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Overview

Skylab, with its newly-developed sensors aboard, gave a very challenging
opportunity to investigate oceanic areas, especially regions of upwelling,
a major sourve for the world's fisheries, Due to many technical problems

which had to be overcome during the space mission, much of the data necessary

to meet the original objectives of the proposed studies could not be obtained;

even with repeated coverage of the test site. Fortunately, additional coverage
was obtained by ERTS-1, giving very good insight into the possible dynamics of
color grééients in the océaﬁs.

The plamned cooggratidn with multiship cruises could not be scheduled
simultaneously because of other priorities during the spacecraft's missions.
However, significant results during aircraft'miésionS'and in laboratory ex—
periments have led to g better understanding of the water mass structure re-
cognized in the Skylab data. Many failures, such asuseless recordings with
the §191, led to-waste of man power. On the other hand, we gained inforﬁation

which never could have been acguired by conventional methods.

Dr. Karl-Heinz Szekielda
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ABSTRACT

The upwelling off the NW coast of Africa in the vicinity of Cape Blanc
was studied in February — March 1974 from aiveraft and in Seﬁtember 1973
from Skylab. The alreraft study was designed to.determine the effectiveness
of a differential radiometer in quantifying surface chlorophyll concentrations.
Photographic images of the S190A Multispeectral Camera and the S190B Earth Ter-
rain Camera from Skylab were ﬁsed to study distributional patterns of suspeﬁded
mate;ial aﬁd to locate ocean color boundaries. The thermal chamnel of the §192
Multispectral Scanner was.used to map sea-surface temperature distributions off

Cape Blanc. Correlatlng ocean coloxr changes with temperature gradients is an

-effective method of qualltatlvely estimatlng biological productivity in the up-

welling region off Africa.

INTRODUCTION

From a practical standpoint, phytoplankton is a ver& important life form
in the'ocean, since primary productivity can be directly related to potential
production ¢f commercial fish., In upwelling reglons of the world, such as.uff
the northwest coast of Af:ica,_wind stress produces an offshore movement of
surface waters which are replaced by cooler, nutrient-rich subsurface ﬁaters.
These upwelled waters are an excellent medium for the propagation of phytof

plankton. Though upwelling reglons comprise only about one—tenth of one pex-

- cent of the oceen surface, Ryther (1969) estimates that they produce about

half of the world's fish supply.

When studying plankton over large areas of the ocean, oceatiographexrs . -
face serlous logistics problems. Since it may take several days to séveral

weeks to cover a 1arge'study area by ship, the best that can be hoped for is
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a time-averaged picture of plankton distributions. The ship.sampling program
may miss patches of plankton of significant interest and the concentrations
may be changing rapidly over time. Since large surfaee areas of the ocean
can be easily seen from sﬁace, the possibility of synoptically determining
plankton quantities and distributions from earth orbit 1s extremely attractive.
On September 4; 1975, the Skylab spacecraft passed direcﬁly oﬁer the Cape
Blanc section of NW Afrieaf This report will summarize the interpretation to
date of rediometeric data derived from Skylab ae it pertains to plankton dis-

tributions off the African coast.

ATMOSPHERIC CONDITIONS. .

The NW coast of Africacan be effectively studied from space, since favor-
able meeeorological conditions are present throughout most of the year. During
winter in the Northern Hemisphere, a high pressure system is centered between
the Canary Islands 'ehd the Azores. In summer, this system extends further to
the north and west. Therefore, the coast of Africa experiences clear weather
during most of the year with extremely good horizontal and vertical visibility.

The NE trade winds are responsible for the upwelling conditions off the
NW African coast. During the summer months when  the Trades are located between
15°N and 35°N latitude, the principal component ¢f the winds is northerly,
thevefore giving rise to the most intense upwelling conditions. (Szekielda,
1973).

Figure 1 shows a Nimbus 5 thermal image of the NW coast of Africa taken

September 2, 1973, two days prior to the Skylab overpass. The clear conditions

‘surrounding Cape Blanc indicate the influence of the offshore anticyclone and

the low-moisture NE trade winds. The band of thick clouds to the south represents

the Intertropical Convergence Zone. |

’
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SPECTRAL. PROPERTIES OF PLANKVON

Light penetration in water is5 affected by plankton, algae, and dissolved
and susgended matter. As a result, the composition of backscattered light
from the air-sea interface is determined by the nature of the congtituents in
the water colum, - In contrast to ﬁhe absorption spectrum of chamically—pure
chlorophyll in solution, algae suspensions absorb and scatter light more uni-
formly throughout the visible part of the electromagnetic spectrum. Because
of the spectral absorption and scattering properties of plankton, its concen-
tration can bé estimated by measuring tﬁe spectral backscattered radiance
over water.

Whén monitoring plankton or biomass from high altltudes, we nust consider

the fact that algae behave moxe like a suspension than a pure solution of

chldrophyll. As a result, solar light will be scattered at the outer shell of

_ th: plankton ofganisms. The absorption of incldent irradiance by the cells de-

peads on thelr outer structure and the optical density inside the cell. Varia-
tion in the optical density or the configuration of the cells may change the

intensity of backscattered light even if the incident solar irradiance, sun

~angle, and chlorophyll concentration per unit of volume remain constant.

Yenﬁéch (1960) found that the red absorption band of chlorophfil has little
influence on water color. This.means that the_signal obtained with g red band
sensor would fecord primarily the effect of backsecattered light from the organ-—
ismS.‘ |

The intensity of backscattered light caused by plankton and dissolved

- matter from the ocean as a function of .avelength is given in Figure 2. Gulf

Stream water was used as a reference water assuming that the chlorophyll con-

_cen;ration_of less-than O;OZugfl_; does not: change.significantly_the ba¢kscattered

e =
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1ight compared to pure vater. It was assumed, for :he interpretation of the
different spectra, the sky eondifions, sun angle,.and sea stafe were the same
over both sites. The spectrum in Figure 2 1s the difference in energy between
the spectrum obtained in near-coastal water and the spectrum recorded over the
Gulf Stream..

If both water messes had the same aptical characteristics and oceanic
conditions, the energy dlfference in both spectra should be equal to zero.
Any differences_ between the two signals would thus be caused by dissolved and/
or particulate matter in the sea. If chlorophyll affected the backscattered
light by its absorption properties in the shorter wavelengths, we would expect
differences near the absorption bands of chlorophyll.

Chlorophylls have two main dbsorption maxima in the visible region of the

electromagnetic spectrum. The main absorption peaks for pure chlorphyll o are

-at 0.446um and 0.663um. However, the naturally occuring chlorophyll o types

in plants have spectra with peaks near 0.673um and 0.683um, Other forms show
maxima near 0.690um and 0, 710um.

The spectrum in Figure 2 shows that the first and the second zbsorption
bands of chlorophyll have only a minor influence on the total backscattered
light, Strong absorption appears at about 0.72pm, but the maximum of back-
scattered light appears at'0.58um. Considering only‘timaporﬁion between the
second absorption band and the near-infrared, it can be seen that only a
linear decrease of backscattered light appears., This is an indication that in
addition to the absorption of'iight by‘chlorophyilg Backseaﬁtefed light from
the organisms themselves contributes to the total backscattered energy. Thus,

the size and concentratinn of partlcles or marine organlsms seem to be the im-

portant contributors to the changes in backscattered llght intensity as measured o
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in the Skylab sensoxs. The scattering intensity of suspended partiecles is
proportional to A" yhere A is the wavelength and # the Bayleigh value which .
may vary from 4 for pure water to O at high turbidity. In other words, the
intensity of backscattered light increases with particle concentration. This
shows thé important influence of particles without chlorophyll on the back-
scattered light from below‘thg sea surface. Lorenzen (1970) established a
correlation between surface chlorophyll concentrations and primary productivity
for-different oceanic waters. Bntter correlations were found when chlorophyll
and prinary productivity data from the upwelling regilon off the NV coaét of
Africa were nompared. This suggests that a significant relationship between
the two parameters can bé nbtained when individual oceanic reglons are studied,
thus making surface chlorophyll measurements that much more valuable.

An often suggested algorithm of narrow band ocean color reflectances was
employed in an alreraft mission for evaluation of its effectiveness in chioro-
phyll determination and in recognition of changes in regional ocean color dis-
tributions. A ratio of the 0.443um to the 0.525um reflectances has been dis-
cussed by Clarke and Ening (1974) and Duntley (1972) as having the ability to

determine chlorophyll concentration in near-surface watexs from aircraft and

satellite altitudes. From these observations Arvesen gt.al. (1973) developed

a differential correlation radiometric method to detect chloreophyll. Their
measurements of ratio values, using the continuous recording differential ra-
diometer, correlated well with real-time sea-truth measurements of surface
chlorophyll concentrations., From the results of flights over various types of
water masses, a calibration of the reflectance ratio to surface chlorophyll
concentrations (mg/m3) was constructed.

During February and March 1974 the differential radiometric (DR) method

was used iu an extensive oceanographic a!reraft mission as part of the JOINT-L
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project in a one square degree region (20° - 21° N latitude x 17° - 18° W long-
itude) offshore of Cape Blanc. In comparison with surface chlorophyll sea-truth,
the PR method was not effective in the determination of chiorophyll off Africa.
Interferences caused by suspended particulates of eolian origin in the surface
wéters plus presumed concentrations of Gelbstoff, resulted in an "enhanced"
apparent chlorophyll signal. These interferences can be explained by the
following: 1) Increased backscattered radiance was caused by the high con-
centration of high refractive index (highly reflective) eolian and_wave eroded
particulates; 2) Inherent optical properties inecluding absorption by diséolﬁed
Gelbstoff, attenuation of radiance by sea water and particulate scattering (in-
cluding multiple scattering) prodiuced a spectral signal that the ratio method
cou;d not_diffgrentiate from that of chlorophyll; 3) Selective scattering by
phytoplankton and high non—selective scattering by the additional partilculates
in mhltiple events produced an increased backscattered signal to the DR which.
was an "enhanced" chlorophyll signature. These apparent chlorophyll signals
wvere investigated in laboratory studies and were found to be principally attri~
buted to the scattering properiies of both inorganic particles and algée in
suspengion.

Although this color ratio did not effectively determine chlorophyll levels,
there was a strong correlation between sea surface temperature (SST) gradients
and *ane observed ocean color ratio gradients. Higher ratios were coincident
with low temperature, with only a few nearshore exceptions. A significant cor-
relation of this color ratio and total particulates from sea-truth measurements
does exist and, in addition, inereased fishing was cbserved to be closely associ-
ated with the SST-DR ratio gradients (Tabe~ 1975). Therefore, ocean color
changes associated with sea-surface femperacure gradients aré indicative of pro-

ductive water masses off the NW coast of Africa.

[FRSS———
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CAPE BLANC

The hydrography between Cape Blanc and Cape Timiris can be described by the
T-égdiagram based bn 16 stations (Allain, 1970) where data were collected be-
tween 0 and 800 m. Two main formations of water masses can be recognized. The
first is within the upper 300 m and can be considered a mixture of surface water
and Central South Atlantic water with values of 12°C and asalinity of 35.35% ., at 300 m.
The layer between 400 m and‘SOO m consists mainly of Central Noxth Atlantic
water with tempernatures batween 12°C and 8°C. The influence of Antarctic In-
termediate Water is showﬁ by water with a salinity of 35.050100 and a tempera-
ture of 7°C. Upwelling in this area is limited for water types with tempera-
tures between 18.5°C and 20.5°C and salinities between 35.8 and 35.950/00,
which show that the upwelling has its origin in the upper 100 m.

The upwelling in the vicinity of Cape Blanc is persistant throughout most
of the year and is evident by the high concentrations of chlorophyll noted in
Figures 3 and 4. A survey of fish tonnages between Cape Blanc and Cape Timiris
was made by Boley (1974) in July of 1973. H;gh concentrations of fish were
observed west of Cape Blanc while very high tonnages were noted near Cape Timiris.
The tonnages of fish therefore, show some correlation with surface chlorophyll
concentrations in this area.

During the September 4, 1973 overpass, Skylab collected radiometric data
with the S190A Multispectral Camera, the 51908 Earth Terrain Camera and the
5192 Multispectral Scanner. The ground coverage provided by these sensors is
shown in Figure 5. During the subsequent Skylab 4 mission, photographs were
also taken of the study area with hand-held cameras.

Figure 6 is a high resolutioﬁ color photograph of the Bane d’Arguin taken

with S190B Earth Terrain Camera. The scale of the photograph is approximately

%Temperature-salinity
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1:900,000 in covering an area of 110 km x 110 km. There is an cbvious color

gradient of blue to green from offshore to nearshore waters indileative of the

presénce of suspended material and Gelbstoff. Tigure 7 is the green band

5190A multispectral spectral image having a response region between 0.5um and
0.6pm. The scale of this photqgraph is roughly 1:2.7 million covering an
area of 157 km x 157 km. The patterns and patchiness of offshore suspended
material arerevident from this photograph.

The nearshore pattérns of suspended material indicate a northerly flow of
waters toward Cape Blanc. The "U-shaped" plankton patch southwest of the Cape
indicates a southerly drift of waters from north of the Cape. Using dynamic
topography, Tadossev (1970) discussed the geostrophic circulation of surface
waters in the shelf region and coneluded that quasi-stationary gyres are formed
in the eastern boundary of the Canary Current. The most stat!onary gyre south
of Cape Blanec was observed throughout the year and the offshore patterns noted
in the Skylab images are influenced by the flow of the gyre.

