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DIURNAL EARTH EXPLORER PROBE (DEEP)

INTRODUCTION

The earth’s atmosphere, land surfaces, and oceans have been explored from space using a variety of polar orbiting scientific satellites that have provided global maps of the materials that compose the environment supporting our lives.  The collection of this data over seasonal to decadal time scales has provided observations of temporal and spatial change in atmospheric (e.g. ozone, aerosols, and cloud amount), terrestrial (e.g. vegetation), and oceanic (e.g., Sea Surface Temperature; SST; and ocean color) environmental measurements.  These measurements have been critical in the development of our understanding of the processes controlling the distribution of the physical, biological, and chemical environmental properties.  One has to only look at the change in oceanographic understanding that has occurred as a direct result of the measurements of SST, Sea Surface Height (SSH), and ocean color to realize the importance of remotely sensed data to our understanding of underlying governing processes.  The variance, magnitude, and distribution of these above properties significantly altered our perception of the oceanic impact on global weather, primary productivity, and the global carbon cycle.  This is to be expected, as the scientific process of discovery usually begins with a new set of measurements that must be rectified within a current paradigm of knowledge.  When a new set of measurements can not be explained, hypotheses are generated and tests are conducted in order to further the bounds of our environmental knowledge.  

The understanding that has developed as a product of these satellite measurements has been codified into computer models that seek to simulate the processes governing material property distributions.  The resolution of process complexity, as well as the resolution of the temporal and spatial scales, of these computer models has developed in tandem with the increase in temporal and spatial resolution of the satellite measurements.  This too is to be expected, as the resolution of our understanding frequently depends upon the resolution of experimental measurements. (It is very hard to test a hypothesis on a governing process, when the impacts of that process are not adequately sampled).  One can argue that in the coastal ocean we are pushing the limits of our abilities to adequately test environmental hypotheses on production, circulation, and terrestrial exchanges because the temporal and spatial resolution of the satellites are too coarse to resolve the governing processes.  While there are a plethora of ocean color and SST satellites that can sample the coastal ocean daily at 1 km resolutions, the governing processes are frequently driven by tidal flows and vertical movements that are not resolved with these instruments and platforms.  Our knowledge of physical, biological, and chemical processes, as well as our computational abilities has raced ahead of our satellite’s sampling abilities.  In order to test hypotheses on the impact of inter-day events on the elemental fluxes (e.g., carbon, nitrogen, etc.) and biological reactions (e.g., habitat change, harmful algal blooms, etc.), as well as to increase our predictive abilities in coastal ocean, a higher resolution sensor and platform is required.  

1.0  Atmospheric And Terrestrial Hypotheses/Requirements For Higher Time/Space Resolution
Almost all of the satellite data used to observe the earth’s surface, and much of the atmosphere, is obtained from polar-orbiting satellites at a nearly fixed time each day.  These data have provided a wealth of knowledge; however there have been limitations.  The longest record of high quality satellite observations of the ocean environment has been obtained from SeaWiFS (1997 to present) at a nearly constant time of 11:45 am. Such observations miss most of the effects from tides moving through an estuary over a period of several hours, such as in the Chesapeake Bay.  In the atmosphere, smoke plumes from forest fires or agricultural burning are usually more intense in the afternoon than in the morning, so that the near-noon satellite observations are not able to properly assess the amount of black carbon injected into the atmosphere.  Polar-orbiting satellite estimates of daily UV exposure also miss the effect of morning and afternoon cloudiness and can bias expectations.  However, the polar-orbiting satellites are not the only platforms in space.  The weather satellites (e.g., NOAA GOES) that observe clouds and water vapor do so from a geostationary orbit.  This orbit provides a continuous look at a fixed area of the globe.  The solution to our current lack of observational knowledge is to start an observing program that uses a well-calibrated multi-spectral channel instrument on board a geostationary satellite.  A single satellite could provide coverage of the Western Hemisphere from the west coast of Europe to the mid-Pacific Ocean and from the tip of South America to the middle of Canada (see Figure 1), and provide the high frequency sampling to measure inter-day changes of many oceanic and atmospheric environmental properties.  This white paper is intended to discuss the advantages of scientific satellite observations from geostationary orbit and their applications.

1.1 Science/Applications Goals, Objectives, and Justification

Understanding the effect of short-term forcing processes on complex earth ecosystems is essential for the development of predictive and analytical models used to assess impacts of natural changes and human activities [1]. Some of the compelling reasons for a multi-channel spectral instrument (DEEP) in geostationary orbit are for observing the time evolution of coastal and ocean pollution sources, tidal effects, and high frequency eddy currents, origin and evolution of aerosol plumes, observations of tropospheric ozone, detection of natural disasters (e.g., fires, floods, effects of drought and disease on agriculture). The advanced design of the geostationary DEEP spectrometer mission has the required wide range of wavelengths (from UV, 0.31 microns to the near-IR, 1 micron), moderate spatial resolution (at least 250 meters), high precision (better than 0.1%), and high temporal resolution (less than 1 minute per 2-channel image) needed to produce advances in scientific observations or the earth. The frequent observations will reveal currently hidden processes and relationships in the Earth’s oceans, on land surfaces, and in the atmosphere. These types of multi-spectral time-resolved data are currently not available from any satellite observations.
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1.1.1 Goals and Objectives 


We are presenting a dual-purpose mission of science and applications, where the science goals and extended capabilities are also desirable applications of interest to NOAA, other government agencies (e.g., Navy, USDA/FOREST SERVICE, and EPA), universities, and private corporations.  Later in this document, a series of applications will be defined and described that are of interest to the participating agencies and scientists. Since there is no real line between many applications and new science, these goals will also form part of the science rational for the proposed mission. In some cases, the application (e.g., natural hazard warning) has little new science.  However, in most other cases the research nature of the observations and their application are tightly linked (e.g., the onset of toxic algal blooms and the effect of the onset of drought on agricultural productivity).  The approach is in keeping with recommendations by the National Research Council [2], and the directive to show economic and societal benefit along with scientific progress.  

DEEP objectives, and data products are outlined in the Table 1-1 and in the following sections on ocean, land, and atmosphere observations.  Most algorithms for the science and applications have been developed for successful flight-proven projects (e.g., MODIS, TOMS, and SeaWiFS), or approved future projects (e.g., Triana and OMI). While modifications are needed to take advantage of the geostationary orbit (e.g., taking advantage of better signal to noise properties), the basic capabilities have proven heritage. The retrieval algorithms for such a satellite project are different from the science analysis of the resulting data.  Except for a few cases (e.g., ozone and ocean color), the data will form the basis for new scientific research and development of analysis methods. 

1.1.1.1 Ocean

•   Quantifying the response of marine ecosystems to short-term physical events, such as passage of storms and tidal mixing; 

•   Monitoring biotic and abiotic material in transient surface features, such as river plumes and tidal fronts; 

•   Detecting, tracking, and predicting the location of hazardous materials, such as oil spills, ocean waste disposal, and harmful algal blooms;

•   Assessment of the importance of quantifying high temporal variability in initializing, and validating, coupled biological-physical coastal ecosystem models;

•   Assessing the effect of tidal aliasing and sub-pixel variability on global estimates from polar orbiting observations.

1.1.1.2 Land-Atmosphere

•   Detecting the optical depths of smoke, dust, and other airborne pollutants originating from fires, industrial sources, and naturally dry or drought areas.

•   Detection of changes in ozone amounts from nominal values.

•   Detection of tropospheric ozone amounts and changes in regions of high pollution.

•   Detecting the ash and SO2 plumes from volcanic eruptions.

•   Detecting vegetated areas of drought and possible recovery after rainfall.

•   Remote sensing of agricultural and forest crop water, and nutrient stress.

•   Detecting floods from various sources including river overflows.

•   Improving the estimates of hurricane intensification and landfall predictions.


Table 1-1  Data Products and Algorithm Heritage
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1.1.2 Justification for Geostationary Orbit

Only a geostationary orbit permits the temporal resolution needed to observe the actual variability of biotic and abiotic phenomena on regional spatial (250 km basin wide) and high temporal (minutes to hours) scales over a wide region of the earth (Figure xx1). Polar orbiting instruments such as the MODIS, SeaWiFS, and the Visible/Infrared Imager Radiometer Suite (VIIRS) are capable of furnishing highly accurate water-leaving spectral radiances with good spectral resolution and one kilometer spatial resolution at a global revisit period of approximately once every two days. Their 2-day coverage at a fixed local time (near noon) is inadequate to resolve key forcing processes operating at shorter time scales (hours to days), and can introduce aliasing with tidal frequency and biases with morning to afternoon cloud and aerosol cover. 

The difference between geostationary and polar orbiting observations is equivalent to watching a movie of a rapidly changing process compared to just having an isolated still image.  The time-dependent 250-meter resolution observations are perfectly suited as input and validation for highly detailed regional models of the earth’s surface, oceans, and troposphere.
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Figure xx1  The earth’s area that can be observed

by DEEP from a GOES-East orbit.

All polar orbiting instruments will be in the field of view (FOV) of DEEP during 4 of their 14 orbits per day, so that common observations with the same wavelength channels can be used for validation of DEEP measurements and its extension to full global coverage. Once per day, the polar orbiting satellites will pass close to the DEEP sub-satellite point, so that coincident observations can be made at nearly the same observing angles.  A further advantage is that ground-based validation observation times can be matched by the satellite observations to better than 1 minute over extended periods.  This has been a flaw in current satellite validation programs, where the satellites and ground-based instruments are looking at different times and regions, and rely on averaging procedures in order to compare data.
1.2.1 Earth Science Enterprise Research Goals for DEEP

The flight of DEEP in geosynchronous orbit addresses items in the list of NASA earth science research goals from a unique spacecraft viewpoint that is clearly beyond the scope of existing and/or approved missions. The viewpoint encompasses those processes that affect Earth system dynamics at regional scales with emphasis on understanding and predicting fast processes essential for quantifying longer-term average impacts through the use of regional and global-scale models. DEEP also addresses small-scale processes that can cause large regional impacts. As discussed later, ignoring these will introduce biases in weekly or monthly averages used in modeled responses of the Earth’s ecosystem.  A strong modeling effort is part of the proposed satellite research and application goals.

