NRA NNH04ZYS004N: Measurements, Modeling, and Analyses in Support of Aura and Other NASA Satellite Observations of the Earth's Atmosphere


Validation of AURA/OMI UV and aerosol products with ground based measurements dispersed over OMI footprint.

Abstract


The need for spatially distributed measurements within OMI footprints, to support estimates of UV radiation at Earth’s surface in the presence of aerosols and clouds, is well established and clearly stated as a high-priority Aura validation requirement. This project will use a combination of existing high-quality long-term UV and aerosol ground measurements with dispersed multiple inexpensive instruments, including those already developed for use by the NASA-sponsored GLOBE environmental science and education program.


Each of several project field sites will include a central reference site, where high-quality instrumentation (AERONET/CIMEL as well as UV-MFRSR instruments from USDA UV network) is already in place. Initially, these sites include NASA/GSFC, a USDA UV-B monitoring site in Seguin, Texas, and MO MSU site in Moscow, Russia. A UV instrument calibration site will be established at the National Renewable Energy Laboratory, NOAA. Dispersed observing sites will be established at schools (and possibly other places) around the reference site, under the supervision of project personnel, other scientists, and university faculty. 


Measurements at the central site will include complete aerosol characterization (optical thickness in UV- VIS-near IR, particle size distribution and single scattering albedo in UV-Visible) as well as highly accurate UV irradiance measurements at 3 min time intervals. The dispersed sites include UV-A irradiance at 372 nm, total solar irradiance, aerosol optical thickness at 372, 505, and 625 nm, water vapor, cloud type and cover, and sky conditions. For the purpose of gaining an improved understanding of spatial variability within an OMI footprint, instruments do not require inherently high radiometric accuracy. An aggressive ongoing program of intercomparisons and on-site calibration against instruments at the reference site will help to ensure data quality.


Teachers and students with direct supervision of the co-investigators will collect much of the data required for the project. The project management and implementation model takes advantage of the existing GLOBE Program’s highly developed training models and sophisticated online capabilities. Project investigators and collaborators bring considerable experience to bear on the challenges of developing successful scientist/teacher/student partnerships in which each partner assumes responsibility for part of the project implementation.

1. Project Description

1.1 Introduction
Global increases in UV-A and UV-B fluxes due to anthropogenic chlorine releases and, in some regions, decreases in average cloudiness form the basis for concern about UV fluxes at Earth’s surface. An increased global understanding of UV fluxes is a goal of Aura’s Ozone Monitoring Instrument (OMI) [Krotkov et al., 2002a]. OMI UV products include spectral irradiance at 305, 310, 324, and 380 nm, and 290-400 nm erythemally weighted UV (for producing a UV human exposure index [WMO-WHO, 1997]). 

The UV retrieval algorithms have their origins in the TOMS UV algorithms developed by NASA/GSFC [Krotkov et al., 1998; Herman et al., 1999; Krotkov et al., 2001] and are based on use of a radiative transfer model whose input parameters will be derived from OMI measurements (column ozone and reflectivity) over a ground pixel that covers a relatively large area (13x24 km at nadir). 

Previous validation studies with multi-year ground-based UV measurements [Fioletov et al., 2002; Fioletov et al., 2004] have demonstrated that the TOMS UV data successfully reproduce year-to-year fluctuation and long-term changes of UV radiation, although with +10%-20% summer time bias in many locations in North America and Europe, and negative bias in the presence of snow (Figure 1). The summertime bias was attributed to aerosol absorption in the boundary layer [Krotkov et al., 2002b; Krotkov et al., 2004a], and wintertime bias to the inability to separate between cloud and snow reflectance using only TOMS radiances [Arola et al., 2003]
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	Figure 1. Maps of the difference between ground-based and satellite (TOMS) estimates of the noon UV Index values for July (left) and November (right) for the period 1980-1990 [Fioletov et al., 2004]. The difference is positive if TOMS UV estimates are higher (>20% in South-West and Florida in July). 


The modeling of ground-level UV radiation from space-based measurements in the absence of snow, clouds and aerosols, and taking into account the effects of ozone, solar zenith angle, and altitude, is a well-understood problem [Krotkov et al., 1998;  Herman et al., 1999]. Based on radiative transfer models, it has been estimated that the accuracy of modeled UV surface irradiance under clear skies can be 6%-10% including uncertainty in extraterrestrial solar irradiance  [Krotkov et al., 2002a; 2002b]. However, real atmospheres contain both clouds and aerosols and therefore constitute the default conditions under which OMI UV retrievals must operate. Surface UV irradiance E is related to clear-sky irradiance through an area-averaged cloud/aerosol transmittance factor:

Eactual = Eclear<CT >x






(1)

Although several methods have been suggested for estimating <CT>x in the presence of clouds and aerosols [see references in  Krotkov et al., 2002;],  it is important to emphasize that estimation of these effects from polar orbiting satellite data “is based on a single daily observation of atmospheric conditions over a ground pixel that covers a relatively large area” Kroon and Brinksma [2004]. (The nadir-viewing OMI footprint is nominally 13x24 km.). The sub-pixel cloud/aerosol variability results in ~20% noise in CT comparison with ground-based UV time series that are essentially point measurements [Fioletov et al., 2002; Krotkov et al., 2001].

The problem of estimating area averaged <CT>x from point ground measurements is not trivial especially in the presence broken cloud fields and is acknowledged specifically in the NRA, which asks for:  

(A1) “Assessment of smaller-scale variability... that can remove the need for assumptions about the nature of the horizontal or vertical variability within an Aura observational footprint about the nature of the distribution of a parameter of interest... [including] heterogeneity within the observing scene.”

(A2) “Comparisons of Aura measurements with coincident... measurements [involving] comparison of Aura observations with comparable ones made from the ground...”

(B1) “Comprehensive coincident observation of parameters not measured by Aura.”

(C3) “Models that may be used to improve Aura retrievals, including those that are used for assimilation of radiances as part of retrieval efforts...”
Previous Monte-Carlo modeling with isotropic stochastic cumulus cloud fields [Rublev et al., 1996; Trembach et al., 2000] have shown that several simultaneous ground measurements are required for unbiased estimate of the spatially averaged <CT>x over 50km by 50km area during ~1 hour measurement session when average atmospheric conditions can be considered corresponding to the AURA overpass time:


[image: image3.wmf]t

K

k

Tk

T

C

K

ground

C

å

=

>

<

=

1

1

)

(






(2)

where <CTk>t are time-average CT measurements during time interval sufficiently long  to sample the double correlation radius of the cloud field (Lx ~1-2km) and K is total number of such intervals in a single ~1 hour measurement session. 

