
Operated by the Association of Universities for Research in Astronomy, Inc., for the National Aeronautics 
and Space Administration under Contract NAS5-03127 

Check with the JWST SOCCER Database at: https://soccer.stsci.edu 
To verify that this is the current version. 

Space Telescope Science Institute 

JAMES WEBB SPACE TELESCOPE MISSION 

SCIENCE AND OPERATIONS CENTER 

An End-to-End Calibration Error Budget for the JWST Science 
Instruments 

Revision B 

Released:18 April 2018 

JWST-STScI-001007, SM-12 
     Revision B 

JWST-STScI-001007, SM-12 
     Revision B 

When there is a discrepancy between the information in this 
technical report and information in JDox, assume JDox is correct.



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 ii 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

CM Foreword 
 

This document is an STScI JWST Configuration Management-controlled document.  Changes to 
this document require prior approval of the STScI JWST CCB.  Proposed changes should be 
submitted to the JWST Office of Configuration Management. 
 

 
 



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 iii 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

Signature Page 
 
 

Prepared by: 
 
  
Electronic Signature   12/06/2017  
Karl Gordon 
JWST Calibration Working Group Lead 
STScI/INS 
 
Contributing Authors: 
Martha Boyer      Greg Sloan 
JWST NIRCam Instrument Scientist   JWST MIRI Instrument Scientist 
STScI/INS      STScI/INS 
 
James Muzerolle     Kevin Volk 
JWST NIRSpec Instrument Scientist   JWST NIRISS Instrument Scientist 
STScI/INS      STScI/INS 
 
Reviewed by: 
 
 
Electronic Signature   12/15/2017 
Jeff Valenti 
Mission Scientist 
STScI/JWSTMO 
 
Approved by: 
 
 
Electronic Signature   04/18/2018 
David Hunter? 
JWST Project Manager 
STScI/JWSTMO 
 
  



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 iv 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

STScI JWST Document Change Record 
Title:  An End-to-End Calibration Error Budget for the JWST Science Instruments 
STScI JWST CI No:  JWST-STScI-001007 Revision: B 
Change No./Date Description of Change Change Authorization/Release: 
JWST-STScI-CR-001056 Baselined CCB Approval 1/15/2007 
JWST-STScI-CR-002006 Revision A CCB Approval 3/16/2010  
JWST-STScI-CR-005864 Revision B CCB Approval 4/18/18 
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   

 



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 v 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

Table of Contents 
1 Preamble 1-1 

1.1 General Approach to Flux Calibration Error Budgets ................................................... 1-5 
1.2 Calibration Error in the Inverse Sensitivity Function .................................................. 1-10 

1.2.1 Knowledge of the Absolute Flux .............................................................................. 1-10 
1.2.2 Calibration Errors in Deriving the Inverse Sensitivity Function ............................ 1-10 

1.3 Calibration Errors in the Flat Fields .............................................................................. 1-10 
1.3.1 Calibration Error in the Pixel-to-Pixel Flat Field..................................................... 1-11 
1.3.2 Calibration Error in the Fringe Flat Field ................................................................. 1-11 
1.3.3 Calibration Error in the Low-order Flat Field .......................................................... 1-11 

1.4 Errors in Correcting for Detector Effects ..................................................................... 1-11 
1.5 Persistence ...................................................................................................................... 1-11 

2 NIRCam Calibration Error Budget 2-1 

2.1 Flux Calibration of NIRCam Imaging Observations ..................................................... 2-1 
2.2 Flux Calibration of NIRCam Coronagraphic Imaging Observations ........................... 2-6 

2.2.1 Calibration Error in the Inverse Sensitivity Function ................................................ 2-6 
2.2.2 Calibration Stability ..................................................................................................... 2-6 
2.2.3 Calibration Error in the Pixel-to-Pixel Flat Field....................................................... 2-6 
2.2.4 Calibration Error in the Low-order Flat Field ............................................................ 2-6 
2.2.5 Errors in Correcting for Detector Effects ................................................................... 2-7 
2.2.6 Background Subtraction Errors ................................................................................... 2-7 
2.2.7 Data Processing Errors ................................................................................................ 2-7 

2.3 Flux Calibration of NIRCam Wide Field Slitless Spectroscopy Observations ............ 2-1 
2.4 “Slit” Extraction Error ..................................................................................................... 2-3 
2.5 Calibration Stability ......................................................................................................... 2-4 
2.6 Background Subtraction Errors ....................................................................................... 2-4 
2.7 Calibration Error in the Dispersion ................................................................................. 2-4 

3 NIRSpec Calibration Error Budget 3-5 

3.1 NIRSpec MOS Mode ....................................................................................................... 3-6 
3.1.1 Primary error budget: radiometric calibration of NIRSpec MOS mode .................. 3-6 
3.1.2 NIRSpec MOS Secondary Error Budgets .................................................................. 3-7 
3.1.3 NIRSpec MOS Tertiary Error Budgets....................................................................... 3-7 

3.2 NIRSpec SLIT Mode ..................................................................................................... 3-10 
3.3 NIRSpec IFU Mode ....................................................................................................... 3-11 
3.4 Absolute Calibration of NIRSpec MOS and 0.”2 SLIT Spectroscopy ....................... 3-12 
3.5 NIRSpec Wavelength Calibration Accuracy ................................................................ 3-13 



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 vi 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

4 MIRI Flux and Wavelength Calibration 4-14 
4.1 Flux Calibration of MIRI Imaging Observations ......................................................... 4-15 

4.1.1 Calibration Error in the Inverse Sensitivity Function .............................................. 4-17 
4.1.2 Calibration Error due to Aperture Correction Errors ............................................... 4-17 
4.1.3 Calibration Error due to Color Correction Errors .................................................... 4-17 
4.1.4 Calibration Stability ................................................................................................... 4-17 
4.1.5 Background Subtraction Errors ................................................................................. 4-19 
4.1.6 Data-Processing Margin ............................................................................................ 4-19 

4.2 Flux Calibration of MIRI Coronagraphic Imaging Observations ............................... 4-19 
4.2.1 Calibration Error in the Inverse Sensitivity Function .............................................. 4-21 
4.2.2 Calibration Error due to Aperture Correction Errors ............................................... 4-22 
4.2.3 Calibration Error due to Color Correction Errors .................................................... 4-22 
4.2.4 Calibration Stability ................................................................................................... 4-22 
4.2.5 Calibration Error in the Pixel-to-Pixel Flat Field..................................................... 4-22 
4.2.6 Calibration Error in the Low-order Flat Field .......................................................... 4-22 
4.2.7 Errors in Correcting for Detector Effects ................................................................. 4-22 
4.2.8 Background Subtraction Errors ................................................................................. 4-22 
4.2.9 Data Processing Margin ............................................................................................. 4-22 

4.3 Flux Calibration of MIRI LRS Observations ............................................................... 4-22 
4.3.1 Calibration Error in the Inverse Sensitivity Function .............................................. 4-25 
4.3.2 Calibration Error in the Dispersion ........................................................................... 4-25 
4.3.3 Calibration Error in the Pixel-to-Pixel Flat Field..................................................... 4-25 
4.3.4 Calibration Error in the Low-order Flat Field .......................................................... 4-25 
4.3.5 Errors in Correcting for Detector Effects ................................................................. 4-25 
4.3.6 Background Subtraction Errors ................................................................................. 4-25 
4.3.7 Data Processing Margin ............................................................................................. 4-25 

4.4 Wavelength Calibration of MIRI LRS Observations ................................................... 4-25 
4.4.1 Error in the Wavelength Zero Point .......................................................................... 4-26 
4.4.2 Error in the Dispersion Relation ............................................................................... 4-26 
4.4.3 Short-term Calibration Stability ................................................................................ 4-26 
4.4.4 Long-term Calibration Stability ................................................................................ 4-27 
4.4.5 Data Processing Margin ............................................................................................. 4-27 

4.5 Flux Calibration of MIRI Medium-Resolution Spectrometer (IFU) .......................... 4-27 
4.5.1 Calibration Error in the Inverse Sensitivity Function .............................................. 4-28 
4.5.2 Calibration Error due to Slit Transmission ............................................................... 4-29 
4.5.3 Calibration Stability ................................................................................................... 4-29 
4.5.4 Calibration Error in the Dispersion ........................................................................... 4-29 



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 vii 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

4.5.5 Calibration Error in the Pixel-to-Pixel Flat Field..................................................... 4-29 
4.5.6 Calibration Error in the Fringe Flat Field ................................................................. 4-29 
4.5.7 Calibration Error in the Low-order Flat Field .......................................................... 4-29 
4.5.8 Errors in Correcting for Detector Effects ................................................................. 4-29 
4.5.9 Background Subtraction Errors ................................................................................. 4-29 
4.5.10 Data Processing Margin ........................................................................................ 4-30 

4.6 Wavelength Calibration of MIRI IFU Observations.................................................... 4-30 
4.6.1 Error in the Wavelength Zero Point .......................................................................... 4-30 
4.6.2 Error in the Dispersion Relation ............................................................................... 4-30 
4.6.3 Short-term Calibration Stability ................................................................................ 4-31 
4.6.4 Long-term Calibration Stability ................................................................................ 4-31 
4.6.5 Data Processing Errors .............................................................................................. 4-31 

5 NIRISS Flux and Wavelength Calibration 5-1 
5.1 NIRISS Imaging Flux Calibration .................................................................................. 5-1 

5.1.1 Calibration Errors in the Inverse Sensitivity Function .............................................. 5-2 
5.1.2 Calibration Error due to Aperture Correction Error .................................................. 5-3 
5.1.3 Calibration Stability ..................................................................................................... 5-3 
5.1.4 Calibration Errors in the Pixel-to-Pixel Flat Field ..................................................... 5-4 
5.1.5 Calibration Error in the Low-Order Flat Field ........................................................... 5-4 
5.1.6 Detector Effect Corrections ......................................................................................... 5-4 
5.1.7 Background Subtraction Errors ................................................................................... 5-4 
5.1.8 Data Processing Errors ................................................................................................ 5-5 

5.2 NIRISS AMI Flux Calibration ........................................................................................ 5-5 
5.3 NIRISS WFSS Flux Calibration ..................................................................................... 5-6 

5.3.1 Calibration Error in the Inverse Sensitivity Function ................................................ 5-8 
5.3.2 Slit Extraction Error ..................................................................................................... 5-9 
5.3.3 Calibration Stability ..................................................................................................... 5-9 
5.3.4 Calibration Error in the Dispersion ........................................................................... 5-11 
5.3.5 Calibration Error in the Pixel-to-Pixel Flat Field..................................................... 5-11 
5.3.6 Calibration Error in the Fringe-Flat Field ................................................................ 5-11 
5.3.7 Calibration Error in the Low-order Flat Field .......................................................... 5-11 
5.3.8 Errors in Correcting for Detector Effects ................................................................. 5-11 
5.3.9 Background Subtraction Errors ................................................................................. 5-11 
5.3.10 Data Processing Errors .......................................................................................... 5-12 

5.4 NIRISS SOSS Flux Calibration .................................................................................... 5-12 
5.4.1 Calibration Error in the Inverse Sensitivity Function .............................................. 5-13 
5.4.2 Slit Extraction Error ................................................................................................... 5-13 



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 viii 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

5.4.3 Calibration Stability ................................................................................................... 5-14 
5.4.4 Calibration Error in the Dispersion ........................................................................... 5-15 
5.4.5 Calibration Error in the Pixel-to-Pixel Flat Field..................................................... 5-15 
5.4.6 Calibration Error in the Fringe-Flat Field ................................................................ 5-15 
5.4.7 Calibration Error in the Low-order Flat Field .......................................................... 5-15 
5.4.8 Errors in Correcting for Detector Effects ................................................................. 5-15 
5.4.9 Background Subtraction Errors ................................................................................. 5-16 
5.4.10 Data Processing Errors .......................................................................................... 5-16 

5.5 NIRISS Wavelength Calibration ................................................................................... 5-16 
5.5.1 The NIRISS WFSS Wavelength Error Budget ........................................................ 5-18 
5.5.2 Error in the Wavelength Zero Point .......................................................................... 5-18 
5.5.3 Wavelength Zero Point Stability ............................................................................... 5-19 
5.5.4 Error in the Dispersion Relation ............................................................................... 5-19 
5.5.5 Stability of the dispersion relation ............................................................................ 5-19 
5.5.6 Data Processing Errors .............................................................................................. 5-19 
5.5.7 Errors from science target centering ......................................................................... 5-19 
5.5.8 The NIRISS SOSS Wavelength Error Budget ......................................................... 5-19 
5.5.9 Conclusions ................................................................................................................ 5-21 

6 Astrometric Field-Distortion Error Budgets 6-1 

6.1 Astrometric Distortion Calibration for Imaging Instruments ........................................ 6-1 
6.1.1 Error in the Detector-to-Sky Calibration .................................................................... 6-2 
6.1.2 Long-term Calibration Stability .................................................................................. 6-2 

7 Conclusions 7-1 
8 References 8-1 
Appendix A. Acronyms A-1 

 
  



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 ix 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

Table of Figures 
 

Figure 1-1 Generic view of a flux calibration error budget, showing also the separate statistical 
contribution from source photon noise to the final measurement error (beyond the 
calibration budget). ................................................................................................................... 1-2 

Figure 2-1 NIRCam Imaging Flux Calibration Error Budget ........................................................ 2-5 
Figure 2-2 NIRCam Coronagraphic Imaging Flux Calibration Error Budget .............................. 2-8 
Figure 2-3 NIRCam WFSS Flux Calibration Error Budget ........................................................... 2-5 
Figure 3-1 NIRSpec MOS Flux Calibration Error Budget............................................................. 3-7 
Figure 3-2 NIRSpec SLIT Flux Calibration Error Budget ........................................................... 3-11 
Figure 3-3 NIRSpec IFU Flux Calibration Error Budget ............................................................. 3-12 
Figure 4-1 MIRI Imaging Flux Calibration Error Budget ............................................................ 4-16 
Figure 4-2 MIRI Coronagraphic Imaging Flux Calibration Error Budget .................................. 4-21 
Figure 4-3 MIRI LRS Flux Calibration Error Budget .................................................................. 4-24 
Figure 4-4 MIRI LRS Wavelength Calibration Error Budget ..................................................... 4-26 
Figure 4-5 MIRI IFU Flux Calibration Error Budget ................................................................... 4-28 
Figure 4-6 MIRI IFU Wavelength Calibration Error Budget ...................................................... 4-30 
Figure 5-1  NIRISS Imaging Flux Calibration Error Budget ......................................................... 5-2 
Figure 5-2 NIRISS AMI Imaging Flux Calibration Error Budget ................................................. 5-7 
Figure 5-3 NIRISS WFSS Flux Calibration Error Budget ........................................................... 5-10 
Figure 5-4 NIRISS SOSS Flux Calibration Error Budget ............................................................ 5-14 
Figure 5-5 NIRISS WFSS Wavelength Calibration Error Budget .............................................. 5-18 
Figure 5-6 NIRISS SOSS Wavelength Calibration Error Budget ............................................... 5-20 

 
Table of Tables 

 
 

Table 1-1 Absolute calibration accuracies from the JWST Science Requirements Document ... 1-1 
Table 3-1 NIRSpec Wavelength Calibration Accuracy Error Budget ........................................ 3-14 
Table 6-1 The Astrometric Field-Distortion Error Budget for Imaging Instruments ................... 6-2 



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 1-1 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

1 Preamble 
An important consideration for James Webb Space Telescope (JWST) observers will be 
the level of accuracy to which the observations can be calibrated to achieve their 
scientific goals. This depends on a number of inter-related factors, including the absolute 
calibration accuracy of standard stars, the performance of the JWST Optical Telescope 
Element (OTE), the knowledge of the astrometric accuracy of science instrument 
apertures and distortion models, the behavior of the different components in each of the 
science instruments, including their spectral elements, detectors and electronics, as well 
as the algorithmic assumptions that may be used in the pipeline software. Since many 
potential sources of error can be minimized with appropriate observing strategies for 
calibrations as well as science observations, the analysis in this report is aimed at 
providing input for developing appropriate in-flight calibration plans and observing 
strategies to mitigate error sources where possible. 
The relative contributions of the different components to the total calibration error budget 
are expressed here as an end-to-end quantity that includes error allocations from 
instrument-specific components along with other factors that are external to each 
instrument. While this report presents a general framework applicable to all instruments, 
there are clearly also significant differences in the modes available for each instruments, 
as well as differences in the current level of understanding of the various instruments. 
Therefore we emphasize that the sub-components of the error budget presented here are 
treated as allocations representing the current best estimates of these quantities, which are 
combined to create the end-to-end error budget values. 
The top-level calibration accuracy requirements for flux, wavelength, and astrometric 
calibrations for the JWST instruments are specified in the JWST Science Requirements 
Document (SRD) (JWST-RQMT-002558-RevE) in requirement SR-20, Table 8-3, 
Section 8.13.  We show a slightly modified version of this table that includes 
requirements for NIRCam spectroscopy based on those for the similar NIRISS WFSS 
mode. 

Table 1-1 Absolute calibration accuracies from the JWST Science Requirements Document 

Absolute 
Calibration 
Accuracy 

Flux (%) Flux (%) Flux (%) Wavelength 
(% resolution 

element) 
 Imagery Coronagraphic 

Imagery 
Spectroscopy Spectroscopy 

NIRCam 5 5 101 101 
NIRSpec NA NA 10 12.5 
MIRI 5 15 15 10 
NIRISS 5 102 10 10 

1 Not a formal requirement, by analogy to similar modes for other instruments 
2 Applies to the AMI mode (AMI = SAI) 
 
In addition to flux and wavelength accuracy requirements, astrometric calibration 
accuracy for the science instruments is specified in the JWST Mission Requirements 
Document (MRD) (JWST-RQMT-000634-RevAT): 



JWST Calibration Error Budget  JWST-STScI-001007 
JWST Mission Science & Operations Center  Revision B 

 1-2 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

Field Distortion Uncertainty 
MR-120 After calibration, the field distortion uncertainty within any SI and the guider 
shall not exceed 0.005 arcsec, 1 sigma per axis. 

 
The error budgets described here flow down from these top-level requirements through 
the various subsystems via end-to-end analysis of the sources of error in producing final 
scientific results for a given observational measurement. We have developed these error 
budgets in discussion with each of the instrument teams, for NIRCam, NIRSpec, MIRI, 
and NIRISS, in order to obtain instrument-specific error sub-component allocations, and 
have combined these with OTE information about Point Spread Function (PSF) and 
astrometric uncertainties. For the slit-based spectrographs, an additional contribution to 
the error budgets is the accuracy of our knowledge of the target location in the observing 
aperture (which affects both flux and wavelength errors). We note that the IFUs are also 
susceptible to this effect if the source spectra are summed over a spatial extraction box, 
but not if the individual spatial resolution elements are retained and measured separately. 
For all flux calibrations, the main limiting factors are the accuracy of the absolute flux 
standards, and the stability of the point-spread function and throughput. In addition, all 
observations will be affected by photon-counting statistical errors, which we assume are 
not part of the error budget, but are to be added in quadrature after the calibration errors 
have been taken into account. 
In this framework, Figure 1-1 gives a view of a generic flux calibration error budget.   

 
Figure 1-1 Generic view of a flux calibration error budget, showing also the separate statistical 
contribution from source photon noise to the final measurement error (beyond the calibration 
budget). 