Szekielda (1974}'repdrts that plankton patchineés varies especiélly'wiﬁh

the change of seasons. A strong gradient of chlorophyll and/or plankton off-

shore of Cape Timlris is connected with the converging water masses from the

Banc d’Arguin and has been detected in all four season. Figure 8 shows the
location of offshdre ocean color boundaries as.deriVEd.from ERTS-1 and Skylab.
The southern gradients show seasonal positlons between 1972 and 1973. Besides
small-scals fluctﬁations, the gradient shifts ovér a maximum ﬁistance of only
about 16 km. This 1s an indication that the offshore gradient is a fairly per-
manent featurE.. | o -

The_enclosed lines squth of Cape Blane, are thg relative poéitions'qf the

"J-shaped suspended material patch observed from Skylab 3 and 4. Between
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Septeﬁher 1973 and January 1974, the patch expériéncéd a broadening and shore-
ward movement., This may be a result of a seasonal change %n the edlrculation.
Channel 13, of the ﬁultisﬁanner scanner of Skylab; recorded emitted

thermal radiation from the sﬁrface of the earth. TFor the Cape Blanc ovexr~
pass, the radiation data were converted to blackbody temperatures and a
histogram was generated by the Johnson Space Center as shown in Figure 9.
Classifications were chosen and a color-coded 1mage was produced corresponding
to different temperature intervals. Tigure 10 is a color-coded temperature
map of the' waters off Cape Blanc, The temperatures have noﬁ heen corrected

for atmospherlc affects, however, the relative temperature gradients can

be used to 1ncaLe the origin of upwelled waters., The cold patch of water.
in Figure 10 is shown to be roughly between 7°C and 11°GC. .Goldest known
upwelling water off the African coast has only been reported to be as low
as 14°C., Therefore it is estimated that the calculated blaékﬁody tempera~
tures are at léast 4°C to 6°C colder than actually present. Since the cold.
patch directly corresponds to the "U~shaped".suspénded material pattern
obsexrved in the imagery, this is undoubtedly a source of upweiled.Water.
In September of 1972, Dr. Ballaster (Szekielda 1974) observed a strong
gradient of temperatures and fluorescence to the southwest of Cape Blanc,
The temperature distribution is shown in Figure 1L. The temperature gradient
Cape Blanc is located in the same area as the cold patch we dﬁserve&'
f£rom Skylab.

As described previously, ocean color bhangeé assbdiate& with seé:
surface temparature gradlents 1nd1cate proﬁuctive watermasses in this reglon.

The Skylab spacecraft was effectlve in recordlng these gradlents and it can’

therefore be determined that an intensive area of upwelling was present in

- -
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September of 1973, By correlating the observed ocean coloxr changes with
the low temperature readings, an obvious area of productive waters was

appafent offshore of Cape Blanc.

CONCLUSTIONS

The speﬁtral properties of th upwelled waters off the NW coast of
Africa have been studied with obServations derived from aircraft and Skylab}
Results of the aircraft study indicate that the two-channel, ratio approach
is ineffective.in determining sﬁrface chlorophyll concentrations and should
not be used in future stqdies. Ocean color boundaries and temperature
.gradients were foﬁnd to be directiy'correlated with each other and aléo'with
fishing effort in the upwélling rggion. Photographic and scanner data derived
from Skylab has bgen éffective in locating ocean color boundaries and
mappiﬁg temperature distributions. Both can be utilized in this regilon to .
qualitativély determine areas of biological‘pfoductivity. This simple ‘
correlation may be applicable in future efforts toward fishgry resource

management in upwelling areas.
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Figure 1. Nimbus 5 thermal image of the NW coast of Afric
taken 2 September 1973. Cape Blanc is located
within the encicsure
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late and dissolved matter. (from Szekielda (1974)).
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Figure 3. Composite of chlorophyll concentrations for the
months January — June.
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Figure 4. Composite of chlorophyll concentrations for the
months July — September.
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C. Timiris

Figure 5. Ground coverage provided by the Skylab sensors
during the 4 September 1973 overpass.
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Figure 6. S190B color photograph of Cape Blanc
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ABSTRACT

A differential radiometric (DR) method for continuous determina-
tion of near surface.chlorophyll levels from aircraft altitudes
measures intensities of two narrow wavelength bands of the spectral
reflectance from the sea. An evaluation of the effectiveness of the
DR ﬁethod for|measuring and sufveying the regioﬁél distribution;of

chlorophyll is given,

. Two aircraft oceanographic research studies in a region of

dynamic ocean color off the NW coast of Africa are described. The

Sahara Upwelling Project (SUE) focused on a survey of gpparent

chlorophyll (Chl.) and radiometric sea surface temperature (SST)

distribution in a 11,000 mi? region. Correlations of SST and Chl.
gradients were found in'the.longshore and qffshore directions. A
constant onshore gradient of increasing Chl. as well as recognizable
structures far offshore, including isolated features, were ﬁﬁserved

The regional development of SST and Chl..structure_was synoPticglly
monitored from 18-26 August, 1973, with an exéendable probe

study on 21 August, Recoxdings of additional ocean spectral reflectance
at yellow (576 nm) and red (663 and 723 nm)} bands nearshore show
correlations in intensity of<respon$e with the DR method, while

often offshore SST and Chl. gradients do mot correspond to any

feature in the red or yellow signals,

Oceanographic research flights of the JOINT-I project are ?

described and interpreted with available real-time sea truth measure- i

. BLANK NOT FILMED
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ments. A partial description of the synoptic time-series of results
is given for recognition of upwelling events., Analyses of apparent
chiorophyll, SST and the DR ratio value (L443/L525) are presented

for all flights, Gross differences between apparent Chl. and surface
measurements are observed < 20 km offshore with apparent Chl, levels
an order of magnitude greater than surface sea truth. In contrast,
an inverse relationship exists offshore with sea truth an order of
magnitude greater than Chl. A multi-comparison shows increasing
particulates, decreasing 50% I0 depth, decreasing chlorophyll and
decreasing ratio (443 nm/525.nm) values are positively correlated

nearshore.

From preliminary interpretation of atmospheric effects on
the DR method, the solar elevation is a far preater influence than

atmospheric composition even in high eolian-load areas.

Laboratory investigations on the interference of chlordphyll—
free particulates in suspension with algae employed multiple scattering
samples which were spectrally scanned and interprétatibns'of increased
effective reflectance of the suspensions were made. When a multiple
scattering situﬁtion exists the increase of phoﬁon survival in a
algae-reflective clay suspension causes an enhanced chlorophyll sig-
nature to be produced. In an optically dense base water, sﬁﬁcessive
additions of an algae standard and reflective particuldtes were

related when sample particle counts were correlated to the change in

reflectance ratio value (L443/L525)._ Successive additions of only
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chlorophyll-free particles showed a similar relation of total counts
to ratio change, but the relationships of algae-only and algae-clay
suspensions were independent. The dissolved blue colorant and
non-selective particles were predicted to behave in the same manner
as Gélbstoff and reflective particulates do in high concentrations

in the ocean,

From the results and interpretation of this study the DR
method is evaluated not to be effective in determining concentrations
of chlorophyll even on a relative basis due to interferences,

predominately in the ocean, of additional wavelength selective optical

. properties and particle multiple scattering conditions. The DR

method was effective in monitoring an ocean color parameter L443/L525,.
which had a distribution very closely identified with SST. Patterns
from the recordings of these sensors were vecognized and their develop-
ment could be monitored in vepetitive coverage. The parameter is

not well defined, but is strongly correlated to near surface

particulate concentrations. The 443 nm and 525 nm bands are concluded

.to be inadequate alone as an algorithm for determination of chlorophyll

by ocean color measurements. Recommendations for directions of further
research on the backscattered spectral reflectance from the ocean are

made,

I i

———




39

TABLE OF CONTENTS

Chapter

1. INTRODUCTION

2. OBJECTIVES

3. BACKGROUND OF RADIOMETRIC DETERMINATION OF CHLOROPHYLL IN THE

OCEAN

3.1 Optical Properties of Ocean Features
3.1.1 Significant Optical Processes in the Ocean
35.1.2 Optical Processes at the Ocean's Surface
3.1.3 Atmospheric Processes on Optical Signals from
the Ocean

3.2 Summary of Research on Ridlometrlc Determlnatlon of
Chlorophyll
3.2.1 Conclusions from Previous Investigations
3.2.2 The Differential Radiometer :

FIELD STUDY METHODS

4,1 'The SAHARA UPWELLING EXPEDITION

4.1.1 The Experimerntal Instrumentation Package
4,1,2 Experimental Procedures and Data Collection
4,1.3 Flight Planning

- 4,2 The JOINT-I PROJECT
4,2,1 Airborne Measurements
4.2.2 Flight Planning
4,2.3

Acqulsltlon, Format and Data Handllng

RESULTS OF FIELD STUDIES

5, 1 SAIIARA UPWELLING EXPEDITION |

5.1.1 pata Analysis
5.1.2 Description and Interpretation of Sensor and

Prohe Measurements

5.2 JO[NF 1 PROJIL1
5.2.1 Data Analysis.
5.2.2 Description uand Interpretation of Sensor Mcasurc-
- ments and Comparison with Preliminary JOINT-I
Sea Truth Mecasurements

LABORATORY INVESTLGAT IONS ON lNlLRPLRLNCLb IN RADlOMLlRlC

‘CHLOROPIYLL DETERMINATION |

PREQEDI PAGH A7 NOT FILMED

L | o i

-~ Page

45
47
48

48

48
52
55

39

59
71

78

78
80
82
84

84
85
86
88

92

92
- 92
94

111
111
112

140




)

Chapter

8,

9.

10,

6.1

6.2

40

TABLE OF CONTENTS (continued)

Reflective Spectroscopy of High Chlorophyll Concentrations

and Chlorophyll-Free Particulates in Suspension :
6.1.1 Design of the Reflection Spectrometer Experiment
6.1.2 Results and Interpretation :

Coordination of Differential Radiometric and Spectro-
radiometric Measurements of Chlorophyll and Chlorophyll-
Free Particulate Suspensions

6.2.1 Experiment Design

6.2.2 Results and Interpretation

EVALUATION OF TIIE LEFFECTIVENUSS OF TIIE DIFFERENTIAL RADIOMETER
FOR CHLOROPHYLL DETERMINATION

7.1 Comparison of Radiomectric Results with Hlstorlcal and
Real-Time Sea Truth Measurements

7.2 Defipition and Discussion of the Interference Processes
in the Differential Radiometric Method Developed from
Field Studies and Supporting Laboratory Investigations

CONCLUSIONS

8.1 Summary of Study

8.2 Summary of Evaluation

8.3 Recommendations for Further Research on Radiometric
Chlorophyll Detcrmination

BIBLIOGRAPIIY

APPENDICES

A. Corresponding Vertical Tempcfature and Light Penetration

- Profiles from the SAHARA UPWELLING EXPEDITION

B. Analyzéd‘Radiometric Sca Surface Temperature, Differential

Radiometer Ratio, and Apparent Chlorophyll Concentration
Maps from the JOINT-I Aircraft Mission

147
149

158
158

164

171
171
175

177

180

191

191

203




ey il

Figure

1.1

3.1

4.1

a-d

5.2
a-e

5.3

5'4

5.5

5.0

a-f

41

TITLE OF FIGURES

The Correlation between Chlorophyll a and Primary

Productivity off the NW coast of Africa

Calibration curve of DR Ratio values to Chlorophyll

Concentrations

_Bathymetry of the Sahara Upwelling Expedition

Resecarch Area

' Analyses of Apparent Chlorophyil and Sca Surface

Temperature Distribution from Airborne Sensor

Measurement® during SUL, 18-26 August, 1973
Comparison of Continuous Recordings from Airborne

Sensors during SUE, 22 and 26 Augﬁst, 1973

Coincident Light Penetration and Temperature Profiles.

of Offshore Sections, 21 August, 1973.

Specific Comparison of Values of the Reflectance Ratio

L443/L525 at the Airborne Differential Radiometer to

Ocean Parameters versus Offshore Distance

General Comparison of Values of the Reflectance Ratio

L443/L525 at the Airborne lefcrcnthl Radiometer to

Ocecan larameters versus Distance Offshore

Analyses of Apparcnt Chlorophyll, Reflectance Ratio Valuell5-126-

and Sca Surface Temperature Distributions during a 14 Day

Period of the JOINT-I Project, 8-21 March, 1974

PAGE

46

75

79

97-98

103-107

110

113

114




b

42

TITLE OF FIGURES (continued)

PAGE
5.7 Comparison of Apparent Chlorophyll-Surface Chlorophyll 132
| Concentrations versus Offshore Distance
5.8 Relationshib between the Solar Standardization Setting 135
of the Differential Radiometer and Incident Radiation
Intensity
5.9 Solar Standardization Settings of the Differential 138. -
e Radiometer and Daytime Incident Radiation Curves for 139
the JOINT-I Period 7-22 March, 1974.
6.1 Reflection Spectra of a Dense Algae Sample, Mixed 143
Algae-Clay Particulate Suspensions, and a Clay Suspension
6.2 Reflectance Spectra of the Standard Algae Mixture 151
and Three Algae Samples of Various Concentrations |
6.3 Reflectance Spectra of Algae Samples and Mixed 153
Algae-Clay Suspensions
6.4 Reflectance Spectra of Algae Samples, Mixed Algac-Clay 154
Suspensions and Clay Samples |
6.5 Relationships.betweeu Particle Counts and Reflectance 156
Ratio Value Change for Chlorophyll-free Particulate
Samples, and Algae-only and Algae-Clay Samples
Al Schematic of Expendable Probe Operation _ _193
A2 | Evolution of the Signal frdm aﬁ Eﬁpcnduble Probe 194
A.? Profiles of Light Penetration and Temperature from 195~
a-h : '

Airborne Expendable Photometers and Airborne Expendable 202

Bathythermographs during SUE, 21 August, 1973

e




43
TITLE OF FIGURES (continued)

. Bigure

B.la-c Analyses of Apparent Chlorophyll, Reflectance Ratio

through

B.1%a-c Value and Sea Surface Temperature Distributions
from Aircraft Sensors during the JOINT-I Project,.

