profiles in exoplanets.
Originally, constraints on P-T profiles were obtained using only two or more channels of
broadband photometry (e.g., at 3.6 um and 4.5 pm). However, current inferences are based
on HST WFC3 spectra in the near-infrared in the 1.1-1.7 pm band along with Spitzer
photometry, making the inferences much more robust. Broadly, three classes of P-T profiles
have been robustly measured in hot Jupiters: (1) P-T profiles with no thermal inversions, (2)
P-T profiles with thermal inversions, and (3) isothermal profiles. Almost all the hot Jupiters
observed to date with equilibrium temperatures below ~2000 K show temperature profiles
clearly decreasing outward, i.e., with no thermal inversions. More irradiated hot Jupiters
show a greater diversity of P-T profiles. Most of these extremely irradiated planets show
P-T profiles consistent with isothermal profiles. A handful of these planets also show P-T
profiles with no thermal inversions, i.e. with temperatures decreasing outward. And finally,
after over a decade of searches, three ultra-hot Jupiters (Teq 2 2500 K) have been found
with detections of thermal inversions in their dayside atmospheres: WASP-18b (236, 6),
WASP-121b (76), and WASP-33b (102). In summary, while it is now evident that very
high temperatures (2 2500 K) are a necessary condition for thermal inversions, it is not a
sufficient condition since some ultra-hot Jupiters show no signs of thermal inversions (20).

Observational constraints are beginning to provide new insights into the conditions re-
sponsible for thermal inversions in irradiated hot Jupiters. Given that thermal inversions are
being seen only in the most highly irradiated planets, the so-called ‘ultra-hot Jupiters’, there
is support to the original prediction of TiO/VO being the candidate UV /visible absorbers
(111, 81) that are causing the inversions. In particular, observations of both WASP-33b and
WASP-121b have indicated emission features of TiO (102, 196) and VO (76), respectively.
While WASP-18b has not revealed any spectral signatures of TiO/VO, (6) suggested H™
opacity as the putative cause. Another aspect of the ultra-hot Jupiters with inversions is
that none of the spectra show evidence for strong H2O features but do show evidence for
CO features. The under-abundant H»O is evident from the muted H2O feature in the HST
WEFC3 band at 1.4 pm whereas the significant CO is evident from the excess emission in the
Spitzer 4.5 pm band. These ultra-hot Jupiters have now become the new testing ground
for hypotheses on thermal inversions.

Two competing hypotheses have been put forth to explain the thermal inversions and
the lack of strong H2O features from infrared spectra of ultra hot Jupiters. One possibility is
a super-solar C/O ratio (=1) in these atmospheres which can cause low H,O abundance and
high CO abundance (161, 188, 236). An alternate explanation is that thermal dissociation
of H2O at these high temperatures is responsible for depleted H2O, while molecules such
as CO and TiO are relatively more stable (6, 201, 154). The thermal dissociation is also
accompanied by H™ production. This hypothesis can be tested if H™ can be retrieved from

www. annualreviews.org ¢ Exoplanetary Atmospheres

25



35

26

observed spectra. Currently, inferences of H™ (e.g., in WASP-18b) are based on grids of
equilibrium models explored to match the data rather than retrieving statistical constraints
on the H™ abundance from the data (6). Furthermore, another ultra-hot Jupiter, Kepler-
13Ab, which is hotter than WASP-18b, shows a strong H2O feature in absorption indicating
the presence of HoO and lack of thermal inversion. This latter anomaly has been explained
as due to the high mass and gravity of Kepler-13Ab which enhance cold-trap processes
removing inversion-causing species (20).

Beyond thermal inversions, temperature profiles also provide important constraints on
other atmospheric processes. As discussed above, most of the planets observed to date
show temperature profiles with no thermal inversions. For irradiated planets, this implies
a lack of strong UV /visible absorbers in their atmospheres. On the other hand, for non-
irradiated planets such as those observed with direct imaging, the P-T profiles are naturally
expected to be devoid of thermal inversions due to the lack of incoming radiation. This
is consistent with observed emergent spectra of directly-imaged planets all of which show
only absorption features (14, 129, 160, 29) and the retrieved P-T profiles also show profiles
with no inversions (143).

4.4. Atmospheric Dynamics

New observations are leading to detailed constraints on atmospheric circulation patterns
in hot Jupiters. Constraints on atmospheric dynamics have been obtained with a variety
of observations, such as (1) thermal phase curves (286), (2) measurements of wind speeds
(251), (3) eclipse mapping (61). While thermal phase curves in individual photometric
bandpasses have been obtained for a large number of exoplanets, full phase resolved spectra
have also been obtained (256, 134) allowing for detailed retrievals of composition and vertical
temperature profiles as a function of orbital phase, as well as the brightness temperature
maps as a function of pressure or depth in the atmosphere. The phase curves also provide
constraints on day-night temperature contrasts and the location of the day-side hot spot
with respect to the sub-stellar point. On the other hand, high-resolution spectroscopy of
key species such as CO and Na are providing direct constraints on the wind speeds in the
atmospheres of hot Jupiters (251, 155).