1.2.2  Some Elements from NASA’s Strategic Plan Addressed by DEEP
•   What are the primary causes of change in the Earth system?

•   How does the Earth system respond to natural and human-induced changes?

•   Apply scientific and technical capabilities to enable the development of practical tools for public and private sector decisionmakers to accelerate the realization of economic and societal benefits.

•   How do ecosystems respond to and affect global environmental change and the carbon cycle? 

•   What are the effects of regional pollution on the global atmosphere, and the effects of global chemical and climate changes on regional air quality?  
 


DEEP will address these and other issues by coupling observed time-resolved small- scale phenomenon to large-scale processes observed from polar orbiting satellites using the some of the channels present on 3 major spacecraft instruments (TOMS, MODIS, and SeaWiFS), plus additional channels targeted at land and ocean applications. The observations will be interpreted through use of regional- or global-scale models for oceans (XXXX), land processes (YYYY), pollution transport (GOCART), and atmospheric processes (ZZZZ).  The analysis will require the use of proven scalar (DISORT) and vector (Dav() radiative transfer programs such as those used on the TOMS and MODIS satellite projects. 

Xxxx, yyyy, zzzz are model names that need to be added here.
The geostationary DEEP mission addresses the sub-hourly to daily scales that characterize important coastal and estuarine phenomena, such as tidal mixing and fronts, storm surges, as well as diurnal variations in phytoplankton abundance and productivity. While one-kilometer pixels are adequate to resolve tidal excursions in larger near-coast features, the 250-meter DEEP resolution is very suitable for coastal area observations (see Figure 1-1), for investigation of tidal fronts and near-shore processes. For data input into modeling studies, 250 meters corresponds to the grid size often used in current regional ocean and land models.  In addition to the 250-meter spatial resolution, DEEP’s high temporal resolution avoids tidal aliasing, and permits validation of tidal mixing terms in coastal ecosystem models. The present GOES cloud and water-vapor observations can be automatically coordinated to provide the large-scale information needed to interpret regional DEEP data (e.g., detecting cloud height in the IR and the presence of approaching off-shore storms). 

An additional advantage of using an instrument with 1-km resolution or better in geostationary orbit is that observations usually are not degraded by the presence of broken clouds. Motion of clouds through the FOV (Field of View) gives sufficient clear space for observing the atmospheric boundary layer. Continuous observation at 250-meter resolution turns the presence of clouds in a scene from an obstruction into an opportunity. When observing a particular location covered by broken clouds, the cloud motions will alternately cover and expose the Earth’s surface in a matter of a few minutes. This effectively increases the number of cloud-free observations of the surface through cloud filtering and composites of multiple images. A second opportunity comes from the ability of DEEP to use a technique known as “cloud slicing” to determine atmospheric quantities in the troposphere from total column measurements (e.g., tropospheric ozone and water vapor) by successively measuring on-cloud and off-cloud for each location. Knowledge of cloud height comes from Raman scattering measurements (393.5 nm), within the solar calcium-K line, O2:O2 dimer effects, and from the oxygen-A band (763 nm) with validation from GOES infrared data. DEEP has the unique capability to compare four independent passive cloud height techniques to determine their differences and individual strengths.
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Figure 1-1  MODIS high-resolution view of a region within the Chesapeake Bay contrasting the view obtained at 1 km resolution (large box and lower right box) and lower right with 250-meter resolution (upper right from 1 MODIS channel). The real benefit will come from having all 18 channels at this spatial resolution.

Since natural processes are fractal in character, even higher spatial resolution would reveal more process detail. However, there is a balance between the desire for higher spatial resolution (similar to Landsat or SPOT), the amount of area covered per day, and data transmission rates that are possible with foreseeable technology. At the current time, MODIS is at or near the limits of data transmission technology, while SeaWiFS transmits about 10% the amount of data produced by MODIS, and does so at moderate cost and high reliability (almost 100%).  The DEEP mission will be designed to come as close to the SeaWiFS standard as possible (~0.1 MODIS units). This will be done by limiting the high-resolution coverage to scheduled areas of predetermined interest, limiting the number of wavelength channels to just those needed for the scheduled suite of observations, and limiting the utilized time resolution to the needs of the science question or application. For example, for general surveys of large areas, the resolution can be reduced onboard the satellite to 1 or 4 km instead of 250 meters. The result will be a 16:1 reduction in data rate, accompanied by a 4:1 increase in signal to noise ratio. The science team and user community will make these scheduling decisions in advance and from time-to-time during the mission.

1.2 Instrumentation  (MODIFY THIS SECTION FOR POSSIBLE NEW INSTRUMENTATION)

1) SPECTROMTER WITH 1 TO 2 NM RESOLUTION

2) 2048 X 2048 CCD DETECTOR

3) MICRO-CHANNEL PLATE DETECTORS

4) RASTER-SCAN OBSERVATIONS INSTEAD OF POINTING

5) DUAL FOCAL PLANE FOR EXTENDED WAVELENGTH RANGE

6) STRIP FILTERS

7) CONTINUOUSLY VARIABLE FILTERS

8) MODERN DIFFRACTION GRATINGS

To accomplish our goals, we are proposing to use an external pointing mirror in an off-center Cassegrain telescope, in front of an 18-channel (313.2 to 905 nm) 1024x1024 CCD filter spectroradiometer mounted on a geostationary satellite similar to the GOES-P or -Q satellite platform, to focus on specific areas of interest. (See Fact Sheet and Technical Specifications sections for a schematic drawing, wavelengths, and specifications, also Table 1-2 DEEP Sensitivity Analysis). The technical maturity of DEEP is quite high as described in Table 1-4. Frame-transfer technology and adequate buffer memory will permit regional multi-spectral images to be obtained at least once per minute. Multiple lossless compressed images can be stored waiting for data downlink to a ground station. Good SNR of 400:1 from a single exposure, and over 1000:1 with image-stabilized multiple exposures, are required for the determination of ocean color, observation of coral reefs, and the use of the novel UV channels for ocean properties. Most land and atmosphere observations only require the base 400:1 SNR, but some observations, such as the retrieval of NO2, require higher SNR from either temporal or spatial averaging.  
Pointing accuracy and knowledge will be acquired from a star tracker, and image stabilization from an internal micro-gyroscope coupled to an internal small moveable lightweight mirror. This technique is well developed for astronomical observations. The DEEP instrument and electronics can be designed to meet the restrictive weight, size, power, and data-rate allocations, with 20 percent margins, for the Instrument of Opportunity slot on the GOES satellite, or for a more independent geostationary satellite. DEEP will not interfere with normal operations of GOES, or other geostationary satellite, in its requirements for power, weight, size, platform stability, or vibrations.
Pre-launch and in-flight calibration will be discussed in the technical implementation section. THIS IS PROBABLY NOT NEEDED IN A WHITE PAPER
1.3 Anticipated Science Applications Return

The proposed design of an accurate multispectral instrument in geostationary orbit permits a broad range of applications from the atmosphere to underwater observations.  In most cases, these observations are complimentary to those on existing and future polar orbiting satellites. The key difference is the ability of DEEP to make time-resolved measurements from hours to minutes, and to make these measurements at far higher signal to noise ratios than physically possible on high spatial resolution polar orbiting satellites.
The following subsections describe the application of some of the science products mentioned earlier (see Section 1.1.1 and Table 1-1) and discuss algorithmic aspects (in Section 1.4.3).

1.4.1 Coastal Marine Ecosystem Variability

There is strong interest in the complex linkage between marine productivity and fisheries, and on the impact of human activities on coastal marine ecosystems. The primary production of oceanic biomass is a major component of the global carbon cycle and in the atmospheric CO2 balance. A large portion of photosynthetic variability, that affects atmospheric carbon variability, occurs in the oceans and not just the land [3]. Human activity affects the productivity of the ocean (and especially the coastal zones) and sets fundamental limits on the amount of fish that can be harvested. Coastal oceanic regions and estuaries are also heavily impacted through land-use change, pollution runoff, oil spills, and other human activities. The combination of ocean-biomass, ocean organic compounds, and land-vegetation observations by DEEP will enable more accurate quantification of the carbon removal process for model calculations and an assessment of human impact because they will be able to resolve the primary physical forcings at the proper scales. The algorithms for quantitatively detecting material in the water starts with the optical properties of pure open ocean water (Case-1) that are dominated by the effects of pure-water absorption, phytoplankton absorption, and scattering. Coastal waters (Case-2) are optically much more complex, because effects from various dissolved materials, suspended sediments (see Figure 1-2). Atmospheric aerosols will be taken into account both in in-water radiative transfer based algorithms and in the atmospheric correction. Algorithms for Case-2 waters have been developed using in-situ data, and have been demonstrated using the wavelength bands in the SeaWiFS and other second-generation ocean color sensors. Inclusion of MODIS and SeaWiFS bands (same central wavelength) on DEEP is important for addressing coastal needs and for inter-satellite validation. 
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Figure 1-2 Spectral absorption coefficients from 300-750nm at six depths for stations in (a) California Current and (b) Ross Sea. A peak in the UV range around 325nm that decreases with increasing depth is evident at both stations. (Greg Mitchell) 
More recent research stresses the utility of additional bands (e.g., 340, 388 nm, and 667, 678 nm) for coastal waters. Algorithms using 388 and 667 nm bands will be evaluated prior to DEEP launch, through Japan’s GLI mission. By including UV and chlorophyll-fluorescence bands on DEEP, the mission will be comparable to more satellites, and the data will be applicable to improved coastal Case 2 algorithms. Adding UV bands will improve the atmospheric correction vital to interpreting water-leaving radiances at blue wavelengths. This is a deficiency on instruments without UV channels using near-IR bands followed by extrapolation using estimated aerosol angstrom coefficients. The UV channels offer additional capability for interpreting the nature of absorbing materials in Case-2 waters. This is because of the strong wavelength dependence of the absorption coefficients in the blue to UV range (see Figure 1-2). We have shown that the ocean signal in the UV is correlated with the visible signal. Radiative transfer calculations by the proposing team show that the water-leaving UV signal will be easily detectable at 1 km resolution.

