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Symbol

Un-
notated

Indices!

Description

Units

Area of the detector for detectors
without lenslets, or area of field
stop for detectors with lenslets

ao(Tdet)

B,d,g,m

Temperature dependent zeroth
order coefficient of the response
function of a detector

Photoelectrons

a1(Tget)

B,d, g, m

Temperature dependent first order
(linear) coefficient of the response
function of a detector. This is the
effective capacitance of the
detector.

Photoelectrons/V

az(Tget)

B,d,g,m

Temperature dependent second
order coefficient of the response
function of a detector

Photoelectrons/V?

agg(Ne)

Along-scan aggregation zone for
DNB

Unitless

B

Band number

Unitless

bO(TeIec)

B,d, m

Temperature dependent zeroth
order coefficient of the response
function of electronics.

Volt

b1 (Telec)

B,d, m

Temperature dependent first order
(linear) coefficient of the response
function of electronics. This is the
inverse of the gain of the
combined ADC & ASP circuits.

V/count

b2(TeIec)

B,d, m

Temperature dependent second
order coefficient of the response

V/count?

1

In order to reduce complexity of the notation some indices are dropped in the equations in this
document.

The following abbreviations are used in this column. B=band number; d=detector index;
g=gain state; m=mirror side; n=cross-track pixel number
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function of electronics

B, d Bi-directional reflectance
distribution function of solar
BRDF(¢,,4,, A, . )
@1:002.0) diffuser expressed in terms of lab 1/sr
angles
Bi-directional reflectance
distribution function expressed in
BRDHO, . 4,..0,,.4,,. A o
s b1 2) terms of incident and reflected | /5"
angles
C Speed of light um/s
c B, d, g, m | 0 order coefficient of the radiance W/(m2um sr)
0 response function H
B, d, g, m | Temperature dependent first order
C1(Tdet, Telec) (linear) coefficient of the response | W/(m?um sr cnts)
function for radiance
B, d, g, m | Temperature dependent second 2
C2(Tdet, Telec) order coefficient of the response \ci\r/{t(sr?) Hm St
function for radiance
Pre-determined DNB calibration _
ci[agg(Nr),Np,Ng] coefficients, dependent on Nf, Np, | W/(m?um sr cnts')
and Ng.
B, d, g, m | Temperature dependent jth order .
C'j(Tdet, Telec) coefficient of the response W/(mzpm sr cnts')
function after calibration update
B, d, g, m | Adjustment to coefficient of the i
A ) restonse function W/(m°um sr cnts)
B, d, g, m | Temperature dependent jth order _
di(Tdet, Telec) coefficient of the response | 1/counts’
function for reflectance
d. (t) tDlstance from sun to earth at time Meter
- Distance from sun to earth
d, Meter
s averaged over a year
DC B SDSM total counts Counts
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DC ., B SDSM counts offset level Counts
DC, B SDSM totgl counts when viewing Counts
the solar diffuser
DC.. B SDSM total counts when viewing Counts
the sun
dc(t) B SDSM differential counts attime t | Counts
B SDSM differential counts when
dcsd(t) viewing the solar diffuser with | Counts
offset level subtracted at time ¢
B SDSM differential counts when
de,, (t) viewing the sun with offset level | Counts
subtracted at time ¢t
DN rl?,d,g,m, Total detector counts Counts
DNpns Total DNB detector counts Counts
DNB space view offset LUT, as a
DNsv_ons (NF.N.Ng] function of Nk, Np, and Ng. Counts
B, d, g, | Differential detector counts with
dn . Counts
m, n space view subtracted
dn Differential DNB detector counts Counts
DNB with space view subtracted
B, d, g, | Differential detector earth view
dney m, n counts with space view | Counts
subtracted
B, d, g, | Differential detector counts at
dnsq(t) m, n solar diffuser with space view | Counts
subtracted
B, d, g, | Differential detector counts
dnpecs m, n observing BCS with space view | Counts
subtracted
B, d, g, | Differential detector counts
dnyap m, n observing LABB with space view | Counts

subtracted
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d nobc(t)

B’ da g’
m, n

Differential detector counts at
OBCBB  with space view
subtracted at time ¢

Counts

dnope(n,m)

