VIIRS (Visible Infrared Imager Radiometer Suite): A Next-Generation Operational Environmental Sensor for NPOESS 
Carol Welsch, Major, USAF

NPOESS Integrated Program Office
Hilmer Swenson, Stephen A. Cota, Frank DeLuccia, and John M. Haas
The Aerospace Corporation

8455 Colesville Road, Suite 1450

Silver Spring, MD 20910
Carl Schueler, Rodney M. Durham, and John E. Clement

Raytheon Santa Barbara Remote Sensing Corporation

75 Coromar Dr.

Goleta, CA 93117

And
Philip E. Ardanuy

Raytheon Information Technology and Scientific Services

4400 Forbes Blvd.

Lanham, MD 20706

Abstract – The Visible/Infrared Imager Radiometer Suite (VIIRS) is the next-generation instrument for the U.S. future converged civilian and military operational polar-orbiting environmental satellite system. This paper provides a brief introduction to its characteristics and performance capabilities.

I. INTRODUCTION

As mandated by a 1994 Presidential Directive, the Department of Commerce (DOC), Department of Defense (DoD), and the National Aeronautics and Space Administration (NASA) of the U.S.A., are working together in the newly formed Integrated Program Office (IPO). The IPO is to develop and fly a new National Polar-Orbiting Operational Environmental Satellite System (NPOESS). NPOESS would begin replacing two systems currently flying, the DOC Polar-orbiting Operational Environmental Satellite (POES) and the DoD Defense Meteorological Satellite Program (DMSP), in about 2009, with full operational capability by 2013. A risk reduction flight will occur in 2005. The converged system will conserve financial resources, and will be responsive to the diverse requirements of military and civilian users of meteorological, terrestrial, climatic, oceanographic, and solar-geophysical data. 
 




In this paper, we will review just one of the instruments for NPOESS, the Visible Infrared Imager Radiometer Suite (VIIRS) (Figure 1). A more comprehensive overview of the NPOESS program is found in paper [1]. The usefulness of VIIRS to NASA’s long-term earth observation mission is presented in [2]. A third joint paper details technical features of VIIRS [3], while a fourth paper explains the VIIRS design process [4].  
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Fig. 1. General Configuration of the VIIRS instrument. 

II. A NEW APPROACH TO SENSOR DESIGN

NPOESS has introduced a new approach to the development of sensors. This new approach will lead to a more efficient and optimal sensor design. Traditionally, a government agency releases a sensor performance requirements package for contractors to bid against, with the sensor as the principal deliverable. In parallel with the sensor development and continuing afterwards, the user community develops specialized algorithms at their individual organizations. These algorithms yield the operational and/or scientific data products for which the system is ultimately responsible. In the NPOESS approach a data product requirements package is released for contractors to bid against, with both the sensor and the algorithms as deliverables. This new approach allows the contractor to perform prioritized trade-offs between the sensor and algorithms, thereby arriving at an optimized, “best-value,” end-to-end design solution for providing the required data products.


Early in the program, the military and civilian user communities joined together to define the so-called Environmental Data Records (EDRs), as well as the required performance characteristics for each of these data products. The EDRs so defined were collected in the Integrated Operational Requirements Document, Version I (IORD-I). The IPO developed an overall system concept consisting of a number of different instruments, and assigned each instrument a role as the primary or secondary source of data for each EDR. The IPO prioritized the EDRs, as well as sensor performance characteristics, to guide contractors participating in the competitive phase of the instrument acquisition (Phase I). 


Table 1 lists the full set of VIIRS EDRs, grouped by priority, with 1 being the highest and 3 the lowest. Table 2 shows Sea Surface Temperature requirements as an example of a VIIRS EDR requirements set. Attributes of this EDR include spatial resolution and the accuracy, precision, and uncertainty of the temperature of the ocean surface. Both threshold and objective values are specified for each attribute. Threshold values represent minimally acceptable performance for an attribute, while objective levels represent extraordinary performance that would have significant added value to users, if provided. The unique challenge to the competitors in Phase I was to use the EDR prioritization and the two tiers of attribute performance levels to design the “best value” VIIRS, without exceeding the anticipated financial resources. Success in phase I required a teaming of contractors who had traditionally designed sensors, with contractors who had traditionally developed environmental data product algorithms. 


