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Preamble
As in earlier reports, we will continue to break our effort into six distinct units:

o Atmospheric Correction Algorithm Development

Whitecap Correction Algorithm

In-water Radiance Distribution

Residual Instrument Polarization

Pre-launch/Post-launch Atmospheric Correction Validation

Detached Coccolith Algorithm and Post-launch Studies

This separation has been logical thus far; however, as launch of AM-1 approaches, it must be recognized
that many of these activities will shift emphasis from algorithm development to validation. For example, the
second, third, and fifth bullets will become almost totally validation-focussed activities in the post-launch
era, providing the core of our experimental validation effort. Work under the first bullet will continue into the

post-launch time frame, driven in part by algorithm deficiencies revealed as a result of validation activities.

Prior to the start of the 1999 fiscal year (FY99) we were requested to prepare a brief plan for our FY99
activities. This plan is included as Appendix I. The present report describes the progress made on our

planned activities.



Semi-Annual Report (1 January — 30 June 1999) NAS5-31363

Abstract

Significant accomplishments made during the present reporting period:
e Submitted version 4 of the Water-leaving Radiance ATBD.
e Submitted version 4 of the Detached Coccolith ATBD.

e Completed analysis of a whitecap data set acquired in the Tropical Pacific. The results
showed (1) the whitecap augmented reflectance in the visible for a given wind speed in
the 8-12 m/s range was about 2.5 times less than that predicted by whitecap reflectance
models, and (2) the augmented reflectance in the NIR (860 nm) was approximately 80%
that in the visible, and only slightly dependent on the wind speed.

e Participated in pre-INDOEX and INDOEX field experiments. Obtained sun photometer
and micro pulse lidar data along 55 days of ship tracks, and in-water upwelling radiance
distribution data at 27 stations.
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Atmospheric Correction Algorithm Development

As we have successfully processed SeaWiFS imagery (reformatted to MODIS) using our MODIS code, we
can be assured that the implementation is correct. Thus, we focussed on ensuring the correctness of the basic
correction algorithm, improving the basic algorithm to provide for an accurate correction in the presence of

strongly-absorbing aerosols, and addressing several MODIS-specific issues.

1. Validate/Improve the Basic MODIS Algorithm using Sea WiFS

We will begin the algorithm validation and improvement process using Sea WiF'S imagery.

a. Task Progress:

We have been processing SeaWiF'S imagery using both the SeaDAS processing software and the University
of Miami processing system DSP (which affords us more control over the processing). The main focus of
this processing has been the development of newer versions of the algorithm, and this is discussed in a later

section.

We have processed significant amounts of imagery that show that the “6-8” band selection for SeaWiFS
atmospheric correction retrieves water-leaving radiances that are less noisy than the “7-8” band selection.
There are several reasons why this should be true (e.g., the 7-8 algorithm requires a correction to the band
7 radiances for Oy absorption near 759 nm, and bands 7 and 8 are closer together than bands 6 and 8 which
decreases the influence of sensor noise on the choice of candidate aerosol models); however, we believe that
use of the 7-8 algorithm should be continued because there is less contaminating water-leaving radiance in
band 7 than in band 6. This is relevant to the MODIS algorithm in that MODIS uses bands 15 and 16,
which are similar to the SeaWiFS bands 7 and 8 except that there is no O correction required for MODIS.

Recently, in collaboration with R. Evans, we have started to participate in a SeaWiFS$ effort to understand
the causes of the negative water-leaving radiances in the blue (412, 443, and 490 nm) retrieved under certain
conditions. Although relatively few images have been examined, it appears that this problem is associated
with one of several occurrences: (1) a very clear atmosphere; (2) absorbing aerosols; (3) Case 2 waters; and

(4) very large scan (viewing) angles.

In the case of item (1) we have found instances in which the residual radiance after removal of the Rayleigh
component was very small, or even negative, (i.e., p;(865) — p,(865) < 0). The most likely cause of this
behavior is a radiometric calibration in band 8 (865 nm). All of the radiometric calibration efforts relating
to SeaWiFS$S to date have assumed that there is no error in the calibration of band 8, e.g., Gordon et al.
[1998]. This assumption means that bands 1 through 7 are calibrated relative to band 8. However, it is
clear that a calibration error of a few % could exist in band 8. Thus, we arbitrarily assumed that SeaWiFS

band 8 was calibrated 5% too low, and used the surface and atmosphere data acquired during the SeaWiFS
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initialization cruise to “recalibrate” the sensor. This effort resulted in fewer negative water-leaving radiances

and eliminated most instances in which p;(865) — p,(865) < 0.

In the case of item (2), we are developing new versions of the correction algorithm that will address absorbing
aerosols. These are discussed in a later section.

In the case of items (3) and (4), the atmospheric correction algorithm is being applied in situations in which
it was not designed to operated. For Case 2 waters, the “spectral optimization algorithm” described in a
later section my provide a processing alternative. The large scan angle problem (item (4)) is not an issue
with MODIS because of a more restricted scan and the absence of sensor tilt.

b. Anticipated Future Actions:

We will continue to test the algorithm with SeaWiFS imagery. In particular, we will continue to examine
the problem of negative water-leaving radiances, and will continue work on the “spectral matching” and

“spectral optimization” algorithms as described below.
c. Publications: None.

2. Implement and Test the “Spectral Matching Algorithm”

We will continue our basic study of the “spectral matching” algorithm. Unlike the basic MODIS algorithm, the
spectral matching algorithm has the potential for atmospheric correction in the presence of strongly-absorbing

aerosols.
a. Task Progress:

Gordon [1997] has described the difficulties of atmospheric correction in the presence of absorbing aerosols.
These include the fact that (1) it is impossible to distinguish between weakly and strongly absorbing aerosol
using NIR bands because the spectral variation of the aerosol reflectance there depends mostly on the
aerosol’s size distribution, (2) some aerosols, e.g., Saharan dust are nearly nonabsorbing in the green, red,
and NIR, but absorb strongly in the blue, (3) the impact of aerosol absorption depends strongly on the
aerosol’s vertical distribution, and (4) the impact of aerosol absorption is most significant in the blue and
blue-green bands where Rayleigh scattering is largest. These facts imply that aerosol absorption can only be
ascertained through measurements in the blue region of the spectrum — precisely the region most sensitive
to the water’s chlorophyll concentration. Thus, atmospheric correction cannot be effected in the absence
of knowledge regarding the water-leaving radiance throughout the spectrum, which requires a model of the
marine reflectance as a function of the chlorophyll concentration. Such models exist (e.g., Gordon et al.
[1988]), and have been incorporated into two atmospheric correction procedures that we refer to as the

“spectral matching algorithm” and the “spectral optimization algorithm.”

The spectral matching algorithm (SMA) [Gordon, Du and Zhang, 1997] and the spectral optimization al-
gorithm (SOM) [Chomko and Gordon, 1998] have been implemented within the SeaDAS image processing

4



Semi-Annual Report (1 January — 30 June 1999) NAS5-31363

environment. Both algorithms perform atmospheric correction and retrieve water properties simultaneously,
and represent a significant departure from the basic MODIS algorithm. The SOA has been tested more
throughly, because we believe that it is a more versatile in the sense that it does not require accurate aerosol
models to effect a correction. However, in the long run the SMA will likely be more useful in that, given

realistic aerosol models, it will allow an accurate estimate of the aerosol optical thickness.

We tested the SOA using SeaWiFS imagery and compared its performance with the basic MODIS algorithm.
The results are presented in detail in Appendix II. Briefly, the imagery used the performance of the
algorithms on a turbid day followed (two days later) by a very clear day in the Middle Atlantic Bight
(MAB). As the water properties were not expected to change significantly over the two-day period of the
imagery (October 1998), the stability of the derived pigment concentrations over the period provided an
excellent test of the algorithms. It was found that the SOA and the MODIS algorithms performed equally
well on the clear day, but the SOA was considerably better on the turbid day. This leads us to believe that
the SOA approach is a viable alternative to the standard MODIS algorithm. It also provides what may be

a viable approach to atmospheric correction on Case 2 waters.
b. Anticipated Future Actions:

We will continue to test the SOA under a variety of conditions; however, we will also continue to develop
the SMA. There are several reasons why the SMA is more desirable than the SOA: (1) the SMA is capable
of retrieving the aerosol optical depth if the candidate aerosol models are realistic; (2) the SMA is capable
of being incorporated into the standard MODIS algorithm (at reduced resolution) in a relatively simple
manner; (3) there are situations (e.g., Saharan dust) where the SOA will not perform well because of the
assumption that the index of refraction of the aerosol is independent of wavelength; (4) as realistic models
of aerosols are developed, they can be incorporated into the SMA environment in a simple manner, and (5)
at a minimum it will be easy to use the SMA to provide a flag within the MODIS algorithm that will signal
the probable presence of absorbing aerosols, and indicate that the quality of the derived products cannot
be assured. We expect the SMA to be the approach of choice for atmospheric correction in the presence of

wind-blown dust.
c. Publications: None.