By da gy
m, n

Differential detector counts at
OBCBB  with space view
subtracted for frame m of scan n
of an acquisition

Counts

B,d,g,m

counts at
over the

Differential detector
OBCBB averaged
acquisition at time ¢,

Counts

B,d,g,m

Differential detector counts at
solar diffuser averaged over the
acquisition at time ¢,

Counts

B,d,g,m

Set of all samples within a cal
acquisition period

Counts

B,d,g,m

Total detector counts per frame
averaged over space view

Counts

Spectral irradiance

W/(m? um)

Einc (einc ! ¢inc ’ /1)

Spectral irradiance incident upon
the solar diffuser

W/(m?um)

Ebkg (/1’0)

Detected spectral irradiance at the
field stop due to self-emissive
background when scan angle is 6

W/(m?um)

Edet (/1’0)

Detected spectral irradiance on
the field stop when scan angle is 6

W/(m?um)

Esun (/1’ t) Evun(ﬁ” dse)

Irradiance from the sun upon a
surface  with normal pointing
toward the sun.

W/(m?um)

Esdsm_sd (¢h ! ¢v ! 2” dse)

Spectral radiance at the SDSM
when it is pointing at the solar
diffuser

W/(m?um)

Esdsm _sun (ﬂ' dse )

Spectral radiance at the SDSM
when it is pointing at the sun

W/(m?um)

B,d, g, m

Factor for update of the radiance
coefficients

Unitless
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E B,d Fraction of detector illuminated by Unitless
det imaged aperture stop
E B Fraction of the reflectance off the Unitless
cav OBCBB originating from cavity
E B Fraction of the reflectance off the Unitless
sh OBCBB from shield
E B Fraction of the reflectance off the Unitless
tele OBCBB originating from telescope
2
5 B Gain converting detector electron | W/(m um sr)
counts to radiance /ohotoelectron
B Gain converting SDSM counts to
Gsasm(t) spectral irradiar?ce W/(m*um sr cnt)
h Planck Constant J s/photon
B Time dependent ratio of dc_, ()
h(t) and dc(t) corrected for screen | Unitless
modulation, used to make H(¢).
B Time dependent scale factor of ,
H(D) BRDF of the solar diffuser Unitless
I Electric Current A
| Saturation current for ala
S semiconductor
k Boltzmann Constant J/IK
d Detected spectral radiance at field 2
L,.(6,4
(0:2) stop for angle 0 Wim*um sr)
L, (0,B) Ly (DN) | B, d,n,m Bapd-averag_ed detected spectral ,
’ radiance at field stop for angle 6, | W/(m“um sr)
Ly (dn) or as a function of DN or dn
d, m Differential band-averaged
AL, (0,B) detected spectral radiance at field W/(m?um sr)

stop for angle 6 relative to space
view
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Ldel_bkg (‘9' B )

Band-averaged detected spectral
radiance at field stop due to self-
emissive background for angle 0
relative to space view

W/(m?um sr)

ALdeL bkg (9’ B)

Differential band-averaged
detected spectral radiance due to
self-emissive  background  for
angle 6

W/(m?um sr)

L,(0.2)

Spectral radiance at the aperture
at angle 0

W/(m?um sr)

L,(0,B)

Band-averaged spectral radiance
at the aperture for scan angle 0

W/(m?um sr)

Ldel_sd (¢h ' ¢VB)

Band-averaged detected spectral
radiance at field stop when it is
pointing at the solar diffuser

W/(m?um sr)

L,.(8,.,B)

Band-averaged normalized solar
diffuser spectral radiance

W/(m?um sr)

L(T,A)

Blackbody  spectral  radiance
according to Planck’s function

W/(m?um sr)

~

DNB

Band-averaged spectral radiance
at the aperture for Day Night Band

W/(m?um sr)

I—min

Minimum spectral radiance

required to meet spec

W/(m?um sr)

I—max

Maximum spectral radiance

required to meet spec

W/(m?um sr)

Lul7c‘7r/l (]lh ! Tcav ! 71tele ' ﬂ')

B,d, n

Spectral radiance emissive
background from shield, cavity
and telescope, and reflected off
the OBCBB

W/(m?um sr)

L0 9:7)

B,d, n

Spectral radiance reflected from
the solar diffuser

W/(m?um sr)