17 February,28 March, 1974

!] :
| ¥ | TITLES OF TABLLS
s
|
' Table
f? 4.1 ° Research lights of the Sahara Upwelling Expedition
o 4.2 JOINT-I Oceanographic Research Fli_ ...
o 5.1 Results of Airborne Lxpendable Photometer Study,
e August 21, 1973 | |
o 6.1 The Differential Radiometer Laboratory Study,
é Composition of Samples
i
[
L

83-84

- PAGE

204~

238

Page

90-91

108

150




‘
I
g

45

1. INTRODUCTION

This study is an extension of an arca of research which is
stimulated by the possibilities of using reflected signals of visible
radiation to determine phytoplankton pigment concentrations in natural
waters. The determination of color by remote methods is a very useful
parameter to monitor because of its sensitivity to many properties
in the ocean, thus giving estimates of biological chemical, and
physical construction (Ewing, 1969). Research on ocean color
reflected to an aireraft has shown, quite satisfactorily, correlations
between spectral signals and chlorophyll concentrations in surface
waters (Strickland, 1962; Duntle}, 1963 and 1972; Clarke et al.,

1970a; Arvesen et al., 1973; Mueller, 1974; and Pearcy and Keene,1974).

The practical utility of these measurements, due to the
coverage that can be gained in relatively short times has been.
recognized (Yentsch, 1971), and synoptic monitoring approaches have

been initially developed (Pearcy, 1971; Pcarcy, and Keene, 1974},

The strong relation between concentrations of green photo-
synthesizing pigments of phytoplankton (especially chlorophyll g)
and more tangible paramcters in surface waters such as primary
production, phytuplunﬁton stunding crop and total biowmass, supports
the use of the optical properties of this biochemical as a

biological index (Riley, et al., 1971)}. Correlations between surface

1
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chlorophyil concentrations and primary productivity measurements of
a wide variety of marine waters were made by Lorenzen (1970).
Historical data from a more defined ocean area (the upwelling region
of the NW coast of Africa) shows a stricter correlation with an r?
(correlation coefficient) range of 0.758 to 0.824 for individual
cruises, Figure 1.1 shows the regression from the March-April 1971

CINECA-Charcot-~I1 cruise.

- 28

*OY=TI9K+ 1767
Correlation Coef = 758

. ! 1t L L. } 1 [ ] I |
-3 b | “8 4 -2 [+] 2 K 8 ] 10 1.2 4

log surf. Chlg {mg:m=3)

'I"ivguvre 1.1 The Correlation Between Chlorophyll a (Ghl.a) and
Primary Productivity ( 'C uptake) off the NW Coast of

Africa from 30° 38'N to 17° 22'N During March-April, 1971,
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2. OBJECTIVES

Continuous recording of measurements at two wavelengths
of the reflected spectral energy as ratio values has been
proposed as a method for determination of chlorophyll pigments in
natural waters (Clarke et al., 19702; Arvesen et al., 1973; Duntléy'
et al.,, 1974). The objectives of the present study are to: 1)
evaluate a differential radiomefric mefﬁﬁd proposed by Arvesen
{cit. loc.} for méasuring chlorophyll and surveying its regional
distribution by defining the limitations of its effectiveness and by
identifying and investigating intexrferences in the method, and
2) also gain positive information on ocean feature patterns through
comparisons of the reflected wavelength ratio signal wifh sea truth

measurements.
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3. BACKGROUND

In attempting to expand the use of chlorophyll measurcments,
radiometric methods were developed preceded by determination of optical
properties of ocean features from measurements of radiance from the

ocean.

3.1 Optical Propertics of Occan Features

As a prerequisite to the identification of ocean paramcters

of interest, it is necessary to identify the spectral signature -

produced by optical properties in the open ocean or varying coastal
waters.. A second, simplistic prerequisite is that the incident
radiation is of suitable wavelength (A) and intensity to produce a

detectable spectral signature.

3.1.1 r§ignificant Optical Processes in the Ocean

Very clear seawater has a well defined spectral signature

{Clarke and James, 1939; Hulburt, 1945; Jerlov, 1968; and Morel, 1974).

The processes ﬁf Rayleigh-like scattering in liquids (Einstein, 1910}
Aand absorption is responsible for a low attenuation "window" in the

400-500 nm regioﬂ. Below 250 nm in the UV and above 700 nm in the IR L
region, the absorption increases strongly by electron transitions
“and intra-intermolecular motions respectively. 1In addition, the

volume scattering function for pure sea water, caused by dielectric o

4
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fluctuations of molccular movement, increases ncarly ten fold from
600 nm to 360 mm (proportional to A™") (Morel, 1966). Thus increased
scattering is found at the wavelength regions of least absorption.
The wavelengths of maximum reflected intensity, then,ave between

460 and 480 nm in the clearest waters.,

Dissolved organic materials (especially Gelbstoff) are'thg
greatest influence on the spectral character of sea water excluding
particulate cffects. These melanodines descrabed by Kalle (1966),
absorb strongly in the UV and carry over into the blue visible region.
In a region where plankton populations are continually fluctuating,
the backscattered spectra of the filtered “base'" water is not that of
the very clearest blue sea water. The diffuse reflection coefficient
at 460 nm is 2-3 times lower in biologically active regions than in the
open ocean {(Duntley et al., 1974), Yentsch and Reichert (1962)
observed that Gelbstoff concentration increases were proportional
to decomposition of phytoplankton pigments. Duntley et al., (1974)
suggest that base water spectral characteristics for the regions of
interest in remote optical studies be well defined, Jerlov {1964)
presents a relationship between the total scattering function and
the irradiance attenuation coefficient at 465 nm for optical classifica-
tion of many ocean regions. Areas of upwelling, including the NV
coast of Africa, have a far greater absorbance contribution than open
ocean'areas! This further indicates that spectral signatures of base

waters should be defined.
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Whereas with dissolved matter in sea watcer and sca water itself,

absorbance predominates over scattering (excluding perhaps the

400-500 nm "window"), particulate scattering is two to three times
greater than absorbanée by particulates. In fact, except in clear,
open oceau‘waters, particulate processes dominate the characterization

of the optical signal (Kullenberg, 1974; Jerlov, 1974).

Backscattered light in the ocean is a proéess of interest for
remote studies. Although the lack of reflected ridiance can also aid
in description of the optical properties of a region (e.g.,
implying a few, large, forward scattering particulates), only the
backscattered portion of the.light field radiance can describe
features characterized by spectral signatures. 'UhfortunétEly, much
scattering and transmittance rescarch has used meters desipned to
measure forward anﬂ-Iow'backscattéfing éngie"propogatidﬁ (2° <0< 165°).
A computatlon of partlcle scatterlng functlons observed 1n 51tu

is glven by hullenberg (1974). The water mass types measured range

from turbid lakes and coastal waters to the low productlve Sargasso
.and Medlterranean Seas. 1he 1argest dlfference in t}e functlons is in

~ the backscattered direction, and this is partially attrihutéd to the

variations in the scattering particles. This-indicatcs, first, that
Duntley's et al..(1974) suggestion of a well defined base water should
be extended to include the identificaticn of the particulate composi-

tion, espeC1a11y 1nc1ud1ng 51ze dlstrlbutlon and. 1nd1ccs of refractlon

associated with different fract:ons, that mdy coumonly occur in regions

:of 1nterest for remote optlcal studles, The use of optically
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effective areas (Owen, 1974) of particulates is a good example of the
type of the basic knowledge needed. Secondly, if optical signals

backscattered and reflected From the sea are poing to be used for

recognition of particalate frequency or composition, a more specifically

defined interpretation of the backécdttering process is needed., And
this requires experiments designed for measuring scatterance,
including the contribution of multiple events, in the 120° <0< 180°

scattering cone as well as total scattering function,

The production of the optical signal backscattered to the
atmosphere is, of course, a combination of dissolved and particulate
properties in the ocean., The integration of contributions from all
processes that are studied in situ, and using these in a radiative
transfer (Preisendorfer, 1965) calculation to describe an observed
signal is a complex problem, especially when multiple scattering
is included. Although not yet fully utilized, the Monte Carlo
computer modeling approach as described by Plass and Katfawar (19693,
and used by Gordon and Brown (1973) for cbmputation of diffuse

reflectance may be the only practical calculation solution,

The dependence of the optical properties of pure sea water
on changes in temperature, pressure, salinity was reviewed by
Morel (1974) and is very slight. DPure sea water, then, can be
assumed nearly constant. However, the particulate and dissolved
matter in the sea are not found to.be consérvativc in distribution,

compesition or in their inherent optical properties (i.c., volume
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scattering function, absorption or attenuation},

The optical properties of phytoplankton have been recently
described by Mueller (1974). le considers the chlorophyll signature'
from wavelength depenﬁent scattering of the phytoplankton to be a
much flatter spectral response than previous measurements by Yentsch
(196@) and Shibata et al. (1954). The latter twolinvcstigators
measured diffuse forward scattered light, while Mueller was conce;ned
mainly with beam extinction and cross section scattering spectra.
Optical remote sensors with specifications such as the differential
radiometer (see Section 3,2,2) receive a signal of diffuse reflectance

from the ocean closer to that described by Yentsch (cit. loc,).

3.1.2 Optical Processes at the Occan's Surface

A boundary exists between incident irradiance from the atmos-
phere and backscattered irradiance from the seé itself. This boundary
between the two optical media is the air-sea interface, Processes
that occur at level surfaces such as refraction, reflection and
transmission have been described by Jerlov (1968). In addition, the
cffects of wave action, whitecaps snd foam, and slicks at the optical
boundary are recognized (Cox, 1958; Cox and Munk, 1956; and Cox, 1974).
The surface processes involving introduction of incident light into
the»sea,Areintroﬁuction of an optical signal from the sea to the
atmosphefe, and return of incident light te the atmosphere never
having penctrated the surface are significant for  the probiem of

detecting a backscattered signal from the occan.




T e g e

53

Direct radiant and diffuse skylight incident on the ocean's
surface is partially reflected at the surface and returned to a remote
sensor. This reflection is a function of the index of refraction of the
water, the vicwing angle, and the wind speed which governs the wave
slope‘effect (Austin, 1974a), but is independent of wavelength of the
light, The refraction of radiance passing upward through the surface
will, in effebf, spread the same amount of energy into a larger solid
angle cone. The factor of decreased energy is 1/(refractive index
of water}?® or 0.555. The Fresnel reflectance at the surface
(Jcrldé, 1968] causes o loss of transmitted signal and is a function
of the angle of observation and wind speed ﬁr wave slope (Austin,
cit. loc). Wave action ;catterg light at the sea surface. Swells
and waves of all sizes continually refract, reflect and even focus
some light with var}ing distribution. The capillary waves generated
by wind forces > 7 m/s are responsible for surface reflectance that
is observed as sea glitter (Wu, 1972). Larger gravity waves are
critical in the angular reflectance that is observed outside of the

sun's specular point. Natural slicks at sea are often monomolecular

. layers, much thinner than the wavelength of light. In these cases

slicks have negligible effect on surface reflectivity or angles of

refraction and reflection (Cox, 1974). Théy do however, have a wave

dampening effect. which drastically reduces this scattering process (Ewing,

1950; Garret and Bultman, 1963}, Therefore, observations outside
the increascd reflection at. the specular point will be frec from the

scattercd light of capiilary waves, Observation angles for reduced

[R—
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reflected sun glint and sun glitter input to the signal are dependent

on the elevation angle and azimuth angle of the sun. Cox (1974)

also shows a dependence of observed glitter on direction of the wind.

The time-averaged effect by sea glitter is not as important however.

"Studies of reflectance at the air-sea interface as & function
of observation angles (Cox, 1974, Austin, 1974a) show that pardllel'

polarized light will have no contribution to the reflected signal

at the Brewsver's angle (wherc the angle of radiance in air = 53,173,
However, observations at this angle include 1.67 times the optical path
length of sensors viewing in the nadir direction and this atmospheric
interference severely reduces the advantage gained. For optimum
viewing angles to avoid sea glitter (defined as glitter radiance
observed/glitter rgdiance max. = (.01}, Fraser (1971]‘has calculated

that at wind speeds of 10 m/s , the glitter pattern does not extend

to the nadir when the solar zenith angle is > 40°.

Austin (1974a) has developed the following equation for total
inherent radiance, No’ leaving the surface
Ry '
N, = E"'”TDT + rst (3.1)

where Rw is the diffuse water reflectance (a ratio of the irradiance
propagated through the surface to the total irradiancc incident at

the surface), I, is the total incident irradiance (sun and skylight),

l’ 0'1!
Ty is the Fresnel reflectance of the surface (a function of index of

refraction and incident radiant angle), and NS is the zenith radiance.