3. Optical Properties of Wind-Blown Dust

We need quantitative estimates of the optical properties of wind-blown dust, e.g., from Africa, to provide a

proper model to effect atmospheric correction using the standard MODIS algorithm.
a. Task Progress:

The optical properties of wind-blown dust are required to effect atmospheric correction using the standard
MODIS algorithm, and possibly the spectral matching algorithm as well. In collaboration with post doctoral

associate Cyril Moulin, the approach we have taken for development/improvement of a wind-blown dust
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model is to utilize SeaWiFS imagery acquired off the African Coast (east of the Canary Islands and west
of Dakar). In this region, the dust is mixed high in the atmosphere, and the optical thickness is often very
large (75(865) = 2) so the marine reflectance is small compared to the reflectance of the aerosol. In this
situation, small errors in the marine reflectance will have an insignificant impact on the retrieved aerosol
reflectance. We used marine reflectances computed from the Gordon et al. [1988] semi-analytic model for the
marine reflectances corresponding to the SeaWiFS monthly mean chlorophyll concentrations, and extracted
aerosol reflectances

pt(A) = pr(A) —t(A)pe(A) = pa(N),

where the subscripts ¢, r, and w, refer to total, Rayleigh, and water, respectively, and ¢ is the diffuse
transmittance of the atmosphere, along a track that passed through a dust plumb of varying opacity. The
desert dust model size distribution proposed by Shettle [1984] was combined with the imaginary part of the
refractive index proposed by Patterson [1981] to compute the variation of p4(\) as a function of p4(865),
for comparison with the observed values along the track. We call this the BDS model (Background Desert
Shettle). This model was found by Moulin et al. [1997] to fit sun photometer aerosol optical depth data
better than several other popular models in the literature. We found that the fit to the spectral data was
very poor. This led us to believe that the Patterson [1981] absorption indices are too large. We are now
trying a variety of absorption indices and modifications to the Shettle [1984] size distribution to develop a
better dust model.

We tested the efficacy of a variant of the SMA for atmospheric correction in a region off the coast of Africa
that was subjected to a high concentration of Saharan dust. In this case we used the BDS model with
varying concentrations of large particles, and with varying thicknesses for the aerosol layer. The results were
encouraging and suggested that atmospheric correction can be effected under dust conditions with aerosol

optical thicknesses at 865 nm as high as unity.
b. Anticipated Future Actions:

We will continue to refine the dust models described above with the goal that they will be available for
inclusion in the MODIS correction algorithm, or its SMA variant, by the end of the next reporting period.
As described above, preliminary attempts to use the BDS model in atmospherically correcting imagery off

the African coast have shown considerable promise. These will continue.

We also have a unique opportunity to use SeaWiFS imagery that was acquired over the Caribbean in 1998
during particularly intense dust periods of July and August, simultaneous with our surface measurements of
the aerosol vertical profile (using our MPL) and aerosol optical thickness (using a CIMEL sun/sky radiome-

ter) made from St. Johns, VI, to validate our model for African dust.
c. Publications: None.

4. MODIS-Specific Issues




Semi-Annual Report (1 January — 30 June 1999) NAS5-31363

We need to address the detection and removal of thin cirrus clouds, methods for efficiently including earth-
curvature effects, out-of-band corrections, BRDF effects on the diffuse transmittance, correct for polarization
sensitivity of MODIS, and the efficacy of atmospheric correction for removal of the aerosol effect from the

measurement of the fluorescence line height.

a. Task Progress:

We have used the MODIS relative spectral response (RSR) functions to complete the out-of-band corrections
to the algorithm using the Gordon [1995] methodology. These will be included in the at-launch version of
the algorithm.

We have included the MODIS polarization-sensitivity correction in the MODIS processing code. This task
will be complete when the SBRS/MCST polarization-sensitivity data are received from MSCT.

We are working to develop a model of the subsurface BRDF. These efforts are described below (under

“In-water Radiance Distribution”).
b. Anticipated Future Actions:

We know that there are difficulties atmospherically correcting SeaWiFS imagery when the scan angle exceeds
~ 50°. Although scan angles greater than 50° comprise only a minor portion of the MODIS scan, the larger
the scan angle that can be successfully corrected, the larger the base of MODIS data that will be available.
The primary of cause of algorithm failure at large scan angles may be the fact that earth-curvature is
ignored in the algorithm. Thus, we will investigate the requirements of including earth-curvature effects in
the MODIS algorithm following the Ding and Gordon [1994] approach. This involves a modification of the
look-up tables for the top-of-the-atmosphere contribution from Rayleigh scattering. However, before actually
embarking on an implementation, we will examine SeaWiFS imagery at high latitude and large scan angle

to assess the impact of neglecting earth-curvature in the algorithm.

Finally, because of uncertainty in the performance of MODIS Band 26, and because we need to assess
whether our radiative transfer codes are sufficiently accurate to study removal of the aerosol effect from the
measurement of the fluorescence line height, we will examine this issue and thin cirrus clouds only if time

permits.

c. Publications: None.
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Whitecap Correction Algorithm

As the basic objectives of the experimental portion of this task has been realized (acquiring whitecap radio-
metric data at sea), experimental work is being suspended until the validation phase, except insofar as the
radiometer is being operated at sea when it is sufficiently important to do so, e.g., it was operated during
the SeaWiFS Initialization Cruise (MOCE- 4). Our basic goal for the rest of the project is to maintain
experience in operating and maintaining the instrumentation in preparation for the validation phase of the

contract, and to complete the analysis of the whitecap data acquired thus far.

5. Maintaining Measurement Capability

We need to maintain our ability to make whitecap measurements.

The instrumentation and data acquisition system has been maintained and will be ready for the MODIS

Initialization Cruise.

6. Reduction and Analysis of Existing Data

We need to complete the analysis of the data already acquired.
a. Task Progress:

We have concentrated on a reanalysis of the Tropical Pacific whitecap data set that was acquired in 1996.
This is a unique data set, as it was acquired in the trade winds with moderaLtely high winds (8-12 m/s) and
practically unlimited fetch and duration. We developed an alternative method of analysis that we believe is
more robust and provides greater confidence in the results. The complete analysis is provided as Appendix

III. Briefly, there were two significant results that emerged:

1. The whitecap augmented reflectance in the visible for a given wind speed in the 8-12m/s
range was found to be about 2.5 times less than that predicted by whitecap reflectance
models [Gordon and Wang, 1994; Koepke, 1984].

2. The augmented reflectance in the NIR (860 nm) was approximately 80% that in the
visible, and dependent on the reflectance (i.e., whitecaps that were brighter in the visible
showed a greater reflectance decrease in the NIR than whitecaps with low reflectance in
the visible). This NIR decrease is in agreement with reflectance observations of breaking
waves in the surf zone [Frouin, Schwindling and Deschamps, 1996] and of ship-wake foam
[Moore, Voss and Gordon, 1998].

Last year, the SeaWiF$S Project informed us that the present whitecap algorithm (See MODIS Normalized
Water-leaving Radiance Algorithm Theoretical Basis Document, Version 4, April 30, 1999) was causing the
atmospheric correction algorithm to fail in the South Atlantic. We provided an algorithm adjustment (based

on our earlier analysis of the Tropical Pacific whitecap data), and were informed by them that the algorithm
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appeared to be working much better after the adjustment. That adjustment was similar, but not identical,

to the one resulting from our reanalysis.

b. Anticipated Future Actions:

We will operate the whitecap radiometer during the MODIS Initialization and Validation Cruises.
c. Publications:

Spectral Reflectance of Whitecaps: Their Contribution to Water-Leaving Radiance, K.D. Moore, K.J. Voss,
and H.R. Gordon, Jour. Geophys. Res. (Submitted).
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In-water Radiance Distribution (BRDF)

During FY ’99 our objectives for this task are: maintaining experience in operating and maintaining the
instrumentation in preparation for the validation phase of the contract; acquiring more field data; and using
the field data to develop a model of the BRDF as a function of the solar zenith angle and the water’s
chlorophyll concentration.