Observations of thermal phase curves of exoplanets are commonplace today. Phase
curves have been observed with a number of facilities, including Spitzer, HST, and Kepler.
Most of the observations have been conducted for hot Jupiters, however recently a thermal
phase curve was reported for the transiting super-Earth 55 Cancri e (65). The ensemble of
observations has provided two main insights into atmospheric dynamics and energy trans-
port in irradiated exoplanets (e.g., 122). Firstly, observations generally confirm the trend of
lower energy circulation efficiencies (i.e., increased day-night temperature contrasts) with
increasing irradiation (i.e., equilibrium temperature). Secondly, and consequently, the ma-
jority of phase curves of hot Jupiters show the hot spot in the dayside atmosphere shifted
downwind away from the sub-stellar point, as predicted by General Circulation Models.

High-resolution Doppler spectroscopy of hot Jupiters has led to measurements of wind
velocities in their atmospheres consistent with predictions of GCMs. Such measurements
were first reported for the hot Jupiter HD 209458b using CO absorption in the near-infrared,
observed during transit (251), which showed limb-averaged wind speeds of 2 + 1 km/s.
Similar measurements were made for the hot Jupiter HD 189733b using the Na absorption
line observed in a high-resolution transmission spectrum in the optical (282) and initially
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Figure 6: Atmospheric dynamics in hot Jupiters. Left: Theoretical predictions from a GCM
of HD 189733b showing an eastward jet and shifting of the hot spot away from the substellar
point (241). Wind vectors are shown with arrows and the coloured temperature scale is in
Kelvin. Right: Reconstruction of thermal brightness map for the hot Jupiter HD 189733b
using thermal phase curve observations in the Spitzer 8um IRAC band (125), conforming
with the GCM simulations. Figure courtesy Adam Showman.
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Figure 7: Atmospheric escape of the warm Neptune GJ 436b seen as a strong absorption
signature of the stellar HI Lyman-a emission line, based on (71). The figure shows the
Lyman-« transit light curve, where each data point is obtained by integrating the flux from
the blue wing of the Lyman-« line as a function of time. The optical transit of GJ 436D is
shown by the thin horizontal black line and the in-transit time by the vertical green region.
Data are from (71) and (142). The blue curve is the model that best fits the spectra as a
function of time, resulting from the particle simulation of (32), shown in the inset (where
the system is drawn to scale and pole-on). Figure courtesy David Ehrenreich.

reported high wind speeds of 8 + 2 km/s. The wind speeds were subsequently revised by
(155), by accounting for the Rossiter-McLaughlin effect, to be 2.371% km/s and 5.3719
km/s eastward on the leading and trailing limbs of the planet, respectively, suggesting a
strong equatorial jet. Such measurements are consistent with predictions from GCMs of
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hot Jupiters such as HD 209458b and HD 189733b, which show strong eastward equatorial
jets and wind velocities of ~1-3 km/s (239, 238, 287, 153). Observations such as these
provide direct evidence for atmospheric dynamics in hot Jupiters, in addition to thermal
phase curves discussed above.

4.5. Atmospheric Escape

As discussed in section 4.1, transmission spectra of transiting exoplanets in the UV have led
to strong detections of several atomic species since the early observations of (e.g., 272). In
particular, detections of exospheric H using observations of Ly-a absorption in the UV have
been reported for a number of giant exoplanets, some recent results include (33, 71). Such
observations now only allow key insights into the chemical composition of an exosphere but
also provide important constraints on hydrodynamic escape processes, the mass loss rates,
and the morphology of the escaping cloud. An extensive discussion of this area can be
found in the very recent review of (199) and will not be covered in much detail here. We
will note, however, that two key directions are emerging in this area. First, it is becoming
evident that highly irradiated Neptune-mass planets orbiting low-mass stars provide the
best targets for investigating atmospheric escape processes, e.g., the cases of GJ 436b (71)
and GJ 3470b (35). Figure 7 shows the example of GJ 436b. Second, the recent detections
of He in the near infrared (253) has opened a new avenue to probe exoplanetary exospheres,
both from space using HST as well as from ground (4). These various detections of atomic
species have motivated a wide range of theoretical and observational efforts to study escape
processes in exoplanets (199).

1. The combination of state-of-the-art spectroscopic observations with atmospheric
modeling and retrieval techniques has led to a wide range of constraints on atmo-
spheric properties of giant exoplanets.

2. Chemical detections at high confidence include atomic species (H, He, Na, K, Ti,
Fe, C, O, Mg) and molecular species (H2.O, CO, HCN, TiO, VO, AlO, CHy).

3. Reliable abundance constraints are available primarily for H>O in transiting giant
exoplanets. Transmission spectra of most hot Jupiters observed in the visible and
near-infrared reveal sub-solar HoO abundances.

4. Clouds/hazes have been inferred in a number of giant exoplanets, primarily from
subdued spectral features and non-Rayleigh slopes in optical transmission spectra.

5. Thermal emission spectra provide key constraints on temperature profiles of gi-
ant exoplanets. Thermal inversions have been detected robustly in three ultra-hot
Jupiters, with the remaining planets showing no thermal inversions or isothermal
profiles.

6. Atmospheric circulation patterns have been constrained using thermal phase curves,
phase resolved spectra, measurements of wind speeds and/or eclipse mapping.

7. Atmospheric escape has been observed in several giant exoplanets with hot Neptunes
emerging as optimal candidates for detecing exospheres.