D ——
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This cquation points out that N0 has a component (El-ll ) which is

rotl
independent of observation angle and contains the spectral signature

of the water mass, and a component (rdﬂg) which can be considered as
glint or noise to the remote sensor and is dependent on the observation
angle, The apparent signal that will be available to a sensor at
Somélheight:above the surface, Nz, can bé exprcéécd as:

N, = N Ta « N (3.2)

“where: No'is from cquation 31, and Ta is the transmittance of the

atmosphere and is a wavelength dependent process that reduces the
signal,~ N* is the radiance contribution to the path of sight by

atmospheric scattering processes.

3.1.3 Atmospheric Processes on Optical Signals from the Ocean

Atmospheric processes on signals rcflected from the sea are
studied mainly to discover the applicability of detection of these
signals‘from.orbital altitudes. The processing of insolaﬁing light
by the atmosphere must also be considered in the preduction of a
'signal from the ocean, Depending on the altitude of flight, aircraft
measurements of returning surface signals, to a varying degree, are

effected by atmospheric processes.

The most important process in the atmospherc is scattering.
Rayleigh scattering was mentioned in Section 3,1.1 Again, the

scattering coefflicient is proportional to A™" and in the visible

|
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region the exponent is-4.08 (Ramscy, 1968)., For particles with sizes

larger than the light wavelength, Mie theory is uscd to predict

scattering attenuation, The attenuation coefficient for Mie scattering

is a function of the nwnber,

of light,

to be Mie scatterers).

radius of the particle , and wavelength

Forward scattering predominates with aerosols (considered

Ramsey (1968) has pointed out from previous

research that' sea salt particles in the atmosphere have a very uniform

size distribution from 1-2um and exhibit a non-selective attepuation

of visible light, while the distribution of particulates which

originate from land sources (which influence coastal water measurements)

is of much more polydisperse composition and seems to show a higher

scattering coefficient for light in shorter A regions.

Measurements of the contribution of radiance backscattered

from the atmosphere and that returning from the sca, (avolding specular

reflection), for a varicty of turbid atmospheres and at various

altitudes {in Ramsey, 1968), show that 1) the atmospheric signal

measured at 1 km is from one-fifth to equal to the returning signal

from the sea in turbid atmospheres and at a sun elevation angle of

45%; 2) in Rayleigh atmospheres the signal from the sca is onlf-

" 10% greater in wavelength region 400-500 nm. and nearly equal at

higher wavelengths to that of the atmosphere; 3) the total radiance

signal from a turbid atmosphere is v 40% greater than that fron a

The apparent signal to a remote sensor in the stmosphere can be

- Rayleigh atmosphere.
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quantified in terms of the albedo of the surface by:

Ay = I(AY [uF () + Fy(N)] (3.3)

where I(A) is the wavelength dependent radiance leaving the sea, whether

backscattered or surface reflected,uoﬁt(k) is the directly transmitted

solar irradiance and a function of the cosine of the solar zenith
angle, uo; and FD(A) is a wavelength dependent diffuée incident -

component (Curran, 1972)., The equation above does not consider

~the albedo contribution from the optical path of the atmosphere.

Curran has'éalculated this contribution as a function of A (460 nm
and 540 nm) and found that increased acrosol optical depths

(defined in terms of particle number deﬁsity and the volume scatter;
ing coefficient) and varying solar zenith angles have a much larger
effect than A alone, Comparisons of one'standard deviatioﬁ in the
color ratio (540 nm/460 nm) observed at thé sea surfuce versus one
standard deviation in the aerosol optical thickness for a variety of
optical thicknesses and solar zenith angles showed that aerosol
scatters are the dominate influence on the color ratio at

1) optical depths only slightly above clear ma;ine atmosphere

conditions and 2) solar zenith angles > 60°.

A large number of albedo recordings mide on a 30 m high platQ
Form above Buzzard's Bay, Mass. (Payne, 19723'uudcr various sola:
clevatioﬁ angles and atmospheric transmittance conditions showed
again the strong rclationship of solar angle and atmospheric trans-

mittance {defined as the ratio of observed downward irradiance to

[UE——
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irradiance at the top of the atmosphere) to albedo, except in over-

cast (isotropic radiance distributicon) instances.

From 0.9 km to 14.9 km flight altitudes, Hovis, et al. (1973)
found a factor of ten reduction in contrast in a 460 mm signal. It was
indicated that 1/2 of the light backscattercd from the sea surface
was scattered out ofrthe view of the sensor and that thc atmospheric

addition to the radiance sigmal was 5 times as great at 14,9 km,

Generally the observed effects (LZ = apparent signal) can be

represented by the equation given by Austin (1974a):
LZ g (Lw * LrJ Ta * LY v (3.4)

where Lw and L. are the components of radiance from the sea and
radiance reflected from the surface respectively, T, is the transmit-
tance of the atmosphere and is wavelength dependent, and L* is the
scattered atmospheric light contributions and was considered only

20% of LZ'

Clarke and Ewing (1971 and 1973) have observed the sequential

effects of an increased atmosphere on surface ocean color. Correlations

for the atmospheric contribution were made by substracting the change
in signal betwcen observations at 305 m altitude and 152 m altitude
from the 152 m curve. The resulting surface curve approximates a -

spectra of upwelling irradiance measured at 0.2 m below the surface.

“The wavelength dependent Ta'was not considered, and way have improved

the correlation of the ocean color curves.
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In an ocean-atmosphere model by Kattawar and lumphrey (1973)
the optical depth made a negligible change .in the radiance ratio
(upward radiance/downward radiance) only at measuring altitudes below

0.1 km.

Duntley et al. (1974) have studied the apparent orbital contrast
of computed apparent spectral radiance signals available at an orbital
altitude from a water mass without phytoplankton to one with 0,3
mg/m® distribution threughout the top 50 m from the equation

N..-N
Apparent orbital contrast (C) = ~ﬁ——& (3.5)
B .

where; NT is the signal from the chlérophyll containing water mass, and
NB is the sigial from the water mass void of phytoplankton. Computations
were made for solar zenith angles from 24.3° - 70.6° and "clear'" and
"hazy" atmospheric conditions. Iiis results for both 560 nm and 465 nm
light show that > 0.001 apparent contrast can be obtained at all

angles up to v 55° from nadir viewing, both toward and away from the

sun azimuth angle, The maximum contrast (> 0.003) was with the solar -
zenith angle of 30,9°. At solar zenith angies.> 42.0° the contrast

was greatly reduced.

3.2.1 Conclusions From Previous Investipations

A representative summary of conclusions from radiometric
studies developed for determination of chlorophyll in surface waters

is nocessary for an idca of the state-of-the-art, success of the

methods, and the expectations and rccommendations given for future
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studi s,

In general, three applications have been given for use of

‘remote sensing of chlaorophyll in natural waters. Before radiometric

studies, fisherics scientists had observed increased fishing of
migratory species at color boundaries noticed in the sea (Biackburn,
1969; Panshin, 1971; Pearcy, 1971}, Interest and research in all“
types of radiometric approaches in the fisheries resource area has
increased with developing techniques. An example of investigations
on parameters considered for remote sensing in fisheries resecarch,

including chlorophyll by ocean color analysis, is the 1971 "Symposium

-on Remote Sensing in Marine Biology and Fisheries Resources' held at .

Texas AGM University. Blackburn (1969) has concluded that if aireraft
and satellite sensors can determine chlorophyll at levels of significance
for a biological activity index, the adequate reclationship between
surface chlorophyll concentrations and fish populations may present

the most efficient approach to fisheries search activitiés. One

of the most important aspects of remote monitoring of chlorophyll
distribution is the short time space in which it may be accomp}ished.

A dynamic condition such as upwelling, and the scqucﬁtial response

by the food chain, requires this cgpability of rcmote sensing to be
useful in fisheries resource..'The second application of remote
chlorophyll determination is in assessment of pollution and
eutrophication (Arﬁescnct al., 1971). Thc usc of satellites for a routine

coverage of large regions has been designated the most applicable

i
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method for chlorophyll measurcment (Szekielda and Curran, 1973).

If changes in chlorophyll concentrations (blooms or kills) in a
specific locale can act as a judicious monitor of discharging
activities of known pollutants, documented radiometric chlorophyll
measurements could act as a powerful and cfficient tool. Phytoplankton
in water masses are a non-conservative parameter. This presents
difficulties in using chlorophyll concentrations as a label in
cireulation and mixing studies. However, chlorophyll changes in a
single water mass may be used to observe its development over time,
and in.rcsponsc to other changing conditions. If rcmote studies by
aircraft or satellite can routinely monitor the surface temperature
and the chlorephyll concentrations of a region, systems, patterns,
and cycles of systems of water masses may be identified and partially
interpreted. This application is the most recent suggestion for
radiometric measurements of chlorophyll in natural waters

{(Szekielda, 1972a).

» . —— -

Ramsey (1968) has quite thoroughly reviewed many processes
which are considered factors affecting remote measurement of ocean
color and chlorophyll determination at levels of 0.2 mg/m®.
Calculations were made of the contribution to a radiance signal from
the ocean by water reflectance and the atmosphere under a variety of
conditions. From the data presented, specifications for a spectro-
meter to determine chlorophyll concentration levels of 0.2 mg/m? are
given, This rcference has béen used as the background for the

spectrometer employed by Clarke et al. (1970a}.
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Pearcy and Keene (1974) used differences of normalized back-
scattered signals at blue (450-470 mm), green (520-580 nm) and
orange (580-656 m) wavelength bands with additional spectra
created from 7 signal band widths in the visible region and IR
temperature measurements to identify changes in ocean color radiance
with distance offshore from the coast of Oregon. Relationships of
these measurements to the Columbia River plume, upwelling and open
ocean water types were obscrved. The oceanic type was
characterized by strong reflectance peak observed only in the blue
band. The differences of blue-grcen intensities were largest of
any water types. Differences of green-orange intensities were
" 1/3 the blue-green differences. In iddition the green-orange
difference was very uniform in the oceanic water type. In regions
near its mouth ,the Columbia River plume was obscrved to have the
lowest radiance in the blue and green, but a backscattered signal in
the yellow, orange and red as high as the blue signal in the
oceanic type (blue-grecen decreased) while the blue intensity was as
high as oceanic water. A decreased slope in the spectra from the
reflectance peak in the blue to yellow green was observed in this
region compared to the similar slope in oceanic waters., The region
of the plume has been identified as containing a small concentration
and smaller sizes of particulates from the river discharge than the
river mouth area. Also larger chlorophyll concentration are found
in the plume offshore. The chlorophyll concentrations are larger in

the offshore plume than in the oceanic water, but this featurc can not
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be observed by selective blue light attenuation by phytoplankton.

The water type designated as coastal upwelled water has spectra

that vary from maximum signal in the blue (450-470 nm) to maximum
signal in the green-yellow (550-580 nm}, The average slope of the
spectra from 450 nm to 580 nm was least of any water type, with the
exception of the river mouth discharge. The difference in water
character‘betwcen the nffshore plume and the most near shore upwelling
region is‘the greater concentrations of physotplankton, phytoplankton
degradation products and dissolved Gelbstoff in the latter, while more
fine clays and Gelbstoff are contained in the river plume. Pearcy, and
Keene, (1974} have combined comparisoﬁs of individual backscattered
signal bands (in this case differences in intensity) with use of

the total spectra to successfully describe these water types. The

blue-green difference ir 2 strong indicator of phytoplankton or,

moreover, biologically established (containing Gelbstoff in addition)
waters., Pigment concentr#tions were not estimated however. The
difference between green and orange band reflectance is an indicator
of turbidity (lower differences with increasing turbidity) generally
irregardless of chlorophyll concentration. Comparison of color
boundaries or sharp color difference gradients and surface témperature
distribution showed a more complex structure for the ocean color
patterns than temperature, At temperaturc gradients, color gradients
were always observed, while color gradients were obscrved independent

of temperature change.
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Mucller (1974) has uscd occan color spectra collected by
aircvaft over open occan, upwelling and Columbia River plume
regions for covariance analysis of the principle color components
contributing to the obscrved spectra. It was found that 4 principal
components were responsible for > 94% of the spectral variance, Ocean
parameters of pigment concentration (treated as an average of
chlorophyll and carotenoid pigments as a function of pigment absorp-.
tién coefficients, vertical integrations of chlorophyll concentration
ani Secchi depth) the volume scattering coefficient, Gelbstoff
concentration and phytoplankton size distribution were shown te create
a similar variance distribution as observed spectra Qhen calculations
of their optical properties as eigenvectors in a radiative transfer
model were made. Phytoplankton was found to be the major source
of variation {76%) while similar variations by non-selective
particle scattering, Gelbstoff absotrption and changing phytoplankton
size distribution could produce apparent pigment concentration changes
upmto 1 mg/m®. This large a variation could be calculated by asSuming
low concentrations of Gelbstoff and chlorophyll-free particulatcs
and without considering multiple scattering or the incident light
spectrum. Empirically, the weighted pigment concentration and Secchi
depth were related to the principal components by multiple linear
regression equations with residual standard deviations of 1.6 mg/m?
and 2.6 m respectively. The parameterization of principal components
as eigenvectors allows an accurate analysis of the occan color
sfectra. Relating ocean color spectra to eigenstructure for uniform

analysis and future reference is worthy of consideration. This would
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be especially so iff a principal cumponent or components could, in
somé way, physically characterize a water mass type. llowever, as
Mueller points out, an expanded model, which requires measurcmcnf
of more optical parameters at sea, must be used to estimate ﬁigmeﬁt

concentrations or other covariance parameters from ocean color spectra.