If only one instrument is available (K=1) the probability distribution of CT(ground) is bi-modal with CT~1 corresponding to un-obscured sun and CT<0.5 corresponding to cloud shadows. The mean value of CT(ground) is determined by relative frequency of the sun shadowing during one hour measuring interval, which in turn is governed by average cloud diameters and wind speed. Approximation to the normal distribution of CT(ground) appears only at K=10-15 [Trembach et al., 2000]. Such K values may not be possible to achieve using single instrument. Indeed, assuming cloud correlation radius Lx=1-2km we estimate K~5-10 for cloud speed Vc~5m/s and K=1-2 for Vc~1m/s. In such case meaningful estimate of the standard deviation can not applied, since the PDF is not Gaussian.  

The statistically best solution to the undersampling problem is to use several simultaneous ground measurements dispersed over OMI footprint. The instruments should be placed at distances 2Lx (~2-4km) apart for their measurements to be statistically independent [Trembach et al., 2000].


Monitoring the spatial variability of UV irradiance at several locations within OMI footprints is a prohibitively expensive undertaking with high-quality instruments, but can be accomplished in a cost-effective manner by using several identical inexpensive instruments together with a single reference instrument at each site. Such an instrument should have a response limited to the UV-A band in order to isolate atmospheric effects due to clouds and, possibly, variable aerosols, from effects due to variable ozone absorption.


This approach to validating the Aura UV product has been outlined by Kroon and Brinksma [2004]: “To validate the surface UV irradiance, a combination of existing instrumentation around the globe and special campaigns should be made. In these campaigns, various UV instruments should be distributed within the OMI footprint, to address the effect of sub-pixel variability due to clouds, aerosols, and other local conditions.” Although no source is suggested for the many UV instruments required to accomplish this task, Kroon and Brinksma note that they can be “simple radiometers.”

1.2 research goal and questions


The basic project goal is to validate and improve OMI UV and aerosol products. With this goal in mind, the project addresses several research questions:

1. What is the nature of the spatial and temporal variability in UV and total solar irradiance within an OMI footprint?

2. How are spatial and temporal variability related? How well does the time average from a single instrument within an OMI footprint represent the spatial average UV value within that footprint?

3. To what extent can a single OMI measurement per day be used to calculate a daily UV dose within a footprint?

4. How well do OMI cloud correction algorithms represent surface UV under various cloud conditions?

5. What are the effects of aerosol absorption on surface UV?

6. What is the relationship between broadband solar irradiance and UV?


Questions 1-4, which are central to understanding the quality of transmittance factors generated by OMI algorithms, can be answered only by using networks of radiometers dispersed within an OMI footprint as proposed. The project addresses question 5 by combining UV and visible sun and sky photometer data (AERONET CIMEL) with UV total and diffuse irradiance data (from UV-MFRSR data) at each site. Question 6 is addressed through simultaneous UV-A and pyranometer measurements at each site.

1.3 Instrumentation and data collection


To meet the research goal in a cost-effective way, the first project objective is to identify existing sites with high-quality instrumentation that will provide concurrent measurements of aerosols (optical thickness and single scattering albedo) to account for their effects on UV irradiance at Earth’s surface. Instruments include YES UV Multifilter Rotating Shadowband radiometers (UV-MFRSR), CIMEL sun and sky photometers used by AERONET, the worldwide network developed and maintained by NASA/GSFC [Holben et al., 1998, 2001], broadband UV-A radiometers, and Brewer spectroradiometers. UV-A (320nm-400nm) measurements are important because UV-A wavelengths lie above wavelengths where ozone absorption is important.

This set of aerosol and UV measurements will allow for UV radiation modeling closure, which is important for determining the causes of surface UV change, which is one of the science goals of the AURA/OMI mission. This improved understanding contributes directly to the main AURA/OMI science goals considering the significant role of UV irradiance in photochemical processes.
There is also direct benefit for validating new OMI UV aerosol absorption product (optical thickness and single scattering albedo at 388nm) since ground based timeseries of aerosol single scattering albedo in UVA (from UV-MFRSR) [Krotkov et al., 2004b,c] and visible (CIMEL) [Dubovik and King 2001] will be generated at each central site.

There are several such sites, although some compromises in the locations of such instruments are inevitable (Table 1). For example, relatively flat and homogenous terrain is favored for at least the initial phases of Aura validation. This implies an unobstructed view of the horizon for full-sky instruments – a constraint that may be better met at some sites than at others.
The critical second objective is to develop appropriate inexpensive instruments to provide the required spatial density of measurements, and a data collection mechanism that is both inexpensive and reliable. The unique feature of this project is that it will use inexpensive instruments developed for GLOBE and related programs, including a UV-A radiometer developed specifically for EOS/Aura validation (the GLOBE/GSFC UV-A radiometer/sun photometer, GUARS).
 These instruments, described in more detail in Attachment A, will be deployed around sites with appropriate reference instruments. Nominally, five radiometers will be assigned to each site. One will reside permanently next to the reference instrument, for ongoing performance comparisons. The remaining instruments will be dispersed over the footprint (to the North, South, East and West of the main site, at ~5km distance).

Table 1  Potential sites for AURA UV and aerosol validation

	Site
	Lat
	Lon
	Elev, m
	Instruments
	Collaborating organization

	Bondville, IL
	40.04N
	88.36W
	213
	UV-MFRSR, CIMEL
	USDA

	SGP , OK
	36.61N
	97.50W
	317
	UV-MFRSR, CIMEL, LIDAR
	USDA, ARM/DOE

	Greenbelt, MD
	39.03N
	76.88W
	50
	UV-MFRSR, CIMEL, LIDAR, BREWER
	NASA

	Seguin, Texas
	29.57N
	97.98W
	172
	UV-MFRSR, CIMEL
	USDA

	Golden, Co
	39.7N
	105.2W
	1800
	
	NREL/NOAA

	Regina, Canada
	50.24N
	104.35W
	573
	UV-MFRSR, Brewer
	AES, CANADA



The measurements will be datalogged for a minimum of one hour before and after Aura overflights. At least some of the instruments can be used to collect data over a longer time interval for estimating daily exposures In addition to UV-A irradiance, additional measurements made during the overflights will include total solar irradiance logged at the same time as UV-A irradiance, aerosol optical thickness at 372, 505, and 625 nm, total precipitable water vapor, and basic meteorological parameters. Qualitative observations will be made of cloud amount and type, sky color, horizontal visibility, and any unusual atmospheric conditions. In some cases, sky photographs and high resolution satellite imagery (from Terra and Aqua MODIS instruments) will be used.