7. Maintaining Measurement Capability

We need to maintain our ability to make BRDF measurements.

The instrumentation and data acquisition system has been maintained (actually they have been deployed in

two seperate field experiments) and will be ready for the MODIS Initialization Cruise.

8. Acquisition of More Field Data

To build and thoroughly test a BRDF model, we need to acquire data over a wider range of chlorophyll

concentrations.

We deployed the radiance distribution camera (RADS) during INDOEX in the Indian Ocean in February-
April 1999. The data are presently being reduced to provide the BRDF as a function of chlorophyll concen-

tration during the cruise.

9. Build a BRDF Model

We need to develop a model relating the subsurface radiance distribution (BRDF) to the chlorophyll concen-

tration of the water.
a. Task Progress

Our efforts to model the BRDF have yet to yield an acceptable model. We started by using an ocean model
developed by Morel and coworkers [Morel and Gentili, 1991; Morel and Gentili, 1993; Morel and Gentili,
1996; Morel, Voss and Gentili, 1995]. This model, although often utilized in the literature, was not capable
of reproducing our measurements of the distribution of subsurface upwelling radiance L, (0, ¢), normalized
to nadir, for a chlorophyll concentration near 0.1 mg/m? with an accuracy sufficient to be useful in remote
sensing. We believed that the departure of the computed L, (6, ¢) from the experimental distribution was
due to the neglect of Raman scattering. Thus we undertook a reexamination of the contribution of Raman
scattering to L, (8, ) in the light of recent measurement of the absorption coefficient of pure water [Pope
and Fry, 1997] and the spectral variation of the Raman-scattering cross section [Bartlett et al., 1998]. The
results of this study [Gordon, 1999] showed that Raman scattering made a larger contribution than expected
on the basis of earlier computations [ Waters, 1995], and that the fraction of L (6, ¢) contributed by Raman
scattering in the blue did not significantly decrease with increasing chlorophyll concentration. Unfortunately,

accounting for the effects of Raman scattering did not significantly improve the fit of the computed L, (6, ¢)

10
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to the experimental data. Therefore, the deficiency of the model must be elsewhere. There are two leading
candidates: (1) the scattering phase function used for the particles is unrealistic; and (2) the assumption
that scalar radiative transfer theory (polarization is ignored) is adequate is not correct. A third possibility

is that the measured radiances are in error due to instrument self shading.
b. Anticipated Future Actions:

The phase function used to characterize the particle scattering was actually measured in-situ and has long
been used to characterize particle scattering in the ocean [Petzold, 1972]. Therefore, we are looking first
toward the use of scalar radiative transfer theory in the computations. Although very few computations
have been carried out in the vector mode, the errors in the radiance computed using scalar theory can
be roughly the same magnitude as encountered in our modeling of the BRDF [Kattawar and Adams, 1989;
Kattawar and Adams, 1990; Kattawar, Adams and Tanis, 1988]. Thus, before experimenting with the particle
phase function, we are including polarization in our computation of both the elastic and inelastic (Raman)
scattering components. When this is complete, we will test the model again against the data acquired during

the SeaWiFS initialization cruise and, if successful, against the data acquired during the INDOEX cruise.

In addition, we are collaborating with J.P. Doyle at JRC, Ispra, Italy, in modeling the self-shading charac-
teristics of our BRDF instrument (RADS). This study uses a 3-d Monte Carlo radiative transfer code to
compare the radiance distribution in the presence and the absence of RADS as a function of the optical

properties of the water.

11
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Pre-launch /Post-launch Atmospheric Correction Validation

The original objectives of this task were fourfold: (1) study aerosol optical properties over the oceans to
assess the applicability of the aerosol models proposed for use in the atmospheric correction algorithm;
(2) measure the aerosol optical properties (including their vertical distribution) from a ship during the
initialization/calibration/validation cruises; (3) determine how accurately the radiance at the top of the
atmosphere can be estimated based on measurements of sky radiance and aerosol optical thickness at the sea
surface (i.e., vicarious calibration); and (4) utilize data from other sensors that have achieved orbit (OCTS,
POLDER, SeaWiFsS ...) to validate and fine-tune the correction algorithm. We have obtained a significant
amount of data toward (1), designed, constructed, or purchased, instrumentation to acquire data for (2),
completed (3), and (4) was discussed under the first activity above (Atmospheric Correction Algorithm
Development). Objectives for the post-launch validation phase are: maintain experience in operating and
maintaining the instrumentation in preparation for the validation phase of the contract; complete analysis

of data already acquired; and participate in the validation phase.

10. Maintaining Measurement Capability

We need to maintain our ability to make atmospheric measurements at sea.

a. Task Progress:

We exercised our instrumentation — sun photometers, sky radiance camera, aureole camera, and micro pulse
lidar (MPL) — during the INDEOX and the pre-INDOEX Cruise aboard the RV Ron Brown. Our MPL
worked well during the pre-INDOEX cruise, but failed on the last day. As there were two other MPL units
on the INDOEX leg, and E.J. Welton of our group was able to keep them operating, no data were lost
because of our MPL failure. The aureole camera, failed because of a disfunctioning CCD array, and was lost
during the entire period. The sky radiance camera did not function during pre-INDOEX, was repaired for
INDOEX, but then failed again. However, little data were lost as there was only one opportunity to acquire
high-quality data, which requires a clear sky at large solar zenith angles (> 60°).

Our CIMEL sun/sky scanning radiometer has been repaired, recalibrated, and reinstalled at Fort Jefferson
in the Dry Tortugas. It is now transmitting data to the AERONET network.

b. Anticipated Future Actions:

The MPL has been sent back to the manufacturer for an upgrade of the optical design that will prevent
detector damage when the laser becomes misaligned (the cause of the failure during INDOEX). The aureole
camera is being repaired. We expect our measurement capability to be intact for the MODIS Initialization

Cruise.

11. Complete Analysis of Existing Data

We need to complete the analysis of the data acquired previously.

12
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a. Task Progress:

During much of this reporting period our personnel were at sea participating in pre-INDOEX and in IN-
DOEX. The highest priority was collecting the data during the field experiments, and the next priority was
reduction and analysis of the data that was collected. Thus, analysis of existing data was placed on the
“back burner” in favor of the new data sets. Because of this, the MPL data from the INDOEX cruises has
been completely reduced along with the sun photometer data.

b. Anticipated Future Actions:

We will reduce the the remaining data from INDOEX next, after which we will work on data acquired in

Hawaii during the MOCE-4 cruise, in particular the sky camera and aureole data.

Two new graduate students have joined our group to take over the responsibilities of E.J. Welton and J.
Ritter who have left to work at GSFC and MSFC, respectively. Graduate student David Bates has learned
how to operate the CIMEL system and reinstalled this system in the Dry Tortugas. He is also learning the
MPL system and will work with it when it returns from the manufacturer. Finally, he is also beginning
analysis of the existing CIMEL data. Graduate student Hong Du is learning to operate the aureole system
and helping in the redesign of the instrument. We are currently rebuilding this instrument to improve its
operation in the field. Along with learning to operate the instrument he will be investigating what options

exist for reducing this data to aerosol properties.
c. Publications:

E.J. Welton, K.J. Voss, D.L. Savoie, and J.M. Prospero, “Measurements of Aerosol Optical Depth over the
North Atlantic Ocean: Correlations with Surface Aerosol Concentrations” (Under revision to Jour. Geophys.
Res.).

J.M. Ritter and K.J. Voss, “ A new instrument to measure the solar aureole from an unstable platform.”
(Revised to Jour. Atmos. Ocean. Tech.).

B. Schmid, P.B. Russell, J.M. Livingston, S. Gasso, D.A. Hegg, D.R. Collins, R.C. Flagan, J.H. Seinfeld,
E. Ostrom, K.J. Noone, P.A. Durkee, H.H. Jonsson, E.J. Welton, K.J. Voss, H.R. Gordon, P. Formenti,
M.O. Andreae, V.N. Kapustin, T.S. Bates, and P.K. Quinn, “Clear column closure studies of urban-marine
and mineral-dust aerosols using aircraft, ship, and ground-based measurements in ACE-2,” (ALPS99, 18-22
January 1999, Meribel, France).

