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Abstract: The Suomi National Polar-orbiting Partnership (S-NPP) satellite, launched in October 2011,
initiated a series of the next-generation weather satellites for the National Oceanic and Atmospheric
Administration (NOAA) Joint Polar Satellite System (JPSS) program. The JPSS program at the
Center for Satellite Applications and Research (JSTAR) leads the development of the algorithms,
the calibration and validation of the products to meet the specified requirements, and long-term
science performance monitoring and maintenance. All of the S-NPP products have been validated
and are in successful operation. The recently launched JPSS-1 (renamed as NOAA-20) satellite is
producing high-quality data products that have been available from S-NPP, along with additional
products, as a direct result of the instrument upgrades and science improvements. This paper presents
an overview of the JPSS product suite, the performance metrics achieved for the S-NPP, and the
utilization of the products by NOAA stakeholders and user agencies worldwide. The status of
NOAA-20 science data products and ongoing calibration/validation (Cal/Val) efforts are discussed
for user awareness. In addition, operational implementation statuses of JPSS enterprise (multisensor
and multiplatform) science algorithms for product generation and science product reprocessing
efforts for the S-NPP mission are discussed.
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1. Introduction

The Joint Polar Satellite System (JPSS) is the National Oceanic and Atmospheric Administration’s
(NOAA) operational program that provides continuity of global environmental data from multiple
polar-orbiting satellites. The Suomi National Polar-orbiting Partnership (S-NPP) satellite, launched in
October 2011, was the first JPSS satellite and serves as the predecessor to the JPSS-1 satellite (renamed as
NOAA-20 after being handed over to NOAA for operations). NOAA-20 was launched on 18 November
2017. The S-NPP satellite, orbiting in a 1:30 AM/PM polar orbit, has been extremely successful in
operations for the last seven years and has produced an array of high-quality products in the areas of
atmospheric, land, ocean, and cryosphere data products. These products are built on measurements
from five major instruments: the Visible Infrared Imaging Radiometer Suite (VIIRS), the Cross-track
Infrared Sounder (CrIS), the Advanced Technology Microwave Sounder (ATMS), the Ozone Mapping
and Profiler Suite (OMPS) and Clouds and the Earth’s Radiant Energy System [1]. The NOAA-20
satellite is also in 1:30AM/PM orbit with a 50-min separation from the S-NPP orbit. NOAA-20 features
five similar instrument complements currently operating on S-NPP and provides continuity for the
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high-quality data products along with additional products as a direct result of instrument upgrades
and science improvements. The JPSS-2 and the Polar Follow-On (PFO) satellites (JPSS-3, JPSS-4) will
continue to host similar instrument complements for consistent long-term science products. The JPSS
program also supplements these datasets with long-term agreements with the European Organisation
for the Exploitation of Meteorological Satellites (EUMETSAT), the Japan Aerospace Exploration Agency
(JAXA), and other international agencies to provide increased temporal and spatial coverages and
types of satellite products. The JPSS constellation of polar-orbiting satellites provides a diverse set of
ultraviolet (UV), visible and near infrared (VIS/NIR), infrared (IR), and microwave (MW) sensors, as
well as essential observations for many important applications for operational weather forecasting,
environmental monitoring, and climate research.

The JPSS program at the center for SaTellite Applications and Research (JSTAR) led the
development and calibration/validation (Cal/Val) of JPSS science algorithms to generate a vast number
of products [2], which are operationally available to NOAA stakeholders and users worldwide through
NOAA Product Distribution and Access (PDA), Comprehensive Large Array-data Stewardship System
(CLASS, [3]), and Direct Broadcast (DB), respectively. JSTAR includes a large team of scientists and
engineers from government, academia, and industry. Details on the JPSS algorithms, performance,
team leads and members, and data product access are available at the JSTAR website [4].

The S-NPP products served as a gateway to introduce algorithm upgrades and mitigations
during the pre-launch phase of NOAA-20. As a result of the lessons learned through S-NPP product
operationalization, and based on pre-launch characterization of the NOAA-20 instruments, the JSTAR
teams developed necessary algorithm upgrades and mitigations to ensure NOAA-20 data product
readiness. The JSTAR teams also developed the NOAA-20 Cal/Val plans for use during the Early Orbit
Checkout (EOC), Intensive Cal/Val (ICV) and Long-Term Monitoring (LTM) phases for the NOAA-20
data products. The Integrated Calibration and Validation System (ICVS) and the Long-Term Monitoring
System (LTM) developed for S-NPP have been augmented on NOAA-20 for spacecraft/sensor health
and satellite product display /monitoring. The JSTAR teams are currently focusing on NOAA-20 data
product Cal/Val and performance evaluation. The generation and dissemination of the NOAA-20
satellite products follow the same protocols as the S-NPP.

One of the major strengths of polar-orbiting satellites is the collection of global observations
needed for the Numerical Weather Prediction (NWP) assimilation worldwide. CrIS and ATMS
observations are assimilated into NWP models on a routine basis and have been found to improve
5-7 day forecasts and hurricane track predictions [1]. In fact, 85% of all data assimilated into
forecast models are from infrared and microwave sounders on polar orbiting satellites contributing
to about 60% of forecast error reduction [5,6]. The availability of two down-link stations (Svalbard
and McMurdo) for NOAA-20 coupled with the implementation of Community Satellite Processing
Packages (CSPP, [7]) implemented at the DB network of stations enables improved latency for many
real-time applications [8]. The S-NPP and NOAA-20 satellite data products have been proven to
be invaluable over the data-sparse polar regions [9]. To complement these data products, the JPSS
Program Science Office has established the Proving Ground and Risk Reduction (PGRR) Program [10]
initiatives to address data needs for near-real-time (NRT) applications and retrospective evaluations
across NOAA line offices and other user agencies. The JSTAR teams have developed plans for an
enterprise algorithms approach for S-NPP and NOAA-20, as well as future mission data processing.
Enterprise algorithms use the same scientific methodology and software base to create the same
classification of product from differing input data (e.g., satellite, in situ, ancillary) [11]. The teams have
also made significant progress in the mission-long reprocessing of S-NPP data products generated
using the most mature algorithms to achieve long-term consistency of data product quality.

In this paper, we present an overview of the JPSS product suite, its validation results for the
SNPP products and science applications. We briefly introduce the status of NOAA-20 science products
and ongoing Cal/Val efforts. In addition, the operational implementation statuses of JPSS enterprise
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science algorithms for product generation and science product reprocessing efforts for the S-NPP
mission are discussed.

2. Science Data Products, Calibration/Validation, and Algorithm Management

2.1. Science Data Products

The JPSS data products include Temperature Data Records (TDRs), Sensor Data Records (SDRs),
and Environmental Data Records (EDRs). Raw Data Records (RDRs) refer to the raw data generated by
the sensors on the satellites. Science algorithms that perform calibration and geo-location are applied on
the RDRs to produce geo-located, radiometrically and spectrally calibrated radiances (or reflectance)
with annotated quality indicators to generate SDRs and TDRs. EDRs are geophysical parameters that are
derived by applying retrieval algorithms to the SDRs. EDRs provide global measurements of quantities,
such as temperature and moisture profiles, ozone and trace gases, aerosols, clouds, wind speeds, land
surface properties, snow and ice cover, sea surface temperature, ocean color, and other products.

Figure 1 shows a list of the JPSS TDR, SDR, and EDR operational products (hereafter referred to as
xDRs). The NESDIS operational EDR products derived from Global Change Observation Mission-Water
(GCOM-W)/JAXA are also part of the JPSS product suite. Based on the utility of these science data
products by customers and user community, ATMS TDRs, CrIS SDRs, and some of the VIIRS imagery
EDRs are prioritized as Key Performance Parameters (KPPs). The remaining are prioritized as priority 2,
3, and 4 products. Documents, such as the Algorithm Theoretical Basis Documents (ATBDs), Cal/ Val
Plans, algorithm requirements and status documents, user guides and other science documents related
to all of the SDR/EDR products are available at the JSTAR website [4]. The SDRs and imagery EDR
products identified as Mission Unique Products are produced at the Interface Data Processing Segment
(IDPS). The other EDRs are produced at the NOAA Data Exploitation (NDE) using enterprise algorithms.

