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1 ABSTRACT / EXECUTIVE SUMMARY
We propose the combined analysis of suborbital and EOS satellite measurements of aerosol optical depth and columnar water vapor collected during recent field experiments, with the intent of joining the MODIS-Atmosphere Science Team. The proposed work is aimed at investigating the spatial variability in MODIS- and MISR-derived data products and assessing how well this variability is captured by satellite sensors and their data products. In particular, the goals of our study are:

1) based on the combination of suborbital and satellite measurements, to determine the spatial variability of aerosol optical depth in the vicinity of clouds and assess how well current EOS satellite sensors capture or suppress such variability within their processing algorithms,

2) to determine what fraction of the direct aerosol radiative forcing of climate may be undetected because the aerosol optical depth in the vicinity of clouds is erroneously filtered out or masked as cloud by current EOS sensor retrievals, 

3) to compare the spatial variability in aerosol optical depth and columnar water vapor in different geographical regions, thereby assessing the performance of current EOS sensor algorithms under a variety of regional and climatic conditions,

4) to make available the validation capabilities of the NASA Ames Airborne Sunphotometer group to the MODIS-Atmosphere science team in support of future refinements to AOD and water vapor algorithms and future developments of over-the-ocean (glint/off-glint) algorithms to derive aerosol absorption. 

Measurements taken by the NASA Ames Airborne Tracking Sunphotometers (AATS-6 and AATS-14) in recent field campaigns have been used extensively in the validation of satellite sensors aboard the EOS Terra and other platforms, providing important aerosol information used in the revision of retrieval algorithms for the MISR and MODIS sensors. 
To date, little use has been made of the AATS instruments’ unique capabilities of measuring the spatial variability of aerosol optical depth and water vapor on scales of a few hundred meters. Such spatial variability can only be assessed from suborbital platforms that move fast by comparison to wind advection speeds, and the AATS instruments are currently the only sensors that can provide AOD measurements on these scales. Small scale AATS measurements have frequently revealed the presence of significant aerosol fields in the direct vicinity of clouds, a phenomenon termed “cloud-halo” by the in situ measurement community. These spatial scales are also comparable to the scales at which the EOS satellite sensors apply cloud masking for the purpose of aerosol retrievals. Therefore we propose to study the aerosol variability in the vicinity of clouds and try to estimate what fraction of the direct aerosol radiative forcing may be screened out by the current operational cloud masking procedures for the MODIS and MISR aerosol algorithms. This approach is directly aimed at answering the ESE questions about Earth’s natural variability (ESE strategic question 1) and how this variability is captured by EOS sensors. Further, because aerosols are one of the major climate forcing agents, the aerosol variability work is also aimed at determining how well EOS sensors measure the primary forcings of the Earth system (ESE strategic question 2).
Because of our experience in the combined analysis of suborbital and satellite data and our previous work on the interpretation of MODIS and MISR aerosol products, we feel uniquely qualified to carry out the spatial variability assessment work proposed here.

