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Executive Summary

A goal of the National Aeronautics and Space Administration (NASA) Earth Science Enterprise (ESE) Earth Science Applications Program is to infuse NASA remote sensing data sources into existing partner agency decision support tools in order to enhance the performance of these tools.  This data infusion is accomplished using a systems engineering approach comprised of three main phases:  evaluation, verification and validation (V&V), and benchmarking.  NASA has performed this data enhancement on a project in partnership with the U.S. Environmental Protection Agency (EPA), in which NASA data was utilized to improve particle pollution forecasts.  Researchers from NASA Langley Research Center and the EPA used data from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor and combined it with EPA ground network data to create a NASA data enhanced Forecast Tool.  This tool is used to assist forecasters with providing the forecasts of particle pollution, or particulate matter less than 2.5 microns in diameter (PM2.5), for the EPA’s Air Quality Index (AQI).  For the benchmarking phase of the project, during September 2003 the NASA data enhanced Forecast Tools were delivered on a daily basis to EPA forecasters for use in generating the AQI PM2.5 daily forecast.  At the conclusion of the benchmarking activity, feedback was gathered from the forecasters relating to the NASA data enhanced Forecast Tools’ ability to improve the AQI PM2.5 forecasts.  The forecasters also provided feedback relating to potential improvements of the Forecast Tool, as well as alternate uses of the tool.  This feedback provided insight into the performance of the NASA data enhancement project.  Recommendations that resulted from forecaster feedback, as well as lessons learned from this activity, are also presented.  

1.0 Introduction

The Earth System responds to both naturally occurring and human-induced change. The National Aeronautics and Space Administration (NASA) Earth Science Enterprise (ESE) seeks to understand the response of the Earth System via long-term observations from ground networks, sub-orbital platforms, and space-based assets.  The role of the Earth Science Applications (ESA) Program within the ESE is to incorporate these observations into decision support tools employed by partners, and to assess the performance of these measurements in decision support tools. The approach is to enable the incorporation of Earth Science mission outputs (i.e., models and remote sensing data products) to serve as inputs to decision support systems.  Ultimately, the desired outcome is an enhanced decision support tool that results in significant socio-economic benefits.

One application into which NASA observations have already been incorporated is Air Quality Management.  During the fall of 2003, NASA provided a prototype, near real-time data-fusion product to the Environmental Protection Agency (EPA) with the goal of improving the accuracy of EPA’s next-day Air Quality Index (AQI) forecasts.  The impact of this interagency collaboration and the inclusion of satellite data in AQI forecasts will be discussed in this report, with an emphasis placed on the benchmarking portion of the project.  In addition, because this is the first report of its kind within the ESA program, the report will focus on those practices that will lead to improvements in the efficiency and effectiveness of future data assimilation projects. 

2.0 Systems Engineering Approach to Data Assimilation

2.1 Description

NASA, with its systems engineering experience, is uniquely positioned to benchmark practical uses of NASA observations from remote sensing systems and predictions from scientific research.  NASA contributes the initial research and development of aerospace science and technology, and then supports the applications through partnerships with public, private, and academic organizations. NASA engages organizations with the appropriate infrastructure to apply NASA results from Earth science investigations to meet the needs in twelve National Application areas.

The assimilation of NASA data into a partner-agency decision support tool, or Decision Support System (DSS), can be described using a systems engineering approach. This standard systems engineering approach is summarized in Figure 1, which also shows the relationships of the three main processes used in incorporating NASA contributions into decision support tools, namely evaluation, verification and validation (V&V), and benchmarking.  The entire systems engineering approach is described in detail in NASA’s Evaluation and Enhancement of Decision Support Tools FY2003 Report (NASA, 2003a).
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	Figure 1. Systems engineering approach (adapted from Bahill and Gissing, 1998).


2.2 Evaluation

In general, the evaluation phase of the systems engineering approach involves understanding the requirements for, and technical feasibility of, Earth science and remote sensing tools and methods for addressing DSS needs.  Technical requirements for inputs and outputs of the DSS are identified as well. A strong knowledge of the existing Missions to Models DSS Inventory (NASA, 2003b) of missions, sensors, products, models, etc. is valuable during the evaluation phase. The DSS missions are researched thoroughly to determine their operational requirements, funding profiles, relationships to the National Applications, and relevance of NASA capabilities.  As part of this process, alternate NASA inputs are also investigated to help uncover key drivers and gaps in meeting DSS needs and requirements. 
2.2.1 Definition of Problem

Under the Clean Air Act of 1990 (http://www.epa.gov/oar/caa/contents.html), the EPA is required to set standards for concentrations of air quality pollutants, ensure these standards are met through monitoring, and establish a consistent means of reporting air quality to the public, which, currently, is the AQI (Figure 2).  The EPA is currently setting air quality standards relating to the concentrations levels of six main air pollutants: ozone, particulate matter, carbon monoxide, nitrogen dioxide, sulfur dioxide and lead. The EPA is also responsible for forecasting concentration levels of two of these pollutants: ozone and particulate matter (PM).   These forecasts are used to alert the public about potentially harmful ozone and PM levels.  Many voluntary programs exist between the EPA, state agencies and industry, which enable “Action Days” once pollution levels exceed a certain threshold.  In addition to notifying the public to limit exposure, voluntary emission reductions are suggested for industry and for private citizens. 
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	Figure 2.  EPA Air Quality Index for Particle Pollution


2.2.1.1 Particulate Matter

Particle pollution or particulate matter (PM) is the general term used to describe a mixture of solid particles and liquid droplets in the air.  Particles are classified as coarse (i.e., dirt or dust) or fine (i.e., the by-products of fuel combustion).  PM can be emitted directly into the atmosphere (i.e., wind blown dust or dirt from unpaved roads) or formed in the atmosphere through chemical reactions (i.e., sulfates and nitrates formed from emissions from power plants and vehicle exhaust.)

In October of this year, the EPA began providing AQI forecasts for particulate matter less than 2.5 m in diameter, or PM2.5
.  Particulates in this size range are called respirable aerosols and are easily entrapped by the lungs.  Pollutants and diseases carried by respirable aerosols are a significant health threat.  According to the World Research Institute, an environmental research and policy organization, “the health effects of particulates are strongly linked to particle size.  Small particles, such as those from fossil fuel combustion, are likely to be the most dangerous, because they can be inhaled deeply into the lungs, settling in areas where the body’s natural clearance mechanisms can’t remove them” (WRI, 1999). The EPA notes that the chief causes for concern are that increases in PM levels are linked to: 

1. Increased hospital admissions and emergency room visits for people with heart and lung disease 

2. Increased work and school absences

3. Reduced visibility due to haze

4. Altered nutrient balance in the soil and in bodies of water where PM settles

5. Stained and/or eroded buildings, historical monuments, etc. which are costly to repair
In early 2003, the EPA received a Congressional mandate to revise the standards that govern PM2.5.  The standards being revised included peak concentration values per hour, peak concentration values over a 24-hour period for several different land cover types (i.e. urban areas, Class I areas
, etc.), and compliance penalty thresholds relating to litigation and public health.  Technical definitions of legal requirements were revised and preparations for monitoring intercontinental transport were made.  The timing of this mandate, along with the development by the EPA of standard methods for forecasting PM2.5, made PM2.5 forecasting an ideal candidate for incorporation of NASA satellite data.
The EPA has a ground network of monitoring stations around the country that are currently being used to monitor concentration levels of PM2.5 and could be used as input to forecasts of PM2.5.  However, the EPA recognizes that the utility of this network may be improved with the addition of satellite imagery, which can provide information about the air in regions not covered by these monitoring stations.  The addition of NASA data could also assist in identifying areas that are generating particle pollution and areas that are receiving pollution due to transport between regions.  Aerosol products from existing NASA satellite systems were identified as potential data sets that could add value to the forecast.  

2.2.2 Baseline System

In October 2003, the EPA began providing PM2.5 AQI forecasts for 100 metropolitan areas, developed in each city by a local forecaster.  Current PM2.5 forecasting methods are based on those used to forecast ozone, and depend on ground measurements of PM2.5 concentrations as well as various meteorological conditions including wind, cloud cover, temperature, moisture, and vertical mixing within the boundary layer (Dye et al, 2003).  These PM2.5 forecasts are performed on a local scale only, and forecasters are forced to assume that the air surrounding the forecast area is clean, or free of particulate matter.  PM2.5 from surrounding areas can influence the air quality of the forecast area, and the exclusion of information about these surroundings may have a negative impact on the accuracy of the forecast.  The PM2.5 forecasts only attempt to address what will happen to the PM2.5 being measured by nearby monitoring stations, (i.e. whether additional PM will be generated, the PM2.5 will stay over the area, be transported out of the area, or be washed out of the air by rain).  

2.2.3 Investigation of Alternate Data Sources

The EPA sought to collaborate with NASA to expand the current data sources available for PM2.5 forecasting.  Studies involving the tracking of large aerosol events, such as the import of particles from the Mexico fires into the Southeastern United States in 1998, have shown that satellite data is consistent with surface measured data within the limits of the satellite sensors (Tanner et al, 2001).  

As part of this project, NASA representatives and EPA data users jointly defined a set of requirements for the NASA products.  The most important requirement was that the data be well understood and validated by a standing science team.  Moreover, the EPA requested that the science team be available for consultation and technical support, as needed.  Other requirements included: 

· Reliable delivery of the data product, with no data dropouts as a goal  

· Product continuity (i.e., the ability to receive an aerosol product in the future)

· Daily acquisition and delivery through the internet

· No coarser than a 20-km spatial resolution grid (the lowest spatial resolution that may still be useful for metropolitan areas).  