JPSS Program Data Products
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EDRs. Ozone Total Column AP —Application Packet
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RDR - Raw Data Record
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OMPS-L @AP, @RDR TDR - Temperature Data Record
EDR - Environmental Data Record
ESPC - Environmental Satellte Processing Center
Notes: QO - Produds with Key Performance Parameters
AP, RDR for the JPS$S-2/3/4 Mission contingent on NASA manifest of the Radiation Budget Instrument (RBI) @ - Mission Unique Data Products
2Not applicable to JPSS-1; AP and RDR contingent on NASA manifest of OMPS-Limb on the JPSS-2/3/4 Mission
3All products contingent on the Global Change Observation Mission (GCOM) provided by the Japan Aerospace Exploration Agency
4Blended and Derived Produdt requirements are managed by the NOAA JPSS Program and spedcified in segment-level documentation January 2, 2018 JPSS-P
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Program Systems Engineering
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Figure 1. Sensor and Environmental Data (xDR) products from the S-NPP/NOAA-20/GCOM-W1
instruments suite.
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2.2. Science Data Products Calibration and Validation (Cal/Val)

For each JPSS satellite mission (S-NPP, NOAA-20, and future missions), the JSTAR SDR/EDR
Cal/Val activities are planned and executed for all Cal/Val phases: pre-launch, EOC, ICV, and LTM [2].
The major objective is to evaluate and ensure that the operational SDR/EDRs meet Beta, Provisional,
and Validated maturity requirements [4]. Beta maturity designates an early release product that is
minimally validated and may have significant errors. The beta product is made available to users
to gain familiarity with the data format. Provisional maturity indicates that the product is deemed
ready for operational evaluation. Versioning control commences as the product continues to undergo
improvements, and user participation in quality assurance is encouraged. Validated maturity occurs
when the product performance is well-defined over a range of representative conditions using a
widely distributed set of statistically robust independent measurements (from many locations and
time periods) representing global conditions. Each product’s Cal/Val maturity is determined by
validating the algorithm’s performance with truth data sets and comparing the performance with
the requirements. Details of various Cal/Val tasks for each xXDR product, as well as the roles and
responsibilities of team members are discussed in xDR-specific Cal/Val plan documents [4].

Product validation maturity reviews are performed by review panels comprised of JPSS Program
and Project Scientists, NOAA customers (National Weather Service, NWS; National Ocean Service,
NOS; National Marine Fisheries Service, NMFS; Office of Oceanic and Atmospheric Research,
OAR), external users, Low-earth Orbiting Working Group (LORWG) advisors, product development
managers, and the JSTAR program manager. Following the Cal/Val maturity science reviews presented
by the Cal/Val teams, the review board assesses the product performance, makes an overall assessment
of each algorithm, and approves the maturity status according to the criteria for Beta, Provisional, and
Validated Maturity. Currently, most S-NPP data products have passed the Cal/Val validation maturity
stage, and are in the LTM phase. The NOAA-20 data products are progressing through the Cal/Val
maturity according to the Cal/Val plans.

The next section provides comprehensive details of the S-NPP product performance. The preliminary
results of NOAA-20 product performance are discussed in Section 4.

3. Science Data Product Performance

The JSTAR science teams have performed Cal/Val for the S-NPP SDR and EDR products from the
four major instruments: VIIRS, CrIS, ATMS, and OMPS. The Cal/ Val efforts validating these products
have been published as a compendium of scientific papers by the Journal of Geophysical Research [12]
and as individual publications [13-17]. The wide variety of EDR products generated from the S-NPP
sensor suite have passed Validated maturity stage and have been proven to be very useful for many
atmosphere, land, ocean, and cryosphere applications. Most of the S-NPP EDR products have also
been migrated to enterprise algorithms and many of them are in operation at NDE. The following
sub-sections provide details of the S-NPP product performance evaluations and science applications for
each of the four S-NPP instruments. Product performance summarized in the tables are compiled from
the S-NPP/NOAA-20 product maturity review presentations, or from past years’ STAR JPSS Annual
Science Meeting presentations. These presentations are available online at the JSTAR website [4].

3.1. The Visible Infrared Imaging Radiometer Suite (VIIRS) Instrument and Science Data Products

The VIIRS instrument onboard the S-NPP/NOAA-20 satellites has transitioned much of the
capability of the experimental MODerate Resolution Imaging Spectroradiometer (MODIS) instrument
into the operational domain. The instrument offers a total of 21 (plus one Day Night Band, DNB [18])
bands with similar central wavelengths to MODIS [19] and similar radiometric accuracy [20-22].
The VIIRS instrument also provides better spatial resolution (375 m for the Imaging-resolution or I-band
and 750 m for Moderate-resolution or M-bands at nadir) and reduced variation over the 3000-km-wide



Remote Sens. 2019, 11, 698 5 of 31

swath. Furthermore, the availability of the DNB offers a wide variety of applications [23,24] and makes
the VIIRS JPSS products vital for long-term continuity with greater operational utility.

The S-NPP VIIRS instrument produces more than 20 EDR products and most of the data products
have been validated with various truth data sets and the product performances have been verified with
the Level-1 Requirement Document Supplement (L1RDS, [25]) requirements for progression through
the Beta, Provisional, and Validated Maturity stages. Table 1 summarizes the S-NPP VIIRS SDR
performance in meeting the Accuracy, Precision, and Uncertainty (APU) specifications [14,21,26,27].
A compendium of scientific papers published by the Remote Sensing journal (edited by Changyong
Cao, [28]) provides complete details of the VIIRS science data products and Cal/ Val assessments.

Table 1. S-NPP VIIRS SDR performance meeting the specifications.

Band Center Specification SNR (RSB & Performance
Wavelength (nm) DNB) NEDT (TEB) * (On-Orbit)
M1 412 316, 352 (LG,HG) 1045, 588
M2 445 409, 380 (LG HG) 1010, 572
M3 488 414, 416 (LG HG) 988, 628
M4 555 315, 362 (LG HG) 856, 534
M5 672 360, 242 (LG HG) 631, 336
M6 746 199 368
RSB M7 865 340, 215 (LG,HG) 631, 457
M8 1240 74 221
M9 1378 83 227
M10 1610 342 586
Mi1 2250 90 22
I1 640 119 214
2 865 150 264
I3 1610 6 149
M12 3700 0.396 0.12
M13 4050 0.107 0.04
Mi14 8550 0.091 0.06
TEB M15 10,763 0.07 0.03
Mi6 12,013 0.072 0.03
14 3740 25 0.4
I5 11,450 1.5 0.4
DNB DNB 700 6 >10

* Signal-to-noise ratios (SNR) or noise-equivalent Temperature Differences (NEDT) for Reflective Solar Bands (RSB),
and Thermal Emissive Bands (TEBs). Radiometric biases for the reflective solar bands are within 2% of MODIS
equivalent bands, after bias correction with extensive validation. For the thermal emissive bands, bias is within
0.1 K relative to CrIS on the same spacecraft.

The VIIRS SDRs and imagery EDR products designated as KPPs have been vital to the success of
the S-NPP/NOAA-20 missions. The imagery EDR products are comprised of five Imaging-resolution
or I-band (375 m resolution) products, six Moderate-resolution or M-band (750 m resolution) products,
and Near Constant Contrast (NCC) Imagery derived at 750 m resolution from the DNB sensor [29].
The Alaska region and other high-latitude regions benefit from overlapping swaths from adjacent
orbits, which enables the derivation of polar winds products and many cryosphere product composites.
VIIRS imagery applications in meteorological operations over the Alaska region are discussed in detail
by Don Hillger et al. [9]. In addition to the high-latitude applications, the VIIRS imagery products are
being used for nowcasting of severe weather, such as hurricanes and blizzards days in advance and for
assessing environmental hazards, such as droughts, floods, forest fires, poor air quality, and harmful
coastal waters [30]. Figure 2 shows the VIIRS imagery product and combined use of the infrared and
Day/Night band imageries. Moonlight provides a means of peering through cirrus clouds, which
are optically thin at visible light wavelengths. This enabled the VIIRS Day/Night band to detect low
cloud structures that revealed the true center of low-level circulation associated with Hurricane Flossie.
The DNB has been proved to be useful for many applications including tropical cyclone analysis and
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forecasting, night fire products, nighttime aerosol retrievals, mapping of city lights/power outage
detection, boat detections, and detection of airglow gravity waves, among other events [31-36].