The research by Clarke ot al, (1970a and b and 1973), Duntley,
(1972), and Duntley et al, (1974) have been the most direct considera-
tions in the differcntial radiometric method developed and used by

Arvesen et al, (1973}.

Clarke et al. (1970a and b) employed a scanning spectrometer
with a spectral range from 400 to 700 nm, scan time of 1.2 seconds
and field of view of 3° X 0,5°., Normalization .o inciduent light

spectrum was accomplished by scanning a horizontal "gray card",

although this standardization could not be accomplished in flight,

The view angle of the sensor for these studies was at the Brewster's

angle. This, plus the addition of polarized filter oriented at right
angles to the major polarization axis, eliminated the large
contribution of polarized surface reflected light to the signal which
has no ocean spectrul information, A problem was caused at higher
altitudes of flight (> 305 m) by increased diffuse atmospheric

light to the sensor and loés of spectral detail due to the large
optical depth that the signal must transit. Differences between
spectra of differing chlorophyll regions were maintained at higher

altidudes., Spcctral measurements of Buzzard's Bay, the Gulf Stream and

-
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Sargasso Sea with surface chlorophyll measurcements of 4 mg/m?,
0.3 mg/m3 and < 0.1 mg/m3 respectively (v 2 orders of magnitude)
showed very characteristic curves. Increased intensities at shorter

wavelengths (< 520 nm) with decreased chlorophyll concentrations

cor Lponded with decreased intensities at longer wavelengths (> 520 nm)

causing an increasing slope in lower chlorophyll regions., The
inflection point in all spectra was ~v 520 nm. The curves of various
spectral character 'rotated" about this wavclength which seemed
insensitive to changes in chlorophyll concentration, Thus it was
called the hinge point. The average slopes correlate well to the
chlorophyll concentrations., Changes of phytoplankton concentrations
were considered the most impértant influence on the spectral measure-
ments. Szeckielda (1974), has determined the difference spectrum of
intensity of backscattered light caused by phytoplankton and dissolved
matter. Gulf Streum spectral ecnergy was used as a reference and was
subtracted from a near coastal water energy spectrum. The resulting
spectrum represents the similar spectral variations cobserved by

Clarke et al. (1970a)}. The encouraging results of this study for
chlorophyll determination from ocean color spectral character prompted
further investigation by Clarke and Ewing (1971 and 1973), Spectra
were obtained at altitudes from 150-4500 m over waters of the Gulf

of Mexico, the Pﬁcific near the Panama Canal and along the Mexican

Pacific coast into the Gulf of California. Multiple recordings were

made of cach target region at various nadir angles (0%-40°) and

employed different combinations of polarizing filters. In addition,
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ship sca truth data for interprctation of spectra and cxpendable bath-
yphotometer pfobes as the aircraft's own sea truth was included in the
research. These data and data collected over Buzzard's Bay were
interpreted for the effects on the spectral characteristics by various
chiorophyll levels, and the atmosphere at various flight altitudes.
Comparison of measurements of upwelling light spectra from 20 cm below
the surface and 500, 1000 and 2000 ft. altitudes revéaled thé.addition
of a predominately blue diffuse atmospheric light. The most drastic
change in the spectral character is that from 150 to 300 m. A color
ratio b?iefly described by Clarke et al, (1970b) and fully by Clarke
and Ewing (1973) was used as an index to describe the character of
spectra, and was related to the spectral effects of chlorophyll
concentration chaqges. Light extinction profiles from bathyphotometers
correlated well with the ratio of reflected radiance (540 nm/4060 nm).
Increasing extinction coefficients compared to increasing color rﬁtio

values. The rescarch area of the Gulf of Mexico to the Gulf of

California was mapped by the color ratio index and surface chlorophyll

concentrations, Chlorophyll concentrations were not strictiy related
to the ratio, Clarke and Ewing could not discriminate color contribu-
tions of silt or sediments from chlorophyll in near coastaliareas where
the color ratio was > 0.7. 1In chief problems that remained to be
investigated were: to assay varied incident illumination in flight, to
better estimate and reduce diffuse atmospheric light interferences, and
to identify the charuacterization of ocean color spectra by ather

materials in the sea,

-
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Duntley (1972) and Duntley et al. (1974) were concerned with
detecting chlorophyll changes at levels of 0.1 mg/m® which was
considered the base of significant levels for commercial fisheries
interests. However, their approach was designed for measurement from
earth‘satellites. Radiative transfer calculations were made on the
chlorophyll signal available at orbital altitudes  from a backlog
of data collected on optical atmospheric parameters, measurement'éf
optical processes in the sea and mecasurements of varieties of phyto-
plankton cultures in the laboratory. The results prescnted represent
the apparent optical signal contrast when passing from biologically
poor water (Chl a < 0:1 mg/m®) to higher selected chlorophyll
concentrations. Data is preéentcd as polar plots of the field of
view and analyzed in appacent orbital contrast isopleths for green
and blue wavelengths of returning light and at varying solar zeaith
angles.. These plots indicate the arcas of the field of view that
sensors must focus in to distinguish chlorophyll changes. Solar
zenith angles for best contrast were concluded to be 24° <@< 42°,
Although most of the reflected visible spectrum was recommended to
differentiate chlorophyll from other 'ocean colorants", Duntley (1972)
concluded that only phytoplankton cause a backscattered spectra to
be increaéed at 560 nm, remain fixed at 523 nm, and be diminished

at 450 nm although only pure laboratory culturcs and biologically .

poor waters in situ were measured. Both blue and green wavelengths

from occan spectra were concluded to be of sufficient intensity to

be detected through both clear and hazy atmospheres at earth orbit.




i

—d

£

69

buntley et al. (1974) further developed calculations of chlorophyll
signal to an carth orbit by coﬁsidering vertical distribution of
chlorophyll, different species composition and differences in filtetud
base water composition. Radiative transfer calculations of two vertical
profiles of chiorophy;l distribution showed that the diffuse
reflectance is only relatcd to near surface concentrations (< 5 ™)

and integrated chlorophyll values through the water éolumn and spectral
diffuse reflectanccs are ambiguously related. lntensitics‘of back-
scatte?ed lipght to ERTS-1 satellite in a 500-600 nm channel were
determined to be proportional to near surface plankton (Szekielda,
1974) . Calculations by Duntley et al. (cit. loc.) suggested that
increases of sediments in.suspension only increase the total diffuse
backscattering coefficient and not the diffuse absorption. Thus the

net result should be reflectance increasc at all wavelengths in

_optically deep waters, and sediments can be distinguished from

chlorophyll-bearing phytoplankton by the shapes of their respective

spectra.

With the previous suggéstions for chlorophyll determination by
.olor ratio, Arvesen et al, (1973) studied a correlation method, .
based on differential radiometry to detect chlorophyll. The criteria
he used for 443 mm/525 nm wavelength selections were based on
independently uvbscrved chariacteristics of natural phytoplankton,
Rayleigh-like scawater nttcnﬁatlon, and "white'" Mie scattcfing by
larger particulates. No theoretical treatment of the procéss of color

ratio production or atmospheric transfer was considered. The
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differential radiometric method did solve some of the previous
problems described. A normalization of incideht light intensity could
be accomplished simply by adjusting the incident ratio(IddS/Iszs) to
unity. The difficulty in spectra analysis was rcioved and a
continuous color index now could be more closely compare&_to continuous
airborne radiation thermometcr measurements, This aiso allowed an
easy, real-time interpretation. The results of measurements over

varied natural water types at an altitude of 150 m dewonstrated .the

capability of this method to estimate surface chlorophyll levels.

lovis et al. (1973) have continued studies using numerous
reflected ratios at 11,3 km and 0.3 km altitudes over ocean areas
off North Carolina and the GQlf Steam, San Francisco Bay, and NW
Africa. Because satellite spectral data will be recorded as spectral
bands and not complete spectra, color ratios-to-paramecters comparisons
were designed. A rapid scan spectrometer with a field of view of 3.8 X
3.8 milliradians was emﬁloy&d in this study. At low altitudes this
narrow target resolved surface effects of waves. The spectra at the

different altitudes were compared, and, in contrast to Clarke and

‘Ewing (1973), therc was scverly reduced contrast. A factor of 2 reduc-

tion in contrast was observed even after the elimination of skylight

from the high altitude signal. The conclusion was that this informa-

tion had been scattered out of the radiance column viewed by the spectro-

meter. Hovis et al. (cit. loc), concluded that the use of ratios could

minimize changing, broad spectral atmospheric effects by refercncing

to a2 spectral band that is insensitive to speetral changes in. the oceants

- ——
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backscattered signal. Besides the 550 nm/443 nm ratio used previously,
ratios of 600 nm/520 nm, 665 nm/520 nm and 550/600 nn measured

at high altitudes also showed correlations to chlorophyll measurements.
Under ‘haze conditions the 550 mm/443 nm and 665 nm/520 nm ratios best
correlated with chlorophyll concentrations. The calibration by

Arvesen (Fipure 3.1) was used by llovis et al. for the NW coast of

. Africa data. '"Correlation of temperature changes simultancous to

color ratio changes supported the 443 nm/525 mn ratio as an index of
chlorophyll because of the known response of phytoplankton to cold,

upwelling waters,

3.2.2 The Differential Radiometer

~ The differential radiometer (BR) (Arvesen et al. 1973 and
Arvesen, 1973) is an extension of-the use of wavelength ratioing for
determination of phytoplankton pigments in natural waters. In general,
the instrument is designed to meaéure two narrow spectral regions
of reflected (backscattered) light from Qater bodies at aircraft

altitudes and produce a continuous signal which is a ratio of the two,

The reflected light is received in a sensor assembly through
a fiber optics bundle. The field of view of the bundle is 30°. The
bundle is then divided into four sections, each section having the
same field of view., Behind each section is a spectrallg narrow
bandpass filter (AA v 15 nm) selected to allow transmittauﬁe of the
spectral region of interest. Radiation passing.through cach

selection filter is incident on a silicon photodiede detector (UDT 500}.

ORI
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Integral with each detector, a preamplifier produces an output voltage
signal proportional to the incident radiation. These signals can be
monitored directly. Two signals are further processed to produce

the following algorithm:

. s (Signal of detector #2-Signal of detector f1)
Rat;oed output.s1gna1 = 10 Signal of detector #2

volts. Similarly, the signals from the remaining two fiber optic bundle
seciions are processcd and can yicld a second ratioed output signal.

One output signal, developed for determination of chlorophylllin :

water bodies, has selected filters which transmit a 443 nm band
(detector #1) and a 525 nm band (detector #2). The sccond outﬁut signal
was not used in this study because no oﬁher correlations of wavelength

ratios and features effecting ocean color have been proposed at present,

The objectives of the differential radiometer's design are to
provide a high résolutioﬁ, continuous, real-time, remote determination
of chlorophyll pigment concentrations in near surface waters and still
be éimple to operate, The ﬁrinciple of this method for remote sensing
of chlorophyll is a culmination of the conclusions from previous
research oﬁtlined in Section 3.3.1 First, the spécific spectral
characteristics of chlorophyll in natural water were considered,

The proportionalvloss.of reflected intensity in the 443 nm region is due
to the absorbance by increasing concentrations of chiorophyll pigments,
and the inscnsiﬁivity of the reflection intensity at 525 nm to changes

in clear, natural waters (Duntley,_lS?Z). The 443 nm intensity, then,
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is the sample signal wavelength (A}, while the 525 mm exists as a back-
ground or reference A, The interference to the sample signal (443 nm)
and the refercncé signal (525 mm) by suspended sediments and the
molecular attenuation of sea water was, from the preliminary research
at the time, considered to have an equal effect on both wavelengths,
Therefore, the algorithm would continubusly compare the

intensities of.thc reference wavelength 5nd the sample wavelength"

to normalized interferences. From the algorithm it can be seen that

the radiance ratio is linearly proportional to the voltapge output,

A.normalization of the incident light intensities (i.e., I443/
1525 =" 1) at the flight altitudes can be obtained, Since the scnsor
is a flexible fiber optic bundle, direct viewing of solar
radiation can be casily accomplished. A spectrally flat diffusor is
placed over the sensor to decrease the intensity and also to increase
the diffuse light to the sensor. + Adjustment of a potentiometer varies
the sample signal output so sample and reference intensity can be -
normalized. This solar zero operation can be accomplished periodically
during flight with changes in sunlight conditions and changing solar

zenith angle, Limiting skylight-sunlight intensities for instrument

use have not been well established.

The sensor is mounted at an angle of 20° off nadir, Also, the
mounted sensor may be rotated to any azimuth angle. The conclusions
on optimum direction of sensing for the most valuable optical signatl

were followed in the design of this mounting apparatus (Duntley, 1972;
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Duntley et al., 1974; Austin 1974a and b). A field of view
of 30° also pives a specular average signal large enough that sun

glitter contribution is negligible,.

The calibration of the differential radiometer (DR) ratio system
in termsof chlorophyll concentration is the result of 50 measurements
over water bodies of various, known concentrations. This included
clear lakes, cutrophic lakes, marine water of varying chlorophyll
content and an estaury. The chlorophyll concentrations ranged from
< 0.03 to > 10.0 mg/m®. The airborne measurements were made at an
altitude of 150 m. Arvesen (1973} shows a remarkable correlation
between sea truth and DR measurements along one 700 km track southwest
from San Diego, Arvesen's calibration (Figure 3.1) is also in agree-
ment with a well established principal in ocean color observations.