As described in more detail in [4], the flow down of the EDR attribute requirements to the sensor and algorithm level guided the overall system design. Each competing contractor performed system level trades between sensor and algorithm capabilities, to determine the most cost-effective design meeting the required attribute performance levels. The flowdown and requirements allocation processes were extremely complex, owing to the broad scope of the EDR set and the interrelationships between the attributes of multiple EDRs. The winning contractor had to produce a superior, but affordable, instrument and set of science algorithms that optimally met the EDR requirements. 


Phase I began in July of 1997. Under IPO management, two contractors carried their VIIRS concepts to the preliminary design level. Based on the results of the Phase I design effort, and on a proposal submitted in the summer of 2000, the IPO selected Raytheon in November 2000 to build VIIRS. Raytheon displayed outstanding system engineering, system optimization, and test & verification planning; and their proposed instrument design displayed outstanding technical performance, maturity, and low technical risk. Raytheon will deliver the first engineering development unit (EDU) for testing in 2003, and will deliver the first flight unit in 2004 for flight aboard the NPOESS Preparatory Project (NPP) satellite in 2005. 

TABLE 1. The VIIRS EDR Set

Priority 1
Priority 2
Priority 2 (Continued)
Priority 3

Imagery
Aerosols
Fresh Water Ice
Cloud Base Height

SST
Albedo
Ice Surface Temperature
Ocean Currents


Cloud Cover/Layers
Land Surface Temperature
Littoral Sediment Transport


Cloud Effective Particle Size
Ocean Color/ Chlorophyll
Mass Loading


Cloud Optical Thickness
NDVI
Net Heat Flux


Cloud Top Height/Pressure
Snow Depth/ Cover
Soil Moisture


Total Precipitable Water
Sea Ice Age & Motion



Cloud Top Temperature
Vegetation Index/Surface Type


TABLE 2

SENSOR REQUIREMENTS DOCUMENT (SRD)

SST EDR ATTRIBUTES 
SST(skin)
Threshold
Objective

a.HCS(km)



 1. Mod. nadir
3
1

 2. Mod. worst
4
TBD

3. Fine nadir
1
0.25

4. Fine worst
1.3
TBD

b. HRI
TBD
TBD

c. Horiz. Coverage
Oceans
Oceans

d. Measurement Range
271-323 K
271-313 K

e. Uncertainty, (K)



   1. Moderate
0.5
0.1

 2. Fine (Nadir)
0.5
0.35

f. Accuracy (K)



   1.Moderate
0.2
0.1

2. Fine (nadir)
0.2
0.1

g. Precision (K)



1. Moderate
TBD
0.1

2. Fine (Nadir)
TBD
N/A

III. PAST AND PRESENT VISIBLE/INFRARED U.S. OPERATIONAL ENVIRONMENTAL SENSORS

   VIIRS is the next-generation operational environmental visible and infrared imaging radiometer. The DOC’s National Oceanic and Atmospheric Administration’s (NOAA) visible and infrared sensor is the third generation Advanced Very High Resolution Radiometer (AVHRR/3). The U.S. Air Force operates the Operational Line Scanner (OLS) on DMSP.


 NASA has developed and flown various visible and infrared sensors over the last few decades, for a wide spectrum of scientific purposes. The Earth Observing System (EOS) is currently flying the Moderate-Resolution Imaging Spectroradiometer (MODIS) aboard the Terra satellite, and a second MODIS will be flown on the Aqua satellite. NASA has also flown an ocean color sensor, the Sea-viewing Wide Field Sensor (SeaWiFs). Both the MODIS and SeaWiFs have produced a comprehensive set of databases, which are contributing significantly to the long-term understanding of the Earth’s climate and its trends [4]. 