Table 1-2  DEEP Sensitivity Matrix
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1.4.1.1 High Temporal Resolution for Assessing Tidal Effects

Tides are a dominant factor affecting coastal marine ecosystems [4]. The dominant sub-annual scales of physical forcing for coastal marine ecosystems are the tidal mixing period (6 hrs), tidal advection (12 hrs), daily insolation, storms and wind events (4-6 days), and spring/neap tidal cycles (28 days). Spatial variability occurs on all scales, but length scales tend to be shorter near the coasts than in the open ocean. Accurate observations of highly dynamic marine planktonic ecosystems require the DEEP capabilities, since tidal motion and mixing are important as forcing functions. Figure 1-3 shows an instantaneous view of myriad fine ocean-color structure off the coast of Tasmania. These small features tend to have short lifetimes, with a decorrelation time on the order of hours to a day. Low Earth orbit imagers such as SeaWiFS and MODIS provide adequate sampling of the open ocean for 2-day periods and longer. DEEP, which samples throughout the day, will be able to address the finer and more rapid coastal variations. The next several paragraphs explore the effect of tides on measurements of coastal planktonic ecosystems.

1.4.1.2 An Example of Aliasing Errors in Tidal Environments

Figure 1-4 shows a mixed semi-diurnal tide over a lunar period of 28 days taken along the Oregon Coast. The sampling, provided from the polar orbiting SeaWiFS, is shown at the maximum of (for clear-skies) once per day at noon (dark squares in Figure 1-4). Clouds reduce SeaWiFS coverage by at least half to three quarters, and half of the remaining coverage is on the edges of the image swath. The figure illustrates that two weeks are required for a polar orbiter to sample the full tidal range (low to high, excluding spring/neap variations). In two weeks, phytoplankton species composition has likely changed drastically (10–50 generations). In addition, there were several storm events having significant impact on water column mixing that affected both the biological and inorganic loadings in the water. The high tide observations are of a distinctly different population and history than when the low tide image was made. Potential sampling by the DEEP geosynchronous imager (shown as diamonds on October 8) will capture the full range of tidal stages in a single day and throughout the 2- week period. Estimates of the errors from 2-day sampling that are aliased into longer-term signals will be computed from these data and applied to polar orbiting satellite data analysis. Use of weekly average data to estimate tidal fluxes of carbon from estuaries for example, can be extremely biased, since one week may sample high tides, and the following week low tide conditions. DEEP clearly provides a major improvement in temporal and spatial sampling capability needed to understand actual marine processes, and to incorporate the results into detailed models.

1.4.1.3 Tidal Effects on Changes in Biomass and Pollution Amounts

A SeaWiFS image of the Chesapeake Bay shows algal blooms and current related features. For any given image, the tidal stage varies over more than a complete cycle from the Bay mouth to the Upper Bay, which is impossible to discern in the SeaWiFS image. Tidal advection in the Bay is such that surface waters move about 8 km up the bay on flooding tides, and about 10 km down the bay on ebbing tides. (In the bottom layers the net movement is toward the upper bay in this classical estuary). This translation of features becomes important for resolution of locations of algal blooms and trajectories of spills and sediments. DEEP will be able to separate tidal 7 motions of biomass from real temporal changes of growth, consumption, and dilution. Without the temporal resolution, trying to match features seen in a high resolution Landsat Thematic Mapper image (9 am) to a coarser resolution, but more sensitive SeaWiFS image (noon), is not easy, even on the same day. This is because there may be over a 5 km difference due to tidal motion. With DEEP, exact matches to both sets of features will be obtained, plus additional images as frequently as once per minute throughout the tidal cycle.

Tidally driven mixing decreases stratification of the water, lessening effects of anoxia in estuaries. Tidal mixing occurs on both ebb and flood tides, and so has a repeat period of only 6 hours. It also increases nutrient inputs to the Nantucket Shoals and Georges Bank ecosystems. Strong tidal currents over these shallow regions result in mixing of the entire water column, and distribute nutrients from bottom regeneration and from offshore deeper waters, into the upper zone where photosynthesis can occur. Tidal motions of patches of phytoplankton, resulting from these processes, were observed with repeated airborne remote sensing measurements [5]. Similar observations will be made more efficiently and thoroughly using DEEP for each of many locations of interest (a million DEEP data points per minute over a contiguous area compared to hundreds per hour on a narrow aircraft trajectory). Phytoplankton have strong diurnal periodicities in photosynthetic capacity that are rarely symmetric about noon. Chlorophyll biomass also changes throughout the day. Weekly or monthly averages obtained from sun-synchronous satellites will have a distinct bias. These real biases must be removed from models of phytoplankton photosynthesis or primary productivity. The DEEP results can be applied to fixed-time global data sets from polar orbiters and used as input to models of the carbon balance. DEEP will provide a means to evaluate and broaden the assessment of such effects, on a regional statistical sampling basis.



1.4.1.4 Sampling Limitations (Nyquist Theorem)

Tidally driven mixing near coastal areas is an important physical forcing to regional ecosystems wherever rates of tidal energy dissipation are high. Because of the resulting high biological production these are important fishing areas (e.g., the various Banks off NE North America and the Argentine shelf). Spring tides and neap tides occur at full moon and new moon, respectively, and tend to be larger than neap tides that occur when the moon is perpendicular to the Earth-Sun axis. Therefore, tidal currents are stronger during spring and neap tides, which results in greater mixing of the water column (mixing is proportional to the cube of the current speed). The resulting fortnightly maxima of tidal mixing have been documented as a significant estuarine forcing mechanism. Discerning these tidal effects with DEEP will be straightforward, whereas the same problem using only polar obiter observations is difficult to impossible, since the Nyquist sampling criterion is not met. (The Nyquist theorem states that the highest frequency that can be accurately represented is one-half of the sampling rate). DEEP will be able to resolve periodicities of a few minutes, whereas single polar orbiters can adequately resolve periodicities of a greater than a few days. Understanding the coupling of these strong physical forcings and motions with estuarine and marine ecosystem processes will require both good observational capability and the development of robust, coupled physical/biological models. These models form the basis for scientific data assimilation of DEEP observations with those from polar orbiting satellites. The further development of such data assimilation models is essential for obtaining a predictive capability for estimating the effects of change in the coastal zone and open oceans. DEEP synoptic observations at appropriate time intervals are the key for successful parameterization of high frequency and sub-grid variability in coupled modeling of tidal effects and ocean biomass production rates needed for carbon-cycle estimates.
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Figure 1-3 Instantaneous fine structure seen in ocean color off of the Tasmanian coast that is known to change rapidly during one day.

Figure 1-4 SeaWiFS sampling of semi-diurnal tide (dark squares) vs. proposed DEEP sampling (diamonds). 
1.4.1.5 Validation With Ground-Based Experiments

An additional benefit from DEEP will be to increase the probability that ground-based experiments needed for validation and process studies can be imaged during critical field campaigns. Multiple DEEP images will be obtained to reduce the chances of cloud obscuration and increase the probability of exact correlation between space-based measurements and those occurring on the surface. This is especially important for areas with strong daily variations in cloud cover, or areas that are prone to broken and partial cloudiness from cumulus clouds. The 250-meter spatial resolution will greatly enhance DEEP’s ability to see between the broken clouds. Since DEEP is on a geostationary platform, the measurements can be scheduled to exactly correspond with surface-based campaigns on the land and oceans.
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Figure 1-5 True-color composite of harmful algal bloom.

Figure 1-6 Harmful algal bloom classification also shows absorbing materials.
1.4.2 Marine Ecosystem Research

1.4.2.1 Harmful Algal Blooms

DEEP will offer a valuable tool in detecting and tracking toxic or harmful algal blooms. These biological events (“red tides” that discolor the water to a reddish hue) often pose a significant risk to human health, and detrimentally affect regional economies and marine resources. (See Figures 1-5 and 1-6). The frequency of such events has increased over the past few decades. The ocean color bands of DEEP permit the detection of algal blooms and may allow identification of blooms composed of toxic phytoplankton. According to recent research (see Figure 1-2), the bands at 340 and 388 nm are especially promising for detection of toxic species using their unique absorption spectra. Some toxic algal species, such as the dinoflagellates, Karenia brevis , are responsible for the harmful algal blooms off the west coast of Florida, undergo diurnal migration, swimming to depth at night and rising to the surface later in the day. This increases the difficulty in observing their magnitude with a single daily image. The high frequency of DEEP observations will be used to quantify the best time of day to observe the blooms. DEEP observations improve our ability to locate and track these blooms by taking advantage of cloud motions and combining of multiple cloud-free area images. Detecting the presence of toxic algal blooms provides valuable information that may be used to mitigate their effects, both medical and financial, and to predict their onset. Information at 250 meters within the larger regional scale distribution of harmful algal blooms could be employed in selecting which specific regions should be closed to harvesting, while leaving untainted regions open. Currently in California, entire coastal areas are closed when toxic blooms are reported, resulting in a reduced catch of edible shellfish. 
1.4.2.2 Coastal Circulation 
Sequential DEEP data will provide surface flow field vectors, by tracking features using wavelet analysis between image pairs. Flow vectors will be assimilated into “nowcast” and forecast models, as well as long-term ocean-climate models. In “nowcast” mode, flow fields will be applied to address events of immediate concern, such as predicting the timing and landfall of hazardous materials. In a similar manner, DEEP data will be used to monitor and track biotic and abiotic material in transient surface features, such as river plumes and tidal fronts. Data from current polar orbiting sensors do not give many image pairs for this application on daily periods. Feature tracking has been demonstrated with coastal chlorophyll images from SeaWiFS and MODIS, and will be enhanced by the increased spatial and temporal resolution obtained with DEEP.