· Free data, provided in a simple format

· As a goal, data that is capable of providing speciation of aerosols into components such as dust, sea salt, and secondary pollutants, or reactants that, when combined, form primary pollutants.  

· Data with a trusted archive record because the EPA performs retrospective trending of pollutants to report to Congress, and an archived data record could be used to support that analysis.

Several satellite systems were considered for inclusion into the EPA’s PM2.5 forecasting methodology.  These systems included the Moderate Resolution Imaging Spectroradiometer (MODIS), the Total Ozone Mapper (TOMS), the Multi-angle Imaging Spectroradiometer (MISR), NOAA’s Geostationary Operational Environmental Satellites (GOES), a European Space Agency (ESA) sensor known as the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY), and the future Ozone Monitoring Instrument (OMI). Table 1 shows all of the sensors capable of measuring aerosols.  

	Table 1. Satellite sensors that are capable of measuring aerosols

	Sensor
	Platform (Owner)
	Type of Measurement
	Resolution
	Revisit Time

	GOES
	GOES

(NOAA)
	Total Column (clouds and smoke only)
	Horizontal: 8km @ nadir
	Hourly

	GOME
	ERS-2

(ESA)
	Total Column
	40km x 320km
	3 days

	SCIAMACHY
	ERS-2

(ESA)
	Total Column or Limb
	Vertical: 30km x 60km – 240km

Limb: 3km x 100km – 960km
	3 days

	TOMS
	Earth Probe

(NASA)
	Total Column
	Horizontal: 38km

Vertical: 5km
	1 day

	IMG
	ADEOS

(Japan)
	Total Column
	Horizontal: 8km

Vertical: 2km – 6km
	4 days

	MISR
	Terra

(NASA)
	Total Column and

Fwd/rear to 70(
	17.6km x 17.6km 
	9 days

	MODIS
	Terra/Aqua

(NASA)
	Total Column
	Horizontal 10km at nadir
	1 – 2 days

	SAGE III

(NASA)
	Meteor-3M

(Russia)
	Limb
	Horizontal: 1.5km – 5km

Vertical: 0.5km – 1km
	30 days

	OMI

(Netherlands)
	Aura (2004)

(NASA)
	Total Column
	13km x 13km – 24km
	1 day

	CALIPSO
	(2004) (NASA)
	LIDAR
	Horizontal: 333m

Vertical: 30m
	16 days

	ALADIN
	Aeolus (2007) (ESA)
	LIDAR: 35( off-nadir away from sun
	Horizontal: once per 200km

Vertical: 1km
	N/A


Of the sensors considered, MODIS, MISR, and OMI showed the most promise.  MODIS, although not allowing for speciation of aerosols and having rather large data granules, met the majority of the  requirements, and was chosen for inclusion in the PM2.5 forecasting data sources.  MISR is a research instrument on Terra that, with simultaneous multiple viewing angles, has demonstrated some aerosol speciation capability but has not yet been fully validated and does not provide data daily.  OMI, the preferable instrument because it measures all of the primary pollutants, will not be deployed until sometime in 2004, and therefore was not an option for this project.  However, OMI data could eventually replace MODIS data in this application, allowing analysis of more pollutants using satellite data, while providing product continuity for aerosol products.  Table 2 contains all of the sensors investigated and the requirements that the sensors met.   

	Table 2. Satellite sensors versus project requirements

	Requirement
	MODIS
	TOMS
	MISR
	GOES
	SCIAMACHY
	OMI

	Validated with standing science team
	Yes
	Yes
	No
	No
	Yes
	No

	Daily acquisition
	Yes
	Yes
	No
	Yes
	No
	Yes

	Better than 20km spatial resolution
	Yes
	No
	Yes
	Yes
	No
	Yes

	Free
	Yes
	Yes
	Yes
	Yes
	No
	Yes

	Speciation
	No
	No
	Yes
	No
	No
	No

	Data Archive
	Yes
	Yes
	Yes
	Yes
	No
	No


2.3 Design and Implementation

During the design and implementation phase, NASA capabilities are integrated into the DSS to generate products, solutions, and outputs.  
2.3.1 Design

Researchers at NASA Langley Research Center (LaRC), as well as a visiting EPA researcher assigned to NASA LaRC through a Memorandum of Agreement (MOA) between NASA LaRC and the EPA, developed a data product that would incorporate both NASA satellite data from the MODIS sensor and data from the EPA ground network.  The goal was to design a product that could identify high concentrations of PM2.5 and provide insights into the possible transport of PM2.5 on a continental scale.  This product could then be used as a tool by PM2.5 forecasters.  Several data products were combined to create a NASA data enhanced PM2.5 Forecast Tool, which took the form of a visualization. These data products included ground network data, MODIS aerosol and cloud data, and wind data provided by NOAA and the Space Science and Engineering Center Cooperative Institute for Meteorological Satellite Studies (CIMSS) at the University of Wisconsin.

The EPA ground network consists of PM2.5 monitoring stations located throughout the country, with higher concentrations of monitors in more densely populated regions.  These monitors are operated by state and local agencies, which also provide the air quality forecasts for the EPA.  In addition to Federal Reference Monitors, which make a measurement of PM2.5 over a 24-hour sample period, the ground network consists of over 230 continuous PM2.5 Federal Equivalent Monitors that report PM2. 5 concentration data hourly to the EPA’s AIRNow Data Management Center.  AIRNow is an EPA sponsored website that allows public access to air quality information and forecasts, and serves as a data repository (http://www.epa.gov/airnow/index.html).  Figure 3 contains a map showing the location of the EPA’s continuous monitoring stations in the United States. The hourly concentration data from all of the continuous monitors is pulled from AIRNow twice a day by the NASA LaRC researchers for inclusion in the NASA data enhanced PM2.5 Forecast Tool.  
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	Figure 3. Locations of EPA PM2.5 continuous monitoring stations accessible from the AIRNow website.  The colors of the monitor locations relate to the color scale for the PM2.5 AQI.  Gray circles indicate missing data from the monitor for that day.


The MODIS aerosol product provides a measure of extinction (how much light is unable to pass through a column of atmosphere as a result of aerosols, or particles, in the air) and therefore can be used to estimate the amount of aerosols in the atmosphere.  The MODIS aerosol optical depth product is determined at three different wavelengths, 0.47, 0.55, and 0.66 m, with a 10-km ground sample distance (Kaufman and Tanre, 1998). The cloud optical thickness product is able to provide cloud locations as well as cloud radiative properties.  Technical specifications for both MODIS products are given in Table 3. In both cases, however, only a visual display of the MODIS product was provided to the forecasters, rather than the actual numerical values from the MODIS data.  The visual product provides the PM2.5 forecasters with the data they require in an easily interpreted format.

	Table 3. MODIS Aerosol and Cloud Product Technical Specifications

	Specification
	Aerosol Product
	Cloud Product

	Product Name
	MOD04
	MOD06

	Accuracy
	0.05±0.20*tau error estimate

aerosol optical thickness
	10% optical thickness and effective radius

	Time Interval
	1-2 day repeat
	1-2 day repeat

	Grid Resolution
	10km
	1km

	Processing Level
	2
	2


The degree of correlation obtained between ground network data and MODIS aerosol products was investigated.  Geolocation of the ground network monitoring stations was verified before the correlation studies were performed.  Excellent correlation, exceeding 0.8 in most cases, between the MODIS aerosol product and the PM2.5 ground network was found.  In some of the test data sets, the MODIS data and the ground network data diverged.  However, in these cases, additional data showed that, when this occurred, the air containing the aerosol was lofted above the ground surface.  The MODIS data and ground data also diverge over mountainous regions. An example of a typical correlation plot for one test site is given in Figure 4.  
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	Figure 4. A plot showing the ground network measured data and the MODIS Aerosol data (not to scale).  The one-hour and 24-hour correlations are shown in the legend.


In addition to the ground network observations and the MODIS data, discussed in Table 3 above, the forecast tool utilized three other data sets. 

(1) Forward air parcel trajectories were generated using forecast winds from the Eta Data Assimilation System (EDAS).  These trajectories were initialized only at locations in which the average MODIS aerosol optical depth value over a 5-pixel by 5-pixel area exceeded a value that approximately corresponds to “Unhealthy for Sensitive Groups” category of the AQI. The forward air parcel trajectories provide a 48-hour forecast showing the potential direction and altitude of the air parcel movement from areas with high aerosol loads. 

(2) In addition, the forecast tool contained wind vectors generated by EDAS.  This wind data was produced every 3 hours.  These wind field vectors showed wind speed and direction at the top of the boundary layer and were used as indicators of downward or upward air motion, both of which can significantly impact aerosol concentrations over an area.   

(3) Finally, the GOES Wildfire Automated Biomass Burning Algorithm (WF-ABBA) data, which provides half-hourly fire locations, was included.  Fires are large contributors to the aerosol concentrations in an area as a result of smoke and soot.  Only fire locations that appear more than once in 12 hours were plotted within the forecast tool.  The University of Wisconsin provided this data set (http://cimss.ssec.wisc.edu/goes/burn/abba.html).

