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Prelaunch Radiometric Characterization and
Calibration of the S-NPP VIIRS Sensor
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Ning Lei, Tom Schwarting, and Jungiang Sun

Abstract—The Visible Infrared Imaging Radiometer Suite
(VIIRS) is a key instrument onboard the Suomi National Polar-
orbiting Partnership (S-NPP) spacecraft that was launched on
October 28, 2011. VIIRS is designed to provide top of the at-
mosphere radiometric measurements and imaging of the entire
planet Earth twice daily. It is a wide-swath (3040 km) cross-track
scanning radiometer with spatial resolutions of 375 and 750 m
at nadir for imaging and moderate bands, respectively. It has 22
spectral bands covering the spectrum between 0.4 and 12.5 pm,
including 15 reflective solar bands and 7 thermal emissive bands.
VIIRS observations are used to generate 22 environmental data
records used by various operational applications and for climate
research. This paper describes the prelaunch radiometric cali-
bration and characterization methodologies used by the NASA
VIIRS Characterization Support Team, including performance
assessments for the reflective and emissive band radiometric cal-
ibration, the signal-to-noise ratios, dual gain transition, and dy-
namic range. Other aspects of the sensor performance such as
scattered light response, response versus scan angle, polarization
sensitivity, relative spectral response, and crosstalk will also be
briefly described. A comprehensive set of performance metrics
generated during the prelaunch testing program will be compared
to the sensor requirements, and a list of lessons learned will
be presented to enhance testing and performance assessment for
future Joint Polar-Orbiting Satellite System VIIRS sensors.

Index Terms—Calibration, optical sensors, radiometric, remote
sensing, VIIRS.

I. INTRODUCTION

HE Visible Infrared Imaging Radiometer Suite (VIIRS) is

a major instrument on the Suomi-National Polar-Orbiting
Partnership (S-NPP), a bridge mission between National Aero-
nautics and Space Administration (NASA) Earth Observing
System (EOS) and the Joint Polar-Orbiting Satellite System
(JPSS). It is the next-generation polar-orbiting operational envi-
ronmental imaging sensor with the capability of observing the
Earth surface twice a day [1]-[3].

Manuscript received March 7, 2014; revised June 11, 2014; accepted
August 19, 2014.

H. Oudrari, J. Mclntire, S. Lee, N. Lei, and T. Schwarting are with Sigma
Space Corporation, Lanham, MD 20706 USA (e-mail: hassan.oudrari-1@
nasa.gov).

X. Xiong and J. Butler are with the Sciences and Exploration Directorate,
NASA Goddard Space Flight Center, Greenbelt, MD 20771 USA.

J. Sun was with Aerospace Instruments, Sigma Space Corporation, Lanham,
MD 20706 USA. He is now with NOAA/NESDIS/STAR, College Park, MD
20740, USA, and also with Global Science and Technology, Greenbelt, MD
20770 USA.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TGRS.2014.2357678

TABLE 1
VIIRS EDRS

Land
1- Active Fires 2- Snow Cover
3- Land Surface Albedo
5- Land Surface Temperature 6- Surface Type
7- Ice Surface Temperature 8- Net Heat Flux

9- Snow Ice Characterization

4- Vegetation Index

Ocean

1- Sea Surface Temperature 2- Ocean Color/Chlorophyll

Imagery and Clouds

2- Cloud Top Height

4- Cloud Top Temperature
6- Cloud Base Height

8- Cloud Cover/Layers

1- Imagery and low light imaging
3- Cloud Optical Thickness

5- Cloud Effective Particle Size
7- Cloud Top Pressure

Aerosol
1- Aerosol Optical Thickness 2- Aerosol Particle Size

3- Suspended Matter

VIIRS incorporates design features from heritage instru-
ments such as the Moderate Resolution Imaging Spectro-
radiometer (MODIS), the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS), and the Advanced High Resolution Ra-
diometer (AVHRR) [4]-[6]. It was designed to provide obser-
vations of the Earth with high radiometric quality that would
enable better understanding of the global Earth system and its
processes. VIIRS was built to replace the current aging satellite
systems and to ensure the continuity of the long-term climate
data record. Its observations are used to generate a set of 22
environmental data records (EDRs) (see Table I), most of which
were initiated by its heritage sensors since the 1980s [7], [8].
The VIIRS sensor is a cross-track scanning radiometer that
collects radiometric and imaging data in 22 spectral bands from
the visible to thermal infrared wavelength regions ranging from
0.4 to 12.5 um (see Table II). It has a field of regard of 112.6° in
the cross-track direction, and the swath width is approximately
3040 km at a nominal altitude of 828 km. VIIRS was built
to meet specifications derived from science requirements and
lessons learned from decades of research and calibration on
heritage instruments. It was designed with a set of onboard
calibrators (OBCs) to assure calibration compliance throughout
the mission life. Some of the key VIIRS specifications are
shown in Table II.

In 2000, Raytheon Santa Barbara Remote Sensing was of-
ficially selected to build the first flight unit of the VIIRS
sensor, onboard the S-NPP spacecraft. All of the VIIRS sen-
sor development and testing was completed at the Raytheon
facilities between June 2007 and August 2009. The VIIRS
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TABLE 1I
S-NPP VIIRS KEY SPECTRAL BAND SPECIFICATIONS

Reflective Solar Bands (RSB)

Center X Focal Polarization Calibration
l\?:::‘e Gain  Wavelength Ba?:x')dth Plane r:g;r(/ksnc;)s Sensitivity Lrvp Lyin/ Lmax SNR Accuracy
(nm) Assembly (%) @ Lyp (%)
DNB VG 700 400 DNB 0.8/1.6 NS 3 &2 39‘?,{)200 6 5/ %8430
HG 449 30/135 352
M1 412 2 VISNIR .8/1. 2
LG 0 S 0.8/1.6 3 155 135/615 316
HG 40 26/127 380
M2 44 1 VISNIR .8/1. 2. 2
LG > 8 S 0.8/1.6 > 146 127/687 409
HG 32 22/107 416
M3 G 488 20 VISNIR 0.8/1.6 2.5 123 107/702 214 2
HG 21 12/78 362
M4 G 555 20 VISNIR 0.8/1.6 2.5 90 78/667 315 2
HG 10 8.6/59 242
M5 G 672 20 VISNIR 0.8/1.6 2.5 68 59/651 360 2
11 SG 640 80 VISNIR 0.4/0.8 2.5 22 5/718 119 2
M6 SG 746 15 VISNIR 0.8/1.6 2.5 9.6 5.3/41 199 2
HG 3 6.4 3.4/29 215
M7 VISNIR .8/1. 2
LG 865 3 S 0.8/1.6 3 33.4 29/349 340
12 SG 865 39 VISNIR 0.4/0.8 3 25 10.3/349 150 2
M8 SG 1240 20 SMWIR 0.8/1.6 NS 5.4 3.5/164.9 74 2
M9 SG 1378 15 SMWIR 0.8/1.6 NS 6 0.6/77.1 83 2
M10 SG 1610 60 SMWIR 0.8/1.6 NS 7.3 1.2/71.2 342 2
13 SG 1610 60 SMWIR 0.4/0.8 NS 7.3 1.2/72.5 6 2
M11 SG 2250 50 SMWIR 0.8/1.6 NS 0.12 0.12/31.8 10 2
Thermal Emissive Bands (TEB)
Center X Focal Polarization Calibration
:::11 Gain  Wavelength Ba?:vmv')dth Plane r\'::)c}:r(/kEmO)s Sensitivity e Ton/Tuax  NEAT Accuracy
(nm) Assembly (%) ) ® " @ Trve (%)
14 SG 3740 380 SMWIR 0.4/0.8 NS 270 210/353 2.5 5
M12 SG 3760 180 SMWIR 0.8/1.6 NS 270 230/353 0.396 0.7
HG NS 300 230/343 0.107 0.7
M13 4050 155 SMWIR 0.8/1.6 /
LG NS 380 343/634 0.423 NS
M14 SG 8550 300 LWIR 0.8/1.6 NS 270 190/336 0.091 0.6
M15 SG 10763 1000 LWIR 0.8/1.6 NS 300 190/343 0.07 0.4
15 SG 11450 1900 LWIR 0.4/0.8 NS 210 190/340 1.5 3
M16 SG 12013 950 LWIR 0.8/1.6 NS 300 190/340 0.072 0.4
Notes:

*: DNB Units are in W/(sr-cm?)
**. DNB low-gain/ mid-gain/ high-gain

The units of spectral radiance for Ltyp, Ly, Luax are watt m2srt pm'1

Dual-gain M-bands have two entries, one for high-gain (HG) and one for low-gain (LG)
The SNR is the minimum (worse-case) required SNR that applies at the end-of-scan
The NET is the minimum (worse-case) required NEdT that applies at the end-of-scan
VG: Variable Gain (DNB has three gains, low-gain, mid-gain and high-gain)

SG: Single Gain, NS: Not Specified, EOS: End-of-Scan, FOV: Field of View

instrument then underwent spacecraft-level testing at Ball
Aerospace in Boulder (CO), and testing was completed in
April 2011.