At very low concentrations of chlorophyll swall changes in concentrations
correlate to large changes in the 443 nm/525 nm ratio, In water masses
of higher concentrations of chlorophyll, a far greater change of
concentration is needed to produce the same magnitude change in the
color ratio. The DR was shown capable of detecting chlorophyll
variations < 0.03 mg/m®. Unfortunately, the total suspended particulate

distributions are not given for additional comparison.
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Additional considerations for effective use of the DR
followed in the present study are: The solar elevation angle should
be > 20° to insure adequate backscattered signal with respect to
background radiance, .Thc direction of view was 20° from nadir oppos-
ing (180°) the solar azimuth angle to reduce sun glitter reflec-
tion ‘o the sensor. As the solar azimuth angle changes in respect
to the aircrdft, it is then necessary fo correct the azimuth viewing
angle of the radiometer. The preliminary effective depth of measure-
ment was considercd to be about one-half to one-third of the Secchi
depth (Arvesen, 1973}. This limitation is more firmly defined by the
present study., Additiopal information on the DR is given by

Arvesen (1973).

A pre-study cvaluation of the effectiveness of t.ue color
ratioing method is difficuit, .A number of published aircraft ocean
color spectra with corresponding sea truth chlorophyll concentrations
(Duntley, 1972; Clarke and Ewing, 1973; Mueller, 1974; and Pearcy and

Keene,” 1974) allow development of a color ratio chlorophyll concen-

“tration comparison. ‘However, various altitudes of flight, chlorophyll

concentration ranges of most measurements within only two crder of
magnitude, and individual analysis of the data make a cummulative
comparison impractical, Generally, from comparison of color ratios

to chlorophyll concentrations for each study individually, the scatter
is far more than that_sccn by Arvesen. Also, in the calibration of

very high chlorophyll values, the larger change in the color ratio
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(compared to Arvesen's calibration) is indicated for similar changes
in chlorophyll concentrations > 20 mg/m ® . This is supported by
Curran (1972) in a comparison of chlorophyll cc.ventrations and the

reflected color ratio 540 nm/460 nm.
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4. FIELD METHODS

The NW coast of Africa has long been recognized as a region of

upwelling. Smith (1968) has given a general review of the physical
oceanographic processes which result in this phenomena observed at
the Eastern boundaries of most occans, Results of previous oceano-
graphic expioration have been reported by Defant (1961}, Furnestin
(1959), Jones and Folkard (1970); Jones (1972), Fedoseev (1970), and
Schemainda et al. (1972), Biological results including chlorophyll
measurements have been feported by Furnestin (1970),.Lloyd (1971)
Ballester et al, (1972) and Mﬁrgalef (1971 and 1972}, Interest in
bettef.defining this upwelling aréa which led to the Sahara Upwelling
Expedition énd the JOINT-I project originated from the recognition

of the upwelling area by the previous investigations cited.

4.1 Tho SAIARA UPHELLING EXPEDITION

In ‘August, 1973, a joint project based on skylab investigations

(Szekielda, 1972b) was conducted by the University of Delaware and
NAVOCEANO. The area of operation was along the NW coast of

Africa from Cabo Juby (28°N, 13‘W) in the north, to Cabo Bojador
(26°N, 14°30'W) in tbe south:. The arca of operation extended scaward
90 nautical miles to Fuerteventura. The bathymetry of this area is

shown in Figure 4.1,

The -8ahara Upwelling Lxpedition (SUE) was designed as an

experimental mission with thesc three objectives: 1) to test from

"34._
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Bathymetry of the Sahara Upwelling Lxpedition research area.
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aircraft altitudes a suite of experiments including expendable probes
and experimental remote sensing instruments, 2) to evaluate the ability
and utility of this system to recognize biological and physical
patterns associated with an upwelling region, 3) to be a comparison
study of simultancous surface truth, aircraft, and sziellite measure-
ments in an upwelling area to aid in interpretation and correlation

of data acquired by the romote sensors cmployed.

4.1.1 ‘The Experimental Instrumentation Package

The experimental package of the Sahara Upwelling Experiment
(SUE) contained both radiom=tric scnsors for reflected visible and
emitted IR radiation, and airborne expendable probes for light

penetration and vertical temperature profiles.

4

The differential radiometer described in Section 3.2.2 and an
airborne thermometer were the remote sensors employed on the aircraft

missions. Continuous sea surface temperatures (SST) were recorded

~with a Barnes Airborne Radiation Thermometer 14320 {ART) operating

in the atmospheric window between 9.5 - 11.3 ym. This band of infrared
radiation is emitted from approximately the top 0.02 mm of the ocean's
surface and therefore reveals only the sea surface's skin temperature
(Clarke, 1964; Wilkerson, 1960). Adircraft thermal IR measurcments have
been discussed by Clarke (1967) and Saunders (1967a)., The raw analog
ART data were recorded on a strip chart recorder. Continual calibration
and corrections for altitude (depth of air column) attenuation, air ad
lens temperatures from a format used by NAVOCEANO (Kerling, 1973)

were appliced to the raw ART signal so a corrected SSI' could be

——
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recorded on a sccond two-channel recorder. The ART sensor head

was mounted 50 cm above the main deck of the aircraft and 1.5 m

above the aireraft skin in the viewing position normal to the sea
surface plane. The normal viewing angle has minimum correctioh due to
shortest optical Jopth and smallest influence by surface rcflected solar
energy (Saunders, 1967b). The field of view (f.o.v.) of the sensor

was 2,2°, Extending this solid cone for 300 m, the Sperating altitude
of the SUE mission, the target spot of the ART was 11;5 m in diameter,
At an average ground speed of 108 m/s and an ART response time of
approximatcly 1.0 sccond, the best spacial resolution available from

this instrument system was 108 wm. The target spot of the DR was 184 m

in diameter with its f.o.v. of 30°.

Two expendable probes, a 300 m bathythermograph and a bathy-
thermograph modified to record light penectration levels, were
included in the SUE mission. The airborne bathythermozraph (AXBT)
is dropped from an aircraft and on impact at the sea surface an FM
transmittor is activated by a sea battery. A carrier signal is
transmitted which corresponds to a temperature measurement at the
surface., Following thé carrier signal, the probe falls through the
water column in the same manner as a conventional expendable bathy-
thermograph (XBT). The signal is transmitted to the aircraft where
changes in frequency are recorded versus time and calibrated to °C,

versus depth,

AXBTs were modificd similarly to tliose used by Clarke and
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Ewing (1973). The airborne cxpendable photometer (AXPM) has

incorporated a zenith viewing photoccll'replacing the temperature
sensor of the AXBI, The carrier signal is a measurcment of light
incident at the sea surface. The profile, recorded as increasihg

extinction of light penetration with depth, can be calibrated to

- percent incident radiation (% Io). Schematics of the expendable

probe operatibu and a description of signal evolution are presentéd i
Appendix A. AXBI's and AXPMs were dropped seconds apart so vertical
temperature profiles could be correlated with 1light attenuation pro-
files. Probes were dropped on parallel flight lines which ran
approximately normal to the coast. The profiles measurcd on these

lines were analyzed as two dimensional vertical slices.

4.1,2 Experimental Procedures and Data Collection

The date, time, and comments of four flights in the SUE
mission are shown in Table 4,1, Differential radiometer and narrow

band airborne radiation thermometer (ART} signals were recorded

simultaneously on a two-channel strip chart recorder. Time marks,

course changes, station marks, instrument adjustments and caliﬁrdtions
were noted on the strip chart by the differential radiometer operator.
Visual observatipns of ocean and sea surface featurcs, atmospheric

conditions and solar azimuth positions radioed by the pilot and front
and rear observers were noted as well, Complete weather observations
were logged every fifteen minutes during the £lights. The continuoué
differential radiometer and ART signals were immediately available

for interpretation of- surface gradient structure and thus, were a
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decision making input in the expendable probe cxperiments.

Fifty-seven Airborne Expendable Bathythermographs (AXBTs) and
thirteen Airborne Expendable Photometers (AXPMs) were deployed in
the SUE mission for vertical temperature and incident light penetra-

tion profiles respectively.

On August 22 and 26, additional reflected waﬁelength regions ,
were recorded from the differential radiometer's secondary channels.

The continuous reflected intensity of yellow and red optical

energy from wavelength regions centered at 576 nm and 663 nm respectiv-

ely was recorded for a major portion of the August 22 flight (see
Table 4.1), The 576 nm yellow band and a substitute 723 nm red band

were again recorded on August 26 for the entire six hour flight.

Table 4,1 Research Flights of the Sahara Upwelling LExpedition

(SUE)

Date, 1973 o Time ' Commcntscz)

For all flights: pround speed 195-205
Knots
Altitude: 1000 feet (305 m)

August 18 0640-1240 1 axeM) deployed at end of leg 5,
occasional haze and clouds below air-
eraft, > 70% cloud coverage overhead

August 21 1139-1753 Expendable probe mission, 11 AXPMs
' deployed during legs 8, 6, 5, and 2;
> 80% cloud coverage during 20% of
flight,

Aupust 22 1159-1824 Additional reflected wavelength bands
: - recorded {576 mmt and 663 mm), } AXPM
dropped at 1416 (between legs 4 and 9),

{continued)
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Table 4.1 (continued)
Date, 1973 Time Commcnts(z)
August 26 1143-1723 Additional reflected wavelength bands

recorded (576 nm and 723 nm), haze to
90% overcast for 15% of flight,

(1) Airborne LExpendable Photometer

(2) Airborne Expendable Bathythermograph deployment is given by

LaViolette (1974}.

4.1.3 Flight Planning

The coverage intensity and regional area chosen for the research
flights were designed to giv; a synoptic monitoring of an upwelling
region large enough for comparison studies with the resolution of
satellite data., After the morning flight of August 18, in which
research was partially hampered by cloudy and hazy conditions, the
remaining flights were scheduled in the middle of the day which also
allowed for use of same-day NOAA-2 satellite images for scheduling.

The ﬁverage duration of the flights was 6.5 hours. The regional
area was the coastal to open ocean waters between the Canary Islands
(Gran Canaria and Fuerteventura) and the coast of Northwest Africa

from Capo Juby to South of Capo Bojador.

4.2 The JOINT-1 PROJECT

The JOINT-1 project of the Coastal Upwelling Lcosystems Analysis

(CUEA) program was an intcnse oceanographic study of an upwelling area
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approximately one degree square (17°-18°W, 21°-22°N) off Cap Blanc in
northwest Africa for a three month periﬂd from mid February through

mid May, 1974. JOINT-I incorporated a twin-engined aircraft from

the National Center for Atmospheric Research (NCAR) with participating
U.S. oceanographic vessels from NOAA, Woods llole Oceanographic Institute
and University of Miami., In addition the French research vessels

Jean Charcot and Capricone, the Spanish research vessel Cornide de

Saavedra; and the Mauritanian research vessel Almorivide participated
in the project. Synoptic temperature coverage of the research area

was performed by the NOAA-2 satcllite.

4,2.1 Airborne Measurements

The aircraft's oceanographic mission was designed as an opera-
tional survey to support research vessel activities in the vicinity
with the objectives of synoptically monitoring sca surface temperature
and phytoplankton chlorophyll pigment concentrations in near surface
waters by remote sensors. In addition, the aircraft was to study
meteorological conditions related to upwelling regimes. It was
designed that data acquired over the extended period of the air-
craft's mission be transmitted daily in_a hard copy form (as analyzed
sea surface temperature (SST) and surface chlorophyll (Chl.) maps}
via communication satellite to ships in the rescarch area. The
distribution of these surface parameters could then be used to locate
upwelling cvents and as a decision-making input into sclecting areas
for intense investipation. On the other hand, the duta collected by

the differential radiometer (BR) and the radiation thermometer (PRT-5)
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‘were supported by the sea truth obtained by the research vessels,

This data includes surface chlorophyll measurements, sea surface
temperatures, distribution of particulates and incident light

penetration.

Specifications of the radiation thermomcter and the
twin engine Beecheraft “"Queen Air" used in JOINT-1 are described in NCAR
(1973}, Pre-flight calibration was accomplished by sensor measurement
of a water bath. Periodically during the flight, the solar standardiza-
tion of the DR was accomplished (sce Section 3.2.2). The mounting
of the HR‘sensor in the aircraft allowed manipulation of the azimuth
angle, while the viewing angle was 20° from nadir. ‘The PRT-5
sensor head was mounted at naﬂir. The operating altitude of the air-
craft was 500 feet (150 m}. The f.o.v. of the DR is 30°, and at the
operating altitude the target spot of the DR is v 92 m in diamecter,
The PRT-5 sensor's view was unobstructed by the aircraft skin. The
plexiglass window through which the DR viewad the sea surface was
identical to the observation window material through which solar

standardizations were made,

4,2.2 Flight Planning

Two types of oceanographic flight plans were devised to give
periodic intensc coverage of a small (1/2° longitude by 1° latitude)
area and larger (1° square) arca synoptic coverage. Occasionally,
both types of flights werce flown on the same day for compariscn

purposes. Intercepts in the flight tracts were designed to give
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cross-referencing points for aircraft instrument checks. Oceano-
graphic f£lights as scheduled did not have more than a two day lapse

between consecutive flights.

Meterological f£lights required a profiling of the air column
and no oceanographic data were obtained. On days when one oceano-
graphic fligh? was scheduled, the time of optimal sun elevation for
the differential radiometer was selected. This was between 1000-
1400 hr. local time. The average duration of Elights_was four

hours,

Whenever rescarch vessels were in the vicinity of the flight
tract, the aircraft diverted to make several overpasses to obtain sea
truth measurements. The time "on course'' in these passes over the

vessels was usually more than one minute, The amount of time insurcd

| stability of differential radiometer adjustments after the

course change.