The chosen interface with forecasters was in the form of a time-looped movie.  Three-day loops were created, each showing MODIS aerosol and cloud data over the entire Continental United States, overlaid by either wind vectors or air parcel trajectories and hourly measured ground particle concentration data. The hourly PM2.5 concentration data was depicted as a vertical color bar, the height of which indicated the concentration level and the color indicated the AQI category (based on a 24-hour average). The visualization was updated to show all of the hourly ground data in a given day, forming the time-loop.  No data was being altered during the creation of this forecast tool.  It was intended only to be a visual product to assist the EPA forecasters in identifying large occurences of PM2. 5 and the transport of those occurences.  A still frame from one of the visualizations is shown in Figure 5.  In this figure, MODIS AOD data is the color imagery shown, MODIS cloud data is the gray-scale imagery, PM2.5 surface concentrations are shown as vertical bars, wind vectors as red arrows, and fire locations as purple triangles.
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	Figure 5.  An example still frame of the PM2.5 Forecast tool from August 17, 2003.  


Currently, this forecast tool is designed to assist only with PM2.5 AQI forecasts.  Future tools may include data sets that will aid in the forecasts of all of the primary pollutants. 

2.3.2 Implementation 

The PM2.5 Forecast Tool was created under the IDEA (Infusing satellite Data into Environmental air quality Applications) project, and in partnership with EPA’s AIRNow program.  IDEA is a NASA-EPA-NOAA partnership to improve air quality assessment, management, and prediction by infusing (NASA) satellite measurements into (EPA and NOAA) analyses for public benefit.   IDEA is part of NASA’s Earth Science Enterprise Applications Program strategy to demonstrate practical uses of NASA sponsored observations from remote sensing systems and predictions from scientific research. EPA’s AIRNow program provides the framework for instrumenting, quality checking, and reporting surface air quality data at over 300 sites across the U.S. on an hourly basis.
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Five different data sets were combined at NASA LaRC to create the visualizations that assisted PM2.5 forecasts.  The ground network data was pulled from the EPA’s AIRNow website.  NOAA provided the air parcel trajectories and wind vector data, the University of Wisconsin provided the GOES WF-ABBA fire data and NASA Goddard Space Flight Center (GSFC) provided the MODIS data products.  Figure 6 shows a flowchart of the various data products and providers for the Forecast Tool.

	

	Figure 6. Flowchart of data products.


MODIS, available on both the Terra and Aqua satellites, transmits acquired data via satellite direct broadcast that is received by ground stations around the world.  The University of Wisconsin can receive data, from both satellites, of the entire Continental United States every day.  At present, the University of Wisconsin ground station is not fully operational, therefore, the data was delivered to the University of Wisconsin via the NOAA bent pipe through the National Environmental Satellite, Data and Information Service (NESDIS), and then, with permission from NOAA, to NASA LaRC.

After being received by NASA LaRC, all of the data was processed on a central Linux computer.  UNIX scripts were written to pull in all of the data sets and combine them into the PM2.5 Forecast Tool. Quality checks were performed on the data sets, as well as the output Forecast Tool.  A computer at the NASA LaRC Distributed Active Archive Center (DAAC) regularly “pinged” the central computer for completed visualizations.  Once a completed visualization is available, the DAAC computer mirrored it onto one of its computers.  The DAAC hosted a website that the PM2.5 forecasters accessed in order to download the daily forecast tool, as well as maintained security for the website.  NASA and EPA researchers at LaRC reviewed the visualizations and produced a paragraph describing important details and features to draw the attention of the forecasters to these features.   These forecast notes were manually generated on a daily basis for every visualization produced.

The current process, including data processing and review, is labor-intensive, with various back-up systems involved.  However, many science investments, including hardware, software, data streams, comparison tools, and infrastructure, were leveraged to enable this process. Once production of these data products becomes more routine, it is envisioned that the Cooperative Institute for Meteorological Satellite Studies could produce the visualizations for daily operational forecasts.

2.4  Verification and Validation

The V&V phase of the systems engineering approach includes measuring the performance characteristics of data, information, technologies, and/or methods, and assessment of the ability of these tools to meet the requirements of the DSS.  Typically, as part of the V&V phase, to ensure the quality of the output, results are verified by comparison with technical specifications using such things as in situ measurements or cross-comparisons with other DSSs, models, and data sources.  Furthermore, NASA then interacts with the end users to validate if the outcome of the enhanced DSS meets the functional requirements of the DSS owner.
2.4.1 Verification

Once the PM2.5 Forecast Tool was designed, test data sets were produced for verification.  Large PM2.5 events occur most often during the months of July, August and September.  Therefore, visualizations were produced for data sets from the months of July and August 2002.  Several pollution events occurred during the test period and were used for verification.    Verification of the standard MODIS data product had been already been performed by the MODIS science teams (Chu et al, 2002, Remer et al, 2002).

Three case studies in which pollution events occurred were studied using the forecast tool: (1) an event of PM2.5 over the Mississippi River Valley, (2) an event that resulted from fires in Mexico, and (3) an event that resulted from fires in Canada and transported to New York City.   In each case the event was monitored until it dissipated. Figure 7 contains individual pictures extracted from the forecast tool from two days during the event over the Mississippi River Valley. Location of the PM2.5 ground surface monitors are represented by colored bars. The height of the bar represents the hourly PM2.5 concentration (g/m3) and the color represents the associated EPA AQI level based on a 24 hour running average.  The data-fusion product visualizes the relationship between the MODIS AOD and PM2.5 ground monitor data.  Initial analysis of the data showed a strong correlation between hourly PM2.5 concentrations (surface monitors) and AOD in coincident MODIS pixels (10km x 10km).  The MODIS data covering the entire continental US, combined with the air parcel trajectory information, provides meteorologists with insight into large PM events and continental transport of aerosols. 
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	Figure 7.  Individual pictures from the PM2.5 Forecast Tool for two days during a large PM2.5 event over the Mississippi River Valley.  The event can be seen to move southward between the image from September 9, 2002 (left) and the image from September 10, 2002 (right).


Additional verification, relating to the correlation between the MODIS data and the ground network data, was performed at NASA GSFC and NASA LaRC. Researchers at NASA GSFC derived correlation coefficients between MODIS aerosol optical depth and EPA PM2.5 mass concentration at each ground monitor site during the summer 2003. Issues immediately arose for sites with low correlation when PM2.5 mass concentrations are less variable (e.g., PM2.5 < 10 g/m3) or due to long-range transport events (e.g., smoke). It was decided that the correlation coefficient obtained from linear regression could not be the sole measure used to examine the relationship between MODIS aerosol optical depth and surface observed PM2.5 mass concentration. Mean absolute error (MAE) of each site provided additional useful information by converting MODIS aerosol optical depth to mass concentration.

In addition, forward air parcel trajectories were developed to indicate whether the aerosol mass was likely to be near the surface (good correlation with surface monitors) or aloft (poor correlation). It is important to note that both the surface measurements and the aerosol optical depth are independently validated.  A lack of correlation is an indication that the aerosols are not near the surface, rather than that one measurement is incorrect.  

An empirical relationship was found between MODIS aerosol optical depth values and surface concentrations over the specific set of sites and time of year tested.  It was found that 88% of the total number of sites had an MAE within 15 g/m3 between July and September. This suggests, statistically, that MODIS-converted mass concentration could be used for PM2.5 forecasts at nearly 90% of the sites in the U.S with an error of PM2.5 ≤ 15 g/m3.  This data, used in conjunction with ground network data, should enable forecasters to monitor key events (e.g., wildfires, dust storms), and, by generating forward trajectories, estimate the direction of transport and the time the smoke or dust particles might enter their region.

It is important to note, however, that this error represents a significant portion of the AQI concentration threshold at lower AQI levels (i.e., Good, Moderate and Unhealthy).  If the MODIS data were used as the sole indicator of air quality it could easily result in a missed forecast (i.e., characterizing the air quality as moderate when, in reality, it is good).  Consequently, the MODIS data should be viewed as one of the many pieces of data
 needed to forecast air quality pollution. More research is necessary to determine the conditions for which the relationship between MODIS aerosol optical depth and surface PM2.5 concentrations holds, as well as the effect of the relationship error on forecasted AQI levels.  

2.4.2 Validation 

Validation was performed on the forecast tool to ensure that it was adequately performing the job for which it was intended
.  PM2.5 forecasters were given the case study forecast tool, and shown how to use it.  Afterwards, the forecasters were asked how useful the forecast tools were in monitoring the PM2.5 events.  Responses received from the forecasters were incorporated into the design of the PM2.5 Forecast Tool.

2.5 Benchmarking
The final component to the systems engineering approach involves benchmarking the enhancements made by NASA on the partner-owned DSS. During this final phase, the impact of NASA input(s) on the DSS output(s) is measured and quantified. The measurements can include such tangibles as the time to produce results, the accuracy, quality, and reproducibility of DSS results, and the enhanced DSS’s ability to fill a previously unmet need of the DSS owner.

2.5.1 Definition

Within the Earth Science Applications Program, the term benchmark has been defined as follows:

“A standard by which a product can be measured or judged. Specifically, how the Decision Support System that assimilated NASA measurements compared in its operation, function, and performance to the earlier version.”  

In the case of DSS enhancements, a benchmark denotes a widely recognized reference point by which performance of other systems is measured, compared, and evaluated.  Benchmarking of a DSS is a process of measuring the performance of the DSS according to specified standards and reference points to document its value and to identify areas for improvements.  If a standard reference point does not exist
, then benchmarking refers to measuring the performance to establish a standard of reference.  Assessing the performance of an original DSS without enhancements being implemented first creates the baseline benchmark, and then performance of the enhanced DSS is assessed and compared with the baseline.

