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1. Introduction

This document describes the science baseline for GOES-R product generation. The purpose of the document is to provide information concerning the theoretical basis for generation of the GOES-R products. This information is used to assess product performance risk. The products addressed in this document include all GOES-R environmental products including those produced with observations from GOES Lighting Mapper (GLM), Advanced Baseline Imager (ABI), the GOES-R Sounder, the Solar Imaging Suite (SIS), and the Space Environment In-Situ Suite (SEISS). Currently the architecture for GOES-R is undergoing a study to investigate options for a system with and without a sounder. Furthermore, the option with the sounder has been scaled back considerably relative to the original baseline that included the Hyperspectral Environmental Suite (HES). This change to the system architecture has resulted in degraded performance relative to the original baseline for a number of products. The discussion of the theoretical basis for product generation includes all Alternative 1 and 2 products. However, the performance evaluation is currently limited to Alternative 1 requirements.

2. Reference Documents

2.1. Government Documents

This report is based on the data product requirements for GOES-R as given in the following documents.

· NOAA’s Mission Requirements Document 2B Prime (MRD2B’final) for the GOES-R Series (FINAL), Version 2.9, April 13, 2006, and associated appendices.

· Technical Direction – TD-B022-2006, Product Impacts for SCR Alternatives, October 12, 2006.

· Technical Direction – TD-B023-2006, Temporal Refresh, October 13, 2006.

· GOES-R Program Requirements Document (GPRD), Version 1 for the Follow-on Geostationary Operational Satellite System (GOES-R Series), June 14, 2004

The requirements specified in MRD2B’final are adopted as the basis for this report except where supplanted by those specified in TD-B022-2006. TD-B022-2006 introduced changes to the product requirements to address two alternative architectures. First, Alternative Architecture 1 (AA1), reflected changes introduced for a system that omits the HES multi-spectral sounder and coastal waters imager. Second, Alternative Architecture 2 (AA2), reflected changes introduced for a system that replaces the HES instrument with a heritage-like Sounder. These two alternatives resulted in requirements changes including the deletion of some products and the degradation of threshold performance for others. The second document, TD-B0223-2006, addressed the issue of products with threshold refresh times longer than the instrument refresh times, that are exempt from the MRD requirement to generate products whenever new data is available (MRD 6954). The option to generate clear-scene composite product based on the data acquired during the product refresh times was identified as trade study to be reported at SCR. Finally the information provided in the GPRD includes product definitions, not included in the MRD. These definitions are used as guidance to better understand the content of each of the environmental products.

2.2. Internal Documents

A review of the GOES-R product descriptions was provided in the Environmental Products Requirements Analysis report. This report discussed issues related to the product content as implied by the MRD requirements and by the GPRD definitions. The document also explicitly identified where operating restrictions related to cloud coverage, time of day, and surface type might apply. 

· GOES-R Environmental Products Requirements Analysis, Version 1.0, Mar 7, 2006

The GOES-R Product Generation Specification describes a model for GOES-R environmental product generation. The purpose of the document is to provide information concerning the processing requirements for GOES-R algorithms in order to support design and sizing of the ground processing system

· GOES-R Product Generation Specification, Version 1, SCR, Dec 2006

3. Algorithm Descriptions

This section addresses the theoretical basis for all GOES-R products (Alternatives 1 and 2). The requirement specification for these products is summarized in the tables included in Section 4: Product TBX and Performance Evaluation.

3.1. Aerosol Products

3.1.1. Aerosol Detection

The Aerosol Detection product identifies and classifies the presence of dust/sand or smoke suspended in the atmosphere. The algorithm for the detection uses spectral signatures in the VIS-NIR-SWIR (ABI 0.47, 0.64, 0.86, 1.61, 2.26 m) and IR regions (ABI 11.2 and 12.3 um) to discriminate between the different suspended matter types and from clouds. This general approach has heritage with current observing systems (including GOES, AVHRR, SeaWIFS, and MODIS). Smoke detection is based on reflectance bands and restricted to daytime conditions. The effect of smoke on the measured radiance decreases with wavelength as (-1 to (-2 and is the basis for the algorithm (Kaufman et al 1997). IR bands are used for cloud discrimination. Derived product inputs could include the Cloud Mask and Fire Detection mask.

3.1.2. Aerosol Optical Depth and Particle Size

The Suspended Matter product is defined in the GPRD as a detection product. In the MRD the product is labeled Suspended Matter/Optical depth. We assume the product is the optical depth; there is already a detection product. The Aerosol Particle Size product is defined as the effective radius and variance for a bimodal size distribution, one for each mode. The effective radius is defined as the ratio of the third and second moments of the size distribution. The effective variance characterizes the width of the size distribution.

Aerosol optical depths and particle sizes are retrieved using visible/near-IR channels. The retrieval accuracy is a function of the surface reflection of the under laying surface. The heritage GOES algorithm only retrieves optical depth using a single visible channel. The MODIS and VIIRS algorithms both us multiple channels and retrieve both optical depth and particle size.

The MODIS retrieval algorithms use reflected solar radiation to retrieve both optical depth and particle size. The optical depth is reported at 0.55 m, while the particle size is defined by the aerosol model (models) chosen in the retrieval. The algorithm has both a land and ocean component. Coasts are lumped in with land with the expectation that the retrieval is degraded. For either land or ocean, the measured reflectance is corrected for atmospheric absorption and scattering by non-aerosols. This requires input water vapor and ozone profiles. 

The MODIS land algorithm uses channels at 0.47, 0.66 and 2.13 m. The retrieval is performed using the 0.47 and 0.66 m channels while the 2.13 m channel is used to estimate the surface reflection in the other two channels. The retrieval algorithm compares calculated reflectances with observations. The calculated reflectances are extracted from a pre-calculated lookup table, which depends upon solar and view angles, aerosol model, surface reflection and optical depth. An initial pass is made assuming a continental model. Based upon the first pass retrieval and auxiliary information on geographic area, a new aerosol model is chosen and a new optical depth retrieval performed. The aerosol model defines the particle size distribution, which can be bimodal, from which the effective particle size can be calculated. 