Data collection will be undertaken by a combination of scientist-collaborators (see Personnel, below), and teachers and students, using models for scientist/teacher/student partnerships developed by the GLOBE Program. Data collection protocols are described in Attachment B.

1.4 Calibration issues


Two related calibration issues will be addressed by the project: intercomparisons between CIMEL and shadowband radiometer data and calibrations of the GUARS and related instruments. 


Recent work by Krotkov et al., 2004b] on UV-MFRSR on-site calibration using co-located AEROMET/CIMEL instruments   has demonstrated seasonal changes in UV-MFRSR calibration constant (V0). The V0 changes (+/-5%) were highly correlated in all spectral channels suggesting unprotected diffuser contaminations and self-cleanings after rain or snow events as possible causes of V0 changes. The manual diffuse cleanings resulting in 4-5% upward jumps in V0 were identified in the long-term data record (17 months at NASA site in Greenbelt, MD). If left uncorrected, these V0 changes will result in  persistent systematic discrepancies between optical thickness calculations at UV wavelenths based on data from these two instruments. The evidence suggests that these problems lie with the shadowband radiometer rather than the AERONET/CIMEL instruments, which calibration remain within 1-2% during a year deployment [Holben et al., 2001] It was also shown that daily calibration constant (V0) transfer from co-located CIMEL to UV-MFRSR instrument is possible on cloud-free portions of day with 0.5%-1% accuracy. After daily V0 correction, the direct sun transmittance derived from the two instruments track each other with 1% precision throughout the day (daily rms differences in aerosol optical thickness were less than 0.02). [Figure ?]

The unique property of the UV-MFRSR instrument is that direct beam calibration (V0) obtained with the help of the stable CIMEL instrument is exactly the same for diffuse irradiance that is measured with the same diffuser/filter/detector combination. Therefore, no additional calibration is required to obtain diffuse and total atmospheric transmittance with 1-2% accuracy. Thus, the absolute UV irradiance accuracy is limited only by knowledge of extraterrestrial solar irradiance, which is about 3% in UVA region. 

Long-term data sets from sites where both instruments are in operation, including sites used for this project (Table 1), will be used to re-calibrate UV-MFRSR data. 


Although a calibration plan has been part of the development process for each GLOBE instrument, this project imposes ongoing and more stringent requirements. Calibration activities will include:

( Ongoing UV-A irradiance calibrations at the National Renewable Energy Laboratory, Golden, Colorado.

NREL has already provided calibrations of GUARS instruments against spectral radiometers (OL 754 spectroradiometer) and broadband UV-A instruments. As science and educational collaborators on this project (see letter from NREL in Attachment C), NREL will continue to provide this service.

( Characterization of the cosine and azimuthal response of the GUARS and pyranometers (unless manufacturer data are available).


Cosine response information for the GUARS instrument will be provided by the USDA UV-B Monitoring and Research Program’s Natural Resource Ecology Laboratory, using sunlight as light source (see letter from USDA/NREL included in Attachment C). A simple stepper motor apparatus built by the project PI will also be used to measure cosine response to direct sunlight. 

( Ongoing comparisons between GUARS instruments and other reference standards as well as ongoing comparisons among sets of GUARS instruments. 


A central premise for the project is that dispersed site instruments will periodically be brought to a reference site for calibration against standards and among themselves. It is especially important to perform intercalibrations under clear-sky conditions in order to separate site-dependent (horizon-dependent) clear-sky differences from spatial variability due to atmosphere-dependent spatial differences. Collaborators at NREL have proposed a “travelling reference” instrument if dispersed sites are not near reference sites.

As long as UV-MFRSR instruments are re-calibrated against CIMELS, they in turn will be used to track calibration of the  GUARS  radiometers on-site. The additional benefit of such on-site calibration is that diffuse/direct fraction measurements available from UV-MFRSR will be used to check the cosine response of the GUARS instruments.

( Langley plot calibrations for sun photometer data.


The Langley calibration technique for sun photometers, in which the so-called extraterrestrial constant for a sun photometer is inferred by measuring its output over a range of solar elevation angles, is well known. A few reference GLOBE visible and UV-A sun photometers will be calibrated at Mauna Loa Observatory and these calibrations will be transferred to field instruments by taking side-by-side measurements and forcing the field instrument AOT to agree with the reference instrument AOT (AERONET/CIMEL and UV-MFRSR instruments). This technique has been applied successfully to hundreds of GLOBE sun photometers. A significant advantage of LED detectors for sun photometers is that they are optically stable and do not suffer the sometimes unpredictable degradation of interference filters. Mechanically, they are virtually indestructible, which makes LED-based sun photometers ideal for use by observers who are not used to dealing with expensive and fragile equipment. Written protocols and training procedures stress the importance of  maintaining these instruments at room temperature and making measurements quickly once outside.


The UV-A optical thickness measurements will probably be made with GLOBE sun photometers modified with a third channel optically identical to the UV-A full-sky instrument, rather than using a collimating tube on the UV-A radiometer. This will simplify calibrations procedures as well as data collection.

1.5 Data Collection and Analysis 

The fundamental application of data collected for the project is to generate statistics on the temporal and spatial variability of ground-level UV-A and total solar irradiance over a range of sites and atmospheric conditions and to compare the OMI-derived transmittance factors against values observed on the ground. The kinds of data collection strategies required to meet this goal during a 3 year project differ from a project requiring indefinite long-term monitoring. 

The measurement windows for this project are centered on daily Aura site overflights. The full-sky instruments can be deployed whenever it is not actually precipitating. Full-sky measurements will be taken for at least plus or minus 1 hour around the overflight time. Direct-sun measurements will be taken, as a minimum, at the beginning and end of each full-sky data collection period, weather permitting (an unobstructed view of the sun). Because the data collection goal is to collect representative statistics, and not continuous monitoring, participants have considerable flexibility in scheduling activities; this is essential for teachers and students in a structured school environment. It is important to collect data across seasons, under clear and partly cloudy skies. Roughly, 5-10 days of data per month will be sufficient. More details about data collection strategies and protocols are given in Attachment B.

