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Penetration of UV Radiation in the Earth’s Oceans

Abstract
We propose to develop a global estimation of the penetration of UV light into open ocean waters, and into coastal waters. We will determine the ocean UV spectra seen by satellites above the atmosphere. The work will include the combining of existing sophisticated radiative transfer models that will calculate the coupled radiances both underwater and within the atmosphere. We intend to combine laboratory measurements of ocean water absorption (300 to 700 nm) with SeaWiFS plus MODIS ocean-color measurements. TOMS estimates of surface UV irradiance will be used as a boundary condition for calculations of underwater UV penetration. When the EOS/OMI and Triana/EPIC, UV plus visible, instruments are launched in 2001, we propose to augment the existing data using their higher spectral and temporal resolution. All data sets developed under this proposal will be publicly available and submitted to the SeaWiFS Bio-Optical Archive and Storage System.

Development of a multi-year underwater UV radiation data set will permit an assessment of the damaging effects of increases in the underwater amount of Ultraviolet Radiation (UV) arising from changes occurring in the atmosphere (changes in ozone amounts, cloud cover, and aerosol effects), and from changes occurring within the oceans (changes in turbidity and absorbing materials). This proposal addresses aspects of the questions 1 and 3 raised in the NRA and Research topic (1).

(1)
How are global ecosystems changing?

(3)
How do ecosystems respond to environmental change and affect the global carbon cycle?

(1) Analysis and interpretation of ocean processes using satellite, aircraft, and in-situ data.

Specifically, we propose the following:

1. Year-1: To develop methods of combining the SeaWiFS, MODIS, OMI, EPIC, and TOMS data (chlorophyll amounts, diffuse attenuation coefficient Kd, water leaving radiances, ocean-surface UV flux, cloud cover, aerosol amounts, and ozone amounts) as input to the RT (radiative transfer) models to obtain 3-D global maps of underwater UV penetration. The results will be used to estimate dose rates for various biological systems and the sensitivity to changes in water optical properties. Years 2-3: We will quantify specific rates of photochemical production of CO from colored dissolved organic matter, based on laboratory-derived action spectra and our estimates of the spectral UV irradiance as a function of depth.
2. Year-1: To develop the parameterization of the UV optical properties for Case I water by combining in-situ and laboratory clean ocean water absorption data, and satellite radiance measurements to determine the bulk characteristics (absorption) of open ocean water for penetration by UV radiation. 

3. Year-1:To develop high-speed parameterized RT models of the combined in-water, water leaving, and in-atmosphere models.  This is needed to process the large amounts of data for global scale and high-resolution spectral analysis. In particular, we will use our recently developed high-speed improvement to the anisotropic boundary model.  Years 2-3:The underwater component will include scattering and absorption features. The entire approximating algorithm will be validated using the underwater model of Mobley et al. [1993] coupled with the Gauss-Seidel RT model for ocean studies [Ahmad and Fraser, 1981]. The latter includes Fresnel reflection as a function of wind speed and transmission from rough ocean surfaces, multiple scattering including polarization from Rayleigh scattering, aerosols, and clouds, and ozone absorption. 
4. Year-1: We propose to use currently available laboratory and in-situ measurements of ocean water properties to extend the IOPs (inherent water optical properties) to apply in the UV region down to at least 300 nm. Years 2-3: We plan to study the consistency of the UV IOP parameterizations based on in-situ data with those obtained from UV-satellite data.

Introduction


Studies of underwater UV (ultraviolet) and PAR (Photosynthetically Active Radiation) radiation are important for the detection of harmful biological changes from both atmospheric and underwater effects.  Increased levels of biologically harmful UV‑B radiation (280‑320nm) resulting from the depletion of Earth's ozone layer [WMO, 1999; Herman et al., 1996] have been shown to affect aquatic ecosystems. Herman et al. [2000] have shown that there has been a long-term increase in cloud cover over the oceans in both the Arctic and Antarctic regions that reduces both UV and visible radiation reaching the surface. Other areas of the Earth show both regions of increased and decreased cloud cover affecting the amount of UV and visible radiation, as well as ozone changes affecting the UV-B portion of the spectrum.

One of the important effects of enhanced levels of UVB radiation is a reduction in the productivity of phytoplankton caused by their moving to increased depths where there is less PAR. This effect has been confirmed in the laboratory [Worrest and Hader, 1989] and from field observations in the Bellinghausen Sea (Antarctica). Smith et al. [1992] compared the productivity of Antarctic phytoplankton beneath and outside the Antarctic ozone hole and reported a 6-12% loss in phytoplankton amounts due to enhanced UVB.  Other studies report smaller effects, generally ranging from 1% [Arrigo, 1994] to 5% [Neale et al. 1998a, b; Holm-Hansen et al. 1993]. Enhanced UVB radiation could also affect the photochemical production of carbonyl sulfide (COS) in seawater [Zepp and Andreae, 1994], thereby augmenting the greenhouse effect and affecting other long‑term global biogeochemical cycles.  Photochemical degradation of oceanic dissolved organic matter (DOM) due to enhanced UV radiation significantly affects carbon cycling. A detailed overview of the effects of UV radiation on marine ecosystems has been recently published [Eds. de Mora, Demers, and Vernet, 2000].

The quantitative assessment of UV effects on aquatic organisms on a global scale requires an estimate of the in‑water radiation field starting with a determination of the amount reaching the surface through the atmosphere. In recent years the amount of UV on the Earth’s surface has been determined from satellite data with accuracy comparable to ground-based measurements [Krotkov et al., 1998; Herman et al., 1999; Krotkov et al., 2000; Eck et al., 1995; WMO 1999]. 

The advantage of the satellite method is that remote areas, inaccessible to ground-based measurements, can be monitored for the amount of solar radiation reaching the surface at all wavelengths. This is especially relevant over the oceans where it has been shown that there are large variations in incident UV radiation as a function of latitude and longitude, as well as major interhemispheric differences for the same latitude and season [Herman et al., 1999]. 

Current techniques for estimating surface radiation include atmospheric attenuation effects caused by ozone, aerosols, Rayleigh scattering, and clouds. Of these, aerosol (dust, smoke, and industrial pollution) and cloud attenuation effects have only recently been incorporated into the global UV irradiance estimates [Herman et al., 1996; 1999; Krotkov et al., 1998]. Combining the surface radiation calculated from satellite measurements, and the in-situ determinations of ocean water absorption, the amount of UV penetration underwater has been estimated using TOMS and SeaWiFS measurements [Vasilkov et al., 2000]. The main purpose of this proposal is to combine satellite measurements and radiative transfer techniques with the most recent measurements of underwater absorption to estimate the UV penetration into ocean waters on a global scale. The second major goal is to determine the fraction of UV and visible radiation upwelling through the atmosphere, where it can be used to deduce ocean properties. The underwater estimation of UV radiation will be used to assess biological effects on marine ecosystems (e.g., phytoplankton, DNA damage, bleaching of coral reefs).

Project Description

We propose to develop a global estimation of the penetration of UV light in open ocean waters, and in coastal waters. We intend to combine laboratory measurements of ocean water absorption (300 to 700 nm) with SeaWiFS plus MODIS ocean-color measurements.  TOMS estimates of surface UV irradiance will be used as a boundary condition for calculations of underwater UV penetration. In addition, we will determine the ocean UV spectra seen by satellites above the atmosphere. When the OMI and EPIC instruments are launched, we propose to augment the existing data using their higher spectral and temporal resolution. All data sets developed under this proposal will be publicly available. 
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Laboratory and In-Situ Ocean Data

In Case 1 ocean waters, where re-suspension of sediments or coastal and terrestrial influences are negligible, it has long been recognized that the bulk optical properties are strongly correlated with the photosynthetic pigment mass concentrations of the water (Morel and Prieur, 1977; Smith and Baker, 1978).  Mitchell and Kiefer (1988) developed quantitative methods to determine the spectral absorption coefficients of oceanic particles.  These methods have been employed extensively in the global oceans (Morrow et al., 1989; Bricaud and Stramski, 1990; Sosik and Mitchell, 1995; Arrigo et al., 1998).  The quantitative absorption coefficient data combined with photosynthetic pigment mass as estimated by chlorophyll-a provide the basis for visible region optical model parameterizations (Morel, 1988; Bricaud et al., 1995; Reynolds et al., in press). 

The UV region particle absorption is more complicated, since there may be strong accumulations of detrital pigments with UV absorption (Mitchell and Kiefer, 1988; Sosik and Mitchell, 1995). More recently, the importance of strongly absorbing mycosporine amino acids (MAA) indicates that this region of the spectrum is not easily modeled based only on proxies of bulk photosynthetic pigments, such as chlorophyll-a.  

Relation between MAAs, photosynthetic pigments, and UV-visible absorption 


To adequately parameterize the spectral attenuation coefficients in the region 300-400 nm requires a globally distributed data set of particle absorption, pigments, and MAAs.  The Scripps Photobiology Group under the direction of Greg Mitchell has acquired thousands of spectra in the past several years as part of numerous global cruises to the California Current, Southern, Atlantic, Indian and Pacific Oceans, and the Sea of Japan.  Together with the absorption data we have collected a global data set consisting of mycosporine-like amino acids, (MAA) concentration, spectral absorption, UV-visible reflectance, and diffuse attenuation coefficients taken in equatorial (Indian Ocean), sub tropical (California Current, Sea of Japan), and polar (Ross Sea) waters.  These data, and the data for pure water, will form the basis for developing the estimates of global underwater UV penetration.  


In all these environments very high UV absorption is observed in a considerable number of near-surface samples (Figure 1).  This UV-absorption peak can be several times greater than that of chlorophyll. 
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High absorption in the UV-range seen in Figure 1 is positively correlated with total MAA content in samples analyzed thus far (Figure 2).  Analysis of this global data set of MAA abundance, absorption coefficients, and photosynthetic pigments and other optical parameters will enable us to characterize the UV-Visible spectral absorption in terms of chlorophyll-a and MAA concentrations. This information will be used to parameterize ocean particle absorption in the UV-visible region using a combination of photosynthetic pigments and MAA .  This parameterization will improve models of seawater optical properties in the UV spectral region such as that of Vasilkov et al (Submitted).  In summary, the classical approach for parameterization of particle absorption based on chlorophyll-a will be extended to include the MAA-dependence of UV absorption.  This new approach is essential to get accurate estimates of particle absorption in the UV since MAA concentrations, and their absorption, vary independently from photosynthetic pigments (Moisan and Mitchell, in press). Clearly, from Figures 1 and 2, extrapolation from the visible portions of the absorption spectrum will give incorrect estimates of UV penetration.

Pure Ocean-Water Absorption

[image: image5.png]



In the absence of absorbing materials, pure seawater is still moderately absorbing in the UV, increasing rapidly from a minimum absorption at about 420 nm to about 0.05 m-1 at about 300 nm (see Figure 3). A recent paper by Fry (2000) suggests that the most reliable combination of absorption data is obtained from Pope and Fry (1997) for 380 to 700 nm and from Quickenden and Irvin (1980) for 196 to 320 nm. The gap between the data sets, 320 to 380 nm is filled by linear interpolation. It is clear from the discussion of Fry (2000) that additional laboratory measurements and ocean validation are needed over the entire UV range.

Figure 3.  Data for laboratory determinations of pure water absorption from Quikenden and Irvin (1980) in the UVB region, and Pope and Fry (1997) for the UVA and visible regions.  As recommended by Fry (2000) we will interpolate between the two data sets to approximate the absorption from 320-380 nm.  

Satellite Data


Estimates of UV transmission in ocean surface waters require knowledge of the inherent optical properties of seawater from both laboratory and satellite data. The Coastal Zone Color Scanner (CZCS) flown onboard NASA's Nimbus‑7 satellite and current ocean-color satellite instruments, such as NASA's SeaWiFS instrument (Sea‑viewing Wide Field‑of‑view Sensor, Hooker et al., 1992) were designed to provide frequent global measurement of the water‑leaving radiances from which inherent water optical properties (IOP) and constituents can be inferred (e.g., Chlorophyll concentration). The recent launch of MODIS permits observations of the ocean similar to SeaWiFS, but at even higher spatial resolution and with additional wavelength channels.