B. Schmid, J.M. Livingston, P.B. Russell, P.A. Durkee, H.H. Jonsson, D.R. Collins, R.C. Flagan, J.H.
Seinfeld, S.A. Gasso, D.A. Hegg, E. Ostrom, K.J. Noone, E.J. Welton, K.J. Voss, H.R, Gordon, P. Formenti,
and M.O. Andreae, “Clear sky closure studies of lower tropospheric aerosol and water vapor during ACE-2
using airborne sun photometer, airborne in-situ, space-borne, and ground-based measurements.” (Submitted
to Tellus Special Issue on ACE-2)

13



Semi-Annual Report (1 January — 30 June 1999) NAS5-31363

E.J. Welton, K.J. Voss, H.R. Gordon, H. Maring, A. Smirnov, B. Holben, B. Schmid, J.M. Livingston,
P.B. Russell, P.A. Durkee, P. Formenti, and M.O. Andreae, “Ground-based Lidar Measurements of Aerosols
During ACE-2: Instrument Description, Results, and Comparisons with other Ground-based and Airborne
Measurements.” (Submitted to Tellus Special Issue on ACE-2)

12. Post-launch Validation

We will participate in MODIS post-launch validation.

a. Task Progress:

We used the MPL and in-water radaince distribution system (RADS) during pre-INDOEX and INDOEX
in January-April of 1999. In this case, SeaWiFS imagery will be used as a surrogate for MODIS in the
validation program. The INDOEX cruise (and the associated pre-INDOEX, or ACE cruise) offered a unique
opportunity to collect aerosol optical information, satellite data (SeaWiFS), and aerosol chemistry data. The
pre-INDOEX cruise went from Norfolk, VA to Cape Town, South Africa. During this cruise, we were able to
sample an extensive bio-mass burning plume that extended off of Africa into the Atlantic. We obtained MPL
data along the ship track, which allows us to look at the vertical distribution of the aerosols, an important
piece of information for these absorbing aerosols. In addition other workers on the ship were making chemical

and other optical measurements along this track.

During the INDOEX cruise the focus was on the extensive pollution plume, produced on the Indian sub-
continent, which extends over the Indian Ocean. The cruise track went from the clean air in the southern
portion of the Indian ocean to the polluted air near India. We were able to collect the MPL information
for this whole track along with RADS data. Other researchers on the ship measured additional in-water
optics and aerosol chemistry. We were also obtaining SeaWiFS LAC data. For the clear days this data will
be useful to investigate the performance of the atmospheric correction algorithms for this heavily polluted
environment. It will also be valuable for developing models for the aerosol pollution in a manner similar to

that described for Saharan dust in Section 3.

We ended up with approximately 55 days, or about 16,000 nautical miles of MPL data. In addition we had

27 in-water radiance distribution casts, in varying water types.
b. Anticipated Future Actions:

Given our experience with the aureole system during INDOEX we have repaired the camera portion and
are rebuilding much of this system to improve operation. These repairs will be done in time for an expected
MODIS initialization cruise. The other major effort will be in reducing the backlog of data we have acquired

during the recent cruises.

Finally we anticipate participating in the MODIS initialization cruise. The timing of this cruise will, of
course, depend on the launch of TERRA.

14
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Detached Coccolith Algorithm

The objectives of our FY 99 effort are to complete analysis of cruise work done to date, continue new field
data in the Gulf of Maine and Gulf of Mexico, use these data to improve algorithm performance and to
apply and validate the coccolithophore algorithm using SeaWiFS data.

13. Processing of completed pre-launch cruises

a. Task Progress:

As of June 1999, all of our 1998 pre-launch cruise data has been processed, at least to first-order. Tables
of time, inherent optical properties, and apparent optical properties have been submitted to the NASA
SeaBass data base. Discrete samples from the 1998 field season have been worked up, with the exception
of the suspended calcite data (due to lack of available time on the Graphite Furnace Atomic Absorption
Spectrometer at the University of Maine). For this current “coccolithophore season,” we have completed 7
transects across the Gulf of Maine. Discrete samples for this work have yet to be processed, except for the
chlorophyll a concentrations. Another 7-day pre-launch cruise has just been completed aboard the research
vessel Linke, in the Gulf of Maine in which coccolith concentration, water-leaving radiance, and inherent

optical properties (including acid-labile backscattering) were measured.
b. Anticipated Future Actions:

Running of the suspended calcite samples from the 1998 field season will probably be done after this busy

summer field season. Discrete samples from the 1999 field season will be processed as they become available.

c. Publications:

Balch, W. M., D. Drapeau, and J. Fritz, Monsoonal forcing of calcification in the Arabian Sea, Deep Sea
Res. II. (Accepted, in revision).

14. New field efforts

a. Task Progress:

We have 13 more days of shiptime across the Gulf of Maine in 1999. These will specifically involve sampling
for coccoliths and their related backscattering. We have added a Hobi Labs Hydroscat 2 to our underway
sampling system. After an initial failure of the instrument’s mother board, it is now functioning. This

instrument will provide an estimate of the wavelength dependence of backscattering (at 470 and 680 nm).
b. Anticipated Future Actions:

We are involved in the planning of a coccolithophore cruise south of Iceland, for either summer 2000, or

2001. Remaining discrete samples for PIC, chlorophyll, and POC will be processed.

15



Semi-Annual Report (1 January — 30 June 1999) NAS5-31363

c. Publications: None.

15. Improving algorithm performance

a. Task Progress:

A second manuscript on our Arabian Sea results is in preparation at the time of this writing. This manuscript
will specifically deal with the calibration of the acid-labile backscattering vs suspended calcite relationship in
this region of known coccolithophore production and sedimentation. Moreover, the first continuous record of
particulate inorganic carbon and particulate organic carbon, measured over ~ 3500 kilometers of ship track,

will be presented.

b. Anticipated Future Actions:

Completion of manuscript, and beginning of the Gulf of Maine algorithm work.
c. Publications:

Balch, William M., David T. Drapeau, Terry L. Cucci, and Robert D. Vaillancourt, Katherine A. Kilpatrick,
Jennifer J. Fritz, Optical backscattering by calcifying algae-Separating the contribution by particulate inor-
ganic and organic carbon fractions J. Geophys. Res., 104C, 1541-1558 (1999).

Balch, W. M., D. Drapeau, B. Bowler, and J. Fritz. Continuous measurements of calcite-dependent light
scattering in the Arabian Sea. Deep Sea Res. II. (In Preparation).
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Appendices

I. OCEAN OBSERVATIONS WITH EOS/MODIS Algorithm Development and Post Launch Studies: Plans
for FY 99.

II. Atmospheric Correction of Ocean Color Imagery: Use of the Junge Power-Law Size Distribution.

ITI. Spectral Reflectance of Whitecaps: Their Contribution to Water-Leaving Radiance.
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Preamble

The coming Fiscal Year (1999) was to be heavily focused on validation of MODIS-derived
products. However, the delay of the launch of EOS AMI1 requires some modification of
the plan. Our approach for the coming year is to use SeaWiFS for validating algorithms
(rather than MODIS-derived products) in a manner similar to the way the MODIS Land and
Atmospheres Groups have already been using the MAS. In addition, the delay in the

launch will allow us additional time to enhance the already existing algorithms prior to
launch.

We break our effort for FY 99 into five distinct (although interrelated) units:
e Atmospheric Correction Algorithm Development
e Whitecap Correction Algorithm
e In-water Radiance Distribution (BRDF)
e Pre-launch/Post-launch Atmospheric Correction Validation

e Detached Coccolith Algorithm

In what follows, it will be seen that addressing the various tasks within these units requires
fundamental studies, a through examination of SeaWiFS imagery, use of SeaWiFS
imagery as a tool, and a maintenance of measurement and data-analysis capability through
the prelaunch era into the formal validation phase. Developing the required capability of,
and experience in, processing SeaWiFS imagery will also facilitate the efficient handling of
MODIS imagery (e.g., for QA) in the post-launch era.

Atmospheric Correction Algorithm Development

Objectives and Proposed Activities (FY '99)

During FY '99 there are several objectives under this task. They are focused on ensuring
the correctness of the basic correction algorithm and its implementation, improving the
basic algorithm to provide for an accurate correction in the presence of strongly-absorbing
aerosols, and addressing several MODIS-specific issues.

1. Validate/Improve the Basic MODIS Algorithm using SeaWiF'S

We will begin the algorithm validation and improvement process using SeaWiF'§ imagery.