Infrared Only + Day/Night Band

Apparent
Storm Center

Figure 2. Nocturnal Tropical Cyclone tracking using VIIRS IR and DNB band, as presented on S-NPP
VIIRS Imagery Validated Maturity Review by JSTAR Imagery EDR Team (Figure courtesy: Don
Hillger, NOAA)

In addition to the EDR imagery products, the VIIRS product suite contains a wide variety of
geophysical products (i.e., EDRs), include those for atmosphere (e.g., aerosol optical thickness, AOT;
aerosol detection products, ADP), land (e.g., variety of vegetation indices, VI; green vegetation fraction,
GVF,; land surface temperature, LST), ocean (e.g., sea surface temperature, SST; ocean color, OC),
and cryosphere (e.g., ice surface temperature, IST; sea ice thickness, concentration; snow fraction,
polar winds). Many of these products use the enterprise VIIRS cloud mask (ECM), which is based on
heritage from the Advanced Very High Resolution Radiometer (AVHRR) Pathfinder Atmospheres
Extended (PATMOS-x) and naive Bayesian approach [37,38]. The ECM has been applied to multiple
sensors (e.g., AVHRR, Geostationary Operational Environment Satellite, GOES-16 Advanced Baseline
Imager, ABI), and the cloud products have been tested against the Cloud-Aerosol LiDAR and Infrared
Pathfinder Satellite Observation (CALIPSO) and MODIS cloud mask (MYD25) products [39,40].
The primary output from the ECM is cloud probability, along with a 4-level cloud mask derived
solely from the cloud probability. In addition, the enterprise cloud algorithm uses a set of seven
algorithms to produce a full suite of cloud products, such as cloud phase/type, cloud top/base
height, cloud top temperature, cloud top pressure, cloud optical depths, particle sizes, and cloud
water path. The VIIRS ECM cloud products are provided to NWS Aviation Weather Center for global
monitoring of aviation hazards [41]. NOAA OAR uses the cloud-product information for model
verification over Polar Regions, and cloud height information is used in deriving polar atmospheric
motion vectors [42,43]. The ECM and cloud height are used in resolving some of the artifacts in the
CrIS clear radiance for NWP data assimilations [42,44]. Figure 3 shows an example of the VIIRS
daytime cloud-mask derived from the NOAA enterprise cloud product algorithm. The enterprise
cloud products performances are provided in Tables 2—4.
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Suomi NPP VIIRS Cloud Mask - Daytime
1July 2017

/1 '
Clear Clear Probably Probably Cloudy No Data 4 @
Water Land Clear Cloudy V

NOAA/NESDISISTAR

Figure 3. An example of VIIRS daytime cloud mask generated using the VIIRS enterprise cloud
algorithm (Figure Courtesy: Andy Heidinger, NOAA).

Table 2. S-NPP VIIRS cloud mask performance versus specifications *.

Ocean Snow-Free Land Desert Snow-Covered Land Sea Ice Antarctic and Greenland
Global 0.888 (0.87)
Day 0.95 (0.92) 0.912 (0.90) 0.864 (0.85) 0.896 (0.88) 0.908 (0.82) 0.741 (0.80)
Night  0.912 (0.90) 0.883 (0.88) 0.858 (0.85) 0.878 (0.85) 0.799 (0.72) 0.701 (0.70)

* Product performance and specification data (in parenthesis) summarized in the table are obtained from the
Enterprise Clouds Algorithms Readiness Review presented on 15 December 2015.

Table 3. S-NPP VIIRS cloud products performance (accuracy: magnitude of the mean measurement
errors; precision: the standard deviation of the measurement errors [27]).

Product Requirement Performance
Cloud Phase % correct classification data 80% >82.6%
Cloud Type % correct classification 60% >72.6%
Accuracy Precision Accuracy Precision
Cloud Base Height 2km 2 km 0.3 km 1.7 km
Cloud Optical Depth
Day, water 2 or 20% 3 or 30% 1.59/0.9% 4.43/25.7%
Day, ice 2 or 20% 3 or 30% 1.81/3.6% 5.02/31.1%
Night 30% 0.8 or 30% —0.12/7.3% 0.63
Cloud Particle Size
Water 4 pm 4 um 3.03 um 4.30 um

Ice 10 pm 10 pm 5.69 um 5.23 um
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Table 4. S-NPP VIIRS cloud top products performance.

Within the Specified Within the Specified

Product Type Bias STD Accuracy Precision
AllClouds —03km  1.26km 81.9% 82.3%
CTH;ISO}T Top Water —0.02km  0.80 km 90.7% 90.8%
8 Ice —087km  1.74km 64.5% 65.7%
AllClouds  1.65K 9.08 K 51.2% 36.3%
CTTEEC;f;irTeOP Water 051K 408K 70.4% 74.5%
P Ice 403K 12.02K 29.8% 24.2%
AllClouds —11.0hPa  95.7 hPa 80.9% 80.1%
CTP P_Clou‘i Top Water 88hPa  68.8hPa 89.6% 89.4%
ressure Ice —286hPa  111.6 hPa 73.2% 63.7%

A suite of land products (e.g., surface reflectance, VIIRS vegetation, surface albedo, land surface
temperature, surface type, and active fire products) is derived from the VIIRS instrument channels.
These products are used for a wide variety of applications, including land use management and
monitoring, ecosystem dynamics, atmospheric chemistry, human health, biomass burning emissions,
operational air quality forecasting, etc. [45-47]. All S-NPP land products have met the maturity
requirements (Table 5) and have been declared validated, and many have been transitioned to
enterprise algorithms for NDE operations.

Table 5. S-NPP VIIRS land products performance.

Product Requirement Performance
Global Gridded Surface Type % correct typing 70% 77.6 £0.6%
Accuracy Precision Accuracy Precision
Land Surface Temperature 14K 25K —0.08 K 226K
Surface Albedo 0.08 0.05 —0.005 0.05
Surface Albedo 0.08 0.05 —0.005 0.05
Surface Reflectance * 0.005 + 0.05p 0.005 + 0.05p —0.00560 0.00563
Green Vegetation Fraction **
Global 12% 15% 8% 8.4%
Regional 12% 15% 7.1% 7%
Vegetation Index
TOA NDVI 0.05 0.04 0.013 0.012
TOC NDVI 0.05 0.04 0.012 0.018
TOC EVI 0.05 0.04 0.020 0.011

* Surface Reflectance: better than 0.005 + 0.05p for M4, M5, M7, 11, 12, 13, M8, M10, M11, shown in table is the Band-5
performance; p denotes the retrieved surface reflectance; ** Green Vegetation Fraction: uncertainty requirement
17%; Product performance: 11.6% for global, and 10% for regional

Figure 4 gives a glimpse into the NDE enterprise Vegetation Product Suite (NVPS), which
includes a variety of VI products and the GVF product. The GVF product is used for monitoring
drought, vegetation health monitoring, crop conditions, and global food supply and demand [47].
The VIIRS VI products consist of the Normalized Difference Vegetation Index (NDVI) derived from
top-of-the-atmosphere (TOA) reflectances and the Enhanced Vegetation Index (EVI) derived from
atmospherically corrected, top-of-canopy (TOC) reflectances, NDVI from TOC reflectances (an additional
product from NOAA-20) [48]. The VIIRS VI and GVF algorithm performance has been evaluated
using MODIS products, along with 35 Flux Tower sites providing in situ data from Earth Observing
System (EOS) Land Validation Core sites. The GVF products have been validated with the EOS data
sets and Google Earth derived GVF [49]. Other land products are at various stages of operational
use in weather and climate forecasting systems (e.g., VIIRS GVF, GCOM Soil Moisture in National
Center for Environmental Prediction (NCEP) Land and Coupled Models, and High-Resolution Rapid
Refresh, HRRR models) and are used in crop forecasts generated by the United States Department of
Agriculture (USDA, e.g., Vegetation Health and GCOM Soil Moisture in the US Drought Monitor). The
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main requirement by the end users (e.g., Land Hydrology group) is to have consistent sets of land
products delivered on the same grid resolution (e.g., 1 km). Currently, the land product teams are
finalizing the technical details of a land product global gridding system that uses pixel-level granule
products and produces a consistent set of global gridded products at 1 km spatial resolution.

Weekly GVF, Global, 9-15 August 2016 Weekly GVF, Regional, August 9-15 August 2016

S

i-& P, . \i

adl

Biweekly TOC NDVI, Global, 9-24 August 2016 Biweekly TOC NDVI, Regional, 9-24 2016

0.0 0.05 0.1 0.135 0.2 0.25 0.3 0.35 04 0.45 0.3 0.6 0.7 0.8 0.9 1.0

Figure 4. Gridded VIIRS vegetation products. The NDE enterprise Vegetation Product Suite (NVPS)
includes a variety of Vegetation Index (VI) products and the GVF product. The product suite contains
daily, weekly and biweekly global and regional (North America) products at 4 km and at 1 km spatial
resolution, respectively (figure courtesy: Yunyue Yu, STAR VI/GVF team).
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A wide variety of ocean data products are derived from the VIIRS instrument. Figures 5 and 6
show two important ocean EDR products, the SST and the ocean color chlorophyll-a (OCC). The SST
product is derived using the Advanced Clear-Sky Processor for Ocean (ACSPO) SST algorithm [35,50,51].
The algorithm, a regression algorithm trained with in situ measurements, uses separate sets of VIIRS
channels for day and night and retrieves SST at every cloud-free VIIRS pixel. The algorithm produces
consistent products from the S-NPP VIIRS, the GOES instruments, as well as NOAA-20 and GOES-16
for many real-time applications. The team also produces a gridded product by mapping the SST EDR
product into equal 0.02° grid boxes. The gridded SST product shows comparable performance with
SST EDRs, and the product is used by several major international NWP centers. As shown in Figure 5,
the SST produced from GOES-16 (on the left panel) and from SNPP (on the right panel) using the same
ACSPO algorithm show consistent features between the two satellite platforms. Whereas the higher
temporal resolution of GOES-16 allows better coverage of SST for low and middle latitude, the S-NPP
allows global coverage including Polar Regions and higher spatial resolution. In addition to using JPSS
and GOES observations, the ACSPO system also brings in non-NOAA satellite SST products to produce
global 5 km blended SST products benefitting from both the higher spatial resolutions of polar satellite
data and the higher temporal resolution of geostationary satellite data [52].

