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EXPANDING THE FRONTIERS OF SPACE ASTRONOMY



First Exoplanet Detected in 1995…..

In 2018, More than 3500 Confirmed Exoplanets 
Planets not to scale

Pl
an

et
 F

re
qu

en
cy



In the era of Webb

>100 Exoplanets with 
Characterization Observations

In the era of Hubble & Spitzer

Potential for >300 Exoplanets 
with Characterization  

Observations 
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specific to transits (§ 5). Detector issues and features and the
modes of each JWST instrument relevant to transits are discussed
in § 6 and § 7. § 8 presents some illustrative science programs
with an emphasis on cross-instrument capabilities. The chal-
lenges of data processing and community engagement are then
considered (§ 9), and the paper concludes with a summary of the
most important findings (§ 10). Individual presentations at the
Workshop go into much greater detail on these topics than
can be given in this White Paper. These presentations are avail-
able on-line at the NASA Exoplanet Science Institute. Many of
the section headings link directly to these presentations. The
meeting agenda with live links (Appendix A) and a list of attend-
ees (Appendix B) are given in the appendices.

2. KEY SCIENCE OPPORTUNITIES

As a planet passes either in front of or behind its host star we
detect either a “primary transit” or a “secondary eclipse” (Fig. 1).
In the former case we see stellar light filtered through a thin
annulus of the upper atmosphere of the planet. While primary
transit signals are relatively insensitive to the vertical structure
of the atmosphere, the measurements sample only a few scale
heights in the upper atmosphere which may not be representa-
tive of the atmosphere as a whole. In the case of a secondary
eclipse, we directly detect radiation emitted by the star-facing
side of the planet from which we can retrieve both atmospheric

temperature structure and more fully representative chemical
abundances. The figure also shows that it is possible to follow
a planet throughout its orbit to measure its phase curve from
which one can infer important information on the planet’s
albedo (in reflected light) and its horizontal temperature struc-
ture (in thermal emission). In this section, we address science
opportunities for spectroscopy of gas and ice giant planets
(∼0:05–5 MJup, § 2.1.1), Super Earths (∼5–15 M⊕, § 2.1.2)
and even terrestrial-sized planets (∼1–5 M⊕, § 2.1.3 and
2.3.1). JWST will also investigate the dynamical processes of
weather through the study of phase curves (§ 2.2).

2.1. Transit and Secondary Eclipse Spectroscopy

2.1.1. Giant Planet Spectroscopy

With JWST transit spectroscopy we will address fundamen-
tal questions about gas and ice giant planets, putting their pres-
ent-day characteristics into the context of theories of their
formation and evolution. For example, to what extent is metal
enrichment a hallmark of giant planets? How does a planet’s
composition vary as a function of planet mass and migration
history, stellar type and metallicity and, in particular, stellar
C/O ratio (Öberg et al. 2011)? By determining the abundances
of key molecules (Fig. 2; Shabram et al. 2011a), we can begin to
address these and other issues.

FIG. 1.—Illustrative simulated spectra are shown for a smaller (2:0 R⊕) planet similar to GJ 1214b at that planet’s orbital location with the same host star. Primary
(bottom) and secondary (top) transits are shown, and the planet model spectra were based on Fortney et al. (2013). See the electronic edition of the PASP for a color
version of this figure.

1136 BEICHMAN ET AL.

2014 PASP, 126:1134–1173

This content downloaded from 130.167.237.13 on Mon, 11 May 2015 13:40:25 PM
All use subject to JSTOR Terms and Conditions
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Webb will observe exoplanets at molecule-rich 
infrared wavelengths



Infrared

A.-L. Maire et al.: The LEECH Exoplanet Imaging Survey. Further constraints on the HR 8799 planet architecture

Table 1. Log of the observations.

Object Obs. date (UT) Seeing (00) Air mass start/end DIT (s) NDIT Nexp Ndith �PA (�) Remarks
⇥1 Ori C 2013/10/24 0.95–1.00 1.50–1.47 0.029 30 10 12 1.728 Unsaturated
HR 8799 2013/10/21 0.70–1.10 1.05–1.15 0.291 3 7223 – 107 Saturated

Notes. The seeing is the value measured by the LBT di↵erential image motion monitor (DIMM) in the same direction on sky as the target. DIT
(Detector Integration Time) refers to the exposure time per coadd, NDIT (Number of Detector InTegrations) to the number of coadds for a single
frame, Nexp to the number of frames per dither pattern, Ndith to the number of dither patterns, and �PA to the amplitude of the parallactic rotation.

HR 8799 (L0 = 5.220± 0.018, Hinz et al. 2010) was observed
on October 21st UT with the “DX” side of the telescope at two
di↵erent nods simultaneously. We selected the individual expo-
sure time so that the readout noise is kept below the sky back-
ground. The star is thus saturated on the detector. After apply-
ing frame selection, distortion correction, cosmetic removal, sky
subtraction, 2⇥2 binning, and frame registration (using cross-
correlation), the data are processed using our implementation
of the principal component analysis approach (PCA, Soummer
et al. 2012; Amara & Quanz 2012). Figure 1 shows the result-
ing image. Planets bcde are detected with signal-to-noise ratio
81, 154, 62, and 32 (see below for the method used for the noise
estimation). Immediately after observing HR 8799, we observed
another star, HIP 18859, in the same mode as HR 8799 but with a
calibrated 1% neutral density filter. When observing a bright star
in the L0 band, the LMIRCam PSF is very stable, so this photo-
metric standard is more than adequate to approximate the rela-
tively low signal-to-noise core of an exoplanet. Since the point-
source self-subtraction of angular di↵erential imaging biases the
astrometric and photometric measurements, we calibrate these
e↵ects using injection of synthetic point sources (based on the
measured PSF) with di↵erent brightness and insertion positions
into the pre-processed data (Skemer et al. 2012). More precisely,
we insert negative artificial planets (Marois et al. 2010a; Bon-
nefoy et al. 2011) at the positions of the real planets in the pre-
processed data before performing the di↵erential imaging part
of the data analysis. This is repeated as part of a Levenberg-
Marquardt fit (Markwardt 2009)1 until the flux at the positions
of the true planets is minimized. The procedure minimizes the
planet flux over an annulus centered on the star with a radius
equal to the planet separation and a width of 0.300. Using an an-
nulus for the minimization zone instead of an aperture around
the planet PSF has negligible e↵ects on the results of the mini-
mization process because a planet signal spans a small region of
the annulus. The Levenberg-Marquardt code outputs error bars,
based on the cross-correlation matrix and the number of free pa-
rameters (i.e. the number of resolution elements) in the annulus.

We construct a contrast curve (discussed in Sect. 5) using the
pre-processed frames with HR 8799 bcde artificially removed.
At every radius, we insert a fake planet in these data and perform
a complete re-reduction, iterating until we reach a 5-� detection2

(our nominal contrast benchmark). For each separation to the
star, the noise level is estimated using the standard deviation of
the intensity of the pixels at this separation. For the derivation
of the signal-to-noise of the planets, the noise level is scaled to

1
http://purl.com/net/mpfit.

2 As recently discussed in Mawet et al. (2014), the confidence level
associated to a given � threshold decreases when the separation de-
creases, due to the small sample statistics of the noise realizations. For
the separation range considered in this work (&2 �/D), it is superior to
the confidence level corresponding to a 3-� gaussian threshold.

E

N

 0.5" 

20 AU

Fig. 1. LMIRCam image in L0 band of the HR 8799 multiple-planet
system. The field of view is ⇠400. The point-spread function is subtracted
using our PCA pipeline (see text). The image is binned (2⇥2 binning).
The intensity scale is linear.

the same aperture size (1 �/D) used to estimate the flux of the
fake planets assuming white noise. We repeat this analysis at
eight position angles for every radius, and average the results to
suppress random speckle error.