We can categorize the sources of error into these specific areas: 
• Routine Calibration Errors. These are errors associated with the straightforward 
aspects of radiometric calibration, including the determination of the sensitivity 
function (developed from observations of photometric standards), aperture 
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corrections, and errors associated with the flat field functions that describe the 
relative responses of all the pixels in the detector arrays. 
• Background Subtraction Errors. These are errors associated with determining 
and removing the background signal from an observation. These errors are very 
sensitive to the strength of the source signal relative to the background. In all the 
budgets we develop below, we will assume that the source signal is comparable to 
the background signal, and that multiple regions on the detector will be used to 
determine the background signal. We note that this assumption about the source 
signal is not a characterization of the noise sources in the usual context of S/N 
calculations, but is rather a characterization of the relative size of calibration effects 
in the source-extraction and background-extraction regions. 
• Detector Effects. These are systematic errors associated with unpredictable 
detector effects in a given observation; e.g., drifts in the bias or dark current, 
persistent images, electronic noise or cross talk. Many of these corrections (e.g., 
persistence and cross talk) are non-local, non-linear effects. The importance of these 
effects are also related to the signal strength. In general, they will be less important 
for bright sources than faint ones. Yet bright sources can present their own problems 
in terms of linearity corrections or induced persistence in the final images. 
• Stability. Calibrations will be done as infrequently as possible to maximize the 
science observing efficiency. Drifts in the various components of the calibration will 
present potentially important sources of systematic error that we must budget. In 
addition to changes in throughput or detector response with time, another important 
issue is the stability of the PSF with time. The size and shape of the PSF will 
determine the aperture corrections. Pointing stability will affect the accuracy of 
wavelength calibrations. 
• Data Processing. Processing the data in the ground system inevitably has some 
limitations. Algorithms used to extract signals, fit photometric response curves and 
wavelength calibration curves will all involve approximations, due e.g. to the 
assumed order of the fitting polynomials, and there are the usual round-off and 
truncation errors. These errors must also be included in our budgets. 

A fundamental question in developing the error budgets is how to combine the errors 
from all of these sources. Most, if not all, are systematic errors, not random errors. 
Random errors can safely be added in quadrature if they are uncorrelated. Systematic 
errors, however, add linearly in a worst-case scenario of perfect correlation. We will 
assume in most cases, however, that although each source of error may be systematic, 
they are not correlated with each other. For example, the error in our knowledge of the 
absolute flux of a photometric standard may systematically bias all of our calibrations, 
but this error is independent of and uncorrelated with the error in the aperture correction 
applied to a given measurement. We therefore develop all branches of our error budgets 
by summing all contributions in quadrature (i.e., root sum square, or RSS). In instances 
when errors are clearly correlated (e.g., errors in the low-order flat-field correction for all 
neighboring pixels in an aperture) we do not assume that we have N multiple separate 
measurements that reduce the final error by the square-root of N. 
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Sensitivity is related to the calibration accuracy, with the process of calibration being 
considered as consisting of two stages. Stage 1 deals with raw data: to reach the faintest 
count levels one has to apply a number of corrections to the raw data (dark subtraction, 
flat field, linearity, etc) which are fully part of the calibration process. Errors in the 
calibration files will generally degrade the signal-to-noise reached at the end of an 
exposure. Stage 2 deals with the data completely processed, after the highest possible 
signal-to-noise ratio has been extracted. At that point, one has to apply a zero point 
scaling to convert from counts to physical units.  This requires another set of measures 
(including observation and processing of standard stars, calculation of color corrections, 
monitoring of temporal drifts), with their relative reference files, which are again fully 
part of the calibration process.  
The instrument teams have produced documents that describe their approach to 
calculating the instrument sensitivity. These documents largely deal, in different ways, 
with Stage 1 of the calibration process as it directly affects the instrument sensitivity, but 
generally do not account for the zero point error. One possible strategy could therefore be 
to concentrate the analysis of the calibration errors on Stage 2. This avoids double 
booking the uncertainties if the accurate analysis of the sensitivity produced by the teams 
and this calibration study are combined in a general instrument performance assessment. 
This is the approach recommended by the NIRCam instrument team, at least for the 
imaging mode. Another strategy would involve accounting fully for all issues concerning 
calibration, both Stage 1 and Stage 2. This has the advantage of making more transparent 
the complexity of the process, since all sources of errors are unveiled and discussed in a 
coherent way. This is the approach recommended by the other instrument teams. 
We have made an effort to homogenize, to the extent possible, the two strategies using a 
common approach to the error analysis. However, as will be discussed for example in the 
NIRCam section, the budget error for NIRCam does not account for Stage 1 errors, as 
they are independently accounted for in the NIRCam Sensitivity Calculations.  
The MIRI team has also developed preliminary calibration error budgets of their own for 
the MIRI Instrument, “The MIRI Calibration Error Budget” (Glasse 2006, MIRI-RP-
00027-ATC). We use this as a reference, but develop our own version of the error 
budgets within the framework of the error propagation discussion presented here. The 
MIRI Instrument Team (IT) contributed significantly to the MIRI sections of this 
document and generally concurs with the results presented here. 
Again, we emphasize that the only requirements on the instruments, which are agreed 
upon by all the instrument teams, are the high-level numbers presented in Table 1-1, and 
that all the other more detailed numbers presented in the spreadsheets are not 
requirements but represent the current estimates of how the high-level requirements will 
be met. 
For reference, the top-level JWST sensitivity requirements are specified in requirement 
SR-16 in the JWST Science Requirements Document (JWST-RQMT-002558). The basic 
sensitivity requirement (SR-16) flows down to requirement MR-51 in the JWST Mission 
Requirements Document, Rev N (JWST-RQMT-000634). The specific sensitivity 
calculations for each of the JWST instruments are documented in: 
JWST-CALC-003894, JWST Project NIRCam Sensitivity Calculations; 
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JWST-CALC-003895, JWST Project NIRSpec Sensitivity Calculations; 
JWST-CALC-003896, JWST Project MIRI Sensitivity Calculations; 
JWST-CALC-003897, JWST Project FGS-TF Sensitivity Calculations. 
In addition, some of the instrument teams have also published initial calibration error 
budgets and sensitivity calculations, which have been consulted as a reference in 
developing the error budgets described in this document: 
MIRI-RP-00027-ATC, The MIRI Calibration Error Budget (Glasse 2006) 
ESA-JQST-RQ-2962, NIRSpec Calibration Requirements & Error Budgets (Boeker & 
Ferruit 2005) 
1.1 General Approach to Flux Calibration Error Budgets 
To convert raw data into flux-calibrated units requires processing the raw images through 
the calibration pipelines. The algorithms used in these processes determine how the 
various uncertainties in the system propagate through to the final calibrated fluxes, so we 
must also refer to the draft versions of the various pipelines. These are documented in: 
JWST-STScI-000381, NIRCam Science Data Pipeline Description; 
JWST-STScI-000489, MIRI Science Data Pipeline Inputs; 
JPL-D25634, Mid-Infrared Instrument (MIRI) Calibration Plan" (Gordon et al. 2009) 
JWST-STScI-000625, FGS-TF Calibration Overview; 
JWST-STScI-000999, NIRSpec Calibration Overview. 
The signal, , in detected photons, falling on a pixel in an observation can be 
expressed as 

          where    

 
 is the incident flux in photons cm-2 s-1 µm-1 pixel-1 at wavelength , 

 is the effective width of the spectral bandpass in µm (a single spectral bin for a 
spectrum), 

 is the throughput of the instrument, excluding the detector and aperture corrections, 

 is the quantum efficiency (detected photons per incident photon) of the detector,  
 is the effective clear aperture of the optical telescope element (OTE) in cm2, 

and 
 is the exposure time in seconds. 

This expression can rewritten as 
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using values estimated at a convenient wavelength . (e.g. the effective wavelength, the 

pivot wavelength, the central wavelength) and introducing a function which 
accounts for the integral (i.e. the “color correction”) and is estimated using template 
spectral energy distributions (SEDs) or observing a set of standard stars. 
Vice-versa, given an observation that produces the signal S, after processing the data 
through the calibration pipeline we obtain the inferred flux as 
 

 . 

 

In general, the efficiency terms and  depend on the individual pixels, i.e. they have 
a high-frequency component. Another field-dependent term is the aperture correction 
term, , which is applied to derive the photometry of point sources once several pixels 
have been combined. However, this has only a low frequency component and is therefore 
assumed to be the same for all pixels falling in the aperture contributing to the signal. It is 
then convenient to take separately into account the real pixel-to-pixel variations 
introducing a flat-field function : 

 

 . 
 
One can therefore define the “Inverse Sensitivity function” !" as  
 
 !" = 	
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obtaining  

 . 

 
To derive the “net photon detection rates” //1234, requires a significant level of 
processing.  One has to correct for drifts of the readout system using the reference pixels 
(if available) apply a non-linearity correction and subtract the dark current before 
performing an up-the-ramp fitting to the counts. All pixels relative to a given source are 
then divided by pixel-to-pixel flat-field corrections and finally coadded. The sky level, 
estimated on the adjacent pixels following the same strategy, has then to be subtracted to 
derive the count rate within the aperture. Gain, color corrections and aperture corrections 
are finally applied.   
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We can represent these passages in the following way, following Robberto (2007; 2009). 
First, given a set of samples of a ramp, each one providing  raw counts at the 
sample, the linearized counts are given by: 
 
  (1) 

 
where  represents the offset value derived by the Reference Pixels, represents the 
Dark Current and represents the non-linearity correction. These terms contribute to 
the estimated signal in a combined way, typically through the line-fitting procedure.  
If we assume the counts already linearized, one can extract the count rate through the 
simple formula: 
 

  (2) 

 
which weights uniformly all the samples. The corresponding error equation can be 
divided in two terms 
 
 . (3) 
 
The first term accounts for the correlation noise that appears when we sample an 
integrating signal and is given by 
 

  (4) 

 
where 5 is the number of groups in the ramp, 6 is the number of frames in a group, 17 is 
the frame time, and 18 is the group time. 
The second term accounts for the uncorrelated noise terms appearing on each frame like 
the readout noise, is given by: 
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where 9JK@ is the read noise for a single frame and 9:;< is the read noise for the entire 
ramp. 
We can assume that the raw signal follows the noise equation (4); the dark current term is 
given by a “super dark” with noise equation (3), but with readout noise (and reference 
pixels noise) term reduced by the square root of the number of frames averaged to obtain 
the super dark. The reference pixel noise is given by Equation (5), since the reference 
pixel values are not integrated over the ramp. Note that the reference pixel noise is 
affected by the readout noise, reduced by averaging over a large number of reference 
pixels.  
The last term to consider is the linearity correction error. Rather than a random noise 
term, this is a systematic error that becomes larger with the integrated flux.  We can treat 
it by considering the noise on the integrated flux , given by 
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having assumed that a) the linearity correction is about 1, b) it is know with an accuracy 
of 1% of the integrated flux (i.e. 9<R = 0.01[\234, where b is the integrated count rate) 
and c) that at high flux levels the noise on the measured flux can be approximated by a 
simple Poisson noise term. This equation shows that, in principle, at the very high levels 
of integrated flux the linearity correction dominates over the shot noise. The saturation 
threshold has to be set accordingly to prevent this to happen.  
The flux rate integrated over the extraction aperture is therefore: 
 

  (7) 

 
The corresponding noise is  

  (8) 

 
Which can be rewritten as 
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assuming a typical uncertainty on the flat field of 1% and flat fields normalized to unity. 
This equation, similar to Equation (6), shows that the signal-to-noise ratio can have two 
different dependencies: 
 

  (10) 

 
i.e. the flat field error sets an upper limit to the signal-to-noise ratio achievable, no matter 
how long one integrates a signal (note that the equation depends on the rate and not on 
the integrated counts). 
The source flux rate integrated over the extraction aperture is calculated by subtracting 
the average sky value, multiplied by the number of pixels in the aperture, from the 
integrated brightness: 
 
  (11) 

 
For this operation it is customary to assume the noise equation, i.e. the quadratic sum of 
three terms: 
 
 , (12) 
where 
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are the scatter in the sky values, the random photon noise, and the uncertainty in the mean 
sky brightness (all assumed to be in electron units). The problem with this expression 
(known to provide an underestimate of the real uncertainty), it that the second term 
assumes the source noise to be perfectly Poisson limited and therefore neglects the other 
sources of errors proportional to the integrated flux (linearity correction, flat field). 
Readout noise and reference pixel corrections are instead estimated through the 
background term. Therefore to use this equation one has to add the proper terms to , 
obtained from Equation (6) and (9). 
With these terms, we can propagate the errors 
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obtaining the general equation for the error budget.  
1.2 Calibration Error in the Inverse Sensitivity Function 
This term in the flux-calibration equation has two major components, each of which we 
describe here in a general sense. 
 
1.2.1 Knowledge of the Absolute Flux 
Our knowledge of the absolute flux of individual photometric standards will be based on 
a suite of a dozen or more white dwarfs, solar analogs, and A dwarf stars.  Recent work 
on such a set of standard stars observed with both HST and Spitzer will provide the basis 
for the JWST calibration.  These standard stars will have been well observed at all JWST 
wavelengths, to better than 2% accuracy for imaging and low resolution spectroscopy. 
Work on Hubble and Spitzer (Bohlin & Martin 2008; Rieke et. al. 2008; Bohlin et al. 
2012)  calibrations support this accuracy level. 
1.2.2 Calibration Errors in Deriving the Inverse Sensitivity Function 
To determine the inverse sensitivity function, we must observe the spectrophotometric 
standard stars, process the data from those observations, and create a model that is the 
inverse sensitivity function. Note that typical errors encountered in any single observation 
are incorporated into the inverse sensitivity function and then compounded in their 
application to subsequent observations. To limit this compounding effect, we make the 
following assumptions: 

1. Observations of standard stars are done at a standard location (e.g., with the 
largest of the fixed slits) so that all spatial corrections for flat-field effects are 
specified relative to this location. Errors in this process are then taken into 
account in their application to subsequent observations and can be neglected in 
observations of the standards. 

2. Standard stars are bright enough that corrections for other detector effects and sky 
subtraction are negligible, and that errors associated with such corrections are also 
negligible. 

3. Each observation of a standard is independent of the others, and the errors 
diminish as the . 

1.3 Calibration Errors in the Flat Fields 
Calibration errors in the flat fields can be divided into several different components, 
including the pixel-to-pixel component, low-order flatfield, and fringe flats (in cases  
where this is relevant). 

€ 

N(standards)
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1.3.1 Calibration Error in the Pixel-to-Pixel Flat Field 
Flat-field errors (typically 1% per pixel) can be reduced by dithering and by extracting 
flux over areas of several pixels, thereby enabling us to reduce the contribution of this 
error in the budget by  where needed. 
1.3.2 Calibration Error in the Fringe Flat Field 
At long wavelengths, internal reflections in the detector can lead to fringing. As we noted 
earlier, while fringing corrections can be a non-local affect that can be more complicated 
than a simple correction factor, we will treat it as if it were this simple for the purposes of 
the error budget. Such fringing is routinely corrected in CCD spectra on HST (Walsh et 
al. 1997) to an accuracy of 1%, so we allocate an error of 1% per pixel for this effect. 
1.3.3 Calibration Error in the Low-order Flat Field 
The low-order flat field basically describes changes in the relative response over spatial 
scales of ~100 pixels, with contributions due to spatial effects in the detector as well as 
vignetting in the optics. Knowledge of these corrections is essential for comparing 
observations at any field/aperture point to the standard location chosen for observation of 
the photometric standard stars. We allocate 1% to the error in our knowledge of this 
function. 
1.4 Errors in Correcting for Detector Effects 
Raw counts must be corrected for many effects before they are representative of actual 
photon events: bias and dark-count subtraction; corrections to the nominal bias level for 
temperature and voltage variations as tracked by the reference pixels; the non-linearity of 
the detector response due to the finite well depth in individual pixels; corrections for 
photons that may generate multiple electrons; variations in sensitivity on spatial scales 
smaller than a pixel, i.e., intra-pixel sensitivity, which can be important for an under 
sampled instrument such as NIRSpec. These corrections are readily calibrated, and we 
merely account for the errors in those corrections in our data processing. Other 
corrections are unpredictable, can be transient, and can depend on the prior history of 
observations or the illumination pattern covering the whole detector. These effects 
include persistence, which is small in the JWST Rockwell detectors, and electronic 
ghosts and cross talk. 
1.5 Persistence 
A potentially serious problem for flux calibration is the effect of persistence from bright 
sources, either from cosmic rays or other objects that were previously on the same 
location of the detector as the target during a different exposure, or from the target itself 
(self-persistence, which effectively manifests itself as a linearity effect). This persistent, 
or latent, charge can be a function of several different variables, including the incident 
flux as well as total charge collected during a previous exposure (fluence), and can decay 
with multiple timescales. A study by Figer et al. (2004) examined the cumulative 
persistence for a range of detectors, fluence values, exposure times, different reset / 
autoflush strategies, and different wavelengths (J, K, M band), finding persistence values 
of up ~2-3% in some scenarios.  Similar results have been found for JWST NIR detectors 
(Regan & Bergeron 2016; 2017). 

€ 

N(pixels) *N(dithers))
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The details of the impact of persistence on any given exposure will depend substantially 
on the previous exposures as well as the current target, but can be estimated in a 
statistical sense by examining the number of background sources that are likely to cause 
persistence. Converting the count-rate values considered in the Figer et al. study to 
magnitudes (using current values for the detector sensitivity and overall system 
throughput), we find that sources with AB(K) <22 are likely to lead to persistence at 
these levels in typical exposures. Considering extragalactic fields as an example, when 
this flux level is examined in the context of the extragalactic number counts from current 
deep K-band surveys (e.g. UKIDSS), together with the typical size of these sources, we 
find that the fraction of pixels affected in a typical NIRCam exposure would be ~5% in 
the short wavelength arm. At longer wavelengths the fraction is likely similar or lower, 
where the best constraints currently come from deep Spitzer number counts. However, a 
more serious category of persistence can result from bright galactic targets that are 
observed prior to fainter extragalactic fields; this is more difficult to quantify in a 
statistical sense but can be characterized by examining similar experiences with current 
IR detectors on HST, namely NICMOS and WFC3, which can exhibit significant long-
term persistence on timescales of several hours after moderately bright sources are 
observed. For the purposes of this study we include persistence as a term in the error 
budgets, when applicable, and assume that it is mitigated through the use of appropriate 
dither patterns. It is expected that future studies of persistence in the JWST detectors can 
lead to more detailed information about the fluence levels that can introduce persistence, 
as well as observational strategies for mitigating its impact. 
In the discussions that follow, we assume that persistence effects due to previous 
observations will not significantly affect the photometry or spectrophotometry of most 
sources. This ought to be the case for the following reasons: (1) Slew times will generally 
be longer than the persistence decay times anticipated for JWST detectors; (2) except for 
slit and IFU spectroscopy, targets of interest will generally be distributed throughout the 
field, reducing the chances that a bright target from a previous observation will fall on top 
of targets of interest in the subsequent observation, (3) JWST observations will generally 
be dithered enough beat down uncertainties due to persistence and (4) if necessary, 
scheduling and calibration strategies can be designed to mitigate persistence (as has been 
done for HST). 
We now discuss the details of the flux and spectrophotometric calibration error budgets 
for each of the instruments in turn: NIRCam, NIRSpec, MIRI, & NIRISS. 
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2 NIRCam Calibration Error Budget 
The error budget analysis for the flux calibration of NIRCam is divided into three parts: 
imaging observations, coronagraphic observations, and wide field slitless spectroscopy 
(WFSS) observations. As anticipated in the previous chapter, the modes are treated in 
different ways: the imaging mode analysis concentrates on the conversion from measured 
counts to physical units, relying on the sensitivity analysis for the uncertainties related to 
the data processing of faint sources. This analysis is performed through the observation of 
standard stars. The coronagraphic mode, currently lacking a comprehensive sensitivity 
analysis, follows the standard approach adopted by the other instruments.  The WFSS 
mode follows the WFSS approach adopted by the NIRISS instrument. 
The values given reflect the results of testing at the instrument level and integrated 
telescope/ISIM cryogencic testing. 
2.1 Flux Calibration of NIRCam Imaging Observations 
At the top level, NIRCam imaging flux calibration is required to be accurate to 5%. To 
address the uncertainties related to zero point, conversion, we have found convenient to 
divide the sources of uncertainties between: 

1) errors due to the OTE; 
2) errors due to the instrument; 

A third category could be envisioned, dealing with the errors due to the data acquisition 
and processing procedures. For simplicity these effects have been generally taken into 
account as instrumental errors. 
With respect to the Koekemoer et al. (2010)  study, we have adopted a distinction 
between “allocations” and “estimates” in each cell. We have used the term “requirement” 
only for the single top-level value in the central cell which summarizes our results: there 
we have our main REQUIREMENT = 5%. This 5% total requirement is composed by 
allocating (added in quadrature) a 3.9% uncertainty coming from the OTE terms and a 
3% contribution from the instrument terms. Each term under the OTE and the instrument 
has been split in their respective sub-components, propagating the relative suballocations, 
all coadded through the proper quadratic sum to provide the final 5% total error budget.  
Currently, most sources of error are within their allocated budget, with only the high-
order flat field exceeding its allocation due to removal of the internal lamps. Overall, the 
top level requirement is comfortably matched with a 4.0% margin (the allocation is 1%). 
We have assumed that the system can be reliably and fully calibrated at some given time 
(albeit with some uncertainty).  This assumption allows us to move all the uncertainties 
related to the instability of the system out of the zero point calculation. The instabilities 
have been attributed mostly to the OTE and, to a lesser extent, to the instrument which 
obviously is a more rigid and therefore stable subsystem.  
In order to capture all previous aspects, the values shown in Figure 2-1 have been 
organized as follows: 

• On the left, one finds the errors that we attribute to the OTE 
• On the bottom, one finds the errors that we attribute to the NIRCam instrument 
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• On the right, one finds the errors that we attribute to general detector effects. 
We have indicated in purple color the entries relative to the time dependent instability. 
The yellow cells represent the “entry boxes” where the parameters can be entered. The 
arrows indicate the data flow. 
For the basic parameters, we have assumed 

1) The counts are always measured within an aperture of 19 pixels, i.e. 2.5 pixels 
radius. This is assumed to be the Equivalent Noise Area for JWST (for a 
critically-sampled normalized Gaussian which is, by definition, 4π (≈12.57) 
pixels King (1983) also notes that numerical integration of a realistic ground-
based stellar profile, critically sampled gives an equivalent area of 30.8 pixels 
squares instead of the value of 4π for a Gaussian profile). 