Nacq

Number of scans over which solar
diffuser is observed

Unitless

Ncal

Number of frames per scan while
observing OBCBB

Unitless
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Ne(DN), Ne(S)

Number of photoelectrons for a
sample as a function of digital
counts or signal

Photoelectrons

Ne

Along-scan frame number

Unitless

Ngain

Number of gain states for a band:
2 for dual gain bands, otherwise 1

Unitless

Ng

DNB Gain stage

Unitless

Nh

HAM side index

Unitless

Nop

Number of optical elements from
aperture to detectors

Unitless

Np

Along-track pixel

Unitless

Nray

Number of rays (e.g. number of
rays traced in a ray-tracing
program)

Unitless

NSDfrm

Number of frames per scan over
which the solar diffuser calibration
counts are recorded, excluding
frames rejected from average due
to poor or missing quality

Unitless

N SVirm

Number of frames per scan over
which the space view calibration
counts are recorded, excluding
frames rejected from average due
to poor or missing quality

Unitless

Number of scans over which
SDSM is observed per acquisition

Unitless

Nirc(i)

Number of emissive sources
producing  self-emission  that
enters the optical path through
optical element i

Unitless

QE(A)

Quantum efficiency converting
photons to photoelectrons

Photoelectron
/photon

QEsdsmO\a)

Quantum efficiency of SDSM
converting photons to
photoelectrons

Photoelectron
/photon
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Relative spectral response, which
combines spectral response due

RSR(4) to transmittance and detector | Unitless
response normalized to have a
peak of 1.0
d, m Response Versus Scan function .
RVS(6, B ’
S(0.5) at scan angle 60 for band B Unitless
Pre-determined Response Versus
RVS[N.,N,,N,] Scan for DNB, as a function of Nf, | Unitless
NP, and NH.
Vector describing orientation of
S, instrument with respect to the | Unitless
spacecraft
Vector describing orientation of
Sy solar diffuser with respect to the | Unitless
spacecraft
SNRac B,d,m Callbratlpn Slgn.al_ 'to Noise Ratio Unitless
over entire acquisition
SNRecar B,d,m Calibration Signal to Noise Ratio Unitless
over one scan
t Time Seconds
¢ Time of the solar diffuser view in Seconds
! SDSM data acquisition i
Time of the sun view in SDSM
t sdsm; e Seconds
data acquisition i
tn Time of scan n of an acquisition Seconds
tacq B Start time of acquisition Seconds
tin B Time of scan n of acquisition i Seconds
At B Integration time for sample Seconds
B Time between frames or samples
Alframe for detectors P Seconds
Ataca B Time between calibration scans Seconds

during acquisition
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Atscan Time between scans Seconds
T Temperature K
T Temperature of cavity contributing K
cav to reflection off OBCBB
Tyet Temperature of FPA detectors K
T Temperature of electronics K
elec module
T Temperature of LABB source K
labb during pre-launch characterization
T Temperature of BCS source K
bes during pre-launch characterization
Tham Temperature of HAM K
Minimum brightness temperature
Tmin or EBBT as defined by sensor | K
requirements document
Maximum brightness temperature
Tmax or EBBT as defined by sensor | K
requirements document
Tha Temperature of RTA K
T Temperature of shield contributing K
shid to reflection off OBCBB
Temperature of telescope
Ttele contributing to reflection off | K
OBCBB
Tobe Temperature of OBCBB K
T Temperature of optical element i K
Temperature of emissive source |
Tij . . K
entering through optical element i
Transformation matrix from
TsDiinst instrument coordinate system to | K
Solar diffuser coordinate system
\% Voltage V
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B,d,g,m,n | Analog voltage, signal output of
V(Eaet , Taet), V(DN) detector v
B,d,g,m,n | Analog signal of detector with DC
Veieo(DN) ) restorg ] v
Vdcr B.d Analog DC restore voltage signal |V
B,d,g,m,n | Weight used for band M13 low
w(dn,,, (n,m)) gain calibration to equalize | Unitless
distribution over counts
B Efficiency of a semiconductor Unitless
€ Emissivity Unitless
€obc(M) Spectral emissivity of the OBCBB | Unitless
Spectral emissivity of emissive
&ij(A) source j entering through optical | Unitless
element i
0 Crosstrack scan angle Radians
Incidence angle onto solar
Oinc diffuser relative to solar diffuser | Radians
surface normal
Reflected angle off solar diffuser .
Orn relative to normal Radians
Oobe Scan angle of OBCBB Radians
Osq Scan angle at solar diffuser Radians
Scan angle of BCS during pre- .
Oncs launch calibration Radians
Scan angle of LABB during pre- .
Orano launch calibration Radians
Osv Scan angle at space view Radians
Oev Scan angle at earth view Radians
Oun ins Solar angle measured off the z- Radians