3. Astrometric analysis

3.1. The ⇥1 Ori C field

The stellar positions in the images are derived using the cen-
troid IDL routine cntrd3 adapted from the DAOphot software
(Stetson 1987). For the catalog positions, we use the astrometry
published in Close et al. (2012), based on LBT/PISCES obser-
vations acquired on October 16th, 2011, which is referenced to
the HST/ACS observations of Ricci et al. (2008). In each of the
dithered frames of the observing sequence (Sect. 2), we select
typically 3–4 stars with signal-to-noise ratios greater than 10 for
the calibration. We use all the available stellar pairs for the anal-
ysis.

Combining the results obtained for the whole dataset, we de-
rive forty individual measurements for the platescale and the true
north orientation with respect to the detector y-axis (counted

3
http://idlastro.gsfc.nasa.gov/ftp/pro/idlphot/.
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HR 8799
LBT 3.8 µm
Maire et al. 2014

Webb will observe at infrared wavelengths 
where exoplanets emit most of their light  





Webb will probe exoplanets in primarily two ways…

High-Contrast Imaging High-Precision Time-Series Observations



High-Contrast Imaging with Webb
High contrast at longer wavelengths: 3-5 µm, 10+ µm

Much deeper sensitivity & wider field of view than AO.

Options: NIRCam & MIRI coronagraphs, NIRISS AMI,  
  or non-coronagraphic PSF subtraction with any 
instrument.

NIRCAM SIMULATIONS OF HD 181327 

J. LEBRETON            -            DETAILED MODELS OF A SAMPLE OF DEBRIS DISKS            -             SF2A 03/06/14 

•  Realistic disk model + J.Krist performance model, including PSF 
subtraction and 5 nm of WFE drift between target & reference 
Star-only Disk subtracted 
 
 
 
4.44 µm, no-noise 

Water ice > 

J. LEBRETON            -            DETAILED MODELS OF A SAMPLE OF DEBRIS DISKS            -             SF2A 03/06/14 

MIRI SIMULATIONS OF HD181327 
• Simulation from A.Boccaletti 
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Table1

CoronagraphicmodesofMIRI

FilterCoronagraphStoptransmissionCentralwavelengthBandwidthIWARejection
[%][µm][µm][arcsec]on-axis

F1065C4QPM16210.5750.750.33260
F1140C4QPM26211.300.80.36285
F1550C4QPM36215.500.90.49310
F2300CLyotspot7222.755.52.16850
F0560WLyotbar1005.601.150.72210
F0770WLyotbar1007.652.10.7255
F1000WLyotbar1009.951.90.7250

etal.(2005).Thesimulationwasusedformerly
toderivespecificationsoftheMIRIcoronagraphs
andtoestimateperformances.Itaccountsforthe
telescopepupil(18hexagonalsegmentsseparated
bysmallgaps),phaseaberrations(independenton
eachsegments),foratotalof∼130nmRMS(mid
andhighfrequencies)aswellasagloballoworder
aberrationinaformofdefocusequivalentto2mm
atthetelescopefocalplane.Inthepupilplane
(filterwheel),thepositionoftheLyotstopcanbe
mis-alignedsoitwasoffsetby3%thesizeofthe
pupilandincludesalsoa0.5

◦
rotationwithrespect

totheperfectpupilorientation.Thesenumbers
aresupposedtobeconservative.Tomodelthe
telescopepointingvariationsthecalculationofthe
coronagraphicimageisrepeated200timeswitha
1-sigmadispersionof7masandallrealizationare
summedintheend.Areferencestarimageiscal-
culatedsimultaneously(samesetupasthetarget)
butconsideringdifferentjitterrealizations.We
assumethatthetarget/referencedutycyclecan
beshortenoughtoneglectthevariationofthe
wavefronterrorsandconsiderthatthetargetto
referencemismatchisdrivenbythepointingpre-
cisionof5mas(theJWSTpointingrequirement
at1-sigma/axis).Finally,severaloff-axisimages
(PSFs)aregeneratedinthefieldatvariousposi-
tions(0.1”,0.2”,0.5”,1”,10”)toaccountforthe
coronagraphicradialattenuation(seeFig.1).

Forbroadbandfilters(anyfiltersbutF1065C,
F1140C,F1550C)polychromaticimagesaregen-
eratedaccordingtothetabulatedtransmissionof
thesefilters.Threetypesofcoronagraphsare
madeavailableinthesimulation,the4QPMand
theLyotspotmaskforcoronagraphicfilters,and
theLyotbarmaskforimagingfilters.Inthelat-
tercase,thecentralsourceisoffsetby6”from
thecenterofthefield.Rawcoronagraphiccon-

Fig.2.—Normalizednoise-freecontrastsobtained
inF1140C(red)andF1550C(blue)filterson
thePSF(solid)andtherawcoronagraphicimage
(dashed).Estimated5σcontrastsusingreference
starsubtractionarealsoshown(dash-dotted).

trasts(azimuthallyaveraged),correspondingto
thefirststepofthesimulation(freeofdetec-
tionnoises)areshowninFig.2,togetherwith
5σpost-processingcontrastsoncereferencestar
issubtractedwhichsetsthemaximumachievable
contrastwiththistechnique.Sincethen,several
smarterpost-processingtechniqueswereproposed
(Lafrenièreetal.2007;Soummeretal.2012)and
shouldbeimplementedinMIRItoimprovethis
limitofdetection.Therefore,thecontrastper-
formancepresentedinthispaperareconservative.
Theexactprofilesofthecoronagraphicimageswill
bedependingonthepowerspectrumdensityofthe
wavefronterrors,whichisyetdifficulttopredict.

Thesecondpartofthesimulationincludesthe
detectionnoise.Thephotonnoiseinthecorona-
graphicimagedependsonthestardistanceand
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Sim. MIRI obs of Fomalhaut 
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F335M
F360M

F430M
F460M

F200W

F182M

F2
30
0C

F250M
F300M

F410MNIRCam
SW LW

Teff = 1000 K, log(g) = 3.5 model from Barman et al. 

MIRI

F210M

F356W

F480M



NIRCam Coronagraphs

Name Shape Inner Working Angle Wavelength Range

MASK210R round 0.40” 1.8 - 2.2 µm

MASKSWB bar 0.13 - 0.40” 1.8 - 2.2 µm

MASK335R round 0.63” 2.5 - 4.1 µm

MASK430R round 0.81” 2.5 - 4.6 µm

MASKLWB bar 0.29 - 0.88” 2.5 - 4.8 µm

LW  
channel

SW 
channel

• 5 Lyot coronagraphs, pseudo band-limited  
with soft-edged grayscale occulters.

• Round occulters provide 360º azimuthal 
coverage for disk observations and planet 
searches.  Relatively large (HWHM = 
0.4-0.8”): optimized for 6 λ/D at λ= 2.1, 
3.3, 4.3.  

• Bar occulters provide allow selection of 
inner working angle to match wavelength. 
Optimized for 4 λ/D. Each filter has its own  
location along the wedge.

• Lyot stops suppress PSF wing diffraction. 
Throughput = 19%. 

• coronagraph optics are outside the FOV 
during normal imaging observations.



NIRCam contrasts:  below 10-5 at 1”, 10-7 at 4”
4-5 µm

Adapted/updated from Beichman et al. 2010



Most NIRCam filters are available for coronagraphy

SW filters below 1.8 µm unavailable. 
Coronagraph mask anti-reflection coating 
has low throughput for λ < 1.8 µm

LW narrow band filters unavailable. 
These are installed in same pupil wheel  
as the coronagraph Lyot stops.