The VIIRS Ocean Color (OC) products are generated using the NOAA Multi-Sensor Level 1
to Level 2 (MSL12) processing system [53,54] for both near real-time applications and for science
quality applications [55] for incorporation into longer time series needs such as the integrated
ecosystem approach for fisheries management applications [56]. The Ocean Color products from
JPSS VIIRS are also reprocessed for the best quality mission-long S-NPP OC products to benefit the
users worldwide. Figure 6 shows a five-year climatology of the global distribution of the chlorophyll
derived from the reprocessed OC products. Applications of JPSS ocean data products include the
use of VIIRS SST products for coral reef watch anomalies, hotspots, and bleaching area alerts [57],
and many of these products are distributed through the CoastWatch, OceanWatch, and PolarWatch
portals [52,58]. All S-NPP ocean data products have reached validated maturity and Table 6 shows the
APU specifications for these products.

ACSPO_V2.50L08
GOES—16/ABI
38T -

o Ceeds <
M’ SatZen<71 ] — = P :

SatZen<87° D

270.0 275.0 280.0 285.0 290.0 295.0 300.0 305.0 [K] 270.0 275.0 280.0 285.0 290.0 295.0 300.0 305.0 (K]

Figure 5. The ACSPO enterprise algorithm produces consistent results when applied on GOES-16 ABI
(left) and on the VIIRS (right) for nighttime composites in the same domain. Large areas are cloudy
during the S-NPP night overpass at 1:30 am on 29 July 2017; the GOES-16 ABI nighttime composite picks
up more clear areas due to the high temporal resolution (every 15 min). The VIIRS SST, on the other hand,
provides global coverage, including the polar regions. (Figure courtesy: Alex Ignatov, STAR SST team).
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Figure 6. S-NPP ocean color climatology Chl-a (2012-2016). In addition to (MSL12) OC processing
system NRT products (meeting latency requirements), the OC team also produces JPSS-VIIRS
reprocessed ocean-color products for the best quality mission-long S-NPP OC data products to benefit
users worldwide. (Figure courtesy: Menghua Wang, STAR OC team).

Table 6. S-NPP VIIRS ocean products performance.

Product Requirement Performance

Accuracy Precision Accuracy Precision

nLw(410) 10% 10% 1.0153 0.096

nLw(443) 10% 10% 1.0119 0.092

nLw(486) 10% 10% 1.0124 0.088

. nLw(551) 10% 10% 1.0098 0.135

nLw(671) 10% 10% 1.0045 0.498

Chl-a 30% 30% 1.0016 0.163

Day +0.20 0.60 +0.20 0.45

Sea Surface Temperature — \op +0.20 0.60 +0.15 0.35

The VIIRS Atmospheric composition products include aerosol products, namely, (1) the aerosol
optical depth (or aerosol optical thickness, AOD, AOT, quantitative measure of aerosol loading),
and (2) the aerosol detection product (ADP, qualitative information on the type of aerosol based
on MODIS algorithm) [59]. The AOD product from VIIRS is a pixel-level product at a very high
resolution. The JSTAR aerosol team has developed the NOAA enterprise processing system (EPS)
aerosol algorithm, which works for both S-NPP/JPSS and GOES-16. The EPS algorithm implemented
in NDE [60-63] requires observed spectral reflectances from a set of VIS and NIR bands and many
ancillary data sets. Unlike traditional retrieval algorithms, the AOD algorithm compares the VIIRS
observed spectral reflectances for selected VIS and NIR bands with reflectances calculated for a set of
AOD and aerosol models. The algorithm then selects the AOD and the aerosol model for which the
calculated reflectances best match the observed ones over dark and bright surfaces. The algorithm
computes actual exponents at two wavelengths to use as a proxy for the aerosol product itself. The
algorithm currently operational for S-NPP meets or exceeds the requirements and has shown improved
bias characteristics over the IDPS algorithm and retrieval of the AOD product over an expanded
measurement range, including bright surfaces in desert and semi-arid dry regions and over inland
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water bodies. Many user agencies are using the AOT products for applications, such as air-pollution
monitoring and as forecasting.

The ADP enterprise algorithm currently operating on a variety of instruments (S-NPP/NOAA-20
VIIRS, GOES-16 AB], etc.) identifies volcanic ash, dust, and smoke. The dust and smoke products
are based on enterprise algorithms while volcanic ash is a separate algorithm [64]. The volcanic ash
algorithm identifies pixels that have ash, and estimates ash height and ash loading using an optimal
estimation technique. The quality flag associated with volcanic ash detection is bundled with the ADP
product quality flags to identify ash. The ADP product shows about 85% and 92% probability of correct
detection for smoke and dust, good agreement with the Multi-angle Imaging SpectroRadiometer
(Figure 7), and meets the requirements. The ADP enterprise algorithm has been used to reprocess
S-NPP VIIRS 2013-2015 data sets to produce dust and smoke climatology. The team is also working on
variants of the aerosol products that can achieve a tradeoff between data consistency and data latency
in order to meet the demands of different users for different applications. Table 7 shows the product
performance for the AOD, ADP and Volcanic Ash product.

90°N

60N~ A

30°N

0

30°S

60°S

90°s : ;
180°W 120°% B50°F r 60°E 120°E 1BE  160°% 120°% 60°F [ 60°E 120°E 180°E

90°s

_— o eoe———
Ash Dust Smoke Sea Salt Undetermined None

Figure 7. The VIIRS Aerosol Detection Product (ADP) (left panel) is found to be in good agreement
with Multiangle Imaging Spectroradiometer (MISR) (right panel), with respect the location of dust and
smoke. The ADP enterprise algorithm is currently running on S-NPP (NDE) and meets the performance
requirements. (Figure courtesy: Shobha Kondragunta/Istvan Laszlo, STAR Aerosol team).

Table 7. S-NPP VIIRS atmosphere products performance.

Product Requirement Performance
Aerosol Detection (%)
% correct typing, smoke 80 84.7
% correct typic, dust 70 92.6
Accuracy Precision Accuracy Precision
Aerosol Optical Depth
Land: AOD < 0.8 0.06 0.15 0.01 0.05
Land: 0.1 < AOD < 0.8 0.05 0.25 —0.04 0.11
Land: AOD > 0.8 0.20 0.45 —0.19 0.34
Water: AOD < 0.3 0.08 0.15 0.02 0.04
Water: AOD > 0.3 0.15 0.35 —0.01 0.11
Aerosol Particle Size
550/860 um, ocean 0.3 0.6 0.07 0.39
865/1610 um, Ocean 0.3 0.6 —0.04 0.33
Volcanic Ash
Height 3km —1.91km 1.37 km

Mass loading 2 tons/km? 2.5 tons/km? 1.13 tons/km? 1.40 tons/km?
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The VIIRS active fire (AF) land product, used together with the aerosol products, has the
heritage of the MODIS Collection 4 version of the algorithm [46,65,66], and is an operational M-band
product at 750 m resolution identifying fire hot spots or cloudy conditions over either land or
water. The AF product also provides the fire radiative power (FRP), a proxy for the intensity of fire,
for each fire pixel. The NOAA JSTAR team is also evaluating an experimental /research AF product
at I/M-band 375 m resolution, and validation of this experimental product is planned via campaigns
of opportunities. Figure 8 shows an example of the AF products for the King Fire in CA in September
2014 with VIIRS fire product in the middle panel for 750 m resolution, the right panel for 375 m
resolution, and MODIS (1 km) fire product in the left panel. The VIIRS fire data product and the
MODIS fire data products show good agreement, and the higher spatial resolution VIIRS product
shows a higher number of detections, improved mapping capability, and the higher fidelity required
for near real-time alert systems.

The S-NPP NDE AF algorithm has been in operations since March 2016. The team is currently
optimizing the 375 m enterprise algorithm product, which combines the advantages of high spatial
resolution I-band data with the good radiometric signal of M-band for FRP. The aerosol products and
the AF products are used routinely for estimating bio-mass burning emissions and operational air
quality forecasting [67]. These products, such as the High-Resolution Rapid Refresh (HRRR) and the
blended Global Biomass Burning Emissions Product (GBBEPx) [68] are provided to many users with
imagery and integrated air quality analysis tools available through the Enhanced Infusing Satellite
Data into Environmental Applications (eIDEA) website [69], which blends polar and geostationary fire
hot spot data for real-time information.
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Figure 8. The VIIRS Active Fire Product (middle panel for 750 m and right panel for 375 m) and
comparison with MODIS (left panel) King Fire, CA /September 2014. This higher spatial resolution
VIIRS product shows higher number of detections, improved mapping capability, and higher fidelity
needed for near real-time alerts. (Figure courtesy: Ivan Csiszar, Schroeder, W, STAR Active Fire Team).