SeaWiFS 
Where laboratory data are not available, we will use the Level 3 binned monthly mean SeaWifs data for estimates of chlorophyll concentration and the diffuse attenuation coefficient Kd(490nm), as well as the daily SeaWiFS cloud-fraction data. The SeaWiFS orbit and swath characteristics allow global coverage every two days, with gaps between consecutive swaths at low latitudes being filled the following day. This affords sufficient global and temporal coverage to determine the seasonal variation of ocean absorbing material for the purposes of estimation of underwater UV radiation.
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Figure 4
The monthly average SeaWiFS chlorophyll concentration (left) and Kd(490) fields (right).


The SeaWiFS calibrated radiances (Level-1) over the ocean are atmospherically corrected [Gordon and Wang, 1994] to derive Level-2 geophysical products, e.g., normalized water-leaving radiances [Gordon and Clark, 1982], chlorophyll-a [O'Reilly, et al., 1997], and diffuse attenuation coefficient at 490 nm, Kd(490), [Mueller and Trees, 1997].  These data are spatially binned and averaged on a 9 km global grid (Level-3) for each day.  


Figure 4 shows the July 1998 monthly-average chlorophyll and Kd(490) fields.  McClain, et al. [1998] presented the initial validation of the chlorophyll retrievals in Case 1 waters, i.e., waters where the reflectance is determined by absorption. Further analyses using a larger data set supports the initial evaluations that the chlorophyll retrievals are within the SeaWiFS accuracy goal (± 35% for Case 1 waters). An adjunct data set, available to the SeaWiFS project and for validation of the proposed studies, is from the field measurements collected by the Marine Optical Buoy (MOBY) located off Lanai, Hawaii [McClain, et al., 1998]. Similar data can be obtained in the UV (see TOMS retrieval in Figure 5).

TOMS

The basic data used for the atmospheric portion of the UV analysis are total ozone amount, aerosol, and UV reflectivity measurements from the Total Ozone Mapping Spectrometer (TOMS) satellite instruments (Nimbus-7/TOMS: 1978 to 1993, Earth-Probe/TOMS: 1996 to present). ). Because of the accurate in-flight calibrations and long-term stability of the instrument, the TOMS satellite products are able to maintain absolute and relative accuracy over wide-geographical areas and long periods. Since the TOMS estimates of surface UV incorporate the measured scene reflectivity, these data form the upper boundary condition for underwater estimates.

Cloud Fraction

Aside from the UV variation caused by different solar zenith angles, knowledge of the cloud amount is the next most important factor. For this purpose, the TOMS reflectivity can only provide a spatially coarse estimate of cloud effects. If estimates of cloud-fraction effects within a TOMS FOV are needed, the SeaWiFS algorithm for detecting cloud-free scenes will be used. The SeaWiFS cloud-albedo threshold over ocean is set at 1.1% [Arrigo and McClain 1995]. The relation is a binary one: if the threshold is crossed, the SeaWiFS GAC pixel (4km by 4km) is declared cloud contaminated and the cloud flag is set for that pixel. During binning, if the flag is set, that sub-pixel is considered to be 100% cloud, otherwise 0%. The current cloud flag also includes sun glint, high aerosols, and thin cirrus clouds.
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Figure 5
TOMS minimum reflectivity corrected for Fresnel reflection from ocean surface. This index is proportional to the water leaving radiance, and shows clear patterns of chlorophyll concentration similar to SeaWiFS and CZCS. The index can be converted to chlorophyll concentration.


Years 2-3: We will obtain, and make available, co-located global cloud-fraction data sets for significant subsets of TOMS and OMI data. These cloud-fraction data sets are essential for accurate estimation of irradiance reaching the ocean surface and for computing corrections to derived ozone and aerosol amounts. The cloud fraction for other times of the day than the SeaWiFS overpass time can be obtained from the ISSCP data set or from geostationary satellite observations of cloud cover. Triana-EPIC will provide its own diurnally resolved cloud-cover data.

OMI and Triana/EPIC Data
TOMS, MODIS and SeaWiFS data will be augmented by the Ozone Mapping Instrument (OMI spectrometer: 300 to 500 nm), and the Lagrange-1 orbiting Triana/EPIC (Earth Polychromatic Imaging Spectroradiometer: 317 to 905 nm). The new instruments overlap the TOMS wavelengths with those of SeaWiFS and MODIS. Triana/EPIC has the additional capability of observing the entire Earth from sunrise to sunset to obtain the first global diurnal measurements of atmospheric and ocean properties from space. 

For OMI and EPIC, additional aerosol properties can be derived using the visible channels, cloud height can be estimated from the Calcium H and K Solar-Fraunhofer line filling, and, for EPIC, the diurnal variation of aerosol, ozone, and cloud transmittance will be known.
Radiative Transfer Model:

The problem of describing the penetration of radiation into water can be divided into 3 portions that are weakly coupled. These are: 1) Penetration of radiation through the atmosphere subject to Rayleigh scattering, molecular absorption, aerosol absorption, and attenuation by clouds. 2) Reflection from the ocean surface (Fresnel reflection) as a function of wind speed and wave action followed by backscatter from the atmosphere to the ocean surface. 3) Radiative transfer within the ocean accounting for scattering and absorption leading to a portion re-emerging into the atmosphere where it affects the radiances observed by satellites. The decoupling occurs when the atmospheric backscattering of the emergent radiation from the ocean is neglected. The result is a small error in the radiation field in both the underwater regime and in the atmosphere. This error is smaller than the first-order effects we propose to study.


The atmospheric model is of 2 classes. 1) For shorter UV wavelengths where the non-Lambertian character of the reflected and emergent radiation from the ocean can be neglected for satellite observations. This is possible because of the strong Rayleigh and Mie scattering in the boundary layer. 2) For longer UV wavelengths and visible wavelengths where the atmospheric scattering is small and the anisotropic nature of the emergent radiation cannot be neglected.

Lambertian Model
The atmospheric RT model provides the downward radiance boundary conditions at the ocean surface for the underwater irradiance calculation. The radiative transfer solutions in the atmosphere and in the ocean are coupled through the contribution of photons first reflected from the ocean and then scattered back to the water by the atmosphere, clouds, and aerosols. The ocean surface contribution to the downward clear-sky irradiance, Fclear (), can be calculated in a manner that includes multiple scattering, spherical geometry effects, surface albedo, and polarization using standard RT methods. 


Since the maximum value scattered back to the ocean by the atmosphere is about 40% and the ocean albedo is less than 10% in the near UV region [Herman and Celarier, 1997], one can neglect the coupling of the atmospheric and oceanic radiative transfer as a first approximation. We estimate that the flat ocean surface model and the separation of the atmospheric and oceanic RT models both give less than 10% resulting error for satellite estimation of the underwater UV irradiance. When the ocean surface is not flat, the effective reflectivity is smaller, and the error will be less. 


At higher surface wind speeds, there will be white caps on the waves, which increases the reflectivity, decreases the underwater penetration of radiation, and increases the decoupling error. This case will be treated separately.
Non-Lambertian Model
Almost all Earth surfaces exhibit non-Lambertian bidirectional reflection properties. The bidirectional reflectance distribution function (BRDF) changes with both solar incident and satellite viewing directions. It has been considered and investigated in simulation of radiation propagation in porous media and surface reflectance modeling for decades (see Goel, 1988; Qin and Liang, 2000). Even though surface BRDF affects the emergent radiation from the top of the atmosphere for both a Rayleigh atmosphere (Coulson et al., 1966) and a turbid atmosphere (Keopke and Kriebel, 1978), the consideration of such influences has just begun in recent years (e.g., Tanre et al., 1983; Stamnes et al., 1988 in DISORT; Vermote et al., 1997 in the 6S model). 

In the work we will use a newly developed physically-based algorithm, with improved accuracy as well as fast implementation, to account for the surface BRDF in the atmospheric radiance calculation for both visible and UV wavelengths. To understand the observed radiances in terms of aerosols and ocean-water absorption, it is important that the non-Lambertian case converge asymptotically to the Lambertian case as a function of wavelength and other physical parameters. 


The new algorithm [Qin et al., submitted, 2000] considers the fact that radiation incident on the surface is partially specular (collimated) and partially diffuse. The specular component results from transmission of direct solar beam through the atmosphere, while the diffuse component results from atmospheric scattering of the incident solar beam and backscattering of radiation reflected by the surface. The BRDF effect is strongest in the reflection of the specular component.


In order to capture this BRDF effect, the direct (or collimated) component has to be treated separately from diffuse component when modeling its interaction with the surface. Also, to completely take account of surface BRDF effects on measurements above the atmosphere, one has to consider the conversion between direct or directional radiation and diffuse radiation from surface reflection, as well as multiple scattering between the atmosphere and the surface. All these goals have been achieved by applying well-known four-stream theory (Hapke, 1981; Qin and Liang, 2000) to simulate radiation interaction between the boundary of two media (the atmosphere and the underlying ocean surface.


The new model overcomes the weakness of previous surface BRDF correction models, and produces a much better approximation of multiple scattering between the surface and the atmosphere. It is also the most rigorous approximation among current algorithms to account for surface BRDF effects. The details of the model development to date are given in Attachment 1. To obtain ocean surface BRDF for different wave structures, we will use an elaborate 3-D scene model (Qin and Gerstl, 1998; 2000) which can reconstruct the 3-D structures of a given surface and compute the bidirectional reflectance distributions. 

Clouds:
The monthly average TOMS daily erythemal [McKinlay and Diffey, 1987] exposure map, including the combined effects of ozone, clouds and absorbing aerosols, are given by Herman et al. [1999]. The most pronounced effect is the dependence on solar zenith angle, (, so that geographical areas whose latitudes are near sub-solar points (e.g., +23N for July) produce very high clear-sky surface UV irradiance. The next strongest source of surface UV modulation is from clouds. In July, there is considerable haze and clouds over the ocean areas in the Northern Hemisphere, since the Intertropical Convergence Zone (ITCZ) cloud region has moved toward the north. Interhemispheric differences in cloud cover and the smaller Sun-Earth distance cause the Southern Hemisphere summer to have even higher exposures than the Northern Hemisphere summer for the same SZA [Herman et al., 1999]. The remaining geographical variations can be attributed to ozone variations (for wavelengths shorter than 320 nm) and absorbing aerosols (dust and smoke) in certain regions. 


The study by Krotkov et al. [2000] shows that a simple scene-reflectivity model to account for reduction of Fclear caused by clouds over a low reflecting surface leads to agreement with ground-based irradiance measurements. The agreement is as good as the more complicated plane-parallel model. The daily UV dose can be calculated by integrating over time and assuming that the cloud transmittance, CT , is constant throughout the day. Years 2-3: We propose to modify this procedure by introducing the morning to afternoon cloud bias derived from weather assimilation models such as the ECMWF or NCEP models. Removal of this bias will greatly improve the accuracy of underwater UV daily-exposure estimates. Beyond the morning to afternoon bias correction, the daily cloud variability error is assumed random, and will be reduced with weekly averaging of daily exposures. 
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Figure 6: The effect of humidity on aerosol optical depth measured during the INDOEX campaign.

Aerosols
Because of the observed large-scale aerosol effects on UV radiation fluxes as measured from space [Krotkov et al., 1998; Herman et al. 1999] the optical properties of aerosols must be treated rigorously in an effort to build a comprehensive treatment of UV radiative transfer throughout the ocean-atmosphere system. 


The TOMS cloud correction accounts for UV irradiance reduction from both clouds and non-absorbing aerosols, but needs an additional correction in the presence of absorbing aerosol plumes, where UV irradiance reduction is stronger. When plumes of absorbing aerosols are detected in the TOMS AI (aerosol index) data, the UV irradiance is corrected using the methods described by Krotkov et al. [1998]. The AI is zero for water clouds, positive for absorbing aerosols, and negative for non-absorbing aerosols (e.g., sulfate aerosols). UV-absorbing aerosols (e.g., dust and smoke), can reduce UV irradiance at the surface by up to 90%. These aerosols cover over 10% of the Earth’s surface at moderate to high optical depth during some months [Herman et al., 1997]. The AI is available from standard TOMS data, as a byproduct of the total ozone retrieval algorithm.
Recent international field experiments (such as the Indian Ocean Experiment [INDOEX], the Tropical Aerosol Radiative Forcing Experiment [TARFOX], and the Smoke, Clouds, and Radiation - Brazil experiment [SCAR-B]) have provided a wealth of microphysical and radiation measurement data that we will use to improve our models of aerosol radiative properties in the UV-Visible region. Figure 6 shows the example of the effects of relative humidity and wavelength on the aerosol optical depth using INDOEX microphysical data [Lubin et al. 2000]. Two UV-related features are apparent: (1) aerosol opacity in the UV-B is typically 50% larger than that at 500 nm, and (2) a transition from a dry atmosphere to a moist atmosphere can increase the aerosol opacity by more than a factor of two throughout the UV.  We will combine aerosol data from satellites (TOMS, MODIS, SeaWifs), ground networks (i.e. AERONET) and aerosol transport models available at NASA/GSFC to calculate the atmospheric transmittance in the UV region and will also account for regional variability. The improved aerosol parameterizations will be also used  to simulate reflectance of the atmosphere-ocean system at TOMS reflectivity wavelengths (331nm-360nm) to compare with the actual TOMS measurements. 