8. Overall, atmospheric characterisation is a revolutionary development in the exoplan-
etary field that only promises to grow as theoretical and observational developments
continue.
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5. Implications for Planetary Formation

Chemical compositions of planetary atmospheres can provide important insights into their
formation and evolutionary mechanisms. As chemical abundances are being measured for
exoplanetary atmospheres, an increasing number of studies have been investigating the
possibility of using such abundances to answer various open questions about exoplanetary
formation. Such studies have mostly focused on giant exoplanets for two main reasons.
Firstly, accurate abundance estimates are still only feasibly for giant exoplanets given their
higher S/N spetra. Secondly, the Ha/He dominated primary atmospheres of giant exoplan-
ets make them important tracers of their accretion history.

5.1. The Basic Picture

The ultimate goal of this area is to constrain the primordial formation pathways of exoplan-
ets using their present-day observable chemical abundances. Planetary formation involves
a large number of highly complex and stochastic processes. At the outset, therefore, it is
imperative to establish which particular aspects of planetary formation can be constrained
by atmospheric abundances. The basic set-up of the problem is as follows. The primary
assumption is that the initial elemental composition of the protoplanetary disk in which a
planet formed is the same as that of the host star, since both are expected to have collapsed
from the same protostellar cloud. After the initial collapse, the disk cools in time during
which the thermodynamic properties of the disk midplane evolve accordingly. As the disk
cools, the snowlines of the various volatile species move inwards towards to the star. As a
result, the chemical compositions of both the gas and solids in the disk evolve as a function
of time and location in the disk. For example, H2O remains in solids outside the H2O snow
line whereas inwards of the snow line it contributes to the gas composition. The same hap-
pens with all the prominent volatile species such as COz, CO, N2 and CH4, which strongly
affect the elemental abundance ratios of key elements (e.g., O, C, N) in the disk mid-plane.

Therefore, the chemical composition of a planet depends on the location and time of
its formation in the disk as well as the relative amounts of gas and solids it accretes during
its formation. Since the planet may migrate through the disk during formation, the net
composition is governed by the cumulative accretion history of the planet over its migration
pathway. Beyond this basic picture, there are various other complications. For example, the
disk itself can have structural inhomogeneities in the form of gaps and overdensities. The
solids may be present in a wide distribution of sizes, from micron-sized dust grains to large
planetesimals. The disk composition can be affected by various thermal and photochemical
processes. Moreover, all these processes happen simultaneously, i.e., the planet forms and
grows by accreting while migrating in an evolving disk. At the end of this process, all the
material accreted by the planet is reprocessed in the planet post formation, finally resulting
in the chemical composition observed in its atmosphere today.

Therefore, the goal of constraining planetary formation processes from atmospheric
compositions is a daunting ambition. It is unrealistic to expect for all the involved processes
to be constrained solely based on end products. A more reasonable approach is to explore
this landscape to assess if any broad regions of the phase space can be constrained or ruled
out and to present testable hypotheses given possible atmospheric observations. It is with
this spirit that various studies have embarked on this formidable journey.
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5.2. Compositions of Accreted Material

The composition of a planet depends on the composition of the material it accretes from
the disk both in gas and solid phase. While the gas phase of the disk is mostly composed of
H and He with trace quantities of heavy elements, the opposite is true for solids. Therefore,
a relatively smaller mass of solids accreted compared to gas can make a disproportionately
large contribution to the metallicity of the planet. For example, all the heavy elements
in a given amount of solar composition gas amount to only ~1% by mass. Therefore, the
relative amounts of gas to solids accreted by a planet determines the heavy metal content
of the atmosphere. On the other hand, the compositions of the gas and dust both evolve in
time and orbital distance in the protoplanetary disk (73). While various factors govern the
evolution of different disk properties, the most relevant property influencing the composition
in the disk mid-plane is temperature which is cooler at larger distances and later times. The
mid-plane temperature governs the locations of the snow lines of prominent chemical species
which in turn govern whether a particular species is in gas phase or solid phase at a given
location.

Several studies have investigated the compositions of gas and solids that could be ac-
creted by giant planetary atmospheres. The simplest picture is one of a steady state disk
where the mid-plane compositions of the gas and solids are determined solely based on
the location in the disk relative to the relevant snow lines. Initial studies considered fixed
composition disks where the abundances of prominent species (e.g. H2O, CO, CO2) were
adopted based on observations of protoplanetary environments and the interstellar medium,
or on theoretical models (197, 190, 164). With the abundances fixed, the disk temperature
at a given orbital distance governs whether each of these species is in gas phase or in solid
phase. The sublimation temperatures of these species are such that the HoO snow line is
closest to the star (nominally around 5 AU) followed by snow lines of CO2, CO, and other
gases such as CH4, N2, and noble gases, in that order. For example, between the H2O
and CO2 snow lines, H2O is in solid ice phase whereas all the other volatiles are in gas
phase. Therefore, how much gas versus ice is accreted onto the planet at a given location
decides how much of each species is accreted onto the planet. The sum-total of all the
accreted species contributes to the net elemental abundances of oxygen, carbon, nitrogen,
etc. Already from this simple picture it is clear that the oxygen abundance in the gas de-
creases outward in the disk, with a decrement at each snow line, whereas that in the solids
increases. This implies that the C/O ratio in the gas increases whereas that in the solids
decreases as a function of distance in the disk (197). Figure 8 shows the variation of the
C/O ratio in the gas and solids in the disk midplane. Therefore, depending on how much
gas versus solids a planet accretes at a given formation location it can accrete a wide range
of C/O ratios, spanning sub-solar or super-solar C/O ratios; the solar C/O ratio is 0.54 (7).
Beyond the simple picture above, a host of other processes can influence the gas and solid
composition in the disk midplane over time (73).