The MODIS ocean algorithm uses channels at 0.55, 0.66, 0.86, 1.24 and 2.13 m. The reflectance for each channel is modeled as a linear combination of reflectances, one assuming a fine particle mode and the other assuming a coarse particle mode. A pre-calculated lookup table is used which is based upon solar and view angle, optical depth and for four fine mode models and five coarse mode models. The retrieval algorithm works by minimizing the differences between calculated and observed reflectance for the six channels by varying the optical depth and the fraction of fine particle mode in the calculated reflectance. This is done for all 20 pairs of fine and coarse modes. The final product is the retrieval with smallest fitting error.

3.1.3. Dust/Aerosol Loading

Dust/Aerosol Loading provides a classification of the aerosol loading in the atmosphere. The algorithm is based on IR channels and product is provide under both daytime and nighttime conditions.

To be completed.

3.1.4. Volcanic Ash: Detection and Height

The Volcanic Ash product identifies the presence of volcanic ash and report both the height and mass of the ash cloud.

To be completed.

3.2. Cloud Products

3.2.1. Aircraft Icing

The Aircraft Icing Threat product classifies that risk of aircraft icing from none to heavy. There are two approaches identified to address Aircraft Icing.

Ellrod et al (1997) developed a threshold-based imagery product highlighting areas at risk for aircraft icing. The product is derived from Imager data. Required inputs are 0.64, 3.9, and 11.8 (m channels. Sounder data is included to provide a measure of the icing cloud height.

Minnis et al developed a physics-based identification of conditions conducive to aircraft icing. Criteria are based on retrieved values for the cloud temperature, effective particle size, and liquid water path. The heritage algorithm is based on Imager data.

3.2.2. Cloud Base Height

The cloud base height product is defined as the height above ground level where cloud base occurs, or the lowest height in the atmosphere at which air contains a perceptible quantity of cloud particles. 

The proposed VIIRS cloud base algorithm generates the height by subtracting the cloud thickness from the cloud top height (Hutchinson 2000). The cloud top height is a separate VIIRS product (AER 2005). The cloud thickness is calculated by dividing the liquid (ice) water path (L/IWP) by the liquid (ice) water content (L/IWC). The L/IWP is calculated from the particle size and optical depth, each a separate VIIRS product (Ou 2002). The L/IWC are based on mean values for particular cloud types and particle size. Errors in the input products will map directly into cloud base errors. Of particular concern is the L/IWC parameter. 

Chakrapani et al (2002) discuss a method to retrieve cloud thickness, which is based upon generating empirical relations between cloud optical properties and cloud thickness. Cloud optical thickness and particle sizes were generated from satellite observations. Collocated with these observations were instruments, which accurately determine the cloud base and top height. With this data, empirical relations were generated between cloud thickness and optical depth and particle size. This was done for four cloud types, cirrus, cumulus, thick stratus and thin strutus.  

3.2.3. Cloud Ice Water Path

The ice water path product is defined as the equivalent mass of ice particles in a unit vertical column of through the cloud. 

Ice Water Path (IWP) is an integrated quantity through the vertical extent of the cloud (Haymsfield et al 2003). Assuming homogeneous properties through the cloud, IWP can be calculated given the particle size and optical depth (Grenfell and Warren 1999). Under this assumption IWP is a derived quantity using retrieved cloud optical parameters.

The CERES science team calculates IWP using retrieved cloud optical depth and particle size (Minnis et al 1997). Heymsfield et al (2003) use experimental data to derive empirical relations between IWP and optical depth. It was pointed out by Grenfell and Warren (1999) that it is the IWP and particle size that are the true physical quantities that characterize a cloud. d’Entremont et al (2006) retrieve cloud IWP path and  derive cloud optical depth, the reverse of most investigators.

3.2.4. Cloud Imagery: Coastal

The Cloud Imagery: Costal product is an all weather, day/night imagery product. 

To be completed.

3.2.5. Layers/Heights and Thickness

The Layers/Heights and Thickness product reports the cloud height above the local terrain or mean sea level and the cloud thickness. The requirement is for heights for up to 5 layers.

To be completed.

3.2.6. Cloud Liquid Water

The Cloud Liquid Water product is defined as the amount of water per unit volume of air. The measurement range is in mm which implies that the product is actually Cloud Liquid Water Path, which is in mass per area. This is consistent with the Ice Water Path product. 

Liquid Water Path (LWP) is an integrated quantity through the vertical extent of the cloud (Haymsfield et al 2003). Assuming homogeneous properties through the cloud, LWP can be calculated given the particle size and optical depth (Grenfell and Warren 1999). Under this assumption LWP is a derived quantity using retrieved cloud optical parameters. The CERES science team calculates LWP using retrieved cloud optical depth and particle size (Minnis et al 1997). 

3.2.7. Cloud and Moisture Imagery

The Cloud Imagery: Costal product is an all weather, day/night imagery product. 

To be completed.

3.2.8. Cloud Optical depth/Particle Size Distribution

Cloud Optical Depth is defined as the degree to which a cloud prevents light from passing through it. Optical Depth is a frequency dependent parameter. The requirements do not specify at which frequency Optical Depth will be reported. The Cloud Particle Size Distribution is defined by two parameters, the effective radius and the effective variance. The effective radius is defined as the ratio of the third and second moments of the size distribution. The effective variance is defined as the width of the size distribution. The shape of the size distribution should be defined along with the retrieval algorithm. 

Algorithms developed to generate cloud optical depth and particle size fall into one of three types, reflective methods, emissive methods or mixed. Reflective methods use the spectral dependence of reflected solar radiation. These methods are only applicable during the daytime. Emissive methods can be applied both day and night. These methods use the spectral dependence of emitted thermal radiation. Emissive methods have the added complication that the emitted radiation from the cloud is also temperature dependent. Minnis et al (1997) present a thorough review of various methods developed for the retrieval of cloud optical properties. 