Filter

F182M H2O, CH4

F187N Paschen Alpha

F200W continuum 

F210M H2O, CH4

F212N H2

F250M continuum, CH4

F277W continuum

F300M H2O ice

F322W2 double-wide, max sensitivity

F335M PAH, CH4

F360M continuum

F410M continuum

F430M CO2, N2

F444W continuum

F460M CO
F480M CO



MIRI Coronagraphs

MIRI imaging FOV

MIRI LRS slit Name Type Inner Working Angle Bandwidth

F1065C FQPM 0.33” 0.75 µm

F1140C FQPM 0.36” 0.8 µm

F1550C FQPM 0.49” 0.9 µm

F2300C Lyot 2.16” 5.5 µm

• 3 four-quadrant phase mask coronagraphs, 
at fixed filters: 10.65, 11.4, 15.5 µm. 
These provide good contrast down to 1 λ/D, 
but are relatively narrow band. (R~20)

• One Lyot coronagraph. The occulter is 
relatively large (optimized for 3 λ/D at 23 µm; 
r=2.16”) but broader bandwidth (R~5) 
optimized for sensitivity to disks. 

• Coronagraph masks are always in the FOV, 
along left side of MIRI imager detector.



MIRI contrasts: 10-4 to 10-5 for r > 1”
10-15 µm

plus PCA PSF subtraction using 
small grid dithered reference library
     Lajoie et al. 2015

Adapted/updated from Beichman et al. 2010



MIRI Filters for Coronagraphy

F1
06
5C

F1
14
0C

F1
55
0C

F2
30
0C

NIRCam
SW LW

Teff = 1000 K, log(g) = 3.5 model from Barman et al. 

MIRI

Filter

F1065C Ammonia

F1140C Continuum (planets); Si, PAHs (disks)

F1550C Continuum 

C2300C Continuum, especially for disks

• Ammonia feature at 10.65 µm is main 
spectral feature at 5-20 µm for cool 
exoplanet atmospheres (T~ 200-500 K).

• Continuum slope from 11.4 - 15.5 
measures planet temperature.

• These filters also suitable for studies of 
circumstellar disks and AGN.



Webb High-Contrast Imaging Summary
NIRCam 
  1-5 µm
   
   5 coronagraph options 
   IWA   0.3 - 0.4”   (3λ/D)  
   Contrasts  1e-5 - 1e-6
  

ExoPTF Whitepaper                                                Coronagraphic Detection of Exosolar Planets with JWST 

 

mid-infrared (5-28.5 µm) imaging and spectroscopy. The Tunable Filter Imager (TFI) is a 

camera by the Canadian Space Agency. The three imagers each offer different 

coronagraphic capabilities to enable high contrast imaging.  

 

3 Coronagraphic Science with NIRCam 

The NIRCam coronagraph permits coronagraphic imaging from 1 to 5 µm. Exact 

specifications for the occulting masks remain preliminary and will be optimized as the 

JWST optical design matures. The occulting masks currently baselined are shown in 

Figure 2. The focus in designing this complement has been exoplanet imaging at long 

wavelengths (4.5 µm) 

 

 

 

Figure 3: Simulations by John Krist showing the mean azimuthal contrast at which a signal-to-noise 

ratio of 5 detection of a planet around an M0V star at 4 pc is obtained in filter F460M with the wedge 

occulter. The corresponding planet masses and ages are shown on the right. The profiles are derived 

from roll-subtracted model images (20 nm RMS wavefront difference between rolls in addition to static 

aberrations) for both non-coronagraphic and coronagraphic observations. At each orientation, a 10000 

sec exposure was obtained. The thick green line shows the contrast with the coronagraph (roll 

subtraction) with the sky background seen at Mauna Kea. 

 
Figure 4: Simulated observations of a 1 GYr-old, M0V star at 4 pc with the NIRCam coronagraph 

(wedge occulter). Exposures of 5000 sec in each filter were taken at two orientations of the telescope 

separated by 10 deg. A 1 GYr-old, 2 MJ planet is shown at an apparent separation of 7 AU. Two field 

stars are also included: G2V (V=17.4) and M2V (V=18.0). (LEFT) Combined unsubtracted 

observations at the first orientation; (MIDDLE) Subtraction of F460M image taken at the second 

orientation from the first; (RIGHT) Multicolor subtracted images. The planet appears red because most 

of the flux is in the F460M filter.  

 
Simulation by John Krist

MIRI 
  5-27 µm    

   4 coronagraph options
   IWA   0.3 - 0.5”    (1λ/D)  
   Contrasts  1e-3 - 1e-4

NIRISS 
  2.7-5 µm   
 
   Aperture Masking Interferometry  
   IWA   0.04 - 0.07”  (λ/2D)
   Contrasts  1e-3 - 1e-4

Figure 4. Examples of point spread functions centered on the 4QPM 1550 for selected filters. Clockwise, starting top left:
FND, F1065C, F1140C, F2550W, and F1550C. For clarity, the images are not plotted on the same intensity scale. Our
simulations for target acquisition, filter wheel rotation, and latency involve the scaling and manipulation of these images.

detector is constantly reset (we assume a sub-array frame time of 0.242 seconds) during the transition from the
neutral density filter to the coronagraphic filter of interest. No image is therefore integrated for more than a
frame time. Moreover, we estimate the time to move from one filter to the next one at around 25 seconds, yielding
an average of ∼3 seconds per intermediate position used here. We also note that saturation and non-linearity
are not modeled.

Centroid measurement is done using the same Floating Window algorithm that will be used onboard the
observatory.6 No image drift or jitters were included in our simulations of TA, although it was shown that
these effects have only minor impact on TA under the REQ assumption.3 Also, the Optical Telescope Element
(OTE) and MIRI throughputs are not included in our simulations. We estimate their effect to a loss of about
1 magnitude. We estimate the effects of the OTE throughputs on our conclusions to be minor. As an example,
we show in Figure 4 some of our starting images for the 4QPM at 15.50 µm. Using the Vega model described
above, we simply scale these images up and down to account for exposure and latency decay times. Typically,
we get 2.5× 108 phot sec−1 and 4.5× 106 phot sec−1 for the F1065C and FND filters respectively.

3. TARGET ACQUISITION

We first simulate different TA scenarios to determine how we can minimize the effect of both the limited slew
accuracy and the centroid error induced by the 4QPM. Figure 5 shows four TA scenarios which were devised
to simultaneously minimize both limiting factors. We use scenarios involving multiple intermediate acquisitions
to assess whether the symmetrical distortion of the 4QPM can be averaged and cancelled out. We also enforce
that all scenarios stay away from the axes of the 4QPM, since the centroid measurement error is largest there
(see Figure 1). For scenarios with multiple acquisitions, the centroid measurements are averaged and used to
make the final slew to the center of the 4QPM. Unlike the other scenarios, the Iterative TA scenario1 aims for
the center straight from 5′′ and then iterates towards the center of the 4QPM until convergence is achieved.
Note that the Single and Iterative TA scenarios are equivalent if no iterations are done at the center. All the
scenarios use the same starting position (5’′′) while various intermediate positions are used (ranging from 4′′ to
150 mas). Because of the random nature of the pointing errors in the slew models, we run multiple (generally
50) realizations of TA using the same simulation parameters and determine the dispersion and offset of all the
final pointings. We use these values to assess the accuracy and repeatability of a given scenario.

Simulation from Lajoie et al. 2014

MIRI Quad Phase Mask PSF NIRISS NRM lab test PSF

Data courtesy of Greenbaum & Martel



High-Precision Time-Series Spectroscopy and Imaging with Webb

Time-series modes exist for all four of Webb’s 
instruments:

•    Dithers disabled by default
•    Exposures can exceed 10,000 seconds
•   Subarrays for bright targets

Spectroscopy available from 0.6-12 microns, 
enabling exploration of a broad range of 
molecular signatures and more!

Probes exoplanets at wavelengths beyond 5 
microns for the first time since the end of the 
Spitzer Cryogenic Mission!!!!! 