The NASA VIIRS Characterization Support Team (VCST) is
a key member of the larger JPSS government VIIRS indepen-
dent performance assessment team. This team provided support
for the S-NPP VIIRS prelaunch testing to ensure that all sensor
performance requirements were well defined. The team also
carefully evaluated the VIIRS test program and provided com-
prehensive analyses of calibration and characterization data sets
not only to help understand the VIIRS prelaunch performance
but also to produce the required on-orbit calibration lookup

tables (LUTs) needed to generate the sensor data records
(SDRs) [9].

The purpose of this paper is to provide an overview of
the assessment of the S-NPP VIIRS prelaunch radiometric
performance based on analysis performed by the NASA VCST.
This effort was conducted in close cooperation with other
government and contractor teams, including the NASA science
team, the Aerospace Corporation, the University of Wisconsin,
the Massachusetts Institute of Technology-Lincoln Laboratory,
Northrop Grumman Corporation, and Raytheon. In the fol-
lowing sections, we will focus on the main aspects of VIIRS
reflective solar band (RSB) and thermal emissive band (TEB)
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Fig. 1.

prelaunch radiometric performance assessment. The VIIRS
day—night band (DNB) radiometric performance and spatial
performance assessments are not included in this paper. An
overview of the VIIRS sensor design will be presented in
Section II. Section III will provide a summary of the VIIRS
testing phases followed by a description of the methodologies
used to assess the sensor performance in Section IV. Section V
will present VIIRS prelaunch performance results associated
with RSB and TEB calibration and characterization, as well as
a discussion of areas of concern and recommendations.

II. SENSOR DESIGN OVERVIEW

The VIIRS instrument was built with a strong heritage from
the MODIS and SeaWIFS sensors [10], [11], to provide con-
tinuous data sets to the Earth science community. Based on
inputs generated by a selection of members from the science
community and the results from system design studies, a set of
performance specifications were generated to design the VIIRS
instrument and to identify the on-orbit operations that satisfy
the science requirements.

The VIIRS design encompasses numerous technological ad-
vances based on the lessons learned from heritage sensors [10],
[11]. The OBCs have strong MODIS heritage. These calibrators
include the solar diffuser (SD), SD stability monitor (SDSM),
and onboard blackbody (BB). The combination of a rotating
telescope assembly (RTA) and a half-angle mirror (HAM) is
based on a concept developed for SeaWiFS which reduces the
instrument response versus scan angle (RVS) effect and stray-
light contamination. In addition, the VIIRS HAM rotates at half

Separately Mounted
Electronics Module (EM)

Cold FPA
Dewar Assembly
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S-NPP VIIRS sensor design is based on two separate modules—EM and OMM.

the speed of the RTA to minimize the Earth rotation effect while
the satellite is in motion.

The VIIRS design also incorporates dual gain bands which
use detector arrays that can switch between the high and the
low gain to provide the necessary sensitivity in the required
dynamic range without adding another band. Furthermore, the
dual gain bands reduce uncertainties in band-to-band registra-
tion and save space on the focal plane. Another design feature is
the three-stage pixel aggregation. The VIIRS SDR is generated
using 3to 1,2 to 1, and 1 to 1 pixel aggregation from nadir to
the edge of the scan, which significantly reduces the pixel size
growth with the scan angle.

The VIIRS sensor is designed to operate in a polar sun-
synchronous orbit with a nominal altitude of 828 km at an
inclination angle of approximately 98° relative to the equator
[12]. Fig. 1 illustrates the VIIRS sensor design consisting of
two modules that are separately mounted to the spacecraft: the
optomechanical module (OMM) and electronics module (EM).
The OMM contains all of the optical and mechanical assem-
blies required to collect Earth and calibration data, including the
scanning optics, focal planes, and calibration sources. The EM
provides all of the electrical interfaces to the S-NPP spacecraft
to command and control the VIIRS configuration, to operate the
mechanisms in the OMM, and to collect and format the data
from the focal planes and transmit them to the spacecraft.

The VIIRS telescope scans the space view (SV) from
—65.83° to —64.97°, the Earth within £56.28° of nadir, the
BB from 99.98° to 100.84°, and the SD from 157.00° to
157.85°, in sequence. The SV, BB, and SD views are collected
to support on-orbit instrument calibration and are downlinked
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Fig. 2. VIIRS calibration process and data flow.

in the sensor data packets. The rotating telescope scans the
Earth’s surface which is reflected from the HAM into the aft-
optics subsystem. Two dichroic beam splitters direct the light
to four different focal plane arrays: the DNB, the visible and
near infrared (VisNIR), the short-wave and midwave infrared
(SMWIR), and the long-wave infrared (LWIR) focal plane
assemblies (FPAs). Both the SMWIR and LWIR are thermally
controlled at about 80 K using a passive cryocooler. Light
reaching the focal planes’ detectors is converted into an analog
electric signal, digitized through analog-to-digital conversion,
and sent to the sensor data communication stream (see Fig. 2).
The instrument temperatures, voltages, and currents are also
measured and form the housekeeping telemetry (i.e., health,
safety, and engineering telemetry) which are recorded on a
scan-by-scan basis.

The detector arrays consist of 16 detectors for each
moderate-resolution band (M-band) and 32 detectors for each
imaging band (I-band) which are arranged in a linear configu-
ration for the VisNIR bands and are staggered for the SMWIR
and LWIR. In what follows, a band’s detector 1 is the lead-
ing detector in the sensor track direction (instrument detector
order). The scanning optics sweep the detector array over the
Earth, resulting in the collection of 22 coincident swaths of data
(i.e., one per band). The scan interval is synchronized with the
spacecraft motion so that the swaths of data taken on successive
scans do not leave gaps in the coverage of the Earth’s surface.

A. VIIRS OBCs

SD: The SD is a Spectralon diffuser used for RSB cali-
bration when illuminated by the sun, and its bidirectional ref-
lectance distribution function (BRDF) was measured prelaunch.
The SD is mounted on the top panel (i.e., opposite to the nadir
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door) of the VIIRS scan cavity, and its design goal is to generate
a uniform Lambertian scene which fills the RTA entrance
aperture for each scan. A redesigned SD attenuation screen,
incorporating louvers to eliminate earthshine contamination, is
used and achieves about 13% transmission at normal incidence
to allow the RSB to be calibrated during solar observations.

SDSM: The SDSM is a stand-alone instrument designed
to track the BRDF of the SD. It is composed of a 5-cm-
diameter integrating sphere embedded with seven silicon de-
tectors equipped with filters that have bandpasses roughly
matching the VisNIR M-bands and one detector in the NIR
region (935 nm). The SDSM has an optomechanical front end
that enables the system to successively view the illuminated SD,
a dark cavity, and the Sun. The solar view has a fixed 0.106%
transmitting screen to ensure that the SD and solar signal levels
are similar. The ratios of the SD and solar view data are used to
track the SD BRDF.

Onboard BB: The full-aperture BB has a V-groove design
that is black anodized to give an effective emissivity of about
0.996. The BB temperature is measured by six calibrated ther-
mistors. It serves as the TEB calibration source and provides
references for dark current dc restoration. In addition to the
BB, the scanning of the SV provides background digital num-
bers per scan line, thereby enabling a two-point radiometric
calibration of the seven VIIRS TEBs every 1.85 s. During
regular VIIRS operations, the BB is controlled at 292.5 K.
However, the BB can be commanded from ambient temperature
to 315 K.