The dependence on either optical depth or particle size of the reflected solar radiation varies when going from the visible region to the shortwave IR region. In the visible ((<1.0 () region the cloud reflectivity depends almost exclusively on optical depth. At longer wavelengths ((>1.0 () the sensitivity to particle size rapidly increases. These trends are a direct response to the increase in absorbed radiation at the longer wavelengths. Reflective methods capitalize on these properties by using a channel from each region to constrain each parameter. Methods that rely solely on shortwave and/or longwave IR channels have a smaller measurement range than reflective only methods. This is again the effect of increased absorption at the longer wavelengths, which cause the cloud to look black at relatively small optical depths. 

The MODIS cloud optical depth and particle size retrieval algorithms are daytime only methods (King et al 1997). The retrieval algorithm is based on minimizing the difference between the measured reflectance and a calculated reflectance. Three sets of optical depth:particle size pairs are generated, one for each channel, 1.6, 2.13 and 3.7 (m in combination with 0.65 (m. The reported value in the MOD06 product is from the 1.6 (m retrieval. The measured reflectances are actually corrected for atmospheric affects, i.e. water vapor absorption, aerosol scattering etc. A lookup table of calculated reflectances as a function of solar angle, viewing angle, surface albedo, optical depth and particle size is used. For the 3.7 (m retrieval the thermal component also needs to be subtracted away. This requires auxiliary information on the atmospheric profile, cloud top and surface temperature. 

A preliminary study was reported on a comparison of MODIS cirrus cloud optical depth and particle size retrievals with ground based retrievals (Mace et al 2005). The experiment took place in the area of the ARM SGP site. The ground based retrievals were generated from data collected by the Millimeter Cloud Radar (MMCR) instrument. A wind profiler was used to correlate observations in an effort to minimize observation errors. The overall agreement between the two retrievals was good but there did appear to be a tendency in the MODIS algorithm to bypass optically thin clouds thus biasing the MODIS retrieval statistics toward larger optical depths.     

The CERES science team developed cloud optical depth and particle size retrievals for both daytime and nighttime viewing conditions (Minnis et al 1997). The daytime algorithms use channels in the 0.65, 3.75, 10.8 and 11.9 (m regions. They apply the algorithms to several instrument designs, thus the channel centers are approximate. ABI have channels similar to those listed. The algorithms require clear-sky estimates of the reflectance/radiance for each channel used. The channel at 0.65 (m is used mainly for optical depth retrievals. Large errors can occur for optically thin clouds over highly reflective surfaces. For ABI there are several other visible channels that can substitute 0.65 (m, which may have less dependence on surface type yet return comparable optical depth retrievals. The algorithms basically start with a first guess and iterate by comparing calculation with observation.  Both cloud top temperature and phase are by-products of their retrieval method. 

The CERES nighttime algorithm uses channels at 3.75, 10.8 and 11.9 (m (Minnis et al 1997). An iterative minimization is performed comparing measured and calculated brightness temperature differences (BTDs) between channels at 3.75 (m and 10.8 (m and between channels at 10.8 (m and 11.9 (m. The procedure is performed for both water and ice cloud simultaneously. The final products are again optical depth, particle size, cloud top temperature and phase. The phase is determined by which retrieval was a success, ice or water cloud.

The proposed cloud optical depth and particle size algorithms for the NPOESS VIIRS instrument also have both day and night algorithms (Ou et al 2002). The daytime algorithms are basically the same as those for MODIS (King et al 1997); they minimize the difference between calculated and measured reflectance for channels at 0.67, 1.61 and 2.25 (m. As with MODIS, ABI will have a comparable channel set. The nighttime algorithms use channels at 3.7 (m and 10.76 (m.  To retrieve optical depth, particle size, and cloud top temperature, a set of equations are  solved based upon simplified radiative transfer and empirical relations between the retrieved parameters.

3.2.9. Cloud Top Properties

The cloud top pressure product is defined as the pressure at the top of a cloud. We assume it is the highest cloud within a field of view. The cloud top temperature product is defined as the temperature at the top of the highest cloud. The cloud top height product is defined as the height of the cloud top above local terrain or above mean sea level. We assume it is for the highest cloud within the field of view. Each of these products are related through the temperature profile of the atmosphere within the field of view. IR channels are required for cloud top pressure, temperature and height retrievals, either longwave or shortwave channels. 

Heritage cloud top pressure algorithms developed for the GOES sounder and MODIS use the CO2 slicing method (Menzel et al 2002). This method takes advantage of the fact that the weighting functions for the channels in the CO2 15 (m region peak at different pressure levels. Relations between pairs of channels are setup to use this contrast to retrieve the cloud top pressure. Application of this method requires a clear sky estimate and a temperature and humidity profile. The clear sky estimate comes from a local clear field of view or can be calculated. CO2 slicing typically fails for low clouds, thus this method is usually coupled with an IR window method which simple relates the 11 (m brightness temperature to a local temperature profile, assuming the low cloud is black. 

The assumptions made in applying CO2 slicing are as follows: 1) the surface emissivity is unity. 2) The cloud emissivity for the channel pairs used are assumed equal. 3) There is only a single layer of cloud within the field of view. 2) The cloud is infinitesimally thin. Work is in progress to relax the first two assumptions (Zhang and Menzel 2002).

There are two nice reviews on potential error sources for CO2 slicing (Baum et al  1997 and Menzel et al 1992) so we will only briefly mention the most important. The CO2 slicing method will retrieve the pressure level of the radiative center of the cloud. For optically thin clouds this can result in errors of up to half the physical thickness of the cloud. Errors in surface temperature estimates or residual cloud in a local clear pixel will degrade performance. Instrument noise will play a large role for optically thin and low cloud. Errors in an assumed temperature profile can degrade performance, especially in applications where the clear sky radiance is calculated. Scenes with multiple cloud layers can be a large source of error. Methods are under development to handle these situations (Chang and Li 2005).

Most applications of the CO2 slicing method have been for instruments which have several channels in the 15 (m region. For example MODIS has four (13.34, 13.64, 13.94, and 14.24 (m) with the weighting functions for at least the last two not sensing the surface. For ABI there is only a single channel (13.3 (m) in the 15 (m region and this channel is still sensitive to the surface. To apply CO2 slicing this channel is paired with the 11.2 (m channel. The GOES-12 imager has channels at both 11 (m and 13.3 (m. CO2 slicing has been applied to this data for cloud height determination in a study of detection capabilities of overlapping clouds (Chang et al 2006) and for use in wind products development (Danials et al  2003).