As we have been able to successfully process SeaWiFS imagery (reformatted to MODIS)
using our MODIS code, we can be assured that the implementation is correct. Thus, we
will concentrate on the science of the correction algorithm by using SeaWiFS to validate the
water-leaving radiances and indicate any potential problems and potential improvements.
For example, we have found using SeaWiFS data acquired during the "initialization" cruise
in January and February of 1998, that using the 670-865 nm bands (the "6-8" algorithm)
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resulted in a somewhat better atmospheric correction than using the 765-865 nm bands (the
"7-8" algorithm). This has important implications for MODIS, because it uses an algorithm
that is similar to the 7-8 algorithm in SeaWiFS. However, the SeaWiFS band at 765 nm
overlaps the O, "A" absorption band, while the corresponding MODIS band (748 nm)
avoids it. Thus, we need to know whether the better performance of the 6-8 compared to
7-8 algorithm of SeaWiFsS is due to the O, "A" band, or a more fundamental problem that
could have an impact on MODIS.

2. Implement and Test the "Spectral Matching Algorithm"

We will continue our basic study of the "spectral matching" algorithm. Unlike the basic
MODIS algorithm, the spectral matching algorithm has the potential for atmospheric
correction in the presence of strongly-absorbing aerosols.

The spectral matching algorithm [Gordon e? al., "Remote sensing ocean color and aerosol
properties: resolving the issue of aerosol absorption," Applied Optics, 36, 8670-8684
(1997); Chomko and Gordon, "Atmospheric correction of ocean color imagery: Use of
the Junge power-law aerosol size distribution with variable refractive index to handle

aerosol absorption," Applied Optics , 37, 5560-5572 (1998)] has already been implemented
in an image processing environment. We will test its efficacy and document its
performance (compared to the basic MODIS algorithm) using SeaWiFS imagery in regions
in which the aerosol properties may be highly variable on a day-to-day basis, but the water
properties are reasonably stable, e.g., the Middle Atlantic Bight (MAB) or the Tropical
Atlantic and Caribbean. Our focus will be as complete an assessment as possible, so a
decision can be made concerning its replacement of, or inclusion in, the basic MODIS
algorithm. At a minimum, it will be used to provide a flag in the MODIS algorithm that
will signal the probable presence of absorbing aerosols, and indicate that the quality of the
derived products cannot be assured. However, the long-term goal is that it replace the
basic algorithm.

3. Optical Properties of Wind-Blown Dust

We need quantitative estimates of the optical properties of wind-blown dust, e.g., from

Africa, to provide a proper model to effect atmospheric correction using the standard
MODIS algorithm.

The optical properties of wind-blown dust are required to effect atmospheric correction
using the standard MODIS algorithm, and possibly the spectral matching algorithm as well.
We have a unique opportunity now to use SeaWiFS imagery that was acquired over the
Caribbean this year's particularly intense dust periods of July and August, simultaneous
with our surface measurements of the aerosol vertical profile (using LIDAR) and aerosol
optical thickness (using a CIMEL sun/sky radiometer) made from St. Johns, VI, to develop
a model for African dust.

4. MODIS-Specific Issues

We need to address the detection and removal of thin cirrus clouds, methods for efficiently
including earth-curvature effects, out-of-band corrections, BRDF effects on the diffuse
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transmittance, correct for polarization sensitivity of MODIS, and the efficacy of
atmospheric correction for removal of the aerosol effect from the measurement of the
[fluorescence line height.

Of the issues listed under this heading, the first that we will pursue is the MODIS out-of-
band corrections. As we now have the MODIS relative spectral response (RSR) functions
from MCST, we can complete their incorporation into the algorithms following the
procedures described by Gordon (1995) ["Remote sensing of ocean color: a methodology
for dealing with broad spectral bands and significant out-of-band response", Applied
Optics, 34, 8363-8374 (1995)].

The second is incorporating the SBRS/MCST polarization-sensitivity data into the
atmospheric correction module. This will be effected as described in Gordon, et al., (1997)
["Atmospheric Correction of Ocean Color Sensors: Analysis of the Effects of Residual
Instrument Polarization Sensitivity," Applied Optics, 36, 6938-6948 (1997)].

The third issue to be examined is the BRDF effect. As described below (In-water Radiance
Distribution), we propose to use our measurements of the BRDF to develop a model that
can be applied to MODIS imagery. This model will be used to address the BRDF on the
diffuse transmittance.

The forth issue in importance is efficiently including earth-curvature effects in the MODIS
algorithm. Following Ding and Gordon ["Atmospheric correction of ocean color sensors:

Effects of earth curvature," Applied Optics, 33, 7096-7106 (1994)] this will most likely be
a modification of the look-up tables for the top-of-the-atmosphere contribution from
Rayleigh scattering. However, before actually embarking on an implementation, we will
examine SeaWiFS imagery at high latitudes to assess the impact of neglecting earth-
curvature in the algorithm.

Finally, because of uncertainty in the performance of MODIS Band 26, and because we
need to assess whether our radiative transfer codes are sufficiently accurate to study
removal of the aerosol effect from the measurement of the fluorescence line height, we will
examine this issue and thin cirrus clouds only if time permits.

An updated Algorithm Theoretical Basis Document (ATBD) for the Normalized Water-
leaving Radiance algorithm will be prepared and submitted by April 30, 1999.

Whitecap Correction Algorithm

Objectives and Proposed Activities (FY '99)

Our basic goal for the rest of the project is to maintain experience in operating and
maintaining the instrumentation in preparation for the validation phase of the contract, and
to complete the analysis of the whitecap data acquired thus far.
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S Maintaining Measurement Capability

We need to maintain our ability to make whitecap measurements.

The basic objectives of the experimental portion of this task has been realized (acquiring
whitecap radiometric data at sea), experimental work is being suspended until the validation
phase, except insofar as the radiometer is being operated at sea when it is sufficiently
important to do so, e.g., it was operated during the SeaWiFS Initialization Cruise (MOCE-
4). This requires personnel capable of both maintaining and operating the instrumentation.

6. Reduction and Analvsis of Existing Data

We need to complete the analysis of the data already acquired.

We have a significant amount of whitecap data that is yet to be reduced and analyzed. In
addition, we need to reanalyze the Tropical Pacific whitecap data because of the
surprisingly low reflectance increase due to whitecaps that we measured there. This is a
unique data set, as it was acquired in the trade winds with moderately high winds (8-12
m/s) and practically unlimited fetch and duration. We have now developed an alternative
method of analysis that we believe is more robust and will provide greater confidence in the
results. Earlier this year, the SeaWiFS Project informed us that the present whitecap
algorithm was causing the atmospheric correction algorithm to fail in the South Atlantic.
We provided an algorithm adjustment (based on our earlier analysis of the Tropical Pacific
whitecap data), and were informed by them that the algorithm appeared to be working
much better after the adjustment. This example underscores the importance of a detailed
examination of as much SeaWiFS§ imagery as possible prior to the launch of MODIS.

In-water Radiance Distribution (BRDF)
Objectives and Proposed Activities (FY '99)
During FY '99 our objectives for this task are: maintaining experience in operating and
maintaining the instrumentation in preparation for the validation phase of the contract;
acquiring more field data; and using the field data to develop a model of the BRDF as a
function of the solar zenith angle and the water's chlorophyll concentration.

7. Maintaining Measurement Capability

We need to maintain our ability to make BRDF measurements.

This requires personnel capable of both maintaining and operating the instrumentation, as
well as reducing the data.

8. Acquisition of More Field Data

To build and thoroughly test a BRDF model, we need to acquire data over a wider range of
chlorophyll concentrations.