Experieuceé early in JOINT-I with days of high dﬁst loading
and its detrimental effect on the aircraft's operation became a
safety factor in scheduling flights. The dust that eventuslly sifted
into the instruments, especially the Inertial Navigation System and
the NCAR Aris data collection system, caused frequent inflight failures
in the later flights and finally an early conclusion to the aircraft's

mission.
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4.2.3 Aquisition Format and bData llundling

Thirty-five research flights from Feb. 17 to March 28, 1974
were accomplished. Table 4.2 shows the date, time, and type of each
flight. Raw data available immediatcly werce the precision radiation
thermometer (PRT-5) and differential radiometer traces on the two-
channel strip chart recorder. These recordings were annotated with
time marks, visual observations of atmospheric and sca conditions
by the rear obscrver who operated all instrumentation, and with

observations of the pilot and front observer. This was particularly

important for discrimination in the data of course changes, transition
from cloud-free to clouded areas and visual observations of

properties on the sea surface such as cloud shadows, large slick areas, |
slick streaks, color boundaries, coler streaks, foum lines, and fishing .
vessels (Tabor, 1974). Besides the detailed strip charts, the front _ !
observer kept a log of times and positions of arriving and leaving
stations and of features noted by him or the rcar observer. The “i j .;f
Inertial Navipation System (INS)} allowed a direct, real-time readout
of position, heading, distance to the next station and ground speed.

These observations also were routinely noted with the specific obser-

vations made in the front observer's log.

All oceanographic sensor data were recorded via the Aircraft
Recording Instrumentation System (Aris) data collection system on
multichannel magneiic tape. This included the differential radiometer
and PRT-5 data, the position data from the INS, and time. A descrip-

tion of the Aris system developed at NCAR is given in NCAR (1973).
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Digital values were recorawd on tapes at eight values per second

after computer proéessing. For oceanographic data usage at this time,
one second averages were considered sufficient and expediated the
processing of the twenty-six oceanographic flights. At NCAR in Boulder
Colofado, the data from the computer tapes were printed on microfilm
which pave fifteen-minute plots of the different paramecters versus

time as well as the one second average listings of pﬁrameter valués.
The best spatial resolution for the one second values at the average

aircraft speed of 140 knots was v 78 meters,

-
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-gjﬂ 0\300.,{ Tablc4.2JQINT-1 Qceapographic Rescarch Flights
” IS
agUCB e T
@%032@ b
gRIv®
Average
Wind
Direc-
Flight Flight tion/
I Date, 1974 Lacal Time Pattern Speul Conmnents
1 Feb, 17 0835-1320  Small 060/40  light haze (dust) -
| i : scale: N top at 2000 feet
2 Feb, 18 0840-1300 Small 050/10- thick haze - top
scale: § 89 4000 feet
3 Feb, 19 1230-1605  Large scattercd cumulus
scale
4 Feb. 20 0800-1200 Small occasional clouds
scale: N
5 Feb. 20 1325-1630  Small -/10-67
- - " scale:S
6 Feb. 21 0815-1215 Modified light haze
small
Feb. 22 0810-1140 Large ~/02-68 Cloudy
Feb. 28 1335-1745  Small oceasional clouds,
light haze-top 2000 feet
9 Mar. 4 1320-1630  Small 020/12 :
10 Mar., S 0800-1130 Large 050/18 few clouds, light
haze-top 3000 fect
12 Mar. 6 0800~-1145  Small 353/17 scattercd heavy
cloud cover
13 Mar. 6 1315-1700  Small 350/15  special flight for
comparison with AM
16* Mar. 8 0950-1340 Smalil 002/14  light haze
17* Mar, 9 0800-1200 Small 045/22  Partially cloudy
18*% Mar. 9 . 1330-1700 Large 025/23
19 Mar, 12 0750-1035 Small 045/27 low visibility. (3-4
wiles), flight cut short,
no Chl. data
20 Mar, 12 1320-1640 Large 040/27 low visibility, hecavy
clouds and dust - top
35060 fcet
23% Mar, 16  0740-1130 035/25 light fog and dust - top

Small

600 feet
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Table 4,2 (continuecd)

Averape
Wind
‘ Direc-
Flight Flight tion/
i Date, 1974 Local Time Pattern Speed Comments
24 Mar. 16 1320-1450 Large 034/18  very dusty, flight cut
short
29% Mar. 19 1000-1305 Small 036/21
30 Mar. 20 0745-1130  Small 045/22  frequent clouds
31 Mar. 20 1315-1630 Large
32 Mar, 21 1005-1450 Small /23 dust top 4500 feet
33 Mar. 28 0915-1015 Small flight cut short - no data
34 Mar. 2€ 1345-1720 Small 359/16 occasional cumulus, light
haze top 1500 feet '
no computer digital data,
charts
35 Mar., 29 0815-0915  Small scattered N-S cumulus,

* Flights described in text,

analys.s from strip 2

flight cut short
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5. RESULTS OF FILLD STUDLES

5.1 SAIIARA UPWELLING EXPEDITION

5.1.1 Explanation of Data Annlvens

Analog sca surface temperatures (SST) and differential radio-
meter (DR) vo}tages calibrqted to chlorophyll (Chl.} values from ?he
calibration curve described in Section 3.2,2 and presented in Figure
3.1 were digitized in one minute avefages, then plotted on flight
tracts mapped by the aircraft's navigator. The rationale of using
one minute average intervals of continuous data was: for a first
comparison with either continuous chlorophyll measurements froin vessel
or spacecraft data, 6 km average values would be most useful and
convenient. The analog recordings existed as a reference if greater
resolution would be needed. The decision of which data were excluded
from analysis wa+ made from the written comments on the airborne
recordings and distinctive features in the traces such as signal
spikes due to aircraft motion and loss or increasc of normal low level
surface noise by cloud scatter processes or sun glint respectively.
Cloud contaminated regions were disregarded in DR data and excessive
sun gliunt, cloud cover and banking motions of the aircraft were
disregarded in both.the DR and ART date. For example, the August 18
flight was the only morning flight of the SUL mission and the large
change in solar elevation throughout the flight and variations in
atmospheric conditions suggested some limiting conditions for the

radiometric method. The DR data before 0800 hours was rejected due to

48

e e
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insufficient solar incident light and skylight through the > 70%

tloud cover. Cloud contamination beneath the aircraft caused

features in the recordings which had similar appearance to actual
color boundaries. Loss of the background reflection noise from ‘
constant sea state oscillations helped differentiate this interference
from actual features. Clouds and cloud shadows erratically increased
the ratio value of reflected light. An erratic ART signal supported
the DR signal under these conditions. Analysis of the data maps involved
contouring of SST' in °C. and DR maps in mg/m® chlorophyll as per
calibration curve. The final forms of these maps are presented in
Figures 5.1 a-d. The flight path, wivided into one minute intervals
on the SST maps and two minute intervals on the Chl. maps, is
indicated by discrete data points. The intervals of chlorophyll
contour are not equal and this caution in interpretation of gradient
structure should be observed, A representation more closely related
to ocean color changes_can be exhibited Py this presentation, but

again a cautious interpretation is neceded.

Data received from thé experdable probes were analyzed on
return to the laboratofy. Amplification and normalization of the
Airborne Expendable Bathyphotometer (AXPM) recordings were
needed for interpretation as light penetration. Data of the routinely
used Aifborne Expendable Bathythermographs (AXBTs) could be analyzed
immediately. The absolute accuracy of the temperature values given
in the results of the SS1' and AXBI data is not known. The relative

accuracy of these measurements, due to the intercomparisons of data
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that were made, is reliable.

5.1.2 Description and Interpretation of Scensor and Probe

Mecasurements

Results of the SAHARA UPWELLING EXPEDITION (SUE) include:
1) maps of the regional distributions of sea surface temperature (SST)
and apparent chlorophyll values (Chl.) that were observed in an eight
day peridd from 18-26 August, 1973 (Figure 5.1 a-d), 2) analyzed
continuous recordings of DR and ART signals plus veflected intensities
of yellow (576 nm) red (663 nm) and near IR {723 nm) bands which are
presented for comparison of changes in the offshcre and longshore
direction (Figure 5.2 a-e), 3) simultancous light penctration and
temperature profiles of offshore sections on 21 August for identifica-
tion of upwelling phenomena and for light penetration - surface ocean

color comparison (Figure 5.3).

In figure 5.1 a-d, DR measurements indicate increcased near-
shore surface chlorophyll levels in all flights with maximum
levels ranging from > 1 mg/ma’on August 21 and 22, to > § mg/m’ on
August 18. Also common to all flights are the longshore paralieling
contours which have differing degrees of offshore distensions, but
consistently decrease in value moving ‘offshore. The mest dramatic
changes in apparent chlorophyll levels are nearshore, but structure
can be observed offshore in all flights as well., If the results of
fhe four flights are observed in time sequence, a »umber of develop-

ments can be described and interpreted. The 18 Aupust anulysis shows

~ S
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the most seaward-extending temperature structure and Chl. structure

of any date during SUE. Offshore distending isotherms indicate a

plume of colder water. From the sequential flights (21 and 22 August)
this feature appears to separate from the constant coastal

structure and move generally west by 21 August and then south by 22
August. On 18 August, the Chl. is apparently > 0.5 mg/m3 in the position
of the plume < 19°. The Chl. analysis indicates that the plume feature
is alrcady scparated from the coastal region on 18 August. Through

21 and 22 August, the temperaturc difference between the plume and the

surrounding water is lost. Any Chl. difference between the surrounding

water and this migrating plume was not identified on 21 August. On
22 August, however a > 0.5 mg/m® feature which corresponds to the NW

temperature boundary is apparent south of Gran Canaria, Low Chl. and : |
> 21° SST areobscrved to the south of Fuerteventura. In reference

to the southerly Canary Current, this would be the leeward side of

the island. LgViolette (1974} interprcts the isolated patches of

> 21% water (on 21 and 26 August) as surface eddies or an island wake
created by the expansion of the Canary Current south of the island
after the channelling between the African coast and Fuerteventura,

The > 21° feature was observed on all dates. This corresponded

to the clearest waters measured by the DR. Data from 18 August
demonstrate a very strict correlation between decreasing SST and
increasing Chl., The striking identity of location for both Chl. and
SST gradients in all arcas and on all dates indjcates a

significant dependence of the Chl. measurement on temperature structure.

The structure noted on the 21 August in the 0.5 mg/m® contour (the
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third flight line from the south) is difficult to interpret. There

is a correlation between the €ST and Chl, distribution. lowever,

these measurements were taken during observations of a2lint, This would
have the effect of cai ' 1 the chlorophyll values to be inaccurately
high.  The signal reflected from the surfacc would approach the ratio
obtained during the solar zero procedure. Since the actual reflected
ratios from the sca in this locale werc low compared to the solar zero,
sun glint received by the sensor would raise the values. This would
cause excessive noise in the DR analog signal if it was a significant
input to the sensor. The vertical section results (Figure 5,3), on
the other hand, support the surface temperature gradient, On August 22,
an isolated patch of < 0.2 mg/m? Chl. was observed to the southwest

of the structure of 21 August. This mu} be the development of an
isolated, very clear water parcel moving in the southerly Canary Current
offshore of coastal upwelling activity as indicated by the temperature
and apparent Chl. gradients, .Thc distance which this feature and the

lower temperature offshore patch described above have moved in a one

i e ey o

day period is comparable with the ~ 1.5 knot speed of the Canary Current
(Fedoseev, 1970). On 21, 22 and 26 August, isolated patches of very

low Chl. were measured just offshore of strong temperature gradients.
The only high Chl, patch was mecasured on 26 August. The development

of the large Chl. plume extending to so&th of Gran Canaria can not

be interpreted due to the longer time interval between this and the

previous flight,

Y]
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L (mg/m*) and Sea Surface Temperature (°C.) distribution on
18, 21, 22, 26 August, 1973. The numbered solid lines {(1-5)
on the 22 and 26 August flight tract indicate the direction

L - and position of the continuous reccrdings presented in Figure
5.2 a- 5.2 e respectively.
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in actuality, both SST and Chl, have more fine structure
variability or meandering than is shown because the analysis can only
be interpolated between flight lines. This can be exhibited where
flight lines are positioned nearer cach other and thus the data
distribution concentrated. 1In all flights, the inshore legs running
parallel to the coast showed small, quite frequent plumes of apparent
chlorophyll, 'Two other observations tend to discount these as 1
measurements of actual chlorophyll. The SST of these plumes was
consistently .igher in the plume and lower in contiguous areas., In
general, this is the converse of the results that showed decreasing
surface temperature with increases in apparent chlorophyll., This
feature could not usually be resolved in the one minute average
analysis, but it is observed in the continuous recording of
Figure 5.2c at time 1610. Photographs of the sea surface from the
aircraft showed plumes of sediment with the frequency and size of the
features indicated by the DR. The plumes can be interpreted as warmer, -

surf zone water heavily laden with large sediment particles flowing

offshore and surrounded by colder, Iess reflective coastal water.
In this case, it was visually clear the DR measured particulate

load as increased chiorophyll levels, More disperse non-phytoplank-
ton particulates originating from coastal crrosion and bottom distur-
bance are suspected to partially cause the general apparent chlorophyll

increases in all near shore areas.