The VIIRS retrieval algorithm for cloud top pressure for daytime water clouds uses a physical retrieval method (AER 2005a). The algorithm uses the 11 (m window channel. Inputs include the retrieved cloud optical depth and particle size, along with atmospheric temperature and water vapor profiles and surface information.

For both the MODIS and VIIRS algorithms, once the cloud top pressure is determined, the cloud top temperature and cloud top height are derived quantities (King et al 1992, AER 2005). Using a local temperature profile, either from forecast or retrieved, and assuming hydrostatic consistency, both the cloud top temperature and height products can be calculated. 

Some algorithms that use IR channels to retrieve cloud optical depth and particle size also retrieve cloud top temperature at the same time. The VIIRS and CERES IR algorithms are two examples (Ou et al 2002 and Minnis et al 1997). For these algorithms it is the cloud top pressure and cloud top height that are derived quantities. 

3.2.10. Cloud Type

The cloud type product is defined as the main characteristic form of the cloud. It is also termed the cloud genus. Common examples of cloud types are cirrus, stratus and cumulus. 

The designation of a type for a particular cloud is a function of the altitude above the surface, the thickness or extent of growth and/or general shape. This is a derived quantity, which could require any or all of the following retrieved quantities, cloud top height, optical depth, thickness and base height. 

The proposed VIIRS Cloud Cover/Layers algorithm includes a cloud-typing component (AER 2005b). The assignment is based upon comparing retrieved cloud optical and physical properties with a set of predefined types.   

3.2.11. Convective Initiation

To be completed.

3.2.12. Enhanced V/Overshooting Top Detection

To be completed

3.2.13. Hurricane Intensity

To be completed.

3.2.14. Imagery: All-Weather/Day-Night

To be completed.

3.2.15. Low Cloud and Fog

The low cloud product is defined as the detection of clouds with mean height levels between the surface and 6,500 ft. Fog product is detection of clouds in contact with the earths surface. 

During the daytime, visible channels will detect reflected solar radiation from highly reflecting surfaces and clouds. Separating surface from cloud and low cloud from high cloud is typically not possible with just visible data. Using a combination of visible, midwave IR and longwave IR data increases the detection skill for low cloud and fog. A channel in the 3.7-3.9 (m window region will contain both a thermal and solar reflection component. Using the spectral dependence of the reflection properties of surfaces and clouds in the visible and midwave IR, clouds and surfaces can be separated (Lee et al 1997).

Nighttime low cloud and fog detection algorithms have been developed for the GOES imager (Ellrod 1995). Water clouds have a lower emissivity in the midwave IR region than in the longwave IR region. Thresholds on brightness temperature differences separate clear from cloudy pixels. High thin cirrus will have the opposite sign for the brightness temperature difference because of the nonlinear temperature dependence of the Planck function. On ABI channels at 3.9 (m and 11.2 (m can be used.

Ellrod (1995) also developed a method to estimate the thickness of a fog event. The method is based on an empirical relation generated by matching GOES observations at 3.7 (m and 10.7 (m with insitu fog depth measurements. This method is listed as a GOES experimental product (http://www.orbit.nesdis.noaa.gov/smcd/opdb/goescat_v4/html/GOES_VI_8_b_fogdepth.html).

3.2.16. Turbulence: Hemispheric

To be completed.

3.2.17. Visibility

To be completed.

3.2.18. Visibility: Coastal

To be completed.

3.3. Lightning Products

3.3.1. Lightning Detection

The Lightning Detection product identifies the location and intensity of lightning. This product is produced with observations from the GLM instrument. The GLM generates a full disk image of the Earth every 2 ms with a horizontal spatial resolution of 10 km at nadir. The electrical energy produced during a lightning event is converted to heat, an acoustic shock wave, and electromagnetic radiation. The radiation is intense at optical wavelengths and is associated with emission from neutral oxygen and neutral nitrogen lines (i.e., at 0.78 and 0.87 (m). The optical lightning signal is comprised of a series of fast rise time, short duration pulses. There are two classes of lighting events: intra-cloud and cloud-to-ground. The Lighting Detection product is not required to distinguish between these different types. The signal detected by the remote instrument is influenced by multiple scatterings within the cloud that tends to blur the image and to increase the pulse duration. 

Algorithm heritage for Lighting Detection comes from the Lighting Imaging Sensor (LIS) (5 km) that is flown aboard the polar-orbiting Tropical Rainfall Measuring Mission (TRMM) and it’s prototype instrument the Optical Transient Detector (OTD) (10 km). The LIS ATBD defines a lighting flash as a one or more related optical pulses occurring within a specified time and distance (i.e., 330 ms and 5.5 km). Detection of lightning flashes is the fundamental product to be produced by GLM. The detection algorithm is expected to be similar to LIS, which seeks to identify true lightning events while eliminating false detections. The initial stage is performed on-board, reducing data-rate from the instrument by applying detection thresholds relative to the background. On the ground, the data is calibrated and navigated and additional filtering is carried out. A given pulse (or pulses) can illuminate one of more sensor elements within the integration period. For LIS, a lightning event is defined as the occurrence of a single pixel that exceeds the background threshold. Simultaneous events affecting adjacent pixels are referred to as a group. A flash is then derived from groups of pixels within a specified time period. Finally the LIS defines an area as a near contiguous region where lightning has been detected. The algorithm for detection of lightning flashes and rejection of non-lightning events executes a series of filtering tests that addresses distance scales from events to areas. 

The algorithms for L1b and L2 product generation are integrated. We define the GLM L1b product as a stream describing the position and intensity of the calibrated, navigated, and filtered lightning events. The L2 lightning detection product is constructed from a database of flash events. This product has been identified with three coverage regions (Hemispheric, CONUS, and Mesoscale), while the instrument itself operates with a single full disk mode. It is assumed that the GLM products will correspond to the same coverage and refresh periods as produced by the ABI sensor. In this case, the L2 lighting detection products consist of a list of lighting detection and intensity occurring within the ABI coverage region and refresh period.