B. VIIRS Spectral Bands

RSBs: VIIRS has a total of 14 RSBs (excluding the DNB)
located on two separate FPAs. Seven M-bands (M1-M7) and
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two I-bands (I1 and I2) are located on the VisNIR FPA; four
M-bands (M8-M11) and one I-band (I3) are located on the
SMWIR FPA. The VisNIR detector arrays are not temperature
controlled and consist of single monocrystalline high resistivity
silicon PIN detectors arrayed in nine independent in-track
bands spanning the VisNIR spectrum from 0.4 to 0.9 pym. Six
VisNIR bands, M1-MS5 and M7, are dual gain. The DNB has
the capability to capture panchromatic imagery with a broad
spectral bandpass covering 0.5-0.9 pm. It employs a backside-
illuminated charge-coupled-device detector array operating at
~247 K. The SMWIR bands span the spectral region between
1.2 and 2.25 pm using photovoltaic (PV) HgCdTe hybrid
detector arrays operating at 80 K and using microlens arrays to
focus energy onto the detectors to improve the signal-to-noise
ratio (SNR).

TEBs: VIIRS has a total of seven TEBs located on two
separate FPAs. Two M-bands (M12 and M13) and one I-band
(I4) are located on the SMWIR FPA; three M-bands
(M14-M16) and one I-band (I5) are located on the LWIR FPA.
The MWIR bands span the spectrum between 3.7 and 4.1 pm.
Similarly to the SMWIR, the LWIR FPA has microlenses and
uses PV HgCdTe hybrid detector arrays operating at 80 K with
four independent in-track bands spanning the infrared spectrum
from 8.55 to 12 um. The only TEB dual gain band is M13. Both
SMWIR and LWIR FPAs are mounted within the cold stage
of the sensor dewar equipped with temperature control. One
band, M16, is a time-delay-integrated band and has redundant
detector arrays, M16A and M16B.

All three FPAs have separate readout integrated circuits to
generate amplified readout sent to the EM and have separate
integrated filter assemblies to allow spectral measurements with
the specified characteristics shown in Table II.

III. VIIRS TESTING OVERVIEW

The VIIRS instrument completed an intensive ground test
program described in the sensor General Test Plan [13] to
ensure proper instrument characterization and calibration. This
plan describes the integration, functional, and performance tests
which were performed on both the engineering development
unit (EDU) and the VIIRS Flight 1 (F1) sensor and identifies
whether these tests were to be performed before, during, and/or
after VIIRS environmental exposure. The work presented in this
paper is focused solely on F1 performance testing. However, it
is important to stress the crucial role of the lessons learned from
the VIIRS EDU and MODIS programs [14]-[16] in enhancing
the flight sensor testing design and performance characteriza-
tion and, in some cases, in helping identify issues early that
could have been costly later in the program.

The VIIRS testing program covered the following six
prelaunch phases: sensor ambient (June—-November 2007),
sensor pre-thermal vacuum (TV) (April 2009), sensor TV
(May—August 2009), sensor post-TV (September 2009), space-
craft ambient (March 2010), and spacecraft TV (March—April
2011). Comprehensive baseline performance test procedures
were executed to characterize the VIIRS instrument over the
full range of on-orbit instrument operating conditions, to sup-
port the verification of all sensor performance requirements,
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and to simulate long-term on-orbit performance. These tests
also provided the values needed to populate the LUTs upon
which the successful execution of the SDR algorithm depends
to generate accurate radiance, reflectance, and brightness tem-
perature products. These LUTs capture the prelaunch measured
values of the parameters appearing in the radiometric and
geolocation equations implemented in the SDR algorithm for
different bands, detectors, gain states, HAM sides, electronics
configurations, and instrument temperatures [9].

A series of key VIIRS performance tests was performed at
ambient, TV, or both. Because of limited space, this paper will
focus on key radiometric performance metrics, including the
radiometric dynamic range, SNR, noise equivalent delta tem-
perature (NEdT), radiometric response nonlinearity (RRNL),
radiometric response uniformity (RRU), relative spectral re-
sponse (RSR), RVS, scattered light, polarization, and crosstalk.
The methodologies used to characterize these radiometric per-
formances are described in more detail in the next section.

IV. VIIRS TESTING AND ALGORITHMS

This section will provide an overview of the VIIRS charac-
terization and calibration testing in the context of their use in
the VIIRS algorithms. Most of the VIIRS algorithms are well
defined in the VIIRS sensor performance verification report
[17] or in the sensor product requirement document [18]; in
some cases, refinements were incorporated by VCST based on
the improved understanding of the sensor characteristics and
test-related features.

For the RSB and TEB, radiometric calibration parameters
such as dynamic range, SNR, RRNL, and RRU of the VIIRS
sensor were derived in the TV environment at three instrument
temperature plateaus: cold, nominal, and hot. In this paper, only
the performance at the nominal plateau (i.e., closest to on-orbit
environment) and from B-side electronics (primary electronics)
will be reported.

A. RSB Calibration

During instrument level TV tests, a National Institute of
Standards and Technology (NIST)-traceable 100 cm diameter
Spherical Integrating Source (SIS-100) and a three mirror
collimator (TMC) SIS are used as sources with the TMC SIS
being a high radiance source used only to characterize the low
gain of bands M1-M3. These light sources use multiple lamps
with different wattages to generate different radiance levels. For
the VisNIR bands, the radiance is tracked using the SIS-100
radiance monitor [14] incorporating both the in-band and out-
of-band (OOB) sensor RSRs.

The RSB detected spectral radiance is related to the sensor’s
digital number by the mathematical form [14]

co + crdn + cadn?

N ()

(D

In (1), the dn is the offset-corrected digital counts. The dark
offset used here is the detector digital counts from the SV.
The RVS(0gy) is the relative HAM reflectance at the angle
of incidence Ay . Since the RSB RVS is very close to unity for
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all angles of incidence (AOIs), we set the RVS to one in the
following equations. The goal is to determine the coefficients
in (1) using a well-characterized source radiance.

The two sources, the SIS-100 and TMC SIS, are cycled
through a series of radiance levels covering the specified dy-
namic ranges of all RSBs to derive the calibration coefficients.
The radiance levels selected for analysis for each band covered
the range [min(Lyin, Lsp ), Laax] while excluding saturated
data. Here, Lgp is the expected spectral radiance for an on-orbit
solar observation through the SD.

As noted earlier, because of the uncertainties associated with
the sources, the sensor response is determined with and without
an attenuator inserted into the optical path at the same source
level [13]. The attenuator is an opaque plate with small holes to
allow a fraction of light through. Since the time between the two
configurations is short (i.e., 2-3 min) for a given source level,
the SIS-100 output radiance change is assumed to be negligible.
In addition, we assume that the attenuator transmittance does
not vary with the SIS-100 power level. Consequently, the
ratio of the detected spectral radiances with and without the
attenuator is equal to the attenuator transmittance (7), namely

co/c1 + dng, + (i—f) dn?,

T =

2)
co/c1 + dnoyr + (%) dn?,,
where dn;, and dng,; denote the dn with and without the
attenuator, respectively. A 3-sigma outlier rejection criterion is
used at each stage of the calculation.

To facilitate the data regression, (2) is rewritten as (3) shown
at the top of the page, where x = dngoy and y = dny, —
dngyt. The model parameters 7, ¢o/c1, and co/cq are deter-
mined through a nonlinear least square regression.

The linear coefficient or gain is determined by inverting (1)
and averaging over the selected source levels, namely

L
c = < %(1) S dnt (%) dngut> . 4)

The RSB radiometric calibration coefficients are derived at
the cold, nominal, and hot TV temperature plateaus for each
detector, HAM side, gain stage, and electronic side and are
then implemented into the SDR LUTSs to support on-orbit
calibration [9].

The detector SNR was calculated for each SIS-100 radiance
(which is equivalent to the beginning of the scan) by dividing
the sample averaged dn over scans by the standard deviation as

i— 1 i=N
1N | v [Zizl d”z‘,j]

SNR = — Z _— )

M = agj

where M and N are the total number of samples and scans,
respectively, and ¢ and j are the scan number and sample
number, respectively. This approach was more accurate than
the one based on scan averaging because the standard deviation
of the dn over the samples in a single scan is larger than the
standard deviation computed over the scans at the same sample
position due to SIS-100 spatial nonuniformity.

To facilitate the computation of the SNR at any radiance
level and to smooth out the variability in the SNR over radiance
levels, the SNR is fit to the following mathematical form:

L
SNR = (6)
Vko+ kL -+ koL?

where k; denotes the fitting coefficients. Equation (6) is a result
of the combination of thermal noise, the kg term, and Poisson
noise, the k; term; k5 is always less than 106, This equation is
used to derive the SNR and verify requirement compliance.