VIIRS represents a dramatic improvement over the AVHRR, OLS, and the specification for an improved modified OLS (MOLS). Figure 2 contrasts the capabilities of each of these instruments in terms of their band sets, spectral resolution, and spatial resolution. VIIRS will have 22 spectral bands, ranging in wavelength from the visible to the near, short, medium and long wave infrared (Vis, NIR, SWIR, MWIR, and LWIR). For comparison, OLS has 3 spectral bands, and AVHRR/3 has 6. VIIRS spectral bands may be characterized as either fine resolution or moderate resolution. Fine resolution bands will have ground sample distances of better than 400 meters at nadir and 800 meters at the instrument’s maximum off-nadir angle of ( 56 degrees. Moderate resolution bands will have ground sample distances (GSDs) of twice this size. The resolution of OLS is averages about .65 km in the Hi Res. Diode (HRD) channels, and 3.25 km in the Photomultiplier Tube (PMT) channel. Figure 3 compares graphically the GSDs of the three instruments across their swaths.
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Fig. 2. Band Sets and Spatial Resolution Comparison
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Fig. 3. GSD Comparison of Operational Sensors 

IV. THE VIIRS INSTRUMENT DESIGN

The basic design philosophy for VIIRS is to allow maximum flexibility for meeting evolving mission requirements, and to ease insertion of new technology into any subsystem, through modularity. A judicious use of “off the shelf” components, commonality of designs (when appropriate) and limited, modified designs has resulted in two major benefits: lower risk and lower development costs. A top level description and anticipated performance of each subsystem and critical components follows.
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Fig. 4. Major VIIRS Subsystems and Components
   Figure 4 shows the VIIRS subsystems and components in exploded view. A key trade in Phase I concerned the appropriate number of separate instruments which should comprise VIIRS: Raytheon found that, diverse though they are, all EDR requirements could be met with a single instrument, with substantial savings in weight, complexity, and cost. The resulting compact, efficient design was made possible principally by the availability of high performance, photovoltaic LWIR detector arrays.


Many lessons learned from MODIS have been incorporated into the design. The VIIRS afocal, rotating telescope design is modeled upon the successful SeaWiFS instrument, and consists of the telescope housing, baffle, motor and angular momentum compensator. The rotating telescope employs a half-angle mirror to eliminate image rotation.


The VIIRS optical train consists of three components: The fore optics (an off-axis afocal three-mirror anastigmat, or TMA); the aft optics (an all reflective four-mirror anastigmat imager), and the back end optics, which include microlenses for the cooled focal planes. 
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Fig. 5. VIIRS SNR Margin

   The cryoradiator is thermally strapped to the dewar housing for operation at 80 K. This design simplifies the alignment of the two cooled focal plane arrays for the short-wave/mid-wave IR (SW/MWIR) and long-wave IR (LWIR) bands. The cryoradiator faces the anti-solar side of the NPOESS spacecraft. Figure 5 summarizes the signal-to-noise ratio (SNR) margin of the VIIRS spectral bands. 


The Focal Plane Interface Electronics (FPIE) carries signals from the FP arrays (FPAs) to the externally mounted Electronics Module (EM). The EM also synchronizes the rotating telescope and half-angle rotating mirror so as to image the scene onto the FPAs without image rotation. The EM also provides variable in-scan detector aggregation, data compression, processes operational and housekeeping data, and packetizes these data into the consultative committee on space data systems (CCSDS) format. The EM also communicates via a 1394a data bus with the spacecraft, to provide VIIRS operational data and telemetry, and to receive commands, spacecraft telemetry, and software uploads. Fault tolerant design enables long mission life (up to 8 years storage and 7 years operation).


VIIRS will fly an on-board calibration subsystem, which has a rich MODIS heritage. This is key to maintaining EOS/MODIS data continuity after Terra and Aqua.