2) The observations are always repeated with 4 dithering points to get rid of cosmic 
rays and reduce the pixel-flatfield-related noise. 

3) A standard star is observed multiple times. We have assumed 4 observations (i.e. 
each one with 4 dithered pointings). 

4) The zero points are estimated by averaging several primary standard stars. We 
have assumed 12 primary standards. 

Our computational strategy generally follows the original strategy adopted by the other 
instruments and outlined in the Koekemoer et al. (2010) study. In particular: 
• There are 4 types of OTE errors: three are relative to the OTE stability, which affects  

1) the accuracy of the estimated throughput/transmission. Estimated 1% 
(allocated 1%)  

2) the PSF shape (and therefore the aperture correction curve). Estimated 2.5% 
(allocated 2.5%; the values for PSF properties including stability and aperture 
correction uncertainties are based on WebbPSF results (Soummer et al 2009; 
Perrin et al. 2012; 2014). 

3) the flat-field calibration. Estimated 1% (allocated 2%) 
4) The fourth term is relative to the low-frequency flat field which, even if 

absolutely stable, would be a source of photometric error when target and 
standard sources are measured at different locations.  Estimated 2% per 
pointing, averaged over 19 pixels to 0.46%. (allocated 0.71%). While we 
expect the detector and optics will be more stable than this, this error 
allocation also encompasses uncertainties in constructing the flat-field images 
themselves. Even for a stable detector, constructing flats that agree to this 
level takes considerable effort. 

The three stability terms represent a major source of error, accounting for 2.9% of 
the error (still lower than the allocated 3.4%). The fourth term relative to the low-
order flat field correction is instead combined with the high-order flat field 
correction, which comes from the instrument and is estimated 4% per pixel 
(increased from 2% due to removal of the internal lamps). This is averaged over 
19 pixels to 0.92%, which is higher than the allocated 0.71%. However, when the 
low- and high-order flat field components are combined and averaged over 4 
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dithers, the total error estimated is 0.51%, which is comfortably below the 
allocated 1%.  

• NIRCam also has a time dependent error component, split between  
1) stability of the detector flat-field high frequency component. Estimated 0.1% 

(allocated 1.25%)  
2) stability of the throughput. Estimated 0.1% (allocated 1.25%)  
3) stability of the detector QE related e.g. to the detector temperature. Estimated 

0.1% (allocated 1.0%) 
The thermal environment of NIRCam is extremely stable. All these effects, 
combined together, add a negligible 0.2% error (against an allocated 2%). This 
means that the error on the zeropoint estimate due to the variation of the system is 
almost entirely attributed to the OTE.  

• We have attributed to the NIRCam side also two types of “theoretical” error: 
1) uncertainties in the knowledge of the absolute flux of the standard stars, 

measured at certain reference wavelengths and filters and interpolated the zero 
point at different NIRCam bandpasses. Estimated 1% (allocated 1%) 

2) color correction to account for the difference between the color of the target 
and standard stars. This term depends on the target spectral energy distribution 
and on the characterization of the system throughput (QE curve, filter 
bandpass, transmission/reflectivity of the optical components). Estimated 1% 
(allocated 1%) 

• We do not include terms due to fringing, since this is not expected to be present in 
NIRCam. 

• The error in the aperture correction is accounted for under NIRCam This can be due 
e.g. to the scattered of the centroids of the standard stars on the pixels, the 
assumptions on the outer “infinite” radius, or the “blending” effect caused by 
interpixel capacitive coupling. Aperture corrections error decrease with aperture size. 
We have assumed a generous 1% error (allocation 1.5%) considering that we have 
assumed a 2.5 pixel extraction radius. 

• Various errors attributable to the data processing strategy are also accounted under 
NIRCam, with an estimated 1% (allocation 1%).  

• Finally, detector effects related especially to the observation of bright stars are split 
between three main categories: 

1) Non linearity correction, which is uncertain due e.g. to the choice of the 
linearity range at low flux levels used to determine the non linearity at high 
flux levels, or the number of coefficients used in the polynomial fitting. 
Estimate is 2% per pixel, corresponding to 0.46% averaged over 19 pixels 
(allocation 0.5%). 

2) Subarray to subarray detector anomalies. Most standard stars are bright and 
must be observed in subarray mode.  The detector may behave slightly 
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differently in subarray mode due to the different timing pattern.  We estimate 
a 0.1% overall error (allocation 0.5%). 

We have also considered other detector effects, namely: 
1) Reference pixel correction. We estimate that at the end of the ramp processing 

a 0.1% error per pixel, corresponding to 0.02% error averaged over 19 pixels  
(allocated 0.25%) can be due to reference pixels.  

2) Image persistence. This is a potentially significant issue for imaging of bright 
stars randomly positioned in a science field. On the other hand, our 
assumption is that standard stars will be dithered so that no major persistence 
effect from previous images will be present. Estimate is 0.5% per pixel, 
corresponding to 0.1% averaged over 19 pixels (allocation 0.5%) 

3) Dark subtraction. Dark current is expected to be negligible with respect to the 
flux of a bright star. Estimated 0.1% per pixel, corresponding to 0.02% 
averaged over 19 pixels (allocation 0.25%) 

4) Intrapixel sensitivity variation, with an estimated 0.1% error (allocated 
0.25%). 

All detector errors combined together contribute 0.2% (allocated 1%) of the error budget, 
accounting for the fact that we have assumed 4 dithered exposure per source. 
The NIRCam terms, combined together, produce a 1% error (allocation 3%) per standard 
star, assumed observed in 4 different epochs. Adding the 2.9% due to the instability of 
the system and averaging over 12 different stars we obtain about 3% error. Compared 
with the 5% allocation, this leaves 4.0% error margin.  
We emphasize once again that this value does not account for the calibration errors made 
during the data reduction of faint target stars, treated in the sensitivity calculations of 
NIRCam, which affects the final precision of the measurements.
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Figure 2-1 NIRCam Imaging Flux Calibration Error Budget 
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2.2 Flux Calibration of NIRCam Coronagraphic Imaging Observations 
Flux calibration for coronagraphic imaging observations has the additional complication 
that scattered light and PSF subtraction may be more complex and model dependent, with 
the allocations for many portions of NIRCam coronagraphic observations being limited 
by the fairly restrictive top-level requirement of 5% accuracy for flux calibrations in 
NIRCam. The Science Requirements Document is silent on the range of observation 
space over which the flux calibration requirement applies for NIRCam coronagraphic 
observations. For example, it is clear that scattered light will be more problematic the 
greater the contrast between the object of interest and the occulted object, and the closer 
one tries to observe to the occulting spot. These complications, however, are beyond the 
scope of the present study and are therefore not included here. 
Figure 2-2 below also summarizes the various elements of the NIRCam coronagraphic 
imaging error budget. The table lists the allocated element of the error budget, the system 
that it is allocated to, the allocated value, and a current estimate of the actual currently 
achievable value (all values are in units of percentage). A list of parameters heads the 
table. Again, these are chosen to be representative of the standard observation and data 
processing procedures assumed in the NIRCAM sensitivity calculation (JWST-CALC-
003894), except that neither small-scale nor large-scale dithers will be used in 
coronagraphic observations. As such, fewer pixels are averaged for coronagraphic flat 
fields and backgrounds than for standard imaging. The following sections describe each 
element of the error budget in more detail we carry a 0.63% margin RSS at the top level. 
2.2.1 Calibration Error in the Inverse Sensitivity Function 
This element parallels that for general NIRCam imaging flux calibration. 
Calibration Error due to Aperture Correction Errors 
Since the extraction aperture can be tailored to the target location during ground 
processing, this contributes less to errors in the flux calibration. The allocation for 
NIRCam coronagraphic aperture corrections is the same as for standard imaging 
observations, 1%. 
2.2.2 Calibration Stability 
As for NIRCam imaging, to meet the top-level requirement of 5%, we allocate 0.5% to 
each of NIRCam throughput stability and 0.1% to NIRCam detector DQE stability. 
2.2.3 Calibration Error in the Pixel-to-Pixel Flat Field 
We assume that the pixel-to-pixel flat fields will remain stable to within 0.1% between 
flat-field calibrations. As with imaging, the calibration error in the P-flats is 4% per pixel, 
averaged over 8 pixels to 0.92%.  
2.2.4 Calibration Error in the Low-order Flat Field 
We assume that low-order flat fields will remain stable to within 1% between flat-field 
calibrations. Note that due to the lack of dithering in coronagraphic observations, there is 
no field dependence and the error from the L-flat is essentially zero. Here, we allocate 
0.1% per pointing for the L-flat calibration error, which is lower than the imaging 
requirement.  
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2.2.5 Errors in Correcting for Detector Effects 
Raw counts must be corrected for many effects before they are representative of actual 
photon events: bias and dark-count subtraction; corrections to the nominal bias level for 
temperature and voltage variations as tracked by the reference pixels; the non-linearity of 
the detector response due to the finite well depth in individual pixels; corrections for 
photons that may generate multiple electrons; variations in sensitivity on spatial scales 
smaller than a pixel, i.e., intra-pixel sensitivity, which can be important for an under 
sampled instrument such as NIRCam. These corrections are readily calibrated, and we 
merely account for the errors in those corrections in our data processing. Other 
corrections are unpredictable, can be transient, and can depend on the prior history of 
observations or the illumination pattern covering the whole detector. These effects 
include persistence, which is small in the JWST Rockwell detectors, and electronic 
ghosts and cross talk. 
2.2.6 Background Subtraction Errors 
We take into account residual systematic errors due to imperfect knowledge of the flat 
field between the sky and object locations on the detector, as well as errors in our 
knowledge or modeling of scattered light in the observation, for a total of ~0.4% 
contribution. In other words, these are the assumed systematic errors associated with 
background subtraction. We are ignoring the Poisson errors under the assumption that a 
careful observer will plan the observations to have sufficient S/N to assure that these are 
sub-dominant.  
2.2.7 Data Processing Errors 
We assume an allocation of 0.9%, and an estimated value of 1.0%, for potential data 
processing errors, reflecting uncertainties in the algorithms, which can be considered a 
realistic upper bound given previous experience. 
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Figure 2-2 NIRCam Coronagraphic Imaging Flux Calibration Error Budget 

NIRCam Coronagraphic Imaging Flux Calibration Error Budget

Parameters:
N(pixels)= 19
N(sky)= 8
N(large dithers)= 1
N(pixel dithers)= 1
N(standards)= 12

Allocated Subsystem Requirement Estimated Allocation
Top Level NIRCam Coronagraphic Flux Calibration Accuracy Multiple 5.00 4.79
     Margin 1.00 1.44
Subtotal Multiple 4.90 4.79
Calibration Error in the Inverse Sensitivity Function Multiple 3.17
     Calibration Error in Flux Standards Astronomical reference 2.83
          Knowledge of the photometric zero point Astronomical reference 2.00
          Accuracy of the spectral model Astronomical reference 2.00
     Calibration Errors in Deriving I Multiple 1.43
          Aperture Correction Errors NIRCam Cal Process 1.00
          Calibration Stability Multiple 3.09
          Data Processing Errors Ground System 1.00
          Error in sub-array to full-field calibration Multiple 3.59
               Aperture Correction Error NIRCam Cal Process 1.00
               Calibration Stability Multiple 3.09
               Calibration Error in the Pixel-to-Pixel Flat Field NIRCam Cal Process 0.92
               Calibration Error in the Fringe Flat Field NIRCam Cal Process 0.23
               Calibration Error in the Low-order Flat Field NIRCam Cal Process 0.10
               Errors in correcting for detector effects Multiple 0.53
               Background subtraction errors Multiple 0.43
               Data Processing Errors Ground System 1.00
Aperture Correction Error NIRCam Cal Process 1.00
Calibration Stability Multiple 3.09
     Fringe-Flat Stability NIRCam 1.00
     Pixel-Flat Stability NIRCam 0.10
     Low-order-Flat Stability NIRCam 1.00
     Stability of the Inverse Sensitivity Function Multiple 1.12
          OTE Transmission Stability OTE 1.00
          NIRCam Optical Throughput Stability NIRCam 0.50
          NIRCam Detector Stability Detector Subsystem 0.10
     Aperture Correction Calibration Stability Multiple 2.50
          OTE/PSF Stability OTE 2.50
Calibration Error in the Pixel-to-Pixel Flat Field NIRCam Cal Process 0.92 4 per pixel
Calibration Error in the Fringe-Flat Field NIRCam Cal Process 0.23 1 per pixel
Calibration Error in the Low-order Flat Field NIRCam Cal Process 0.10 0.1 per pointing
Errors in correcting for detector effects Multiple 0.53
     Bias+Dark Errors NIRCam Cal Process 0.02 0.1 per pixel
     Reference Pixel Correction Errors NIRCam Cal Process 0.02 0.1 per pixel
     Non-linearity Errors NIRCam Cal Process 0.46 2 per pixel
     Intrapixel Sensitivity NIRCam Cal Process 0.02 0.1 per pixel
     Persistence NIRCam Cal Process 0.11 0.5 per pixel
     Electronic Ghosts & Cross-talk NIRCam Cal Process 0.23 1 per pixel
Background Subtraction Errors Multiple 0.43
     Sky subtraction errors NIRCam Cal Process 0.35 1 per sky
     Scattered Light NIRCam Cal Process 0.25
Data Processing Errors Ground System 1.00
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2.3 Flux Calibration of NIRCam Wide Field Slitless Spectroscopy Observations 
The end-to-end calibration error budget from 2010 did not include estimates for the NIRCam 
Wide Field Slitless Spectroscopy (WFSS) mode, which uses grisms (l/Dl ~ 1600) together with 
an imaging filter. Like NIRISS, each NIRCam module uses two grisms that disperse in 
orthogonal directions. Here, we base the NIRCam WFSS estimates on the NIRCam Imaging 
(Section 2.1), with a few additional terms following the NIRISS WFSS estimates (Section 5.3).  
NIRCam’s WFSS wavelength calibration is identical to the NIRISS wavelength calibration 
(Section 5.5). 

The resolution element at 4 microns is 2.5 pixels, so we assume the extraction aperture is 3 
pixels along the wavelength direction and 5 pixels in the cross-dispersion direction, for 15 pixels 
total. We average over 6 standards here and achieve ~5.7% overall error in the flux calibration, 

well within the 10% goal. This leaves a comfortable margin to allow for additional uncertainty in 
the values that are least well known, e.g., the aperture correction and the uncertainty in the 
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dispersion. Below, we describe values in the NIRCam WFSS error budget that differ from or are 
not included in the Imaging budget. The individual error budget parameters are listed in  

 
Figure 2-3 NIRCam WFSS Flux Calibration Error Budget 

 
2.3.1 “Slit” Extraction Error 
All values in the error budget  

NIRCam Wide Field Slitless Spectroscopy Flux Calibration Error Budget

Parameters:
N(pixels)= 15
N(sky)= 1
N(standards)= 6
N(large dithers)= 1

Allocated Subsystem Requirement Estimated Allocation
Top Level NIRCam Grism Flux Calibration Accuracy Multiple 10 5.69
     Margin 1 8.22
Subtotal Multiple 9.95 5.69
Calibration Error in the Inverse Sensitivity Function Multiple 5.01 3.2
     Calibration Error in Flux Standards Astronomical reference 2.83 2.83
          Knowledge of the photometric zero point Astronomical reference 2 2
          Accuracy of the spectral model Astronomical reference 2 2
     Calibration Errors in Deriving I Multiple 4.14 1.5
          "Slit" Extraction Error NIRCam Cal Process 2.51 2.07
          Calibration Stability Multiple 3.13 2.88
          Data Processing Errors Ground System 1 1
"Slit" Extraction Error Multiple 1.58 2.07
   Pixel Non-linearity Uncertainty NIRCam Cal Process 0.5 0.52
   Aperture Corrections Multiple 1.5 2
Calibration Stability Multiple 3.13 2.88
     Fringe-Flat Stability NIRCam 1 1
     Pixel-Flat Stability NIRCam 1.25 0.1
     Low-order-Flat Stability NIRCam 2 1
     Dispersion Stability NIRCam 0.1 1
     Stability of the Inverse Sensitivity Function Multiple 1.73 1.01
          OTE Transmission Stability OTE 1 1
          Grism Optical Throughput Stability NIRCam 1 0.1
          NIRCam Detector Stability Detector Subsystem 1 0.1
     Pixel Non-linearity Uncertainty Multiple 0.5 0.52
     Flux Error From Wavelength Uncertainties NIRCam  2  2
    
Calibration Error in the Dispersion NIRCam Cal Process 1 1
Calibration Error in the Pixel-to-Pixel Flat Field NIRCam Cal Process 0.71 1.03 4 per pixel
Calibration Error in the Fringe-Flat Field NIRCam Cal Process 0.25 0.26 1 per pixel
Calibration Error in the Low-order Flat Field NIRCam Cal Process 0.71 2 2 per pointing
Errors in correcting for detector effects Multiple 1 0.59
     Bias+Dark Errors NIRCam Cal Process 0.5 0.03 0.1 per pixel
     Reference Pixel Correction Errors NIRCam Cal Process 0.25 0.03 0.1 per pixel
     Non-linearity Errors NIRCam Cal Process 0.5 0.52 2 per pixel
     Intrapixel Sensitivity NIRCam Cal Process 0.25 0.03 0.1 per pixel
     Persistence NIRCam Cal Process 0.5 0.13 0.5 per pixel
     Electronic Ghosts & Cross-talk NIRCam Cal Process 0.35 0.26 1 per pixel
Background Subtraction Errors Multiple 7.58 1.44
     Sky subtraction errors NIRCam Cal Process 5 1.00 1 per N(pixels)
     Scattered Light NIRCam Cal Process 1 0.25  
     Overlapping spectra NIRCam Cal Process 1 1
     
    
Data Processing Errors Ground System 1 1
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Figure 2-3 correspond to the imaging values described in section 2.1, except for the aperture 
correction and errors specific to slitless spectroscopy. Here, we double the aperture correction to 
2%, allow for additional uncertainty in the source position. This and the non-linearity correction 
(2% per pixel) result in an overall “slit” extraction error of 2.1%. 
 