The RRNL measures the maximum deviation of the test
data from a linear polynomial over the range [Lymn, Lnviax]
of a spectral band and is required to be less than 1% [14]. To
simplify the computation of this metric, we assume that the
quadratic polynomial in (1) accurately describes the detected
radiance. In this scenario, the nonlinearity (%) is

100 - |02|

RRNL =
8- Larax

x (dnarax — dnarn)? (7)

where dnyax and dnyn are the digital counts associated with
Lyiax and L.

The RRU is the measured detector-to-detector radiance dif-
ference when observing a uniform scene. This difference is
compared to the noise equivalent delta radiance (NEdL). The
RRU at a source radiance L is defined as

(1L(d; L) — {L(d; L)) 4|)

RRU(d; L) =
u(d; L) NEAL(d; L)

®)

In (8), d indicates a particular detector. The spectral radiances
are computed via (1), and NEdL(d, L) is the radiance divided
by the SNR. In the numerator of the equation, the final average
is performed over multiple observations of the same scene.
Once S-NPP VIIRS is on orbit, c¢; is computed by observing
the SD. As a result, in order to use prelaunch test data to assess
the on-orbit RRU, we calculate the RRU with the ¢; computed
at the expected SD radiance level using interpolation [14]. For
RSB, the maximum RRU per band is required to be less than
unity for all scene radiances within [Lyin, 0.9Lyiax]-
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B. TEB Calibration

VIIRS thermal band calibration is referenced to a NIST-
traceable external BB calibration source (BCS). The radiance
reaching the detector (L%;¢) is the sum of the source radiance
as well as contributors along the optical path (i.e., the RTA,
HAM, and aft optics), or

Lzcs=prrapasipaim (@pcs)escslpes
+ pastprav (Oscs)x [Laan + (1 — proa)Lr7a)
+ (1 = page) Layt- ©)

The reflectance factors represent the total reflectance of the
RTA mirrors, aft optics, and HAM (at the scan angle viewing
the BCS). The radiances of the sources are determined via
Planck’s law convolved over the RSR of each spectral band
over the extended bandpass. The temperature of each source
is determined from one or more thermistors. Similarly, the at-
detector radiances from the onboard BB (L;5) and SV (L%y,)
are given by

Lz = preapasipaarvi(Os)espLles

+ prrapasipaanv(OB)(1 — eBB)

X (FrraLpra + FsuLsu + Foav Loay)

+ pasipaar(088) [Luanv + (1 — proa) Lyl

+ (1 = paft)Laft (10)
Ly = pastpranm(0sv) [Laam + (1 — proa) Lr7A]

+ (1 _paft)Laft (11)
In ground testing, a cold reference target is used to simulate
the deep space view; as a result, the source radiance in the
SV is negligible. In addition, there is a contribution from light
reflected off the BB into the path; the relative contributions of
the RTA, the BB shield (SH), and the cavity (CAV) are denoted
by Frra, Fsu, and Foav, respectively.

The path difference radiance between two sources, the latter
of which is the SV, is then

ALpcs=RVSpcsepesLlpes

" (RVSpcs—RV Ssy)
PRTA

[Laan+(1—pr7a) LRTA]
(12)
ALgg=RV SppeppLpp + RVSBB(l — 633)

X (FrraLrra + FsuLsuy + FoavLcoav)

+ (RVSpp—RV Ssy)
PRTA

[Lgay+(1—prra) Lrral -
(13)

Note that the aft-optics radiance contributions have cancelled
as they are common to both paths and that the path difference
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radiance was renormalized by the product of the RTA and
aft-optics reflectance factors. The absolute value of the HAM
reflectance (at the SV scan angle) has been also cancelled; what
remains is the scan-angle-dependent relative reflectance of the
HAM (referred to as the RVS).
The path difference at-detector radiance is modeled as a quad-
ratic polynomial in the offset-corrected digital response, or
AL = co + crdn + codn?. (14)
The external and internal BBs are cycled through a series of
temperature levels; the data acquired are used to determine the
coefficients using a least squares fit of the at-detector radiance
to the detector response. The sensor specification defines the
dynamic range over which each VIIRS thermal band must be
calibrated. In this paper, the dynamic range was optimized to
include all available data not contaminated at high temperature
by saturation and for which the SNR was greater than one at
low temperature. An additional correction to the external BB
at-detector radiance (not shown) was included to account for
any drifting in the detector gain during the course of the test by
referencing to the internal BB.
The retrieved EV radiance for the BCS is determined by
inverting (12), or

(co + c1dnpeos + czdnzBCS)
RV Spcs

(RVSpcs — RV Ssy)
- Lizans+(1=proa) Lrza) -
RV Spespria [ HAM ( pRTA) RTA]

LBC,Sfret =

15)

The low gain state of band M13 (high temperature) cannot be
calibrated using the BCS like the high gain state, so a second
high-temperature external BB (TMC BB) was used. The TMC
BB uses mirrors to collimate thermal radiance from a BB and
can reach a maximum temperature of about 750 K, while the
BCS can only reach 345 K. The calibration of the TMC BB was
tied to the BCS by cross-calibration at lower scene temperatures
where both sources overlap. This calibration was then extended
to the high-temperature region, using

ALryeps =RV SrymespermespLlrvmeBs

+ RV Srmess(l — mrme)Lrvce

+ RVSTMCBB(]- - pwindow)Lwindow
n (RVSpp — RVSsvy)
PRTA

X [Lgam + (1 — proa)Lr7a] - (16)
Because the TMC BB is located outside the TV chamber,
additional source terms in the TMC BB path were included for
the TMC optics and the TV chamber window. The transmission
of the TMC optics was used to facilitate the calibration transfer
from the BCS to the TMC BB.

The radiometric sensitivity was determined by fitting the
SNR to the at-detector source radiance using (6). The BCS
spatial stability and temporal stability were high; thus, the SNR
results were closer to the true sensor SNR.



2202

The NEAT is the fluctuation in the scene temperature equiv-
alent to the system noise and is computed via
ALpcs
SNRZL”

NEdT = (17)

The derivative is of Planck’s law with respect to the source

temperature. The NEdT was determined at all source levels but

is required to be below a specified threshold only at Tryp; this

was determined using the fit SNR and at-detector radiance.
The RRNL is defined for the thermal bands as

max(Agt)

RRNL = (18)

Laax
where the numerator is the maximum fitting residual over the
dynamic range for a linear fit. The sensor requirement is that
the RRNL should be less than 1%.

The absolute calibration uncertainty includes all the uncer-
tainties associated with the calibration. This is beyond the scope
of this paper; however, the fit uncertainty contribution to the
absolute uncertainty is analyzed using the absolute radiance
difference (ARD), or

Lpcs—ret — LBcs

ARD = 100
Lpcs

19)

This is the percent difference between the retrieved and BCS
radiances with the ARD essentially being a measure of the fit
uncertainty’s effect on the accuracy of the retrieved radiance.
This requirement is compared against the specification values
listed in the sensor specification document [18], and from which
the specification values at Lyp are listed in Table II.

The RRU defines the detector-to-detector uniformity or strip-
ing as described in (8). The sensor specification is met if the
RRU is less than unity within the radiance range from Ly to
0.9Lyax-

C. Other Sensor Performance Testing

Scattered Light: The VIIRS scattered light performance has
two parts: near-field response (NFR) and the far-field stray
light. NFR is defined as scattered light within 4° from the RTA
line of sight, and far-field stray light is defined as a region from
4° to 62.5° where there is no direct and predictable path from
the source to the detectors.

A scatter measurement assembly (SCMA) was used to mea-
sure the instrument NFR. The ScMA consists of a high energy
tungsten filament source for the RSB and a heated ceramic
glowbar source for the TEB. The source is collimated before
passing through a slit slightly smaller than the width of one
M-band detector. Bandpass filters were used to minimize
crosstalk contamination in the measured NFR. Neutral density
filters were used to measure the response near the slit and scale
the near-field measurements made without the neutral density
filter. The two measurements were combined to provide the
total NFR.

The VIIRS NFR requirement is defined as structured scene
performance specified as the maximum allowable response at a
specified angle limit coming off a 20 x 20 km bright target
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for each band. To estimate the structured scene response, a
Harvey—Shack BRDF scattering model [18] was used to fit
the measured NFR profile and remove test artifacts and noisy
samples. The fitting was conducted in four regions separated
by response peak and baffle locations. The NFR profiles were
convoluted to simulate the structured scene response from a
bright target as described in the sensor NFR requirement [13].