2 BACKGROUND AND RATIONALE 

A major uncertainty in predicting possible future changes to the Earth system in general, and its climate in particular, stems from the necessary inclusion of atmospheric aerosols in climate models. The current low confidence in the estimates of aerosol induced perturbations of Earth’s radiation balance is caused by the highly non-uniform compositional, spatial and temporal distribution of tropospheric aerosols owing to their heterogeneous sources and short lifetimes. Because of their short lifetimes, aerosols are most conveniently studied using space-borne satellite sensors [Kaufman et al., 2002; Ramanathan et al., 2002]. Among the sensors that have provided global aerosol information in the past are AVHRR and TOMS, which were not optimized for the detection of aerosols. With the launch of the EOS Terra satellite in 1999, a new era of satellite-based observations of aerosols has begun. The MODIS [Kaufman et al., 1997] and MISR [Kahn et al., 2001, Martonchik et al., 1998] instruments aboard the Terra satellite as well as the MODIS instrument aboard the Aqua satellite are much more capable of detailed global aerosol observations. In the case of the MODIS instrument for example, the advantages of the new sensor include its improved spectral coverage, narrower bandwidth of the individual channels and improved spatial resolution of 500m (and 250m for some channels, as compared to 1km or 4km for AVHRR and 50km for TOMS). In particular, the improved spatial resolution of the new sensors allows for a better masking of clouds and hence an improved separation of aerosols from clouds. Because a major part of this proposal is aimed at investigating MODIS’ capabilities of representing aerosol spatial variability and separating aerosols from clouds, the following sections briefly describe the MODIS aerosol retrieval algorithm. 
2.1 MODIS aerosol retrievals over land
The MODIS aerosol retrieval algorithm for measurements taken over land is considerably different from the over-ocean algorithm [Kaufman et al., 1997]. The first step in converting the satellite-measured radiances into AOD is to organize the measured radiances of the three MODIS channels at 0.47, 0.66 and 2.1µm into nominal 10 km boxes corresponding to 20 by 20 or 400 pixels for each box. The 400 pixels in the box are then evaluated to determine if the standard MODIS cloud mask (MODIS product MOD35) has identified pixels as cloudy, as snow/ice or as water. If the Normalized Difference Vegetation Index (NDVI) of a given pixel is above a certain threshold level and the surface reflectance in the 2.13µm channel is between 1 and 25% the pixel is considered suitable for aerosol retrieval. After cloud masking and dark target selection the pixels are sorted in terms of their visible reflectance at 0.66µm.  The darkest 20% and the brightest 50% of all pixels (at 0.66µm) are discarded to eliminate remaining pixels possibly contaminated by cloud shadows or odd surfaces at the dark end or residual cloud contamination and odd surfaces at the bright end.  The possibility of residual bright cloud contamination is more common than cloud shadows, thus the filter is skewed towards permitting more dark pixels than bright ones [L. Remer, private communication]. The remaining 30% of the pixels will be used to derive a mean reflectance for the 10 km box, but only if there are at least 12 of the 400 pixels remaining. In the next step, the mean measured reflectance is calculated from these 12 or more dark target pixels in the three wavelengths. After surface reflectances have been subtracted, the estimated surface reflectances and the measured mean top-of-atmosphere reflectances at 0.47 and 0.66µm are used as input into the Continental model Look-Up Table (LUT) to retrieve values for the aerosol optical thickness at those two wavelengths. 
2.2 MODIS aerosol retrievals over ocean

The mechanics of the ocean algorithm are similar to the land algorithm [Tanré et al., 1997], but channels used and other features are quite different. In the first step, the reflectances from the six channels at 0.55, 0.66, 0.86, 1.24, 1.6 and 2.13 µm are grouped into nominal 10km boxes of 20 by 20 pixels at 500 m resolution.  The standard MOD35 cloud mask includes using the brightness in the visible channels to identify clouds.  This procedure will mistake heavy aerosol as 'cloudy', and miss retrieving important aerosol events over ocean.  On the other hand, relying on IR-tests alone permits low altitude, warm clouds to be misidentified as 'clear', introducing cloud contamination in the aerosol products. Thus, the cloud mask used in the aerosol retrieval algorithm is based on the difference in spatial variability between aerosols and clouds. It computes the standard deviation of 0.55µm reflectancesin every group of 3 by 3 pixels within a box.  Any group of 9 contiguous pixels with standard deviation greater than 0.0025 is labeled as 'cloudy', and all 9 pixels in the group are discarded [Martins et al., 2002]. This test separates aerosol from most cloud types, but may fail at the centers of large, thick clouds and with cirrus, both of which can be spatially homogeneous. It may also erroneously identify inhomogeneous aerosol fields (e.g., dust) as clouds. In an effort to avoid both scenarios, additional spectral dependence filters are applied. 