1.4.2.3 Chlorophyll Fluorescence

MODIS Terra has demonstrated that the red fluorescence from chlorophyll, stimulated by sunlight, can be quantified from satellite sensors even at low chlorophyll concentrations of less than 0.1 mg m-3. The fluorescence is unique to chlorophyll a . This capability is included on DEEP for use in coastal waters where atmospheric correction of blue bands is challenging, and high scattering and absorptance by particulate and dissolved material interferes with the classic chlorophyll absorption algorithms. It will also be useful in the coastal ocean as an indicator of diurnal to weekly variability in photo-physiological state of algal communities for primary production research. It requires a high SNR that will be achieved by temporal or spatial averaging. The fluorescence spectral bands were dropped from VIRSS, but are included on GLI and MERIS. Inclusion on DEEP will also support “red-edge” applications for terrestrial vegetation studies of interest to USDA.

1.4.2.4 Bathymetric Changes and Water Clarity

Two application areas of great interest to the operational community are measurements of water clarity and bathymetry (depth) in the coastal zone. Data from DEEP will be used to estimate water depth to assess shifting of sand bars following storms, which pose navigational hazards. The depth resolution depends on water clarity (diffuse attenuation coefficient, a standard ocean color product). Both military and civilian applications benefit from visible clarity estimates, for diver visibility, object location, oil spill tracking, etc. Again, the higher spatial resolution, spectral coverage, and rapid temporal coverage of DEEP will be very advantageous over current satellite sensors and are well suited for the coastal applications.  

1.4.3 Algorithmic Aspects for Combining UV and Visible Channel Data

For ocean applications, it is necessary to couple two radiative transfer models, one for the atmosphere (a vector Gauss-Seidel model including aerosol scattering and polarization effects) and the other for the ocean (Reference ocean model: HydroLight is used for direct calculations and for generating lookup table methods). The goal of this effort is to accurately model the water-leaving radiances, and to incorporate the new information obtained from the UV channels to compute an improved atmospheric correction especially when aerosols are present. The UV channels offer an opportunity to expand observation of in-water composition. Typically the water leaving albedo is about 4 to 8% for the range 340 to 390 nm depending on the amount of absorbing material in the water. As illustrated in Figure 1-2, the absorption coefficient for suspended materials increases rapidly in the UV relative to the visible range. This should permit some ability to discriminate between chlorophyll absorption and absorption from other sources. 
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Figure 1-ZZ.1  A block diagram showing key elements entering into the calculation of water leaving and water penetrating radiances. DEEP spans the radiances measured by TOMS and SeaWiFS, which have been used to test some of the algorithmic methods. The fish are Australian Red-lined Sleepers (Valenciennea Immacilata).

Using the UV and blue wavelength channels of DEEP will enable improved analysis of the amount and type of absorbing materials in the ocean, especially in coastal Case-2 waters. The blue channels are particularly attractive, since the intrinsic absorption of pure water is a minimum in the blue. This allows the maximum penetration of light into the water in the blue and the maximum in backscattered water leaving albedo. Currently, these channels are difficult to use for ocean analysis because of problems with the aerosol atmospheric correction based on extrapolation from the red and near-IR channels. Combining the UV aerosol data with that from red and near-IR channels will permit a more accurate interpolation of aerosol wavelength dependent properties for the blue channels. Figure ZZ.2 illustrates the current problem with the blue channels. Namely, that there is good agreement for open ocean, Case-1 waters, where the chlorophyll concentration is usually low and where atmospheric aerosol effects are small. Nearer to coastal regions, the atmospheric correction is more difficult and the types of absorbing material  in the water becomes more complex. Figure 1-ZZ.2 illustrates the observational disagreement between in-situ measured and SeaWiFS measured radiances for near-coastal Case-2 waters as well as the agreement for open-ocean Case-1 water.
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Figure 1-ZZ.2 An illustration of the blue channel water leaving radiance problem from SeaWiFS and in-situ data for ocean areas with high levels of chlorophyll (coastal areas) where there is a likely aerosol atmospheric correction problem as well as an in-water composition error.

When the atmospheric correction is accurate, the short-wavelength channels can be used to obtain additional information about ocean composition using model calculations. Two cases are shown. The first is a case with fairly high chlorophyll composition in near-coastal water where chlorophyll absorption alone gives agreement between the SeaWiFS water leaving radiances at longer wavelengths and the measured in-situ shipboard radiances, but disagrees with the shorter wavelengths. Adding the absorption due to CDOM gives good agreement throughout this range. The second example for lower chlorophyll amounts requires the addition of mineral absorption to obtain agreement. While these simple solutions are not unique, they illustrate the possibility of combining ocean composition climatology with satellite measurements and accurate radiative transfer modeling to improve our understanding of ocean composition, especially in Case-2 waters. The satellite-based estimates would have to be validated by in-situ sampling. 
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Figure 1-ZZ.3  Illustration of the addition of CDOM to adjust the short wavelength water leaving radiances to give a “best-fit” to the in-situ measured water leaving radiances. Chlorophyll absorption by itself does not give a good match at shorter wavelengths.
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Figure 1-ZZ.4  Illustration of the addition of mineral absorption to correct the short wavelength water leaving radiances.

1.6 Land, Atmosphere, and Special Events

The major DEEP benefits to Land-Atmosphere Ecosystem research involve the ability to assess short- and long-term variability in vegetation and land cover properties. DEEP will assess a portion of the spatial variation in the bi-directional reflectance distribution function (BRDF) and its wavelength dependence by observing the same regions throughout the day as the sun angle changes. The BRDF data will be used to validate detailed 3-D models including realistic models of forest, grasslands, deserts, and crop areas (see Figure YY-1). Current observations of specific ground areas are limited in number of angles and comprise only a single or a few measurements on a single day.

[image: image20.wmf]From DEEP Observations we obtain

Ozone     Cloud    Aerosol     Cloud

Abs.        Trans.    

Atten

.       Fraction

Atmos

. RT Model

Surface Diffuse Flux

Surface Direct Flux

Ocean RT Model

Water Leaving Radiance

Atmos

. RT Model

Chlorophyll     CDOM     Mineral    Other

Abs.                  Abs.          Abs.          Abs

Downward 

Flux

Upward 

Scattered 

Flux

Ocean RT Model

Atmosphere

Ocean

SUN

DEEP


Figure YY-1  BRDF of typical surface (rolling semi-arid terrain with rocks and small plants, e.g., southwestern U.S.) compared with an assumed Lambertian surface.

DEEP observations of a single site similar to the one depicted in Figure YY-1 would sample the angles in a series of lines drawn on the surface passing through the “hot-spot” plane (for low to middle latitudes) as the seasons change. When combined with the model calculations, the measurements would fully characterize the BRDF of the area.

Remote sensing of agricultural and forest crop water and nutrient stress can be quantified with DEEP observations. The inclusion of 667 and 678 nm (also used for ocean chlorophyll florescence) will allow remote sensing of cropland and forest normalized difference vegetation index (NDVI), Leaf Area Index (LAI), and Wet Biomass (WBM). Literally, one will be able to see the color change from plants wilting under near-drought conditions during the day. Observations over large regions will lead to assessments of agricultural productivity and ecosystem health through monitoring the vegetation index and scene colors. Because of the broad spectral range, the 250-meter spatial and high temporal resolution, a wide variety of scientific investigations are possible using DEEP data. DEEP imagery will assist state and federal agencies in achieving their environmental stewardship and assessment missions. The near-real time access of these multispectral images will be useful in the monitoring and mitigation of a variety of natural hazards including insect infestation of croplands, oil spills, toxic algal blooms, floods, fires, and volcanoes. Several DEEP science applications are described briefly below (Also see Table 1-5 Science Traceability Matrix).
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Figure 1-7 & 1-8  Mexican fires (16 May 1998) seen from TOMS in the UV aerosol index at 360nm (left) and SeaWiFS (right) in a visible color image. The box in the TOMS image corresponds to the area viewed in the SeaWiFS image.
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Figure 1-xx Smoke plumes on August 16 2000 observed in the UV (TOMS, left) and observed in the visible (SeaWiFS, right)

1.6.1 Fires

Fires, especially wild fires, are capable of inflicting death, injury, and destruction of property. DEEP, with its high temporal and 250-meter resolution, offers a method to locate and track fires at finer scales than obtainable from AVHRR and GOES imagery. Visible and UV DEEP observations (see Figures 1-7 and 1-8) will complement the relatively coarse imagery of these sensors by detecting and pinpointing the location of small-scale (<1 km) fires throughout the day by observing the smoke plumes.  At night, the larger fires will be tracked using the IR channels from GOES.

1.6.2 Volcanic Ash Plumes

Plumes comprised of volcanic ash injected into the atmosphere pose serious dangers to flying aircraft. UV channels on DEEP will detect these plumes hours before polar orbiting satellites. Frequent images of the plumes will establish their track in the atmosphere and, using weather models for wind shear, also their altitude.