A typical UV-A/solar irradiance data set for a partly cloudy day, starting in the late morning, local time, and sampling every 30 seconds, is shown in Figure 2. The curves, all in raw units of volts, show the output from the temperature sensor, the UV-A detector output, and an amplified pyranometer. The UV-A output shows no significant temperature dependence during a rise in temperature of about 12ºC. Also shown in this figure is the UV-A output fitted to match the solar irradiances when clouds are not in front of the sun. Under these conditions, UV-A irradiance is decreased proportionally less than total solar irradiance, due to the larger Rayleigh scattering at shorter UVA wavelengths [Krotkov et al., 2001]. These data illustrate how even inexpensive instrumentation can contribute to the research questions posed above in section 1.2. Certainly, under hazy and partly cloudy skies (typical summer conditions at Drexel’s urban site in Philadelphia, PA), the relationship between UV and total solar irradiance is a complex one, depending on aerosols, water vapor (especially for silicon-based pyranometers whose response peaks around water vapor absorption bands in the near-IR), and cloud cover [McArthur et al., 1999; Fioletov et al., 2001]
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	Figure 2. Voltage outputs from a GUARS instrument and a pyranometer.



It is interesting to compare the data in Figure 2 with MODIS Terra and Aqua cloud images for the same day, as shown in Figure 3. (New York Harbor and Long Island is at the top right, and southern New Jersey is at the bottom.) Note the strong diurnal effect, with “noisy” skies and prominent Cumulus formation in the afternoon. To the extent that the MODIS images (250m best resolution) can be used to determine individual cloud sizes, data such as shown Figure 3 in combination with ground-based time series (Figure 2) can be used to estimate the speed at which cloud fields are moving across an OMI footprint. AURA satellite is flying in formation with Aqua , so the time differences between 2 measurements are within 15min. 
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Figure 3.  MODIS RGB images of the East Coast July 20 2004

Left: morning ~10:30am (Terra satellite);  Right: afternoon ~1:30 (Aqua and AURA satellites). EP/TOMS satellite overpass is between Terra and Aqua/AURA overpass at ~11:30am.
1.6 Project Activities and Timeline


Table 2 summarizes activities for this three-year project, based on the assumption that the project will start in spring 2005.

Table 2. Activities for a three-year project, with assumed spring 2005 start.

	Year 1 (2005)
	1. Establish reference and calibration site at NASA/GSFC.

2. Establish observing sites in Texas and Colorado.

3. Establish data collection development site at Drexel University.

4. Data collection and reporting mechanisms in place and operational.
	

	Year 2 (2006)
	1. Add school sites at GSFC.

2. Data analysis underway.
	

	Year 3 (2007)
	1. Add one or more new sites (locations currently unknown).

2. Data analysis and reporting.
	


Year 1


The calibration site at GSFC is high priority for Year 1 because of the presence of AERONET reference  CIMEL instruments and UV-MFRSR shadowband instruments, and because of easy access by GSFC collaborators (and for the PI, less than 2 hours away by train). 


Collaborators in Texas and Colorado are already identifying school sites in anticipation of project funding, so they will be able to start data collection immediately. In Texas, Forrest Mims will begin measurements at the Texas Lutheran University USDA UV-B site and Mims’ Geronimo Creek Observatory. Depending on the beginning date for the project, it may be possible to establish teacher/student data collection programs by the end of the 2005 school year. If not, these programs will start in the fall. 

At Drexel University, the PI’s institution, GLOBE UV-A radiometers, sun photometers, and pyranometers will be deployed regularly, sometimes by previously untrained undergraduate students. In this way, data collection protocols will constantly be evaluated and refined in order to ensure the accuracy, quality, and appropriateness of materials prepared for participants. 

Provided TOMS continues operation and successful calibration, the TOMS UV timeseries will be collocated and inter-compared with OMI UV timeseries over selected sites. Although both TOMS and OMI instruments will initially use the same version of the UV algorithm, the differences are expected due to different overpass time (11:30am for TOMS and 1:30pm for OMI), different ground resolution, viewing geometry  and possible calibration differences. 
Year 2


A primary goal for Year 2 is to add school sites around GSFC (by taking advantage of GSFC’s significant involvement in the GLOBE Program). A project review and evaluation will be conducted near the end of the 2005-2006 school year.

 Merged UV-MFRSR and AERONET CIMEL timeseries will be generated for site with both instruments in continuous operation (see Table 1). These timeseries will be used for UV-MFRSR on-site calibration corrections on cloud –free days at each site [ Krotkov et al 2004b]. The AERONET calibrations will be compared with on-site Langley calibrations on clear days. The clear sky calibration results will be interpolated for every day using optimal interpolation techniques. Using these on-site (V0) calibration curves the improved UV-timeseries will be generated for selected sites (Table 1). These improved UV timeseries will then be compared with EP/TOMS and AURA/OMI satellite UV timeseries on clear and cloudy days. The bias between satellite and ground based UV will be analyzed as a function of aerosol absorption. The aerosol absorption in UV will be reprieved from UV-MFRSR diffuse/direct fraction ratios and in the visible from the AERONET/CIMEL almucantar technique.  The aerosol absorption seasonal timeseries will be generated for each site and compared with corresponded OMI aerosol products (aerosol optical thickness and single scattering albedo at 388nm).
Year 3

Additional sites may be added. However, the main focus of Year 3 is to analyze footprint and reference site data for presentation to the Aura Science Team and for publication in the peer-reviewed literature.

[ADD ]

2. Management Approach


The basic premise of this project is that with appropriate instruments, protocols, and motivation, scientists, university faculty, teachers, and students can work together as full partners in a fundamentally scientific (as opposed to primarily educational) undertaking. The previously described requirement for multiple measurements in, ideally, many different OMI footprints demands an innovative approach to project implementation and management, based on the conclusion that it is not feasible to fund sufficient “professional” management of the required number of sites. Hence, we have drawn on our experience with, and the resources of, the GLOBE Program (see www.globe.gov). 


The groundwork for this approach has already been laid by development of inexpensive sun photometers for visible aerosol optical thickness and water vapor for GLOBE, the latter of which was funded by NASA/LaRC and, more directly, a UV-A radiometer/sun photometer funded specifically by NASA/GSFC in support of Aura (see Appendix A).


It is important to note that teacher/student partners in this project are not just the recipients of educational spinoffs from the project, although such spinoffs certainly exist. Rather, they are expected to play vital roles project implementation. It would be naive to deny that there are some risks associated with this approach, as there is with any implementation plan that involves coordination of multiple participants, each of whom may have different needs. However, we believe the risks can be managed successfully. The basis for this conclusion is outlined in section 8. Special Matters, below.