The VIIRS high rate data (HRD), containing earth scene and calibration data, is stored on board for later transmission, while the medium rate data (MRD), a subset of the HRD, is continually broadcast to users with field terminals. Raw data received at the ground stations are known as raw data records (RDRs). Calibrated and geolocated RDRs are known as Sensor Data Records (SDRs). The Integrated Data Processing Segment (IDPS) converts the SDRs to EDRs.

 
EDRs range from the familiar cloud imagery and sea surface temperature products, to more advanced products such as ocean color, aerosol optical depth and particle size, vegetation indices, and ice characterization products. EDRs are distributed first to weather processing centers, and from there to users around the world. Through this architecture, VIIRS will improve support to both civil and military users, with more timely regional and global data, faster and in greater detail than ever before. 

V. VIIRS INSTRUMENT TECHNICAL PARAMETERS AND ANTICIPATED PERFORMANCE SUMMARY
   The 22 VIIRS bands are grouped into the panchromatic day/night band (DNB), plus three major band sets: There are 9 bands covering the visible and near-IR; 8 short to mid-wave IR; and 4 long-wave IR bands. Figure 5 summarizes the band set as well as the horizontal sample intervals (HSIs), the associated driving EDR for each band, typical radiance levels, predicted and required performance and margin.


 The VIIRS will scan the earth with a cross-track field of regard of ( 56 degrees at a nominal altitude of 833 km. This produces a ground swath width of 3029 km, which with two satellites ensures a revisit time of around 6 hours for most EDRs. Some EDRs have a required revisit time of 4 hours, which will be achieved by flying a third VIIRS in a terminator orbit. The telescope aperture is 19.1 cm, and has a focal length of 114 cm. The down track swath is 11.87 km, comprised of either 16 or 32 detectors, depending upon whether the band is of moderate or fine resolution. The scan period is 1.786 sec. These parameters produce a managed (using 2:1 Rice compression) high data rate of 10.8 Megabits per second (Mbps), and a scene dependent average of 6.7 Mbps. Figure 7 is the VIIRS variable aggregation scheme.

  The Day Night Band (DNB) provides a nearly constant contrast visible image as the VIIRS scans across the earth’s terminator from bright daylight into twilight into night. The DNB must accommodate a dynamic range of 45,000,000:1. This is achieved using 3 separate gain stages. The DNB provides a nearly constant ground sample distance of 742 km.
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Figure 6. The VIIRS Band Set and Anticipated Performance


VIIRS physical characteristics (e.g., volume, mass, and power) satisfy the current NPOESS spacecraft accommodation requirements. The 160 Kg mass is below the 200-Kg limit. The instrument has a stowed dimension of 65x129x138 cm (nadir, velocity, and antisolar axis respectively). Instrument average power is expected to be 134 W, with a peak power of 177 W.


A three stage Cryoradiator developed at Raytheon under their Independent Research and Development (IRAD) program will cool the four FPAs (two FPAs are on a common carrier at one focal plane). The cryoradiator radiating area is 61x91 cm and will provide cooling to 80 K with a heat load of almost 300 mW.
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Figure 7. The VIIRS Detector Aggregation Scheme


The VIIRS design process, driven by balancing EDR performance, risk and cost, and using heritage components and lessons learned from MODIS and SeaWiFS, has produced an affordable, modular instrument with superior performance for a “best-value” investment. This is reflected in Figure 8, which indicates how the VIIRS anticipated EDR performance will meet threshold requirements and approach objective levels. While VIIRS has only two-thirds of the bands that MODIS has, VIIRS satisfies most of the MODIS data product requirements. The requirements flowdown and Cost As an Independent Variable (CAIV) trades have resulted in a optimized design for both the operational and scientific users.
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Figure 8. VIIRS Summarized EDR Performance

VI. CONCLUSION

 The IPO and Raytheon have completed a highly successful three-year design effort, melding the diverse requirements of the military, civilian, and climate science user communities into a viable, affordable, high-performance sensor. VIIRS will meet operational and science needs well into the twenty-first century. 
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