2.3 Suborbital Measurements of AOD using AATS
From the previous two sections it is apparent that both the MODIS ocean and land aerosol retrieval algorithms are dependent on the spatial variability of aerosol fields in order to detect/mask cloudy pixels. In the case of the land algorithm the standard MODIS cloud mask may discard pixels that contain increased aerosol optical depth in the immediate vicinity of clouds (less than 500m). Also, the aerosol retrieval algorithm will discard those pixel which have sufficient cloud contamination to place them in the upper 50% in terms of their reflectance at 0.66µm. In the case of the ocean algorithm, cloud masking is based solely on the spatial variability of the reflectance at 0.55µm. Hence, suborbital measurements of the actual spatial variability of aerosol optical depth and tests of the impact of that variability on satellite radiances are crucial in assessing the adequacy of the cloud screening procedures of either algorithm. 

The only instruments currently capable of characterizing the spatial variability of aerosol optical depth and column water vapor on scales of a few hundred meters are the NASA Ames Airborne Tracking Sunphotometers (AATS-6 and AATS-14). Both AATS instruments measure direct solar beam transmission in narrow channels by using detectors in a tracking head that rotates in two axes. Azimuth and elevation motors controlled by differential sun sensors rotate the tracking head ,thereby locking on to the solar beam and keeping detectors normal to it. The tracking head of each instrument mounts external to the aircraft skin, to minimize blockage by aircraft structures and also to avoid data contamination by aircraft-window effects. The data yield AOD spectra and column water vapor. Vertical differentiation of these data in suitable flight patterns yields extinction spectra and water vapor concentration. Examples are given in Russell et al., 1999, Schmid et al., 2000, Livingston et al., 2002, Schmid et al., 2002, Redemann et al., 2002.

Spatial variability on the scale of a few hundred meters can only be assessed from suborbital platforms that move fast by comparison to wind advection speeds and only with instruments that provide data at rates of a few Hz (1 Hz being equivalent to a spatial resolution of  ~103m at an aircraft speed of 200 knots). Because the AATS instruments measure the direct solar beam transmission and are hence unaffected by surface properties and because they are deployed on relatively fast-moving suborbital platforms they are the only feasible tool for suborbital studies of the spatial variability of aerosol optical depth. The following section provides brief examples of AATS measurements and how they may be exploited for the assessment of the performance of EOS aerosol sensors.
3 PREVIOUS RESEARCH RELEVANT TO THIS PROPOSAL

3.1 Scientific Motivation
The deployments of AATS-6 and AATS-14 in previous field campaigns have made significant contributions to the airborne study of atmospheric aerosols. Most notably, the AATS-derived measurements of aerosol optical depth in the Southern African Regional Science Initiative (SAFARI-2000), the Puerto Rico Dust Experiment (PRiDE, 2000), the Asian-Pacific Aerosol Characterization Experiment (ACE-Asia, 2001), and the Chesapeake Lighthouse & Aircraft Measurements for Satellites (CLAMS, 2001) have been used extensively in the validation of satellite sensors aboard the NASA EOS Terra platform, providing important aerosol information used in the revision of retrieval algorithms for the MISR [Kahn et al., 2001, Martonchik et al., 1998] and MODIS sensors [Martins et al., 2002, Levy et al., 2003]. 

Figure 1 shows schematically the scientific motivation and overall approach used in the AATS team’s research. As indicated by Figure 1, aerosols produced by biomass burning, desert dust storms, urban pollution, and other processes form features recognizable from space on regional to intercontinental scales [e.g., Husar et al., 1997; Kaufman et al., 2002; Prospero et al., 2002]. These aerosols can change the climate by perturbing energy exchange between the sun, Earth, and space, as well as by redistributing energy within the atmosphere. 

[image: image2.wmf]
Figure 1. Schematic of the scientific motivation and overall approach used in the AATS team’s research.