2.3.2 Calibration Stability 
We add dispersion stability (1%) and the grism optical throughput stability (0.1%) to the overall 
calibration stability.  We also include an estimate of the flux error from wavelength uncertainties 
(2%), which is the relative uncertainty in the flux density of the standard stars due to 

NIRCam Wide Field Slitless Spectroscopy Flux Calibration Error Budget

Parameters:
N(pixels)= 15
N(sky)= 1
N(standards)= 6
N(large dithers)= 1

Allocated Subsystem Requirement Estimated Allocation
Top Level NIRCam Grism Flux Calibration Accuracy Multiple 10 5.69
     Margin 1 8.22
Subtotal Multiple 9.95 5.69
Calibration Error in the Inverse Sensitivity Function Multiple 5.01 3.2
     Calibration Error in Flux Standards Astronomical reference 2.83 2.83
          Knowledge of the photometric zero point Astronomical reference 2 2
          Accuracy of the spectral model Astronomical reference 2 2
     Calibration Errors in Deriving I Multiple 4.14 1.5
          "Slit" Extraction Error NIRCam Cal Process 2.51 2.07
          Calibration Stability Multiple 3.13 2.88
          Data Processing Errors Ground System 1 1
"Slit" Extraction Error Multiple 1.58 2.07
   Pixel Non-linearity Uncertainty NIRCam Cal Process 0.5 0.52
   Aperture Corrections Multiple 1.5 2
Calibration Stability Multiple 3.13 2.88
     Fringe-Flat Stability NIRCam 1 1
     Pixel-Flat Stability NIRCam 1.25 0.1
     Low-order-Flat Stability NIRCam 2 1
     Dispersion Stability NIRCam 0.1 1
     Stability of the Inverse Sensitivity Function Multiple 1.73 1.01
          OTE Transmission Stability OTE 1 1
          Grism Optical Throughput Stability NIRCam 1 0.1
          NIRCam Detector Stability Detector Subsystem 1 0.1
     Pixel Non-linearity Uncertainty Multiple 0.5 0.52
     Flux Error From Wavelength Uncertainties NIRCam  2  2
    
Calibration Error in the Dispersion NIRCam Cal Process 1 1
Calibration Error in the Pixel-to-Pixel Flat Field NIRCam Cal Process 0.71 1.03 4 per pixel
Calibration Error in the Fringe-Flat Field NIRCam Cal Process 0.25 0.26 1 per pixel
Calibration Error in the Low-order Flat Field NIRCam Cal Process 0.71 2 2 per pointing
Errors in correcting for detector effects Multiple 1 0.59
     Bias+Dark Errors NIRCam Cal Process 0.5 0.03 0.1 per pixel
     Reference Pixel Correction Errors NIRCam Cal Process 0.25 0.03 0.1 per pixel
     Non-linearity Errors NIRCam Cal Process 0.5 0.52 2 per pixel
     Intrapixel Sensitivity NIRCam Cal Process 0.25 0.03 0.1 per pixel
     Persistence NIRCam Cal Process 0.5 0.13 0.5 per pixel
     Electronic Ghosts & Cross-talk NIRCam Cal Process 0.35 0.26 1 per pixel
Background Subtraction Errors Multiple 7.58 1.44
     Sky subtraction errors NIRCam Cal Process 5 1.00 1 per N(pixels)
     Scattered Light NIRCam Cal Process 1 0.25  
     Overlapping spectra NIRCam Cal Process 1 1
     
    
Data Processing Errors Ground System 1 1
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uncertainties in the central wavelength per resolution element. The overall calibration stability is 
2.88%. 
2.3.3 Background Subtraction Errors 
We include 1% error from overlapping spectra as part of the background subtraction uncertainty. 
This is a conservative estimate for observations that use both orthogonal grisms to disentangle 
the spectra in crowded fields.  
The background subtraction for WFSS is generally handled differently from imaging. Instead of 
using an aperture to subtract nearby background, an average background image is constructed 
from multiple exposures with sources and artifacts removed. The result is a global background 
subtraction. Like for NIRISS, we assign a 1% error.  The overall error from background 
subtraction is 1.44%. 
2.3.4 Calibration Error in the Dispersion 
We assign a 1% error to the dispersion uncertainties that may result in unknown variations in the 
flux contained in a specific pixel.  
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Figure 2-3 NIRCam WFSS Flux Calibration Error Budget 

3 NIRSpec Calibration Error Budget 
The NIRSpec team has developed preliminary calibration error budgets of their own for the 
NIRSpec Instrument, “NIRSpec Calibration Requirements & Error Budgets” (Boeker & Ferruit 
2005, ESA-JQST-RQ-2962). We use this as a reference, but develop our own version of the error 
budgets within the framework of the error propagation shown above. Separate sections below 
present error budgets for the flux calibration of the three main NIRSpec spectroscopic modes: 
MSA observations, fixed-slit observations, and IFU observations.  The error budgets are broken 
into terms for the primary components, the secondary terms that contribute to the primary 
components, and tertiary errors that are within the secondary terms.  The overall calibration of 

NIRCam Wide Field Slitless Spectroscopy Flux Calibration Error Budget

Parameters:
N(pixels)= 15
N(sky)= 1
N(standards)= 6
N(large dithers)= 1

Allocated Subsystem Requirement Estimated Allocation
Top Level NIRCam Grism Flux Calibration Accuracy Multiple 10 5.69
     Margin 1 8.22
Subtotal Multiple 9.95 5.69
Calibration Error in the Inverse Sensitivity Function Multiple 5.01 3.2
     Calibration Error in Flux Standards Astronomical reference 2.83 2.83
          Knowledge of the photometric zero point Astronomical reference 2 2
          Accuracy of the spectral model Astronomical reference 2 2
     Calibration Errors in Deriving I Multiple 4.14 1.5
          "Slit" Extraction Error NIRCam Cal Process 2.51 2.07
          Calibration Stability Multiple 3.13 2.88
          Data Processing Errors Ground System 1 1
"Slit" Extraction Error Multiple 1.58 2.07
   Pixel Non-linearity Uncertainty NIRCam Cal Process 0.5 0.52
   Aperture Corrections Multiple 1.5 2
Calibration Stability Multiple 3.13 2.88
     Fringe-Flat Stability NIRCam 1 1
     Pixel-Flat Stability NIRCam 1.25 0.1
     Low-order-Flat Stability NIRCam 2 1
     Dispersion Stability NIRCam 0.1 1
     Stability of the Inverse Sensitivity Function Multiple 1.73 1.01
          OTE Transmission Stability OTE 1 1
          Grism Optical Throughput Stability NIRCam 1 0.1
          NIRCam Detector Stability Detector Subsystem 1 0.1
     Pixel Non-linearity Uncertainty Multiple 0.5 0.52
     Flux Error From Wavelength Uncertainties NIRCam  2  2
    
Calibration Error in the Dispersion NIRCam Cal Process 1 1
Calibration Error in the Pixel-to-Pixel Flat Field NIRCam Cal Process 0.71 1.03 4 per pixel
Calibration Error in the Fringe-Flat Field NIRCam Cal Process 0.25 0.26 1 per pixel
Calibration Error in the Low-order Flat Field NIRCam Cal Process 0.71 2 2 per pointing
Errors in correcting for detector effects Multiple 1 0.59
     Bias+Dark Errors NIRCam Cal Process 0.5 0.03 0.1 per pixel
     Reference Pixel Correction Errors NIRCam Cal Process 0.25 0.03 0.1 per pixel
     Non-linearity Errors NIRCam Cal Process 0.5 0.52 2 per pixel
     Intrapixel Sensitivity NIRCam Cal Process 0.25 0.03 0.1 per pixel
     Persistence NIRCam Cal Process 0.5 0.13 0.5 per pixel
     Electronic Ghosts & Cross-talk NIRCam Cal Process 0.35 0.26 1 per pixel
Background Subtraction Errors Multiple 7.58 1.44
     Sky subtraction errors NIRCam Cal Process 5 1.00 1 per N(pixels)
     Scattered Light NIRCam Cal Process 1 0.25  
     Overlapping spectra NIRCam Cal Process 1 1
     
    
Data Processing Errors Ground System 1 1
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the NIRSpec error budget requires an accuracy of 10% on absolute flux and 12.5% on 
wavelength per spectral resolution element. 
3.1 NIRSpec MOS Mode 
In this section, we describe an error budget for the end-to-end absolute flux calibration of the 
NIRSpec MOS science observing mode.  The calibration budget assumes a faint science target, 
with target flux equal to background flux (mostly relevant to the error term dealing with the 
background subtraction of the secondary data calibration budget), in an ideal case where the 
object is observed in a perfectly-centered location within a NIRSpec MOS shutter. The 
uncertainty term from Poisson statistics from the target flux is not included. 
The overall end-to-end NIRSpec calibration error budget includes specific terms for:  1) the 
stability of the OTE, 2) calibration accuracy and stability of the instrument and the detectors, 3) 
Data calibration pipeline reduction uncertainties, and 4) observing and data acquisition 
strategies.  The ESA NIRSpec document “Review of the in-orbit radiometric calibration of the 
NIRSpec instrument” by P. Ferruit (hereafter, Ferruit 2005a) defines the main entries for 
NIRSpec instrument errors in the primary error budget.  The spreadsheet uncertainty tables from 
Ferruit (2005a) served as the instrument starting point for the end-to-end calibration estimates 
presented here. Figure 3-1 presents the NIRSpec MOS calibration error budget terms in graphical 
and tabular forms, respectively. 
3.1.1 Primary error budget: radiometric calibration of NIRSpec MOS mode 
The main terms in the primary error budget for the calibration of NIRSpec MOS mode are the 
following:  

•  The data calibration accuracy and flat field stability for the science target. 
•  The absolute spectro-photometric calibration accuracy and stability. 
•  The object slit correction factor (slitΛ defined in equation Equation 23 of Ferruit 2005a; 

Section 1.2.5), which will correct for differences between a point-like source observed at 
the nominal position and centering of the object, and the object itself.  This uncertainty 
also has a term for the OTE PSF stability error, which will cause deviations from the 
adopted PSF shape for the object slit corrections. 

From the primary error budget, it can be seen that the 10% requirement on radiometric 
calibration of the NIRSpec MOS mode can be met with the allocated system and instrument 
errors and appropriate observing philosophies. For MOS science observations, it is assumed that 
the faint point-source target is observed through two iterations of the “standard” A-B-C three 
shutter dither offset pattern, for a total of 6 dither positions.  It is also assumed that the standard 
stars are observed using the 1.”6 wide fixed slit (S1600A1), with 4 dither positions. This slit is 
wider than the 0.”2 slit used in the previous error budget (Koekemoer et al. 2010) where the 1.”6 
slit was not yet an allowed mode. This slit is also wider than the slit used to observe the science 
target (see 3.1.3.6).  We assume that absolute calibration of the NIRSpec MOS science spectra 
will be done using 5 different standard stars observed with the same level of overall accuracy. 
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Figure 3-1 NIRSpec MOS Flux Calibration Error Budget 

3.1.2 NIRSpec MOS Secondary Error Budgets 
3.1.2.1 Data Calibration of a Faint Target in NIRSpec MOS Mode 
The secondary error budget for calibration of a faint target in NIRSpec MOS mode has a number 
of terms which cumulatively sum to a factor of 10.35% for a single dither position observation 
on a faint target star.  Under the adopted observing philosophy of 6 dither positions through a 3 
shutter offset pattern, these errors are reduced to 4.23%.  The important terms in the calibration 
of a faint NIRSpec MOS target are: 

• The tertiary error budget on the accuracy of the spectrographic stage flat field calibration. 
• The error in subtraction of background flux from the science target. 
• The error in target flux from detector read noise. 
• A factor for data algorithm mismatch between adopted pipeline algorithm strategies and the 

true physics behind the calibration. 
3.1.3 NIRSpec MOS Tertiary Error Budgets 
3.1.3.1 The Accuracy of the spectrographic stage flat field calibration 
The NIRSpec MOS mode science exposures will be calibrated for instrument throughput and L-
flat terms using a complex instrument model, because it is not feasible to acquire lamp flats 
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through every MSA shutter used for the instrument.  The accuracy associated with this 
calibration is described in the following tertiary error budget. 
The accuracy of the NIRSpec MOS spectrographic stage flat field calibration has several terms.  
Each of these is spelled out in detail in the equations presented by Ferruit (2005a). The terms in 
this table are: 

• The accuracy of the model used for the spectrographic stage flat field calibration. 
• The accuracy of the detector response characterization 
• The error due to detector fringing 
• The error due to non-linearity of the detector. 

We note that results from ground test data are reasonably consistent with the allocations used for 
all these except the fringing, for which no detailed characterization has been done. 
3.1.3.2 Stability of the Spectrographic stage flat field calibration of NIRSpec MOS Mode 
A secondary error budget for the stability of the spectrographic stage flat field calibration (note 
the dominant contribution of the stability of the detector response) is also included as well as the 
long-term (18 month) and short term (2 month) stability criteria, see also the discussion by 
Ferruit et al. Flat field calibration will be done using the NIRSpec Calibration Assembly (CAA).  
The key terms in this budget are: 

• Stability of the spectral distribution of the CAA over 18 months 
• Stability of the spatial distribution of the CAA over 18 months 
• Stability of the detector response function over 18 months 
• Changes in the physical width of the microshutters over the mission 
• Stability of the spectrographic stage response over 2 months 
• Error introduced by the limited wavelength calibration accuracy 

3.1.3.3 Absolute Spectro-Photometric Calibration of NIRSpec MOS Mode 
The secondary error budget for the accuracy of the spectro-photometric calibration of NIRSpec 
MOS mode involves the calibration of the Fixed Slit (FS) observations of the standard stars.  The 
two main terms in the secondary budget are: 

• Tertiary error budget on Absolute Spectro-Photometric Calibration of the Standard for 
NIRSpec MOS Mode 

• Knowledge of the spectrum of the standard star from calibration models (assumed to be 5%, 
which is rather conservative). 

For each individual standard star, these errors sum in quadrature to a value of 5.43%.  The 
secondary budget accuracy is improved to 2.43% by observing 5 standards to this level of 
accuracy. 
3.1.3.4 Absolute Spectro-Photometric Calibration of the Standard for NIRSpec MOS Mode 
The tertiary error budget for a FS observation of the spectro-photometric standard star for 
calibration of MOS mode has a number of terms which cumulatively sum to a factor of 3.44% 
for a single dither position observation on a standard star.  Under the adopted observing 
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philosophy of 4 dither positions through a 2-point offset pattern, these errors are reduced to 
1.72%. 
A large part of the error in the absolute spectro-photometric calibration of the standard star is the 
spectrographic stage flat-field and detector calibration of the standard star observations. In 
particular, this includes changes in the pixel-to-pixel response of the detector, which can 
potentially yield a lower accuracy for the absolute spectro-photometric calibration. To recover 
the flux of the standard stars, we will perform a moving average over several spectral pixels to 
partially average out these “high-frequency” flat-fielding errors. For example, to account for this 
effect, we have applied a SQRT(5) damping factor to even out the contribution of the stability of 
the spectrographic flat-field calibration.  The stability is dominated by these pixel-to-pixel 
response changes.  
Additional terms for accuracy of the detector effects and pipeline processing errors have been 
included.  The tertiary error budget terms for the accuracy of the absolute spectro-photometric 
calibration of the standard are: 

• The error due to finite signal-to-noise of the standard star exposures (assume S/N=100). 
• The accuracy of the spectrographic stage flat field calibration in SLIT Mode (because the 

observations of the spectrophotometric standard will be observed with the S1600A1 slit) 
with a 5 pixel damping factor included. 

• The stability of the spectrographic stage flat field calibration, with a 5 pixel damping factor 
included. 

• A factor for data algorithm mismatch between adopted pipeline algorithm strategies and the 
true physics behind the calibration. 

• An error term for converting the standard star observed in NIRSpec sub-array mode applied 
to full-frame MOS science. 

It is assumed that the standard stars will be observed twice through a 2-point FS offset pattern, for 
4 dither positions. 
3.1.3.5 Stability of the Absolute Spectro-Photometric Calibration of NIRSpec MOS Mode 
The stability of the absolute spectro-photometric calibration of the MOS mode primarily includes 
terms that affect the NIRSpec light path throughput over long duration time-scales.  As such, the 
main terms in this secondary budget are: 

• The stability of the NIRSpec fore-optic and filter responses over 18 months 
• The stability of the MSA slit widths over the mission  
• The stability of the OTE response over 18 months. 

These error terms are driven by high level NIRSpec and OTE requirements. 
3.1.3.6 Object Slit Correction 
The object slit correction factor includes a term that accounts for differences in slit-losses 
between a point-like source (like the standard spectro-photometric star) ideally placed at the 
exact slit center position and the actual observed position of the object itself.  For the MOS, the 
slit used in one of the many shutters with an open area of 0.”2.  A large contribution to this factor 
is the fact that the object will not be observed exactly at its nominal centering in its slit due to 
target acquisition errors.  Moreover, determination of the precise centering of the target within 
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the slits will be difficult.  Estimates on the uncertainty term to slit losses for a point-source, 
assuming optimal relative astrometric accuracy of ~10-15 mas for the input catalog used for 
science source and reference star coordinates, are ~5%. 
The OTE requirement on PSF stability is 2.5%.  This uncertainty will affect all observations 
because intrinsic variability in the OTE PSF will affect all slit loss correction terms applied to 
NIRSpec data. 
3.2 NIRSpec SLIT Mode 
In this section, we describe an error budget for the end-to-end absolute flux calibration of the 
NIRSpec Fixed Slit (FS) science observing mode. In this example calculation, we assume a faint 
science target, with target flux equal to background flux, in an ideal case where the object is 
observed in a well-centered location within the NIRSpec 0.”2 slit.  The uncertainty term from 
Poisson statistics from the target flux is not included.  
The overall absolute flux calibration of NIRSpec FS mode with the 0.”2 wide slit will be similar 
to that for MOS mode.  Figure 3-2 presents the error budgets for the NIRSpec SLIT mode 
observations.  Most terms in the figure and table are identical to those outlined in detail in the 
previous section for NIRSpec MOS science observations.  The main difference of note is that the 
FS science observations can be calibrated using flat field exposures observed directly with the 
NIRSpec calibration lamps with the CAA; the MOS calibration requires interpolation over the 
field of view since not every shutter can be measured in a reasonable amount of time.  As a 
result, the absolute flux calibration of NIRSpec SLIT mode is projected to be slightly better than 
the MOS mode.  And the primary difference between the MOS and SLIT budgets comes only 
from the flat-fielding method and flat stability estimates. 
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Figure 3-2 NIRSpec SLIT Flux Calibration Error Budget 

3.3 NIRSpec IFU Mode 
In this section, we describe an error budget for the end-to-end absolute flux calibration of the 
NIRSpec Integral Field Unit (IFU) science observing mode.   In this example calculation, we 
assume a faint science target, with target flux equal to background flux, in an ideal case where 
the object is observed in a well-centered location within the NIRSpec IFU.  The uncertainty term 
from Poisson statistics from the target flux is not included. 
The overall absolute flux calibration of NIRSpec IFU mode will be similar to that for SLIT 
mode.  Figure 3-3 presents the error budgets for the NIRSpec IFU mode observations.  Most 
terms in the figure and table are identical to those outlined in detail in the section for NIRSpec 
MOS science observations.  However, as for science with the FSs, the flat field can be calibrated 
without interpolation.  A further key difference in the primary error budget for absolute 
calibration of NIRSpec IFU mode science exposures is that there are no slit losses associated 
with observing with the IFU (in this example where the science targets are sufficiently bright that 
their flux will be studied for each spatial resolution element, and not summed over an extraction 
aperture). So the large 5.6% contribution from the object slit correction uncertainty and OTE 
PSF variability terms are not applicable in the primary error budget.  Instead of these terms, 
uncertainties arise from diffractive losses at the grating wheel, which are caused by beam 
widening as a result of diffraction at the IFU slicer plane.  The primary error budget instead 
includes a 2% uncertainty term that captures these diffractive losses.  Overall, the achievable 
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accuracy for absolute flux calibration of IFU science is projected to be quite a bit better than for 
FS and MOS mode science.  

