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JWST Detector OperationsAPPENDIX B.

DETECTOR OPERATIONS

The JWST standard for specifying and acquiring science
exposures is called “MULTIACCUM.” MULTIACCUM expo-
sures consist of one or more sample-up-the-ramp integrations,
each integration is composed of one or more groups, while each
group is made up of one or more frames (i.e., nondestructive
reads of the signal on each pixel). In order to limit data rates,
the frames from within a group can be coadded before being
stored on the solid-state recorder (SSR). The overall science ex-
posure scheme is illustrated for a simple example in Figure 22.
Terms and definitions are given in Appendix B (Table 11).

Exposure commands are issued by the on-board scripts sub-
system (OSS), and are received and translated by the flight soft-
ware (FSW) for the specified science instrument (SI). For the
three instruments (NIRCam, NIRISS, and NIRSpec) using
the 2 k × 2 k HgCdTe (H2RG) detectors, the exposure param-
eters are then sent to ASICs (application specific integrated cir-
cuits) that are colocated with the detectors. Each ASIC controls,
and digitizes the data from, a single H2RG detector. Once an
ASIC receives the exposure parameters and the signal to start
an exposure, it executes that exposure autonomously without
further intervention from SI FSW or from OSS. The 3 MIRI
Si:As detectors are interfaced to warm focal plane electronics
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FIG. 22.—Schematic showing an example of a possible MULTIACCUM ex-
posure consisting of two integrations (NINTS ¼ 2). In this example, each inte-
gration has 4 groups (NGROUPS ¼ 4), and each group is composed of 8 frames
(i.e., nondestructive reads). Within all but the last group in an integrations, 4
frames are marked for storage (NFRAMES ¼ 4) and 4 frames are discarded
(GROUPGAP ¼ 4). In the final group in an integration, the detector is reset
rather than performing the final GROUPGAP samples of the detector (resulting
in higher efficiency and reducing possible saturation and resulting latent im-
ages). See the electronic edition of the PASP for a color version of this figure.
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7. INSTRUMENT MODES FOR TRANSITS

Transit observations require JWST instruments to operate in
conditions rather different from those that have driven their de-
sign (with the exception of NIRISS). In order to detect light
variations of the order of a few 10 s of ppm over time scales
of several hours, an accurate control of systematic effects such
as intrapixel sensitivity variations, linearity, and image persis-
tence becomes critical. The summary of instrument capabilities
presented in this section will therefore focus on the character-
istics most relevant for this type of observations. Further infor-
mation, including a JWST Exposure Time Calculator, can be
found at http://www.stsci.edu/jwst/instruments.

Figure 14 lays out the relevant modes of the four JWST in-
struments which will be discussed in the following sections.
Figure 15 shows the same information in a different form, plot-
ting spectral resolution as a function of wavelength. The satu-
ration levels for different modes are given in Table 4 and shown
graphically in Figure 16.

7.1. NIRSpec

NIRSpec is a near-infrared spectrograph capable of low-
(R ∼ 100), medium- (R ∼ 1000), and high- (R ∼ 2700) resolu-
tion spectroscopy between 0.6 and 5:3 μm (Ferruit et al. 2012).
The combination of wavelength coverage and spectral resolu-
tion provided by the instrument will make it possible to resolve
spectral features of many molecules expected to be found in
exoplanet atmospheres, including H2O, CO2, CO, CH4, and
NH3. Although current space-based facilities can deliver
spectroscopy of H2O features (HST/WFC3) and photometry

sensitive to CO, CO2, and H2O (Spitzer 3.6- and 4:5- μm chan-
nels), NIRSpec will provide improved resolution, sensitivity,
and wavelength coverage, enabling new constraints on the ele-
mental abundances of exoplanet atmospheres and their thermal
structures.

FIG. 14.—As described in subsequent sections, a wide variety of instrument
modes can be used for transit observations. In general, observations of at least
4 separate transits will be required for complete spectral coverage from ∼1 to
>10 μm. In some cases, for fainter sources J < 11 mag and at low spectral
resolution, the NIRSpec prism mode can cover the entire 1–5 μm range. See
the electronic edition of the PASP for a color version of this figure.