We will operate the Radiance Distribution Camera System (RADS) whenever the
opportunity to acquire data over a wider range of chlorophyll concentrations presents itself.
For example, we plan to participate in INDOEX in the Indian Ocean in January-February
1999. This will also provide an independent data set for validation of the MODIS
algorithm using SeaWIFS. We will, of course, participate in the MODIS initialization
cruise.
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9. Build a BRDF Model

We need to develop a model relating the subsurface radiance distribution (BRDF) to the
chlorophyll concentration of the water

The data acquired during the SeaWiFS initialization cruise showed that, at a solar zenith

angle of ~37° (the mean encountered during the cruise) and a chlorophyll concentration of ~
0.1 mg/m’ (the approximate mean encountered during the cruise), an error of ~5% in the

normalized water-leaving radiance [LW(A)]  would be made if the measurement was carried

out at nadir rather than at the angle appropriate to the viewing direction of the sensor. Since
most investigators are only capable of measuring the in-water upwelling radiance at nadir,
direct comparison of their measurements with MODIS (or SeaWiFS) data will result in an
error at, or above, the level of error that is acceptable for the MODIS product. This error
can be reduced by using a model (based on the chlorophyll concentration and solar zenith
angle) to either correct the nadir measurement to the appropriate viewing angle, or to correct
the MODIS product to provide the normalized water-leaving radiance at nadir. In either
case, a model is required and we propose to build one that includes both elastic and
inelastic (Raman) scattering, as it is evident that a considerable portion of the radiance in the
blue-green (>10%) results from inelastic processes. In addition we will compare our
measurements with the f/Q model of Morel [Morel and Gentili, "Diffuse reflectance of
oceanic waters. III. Implication of bidirectionality for the remote sensing problem,"
Applied Optics, 35, 4850--4862 (1996)] (which is being used in other models in the
community). Construction of such a model may require that the in-water light field be
simulated with a radiative transfer code that includes polarization.

Pre-launch/Post-launch Atmospheric Correction Validation

Objectives and Proposed Activities (FY '99)

The original objectives of this task were fourfold: (1) study aerosol optical properties over
the oceans to assess the applicability of the aerosol models proposed for use in the
atmospheric correction algorithm; (2) measure the aerosol optical properties (including their
vertical distribution) from a ship during the initialization/calibration/validation cruises; (3)
determine how accurately the radiance at the top of the atmosphere can be estimated based
on measurements of sky radiance and aerosol optical thickness at the sea surface (i.e.,
vicarious calibration); and (4) utilize data from other sensors that have achieved orbit
(OCTS, POLDER, SeaWiFSs ...) to validate and fine-tune the correction algorithm. We
have obtained a significant amount of data toward (1), designed, constructed, or
purchased, instrumentation to acquire data for (2), completed (3), and (4) was discussed
under the first activity above (Atmospheric Correction Algorithm Development).
Objectives for the post-launch validation phase are: maintain experience in operating and
maintaining the instrumentation in preparation for the validation phase of the contract;
complete analysis of data already acquired; and participate in the validation phase.

10. Maintaining Measurement Capability

We need to maintain our ability to make atmospheric measurements at sea.
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This requires personnel capable of both maintaining and operating the instrumentation, as
well as reducing the data. We will continue to keep the CIMEL operation in the Dry
Tortugas, including the monthly maintenance checks. We plan to use the MPL, aureole
camera, and sky camera during INDOEX in January-February of 1999, and during the
MODIS initialization cruise.

11. Complete Analysis of Existing Data

We need to complete the analysis of the data acquired previously.

We have been operating the CIMEL instrument in the Dry Tortugas almost continuously for
several years. It worked well, largely due to the diligence of E.J. Welton in maintaining
the instrument and the site. However, we have only scratched the surface in the data
analysis. We have only looked at a few specific time periods, and need to examine the
entire record. In particular, there are several periods when African dust was known to be
present, and we can study its properties using the CIMEL data. Also, we have extracted
specific days of the data set, believed to be dust, marine aerosol, or nonseasalt sulfate

aerosols. On these days we are running our inversion method [Wang and Gordon,
"Retrieval of the Columnar Aerosol Phase Function and Single Scattering Albedo from
Sky Radiance over the Ocean: Simulations," Applied Optics, 32, 4598-4609 (1993)] for

recovering the phase function, to compare with that used by Nakajima ef al. ["'Retrieval of
the Optical Properties of Aerosols from Aureole and Extinction Data," Applied Optics, 22,
2951--2959 (1983)], used in the Aeronet Network). This work will be continuing.

Aureole and sky camera data acquired during the July Hawaii criuse are being analyzed,
specifically for several locations while the cruise went near the volcanic plume to look at the
retrieved size distribution of particulates in the plume. The aureole and sky cameras
(including the sky polarization) were also operated during the MOCE-4 cruise, and these
data are in the process of being reduced and analyzed as part of the SeaWiFS initialization.

12. Post-launch Validation

We will participate in MODIS post-launch validation.

We will use the MPL, aureole camera, and sky camera during INDOEX in January-
February of 1999. In this case, SeaWiFS will be a surrogate for MODIS in the algorithm
validation program. We will also participate in the MODIS initialization cruise; however,
its scheduling will be dependent on the MODIS launch.

Detached Coccolith Algorithm
Objectives and Proposed Activities (FY '99)

The objectives of our FY 99 effort are to complete analysis of cruise work done to
date, continue new field data in the Gulf of Maine and Gulf of Mexico, use these data to
improve algorithm performance and to apply and validate the coccolithophore algorithm
using SeaWiFS data.

13. Processing of completed pre-launch cruises

We have been collecting data on coccolith concentrations in several pre-launch
cruises per year for the past several years. Most analyses have now been performed, and

7
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post-cruise calibrations of the scattering measurements have been done (calibration
standards are always run before each cruise, but periodic distilled water checks are always
run, and must be checked against published values to verify calibration). While basic
interpretation of the prelaunch data have been done, much more data interpretation is in
order. Thus, we propose to devote half of our time in FY 99 to further reduction of the
pre-launch data. This also will involve using SeaWiFS data of water-leaving radiance at
550 nm to validate the algorithm, and comparing against shipboard measurements of
suspended calcite. There was a coccolithophore bloom last year in the Bering Sea, in
which the coccolithophore algorithm was implemented. Due to the fact that the bloom was
extremely thick, we discovered that the look-up table must be re-run in order to apply the
algorithm. This is now being done.

14. New field efforts

The other half of our effort will be devoted to pre- and post-launch cruises. We
have several days of pre-launch cruises in the Gulf of Maine in September and October
which will also have to be processed in the coming year. In April, 1999, we have 15 days
of shiptime in the Gulf of Mexico between Tampa and Progresso, Mexico. We are
including water-leaving radiance in our suite of continuous measurements, as sampled from
a bridge-mounted Satlantic radiance sensor. We also will have 20 days of ship time next
year in the Gulf of Maine in which we will collect coccolith concentrations, suspended
calcite concentrations, inherent and apparent optical measurements.

15. Improving algorithm performance

Now that SeaWiFS imagery can be run with MODIS software, we intend to
compare the suspended calcite concentrations estimated from space-based measurements,
with ship-board measurements. Specifically, we will begin with satellite-derived
measurements from blooms, and work into nonbloom waters, in order to estimate the limits
of sensitivity of the algorithm. Given that next year's Gulf of Maine cruises will be "post-
launch", hopefully, we can test the algorithm without having to work through SeaWiFS.
However, initial validation of the algorithms will be effected with SeaWiFS data.

An updated Algorithm Theoretical Basis Document (ATBD) for the Detached Coccolith
Concentration algorithm will be prepared and submitted by April 30, 1999.

MODIS Ocean Discipline Group Validation Plan

We will provide input to a revision of the Ocean Discipline Group's validation plan by
March 30, 1999. The plan will be in both narrative and viewgraph forms.
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In this study, a new atmospheric correction algorithm capable of simultaneously retrieving
aerosol and ocean optical parameters under the presence of both highly- and weakly-
absorbing aerosols has been developed. It is suggested that the radiative properties of
realistic aerosols can be well simulated with those resulting from the Junge power-law
aerosol models. The use of the latter makes it possible to vary the atmospheric radiative
properties continuously through a variation of the aerosol parameters. The atmosphere
is assumed to comsist of two, plane parallel and horizontally homogeneous, layers with
the Fresnel reflecting bottom boundary. The radiative properties of the ocean water are
assumed to be those of Case 1 waters. A system of non-linear equations is constructed
for the radiances detected by a multi-band remote sensor and, is subsequently solved using
non-linear optimization procedures. The algorithm’s performance has been studied with
simulated test data. It is shown that the aerosol single scattering albedo (zp) and the
pigment concentration (C) can be excellently retrieved to within 6% and 10% respectively
even under the presence of the instrument calibration errors. However, because of significant
differences in the scattering phase functions for the test and power-law distributions, large
error is possible in the estimate of the aerosol optical thickness. The positive results for
the pigment concentration C suggest that the detailed shape of the aerosol scattering phase
function is not needed for the atmospheric correction of ocean color sensors. The relevant
parameters are the single scattering albedo and the relative spectral variation of the optical
depth. The vertical distribution of aerosols and a spectral variation of the aerosol’s refractive
index have adverse effects on the accuracy of retrievals. Fortunately, these cases are easily
identifiable in the course of non-linear optimization procedure as long as the data “fit”
objective function Spsq becomes relatively large, i.e., 5-6%, in contrast to less than 1%
in other test cases. The algorithm was incorporated into the SeaWiFS image processing
system SeaDAS. The results demonstrate that the algorithm’s performance is superior to
the NASA Standard Atmospheric Correction algorithm. A significant advantage of the new
approach is that realistic multicomponent aerosol models are not required for the retrieval
of C.
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. INTRODUCTION

The subjects of the atmospheric particulate turbidity and ocean color have been re-
ceiving considerable attention recently. An impetus for the renewed interest is scientific:

the role of aerosol and phytoplankton in the global carbon cycle and possibly climate.