3. Personnel
Principal Investigator
David R. Brooks, Ph.D., Research Professor

Department of Mechanical Engineering and Mechanics

Drexel University, Philadelphia, PA


Dr. Brooks received a B.S. in Physics from Duke University, an M.S. in Physics from the College of William and Mary, and his Ph.D. in Atmospheric Physics from Imperial College of Science and Technology, University of London, in 1987. He has been at Drexel University since 1988. Prior to 2003 he was an Associate Research Professor in the Department of Mathematics and Computer Science. Currently, he is a Research Professor in the Department of Mechanical Engineering and Mechanics.


Since 1998, he has served as Principal Investigator for the GLOBE Program’s Aerosols Monitoring Project (www.globe.gov). With support from GLOBE, NSF, NASA/LaRC, and NASA/GSFC, he has led the development of an inexpensive LED-based sun photometer [Brooks and Mims, 2002], a similar instrument with detectors in the near-IR for measuring total atmospheric water vapor [Brooks et al., 2003], and a UV-A radiometer/sun photometer that forms the instrumentation basis for this proposal. His current projects include comparisons of MODIS aerosol retrievals with ground-based sun photometer data, including comparisons of inland and coastal sites, and the performance of MODIS algorithms over snow cover, development of an inexpensive PAR detector for the GLOBE program, development of a direct-sunlight instrument for measuring column CO2, and examination of the feasibility of improving the absolute accuracy of non-dispersive infrared (NDIR) ambient CO2 detectors.

Co-I

Nickolay Krotkov, Ph.D.

Senior Research Scientist, Goddard Earth Sciences and Technology (GEST) Center, University of Maryland Baltimore County, at NASA Goddard Space Flight Center


Dr. Krotkov received a B.S. in Physics and an M.S. in Remote Sensing from the Moscow Institute of Physics and Technology, and his Ph.D. in Oceanography from the P.P.Shirshov Institute of Oceanology, Russian Academy of Sciences, in 1990. He is a major contributor to the development of Aura/OMI’s UV product, including lead author of the OMI instrument’s Algorithm Theoretical Basis Document. He is a Science Team member for NASA’s Total Ozone Mapping Spectrometer (TOMS) and Aura/OMI. His research interests include geophysics, atmospheric and oceanic optics, theory and numerical methods in radiative transfer, and ultraviolet and visible passive remote sensing of the Earth (atmosphere, oceans, and volcanic plumes).


He is a Co-I on the NASA/GSFC project “Validation and Analysis of Improved TOMS Satellite Estimated UV Irradiances Including Cloud, Aerosol, and Snow-Ice Effects with Applications to Future Satellite Data” and the current proposal “Determination of the Penetration of UV Radiation in the Earth's Oceans from Satellite Data.”

Collaborators
Jay Herman, Ph.D.

NASA/GSFC

Greenbelt, MD


Dr. Herman received his B.S. in physics from Clarkson College in 1959 and his Ph.D. in physics from Pennsylvania State University in 1965. He is currently PI for the Solar Viewing Interferometer, TOMS UV and Aerosols, and Ocean UV, and Project Scientist for the DSCOVR mission. Preiously, he has a long history of lead roles with TOMS. His research interests include radiative transfer, UV irradiance at the Earth’s surface and in the oceans, aerosols, cloud studies, atmospheric spectroscopy, UV solar irradiance measurements, ozone inversion algorithms, and long-term ozone trend analysis, on chemistry, earth ionosphere, planetary ionospheres, radio wave propagation in plasmas, stratospheric chemistry and modeling. He has worked closely with Co-PI Nickolay Krotkov on the development of OMI UV retrieval algorithms. His role in this project is to help with instrument calibrations and intercomparisons at NASA/GSFC, especially with a YES shadowband radiometer recently installed at GSFC.

NATALIA YE. CHUBAROVA, Senior scientist, Meteorological Observatory, Department  of Geography, Moscow State University, 119992, Moscow, Russia.

Educational background: Doctor of Philosophy, Faculty of Geography of Moscow State University, Moscow, 1992. M.S., Faculty of Geography of Moscow State University, 1985.

Professional Experience:

Since 1985 she works at Meteorological Observatory, Faculty of Geography of Moscow State University. Scientific interests of Dr. N. Chubarova lie in the field of atmospheric physics and mainly are devoted to the analysis of ultraviolet irradiance at the Earth's surface. Chubarova is a high-experienced specialist in spectral and broadband radiative measurements, data processing, quality data assurance, radiative transfer modelling and in the analysis and interpretation of the long-term variability of solar irradiance. She is being actively involved in fulfillment of different national and international projects.  Since 2000 she is a member of International Radiation Committee. She published more than 50 scientific papers in Russian and international journals, several of them are listed below.  During 1999-2003 she has been a co-Principal Investigator of the CRDF GAP Program (RGO808 CRDF GAP project): “A Solar Radiation and Weather Variability Influences On Russian Sub-Boreal Forest Phenology“ sponsored by USDA Forest Service Research.

Selected  Recent Publications:

N. E. Chubarova, Influence of Aerosol and Atmospheric Gases on Ultraviolet Radiation in Different Optical Conditions Including Smoky Mist of 2002, Doklady Earth Sciences, Vol. 394, No. 1, 2004, pp. 62–67. Translated from Doklady Akademii Nauk, Vol. 394, No. 1, 2004, pp. 105–111.
Chubarova N., A. Yurova, N. Krotkov, J. Herman, PK. Bhartia. Comparisons between ground measurements of broadband UV irradiance (300 – 380 nm) and TOMS UV estimates at Moscow for 1979-2000, Optical Engineering, 2002, v. 41, No 12, 3070-3081

Chubarova N. Monitoring of Biologically Active UV Radiation in the Moscow Region, Izvestiya, Atmospheric and Oceanic Physics, vol.38, No.3, 2002, pp. 312-322.

Chubarova N. and Ye. Nezval': Thirty year variability of UV irradiance in Moscow, Journal of the Geophysical Research,  No.D10, 105, 2000, 12529-12539. 

Chubarova, N.Ye., A. N . Rublev, A. N. Trotsenko, and V. V. Trembach.: Comparisons between Modeled and Measured Surface Shortwave Irradiances under Clear Sky Conditions, Izvestiya. Atmospheric and Oceanic Physics, v. 35, No 2, 1999, pp. 222-239.  