axis
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Solar incidence angle of the sun .
Osun_earth on the earth Radians
A Wavelength um
P Reflectance Unitless
Spectral reflectance/transmittance ,
(A
'0’( ) of the jth optical element Unitless
Spectral reflectance/transmittance ,
(A4
pul4) of aft optics past the HAM Unitless
Spectral reflectance/transmittance ,
A
P ﬁ"( ) of all optics except for RVS Unitless
Spectral reflectance/transmittance ,
0,1 . .
p“'”'( ) of all optics including RVS Unitless
Lram (/1) Spectral reflectance of HAM Unitless
yo (/1) Spectral reflectance of RTA Unitless
Pev(eew /1) Earth view spectral reflectance at Unitless
aperture
p—(e ’ B) Band-averaged earth VieW | | itless
eviTey spectral reflectance
— Band-averaged solar diffuser :
Psa (B) spectral reflectance detected Unitless
— Band-averaged effective ,
Pty (¢4, Bun) reflectance of solar diffuser screen Unitless
Spectral transmittance of solar ,
Tsds(¢h’¢v’2”d) dlffuser screen UnIﬂeSS
Spectral transmittance @ SDSM ,
By aomr A o
z-sdsm (¢h_sdsm ¢v_5dsm ) When V|eW|ng the sun Un|t|eSS
Vertical incidence angle of solar
du(t) illumination upon SD in laboratory | Radians
coordinates
Vertical incidence angle of solar
dv_sdsm(t) illumination upon SDSM screen in | Radians

SDSM reference frame
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Vertical incidence angle of solar

dv(t) ilumination upon SD in laboratory | Radians
coordinates
Horizontal incidence angle of solar
dn_sdsm(t) ilumination upon SDSM screen in | Radians
SDSM reference frame
. Azimuthal incidence angle onto Radians
inc solar diffuser relative to x-axis
Azimuthal reflectance angle onto Radians
Ort solar diffuser relative to x-axis
Solar angle projected on the x-y
_ plane measured with respect to .
Gsun_inst the X-axis in instrument Radians
coordinates
Dgun(, 1) Spectral output power of the sun W/um
Qsdsm Solid angle of SDSM Sr
o B, d Solid angle of aperture stop as Sr
stop seen from the field stop
o B, d Solid angle of field stop as seen | o
fr@d from the detector
B,d Solid angle as seen from the field
Qij stop of emissive source j entering | Sr

through optical element i
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ABSTRACT

The Visible Infrared Imaging Radiometer Suite (VIIRS) radiometric calibration algorithm
is implemented as part of the VIIRS raw data processing software in order to convert
raw digital numbers (DN) from Earth View (EV) observations into various Sensor Data
Record (SDR) radiance products. These products include calibrated top of atmosphere
(TOA) radiance, TOA reflectance, and TOA brightness temperature. As part of this
algorithm DNs from the On-Board Calibrator Blackbody (OBCBB), Space View (SV),
and Solar Diffuser (SD) view are processed in order to adjust DNs for background
signal levels and to update reflective band and emissive band calibration coefficients.

The VIIRS Environmental Data Record (EDR) algorithms require radiometrically
calibrated, earth-located, spectrally defined data inputs from one or more VIIRS spectral
bands. The radiance products from the SDR’s provide these inputs. The SDR
structures draw heavily upon the heritage of similar Level 1 products. This Algorithm
Theoretical Basis Document (ATBD) shall describe the earth-location as spectral
definition components of the SDR and SDR attributes as well as the radiometric
calibration of the SDR products.