 
Figure 3-3 NIRSpec IFU Flux Calibration Error Budget 

3.4 Absolute Flux Calibration of NIRSpec MOS and 0.”2 SLIT Spectroscopy 
The absolute flux calibration of NIRSpec MOS and 0.”2 SLIT spectroscopy described here 
assumes the ideal observing case of a point-source target that is very well centered within the 
MOS shutter or FS. A well centered point-source target is the correct assumption for determining 
if these modes can meet the requirements.  Below we discuss challenges and potential solutions 
for the case where the sources are not well centered in a slit as this will likely be common for 
some NIRSpec observations. 
The largest term in the primary budgets for the MOS and SLIT calibration is the accuracy of the 
object slit correction factor, and the main contribution to this is the error in the target centering 
within the MOS shutter or FS.  Slight deviations from perfect target centering will cause 
moderate slit losses, and correspondingly larger aperture flux correction uncertainties. The 
multiplexing capability of the MOS mode guarantees that some targets will not be exactly 
centered within the MSA shutters because of the fixed-grid pattern of the MSA. Preliminary 
models indicate that the chromatic slit loss for point sources can vary by ~15% at 3 microns for 
displacements of ±50 mas in the dispersion direction and ±150 mas in the spatial direction from 
the center of an MSA shutter (Ferruit 2016).  The data processing pipeline will include a 
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correction that accounts for the actual planned position of a source within its shutter, but this 
cannot correct for unknown positional errors due to target acquisition uncertainties. 
Moreover, deviations from the point-source nature of the science target can also cause larger 
uncertainties in the aperture flux correction.  The NIRSpec Instrument Science Team has 
discussed the possibility that the aperture flux correction of a DeVaucouleurs r1/4 galaxy profile 
can in some cases deviate from a point source correction by a large factor (~40%; de Marchi et 
al. 2008).  These large deviations in the amount of target flux that lies outside of the science 
aperture correspondingly increase the uncertainty in the knowledge of the object flux correction.  
Yet, an increase in the aperture flux correction uncertainty of just a few percent - from 5% to 7% 
- drives the combined MOS and SLIT error budgets beyond the 10% requirement.  As such, it 
will be difficult to meet the overall absolute flux calibration of many MOS and SLIT targets 
based on the specific example observing strategy presented here.   
The ability to calibrate all NIRSpec MOS and 0.”2 SLIT science data to better than 10% absolute 
accuracy is a complex problem that depends strongly on target slit centering and source spatial 
flux profile.  However, GOs that wish to calibrate all of their MOS or SLIT spectra to better than 
10% accuracy should be able to do so with appropriate observing strategies and tools.  For 
example, increasing the number of dithered observations of the science target can improve the 
accuracy of the pipeline science data calibration, thus decreasing this error term in the primary 
calibration budget.  Additionally, NIRSpec will need to have tools to improve the accuracy of the 
object slit correction terms within the MOS and SLIT error budgets.  One example would be a 
tool that estimates the actual target centering within the MSA shutter based on an (optional) 
confirmation image taken after the target acquisition procedure.  An additional tool might allow 
GOs to calculate aperture flux corrections based on their target spatial profile shape as compared 
to a point source.  Conscientious GOs may also use the information captured in their NIRCam 
pre-imaging observations to derive the absolute flux calibration or object slit corrections for their 
NIRSpec MOS or SLIT spectra.  However, we note that the particular techniques that rely on 
NIRCam images are outside of the auspices of NIRSpec data calibration.  Further work is 
necessary to define the tools and techniques for achieving 10% accuracy on all MOS and SLIT 
spectra. 
NIRSpec Wavelength Calibration Accuracy 
Table 3-1 presents the NIRSpec wavelength calibration accuracy estimate.  The data processing 
pipeline will perform wavelength calibration of NIRSpec data by using a parametric optical 
model of the instrument.  This instrument model is calibrated using the internal CAA lamps, with 
an initial calibration done during ISIM- and OTIS-level ground testing and a final calibration to 
be done on-orbit during Commissioning.  The CAA line lamps themselves were calibrated using 
observations of an external argon line lamp taken during the Flight Model ground tests.  In order 
to account for the non-repeatability of the GWA positional accuracy, the model also includes a 
zero-point correction based on the calibration of the GWA tilt sensor, which is calibrated using 
the CAA REF lamp.  The total uncertainty in the calibration of the NIRSpec instrument model is 
captured in the first primary error budget term, which is composed of two secondary terms: one 
for the accuracy of the initial argon-based calibration, and one for the accuracy of the CAA 
lamp-based model calibration.  These values are taken from Dorner et al. (2016) and Giardino & 
Luetzgendorf  (2016), and are based on analyses of the measurements taken during Flight Model 
and ISIM CV3 ground tests.  We adopted the worst-case 1-sigma residuals among the results for 
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the six gratings for each mode; the residuals are somewhat higher for the prism, which will lead 
to a reduced overall wavelength calibration accuracy for observations with that particular 
disperser. 
The second primary error term captures uncertainties associated with wavelength calibration of 
science data via the calibration pipeline.  This comprises the following secondary terms:  1) 
errors due to simplifying assumptions in the data processing algorithms, 2) the accuracy of the 
GWA tilt sensor calibration (from Alves de Oliveira & De Marchi 2013), and 3) uncertainties 
from the target centering within the science aperture.  Note that the third term is based on the 
uncertainty in source positioning as a result of errors in target acquisition; the pipeline does 
apply a correction to the wavelength zero-point based on the planned position of the source 
within its aperture (e.g., Ferruit 2016b).  This error term is negligible in the case of IFU 
observations since the spatial slices are contiguous. 

Table 3-1 NIRSpec Wavelength Calibration Accuracy Error Budget 
 Requirement MOS FS IFU 
Top level NIRSpec Wavelength calibration accuracy 12.5 12.29 11.92 5.29 

Accuracy of the instrument model calibration 
     Accuracy of ground argon calibration 
     Accuracy/stability of on-orbit lamp calibration 

 6.4 
4 
5 

5.66 
4 
4 

4.24 
3 
3 

Accuracy of data pipeline calibration  10.49 10.49 3.16 
     Data processing errors  1 1 1 
     GWA tilt sensor calibration accuracy  3 3 3 

     Errors from science target centering  10 10 0 

 
The overall wavelength calibration uncertainty is within the requirement of 12.5% of a resolution 
element for all modes, though the margin is much smaller for MOS and FS observations.  In those 
cases, the dominant error term by far is from the positional uncertainty of a science target within 
an aperture.  This estimate is based on the worst-case error in target acquisition for a (planned) 
perfectly-centered source with optimal astrometric accuracy of 10-15 mas, which is expected to 
result in an uncertainty in the final target placement of up to 25 mas.  For any given MOS 
observation, this error will depend primarily on the relative astrometric accuracy of the target 
catalog.  In the case of the IFU, positional uncertainties have a negligible effect on the wavelength 
calibration, thus the error budget for that mode has much more margin. 
4 MIRI Flux and Wavelength Calibration 
The MIRI team has developed preliminary calibration error budgets of their own for the MIRI 
Instrument, “The MIRI Calibration Error Budget” (Glasse 2006, MIRI-RP-00027-ATC). We use 
this as a reference, but develop our own version of the error budgets within the framework of the 
error propagation shown above. Separate sections below present error budgets for the flux and 
wavelength (where needed) calibration of all the main MIRI modes:  MIRI imaging MIRI 
coronagraphy  observations with the Low-Resolution Spectrometer (LRS), and observations with 
the Medium-Resolution Spectrometer (MRS, also known as the Integral Field Unit, IFU. 
The MIRI Instrument Team (IT) contributed significantly to the MIRI sections and, in general, 
agrees with the results. We would like to emphasize again that the only requirements on the 
MIRI instrument are the top-level flux or wavelength numbers (i.e., the numbers presented in 
Table 1-1), and that the subsequent detailed breakdowns presented in the tables in this section are 
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not requirements but instead represent the current estimate of how the overall requirements will 
be met.  Some of the numbers in the detailed budgets have larger uncertainties than others (e.g., 
persistence).  Finally, it is the understanding of the MIRI IT that there are no formal 
requirements on the LRS observations.  For the purpose of this document, the requirements on 
the MRS observations have been used for the LRS, but this doesn't change the formal agreement 
on the MIRI requirements. 
A number of the terms in these error budgets are wavelength dependent.  In general, either the 
worst-case (i.e., 5.8 micron) or mean cases (around 15 micron) has been assumed. 
The MIRI portion of this document has not changed significantly from the previous version 
(Koekemoer et al. 2010) as the more recent testing of the MIRI instrument as part of the ISIM 
cryogenic testing was limited and was mainly able to show that there were no significant changes 
as compared to the colder instrument level tests.  
4.1 Flux Calibration of MIRI Imaging Observations 
Flux calibration for imaging observations allows for some simplifications in the calibration 
process. As noted earlier, imaging observations sample the integral of the inverse sensitivity 
function across the filter bandpass, so we need not determine this as a function of wavelength at 
multiple points. On the other hand, our model of the sensitivity must include the spectral shape 
of the target as well as a representation of the filter transmission, so this complication must be 
accounted for in the error budget. The detected signal is less susceptible to pointing errors since 
we can tailor the extraction aperture (or use optimal extraction techniques) and avoid the flux 
losses inherent in fixed-slit spectroscopic observations, but pointing jitter and variations in the 
PSF do introduce uncertainty in the aperture corrections we apply. These stringent requirements 
make accurate flux calibration of MIRI imaging  challenging. 
Figure 4-1 below also summarizes the various elements of the MIRI imaging calibration error 
budget. At the top level, MIRI imaging flux calibration is required to be accurate to 5%. The 
table lists the high level estimated breakdown of the major terms of the error budget, and a 
current estimate of the actual currently achievable value based on detailed estimates of the lower-
level contributions. A list of parameters heads the table. Again, these are chosen to be 
representative of the standard observation and data-processing procedures assumed in the MIRI 
sensitivity calculation (JWST-CALC-003896), including dithers. As before, the following 
sections describe each element of the error budget in more detail, and we carry a 1% margin RSS 
at the top level. 
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Figure 4-1 MIRI Imaging Flux Calibration Error Budget 
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4.1.1 Calibration Error in the Inverse Sensitivity Function 
This is the first term in the flux-calibration equation, and it has two major components, each of 
which we describe in turn. 
Knowledge of the Absolute Flux 
Our knowledge of the absolute flux of individual photometric standards will be based on a suite 
of a dozen or more white dwarfs, solar analogs, and A dwarf stars.  Recent work such as a set of 
standard stars observed with both HST and Spitzer will provide the basis for the JWST 
calibration.  These standard stars can be accurately modeled  at all JWST wavelengths, to better 
than 2% accuracy for imaging and low resolution spectroscopy. Recent work on Hubble and 
Spitzer (Bohlin & Martin 2008; Rieke et. al. 2008; Bohlin et al. 2012) support this accuracy 
level. 
Calibration Errors in Deriving the Inverse Sensitivity Function 
To determine the inverse sensitivity function, we must observe the spectrophotometric standard 
stars, process the data from those observations, and create a model that is the inverse sensitivity 
function. Note that typical errors encountered in any single observation are incorporated into the 
inverse sensitivity function and then compounded in their application to subsequent observations. 
To limit this compounding effect, we make the following assumptions: 

1. Observations of standard stars are done at a standard location on the detectors so that all 
spatial corrections for flat-field effects are specified relative to this location. Errors in this 
process are then taken into account in their application to subsequent observations and 
can be neglected in observations of the standards. 

2. Standard stars are bright enough that corrections for detector effects and sky subtraction 
are negligible, and that errors associated with such corrections are also negligible. 

3. Each observation of a standard is independent of the others, and the errors diminish as the 
. 

This leaves the other contributors to this error category as the aperture correction errors, drifts in 
the calibration stability in between observations of the individual standards, and an allocation for 
data processing margin. 
4.1.2 Calibration Error due to Aperture Correction Errors 
Since the extraction aperture can be tailored to the target location during ground processing, this 
is a minor contributor to errors in the flux calibration. 
4.1.3 Calibration Error due to Color Correction Errors 
Correcting photometry of sources with different spectral energy distributions than the standard 
stars is commonly called a color correction.  Errors in this color correction arise from an 
imprecise knowledge of the filter transmission as a function of wavelength (including the full 
system transmission).  Work on the Hubble instrument ACS has found errors on the order of 2% 
for this effect (Bohlin, Hubble Instrument Science Report ACS 2007-06). 
4.1.4 Calibration Stability 
All of the corrections applied to a given extracted spectrum are derived from calibration 
observations made at a single moment in time. If any aspect of these calibrations is unstable, that 

€ 

N(standards)
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will lead to errors in the flux calibration as applied to subsequent observations. Each top-level 
allocation in the budget has the potential to drift with time, and we list those components here. 
Pixel-to-pixel flat stability 
This refers to stability of the pixel-to-pixel flat fields determined from the internal flat field 
source. 
Low-order flat-field stability 
This refers to the stability of the low spatial frequencies (effectively the combined telescope and 
instrument illumination pattern) in the flat field. 
Stability of the Inverse Sensitivity Function 
The inverse sensitivity function may change as a result of changes in the throughput of any of the 
optical systems or in the response of the detector. The three elements that may change are  OTE 
transmission, the MIRI optical throughput, and the MIRI detector response between calibrations. 
Stability of the Aperture Correction 
The stability of the aperture correction is directly related to the PSF stability.  The JWST 
Mission Requirements Document (JWST-RQMT-000634, Rev N), allows for up to 2.5% variation 
in the encircled energy at 2 microns within a radius of 80 milliarcseconds over 14 days (MR-
115).  At the longer MIRI wavelengths, instability in the OTE wavefront error will have a less 
noticeable effect on the encircled energy, and so we allocate only half the error of 2.5% allowed 
at 2 microns, or 1.25%.  This value refers to the worst case for MIRI and should be regarded as 
referring to the shortest wavelength at which the MIRI imager operates (i.e. 5.6 microns).  This 
error will get smaller as the wavelength of observation increases and is expected to be 
vanishingly small at the longest MIRI imager wavelengths. 
Calibration Error in the Pixel-to-Pixel Flat Field 
The MIRI internal flat field source allows for a high level of precision in measuring the pixel-to-
pixel flat field.   Given the averaging over a large number of pixels in the extraction aperture as 
well, this term is very small. 
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Calibration Error in the Low-order Flat Field 
For MIRI, the low-order flat field has two elements: one that tracks the varying response of a 
point source across the field and the second that tracks the effects of stray light.  In essence, the 
point source response flat field provides uniform point-source photometry and the stray-light flat 
field provides for seamless mosaics.  The effect of the stray-light flat field is expected to be 
largest at the longest MIRI wavelengths. 
Errors in Correcting for Detector Effects 
Raw counts must be corrected for many effects before they are representative of actual photon 
events: bias and dark-count subtraction; corrections to the nominal bias level for temperature and 
voltage variations as tracked by the reference pixels; the non-linearity of the detector response 
due to the finite well depth in individual pixels; identification of bad pixels; corrections of the 
electronic effect called droop; and corrections for variations in the different readout amplifiers 
that produces a jailbar pattern. These corrections can be calibrated, and we merely account for 
the errors in those corrections in our data processing. Other corrections are unpredictable, can be 
transient, and can depend on the prior history of observations or the illumination pattern covering 
the whole detector. These effects include banding (due to a bright source), persistence (also 
called latents), electronic ghosts, and cross talk. 
4.1.5 Background Subtraction Errors 
We take into account residual systematic errors due to imperfect knowledge of the flat field 
between the sky and object locations on the detector, as well as errors in our knowledge or 
modeling of scattered light in the observation.  For MIRI, sources tend to be much fainter than 
the background given the significantly increased background signal from the telescope and 
sunshade. Thus, flat-field errors will magnify errors in the background correction terms. 
4.1.6 Data-Processing Margin 
These are errors introduced in the data-processing pipeline, or in procedures used to derive 
calibration reference files. Examples include the ever-present round-off and truncation errors, 
which should be minor, or assumptions about the character of a function used to derive a specific 
calibration, e.g., the order of a two-dimensional surface used to fit the low-order flat field.  These 
can be difficult to enumerate in advance of the actual design of a data-processing pipeline, so we 
simply allocate a margin to account for these effects. 
4.2 Flux Calibration of MIRI Coronagraphic Imaging Observations 
Flux calibration for coronagraphic imaging observations has the additional complication that 
scattered light and PSF subtraction may be more complex and model dependent. The MIRI 
calibration requirements allow for this by relaxing the top-level requirement for these 
observations to 15%. We allocate the extra portion of this budget to the sky subtraction, scattered 
light subtraction, and data-processing margin portions of the budget in this section.  
The Science Requirements Document is silent on the range of observation space over which the 
flux-calibration requirement applies for coronagraphy. For example, it is clear that scattered light 
will be more problematic the greater the contrast between the object of interest and the occulted 
object and the closer one tries to observe to the occulting spot. However, our estimates here refer 
to the case where the target of interest is outside 3 l/D,  with the target flux being comparable to 
the background flux, therefore these additional complications are beyond the scope of the present 
study. 



JWST Calibration Error Budget    JWST-STScI-00100  
JWST Mission Science & Operations Center                                                                         Revision B 

 

 4-20 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

Figure 4-2 below summarizes the various elements of the MIRI calibration error budget for 
coronagraphy. The table lists the high-level estimated breakdown of the major terms of the error 
budget, and a current estimate of the currently achievable value based on detailed estimates of 
the lower-level contributions.  A list of parameters heads the table. Again, these are chosen to be 
representative of the standard observation and data-processing procedures assumed in the MIRI 
sensitivity calculation (JWST-CALC-003896), except that no dithers will be used in 
coronagraphy. As before, the following sections describe each element of the error budget in 
more detail, and we carry a 1% margin RSS at the top level. 
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Figure 4-2 MIRI Coronagraphic Imaging Flux Calibration Error Budget 

4.2.1 Calibration Error in the Inverse Sensitivity Function 
This element parallels that for the MIRI imaging flux calibration. 
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4.2.2 Calibration Error due to Aperture Correction Errors 
While the extraction aperture can be tailored to the target location during ground processing, the 
determination of the aperture corrections is more difficult than direct imaging given extra 
coronagraphic elements.  
4.2.3 Calibration Error due to Color Correction Errors 
This element exactly parallels that for the MIRI imaging flux calibration. 
4.2.4 Calibration Stability 
This element parallels that for the MIRI imaging flux calibration except for the aperture 
correction stability.  The complexities of the MIRI coronagraphs (especially the 4-quadrant 
phase masks) lead us to increase the error on the PSF stability.  This PSF stability applies to 3 
l/D from the coronagraphic null (for the 4-quadrant phase masks) and from the edge of the spot 
(for the Lyot coronagraph). 
4.2.5 Calibration Error in the Pixel-to-Pixel Flat Field 
This element exactly parallels that for the MIRI imaging flux calibration. 
4.2.6 Calibration Error in the Low-order Flat Field 
This element exactly parallels that for the MIRI imaging flux calibration. 
4.2.7 Errors in Correcting for Detector Effects 
This element parallels that for the MIRI imaging flux calibration, except a specific term for the 
residual speckles (after PSF subtraction) has been added to budget for this source of noise. 
4.2.8 Background Subtraction Errors 
Residual systematic errors due to imperfect knowledge of the flat field between the sky and 
object locations on the detector, as well as errors in our knowledge or modeling of scattered light 
in the observation will be much larger in viewing faint objects in the scattered light of the bright 
object placed in the center of the 4-quadrant phase masks or behind the Lyot spot. 
4.2.9 Data Processing Margin 
This element parallels that for the MIRI imaging flux calibration.  But, in consideration of the 
additional difficulties in extracting accurate data on faint sources in the complicated 
coronagraphic PSF of the bright hidden object, this margin is significantly larger than for MIRI 
imaging. 
4.3 Flux Calibration of MIRI LRS Observations 
The top-level requirement on the MIRI spectroscopic flux accuracy is 15%.  LRS observations 
are designed to accurately measure the continuum and broad spectral features, but not narrow 
unresolved lines.  Unresolved fringing (at the LRS resolution) produces uncertain fluxes for 
unresolved lines.  Those desiring accurate line fluxes for unresolved lines with LRS observations 
should take MRS observations that will resolve the fringes and allow for more accurate 
measurements. 
Figure 4-3 below summarizes the various elements of the error budget for MIRI LRS flux-
calibration. The table lists the high-level estimated breakdown of the major terms of the error 
budget, and a current estimate of the currently achievable value based on detailed estimates of 
the lower-level contributions. A list of parameters heads the table. Again, these are chosen to be 
representative of the standard observation and data-processing procedures assumed in the MIRI 
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sensitivity calculation (JWST-CALC-003896). One large-scale dither is planned (the standard 
point-source observation will consist of two measurements with the source placed at different 
locations along the slit). As before, the following sections describe each element of the error 
budget in more detail, and we carry a 1% margin RSS at the top level 
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Figure 4-3 MIRI LRS Flux Calibration Error Budget 
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4.3.1 Calibration Error in the Inverse Sensitivity Function 
This element parallels that for the MIRI imaging flux calibration except that there are slit 
transmission errors instead of aperture correction errors. 
4.3.2 Calibration Error in the Dispersion 
The dispersion calibration determines the size of each spectral bin, so errors in the dispersion 
lead proportionally to errors in flux. Since the wavelength calibration requires an accuracy of 1/8 
of a resolution element, and since there are roughly 70 resolution elements (from 5 to 10 
microns) across a spectrum, the linear part of the dispersion relation must be known to one part 
in 560. We therefore allocate an error of 0.25% to errors in the dispersion calibration. Higher-
order polynomial dispersion relations would increase the error by a factor comparable to the 
polynomial degree. 
4.3.3 Calibration Error in the Pixel-to-Pixel Flat Field 
This element parallels that for the MIRI imaging flux calibration. 
4.3.4 Calibration Error in the Low-order Flat Field 
This element parallels that for the MIRI imaging flux calibration. 
4.3.5 Errors in Correcting for Detector Effects 
This element parallels that for the MIRI imaging flux calibration. 
4.3.6 Background Subtraction Errors 
As with NIRSpec MSA observations, we take into account residual systematic errors due to 
imperfect knowledge of the flat field between the sky and object locations on the detector, as 
well as errors in our knowledge or modeling of scattered light in the observation. However, we 
do not budget for light leaking through closed shutters, overlapping spectra, or overlapping 
spectral orders. In the case of longer-wavelength MIRI observations, our assumption that source 
and background fluxes are comparable will break down, and sources will tend to be much fainter 
than the background. Thus, flat-field errors will greatly magnify errors in the background 
correction terms. Therefore, it is particularly relevant that we have allocated the residual margin 
of error in our budget to the background-correction term in our budget. 
4.3.7 Data Processing Margin 
This element exactly parallels that for the MIRI imaging flux calibration. 
4.4 Wavelength Calibration of MIRI LRS Observations 
The requirement on the wavelength calibration of observations is 10% of a resolution element. 
Figure 4-4 below summarizes the various elements of the MIRI Low-Resolution Spectrograph 
(LRS) error budget. The table lists the high-level estimated breakdown of the major terms of the 
error budget, and a current estimate of the actual currently achievable value based on detailed 
estimates of the lower-level contributions. The following sections describe each element of the 
error budget in more detail, and we carry a 1% margin RSS at the top level. 
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Figure 4-4 MIRI LRS Wavelength Calibration Error Budget 