Chubarova, N.Ye. Ultraviolet Radiation under Broken Cloud Conditions as Inferred from many-year ground-based observations, Izvestiya. Atmospheric and Oceanic Physics, 34,1, 1998, pp. 131-135. 

 Chubarova N.Ye., Krotkov,  N.A., Geogdzhayev I.V., Kondranin T. V., Khatattov, V. U. " Spectral UV Irradiance: the  Effects of Ozone, Cloudiness and Surface Albedo." IRS'96 Current problems in Atmospheric Radiation Smith and Stamnes(Eds)A Deepak Publishing 1997, Hampton, Virginia USA, pp.881-885, 1997

Chubarova N. Ye., Izakova O.M., Shilovtseva O.A., Tarasova T.A. Transmittance of global radiation in different regions of spectrum by extended stratocumulus clouds and their optical thicknesses based on long-term ground measurements. Izvestiya- Atmospheric and Oceanic

Physics, 30:378-382, 1994 ( In Russian) Translated into English.

Forrest M. Mims III

Geronimo Creek Observatory

Seguin, TX


Mr. Mims is Co-PI with Dr. Brooks on the GLOBE Program’s Aerosols, Water Vapor, and UV-A protocols. He originated the concept of using LEDs as spectrally selective detectors in inexpensive sun photometers [Mims, 1992]. Mr. Mims manages a USDA UV site at Texas Lutheran University in Seguin, TX. The YES shadowband radiometer instrument at that site will be used for ongoing calibrations of GUARS instruments.

Daryl Myers, Senior Scientist, Solar Radiation Research Laboratory

Tom Stoffel, Senior Scientist, Solar Radiation Research Laboratory

Group Manager, Resource Integration Group

Center for Hydrogen and Electric Systems and Technologies

National Renewable Energy Laboratory

Golden, CO



The NREL Solar Radiation Research Laboratory is one of the world’s leading facilities for monitoring solar radiation and calibrating solar radiation instrumentation, with a continuous record of more than 14 years of data. NREL has provided initial calibrations for GUARS instruments and will continue to provide calibrations for reference instruments. Tom Stoffel manages the NREL SRRL facility on South Table Mountain. Both Stoffel and Myers have 15 years of experience with solar radiometric measurements. They will manage one of the GUARS sites for this project, in collaboration with local schools.

James Slusser, Ph.D.

Director and Senior Research Scientist

USDA UV-B Monitoring and Research Program

Natural Resource Ecology Laboratory

Fort Collins, CO


Dr. Slusser received his B.S. and M.A. degrees in physics from Western Michigan University, and his Ph.D. in Atmospheric Science from the University of Alaska. As a leading authority on UV instrumentation and measurements, Dr. Slusser will provide technical advice to the project and cosine response characterizations for the GUARS instrument.

Dr. Julie Westerlund

Assistant Professor of Biology

Texas State University,

San Marcos, TX


Dr. Westerlund received a B.S. in biology and a Ph.D. science education from the University of Texas and an M.S. in genetics from the University of Minnesota. She is a GLOBE-certified trainer specializing in the environment and inquiry-based science education. In Texas, the GLOBE Program is being integrated into the state science teaching standards. In 2003 she started working with teachers and students in Texas to implement the GLOBE Program’s Aerosol Monitoring Protocol, and presented preliminary results from that project at the GLOBE 8th Annual Meeting [Westerlund et al., 2004]. She will work with Forrest Mims to collect project data from school sites in Texas.

4. Facilities and Equipment


The project will be headquartered at and managed by Drexel University, a comprehensive private university with a undergraduate/graduate student body of more than 16,000 students. Drexel is a major research and Ph.D.-granting institution with a strong technological and engineering emphasis. 


Dr. Brooks, who has been at Drexel since 1988, joined Drexel’s Department of Mechanical Engineering and Mechanics in 2003, to take advantage of its strong support for research and pre-college outreach programs that are at the heart of his work as a Principal Investigator with the GLOBE Program. Drexel provides extensive state-of-the-art computing facilities, plus administrative and other support. This project does not require extensive or unusual support facilities. The project does require:

(i) Access to existing high-quality radiometers and pyranometers for instrument calibration and intercomparisons. One such site, which includes CIMEL sun photometers and a YES shadowband radiometer, is at NASA/GSFC. (See letter from Jay Herman in Attachment C.) A USDA UV site at Texas Lutheran University, Seguin, Texas, maintained by collaborator Forrest Mims, includes two YES shadowband radiometers, one of which has been modified to use LED detectors in place of filtered detectors. (This modification was inspired by the success of LED-based sun photometers developed for GLOBE.) NASA/GSFC’s AERONET project will provide a CIMEL sun photometer for the Texas site. (See letter from Brent Holben in Attachment C.) A third site is at the National Renewable Energy Laboratory, Golden, Colorado. NREL will provide calibrations for the GUARS instruments. (See letter from Tom Stoffel in Attachment C.)

(ii) Existing UV-A radiometers and sun photometers developed and built with the support of NASA/GSFC and NASA/LaRC.



As noted previously, these instruments have been designed and built by the PI for this project, with support from the GLOBE Program and Education and Public Outreach programs for EOS/Aura and the NASA/LaRC GIFTS project. Sufficient instruments for this project are already available, but it is likely that some sun photometers will be modified, or new instruments built, to incorporate a UV-A channel in addition to the two existing visible-light channels.

(iii) Inexpensive pyranometers, using silicon-cell detectors. These can be commercial units – from LI-COR or Apogee, for example – or very simple pyranometers built specifically for the project (or a combination of these possibilities). The PI for this project has already designed, built, and tested suitable devices.

(iv) Standalone data loggers for data collection. These can be inexpensive devices such as 12-bit USB loggers from Onset Computer Corporation. They will need to be purchased for the project. Because no permanent outdoor installations are required, inexpensive data loggers will be suitable for this project.


No major items of capital equipment are required for the project, which relies heavily on existing instrumentation and facilities.

5. Proposed Costs

[budget spreadsheet goes here]

6. Security


This proposal does not contain any classified material. It will neither require access to nor generate any classified material.

7. Current Support (Project PI)

NSF/GLOBE

The Aerosol Monitoring Project: Student/Teacher/Scientist Atmospheric Science for the 21st Century

ending date: `005
8. Special Matters

(i) The project will not require environmental impact statements. It will not use human or animal subjects, and there are no conflicts of interest associated with the project. No radioactive or hazardous materials, or lasers will be used by the project.