2.5.2 Techniques

During the benchmarking process, existing techniques or metrics widely used within the community that owns the now-enhanced DSS should be used.  These existing techniques need to be reviewed, understood, and possibly augmented to ensure that they properly measure the NASA enhancements before the DSS is used as a tool.  Making use of existing applicable benchmarking techniques is a more cost-effective way of measuring the enhancements that NASA ESE has made to the DSS. Additionally, by embracing partner benchmark tools and techniques, NASA ESE improves the likelihood that partners may adopt the data sets, and therefore, accept and take ownership of the results.  To this end, the benchmarking phase may also include the documentation of procedures used to incorporate NASA data into the DSS.

2.5.3 Value

The primary purpose of the benchmarking efforts is to document the relative value of the Earth science observations and products in the partners’ decision-making activities.  The benchmarking efforts are valuable for both the partners and NASA.  By documenting the value, the benchmarking process:

· Lowers perceived risk to adopting other Earth science data and technology

· Provides metrics to report to agency sponsors and inform other users

· Enables cooperation and builds trust between the agencies

· Develops success stories leading to more efforts between the agencies

3.0 Benchmarking Air Quality

3.1 Air Quality Benchmarking Team

The Air Quality Benchmark Team was formed in June 2003 and tasked with benchmarking “measurable enhancements to [a] national decision support system.”  The DSS chosen was AQI PM2.5 forecasting, which used data derived from NASA’s MODIS sensor (aboard the Terra Satellite) and infused into forecasts of the AQI, provided by forecasters affiliated with the U.S. EPA.  This important benchmarking activity brought together representatives from LaRC (including the principal investigator), GSFC, Stennis Space Center (SSC), NASA Headquarters Earth Science Applications Program and the U.S. EPA.   The team met to work towards addressing the general guidelines outlined in the Earth Science Applications Plan (www.earth.nasa.gov/visions) and, more specifically, the performance measures outlined in the Office of Management and Budget’s Performance Assessment Rating Tool (PART) (http://www.earth.nasa.gov/eseapps/omb_part/measures.pdf).  Through the process of benchmarking the air quality application, the intent of the team was to document performance improvements achieved as a result of including NASA satellite data and recommend future courses of action.

3.2 Benchmarking Steps

Benchmarking is the third and final phase of NASA’s systems engineering approach.  The process used for this benchmarking activity is adapted from the Benchmarking Process Guide, developed by the Public Sector Benchmarking Process.
 It requires several steps to complete, including planning, collection of data, analysis of findings, recommendations, and a review of lessons learned (PSBS, 2003).  In the planning step, a project plan, in which the study objective, success criteria, available resources, partners and a project team are defined, is typically created.  Data collection entails the compilation of performance measures and the collation of findings.  The analysis of findings phase involves the review and verification of the findings that constitute the benchmark, as well as the identification of areas for improvement.  During the recommendation step, the feasibility of executing identified improvements is evaluated.  Finally in the review of lessons learned, an evaluation of the benchmarking process and its overall efficiency and effectiveness occurs.  

3.2.1 Planning

The planning phase for benchmarking the PM2.5 Forecast Tool project involved the identification of the study objective, success criteria, project team and partners, and resources that were used to perform the benchmarking activity.  Table 4 lists the overall study objective, success criteria and team members for the Air Quality Project Team, as well as the project partners and resources that were defined during the planning phase.

Table 4.  Items defined during the planning phase. 

	Study Objective
	Determine the benefit of incorporating MODIS data
 into Air Quality Forecasting 

	Success Criteria
	The Forecast Tool enables or enhances the forecast of an AQI for particle pollution on a daily basis during the month of September 2003. 

	Air Quality Project Team
	NASA LaRC, NASA GSFC, U.S. EPA, NOAA, University of Wisconsin 

	Partners
	Environmental Protection Agency

	Resources
	Leverage existing resources of NASA LaRC, NASA GSFC, NOAA, U.S. EPA, and SSC 


As part of the planning phase of the benchmark activity, to meet the identified study objective, a demonstration project was designed.  A one-month period in which the PM2.5 Forecast Tool was generated and delivered to forecasters was planned for September 2003.  A set of products was developed, and a product delivery method, via secure website, was defined. 

This project was planned to occur prior to the introduction of the U.S. EPA’s PM2.5 forecasts in October 2003.  Thus, the activity took place before baseline information about PM2.5 forecasts could be collected.  The information required to generate an ideal, quantitative benchmark, namely a skill score
, was not available.  The benchmark activity described in the following sections represents a qualitative analysis of the enhanced Forecast Tool’s ability to enable PM2.5 forecasts.
3.2.1.1 Product Development

The forecast tools used during the one-month benchmarking activity were generated with data fusion techniques enabled by the vGeo software developed by VRCO, using the following inputs: 

· Daily MODIS Aerosol Optical Depth (NASA-Terra
)

· Daily Cloud Optical Thickness (NASA-Terra).

· Hourly PM2.5 measurements from in-situ monitors (U.S. EPA- AIRNow).

· Surface and Upper Air Wind Fields (NOAA/NCEP-Eta forecast model, every 3 hours).

· Air Parcel Trajectories (EDAS forecast winds).

· Daily Fire Locations (WF-ABBA GOES).


From these inputs, five products were generated: (1) a 3-day composite animation of surface data, MODIS data, and 850 mbar winds, and fire locations across the nation; (2) 48-hr forecast trajectories; (3) regional views of aerosol optical depth and cloud optical thickness; (4) a national view of the correlation between surface observations and MODIS observations; and (5) a site by site view of the correlation between surface observations and satellite observations.  Product descriptions were provided to the forecasters. Additionally, a daily forecast discussion, noting interesting features of the forecast tool, was provided. Each of these forecast tools is described in detail in Appendix A. 

3.2.1.2 Web Site Development

A password protected prototype IDEA website was established at http://idea-aqi.larc.nasa.gov as a method for delivering the tools to the forecasters. Forecasters who had been identified by the team and who had agreed to participate in the evaluation were given user names and passwords.  By September 30, 2003, eighteen air quality forecasters had registered and accessed the web site. User name and passwords were also distributed as requested to several groups.

The main design requirement of the IDEA-AQI web site was to allow quick and easy access to the latest suite of images and the forecast discussion.  The existing production web server at the NASA Langley Atmospheric Sciences Data Center (ASDC) was used for this purpose. The IDEA-AQI web site was made available to the IDEA collaborators on August 28 ahead of the desired September 1 target date. By working in collaboration with the site developer during interim deliveries, the site was ensured to be in compliance with the NASA web site guidelines. 

Through this web site, the Air Quality Project Team provided the air quality forecast and associated products through September 30 as planned.  At the request of the U.S. EPA, the Team decided to continue providing products that are automatically generated (requiring minimal human involvement) and delivered to the production web server until further notice.  

3.2.1.3 Preliminary Testing

During the testing phase before September 1, 2003, team members accessed the website and viewed it from UNIX, Linux, Windows, and Macintosh systems both on and off the NASA domain, including through home internet services.  Delivery speed and viewing compatibility were key criteria.  Adjustments were made to accommodate various browsers, plug-ins, and operating systems to permit the data fusion visuals to be viewed under normal conditions. Also, during the checkout period, the scripts that automatically copied the plots delivered daily from the delivery to the production web site were monitored and determined to be functioning correctly.

3.2.1.4 Preliminary Training

Although training was required because of the untested nature of this product, the forecasters were not assembled at a meeting or workshop, which would require significant time and travel investments on their parts.  The product descriptions were developed to serve as an informal training document and were provided through the AIRNow website to the forecasters, as well as being placed on the IDEA-AQI website.  Teleconferences were also held with smaller groups of forecasters to introduce the product descriptions, answer questions, and to discuss any problems observed in their access or use of the products.  A high level of autonomy was expected from the forecasters, similar to that expected from research partners.
3.2.2 Data Collection

During the data collection phase, feedback data was collected to determine project success.  Upon completion of the benchmarking activity, the Air Quality Project Team collected data relating to the process, as well as the forecasters’ ability to utilize the tools to enhance the AQI PM2.5 daily forecasts.  

3.2.2.1 Collection of Performance Metrics

The daily processing for the benchmarking activity involved a sequential 24-step process (Appendix B). Data were collected and processed during each day of the benchmarking period and results were posted on the IDEA web site by late evening. This ensured that U.S. EPA AQI forecasters would have access to the forecast products on the following morning for their next 24-hour AQI forecast cycle.  The products were successfully uploaded onto the IDEA web site during the entire month of September, except for September 16th to 22nd, when Langley Research Center was closed due to Hurricane Isabel.  Detailed statistics, which document the operational success rates of the benchmarking period, are presented in Appendix C. These statistics are based on the daily error log files.  A summary of these statistics is given in Table 5.

Table 5.  Summary of project performance metrics from the month of September

	Performance Measure
	Results

	(1) Daily operational success rate for all 24 steps in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting production. 
	Three quarters of the 24 forecast days achieved successful completion of more than 90% of the steps.



	(2) Operational success rate for each processing step in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration. 
	During normal operations, the individual success rates were above 80% for each step. 

	(3) Daily data volume for each processing step in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration.
	The total data volume processed for the product generation portion of the demonstration is approximately 46 GB for the demonstration period.

	(4) Daily aggregated product delivery to all forecasters for the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration.  
	During the demonstration, a total of 1.3GB were served to users in a total of 7,525 files. For the 24 days with normal operations, an average of 53 MB/day was transferred to users.  