FIG. 15.—The resolving power vs. wavelength is shown for all instrument
modes relevant to transits. The instruments are coded by color: red ¼
NIRSPEC; green ¼ NIRISS; blue ¼ NIRCam; purple ¼ MIRI. There is an over-
lap between NIRSPEC-G235M and NIRCAM-F322W2, indicated with a violet
area. The thin white line in the NIRCam blue field separates F322W2 from
F444W. See the electronic edition of the PASP for a color version of this figure.

TABLE 4

BRIGHTNESS LIMITS FOR VARIOUS INSTRUMENT MODES

Instrument Mode
Brightness limit

(mag)a

NIRSpec
Low-resolution spectroscopy J > 11

Medium-resolution spectroscopy J ≳ 6 (best-case)
NIRISS

Standard spectroscopy J > 8:1
Subarray spectroscopy J > 6:9

NIRCam L (mag) limits
Long-wavelength spectroscopy 32 × 2048 subarray

F277W 3.7
F322W2 3.7
F356W 3.8
F410M 3.8
F444W 3.8

Photometry 64 × 64 subarray
F277W 9.2
F322W2 10.0
F356W 9.3
F410M 8.2
F444W 9.2

MIRI
8 imaging (F770W) K > 6

15 imaging (F1500W) K > 3–4
LRS spectroscopy K > 3–4

a For integrations with NFRAMES = 1, NGROUPS = 2.
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NIRISS SOSS (0.6 - 2.8 microns)

Figure Courtesy of Rene Doyon (UdeM), Models E. Kempton (Grinnell)

GJ 1132 b - CO2 Rich Atmosphere

R ~ 70, 5 Visits, 21 hours wall clock time



NIRISS SOSS  
0.6 - 2.8 microns
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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 SOSS  
0.6 - 2.8 microns On Line Tools

maestria.astro.umontreal.ca/niriss/simu1D/simu1D.php



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

2 Transit Observations Required 

Greene et al. (2016) - SPIE

NIRCam Grisms (1 - 5 microns)



NIRCam Grisms 
1 - 5 microns

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

3

G
reene et al. (2016) - SPIE

Long Wavelength 
(LW) Grisms

64 x 2048  
128 x 2048 
256 x 2048 
2048 x 2048

Subarrays: 1 or 4 amp (“stripe mode”) output



NIRCam Grisms 
1 - 5 microns

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

Not Currently Available for Science Operations, Stay Tuned!!!!
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NIRCam Grisms 
1 - 5 microns
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NIRSpec Fixed “Slit”, 0.6 - 5 microns

Figure Courtesy of Jeff Valenti (STScI), Models from Burrows et al. (2009)



NIRSpec Fixed “Slit” 
0.6 - 5 microns

1.6” x 1.6” large aperture



NIRSpec Fixed “Slit” 
0.6 - 5 microns

The instrument can be operated in three different modes:
multiobject spectroscopy (MOS mode) over an area of 9 square
arcminutes with microshutter arrays for the selection of the
sources; integral field spectroscopy (IFU mode) over a field
of view of 3″ × 3″ and with a sampling of 0.1″; and slit spec-
troscopy (SLIT mode) using five high-contrast slits. One of
these five slits is a square 1:6″ × 1:6″ aperture designed specifi-
cally for exoplanet transit spectroscopy and it will be the pri-
mary mode for observing exoplanets with NIRSpec.

A summary of the characteristics of the spectral configura-
tions of NIRSpec available for transit spectroscopy is provided
in Table 5 with a plot of the associated spectral resolution curves
found in Figure 14.

For science cases that do not require high spectral resolution,
the low spectral resolution mode of NIRSpec (CLEAR/PRISM,
Table 5) provides very broad spectral coverage from 0.6 to
5:3 μm in a single exposure. This configuration has no equiva-
lent in the other JWST near-infrared instruments. It also
provides some wavelength overlap with the MIRI LRS config-
uration, opening the possibility to “stitch” NIRSpec and MIRI
spectra together. Besides the low spectral resolution, the main
limitation of this configuration is its relatively high saturation
limit of J < 11 mag (Table 4 as well as http://www.cosmos

.esa.int/web/jwst/exoplanets). For reference, the typical host star
for the TESS planet detections is expected to have a K-band
brightness <10 mag (Dressing et al., 2014). This corresponds
to J-band magnitudes of <10:5–11:0 using a typical M-dwarf
J-KS color index of 0.5–1.0 (Kirkpatrick et al. 1999). The sat-
uration limit is worse at short wavelengths due to the combina-
tion of the typical stellar spectrum and the lower resolution of
the prism at shorter wavelengths. This brightness limit becomes
much less stringent for higher spectral resolution configura-
tions. The worst case saturation limits correspond to J-band
magnitudes of 8.5 and 7.5 for the medium and high spectral
resolution cases, respectively (see http://www.cosmos.esa.int/
web/jwst/exoplanets for more details).