The GOES-R measurement accuracy requirements call for 70 to 90% strike detection as a threshold. We note that the LIS heritage sensor achieves detection efficiencies at about 80% (daytime) and 95% (nighttime) while OTD achieves about 40% (daytime) to 60% nighttime (from Boccippio, GUC4). Other requirements identified by Boccippio include less than 5% False Alarm Rate (FAR) and 10% accuracy in intensity, though these requirements are not identified in the MRD. Other potential components of the GLM lightning detection include determination of radiance-weighted lighting centroid, intra-cloud versus cloud-to-ground lightning discrimination, and lightning flash rate. Lightning discrimination is explicitly excluded from the product as described in the GPRD. The other two applications are not specifically identified as requirements.

3.4. Precipitation Products

To be completed.

3.5. Atmospheric Products

To be completed.

3.6. Radiance Products

3.6.1. Clear Sky Masks

The Clear Sky Mask product reports a level of confidence that an unobstructed view of the earth’s surface is being observed. The minimum level of reporting will be ‘cloud free’, ‘partially cloudy’ and ‘cloud filled’.

The algorithm heritage comes from the methodology developed for AVHRR, GOES, and MODIS.  Because MODIS contains a set of channels most similar to those proposed for GOES-R, we will concentrate on the MODIS clear sky algorithm (Ackerman et al. 2002). The algorithm first computes several cloud masks using a series of multi-spectral tests to determine the presence of different type of clouds.  The algorithm next combines these cloud masks to determine the final clear sky mask product.  

The first group of cloud tests detects the presence of high thick clouds by comparing the brightness temperature from several infrared channels against threshold value based on the surface terrain.  The second group of cloud tests uses LWIR brightness temperature differences between the 8.5, 11.2, and 12.3 (m channels to detect thin clouds missed by the first category.  The third group adds cloud test to detect low, optically thick clouds using the solar reflectance of the near infrared (NIR) 0.865 (m and visible 0.64 (m channels.  Because regions of sun glint, desert, and snow/ice-covered background conditions can create false cloud detections, these tests are not applied in those regions. The fourth group uses the measured reflectance in the 1.378 (m channel to detect thin cirrus clouds in the upper troposphere during the daytime.  Low-level water vapor absorption in this band blocks the reflectance from the Earth's surface, allowing detection of cirrus clouds with small optical thickness. The fifth group of tests is similar to those in the second group, except that they are specially tuned to detect the presence of thin cirrus clouds.   

Each test computes a confidence level of clear sky between 0 and 1 using a set of three threshold values indicating pass/fail, high confidence pass, and high confidence fail. The clear sky mask algorithm determines a confidence level for each group of cloud tests using the minimum confidence level for the individual tests.  The algorithm computes a cloud mask from the product of the group confidence levels.  The algorithm assigns one of four levels to the clear sky confidence based on the cloud mask value:  confidant clear, probably clear, undecided, and cloudy.    

3.7. Radiation Products

To be completed.

3.8. Trace Gas Products

To be completed.

3.9. Wind Products

To be completed.

3.10. Land Products

3.10.1. Fire/Hot Spot Imagery

The Fire/ Hot Spot Imagery product identifies locations (i.e., 2-km pixels) with high temperatures associated with active fires and other thermal anomalies. The principle channel for fire detection is the 3.9 (m mid-wave infrared (MWIR) band. The dynamic range of this channel has been extended up to 400 K to avoid saturation for all but the largest, hottest fires. The 11.2 (m long-wave infrared (LWIR) band is used to detect the brightness temperature differences between the mid-wave and long-wave IR bands that are characteristic of hot fires. Other channels (e.g., 0.64, 0.86 and/or 2.25 (m) are used for cloud screening and to eliminate false detection. 

Algorithm heritage comes from AVHRR, GOES, MODIS, and SEVIRI. The GOES algorithm for fire detection is the GOES Automated Biomass Burning Algorithm (ABBA) (Prins & Menzel 1992, Prins et al. 1998). MODIS includes channels more similar to the GOES-R channel set. The MODIS algorithm (Giglio et al. 2003) identifies fire pixels in a two-step process that first masks out cloud and water pixels and flags potential fire pixels based on near-IR and IR thresholds. Identification of fire pixels is then based on an absolute MWIR threshold for very intense fires and a contextual analysis for less intense fires that examines the relative signals in the IR bands against signal and natural variability of the surrounding background. A series of rejection tests are then applied to screen out false detections due to sun glint, and associated with deserts and coastal regions. The NPOESS-VIIRS fire detection algorithm is based on the MODIS approach.

In additional to fire detection, heritage algorithms include derivations of the active fire properties. Once a fire is detected, the GOES Automated Biomass Burning Algorithm (ABBA) uses ancillary data to correct the IR brightness temperatures for water vapor attenuation, surface emissivity, and solar reflectivity and computes estimates of the active fire temperature and sub-pixel area using the MWIR/LWIR approach outlined by Dozier. Alternatively MODIS and SEVIRI report a measure of the fire radiative power measured in the MWIR band relative to the background. These products are not specifically identified in the GOES-R MRD as requirements.

The GOES-R measurement range and accuracy for Fire/Hot spot Imagery are 275 to 400 K and 2 K respectively. These values are assumed to refer to the top-of-atmosphere brightness temperature measured in the 3.9 (m band, which is the principle channel used for fire detection. The requirements do not impose any thresholds for probability of detection (POD) and false alarm rate (FAR) and do not specify a minimum fire size or temperature to be detected (as with NPOESS). For GOES-R the ability to detect fires, especially at low brightness temperature will depend on the contrast with the surrounding background. For fires below a certain threshold, the POD could be quite low. The measurement accuracy is 2 K. The ability to meet this requirement largely depends on the accuracy of the IR calibration, which is notoriously difficult at high temperatures where nonlinearlities can introduce large uncertainties.  GOES-R data is resampled on the ground to a standard grid as part of the image navigation and registration (INR) process. The effect of resampling on fire imagery is to distribute some of the signal associated with the fire to neighboring samples (or pixels) thereby introducing uncertainty in the measured brightness temperature and causing spurious detections and increased uncertainty in the fire location. The effect of resampling on the measurement accuracy is not known, and will depend on the details of the ABI design including the amount of oversampling of the raw data.
3.10.2. Land Surface Temperature/Emissivity

The Land Surface Temperature (LST) product reports the skin temperature of the uppermost layer of the land surface. It represents the temperature at which the outgoing radiative flux at the surface balances the incoming radiative flux. Surface emissivity is the ratio of the radiation emitted by a surface to the radiation emitted by a perfect blackbody radiator at the same temperature. The surface emissivity varies spectrally and will be reported for specified channels (e.g., ABI IR bands). 