To date, little use has been made of the AATS instruments’ unique capabilities of measuring aerosol optical depth and water vapor on spatial scales of a few hundred meters. These small scale measurements have frequently revealed the presence of significant aerosol fields in the direct vicinity of clouds, a phenomenon termed “cloud-halo” in the in situ measurement community. 
Table 1 summarizes satellite validation studies that have used an AATS instrument. To date, seven published studies have compared AATS measurements to retrievals by MODIS or MISR aboard the EOS Terra satellite.

Table 1: Validation of satellite derived spectral AOD published by the PI’s and Co-I of this proposal.
	Sensor
	Campaign
	Region
	Surface
	Period
	Publication

	AVHRR
	TARFOX
	US East Coast
	Ocean
	July 1996
	Veefkind et al., 1999

	AVHRR
	ACE 2
	Canary Islands
	Ocean
	June/July 1997
	Durkee et al., 2000

Livingston et al., 2000

Schmid et al., 2000

	ATSR-2
	TARFOX
	US East Coast
	Ocean
	July 1996
	Veefkind et al., 1999

	ATSR-2
	SAFARI 2000
	Namibian Coast
	Ocean
	September 2000
	Schmid et al., 2003

	GMS-5
	ACE-Asia
	Eastern Asia
	Ocean
	April 2001
	Wang et al, 2003b

	GOES-8
	PRIDE
	Puerto Rico
	Ocean
	June/July 2000
	Livingston et al., 2003

Wang et al., 2003a

	MAS
	TARFOX
	US East Coast
	Ocean
	July 1996
	Tanré et al. 1999

	MISR
	SAFARI-2000
	Southern Africa
	Ocean & Land
	September 2000
	Schmid et al., 2003

	MISR
	ACE-Asia
	Eastern Asia
	Ocean
	April 2001
	Kahn et al., 2003

	MISR
	CLAMS
	US East Coast
	Ocean
	July/August 2001
	Redemann et al., 2001

	MODIS
	PRIDE
	Puerto Rico
	Ocean
	June/July 2000
	Livingston et al., 2003

Levy et al., 2003

	MODIS
	SAFARI-2000
	Southern Africa
	Ocean & Land
	September 2000
	Schmid et al., 2003

	MODIS
	CLAMS
	US East Coast
	Ocean
	July/August 2001
	Levy et al., 2002

	MODIS
	ACE-Asia
	Eastern Asia
	Ocean
	April 2001
	Chu et al., in prep.

	POAM
	SOLVE-2
	Arctic
	Ocean & Land
	Jan/Feb 2003
	in prep.

	SAGE 3
	SOLVE-2
	Arctic
	Ocean & Land
	Jan/Feb 2003
	in prep.

	SeaWiFS
	ACE-Asia
	Eastern Asia
	Ocean
	April 2001
	Hsu et al, in prep.

	TOMS
	PRIDE
	Puerto Rico
	Ocean
	June/July 2000
	Livingston et al., 2003

	TOMS
	SAFARI-2000
	Southern Africa
	Land
	September 2000
	Schmid et al., 2003


3.2 Suborbital Measurements of aerosol optical depth on a moving platform

As indicated in Table 1 the NASA Ames Airborne Tracking Sunphotometers have participated in 7 major field campaigns since 1996. In its most recently completed deployment to study tropospheric aerosols, AATS-14 flew successfully aboard the University of Washington CV-580 research aircraft during 10 research flights (45.09 flight hours) as part of the Chesapeake Lighthouse and Aircraft Measurements for Satellites (CLAMS) experiment, July 10 - August 2, 2001. The CLAMS campaign was a clear sky, shortwave (SW) closure campaign and entailed measurements from the Chesapeake Lighthouse research platform, several land sites, 6 research aircraft and the EOS Terra satellite. CLAMS research goals included validation of satellite-based retrievals of aerosol properties, vertical profiles of radiative fluxes, temperature and water vapor. Because of the primary goal of EOS sensor validation, the CV-580 aircraft spent a considerable amount of time flying low-level transects. During these transects, AATS-14 measurements frequently revealed the presence of persistent spatial gradients or general variability in the aerosol optical depth field [Redemann et al., 2002]. Figure 2 shows the spatial variability in AOD as measured during a low level flight leg on July 17, 2001 in CLAMS. Terra satellite overpass time was at 16:12 UT.  