Years 2-3: The combination of UV-VIS aerosol retrievals (from TOMS and MODIS) with SeaWifs aerosol retrievals (in the red) will allow to test assumptions of the SeaWifs aerosol correction algorithms.

Radiative Transfer in the Ocean



Estimates of the surface UV-visible irradiance can be calculated from satellite radiance data. Using the surface values as a boundary condition, an appropriate radiative transfer calculation can be applied to estimate the intensity of light penetrating into the ocean [Mobley et al., 1993; Jin and Stamnes, 1994].  There are two main reasons we plan to use simplified (less accurate) methods for global mapping of UV penetration into ocean waters while retaining more accurate calculations for validation and comparisons with in-situ data.  First, the accuracy of measurements of the most fundamental inherent optical properties of seawater (scattering and absorption coefficients) is currently no better than about 10-20%.  Remote retrievals of chlorophyll amount, C, a fundamental input parameter of our models, can be retrieved by SeaWiFS with accuracy of approximately 30-40% over several orders of magnitude [Kahru and Mitchell, 1998].  Therefore, the uncertainties in seawater model parameterizations, and satellite retrievals of the input parameters, will be the dominant source of error.  Second, the computational requirements for global mapping of underwater UV amounts with at least 1o x 1o spatial resolution makes it desirable to use a faster approximation in place of more sophisticated methods [Mobley et al., 1993].  Future improvements in computational speed, combined with improved in situ optical data sets and their improved parameterizations, may allow more precise calculations.  We will evaluate the performance with our large in situ validation data set and adjust model parameterizations as needed


The first model for an assessment of underwater UV radiation and biodoses was developed by Smith and Baker [1979].  In this model it was assumed that the irradiance is attenuated exponentially in the ocean in accordance with the diffuse attenuation coefficient, Kd.  This simplified formulation of the radiative transfer in the ocean requires an a-priori knowledge or assumptions about Kd in the UV spectral region.  The diffuse attenuation coefficient is an apparent optical property of seawater that can be closely approximated as the ratio of the absorption coefficient, a, to the mean cosine of the downwelling irradiance (d (Kd. = a/(d ), since a varies far more than (.  The photosynthetic pigment absorption coefficient will be parameterized based on the chlorophyll concentration for the UV-visible region [Mitchell and Kiefer, 1988; Sosik and Mitchell 1995; Bricaud et al., 1995; Moisan and Mitchell, in press] and the UV absorption will be parameterized based on the MAA concentration (Reference or specify origin of the data).   


One method for obtaining the speed needed for global-scale calculations of UV underwater irradiances in a 1o x 1o spatial resolution, is to use the Quasi‑Single Scattering Approximation (QSSA) [Gordon, 1973].  The QSSA model is important, because of its simple analytical formulation that still enables us to address the dependence of Kd on the angular distribution of the light field in the ocean. QSSA is based on the assumption of strong absorption with highly anisotropic scattering of seawater.  It assumes (a) single scattering in the upward direction; (b) multiple scattering in the downward direction in accordance with a delta‑function scattering coefficient.  The accuracy of the QSSA tends to be better for lower optical depths and smaller values of the single-scattering albedo.  This justifies the application of the QSSA to UV radiative transfer for depths near the surface of the ocean, which is our main objective.  


Seawater single-scattering albedo is normally less than 0.7 in the UV region and gets smaller as the absorption increases at short wavelengths, which are more biologically effective.  Moreover, only relatively small optical depths play a significant role in biological or chemical applications of the underwater UV calculations, since the energy is attenuated by the combined particulate and soluble absorption.  According to the QSSA concept, the spectral irradiance at a given depth can be written as a sum of the direct solar radiation and the integral of surface radiance over spherical angles for the diffuse radiation, both attenuated by water [Krotkov and Vasilkov, 1993].  We also plan to use the more exact radiative transfer code, HYDROLIGHT, [Mobley, 1994] for verification and reference computation purposes.  Both precise and more approximate computations will be applied to test data sets prior to implementation of global processing.  Since our data sets span a diverse range of ecosystems with detailed bio-optical measurements, we can refine our parameterizations to ensure robust accuracy of our global computations.

Model of seawater inherent optical properties (IOPs)
The QSSA makes use of the absorption coefficient, a, and the backscattering coefficient, bb.  The total IOPs are the sums of the IOP of pure seawater and other scattering and absorbing water substances:



a() = aw() +  aDOM()  +  aP ()





(1a)   



bb()= bbw() + bbp()        






 (1b)

where subscripts w, DOM, and  p denote the pure seawater, dissolved organic matter, and particulate matter, respectively.  Often,  aP () is further decomposed into the phytoplankton and detrital components (aP () = aPh () + ad ()) where ph and d represent phytoplankton and detritus, respectively.

The detrital absorption is commonly combined in simple parameterizations with the DOM absorption because of similar exponential spectral dependence [Carder et al., 1991; Garver and Siegel, 1997]. The visible part of the spectrum for phytoplankton absorption is parameterized based on C, which will be retrieved globally from SeaWiFS  Data shown in Figures 1 and 2 imply that the strongly absorbing mycosporine amino acids (MAA) in the UV spectral region should be parameterized independently of photosynthetic pigments and detritus.  Parameterization of all the terms in the model is considered below.


According to recent findings [Pope and Fry, 1997], the pure water absorption coefficient is significantly lower from 380-500 nm than the values previously proposed by Smith and Baker [1981].  We plan to use the values shown in Figure 3, which combine the data of Quikenden and Irvin [1980] and Pope and Fry [1987] with interpolation in the 320-380 nm region not reported in the articles.  Using models of Kd, reflectance and our detailed in situ data sets, we will evaluate our pure water absorption assumptions to ensure they are consistent with measurements in very clear open ocean waters.  We also will evaluate a technique similar to the minimum Lambertian Equivalent Reflectivity approach [Herman and Celarier, 1997] for existing reflectivity data collected over open oceans where Mitchell’s group has extensive optical data sets to evaluate model parameterizations.  Because of the uncertainties of atmospheric correction and seawater reflectance models, only qualitative conclusions are expected, i.e. the space observations should show consistency of the data sets or lack thereof.  Preliminary calculations using monthly minimum UV reflectivity values show distributions of absorbing material that closely follow those observed by CZCS and SeaWiFS.


The particulate matter backscattering coefficient and the DOM absorption coefficient will be parameterized in the conventional form of 



aDOM() = a0 exp[ -S(-0)]  , 






(2a)



bb()=  bb0( /0)-m    



 



(2b)

where m is the backscatter wavelength ratio exponent, S is the DOM spectral slope.  The DOM or particle backscatter at the reference wavelengths a0 bb0. will be estimated from ocean color data [Carder et al., 1999; Stramski et al., 1999; Barnard et al., 1999].  Our global data of spectral Kd , aDOM , aPh , ad and bb will allow us to validate the basic elements of the attenuation model.  Adjustments of the absorption or backscattering parameterizations will be made to minimize model errors.  We have recently shown that we have excellent closure in the visible between the full forward model of remote sensing reflectance based on comparisons with absorption and backscattering coefficients, as well as inverse models relating reflectance and attenuation coefficients to the inherent optical properties [Stramska et al., 1999; Reynolds et al., in press].  We will extend these models into the UV region for the present project.


The phytoplankton pigment absorption in the visible is normally expressed through chlorophyll concentration, C, and the chlorophyll-specific absorption coefficient.  Phytoplankton synthesize a variety of compounds that absorb radiation in the UV‑B and UV‑A regions of the spectrum.  It is well known that the chlorophyll-specific absorption coefficient decreases with increasing chlorophyll concentration due to, for example, the pigment packaging effect for larger cells typically found in high chlorophyll waters [Mitchell and Kiefer, 1988a].  This dependence has been parameterized for the visible range in Bricaud et al. [1995].  The strong wavelength dependence of ocean UV reflectance for Nimbus-7 and Earth-Probe Toms, and the correspondence between the spatial variation in global monthly minima of reflectivity from TOMS and SeaWiFS (Figure 5) implies that the ocean UV attenuation is well correlated to chlorophyll that is retrieved from SeaWiFS.  In part, this is because both ad and aCDOM are correlated to C for most global, Case 1 waters [Morel,, 1988], and the fact that the photosynthetic and photo-protective pigments in phytoplankton also have UV absorption.  It is essential that these qualitative ideas about UV absorption as related to MAA concentrations be put on a firm quantitative basis, which requires further research to improve our UV attenuation model.

Year-1:  As part of the proposed work, we plan to refine the parameterization of various absorption, processes, especially for the UV region based on remote estimates of C and PAR flux [Moisan and Mitchell, 1999; in press] in the upper mixed layer.

UV absorption by phytoplankton has not been studied in as much detail as the visible region.  We have found an inverse relation between cellular absorption by photosynthetic pigments, and photoprotective pigments [Sosik and Mitchell, 1994; Moisan and Mitchell, 1999] including the UV-absorbing MAAs [Moisan and Mitchell, in press].  In vivo absorption in the UV‑A and UV‑B shows a wide range of values, with peaks of absorption between 320 and 350 nm [Mitchell et al., 1989; Vernet et al., 1994; Marchant et al., 1991; Davidson et al., 1996].  We now have globally distributed data to evaluate this variability (Figures 1 and 2) that indicate UV absorption in surface samples is typically larger than deeper samples.  For surface samples, UV absorption maxima are often greater than the blue absorption of photosynthetic pigments.  Parameterization of the MAA absorption will be done using the MAA concentration and its mass-specific absorption in the UV (see Figures 1 and 2).  Controlled light-limited growth experiments have shown a predictable relation between total PAR energy flux and MAA absorption relative to C [Moisan and Mitchell, in press].  Thus, we expect that we can model the absorption of UV photoprotective compounds such as MAAs relative to C absorption using simple, remotely sensed parameters of K(490) or C and surface radiation flux.  These retrievals can be used to directly estimate the upper ocean PAR flux, and this will be used combined with climatologies of mixed layer depths to create a parameterization of UV absorption.  The approach will be based both our our lab experiment results and on our large global data set that includes radiation flux and other remotely observed or climatological variables (e.g., mixed layer depth and temperature).  We will study how these contribute to variations in the amount of UV absorption by MAAs relative to other pigment absorption. The model of UV-visible absorption coefficients will be evaluated with our global data sets of optics, phytoplankton pigments and MAAs prior to final model specification for global satellite data processing.


The IOP model contains four input quantities: a0, bb0, C, and MAA concentration.  The ratio of MAA to C will be modeled as a function of PAR radiation dose based on laboratory studies and our global data set for MAAs and aph.  The parameters a0, b0, C can all be estimated directly from SeaWiFS, MODIS or other ocean color satellites, and the ratio of MAA:C will be modeled as a function of mixed layer PAR dose.  To estimate the essential elements of the underwater model from available standard products of satellite ocean-color sensors we will first estimate the chlorophyll concentration C.  The most important parameter for global variations of absorption in case 1 waters is aph which is easily estimated from C.  CDOM absorption can be estimated via semi-analytical algorithms, but Kahru and Mitchell (in press) have shown that for case 1 waters of the California Current a simple band ratio algorithm (443:510) is superior to the Carder et al. (1999) model.  Our preliminary evaluation of global SeaWiFS reprocessing v3 (data available since May, 2000) indicates that 412 nm water leaving radiances are still significantly underestimated as we reported in Kahru and Mitchell [1998] for global product V2 released in 1998.  Use of underestimated values of water leaving radiance at 412 nm channel in semi-analytical algorithms leads to overestimates of aDOM and this is why we have chosen to use a simple empirical retrieval for aDOM using only 443 and 510 nm.  Since our CalCOFI data set is representative of the vast majority of ocean water types used for SeaWiFS algorithms (O’Reilly et al., 1998) we believe we can extend this simple approach to the global scale.  