The far-field stray-light test was performed using a radiomet-
rically calibrated 1000-W studio lamp. The VIIRS telescope
was staring at a cavity-type BB while the lamp was moved
through 33 equally distanced hemispherical positions to eval-
uate the angular stray-light distribution. The lamp positions
covered a roughly equally divided annulus out to 62.5° off nadir
to simulate the Earth as subtended by VIIRS at the S-NPP
on-orbit operating altitude. The measured instrument response
was scaled by the ratio of the studio lamp irradiance and a
model of bright cloud irradiance. The VIIRS far-field stray-light
requirement uses a worse case hole-in-the-cloud scenario. The
measured instrument response at each position was weighted
by the corresponding annulus and then aggregated to estimate
the total stray-light contribution from the specified worse case
scenario. The test was conducted with the RTA locked at SV,
nadir, and the end of the scan to obtain stray-light estimates at
different scan angles.

RVS: The RVS test characterizes the relative reflectance of
the HAM as a function of AOI. Testing was performed during
the ambient phase for the RSB using the SIS-100 and for the
TEB using a cavity-type BB and the onboard BB. Data taken at
11 AOIs for RSB and 12 for TEB were used to fit the RVS func-
tion, which is a quadratic polynomial in AOI, after corrections
for source drift and background radiances were performed.

Polarization Sensitivity: VIIRS sensitivity to polarized light
was initially measured during ambient phase testing and then
retested in the post-TV phase because of repeatability issues
of the polarized source used in the ambient phase. Polarization
sensitivity was characterized in the 400-900-nm range covering
bands M1-M7, 11, and I2. An integrating sphere combined
with a sheet polarizer was used during the post-TV phase to
provide polarized light at seven different scan angles. The sheet
polarizer was mounted on a rotary stage and was rotated in
15° increments from 0° to 360°. Two sheet polarizers were
used during testing: one for bands M1-M6 and Il and the
other for bands M7 and 12. Additionally, a long wavelength
spectral blocking filter was placed in the optical path when
measuring the short wavelength bands, M1 to M3, to eliminate
near infrared OOB contributions.

RSR: The RSR of all VIIRS bands was measured with
VIIRS in TV using a double monochromator operating in sub-
tractive mode. The monochromator exit slit image was aligned
to illuminate one spectral band at a time or one set of staggered
detectors at a time, and the spectral response was measured
by stepping the monochromator wavelength over a spectral
region covering roughly the acceptance of the dichroic spectral
bandpass. The monochromator output was characterized using
a reference detector located near the exit slit outside of the TV
chamber. The VIIRS spectral data collected were corrected for
the source spectral shape and normalized to the peak response
to determine the VIIRS RSR. The data were analyzed to
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determine each band’s center wavelength, full-width at half-
maximum bandwidth, 1% peak response points, and ratio of
OOB to in-band radiance from a modeled source employing the
combination of the reflected solar radiance off the Earth and the
emission of the Earth.

The VisNIR-band RSR was measured in TV from 350
to 1100 nm at a nominal 5.5-nm OOB step size and at
slightly smaller step sizes for the in-band response. These
measurements were combined with the RSR measurements
performed using the NIST Traveling-Spectral Irradiance and
Radiance responsivity Calibrations using Uniform Sources
(T-SIRCUS) [19] in spacecraft-level ambient testing. These
resulting detector-based hybrid RSRs were processed to make
the band average RSRs used in the postlaunch SDR LUTs [9],
[20]. The T-SIRCUS testing covered wavelengths from 390
to 1000 nm with increased spectral resolution and at irregular
and slightly smaller step sizes than the TV measurements. The
T-SIRCUS measurements were performed with flood illumi-
nation on the FPA, so the measurement includes optical and
electrical crosstalk effects in addition to OOB response.

The short-wave infrared (SWIR) and TEB RSRs were mea-
sured exclusively during sensor-level TV testing. Midwave
infrared (MWIR) bands were measured over the same range as
that of the SWIR (i.e., from 1000 to 7100 nm), while the LWIR
bands were measured from 1.8 to 16.1 pum. From this test,
band average RSRs were produced that went into calculating
the RSR LUTs for the SWIR and the BB radiances used in the
SDR LUTs for the TEB [9].

Crosstalk Performance: S-NPP VIIRS crosstalk require-
ments were very stringent compared to those from heritage
sensors such as MODIS. They require that, for a receiver de-
tector, the total received signal should not exceed the maximum
of 0.2% Lrvyp and 0.5 NEdAL when all other detectors are
illumined with Lyjax radiance. For this reason, the major goal
of the VIIRS prelaunch crosstalk analysis was not to verify
the compliance with the requirements but to have good quality
test data to assess the magnitude of crosstalk and to generate a
comprehensive characterization.

Two baseline crosstalk tests were conducted, one in ambient
and the other in TV. For each focal plane, the ambient crosstalk
test measured the detector-to-detector static crosstalk for all
sender—receiver pairs as well as the dynamic crosstalk using
four different reticles. All reticles provided strong contrast in
the sender signal and showed good sensor performance for the
dynamic crosstalk. In the TV chamber, the band-to-detector
optical crosstalk was tested using a double monochromator for
all bands, and the band-to-detector static crosstalk was tested
using the same source with in-band light for the sender. These
comprehensive tests were used to provide crosstalk magnitude
estimates and the crosstalk influence coefficient (IC) maps
needed for SDR impact assessment and modeling.

The optical crosstalk, in terms of ICs, is the ratio of the
receiver radiance Ly to the radiance output by the monochro-
mator, Lyono, aS

LR(BS7BRDR7SFRa)\mono)
Lm(mo(BSa)‘mono)

IC(BS7BR7DR7‘S’FRa)\mono):
(20)
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where B, D, SF, and )\ represent a given band, detector,
subframe (I-bands only), and wavelength, respectively, and the
subscripts S and R denote the sender band (or illuminated band)
and the receiver band, respectively. One thing to note about
(20) is that it relates crosstalk on a band-to-detector basis—for
a given sender, B, the receiver element is a given subframe
of detector Dg in band Bg. These ICs were calculated for
each wavelength, averaged based on predefined spectral bins
and then averaged over detectors to generate a band-to-band
crosstalk map.

Since the specification as written was both difficult to test and
very difficult to meet, an intensive effort was put on crosstalk
characterization and the generation of complete crosstalk maps
to assess the impact on SDR and EDR products.

V. RESULTS

The analysis of VIIRS test data allowed the generation
of RSB and TEB calibration coefficients and the verifica-
tion of sensor performance requirements. These VIIRS sensor
requirements have levied several radiometric calibration and
stability requirements to ensure high quality radiance products.
This section will describe the VIIRS analysis assessments
showing how VIIRS performance compares against the sensor
requirements.

A. RSB Calibration

Calibration, SNR, Dynamic Range, Linearity, Uniformity,
and Gain Transition: A set of dng, and dni, — dngy Ob-
tained from instrument level TV tests covering a series of
spectral radiance levels is fit to (3). The offset ¢y/c; for most
RSBs (i.e., both high and low gains for dual gain bands) has a
magnitude of less than 0.3 which is comparable to its standard
deviation with the exception of a few RSBs. ¢y /¢y is about —1.0
for M1 and M2 high gain and is about 0.2 to —0.6 for low gain,
whereas its standard deviation is about 0.2 to 0.3, indicating a
possible negative computed spectral radiance at very low dn.
However, the dn at Lyin for M1 is about 400 (i.e., high gain)
and is much larger than the ¢g/c1; the same is true for M2.
The value of ¢p/c; is about —2.0 for the I3 band, which is
much larger than the standard deviation of about 0.3. As in case
of M1 and M2, the dn at Lyn for I3 is about 60, which is
much larger than the offset ¢o/c;. The quadratic term cy/cy
has values ranging between —2 x 1079 and —3 x 1076 for all
RSBs except I3, which has ¢z /¢y values of about 3.5 x 106,
The standard deviation of ¢5 /¢y is on the order of 1077,

As noted earlier, the detected spectral radiance relates to the
sensor’s digital number in the mathematical form of (1). Based
on this formulation and the subsequent algorithms described
in Section IV-A, the performance metrics for the RSB are
plotted in Fig. 3 using data taken from TV nominal plateau
tests for electronics side B and HAM side A. Other instrument
conditions give similar results unless otherwise stated. The
ratios of the calculated to the specified SNR at Lvyp are plotted
in Fig. 3 (top plot) for all RSBs. The figure shows clearly
that all RSBs have SNRs at Lpyp that are larger than the
requirements. The smallest and largest margins are 31% and
2383% for bands M5 high gain and I3, respectively. The SNR
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Fig. 3. RSB key performance metrics measured in TV at nominal plateau:
SNR, dynamic range, nonlinearity, and uniformity, derived as the mean values
of all detectors within a band.