[image: image3]
Figure 2. Spatial variability in AOD at 0.353, 0.525 and 1.558µm during a low level leg flown on July 17, 2001 in CLAMS (see text).

Figure 3 shows a comparison of the spatial variability in AOD at three wavelengths (0.353, 0.525 and 1.558µm) as measured during low level flight legs flown in 11 flights of CLAMS. 


[image: image4]
Figure 3. Spatial variability in AOD at 0.353, 0.525 and 1.558µm during low level legs flown in CLAMS (see text).

Figure 3 indicates that, during this time of the year (summer) off the US East Coast, AOD can change by 40% or more over horizontal distances less than 50km. Because of the high speed of the aircraft platform relative to advection wind speed we interpret all of the variability seen in Figures 2 and 3 to be true instantaneous spatial variability rather than variability in aerosols due to microphysical evolution during transport. Figures 2 and 3 further indicate that variability of 10% or more even within a 10km range is not uncommon. This finding is significant considering that the 10km range is exactly the scale of the MODIS level 2 data products. The research proposed here is aimed at determining:

1 How common is spatial variability of this order of magnitude?

2 How does this variability compare to other geographic regimes where AATS measurements were made?

3 What are the consequences of such variability for the aerosol retrieval algorithms of MODIS and MISR?.

3.3 Measurements of aerosol optical depth in the vicinity of clouds
While the primary objective of the coordinated studies described in section 3.2 was the validation of satellite sensor data, the data collected in these studies can be equally useful for investigating aerosol optical depth variability. In particular, the combination of aircraft speed and AATS data acquisition rate yields suborbital aerosol optical depth data at spatial resolution of 100-200 m. As pointed out in section 2, knowledge of aerosol variability on these spatial scales is crucial for assessing the performance of cloud masking procedures currently used in aerosol retrievals of EOS sensors. Therefore, it is important to assess the spatial variability of AOD in the vicinity of clouds. Frequently, AATS measurements indicate increased AOD in the vicinity of clouds on spatial scales of about 1-2 km. Figure 4 (panel 2) shows an example of such increased AOD in the vicinity of a cloud. The cloud is identified by a large drop in AATS signal voltages (panel 1) and a steep drop in the Angstrom exponent (panel 4). Note that the Angstrom exponent shown in Figure 4 is generally not used for cloud screening of AATS data. Rather, we use the variability in signal voltages to separate clouds from aerosols (i.e., blue from green data points in Figure 4, panel 4) much like the cloud screening procedure applied in the aerosol retrieval algorithm for MODIS over-ocean measurements.
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Figure 4. Spatial variability in signal strength, AOD and Angstrom exponent ( during a low level leg flown on July, 26, 2001 in CLAMS (see text). 

For orientation, panel 1 of Figure 4 contains boxes of 500 m width - the same width as the pixels in the MODIS aerosol retrieval algorithms. Figure 4 indicates increases in AOD at visible wavelengths of 10-25% in the immediate (500m) vicinity of the cloud field (pixel 4 and 5). It should be noted that the standard MODIS cloud mask would mask the increased AOD in pixel 5 simply based on the presence of some cloud fraction in that pixel. Assuming (for argument’s sake) that the surface- and aerosol-induced radiances at the satellite are comparable within each pixel in Figure 4, the MODIS over-ocean algorithm would additionally screen out pixel 4, because the difference of 10% in AOD in pixel 4 relative to the adjacent pixels would result in standard deviations of the total .55µm radiances greater than 1% for the set of 9 pixels (the standard deviation threshold for cloud screening being 0.0025 = 0.25%).
One of the goals of the research proposed here is to determine how common AOD variability of 10% or more in the immediate vicinity of clouds is in order to determine how frequently such increased AOD is suppressed when determining average satellite derived radiances for retrieving aerosol optical depth.
4 SUMMARY OF PLANNED ACTIVITIES AS MODIS SCIENCE TEAM MEMBERS