The VIIRS operational cryosphere products [70-73] include two snow products (binary snow
cover and snow fraction) and three ice products (ice surface temperature, ice concentration, and ice
thickness/age), as shown in Figure 9. The VIIRS polar winds product is also considered to be among
the cryosphere products. As part of JPSS, the GCOM Advanced Microwave Scanning Radiometer-2
(AMSR?) instrument (see Section 3.4) also provides three snow products (snow cover, snow depth,
and snow water equivalent) and two sea ice products (sea ice concentration and sea ice type). These
products are operational and meet accuracy and precision requirements (Table 8).
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Figure 9. The VIIRS Cryosphere products are all operationally produced from the S-NPP and meet
APU requirements. (Figure courtesy: Jeff Key, STAR Cryosphere team).

Table 8. S-NPP VIIRS cryosphere products performance.

Product Requirement Performance
Snow cover
Binary Map: % correct typing 90% 93-94%
Snow fraction: uncertainty 20% ~17%
Sea ice
Ice surface temperature: uncertainty 1K 09K
Ice concentration: uncertainty 10% 09K
Ice age: % correct typing 70% 8.9%
Accuracy Precision Accuracy Precision
Ice thickness 0.5m
VIIRS polar winds 75m/s 3.8m/s 5.79m/s 3.58m/s

In addition to the products overviewed in this paper, there are more VIIRS EDR products, and the
JSTAR website provides a complete description as well as evaluations.

3.2. The CrIS/ATMS Instruments and Science Data Products

The CrIS and the ATMS instruments provide IR and MW radiance products (SDRs) for
assimilation into NWP models and have shown considerable impact in reducing medium-range
forecast errors [1,74,75]. In addition to NWP model assimilations, radiance observations from the
CrlIS and ATMS are used individually and together in the sounding product retrieval algorithms to
derive a wide variety of surface and atmospheric sounding products (EDRs) for many atmospheric
applications. Many of these EDR products are ingested into the Advanced Weather Interactive
Processing System (AWIPS-2 [76]), and Weather Forecasting Offices (WFOs) nationwide utilize
these products for analyzing atmospheric instabilities, potential outbreaks of severe weather, and in
now-casting applications [77].
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The CrIS instrument aboard the S-NPP/NOAA-20 is a Fourier Transform Spectrometer (FTS)
instrument with channels in three bands covering longwave (LWIR, 650-1095 cm~!), midwave (MWIR,
1210-1750 cm 1), and shortwave (SWIR 2155-2550 cm 1) bands [78]. The instrument is similar to other
hyperspectral IR sounding instruments, such as the Infrared Atmospheric Sounding Interferometer
(IASI, [79]) and the Atmospheric Infrared Sounder (AIRS, [80,81]).

The Advanced Technology Microwave Sounder (ATMS) is a cross-track scanning passive
microwave radiometer used to retrieve atmospheric temperature and moisture profiles under clear
and cloudy conditions. The instrument has 22 channels spanning 23.8-183.3GHz and includes most
of the channels carried by the Advanced Microwave Sounding Unit (AMSU) and the Microwave
Humidity Sounder (MHS or similar instrument such as AMSU-B) instruments flown aboard earlier
NOAA polar-orbiting satellites. Details of the ATMS instrument, channel characteristics, calibration
and validation of the ATMS SDR products are discussed in detail by Weng et al [15,82].

Figure 10 summarizes ATMS SDR on-orbit NEDT performance and on-orbit biases computed
using the European Center for Medium Range Weather Forecasting (ECMWF) forecast/analysis fields.
Table 9 shows S-NPP CrIS Nominal Spectral Resolution (NSR) and Full Spectral Resolution (FSR) SDR
performance. Until 4 December 2014, the S-NPP CrIS instrument was operated at an NSR of 0.625, 1.25
and 2.5 cm ™! for LWIR, MWIR and SWIR bands, respectively. Since 4 December 2014, the S-NPP CrIS
instrument has been operating in FSR mode with a spectral resolution of 0.625 cm~! in all 3 bands,
as shown in Figure 11. The NOAA-20 CrIS instrument has been operating in FSR mode since the
beginning of the NOAA-20 mission, and the CrIS SDR processing algorithms for both S-NPP and
NOAA-20 have adapted the latest calibration algorithms, which contain major changes to the CrIS
calibration equation, self-anodization corrections, resampling matrices, and calibration filter [17].
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Figure 10. S-NPP ATMS SDR performance. The red and blue bars represent the NEDT on-orbit
performance versus the specification for the S-NPP ATMS instrument (left figure). The S-NPP ATMS
SDRs show smaller bias between the observed and calculated radiances using the CRTM (O-B) (red)
compared to the specifications (blue) (right figure). These figures indicate excellent on-orbit performance
of the ATMS instrument. Figures are obtained from 2016 JSTAR Annual Meeting team’s overview
presentation available at the JSTAR website [4]. (Figure courtesy: Quanhua Liu, STAR ATMS SDR team).
Table 9. S-NPP CrIS SDR performance *.
Product Band Spectral Number Spectral NEdN at 287 K Radiometric Frequency  Geolocation
Range of Resolution BB Uncertainty Uncertainty  Uncertainty
(em™1) Channels (em™1) mW/m?/st/cm~1 @287 K BB (%) (ppm) (km)
LW  650-1095 713 0.625 0.098 (0.14) 0.12 (0.45) 3 (10) 1.2 (1.5)
NSR MW  1210-1750 433 1.25 0.036 (0.06) 0.15 (0.58) 3(10) 1.2 (1.5)
SW  2155-2550 159 25 0.003 (0.007) 0.20 (0.77) 3(10) 1.2 (1.5)
Lw 650-1095 713 0.625 0.101 (0.14) 0.17 (0.45) 2(10) 0.25 (1.5)
FSR MW 1210-1750 865 0.625 0.0522 (0.084) 0.21 (0.58) 2(10) 0.25 (1.5)
SW  2155-2550 633 0.625 0.00741 (0.014) 0.28 (0.77) 2 (10) 0.25 (1.5)

* S-NPP CrIS SDR performance and specification (in parenthesis) summary.
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Figure 11. CrIS NSR/FSR. The full spectral resolution coupled with incredibly low noise in all three
bands enables high quality CO and other trace gas retrievals. (Figure courtesy: Flavio Iturbide-Sanchez,
STAR CrIS SDR team).

The availability of MW sounding instruments and the utility of the MW retrievals as the initial guess
for the hyper-spectral IR sounding retrievals have alleviated cloud-clearing and allowed generation of
high-quality geophysical products in scenes with up to 80% cloud cover [80,83]. Initial development
of the microwave-only and microwave/infrared sounding products for the JPSS mission were based
on pre-existing microwave/infrared sensor pairs, such as the AMSU-A and MHS paired with the IASI
instrument, and the AMSU-A instrument paired with the Aqua-AIRS instrument. Details of these
instruments and their channel characteristics have been described in many publications [69-71].

These developments led NOAA to define, develop, and operationalize two EDR operational
product development systems. The NOAA Unique Combined Atmospheric Processing System
(NUCAPS, [84]) uses hyper-spectral CrIS IR observations (aided by ATMS), while the Microwave
Integrated Retrieval System (MiRS, [85]) relies solely on ATMS observations.

3.2.1. The NUCAPS CrIS/ATMS EDR Products

The NUCAPS algorithm is built upon heritage from the Atmospheric Infrared Sounder (AIRS) science
team retrieval algorithm [83]. In addition to temperature, water vapor, and ozone products, the NUCAPS
system operationally produces several trace gas products (e.g., CO, CHy, CO,, Volcanic SO;) from the
CrIS/ATMS instruments. CrIS radiances are also used to produce near-real-time Outgoing Longwave
Radjiation (OLR) product. CrIS-derived OLR values are estimated as a weighted linear combination of
CrIS-adjusted “pseudo channel” radiances. The estimation of OLR on a near-real-time basis provides a
unique perspective for studying the variability of Earth’s current atmospheric radiation budget [86].

The CrIS instrument NSR/FSR observations have been applied to NUCAPS retrieval algorithm
to provide temperature, moisture, ozone profiles, and atmospheric trace gas profiles [84]. The full
spectral resolution coupled with low noise in all three bands enable high quality CO and other trace
gas retrievals [87]. The FSR observations allow discriminating very strong water lines in the MWIR
and this leads to better derivation of upper tropospheric humidity. The increased spectral resolution
also improves the calibration of the SWIR and improve temperature sounding, which, in turn, leads to
improved sounding products [88].