1.6.3 SO2
A few key volcanic sites would be selected to observe the amount of SO2 emitted during quiet and pre-eruptive stages. The goal would be to determine if volcanic eruptions could be anticipated at remote locations using passive UV observations from space. Once a volcano has erupted, the quantitative amount of ash, and SO2 can be determined using 4 UV channels selected to distinguish SO2 from O3 absorption. The method has been used successfully on TOMS.

1.6.4 Ozone

The amount of ozone in the atmosphere is determined from the ratio of two wavelengths, one absorbed by ozone (312 nm) and the other not absorbed (340 m), with a correction for the scene reflectivity (at 340 or 388 nm, see Section 1.6.6) and aerosols. As with TOMS, the practical method is based on generating lookup tables from radiative transfer calculations for a wide variety of conditions (including a climatology of ozone profile shapes as a function of latitude and season). The TOMS algorithm, proposed for use here, has sophisticated internal capabilities for the correction of linear calibration drifts (so called pair-justification method) that can be applied to both ozone and aerosol algorithms. 

Tropospheric ozone will be estimated using the difference between column ozone measured over a cloud and in the clear spaces between clouds. The DEEP sensitivity to ozone differences is about 1 to 3 DU out of 300 DU, while the tropospheric ozone amount is on the order of 10 -15 DU. The cloud height will be determined using 4 independent methods, one of which is the Raman scattering technique (see Section 1.6.6).

1.6.5 Aerosols

The 340 and 388 nm channels are very suited for detection of both UV-absorbing (volcanic ash, smoke, and dust) and non-absorbing aerosols (industrial sulfates and natural aerosols, e.g., terpenes) over all types of land and water surfaces [6]. The data will yield the aerosol source locations and will enable the plumes to be precisely tracked during each day. The aerosol data will be correlated with the occurrence of asthma and other respiratory health problems, and will be used as part of the estimate of UV reaching the surface [7]. The combination of UV and visible channels will yield aerosol properties, optical depth, single scattering albedo, and particle size. Algorithms have been developed for analysis of combined TOMS and SeaWiFS data that can provide this information. The results from DEEP will be more useful, since the data are from a single geostationary satellite able to observe a single site through moving broken clouds to obtain the necessary clear-sky scenes.
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The method of aerosol detection in the UV channels involves 2 methods, 1) the aerosol index AI and 2) the aerosol optical depth (and single scattering albedo (. The first method is very useful for routine detection of the presence and type of aerosols in the atmosphere for satellite fields of view that may or may not contain cloud contamination. The value of AI is given by

where I340 and I388 are the measured radiances at 340 and 388 nm, respectively. In general, positive values of AI are caused by the presence of UV absorbing aerosols (e.g., dust, smoke, and volcanic ash, see Figure 1-8), while negative values are from non-absorbing aerosols (e.g., industrially produced sulfates).  The values calculated in this manner have been routinely produced from TOMS data [Herman et al., 1997].  

The optical depth and single scattering albedo (a measure of aerosol absorption) can be estimated from radiative transfer generated look-up tables based on the measured values of the 388 and 340 nm radiances. One particular lookup table is illustrated in Figure 1.AA-1. In order to determine (and (, the field of view must be free of clouds (UV reflectivity less than 10% above the known surface reflectivity climatology (Herman and Celarier, 1997). 
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Figure 1.AA-1  A graphical representation of a lookup table for optical depth (and single scattering albedo ( calculated from radiative transfer theory for the particular case of solar zenith angle SZA = 40o, surface reflectivity R = 0, and aerosol plume height Z = 2.9 km (Torres et al., 1998). Similar tables are generated for a variety of aerosol conditions.
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Figure 1.AA-2 The derivation of dust and smoke optical depths ( (left) and single scattering albedo ( (right) for African Saharan dust, African smoke, and South American smoke (Torres et al., 1998).

A sample evaluation of aerosol optical depth and single scattering albedo is given for Saharan dust and smoke from South America and Africa from TOMS data for August 23, 1985. The gaps are cuased by the need to obtain nearly cloud-free scenes for accurate evaluation of (and (. The same analysis for DEEP over North and South America will be much easier because of the higher spatial and temporal resolution enabling more cloud-free scenes than possible from a polar orbiting satellite.

Similar aerosol analysis can be obtained using the visible channels over dark surfaces (e.g., oceans and vegetated surfaces) as has been demonstrated using SeaWiFS data. Here we get both color images of some kinds of aerosol (e.g., dust, smoke, and volcanic ash, see Figure 1-7) and an estimate of optical depth, single scattering albedo, and particle size based on pre-calculated lookup tables. When combined with the UV measurements, the result will give the wavelength dependence for (and ( for a variety of observed aerosol types.

1.6.6 Clouds and UV

The UV and visible channels will be used to determine cloud properties (reflectivity, optical depth, cloud fraction, and cloud height) [8]. In combination with ozone and aerosol measurements from DEEP, it will permit the accurate estimation of UV and PAR radiation reaching the ground and penetrating into the oceans [9] throughout each day [10]. 

Cloud height will be determined by 4 independent methods, 3 on DEEP and 1 on GOES. One of the DEEP methods uses the Raman scattering filling in of a solar Calcium-K Fraunhofer line. The method and algorithms were developed for the Triana mission and have been tested using the coarse spatial resolution GOME data. An example is given in Figure XX-1 showing how the 393.5 nm core of the Calcium-K line is sensitive to the cloud height whereas the wings are not sensitive. This permits the radiance ratio from 388 and 393.5 nm to be used for cloud height determination. The other 2 DEEP methods rely on the height-sensitive absorption of the O2:O2 dimer (477 nm) and in the Oxygen-A band (763 nm).
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Figure XX-1 Cloud height determination from GOME data
The method for determining cloud height from Raman scattering relies on scattered photons being wavelength shifted from the wings to the core of a line in proportion to the amount of molecular scattering (proportional to pressure). The degree of line filling gives the height of the reflecting surface. The method is best when the cloud is moderately thick and when the cloud fills the 250 m x 250 m DEEP field of view.

 SEQ CHAPTER \h \r 1The reflectivity R is calculated by requiring that the measured radiance IM match the calculated radiance IC at the observing position of the satellite by adjusting a single free parameter R in the formal solution of the radiative transfer equation and its numerical evaluation (McPeters et al., 1998; Herman et al., 2000).
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 SEQ CHAPTER \h \r 1Θ = viewing geometry (solar zenith angle, satellite look angle, azimuth angle)


R = LER at PO

PO = reflecting surface pressure


Sb = fraction scattered back to PO from the atmosphere


Id = sum of direct and diffuse irradiance reaching PO

f = fraction of radiation reflected from PO reaching the satellite


IdO= radiance scattered back from the atmosphere for R=0 and P=PO

The resulting reflectivity value can be used to estimate the amount of radiation reflected back to space and for the estimation of the amount of radiation penetrating through the cloud to the surface (Herman et al., 2000). This parameter is also used as part of the ozone algorithm and for determining the clear-sky surface reflectivity.

Once ozone, aerosol content, and cloud reflectivity are determined, the amount of UV radiation reaching the ground can be estimated (Herman et al., 2000).  DEEP will be able to provide highly detailed estimates of UV radiation in any specified region where the UV is likely to be high or where the estimates are affected by pollution. An example of this type of analysis for th entire U.S. is shown in Figure 1-BB-1. 

[image: image32.wmf]j

388

23 Aug 1985


Figure 1-BB.1 The distribution of UV radiation estimated from TOMS data weighted to show the relative DNA damage effects. The inset boxes show a clear correlation with the incidence of skin cancer. A version of this figure was prepared for and published in Scientific American (July 1996).

1.6.6 Floods

As with fires, floods claim both life and property. The 250-meter resolution of DEEP, and its ability to distinguish water from land with its near-infrared bands, permits the location of floodwaters to be mapped more frequently and helps in choosing appropriate evacuation routes. In the near-IR there is high contrast between liquid water (dark) compared to vegetation (bright).

1.6.7 Total Column Water Content

The total amount of water in the atmosphere is of interest for weather analysis and for estimating the amount of heat absorbed by the atmosphere.  This is especially true when estimating the radiative forcing due to the presence of aerosols. The method of determining total water content is based on using a channel strongly absorbed by water (905 nm) and a clear channel (855 nm). The amount of water is determined from the ratio of the channel radiances as shown in Figure 1-XX-2 based on MODIS algorithms. Additional information is available from DEEP data making use of observations on-cloud and off-cloud to determine the amount of water above the ground and cloud tops respectively. Since water content decreases rapidly with height, the measured cloud heights can be compared with the water lapse rates. Analysis of AVIRIS data shows that these are highly correlated (see Figure 1-XX-3)
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Figure 1-XX-2 Column water vapor determined from the ratio of radiances at 865 and 905 nm as a function of solar zenith angle (different times of the day).

Figure 1-XX-3 The correlation of cloud-top temperature with the total water column amount W and cloud top temperature T determined from AVIRIS data. The relationship shows that the cloud top height is highly correlated to the measured column water amount.

Table 1-4  Technical Maturity Matrix 
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Table 1-5 Science Traceability Matrix
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1.7 Plans to Resolve Open Science/Applications Investigations Issues

It is desirable to extend the existing algorithm development for use at large solar zenith angles to permit observations closer to sunrise and sunset. The current algorithms are based on those developed for TOMS, Triana, MODIS, and SeaWiFS. We expect to enhance the effective 250- meter spatial resolution of DEEP by use of deconvolution calculations applied to careful measurements of the telescope point-spread function, and through the use of maximum entropy image enhancement techniques. We plan to make the first same-satellite intercomparison of four passive cloud-height methods to investigate the strengths and weaknesses of each based on real cloud observations for a wide variety of cloud types. This result cannot be obtained from model studies.