Measurements of LST are derived principally from window-channel observations using algorithms that account for atmospheric emission/absorption.  LST retrievals can also be especially sensitive to errors in surface emissivity. For example, an error of 5% in emissivity can cause a 2 K error in surface temperature. For land, it is also important to account for the spectral variation in emissivity between channels. For this reason, many algorithms address the retrieval of LST and emissivity as a simultaneous process.

Algorithm heritage for the retrieval of LST from satellite observations comes from the AVHRR, GOES, and MODIS programs, which typically report product accuracies in the range from 1 to 3 K. The GOES algorithms for LST retrieval are discussed in Hayden et al (1996) and Sun and Pinker (2003). The method employed by Hayden et al was a linearized inversion that solved for perturbations in the temperature and water vapor profiles, and the surface skin temperature. The inversion algorithm used the GOES water vapor, and long-wave split-window channels for the retrieval. A statistical split-window regression (based on 10.7 and 12 (m channels) was used to derive a first guess skin temperature. NWP data was used as the first guess for temperature and water vapor and to provide information about the lower atmosphere. Cloud-clearing was used to compute clear sky radiance for 5 by 5 FOVs. This product (Derived Product Imagery) was produced operationally but discontinued for GOES-12 when the split window channel (12 (m) was replaced with the CO2 channel (13.3 (m).  

Sun and Pinker investigated the use of an advanced two-channel split window (daytime) algorithm, which accounted for surface emissivity by deriving independent regression coefficients for each surface type. They also developed a three-channel (nighttime) algorithm that includes data at 3.9 (m. In comparison between GOES-8 retrieved LSTs and surface ARM measurements, accuracies of about 1 to 2 K were reported with these methods. 

An algorithm for the simultaneous retrieval of LST and surface emissivity from GOES was proposed by Faysash and Smith (1999).  The algorithm assumes that surface emissivity is constant over a 12 to 24 hours time scale and uses pairs of split window radiance observations to derive two spectral emissivities and two surface temperatures simultaneously. However, the errors reported by Faysash and Smith using this method where quite large.

MODIS employs two algorithms for the retrieval of LST (Wan et al 2002). For those surfaces with fairly stable emissivities (within 0.01), the surface emissivity is evaluated based on surface type and thermal-IR BRDF models, and a pixel-level LST is derived based on a generalized split-window algorithm (that explicitly includes emissivity in the formulation). Alternatively, the MODIS Day/Night algorithm performs simultaneous retrievals of surface emissivity and LST from pairs of daytime and nighttime radiance observations in seven IR bands (3.75, 3.96, 4.05, 8.55, 11.03, 12.02. 13.33 (m) using a statistical regression. This algorithm is especially applicable for arid and semi-arid regions where surface emissivity can vary with time. For these surfaces, errors as large as 3 K have been reported for retrievals based on the split-window algorithm. However, after applying correction based on differences with the LST derived with the Day/Night algorithm, the overall LST accuracy was found to be within 1 K. 
3.10.3. Snow/Ice Cover

Since 1966, weekly manual snow and ice cover maps have been generated at NESDIS with data from NOAA’s POES and GOES satellites. In 1997, the interactive multi-sensor snow and ice mapping system was introduced to help analysts produce daily snow maps from combined POES and GOES observations (Ramsey 1998).

Snow is characterized by high reflectance in the visible (R0.64) and low reflectance in the short-wave infrared (R1.6). The MODIS automated snow detection algorithm (e.g., Hall et al 2002) is based on the normalized difference snow index, NDSI = (R0.64-R1.6)/( R0.64+R1.6). If NDSI (0.4, R0.64>0.1, and R1.6>0.1 for a given cloud-free pixel, it is identified as snow covered. Regions of dense vegetation are further addressed by introducing a NDSI threshold (<0.4) that is a function of the normalized difference vegetation index (NDVI). The MODIS algorithm is restricted to daytime, cloud-free, daytime observations over land. An addition surface temperature threshold (<282 K) is used to further restrict the analysis. The MODIS 500-m snow map has a reported accuracy that varies between 2% for areas with low vegetation to 10% for forested regions. 

The MODIS lake ice retrieval algorithm is based on the same principles as the snow cover algorithm. The product is produced for some of the largest in-land water bodies including (in North America) Lake Superior, Lake Michigan, Lake Erie, Lake Huron, Lake Ontario, Great Bear Lake, Great Slave Lake, Lake Winnipeg, Lake Athabaska, Lake of the Woods, Lake Sakami, Lake Nipigon and Reindeer Lake.

The GOES automated snow detection algorithm (Romanov et al 2003) is a threshold-based decision-tree, unsupervised classification which includes as parameters, the long-wave IR brightness temperature (T10.8 < 290 K), reflectances at visible (R0.64) and mid-wave IR bands (R3.9 >0.05), and the snow index (SI =R0.64 / R3.9 >5), which like NDSI provides enhanced response to snow relative to other surface types. The visible reflectance threshold is based on archived measurements of cloud-free reflectance obtained during snow-free seasons. Additional screening is applied to eliminate false detection due to cloud by ensuring that the spectral signature for the warmest observation taken during that day is matched by at least three observations obtained at other times during the day. Finally, climatogical tests are applied to catch false detections missed by the spectral and temporal stability tests.