5.3. End-to-end Studies

In recent years various studies have explored the effects of different formation pathways on
the final compositions of giant exoplanets. Detailed reviews on the evolution of this area
until recently can be found in (163, 210, 140). Figure 9 shows the carbon-oxygen plane with
predictions from models assuming different formation pathways.

Here, after briefly summarising initial works, we focus on the latest developments and
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the future landscape of this area. The first studies in this direction in the context of
giant exoplanets were motivated by the possibilities of measuring elemental abundances
and C/O ratios in their atmospheres. Traditionally, solar-system based formation models
were used to explain such elemental abundance ratios in giant exoplanets. These argued for
local inhomogeneities in formation conditions to explain non-solar abundances (191, 169).
However, (197) noted that even in a solar-composition disk, with a C/O ratio of 0.54 (7), the
C/O ratio of gas and solids in the disk mid-plane changed as a function of radial distance
relative to the snow lines of prominent species such as HoO, CO, and COs. They argued
that beyond the CO4 snow line, the gas composition is dominated by CO, giving it a C/O
ratio of 1, such that giant planets forming in such regions with predominant gas accretion
can have C/O ratios of 1. This study was followed by (164) who showed that a wide range of
C/O ratios and metallicities are possible in giant exoplanets depending on their formation
and migration pathways relative to the snowlines. In particular, high C/O ratios (~1) and
sub-stellar metallicities in giant exoplanets were shown to be possible only via mechanisms
that did not involve significant solid accretion into the envelope, e.g., disk-free migration or
through pebble accretion without core erosion (165). Meanwhile, a wide range of C/O ratios
and super-solar metallicities were possible for disk migration through abundant accretion
of planetesimals (164, 184).

The early studies have been followed by various end-to-end studies which investigated
the effects of a wide range of formation conditions on atmospheric compositions of giant
exoplanets (184, 165, 56, 1, 31, 3). These studies have focused largely on hot Jupiters, which
are most amenable to atmospheric abundance measurements . These models attempt to
accurately capture the formation of the planet, via different mechanisms, while accounting
for the chemical inventory of the accreted material. The important differences between
the models are in the treatment of the disk chemistry, the specific accretion efficiency of
solids versus gas, and in the nature of the accreted material. For example, (184) reported
an integrated chain model which comprises the formation of the planet by core accretion,
migration through the disk, and chemical enrichment caused by planetesimal accretion.
They explore two formation pathways, depending on the formation location of the planet
relative to the HoO snow line. In this model, the atmospheric elemental composition of the
planet is dominated by planetesimal accretion and, regardless of the two formation locations,
the composition is predominantly oxygen-rich; owing to significant accretion of HoO ice. On
another front, (56) reported models where the chemistry is treated with an astrochemical
model coupled with a disk evolution model. The planet formation is governed by core
accretion with gas and planetesimal accretion and formed in specific regions (‘traps’) in the
disk. They also find planets with oxygen-rich C/O ratios of 0.23, owing to an assumed lower
C/O ratio in the disc and the assumption of no planetesimal accretion. (269) also found
giant planets with high water abundances, but did not compute C/O ratios. Overall, across
these various studies, planets formed via core accretion involving significant planetesimal
accretion and migration through the disk result in oxygen-rich composition of the planetary
envelopes (164, 184, 56).

More recent studies have investigated alternate mechanisms that can influence the heavy
element content in giant exoplanetary atmospheres. One new direction explored in this con-
text is the formation of giant planets via pebble accretion and migration through the evolv-
ing disk with a given chemical prescription (165). The important aspect of this formation
mechanism (139) is that the solid accretion occurs predominantly during the formation of
the core until the pebble isolation mass is reached, following which gas accretion dominates
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Figure 8: Top:Variation of the C/O ratio of the gas and solids in a disc due to freeze-out.
The CO, CO2 and H20O snow lines are shown. The width of the snow lines is set by the
balance of adsorbtion vs thermal desorption (31). The dotted line shows a typical case
where pebble drift has enhanced the C/O inner the inner region (2, 31). Conversely, the
conversion of CO to CO2 and complex organic molecules reduces the C/O ratio of the gas
and increases the C/O ratio of the ices (e.g. (72, 73)). Bottom: Abundance of carbon and
oxygen relative to solar in solid and gas phases.

with almost no solid accretion. In this scenario, the envelope composition is dominated by
the gas composition, which is typically metal poor and the accreted solids are sequestered
in the core. This leads to generally sub-stellar metallicities and the C/O ratio of the en-
velope depends on the location of accreted gas relative to the snow lines. In principle,
super-stellar metallicities and low C/O ratios can also be attained if the cores are allowed
to erode and contribute to the envelope composition (1, 165). Beyond this picture, how-
ever, further studies have considered the effect of pebble drift on the composition of gas in
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Figure 9: Carbon and oxygen abundances arising from different core accretion models of
giant planet formation. The circles denote planets formed by pebble accretion, taking
into account the chemical evolution driven by pebble migration (31). Models based on the
planetesimal accretion scenario taking into account migration are shown as plus signs (164).
The point colours denote the chemical abundance models used from (164): the case 1 and
2 equilibrium models are shown in blue and orange, and the case 2 no-reactions model in
green. The purple stars show the models of Jupiter mass planets from (184), while the
models of (57) are given by the red star.