	(5) Daily aggregated site access for the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration.
	For the 24 days with normal operations, an average of 176 hits per day can be noted.  




3.2.2.2 Collection of User Feedback

Feedback from the forecasters was sought through teleconferences to serve as the basis for an evaluation of the project’s success. During these teleconferences, a telephone survey of forecasters posed four questions:  

· Did you access the site during the demonstration period?  

· Did you use the material in developing your forecast for those days?  

· Did the IDEA tools improve your ability to forecast?  

· What would you change for the future?  

All of the eighteen forecasters accessed the site at some time during the benchmarking period, as reported by the forecaster access logs generated at the DAAC.  However, three forecasters did not respond to telephone calls or email, and therefore, are not included in the results that follow.  Thirteen of the fifteen remaining forecasters used the material in generating forecasts on days when they accessed the site.  Four of the fifteen forecasters used the material on a regular basis, four or more times a week, during the benchmarking period.  All fifteen of the forecasters reported that the tools improved their ability to forecast, with the caveat in two cases that the improvement would come in the future as they learned to understand the new information better.  

The forecasters cited a few technical problems that required addressing before deploying this product to a larger community.  The volume of the data involved transferred slowly over some networks, so much so that some forecasters did not realize that the displays were animated until they returned after a short break to find the visuals changing on their computer screens.  Security and access through the firewall were not reported as a problem.  

Four forecasters asked for additional training materials.  The Air Quality Project Team was unfamiliar with the capabilities, resources, and training that could be expected from an average air quality forecaster, and had to rely on information provided by the U.S. EPA.  The participants in the benchmarking activity were all more skilled, better equipped, and more highly motivated than their estimates of the “average” air quality forecaster.  Consequently, the project team was encouraged to investigate NOAA weather forecaster training, and to plan resources for training in future activities.

The forecasters identified the pseudo-synoptic view of aerosol loading across North America as a critical asset, allowing them to identify regional transport influences, natural event influences, and re-circulation influences, and significantly improving the context of their forecasting.  The forecasters identified great value in retaining the forecast tools in an archive for a wide range of other roles that they also performed, including trending and emissions inventories assessments.  As a result, the Air Quality Project Team back-generated products from data that were missing at the time, but became available later.  Retrospective studies using the September 2003 archive are in progress at this time.

The participants generally expressed greater confidence in the satellite data than in their own estimates of emissions and transport, particularly with respect to the satellite data’s ability to capture present realities in atmospheric conditions.  Much of the analysis work on air quality within U.S. EPA is conducted with primarily model data for a study year.  Current industrial activity here and abroad, and natural disasters are often missing from these analyses.  Several participants in the benchmarking activity intended to examine the archive as a verification of their own analyses.

Several forecasters identified the use of the forecast tool as a “browser” which helped identify frequency and spatial extent of particle pollution episodes.  In such an application, U.S. EPA expects to develop statistics that quantify the return on investments to control particle pollution.  No such statistics are presently based on nationwide observations of particle pollution, so if implemented, this would represent a new capability based on NASA satellite data.  

3.2.3 Analysis of Findings

The analysis of findings phase involves a review of findings, as well as the identification of areas for improvement.  The findings are drawn from the NASA LaRC and NASA GSFC science teams’ analysis of the data and from user responses collected during the telephone survey establish the benchmarks for this project.  

During the verification phase (Summer 2002) of this project, a correlation between the MODIS data and the ground network data was performed.  This analysis suggested, statistically, that MODIS-converted mass concentration could be used for PM2.5 forecasts at nearly 90% of the sites in the U.S with error of PM2.5 ≤ 15 g/m3.  Consequently, this data, used in conjunction with ground network data, should enable forecasters to monitor key events (e.g., wildfires, dust storms), and, by generating forward trajectories, estimate the transport direction and potential time the smoke or dust might enter a particular forecast region.
The most important finding is that the PM2.5 Forecast Tool improved the test forecasters’ ability to generate AQI PM2.5 forecasts. This result is drawn directly from forecaster responses to the telephone survey, and indicates project success based on the success criteria defined during the planning phase, that the forecast tool “enables or enhances the forecast of an AQI for particle pollution.” This finding, suggests that the NASA data enhancement has a positive impact on PM2.5 forecasting, however, additional quantitative data is required to state this conclusively.

The forecasters identified several specific PM2.5 forecasting areas that benefited from the NASA data enhanced PM2.5 Forecast Tool. Because of the nature of the tool, which provides information about particle concentrations across the entire United States at once, the forecasters reported improved ability to estimate transport of PM2.5 into their forecast area. The participating forecasters indicated that the forecast tools would be used to identify the frequency and extent of particle pollution events. Additionally, the forecasters stated that the NASA data enhanced tools allowed for more accurate emissions inventories and trending analyses, because of the tools’ ability to capture current aerosol activity due to industrial activity and abnormal weather events.  All of these observations by forecasters indicate that the NASA data enhanced forecast tools fill previously unmet requirements for forecasting PM2.5.

In addition to the survey of participants, two actions taken by U.S. EPA proved to be meaningful feedback for the value of the forecast tool.  First, at the request of U.S. EPA, during the benchmarking period, the AQI-IDEA website and data products were integrated into four regional U.S. EPA Particulate Matter Forecasting Workshops.  More than 50 attendees requested access to the site through these workshops (their access is included in the “admin” totals statistics in Appendix C, as they were not engaged in daily forecasting of PM).  Secondly, U.S. EPA requested a concept for continuing the production of the forecast tool products throughout the year, which U.S. EPA offered to support financially with transition oversight by the IDEA project.  

While providing feedback related to the use of the forecast tools, the participating forecasters identified areas for improvement in the tool.  Forecasters reported that data volume of the forecast tool caused a slow transfer rate of the tools via the internet in some cases.   The forecasters also suggested that training be provided to users of the forecast tool who are less familiar with the utilization of these types of data

3.2.4 Recommendations

The forecasters identified two areas of the PM2.5 Forecast Tool that could be changed to expand the usefulness of the tool.  Forecasters indicated that the data volume of the tools, which caused slower internet transfer rates, could hinder some users and that training will be required by some users to effectively use the Forecast Tool.  This user feedback formed the basis of the first two recommendations:

· Data compression techniques should be investigated to attempt to reduce the data volume of the forecast tool, which will increase data transfer rates

· Training should be provided to all potential users of the forecast tool to maximize the effectiveness of the tool

It was noted, via the telephone survey, that not all of the forecasters used the NASA enhanced Forecast Tool on a regular basis while creating daily PM2.5 forecasts, although all forecasters indicated that use of the tool improved their ability to create these forecasts.  This finding has not been fully investigated and is not yet understood, which results in the third recommendation:

· Irregular use of the Forecast Tool should be investigated to determine if changes could be made to the Forecast Tool that will promote daily usage

As a result of some of the verification work that has been performed to show correlations between the two main input data sets of the forecast tool, it has been shown that the MODIS aerosol optical depth product is not able to accurately estimate ground level concentrations of particle pollution in all instances.  This result produced the fourth recommendation:

· Further correlation studies should be performed to determine the conditions (geographical, meteorological, and seasonal) that adversely affect that ability of MODIS aerosol optical depth products to predict ground concentrations of PM2.5.

Due to the schedule planned for this benchmarking activity, the analysis conducted has been qualitative.  Not enough reference information was available to perform a quantitative analysis using a widely accepted measure of improvement (the skill score) to serve as the benchmark, because prior to the U.S. EPA’s introduction of AQI PM2.5 forecasts, there were very few forecasters providing PM2.5 forecasts (almost all participated in the demonstration project).  However, during the month of September, prior to the introduction of AQI PM2.5 forecasts, the U.S. EPA held several PM2.5 forecasting training workshops around the country.  Several months of AQI PM2.5 forecasts, combined with an increase in the number of forecasters capable of producing them, will increase the amount reference information available to calculate a skill score.  This is the basis for the fifth recommendation:

· Another benchmarking activity should be performed several months after the introduction of the U.S. EPA’s AQI PM2.5 daily forecasts, and a quantitative analysis, i.e. a skill score, should be calculated to serve as the benchmark 

Based on the feedback received from the U.S. EPA at the conclusion of the benchmarking activity, the NASA data enhanced PM2.5 Forecast Tool is effective for improving PM2.5 forecasts.  The U.S. EPA is willing to provide some level of funding to continue the production of this tool operationally.  Thus, the final two recommendations are as follows:

· The production of the Forecast Tool needs to be transitioned so that it may be continued in an operational capacity

· A partnership between NOAA and NASA, via an MOA, should be investigated to transition MODIS data products into operational production of the PM2.5 Forecast Tool

4.0 Conclusions

The PM2.5 Forecast Tool project was the first NASA ESA Program project to be benchmarked.  The benchmarking activity was successful in achieving its primary objective to enable or enhance the forecast of an AQI for particle pollution on a daily basis for the month of September 2003.  The group of forecasters who agreed to evaluate the products indicated that they used the tools and found them valuable in their daily forecasts.  They requested continued delivery of the tools, and offered resources to ensure that this work would continue.

Perhaps equally important, the forecasters and partners identified multiple uses for the applications data products that were not envisioned in the baseline planning.  Unplanned uses for verifying analysis assumptions in policy and planning, and quantifying return on investment in control strategies represent significant contributions to public benefit.  This finding clearly emphasizes the importance of flexibility and responsiveness in national applications.  