3.10.4. Snow Depth (over Plains)

Experimental snow depth retrievals over the U.S. Great Plains and Canadian Prairies are currently being produced from GOES and MODIS data. The approach, described by Romanov and Tarpley (2004), assumes a functional relation between snow depth and sub-pixel snow cover fraction. The retrievals are performed for cloud-free fields of view but frequent observations from geostationary satellites help reduce outages for daily products. 

The algorithm for the evaluation of snow fraction from GOES observations is described by Romanov et al. (2003). Snow cover detection is derived as described above, using temporal variations to discriminate snow from cloud. Snow fraction is computed as the ratio of the difference between the observed visible reflectance with the snow-free land reflectance, and the difference between the snow-covered reflectance and the snow-free land reflectance.  The snow-free land reflectance is obtained from an archive made during the snow-free seasons. The snow-covered reflectance based on observations, and assumed to be independent of location. Snow fraction product has a reported accuracy of about 10 to 13 %. Other algorithms for snow fraction retrieval have been based on NDSI (e.g., MODIS) and from observations in visible and 0.21um (e.g., AVIRIS).

Snow depth is computed from snow fraction using a function of the form D=exp(aF)-1, where D is the snow depth in cm, F is the snow fraction, and a is an empirically-derived parameter, i.e., a=0.0333. A snow fraction of 100% corresponds to the depth at which the snow cover masks all vegetation in the field of view, i.e., about 27 cm. This represents the upper limit to the retrievable snow depth. The algorithm is targeted towards non-forested and sparsely forested areas. Problem areas for this algorithm include urban areas, forests (with >20% coverage), lakes (frozen and ice-free), and areas of patchy snow cover. Using location-dependent regression coefficients could improve product accuracy, especially for sparsely forested regions. The algorithm has been applied to GOES and MODIS observations. An accuracy of 30% is reported for snow depths below 30 cm for non-forested regions.

3.10.5. Vegetation Fraction: Green

The Green Vegetation Fraction (GVF) product measures the fraction of the land surface that is covered by actively growing vegetation. The product is used as input into NWP models to address heat and moisture transfer with the atmosphere. This operational product is produced weekly using observations from AVHRR.  In general, the green vegetation fraction is a function of the leaf area index and the vegetation fraction. In practice, the AVHRR algorithm assumes that the vegetated portion of the field of view is covered with dense vegetation. The Green Vegetation Fraction is then computed as GVF=(NDVI-NDVIbare)(NDVIdense-NDVIbare) where NDVIbare and NDVIdense are independent of vegetation/ soil type.

3.10.6. Vegetation Index

The presence of chlorophyll in green plants strongly absorbs light at visible wavelengths while reflecting that in the near-IR. The Normalized Difference Vegetation Index compares the reflectance observed at visible wavelengths (R0.64) to that observed in the near-IR (R0.86) (Goward et al 1991). The ratio is computed as NDVI=(R0.86 - R0.64)/ (R0.86 + R0.64). High values of NDVI indicate green vegetation, while low and negative values correspond to barren surfaces, clouds, water, or snow. This product has a long heritage that includes observations from AVHRR. NDVI is derived for cloud-free fields of view and is derived both as a top-of-atmospheric (TOA) value and top-of-canopy. The top of canopy NDVI requires accurate atmospheric correction to account for the absorption due to water vapor and the effect of aerosols. The product description for GOES-R does not specify that the product is atmospherically corrected and TOA NDVI is assumed. Possible sources of error in the measured NDVI include cloud contamination, atmospheric effects, soil moisture variations, spectral band mis-registration, and variations with scan angle and solar illumination.

3.11. Ocean Products

To be completed.

3.12. Sea and Lake Ice Products

The GOES-R suite of Sea and Lake Ice products includes some that are not produced currently for GOES or POES observations. Ice extent is addressed at NOAA mainly by the Interactive Multisensor Snow and Ice Mapping System. MODIS products include Sea Ice Extent and Sea Ice Temperature. The MODIS Sea Ice detection algorithm is identical to the Snow Cover algorithm, i.e., it relies on thresholds on the 0.64 and 1.64 (m reflectances and on NDSI. Masking of cloud and land is accomplished through the use of the MODIS cloud mask and a land/water mask. The Sea Ice Extent product maps the location of the sea ice at any point in time. The Sea Ice Temperature is also derived using a long-wave split window regression algorithm.

Some of the GOES-R products are similar to that proposed for NPOESS, i.e., Sea & Lake Ice Age and Sea & Lake Ice Motion. Limited heritage for Sea Ice Age from visible-infrared observations is based on research with AVHRR (e.g., Massom and Comiso 1994) in which case ice age is assigned based on surface reflectance and ice temperature (older ice is colder). The VIIRS Sea Ice Age algorithm aims to identify New/Young, First Year and Multi-Year ice. Daytime algorithms are based on reflectance thresholds in the visible and near-infrared. Nighttime algorithms are based on ice temperature and by invoking an energy balance model. The NPOESS algorithm derived ice concentration and ice age using reflectance bands at 0.64 and 0.86 (m and IR split window bands at 11, and 12 (m.

Sea ice edge motion is influenced by ice drift and freezing/melting and can be measured via the cross-correlation of features between successive images. Analysis using AVHRR (Emery et al 1991) reported accuracies of better than 1 km/day. The NPOESS approach to Sea Ice Motion is based on retrieved ice concentration.

The GOES-R suite of Sea and lake Ice products include some degree of ambiguity and apparent redundancy in the requirement specification. One concept for the GOES-R Sea and Lake Ice products is as follows. Derive ice extent using a MODIS type approach based on reflectance thresholds and NDSI. Additional cloud discrimination could be introduced using temporal stability tests. Sea and Lake Ice concentration could be derived using an algorithm similar to that established to measure snow fraction for GOES. The measurement of ice concentration would then feed into the ice extent and ice edge motion products. Ice age would be derived for all ice pixels with concentrations greater than a certain threshold using the reflectance, temperature, and energy balance methods described for NPOESS. As a by-product of this process, Ice Skin Temperature (not required for GOES-R) would be derived using a split window regression algorithm. This processing chain appears to address all required GOES-R products with one exception, Displacement and Direction. The description of this product (in the GPRD) seems to imply that it should produce a measure of the displacement within an ice flow. There is no known heritage for such a product based on visible/IR observations. The tracking of ice displacement would require recognition of ice features suitable for tracking. The unlikely availability of such features, coupled with the persistence of cloud and limited resolution in polar regions make this a high-risk product for GOES-R.