4.4.1 Error in the Wavelength Zero Point 
The dominant contribution to the wavelength calibration error budget is the zero point of the 
wavelength scale. This depends on our knowledge of the position of the position of the filter 
wheel and our knowledge of the target’s location in the aperture. For the target location, we 
assume that a confirmation image of the target field can be used to achieve more precise 
knowledge of the target placement in the aperture than occurs during the target-acquisition 
process. We assume that we will be able to measure target locations to the limit of the field-
distortion requirement of 5 mas. In the dispersed LRS spectrum, one resolution element 
comprises 1.43 pixels, and pixels subtend 110 mas on the sky, so a 5 mas error in target 
placement relative to aperture center leads to a 3.2% error in our knowledge of the wavelength 
zero point. Note that if we simply rely on the ~15 mas errors of the target acquisition process that 
this contribution balloons to 9.6% of a resolution element, consuming nearly the whole error 
budget. 
4.4.2 Error in the Dispersion Relation 
The dispersion relation will be determined from observations of astronomical targets with known 
narrow emission lines and accurately determined radial velocities. Errors in the functional form 
of the dispersion relation are allocated to the data-processing margin as described below. We 
assume that errors in our knowledge of the absolute wavelengths of the calibration emission lines 
are negligible. We then allocate 2% for the error in our knowledge of the dispersion relation. 
This will determine the S/N required in the emission lines used for the wavelength calibration as 
well as the accuracy of the radial velocities of the external astronomical standards. For the 
R=100 resolving power of the MIRI LRS (3000 km s-1 resolution), external targets used for 
calibration must have radial velocities known to better than 60 km s-1. 
4.4.3 Short-term Calibration Stability 
An accurate wavelength calibration requires that the instrument be mechanically stable over the 
course of an observation so that the dispersion relation is constant and the zero-point calibration 
remains stable. The target must also remain centered at its planned location in the aperture to 
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assure that the wavelength zero point does not drift over the course of the observation. We 
allocate 1% of the budget to the stability of MIRI itself. For target centering, objects must remain 
at a given location in the focal plane to better than 5 mas over a timespan of 10,000 seconds 
(MRD-174), and we use this allocation for the contribution of pointing errors to the short-term 
stability. 
4.4.4 Long-term Calibration Stability 
Since full checks on the dispersion relation and zero-point calibration corrections will be done 
only infrequently, e.g., once per year or so, the instrument must remain stable between these 
calibrations. We allocate 1% error to any drifts in the instrument stability between calibrations. 
4.4.5 Data Processing Margin 
As in carrying out the flux calibration, there will be errors introduced in the data-processing 
pipeline, or in procedures used to derive calibration reference files. Examples again include 
round-off and truncation errors, and assumptions about the character of the function used to fit 
the dispersion relation, for example. Again, these are difficult to enumerate in advance of the 
actual design of a data-processing pipeline, so we simply allocate 1% margin in total to this 
category. 
4.5 Flux Calibration of MIRI Medium-Resolution Spectrometer (IFU)  
The MIRI Medium-Resolution Spectrometer (MRS, or Integral-Field Unit, IFU) presents 
challenges of its own relative to fixed slit observations. The error budget is very similar to that 
for the MIRI LRS, but we expect that scattered light and background subtraction may present 
more of a problem in extracting spectra, and so we have increased the error budget allocation in 
these areas. Figure 4-5 below also summarizes the various elements of the MIRI IFU flux 
calibration error budget. The table lists the high-level estimated breakdown of the major terms of 
the error budget, and a current estimate of the actual currently achievable value based on detailed 
estimates of the lower-level contributions. A list of parameters heads the table. Again, these are 
chosen to be representative of the standard observation and data processing procedures assumed 
in the MIRI sensitivity calculation (JWST-CALC-003896). As described in the MIRI Operations 
Concept Document, only small-scale dithers are planned for MIRI IFU observations. The 
following sections describe each element of the error budget in more detail, and we carry a 1% 
margin RSS at the top level. 
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Figure 4-5 MIRI IFU Flux Calibration Error Budget 

4.5.1 Calibration Error in the Inverse Sensitivity Function 
This element exactly parallels that for the MIRI LRS flux calibration. 
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4.5.2 Calibration Error due to Slit Transmission 
Since the extraction aperture for the IFU can be tailored to the actual observed target by the 
ground processing system, the slit transmission and pointing errors are fairly small. 
4.5.3 Calibration Stability 
This element parallels that for the MIRI LRS flux calibration, except that a term for the fringe-
flat stability has been added. 
4.5.4 Calibration Error in the Dispersion 
The dispersion calibration determines the size of each spectral bin, so errors in the dispersion 
lead proportionally to errors in flux. Since the wavelength calibration requires an accuracy of 1/8 
of a resolution element, and since there are roughly 1000 resolution elements (for each IFU) 
across a spectrum, the linear part of the dispersion relation must be known to one part in 8000. 
We therefore allocate an error of 0.01% to errors in the dispersion calibration. Higher-order 
polynomial dispersion relations would increase the error by a factor comparable to the 
polynomial degree. 
4.5.5 Calibration Error in the Pixel-to-Pixel Flat Field 
This element parallels that for the MIRI imaging flux calibration. 
4.5.6 Calibration Error in the Fringe Flat Field 
At long wavelengths, internal reflections in the detector can lead to fringing. As we noted earlier, 
while fringing corrections can be a non-local affect that can be more complicated than a simple 
correction factor, we will treat it as if it were this simple for the purposes of the error budget. 
Correcting for fringes is complicated and so we have allocated 10% per pointing for the budget.  
We have reduced the number of pixels within the circular aperture from 39 to 4 because the 
fringing is correlated in adjacent pixels but uncorrelated from one side of the aperture to the 
other. 
4.5.7 Calibration Error in the Low-order Flat Field 
This element exactly parallels that for the MIRI imaging flux calibration.  
4.5.8 Errors in Correcting for Detector Effects 
This element parallels that for the MIRI imaging flux calibration. 
4.5.9 Background Subtraction Errors 
We have to take into account residual systematic errors due to imperfect knowledge of the flat 
field between the sky and object locations on the detector, as well as errors in our knowledge or 
modeling of scattered light in the observation. The image slicer used in the IFU may introduce 
additional scattered light, so we have allocated a higher fraction of the error budget for the 
uncertainties in these corrections for the IFU. An additional complication is that with the small 
field of view of the IFU, it may be difficult to measure sky levels cleanly in typical observations 
of extended sources. Finally, as for the longer-wavelength MIRI LRS observations, our 
assumption that source and background fluxes are comparable will break down, and sources will 
tend to be much fainter than the background. Thus, flat-field errors will greatly magnify errors in 
the background correction terms. Therefore, it is particularly relevant that we have allocated the 
residual margin of error in our budget to the background correction term. 
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4.5.10 Data Processing Margin 
This element parallels that for the MIRI imaging flux calibration.  However, following the lead 
of the MIRI team in the potential difficulties of extracting spectra from the complicated format 
imaged on the MIRI detector, we have allocated a larger uncertainty of 2% to this portion of the 
error budget. 
4.6 Wavelength Calibration of MIRI IFU Observations 
MIRI IFU observations are carried out using a completely different optical path than for the LRS 
observations, and so we develop a separate error budget. The IFU obtains both an image and a 
spectrum of each spatial resolution element. Therefore, a target acquisition verification image is 
not required---the spatial location of the target can be determined from the IFU data itself. Figure 
4-6 below summarizes the various elements of the error budget of the MIRI IFU wavelength 
calibration. The table lists the high-level estimated breakdown of the major terms of the error 
budget, and a current estimate of the actual currently achievable value based on detailed 
estimates of the lower-level contributions. The following sections describe each element of the 
error budget in more detail, and we carry a 1% margin RSS at the top level. 

 
Figure 4-6 MIRI IFU Wavelength Calibration Error Budget 

4.6.1 Error in the Wavelength Zero Point 
The zero point of the wavelength scale dominates the error budget for wavelength calibration.. 
For the IFU, as shown in the error budget developed by the MIRI team, our knowledge of the 
position of the grating mechanism is the dominant uncertainty here. Minor contributions are 
errors in the line center due to fringing.  Target location can play a large role, and as for the LRS, 
we assume that target locations can be determined to an accuracy of 5 mas. 
4.6.2 Error in the Dispersion Relation 
The dispersion relation will be determined from observations of calibration emission-line lamps 
(pre-flight, on the ground) and astronomical targets with known narrow emission lines and 
accurately determined radial velocities. Errors in the functional form of the dispersion relation 
are allocated to the data-processing margin. We assume that errors in our knowledge of the 



JWST Calibration Error Budget    JWST-STScI-00100  
JWST Mission Science & Operations Center                                                                         Revision B 

 

 4-31 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

absolute wavelengths of the calibration emission lines are negligible. We then allocate 2% for 
the error in our knowledge of the dispersion relation. This will determine the S/N required in the 
emission lines used for the wavelength calibration as well as the accuracy of the radial velocities 
of the external astronomical standards. For the R=3000 resolving power of the MIRI IFU (100 
km s-1 resolution), external targets used for calibration must have radial velocities known to 
better than 2 km s-1. 
4.6.3 Short-term Calibration Stability 
This element parallels that for the MIRI LRS wavelength calibration. 
4.6.4 Long-term Calibration Stability 
This element parallels that for the MIRI LRS wavelength calibration.  
4.6.5 Data Processing Errors 
This element parallels that for the MIRI LRS wavelength calibration. 
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5 NIRISS Flux and Wavelength Calibration 
The original imaging error budgets for the Fine Guidance Sensor (FGS) and the Tunable 
Filter Imager (TFI) were produced in 2010 by the TFI team at Space Telescope Science 
Institute.  There was at that time a simplified error budget estimate for TFI and FGS 
imaging produced by the instrument team (see document JWST-CALC-003897).  Those 
values were used as inputs to the TFI imaging error budget given in document JWST-
STScI-001007 Rev. A, but the error budget presented in that document was expanded to 
be similar in structure to those of the other instruments.   
At the time of the redesign of TFI to NIRISS in 2012 the TFI flux calibration error 
budget was expanded to include estimates for the three new observation modes.  In 
addition, an estimate of the wavelength calibration accuracy was produced to demonstrate 
that a nominal 2% wavelength accuracy requirement could be met for the two grism 
spectroscopy modes (Volk 2012).  The relative wavelength accuracy varies over the 
wavelength ranges of the grism observations, and between order 1 and order 2 spectra.  
The values presented here are taken for the shortest wavelength, 0.8 µm for the SOSS 
mode in order 1, 0.6 µm for the SOSS mode in order 2, and 0.82 µm for the WFSS mode. 
The 2012 error budget and wavelength calibration document are the basis for the NIRISS 
estimates given here, with some revisions based upon calibration data for NIRISS 
obtained in ground testing subsequent to the delivery of NIRISS to Goddard Space Flight 
Center in 2012.  
Each of the four science modes of NIRISS has a separate flux calibration error budget, 
and will be discussed in turn. 
5.1 NIRISS Imaging Flux Calibration 
The imaging mode of NIRISS is currently to be used for three purposes: (a) acquisition of 
targets for the AMI or SOSS observations, (b) support for the WFSS observations, and 
(c) science imaging in parallel with other instruments.  The NIRISS imaging mode is not 
currently allowed as the prime science mode.  The calibration requirement for imaging is 
that the flux calibration be known to 5% or better accuracy. 
Figure 5-1 below shows the current estimates of the NIRISS imaging flux calibration 
errors.  For science imaging in parallel there is no control over the dithering pattern.  
Hence for simplicity we assume no dithering in the current estimate.  Also, we assume 
only 6 standard star observations rather than the nominal value of 12 used for other 
science imaging modes.  This is because NIRISS imaging is not a regular science mode 
and it is possible that the calibration time may be reduced compared to other instruments 
or modes.  There is a 1% contingency margin in the budget.  The following sections 
discuss the various elements of the budget in more detail. 
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Figure 5-1  NIRISS Imaging Flux Calibration Error Budget 

5.1.1 Calibration Errors in the Inverse Sensitivity Function 
The values given here closely match those for NIRCam and NIRSpec.  For the 
knowledge of the standard star spectra we assume a conservative value of 2% for the 
uncertainty in the absolute flux density values for any of the photometric standard stars 
overall brightness and a 2% uncertainty in the spectral shape with wavelength in spectral 
regions away from the bands used to determine the absolute flux calibration (i.e. HST 
filters and Sptizer filters, which do not cover the middle wavelength range for the 
NIRISS imaging filters).  We may be able to do better than this for the photometric 
standards to be used with JWST.  Current estimates of the accuracy of the combined 
HST/Spitzer calibration are in the range between 1% and 2% (Bohlin et al. 2012). 
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The other contributions here are the calibration stability term and the data processing 
accuracy term.  These are discussed below. 
5.1.2 Calibration Error due to Aperture Correction Error  
The predicted JWST PSF for NIRISS has extended structure containing of order 15% of 
the total signal from a star.  The ground test observations of the PSF wings agree well 
with the predictions from the WebbPSF software.  If a star is isolated then between 80% 
and 85% of the total signal can be measured directly in an aperture of radius 5 pixels, 
with a larger fraction being enclosed for the short wavelength filters.  We assume that the 
standard stars will have no other stars of significant brightness within a radius of about 
0.5¢¢.  We assume that using WebbPSF or other similar tools we will be able to make 
aperture corrections to an accuracy of 1% or better when the relative correction is of 
order 10% (i.e. the aperture correction factor is approximately 1.1). 
5.1.3 Calibration Stability 
The calibration stability values are generally analogous to what are used for NIRCam.  
They allow for possible secular changes in the standard calibration values used in the data 
reduction.  These include possible time variation of the detector pixel-to-pixel response 
variations, possible variations of the low-order response changes across the field of view 
due to the relative filter throughput, possible variations in the detector properties, possible 
variations in the detailed PSF  due to gradual mis-alignment of the OTE segments, and 
finally possible changes to the inverse sensitivity function (the conversion from count 
rate to physical flux density units) due to changes in throughput in the telescope or within 
NIRISS itself. 
The NIRISS pupil and filter wheel positions are not absolutely encoded and there will be 
small variations in the positioning of the imaging filters within the light path from one 
observation to another if there is a change of filter in between them.  It is not known 
whether small changes in the positions of the filter in the light path will produce changes 
in either the relative throughput across the field of view or in the overall throughput of 
the filter.  There have been no ground measurements that can test whether these effects 
are present.  The low order flat field error has been assigned an uncertainty value of 1%.  
The overall NIRISS transmission accuracy has been assigned an uncertainty value of 
0.5%. 
The uncertainty from detector stability effects has been assigned a value of 0.5%.  This 
value is not well quantified, but this is NIRCam allocates to the detector response 
stability so we adopt that number here as well. 
Also included here is an aperture correction stability factor uncertainty, which is set at 
2.5%.  This value is larger than the 1% value assumed for the standard star observation 
because in general for field stars the aperture may have to be small and hence the aperture 
corrections are larger than for a bright, isolated standard star.  If the object aperture is 3´3 
pixels and about 70% of the total signal is within these pixels, as is the case for the short 
wavelength filters where the PSF is under-sampled, then this 2.5% uncertainty in the 
aperture correction is about 0.1 times the relative correction. 
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5.1.4 Calibration Errors in the Pixel-to-Pixel Flat Field 
The pixel flat accuracy per pixel is assumed to be 1.5% per pixel, and thus the overall 
uncertainty is 0.5% over the small 3´3 pixel aperture used here (size based on cross-
hatching artifacts seen for testing flat fields).  For pure pixel-to-pixel sensitivity 
variations the 1.5% value is somewhat too large, but the existence of small scale fractal-
like structure in the pixel flats at the epoxy void edges requires that this larger value be 
used here. 
5.1.5 Calibration Error in the Low-Order Flat Field 
This term allows for uncertainties in the large-scale relative response across the detector 
field of view.  One possible cause of such errors is the variation of the filter positions 
within the light path from one set-up to another.  Another contribution to this term is the 
limitations on the accuracy of determining the low-order corrections using on-sky 
measurements.  Neither of these terms can be quantified based on the NIRISS ground-test 
data.  We have taken a value of 1% for this term, based upon the magnitude of 
illumination variations over the NIRISS detector observed in cryo-vacuum test 3.  With 
the external illumination the variations of signal over the detector were of order ±10%.  
We assume that the possible uncertainties in the illumination corrections is 1/10th this 
value. 
5.1.6 Detector Effect Corrections 
The terms included here are for various of the corrections for detector properties that are 
imprinted on the observed signals.  These include reference pixel correction effects, 
ghosts and cross-talk, persistence, limitations in the non-linearity correction, and intra-
pixel sensitivity.  Most of these effects are assigned a 1% uncertainty per pixel and are 
assumed to be random from one pixel to another, allowing a reduction by the square-root 
of the number of pixels.  The non-linearity correction error is assumed to be fixed and is 
derived from the observed correction accuracy in the calibration data. 
The persistence correction is probably not adequately described in this formulation:  it 
probably does not act randomly from one pixel to the next, and the accuracy of the 
proposed persistence correction in the JWST data reduction pipeline has not been 
determined for the NIRISS detector.  It is possible that additional uncertainty from the 
persistence correction could be one of the main contributions to the data processing errors 
term.  The amplitude of the persistence correction is dependent on the strength of the 
source causing the persistence, hence it is hard to estimate the uncertainty due to this 
correction in percentage terms of the science target.  Dithering is a good observational 
strategy to minimize the impact of persistence. 
5.1.7 Background Subtraction Errors 
The background aperture is assumed to be 4 times the size of the signal aperture.  The 
uncertainty values in this section are assumed to be due to either the intrinsic uncertainty 
in the sky background measurement or due to systematic uncertainties due to scattered 
light in the background aperture from the science target PSF.  These values are poorly 
known, and also will vary depending on the signal contrast between the source and the 
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background.  These errors are negligible for bright sources, but can be much larger than 
assumed here for very faint targets with low S/N detections. 
5.1.8 Data Processing Errors 
The data processing error term allows for possible effects due to uncertainties in the 
reduction algorithms.  As noted above the persistence algorithm is one that may 
contribute significant uncertainties to the data reduction, when it occurs in the 
observations, primarily because the algorithm was developed after the ground testing had 
ended and we did not get sufficient calibration observations to provide high accuracy 
reference files for the pipeline.  The 1% value used here is to be taken to be a realistic 
upper bound given previous experience. 
5.2 NIRISS AMI Flux Calibration 
The Aperture Mask Interferometry (AMI) mode of NIRISS is a variant of imaging, but 
here it is taken to be related to coronography, and hence have a 10% photometric 
calibration accuracy requirement.  The AMI mode is also known as Sparse Aperture 
Interferometry (SAI).  In general, the AMI mode observations are very similar to regular 
imaging, except for the presence of the non-redundant mask (NRM) in the light path.  
The AMI mode uses the NRM with one of four possible long wavelength imaging filters.  
There are some differences in the observation scheme.  AMI mode observations of bright 
stars, the usual case, are made in the SUB80 subarray with 80´76 pixels.  This sub-array 
was selected to be in a relatively clean area of the detector with a small number of bad 
pixels.  In contrast to imaging in parallel where it is uncertain what dithers may be used, 
the AMI mode has 4 specified offset positions within the SUB80 aperture.  The PSF in 
the AMI mode is much more complex than that for regular imaging.  For this reason, and 
also because the mode will generally be used with a single bright source in the field of 
view, the aperture size is assumed to be 40´40 pixels, about 26% of the SUB80 field of 
view.  The sky background region is assumed to be the same size as the aperture for the 
photometry. 
Most of the values in the error budget are the same as for regular imaging.  The only 
value that is changed, aside from those describing the observation, is the value for the 
aperture correction uncertainty.  That value has been set at 2% for the AMI observations 
because of the complex PSF that is produced by the non-redundant mask (NRM).  This 
produces an overall estimated uncertainty of 5.14%, slightly higher than for regular 
imaging. This value is well below the 10% error target for coronography. 
There are some unresolved questions associated with this observation mode.  The original 
operations concept for this mode was to have the four offset positions within the SUB80 
aperture, but currently there is some thought that it will be better to make all the 
observations at one position to reduce the systematic errors from the flat fielding and 
other such corrections.  On the other hand, if this is done there will be larger persistence 
effects because repeated ramps will be taken at a single position for a bright source.  If 
the number of dithers is reduced to 1, then then estimated photometric error becomes 
5.21%. 
Another uncertainty is the quality of the reference pixel correction.  Compared to full 
frame imaging the SUB80 sub-array samples the reference pixels more frequently.  
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However, the total number of reference pixels is small and they are unable to correct for 
the even/odd effect observed in the slow read direction of the detector.  It is possible that 
the uncertainties from the reference pixel correction will be somewhat larger than 
assumed in the budget. 
Finally, there is some uncertainty about how the flux calibration will be carried out. One 
possibility is to use the regular imaging photometric standard observations and correct for 
the NRM aperture throughput.  That value can in principle be very accurately measured 
using full frame observations of an isolated standard star first in normal imaging and then 
with the NRM in the beam.  Such observations are part of the NIRISS commissioning 
and calibration plans.  The alternative is to strictly observe photometric standards with 
the NRM in place, for direct comparison to science measurements with the mask in place.  
If those observations are done using the SUB80 sub-array the limiting factor may be the 
aperture corrections in the calibration and science observations.  IF the aperture 
corrections are identical for both observations then an accurate flux calibration will be 
obtained.  The question then becomes how stable the NRM PSF is as a function of time 
given that there will be periodic adjustments to the JWST primary mirror segments, 
which will in turn affect the PSF. 
5.3 NIRISS WFSS Flux Calibration 
The NIRISS Wide Field Slitless Spectroscopy (WFSS) mode uses two low resolution 
grisms (l/Dl ~ 150 in first order) along with one of the six short wavelength imaging 
filters to produce spectra for all objects within the field of view of the detector.  The two 
grisms have very similar properties, but are mounted at right angles in the dual wheel to 
produce orthogonal dispersion directions on the detector.  For the purposes of the error 
budget calculation, the two grisms are taken to be identical. 
The general process of WFSS observations will be to take one or more images of the 
scene through a short wavelength filter, then insert a grism into the light path and record 
the spectra through that blocking filter.  If observations in both grisms are requested this 
will be followed by a second set of spectra with the other grism, and then at the end 
another direct image will be taken.  Both the direct images and the spectral images are to 
be dithered to aid in the correction of bad pixels.  The assumption here is that a good 
quality direct image of the field will be produced along with the spectral images.  There 
are potential issues of bright sources being saturated in the direct image but producing 
unsaturated spectra; for this error budget it is assumed that the source is unsaturated in 
both the direct and spectral images.  Also, the error budget is only calculated for point 
sources.  For extended sources the accuracy of the spectroscopy will be strongly affected 
by the shape and brightness distribution within the object. 
 