the disk (207, 31). Inward drifting pebbles sublimate at each snow line crossing, thereby
enriching the metallicity of the gas inward of the snow line. A planet formed by accreting
such metal-rich gas can naturally possess both high metallicities and a wide range of C/O
ratios depending on the specific formation pathway. Overall, the pebble accretion paradigm
provides a natural way to explain a wide range of metallicities as well as C/O ratios in giant
exoplanetary atmospheres. A new generation of studies are now beginning to investigate
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the effect of complex disk chemistry on the compositions of the planets formed via different
mechanisms. In previous studies, the treatment of chemistry in the disk was simplistic
based on fixed condensation fronts depending on the mid plane temperature (197, 164).
New studies considering full chemical kinetics along with the evolving disk show significant
evolution in the gas and ice compositions (e.g. C/O ratios) of the disk mid-plane beyond
what fixed chemical prescriptions assume (73). Future end-to-end models including such
full chemical treatment may find a wider diversity of planetary compositions than currently
predicted. A recent study with an end-to-end model combined a full chemical model with
a hydrodynamical model of planet formation by gravitational instability (113). They sug-
gested the possibility of dust grains, along with their volatiles, sedimenting to the cores
and preventing the enrichment of their envelopes with the volatiles. Therefore, planetary
envelopes formed via gravitational instability may not entirely reflect the bulk composition
of the formation locations. Finally, new studies are also suggesting that besides the carbon
and oxygen abundances, the nitrogen abundance may also be an important diagnostic of
planetary formation pathways (208, 30).

1. The key goal is to use elemental abudances in exoplanetary atmospheres to con-
straint their formation and migration history. Basic premise: elemental composition
of protoplanetary disk same as the protostellar nebula.

2. Composition of the disk (e.g. C/H, O/H, C/O ratios) in gas and solids change
as a function of orbital distance and age, with snow lines of HoO, CO, and CO2
governing key transitions in elemental abundances. Further in the disk beyond the
CO; snowline the C/O ratio in the gas approaches 1.

3. Giant planet composition depends on the relative amounts of gas vs solids accreted
by the planet from different locations in the disk relative to the snow lines.

4. Giant planet formation via core accretion with significant planetesimal accretion and
migration through the disk leads to super-solar metallicities and sub-solar (oxygen-
rich) C/O ratios, i.e., C/O < 0.5.

5. Giant planet formation beyond the CO/CO2 snow lines but with disk-free migra-
tion can lead to sub-solar metallicities and carbon-rich compositions with C/O
approaching 1.

6. Giant planet formation by pebble accretion can lead to a diverse range of metallic-
ities and C/O ratios depending on the efficiency of core erosion as well the contri-
bution of pebble drift to the disk composition.

6. Habitable Planets and Biosignatures

The detection of a biosignature in the atmosphere of a terrestrial-size planet represents the
holy grail of exoplanetary science. The current population of discovered transiting exo-
planets contain dozens of rocky exoplanets in their habitable zones (138). It is conceivable
that a chemical signature in the atmosphere of a habitable exoplanet may be discovered
within the next decade with large facilities in space (e.g. JWST) and ground (e.g. E-ELT).
However, whether or not the detected chemical will be a robust signature of life is a subject
of much debate (179, 49). Nevertheless, the prospects of finding a potential biosignature in
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the atmosphere of a terrestrial exoplanet are promising given the rapid increase in new dis-
coveries of such planets and the new observational facilities on the horizon. Recent reviews
of various aspects of this area can be found in (179, 49, 87, 228, 163)

6.1. Habitable Planets

One of the most revolutionary findings from exoplanet detection surveys has been the high
occurance rate of rocky exoplanets in the solar neighbourhood (88). Earth-size planets
are now known to be very common, and more so around low-mass stars. In particular,
dozens of terrestrial-size exoplanets are known with equilibrium temperatures conducive
for liquid water to exist on the surface. In principle, these planets may be be classed as
habitable-zone planets, though the extent of a habitable zone is subject to the planetary
interior and atmospheric properties as well as the astrophysical conditions assumed. A
detailed review of the various factors affecting habitability of terrestrial exoplanets can be
found in various recent works (97, 228, 130, 95, 119, 235, 99). These factors include the
atmospheric and geophysical conditions in the planet, its orbital parameters and evolution,
the nature and evolution of the host star and its environment, magnetospheric protection,
and the planet’s formation history, among other factors. The dozens of potentially habitable
planets now known are found orbiting mostly late-type K and M stars, meaning their
environmental conditions may be expected to be very different and diverse compared to the
terrestrial experience. An exact Earth analog is yet to be discovered. From an observational
standpoint, however, planets orbiting late-type stars provide a fortuitous opportunity to
characterise their atmospheres. Their small stellar sizes provide large planet-star contrasts,
both in radius and flux, making them conducive for transit spectroscopy. This ‘small star
opportunity’ has emerged to be the cornerstone in the search for habitable planets and
biosignatures in the near future. In particular, the recent discoveries of habitable-zone
planets orbiting nearby stars such as TRAPPIST-1 (92) and Proxima Cen (5) provide new
impetus in this direction. As discussed below, discovering biosignatures in the atmospheres
of such planets may be within the reach of upcoming observational facilities.