In this partnership, NASA, NOAA, and U.S. EPA performed different roles, entirely aligned with their individual missions.  This alignment leads to sustainable partnerships, and is recommended as a model for future projects.  It is encouraged that a formal agreement to be developed and signed among the three agencies to foster further engagement to improve public decision-making regarding air quality.

Through this benchmarking activity, it was found that the PM2.5 Forecast Tool developed by researchers at NASA LaRC and the U.S. EPA filled a previously unmet requirement of PM2.5 forecasters.  This tool offered the forecasters the ability to track the frequency and extent of particle pollution events, which was a capability they did not have prior to the development of the PM2.5 Forecast Tool.  A qualitative analysis of results from benchmarking activity showed that the forecast tool improved forecasts of PM2.5.  This finding would be strengthened with a quantitative analysis of the impact of the NASA data enhanced forecast tool.  Future activities will be needed to achieve this more statistically rigorous analysis.  

5.0 Lessons Learned – Recommendations for future benchmarking projects

Through the process of benchmarking the inclusion of MODIS data into AQI PM2.5 forecasting, several lessons relating to both benchmarking activities and, in some cases, the overall project, were learned.

Emphasis on project management fundamentals (e.g., resources, time, cost, and scope) is key to the success of any project.  The air quality forecasting benchmarking activity was originally planned to occur during fiscal year 2004, but took place in September 2003, just ahead of the U.S. EPA’s roll-out of PM2.5 AQI forecasts for 100 metropolitan areas in October 2003.  The desire to document the benchmarking activity prior to November 1st placed considerable time pressures on the team.  The project was broken down into a number of tasks and then a project schedule was developed.  Unfortunately, due to the nature of this “first-time” activity the team was unable to adequately define all of the elements and the project report was delayed by one month. Project requirements also evolved over the course of the benchmarking period. These modifications added a level of difficulty to the activity that was being undertaken.  Finally, the resources needed to complete this benchmarking activity spanned three Centers (e.g., LaRC, GSFC, and SSC) and two Agencies (e.g., U.S. EPA and NASA).  Methods of communication were developed as needed and it took awhile to fully understand the skills/roles of each team member.  This led to changes in the method of benchmarking and the responsibilities of team members.  

Agency roles and responsibilities should be clearly defined.  The responsibilities of each of the partner agencies should be defined at the start of the project, possibly through an implementation plan.  The project activities that fall within the realm of each agency will therefore be clearly defined, and both agencies would have an opportunity to articulate project intentions and plans.  An MOA between the U.S. EPA and NASA described some of the roles of the respective agencies, many of which referred to the visiting U.S. EPA researcher, but did not cover all aspects of the project.  This is directly related to the following lesson learned.  

NASA and partner agencies should agree on their respective required metrics.  These metrics should be defined jointly at the outset of the project and should enable NASA and the partner agencies to report performance to their respective stakeholders. Specifically, NASA and the partner agencies need to agree to, and plan for, the types of metrics that will be needed after each phase of the project for reporting purposes.  The plans should include funding to support metrics generation.

On-site involvement of partner agency personnel for close coordination of research activities is critical. The team felt that the on-site involvement of an U.S. EPA research scientist was critical to the success of the overall PM2.5 Forecasting Tool project.  This sentiment is in keeping with a National Research Council report (1998), “Research Priorities for Airborne Particulate Matter,” which recommends greater coordination between federal and nonfederal particulate-matter researchers to “enhance the likelihood of producing information that is useful in public-policy decisions and, ultimately, improves public health.”  In particular, the report states that “research scientists need to interact while research is being planned.  It is not sufficient to hold workshops or symposia on the results of past research.” The on-site involvement of the U.S. EPA research scientist enabled NASA to respond more fully to the requirements of the U.S. EPA and to provide support in a timely fashion.
Community-accepted metrics should be utilized. When possible, existing metrics, widely used within the community that owns the DSS, should be used for benchmarking. Embracing partner benchmarking tools and metrics improves the likelihood that partners will accept and take ownership of the results. 
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Appendix A.  Five Forecast Tools

A.1. Forecast Tool 1

Forecast Tool 1 is a 3-day composite MODIS aerosol optical depth (τa), cloud optical thickness, hourly in-situ PM2.5 mass concentrations, EDAS 850mb wind vectors, and WF-ABBA fire locations (Figure 8).
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	Figure 8. Sample 3-day MODIS a-hourly PM2.5 mass concentration animation


The data fusion animation plots the past three days of available daily MODIS aerosol optical depth (in color contours), daily MODIS cloud optical thickness (in gray contours), hourly PM2.5 concentrations for the in-situ continuous monitors (vertical color bars), EDAS 850mb wind field vectors, and half-hourly WF-ABBA fire counts (pink and violet triangles). This data fusion visualizes the relationship between the MODIS τa, hourly PM2.5 mass concentration and the air quality index, providing a pseudo-synoptic view of aerosol events across North America.

A.1.1. MODIS Derived Aerosol Optical Depth, a
The MODIS τa used for these plot is based on the MOD04_L2 aerosol product
 (Kaufman and Tanré, 1998) and is from the MODIS sensor aboard the Terra satellite which has a descending orbit and a 10:30 AM equatorial overpass time. The predicted and actual overpass time for a given day can be found at http://www.ssec.wisc.edu/datacenter/terra/. The MODIS τa is at a 10 x 10 km2 spatial resolution and is plotted on a scale of 0.0 to 1.0 with τa > 1.0 shown as dark red. 

A.1.2. MODIS Cloud Optical Thickness (COT)

The MODIS COT τa used for these plots is based on the MOD06_L2 cloud products
. A τa is not derived for cloud filled pixels, therefore the clouds fields derived from MODIS are plotted to help define synoptic weather features important to the movement of aerosols.

A.1.3. In-situ Hourly PM2.5 Mass Concentrations

The location of each continuous PM2.5 monitor from the State and Local Air Monitoring Stations (SLAMS) and National Ambient Monitoring Stations (NAMS) is represented by a vertical color bar. The height of the bar represents the hourly PM2.5 concentration (g/m3) and the color represents the associated U.S. EPA Air Quality Index (AQI) level based on a 24 hour running average, see table below. An AQI above 100 means PM levels are unhealthy for sensitive groups (i.e., the elderly, the young, and those individuals with respiratory problems).

A.1.4. EDAS Forecast 850 mb Wind Vectors

The 850 mb wind field vectors are plotted to show wind direction and speed. Often this can be used to qualitatively show areas of convergence and divergence, and is one indicator of downward or upward air motion, respectively.

A.1.5. GOES Wildfire Automated Biomass Burning Algorithm (WF-ABBA)

Half-hourly fire locations as identified by the GOES 12 WF-ABBA are plotted to identify fire activity. The fire locations plotted are temporally filtered, reporting fire pixels that appeared more than once within the past 12 hours. The locations of the fire pixels are color coded by the assigned flags explained below. 

Pink cubes include fire pixels flagged at 0, 1, or 2.ss
0 - Fire pixel that could be processed for sub-pixel instantaneous estimates of fire size and temperature.

1 - Saturated pixel. The temperature of the hot spot was higher than the sensor could evaluate.

2 - The fire pixel was cloudy.

Violet cubes include fire pixels flagged at 3 or 4

3 - This is a high probability fire pixel. Keep monitoring for future development.

4 - This is a medium probability fire pixel. Keep monitoring for future development.

Pixels flagged as 5 are not plotted.

5 - This is a low probability fire pixel. This category is often indicative of false alarms in North America along cloud edges and at high viewing angles at sunrise and sunset, but should be monitored over time.

Additional information on GOES WF-ABBA is available at the website,  http://cimss.ssec.wisc.edu/goes/burn/abba.html.

A.2. Forecast Tool 2

Forecast Tool 2 contains forecast trajectories for high MODIS aerosol optical depth, τa > 0.6 (Figure 9). 
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	Figure 9. Sample Trajectory Forecast for high MODIS a plot


The trajectory forecast animation plots latest available daily MODIS aerosol optical depth (in color contours), daily MODIS cloud optical thickness (in gray contours), and an animated ~48 hour air parcel trajectory forecast (in magenta-white colors).

MODIS derived aerosol optical depth, τa and MODIS cloud optical thickness are the same products described in Forecast Tool 1.

A.2.1. Forward Air Parcel Trajectory Forecast
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	Figure 10. Sample plot with locations of high τa ( > 0.6) used to initialize forecast trajectories


This plot shows the locations where high values of MODIS τa (>0.6) are located and used to initialize starting locations for forecast trajectories. The high MODIS τa values are determined by calculating mean τa values on a 50 km x 50 km grid, or 5 pixels square. The τa value of 0.6 is used because our case studies indicate if the aerosols are in located within a well mixed boundary layer an τa of 0.6 equates ~40ug/m3 or an ~AQI value of 100.

The trajectories are initialized at the high τa values at 50mb, 100mb, 150mb, and 200 mb above the surface level, with a maximum number of 100 trajectories per swath. The initialization points for the trajectories are colored to the aerosol optical depth (AOD) scale and the most recent day of MODIS data remains on the plot. The air parcel trajectories are run using the 12Z NOAA/NCEP EDAS forecast data providing a ~48hr forecast via trajectories. The pressure levels of the trajectories are plotted in mbar and colored to a magenta-white scale. The most recent 12 hours of the 48-hour forward trajectories are represented by a vector. The wind field vectors are plotted to show wind direction and speed.