Marine phytoplankton are the microscopic single-celled ocean plants, and are at the
base of the marine food chain. Phytoplankton contain chemical chlorophyll-a and other
pigments that absorb light, thus, providing the energy needed for photosynthesis. The rate
of photosynthesis in phytoplankton is regarded as primary productivity. The study of the
primary productivity and the global distribution of phytoplankton can provide answers to
its role in the global climate forcing and carbon cycle.?* Phytoplankton pigments absorb
light mainly in the red (670 nm) and in the blue (440 nm) range of the spectrum, and
reflect the light in the green (550 nm). By measuring the light exiting the ocean in the blue
and green (the “ocean color”), the phytoplankton pigment concentration can be determined

(pure water reflects the light in this region of the spectrum).

The passive remote satellite sensors provide an efficient and cost-effective way to study
the variation of marine phytoplankton on a global scale. The light signal at the top of the
atmosphere is comprised of two parts resulting from the radiative processes within: 1) the
atmosphere itself (90-100%), and 2) the ocean (0-10%). Thus, the atmospheric radiative

effects need to be removed. This problem is regarded as atmospheric correction.

Atmospheric correction is complicated by many factors. Chief among them are aerosols
(a suspension of fine liquid and/or solid particles in a gas). The aerosols possess not only
a complicated chemical character but also diverse physical and geographical properties:
shape, size distribution, time variability, location, etc.®”® There is no way to predict their

properties a prior:.
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The proof-of-concept ocean-color mission was the Coastal Zone Color Scanner (CZCS)
on Nimbus-7 (1978-1986).57 It demonstrated that the concentration of marine phytoplank-
ton could be estimated from measurements of the radiance leaving the top of the atmo-
sphere. This led to the development of more sophisticated ocean color sensors such as the
Sea-Viewing Wide-Field-of-View color sensor (SeaWiFS§),® the moderate resolution imag-
ing spectrometer MODIS,’ the polarization and directionality of the earth’s reflectances

instrument (POLDER),!? etc.).

The first atmospheric correction algorithm that was capable of retrieving water-leaving

radiances®

" was developed for the Coastal Zone Color Scanner, and utilized a simple single-
scattering algorithm. Gordon and Wang'! substantially improved it later including multiple-
scattering effects and was successfully applied for SeaWiFS§S. This algorithm provided water-
leaving radiances with the required accuracy for typical marine atmospheres. It failed,
however, in cases when the atmosphere contained highly absorbing aerosols.

Recently, Gordon et al.'?

proposed an algorithm for Case 1 waters '* (i.e., waters whose
optical properties are controlled by phytoplankton and their immediate detrital material)
that worked resonably well for both weakly and highly absorbing aerosol and was able to
obtain similtaneously the pigment concentration. It systematically varied the ocean pigment
concentration and aerosol models, selected a pre-set number of best fits (in an r.m.s. sense)
and computed the average of the model parameters taken to be the results of retrievals. The
candidate models were derived from the bimodal log-normal size distributions and refractive
indices provided by Shettle and Fenn'* as a function of relative humidity. The water-leaving

radiance was computed on the basis of the semianalytic radiance model of ocean color of

Gordon et al.'®

For the CZCS imagery correction Zhao and Nakajima'® also proposed an algorithm
that was able to determine aerosol and ocean properties similtaneously. They employed
models with Junge power-law size distributions with a single index of refraction and used

water-leaving ratios instead of water-leaving radiance itself. They showed good retrievals
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with simulated test data created by use of bimodal aerosol size distributions with the same
index of refraction and concluded that the power-law size distribution was an adequate

approximation to the now favored bimodal aerosol distributions.

This dissertation extends the work of Gordon et al.'? through utilizing the Junge power-
law models with variable refractive index and including non-linear optimization procedures
to determine similtaneously aerosol and ocean water properties. We begin in Chapter 2 with
the basic description of radiative transfer through the atmosphere-ocean coupled system.
Chapter 3 provides the details of the proposed atmospheric correction algorithm. The
performance of the newly developed algorithm is tested with simulated data is provided in
Chapter 4. This algorithm has been incorporated into the SeaDAS image processing system
for SeaWiFS and the results are demonstrated in Chapter 5. Chapter 6 concludes this work.

The quasi-Newton minimization theory concepts are outlined in the Appendix.



II. RADIATIVE TRANSFER IN ATMOSPHERE-OCEAN SYSTEM

In the scalar approximation (the polarization ignored), the propagation of light through
the plane-parallel, horizontally homogeneous atmosphere is governed by the Radiative

Transfer Equation (RTE) 718 :

dL(T;6,9)

cos @ — = —L(7;0,¢)+ J(7;0,9), (2.1)

where 6 and ¢ are the photon’s polar and azimuth angles, the optical thickness 7 =
Jy €(z')dz where c(2') is the extinction coefficient of the atmosphere at the geometrical
depth z (assuming that z = 0 at the top of the atmosphere), and L(7; 8, ¢) is the radiance.
J(7;0, @) is the source function defined as

™ 2r
J(r;0,¢) = % /0 e’ /o dg'sing' P(r;6',¢';6,9) L(r;0',¢"), (2.2)

where P(7;0',¢'; 0, $) is the single scattering phase function from the direction (', ¢') to
(6, #). The single scattering albedo wq = b(7)/c(7), where b(7) is the scattering coefficient
of the atmosphere at the optical depth 7. In order to obtain a unique solution in the

atmosphere two boundary conditions are needed: (1) at the top of the atmosphere
L(0;0,¢) = Fyd(cos @ — cosy)8(é — ¢o), 0 <7/2, (2.3)

where Fj is the extraterrestrial solar irradiance, 6, and @ are the sun’s zenith and azimuth

angles respectively, and (2) at the botom of the atmosphere
Lriin ) = [ r(06:— 6,,67) (i85, 80) 40, (24)

where subscripts “r” and “i” stand for “reflected” and “incident” respectively, and r(0;, ¢:

— 6., ¢,) is the surface’s bidirectional reflectance distribution function (BRDF).

To represent the atmosphere-ocean coupled system we adopt a widely used plane-parallel

horizontally homogeneous two-layer model for the atmosphere with the Fresnel reflecting

4
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bottom boundary where the top layer contains a gas of molecules (for simplicity, referred
to as a “Rayletgh layer”) and the second bottom layer contains only aerosol particles unless
specified otherwise (“aerosol layer”). Radiance entering the ocean is backscattered into the

atmosphere in accordance with the semi-analytic model of Gordon et. al.'®

Let us introduce a dimensionless quantity named reflectance

p(A) = )

= Fo(V) cosy’ (25)

where L is the radiance, Fy is the extraterrestrial solar irradiance, 6y is the solar zenith

angle, A is the wavelength. The radiance at the top of the atmosphere (TOA) can be written
then as (Figure 2.1)

Pt = pr+ Pa+t Pra + Pg+ tpw + tpuwe, (2.6)

where p; is the total reflectance measured by a remote sensor, p, is the reflectance resulting
from the multiple scattering by the molecular (Rayleigh) gas only (i.e., without being
scattered by aerosol), p, is the reflectance resulting from the multiple scattering by the
aerosol only (i.e., without being scattered by Rayleigh gas), p,q is the interaction term that
represents the reflectance resulting from scattering by both Rayleigh gas and aerosol, pg the
reflectance resulting from the sun glitter, p,. is the reflectance resulting from whitecaps,
Pw is the water-leaving reflectance and, finally, ¢ is the diffuse transmittance function of the

atmosphere.