6.2. Biosignatures

The ultimate breakthrough in exoplanetary science will be the detection of a biosignature
in the atmosphere of a rocky habitable-zone exoplanet. But, what is a biosignature? Nom-
inally, an ideal biosignature gas would need to satisfy some natural conditions (230), such
as (a) it should not have any false positives, i.e., should not be a product of non-biological
mechanisms, (b) it should have strong enough spectral features to be detectable, and (c)
it should be abundant enough to be detectable. Traditionally, the prominent biosignatures
based on the Earth’s atmosphere were thought to be O2, O3z, N2O, and CHy; though CHy
is known to be produced in minor quantities geologically (49). By far, the most promising
biosignature for Earth-like planets had originally been considered to be Oz and, hence,
Os. However, recent studies suggest the possibility of abiotic mechanisms which can also
produce Oz in detectable quantities (179). It may be safe to say that currently there is no
single molecule that may qualify as a unique biosignature upon detection in extraterrestrial
atmospheres. Nevertheless, recent studies are suggesting several approaches for progress in
this direction. Firstly, any assessment of a biosignature has to take into account various as-
pects of the environment that are required for the planet to be conducive to life (49). These
include characterisation of the stellar host and bulk properties of the planet as well as the
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atmospheric ‘climatic’ conditions. Ultimately, a probabilistic measure of life may be more
plausible than a binary inference (49). Furthermore, while there is no single ideal molecule,
the combination of multiple species (e.g. O2 and CH4) may be a potential biosignature
under the given conditions. In this regard, a detection of O2 and CH4 and/or N2O along
with liquid H20 on a habitable-zone planet, i.e. an almost exact Earth analogue, may be a
sure sign of life.

While designing metrics centered on terrestrial experience may be a convenient starting
point, it will likely serve us better to be open to surprises. As is common experience in
exoplanetary science, reality has rarely conformed to our expectations. From planetary
detections to atmospheric studies, most of the findings to date have defied expectations.
Initial studies show that the possible space of biochemical byproducts may comprise of
numerous chemical species (226, 228), and may indeed be non-denumerably infinite. For
example, species such as 02, O3, NoO, CH4, CO2, CH3SH, CH3Cl, C2Hg and NHs, may all
be potential bio-signatures in Earth-like conditions (226, 228). In addition, different stellar
environments may reduce or increase the chances of potential biosignatures. For example,
while planets around M dwarfs may be subject to an extremely harsh UV environment
which can be catastrophic for terrestrial-like life (234, 119), the same environments may
also be conducive for abiogenesis, producing species essential for primordial life such as
HCN (216, 217).

6.3. Observational Prospects

A prudent approach to searching for biosignatures in terrestrial exoplanets is likely to be
one that is driven by observational capability rather than terracentric predictions of an ideal
biosignature. Several recent studies have discussed the observational capabilities of upcom-
ing facilities that would be sensitive to detecting chemical signatures in rocky exoplanets
(119, 229, 226, 87). Atmospheric characterisation of Earth-like planets around sun-like stars
may be beyond the capabilities of current and upcoming facilities. However, a more promis-
ing pathway that has emerged in recent years is the atmospheric characterisation of planets
orbiting low-mass stars such as TRAPPIST-1 (92) and Proxima Centauri (5). Recent stud-
ies show that dedicated spectroscopic observations with JWST could take us within the
reach of detecting chemical signatures for habitable planets in both TRAPPIST-1 (185, 17)
and Proxima Cen b (252). Furthermore, these atmospheres may also be probed by large
ground-based facilities (e.g. E-ELT) using a combination of high-resolution spectroscopy
and high-contrast imaging (248, 220). New studies are underway for a future generation
of facilities such as LUVOIR (28) and HabEx (181) that would enable characterisation of
potential biospheres of Earth-like planets around sun-like stars (280).

1. The detection of an atmospheric biosignature in a rocky exoplanet represents the
holy grail of the field.

2. Defining a unique biosignature remains a theoretical challenge, but several candidate
molecules have been suggested.

3. Detection of a potential biosignature may be within the reach of upcoming obser-
vational facilities.
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7. Future Landscape

It is clear that the future of exoplanetary science lies in detailed characterisation of exo-
planetary atmospheres. Numerous surveys both from space and on the ground are geared
towards discovering planets orbiting nearby bright stars which enable detailed atmospheric
spectroscopy of the planets. Current and upcoming transit surveys include K2, TESS,
and CHEOPS from space and ground-based surveys such as SuperWASP, NGTS, KELT,
SPECULOOS, and MEARTH, followed by the PLATO mission on a longer term. In paral-
lel, direct-imaging surveys with instruments such as GPI, SPHERE, and SCExAQO aim to
discover long-period exoplanets around young nearby stars. These surveys promise a large
sample of targets for detailed comparative characterisation of exoplanetary atmospheres
over the next decade. On the other hand, the prospects of various new observational facili-
ties for atmospheric spectroscopy of exoplanets are equally exciting. In the imminent future,
JWST will play a pivotal role in revolutionising the field. In the late 2020s space-based
facilities such as ARIEL will enable atmospheric characterisation of large populations of ex-
oplanets, and large ground-based telescopes such as E-ELT, GMT, and TMT, may enable
detections of biosignatures in atmospheres of habitable-zone exoplanets. Here we discuss
the future landscape of the field, focusing specifically on observational facilities at present
and in the imminent future.