The forecast trajectory animation details the potential vertical movement of high aerosol loads in the troposphere. The darker colors on trajectory pressure scale are limited to the 1000-800 mb pressure levels to help distinguish trajectories moving within the boundary layer. As the forecast trajectories progress in time, darker color trajectories indicate a flow of air towards the surface, and a potential similar movement of the aerosols, captured by the high τa. White color trajectories indicate a upward movement in the air flow. 

A.3. Forecast Tool 3

Forecast Tool 3 consists of regional summary plots of MODIS aerosol optical depth, τa, and cloud optical thickness (Figure 11).
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	Figure 11. Sample Regional Summary Plot


The Regional plots are defined by U.S. EPA Regions, with the smaller Regions 1-3 (shown above) combined into one view.  Regions 4-10 are separate plots. The Regional plots show four parameters: daily MODIS aerosol optical depth (in color contours), daily MODIS cloud optical thickness (in gray contours), EDAS forecast 850 mb wind vectors, and locations of in-situ continuous PM2.5 monitors.

A.4. Forecast Tool 4

Forecast Tool 4 contains national summary plots of correlations between MODIS aerosol optical depth, τa, and hourly ground PM2.5 mass concentrations (Figure 12).
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	Figure 12.  Sample MODIS τa- in-situ PM2.5 correlation summary plot


The MODIS τa /ground PM2.5 correlation summary plot details correlation coefficients across the United States and parts of Canada. The correlation is based on spatially coincident MODIS τa pixels and hourly PM2.5 concentrations for the in-situ continuous monitors. The parameters plotted are the monitoring site-specific running correlation coefficient for a 60-day minimum (in color scale).  The running time period is indicated in the title of the plot, (i.e., 20030619-20030817). The size of the point plotted relates to the number of coincidences between MODIS τa pixels and hourly PM2.5 concentrations for the given period.

The correlation plot provides a site specific and regional intercomparison perspective on the utility of coincident MODIS τa pixels and hourly PM2.5 concentrations. Higher correlations suggest the PM2.5 mass concentrations at the in-situ monitor are similar to the MODIS τa pixel, and that the observed aerosol is near the surface.

After the demonstration, the data for the month of September 2003 was evaluated to estimate aerosol composition during the demonstration period.
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	Figure 13.  Ratio of AIRNow surface PM2.5 to MODIS AOD during September 2003


The national map above (Figure 13) provides the ratio of AIRNow surface PM2.5 to MODIS AOD during September 2003, for sites where the correlation between surface measurements and MODIS AOD is high, indicating that the aerosol is near the surface.  (Note that MODIS measures the optical depth of the viewed atmosphere, not the optical depth of the boundary layer).  When the two measurements are correlated (that is, they are both measuring the aerosol in the boundary layer), this ratio can provide an indication of the aerosol composition. When the aerosol is primarily sulfate, a surface PM2.5 concentration of 100 micrograms per cubic meter is associated with a MODIS AOD of 1.6, yielding a ratio of 62.5, which is plotted in yellow in the figure.

This figure addresses only the sites where the September correlation between AIRNow and MODIS is greater than 0.6.  Ratios of hourly surface PM2.5 to MODIS AOD that indicate primarily sulfate composition aerosols are found in the Midwest and Southeast during September 2003.  Ratios are much lower in the northwest and are interpreted as an aerosol composed of primarily smoke particles.  Ratios in the northeast suggest a mixture of sulfate and smoke composition.  

A.5. Forecast Tool 5

Forecast Tool 5 consists of site specific plots of time-series and correlations between MODIS aerosol optical depth, τa, and hourly/24-hour average ground PM2.5 mass concentrations (Figure 14).
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	Figure 14. Sample site specific MODIS τa-In-situ PM2.5 time series and correlation plot


The site-specific MODIS τa -ground PM2.5 mass concentration plot details correlation coefficients at a specific monitoring site location. The site name, Metropolitan Statistical Area (MSA), and id are reported on the chart. The correlations reported are both a1-hour and 24-hour correlation. The 1-hour correlation is based on coincident MODIS τa pixels and the closest hourly PM2.5 concentrations for the ground continuous monitors. The 24-hour correlation is based on a running 24-hour average as compared to the coincident MODIS τa pixel. The time period used to generate the correlation is based on a 60-day minimum.

The number of coincident MODIS pixels/ PM2.5 concentrations data points used to determine the correlation are reported as Ncorr.  The left vertical axis is mass concentration of PM2.5 (scale 0-100) and the right vertical axis is MODIS aerosol optical depth (scale 0.0 – 1.6). The continuous line is hourly PM2.5 mass concentration and the dashed line is the 24-hour average PM2.5 mass concentration.  Coincident values are represented by symbols:

• - MODIS AOD

*  - hourly PM2.5 mass concentration 

Δ- 24 hour average PM2.5 mass concentration. 

The time-series/correlation plots provide site-specific information important to help interpret if the MODIS AOD is indicative of PM concentrations at or near the surface as measured by the ground monitor. Higher correlations suggest the PM2.5 mass concentrations at the ground monitor are in agreement with the MODIS τa pixel. On the plot above, the vertical distance between coincident MODIS and PM2.5 points is an additional factor to be considered to help determine if the aerosol is well mixed and at or near the surface or if the aerosol is aloft. If the distance is relatively small and the MODIS τa falls on or near the hourly line plot an inference can be made that the aerosols may be near the surface.

Appendix B.  24-Step Process

The daily processing for the generation MODIS data enhanced Forecast Tool involved a sequential 24-step process. Data were collected and processed during each day and results were posted on the IDEA web site by late evening so that EPA AQI forecasters would have access to the data fusion/forecast products on the following morning for their next 24hr AQI forecast cycle. Data collection, processing and visualization were conducted in a Linux environment. Where possible, each step was automated using Perl scripts. The 24 steps can be decomposed into 3 main sessions: the first automatically brings in all the input data products; the second session automatically subsets, performs analysis, and prepares the AQI demonstration products; and the third session requires interactive work with the visualization tools.  Table 6 below lists all 24 steps for the processing.

Table 6. IDEA AQI Product Generation Work Flow in 24 Steps
	I)   FTP Perl Script Session (6 total)

	       1) ftp ETA NOAA met forecast data 

	       2) ftp MOD04 MODIS AOD

	       3) ftp MOD06 MODIS CLD

	       4) ftp AIRNOW EPA PM2.5

	       5) ftp ABBA NOAA Fire counts

	       6) ftp EDAS NOAA met assimilated data

	II) IDL Perl Script Session (9 total)

	       7) plot regional MODIS 

	       8) convert MODIS netcdf to vgeo format

	       9) convert AIRNOW ascii to vgeo format

	       10) convert ABBA ascii to vgeo format

	       11) convert ETA grib to vgeo format

	       12) intitialize vgeo High AOD trajectories

	       13) convert EDAS to vgeo format

	       14) map MODIS AOD to EPA site data

	       15) plot CONUS correlation map

	III) Manual Perl Script Session (9 total)

	       16) make vgeo trajectory configuration file

	       17) conduct vgeo trajectory prediction

	       18) plot trajectory forecast (IDL)

	       19) make vgeo composite configuration file

	       20) conduct vgeo composite visualization

	       21) modify the vgeo mpeg movie file

	       22) make composite animated gif

	       23) write forecast discussion

	       24) move demo products to ASDC user area and make pdr files


The FTP and IDL Sessions (I & II) are scheduled to run automatically and are controlled by crontabs, which are a way of running background jobs in a UNIX environment.  Sessions begin at 15:00 EST with hourly attempts to acquire new MODIS data for updating the current day's regional maps. AIRNow, WF_ABBA and EDAS data are acquired at the end of these automated sessions.  Table 7 below provides the daily processing schedule.

Table 7. IDEA AQI Product Generation Daily Data Processing Schedule
	15:00
	ETA_ftp.pl 

	16:00 
	MOD04_ftp.pl

	16:20 
	MOD06_ftp.pl 

	16:40 
	plot_mod04_mod06_region.pl

	17:00 
	MOD04_ftp.pl 

	17:20 
	MOD06_ftp.pl 

	17:40 
	plot_mod04_mod06_region.pl

	18:00 
	MOD04_ftp.pl 

	18:20 
	MOD06_ftp.pl 

	18:40
	plot_mod04_mod06_region.pl

	19:00 
	MOD04_ftp.pl 

	19:20 
	MOD06_ftp.pl 

	19:40 
	plot_mod04_mod06_region.pl

	19:40 
	AIRNOW_ftp.pl

	19:45 
	ABBA_ftp.pl 

	19:50 
	EDAS_ftp.pl 

	19:55 
	plot_mod04_mod06_vgeo.pl

	20:00 
	make_airnow_sites_database_vgeo.pl 

	20:20 
	read_abba_vgeo.pl 

	20:25 
	grib_3D_decode.pl 

	20:35
	traj_vgeo.pl 

	20:55 
	convert_edas_to_binary_vgeo.pl 

	21:00 
	map_to_EPA_site_plot_auto.pl 

	21:20 
	plot_correlation_site_map_auto.pl


The remaining Manual Sessions (III) required using vGeo software in an interactive mode and required an operator at the console. An error.log file was maintained on a daily basis to document the success/failure of each step of the processing. MODIS, WF_ABBA, and AIRNow Aerosol AQI products, including daily forecast discussions, were successfully uploaded onto the IDEA web site during the entire month of September, except for September 16th through 22nd, when Langley Research Center was closed due to Hurricane Isabel.  