We have shown that the backscattering coefficient can be estimated directly from the ocean reflectance in the green (e.g. 555 nm for SeaWiFS; Stramski et al., 1999) and that an exponential model of the spectral shape of backscattering (Equation 2b) is quite robust [Stramska et al., 1999; Reynolds, et al., in press].  Thus bb0 can be retrieved directly from 555 nm water leaving radiance via semi-analytical models, or classical models relating bb0  to C [cf Morel, 1988].  Evaluating our global validation data set will guide us as to whether a more complex semi-analytical model or simple empirical models, are preferable for the CDOM, bb, and aph retrievals from ocean color.  We are prepared to process the satellite ocean color with either simple empirical or more complex inverse models and we will make choices based on the performance of various algorithms and models with respect to rather complete global data set. During the 2nd and 3rd years of the work, we anticipate retrieving some parameters with simple empirical models, and others with more complex inverse methods, to ensure the best possible retrieval of each input parameter to our UV-visibile radiative transfer model of the ocean.


In summary, we have shown good closure between forward models describing IOP in terms of AOP and the measurement of all components, inverse models that can retrieve AOP from IOP, robust empirical models for retrieving C and CDOM from ocean color, and simple relationships in laboratory cultures between MAA absorption and C.  These recently published findings, and our large global data set will guide development, testing, and application of advanced UV-visible parameterizations that can be combined with the radiative transfer expertise and global UV-visible surface radiation flux estimates to provide the first complete global estimates of UV-visible light penetration into the global oceans.
Proposed Methods for Calculating Biological Effects

The biological effect of UV radiation is typically described by action spectra. A large number of action spectra, A(), has been proposed for various biological effects of UV radiation in marine environment [Neale, 2000] (for Antarctic waters see discussion by Smith et al. [1992]). Two action spectra with considerably different shapes will be used for sensitivity studies: (1) the marine phytoplankton [Mitchell, 1990] and (2) unshielded DNA (Setlow spectrum)  [Quaite et al., 1992].  
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                        D(z) =dt E(z,0(t)) A() d  

(3)
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The field experiments described in Reagan et al. [1992] will be used for validation of calculated UV doses for the unshielded DNA action spectrum [Quaite et al., 1992]. 

An important measure of the DNA dose is the depth at which DNA dose is reduced to 10% of its surface value (or Z10). This is the approximate depth over which most biological damage due to UV effects take place. The 10% depth depends somewhat on the action spectrum used in calculations of UV dose rates. Since this dependence is rather weak, the 10% DNA dose depth can be used to characterize the biologically significant depth range. 


The 10% DNA dose depth is primarily determined by bio-optical properties of ocean waters. However, the angular structure of the light incident on the sea surface can also affect the 10% DNA dose depth. This is because the dependence of the diffuse-attenuation coefficient on the angular structure of the in-water light field. The angular structure of the light incident on the sea surface is determined by the SZA and cloudiness. 
 The absorption coefficient of pure seawater has a strong affect on the UV penetration depth. Booth and Morrow [1997] compared various measurements of the UV penetration in natural water and found no penetration depths at 320 nm greater than about 23m.  

Year-1: We plan to study the cloudiness effects on the 10% DNA and UV penetration depth.
Years 2-3: We propose to carry out a sensitivity study intended to estimate the errors in Z10 due to uncertainties of the seawater IOPs. 

Years 2-3: We propose to estimate the effect of uncertainty in ocean absorption on the UV penetration depth. Data on water absorption coefficients is available in the spectral region of 340-380 nm [Sogandares and Fry, 1997; Smith and Baker, 1981], after extrapolation to 290-340 nm. 

Year-1:  In addition to pure ocean water studies, we propose to study how variations in the chlorophyll concentration and diffuse attenuation coefficient affect the UVB penetration depth using data from 300 to 700 nm [Mitchell, private communication, see Figures 1 and 2]. We will compare the patterns of SeaWiFS observed chlorophyll distributions with the minimum reflectivity observations of TOMS to correlate visible and UV observations.
Years 2-3: Global maps of the DNA dose and 10% UV/DNA dose penetration depth will be produced to analyze spatial features of the maps.  A geophysical analysis of the maps will include comparisons with maps of total ozone, cloud fraction, and chlorophyll concentration.  In addition to the underwater maps, we will determine the ocean UV spectra seen by satellites above the atmosphere.

Years 1-2-3:  As part of the production of the underwater UV data sets, all computed data generated will be submitted to the SeaWiFS Bio-Optical Archive and Storage System (SeaBASS) for distribution to the oceanographic community. The investigators will plan to discuss progress and scientific issues at annual science team meetings, and will provide images and guidance suitable for generating educational and publicity materials.

Recent studies [Eds.: de Mora, Demers, and Vernet, 2000] suggest that photochemical processes impact strongly carbon cycling at the sea surface. In particular, photochemical degradation of DOM may play an important role in oceanic carbon cycling either directly by the production of volatile carbon species, or indirectly through the production of CO2 by coupled photochemical/biological oxidation. One of important problems in carbon cycling is to estimate the photochemical production of carbon monoxide from colored DOM. To quantify specific rates of photochemical production of CO from colored DOM, we will use laboratory-derived action spectra and our estimates of the spectral UV irradiance as a function of depth. Years 2-3: Assuming vertical homogeneity of the colored DOM within a photochemically-significant surface layer, we plan to estimate specific rate of the carbon monoxide production for different locations (the CO production is normalized in proportion to the DOM concentration observed in the upper layer). 
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Management Section

The research proposed is a combined effort between Goddard Space Flight Center (Lead Organization) and the Scripps Institute of Oceanography. Because of the complex nature of the research, a number of experts in several fields have been enlisted with specific tasks. It is believed that each of the tasks is necessary for successful estimation of global underwater UV irradiance. Most of the pieces needed for the task already exist, but they have never been combined as described.  The division of responsibilities is as follows:

Dr. J.Herman  (Principal Investigator)
Dr. Herman will coordinate the activities of the team and insure that all of the proposed research is completed and the resulting data sets are made available to researchers. He will also help develop the estimates for UV radiation at the ocean surface modified by cloud, aerosol, and ozone amounts. Dr. Herman will provide estimates of cloud and ozone changes based on prior and current research efforts using TOMS data. Dr. Herman will provide access and interpretation for the Triana/EPIC data when available during the second year of the proposed research.

Dr. Z. Ahmad (Co-investigator)
 
Dr. Ahmad will provide his Gauss-Seidel model of radiative transfer in the atmosphere that includes non-Lambertian effects, polarization, Fresnel reflection from ocean surfaces, ozone absorption, and cloud attenuation of radiation.

Dr. W. Qin (Co-investigator)

Dr. Qin will provide the accurate high speed 4-stream approximation to the full radiative transfer code for estimating the effects of non-Lambertian reflection and water leaving radiances.

Dr. A. Vasilikov (Co-investigator)
Dr. Vasilikov will provide the approximated QSSA model of underwater radiative transfer and the parameterization of ocean optical properties. He will estimate the amount and depth of penetration of UV radiation into ocean water.

Dr. N. Krotkov (Co-investigator)
Dr. Krotkov will work with Dr. Ahmad and Dr. Vasilkov to integrate the various atmospheric, surface, and underwater models, as well as providing the validation of the approximate methods using the accurate Hydrolite underwater RT model coupled with the DISORT model (for thick cloud cover) and Gauss-Seidel model (when the primary solar light can reach the surface with only moderate scattering).

Dr. G Mitchell (Co-investigator)

Dr. Mitchell will provide the measurements of underwater absorbing materials obtained from field missions to many places in the world. Dr. Mitchell will make the database of absorption coefficients available for use in this research as well as providing guidance in their use within radiative transfer models. He will also assist in the interpretation of the SeaWiFS visible ocean absorption and chlorophyll data.

Dr. D. Lubin: (Co-Investigator)

Dr. Lubin will be responsible for assisting with atmospheric aerosol corrections, based on his experience with INDOEX, and will also be responsible for applying the results of this modeling effort to underwater radiation studies in the polar regions, based on previous experience with biologically-related field work in Antarctica.

Dr. C. Hsu (Co-Investigator)

Dr. Hsu will provide access to the SeaWiFS data based on experience in prior research. Dr. Hsu will also provide estimates of the aerosol amounts based on both SeaWiFS visible and near-IR data, as well as on the TOMS UV data.

Dr. C. McClain (Collaborator)

Dr. McClain is the Project Scientist for the SeaWiFS project. Dr. McClain will assist in obtaining access to the full range of data products available and to some of the resources for consultation on the interpretation of SeaWiFS data. 

Graduate Students:
Graduate Students working for Dr. Mitchell and Dr. Lubin at the Scripps Institute of Oceanography will perform part of their research at the Goddard Space Flight Center. This will provide a tighter link between the potions of the research done at the two institutions.
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Research Associate (Post-Doc. Fellow), April 93 - Aug. 96  

Department of Computer Science, Wayne State University, Detroit, Michigan

Associate Research Professor, Oct. 92 - March 93

Laboratory for Eco-Environmental Physics, Institute of Geography,

Chinese Academy of Sciences (CAS), Beijing, P. R. China

Research Associate, Oct. 86 - Sept. 92

Department of Remote Sensing and Computer Applications, Institute of Geography, CAS/Graduate School, University of Science and Technology of China, Beijing, P. R. China

Research Assistant/Graduate Student, Sept. 83 - Sept. 86

Department of Climatology, Institute of Geography, CAS/Graduate School, University of Science and Technology of China, Beijing, P. R. China.

EDUCATION:

Ph.D. Geoscience and Remote Sensing, 93

Graduate School, University of Science and Technology of China/Institute of Geography, CAS, Beijing, P. R. China

M.S. Boundary layer Meteorology, 86

Graduate School, University of Science and Technology of China, Beijing, P. R. China

B.S. Agrometeorology, 83

Nanjing Institute of Meteorology, Nanjing, Jiangsu, P. R. China

PROFESSIONAL SERVICES:

Reviewer of IEEE Transactions on Geoscience and Remote Sensing, Remote Sensing of Environment, Journal of Geophysical Research, Agricultural and Forest Meteorology, and Remote Sensing Reviews.

PROFESSIONAL SOCIETIES:

Member of IEEE (Institute of Electrical and Electronics Engineers)

Member of AGU (American Geophysical Union)

PARTICIPATED & SPONSORED RESEARCH:

· Multiangle Imaging Spectro-Radiometer (MISR): Experiment and Applications (NASA), (supporting Dr. Sig Gerstl, member of MISR science team) 1997-1999.

· Determining vegetation structural parameters amenable to remote sensing and ecological modeling of complex 3-D surfaces (NASA), P.I.: Dr. Jeff Privette. 1997. (Co-I Qin).

· Boreal forest community composition & structure, photosynthesis, remote sensing, scaling & net carbon flux (NASA), P.I.: Dr. Narendra Goel. 1993-1996. (Co-I Qin, partially supported my research at Wayne State Univ.) 

· Studies on bidirectional reflection characteristics of earth's surface (Key project at National Nature Science Foundation (NNSF), China), P.I.: Dr. Xiaowen Li, 1993-96. (Co-I Qin).

· Architecturally realistic models for optical radiation regime in vegetation (NASA), P.I.: Dr. Narendra Goel. 1992-95. (partially supported my Postdoc research during 93-95).

· Bidirectional reflectance distribution of multicomponent vegetation stands (CAS President Award Fund, China), P.I.:Dr. Wenhan Qin. 1992-94.

· Measurement and modeling of hot spot effect of inhomogeneous plant canopies (NNSF, China), P.I.:Dr. Wenhan Qin. 1992-94.

· Studies on thermal state and latent flux over land surfaces using AVHRR data (NNSF, China), P.I.:Prof. Renhua Zhang. 1989-91. (Co-I Qin). 

RELEVANT RECENT PUBLICATIONS:

1. Qin, W. and S. A. W. Gerstl (2000), 3-D scene modeling of semi-desert vegetation cover and its radiation regime, Remote Sens. Environ., in press.

2. Qin, W. and S. Liang (2000), Plane-parallel canopy radiation transfer modeling: recent advances and future directions, Remote Sens. Revs., in press. 
3. Pinty, B., W. Qin, et al. (2000), The Radiation transfer Model Intercomparison (RAMI) exercise, J. Geophy. Res., in press.