The NUCAPS algorithm has been adapted as an enterprise solution to work on S-NPP and
NOAA-20 CrIS/ATMS, AIRS/AMSU-A, and Meteorological Operational Satellite Program (MetOp)
Infrared Atmospheric sounder (IASIT)/ AMSU-A /AMSU-B instrument complements. The algorithm
has been evolved and evaluated over the years using the data from the hyper-spectral IR instruments
and using associated MW instruments. The temperature, water vapor, and ozone retrievals have been
validated for AIRS [89,90], IASI [91], and CrIS [92-95]. The CO derived from full resolution SNPP and
NOAA-20 CrlIS SDR has reached provisional maturity, while CO, and CH, remain at beta maturity [4].
Tables 10 and 11 show the S-NPP NUCAPS products performance for Temperature/Moisture Profiles
and for Trace Gases and OLR Products, respectively.
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Table 10. S-NPP NUCAPS temperature/moisture profile performance and requirements *.

Clear (Cloud < 50%) Cloudy (Cloud > 50%)
Temperature Profile Moisture Profile Temperature Profile Moisture Profile
Layer P(R)K Layer P (R) % Layer PR)K Layer P (R) %
1-30 1.5(1.5) 100-300 22.7 (35) 30-300 2.1(1.5) 100—400 39.8 (40)
30-300 1.1(1.5) 300-600 24.9 (35) 300-700 2.3 (1.5) 400-600 35.6 (40)
300-Surf 1.3 (1.6) 600-Surf 22.7 (20) 700-Surf 3.0 (2.5) 600-Surf (20)

* S-NPP NUCAPS temperature and moisture profile performance and requirements (in parenthesis) summary.

Table 11. S-NPP NUCAPS trace gases and OLR products performance.

Product Requirement Performance
Accuracy Precision Accuracy Precision
IR ozone profile (O3) *

4-260 hPa 10% 20% —1.8% 14.3%

260 hPA - surface 10% 20% —9.4% 21.2%

Carbon Monoxide (CO) +25% 35% 5.2% 5.5%
Carbon Dioxide (CO,) +1% (4 ppmv)  0.5% (2 ppmv)
Methane (CHy) +4% (80 ppbv) 1% (20 ppbv)

Outgoing Longwave Radiation 5 W/m? 12 W/m? 1.5 W/m? 5 W/m?

* Ozone: Uncertainty: 25% (Requirement); Performance: 18.9% (4-260 hPa); 23.2% (260 hPa-Surface).

Figure 12 comprises a suite of images from JPSS products; VIIRS Active Fire (a), VIIRS AOD
(b), as well as the CO derived from CrIS/NUCAPS at 500 mb (c) and 700 mb (d), over the severe
fires in California on 09 November 2018. The retrieved CO product from NUCAPS, while showing a
distribution consistent with the fire and smoke observed from VIIRS, also provides information about
the vertical distribution and transport of the CO over the downwind regions. NUCAPS Sounding EDRs
derived from various satellite missions (S-NPP and NOAA-20 CrIS/ATMS; Aqua-AIRS/AMSU-A;
MetOp-A, B, IASI/AMSU-A/AMSU-B) allow for inter-comparison of the products and enterprise
validations using common ground truth measurements [89,90,96], development of blended products
for consistent mission-agnostic data products, and establishment of future objective requirements.

() (d)

Figure 12. JPSS products captured severe California fire in November 2018: (a) VIIRS Active Fire;
(b) VIIRS AOD; (c) CrIS/NUCAPS CO at 500 mb; (d) CrIS/NUCAPS CO at 700 mb. (Figures from
JSTAR Mapper website https:/ /www.star.nesdis.noaa.gov/jpss/mapper).
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3.2.2. The MiRS "Microwave-Only” ATMS EDR Products

The MIRS processing system is a ‘microwave-only’ retrieval system based on a 1D variational and
physical retrieval algorithm using the Community Radiative Transfer Model (CRTM) as the forward
and adjoint operators [85]. The MiRS retrieval algorithm is designed as an enterprise processing
system and is applied operationally on several microwave sensors from many satellite platforms,
including the ATMS aboard the S-NPP/NOAA-20 satellites. The MiRS product suite includes a wide
variety of surface and atmosphere products, such as temperature, water vapor, clouds, rain rate, and
cryosphere products [97]. Recently, the MiRS team added snow fall rate (SFR, [98]) to the operational
list of products, and most of the MiRS products from the S-NPP ATMS have reached the validated
maturity stage, while the NOAA-20 MiRS products have passed through Beta and Provisional maturity
reviews. Figure 13 shows an example of the S-NPP ATMS-derived MIiRS total precipitable water
(left panel) compared with the ECMWF analysis fields (middle panel) with a correlation higher than
0.98, as shown in the corresponding scatter plot. Tables 12 and 13 provide the APU validation results
for the MiRS product suite.
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Figure 13. MiRS total precipitable water (upper left panel) compared to ECMWF analysis fields (upper
right panel). The scatter plot (lower panel) shows very good agreement with a correlation higher than
0.98 between MiRS retrieved and ECMWE TPW. (Figure courtesy: Quanhua Liu, STAR MiRS team).
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Table 12. S-NPP MiRS temperature/moisture profile performance *.

Product Sea Clear Sea Cloudy Land Clear/Cloudy
Terrllg ;e;‘iel\;ure Accuracy (K)  Precision (K)  Accuracy (K)  Precision (K)  Accuracy (K)  Precision (K)
100 hPa —0.2(0.2) 1.7 (2.0) 0.0 (0.8) 1.9 (2.0) —0.5(0.5) 1.5 (2.0)
300 hPa 0.6 (0.5) 1.5 (2.0) 0.4 (0.8) 1.9 (2.5) 0.8 (0.8) 1.7 (2.0)
500 hPa —0.5(0.2) 1.1 (2.0) —0.5(0.6) 1.4 (2.0) 0.0 (0.2) 1.5(2.5)
900 hPa 0.2 (1.5) 1.9 (3.0) 0.6 (2.0) 2.1(3.0) —0.8 (2.5) 2.6 (5.5)
Wa;ii);flaep or Accuracy (%)  Precision (%)  Accuracy (%)  Precision (%)  Accuracy (%)  Precision (%)
400 hPa 0 (30) 45 (60) 0 (30) 55 (60) 7 (30) 45 (60)
500 hPa 2 (20) 40 (60) 2 (20) 42 (65) 2 (10) 35 (60)
700 hPa 4 (20) 30 (50) 2 (10) 32 (60) 5 (10) 30 (50)
900 hPa 0 (20) 15 (30) 0(20) 18 (30) 5 (20) 25 (50)
700 hPa 4 (20) 30 (50) 2 (10) 32 (60) 5(10) 30 (50)
900 hPa 0 (20) 15 (30) 0(20) 18 (30) 5 (20) 25 (50)

* MiRS temperature and water vapor profile performance and requirements (shown in parenthesis) summary.

Table 13. S-NPP MiRS products performance.

Product Requirement Performance
Snow cover
Probability of detection (%) 80 54
Snowfall detection
Probability of detection 40 51
Accuracy Precision Accuracy Precision
Snowfall rate (mm/h) 0.3 1.0 0.06
Snow water equivalent (cm) 3.0 6.0 —-1.2-2.0 2.1-4.2
Sea ice concentration (%) 10 25 2-10 10-20
Cloud liquid water (mm) 0.03 0.08 0.003-0.009 0.07
Land surface emissivity (%)
23.8 GHz 2.0 3.0 0.0-0.4 2.0-2.3
50.3 GHz 15 3.0 0.1-0.6 2.7-3.0
165.5 GHz 15 4.0 0.1-0.7 3.0-3.8
Land surface temperature * 4K 7K —-1.84K 526K
Total precipitable water (mm)
Sea clear 1.5 2.5 1.3 1.8
Sea cloudy 0.5 2.5 0.2 1.9
Sea-ice clear/cloudy 2.0 2.0 —0.5 1.6
Land clear /cloudy 2.5 5.5 —0.5 4.8
Snow clear/cloudy 0.5 2.0 —-0.2 0.8
Rainfall rate (mm/h)
Sea 0.10 1.0 0.08 1.0
Land 0.05 15 0.01 0.8

* LST performance uncertainty and requirement (shown in parenthesis): 5.58 (8.0) K.