value for I3 is not shown in the plot due to the exceptionally
large value. Fig. 3 (second plot) shows the ratio of the calculated
Lgat to the specified Lyrax for each band. All RSBs saturate
higher than Lyjax, except M8 which saturates at around 85%
of Lyiax. Even though M6 met its dynamic range requirement,
frequent saturation is expected on orbit because of its low
Lyiax (single gain), leading to rollover in the response that
needs to be flagged in the SDR products. The mean RRNL
values for all RSBs are shown in Fig. 3 (the third plot) and are
clearly compliant with the specification of 1.0% with significant
margins. Meeting the detector-to-detector uniformity (RRU)
requirement of 1.0% over the full dynamic range as described in
Section I'V-A was a major challenge for the VIIRS RSB because
the sensor has excellent noise performance for all RSBs. In
addition, the source uniformity is a possible major contributor
to these noncompliances. Therefore, some of the detector-to-
detector scene striping in a band could be mitigated on orbit
by using the SD calibration data. Although meeting the RRU
requirement over the entire dynamic range is challenging, at
Lrvyp, all RRUs for the dual gain bands meet the specification
of RRU less than 1.0%, except the low gain for M1 and M3 (see
Fig. 3, bottom plot). When the spectral radiance is increased to
Lyrax, the RRUs derived for the dual gain bands are compliant
with the specification at high gain and noncompliant at low
gain. At Lyiax, all single gain band RRUs are noncompliant
with the specification except M6, M 11, and I3. The maximum
RRU is about 10.4 for M1 in low gain.

The dual gain bands’ transitions were tested using partial
views of the SIS-100 source to more accurately determine the
radiance at which the electronics switches from high to low
gain. The measured dual gain transitions for the RSBs M1-M5
and M7 are shown in Fig. 4. The ratio of the measured to the
specified transition radiance is plotted. The requirement states
that the transition should occur between 0% and 50% of the
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Fig. 4. Ratio between actual radiance transition and transition requirement
for VIIRS dual gain bands. (Dots) Ratios less than the (solid line) specification
indicate compliance with specification.

high gain Lyjax for bands M1-M2 and between 0% and 20%
for bands M3-M35 and M7. The upper and lower specified limits
for each band are shown in Fig. 4 as solid lines. The band
average transition values all fall within the specified limits. One
radiometric anomaly affecting all dual gain bands is associated
with an increase of noise magnitude (up to four times) and
nonlinearity at a small region of the dynamic range located
at about 10% below the radiance at which the gain transition
occurs. An algorithm was developed to flag these anomalies in
the SDR products.

It is crucial to note that, for the VIIRS RSB, the require-
ments on the absolute radiometric calibration are against the
spectral reflectance accuracy of 2% when viewing a uniform
unpolarized scene of typical radiance, Ltyp. This uncertainty
verification was performed using contributors which have been
constrained by sensor-level requirements while others are based
on the sensor contractor allocations [17]. A contributor to the
spectral uncertainty includes the detector response characteriza-
tion uncertainty, which states that the response of a detector to
arange of radiance levels from Lyn to Lyiax must be fit with
a second degree polynomial to within 0.3%. This characteriza-
tion uncertainty requirement was also very challenging for the
VIIRS RSB to meet, but the spectral reflectance accuracy (2%)
was met for all RSBs except M11 (2.8%) due to its very low
Lrvyp value [17].

B. TEB Calibration

Calibration, NEAT, Dynamic Range, Gain Transition, Lin-
earity, and Uniformity: The thermal bands were fit using a
quadratic polynomial as described in (14) for all high gain
bands and all detectors. The radiance residual is generally
less than 1.0% for the LWIR bands 15 and M14-M16. The
residuals for 14, M12, and M13, in particular, increase at lower
temperatures (i.e., up to 10% at Thn); these bands are known
to exhibit greater nonlinearity at low radiances. In addition,
detector 1 in band M12 exhibited out-of-family radiometric
response with respect to other M12 detectors.

The offset calibration coefficient ¢y is generally small, on the
order of 10~2 or less. This indicates that the model is generally
consistent with an offset of zero. However, the added degree of
freedom is useful in constraining the data. The nonlinear term
(c2) is also very small, on the order of 10~% or less, which
indicates that the instrument has a very linear response to the
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Fig. 5. TEB key performance metrics measured in TV at nominal plateau:
NEdT, dynamic range, nonlinearity, and uniformity, derived as the mean of all
detectors within a band. M13 low gain saturation was not measured.

input radiance. The nonlinear term is negative for all the MWIR
bands and positive for all the LWIR bands. Thus, the curvature
of the fit is opposite from the MWIR to LWIR bands. The linear
term (cy) is dominant for all the thermal bands. There is some
odd—even detector dependence in the gain for bands I5, M12,
and M13. Also, the gains tend to decrease with the detector
number for the LWIR bands I5 and M14-M16.

For M13 low gain, c( exhibits large variations around zero.
Also, the gain is much lower for the high gain bands, with
c1 ~ 0.14 for low gain and ¢; ~ 0.0017 for high gain. This is
necessary in order for M13 to access scene temperatures up to
~634 K without saturating. Even though the gain is very low,
the linear term still dominates (i.e., co ~ 1077), indicating that
the response is very linear with input radiance.

The band average ratios of the specified to the measured
NEdT at Tryp are plotted in the top plot in Fig. 5. All
emissive bands and detectors are well below the NEdT at Trvp
specification, including M13 low gain. M 14 shows the closest
margin to the specification, which is about 35%. In general, the
variation with the detector is small. The exceptions are detector
31 in I5, detector 1 in M12, and detector 8 in M16A, all of
which are out-of-family. As expected, the lower (higher) the
temperature, the higher (lower) the NEdT. For the LWIR, the
NEdT is below 1.0 K, even at the lowest scene temperatures;
for the MWIR, the NEdT increases to around 1.0 K for M12
and M13 and roughly 3.5 K for 14 at 230 K. The NEdT for the
M13 low gain for all detectors is well below the specification.

The saturation brightness temperature is plotted in the second
plotin Fig. 5, as aratio to the specified T4 x for each band, and
shows all TEB saturation above the specified limits. All of the
LWIR bands digitally saturate first, while the MWIR bands 14
and M12 show electronic saturation first. Higher input radiance
than Lyjax for these two bands resulted in decreasing detector
response, appearing as a response rollover and occurring above
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about 358 K. Saturation was not observed during prelaunch
testing for M 13 low gain due to test limitations.

All bands pass the nonlinearity requirement (less than 1%)
as shown in the third plot in Fig. 5; M 14 has the closest margin
at about 60%. The nonlinearity is very consistent over detectors
and HAM sides. The RRNL for M 13 low gain for all detectors
is well below the specification.

The detector-to-detector striping specification, requiring the
RRU to be less than 1, applies only between the specified Lyrn
and 0.9Lyax. The band average RRU at Lpvyp is shown in the
bottom plot in Fig. 5. All high gain bands meet this requirement
with the exception of M14 at high scene temperatures. The
RRU generally increases with scene temperature, particularly
for bands M12, M13 high gain, M14, and M15. The RRU is
essentially a measure of the detector-to-detector uniformity in
the retrieved radiance in relation to the NEdL and is an indicator
of whether the striping is within the noise. The RRU is greater
than one for M14 above 327 K. In addition, M13 and M15
approach the specification value at high scene temperatures.
The worst case M 13 low gain detector uniformity is well below
the noise over the optimized dynamic range.

The ARD for the I-bands has a specified limit of 5.0% (2.5%)
for 14 (I5) at a scene temperature of 267 K. This requirement is
assessed at the nearest measured scene temperature, 269.9 K.
Both I-bands pass the specification with large margins. For
the M-bands, the requirement is stratified at four scene tem-
peratures for M12 and M13 and at five scene temperatures
for M14-M16. Again, the nearest measured scene tempera-
ture to the specified scene temperatures is used to assess the
requirement. In all cases, the worst case ARD is well below
the specified value. The ARD for all LWIR bands is less than
0.2% above 230 K; this indicates that the fitting contribution
to the radiance retrieval is very accurate for these bands. In
contrast, the MWIR bands 14, M12, and M13 have an ARD
between 0.3% and 0.7% above a scene temperature of 270 K;
below 270 K, the MWIR ARD tends to increase dramatically.
The MWIR bands are known to exhibit nonlinear behavior,
particularly below 270 K; the behavior observed in the ARD is
the result of fitting residual error in the calibration coefficients.
In addition, the MWIR bands are consistently offset by about
0.3%; this results from the scan-by-scan BB correction in the
retrieved radiance. The worst case M 13 low gain retrieval error
(i.e., ARD) is less than ~0.5% at the low end of the dynamic
range and less than 0.2% above 450 K. It should be pointed out
that there is no ARD specification for M13 low gain.