JWST Calibration Error Budget    JWST-STScI-00100  
JWST Mission Science & Operations Center                                                                         Revision B 

 

 5-7 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

 
Figure 5-2 NIRISS AMI Imaging Flux Calibration Error Budget 

As there is no slit, the error budget for WFSS is rather similar to imaging in many of the 
details.  The aperture assumed for the error budget is 3 pixels in the wavelength direction 
corresponding to the peak of a point source in the direct image, which is assumed to 
define the wavelength resolution element, and 5 pixels in the cross-dispersion direction.  
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Allowance needs to be made for signal losses outside the aperture.  These can be 
estimated from simulated PSF images, as long as these are collapsed into a one-
dimensional profile.  Additional uncertainties are introduced because the wavelength 
determination in the spectrum is not perfect.  This introduces an uncertainty in the 
standard star flux density at any particular wavelength and an uncertainty in cross-
matching from the observed spectrum to the calibration spectrum.  Hence new terms to 
allow for these types of effects are introduced into the error budget.  The detector effects 
are closely analogous between imaging and WFSS modes. 
The determination of the trace and wavelength positions of the spectra with respect to the 
position of an object in a direct image is a critical calibration for the WFSS mode.  The 
calibration observations from ground testing show that the wavelength dispersion is very 
close to linear over a range of pixels in the spectrum, as expected for these relatively low 
resolution grisms.  The trace appears to follow a well-defined quadratic curve on the 
detector as a function of order and wavelength.  Both these calibrations will be carried 
out on-orbit and we expect that the result will be a high accuracy description of the 
wavelength and trace as a function of the position of objects in the imaging field of view.  
The accuracy of the wavelength values will be determined by the knowledge of the 
dispersion per pixel, the sharpness of the PSF of the source, and the selected dispersion 
element.  The zero point uncertainties that are important for NIRSpec are not important 
for the NIRISS WFSS, beyond the uncertainties from the position of the sources in the 
direct images which translate directly into uncertainties in the wavelengths at the spectral 
position.  In general with dithered images one can locate the source positions to of order 
0.1 pixels relatively easily.  In the error budget a more conservative value of 1 pixel is 
used for the uncertainty in the object position, and in the position of spectral lines in the 
dispersed spectra.   5-3 below shows the WFSS error budget.  The required accuracy is 
10%. 
The derived uncertainty in the flux calibration is just under 6%, well within the 10% 
requirement. If the uncertainty in the dispersion is doubled to 2% and the aperture 
correction uncertainty is doubled to 5% the overall uncertainty value becomes 7.8% and 
still is well within the requirement. Those two values are the ones that are the least well 
known among the contributing terms in the budget.  In order to be so large as to cause a 
violation of the requirement, the aperture correction uncertainty would have to increase 
of a value of about 7.8%.  It is very unlikely that the aperture correction uncertainty will 
be that large. 
The individual terms will now be discussed. 
5.3.1 Calibration Error in the Inverse Sensitivity Function 
The values in this part of the budget are divided between uncertainties in the flux density 
values of the photometric standards, uncertainties in calibration time stability, and 
possible spectrum extraction errors.  The error budget is for a source of intermediate 
brightness, not so bright that saturation of the direct images is an issue but not so faint 
that the extraction is limited by the background signal and spectral overlap.  It is therefore 
assumed that a clear trace is observed for the object.  In the data processing the extraction 
region will likely be larger than assumed in this budget, at least in the cross-dispersion 
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direction, and optimal extraction algorithms will be used to enhance the S/N of the 
extracted spectrum.  However, that algorithm has not yet been developed and tested in the 
JWST data reduction pipeline so a simplified extraction assumption is used here. 
The uncertainties related to the photometric standard absolute flux density are the same 
as in the imaging error budget, 2% uncertainties in relative shape and 2% uncertainties in 
absolute level at any fixed wavelength where observations are available.  The slit 
extraction and calibration stability terms are discussed below.  The data processing errors 
term is assumed to be 1% as was the case for imaging. 
5.3.2 Slit Extraction Error 
There is no slit in the WFSS mode, but in the data processing virtual slits are defined 
from the direct images and the associated spectral regions are extracted from the spectral 
images.  The “Slit” Extraction Error term deals with limitations of the process of 
extracting the object signal from the defined spectral region.  This is divided into a non-
linearity uncertainty term and an aperture correction term.  The aperture correction may 
be done in two ways.  If a science target is reasonably isolated and the same is true for the 
photometric standards then one might assume that the aperture corrections are the same 
for the standard star and for the science target as long as the same aperture size is used.  
In that case one would not need an explicit aperture correction, but there would still be 
some uncertainty from changes in the PSF with time or different positioning of the two 
objects with respect to the pixel center.  One might also carry out an explicit aperture 
correction based on PSF modelling along with knowledge of the dispersion properties of 
the grisms.  In either case a possible error of 2.5% in the relative aperture corrections is 
assigned here.  The non-linearity uncertainty is put in here separately from the term for 
the detector stability because it allows for possible differential errors in the non-linearity 
correction between a bright standard and somewhat fainter science target.  In such a case, 
the non-linearity correction in the science target will be small and have negligible error, 
but the full uncertainty will apply to the standard star spectra. 
5.3.3 Calibration Stability 
Most of the terms here are the same as in the imaging case.  A place-holder term is 
present for fringe flat stability.  There has been no evidence of fringing in the WFSS 
grism spectra during the ground testing of NIRISS, so this value has been given a tiny 
value. 
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Figure 5-3 NIRISS WFSS Flux Calibration Error Budget 

 One new term is the “Flux Error from Wavelength Uncertainties”.  This value is the 
general uncertainty in the spectral flux density from a 1 pixel error in assigning the 
wavelength of a given pixel in a spectrum.  The wavelength solution is actually expected 
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to be known to rather higher precision than 1 pixel, but this is a conservative estimate.  At 
the wavelength of 0.9 µm and assuming a spectral shape varying as l-4 a 1 pixel shift 
would produce about a 2% change in the expected flux density given the GR150 
dispersion of 0.004678 µm/pixel.  This value is quite conservative given the expected 
accuracy of the wavelength solution of about 0.3 pixels. 
5.3.4 Calibration Error in the Dispersion 
A 1% uncertainty is assigned due to uncertainties in the knowledge of the grism 
dispersion and hence the in total amount of radiation received at a pixel.  The effect may 
be caused by variations in the pixel size on the detector that are not entirely taken out by 
the flat fielding process.  This value cannot be estimated from the available ground test 
data and hence is quite uncertain. 
5.3.5 Calibration Error in the Pixel-to-Pixel Flat Field 
This term is the same as for imaging, 1.5% per pixel but assumed to be uncorrelated from 
one pixel to another. 
5.3.6 Calibration Error in the Fringe-Flat Field 
This is a place-holder value, set to 0.01% because there is currently no evidence of 
fringing in the WFSS grism observations. 
5.3.7 Calibration Error in the Low-order Flat Field 
This term is the same as for imaging; in the data reduction we will use the imaging 
illumination corrections for the spectral images as well.  This is needed because we do 
not have proper mono-chromatic flats for the NIRISS grisms. 
5.3.8 Errors in Correcting for Detector Effects 
All of the terms here are directly analogous to the imaging error budget. 
5.3.9 Background Subtraction Errors 
The background subtraction for WFSS will be handled differently than for imaging.  The 
intent is to combine a large number of spectral exposures with outlier rejection to remove 
the object signals and leave an average background image.  Once produced, this average 
background image will be scaled and subtracted from science exposures to globally 
remove the background signal.  The sky subtraction is therefore assigned a 1% error 
independent of the aperture size. 
Another term here that is not present in imaging is a possible uncertainty from 
overlapping spectra.  As there is no slit the spectra from different objects that have 
relatively small separations along the wavelength dispersion direction can overlap.  There 
are various data reduction techniques for disentangling the overlap.  A general 
uncertainty of 1% is assigned to the process of correcting for the overlap.  The actual 
uncertainty will be heavily dependent on the details of the scene being imaged and the 
relative brightnesses of the objects.  Clearly for a faint source right beside a much 
brighter source the uncertainty from the spectral overlap will be very large and may 
prevent any useful data from being obtained.  However, having the two grisms with 
orthogonal dispersion directions means that there is a good chance that such an object 
will have useful data in one orientation even if it does not in the other orientation. 
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5.3.10 Data Processing Errors 
The term for the data processing errors is the same as for imaging, 1%.  This is assumed 
to apply to sources of moderate brightness.  It will probably not be the case for faint 
objects that are close to the limit of detection. 
5.4 NIRISS SOSS Flux Calibration 
The NIRISS Single Object Slitless Spectroscopy mode is designed for exo-planet transit 
spectroscopy of single, bright stars.  The mode uses a moderate resolution grism 
(l/Dl~700 in first order) with no blocking filter.  The cross-dispersion order separation is 
produced by the varying index of refraction of the grism material over the 0.6 to 2.8 µm 
wavelength range.  Thus the separation is better at shorter wavelengths and there is order 
overlap at longer wavelengths.  The grism has a weak cylindrical lens mounted at the 
entrance face to distort the PSF and allow brighter stars to be observed.  The unusual PSF 
leads to an odd-looking spectrum.  However, under the assumption that only one star is 
being observed one can use a large extraction aperture for the spectrum and thereby 
reduce the aperture corrections. 
One difficult aspect of this mode is dealing with the regions of spectral overlap.  The first 
order spectrum covers wavelengths from approximately 0.8 to 2.8 µm.  The second order 
spectrum covers wavelengths from about 0.6 to 1.4 µm, and there is significant overlap 
between the two orders from about 2.0 µm in first order or 1.0 µm in second order.  
Ideally one can use the redundant information from both orders in the 1.0 to 1.4 µm 
wavelength range to correct for the spectral overlap between the orders.  At the time of 
the writing of this document no algorithm for this separation has been developed.  In the 
overlap region the second order spectrum is expected to always be much fainter than the 
first order spectrum because of the grism response properties; the grism blaze wavelength 
is at about 1.35 µm which is within the order overlap wavelengths.  Thus, the issue with 
order overlap will most affect order 2 at wavelengths longer than 1 µm, but the 
information there is contained in the first order spectrum.   
Figure 5-4 below gives the NIRISS SOSS flux calibration error budget.  The requirement 
for this calibration is 10% accuracy as with the other spectroscopic modes of JWST.  The 
derived uncertainty is just under 7.5%, well within the requirement.  The extraction area 
assumed is large, 30 pixels in the cross-dispersion direction by 3 pixels in the dispersion 
direction.  This is due to the weak lens distorting the PSF. No dithers will be done in the 
SOSS mode.  There is an uncertainty in the position of the spectrum within the sub-array 
typically used for SOSS observations: this is due to possible small rotations of the grism 
each time it is placed in the light path, due to the uncertainty in the placement of the filter 
wheel.  There is also a possibility of small shifts in the acquisition position for different 
stars, but that effect is entirely negligible given the extended PSF that the grism produces.  
The current intent is that the JWST data reduction pipeline will allow for the effects of 
the small grism rotations.  This should be able to be corrected to high accuracy because 
the spectrum is 2000 pixels long in the wavelength direction allowing even small 
rotations to measured with good accuracy.  The individual terms that contribute to the 
budget will now be discussed. 
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5.4.1 Calibration Error in the Inverse Sensitivity Function 
The values in this part of the budget are divided between uncertainties in the flux density 
values of the photometric standards, uncertainties in calibration time stability, and 
possible spectrum extraction errors.  The error budget is for a bright star using the 
SUBSTRIP256 sub-array that is the default for the SOSS mode. 
   The uncertainties related to the photometric standard absolute flux density are the same 
as in the imaging error budget, 2% uncertainties in relative shape and 2% uncertainties in 
absolute level at any fixed wavelength where observations are available.  The slit 
extraction and calibration stability terms are discussed below.  The data processing errors 
term is assumed to be 1% as was the case for imaging. 
5.4.2 Slit Extraction Error 
There is no slit in the SOSS mode, and the spectrum is placed in a fixed position on the 
detector when the target is acquired.  The uncertainties in the position of the combined 
order 1 and order 2 spectrum should be very small.  The main source of the slit extraction 
error is the spectral overlap between the two orders.  A secondary uncertainty is the 
aperture corrections for signal lost out of the sub-array.  Both of these values are 
functions of wavelength, and the amount of signal contamination in the overlap area 
depends on the spectral shape of the target star.  A generic value of 5% is assigned for the 
uncertainties from these two items.  A small additional factor from the linearity 
corrections is present here as in the WFSS mode.  In this case the combination of the 
distorted PSF and the large wavelength range produces a wide range of brightness in 
order 1, such that some areas of the spectrum will have a significant linearity correction 
while other areas will have small linearity corrections. The 0.81% value assigned for the 
non-linearity uncertainty is the expected range of uncertainties between low signal and 
high signal. 
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Figure 5-4 NIRISS SOSS Flux Calibration Error Budget 