Much of the algorithm presented in this document is based on a first principles
derivation that results in a rigorous solution that may be simplified through judicious
specification of the algorithm input parameters. Design features of VIIRS that are
unique from its heritage instruments are accommodated. These VIIRS unique features
include dual gain radiometric bands, the Day-Night Band (DNB), and the along-scan
aggregation of sub-pixel detectors to limit pixel growth from nadir to end of scan.

The VIIRS algorithm applies calibration coefficients determined during pre-launch
testing and updated operationally through calibration and validation (cal/val) analysis to
transfer the ground calibration to on-orbit data. Provisions are included to incorporate
adjustments into the radiometric calibration to account for instrument temperature,
changes in incoming solar flux, and to correct for instrument degradation.
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1. INTRODUCTION

A Visible/Infrared Imager Radiometer Suite (VIIRS) will be carried aboard each platform
of the National Polar-orbiting Operational Environmental Satellite System (NPOESS).
NPOESS is a joint mission among the Department of Defense (DoD), the National
Oceanic and Atmospheric Administration (NOAA), and the National Aeronautics and
Space Administration (NASA). The VIIRS is a single visible/infrared instrument capable
of satisfying the needs of all three communities, as well as the general research
community. As such, the VIIRS has three key attributes: high spatial resolution with
controlled growth off nadir, low production and operational cost, and a large number of
spectral bands to satisfy the requirements for generating high quality operational and
scientific products.

As a part of its Integrated Program Office (IPO) program, the NPOESS will provide an
enduring capability to measure, on a global basis, atmospheric, land, and ocean
environmental parameters. The system will provide timely and accurate weather and
environmental data to weather forecasters, military commanders, civilian leaders, and
the scientific community. The NPOESS converges NOAA’s Polar Operational
Environmental Satelltes (POES) and the Defense Department's Defense
Meteorological Satellite Program (DMSP) into a single system. NPOESS satellites will
operate in near circular, sun-synchronous orbits and are scheduled to fly in the 2009-
2018 time frame. An NPOESS Preparatory Project (NPP) satellite will be launched in
2006. The NPP satellite will carry some of the NPOESS instruments including the
VIIRS, whose radiometric calibration algorithm is the subject of this document. The
NPOESS satellites will carry sensors operating in different frequency regions of the
electromagnetic spectrum and will have nominal ascending node equatorial crossings at
1330, 1730, and 2130 local time. There are approximately five dozen parameters, each
of which is referred to as an Environmental Data Record (EDR), to be retrieved from the
remote sensing data collected by NPOESS and among them six are considered to be
‘key” parameters (NPOESS, 2001). VIIRS provides 23 of these EDRs including two
(imagery and sea surface temperature) that are key parameters.

1.1 HISTORICAL PERSPECTIVE

The VIIRS can be considered as a convergence of three existing instruments; the
Operational Linescan System (OLS), the Advanced Very High Resolution Radiometer
(AVHRR), and the Moderate Resolution Imaging Spectroradiometer (MODIS). The OLS
and AVHRR have seen extensive operational use. At the time of this writing the MODIS
on the Terra satellite has been operational for over three years and MODIS on the Aqua
satellite has been operational for longer than a year.

The OLS is the operational visible/infrared scanner for the DoD. Its unique strengths are
controlled growth in spatial resolution through use of segmented detectors and rotation
of the ground instantaneous field of view (GIFOV) and the existence of a low-level light
sensor (LLLS) capable of detecting visible radiation at night. OLS has primarily served
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as a data source for manual analysis of imagery. The VIIRS DNB has similar
capabilities and functions. The AVHRR is the operational visible/infrared instrument
flown on the NOAA Television Infrared Observation Satellite (TIROS-N) series of
satellites (Planet, 1988). Its unique strengths are low operational and production cost
and the presence of five spectral channels that can be used in a wide number of
combinations to produce operational and research products. In December 1999, the
NASA launched the Earth Observing System (EOS) morning satellite, Terra, which
includes a MODIS. In May 2002 a second MODIS was put into orbit onboard the EOS
Aqua spacecraft. The third MODIS on the EOS Aura satellite was launched on 2004
July 15. The MODIS possesses an unprecedented array of thirty-six spectral bands at
resolutions ranging from 250 m to 1 km at nadir, allowing for unparalleled data quality in
a wide range of satellite-based environmental measurements.