2.0 TECHNICAL IMPLEMENTATION

The DEEP instrument will be designed to meet the mission requirements as specified by the science team and the NASA Geostationary Operational Environmental Satellite (GOES) project. XXXXXX will be contracted to design, develop, and test the DEEP instrument with the support of GSFC engineering and GSFC calibration. XXXXXX will deliver a complete instrument ready for GSFC integration to the GOES platform. GSFC will oversee spacecraft integration testing and DEEP ground operations through launch. The DEEP flight operations will be handled by GSFC. The decision by the DEEP team to use GOES spacecraft facilities and the NOAA/GOES ground station will have substantial impact on reducing risk and cost of the DEEP program. The DEEP instrument does not use any new technologies. The interface, telescope, electronics, and detector technologies have been used by other programs, but are slightly modified and incorporated into DEEP to provide new cutting-edge observations of the Earth’s oceans, atmosphere, and land. The DEEP team has prior mission experience and a strong scientific background (see resumes in the appendix). GSFC has an extensive familiarity with the GOES spacecraft and its capabilities, and is the headquarters for the NASA GOES program office.

2.1 Mission Design

Use of GOES is the best choice for accommodation on a geostationary spacecraft. GOES is funded by NOAA and contains a compliment of instruments to monitor the Earth’s weather. The wide-area coverage of the GOES instrument will be used to supplement and guide the DEEP measurements. The DEEP mission, as an IOO (Instrument of Opportunity) on the GOES-P spacecraft, will utilize existing, well-defined interfaces. The GOES-P mission launches from the Kennedy Space Center on a Delta III rocket and inserts into a western hemisphere geostationary orbit at either 75oW (over the eastern US) or at 135oW over the Pacific Ocean. Either GOES position is suitable for DEEP, but the 75oW position is preferred. Because of strong interest by NOAA, DEEP has been accepted for the reserved GOES Instrument of Opportunity (IOO) space aboard the spacecraft, and meets all weight, power, and data rate requirements. By manifesting to an existing GOES platform and controlling costs on the instrument, DEEP can have a geostationary mission within about half the ESSP-3 available resources, plus saving both NASA and the US government the additional costs of an independent launch and spacecraft. The Mission Traceability Matrix (Table 2-1) shows the linkage between the physical measurements, the proposed mission approach, and how the DEEP mission complies with the objectives previously stated. The Matrix demonstrates how the accommodations of the GOES IOO are well suited for DEEP.

Table 2-1 Mission Traceability Matrix
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DEEP will interface to a reserved IOO location on the GOES-P spacecraft (see Fact Sheet). The GOES platform will provide the DEEP instrument with fundamental flight services. These include orbital placement, on-orbit activation, power, data downlink, and ground receiving stations. The instrument will operate at ambient temperatures and use passive cooling control. In addition, the instrument design will be such that possible mechanical interference (e.g., vibration) will be held within the GOES tolerances. The DEEP instrument team clearly understands all the IOO requirements and limitations, and has designed the mission to maximize the existing GOES capabilities. The available resources are ample to support the DEEP mission. This design uses proven technology and low risk hardware. Table 2-2 contains the mission design specifications. The DEEP instrument will undergo environmental testing and calibration prior to integration with the spacecraft both at XXXXXX and at GSFC. Final instrument testing and calibration will take place at GSFC, along with preliminary environmental testing prior to spacecraft integration. DEEP will be flexibly designed to accommodate the spacecraft’s integration and test plan. Once tested, the DEEP will be shipped to the GOES–P integration facility at Boeing in El Segundo, CA. NOAA and Boeing will be responsible for the final integration, spacecraft testing and the operations of the GOES-P with DEEP. A clear technical advantage of flying on an operational spacecraft is that NOAA has a history of choosing reliable and proven spacecraft and launch vehicles. As such, worst-case launch environments are clearly defined and have been incorporated into the DEEP design. The DEEP observation locations will be selected by the science team (see sample in Table 2-3). For special geophysical events (e.g., volcanic eruption, flood), the DEEP observation schedule can be altered by the science team to concentrate on that event. On orbit, the DEEP mission operations and communications uplink and downlink will be under the control of the NOAA/GOES Project. DEEP data will be obtained as a decommutated data stream from NOAA/GOES downlink and will be transmitted to GSFC via dedicated/secure data line. The raw data will be received 24 hours per day and 7 days per week by the automated NASA/GSFC DEEP SOC (Science Operations Center, staffed 5 days a week 8 hours a day) and processed into Earth registered and collocated radiances. The results will be stored and distributed from the Goddard Distributed Active Archive Center (DAAC). Between the occasional uplinked DEEP telescope pointing schedules, the 3- year designed operational period of the DEEP instrument will be autonomous. Figure 2-1 shows the DEEP data flow. Upon completion of the GOES mission, NOAA will be responsible for the disposal of the spacecraft and its instruments.

Table 2-2 Mission Design
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2.2 Instrument Implementation

The optical system baseline design consists of an off-axis three mirror telescope, a dichroic used to split the waveband between two detectors, refractive aft-optics that focus light onto the focal plane detectors and filter wheels used to define the optical band pass for each observation (see Figure 2- 2). The optical band is split into two separate 3-D bands in order to simplify the design of the refractive aft-optics as well as the focal plane arrays. As a side benefit of this design, images in multiple bands can be collected simultaneously; reduced operational capability is maintained in the unlikely event of failure of one of the detector arrays. A scan mirror will be used to point the system anywhere within the full Earth disk as well as towards near-Earth space to permit observations of stars, the sun and the moon. The scan mirror drive system will be momentum compensated to minimize momentum transfer to the GOES optical bench. The detector arrays to be utilized in this system are Orthogonal Transfer Charge Coupled Devices. These devices permit electronic image-motion compensation (IMC) in the DEEP system. IMC is required in DEEP due to the required high SNR observations, high spatial resolution (~ 7 μrad) and predicted jitter of the GOES platform. This approach to IMC does not require any moving parts and will introduce no jitter back into the GOES optical bench. The detector arrays will be thinned and back illuminated for both bands. This is required in order to achieve high quantum efficiency (QE) in the UV band; thick back-illuminated XXXXXX devices will be used to minimize fringing effects on the long wavelength array near 900 nm. In addition, jitter anti-blooming will be implemented within the system to permit observation of faint scenes near bright clouds without charge spillover into the pixels of interest. Figure 2-3 shows a block diagram of the complete DEEP instrument.
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Figure 2-1 DEEP Data Flow in the Science Operations Center (DSOC)
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Figure 2-2 A schematic drawing of the DEEP optical system within the GOES allocated volume.

Table 2-3 Sample of Possible Target Scenes

	New England Coast

Chesapeake Bay

Louisiana/Texas Coast

Central American Volcanoes

San Francisco

Los Angeles
	ARM Sites

Mexico City

Peru/Chile Coast

Argentina Coast

Brazilian Coast

Deep Ocean west of Chile
	Baltimore

New York

Chicago

Boulder

Buenos Aires

Houston


Table 2-3 Samples of Possible Target Scenes
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The DEEP instrument will be calibrated at XXXXXX prior to delivery at GSFC. The calibration will include full radiometric characterization for all 18 channels as well as complete optical characterization of the telescope, tests for scattered light, linearity of the electronics, and characterization of the CCD. Additional calibration and characterization of DEEP will performed by XXXXXX and GSFC personnel at GSFC to determine the point-spread function and other characteristics needed to enable the post-processing enhancement of the spatial resolution. The DEEP will include the capability of full aperture solar calibration. This approach includes a pinhole grid aperture that can be inserted into the optical path prior to the dichroic in order to reduce the observed solar flux to an acceptable level. The pinhole mask has been chosen instead of a diffuser plate to maximize the stability of the calibration over the life of the instrument. The electronics system is based on proven designs used onboard the Advanced Land Imager as part of the EO-1 mission. The system will provide all necessary command and control interface to the spacecraft as well as commanding all mechanical and electronic functions of the DEEP. In addition, the electronic package will have the ability to perform rudimentary image processing functions on the DEEP data prior to downlink to make best use of the downlink telemetry allocation. These functions will include both lossless and lossy compression, sum, difference and ratio of multiple images, and spatial binning. Other functions may be identified during the second phase of the proposal process. Command buffering will be accommodated as will the ability to start a sequence at a predetermined time. Observation sequences will be programmable using a table-driven architecture for easy sequence generation.

APPENDIX B—ACRONYMS

ASIC 

Application Specific Integrated Circuits

AVHRR 
Advanced Very High Resolution Radiometer

BRDF 

Bi-directional Reflectance Distribution

Function

CDOM 
Colored Dissolved Organic Matter

CZCS 

Coastal Zone Color Scanner

DAAC 
Distributed Active Archive Center

EPA 

Environmental Protection Agency

DEEP 

Extended Special Events Imager

ESOC 

DEEP Science Operations Center

ESN 

Essential Service Node

ESSP 

 System Science Pathfinder

FOV 

Field of View

FSI 

Florida Space Institute

FTP 

File Transfer Protocol

GLI 

Global Imager

GOES 

Geostationary Operational Environmental Satellite

GSFC 

Goddard Space Flight Center

IMC 

Image-motion-compensation

IOO 

Instrument of Opportunity

IR 

Infrared

MCM 

Multi-chip Module

MIT 

Massachusetts Institute of Technology

MOC 

Mission Operations Center

MODIS 
Moderate Resolution Imaging Spectroradiometer

MOS 

Metal Oxide Semiconductor

NBC 

New Business Committee

NDVI 

Normalized Difference Vegetation Index

NEMO 
Navy Earth Map Observer

NOAA 
National Oceanic and Atmospheric Administration

O3 

Ozone

OCTS 

Ocean Color and Temperature Scanner

OTCCD 
Orthogonal Transfer Charge Coupled Devices

PAR 

Photosynthetically Active Radiation

QC 

Quality Control

R 

Reflectivity

RAO 

Resource Analysis Office

RGB 

Red, Green, Blue

SEI 

Special Events Imager

SHARP 
Summer High School Apprenticeship Research Program

SeaWiFS 
Sea-viewing Wide Field-of-View Sensor

SNR 

Signal to Noise Ratio

SO2 

Sulfur Dioxide

SSBUV 
Space Shuttle Solar Backscatter Ultra Violet

TM 

Thematic Mapper

TOMS 
Total Ozone Mapping Spectrometer

USDA 

United States Department of Agriculture

USRA-ESSE 
Universities Space Research Association-Earth Systems Science Education

UV 

Ultraviolet

UV-A 

Ultraviolet 315 to 400 nm

UV-B 

Ultraviolet 280 to 315 nm

VCL 

Vegetation Canopy Lidar

VIIRS 

Visible/Infrared Imager Radiometer Suite

WBM 

Wet Biomass
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Comparison of shipboard measurements with modeling effect of adding a small amount of mineral absorption to ocean water with low chlorophyll amount.
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SeaWiFS vs In-Situ data: 9 June 1998



Good agreement for low absorption from chlorophyll and CDOM.