7.1. Exoplanetary Atmospheres with Current Facilities

As discussed in this work, current facilities are already capable of providing detailed insights
into exoplanetary atmospheres. What can we expect from these facilities in the future?
HST, which has been the workhorse of the field in recent years, will continue to be a powerful
facility. Prior to JWST, which is currently expected to launch in 2021, HST is the only
space-based facility for transit spectroscopy over a broad spectral range, from UV to near-
TR. As discussed above, spectra over the broad spectral range from visible to NIR have been
obtained with HST for over ten giant exoplanets, albeit with variable data quality. Similarly,
spectra are becoming available for tens more transiting exoplanets obtained with one or more
HST instruments albeit with generally limited data quality. These kinds of survey programs
are beneficial to provide a general census of exoplanetary spectra over a large sample (244,
266, 86), but are of limited utility for obtaining stringent constraints on relevant atmospheric
properties of any individual planet. As discussed in (162), HoO abundances have been
measured to better than 0.5 dex precisions in only a handful of exoplanets. Retrievals of
high-precision chemical abundances and other atmospheric properties from transit spectra
require uncertainties on data that are nearly 20 ppm (63, 166, 132, 157). While such
precisions can be obtained in single transit/eclipse observations for planets orbiting bright
host stars such as HD 209458b (63), fainter host stars require coadding spectra from multiple
events, as demonstrated for WASP-43b (256, 132). This is the approach required with HST,
i.e., dedicated efforts for high-precision (20 ppm) transit spectroscopy over the entire HST
spectral range of a sizeable sample of exoplanets. Such a program has the potential to
obtained high precision chemical abundances of H2O, and other possible species (e.g. CHy,
HCN, NHs, TiO/VO, Na, K), P-T profiles, constraints on clouds/hazes for a large sample
of exoplanets to enable comparative atmospheric characterisation.

At the same time, as discussed earlier, ground-based facilities have started to provide
high-precision spectra for both close-in planets as well as directly imaged planets on large
orbital separations, as shown in Fig. 4. In particular, ground-based transit spectroscopy
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at both low-resolution and high-resolution will continue to provide robust detections of
several chemical species such as Na, K, TiO, and He (e.g., 232, 193). Such detections can
be made using instruments on existing large ground-based telescopes (e.g. VLT and GTC)
as well as high-resolution spectrographs on medium-size telescopes such as the HARPS
spectrograph (106). In addition, high resolution Doppler spectroscopy in thermal emission
with large ground-based telescopes promise high confidence detections of chemical species.
As discussed earlier, this technique has been instrumental in strong detections of key species
such as HoO, CO, TiO, and HCN in several hot Jupiters using the CRIRES instrument on
the VLT. The upcoming CRIRES+ spectrograph on VLT along with other high-resolution
spectrographs on medium-size (4m class) telescopes promise new opportunities for the future
(41). Ultimately, the combination of high-resolution Doppler spectroscopy along with low-
resolution transit spectroscopy will provide the best constraints possible. Similarly, the
combination of the cross-correlation technique with high-contrast imaging provides new
promise for medium-high resolution spectroscopy at extreme flux contrasts(248, 106). These
advancements will naturally be further enhanced with the next generation of large ground-
based facilities such as the E-ELT, GMT, and TMT.

7.2. Exoplanetary Atmospheres with JWST

The James Webb Space Telescope (JWST) has the potential to revolutionise the study of
exoplanetary atmospheres. The key advantages of JWST for exoplanet spectroscopy are
apparent - its large aperture, and hence high sensitivity, and wide spectral range, particu-
larly in the infrared. Several studies have investigated the science that can be pursued with
JWST (94, 62, 18). Here, we discuss some key highlights and some strategic factors that
need to be considered to maximise the potential of JWST for atmospheric characterisation
of exoplanets.

JWST will clearly revolutionise our understanding of giant planets which will be the
most conducive planets for atmospheric characterisation as already demonstrated with cur-
rent facilities. This is most apparent when considering that the range of species that JWST
will be able to observe in hot Jupiters may supersede what we know for Jupiter in our own
solar system, which is currently the most studied giant planet. The wide spectral range of
JWST spans the absorption features of a range of chemical species, as shown in Fig. 10.
All the prominent molecular species containing the key volatile elements (e.g. O, C, and
N) such as H,O, CO, CH4, CO2, HCN, C2Hs, and NHs, have strong spectral features in
the JWST spectral range. The mixing ratios of these species can provide unprecedented
constraints on the corresponding elemental abundance ratios, e.g., C/H, O/H, N/H, C/O,
N/O, etc. These molecular and elemental ratios have the potential to provide a wide range
of constraints on numerous atmospheric processes and planetary formation mechanisms, as
discussed in this work. Moreover, the spectral range of JWST, as seen in Fig. 10, also
contains strong signatures of various molecules containing refractory elements (e.g. TiO,
VO, AlO, TiH, etc) which provide important constraints on both the metal content in the
atmospheres as well as the possibility of aerosols comprised of these species, depending on
the temperatures. Most of these species are not measurable for giant planets in the solar
system due to their low temperatures. On the other hand, JWST will be able to measure
these for planets over a wide mass range, possibly from super-Earths to super-Jupiters.