4 J. K. Barstow et al.

Gas Source

H2O HITEMP2010 (Rothman et al. 2010)
CO2 CDSD-1000 (Tashkun et al. 2003)
CO HITRAN1995 (Rothman et al. 1995)
CH4 STDS (Wenger & Champion 1998)

H2/He (Borysow & Frommhold 1989; Borysow et al. 1989; Borysow & Frommhold 1990; Borysow et al. 1997; Borysow 2002)

Table 2. Sources of gas absorption line data.

Figure 2. Example spectra for the hot Jupiter orbiting a sun-like star. Left: a single secondary transit (dashed lines indicate the
blackbody flux ratios at 2500 K, top, and 1200 K, bottom); right: a single primary transit. Dark/light grey shading indicate 1σ/2σ error
bars.

Ttrop = Tstrat − Γ
kTstrat

mg
ln

(

p1
p2

)

(1)

Ttrop and Tstrat are the temperatures at the bottom and top
of the adiabatic region, Γ is the dry adiabatic lapse rate,
k is the Boltzmann constant, m is the molar weight of the
atmosphere, g is the gravitational acceleration and p1 and
p2 are the pressures at the bottom and top of the adiabatic
region, in this case 1 and 0.1 bar.

Whilst these temperature profiles are influenced only
by very basic physics, they are sufficient to test the retriev-
ability of temperature and composition with JWST. To in-
crease the range of temperature profiles tested, we include
some with a temperature inversion (a region of tempera-
ture increase with altitude) above the tropopause. For a real
planet, this may be caused by the presence of an ultraviolet
or visible absorber, such as ozone in the case of the Earth
or metal oxides in the case of hot Jupiters. In the test case
here, it is simply included to ensure that an inversion would
be detectable should it be present.

Throughout this work, we refer to: the input tempera-
ture profile, which is the profile used to generate the noisy
synthetic spectra; the a priori temperature profile, which is
the profile used by NEMESIS as the starting point for the
retrieval; and the retrieved temperature profile, which is the
profile that NEMESIS determined to provide the best fit to
the noisy synthetic spectrum. If the retrieval is accurate, the
retrieved temperature profile should closely match the input

temperature profile and should not be influenced by the a
priori temperature profile.

2.2 Noise Calculation

The noise calculation in this work is similar to that of
Barstow et al. (2013a); we assume random noise at the pho-
ton limit for both instruments, using the appropriate val-
ues for total instrument throughput for NIRSpec and MIRI
in the chosen observational modes. We refer the reader to
Barstow et al. (2013a) for details of the noise calculation.
The instrument properties used are as follows: for NIR-
Spec, we adopt the average transmission and quantum ef-
ficiency properties used by Deming et al. (2009), assuming
a detector QE of 0.8, a telescope optics efficiency of 0.88
and a total NIRSpec optics transmission of 0.4; for MIRI-
LRS, we use the photon conversion efficiencies presented
in Kendrew et al. (2014), which represents the fraction of
photons from the source that are eventually received and
recorded by the detector.

In addition to the photon noise calculated for these in-
struments, we also include simulated offsets due to instru-
ment systematics and due to star spots. For the instrument
systematics, we calculated the spectrally-averaged photon
noise for each instrument, and generate a series of Gaus-
sian random numbers (mean 0, standard deviation 1). We
then add a number from this series, multiplied by half the
NIRSpec-averaged photon noise, to all NIRSpec points, and

1 http://kurucz.harvard.edu/stars/

Barstow et al. (2015)
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Fig. 19.— (Left) A cut through the spectral trace along the spatial direction near 1.5 microns as

measured at cryo vacuum 1 in 2013. The trace is approximately 20 pixels wide with the brightest

pixel receiving about 7% of the monochromatic light flux. The trace width does not vary significantly

across the wavelength range of 0.6-2.8 microns. (Right) Monochromatic PSF of NIRISS in the

SOSS mode at 0.64 microns. A slight tilt of approximately 2 degrees was dialed in so that a given

spectroscopic feature is sampled at di↵erent intra pixel positions.

from less than 10�3 shorter than 2.5 µm to ⇠ 10�2 at 2.8 µm (Figure 20a). Otherwise,

instrumental scattering was modelled to be at a level smaller than 10�3 and is a smooth

background contamination. Because the SOSS mode is slitless, another limitation is trace

contamination by other stars in the field. For a given target, contamination by other stars

will remain fixed and only change with field rotation as the spacecraft orbits the Sun. So,

in a few instances, it may be necessary to schedule the observation to minimize potential

contaminants.

Beichman et al (2014)

Saturation Limits:   J~7.2 (256 x 2048 subarray)  J~6.2 (96 x 2048  subarray)

NIRISS Single-Object Slitless Spectroscopy (SOSS)  
0.6 - 2.8 microns

First space-based instrument 
mode designed specifically for 
high-precision time-series 
observations of exoplanets!

R~700



NIRCam Photometry & Slitless Grisms 
0.6 - 5 microns
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Figure 1. Left: NIRCam spectral image of the OSIM super-continuum lamp taken with the LWA R grism and F444W
filter during JWST instrument instrument testing at NASA GSFC in August 2014. Wavelength increases to the left
(-X direction). Center: Extracted spectrum from the image with an approximate wavelength calibration applied. The
continuum decreases toward longer wavelengths due to low fiber transmittance, and the broad feature near 4.27 µm is
due to CO2 absorption. Both of these features are artifacts of the test equipment and not NIRCam itself. Right: Layout
of an object’s LW R grism spectra spectrum relative to its direct image position for di↵erent filters (image courtesy of D.
Coe).

of the NIRCam field to ensure that all 10 DHS spectra are imaged onto the SW detectors over their entire
� = 1� 2 µm regions. Multiple objects in the field can also produce overlapping DHS spectra. Therefore DHS
observations are best suited for single-object spectroscopy, and relatively bright stars are required to achieve
high signal-to-noise. Figure 2 shows the layout of the DHS0 elements on the JWST pupil and an image of the
resultant 10 DHS spectra.

Both the LW grisms and DHSs are usually operated in first order (m = 1) where they have maximum
e�ciency. Their high dispersions, the finite size of the NIRCam field and detectors, and the limited bandpasses
of the series filters all limit the detection of other orders. It is only possible to detect m 6= 1 light when using the
F322W2 filter with an LW grism. In that case, an object at the right location can produce a spectrum that is
m = 1 at long wavelengths and m = 2 at short wavelengths (relative wavelengths within the F322W2 bandpass;
see Figure 1 right panel). The broad bandpass of the F150W2 filter will cause DHS � < 2 µm, m = 2 spectra to
overlap partially with � > 2 µm, m = 1 DHS spectra. In particular, m = 1, 2.02 – 2.33 µm wavelengths will be
contaminated with m = 2 light from 1.01 – 1.165 µm wavelengths.

2.2 Performance: Resolution, Sensitivities and Saturation Limits

The transmission and reflectance values of all NIRCam optical components used for imaging observations have
been tested, and the composite throughput values for Module A (including the OTE reflectivity as well as
NIRCam detector quantum e�ciency) are shown in Figure 3. This figure also shows the theoretical first-order
Module A LW grism e�ciency, which was validated with measurements at two wavelengths near 3 µm during
pre-delivery instrument testing at the Lockheed Martin Advanced Technology Center. The grism e�ciency must
be multiplied by the NIRCam + OTE curve for the chosen series filter to produce the system throughput at
each wavelength. Module A LW grisms are anti-reflection coated on both sides, while those in the B module are
coated only on their flat (non-grooved) sides. Therefore the Module B LW grism e�ciencies are ⇠ 0.74 times
that of the Module A ones, and the Module B ones produce some ghosts of bright spectra.