3.13. ABI L1b

3.13.1. Calibration

To be completed.

3.13.2. Image Navigation and Registration

To be completed.

4. Product TBX and Performance Evaluation

This section provided an overview of the product TBX resolution and product performance risk assessment. These tasks are linked in that the performance risk cannot be fully evaluated until the requirements are complete. Currently the GOES-R product requirements include numerous TBXs: i.e., TBDs (To Be Determined), and TBRs (To Be Resolved). In either case, the objective of the evaluation is to provide recommendations for these unresolved requirements. 

The approach to environmental products requirements analysis is illustrated in Figure 1. The process begins with a review of the requirements specified in the MRD and other technical direction. The analysis seeks to resolve issues with all product specifications including coverage, vertical resolution, horizontal resolution, mapping accuracy, measurement range, measurement accuracy, refresh rate, data latency, and long-term stability. For each product, an error budget describes the sources of error and expected performance. The analysis is used to resolve TBDs and TBRs and identify and track performance risk. The performance assessment is based on information derived from literature reviews for heritage algorithms, plus sensitivity studies and performance simulations as required to address performance for GOES-R specifically. The information regarding product performance is tracked as a table attached to this document, the Science Algorithm Baseline, and in the Product Generation Specification. 
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Figure 1 – Environmental Products Requirements Analysis

Table 1 provides a summary of the current environmental products requirements for Alternative Architecture 1. This information was derived from the MRD and updated based on TD-B022-2006. This table addresses all threshold requirements only. Objective requirements will be included in later versions. This table serves two purposes. First it is used to track and resolve TBXs and second it is used to evaluate product performance risk. The boxes in this table are color-coded to note TBX requirements and to identify the status of the recommendation for these requirements. Green and blue boxes indicate TBXs that have been resolved. The TBX burndown plan is presented in Figure 2. The plan’s objective is to provide inputs for all threshold TBXs by the IPDR timeframe, though it is likely that some recommendations may not be finalized until sometime thereafter.   The TBX recommendations and justifications are included for each product as available.  Product performance risk is rated as low, moderate, or high. A preliminary assessment is made for all products and also includes a discussion of assumption and performance restrictions.

Table 1 –Product Requirements Analysis for Alternative Architecture 1 (See Attached PDF Table)
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Figure 2 – TBX burndown plan for environmental products.

5. Product Coverage Restrictions

This section addresses product coverage restrictions for the GOES-R products. Three categories of coverage restrictions considered in this report include specifications of day/night, land/ocean, and clear/cloudy. 

5.1. Day/Night Restrictions

 The day/night requirement specifies the conditions for product generation relative to the position of the sun. This requirement reflects the fact that the signal-to-noise of the reflectance bands (i.e., vis, nir, and swir) will be low when the sun is near or below the horizon so that products that depend on these inputs will not be produced. In addition, products may be further restricted due to the uncertainties involved with atmospheric correction for high solar zenith angles. Therefore, in addition to the day/night specification, a maximum solar zenith angle requirement will apply for some products.

Definition: Solar zenith angle is the angle between the local zenith and the line of sight to the Sun.

Definition: Within each field of view, day is defined for solar zenith angles that are less than or equal to a daytime threshold value.  The threshold value depends on the scientific basis and properties of the retrieved product and will be detailed in the ground segment specification for each product. A typical value (e.g., for snow cover) is 85 degrees.


5.2. Land/Ocean Restrictions

The land/ocean requirement specifies the conditions for product generation relative to the surface type. This requirement reflects the inherent dependence on surface type for certain products. However, the requirement also identifies the relevant geographical region, namely land and coastal regions, for those products associated with severe weather applications. Finally, it is noted that areas of mixed land and ocean can be a large source of uncertainty for some products so that land and ocean must be distinguished from coast.

Definition: Land fraction describes the relative contribution of land surfaces (including inland water bodies and ice-covered land) to the field of view.


Definition: Any field of view with land fraction greater than or equal to the land threshold is identified as land. Any field of view with land fraction less than or equal to the ocean threshold is identified as ocean. Otherwise the field of view is identified as mixed (i.e. coast). The land and ocean threshold values depend on the properties of the retrieved product and will be detailed in the ground segment specification for each product. Typical values for the land and ocean thresholds are 95% and 5% respectively. 

5.3. Clear/Cloudy Restrictions

The clear/cloud requirement specifies the conditions for product generation relative to the presence of cloud. Below are two sets of definitions for clear, cloudy, overcast, and partly cloudy. The first set of definitions is general and is not dependent on the bands used in the retrieval. The second set applies to products that rely on infrared observations. Where both reflectance and infrared bands are used, then both definitions must be satisfied.

Definition: For the purpose of defining clear and cloudy conditions, a cloud is defined as a water- or ice-based hydrometeor with an optical depth of 0.05 or greater at 0.55 um. Cloud fraction is a measure of the relative cloud cover within a field of view. 

Definition: Any field of view with cloud fraction less than or equal to the clear threshold is identified as clear, otherwise it is cloudy. Any field of view with cloud fraction greater than the overcast threshold is identified as overcast. Any field of view not identified as either clear or overcast is identified as partly cloudy. Values for the clear and overcast thresholds depend on the properties of the retrieval and will be detailed in the ground segment system specification for each product. Typical values for the clear and overcast thresholds are 5% and 95%. 

Definition: A field of view (FOV) is identified as radiometrically clear when the contribution from a cloud within the FOV to the observed radiance in a specified channel is less than or equal to a radiometric clear threshold, otherwise the FOV is identified as radiometrically cloudy.  Values for the radiometrically clear threshold depends on the properties of the retrieval and will be detailed in the ground segment system specification for each product. Typical values for the radiometrically clear threshold is 5%.
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