3.3. The Ozone Mapping and Profiler Suite (OMPS) Instrument and Science Data Products

The S-NPP OMPS has three instruments, the Nadir Mapper (OMPS-NM), Nadir Profiler
(OMPS-NP), and Limb Profiler (OMPS-LP) that measures scattered solar UV and visible radiance
to derive three dimensional distributions of ozone and other atmospheric constituents for daily
monitoring. The OMPS Version 8 algorithms for Total Ozone (V8TOz from OMPS-NM) and Ozone
Profile (V8Pro from OMPS-NP) have the heritage of the Solar Backscatter Ultra Violet (SBUV)
algorithms [99]. The OMPS-LP ozone product algorithm is based on a scattering retrieval technique
used for the Shuttle Ozone Limb Sounding experiment [100]. The NM instrument provides total
column ozone (TC), UV absorbing aerosol index (UVAI), and total column SO, at 50 x 50 km?
horizontal resolution at nadir from S-NPP with 2% accuracy. Starting with NOAA-20, these products
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will be produced at 17 x 17 km? resolution at nadir. The NP instrument produces middle and
upper stratosphere ozone profiles in the orbital track at 250 x 250 km? (50 x 250 km? from
NOAA-20) resolution with 5% accuracy and 5 to 10 km vertical resolution in the middle and upper
stratosphere. The Limb Profiler (LP) currently on S-NPP (and in the future on JPSS-2) provides a
high vertical resolution stratospheric ozone product at 5% accuracy and 3 km vertical resolution in
the stratosphere. The OMPS-NM total column ozone products have been compared with similar
products from ground-based and satellite-based instruments [101], as shown by the comparisons
between S-NPP OMPS-NM (NOAA Version 8 algorithm), MetOp-A /B Global Ozone Monitoring
Experiment-2 (GOME-2, NOAA Version 8 algorithm), and NASA EOS Aura Ozone Monitoring
Instrument (OMI, NASA Version 8.6 algorithm) in Figure 14. The JSTAR ozone teams currently
produce daily-, global- and regional-scale TC, UVAI and SO, products and support UV index forecasts
and hazard warning systems in place of OMI (SO;) [102]. The NCEP uses OMPS EDR products
towards (i) continuation of the long-term climate data record and climate monitoring that began
with the SBUV/2, (ii) near real-time monitoring of the ozone hole, and (iii) UV index forecasts
and for stratospheric intrusion/monitoring forecasts. Figure 15 shows an example of the UV index
forecast product produced from the S-NPP OMPS observations [103]. Some research products include
total column and tropospheric NO, (from NM), the Mg II index product, which is of interest with
respect to solar activity (from NP), and stratospheric aerosol profiles derived from the LP, which help
map out stratospheric aerosol loading due to natural eruptions. Table 14 shows the S-NPP OMPS
SDR performance.

/8 Total Ozone for 2015060 Metop_B GOME—2 Total Ozone for 2C

Figure 14. OMPS total column ozone products (in Dobson Units) from MetOp-B GOME-2 (NOAA
Version 8 algorithm), NASA EOS Aura OMI (NASA Version 8.6 algorithm) and S-NPP OMPS-NM
(NOAA Version 8 algorithm) for 1 June 2015. (Figure courtesy: Lawrence E Flynn, STAR OMPS
Ozone team).
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Figure 15. UV index forecast product (18 November 2016) utilizing S-NPP OMPS observations. (Figure
courtesy: Craig Long, NWS).

Table 14. S-NPP OMPS SDR performance.

Attrib OMP-NM OMPS-NP
tribute LIRDS Performan LIRDS Performance
Thresholds ce Thresholds ¢
Non-linearity accuracy <0.2% <0.2% <0.2% <0.2%
SNR 1000 >1000 45-400 channel >1000
dependent
Straylight Out-of-band and Out-of-Field <% <% <% <%
response
Orbital thermal wavelength shift 0.02 nm ~0.006 nm 0.02 nm ~0.006 nm
Absolute irradiance calibration accuracy <7% <7% for most <7% <7% for most
channels channels
Absolute radiance calibration accuracy <8% <8% <8% <8%
Albedo calibration accuracy <2% <2% For most <2% <2% For most
channels channels

3.4. The GCOM-AMSR?2 Instrument and Science Data Products

The GCOM AMSR? instrument is a dual-polarized, conical scanning, passive microwave
radiometer and provides a variety of products exploiting the availability of dual-polarized
measurements with central frequencies at 6.925, 10.65, 18.7, 23.8, 36.5, and 89.0 GHz. AMSR?2 provides
data continuity with several enhancements for the AMSR for Earth Observing System (AMSR-E) on
NASA’s Aqua satellite [104]. Under the collaborative agreements between the JPSS and the JAXA
Program, the IDPS processing system generates RDRs from G-COM data received in real time through
Svalbard. The NDE operational system generates G-COM AMSR?2 Level-1 data sets (equivalent to
SDRs) using the software provided by JAXA and derives a variety of Level-1 and Level-2 products
that include: calibrated microwave brightness temperatures, total precipitable water, cloud liquid
water, precipitation type/rate, sea surface temperature, and sea surface wind speed [105]. Some of
these products serve as standalone AMSR?2 baseline products, while others are blended products
with a multitude of sensors (e.g., ATMS) [106]. The baseline suite of products from AMSR2 includes
cloud properties, rain rate, soil moisture, and snow and ice products (Table 15). Examples of blended
products include total precipitable water and rain rate. The processing systems of MIRS, Interactive
Multisensor Snow and Ice Mapping System (IMS), and Soil Moisture Operational Product System
(SMOPS) produce these hydrological products and use enterprise solutions to derive products from
JPSS ATMS, GCOM-AMSR2, and other instrument complements. Some JPSS hydrological products
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have been utilized in Earth system modeling and data assimilation, such as snow cover and soil
moisture [107].

Table 15. GCOM-AMSR2 products performance.

Product Requirement Performance
Cloud Liquid Water
Uncertainty (over ocean) 0.05 mm 0.03-0.09 mm
Accuracy 0.01 mm 0.01 mm
Total Precipitable Water
Uncertainty 2 mm or 10% 1.0-1.8 mm
Accuracy 1 mm 0.1-0.7 mm
Precipitation (type/rate)
Precision 0.05 mm/h 0.0l mm/h
Uncertainty, over ocean 2mm/h 1.2-1.4mm/h
Uncertainty, over land 5mm/h 3.1-3.6 mm/h
Sea surface temperature
Uncertainty 1.0K 0.5-0.7K
Accuracy 05K 0.1-02K
Sea surface wind speed
Uncertainty 2.0m/s or 10% 0.9-1.5m/s
Accuracy 0.5m/s 0.1-0.3m/s
Sea ice
Ice concentration, uncertainty 10% 3.9% NH; 4.4% SH
Ice type, % correct typing 70% 80-90%, Arctic winter
Snow
Snow depth, uncertainty 20 cm 15-22 cm
Snow cover, % correct typing 80% 72-97%
Snow water equivalent
Uncertainty 50-70% 20-22%
Soil moisture
Uncertainty 6% 5%

4. NOAA-20 Algorithm Upgrades and Science Data Products

Launched on 18 November 2017 with a 50-min separation from the S-NPP orbit, NOAA-20
carries aboard it the same instrument complements currently operating on S-NPP. This provides both
continuity of the existing high-quality data products currently produced through S-NPP, and additional
products as a direct result of the instrument upgrades and science improvements. Feedback from S-NPP
product development, Cal/Val, maturity reviews, and user communities has allowed the JSTAR teams
to realize a large number of science improvements and upgrades for both existing S-NPP algorithms
and many new products. Some of these science improvements and upgrades have already been
implemented as part of S-NPP product upgrades. In addition to the science improvements, the JSTAR
teams developed necessary algorithm upgrades and mitigations prior to the NOAA-20 launch based
on pre-launch characterizations of the instruments. During the pre-launch phase, the JSTAR teams
facilitated performance analysis of pre-launch test data, such as instrument configuration parameters
(or calibration LUTs), improvements and refinements to mitigate instrument waivers. The JSTAR
teams also verified NOAA-20 science algorithm developments related to instrument upgrades using
proxy data sets derived from S-NPP and NOAA-20 pre-launch test data sets. All NOAA-20 SDR
pre-launch product algorithms were implemented in the IDPS, and most of the EDR algorithms have
been migrated to enterprise algorithms for operationalization in NDE.

Following the launch of the NOAA-20 satellite, various testing activities have allowed the JSTAR
teams to successfully monitor, evaluate, and quantify changes from the pre-launch versions of the
NOAA-20 science datasets (e.g., radiometric, spectral, and geometric changes). The JSTAR teams
accomplished most of the first 90 day planned science activities to achieve Beta and Provisional
Maturity for NOAA-20 KPP products using on-orbit performance and calibration data and after
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accommodating post-launch fixes and updates to calibrate LUTs. All NOAA-20 KPPs (SDRs and
imagery products) were declared to have Beta maturity as of 25 January 2018, Provisional maturity as
of 16 February 2018, and Validated maturity as of October 2018. NOAA NESDIS promoted all of these
SDR products into operation after attaining provisional maturity status. The science teams adapted
S-NPP EDR validated maturity algorithms for NOAA-20 and updated the algorithms with the other
specific NOAA-20 sensor characteristics to define the NOAA-20 EDR product algorithms. The JSTAR
teams initiated the execution of Cal/Val plans and schedules for all of the EDR products.