As long as the ocean color sensors are equipped with tilting mechanisms, the term pg4

can be omitted. Assuming further that p,. = 0 the Eq. (2.6) simplifies to

pt = Pr+ Pa+ pra + tPw, (2‘7)

Our objective (and that of the atmospheric correction in general) is to obtain py(A) from

the values of p¢(A). Below, a focus will be placed upon the computational aspects of each



of the terms shown in the Eq. (2.7).

ATMOSPHERIC CORRECTION
PROBLEM STATEMENT

Extraterrestrial Solar
Radiance

ZENITH

%
T

PV = p M) +p M+ p M)+t pwc(k) +tMp M)+ pg()«)

Figure 2.1. Atmospheric correction model.



Computation of p.(A
Assuming that
- the air molecules are considered as molecules of a single gas;

- the scattering coefficient per unit mass of the air molecules x,;» and the acceleration

of gravity g do not vary with the height;

- the molecular weight fraction of various atmospheric air molecules does not vary with
the height,

a simple expression for the optical thickness 7. may be obtained as the function of the
optical thickness 7,9 corresponding to the standard surface pressure P, = 1013.25 mb and

the ambient pressure P

T, = Tro‘II;:.‘, (2.8)

Hansen and Travis further derive an empirical relationship for 7.9 at STP:
700 = 0.008569 A™* (1 4+ 0.0113 A~2 4+ 0.00013 A~*), (2.9)

where ) is the wavelength in [pm]. It should be noted, however, that more accurate
computations may be performed without making the above assumptions,!® but the deviation
of the optical thicknesses of the Rayleigh gas for the atmospheric conditions provided by in
the “U.S. Standard Atmosphere Supplements, 1976” 2%! never exceeded 1% comparatively
to those obtained with the equations (2.8)-(2.9) . Figure 2.2 demonstrates the results of the

similar computations.

In the absence of the polarization of the incident radiation and the molecular anisotropy,
the angular distribution of the light scattered by the molecular gas is given by the Rayleigh
phase function P(©)

P(©) = 3/4 (1 + cos?(0)), (2.10)



where O is the scattering angle.

For a given sun-viewing geometry, 6,6 and the ambient pressure P, Gordon et al.??
show that the Rayleigh reflectance p,(A) in the visible and near-infrared can be computed
through

1 — exp(—7-(A)/ cosh)
1 — exp(—7ro(A)/ cos8)

pf‘(A;e’001A¢) = pfo(’\;e) 90)A¢)1 (211)

where p.o(}; 0,80, A@) is the reflectance of the Rayleigh gas at STP, and A¢ is the viewing

azimuth angle relative to the sun.

0.400

0.350 ]

0300

x  Tropical (15°N)

0250 - o Midlatitude Summer (45°N, July)
] 0 Midlatitude Winter (45°N, January)
] — U.S.Standard, 1962

__ 0200 <= Subarctic Summer (60° N, July)

0.150

0.100 :

0.050 ]

0.000 T T T T T T T T
400 500 600 700 800 900

Am)
Figure 2.2 Rayleigh optical thickness 7.(A) for the U.S.
Standard 1976 and four Supplements 1976 atmospheres

The Egs. (2.8) - (2.11) along with the Radiative Transfer equation constitute a complete
set of equations sufficient to determine the radiative properties and the reflectance p,(X) of
the Rayleigh gas. It is worth pointing out that the impact of the Rayleigh gas reflectance
p-(A) on the resulting total reflectance at the TOA, p¢(A), decreases rapidly from the blue
to the near infrared (NIR) spectral range, more specifically, p.(NIR) comprises just about
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30-40% of p:(NIR) depending mostly on the sun-viewing geometry, in contrast to 70-80%
in the blue.

Computation of po(A) + p-.(A)

The aerosol is composed of particles of extremely complex physical and chemical properties
that depend on many factors like the aerosol origin, location, the time of a day, the
wind speed, humidity, etc. They come in different shapes, forms and sizes. Their total

unpredictability makes the problem of the atmospheric correction nearly untreatable.

We start with a simplification that the particulates are uniform spheres which is a valid
assumption for the pure water aerosols found in abundance over large bodies of water, like,
oceans. The theory of the scattering of electro-magnetic plane waves from dielectric spheres
was originally developed by Mie?® in 1908. More modern treatments of the theory along
with further developments are given by van de Hulst'® and Kerker.?* The theory for the
electro-magnetic scattering from spheroidal particles is provided by Mishchenko.?®

In this work, we will adopt the Mie theory in the development of the atmospheric
correction algorithm. There exists an extensive list of literature on the subject of the
Mie theory, hence, below we provide only those properties that are directly used in the
development of our algorithm.

The aerosol is characterized by its indez of refraction

m(A) = m.(A) — im;(A), (2.12)

where m,()\) and m;()\) are respectively the real and imaginary part of the index of
refraction. D’Almeida, Koepke and Shettle * provide the refractive indexes for the most

common aerosols. They are partially reproduced in the form of a diagram in the Fig. 2.3.

It can be observed that the imaginary part m;(A) of the index of refraction of water-

soluble and dust aerosols have only a slight dependence on the wavelength, while the rest
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are strongly dependent on the wavelength. Note, however, that neither oceanic (or sea-salt)
nor sulfate (mostly existing over land) aerosol is ever found in its “pure” form and come
as a mixture of various aerosols (for example, the maritime aerosol consists of 99%, by
number, of the water-soluble and 1% of the oceanic components as defined by Shettle and

Fenn'* ). In the atmospheric correction, we will make the assumption that the refractive

Imaglnary Index

Wavelength, nm

Figure 2.3. Imaginary part of the index of refrac-
tion m;(\) for selected aerosols: water-soluble, dust,
oceanic, maritime-mineral, sulfate. Based on the data
provided by d’Almeida, Koepke and Shettle, 1991

index is independent of the wavelength.

Another aspect that determines the optical properties of aerosols is the spectrum of
particle sizes. The smallest particles (typically called Aitken nuclei) range in size from
10~3um to 10~'um and have a little effect on the optical phenomena. The condensation
nuclei or large particles are important, on the other hand. They range in size from 10~ 'pm
to 1 pm. Giant particles are those greater then 1 ym in radius (see, Elterman?®?” for the

detailed classification). Deirmendjan (1960)*® parameterized the aerosol size distribution
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with the following equation

dN (D) — aD%e—bD’

(2.13)

where n(D) is the size frequency at the diameter D, dN (D) is the number of particles with
diameters between D and D + dD and a, a, b, and ¥ are positive constants determined
by the type of the aerosol. Besides the fact that the parameters in (2.13) had a readily
interpretable physical meaning, they fit fairly well with measurements on natural water
clouds and aerosols. However, we will adopt another im_rameterization that proves to be
convenient when dealing with aerosols that are a mixture of different types of aerosols, or

modes: the log-normal size distribution

M
n(D) = Zn,-(D), (2.14)

where n;(D) is the size frequency at the diameter D for the ¢’s component (mode) of the

size distribution and M is the total number of modes. For the individual component n;(D)

_ B N; _log,(D/Dy)
ni(D) = log,(10)v/27a; D exp( 1 20; ) ' (215)

where o; is the standard deviation, N; is the total number density of the zth component,

D; is the mode’s diameter. On the basis of the Eq. (2.15) Shettle and Fenn'* and later

we have

d’Almeida, Koepke and Shettle! developed an extensive number of aerosol models having
optical properties encountered under realistic conditions (some of them will be considered
in later chapters in more detail). Having derived the scattering o,., and absorption ogaps
cross-sections from the Mie theory for individual particles of the diameter D, we can further
compute quantities that directly govern the radiative transfer such as the scattering and
absorption coefficients, k,c, and kqp,, respectively (note that the total extinction coefficients

is defined to be the sum k.z: = kyca + kass = ¢), €.8.,
D;
ksca :/ 0sca(D)n(D)dD, (2.16)
D,

where we explicitly restricted the range of diameters from D; to D; in the light of the

above discussion. The coefficients kqs, and k. are defined by the similar expressions. The
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single-scattering albedo (representing the fraction of the radiance removed from a beam of

light by scattering) follows immediately from k-coefficients

Wy = kaca/kz:ch (217)

Figures 2.4 and 2.5 provide the single-scattering albedo wg(A) and the extinction coefficient
k.z:(A) as the function of wavelength A\. These diagrams reveal a remarkable features of
functional behaviours of @y () and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>