C= 0.027 mg m-3   (in-situ chlorophyll)

C= 5.03 mg m-3       16 May 1998

C= 1.66 mg m-3       23 May 1998

Comparison between In-Situ and SeaWiFS Data for Water Leaving Radiance

C= 0.027 mg m-3       9 June 1998

Disagreement for Blue Channels
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		Assumed chlorophyll profile based on measured in-situ chlorophyll shipboard surface value concentration: 0.37 mg m-3 









		Assumed phase function from Mobley, Table 3.10



		Used chlorophyll profile to match measured Kd = 0.062



		Adjusted CDOM absorption coefficient to = 0.04 m-1  at 440 nm to give best fit at shorter wavelengths.



C= 0.37 mg m-3  Kd = 0.066  ACDOM = 0.04 m-1

Model: Chlorophyll Only

Model: Chlorophyll + CDOM

Chlorophyll Profile





Chart3


			412			412


			443			443


			490			490


			510			510


			555			555


			670			670





Data, Kd=0.062


Chl=Prof D, min=0.0, CDOM=0.04, Kd=0.066


wavelength (nm)


Lw,   (uW/ cm^2/ nm)


05 / 26 /98


0.3028


0.3905


0.3882


0.4334


0.4546


0.4644


0.3649


0.37


0.2104


0.2581


0.0083


0.02816





Sheet1


																					Ed			412			443			490			510			555			670


																								105.68			119.22			128.46			129.31			122.06			108.99


																								107.47			122.44			129.81			134.22			130.12			113.21


																								1.6937925814			2.7008891126			1.0509107894			3.7970767922			6.6033098476			3.8719148546


																								412			443			490			510			555			670


			1998			5			26			11			39			-14.4941			7.5565			0.3028			0.3882			0.4546			0.3649			0.2104			0.0083			0.062			0.37


																								0.8848			0.7917			0.7572			0.5144			0.3322			0.04308			0.057						CASE1, cl=0.0


																								0.6353			0.6775			0.7318			0.5661			0.4188			0.05779			0.086						CASE2, min=0.2, cl=0/100


																								0.898			0.7861			0.7154			0.5253			0.3388			0.02924			0.069			ProfB


																								0.8895			0.7594			0.7191			0.526			0.333			0.02866						ProfC


																								0.8172			0.7361			0.7234			0.569			0.3903			0.0301			0.098			Prof F


																								1.078			0.8934			0.7043			0.4669			0.2783			0.02812			0.049			Prof E


																								0.5091			0.5974			0.6774			0.6089			0.4884			0.06572			0.139			Prof E			Prof E + min=0.5


																								1.14			0.928			0.7			0.4541			0.2694			0.02812						Prof H


																								1.464			1.11			0.6927			0.3988			0.2155			0.02501						Prof I


																								1.905			1.33			0.6881			0.3603			0.1824			0.02294						Prof J


																								1.48			2.15			2.52			2.071			1.505			0.1404						min=2 !!!


																								0.9075			0.7956			0.7211			0.5187			0.3175			0.02709						Prof G


																								0.5097			0.5974			0.68			0.6145			0.4964			0.0648						Prof G + min=0.5


																								0.7509			0.7137			0.6168			0.4391			0.2506			0.02868						Prof E Smith and Baker


																								0.3112			0.4008			0.5096			0.4968			0.4149			0.06671						Prof E Smith and Baker, min=0.5, CDOM=0.05


																								0.232			0.2975			0.385			0.368			0.3148			0.04342						Prof E Pope and Fry, min=0.2, CDOM=0.09


																								0.2189			0.2722			0.3389			0.3117			0.2503			0.03187						Prof E Pope and Fry, min=0.05, CDOM=0.09


																								0.3328			0.3839			0.4287			0.3564			0.2533			0.02881			0.079			Prof E Pope and Fry, min=0.01, CDOM=0.05


																								0.2918			0.3427			0.3924			0.3334			0.2422			0.02799						Prof E Pope and Fry, min=0.0, CDOM=0.06


																								0.1662			0.2038			0.2432			0.2204			0.1698			0.02481			0.092			Prof I Pope and Fry, min=0.0, CDOM=0.11


																								0.333			0.3826			0.4248			0.3513			0.248			0.02802			0.077			Prof E Pope and Fry, min=0.0, CDOM=0.05


																								0.3046			0.3496			0.3683			0.2906			0.1924			0.02492			0.062			Prof I Pope and Fry, min=0.0, CDOM=0.05


																								0.3579			0.4015			0.4055			0.3076			0.1968			0.02494						Prof I Pope and Fry, min=0.0, CDOM=0.04


																								0.3699			0.4141			0.4279			0.3319			0.2184			0.02597			0.061			Prof K Pope and Fry, min=0.0, CDOM=0.04


																								0.3905			0.4334			0.4593			0.3701			0.2567			0.02817			0.066			Prof L Pope and Fry, min=0.0, CDOM=0.04


																								0.3905			0.4334			0.4644			0.37			0.2581			0.02816						Prof L Pope and Fry, min=0.0, CDOM=0.04, Sensor:SeaWiFS4








Sheet1


			





Data


hydrolight, CASE1, clouds=0.0


Prof B


Prof C


Prof F


Prof E


Prof E + min=0.5


H


I


J


G


wavelength


Lw


05 / 26 /98     11:39





Sheet2


			





wavelength


Ed





Sheet3


			





Data


Prof F


G


wavelength


Lw


05 / 26 /98     11:39





			





Data


Prof E + min=0.5


Prof G + min=0.5


Prof E, Smith and Baker, min=0.5, CDOM=0.05


Prof E, Pope and Fry, min=0.2, CDOM=0.09


Prof E, Pope and Fry , min=0.05, CDOM=0.09


Prof E Pope and Fry, min=0.01, CDOM=0.05


Prof E, Pope and Fry, min=0.0, CDOM=0.06


Prof E, min=0.0, CDOM=0.05


wavelength


Lw


05 / 26 /98     11:39





			





Data


Prof I


Prof I, CDOM=0.11


Prof I, min=0, CDOM=0.05


Prof I , min=0, CDOM=0.04


wavelength


Lw


05 / 26 /98     11:39





			





Data, Kd=0.062


Prof K, min=0, CDOM=0.04, Kd=0.061


Chl=const, min=0.0, Kd=0.057, CASE1


Chl=Prof L, min=0.0, CDOM=0.04, Kd=0.066


wavelength


Lw


05 / 26 /98     11:39





			





Data


hydrolight, CASE1, chl=constant=0.37


wavelength (nm)


Lw,  (uW/cm^2/nm)


05 / 26 /98





			





Data, Kd=0.062


Chl=Prof D, min=0.0, CDOM=0.04, Kd=0.066


wavelength (nm)


Lw,   (uW/ cm^2/ nm)


05 / 26 /98





			








			










Chart1


			0.3704588101


			0.3704588101


			0.3704588101


			0.32


			0.2


			0.12


			0.08


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05


			0.05





L


chlorophyll amount (mg/m^3)


depth (m)


0


2


4


6


8


10


12


14


16


18


20


22


24


26


28


30


32


34


36


38


40





Sheet1


			0.0			0.370			0.370			0.370			0.370			0.370			0.370			0.370			0.370			0.370			0.370			0.370			0.370						0.0			0.370


			2.0			0.426			0.392			0.453			0.380			0.474			0.300			0.380			0.200			0.100			0.250			0.370			0.474						2.0			0.474


			4.0			0.473			0.412			0.488			0.250			0.591			0.280			0.250			0.100			0.020			0.180			0.370			0.641						4.0			0.641


			6.0			0.503			0.431			0.453			0.202			0.711			0.300			0.202			0.050			0.020			0.120			0.320			0.911						6.0			0.911


			8.0			0.514			0.447			0.370			0.192			0.827			0.340			0.170			0.050			0.020			0.090			0.200			1.227						8.0			1.227


			10.0			0.503			0.461			0.286			0.190			0.926			0.370			0.150			0.050			0.020			0.085			0.120			1.357						10.0			1.357


			12.0			0.473			0.470			0.229			0.189			0.999			0.474			0.119			0.050			0.020			0.080			0.080			1.421						12.0			1.421


			14.0			0.426			0.474			0.202			0.189			1.038			0.591			0.100			0.050			0.020			0.050			0.050			1.417						14.0			1.417


			16.0			0.370			0.474			0.192			0.189			1.038			0.711			0.080			0.040			0.010			0.050			0.050			1.387						16.0			1.387