5.4.3 Calibration Stability 
Most of the terms here are the same as in the imaging case.  A place-holder term is 
present for fringe flat stability.  There has been no evidence of fringing in the SOSS 
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grism spectra during the ground testing of NIRISS, so this value has been given a tiny 
value. 
The “Flux Error from Wavelength Uncertainties” term is analogous to the WFSS case.  
This value is the general uncertainty in the spectral flux density from a 2 pixel error in 
assigning the wavelength of a given pixel in a spectrum.  The value of 1% is found by 
taking the relative wavelength shift of 2 pixels, about 0.25% for the shortest wavelength 
in order 1, and assuming that the spectrum varies as l-4.  The uncertainty is taken as 2 
pixels due to the significant curvature in the trace at this wavelength, but it is likely to be 
much smaller in practice.  In fact, at this wavelength most stellar spectra are not on the 
Rayleigh-Jeans tail and the error in the continuum level from a small wavelength shift is 
likely to be smaller than this 1% value, but there may also be spectral lines present, which 
could produce an error of this magnitude depending on the line strength and profile 
shape. 
5.4.4 Calibration Error in the Dispersion 
A 1% uncertainty is assigned due to uncertainties in the knowledge of the grism 
dispersion per pixel, and hence in the wavelength range over which signal is collected.  
We have only sparse wavelength measurements for the SOSS mode in the ground testing, 
using laser diodes.  These produce a nominal wavelength solution with an uncertainty of 
this order, but that is more a reflection of the very small number of data points used in the 
fit than a direct indication that the dispersion cannot be determined accurately.  We 
expect that with more spectral lines to fit and with a higher order polynomial fit if needed 
we will be able to determine the dispersion to of order 0.1% absolute accuracy.  However 
this dispersion uncertainty may also be due to variations in the pixel size from point to 
point in the spectrum, if these variations are not properly taken out by the flat fielding.  
As was the case for the WFSS mode, this uncertainty is poorly known due to the limited 
amount of ground test data available. 
5.4.5 Calibration Error in the Pixel-to-Pixel Flat Field 
This term is the same as for imaging, 1.5% per pixel but assumed to be uncorrelated from 
one pixel to another.  This term is less important for the SOSS mode because of the large 
aperture that will be used; that consideration was part of the design of the mode. 
5.4.6 Calibration Error in the Fringe-Flat Field 
This is a place-holder value, set to 0.01% because there is currently no evidence of 
fringing in the SOSS grism observations. 
5.4.7 Calibration Error in the Low-order Flat Field 
This term is the same as for imaging; in the data reduction we will use the imaging 
illumination corrections for the spectral images as well.  This is needed because we do 
not have proper mono-chromatic flats for the NIRISS grisms. 
5.4.8 Errors in Correcting for Detector Effects 
All of the terms here are directly analogous to the imaging error budget. 
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5.4.9 Background Subtraction Errors 
The background subtraction for SOSS will be handled differently than for imaging.  The 
intent is to combine a large number of spectral exposures, usually taken in one exo-planet 
transit observation, and from these derive an accurate background level that can then be 
subtracted from the spectral areas.  This depends on knowing the spectral rotation angle 
accurately, having an accurate model of the background shape, and having enough 
background pixels available to make an accurate matching to the expected shape.  We 
assign a 1% uncertainty to the background subtraction.  The background signal is 
expected to be small compared to the object signal.  None the less, a 1% uncertainty is 
assigned to the background subtraction because we have no ground-test data that show an 
equivalent background to what we expect on-orbit.   The estimated SOSS background 
signal rate from simulations is a few electrons/second/pixel.  The average source signal 
per pixel over the entire spectral area is going to be 100 to 10000 times larger than this.  
Taking a 1% uncertainty should allow for this effect even if no correction for the 
correction is done. 
Another term here that is not present in imaging is a possible uncertainty from 
overlapping spectra and ghosts.  There are known ghosts near the first order spectrum, 
which should be possible to characterize and remove from the spectrum in the data 
reduction.  There is also the question of whether other objects near the science target will 
produce spectra on the detector that overlap with the spectra from the science target.  
There is a tool to allow users to determine when overlap may occur and thus avoid these 
times in the observations.  Ideally therefore the uncertainties from these effects will be 
small. None the less, a 1% uncertainty is assigned to these effects because we have no 
ground-test data with multiple sources in the field of view, and so we do not really know 
the accuracy to which we can handle these effects in the data.  In particular we may find 
that the situation with the ghosts on-orbit is more complex than we saw in ground testing 
because that used only one source in the field and gives no indication of effects from 
sources displaced from the SOSS acquisition position. 
5.4.10 Data Processing Errors 
The term for the data processing errors is the same as for imaging, 1%.  This is assumed 
to apply to sources of moderate brightness.  It will probably not be the case for faint 
objects that are close to the limit of detection. 
5.5 NIRISS Wavelength Calibration 
The requirement for the calibration of the NIRISS wavelengths is 10% of a resolution 
element in the Science Requirements document, requirement SR-20.  There is no 
equivalent requirement for the NIRCam wide-field slitless spectroscopy mode, although 
these two modes will be very similar. 
The wavelength calibration for the grisms depends on three basic factors:  the PSF of a 
star, which determines the intrinsic line spread for isolated spectral lines along the 
wavelength direction, the wavelength resolution element, and the accuracy to which the 
peak of the PSF profile can be measured in terms of fractions of a pixel.  Given these 
values, the precision to which an isolated line can be measured is given by the uncertainty 
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in finding the position of the line peak in pixels divided by the width of a resolution 
element in pixels.. 
The accuracy of the overall wavelength calibration is then related to the accuracy of the 
individual measurements of the line profiles.  One has an error from the measurement of 
a point source position, which translates into an uncertainty in the wavelength in the 
spectrum relative to the direct image position.  The same uncertainty appears again in the 
measurement of an isolated line used in the wavelength calibration, and these two 
uncertainties are assumed to add in quadrature. 
Along with the individual measurement errors for the lines used in the wavelength 
solution there is an uncertainty in the fitting and in the evaluation of the fitting function.  
The accuracy of the wavelength solution is assumed to improve proportional to the 
square-root of the number of lines to be used in the fitting.  The accuracy of locating a 
PSF peak for a point source is taken to be 0.1 pixels; this is a reasonable estimate for 
roughly Nyquist sampled PSFs that have a FWHM of 3 to 4 pixels.  The  NIRISS PSF is 
undersampled in the shorter wavelength filters such as the F090W and F115W filters 
(Ravindranath 2014).  In that case it becomes more difficult to estimate the accuracy to 
which the PSF peak can be determined.  It is assumed here that with good quality 
simulated PSFs to compare with that even for the undersampled PSFs the peak can still 
be determined to 0.1 pixels.  The wavelength resolution element is taken to be 3 pixels 
along the dispersion direction.  The ratio of these two assumed numbers produces a 
wavelength measurement accuracy for an isolated line of 3.33% of a resolution element.  
This assumes that the lines being measured have a much smaller width than the 
dispersion of the NIRISS grisms, and so do not contribute to the intrinsic line profile.  
The dispersion per pixel in the GR150 grsims is 0.004678 µm/pixel.  At a wavelength of 
2 µm this corresponds to an equivalent velocity width of about 700 km/s.  For the 
GR700XD grism the dispersion is 0.000974 µm/pixel.  In first order at a wavelength of 
2.8 µm this corresponds to a velocity width of about 100 km/s.  This, whatever sources 
are used for the wavelength measurements need to have radial velocities and intrinsic line 
positions known to a few times better accuracy than these values.  For the WFSS mode 
the wavelength calibration will be done using the Large Magellanic Cloud planetary 
nebula SMP LMC 58.  This object has a small intrinsic line with of order 15 km/s and a 
known radial velocity.  For the SOSS mode the wavelength calibration will be done using 
stellar spectral features in either an A0V star or an M-type star.  In either case the object 
will be bright and is expected to have a well known radial velocity.  The line widths in 
this case are determined by the stellar atmosphere properties (i.e. rotation, marco-
turbulence, and micro-turbulence).  The candidate stars will need to be screened to ensure 
that they are not rapid rotators and do not have large amounts of turbulent broadening. 
For most normal stars these effects are much smaller than 100 km/s. 
The calculations here are only done for point sources, and only for the first order spectra.  
In the WFSS case the wavelength uncertainty will be larger for extended sources as they 
broaden the line profile, but the details of this are a function of the object shape and how 
that shape projects in the dispersion direction.  No general results can be given for 
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extended objects.  For the SOSS mode, all targets are assumed to the point sources and 
this issue does not arise. 
5.5.1 The NIRISS WFSS Wavelength Error Budget 
For the WFSS mode the dispersions of the GR150 grisms are assumed to be identical. 
The estimated wavelength error budget is shown in Figure 5-5. The assumed key 
parameters are given in the upper part of the table. These include the dispersion per pixel, 
the resolution element width, the number of lines to be used in the wavelength solution, 
and the PSF peak centering accuracy.  In this budget it is assumed that each filter is to be 
fit independently and so the number of lines available will be relatively small.  However, 
it may be possible to combine the wavelength measurements for all the filters into a 
single fitting, in which case a larger number of lines will be available and the fitting may 
be more accurate than is assumed here. 
Most of the terms are either related to the accuracy of the fitting and of the evaluation of 
the wavelength function, which are assigned relative accuracies of 1% of a resolution 
element, or are related to the accuracy of measuring the spectral lines that go into the 
wavelength solution.  The latter uncertainties are taken to be either equal to the peak 
centering accuracy divided by the resolution element or twice this value, depending on 
whether it is a single measurement or depends on the comparison of two independent 
measurements.   

 
Figure 5-5 NIRISS WFSS Wavelength Calibration Error Budget 

5.5.2 Error in the Wavelength Zero Point 
The terms refers to determining the wavelengths at each pixel in the dispersed spectrum.  
This requires an accurate measurement of the PSF position in the direct image and then 
an accurate measurement of the offset from that position to the individual spectral lines in 



JWST Calibration Error Budget    JWST-STScI-00100  
JWST Mission Science & Operations Center                                                                         Revision B 

 

 5-19 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

the wavelength calibration.  The line wavelengths themselves are assumed to be known to 
much higher accuracy than the grism dispersion, so the wavelengths themselves 
contribute no error to the fitting.  The uncertainties in fitting the pixel position of 
individual lines are assumed to be the same as for measuring the PSF peak, as for isolated 
emission line the spectral image will be identical to the monochromatic PSF.  The same 
error applies in measuring the object position in the direct image that is used as the 
reference position.  Hence the uncertainty values here are assumed to be equal to the 
“Error from the science target centering” value in the last row, or to twice that when the 
two positions are combined. 
5.5.3 Wavelength Zero Point Stability 
This term refers to the possible change in the wavelength zero point from one WFSS set-
up to the next with different source positions on the array.  This is assumed to be equal to 
the measurement error in the position of an isolated point source in the direct image, as 
this is the reference value with respect to which the wavelengths are determined in the 
dispersed images. 
5.5.4 Error in the Dispersion Relation 
The values here refer to the accuracy of carrying out the fitting and applying the values in 
the calibration.  The quality of dispersion relation is assumed to improve proportional to 
the square-root of the number of lines measured.  Calculation errors in the fitting and in 
the evaluation of the function are taken to be 1% of a resolution element.  The GR150 
grisms are expected to have very nearly linear dispersion and hence this should provide a 
high accuracy wavelength solution using a low order polynomial.  
5.5.5 Stability of the dispersion relation 
This term refers to the stability of the dispersion solution both as a function of time and 
as a function of source position within the field of view of NIRISS.  We do not expect 
changes in the grism dispersion with time. The grisms are observed to rotate slightly in 
the dual wheel from one set-up to another, but this can be removed based upon the 
reported encoder position.  We allocate a 1% uncertainty to any further residual effects in 
the dispersion when the grisms are moved slightly within the light path. 
5.5.6 Data Processing Errors 
This is the same term as is used in the flux calibration error budgets.  A 1% uncertainty is 
assigned.  This value is not well constrained by the observations that we have for the 
NIRISS WFSS mode. 
5.5.7 Errors from science target centering 
This term is strictly for the location of a point source in the direct image and the 
corresponding possible error in deriving the wavelengths in the spectral images by 
calculating pixel offsets.  As discussed above, the maximum position error for a point 
source is assumed to be 0.1 pixels independent of wavelength.  The value here is then 
calculated from the input values listed at the top of the table. 
5.5.8 The NIRISS SOSS Wavelength Error Budget 
The error budget for the NIRISS SOSS mode is very similar to that for the WFSS mode.  
The values are given in Figure 5-6 below.  There are some differences for the GR700XD 
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grism observations as compared to the GR150 grism observations:  the GR700XD will be 
used with single isolated point sources, using a target acquisition.  Here the uncertainty in 
the source position is due to reproducibility of the target acquisition rather than due to the 
measurement of point source positions at different locations within the field of view.   

 
Figure 5-6 NIRISS SOSS Wavelength Calibration Error Budget 

It is not currently known how accurately the acquisition will position the target with 
respect to the defined position.  Any small offsets of the target with respect to the pixel in 
the acquisition will cause corresponding shifts in the SOSS spectrum.  Ideally the 
wavelengths in the spectrum are fixed with respect to the pixels if the target acquisition 
reproduces the same position each time.  However, there is also a possible rotation of the 
spectrum because the pupil wheel position is not strictly reproducible.  This rotation 
should be derivable from the reported pupil wheel position from the instrument, and also 
it should be measurable from the spectrum itself. 
For the error budget we have assumed a 0.1 pixel accuracy of the target acquisition and 
also a 0.1 pixel uncertainty in the wavelength solution due to offsets and rotations.  The 
terms in the error budget are nearly the same as for the WFSS case, except that the 
individual line measurement accuracy for SOSS is twice the value that is used in the 
WFSS case.  This is a reflection of the distorted PSF that is produced by the GR700XD 
grism.  The monochromatic PSF width in the dispersion direction is of order 3 pixels as 
measured in ground testing, but the cross-dispersion shape is much more complex that is 
the case for the WFSS mode.  Hence the line wavelength measurement uncertainty is 
doubled to 6.67% here to reflect the additional uncertainty in the wavelengths across the 
spectral trace.  This is compensated for by having more lines to measure over the SOSS 
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first order wavelength range, so the resulting estimated error is still within the 
requirement. 
5.5.9 Conclusions 
Given the assumption of the resolution element and the PSF peak location accuracy the 
grism wavelength solutions should produce values that are within the error requirement.  
The estimated values are 9.9% of a resolution element for the WFSS mode and 9.1% of a 
resolution element for the SOSS mode.  This would not be the case for an assumed 2 
pixel resolution element unless the PSF peak measurement could be made to 0.067 
pixels.  Experience with the Hubble Space Telescope shows that PSF position 
determinations to between 2% and 5% of a pixel are possible with good S/N data, so 
meeting the requirement with a smaller resolution element is possible, although the more 
conservative value of 10% of a pixel is used here.  For the SOSS mode the resolution 
element cannot be reduced below 3 pixels in the wavelength direction because of the PSF 
distortions, but for the WFSS mode observations of point sources one may be able to 
improve the dispersion sampling to 2 pixels depending on the PSF widths in the direct 
image.   
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6 Astrometric Field-Distortion Error Budgets 
Astrometric calibration is also less complicated than flux calibration for all the science 
instruments because it too depends only on positional information in the data. The 
geometric regularity of the detector systems simplifies the error budgets, but the optical 
systems and their stability complicate the detailed nature of the distortion corrections. As 
noted in the introduction, field distortion in all the JWST science instruments must be 
calibrated to an accuracy of 5 mas. This distortion is meant in a relative sense, in that all 
JWST instruments will be calibrated using the same astrometric field to yield relative 
distortions in the sense that positions determined from these calibrations are relative to 
each other modulo an arbitrary translation, rotation, and/or scale factor correction. 
Developing a relative astrometric field distortion calibration for all the JWST instruments 
would be difficult for JWST by itself due to pointing restrictions within the field of 
regard. Observations of a star field that remove degeneracies in the distortion solution 
require multiple observations at different position angles, preferably approaching 90 
degree differences. Since this requires at least three months or more and is restricted to 
regions near the ecliptic poles, opto-mechanical stability between such sets of 
observations might be an issue. To circumvent such potential difficulties, STScI has 
developed an astrometric field using HST ACS/WFC observations of stars in the Large 
Magellanic Cloud tied to the Gaia reference frame (Diaz-Miller 2006; Sahlmann 2017) 
that is suitable for calibrating the geometric distortion of all the JWST instruments. The 
stars in the field are faint enough that they will not saturate the JWST instruments. The 
star field is dense enough that high-order terms can be easily constrained, yet not so 
dense that the PSFs are blended. Proper motions in the LMC are small enough that they 
will not affect the relative positions over the full timescale of the JWST mission. Finally, 
this field is in the JWST continuous viewing zone, making it always accessible for 
calibrations. Stellar positions are currently known to a relative accuracy of 2 mas, and it 
is expected that more sophisticated analysis of the current data can reduce these errors to 
less than 1 mas. 
We discuss astrometric calibration in two sections, with one for the imaging instruments 
and another for NIRSpec since NIRSpec requires calibration of both its aperture focal 
plane as well as its detector focal plane. Note that since different filters within an 
instrument may introduce its own small-scale distortions (as well as a spatial translation), 
that calibrations using these error budgets must be developed for each independent filter. 
6.1 Astrometric Distortion Calibration for Imaging Instruments 
We describe the astrometric field distortion calibration for all the imaging science 
instruments (NIRCam, MIRI, NIRISS, and FGS) using a single error budget. Table 6-1 
below summarizes the various elements of the error budget. The table lists the allocated 
element of the error budget, the system that it is allocated to, the requirement (or, 
allocated) value, and a current estimate of the actual currently achievable value. At the 
head of the table we give the number of dithers used in a typical observation as a 
parameter. We expect this to be of order 4 for most observations. The following sections 
describe each element of the error budget in more detail, and we carry a 1 milliarcsec 
(mas) margin RSS at the top level. (Note that the field distortion error budgets are 
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developed in terms of an angle on the sky in milliarcseconds, unlike the relative 
percentage error used for the flux and the percent of a resolution element used for the 
wavelength calibration error budget.) 

Table 6-1 The Astrometric Field-Distortion Error Budget for Imaging Instruments 

 
 
6.1.1 Error in the Detector-to-Sky Calibration 
The dominant contribution to the field distortion error budget is the calibration of the sky 
on the detector focal plane. This depends on three factors: our knowledge of the relative 
positions of the reference stars in the astrometric calibration field, errors in measuring the 
positions of these stars in a given observation, and data processing errors in making the 
measurements, modeling the distortion, and applying the distortion model to actual data. 
As noted above, an astrometric standard field developed for JWST using HST 
observations will have relative accuracies of better than 2 mas. We use this for our 
allocation, and expect that actual knowledge will be better. 
For measurement errors, we allocate the bulk of the error budget. Simulations of the 
target acquisition process for the various instruments have shown that simple first-
moment centroids can achieve precisions of 5 mas or better; weighted centroids or PSF 
fitting can achieve precisions of a few millarcseconds. We allocate 4 mas for 
measurement errors, and expect to achieve 2-3 mas. 
Data processing errors, as usual, comprise the errors in the ground system processing 
applicable to the calibration measurement tools, the accuracy of the distortion model and 
its actual application. We allocate a 1 mas contribution for these errors.  
6.1.2 Long-term Calibration Stability 
Since full checks on the field distortion will be done only infrequently, e.g., once per year 
or so, the instruments and the observatory must remain stable between these calibrations. 
We allocate a 1 mas error to any drifts in the instrument and observatory stability 
between calibrations. 
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7 Conclusions 
Starting from calibration accuracy requirements for flux, wavelength, and astrometric 
calibrations for the JWST instruments in the JWST Science Requirements Document and 
the JWST Mission Requirements Document we have conducted an analysis of the error 
budgets for all the JWST science instruments. We have developed a general framework 
for the error budgets that is applicable to all instruments. 
For all flux calibrations, the limiting factors are the accuracy of the absolute flux 
standards, and the stability of the point-spread function. This presents a particular 
challenge for the NIRCam flux error budgets since the currently available HST standard 
star set is too bright for full-field observations with NIRCam. It is possible to meet the 
flux calibration requirement of 5% using a two-step calibration process using sub-array 
observations of the primary standards to calibrate a set of fainter full-field standards. 
However, the allocations in several areas remain relatively tight – the flat field, 
throughput stability, and data processing error allocations all need to be <1%. For MIRI, 
the calibration error estimates generally fall within the overall high-level requirement, 
and we emphasize again that the individual separate error breakdown values are not to be 
considered as requirements in themselves but are instead the best current estimates of the 
error allocations, and are subject to change pending future information about the 
instrument performance. 
For the slit-based spectrographs, it is more challenging to meet the flux calibration 
requirements. The largest contribution to the error budgets is the accuracy of our 
knowledge of the target location in the observing aperture (which affects both flux and 
wavelength errors). However, this can be mitigated by appropriate observation strategies: 
to meet the requirements of both the flux and wavelength calibration accuracy, we 
recommend that target location confirmation images be obtained for each pointing in a 
spectroscopic slit observation. Analysis of these images by the ground system should 
yield better knowledge of the target location relative to the aperture center than we obtain 
from the on-board target-acquisition process. 
In summary, the error budgets presented show how all the instruments can meet their 
respective flux, wavelength, and astrometric requirements. 
We expect the analysis presented here to serve as input to the appropriate on-orbit 
calibration plans at STScI, along with observing strategies, in collaboration with the 
science instrument teams. 
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Appendix A. Acronyms 
Acronym Definition 
ACS Advanced Camera for Surveys  
APT Astronomers Proposal Tool 
CAA Calibration Assembly 
ESA European Space Agency 
FGS Fine Guidance Sensor 
GO General Observer 
HST Hubble Space Telescope 
IFU Integral Field Unit 
IR Infrared 
IT Instrument Team 
JWST James Webb Space Telescope 
LRS Low-Resolution Spectrometer 
MIRI Mid-Infrared Instrument 
MOS Multi-Object Spectrometer 
MRD Mission Requirements Document 
MRS Medium Resolution Spectrometer 
MSA Micro-Shutter Assembly 
NICMOS Near-Infrared Camera and Multi-Object Spectrometer 
NIRCam Near-Infrared Camera 
NIRISS Near-Infrared Imager and Slitless Spectrograph 
NIRSpec Near-Infrared Spectrograph 
OTE Optical Telescope Element 
PSF Point Spread Function 
RSS Root Sum Square 
SI Science Instrument 
SRD Science Requirements Document 
WFC Wide Field Channel 
WFC3 Wide Field Camera 3 

 
 