As future MODIS science team members, we propose the combination of suborbital and satellite (MODIS) measurements to determine the spatial variability of aerosol optical depth in the vicinity of clouds and assess how well current EOS satellite sensors capture or suppress such variability within their processing algorithms. This approach is directly aimed at answering the ESE questions about Earth’s natural variability (ESE strategic question 1) and how this variability is captured by EOS sensors. Further, because aerosols are one of the major climate forcing agents, the aerosol variability work is also aimed at determining how well EOS sensors measure the primary forcings of the Earth system (ESE strategic question 2). 
In detail, we propose to carry out the following tasks as part of our project:

1) Screen the AATS data collected in the 7 field experiments described in Table 1 for occurrences of significant spatial variations in aerosol optical depth and water vapor in the vicinity of clouds (by the time this proposal is being considered for funding, data from the ADAM (Asian Dust and Aerosols above Monterey) experiment and the Oklahoma SGP ARM IOP may also be available). Select cases when these suborbital measurements were coordinated with Terra satellite overpasses and analyze the actual cloud masking for the MODIS and/or MISR sensors for those incidences. Attempt to determine what fraction of the area in the vicinity of clouds was screened out and assess what impact such a screening had on the average optical depth retrieved by the sensor(s).

2) Based on the findings in task 1, estimate what fraction of AOD may have gone undetected and use correlative measurements of aerosol radiative properties in conjunction with a radiative transfer model to estimate the fraction of the direct radiative forcing of climate that may have gone undetected as a consequence.

3) Compare the spatial variability in aerosol optical depth and the associated performance of the EOS sensors in detecting that variability under a variety of regional and climatic conditions. Where satellite viewing geometry permits, compare the Terra-MODIS and MISR derived aerosol optical depth products and try to assess which product captures the variability in suborbital measurements of aerosol optical properties more closely.

4) Make available the validation capabilities of the NASA Ames Airborne Sunphotometer group to the MODIS-Atmosphere science team in support of future refinements to AOD and water vapor algorithms and future developments of over-the-ocean (glint/off-glint) algorithms to derive aerosol absorption.

Because our team has been an integral part of aerosol field campaigns, we expect considerable success in identifying the atmospheric and surface conditions which are conducive to the accurate inversion of EOS satellite sensor data. Both the first and the second task will be highly relevant to the future CALIPSO mission by assessing small-scale aerosol variability. The findings regarding spatial aerosol variability are expected to help guide validation efforts for the CALIPSO instrument and other aerosol sensors envisioned to be flying in the A-Train formation (POLDER, OMI, MODIS-Aqua).
The cloud-halo work proposed here may lead to refinements of the MODIS and MISR AOD algorithms. However, such refinements are not considered a main aspect of this work. The analysis of AATS-derived near-cloud aerosol optical depth data and its combination with satellite-derived cloud properties may further lead to insights into aerosol-induced modifications of cloud properties, hence the aerosol indirect forcing of climate.
The newly added AATS-14 channel at 2.14µm will be important in validating future MODIS-Terra and MODIS-Aqua aerosol measurements, in particular because MODIS-Aqua has had problems with the 1.6µm detectors. Because the two MODIS near-IR channels (1.6 and 2.1µm) are used extensively for the determination of cloud and land surface properties and because the aerosol optical depth data in those channels carries most of the information on the size of larger particles (thereby frequently allowing the separation of smaller anthropogenic particles from larger natural particles), there will be a continued need for over-the-ocean validation of these data products. Although of lesser importance to this proposal, we intend to make the resources and capabilities of the NASA Ames Airborne Sunphotometer team available for future satellite validation efforts. However, actual costs for deploying the AATS instruments are not included in this proposal and will have to be covered by additional funding.
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