(ii) Risk factors and other issues

instrumentation

We believe there are no significant risk factors associated with proposed instrumentation. All instruments have been field-tested and their performance has been characterized. An extensive ongoing calibration program using high-quality commercial instruments already widely accepted within the science community will provide a high level of confidence during the project. The fact that instruments for this project need not be installed permanently outdoors further minimizes potential instrumentation calibration and maintenance problems.

other issues
1. It is conceivable that physical security of instruments might be an issue at some sites.


This has sometimes been a problem at GLOBE school sites, although it is certainly not a problem restricted just to schools. We will choose sites carefully to minimize security issues. Instruments installed on school roofs are generally secure, although roof access can sometimes be a problem for teachers and students. Security issues are minimized because instruments will not be permanently installed outdoors. Instruments and data loggers are easily portable and can quickly be set up at observing sites during overflight opportunities. The data collection protocols will be written with these issues in mind.

2. It is conceivable that, when teachers and/or students accept responsibility for collecting data in support of this project, they may not actually meet those responsibilities.


This has sometimes been a problem for scientist/teacher/student partnerships (STSPs) developed within the GLOBE Program, which provides a model for the kinds of partnerships that will be part of this project. However, our and other recent work with STSPs has given considerable insights into how to design successful projects (Brooks et al., 2003; De Vroom et al., 2003) and it is now clear that STSPs can be successful when the needs of all participants are met. 


It is reasonable to inquire about the motivations of participants. Project scientists are responsible for stating the science goals and needs of the project. Collaborators such as Texas State University and the National Renewable Energy Laboratory are responsible for translating goals and needs in ways that meet the needs of teachers and students. Letters from collaborators (see Attachment C), outline steps to be taken to implement the project and also provide a glimpse into the motivation of those collaborators. 


In the case of science educator Dr. Westerlund, the project is professionally useful because it serves as a model of how to improve the delivery of inquiry-based, hands-on, science education. This is especially important in the context of current efforts to implement a Texas state science education guideline requiring 40% inquiry-based activity in science education.


In the case of NREL, participation is tied to enhanced public outreach activities to promote the work of the Lab to a new audience. As noted in their letter, NREL has already identified six schools as possible participants. 


The broad reach of the GLOBE Program, and the relatively long timeline for the project allows us to “overdesign” the site plan so that problems with one site will not compromise project objectives. In an absolutely worst-case scenario, the Texas site data collection can be managed entirely by collaborator Forrest Mims during the first project year. 
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Acronyms

EOS

Earth Observing System

FWHM
Full-width, half-maximum (spectral bandwidth)

GSFC

Goddard Space Flight Center (NASA)

GUARS
GLOBE/GSFC UV-A Radiometer/Sun Photometer

IC

integrated circuit

LED

light-emitting diode

MODIS
Moderate Resolution Imaging Spectroradiometer (on Terra and Aqua)

NRA

NASA Research Announcement

NREL

National Renewable Energy Laboratory

OMI

Ozone Monitoring Instrument

PW

(total) precipitable water vapor, total column water vapor, units of cm H2O

TOMS

Total Ozone Mapping Spectrometer

Attachment A – Inexpensive Radiometers and Sun Photometers For the Project


As noted in the Project Description, a unique feature of the project is that it uses a combination of high-quality instrumentation and inexpensive instruments, some of which have been developed specifically for the project.  

UV-A radiometer/sun photometer

The GLOBE/GSFC UV-A radiometer/sun photometer (GUARS) has been developed in cooperation with the GLOBE Program specifically for Aura validation measurements. It uses a blue-emitting LED (Agilent HLMP-CB30) that detects UV radiation with a strong peak at 372 nm, within the UV-A band and close to the WMO air pollution network wavelength of 368 nm. (In general, the spectral response of LEDs used as detectors lies somewhat below their peak emission wavelength.) The FWHM bandwidth of this response spike is less than 9 nm. Due to its fortuitously narrow response bandwidth (compared to LEDs in the visible and near-IR, for example), this detector can be used both as a full-sky radiometer and, with a collimator, as a sun photometer for measuring optical thickness at this wavelength. The unfiltered and filtered spectral response of this detector is shown in Figure A1. A shortpass filter at 380 nm is used to eliminate the response “shoulder” extending up into the visible. 
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	Figure A1. Response of the GUARS UV-A detector/filter assembly
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	Figure A2. Cutaway view of 

LED detector and cutoff filter.



A cut-away view of the GUARS detector assembly is shown in Figure A2. The epoxy housing of the LED is flattened and polished. A 7-mm-diameter cutoff filter sits on a shoulder over the detector. A 12-mm diameter Teflon® diffuser over the filter (not shown) completes the assembly. 

A picture of the entire instrument is shown in Figure A3. The nylon housing toward the front of the case contains the LED detector assembly, with its diffuser. The fact that these instruments are not permanently deployed outdoors minimizes potential problems with degradation of the diffuser on the detector assembly.

The second nylon housing, toward the rear of the case, contains an IC temperature sensor (LM35). A collimating tube is provided with each instrument to allow its use as a sun photometer. The instrument case includes a built-in digital LCD panel meter, switchable between the UV-A output and the temperature sensor output, and a bulls-eye (bubble) level. A db25 connector provides an interface to an A/D converter or data logger.
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	Figure A3. UV-A instrument with

collimating tube.



The instrument, including the meter, draws less than 4 mA. It is powered by a single 9V battery that will last for several days of continuous operation. A power input jack (not visible in Figure A3) is available for bypassing the battery with an appropriate external power source, including a small solar panel.

Silicon-based pyranometers (full-sky broadband radiometers)
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	Figure A4. Inexpensive commercial

and “homemade” silicon-

based pyranometers.



The purpose of these devices is to provide independent measures of temporal and spatial variability of insolation due to cloud, water vapor, and aerosols. They are intended for comparative measurements within an OMI footprint, and they do not claim to have extremely high accuracy. 


Commercial silicon-based pyranometers are available for little more than $100. It is also possible to build simple pyranometers using small solar cells. Examples of each are shown in Figure A4. The “homemade” instrument includes a bubble level. The potential advantage of commercial instruments is that they are pre-calibrated, presumably against reliable standards, and may have better cosine response than “homemade” pyranometers.


On the other hand, a version of the UV-A instrument shown in Figure A3 with a small silicon cell/diffuser assembly in a nylon housing identical to that for the UV-A detector should provide similar cosine responses for each of the two detectors. In any event, it is clear that a choice of inexpensive pyranometers is available for the project.