Appendix C.  Project Summary Statistics

Summary statistics, which document the operational success rates of the NASA data enhanced Forecast Tool demonstration/benchmarking period, are presented below.  These statistics are based on the daily error log files. Figure 15 shows the daily success rate (in percent) for the total (all 24 steps) data processing.  Success is defined as completion of the Perl script processing step without manual intervention.  There was no error.log file reported on September 6th, consequently, this day is missing.  No processing was conducted during the hurricane, which shut down the facility.
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	Figure 15.  Daily operational success rate for all 24 steps in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting production.




During early September problems were encountered associated with “broken pipes” while running copies within Perl scripts in a Linux environment.  These were overcome by replacing the copies with system calls on September 3rd.  The low success rates on August 31 (day 0), September 5th, and September 24 occurred because there was no MODIS Aerosol Optical Depth (AOD) data available on these days.  Lack of AOD data terminates subsequent processing. The lower success rates on September 1st and September 30th were a consequence of not accounting for month changes in the perl scripts. These errors have been corrected.  Three quarters of the 24 forecast days achieved successful completion of more than 90% of the steps.

Figure 16 shows the daily operational success rate for the FTP sessions. The low success rate on August 31st (day 0) was because the Space Science and Engineering Center (SSEC) name-server was down and consequently the MODIS and WF_ABBA ftp sessions failed. We were able to recover from this problem by finding the numeric IP address of the SSEC ftp sites and manually download the data. 
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Figure 16. Daily operational success rate for steps 1-6 (FTP Sessions) in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration. 


Figure 17 shows the daily operational success rate for the IDL sessions. The low success rates during early September are associated with Perl script copy failures that were corrected on September 3rd. The lowest success rate for the IDL sessions occurred on September 30th.  The 20% success rate reflects multiple failures associated with incorrect julian day to calendar day conversions within IDL procedures.   
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Figure 17. Daily operational success rate for steps 7-15 (IDL Sessions) in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration. 


Figure 18 shows the daily operational success rate for steps 16-24 (Manual Sessions). The manual sessions generally went very smoothly, even after recovering from earlier failures in the FTP and IDL preprocessing sessions. Lower success rates on August 31st, September 5th, and September 23rd are due to missing MODIS data. The plot indicates a short initial shakedown, a high and increasing level of skill as the demonstration progressed, and the significant anomaly associated with the end of the month date change.  During the manual sessions, all processing was scripted but the scripts were initiated by operators and allowed to run to completion, rather than being initiated by crontabs as in the earlier sessions.
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	Figure 18. Daily operational success rate for steps 16-24 (Manual Sessions) in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration. 


Figure 19 shows the operational success rate for each of the 24 processing steps. Generally, the individual success rates were above 80% for each step. The lowest success rates occurred when MODIS data was missing (step 2), which results in failures for subsequent processing and during step 14, which involves a large number of copies that initially resulted in “broken pipe” errors.
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	Figure 19. Operational success rate for each processing step in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration. 


Figure 20 shows the daily data volume for each step in the processing for the MODIS AOD/AIRNow PM2.5 AQI demonstration. The total data volume for the product generation portion of the demonstration is approximately 46 GB for the period from August 31st through September 30th, 2003. The highest data volume steps include the acquisition of the ETA, MODIS AOD, MODIS CLD data sets, preprocessing the ETA forecast data (step 11), and the production of the MODIS AOD/AIRNow PM2.5 time series plots for each of over 300 EPA sites (step 14). Step 14 has large data volumes because the AIRNow PM2.5 measurements are in a single ascii file which we break into separate files for each AIRNow site. The imagery from the time series plots accounts for the majority of the data volume that is ultimately transferred to the IDEA web site (step 24).  The site-specific correlations were the primary request of users until they became more familiar with the data fusion products.
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	Figure 20. Daily data volume for each processing step in the September 2003 MODIS AOD/AIRNow PM2.5 data fusion and PM2.5 forecasting demonstration. 


Forecasters accessed the IDEA website which was hosted by the NASA Langley Atmospheric Sciences Data Center.   During the demonstration, a total of 1,282,454 KB (1.3GB) were served to users in a total of 7,525 files.  The daily total file transfers are presented in Figure 21.

	[image: image27.jpg]<1505

100
0
g
A 80
k3
«
il E=
sls E60
28 2
@ w
o
55 S0
2 o
2z
E 20
<]
<
0

PM2.5 and MODIS AOD 20030701-20031125

! " "MATH & SCIENCE CTR VA’ !
RICHMOND-PETERSBURG, VA
id=510870014 (1-hr) (24-h)
Correlation= 0.81, 0.81
rp0§=136NMOD\5=66NC°,,=58, 56

MODIS AOD

I
Jul 19 Aug 08 Aug 28 Sep 17 Oct 07 Oct 27 Nov 16
2003





	Figure 21. Daily aggregated product delivery to all forecasters for the IDEA AQI demonstration.


The website was made available to two principal types of users, the forecasters and internal researchers and managers within EPA and NASA.  The Agency internal users were identified as “administrative’ for the purposes of Figure 22.  It represents the number of times the site was accessed (“total hits”) and the breakdown between internal access (“admin”) and forecaster access.  The “Admin” access represents a large group of researchers and managers at both NASA and EPA Headquarters and field sites who were involved in producing the forecast tools, interacting with forecasters, or who were trying to determine the value and fit of this activity in relationship to other work.  These people had considerable ability to expose the work to potential users and change agents within their organizations.

Eighteen active forecasters participated in some or all of the daily activity. From this figure, one can observe the access patterns of the forecasters.  Many perform forecasts from Monday to Friday during the week, but are absent on weekends.  In order to provide an AQI to the public seven days a week, EPA arranges for weekend forecasts.  However, a single forecaster usually covers many metro areas, resulting in fewer forecaster accesses on weekends.  The significant spike on September 5 reflects an initial teleconference between the team and forecasters on September 4.
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	Figure 22. Daily aggregated site access for the IDEA AQI demonstration.  For the 24 days with normal operations, an average of 176 hits per day can be noted.  
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* and solid line -   Hourly PM2.5 concentrations
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� � HYPERLINK "http://www.noaa.gov" �NOAA� and � HYPERLINK "http://www.epa.gov" �EPA� announced a partnership in May 2003 to jointly develop a forecasting tool, which will enhance the ability to predict air quality.  According to a NOAA press release, in the “first phase of the collaboration, NOAA and EPA will produce a model that provides daily forecasts for ozone in the northeastern U.S. by Sept. 2004. Within five years, following initial deployment and evaluation, the enhanced forecasting system will be used nationwide. The air quality forecasting model is projected to be able to forecast particulate matter and provide a four-day forecast within 10 years.”  (http://www.noaanews.noaa.gov/stories/s1137.htm)


� There are 156 "Class I" areas nationwide as defined by the Clean Air Act of 1980.  They are major parks greater than 6,000 acres, wilderness areas and national memorial parks greater than 5,000 acres, where pristine air quality and scenic vistas are integral features.








� According to the EPA’s forecasting guidebook, vast amounts of data are needed to forecast air pollution.


Forecasters will analyze both observed and forecasted weather charts, satellite information, air quality observations, and pollutant predictions from other methods. Each piece of information or prediction from other methods must be evaluated and given a relative weight.


� More validation of this type will occur at a workshop for PM2.5 forecasters that will be held shortly.  All of the forecasters in attendance will have had the opportunity to use the PM2.5 Forecast Tool and will able to discuss the functionality of the visualizations as a forecast tool.  


� In August of 2003, the EPA published “Guidelines for Developing an Air Quality (Ozone and PM2.5) Forecasting Program” which contains verification statistics for category forecasts.   Ideally one would like to evaluate the percentage improvement in a forecast (i.e., incorporating NASA visualization products) with respect to a reference forecast.  In the case of the air quality benchmarking activity, the EPA did not routinely forecast particulate matter until October 2003 -- consequently no statistically relevant measure exists against which to compare the performance of the enhanced tool.   





� A UK based organization with the primary goal of promoting effective benchmarking and sharing good practices throughout the public sector.  


� Although MODIS was the primary focus of this report, additional satellite data (including winds, fire counts, and forecast trajectory tools) were utilized to develop the enhanced forecast tool. 


� A skill score is a widely accepted measure of forecast accuracy improvement within the climate prediction community (e.g. EPA, NOAA).  It is defined as the percentage improvement in forecast accuracy of a test forecast over a reference forecast.  Based on the calculation, a score of 0% indicates no improvement in forecast accuracy, while a score of 50% or greater indicated significant improvement (Dye, et. al, 2003).


� MODIS data off the Terra satellite only was used for this activity.  In the future, MODIS data from either the Terra or Aqua satellite, or both, could be used.


� The MODIS Aerosol Product (MOD 04) monitors the ambient aerosol optical thickness over the oceans globally and over a portion of the continents. Further, the aerosol size distribution is derived over the oceans, and the aerosol type is derived over the continents. Daily Level 2 (MOD 04) data are produced at the spatial resolution of a 10 x 10 1-km (at nadir)- pixel array.


� The MODIS Cloud Product (MOD 06) combines infrared and visible techniques to determine both physical and radiative cloud properties. Daily global Level 2 (MOD 06) data are provided. Cloud-particle phase (ice vs. water, clouds vs. snow), effective cloud particle radius, and cloud optical thickness are derived using the MODIS visible and near-infrared channel radiances. An indication of cloud shadows affecting the scene is also provided. Cloud-top temperature, height, effective emissivity, phase (ice vs. water, opaque vs. non-opaque), and cloud fraction are produced by the infrared retrieval methods both day and night at 5 x 5 1-km-pixel resolution.
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