All NIRCam spectroscopy is conducted without using slits or other focal plane apertures, so the spectral
resolving power R of its grism or DHS observations are determined by the dispersion, wavelength, its circular
pupil,7 detector sampling, and object size. The basic equation for point-source resolving power R ⌘ �/��
dictates that R increases with wavelength for a constant spectral bandpass �� (e.g., an undersampled 2 pixel
PSF), but this is flattened by di↵raction for the LW grisms at wavelengths � ⇠> 4 µm where the well-sampled
NIRCam PSF causes point sources to subtend more pixels. The resultant spectroscopic resolving power for LW
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F322W2+F444W
2.5 - 5.0 microns
in 2 transits/eclipses 

+

R ~ 1400



NIRSpec Fixed “Slit” (1.6” x 1.6” aperture)  
0.6 - 5 microns
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Limiting emission line sensitivity

Usage notes
• All observations start with an acquisition that uses NIRSpec’s 

MSA and ~10 reference stars. Highly precise astrometry is 
required, taken from a NIRCam pre-image or other space-based 
image.

• The 1.6 × 1.6 arcsec fixed aperture is intended specifically for 
observing exoplanet transits of bright stars.

Throughput
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The NIRSpec PSF at five wavelengths.  The rectangle is the size of an 
MSA shutter (0.24 × 0.46 arcsec). The growth and structure of the PSF 
with wavelength illustrates the need to keep sources within the central 
areas of the shutters.

NIRSpec BOTS Saturation Limits



MIRI Slitless Low-Resolution Spectroscopy (LRS) 
5 - 12 microns
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Webb Photometric Modes for Time-Series 
Observations 

MIRI NIRCamDeming et al. (2009)
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WL: Weak Lens (defocus for alignment or bright star imaging) 

PAPPA: Pupil Alignment Pinhole Projector Assembly 
DHS: Dispersed Hartman Sensing (subaperture grisms) 
IPR (Internal Phase Retrieval) Wedge to measure NIRCam  
wavefront errors using LEDs mounted on coronagraphs 
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Telescope Wavefront Sensing Optical Layout 
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Fine phasing:  
weak lens defocused images 
- sensing every two days 
- adjustments planned every two weeks 
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Dispersed Hartmann Sensing 
- align mirror segments 
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Webb TSO Target Acquisition Strategies

TA offset and saturation are proven strategies leveraged by Spitzer and Hubble

With FGS alone positional errors range from 0.5-1 arcsec (a few pixels)



Webb High-Precision Time-Series 
Spectroscopic Modes

NIRCam 
  2.5-5 microns

Slitless Spectroscopy
   K > 3.5, R~1450
  

  

MIRI 
  5-12 microns  

Slitless Spectroscopy
    K > 5, R~100

NIRISS 
   0.6-2.8 microns

Slitless Spectroscopy
      J > 6, R~700  

NIRSpec 
  1-5 microns
   
1.6” x 1.6” large aperture
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   J > 9.5,  R~100
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Optical Layout 

NIRCam Instrument Throughput 
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NIRCam: 0.7-5 µm imaging + 3-5 µm spectroscopy 

Developed by the University of Arizona with Lockheed Martin ATC 
• Operating wavelength: 0.6 – 5.0 microns  

• Spectral resolution: 4, 10, 100 filters;  R ~ 1700 slitless grisms; coronagraphic imaging 

• Field of view: 2.2 x 4.4 arc minutes 

• Angular resolution (1 pixel): 32 mas < 2.3 microns, 65 mas > 2.4 microns 

• Detector type: HgCdTe, 2048 x 2048 pixel format, 10 detectors, 40 K passive cooling 

• Refractive optics, Beryllium structure 

Supports telescope wavefront sensing 
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Overall Pipeline Architecture
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Webb Pipeline & Data Products

Written in python, based on astropy

Will be freely available (github)

Users can replace specific modules

Users can rerun all or part of pipeline

“ramps to slopes”





Coming Soon to a Webb near you…
•  NIRCam simultaneous short wavelength (SW) 
and long wavelength (LW) coronagraph mode 

• 100% efficiency read modes (read-reset) for 
NIRISS and NIRSpec 

•  NIRCam Dispersed Hartmann Sensor (DHS) 
SW+ LW Grism Spectroscopy 

•  NIRISS SOSS+F277W calibration option 
•  Target Acquisition (TA) enhancements for 
NIRCam, MIRI, and NIRSpec

All require onboard-script recertification and other ground system work.  
Prioritization set with input from JSTUC in February 2018. 

Figure 2. Left: Schematic projection of the SW DHS0 elements onto the JWST primary mirror segments. Each of the
10 DHS elements span 2 segment edges, and approximately 40% of the total optical telescope element (OTE) aperture is
seen by all DHS elements in total. Obscurations by the secondary supports are not shown. A NIRCam image of all 10
DHS0 � = 1 � 2 µm spectra is also shown, with the shorter wavelength A3 detector image in the center panel and the
longer wavelength A1 detector image in the right panel. Wavelength increases from left to right in both detector images.
The source was positioned such that the 1.01 µm short half-power wavelength of the series F150W2 filter appears near
the center of the A3 detector (center panel), and its 2.33 µm long half-power wavelength falls beyond the right edge of the
A1 detector (right panel). The gap between the 2 detectors is approximately 150 pixels (⇠ 500 on the sky), corresponding
to about 0.045 µm (45 nm) in wavelength.

Figure 3. Left: Total system throughput including all OTE and NIRCam optics and the detector quantum e�ciency for
several NIRCam filters. The theoretical LW grism e�ciency curve (shown for the A module) must be multiplied by the
filter curves to produce the system throughput at each wavelength. The Module B LW grisms are anti-reflection coated
on only 1 side and therefore have throughputs approximately 25% lower than the LWA grisms. Right: Grism FWHM
spectral resolving power vs. wavelength for point sources, limited by pixel sampling of the PSF at shorter wavelengths
(� . 4 µm) and limited by the circular beam factor7 and di↵raction at longer wavelengths (� ⇠> 4 µm).

grism observations of point sources is shown in the right panel of Figure 3. The pixel-limited resolving power
(strongest at � . 4 µm) may be improved with dithering of multiple observations.

Table 1 gives the 10 � point-source continuum sensitivities for the Module A grisms using a 2 (spectral)
⇥ 5 (spatial) pixel extraction aperture in 10,000 s of integration time. Unresolved point source emission line
sensitivities are also given, using the spectral resolving power computed for each wavelength (right panel of
Figure 3). All sensitivities were calculated for medium zodiacal background levels using either the F322W2 or
F444W filter in series, as identified in the table. These sensitivities are a factor of ⇠ 5 worse than expected for

4

Figure 7. Simulated NIRCam DHS plus LW grism transmission observation of a model hot Jupiter planet with a clear
solar composition atmosphere and the system parameters of HD 209458b. The transmission model is shown as the solid
red curve, and simulated data are shown as points with error bars denoting uncertainties. A single transit plus equal time
on the star alone was simulated at each wavelength, and 2 DHS spectra are co-added, appropriate for a 256 row detector
subarray. Covering this spectral range would require observations of at least 2 transits (see Section 4.3). We note that
DHS use is not yet supported for scientific observations.

absorption depth values) of H
2

O are clearly seen at 1.2, 1.4, 1.9, and 3.0 µm, with CO at 4.6 µm. These
observations should constrain the H

2

O and CO mixing fractions of similar transiting planets to factors of 2 – 3,
much better than HST or other current observations.9

5. OBSERVATION PLANNING

We intend for the information provided above to be su�cient for assessing the basic feasibility of most NIRCam
slitless spectroscopic observations. Planning tools for detailed assessment of sensitivity in specific instrument con-
figurations (as explained in previous sections) and for designing observation sequences will be available through
the Space Telescope Science Institute (STScI), the JWST science operations center. Simultaneous SW imag-
ing and LW grism observations will be supported for Cycle 1 observations, but the schedule for implementing
simultaneous SW DHS plus LW grism observations is not currently known.