			18.0			0.310			0.470			0.190			0.15			0.999			0.827			0.07			0.040			0.010			0.050			0.050			1.327						18.0			1.327


			20.0			0.253			0.461			0.189			0.13			0.926			0.926			0.06			0.030			0.010			0.050			0.050			1.227						20.0			1.227


			22.0			0.203			0.447			0.189			0.1			0.827			0.999			0.05			0.030			0.010			0.050			0.050			1.027						22.0			1.027


			24.0			0.162			0.431			0.189			0.05			0.711			1.038			0.05			0.030			0.010			0.050			0.050			0.811						24.0			0.811


			26.0			0.131			0.412			0.189			0.05			0.591			1.038			0.05			0.030			0.005			0.050			0.050			0.591						26.0			0.591


			28.0			0.109			0.392			0.189			0.05			0.474			0.999			0.05			0.030			0.005			0.050			0.050			0.474						28.0			0.474


			30.0			0.093			0.370			0.189			0.05			0.370			0.926			0.05			0.02			0.005			0.050			0.050			0.370						30.0			0.370


			32.0			0.084			0.349			0.189			0.05			0.281			0.827			0.05			0.02			0.005			0.050			0.050			0.281						32.0			0.281


			34.0			0.078			0.328			0.189			0.05			0.210			0.711			0.04			0.02			0.005			0.050			0.050			0.210						34.0			0.210


			36.0			0.075			0.309			0.189			0.05			0.156			0.591			0.03			0.02			0.005			0.050			0.050			0.156						36.0			0.156


			38.0			0.073			0.291			0.189			0.05			0.117			0.474			0.03			0.02			0.005			0.050			0.050			0.117						38.0			0.117


			40.0			0.072			0.275			0.189			0.05			0.090			0.370			0.03			0.02			0.005			0.050			0.050			0.090						40.0			0.090


			h			10			10			3


			s			9			15			4


			zmax			8			15			4


			Co			0.004			0.209			0.189








Sheet1


			





B


C


D


E


F


G


H


I


J


K


L


chlorophyll amount


depth (m)





Sheet2


			412			412			412			412			412			412


			443			443			443			443			443			443


			490			490			490			490			490			490


			510			510			510			510			510			510


			555			555			555			555			555			555


			670			670			670			670			670			670





Data


Prof I


Prof I, CDOM=0.11


Prof I, min=0, CDOM=0.05


Prof I , min=0, CDOM=0.04


wavelength


Lw


05 / 26 /98     11:39


0.3028


1.464


0.1662


0.3046


0.3579


0.3699


0.3882


1.11


0.2038


0.3496


0.4015


0.4141


0.4546


0.6927


0.2432


0.3683


0.4055


0.4279


0.3649


0.3988


0.2204


0.2906


0.3076


0.3319


0.2104


0.2155


0.1698


0.1924


0.1968


0.2184


0.0083


0.02501


0.02481


0.02492


0.02494


0.02597





Sheet3


			





B


C


I


K


L


chlorophyll amount


depth (m)





			





L


chlorophyll amount (mg/m^3)


depth (m)





			








			










Chart1


			412			412


			443			443


			490			490


			510			510


			555			555


			670			670





Data


hydrolight, CASE1, chl=constant=0.37


wavelength (nm)


Lw,  (uW/cm^2/nm)


05 / 26 /98


0.3028


0.8848


0.3882


0.7917


0.4546


0.7572


0.3649


0.5144


0.2104


0.3322


0.0083


0.04308





Sheet1


																					Ed			412			443			490			510			555			670


																								105.68			119.22			128.46			129.31			122.06			108.99


																								107.47			122.44			129.81			134.22			130.12			113.21


																								1.6937925814			2.7008891126			1.0509107894			3.7970767922			6.6033098476			3.8719148546


																								412			443			490			510			555			670


			1998			5			26			11			39			-14.4941			7.5565			0.3028			0.3882			0.4546			0.3649			0.2104			0.0083			0.062			0.37


																								0.8848			0.7917			0.7572			0.5144			0.3322			0.04308			0.057						CASE1, cl=0.0


																								0.6353			0.6775			0.7318			0.5661			0.4188			0.05779			0.086						CASE2, min=0.2, cl=0/100


																								0.898			0.7861			0.7154			0.5253			0.3388			0.02924			0.069			ProfB


																								0.8895			0.7594			0.7191			0.526			0.333			0.02866						ProfC


																								0.8172			0.7361			0.7234			0.569			0.3903			0.0301			0.098			Prof F


																								1.078			0.8934			0.7043			0.4669			0.2783			0.02812			0.049			Prof E


																								0.5091			0.5974			0.6774			0.6089			0.4884			0.06572			0.139			Prof E			Prof E + min=0.5


																								1.14			0.928			0.7			0.4541			0.2694			0.02812						Prof H


																								1.464			1.11			0.6927			0.3988			0.2155			0.02501						Prof I


																								1.905			1.33			0.6881			0.3603			0.1824			0.02294						Prof J


																								1.48			2.15			2.52			2.071			1.505			0.1404						min=2 !!!


																								0.9075			0.7956			0.7211			0.5187			0.3175			0.02709						Prof G


																								0.5097			0.5974			0.68			0.6145			0.4964			0.0648						Prof G + min=0.5


																								0.7509			0.7137			0.6168			0.4391			0.2506			0.02868						Prof E Smith and Baker


																								0.3112			0.4008			0.5096			0.4968			0.4149			0.06671						Prof E Smith and Baker, min=0.5, CDOM=0.05


																								0.232			0.2975			0.385			0.368			0.3148			0.04342						Prof E Pope and Fry, min=0.2, CDOM=0.09


																								0.2189			0.2722			0.3389			0.3117			0.2503			0.03187						Prof E Pope and Fry, min=0.05, CDOM=0.09


																								0.3328			0.3839			0.4287			0.3564			0.2533			0.02881			0.079			Prof E Pope and Fry, min=0.01, CDOM=0.05


																								0.2918			0.3427			0.3924			0.3334			0.2422			0.02799						Prof E Pope and Fry, min=0.0, CDOM=0.06


																								0.1662			0.2038			0.2432			0.2204			0.1698			0.02481			0.092			Prof I Pope and Fry, min=0.0, CDOM=0.11


																								0.333			0.3826			0.4248			0.3513			0.248			0.02802			0.077			Prof E Pope and Fry, min=0.0, CDOM=0.05


																								0.3046			0.3496			0.3683			0.2906			0.1924			0.02492			0.062			Prof I Pope and Fry, min=0.0, CDOM=0.05


																								0.3579			0.4015			0.4055			0.3076			0.1968			0.02494						Prof I Pope and Fry, min=0.0, CDOM=0.04


																								0.3699			0.4141			0.4279			0.3319			0.2184			0.02597			0.061			Prof K Pope and Fry, min=0.0, CDOM=0.04


																								0.3905			0.4334			0.4593			0.3701			0.2567			0.02817			0.066			Prof L Pope and Fry, min=0.0, CDOM=0.04


																								0.3905			0.4334			0.4644			0.37			0.2581			0.02816						Prof L Pope and Fry, min=0.0, CDOM=0.04, Sensor:SeaWiFS4








Sheet1


			





Data


hydrolight, CASE1, clouds=0.0


Prof B


Prof C


Prof F


Prof E


Prof E + min=0.5


H


I


J


G


wavelength


Lw


05 / 26 /98     11:39





Sheet2


			





wavelength


Ed





Sheet3


			





Data


Prof F


G


wavelength


Lw


05 / 26 /98     11:39





			





Data


Prof E + min=0.5


Prof G + min=0.5


Prof E, Smith and Baker, min=0.5, CDOM=0.05


Prof E, Pope and Fry, min=0.2, CDOM=0.09


Prof E, Pope and Fry , min=0.05, CDOM=0.09


Prof E Pope and Fry, min=0.01, CDOM=0.05


Prof E, Pope and Fry, min=0.0, CDOM=0.06


Prof E, min=0.0, CDOM=0.05


wavelength


Lw


05 / 26 /98     11:39





			





Data


Prof I


Prof I, CDOM=0.11


Prof I, min=0, CDOM=0.05


Prof I , min=0, CDOM=0.04


wavelength


Lw


05 / 26 /98     11:39





			





Data, Kd=0.062


Prof K, min=0, CDOM=0.04, Kd=0.061


Chl=const, min=0.0, Kd=0.057, CASE1


Chl=Prof L, min=0.0, CDOM=0.04, Kd=0.066


wavelength


Lw


05 / 26 /98     11:39





			





Data


hydrolight, CASE1, chl=constant=0.37


wavelength (nm)


Lw,  (uW/cm^2/nm)


05 / 26 /98





			








			










05 / 26 /98    


0.0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


0.8


0.9


1.0


400 450 500 550 600 650 700


wavelength (nm)


Lw,   (uW/ cm^2/ nm)


Data, Kd=0.062


Chl=Prof D, min=0.0,


CDOM=0.04, Kd=0.066


0.0


5.0


10.0


15.0


20.0


25.0


30.0


35.0


40.0


45.0


0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80


chlorophyll amount (mg/m^3) 


depth (m)


L


05 / 26 /98    


0.0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


0.8


0.9


1.0


400 450 500 550 600 650 700


wavelength (nm)


Lw,  (uW/cm^2/nm)


Data


hydrolight, CASE1,


chl=constant=0.37





_1059888600.ppt


Lambertian Surface

Non-Lambertian Surface

Surface Reflectivity

Rolling semi-arid terrain

With rocks and small plants

551 nm

Hot Spot





’?//fﬁfi/’;’w G

////Il//,""c'fc"":":”

,”///IIIII"""';':::W:::::

i G

lj rllllbw...zo:'::'::':*“““’
II"‘Q 00‘9,0.‘;“;:63&\\\

il





e