The M 13 band-averaged gain transition radiances are plotted
in Fig. 4 relative to the specified transition radiance. M13 is
specified to transition between 343 K and 348 K. For all cases,
the calculated scene temperatures for both hot and nominal
plateaus meet the requirement. However, at the cold plateau,
all even detectors and some odd detectors transition at scene
temperatures above 348 K. The difference over detectors within
a given plateau is ~2 K, and the difference over plateaus is
~4 K. Thus, the gain transition varies over instrument condi-
tions and detectors by ~6 K. As a result, M13 cannot meet the
requirement for all instrument conditions tested; the noncom-
pliances hold for both electronics sides and are considered as
low risk to SDR and EDR products.
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Fig. 6. Measured near-field response for band M5 (672 nm) detector 8, as a
function of samples. The figure also shows the location of the field stops.

C. Other Performance Testing

Scattered Light: As described in Section IV-C, the VIIRS
F1 scattered light was evaluated by two separate tests, NFR
and far-field stray-light rejection. Each test has its own set of
requirements.

Fig. 6 shows the normalized response for band M5 detector
8 and represents a typical profile observed in the VIIRS NFR
measurements when the sensor is scanning the source through a
vertical slit reticle. The figure shows the NFR falling off rapidly
from the peak with additional sharp drops seen around the field
baffle locations. In this example, the M5 NFR drops to about
0.1% within five samples of the peak (i.e., corresponding to
approximately 1.25 km at the Earth surface), and the field baffle
reduces the NFR by about one order.

The NFR is estimated for each detector, and the results
show good detector uniformity within the same band. The
NFR requirement states that the maximum allowable scattered
radiance, as a fraction of typical scene radiance, from a bright
target at the specified angular distance shall be less than the
specified value. The band-averaged VIIRS NFR performance
is summarized in Table III, including the bright target radiance
(Lbright ), the specification (Lgpec ), and the ratio Lycat )/ Lspec-
The results show that all VIIRS bands meet the specification
(Lscat/ Lspec < 1) with a margin, except M15 and M 16, which
are ~25% below the requirement.

Table IV shows the estimated S-NPP VIIRS far-field stray-
light compliance, including some intermediate parameters used
to compute the final stray-light assessment. The sensor test data
analysis showed that all RSBs meet the stray-light requirement
with large margins, with the exception of M11 which was
3.8 times the specification. M11 failed the specification due
to the very low Lyryp(Lryp = Lmin), although the estimated
stray light in percent is comparable to that of other bands.
Excluding M11, all RSBs meet the specification with margins
between 41% and 85%. Test analysis has shown that stray light
is strongly dependent on the source angle relative to the VIIRS
viewing direction and is largely negligible when the source-to-
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TABLE III
SUMMARY OF VIIRS NFR PERFORMANCE

Center Angular
Band Wavelength Separation Lygnt Lspec Lscat / Lspec
(nm) (mrad)
M1 412 6 162  2.77E-03 0.39
M2 445 6 180  2.22E-03 0.45
M3 488 6 160  2.00E-03 0.50
M4 555 6 160  1.31E-03 0.47
M5 672 6 115  8.70E-04 0.63
Mé 746 12 147  1.31E-03 0.12
M7 865 6 124  5.16E-04 0.90
M8 1240 6 57 9.47E-04 0.62
M9 1378 NA NA NA NA
M10 1610 6 86.1 8.48E-04 0.76
M11 2250 6 1.2 1.00E-03 0.42
M12 3700 3 0.3 1.67E-03 0.64
M13 4050 3 1.7  1.86E-03 0.63
M14 8550 NA NA NA NA
M15 10763 3 12.5 7.75E-04 1.25
M16 12013 3 11.3  7.92E-04 1.26
TABLE IV

SUMMARY OF VIIRS F1 STRAY-LIGHT PERFORMANCE

Band Ekarth Lryp dnspec dnstray dnstray / dnspec
M1 14441 449 17.016 2.583 0.152
M2 1526.1 40 9.385 2.534 0.27
M3 1563.5 32 8.809  2.557 0.29
M4 1510.7 21 7.53 2.388 0.317
M5 1265.7 10 5.055 2.379 0.471
M6 1088.9 9.6 8.001 3.616 0.452
M7 833.2 6.4 6.871  4.059 0.591
M8 353 5.4 1.454 0.77 0.53
M9 262.9 6 2437 0.915 0.376

M10 165.7 7.3 3.554 1.295 0.364

M11 56.4 0.12 0.11 0.415 3.778
11 1341.3 22 1.017 0.26 0.255
12 833.2 25 2.512 0.385 0.153
13 165.7 7.3 3.188 0.787 0.247

Egann = Irradiance of the cloud covered Earth scene
dngpee = dn at 1 % of typical radiance (Lyyp)
dngiray = dn associated with measured stray light

view angle is larger than 26°. Furthermore, at the same angle,
stray light is slightly larger along the track direction than along
the scan.

RVS: Fig. 7 shows the band-average RVS functions using
data from HAM side A. For all bands, the RVS differences
between HAM sides are small with the exception of band
M6. The variation in the RSB RVS for M1-M11 and I1-I3
is generally small as shown in the top and middle plots,
varying by less than 1% over the full operational AOI range
of 28.6°-60.2°. The RSB RVS uncertainty requirement was
0.3% which was determined here as the fitting residuals. All
RSBs had uncertainties lower than 0.15%, except for band M9
which had 0.43%. The determination of band M9 RVS was
complicated due to water vapor fluctuations during RVS testing.

The band-averaged RVS for the MWIR bands, M12, M13,
and 14, and the LWIR bands, M14-M16 and I5, are plotted
respectively in the middle and bottom plots of Fig. 7. The
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MWIR RVS is generally small, varying by less than 1% over
the full AOI range. In contrast, the LWIR RVS changes by up to
10% for M 14 over the range of AOI. The TEB RVS uncertainty
requirement was 0.2%, which was determined here as the fitting
residuals; all TEB RVS uncertainties are lower than 0.1%,
meeting the RVS characterization uncertainty requirement with
a margin.

Polarization: The two-cycle amplitudes determined from
the polarization sensitivity testing are plotted in Fig. 8 as a
function of the scan angle for all VisNIR bands (band-averaged
HAM side A). The polarization measurements had shown very
high repeatability, and the uncertainty due to repeatability was
smaller than 0.15% for all VisNIR bands. The largest polariza-
tion sensitivity occurred in band M1 at the beginning of the scan
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but is still less than the 3% sensor specification (i.e., see Table II
for specification values per band). The polarization sensitivity
tends to be highly variable across the scan; the highest levels
of polarized light on orbit are expected at the end of the
scan for the S-NPP orbit. In addition, the polarization factors
were observed to be detector dependent. At present, the root
cause of this dependence has not been identified. In conclusion,
the prelaunch polarization testing has shown that the VIIRS
VisNIR bands are compliant with the polarization factor re-
quirement with a significant margin, and the uncertainty of the
derived polarization factors was less than the characterization
uncertainty specification of 0.5%.

RSR: VIIRS spectral testing was performed in the TV en-
vironment at nominal plateau at sensor level for all bands
and at ambient spacecraft level for the VisNIR bands only.
Fig. 9 shows the in-band response for all VisNIR bands derived
from sensor-level testing, and Fig. 10 shows the full band-
average RSR for band M1, including OOB and optical crosstalk
effects as measured using the T-SIRCUS. Using the insight
from subject matter experts and a selection process based on
SNR to identify the highest quality measurements, the VisNIR
RSRs delivered to the SDR operational processing team were a
combination of sensor-level testing and spacecraft-level testing.
These RSRs are shown in the top plot of Fig. 9. The SWIR
bands, which range in the band center from 1240 to 2250 nm,
were tested from 1000 to 7100 nm in the TV environment only.
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The SWIR bands M8-M11 and I3 are shown as the middle plot
on the left hand side of Fig. 9.