The excellent sensitivity of NIRSpec means that the so-called
“noise-floor” corresponding to an ideal observation limited only
by the detector and shot noises will be low. As an example
(Fig. 17), only 1 hr of transit observation is necessary to reach
a noise floor of 200 parts per million (ppm) for a 9th magnitude
host star (J-band). This means that NIRspec transit spectroscopy
programs will routinely have photon-noise limited noise floors
of a few tens of ppm. It is therefore extremely important to be
able to eliminate or calibrate out sources of systematic noise that
could prevent us from approaching this theoretical limit.

There are several sources of systematic noise that may im-
pact NIRSpec observations of transiting planets. We have listed
the major ones in Table 6. It can be seen that the raw contribu-
tion of one of these, intrapixel sensitivity variations, is large
compared to the targeted noise floor and will need to be re-
moved with careful calibration. The good news is that these sys-
tematics are similar to those affecting observations with HST
and Spitzer, so that the analysis techniques honed for current
data will provide a good running start for approaching the noise
floor for NIRSpec observations. In many cases the sources of
systematic error are expected to be reduced relative to earlier
observatories, e.g., a more stable orbit relative to HST resulting
in smaller focus drift drifts and greatly improved detector per-
formance relative to Spitzer (§ 6.4).

Finally, there is an instrumental limitation on the duration of
an uninterrupted transit or phase curve exposure with NIRSpec.
A counter in the instrument hardware limits the number of in-
tegrations (RESET-READ-RESET) to a maximum of 65,535.
For the shortest integration time and baseline window size, this
limits a single exposure to 12.5 hr (for the prisms) and 49.2 hr
(for the gratings).

7.2. NIRISS

7.2.1. Instrument Overview

The Near Infrared Imager and Slitless Spectrograph (NIRISS)
is the Canadian built instrument on the back plane of the Fine
Guidance Sensor (FGS). Two filter wheels at the pupil plane ac-
commodate three grisms (the GR150C and its orthogonal twin
GR150R, and the GR700XD); a subset of NIRCam filters

FIG. 16.—The figure shows the saturation limits for various NIRSpec and
NIRISS modes relative to the brightness of known transiting planet host stars.
Stars below the lines can be safely observed in a particular mode. Note in par-
ticular the limit around J ¼ 11 mag for the prism. With its fast readout mode the
NIRCam grism can obtain spectra for sources as bright as K ∼ 3 mag (adapted
from P. Ferruit and S. Birkmann [2014], unpublished). See the electronic edition
of the PASP for a color version of this figure.
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MIRI LRS, 5 - 12 microns

Figure'by'Z.'Berta/Thompson'&'H.'Diamond/Lowe'

We will probe exoplanets at wavelengths beyond 5 microns for the 
first time since the end of the Spitzer Cryogenic Mission!!!!! 
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Planning, Pipeline, Archive

Astronomer 
Proposal Tool 

(APT)

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

Time-Series Observations (TSO) Template
• No Dithers!
• No Complaints Exposure Time! 

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


Planning, Pipeline, Archive

JWST Pipeline
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Observations of Transiting Exoplanets with the James Webb Space
Telescope (JWST)