1.2 PURPOSE OF DOCUMENT

The main purpose of this ATBD is to provide guidelines for the production of calibrated
top of atmosphere (TOA) radiances, calibrated TOA reflectances, and calibrated TOA
brightness temperatures from VIIRS Raw Data Records (RDR). These calibrated data
are the primary Sensor Data Record (SDR) products of the VIIRS. This document
describes the required inputs, the theoretical and mathematical description of the
retrieval algorithm, practical considerations for implementation, and the assumptions
and limitations associated with the products.

1.3 SCOPE OF DOCUMENT

This document covers the algorithm theoretical basis for the operational retrieval of
calibrated TOA radiances, calibrated TOA reflectances, and calibrated TOA brightness
temperatures. Any derived products beyond these three SDR’s are not discussed
beyond brief mention. Information concerning the pre-flight calibration of VIIRS and the
transfer of this calibration to on-orbit data is also included. The geolocation part of the
VIIRS RDR to SDR conversion process is discussed in SDRL 147-2, which is the
“VIIRS Geolocation ATBD” [D43776 (Y3258)].

This version of the SDRL 148-2 “VIIRS Radiometric Calibration ATBD” [D43777
(Y3261)] includes the radiometric calibration that is needed for the near real-time (NRT)
operational conversion of raw Earth View (EV) digital numbers (DN) to calibrated TOA
radiances, reflectances, and brightness temperatures and the algorithm for processing
of the once per orbit solar observations that is required to update the scaling factors that
are used in the scan-by-scan reflective band radiometric calibration. The processing
required to derive and update calibration coefficients and correction factors based on
the results obtained during the offline analysis of on-orbit calibration mode data is
summarized in Section 3.1.2.

This ATBD is intended to be a stand-alone document. It is organized to include
introductory information in Section 1 followed by an overview section (i.e. Section 2).
Section 2 includes material related to objectives, which includes a summary of
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requirements and a description of data products. An overview of the VIIRS instrument
including its design, operations, and data are provided as well as an overview of the
radiometric calibration timeline. Section 3 contains the essence of this document—a
complete description of the operational radiometric calibration algorithm. Consideration
is given to the overall structure, the required inputs, a theoretical description of the
products, and practical implementation issues. Also included are sections to include
error and uncertainty analyses when these become available and discussions about
practical considerations related to the algorithm. Section 4 identifies the assumptions
and limitations of the radiometric calibration algorithm and Section 5 contains a listing of
document references that are cited throughout this document.

Additional information about the calibration of VIIRS, the verification of the software
implementation of the radiometric calibration algorithm, and the validation of the SDR
products can be found in “NPOESS Calibration and Validation Plan Volume 2: VIIRS’
[NGST Doc. D31409-02]. An Operational Algorithm Document (OAD) that accompanies
the implementation of the radiometric calibration algorithm is based on this ATBD and
various VIIRS Radiometric Calibration Component software design documents.

1.4 REVISIONS

Version 5, revision 4 was prepared by the NPOESS Shared System Performance
Responsibility (SSPR) contractor. It is dated September 2004. It incorporates changes
made by Steve Mills and Stephanie Weiss of NGST after reviewing Version 5, revision
3. This includes changes to formatting and response to issues identified at the
Algorithm Technical Interchange Meeting, and at the Algorithm Review Board.

Version 5, revision 3 is a post-VIIRS Critical Design Review (CDR) deliverable that was
prepared by the NPOESS Shared System Performance Responsibility (SSPR)
contractor. It is dated August 2004. The algorithm modifications documented herein
were developed during a period of VIIRS algorithm continuance prior to delivery to the
NPOESS Interface Data Processing Segment (IDPS) for science to operational
conversion. These algorithm modifications were prescribed in “VIIRS Radiometric
Calibration Equations” [NGST Doc. D36966]. One of the purposes of this primary
reference document was to “.. provide a single source document to revise the VIIRS
Radiometric Calibration ATBD” and much of its text has been copied or paraphrased in

this ATBD. Specific modifications for Version 5, revision 3 include:
Addition of a Glossary of Symbols
Enhanced description of VIIRS design, operation, and data

Enhanced description of pre-launch instrument testing and the creation and
maintenance of calibration lookup tables (LUTSs)

Enha