A prototype exposure time calculator (ETC) is currently available for estimating sensitivity and needed
exposure times, but it does not support the LW grism mode or imaging through the SW weak lens. A new,
scene-based ETC (Pandeia) will support LW grism and all other major JWST observation modes when it is
released in January 2017. As described in Section 4, we can also provide NIRCam-specific configuration files for
the aXeSIM package that can be used to simulate NIRCam LW grism observations and estimate their signal-
to-noise. Once the needed integration time has been calculated (e.g., from Pandeia, aXeSIM, or Table 1),
observation details can be planned with the Astronomer’s Proposal Tool (APT§) for JWST. The current version
of APT includes a template for the grism single-object time-series observation mode, including simultaneous
imaging in the SW channel. The template for planning wide-field slitless spectroscopy observations is being

§see http://www.stsci.edu/hst/proposing/apt

10

Schlawin et al (2017) 
Greene et al (2016)



Now that you’ve met JWST’s exoplanet modes and features… 

Let’s talk science!!!! 



Webb will probe self-luminous exoplanets, brown 
dwarfs and disks to provide critical insights into 
planet formation and evolution

Figure 1: Combined spectra of Pluto and Charon from Keck and Subaru (Olkin et al. 2007).
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Figure 2: Laboratory reflectance spectra of water and CO2 ice and Tholins and the filter
throughput curves of NIRCam.
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Webb will provide compositional information 
for a large sample of giant exoplanets 
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Webb will help to determine the nature 
of Super-Earths and Mini-Neptunes  
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Figure 9. Sizes and orbital periods of planets with host stars brighter than J = 10. Left.—Currently known planets,
including those from the Kepler and CoRoT missions as well as ground-based surveys. Right.—Including the simulated
population of TESS detections.

than the Sun, (c) about 2,000 upper-main-sequence and subgiant stars, and (d) virtually all the giant stars.
Stars that are not suitable for planet searching but are appropriate for asteroseismology (such as giants) can be
added to the TESS input catalog at minimal cost.

The key features enabling TESS’s advances in this area are all-sky coverage and relatively fine time sampling.
Compared to similar stars studied by CoRoT and Kepler, the TESS stars will be more numerous, brighter,
and nearer to the Earth. TESS stars will have accurately known parallaxes, will be much more amenable to
interferometric and radial-velocity studies, and are themselves among the likely targets for future, imaging-based
missions to study exoplanets.

8.4 Full Frame Images

In addition to monitoring 200,000 pre-selected stars with a 2 min cadence, TESS will return a nearly continuous
series of full frame images (FFI) with an e↵ective exposure time of 30 min. As Kepler has shown, a 30 min
cadence still allows for the e�cient discovery of transiting planets. The FFIs will expand the transit search
to any star in the fields of view that is su�ciently bright, regardless of whether it was selected ahead of time.
This will reduce the impact of any imperfections in the target star catalog, and allow the search sample to
extend beyond the FGKM dwarfs that are the focus of the mission. In addition, the transit candidates that
are identified in the FFIs during the baseline TESS mission could be selected for shorter-cadence observations
during an extended mission.

The FFIs will also enable a wide variety of other scientific investigations, such as the detection and monitoring
or nearby supernovae and gamma-ray burst afterglows, bright AGN outbursts, near-Earth asteroids, eclipsing
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Ricker et al. (2014)

Figure 4. Left.—Diagram illustrating the orientations of the four TESS cameras, lens hoods, and mounting platform.
Right.—Artist’s conception of the TESS spacecraft and payload.

interfacing with the Ka-band transmitter; a 192 GB solid-state bu↵er (SSB) for mass data storage; an analog
I/O power switch board to control instrument power; and a power supply board for the DHU.

The CCDs produce a continuous stream of images with an exposure time of 2 sec. These are received by
the FPGAs on the IPC, and summed into consecutive groups of 60, giving an e↵ective exposure time of 2 min.
During science operations, the DHU performs real-time processing of data from the four cameras, converting
CCD images into the data products required for ground post-processing. A primary data product is a collection
of subarrays (nominally 10 ⇥ 10 pixels) centered on preselected target stars. The Proton400k extracts these
subarrays from each 2 min summed image, compresses them and stores them in the SSB prior to encapsulation
as CCSDS packets for the Ka-band transmitter. Full frame images are also stacked every 30 min and stored in
the SSB. Data from the SSB are downlinked every 13.7 days at perigee.

5. SPACECRAFT

TESS uses the Orbital LEOStar-2/750 bus equipped with a Ka-band transmitter and a monopropellant (hy-
drazine) propulsion system. The bus has a three-axis controlled, zero-momentum attitude control system, and
two deployed solar array wings. To achieve fine pointing, the spacecraft uses four reaction wheels and high-
precision quaternions produced by the science cameras. The transmitter has a body-fixed high-gain antenna
with a diameter of 0.7 m, a power of 2 W and a data rate of 100 Mb s�1. This is su�cient to downlink the
science data during 4 hr intervals at each perigee.

The cameras are bolted onto a common plate that is attached to the spacecraft, such that their fields of view
are lined up to form a rectangle measuring 24� ⇥ 96� on the sky (see Figs. 4 and 7). Four elliptical holes in the
plate allow shimless alignment of the four cameras at the desired angles.

6. ORBIT

The TESS orbit is elliptical, with nominal perigee and apogee of 17 R� and 59 R�, and a 13.7 day period in
2:1 resonance with the Moon’s orbit. The TESS orbit is inclined from the ecliptic plane, thereby eliminating
lengthy eclipses by the Earth and Moon. The spacecraft orbit is operationally stable as a result of the Moon
leading or lagging the spacecraft apogee by ⇡90�, averaging out the lunar perturbations.15 The orbit remains
above the Earth’s radiation belts, leading to a relatively low-radiation environment with a total ionizing dose
of <300 rad yr�1 behind 5 g cm�2 Al-equivalent shielding. The nearly constant thermal environment ensures
that the CCDs will operate near �75�C, with temperature variations <0.1�C hr�1 for 90% of the orbit, and
<2�C hr�1 throughout the entire orbit.
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Figure 7. Left.—The instantaneous combined field of view of the four TESS cameras. Middle.—Division of the celestial
sphere into 26 observation sectors (13 per hemisphere). Right.—Duration of observations on the celestial sphere, taking
into account the overlap between sectors. The dashed black circle enclosing the ecliptic pole shows the region which JWST

will be able to observe at any time.

the ⇡1.5 N m of angular momentum build-up induced by solar radiation pressure. For this purpose TESS uses
its hydrazine thrusters.

7.4 Ground-based data analysis and follow-up

The TESS data will be processed with a data reduction pipeline based on software that was developed for the
Kepler mission.22 This includes pixel-level calibration, background subtraction, aperture photometry, detrending
with respect to weighted ensembles of target star light curves, and searching for transits with a wavelet-domain
matched filter.

Once the data are processed and transits are identified, selected stars will be characterized with ground-
based imaging and spectroscopy. These observations are used to establish reliable stellar parameters, confirm
the existence of planets, and establish the sizes and masses of the planets. Observations will be performed with
committed time on the Las Cumbres Observatory Global Telescope Network and the MEarth observatory. In
addition the TESS science team members have access to numerous other facilities (e.g., Keck, Magellan, Subaru,
HARPS, HARPS-North, Automated Planet Finder) through the usual telescope time allocation processes at
their home institutions. The TESS team includes a large group of collaborators for follow-up observations and
welcomes additional participation.