Inexpensive sun photometers for measuring aerosol optical thickness and water vapor
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	Figure A5. Two-channel visible-

light LOBE sun photometer.



Handheld, battery-operated GLOBE sun photometers, shown in Figure A5, have been in use since 2000. These instruments use LED detectors that provide atmospheric optical thickness at effective wavelengths of 505 and 625 nm [Brooks and Mims, 2002]. Work by Brooks et al. [2003] and de Vroom [2003a; 2003b] have demonstrated that measurements with this instrument compare favorably with, for example, AERONET data, and are accurate enough to provide ground-truth validation for the MODIS aerosol product.

A sun photometer water vapor instrument has also been developed for GLOBE, in collaboration with NASA Langley Research Center. It is physically identical to the GLOBE visible-light sun photometer except for its detectors – a filtered photodiode whose spectral response is centered around the H2O absorption band at 940 nm with a FWHM of 10 nm, and an LED with a response centered around 830 nm and a FWHM width of about 60 nm. The ratio of the outputs from these two detectors is proportional to total precipitable water vapor (PW). Calibrations of the water vapor instrument are based on transfer calibrations from AERONET and GPS-MET data products. Hence, these instruments do not meet the Aura PW validation requirements of 10% accuracy. Nonetheless, the data can be collected with very little additional effort and may provide interesting data regarding spatial variability of water vapor within the footprint.

These instruments are not temperature-stabilized. The visible-light and near-IR sun photometers both have temperature sensors inside the case, near the detectors. Data collection with these instruments takes only 2-3 minutes. By monitoring the sensor output (through the built-in panel meter), it is possible to maintain the internal case temperature within the desired range of 20-25ºC.


For this project, we will probably provide versions of the visible-light sun photometer that include a third channel using the filtered UV-A detector. This will allow simultaneous measurements of optical thickness at all three wavelengths at the same time as the full-sky UV-A data are being recorded. 

5. Data loggers

Inexpensive commercial 12-bit data loggers, such as Onset Computer Corporation’s U-series USB loggers, are adequate for this project. Onset loggers have a long history of reliable operation under conditions likely to be encountered during this project. There is no need for more robust loggers because there is no need for long-term unattended instrument deployments. These loggers can be launched and deployed in a “button start” mode for activation at each site. Non-volatile storage memory protects against data loss.

Attachment B – Measurement Protocols

As noted previously, project research goals are consistent with the fact that none of the inexpensive instruments developed for the project are intended for permanent outdoor deployment. Even though inexpensive commercial pyranometers may be designed for long-term exposure to weather, we believe that their initial calibrations will be better maintained when they are not kept outdoors for unnecessarily long periods of time.

The measurement windows for this project are centered around daily Aura site overflights. The full-sky instruments can be deployed whenever it is not actually precipitating. Measurements will be taken for at least plus or minus 1 hour around the overflight time. Nominally, the full-sky measurements will be recorded at 30-second intervals. 

Each site will requires a horizontal platform on which to place the radiometer and pyranometer. This obvious requirement is worth mentioning only because some school-based sites will need to construct such a platform specifically for this project. (The built-in bubble level on the full-sky instruments will ensure that instruments are actually mounted level.) To minimize possible effects from azimuthal asymmetry in the detectors, all instruments will always be oriented in the same direction relative to magnetic north.

The sun photometer and water vapor measurements are small handheld instruments that can easily be transported from site to site. Measurements for calculating aerosol optical thickness and total precipitable water vapor (PW) can be made at the beginning and end of each deployment and perhaps more frequently at the primary site. The sun photometer measurements are basically “point” measurements that can be taken and recorded manually in two or three minutes. Not only is it impractical to track the sun for extended periods of time with a handheld instrument, but the temperature sensitivity of the detectors, though small, can cause significant errors in optical thickness calculations after long exposures to direct sunlight. Ideally, the internal case temperature of the sun photometers should remain in the range from 20-25ºC. This is not hard to do, using small insulated containers with, perhaps, a small freezer pack in hot weather. Although it is possible to log the output from the direct-sun instruments (all of which have db25 computer connectors on their cases), it is not necessary. 


The measurements and instruments are summarized in Table ??.

	Site type
	Measurements
	Instruments

	Reference
	“broadband” full-sky UV, optical thickness at 368 nm, total solar irradiance, visible and near-IR optical thickness plus PW (at some sites)
	YES shadowband radiometer, CIMEL (at some sites), broadband UV-A and  spectroradiometers (at some sites)

	Dispersed
	full-sky UV at 372 nm, optical thickness at 372, 505, and 625 nm, total solar irradiance, PW, qualitative sky observations
	GUARS, GLOBE sun photometer, GLOBE water vapor instrument, silicon-based pyranometer


Activities at each dispersed site are defined by detailed written instructions, including step-by-step “field guides” to data collection:

1. Place UV-A radiometer and pyranometer on level platform, with a consistent north-south instrument orientation.

2. Activate data logging.

3. Move away from vicinity of instruments to avoid shadowing the detectors. If there is an unobstructed view of the sun, manually record voltages from visible-UV sun photometer and from water vapor instrument.

4. Record cloud and sky conditions. 

At end of deployment:

5. Record cloud and sky conditions.

6. If there is an unobstructed view of the sun, manually record voltages from visible-UV sun photometer and from water vapor instrument.

7. Stop data logger.

Following deployment:

8. Download and save logger data.

9. Download weather conditions during deployment (from NWS or equivalent online site).

Qualitative human descriptions of atmospheric conditions over a site are important for the success of the project. The collection of these “metadata,” which include cloud type and cover, contrails, sky color, and horizontal visibility, is described in detail in GLOBE protocols. Even though these observations are inherently qualitative, the protocols provide a framework for consistent reporting and provide information for evaluating the quality of, especially, the sun photometer measurements.


Some of the project work will be carried out by students and teachers. It is, of course, important that the needs of these groups be considered in developing measurement protocols. The PI of the project has considerable experience writing protocols for this audience, through the GLOBE Program, and collaborators such as Forrest Mims and Julie Westerlund provide additional depth of experience in working with students and teachers. (See the letter from Dr. Westerlund included in Attachment A.) 

Attachment C – Support Letters from Collaborators
Brent Holben (NASA/GSFC)

Julie Westerlund (Texas State University)

Tom Stoffel (National Renewable Energy Laboratory)

� GLOBE is an international K-12 environmental science and education program, funded mostly by NASA. There are more than 105 GLOBE countries, and thousands of GLOBE schools. See www.globe.gov.
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