4. Sandmeier St., E. M. Middleton, D. W. Deering and W. Qin (1999), The potential of hyperspectral BRDF data for grass canopy characterization, J. Geophy. Res. 104(D8): 9547-9560. 

5. Qin, W. and S. A. W. Gerstl (1998), 3-D scene modeling and remote sensing applications, Proc. Progress in Electromagnetics Research Symposium (PIERS'98). Nantes, France.

6. Goel N. S. ,W. Qin and B. Wang (1997), On the estimation of leaf size and crown geometry for tree canopies from hotspot observations, J. Geophy. Res. 102(D24): 29543-29554.

7. Qin, W. and Y. Xiang (1997), An analytical model for bidirectional reflectance factor of multicomponent vegetation canopies, Science in China (Series C), 40(3):305-315.

8. Liang, S., W. Qin, et al. (1997), Topographic effects on surface bidirectional reflectance scaling, J. Remote Sensing, (suppl.) 1:82-93.

9. Qin, W., N. S. Goel and B.Wang (1996), The hotspot effect in heterogeneous vegetation canopies and performances of various hotspot models, Remote Sensing Reviews, 14:283-332.

10. Goel, N. S. and W. Qin (1996), From leaf to scene: scaling problems in remote sensing of vegetation, Proc. 16th Int. Geosci. Remote Sens. Symp. Lincoln, Nebraska. pp.526-528. 

11. Qin, W. and N. S. Goel (1995), An evaluation of hotspot models for vegetation canopies, Remote Sensing Reviews, 12: 121-159.

12. Qin, W. and Y. Xiang (1994), On the hotspot effect of leaf canopies: modeling study and influence of leaf shape, Remote Sens. Environ., 50: 95-106.

13. Qin, W. (1993), Modeling bidirectional reflectance of multicomponent vegetation canopies, Remote Sens. Environ., 46: 235-245.

14. Qin, W. and D. L. B. Jupp (1993), An analytical and computationally efficient reflectance model for leaf canopies, Agric. Forest Meteorol., 66: 31-64.

Dr. Alexander P. Vasilkov

POSITIONS:

1998 – at present

Principal Scientist, Raytheon ITSS Co., Lanham, MD, USA.

Duties:  Development, refinement, and verification of algorithms to derive ocean properties from satellite-measured spectral radiance.

1996-1998


Visiting Scientist, Management Unit of Mathematical Models of the North Sea and the Scheldt estuary, Brussels, Belgium.

Duties:   Development of algorithms for retrieving bio-optical parameters from the remotely-sensed reflectance of the Belgian coastal waters.

1978-1996


Senior Research Scientist, Laboratory for Ocean Optics, Shirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia.

Duties:  Theoretical study of radiative transfer in the ocean in the visible spectral region. Development of methods for optical remote sensing of the ocean. Experimental data interpretation. 

1975-1978


Senior Research Scientist, Moscow Institute of Physics and Technology (MIPT), Department of Aerophysics and Space Research, Moscow, Russia. 

Duties:  Theoretical study of radiative transfer in the atmosphere in the infrared spectral region.

1971-1972


Engineer, Central Research Institute of Mechanical Engineering, Moscow, Russia.

Duties:  Theoretical study of aerophysical processes.

EDUCATION:

1972-1975    Post graduate student, Moscow Institute of Physics and Technology (MIPT).

1965-1971    Student, Department of  Aerophysics and Space Research, MIPT.

DEGREES:

1975      Ph.D. in Physics and Mathematics from MIPT.

1971      Master in Aerospace Engineering from MIPT, with honours.

LIST OF RELEVANT PUBLICATIONS ON REMOTE SENSING OF THE OCEAN

Articles in peer-reviewed journals

1. N.A. Krotkov and A.P. Vasilkov, Reduction of skylight reflection effects in the above-water measurement of diffuse marine reflectance: comment. Applied Optics, 2000, Vol. 39, No. 9, pp. 1379-1381.

2. A.P. Vasilkov, O.V. Kopelevich, N.A. Krotkov, S.V. Sheberstov, V.I. Burenkov, and S.V. Ershova, A model for calculation of ultraviolet radiation transfer in the Arctic waters. Oceanology, 1999, Vol. 39, No.2, pp. 192-201.

3. A.P. Vasilkov, V.I. Burenkov, and K.G. Ruddick, The spectral reflectance and transparency of river plume waters. International Journal of Remote Sensing, 1998, v.20, pp. 2497-2508.

4. Vasilkov A.P.  and Krotkov N.A. Modeling the effect of seawater optical properties on the ultruviolet radiant fluxes in the ocean. Izvestiya, Atmospheric and Oceanic Physics, 1997, Vol. 33, No. 3, pp. 349-357.
5. Vasilkov A.P., Goldin Yu.A., Gurev B.A. Airborne polarization lidar estimation of the vertical profile of seawater light scattering coefficient. Izvestiya, Atmospheric and Oceanic Physics, 1997, Vol. 33, No. 4, pp. 563-569.

6. Vasilkov A.P., Kondranin T.V., Shcherbakov A.A. Estimation of contrasts of oil slicks on the ocean surface measured in visible band of spectrum from space vehicles. Earth Observation and Remote Sensing, 1995, No. 3, pp. 64-72.

7. Vasilkov A.P., Kondranin T.V., Efimov S.V. Remote sensing of bioluminescence in the Black Sea. Oceanology, 1992, v. 32, No. 4, pp. 769-773.

8. Vasilkov A.P., Kondranin T.V., Krotkov N.A., Lakhtanov G.A., Churov V.E. Degree of polarization of the upward going radiation from the water surface as a function of height. Atmospheric Optics, 1991, v. 4, No. 1, pp. 96-103.

9. Burenkov V.I., Vasilkov A.P. Statistical analysis of the spectral reflectance of ocean waters. Izvestia USSR Academy of Sciences, Atmospheric and Oceanic Physics, 1991, v. 27, No. 11, pp. 1256-1262.

10. Vasilkov A.P. Remote sensing of marine bioluminescence. Oceanology, 1991, v. 31, No. 6, pp. 999-1004.

11. Vasilkov A.P., Kondranin T.V., Krotkov N.A., Lakhtanov G.A., Churov V.E. On the angular variation of degree of polarization of the upwelling visible radiation at sea level. Izvestia USSR Academy of Sciences, Atmospheric and Oceanic Physics, 1990, v. 26, No. 5, pp. 540-546.

12. Vasilkov A.P., Ershov O.A., Sudbin A.I., Smirnov A.V. Airborne remote measurements of the marine spectral reflectance. Atmospheric Optics, 1989, v. 2, No. 6, pp. 642-648.

13. Vasilkov A.P., Gitelson A.A. Spectral dependencies of natural water scattering coefficient. Izvestia USSR Academy of Sciences, Atmospheric and Oceanic Physics, 1988, v. 24, No. 12, pp. 1315-1321.

14. Vasilkov  A.P., Kondranin T.V., Krotkov N.A. On the efficiency of the polarization measurements for the passive remote sensing of the ocean in the visible spectral region. Soviet J. Remote Sensing, 1987, No. 5, pp. 66-74.

15. Vasilkov A.P., Stephantsev L.A. Effect of solar elevation in remote measurements of the spectral composition of radiation exiting from the ocean. Oceanology, 1987, v.27, No. 2, p. 224.

16. Burenkov V.I., Vasilkov A.P., Sudbin A.I. Optical phenomena in buoyant river plumes in coastal waters. Ibid, 1987, v. 27, No. 4, p. 584.

17. Vasilkov A.P., Sudbin A.I., Kublashvili G.I. Spatial variability of spectral reflectance in the Black Sea coastal waters. Ibid, 1987, v. 27, No. 3, p. 397.

18. Burenkov V.I., Vasilkov A.P., Stephantsev L.A. Mesoscale variability of the spectral reflectance of sea water. Oceanology, 1986, No. 2, pp. 212-218.

19. Vasilkov A.P., Ershov O.A., Sudbin A.I. Retrieval of the spectral reflectance of sea water on airborne measurements of upwelling solar radiation. Soviet Journal of Remote Sensing, 1986, No. 1, pp. 63-70.

20. Burenkov V.I., Vasilkov A.P., Stephantzev L.A. Retrieval of spectral optical properties of seawater from spectral reflectance. Oceanology, 1985, No. 1, pp. 49-54.

21. Burenkov V.I., Vasilkov A.P., Stephantzev L.A. Remote observation of internal waves by means of registration of solar radiation diffusely scattered by the ocean. Soviet Journal of Remote Sensing, 1985, No. 5, pp. 11-17.
22. Vasilkov A.P., Kopelevich O.V. Reasons for maximum existence at 700 nm in the spectral distribution of radiation upwelling from the sea. Oceanology, 1982, No. 6, pp. 945-950.

Proceedings

1. Ruddick K.G., F. Ovidio, A.P. Vasilkov, C. Lancelot, V. Rousseau, and M. Rijkeboer, Optical remote sensing in support of eutrophication monitoring in Belgian waters. In: Operational Remote Sensing for Sustainable Development, Proceedings of the 18th EARSeL Symposium, Enschende, Netherlands, 11-14 May 1998, A.A. Balkema Publishers, Rotterdam, 1999, pp.445-452.

2. Ruddick K.G., F. Ovidio, D. Van den Eynde, and A.P. Vasilkov, The distribution and dynamics of suspended particulate matter in Belgian coastal waters derived from AVHHR imagery. Proceedings of the Ninth Conference on Satellite Meteorology and Oceanography, May 1998, Paris, France, 1998.

3. A.P. Vasilkov, A retrieval of coastal water constituents concentrations by least-squares inversion of a radiance model. Proceedings of the 4th Conference on Remote Sensing for Marine and Coastal Environments, 17-19 March 1997, Orlando, USA, 1997, pp. 107-116.

4. A.P. Vasilkov, V.I. Burenkov and K.G. Ruddick, Variability of the spectral reflectance and transparency of river plume waters caused by hydrodynamic processes.  Proceedings of the 4th Conference on Remote Sensing for Marine and Coastal Environments, 17-19 March 1997, Orlando, USA, 1997, pp. 97-106.


5. Geogdgaev I.V., Kondranin T.V., Krotkov N.A., Vasilkov A.P. The accuracy of biooptical parameters retrieval from the spectral sea reflectance. IRS'92: Current Problems in Atmospheric Radiation, A.DEEPAK Publishing, 1993, pp. 421-424.

6. Burenkov V.I., Vasilkov A.P. Variability of spectral reflectance in coastal waters near the river plumes.  Proceedings PORSEC, Okinawa, Japan, 1992, v. 2,, pp. 1166-1170.

7. Krotkov N.A., Kondranin T.V., Vasilkov A.P. Optimization of the polarization remote sensing techniques of the ocean. Polarization and Remote Sensing, Proc. SPIE, v. 1747, 1992, pp. 188-199.