CHARLES BEICHMAN,1 BJOERN BENNEKE,2 HEATHER KNUTSON,2 ROGER SMITH,2 PIERRE-OLIVIER LAGAGE,3

COURTNEY DRESSING,4 DAVID LATHAM,4 JONATHAN LUNINE,5 STEPHAN BIRKMANN,6 PIERRE FERRUIT,6

GIOVANNA GIARDINO,6 ELIZA KEMPTON,7 SEAN CAREY,8 JESSICA KRICK,8 PIETER D. DEROO,9 AVI MANDELL,9

MICHAEL E. RESSLER,9 AVI SHPORER,9 MARK SWAIN,9 GAUTAM VASISHT,9 GEORGE RICKER,10 JEROEN BOUWMAN,11

IAN CROSSFIELD,11 TOM GREENE,12 STEVE HOWELL,12 JESSIE CHRISTIANSEN,13 DAVID CIARDI,13 MARK CLAMPIN,14

MATT GREENHOUSE,14 ALESSANDRO SOZZETTI,15 PAUL GOUDFROOIJ,16 DEAN HINES,16 TONY KEYES,16

JANICE LEE,16 PETER MCCULLOUGH,16 MASSIMO ROBBERTO,16 JOHN STANSBERRY,16 JEFF VALENTI,16

MARCIA RIEKE,17 GEORGE RIEKE,17 JONATHAN FORTNEY,18 JACOB BEAN,19 LAURA KREIDBERG,19

DAVID EHRENREICH,20 DRAKE DEMING,21 LOÏC ALBERT,22 RENÉ DOYON,22 AND DAVID SING23

Received 2014 June 29; accepted 2014 November 05; published 2014 December 19

ABSTRACT. This article summarizes a workshop held on March, 2014, on the potential of the James Webb
Space Telescope (JWST) to revolutionize our knowledge of the physical properties of exoplanets through transit
observations. JWST’s unique combination of high sensitivity and broad wavelength coverage will enable the accu-
rate measurement of transits with high signal-to-noise ratio (S/N). Most importantly, JWST spectroscopy will in-
vestigate planetary atmospheres to determine atomic and molecular compositions, to probe vertical and horizontal
structure, and to follow dynamical evolution, i.e., exoplanet weather. JWST will sample a diverse population of
planets of varying masses and densities in a wide variety of environments characterized by a range of host star
masses and metallicities, orbital semi-major axes, and eccentricities. A broad program of exoplanet science could
use a substantial fraction of the overall JWST mission.

Online material: color figures

1. INTRODUCTION

The study of exoplanets is called out explicitly in NASA’s
Strategic Plan as one of NASA’s high level science goals:24 “Ob-
jective 1.6: Discover how the universe works, explore how it
began and evolved, and search for life on planets around other
stars.” The Strategic Plan calls out the James Webb Space Tele-
scope (JWST) explicitly as a critical facility for studying exo-
planets: “JWST will allow us to…study in detail planets
around other stars.” The JWST project also cites exoplanet re-
search among its most important goals:25 “The Birth of Stars and
Protoplanetary systems focuses on the birth and early develop-
ment of stars and the formation of planets…Planetary Systems
and the Origins of Life studies the physical and chemical prop-
erties of solar systems (including our own) and where the build-
ing blocks of life may be present.”Now, with the construction of
JWST well underway, the exoplanet community is starting to
think in detail about how it will use JWST to advance specific
scientific cases.
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the exoplanet community to learn about 

and discuss the capabilities of JWST to 

characterize transiting exoplanets. Talks 

will inform potential observers about the 

cutting edge science that JWST will en-

able. Discussion sessions will allow for 

community dialog on how best to enable 

exoplanet science with JWST. As JWST 
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impact the field of exoplanet science. 
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Transiting Exoplanet Science/
Proposal Planning Workshop slated 

for Summer 2017!
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JWST will answer fundamental questions 
about planet formation and evolution

high temperatures, permit us to access a wide array of
molecules, allowing for more precise constraints on the
envelope metallicity. Kreidberg et al. (2014b) provided
additional leverage on this relationship via a relatively good
constraint on the water abundance in a 2MJ hot Jupiter. Under
the assumption of solar C/O, the retrieved water abundance
was used as a proxy for metallicity. This proxy-metallicity was
found to be consistent with the observed solar system trend.