Figure 16 shows the expedited schedule of the Cal/Val and product validated maturity
for NOAA-20 SDR/EDR products. Following the lessons learned through S-NPP product
maturity, adapting Cal/Val tools developed during S-NPP Cal/Val process to NOAA-20, and
methodologies optimized in collecting the in situ measurements, the teams are expediting the
NOAA-20 validated maturity.

“Algorithm Cal/Val Timeline (Launch/Activation + Months)
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Figure 16. NOAA-20 validated maturity projections. The red (for S-NPP) and green (for NOAA-20)
bars depict validated maturity timelines (Launch/Activation + Months). The lessons learned
through S-NPP product maturity, adapting some of the Cal/Val tools developed through S-NPP,
methodologies optimized in collecting the in situ measurements are helping to expedite the NOAA-20
validated maturity.

5. Quality Assurance and Product Quality Monitoring

To ensure efficient research-to-operation transitions for science product algorithm updates, the
JSTAR Program has implemented Quality Assurance (QA) procedures. The QA procedures [2]
implemented and time-tested through S-NPP product development, operations, and reactive
maintenance phases have been augmented for NOAA-20 to achieve efficient end-to-end product
life-cycle operations. As part of the quality assurance and users engagement, JSTAR teams continue to
update the website [4] with detailed information on the JPSS instruments, science data products and
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documents, product maturity status, long term validation, and science monitoring of SSNPP/NOAA-20
SDR/EDR products.

For JPSS product quality monitoring, the JSTAR teams have implemented two
performance-monitoring systems for the S-NPP/NOAA-20, namely, the ICVS [108] and the
EDR LTM [109] monitoring systems. The ICVS is a web-based system for continuously monitoring
the sensors’ performance and the associated data product quality. The JSTAR science teams, as
well as Common Ground System and flight teams, have used ICVS for many corrective actions and
long-term sustainment of S-NPP/NOAA-20 products. Similar to the ICVS, the EDR LTM integrates
science product monitoring and routine validations to aid the operational users and product scientists
in monitoring the EDR product quality in near real time routinely, as well as on a long-term basis.
The LTM system currently allows users to visualize satellite EDR products from the Suomi NPP
and other domestic and international polar-orbiting satellite constellations through a searchable
interface to easily access data, products and plots by date, type, and other sorting parameters.
Ongoing improvements to the LTM include maps of quality flags, inter-comparisons of products from
similar satellite instrument complements from an array of polar orbiting satellites, and overlays of
products useful for many user-applications. The JSTAR-Mapper [110] is the latest addition to the
LTM, which provides synergistic use of data products in identifying and analyzing near-real time
event-based applications.

6. Reprocessing and Enterprise Algorithms

One of the major objectives of the JSTAR teams is to provide consistent long-term high-quality
data products derived from four instruments on S-NPP. In the process of achieving Beta, Provisional,
and Validated maturity stages, the science teams have implemented periodic updates of algorithms
(e.g., fixing shortfalls through processing coefficient table (PCT) updates, improvements to quality
flags, and performing mitigations to instrument sensor/channel mal-functions) for real-time product
generation. Consequently, although the product accuracy and precision are improved in meeting
the requirements for various maturity stages, the operational stream of data products may have
varying characteristics, and the science teams recognized the need for science quality reprocessing
to remove artifacts and to reduce biases. Based on the recommendations received from NOAA
stakeholders and user communities through reprocessing, enterprise algorithm workshops, and
STAR Annual Science Team Meetings [4], the JSTAR science teams have updated the SDR algorithms
and calibration input parameters with the validated maturity algorithm codes and reprocessed the
SDR products for the S-NPP mission. The reprocessed SDR products are currently hosted on the
Cooperative Institute for Climate & Satellites (CICS) servers [111] and are going through final quality
checks and verification. Meanwhile, the JSTAR science teams have implemented most of the EDR
enterprise algorithms at NDE. Since the EDR products are impacted both by upstream SDR product
changes as well as EDR algorithm changes (through various maturity stages), the teams are currently
working on S-NPP EDR reprocessing using the reprocessed SDRs and NDE operational versions of
the enterprise EDR algorithms to generate mission-long consistent EDR products. This will ensure
long-term consistency of data product quality and enable users to utilize the high-quality products
retroactively to evaluate impacts on user applications and prepare the necessary infrastructure to use
the near-real time products.

7. Near Real Time Weather Prediction Applications, User Connectivity Initiatives

7.1. JPSS Data in Numeric Weather Prediction (NWP) Assimilations

The S-NPP ATMS radiances and CrIS FSR data sets are routinely accessed and assimilated by
NWP centers worldwide, and forecast experiments conducted with the assimilation of these radiances
have shown a positive impact [5]. Following the operational systems development starting with
AIRS near-real-time processing using NUCAPS [112], NWP centers worldwide have accessed several
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hyperspectral radiance products, such as the thinned radiance data sets, principal component scores,
and cloud-cleared radiances, etc. The NUCAPS enterprise processing system that runs on Aqua-AIRS,
MetOp-A/B-IAS], and S-NPP/NOAA-20 CrIS instruments provide the retrieval products to the
forecast users. The NOAA NWS, the ECMWEF, and many other operational agencies worldwide
assimilate these radiances into their NWP models. Forecast Sensitivity Observation Impact (FSOI)
experiments conducted by Jung et. al. [44] with CrIS data assimilation into the Global Forecasting
System (GFS) show that utilizing 104 FSR channels from the new channel selection and adjusting
assimilation weights has improved the CrIS ranking from 9th to 5th of the total moist energy norm
computed from the Global Data Assimilation System (GDAS) ensembles.

7.2. PGRR and NRT Applications and User Connectivity Initiatives

The PGRR science program initiated at the beginning of the JPSS program has been providing
vital program functions on (i) addressing data needs across NOAA line offices (e.g., NWS, NMFS,
OAR, etc.) and other agencies, (ii) identification of requirements and prioritization via the LORWG, (iii)
fostering algorithm development for high-quality data products, Cal/Val, publications, reprocessing
and enterprise solutions, and (iv) overseeing deliveries of software packages to operations and CSPP
DB services. A wide number of PGI and near-real-time applications are ongoing in Atmospheric
Chemistry, River Ice and Flooding, Fire and Smoke, Soundings, Data Assimilation, Imagery/Now
casting, Ocean/Coastal applications, Hydrology, Arctic, and Land data assimilations, and details on
these activities are published through JPSS Science Seminar Annual Digest publications [113].

8. Summary and Conclusions

The S-NPP satellite has been extremely successful in operations for the last seven years and has
produced an array of very high quality atmospheric, land, ocean, and cryosphere data products.
The recently launched NOAA-20 is producing high quality data products currently provided
through S-NPP, along with additional products as a direct result of the instrument upgrades and
science improvements. All of the S-NPP data products have passed through the Cal/Val validated
maturity stage, and the products are now at the long-term monitoring and reactive maintenance
phase. The NOAA-20 KPP products have all reached validated maturity status as of October 2018.
The NOAA-20 EDR products are currently at the Beta/Provisional maturity stages, and most EDRs had
reached provisional maturity stage by the end of 2018. The S-NPP/NOAA-20 satellite data products
are disseminated through the NOAA’s PDA and CLASS systems for NOAA stakeholders and user
agencies worldwide. Progress on using S-NPP products in NWP assimilations worldwide, in support
of observing and predicting key weather phenomena (e.g., hurricanes, blizzards), and for event-based
applications (e.g., flash floods, volcanic ash, wildfires, etc.), have shown remarkable success. The ability
to derive JPSS products regionally at a much higher latency through DB networks using CSPP has
been extremely fruitful for many real-time applications. The JPSS-2 and follow-on satellites (JPSS-3,
4) with similar instruments and consistent science products produced from the JPSS constellation
provide users with the opportunity to transition from the aging legacy NOAA POES and EOS Aqua
and Terra satellites products and keep-up with continuity and connectivity for coordinated science
experiments. Commitments and collaborative agreements between the JPSS Program, EUMETSAT,
and JAXA are leading to a wide variety of enterprise algorithm solutions for consistent data product
generation, demonstration of blended product generation and application, and operationalization
towards mission-agnostic data products leading to measurement-based approach. The JSTAR Program
will continue the development/improvement of algorithms for both S-NPP and NOAA-20, as well as
future JPSS missions. The team is also actively engaged in implementing the enterprise algorithms
and in reprocessing the S-NPP SDR/EDR data products with the most mature, validated algorithms
towards the generation and archival of science quality data products to advance satellite research and
applications. Finally, through the ICVS, EDR-LTM, and JPSS Mapper websites, JSTAR provides much
needed real-time product display and evaluations, along with numerous documents and webpage
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links on S-NPP/NOAA-20 products, ATBDs, maturity reviews, meeting minutes of JSTAR Annual
Science Team Meetings and coordinated efforts with NOAA stakeholders and user communities.
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