While JWST will readily detect various chemical species in exoplanetary atmospheres,
precise quantitative constraints on the atmospheric properties will require judicious plan-
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Figure 10: Cross-sections of various molecules across optical and infrared wavelengths.
Spectral ranges covered by certain modes of JWST’s four instruments (NIRSpec, NIRISS,
NIRCam, and MIRI) are shown for comparison. For NIRSpec, the wavelength coverage
of individual filters is also shown. JWST’s extensive spectral coverage will enable detailed
chemical characterisations of exoplanetary atmospheres.

ning. The atmospheric properties including the chemical abundances, temperature profiles,
and other properties, are determined from spectra using atmospheric retrieval methods. It
is conceivable that chemical abundances and ratios (e.g. H2O, C/O ratio, etc) can be de-
termined to precisions within 0.5 dex (94, 17), more so considering that retrievals on HST
spectra are already providing best precisions on HoO abundances of ~0.5 dex (166, 157, 277).
However, the precision of the determined chemical abundances, depends both on the spec-
tral range as well as the precision, while ensuring that the desired chemical species has
strong signature in the observed range. Firstly, as shown in Fig. 11, the spectral ranges
of the near-infrared instruments (NIRISS and NIRSPEC) are composed of multiple modes
each of which covers a narrow range, typically 1-2 ym wide, and can be observed only one at
a time. Consequently, obtaining the full spectral range of JWST would require a significant
investment of JWST time on any one target. Therefore, judicious choices need to be made
in choosing the observing modes which depend on a range of system properties including
the stellar brightness, planetary bulk properties (e.g. size, gravity, temperature), expected
atmospheric composition and spectral amplitude. Various studies have investigated the in-
formation content in JWST spectra as a function of these properties (e.g., 94, 17, 183, 218)
using simulated JWST data. For example, (17) show that for a given amount of observing
time with JWST NIRISS and NIRSpec the information content in an observed spectrum of
a certain molecule in multiple modes is higher than that observed in a single mode at high
precision. On the other hand, for certain host stars a broader coverage over 1-5 um range
can be achieved with the NIRSpec in GRISM mode. In principle, the MIRI instrument
has significant larger spectral range in each of two models in the 5-28 pm but have lower
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resolution and fewer relevant spectral features compared to the near-infrared.
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Figure 11: Simulated JWST /NIRSpec data based on the model spectrum of a planet resem-
bling HD 209458b . Simulated data is shown by dark red points, while the model spectrum
is shown in pink. Data is simulated for the G140H, G235H and G395H high-resolution
grisms available with NIRSpec. The native-resolution simulated data points have been
binned to a lower resolution for clarity. In the inset, real HST/WFC3 data for HD 209458b
(blue points and error bars) is shown for reference. The chemical features probed in this
spectral range are labelled with brackets; atmospheric observations with JWST will allow
higher resolutions and smaller uncertainties than present capabilities, resulting in more
robust and varied chemical detections.

Another challenge for transit spectroscopy with JWST lies in the possibility of cloudy
atmospheres. As discussed in this work, transmission spectra have suggested the presence
of clouds/hazes in transiting exoplanets over a range of temperatures and masses, revealed
through low-amplitude HoO features as well as non-Rayleigh spectral slopes in the optical
(244, 86, 266). Current retrieval codes are able to retrieve the chemical abundances from
such spectra in addition to constraining the cloud/haze properties (16, 157). However, such
joint constraints require transmission spectra in visible wavelengths to resolve the degen-
eracies between the chemical abundances and clouds/hazes. While this has been possible
with HST, using the STIS spectrograph, the same will be lacking for JWST which does
not have significant spectral coverage in the optical. Therefore, complementary transmis-
sion spectra in the visible observed with HST and/or large ground-based telescopes will be
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required to accurately retrieve chemical compositions of cloudy atmospheres using JWST
transmission spectra. The recent successes of HST and high-precision ground-based trans-
mission spectroscopy of giant exoplanets (232, 193, 53) provide promising prospects in this
direction. On the other hand, for many of the irradiated giant exoplanets dayside thermal
emission spectra may provide a more viable means to constrain their atmospheric compo-
sitions, rather than transmission spectra. The dayside spectra are less influenced by clouds
owing to the higher irradiation/temperatures as well as the fact that an opaque cloud deck
essentially acts as a photosphere and the compositions constrained are those above the
cloud deck by default. Moreover, infrared spectra of several hot Jupiters with HST and
Spitzer, as well as with high-resolution ground-based spectra have already revealed clear
signatures of molecular features and temperature gradients suggesting the lack of strong
interference due to clouds/hazes on the dayside spectra. Besides chemical compositions,
JWST will provide unprecedented constraints on a host of other atmospheric properties
of exoplanets. In addition, JWST will provide the first opportunity to characterise the
atmospheres of super-Earths and terrestrial-size exoplanets in detail, especially for planets
orbiting low-mass stars (252).
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