Dr. DAN LUBIN
Title:
Associate Research Physicist

California Space Institute and

Center for Atmospheric Sciences

Scripps Institution of Oceanography

University of California, San Diego

La Jolla, CA  92093-0221
Born:
18 July, 1964 (Ithaca, New York) 
Citizenship: 
United States of America
Education:
B. A., Physics (departmental honors)

Northwestern University, 1986
M. S., Geophysical Sciences


University of Chicago, 1987
M. S., Astronomy and Astrophysics

University of Chicago, 1988
Ph.D., Geophysical Sciences


University of Chicago, 1989
Formerly Employed:
1986-87, Graduate Teaching Assistant, University of Chicago
1987-89, Graduate Research Assistant, University of Chicago
1990-92, Post-Graduate Researcher, California Space Institute
Member:
American Geophysical Union
Aircraft Owners and Pilots Association
Sigma Pi Sigma
Research Interests:
Physics of planetary atmospheres
Climate of the Earth's polar regions
Principles and applications of remote sensing
Observational astronomy and astrophysics
Major Field Work:
1. Palmer Station, Antarctica, National Ozone Expedition (NOZE III), August-December, 1988.
2. Palmer Station, Antarctica, Climate and Atmospheric Physics program ,with Prof. C. Gautier (UCSB), and R. H. Whritner (Scripps Arctic and Antarctic Research Center), August-November, 1991.
3. Central Equatorial Pacific Experiment (CEPEX), R/V John Vickers, Honiara (Guadalcanal) to Los Angeles via Christmas Island, served as Chief Scientist during second leg of cruise, March, 1993.
4. Joint U.S./Canada Arctic Ocean Section 1994, U.S. Coast Guard Icebreaker Polar Sea, Nome, Alaska to North Pole, Principal Investigator for atmospheric radiation, climate, and satellite remote sensing research program, 17 July - 5 September, 1994.
5. Surface Heat Budget of the Arctic (SHEBA), Canadian Coast Guard Ship Des Groseilliers, 9 - 31 May, 1998, satellite remote sensing research program, Co-Principal Investigator with Prof. Knut Stamnes (Geophysical Institute, University of Alaska).
6. Palmer Station, Antarctica, Co-Principal Investigator with Dr. Paul Ricchiazzi and Prof. 
Catherine Gautier, atmospheric optics and satellite remote sensing research program, 20 December, 1999 - 28 January, 2000.
Five publications related to this proposal:
Jayaraman, A., D. Lubin, S. Ramachandran, V. Ramanathan, E. Woodbridge, W. D. Collins,
and K. S. Zalpuri (1998).  Direct observations of aerosol radiative forcing over the tropical Indian Ocean during the Jan.-Feb. 1996 Pre-INDOEX cruise.  Journal of Geophysical Research, 103 (D12), 13,827-13,836.
Lubin, D., and E. H. Jensen (1995).  The effects of clouds and stratospheric ozone variability on 
ultraviolet radiation trends.  Nature, 377, 710-713.
Lubin, D., and E. H. Jensen (1997).  Satellite mapping of solar ultraviolet radiation.  In NATO 
Advanced Study Institute Series, Subseries I, Volume 52, Springer-Verlag, Heidelberg, pp. 95-118.
Lubin, D., E. H. Jensen, and H. P. Gies (1998).  Global surface ultraviolet radiation climatology from TOMS and ERBE data.  Journal of Geophysical Research, 103, 26,061-26,091.
Lubin, D., P. Ricchiazzi, C. Gautier, and R. H. Whritner (1994). A method for mapping Antarctic 
surface UV radiation using multispectral satellite imagery.  In Ultraviolet Radiation in Antarctica:  Measurements and Biological Effects.  American Geophysical Union Antarctic Research Series, Volume 62, pp. 53-81.
Five other significant publications:
Lubin,  D. (1994).  The role of the tropical super greenhouse effect in heating the ocean surface.  Science, 265, 224-227.
Lubin, D. (1994).  Infrared radiative properties of the maritime Antarctic atmosphere. Journal of Climate,  7, 121-140.
Lubin, D., B. Chen, D. H. Bromwich, R. C. J. Somerville, and W. H. Lee (1998). The impact of Antarctic cloud radiative properties on a GCM climate simulation, Journal of Climate, 11, 447-462.
Lubin, D., B. G. Mitchell, J. E. Frederick, A. D. Alberts, C. R. Booth, T. Lucas, and D. Neuschuler (1992).  A contribution toward understanding the biospherical significance of Antarctic ozone depletion. Journal of Geophysical Research, 97, 7817-7828.
Podgorny, I., and D. Lubin (1998).  Biologically active insolation over Antarctic waters: Effect of a highly reflecting coastline.  Journal of Geophysical Research (Oceans), 103, 2919-2928.
Major Collaborators Within the Past 48 Months (other than those in the above publication lists or investigator list on this proposal):
Prof. V. Ramanathan, Scripps Institution of Oceanography
Prof. K. Stamnes, Stevens Institute of Technology
Dr. W. Collins, National Center for Atmospheric Research
Prof. P. Dustan, College of Charleston
Advisors:
Professor John E. Frederick, The University of Chicago (Ph.D.)
Professor Catherine Gautier, University of California, Santa Barbara (Postdoctoral)

Dr. NICKOLAY A. KROTKOV

EDUCATION
Ph.D., Oceanography, P.P.Shirshov Institute of Oceanology, Russian Academy of Sciences, 1990

M.S., Remote Sensing,  Moscow Institute of Physics and Technology (MIPT), 1985


B.S., Physics, Moscow Institute of Physics and Technology (MIPT), 1983

FIELDS OF SPECIALIZATION
Geophysics, Atmospheric and Oceanic optics

Theory and numerical methods in Radiative transfer

Ultraviolet and visible passive remote sensing of the Earth (atmosphere, oceans, and volcanic plumes)

EXPERIENCE SUMMARY

Dr. Nickolay A. Krotkov, has over 15 years experience in UV radiative transfer modeling, satellite and ground based UV data analysis. Dr. Krotkov's research interests include computer modeling of the effect of ozone depletion on ultraviolet (UV) irradiance at the Earth's surface and in the ocean and intercomparisons of ground based and satellite spectral UV radiation data. This work is conducted in collaboration with Laboratory for Atmospheres, NASA/GSFC and with other institutes in the US and Russia (Colorado State University, Moscow University, Central Aerological Observatory and P.P.Shirshov Institute of Oceanology of the Russian Academy of Sciences). Dr. Krotkov's experience also includes implementation of a computer model simulating the radiation effects of volcanic sulfur dioxide and ash clouds on ultraviolet backscattered radiances for remote sensing of ash and sulfur dioxide with the NASA TOMS instruments.
PRESENT POSITION

Raytheon ITSS Corporation, Lanham, MD, Principal Scientist, July 1996-present

Description of Duties and Responsibilities-Develop applications of TOMS data, such as ultraviolet (UV) irradiance estimation at the Earth's surface and  validate TOMS UV retrieval  using ground based  UV measurements. Perform radiative transfer modeling of UVB measurements from satellites and compare ‑ validate with ground ‑ based measurements; Perform modeling UV radiation transfer through clouds aerosols and and compare with measurements.
PROFESSIONAL MEMBERSHIPS
American Geophysical Union
American Meteorological Union

AWARDS

1999 – Outstanding Performance in Science Award from the Laboratory for Atmospheres, NASA Goddard Space Flight Center

RELEVANT PUBLICATIONS 

Krotkov, N.A., P.K.Bhartia, J.Herman, Z.Ahmad, V. Fioletov, Satellite estimation of spectral surface UV irradiance 2: Effect of horizontally homogeneous clouds, in review, J.Geophys. Res., 2000

Krotkov, N.A., P.K.Bhartia, J.R.Herman, V.Fioletov, J.Kerr, Satellite estimation of spectral surface UV irradiance in the presence of tropospheric aerosols 1. Cloud-free case, Journ. Geophys. Res., 103, 8779-8793, 1998.

Herman J.R., N.Krotkov, E.Celarier, D.Larko, and G.Labow, The distribution of UV radiation at the Earth’s surface from TOMS measured UV-Backscattered radiances,  Journ. Geophys. Res., 104, 12059-12076, 1999
Kalliskota, S., J.Kaurola, P.Taalas, J.R.Herman, E. Celarier and N. Krotkov, Comparison of daily UV doses estimated from Nimbus-7/TOMS measurements and ground based spectroradiometric dat, J.. Geophys. Res.,105, 5059-5067, 2000

Vasilkov, A.P.,  and N.A.Krotkov, Modeling of the effect of Sea-Water Optical Properties on the ultraviolet radiant fluxes in the Ocean, Izvestia: Atmospheric and Oceanic Physics, 33, pp.349-357, 1997
Krotkov, N.A.,  I.V.Geogdzhaev, N.Ye. Chubarova, S.V.Bushnev,  V.U.Khattatov, T.V.Kondranin, A new database program for spectral surface UV measurements,  Journal of Oceanic and Atmospheric Technology, 13, pp.1291-1299, 1996. 

Dr. Charles R. McClain
AST, Optical Physicist

SeaWiFS-SIMBIOS Project Office, Code 970.2

Laboratory for Hydrospheric Processes

NASA Goddard Space Flight Center

Greenbelt, MD  20771

RESEARCH AREAS OF EXPERTISE:
Ocean Color Remote Sensing, Physical Oceanography, Biological Oceanography

EDUCATION:
1970  B.A.   Physics, William Jewell College

1976  Ph.D.  Physical Oceanography, North Carolina State University

SPECIAL EXPERIENCE:
1974
Global Atmosphere Research Program Atlantic Tropical Experiment (GATE).

1976-1978
NAS/NRC Postdoctoral Associate, Naval Research Laboratory, Washington, D.C.

1978-1982
Member of the Space Shuttle OSTA-1 Ocean Color Experiment Team

1981-1997
Investigations of oceanic biological-physical couplings (RTOP), P.I.

1981-1991
SEAPAK ocean color imagery/environmental data analysis S/W development, P.I.

1984-1990
Nimbus-7 CZCS reprocessing team, Co-P.I.

1985-1987
RTOP manager, Laboratory for Oceans Computer Facility.

1985-1996
RTOP manager, GSFC Ocean Color Program.

1985-1986
Associate Member of the Nimbus-7/Coastal Zone Color Scanner Experiment Team.

1986-1991
Associate Editor, Journal of Geophysical Research, Oceans.

1986-1992
NASA Ocean Color Science Working Group member.

1987-1988
Chairman, Laboratory for Oceans Computing Facility Users Steering Committee and RTOP manager.

1988-1992
Ocean data integration into the NASA Climate Data System (DDF & RTOP), P.I.  

1988-present
SeaWIFS Project Calibration & Validation Manager

1990-1991
Co-chairman, Laboratory for Oceans Computer. Facility Steering Committee and RTOP manager.

1991-present
SeaWiFS Data Analysis System (SeaDAS) development, P.I.

1992-present
Member, SeaWIFS Science Working Group.

1993-1995
Project Scientist, EOS Color mission.

1994-present
SeaWiFS Project Scientist.

1994-1999
ADEOS/OCTS Ocean Biology Science Team Member and OCTS Calibration and Validation Team member.

1995-1996
SIMBIOS (Sensor Intercomparison and Merger for Biological and Interdisciplinary Ocean Studies) study manager.

1997-present
Associate Member, MODIS Oceans Working Group.

1997-2000
Team leader, EOS Interdisciplinary Science (IDS) Team for tropical physical and biological oceanography.

1997-present
Member, SeaWiFS Executive Council.

1998-present
SeaWiFS Project Manager.

1998-present
SIMBIOS Project Manager.

1999-present
ADEOS-II/Global Line Imager (GLI) Calibration & Validation Team member

1999-present
ADEOS-II/Polarization & Directionality of the Earth=s Reflectance (POLDER) Calibration and Validation Team member

CURRENTLY FUNDED RESEARCH PROJECTS:
Principal Investigator
NRA: Physical-Biological Interactions in the Global Equatorial Surface Layer (EOS-IDS)

Principal Investigator
RTOP: SeaDAS Development Activity

Co-Investigator
EOS: MODIS ocean color product validation

PROFESSIONAL SOCIETIES:
American Geophysical Union (AGU)

American Meteorology Society (AMS)

RECENT REFEREED PUBLICATIONS:
McClain, C. R., A. R. Arrigo, K. S. Tai and D. Turk, Observations and simulations of physical and biological processes at OWS P, 1951-1980, J. Geophys. Res., 101(C2), 3697-3713, 1996.

Leonard, C. L. and C. R. McClain, Assessment of interannual variation (1979-1986) in pigment concentrations in the tropical Pacific, Int. J. Remote Sens., 17(4), 721-732, 1996.

Monger, B., C. R. McClain and R. Murtugudde, Seasonal phyto-plankton dynamics in the eastern tropical Atlantic, J. Geophys. Res.,102(C6), 12,389-12,411, 1997.

Fraser, R. S., S. Mattoo, E.-n. Yeh and C. R. McClain, Algorithm for atmospheric and glint corrections of satellite measurements of ocean pigment, J. Geophys. Res., 102(D14), 17,107-17,118, 1997.

Gregg, W. W., W. E. Esaias, G. C. Feldman, R. Frouin, S. B. Hooker, C. R. McClain and R. H. Woodward, Coverage opportunities for global ocean color in a multi-mission era, IEEE Trans. Geoscience and Remote Sens., 36(5), 1620-1627, 1998.

O=Reilly, J. E., S. Maritorena, B. G. Mitchell, D. A. Siegel, K. L. Carder, S. A. Garver, M. Kahru, and C. McClain, Ocean color chlorophyll algorithms for SeaWiFS, J. Geophys. Res., 103(C11), 24,937-24,953, 1998.