Furthermore, constraints on Neptune-mass objects (GJ 436b by
Stevenson et al. 2010 and HAT-P-11b by Fraine et al. 2014)
are also suggestive of this trend.
Recently, Benneke (2015) demonstrated that the water

abundance alone cannot constrain the atmospheric metallicity
because of the degeneracy of metallicity with the carbon-to-
oxygen ratio. The broad wavelength coverage and high S/N of
JWST data enable us to constrain not only the water abundance,
but carbon species as well. This, in essence, breaks the C/O–
metallicity degeneracy. We directly compute the metallicity
([Fe/H]) from the retrieved molecular mixing ratios, and the
metallicity histograms are shown in Figures 6–9 (see Section 5).
Figure 14 compares a typical metallicity constraint for the hot
Jupiter of solar composition and the warm Neptune of HMMW.
Observing just five planets spaced logarithmically between a
few Jupiter masses and a Neptune mass with such constraints
(0.4 dex) would allow us to determine the mass–metallicity
slope (in log space) with a 1σ uncertainty of 0.13.

6.3. Disequilibrium Chemistry

Disequilibrium processes are likely to play a role in sculpting
the molecular abundances in exoplanet atmospheres (Liang
et al. 2003; Zahnle et al. 2009; Line et al. 2010, 2011; Moses
et al. 2011; Venot et al. 2012; Hu et al. 2013; Agúndez et al.
2014). These processes come in a variety of flavors including,
but not limited to, vertical and horizontal mixing (Prinn &
Barshay 1977; Cooper & Showman 2006), photochemistry
(Yung & Demore 1999), ion chemistry (Lavvas et al. 2008),
and biology (e.g., Holland 1994). The predicted dominant

Figure 13. Application of precision measurements of H2O and scale height
temperature from transmission spectra to distinguishing between high and low
C/O scenarios (after Kreidberg et al. 2015). The broad red and blue curves are
equilibrium chemistry models that show how the H2O abundance changes as a
function of temperature for high (red) and low (blue) C-to-O ratios for solar
metallicity. The spread in the equilibrium chemistry models is due to different
assumptions regarding the probed pressure levels (0.1–10 mbar). We show
representative error bars derived from our temperature and H2O retrieval results
for the solar metallicity scenarios observed in transmission (Table 5). The red
error bars represent the NIRISS only, blue are for NIRISS+NIRCam, and black
are for NIRISS+NIRCam+MIRI. The top set of error symbols show the
constraints in the clear atmospheres and the bottom ones show cloudy ones.
These positions are located for clarity and are not indicative of actual retrieved
temperatures or compositions! The light gray points and error bars are
constraints from HST WFC3 transmission measurements of WASP-12b
(Kreidberg et al. 2015) (hotter) and WASP-43b KBD14b (cooler).

Figure 14. Atmospheric mass–metallicity relationship (after Kreidberg et al.
2014b). Solar system planets and a measured exoplanet are shown as the black
points with error bars. Representative metallicity constraints from transmission
spectra for the clear hot Jupiter of solar composition and the clear warm
Neptune of high mean molecular weight are shown near the top (not at their
actual mass/metallicity values). Three 68% confidence constraints are shown
for each: black for NIRISS+NIRCam+MIRI, blue for NIRISS+NIRCam, and
red for NIRISS only.

Figure 15. Diagnosing disequilbirum chemistry with JWST (adapted from Line
& Yung 2013). The green line is the equilibrium constant as a function of
temperature. Given the equilibrium molecular abundances of H2O, CH4, CO,
and H2 at a given temperature and pressure, the quantity α (see Equation (8))
will fall on this line. If there are strong disequilibrium processes, α will deviate
from the green line. α computed from the retrieved abundances for H2O, CH4,
CO, and H2 for a variety of planets observed with HST and Spitzer is shown in
light gray (Line & Yung 2013; Line et al. 2014b). We show representative error
bars for α derived from the retrieved mixing ratios of emission spectra for the
solar-composition emission scenarios of a hot Jupiter, warm Neptune, and
warm Sub-Neptune for NIRISS only (red), NIRISS+NIRCam (blue), and
NIRISS+NIRCam+MIRI (black). Their positions in the plot are arbitrary.
Model uncertainty due to the uncertainty in the pressure levels probed (e.g., the
width of the thermal emission contribution function across wavelength) is
shown as the black error bar. The maximum expected deviation due to vertical
mixing is shown as the green error bar. Finally, the prior uncertainty is shown
as the red curve.
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JWST will give us among the first insights 
into rocky planet atmospheres beyond 
our Solar System

Figure'by'Z.'Berta/Thompson'&'H.'Diamond/Lowe'



JWST will allow us 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 revolutionize exoplanet science 
on the path to answering the question 
Are we alone?