8. ANTICIPATED RESULTS

8.1 Photometric performance

Figure 8 shows the anticipated photometric performance of the TESS cameras. The noise sources in this model
are photon-counting noise from the star and the background (zodiacal light and faint unresolved stars), dark
current (negligible), readout noise, and a term representing additional systematic errors that cannot be corrected
by detrending. The most important systematic error is expected to be due to random pointing variations
(“spacecraft jitter”). Because of the non-uniform quantum e�ciency of the CCD pixels, motion of the star image
on the CCD will introduce changes in the measured brightness, as the weighting of the image PSF changes, and
as parts of the image PSF enter and exit the summed array of pixels.
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Webb will allow us to probe the climates 
of distant worlds

The Astrophysical Journal Letters, 771:L45 (6pp), 2013 July 10 Yang, Cowan, & Abbot

(a) (b)

(c) (d)

Figure 1. Cloud behavior for tidally (left) and non-tidally (right) locked planets. High-level cloud fraction (top) and low-level cloud fraction (bottom) are displayed
in each case. The non-tidally locked case is in a 6:1 spin-orbit resonance. The stellar flux is 1400 W m−2. The black dot in (a) and (c) is substellar point.
(A color version of this figure is available in the online journal.)

concentration up to ≈0.1 bar (Abbot et al. 2012b) and water
vapor column content less than 1200 kg m−2 (Pierrehumbert
2010); in all our simulations CO2 and water vapor are below
these limits. Cloud absorption and shortwave scattering are rep-
resented in terms of cloud water content, cloud fraction, and
droplet effective radius. Cloud infrared scattering is not included
as it is negligible (Fu et al. 1997) due to high infrared absorp-
tion by water clouds (Pierrehumbert 2010). Cloud fraction is
parameterized based on relative humidity, atmospheric stability,
and convective mass fluxes. Cloud water content is determined
prognostically by a cloud microphysical scheme.

We have modified the models to be able to simulate the
climates of extrasolar planets with different stellar spectra,
orbits, and atmospheres. The stellar spectrum we use is for
an M-star (or K-star) with an effective temperature of 3400 (or
4500) K, assuming a blackbody spectral distribution. The stellar
flux is set to a sequence of values from 1000 to 2600 W m−2,
which corresponds to moving the planet closer to the central star.
The geothermal heat flux is set to zero. By default, the radius,
gravity, and orbital period of the planet are set to 2 R⊕ (R⊕ is
Earth’s radius), 1.4 g⊕ (g⊕ is Earth’s radius) and 60 Earth days
(E-days), respectively. Both the obliquity and eccentricity are
set to zero. For tidally locked simulations, the rotation period
is equal to the orbital period (1:1). For non-tidally locked
simulations, the spin-orbit resonance is set to 2:1 (or 6:1),
meaning that the rotation frequency is two (or six) times faster
than the orbital frequency.

The default atmosphere is 1.0 bar of N2 and H2O. Assuming
the silicate weathering hypothesis (Walker et al. 1981) is correct,
the CO2 level should be low near the inner edge of the HZ,
although this depends on the presence and location of continents
(Edson et al. 2012; Abbot et al. 2012a). We therefore set CO2
to zero, as well as CH4, N2O, and O3. Sensitivity tests with
different CO2 levels show that this has little effect on our results
(Section 5). The experimental design for CAM4 and CAM5 is
the same as CAM3, except that aerosols are set to zero in CAM3
and CAM4 but to twentieth century Earth conditions in CAM5
because its cloud scheme requires aerosols.

We consider three idealized continental configurations in
our ocean-atmosphere CCSM3 simulations: (1) aqua-planet:
a globally ocean covered planet; (2) one ridge: a thin barrier
that completely obstructs ocean flow running from pole to pole
on the eastern terminator; (3) two ridges: two thin barriers on
the western and eastern terminators, respectively. The planetary
parameters for the CCSM3 simulations are a 37 E-days orbit
period, a radius of 1.5 R⊕, and gravity of 1.38 g⊕ around an
M-star.

3. THE STABILIZING CLOUD FEEDBACK

For tidally locked planets, most of the dayside is covered by
clouds (Figure 1) with a high cloud water content (several times
Earth’s), arising from near-surface convergence and resulting
convection at the substellar point. This circulation produces
high-level and low-level clouds covering ≈60% and 80%
of the dayside, respectively. Since thick clouds occur right
where the insolation is highest, they significantly increase the
planetary albedo. Furthermore, the planetary albedo increases
with the stellar flux (S0) for planets around both M- and
K-stars (Figure 2), leading to a stabilizing cloud feedback on
climate. This is due to increased convection at the substellar
point as surface temperatures there increase. For an insolation
of 2200 W m−2 and an M-star spectrum, the planetary albedo
reaches 0.53, and the maximum surface temperature on the
planet is only 305 K. The greenhouse effect from clouds
is similar to that on Earth, with a global-mean value of
20–30 W m−2. For a hotter K-star, the stellar spectrum is such
that the planetary albedo is higher at all stellar fluxes and reaches
0.60 for S0 = 2600 W m−2. Assuming HD 85512 b (Pepe et al.
2011) is tidally locked and Earth-like, our calculations suggest
it has an albedo of 0.59 and a mean surface temperature of
271 K. The recently discovered super-Earth GJ 163 c (Bonfils
et al. 2013), provided it is tidally locked, should also have a high
albedo and therefore be habitable.

The cloud behavior for non-tidally locked planets contrasts
markedly with that of tidally locked planets. Non-tidally locked
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(a) (b)

Figure 3. Thermal phase curves of tidally locked planets. (a) Phase curves for different atmospheres with stellar flux fixed at 1200 W m−2: airless, dry-air, water vapor,
and water vapor plus clouds, (b) phase curves for a full atmosphere including water vapor and clouds for different stellar fluxes: 1400, 1600, 2000 and 2200 W m−2.
The error bar in (b) is the expected precision of the James Webb Space Telescope for observations of a nearby super-Earth. The surface albedo for the airless and
dry-air cases is 0.2. The orbital period is 60 Earth-days.
(A color version of this figure is available in the online journal.)

limit suggested by Kasting et al. (1993). Future modeling, in-
cluding H2O photolysis and hydrogen escape, would be needed
to determine the moist greenhouse threshold for tidally locked
planets.

4. THERMAL PHASE CURVES

The key to observationally confirming the presence of sub-
stellar clouds is that they also affect the planet’s outgoing long-
wave radiation (OLR). Following Cowan et al. (2012b), we
use the OLR maps from the GCMs to compute time-resolved,
disk-integrated broadband thermal phase curves measured by
a distant observer (Figure 3). Interannual variability in OLR
is less 1% for our simulations; we therefore use the long-term
mean maps. The sub-observer latitude is set to zero. Although
this corresponds to an edge-on orbit for a zero-obliquity planet,
the transits and eclipses have been omitted for clarity.

An airless planet exhibits large-amplitude thermal phase vari-
ations with a peak at superior conjunction (Figure 3(a); see
also Maurin et al. 2012). For the dry-air case, the peak ther-
mal emission occurs slightly before superior conjunction be-
cause of equatorial superrotation (see also Selsis et al. 2011).
This is qualitatively similar to the eastward displacement of
5◦–60◦ typical for hot Jupiters (Knutson et al. 2007; Crossfield
et al. 2010; Cowan et al. 2012a; Maxted et al. 2013). Equa-
torial superrotation is a generic feature of tidally locked
planets arising from strong day–night forcing (Showman &
Polvani 2011).

Water vapor and clouds, however, dramatically modify the
phase curves. Water vapor is advected east of the substellar
point (Figure 4), where it absorbs outgoing thermal radiation,
which leads to a lightcurve maximum after superior conjunction
(Figure 3(b)). Substellar clouds also absorb thermal emission,
producing a local minimum in OLR (Figure 4(f)) that weakens
or completely reverses the day–night thermal flux contrast
(Figure 3(b)). Note that as the stellar flux is varied, the thermal
flux near superior conjunction stays roughly constant and equal
to the high-level cloud emission flux, which corresponds to the
temperature at the tropopause. If convective clouds occur on
hot Jupiters, the interpretation of their thermal phase variations
(e.g., Knutson et al. 2007) will have to be revisited.