Leonard, C.L., C.R. McClain, R. Murtugudde, E.E. Hofmann, L.W. Harding,Jr. An iron‑based ecosystem model of the central equatorial Pacifc. J. Geophys. Res., 104(C1), 1325-1341, 1999.

Barnes, R. A., R. E. Eplee, Jr., F. S. Patt, and C. R. McClain, Changes in the radiometric sensitivity of SeaWiFS,  Appl. Opt., 38(21), 4649-4664, 1999.

McClain, C. R., R. Murtugudde, and S. Signorini, A simulation of biological processes in the equatorial Pacific Warm Pool at 165E, J. Geophys. Res., 104(C8), 18,305-18,322, 1999.

Signorini, S. R., R. G. Murtugudde, C. R. McClain, J. R. Christian, J. Picaut, and A. J. Busalacchi, Biological and physical signatures in the tropical and sub-tropical Atlantic, J. Geophys. Res., 104(C8), 18,367-18,382, 1999.

Murtugudde, R. G., S. R. Signorini, J. R. Christian, A. J. Busalacchi, and C. R. McClain, Ocean color variability of the tropical Indo-Pacific basin observed by SeaWiFS during 1997-98, J. Geophys. Res., 104(C8), 18,351-18,366, 1999.

Signorini, S. R., C. R. McClain, and Y. Dandonneau, Mixing and phytoplankton bloom in the wake of the Marquesas Islands, Geophys. Res. Letters, 26(20), 3121-3124, 1999.

Hooker, S. B., and C. R. McClain, The calibration and validation of SeaWiFS data, Prog. Oceanogr., 45, 427-465, 2000.

Wang, M., S. Bailey, and C. R. McClain, SeaWiFS provides unique global aerosol optical property data, EOS, Trans. Am. Geophys. Union, 81(18), 197, 2000.

Papers Currently Submitted for Publication:
Murtugudde, R. G.,S. R. Signorini, L. Wang, and C. R. McClain Dynamics of the 1998 La Niña phytoplankton bloom in the equatorial Pacific Ocean, submitted to Geophys. Res. Let.
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2. Certification of Compliance with the NASA Regulations Pursuant to Nondiscrimination in Federally Assisted Programs

The (Institution, corporation, firm, or other organization on whose behalf this assurance is signed, hereinafter called "Applicant ") hereby agrees that it will comply with Title VI of the Civil Rights Act of 1964 (P.L. 88-352), Title IX of the Education Amendments of 1962 (20 U.S.C. 1680 et seq.), Section 504 of the Rehabilitation Act of 1973, as amended (29 U.S.C. 794), and the Age Discrimination Act of 1975 (42 U.S.C. 16101 et seq.), and all requirements imposed by or pursuant to the Regulation of the National Aeronautics and Space Administration (14 CFR Part 1250) (hereinafter called "NASA") issued pursuant to these laws, to the end that in accordance with these laws and regulations, no person in the United States shall, on the basis of race, color, national origin, sex, handicapped condition, or age be excluded from participation in, be denied the benefits of, or be otherwise subjected to discrimination under any program or activity for which the Applicant receives federal financial assistance from NASA; and hereby give assurance that it will immediately take any measure necessary to effectuate this agreement.

If any real property or structure thereon is provided or improved with the aid of federal financial assistance extended to the Applicant by NASA, this assurance shall obligate the Applicant, or in the case of any transfer of such property, any transferee, for the period during which the real property or structure is used for a purpose for which the federal financial assistance is extended or for another purpose involving the provision of similar services or benefits. If any personal property is so provided, this assurance shall obligate the Applicant for the period during which the federal financial assistance is extended to it by NASA.

this assurance is given in consideration of and for the purpose of obtaining any and all federal grants, loans, contracts, property, discounts, or other federal financial assistance extended after the date hereof to the Applicant by NASA, including installment payments after such date on account of applications for federal financial assistance which were approved before such date. The Applicant recognized and agrees that such federal financial assistance will be extended in reliance on the representations and agreements made in this assurance, and that the United States shall have the right to seek judicial enforcement of this assurance. This assurance is binding on the Applicant, its successors, transferees, and assignees, and the person or persons whose signatures appear below are authorized to sign on behalf of the Applicant.
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As required by Section 1352, Title 31 of the U.S. Code, and implemented at 14 CFR Part 1271, as defined at 14 CFR Subparts 1271.110 and 1260.117, with each submission that initiates agency consideration of such applicant for award of a Federal contract, grant, or cooperative agreement exceeding $ 100,000, the applicant must certify that:

(1) No Federal appropriated funds have been paid or will be paid, by or on behalf of the undersigned to any person for influencing or attempting to influence an officer or employee of an agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection with the awarding of any Federal contract, the making of any Federal grant, the making of any Federal loan, the continuation, renewal, amendment, or modification of any Federal contract, grant, loan, or cooperative agreement.

(2) If any funds other than appropriated funds have been paid or will be paid to any person for influencing or attempting to influence an officer or employee of any agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection with the Federal contract, grant, loan, or cooperative agreement, the undersigned shall complete and submit a Standard Form‑LLL, "Disclosure Form to Report Lobbying," in accordance with its instructions.

(3) The undersigned shall require that the language of this certification be included in the award documents for all subawards at all tiers (including subcontracts, subgrants, and contracts under grants, loans, and cooperative agreements) and that all subrecipients shall certify and disclose accordingly.

1. GOVERNMENTWIDE DEBARMENT AND SUSPENSION

As required by Executive Order 12549, and implemented at 14 CFR 1260.510, for prospective participants in primary covered transactions, as defined at 14 CFR Subparts 1265.510 and 1260.117—

(1) The prospective primary participant certifies to the best of its knowledge and belief, that it and its principals:

(a) Are not presently debarred, suspended, proposed for debarment, declared ineligible, or voluntarily excluded by any Federal department or agency.

(b) Have not within a three‑year period preceding this proposal been convicted of or had a civil judgment rendered against them for commission of fraud or a criminal offense in connection with obtaining, attempting to obtain, or performing a public (Federal, State or local) transaction or contract under a public transaction; violation of Federal or State antitrust statutes or commission of embezzlement, theft, forgery, bribery, falsification or destruction of records, making false statements, or receiving stolen property;

(c) Are not presently indicted for or otherwise criminally or civilly charged by a governmental entity (Federal, State or local) with commission of any of the offenses enumerated in paragraph (l)(b) of this certification; and

(d) Have not within a three‑year period preceding this application/proposal had one or more public transactions (Federal, State or local) terminated for cause or default.

(2) Where the prospective primary participant is unable to certify to any of the statements in this certification, such prospective participant shall attach an explanation to this proposal.
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July 25, 2000

Oceanography NRA (NRA 00-OES-05)

NASA Peer Review Services, Code Y

500 E Street, Suite 200

Washington, DC  20024-2760

Please find enclosed 10 copies of our proposal, “Penetration of UV Radiation in the Earth’s Oceans” in response to the Oceanography NRA 00-OES-05. The joint proposal between Goddard Space Flight Center and the Scripps Institute of Oceanography include cover page, signature pages from GSFC and SIO, technical, and management sections including detailed budgets for 3 years. 

Business Personnel: Ms. Karen Pope  301 614-6459     Code  910 Goddard Space Flight Center

The dollar amounts requested are

1st Year:  184.2K    
2nd Year: 190.4K  
3rd Year: 195.7K   
Total: $570.3K

Start Date 
January 1, 2001

End Date
December 31, 2003

________________________________

Dr. Jay Herman, Principal Investigator

________________________________

Dr. Franko Einaudi, Division Chief

Laboratory for Atmospheres

Attachement 1

Non-Lambertian Model


The radiance observed by satellites at the top of the atmosphere is the backscattered incident solar radiation by the Earth’s surface-atmosphere system. This radiance can be separated into two components: one from purely atmosphere backscattering and the other from the radiance reflected by the underlying surface and transmitted through the atmosphere toward the satellite. In terms of reflectance, it can be expressed, for a Lambertian surface with reflectance rs, as follows
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in which i, v are illumination (solar) and viewing directions. σa is the path reflectance of the atmosphere. T- is the total transmittance from the top of the atmosphere (TOA) to the underneath surface along the path of the incoming solar beam, and T+ is the total transmittance from the underneath surface to the top of the atmosphere in the view direction of the satellite. Sb is the reflectance of the atmosphere backscattered upward diffuse flux from the surface. Obviously Eq.(A1) is only an approximation because in reality the underlying boundary surfaces are never Lambertian. Almost all Earth surfaces exhibit bidirectional reflection properties, such as specular reflection (strongest forward scattering when incident angle is equal to reflection angle) like sunglint for water surfaces and hot spot phenomenon (strongest backscattering when the source light is exactly behind the viewer) for porous media and/or shadow-driven surfaces like vegetation stands (Qin and Goel, 1995). The surface reflectance usually changes with both solar and viewing directions, which is often referred as to surface BRDF (bidirectional reflectance distribution function) property. This property has been considered and investigated in simulation of radiation propagation in porous media and surface reflectance modeling for vegetation covers for decades (see Goel, 1988; Qin and Liang, 2000). 

Surface BRDF affects the emergent radiation from the top of the atmosphere as well. Early studies for both a Rayleigh atmosphere (Coulson et al., 1966) and a turbid atmosphere (Keopke and Kriebel, 1978) found significant differences in radiance at TOA over natural surfaces and their Lambert model equivalents ever though their albedos are equal. Fitch (1981) did a similar study for three types of natural soil surfaces based on laboratory measurements on surface bidirectional reflectance combined with an atmosphere-surface model. He considered polarization and multiple scattering between the two media (the atmosphere and the underlying surface) up to five orders in the vector radiative transfer model. To consider photon interaction with a non-Lambertian surface, Tanre et al. (1983) specified the radiation emerging from TOA in five parts: direct/diffuse incident with directly/diffusely transmitted through the atmosphere after surface reflection, plus a term for multiple scattering between the surface and the atmosphere. But in their final formulation, this term (multiple scattering contribution) is ignored. In the DISORT code, Stamnes et al. (1988) assumed the surface BRDF to be a function only of the phase angle so that Legendre polynomials are applicable to allow for non-Lambertian surface reflection. Obviously, this assumption is not valid in general, and the ability of Legendre functions to present the surface BRDF is quite limited. In the 6S model, Vermote et al. (1997) added a term to the formulation by Tanre et al. (1983) trying to approximate the multiple scattering contribution. Although this addition does make the equation convert to Eq.(1) when the surface is assumed Lambertian, it is more like an arbitrary mathematical makeup (as the authors called it approximate in the paper) because there were no physically-based derivations to justify this addition, nor the conversion from direct incident radiation to diffuse upward radiation via surface reflection was correctly simulated. 

In the work we propose, a complete, physically-based algorithm with improving accuracy as well as fast implementation to account for the surface BRDF in the atmospheric radiance calculation is developed. It will be used in the analysis for the visible and UV wavelengths. It is important that there is no break between the Lambertian and non-Lambertian cases as a function of wavelength, because we will use the combined satellite-measured UV and visible radiances over oceans to deduce additional properties of aerosols and ocean-water absorption.


In the proposed study, we will modify for ocean studies a newly derived algorithm for calculating the surface reflection component for non-Lambert surfaces [Qin et al., submitted]. This algorithm considers the fact that the radiation incident on the surface is partially specular (collimated) and partially diffuse. The specular component results from transmission of direct solar beam through the atmosphere, while the diffuse component results from atmosphere scattering of the incident solar beam and backscattering of radiation entering the lower boundary of the atmosphere by surface reflection. The BRDF effect is strongest in the reflection of the specular component, which accounts for more than 80% of total incident solar radiation (in visible and near-infrared regions) under a clear sky. 


In order to capture this remarkable BRDF effect, the direct (or collimated) component has to be treated separately from diffuse component when modeling its interaction with the surface. Also, to completely take account of surface BRDF effects on measurements above TOA, one has to consider the conversion between direct or directional radiation and diffuse radiation through surface reflection, as well as multiple scattering between the atmosphere and the surface. All these goals can be achieved by applying well-known four-stream theory (Hapke, 1981; Li et al., 1996; Qin and Liang, 2000) to simulate radiation interaction between the boundary of two media. 