Compliance with the band center, bandwidth, extended band-
pass, and integrated OOB (IOOB) requirements were calcu-
lated for all bands on a per detector basis. There were a few
noncompliances in the RSB, and most of them are associated
with the IOOB requirement. These IOOB noncompliances were
exclusive to the VisNIR bands, and neglecting optical crosstalk,
the following bands were noncompliant: M1, M3 (only a subset
of the detectors), M4, M5, and M6. The largest noncompliances
were in M4 and M5 which suffered from fluorescence in the
filter material, but as the RSR was well characterized, none of
the noncompliances were deemed a significant risk to SDR or
EDR quality. Some other minor noncompliances included the
M4 band center being slightly too short (i.e., 550.7 nm), the
band M2 bandwidth being slightly short (i.e., 15.2 nm com-
pared with 16 nm), and the band M8 bandwidth being slightly
larger (i.e., 26.1 nm compared with 24 nm) than specification.

The TEB RSRs are shown in Fig. 9 for the MWIR bands
M12, M13, and 14 (i.e., the right-hand side of the middle
plot) and for the LWIR bands (i.e., lower plot). TEB spectral
noncompliances were limited and not considered a risk to the
SDR or EDR performance. Band M16 had a band center that
was slightly out of compliance, 11 861 nm compared with a
minimum of 11925 nm. The only other in-band noncompli-
ances were the bandwidth of band M14, which was 0.8 nm
outside the bandwidth requirement, and band IS, which had
a longer than specified extended bandpass. IOOB noncompli-
ances were found in the bands M15, M 16, and I5. All of these
TEB noncompliances were minor and were considered a low
risk to SDR and EDR performance.

Crosstalk: To help assess the impact of both the static and
optical crosstalks, which have both failed the sensor require-
ment, crosstalk coefficients (ICs) characterizing the received
crosstalk were produced for SDR and EDR impact assessments.
The crosstalk ICs were computed separately for each one of
VIIRS bands based on (20). A sample of a VIIRS IC map is
shown for band M1 (412 nm) in Table V. This map represents
the band average optical contamination into M1 from all other
bands, including the M1 OOB contribution. Since the magni-
tude of VisNIR band optical crosstalk was of concern, an effort
was made to assess its impact on the sensor SDR and a set of
EDRs. The VisNIR IC map was then used to apply crosstalk
ICs to representative MODIS scenes covering a wide range of
anticipated on-orbit situations, including ocean, aerosol, land,
and cloud scenes as stress tests. By applying algorithms based
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on VIIRS-equivalent spectral bands to MODIS data, it was
possible to create rather realistic VIIRS data simulations that
illustrate the anticipated VIIRS on-orbit performance [22]. The
differences between the original scenes and the scenes with
crosstalk added were taken as typical errors anticipated on orbit.
These SDR crosstalk errors were analyzed by various science
teams and deemed at acceptable levels for science products.
Furthermore, the good image quality that the VIIRS instrument
has observed since its launch is a good indication of very low
crosstalk contamination.

VI. SUMMARY

S-NPP VIIRS is the next generation of Earth-observing
satellites capable of providing high-quality measurements to
support a wide range of scientific and operational applications,
including support for weather forecasting, and environmen-
tal monitoring and predictions. An intensive testing program
was designed by the sensor contractor with support from the
government calibration and science team. The instrument test-
ing program was performed to characterize the radiometric,
spectral, and spatial performance for all 22 spectral bands
in various configurations and environments and simulating
the range of on-orbit conditions. The key radiometric and
spectral performances were discussed in this paper, including
calibration methodologies, analysis results, and compliance
with requirements. The VIIRS spectral band calibration and
characterization have shown very good performance in terms of
SNR, NEdT, dynamic range, gain transition, and linearity. The
only exceptions are M8, which saturates at about 85% of the
specified Lyiax, and the M13 dual gain band, which transitions
slightly higher than the specification. The detector-to-detector
uniformity was a very challenging requirement (uniformity less
than the noise), and all of the low gain bands, as well as M 10,
MI11, I1, and 12, failed this specification in certain portions
of the dynamic range. The stray light and NFR performances
were as expected, and all bands met the sensor requirements,
except M11 due to stricter requirement and M15 and M16
which failed the NFR requirement by about 25%. The RVS
functions derived for all bands have shown small variations over
the full AOI range (< 1%), with the exception of the LWIR, and
a small variation between HAM sides except band M6. The po-
larization testing, performed using an enhanced setup, provided
high-quality measurements and has shown compliance for all
VisNIR bands with the polarization factor requirements as well
as the characterization uncertainty requirements. The spectral
measurements performed using the monochromator (TV) and
the laser source (ambient) have allowed the high-quality mea-
surement of the VisNIR RSRs, selecting and combining the
best spectral response from each measurement. The SMWIR
and LWIR RSRs were all derived using only the monochrom-
eter measurements. There were a few spectral noncompliances
associated with IOOB, the band center, and the bandpass, but
none of these noncompliances were deemed a risk to SDR and
EDR quality. Since the crosstalk requirements were extremely
challenging and the testing is only representative of a uniform
scene, the program opted to assess the crosstalk impact instead
of requirement verification. A set of crosstalk coefficient maps
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TABLE V
SAMPLE OF VCST CROSSTALK COEFFICIENT MAP DERIVED USING SPECTRAL DATA
FOR M1 AS A RECEIVER AND ALL OTHER VISNIR BANDS AS SENDERS

Sender Bands

Spectral Bin M1 M2 M3 M4
340-402 0.00001034 0.00000308 0.00000004 -0.00000038
402-422 0.04999793 0.00347027 0.00058780 0.00095800
422-436 0.00025571 0.00000970 0.00000008 0.00000034
436-454 0.00017750 0.00007455 0.00000148 0.00000370
454-478 0.00002764 0.00000729 -0.00000065 0.00000345
478-498 0.00001646 0.00000180 -0.00000775 0.00000438
498-545 0.00002075 0.00000858 0.00000154 0.00002957
545-565 0.00000315 0.00000942 0.00000135 0.00004201
565-600 0.00007792 0.00000321 0.00000212 0.00003802
600-662 0.00216955 0.00005502 0.00001462 0.00009444
662-682 0.00160772 0.00007158 0.00001342 0.00000185
682-738 0.00027854 0.00000908 0.00000133 0.00000685
738-754 0.00050985 0.00001079 0.00000031 0.00000105
754-845 0.01377604 0.00032950 0.00002005 0.00000996
845-885 0.00186800 0.00006393 0.00000267 0.00000216
885-1100  0.00657241 0.00019349 0.00001521 0.00000775

M5
0.00000277
0.00015126

-0.00000010
0.00000048
-0.00000030
0.00000046
-0.00000011
0.00000030
-0.00000021
0.00000213
-0.00001101
-0.00000025
0.00000108
0.00000327
0.00000333
0.00000337

M6
0.00000119
0.00012407

-0.00000002
0.00000097
0.00000013
0.00000027
0.00000085
0.00000031
0.00000012
0.00000126
0.00000096
0.00000878

-0.00003574
0.00000494

-0.00000035
0.00000120

M7 "1 12
0.00000044 0.00000115  0.00000004
0.00012170  0.00024177  0.00015025
0.00000003 0.00000007 -0.00000001
0.00000039 -0.00000002 0.00000073
0.00000022 -0.00000007 -0.00000045
0.00000007 0.00000067 -0.00000040

-0.00000005 0.00000051  0.00000005
0.00000011  0.00000072  0.00000002
-0.00000050 -0.00000043 -0.00000105
-0.00000062 -0.00000672 -0.00000838
0.00000018 -0.00000025 -0.00000084
0.00000005 0.00000087 -0.00000034
0.00000024 0.00000061  0.00000005
0.00002644 0.00000190 0.00001527
0.00014089 -0.00000396 0.00025599
0.00001058  0.00000416 _ 0.00000453

were derived from the test data and used in combination with a
set of MODIS scenes to generate VIIRS-like crosstalk contam-
inated scenes. The crosstalk errors from these simulations were
analyzed by the NASA science team for a select set of EDRs
and confirmed the small impact on the quality of the SDR and
EDR products.

In conclusion, the S-NPP VIIRS test program was completed
successfully and provided a comprehensive test data set for
sensor requirement verification, with many lessons learned for
future JPSS VIIRS sensors. It also showed that the overall
prelaunch sensor radiometric performance was of high quality.
S-NPP VIIRS was launched on October 28, 2011, and as
expected, it has been subsequently providing valuable SDRs to
support science and environmental applications and programs.
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