To determine whether these phase curve features would be
detectable by the James Webb Space Telescope (JWST), we
estimate the expected signal-to-noise ratio. The contrast ratio
over some band [λ1, λ2] is given by

Fp

F∗
=

(
Rp

R∗

)2
∫ λ2

λ1
B(Tef, λ)dλ

∫ λ2

λ1
B(T∗, λ)dλ

, (1)

assuming that both the star and the planet emit as blackbodies.
Adopting values of Rp = 2R⊕, R∗ = 0.2R⊙, Tef = 240 K, and
T∗ = 3000 K, the band-integrated (10–28 µm) contrast for the
Mid-Infrared Instrument on JWST is 4.9 × 10−5.

To estimate the photometric precision one can expect for
JWST, we begin with the 4 × 10−5 precision obtained at 3.6 µm
for HD 189733 with the Spitzer Space Telescope (Knutson
et al. 2012). We then scale this by stellar flux and distance,
integration time, and telescope size, assuming Poisson noise,
σ/F∗ ∝ 1/

√
N . The number of photons is

N = πD2τ

(
R∗

d

)2 ∫ λ2

λ1

B(T∗, λ)
E(λ)

dλ (2)

where E(λ) = hc/λ is the energy per photon. We adopt
the same values as above, in addition to D = 6.5 m, τ =
1 day, and d = 5 or 20 pc (conservative distances to the
nearest non-transiting and transiting M-Dwarf HZ terrestrial
planets, respectively; Dressing & Charbonneau 2013). The
expected photometric precision is 2.5 × 10−7 (non-transiting)
and 1.0 × 10−6 (transiting). Note that the unknown radius
and orbital inclination of non-transiting planets (Cowan et al.
2007; Crossfield et al. 2010) is not an obstacle for the current
application because it is the lightcurve morphology, rather than
amplitude, that betrays the presence of substellar clouds.

Dividing the contrast ratio by the precision estimates, we
find that a one-day integration with JWST could produce a
49σ detection of broadband planetary emission for a nearby
transiting M-dwarf HZ planet (error bar in Figure 3(b)).

5. SENSITIVITY TESTS

We have performed sensitivity experiments over a wide range
of parameters, including cloud particle sizes, cloud fraction
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JWST will give us among the first insights 
into rocky planet atmospheres beyond 
our Solar System
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Webb will give us important insights into rocky planet 
atmospheres beyond our Solar System

2 J. K. Barstow & P. .G. .J. Irwin

Planet R (R⊕) M (M⊕ - est.) g (ms−2 - est.) Teq (K) H (km - est.) Period (days)

1b 1.113 ± 0.044 1.38 11 285—400 7.4—10.4 1.510848 ± 0.000019
1c 1.049 ± 0.050 1.15 10 242—342 6.7—9.4 2.421848 ± 0.000028
1d 1.168 ± 0.068 1.60 11 75—280 1.8—6.9 4.551—72.820 (18.202 most likely)

Table 1. Basic parameters for the newly-discovered TRAPPIST-1 planets, taken from Gillon et al. (2016). The orbit of TRAPPIST-1d
is not yet constrained. Masses, scale heights and gravities are estimates based on the measured radii and Teq range, and the assumption
that each planet has a bulk density equal to Earth’s. Scale height and gravity are quoted at 1 bar.

Figure 1. Synthetic spectra assuming bulk properties of
TRAPPIST-1d with an equilibrium temperature of 280 K, for dif-
ferent stratospheric abundances of O3. This provides the largest
transit signal out of the three planets. Stepping down from ma-
roon through to navy, O3 abundances go from 100× the present
day Earth profile to 10−6×. Present day Earth is shown in orange.
The black bar to the right of the plot indicates the 1σ error bar
for TRAPPIST-1d in the region of the 9 µm O3 feature, assum-
ing 90 transits are observed with the JWST/MIRI instrument.
This is the smallest error bar obtained. The 9-µm O3 feature for
an abundance of 10−2× the Earth value is above the noise floor
for this case, but O3 at lower abundances would appear to be
undetectable.

that of the Earth. For a detailed discussion of assumptions
about ozone chemistry we refer the reader to Barstow et al.
(2016) and references therein, in which we consider the case
of an Earth-like planet orbiting an M5 star at 10 pc. The
assumption that liquid water is retained is most likely to be
valid for TRAPPIST-1d.

2 THE TRAPPIST-1 SYSTEM

The TRAPPIST-1 system consists of three planets (b, c,
d from the star outwards), of which the orbits of b and c
are constrained. The orbital period of planet d is not yet
determined, so a wide range of temperatures are possible
for this planet. The most likely period is determined to be
18.202 days, which is the value we retain when calculating
noise models. A summary of the system parameters is given
in Table 1. The system is located very close to the celes-
tial equator (Skrutskie et al. 2006), so unfortunately is not
within the polar continuous viewing zone of JWST. This
means that the maximum continuous visibility duration will
only be of order 50 days, with long gaps where the sys-
tem cannot be observed and observations only possible for
around 100 days per year.

3 MODEL ATMOSPHERES

We use the NEMESIS radiative transfer and retrieval code
(Irwin et al. 2008) to simulate transmission spectra of the
TRAPPIST-1 planets, under the assumption that each of
them could have an Earth-like atmosphere. NEMESIS cou-
ples a fast correlated-k (Goody & Yung 1989; Lacis & Oinas
1991) radiative transfer model with an optimal estimation
retrieval algorithm (Rodgers 2000). It has been extensively
used to model both exoplanets and solar system worlds (e.g.
Lee et al. 2012; Tsang et al. 2010; Fletcher 2011).

Each planet is treated as though the atmosphere at the
terminator, the region probed in transmission spectroscopy,
has identical chemistry to Earth’s present day atmosphere.
The likelihood of this scenario for planets around cool stars
is discussed in detail by Barstow et al. (2016) and references
therein. The temperature profile is shifted from the present-
day Earth case according to the assumed equilibrium temer-
ature of each planet; we take this to be the mean tempera-
ture from the possible range indicated by the observations,
corresponding to 343 K, 292 K and 180 K respectively for
planets b, c and d. For comparison, Earth’s equilibrium tem-
perature is 255 K. The Earth atmospheric model is based on
that used by Irwin et al. (2014) and later by Barstow et al.
(2015, 2016). Gas absorption data are taken from the HI-
TRAN08 database (Rothman 2009). H2O clouds are also
included in the model, although since they are relatively
deep in the atmosphere they do not have a significant ef-
fect on the spectrum. No masses have yet been measured
for these planets, but we estimate masses assuming that all
planets have the same bulk density as the Earth (Table 1).

The stellar spectrum used is taken from the PHOENIX
model atmosphere library (Husser et al. 2013), for a 2500
K, solar metallicity star with a log(g) of 5.0. We choose the
cooler available model of 2500 K over 2600 K, although the
star temperature is 2550 K, because a fainter star provides
a more conservative error estimate. The spectrum is extrap-
olated as a black body at wavelengths longer than 5 µm, for
which no model information is available. The stellar radius
of 81373.5 km is taken from (Gillon et al. 2016).

Whilst a surface pressure consistent with Earth’s
present day atmosphere is used for all input models, for the
retrieval we extend the atmosphere to 90 bar, the surface
pressure of Venus, since we have no way of telling from initial
observations whether the planet has a surface at 1 bar or at
higher (or indeed lower) pressures. The radius at the bottom
of the atmosphere is a variable in the retrieval, which tests
our ability to account for lack of knowledge of the surface
pressure. For each planet we perform two retrievals assuming
fixed isothermal temperature profiles, at stratospheric tem-
peratures based on the maximum and minimum equlibrium
temperatures as given in Table 1, where Tstrat = Teq/2

0.25 .

Barstow et al. (2016)

Credit: NASA/JPL-Caltech/R. Hurt, T. Pyle (IPAC)
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