In this study, we express the radiance flux in terms of diffuse (in upwelling and downwelling directions) and direct (or collimated) (in a specified direction) components. This simple division will ensure that correct surface reflection coefficients (i.e., direct-to-direct, direct-to-hemispheric, hemispheric-to-direct, and hemispheric-to-hemispheric) be applied for the reflection of a proper radiation component. When dealing with the multiple scattering between the two media, the conversion and multiple interaction among all types of radiation (downwelling and upwelling direct/diffuse) are fully accounted for, again with proper reflection coefficients applied, and all orders of multiple scattering are included. This will overcome most of the weaknesses in the previous atmosphere-surface models that incorporate surface BRDF characteristics in the lower boundary, and produce the most complete calculation of the multiple scattering between the surface and the atmosphere to date. The details of the model development to date are given in the following. 

Consider an atmosphere bounded below by a non-Lambertian reflecting surface with bidirectional reflectance r(i, v) (see Fig.A1). We divide the radiation field in the medium into two components (fluxes): diffuse (E) and direct (or collimated) (F). Symbols “+” and “-“ stand for upwelling and downwelling components with superscript (or subscript) for quantities at the upper (or lower) boundary. We also define σ as path scattering coefficient (reflectance), t as path transmittance, and r as boundary reflectance. Each coefficient has two subscript symbols, “d” (direct/directional or collimated) or “h” (diffuse or hemispheric), to indicate the initial photon status and the status after interaction. So there are four combinations of these two symbols: “dd”, “dh”, “hd” and “hh” with the first symbol indicating the initial status of photons (incoming) and the second one for the resulting photon status after interaction (outgoing). For example, subscript “dh” indicates the incoming photons from a specific (collimated) direction being diffusely scattered into the whole hemisphere, either by backward path scattering (reflection) (as in (dh) or forward path scattering (transmission) (as in tdh) or boundary reflection (as in rdh). 
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Figure A1. A sketch graph to illustrate radiation interaction in atmospheric boundaries using the four-stream scheme (see text for details). 


As shown in Fig. A1, at the top of the atmosphere, the only incident radiation, F-(i), is the direct solar beam with zenith angle θi and azimuth angle φi. The radiation scattered into the sensor’s FOV in the view direction v(θv, φv) is F+(v), which can be calculated as 


Using the four-stream scheme to fully account for the conversion between downward/ upward direct and diffuse parts, we obtain the following analytical expression for F+(v), in terms of reflectivity [F+(v)/ F-(i)], as follows (see Qin et al., 2000 for details) 

in which matrices T(i), T(v) and R are defined as


Eq.(A3) is similar to Eq.(A1) in form. But for non-Lambertian surface, single variables like T+, and T- and rs (equal to rhh above) in Eq.(A1) are replaced by the corresponding matrices. Also there is an extra term in Eq.(A3), which is a function of R’s determinant |R|, where |R|=rdd(rhh-rdh(rhd. Since |R| may be positive or negative, depending on solar and viewing directions and the non-Lambertian extent of the surface, the contribution of non-Lambertian surface reflection could be more or less than that from its Lambertian equivalent. Specifically, Eq.(A3) becomes Eq.(A1) for a Lambertian surface since the four components in R are equal to rhh (so |R|=0) and T-(i)=tdd(i)+tdh(i) and T+(v)=tdd(v)+ thd(v).

The atmosphere related parameters [T(i), T(v), each has two components, and (, which has four components but only two ((dd, (hh) are used here] and surface related parameter R, which has four components, are independent of each other, and thus can be determined separately. Both can be interpolated from look-up tables pre-calculated with given atmospheric profiles and surface structures. 


An example of non-Lambertian reflection from the ocean surface as seen at the Top Of the Atmosphere (TOA) is shown in Figure A2 (notice the pronounced sunglint).
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Figure 2. Spectral absorption coefficients from 300-750nm at six depths for stations in (a) California Current, (b) Ross Sea, (c) Japan East Sea, and (d) Indian Ocean.  A peak in the UV range around 325nm that decreases with increasing depth is evident at all four stations.








Figure 1.  US JGOFS Ross Sea station 422-01  (a) spectral absorption coefficients from 300-750nm at six depths. (b) spectral absorption coefficient at the wavelength of peak UV absorbance (aph 325nm) normalized to chlorophyll (aph 675nm) at the six depths shown in (a), indicating that the decrease in absorbance with depth is not just due to decrease in biomass. (c) total MAA concentration from the six depths in (a) plotted vs. the corresponding values of aph (325nm) showing a positive, nearly linear correlation.
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Figure A2	Reflectance of the ocean seen at the top of the atmosphere (TOA)
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		427.5		0.00482		0.000627		215		0.2326		0.00461

		430		0.00495		0.000594		216		0.22754		0.00461

		432.5		0.00504		0.000554		217		0.21786		0.00345

		435		0.0053		0.000583		218		0.21441		0.00184

		437.5		0.0058		0.00058		219		0.21142		0.00322

		440		0.00635		0.000571		220		0.18539		0.00161

		442.5		0.00696		0.000626		221		0.18102		0.00115

		445		0.00751		0.000601		222		0.16973		0.00622

		447.5		0.0083		0.000581		223		0.16443		0.00392

		450		0.00922		0.000553		224		0.16121		0.00184

		452.5		0.00969		0.000581		225		0.1497		0.00069

		455		0.00962		0.000481		226		0.15407		0.00368

		457.5		0.00957		0.000478		227		0.14808		0.00368

		460		0.00979		0.000587		228		0.14163		0.00345

		462.5		0.01005		0.000603		229		0.13818		0.00507

		465		0.01011		0.000708		230		0.13703		0.00138

		467.5		0.0102		0.000612		231		0.13311		0.00092

		470		0.0106		0.000636		232		0.12482		0.00368

		472.5		0.0109		0.000872		233		0.12298		0.00461

		475		0.0114		0.000798		234		0.12321		0.00368

		477.5		0.0121		0.000968		235		0.12482		0.0053

		480		0.0127		0.000889		236		0.11745		0.00184

		482.5		0.0131		0.000917		237		0.11354		0.00276

		485		0.0136		0.000816		238		0.1041		0.0023

		487.5		0.0144		0.000864		239		0.10847		0.00299

		490		0.015		0.00075		240		0.11123		0.00392

		492.5		0.0162		0.001458		241		0.10778		0.0053

		495		0.0173		0.001038		242		0.1011		0.0023

		497.5		0.0191		0.001528		243		0.0965		0.00207

		500		0.0204		0.001224		244		0.09327		0.00392

		502.5		0.0228		0.001368		245		0.09028		0.00046

		505		0.0256		0.001536		246		0.09189		0.00368

		507.5		0.028		0.0014		247		0.09235		0.00207

		510		0.0325		0.0013		248		0.09028		0.00184

		512.5		0.0372		0.001488		249		0.08982		0.00368

		515		0.0396		0.001584		250		0.08659		0.00484

		517.5		0.0399		0.001995		251		0.07738		0.00253

		520		0.0409		0.001227		252		0.08084		0.00184

		522.5		0.0416		0.001664		253		0.08268		0.00461

		525		0.0417		0.001668		254		0.08014		0.00484

		530		0.0434		0.001736		256		0.07439		0.00392

		532.5		0.0447		0.002235		257		0.07439		0.00415

		535		0.0452		0.001808		258		0.07047		0.00253

		537.5		0.0466		0.001864		259		0.07554		0.00253

		540		0.0474		0.001422		260		0.070932		0.002994

		542.5		0.0489		0.001956		261		0.076229		0.003685

		545		0.0511		0.001533		262		0.064254		0.002994

		547.5		0.0537		0.002148		263		0.065636		0.001842

		550		0.0565		0.001695		264		0.062872		0.005067

		552.5		0.0593		0.001779		265		0.057805		0.003224

		555		0.0596		0.001788		266		0.060799		0.004145

		557.5		0.0606		0.002424		267		0.054351		0.002303

		560		0.0619		0.001857		268		0.05366		0.002533

		562.5		0.064		0.00256		269		0.055042		0.004376

		565		0.0642		0.001926		270		0.054351		0.004836

		567.5		0.0672		0.002016		271		0.05389		0.004606

		570		0.0695		0.002085		272		0.045139		0.005527

		572.5		0.0733		0.002932		273		0.049284		0.003915

		575		0.0772		0.002316		274		0.051818		0.004606

		577.5		0.0836		0.002508		275		0.049745		0.002764				275		0.049745

		580		0.0896		0.002688		276		0.045599		0.003915				276		0.045599

		582.5		0.0989		0.002967		277		0.049515		0.003685				277		0.049515

		585		0.11		0.0033		278		0.047902		0.004836				278		0.047902

		587.5		0.122		0.00366		279		0.048133		0.002764				279		0.048133

		590		0.1351		0.004053		280		0.051127		0.002533				280		0.051127

		592.5		0.1516		0.004548		281		0.049054		0.004376				281		0.049054

		595		0.1672		0.005016		282		0.041454		0.004836				282		0.041454

		597.5		0.1925		0.005775		283		0.040763		0.003915				283		0.040763

		600		0.2224		0.006672		284		0.042606		0.004836				284		0.042606

		602.5		0.247		0.00741		285		0.040993		0.006909				285		0.040993

		605		0.2577		0.007731		286		0.040303		0.005297				286		0.040303

		607.5		0.2629		0.007887		287		0.037769		0.006448				287		0.037769

		610		0.2644		0.007932		288		0.03869		0.005758				288		0.03869

		612.5		0.2665		0.007995		289		0.036618		0.002303				289		0.036618

		615		0.2678		0.008034		290		0.037539		0.004606				290		0.037539

		617.5		0.2707		0.008121		291		0.036848		0.002764				291		0.036848

		620		0.2755		0.008265		292		0.036157		0.003224				292		0.036157

		622.5		0.281		0.00843		293		0.036848		0.005297				293		0.036848

		625		0.2834		0.008502		294		0.034775		0.0076				294		0.034775

		627.5		0.2904		0.008712		295		0.033394		0.006909				295		0.033394

		630		0.2916		0.008748		296		0.033163		0.006909				296		0.033163

		632.5		0.2995		0.008985		297		0.028327		0.005758				297		0.028327

		635		0.3012		0.009036		298		0.026254		0.005758				298		0.026254

		637.5		0.3077		0.009231		299		0.028557		0.003685				299		0.028557

		640		0.3108		0.009324		300		0.028557		0.006679				300		0.028557

		642.5		0.322		0.00966		301		0.033624		0.005988				301		0.033624

		645		0.325		0.00975		302		0.024872		0.004836				302		0.024872

		647.5		0.335		0.01005		303		0.031781		0.005067				303		0.031781

		650		0.34		0.0102		304		0.029248		0.002764				304		0.029248

		652.5		0.358		0.01074		305		0.025794		0.002764				305		0.025794

		655		0.371		0.01113		306		0.028097		0.003455				306		0.028097

		657.5		0.393		0.01179		307		0.026715		0.004606				307		0.026715

		660		0.41		0.0123		308		0.023951		0.005988				308		0.023951

		662.5		0.424		0.01272		309		0.028788		0.003685				309		0.028788

		665		0.429		0.01287		310		0.025794		0.002073				310		0.025794

		667.5		0.436		0.01308		311		0.029939		0.004606				311		0.029939

		670		0.439		0.01317		312		0.027406		0.002764				312		0.027406

		672.5		0.448		0.01344		313		0.026024		0.00023				313		0.026024

		675		0.448		0.01344		314		0.02326		0.004836				314		0.02326

		677.5		0.461		0.01383		315		0.024182		0.004376				315		0.024182

		680		0.465		0.01395		316		0.022109		0.011976				316		0.022109

		682.5		0.478		0.01434		317		0.023721		0.004145				317		0.023721

		685		0.486		0.01458		318		0.021418		0.003685				318		0.021418

		687.5		0.502		0.01506		319		0.024872		0.001152				319		0.024872

		690		0.516		0.01548		320		0.02303		0.001382				320		0.02303

		692.5		0.538		0.01614										325				0.0206585578

		695		0.559		0.01677										330				0.0192796879

		697.5		0.592		0.01776										340				0.0167919062

		700		0.624		0.01872										345				0.0156711187

		702.5		0.663		0.01989										350				0.0146251389

		705		0.704		0.02112										355				0.0136489738

		707.5		0.756		0.02268										360				0.0127379635

		710		0.827		0.02481										365				0.0118877592

		712.5		0.914		0.02742										370				0.0110943024
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