100

On August 22 and 26, in addition to the DR and ART signals,
red (663 nm or 723 nm) and yellow (576 nm) channels of reflected
light were recorded. The four reproduced analog recordings of five
time intervals are presented in Figure 5.2 a-e. The position of cach
recording is shown on the Chl, maps of 22 and 26 August
(Figures 5.1 ¢ and d). The incorporation of measurcments at thesq
wavelengths was designed to help interpret the effectiveness of the
DR method by having additional wavélcngths which could support
the identification of the chlorophyll by its characteristic spectral
response. All large non-selective particulates should cause increased
scattered light from a clear ocean to the sensor at all wavelengths if
they are distributed in near surface waters. If phytoplankten are
prescnt, the blue absorption and v 525 nm insensitivity will be
measured as Chl. by DR. The yellow band should respond to the particle
scattering much as if phytoplankton were non-selective. Thé red bands

are expected to have a similar response as the yellow, with an increased

signal predicted fordistributions closer to the surface, The 663 nn

band is close to the chlorophyll absorption maxima at " 680 nm

in vivo, and may indicate high concentrations of phytoplankton.near
the surface by decreased backscattercd inténsity at this wavelength,
With the composition of coastal water including phytoplan! ton,
Gelbstoff and observed scdiment particulates, the respuense of the
yellow and red bands are complex to calculate. In general, the more
effective buckscattering situation produced the largest response at

these additional wavelenpths., In the 5,2 figures, increasing
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voltages in red and yellow bands represent increasing reflected light
intensity. DPositive voltage increases indicate a proportional decrease
in the DR ratio value. The SST trace is offset ten seconds behind
the other recordings. Visual comments are presented to help identify
features. The schsors recorded generally increasing reflectance in
both wavelengths aml a decreasing 443 nm/525 mm ratic going onshore.
The features of both red (663 nm) far rgd (723 nm) and yellow (576 mm)
bands correlated well with nearshore DR features while offshore

the correlation was not this simple. In Figures 5.2 a, ¢ and d, the
fime intervals devoid of features in the red and yellow had the most
dynamic DR and temperature structure, but in Figures 5.2 b and e,

the opposite was true. Phytoplankton are believed to be responsible

for the former optical situations. The latter cases and the nearshore

areas of simple red-yellow-DR correlations are suggested to be obser-
vations of high concentrations of non-chlorophyll, highly reflective
suspended particulates in addition to phytoplankton. Pearcy and Keene -

(1974) have identified water mass types in the Pacific off Orcgon by

spectral variability. Their comparisons of blue to green and green
to orange in oceanic water, the Columbia River plume (high is suspended
particulates) and upwelling water (spectrally varying, but dense in
phytoplankton) support the interpretation suggested here. The

’
offshore, sepurated surface plume on 22 August (Chl. > 0.5 mg/m®)
was observed to have decreased red (663 nm) signal in this area
(data not presented) in relation to the adjacent region. Pearcy and

Keene (cit. loc.) showed spectra obtained over upwelling water furthest
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from the influence of the Columbia River plume was characterized by

the largest decrecase in orange reflection of any water type. Although
the broad red spectral attcnuation by clear sea water is usually consid-
ered to mask observation of chlorophyll absorbance at specific red
wavelengths, the decrease in the red intensity noticed in this example
in the SUE stgdy and possibly in the Oregon study suggests that
chlorophyll absorption in the red was apparent. The vertical
temperature and light penetration profiles of 1524 hours on 21 August
(Figure A.3a in Appendix A} were located in this feature. They show

a morce pronounced gradient at v 30 m, but an extinction rate change

at v 5 m. This suggests that the measurements made the following

day were of a near surface feature. Figurc 5.2e is presented to show that
sharp boundaries werc observed in the longshore direction as well as
onshore. This suggests the offshore extension of upwelling at the
surface into the waters of the Canary Current. Such a feature could
become separated from the coastal regime and develop as did the

upwelling plume to south from 18-22 August,

Table 5.1 lists the one percent light level depth and
the attenuation percentage in the first five meters recorded by the
expendable photometers, and the surface chlorophyll levels
indicated by the DR at the drop site. Generally, the greater
one percent light depths correlate with lower apparent chlorophyll
levels., Appendix A (Figures A.3a-h) showsthe temperaturc and iight
intensity profiles have deflections in the extinction rate toward

decreasing extinction with depth at light levels from 80% to 15% and
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Figure 5.2 a-c (continucd through page 63). Comparison of continuous,

stmultaneous, Sea Surfacc Temperature (dashed line, °C.),
DR ratio values, 443 nm/525 nm {in volts) and reflectance
signals at two wavelengths (volts are proportional to
intensity of reflected energy). Local time and visual
comments are included., [I'ositions and direction of the
recordings are shown in Figure 5.1 ¢ and 5.1 d,
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Table 5.t Results of Airborae Expendable Photomcter Study
August 21, 1973

DR
1% Attenuation Surfice
Position Light %(2) Chloro-
Local Tatitude Longitude Level(l) (1st - phyll
Time (°N) (°W) (m) 5 meters) mg/mS Comments :
1152 27°34' . 14°58! 23 3 0.4 SW of Gran |
1155 27°27'  14°51! 17 4 0.4 Canaria S
1204 27°09! 14°27¢ 38 7 0.5  Line 2
1215 26°44! 13°50¢ 19 8 1.7
1308 28°29! 13°40' NA(3) A 0.3
1309 28°27 13°38! NA 12 0.3 Line 4
1318 28°15! 13°24¢ NA 5 8.9
1332 27°35' 13°13¢ . 20 12 1.5 Line 3
1354 27°83'  14°08! 65 5 0.3
1524 27°01! 15°241 NA 19 - 0.3 Line 1

1548 26°21" 14°331 NA 8 0.4

(1} 1% of the initial Airborne Expendable Photomcter (AXPM)
carrier signal

(2) Attenuation percent of initial AXPM carrier signal

(3) Data was not available | .
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at depths < 20 meters, This depth may represent the bottom of the
euphotic zone —the yertical limit of distribution of a mdjérity of
active phytoplankton is stable water masses. Phytoplankton and the
associated chlorophyll probably caused the increased attcnuation.in
the indicated euphotic zone. The two nearshore profiles on lines 2
and 3 are sites 6f upwelling, suggested by the cold water origingting
at a depth of about 300 m, The Weil dcfined‘offshore cuphotic

zone boundaries were ﬁot.found in necarshore profiles due t6 upwelling
effects. Phytoplankton and non-phytoplankton suspended material from
the coast, well distributed from the surface to depth, and causing
high rates of light attenuation are indicated as causing the high
apparent chlorophyll ﬁeasurements. 1t muﬁt be pointed out that the
percent light intensity given by the expendable photometers (AXPM)

is calibrated with 100% being the first value measured below

the surface after impact and stabilization of the probe or approximately

1 meter (see Appendix A). The Secchi depth observed off Cabo Bojédar
(just south of the 1548 probe on line 1 of Figure 5.3) ranged between

5 to 10 meters in April-May, 1973 (Cruzado and Manriquez, 1974).

‘The levels of 1% light intensity recorded by all probes was consistently
‘ 8 Y

deeper than 20 m. Also, the 50% light level ranged from 2.8 m to as

challow as 1 m in similar coastal areas (JOINT-1). Therefore, the

percentages indicated by the AXMs are a fraction of the actual

percent incident inténsity (10).
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5.2 JOINT-1 P'roject

5.2.1 Data Analysis

The immediate analysis of the aircraft ocecanographic data for
distribution to rescarch vessels (sce Section 4.2) used the real-time

strip chart recordings of DR and PRT-5 signals, This form of the data

presented one minute averaged values mapped over the coverage area, The

standard temperature analysis (SST) was 0,4°C. while the apparent
chlorophyll (Chl.} analysis was made in intervals which more closely
represented ocean color change. The calibration of the DR ratio

(443 nm/525 nm) to Chl. units of mg/m® is described in Section 3.2,2
with the calibration curve prcsented‘in Figure 3.1. At the

operational aircraft speed of 140 knots, the one minute averages
translate to one valuc per 4.4 km. In July, 1974 the digital microfilm
print-out of the scnsor data at 1 sccond averages became available,

Thé prediminary strip chart analog data was compared to the data
recorded by the NCAR ARIS III data system (NCAR, 1973). The final

form of the aircraft sensor data given in section5.2.2is from analysis
of the ARIS digital output. In addition, an analysis of the data

was made -at NCARy Data was presented as 15 minute, 1 value/s plots

of parameter versus time. These graphs are on microfilm and offer a
detailed comparison of parameters similar to the real-time comparison
that was made from the analog traces. Preliminary sea truth surface
chlorophyll and surface temperature values from.dirvect sircraft
over-flights of research vessels are included on the maps

presented in Section 5.2.2, and in Appendix B, Neither the SST or Chl,
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analyses are correcteil to sea truth. At present, the data available
allow an evaluation of the effectiveness of the DR for chlorophyll
determination. Analysis of the solar radiation data recorded at
coastal stations and on the Atlantis II (Figure 5.9) was

accomplished by taking averages over one hour periods where

voltages were converted to caloricsecm Zemin” !,

5.2.2 Description and Interpretation of Sensor Measurcments

and Comparison with Preliminary JOINT-1 Sca Truth Mcasurcments

Of the 26 oceanographic research flights of JOINT-I, six arec

described and interpreted in this study for determination of the effective-

ness of the DR and for preliminary synoptic recognition of upwelling
events. Table 5.2 presents basic information on the 26 flights
and indicates those which are described here., Sufficient sea truth

was available for specific comparison and interpretation with the

results from these dates. . A 14 day period was covered by the 6 flights.

The intensity of coverage varied, with 3 flights flown in a 36.hpur
period on 8-9 March, a five day lapse, then the 3 final flights
extending over 5 days (16-21 March). In an exceptipn to this, the
results presented in Figure 5.4 and 5,5 include all applicable sea
truth data from stations made on‘21° 20'N and 21° 40'N latitude during
the period 8-21 March, The analyzed maps of the aircraft research

are shown in Figures 5.6 a to 5.0 £, The NW coast of Africa, from

Cap Blanc to Cabo Barbas, the bathymetry of the shelf and continental

slope, and a distance scale are included in most maps for reference,
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_ Figure 5.6 a-f (continued through page
82). A 14 day time-series analyses

of apparent chlorophyll (mg/m3) ,
reflectance ratio value (L443/L525)

- and sea surface temperature distribu-

tions from airecraft sensors. Each
is labeled with the date, flight
number and duration (in local

time to the nearest 5 mix.),

and sea truth (ground truth)

- measurenents when available.
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The position of sea truth measurcments is labeled with the
abbreviation of the research vessel. (Atlantis II - AlLI,

Ocoanographér'— OCN, James M. Gilliss - Gilliss)., The flight tracts

are outlined by two-minute position points. Intervals where
mete o rologic atmospheric soundings were made, and ne oceanographic
data could be collected, have position points omitted. For

reference, the southern most flight line was the initial outboundwleg,

the 21° 40' flight line was also outbound. Three analyses are

presented for each_flight. The first is the differential radiometric

'chlorophy;l values (in mg/m? Chl.), determined from-calibration of

the reflected ocean color ratio of intensities at a 443 nm band/525 nm
band (the ratio is normalized to incident ratio at the airgraft alti-_
§ude) to previously mcasurﬁd surface chlorophyll valués by.Arvesen

et al. (1973}, The calibration curve is presented in Figure 3.1,

The two analyses presented together for comparison are the values of
the reflected ocean color ratio (L443/L525) mentioned above, and the
radiometric sea surface temperatures (851) obtained from the aircraft,
not corrected for atmospheric effects or adjusted to actual surface
measurements, The total set of analyzed results from the aircraft’
oceanographic research, with the exceptions of ihose presented in
this section, are found in Appendix B. A nmumber of the maps are of

]

different scale due to occasional large-scale coverage and caution

‘should be used when identifying the same featurc on successive dates.
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A detailed description of the surface oceanography from
aircraft data is not attempted here. Generally, a maximum gradient of

apparent chlorophyll (Chl,) was in the offshore direction, The

distribution of Chl, farther offshore was of more variable structure,
The bhl. and DR analyses in Figure 5.06a show plusies distcnding of fshore
from the genecrally longshore paralleling gradients. The larger ratio
values ihdicate particuiate—freo and low productive waters. Offshore,
approximafely to the 50 m isobath, increased Chl, distribution

(or lower DR ratio) was assbciatcd very closely with that of warmer
SST regions, On the shelf, two separate centers of cold water

(14.6° at 21°45'N and < 14.0°.at 21°20'N) were observed. Low Chl,

ﬁnd highéf DR ratio values are associated with the centerAto the
north, while a low apparent Chl. feature was adjacent to the southern
cold center. A thermal gradient was identificd at the shelf break

on 21“_45'N.1atitude. Here, increased apparent Chl, was

associated with an offshore boundary of upwelled water at the surface.
The line 21° 30'N latitude partitioned this feature to.the_north from
the low temperature cell on the shelf and the high DR value associated
(although mot precisely) with it. This fcn*are_rcpresénQEd-an

active upwelling location. The 9 March (AM) analyses identify March 8
features offshore of 50 m in précisely the same positions. Inshore of

50 m a slight southerly shift of occan color and SST features was

‘observed. From a synoptic point of view, the patterns of the gradients

or boundaries huve meandered, but the features have remained stationary

‘and gradient intensities have not developed or broken down. The large
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scale March 9 M flight gives additional coverage north to 22° QO' W
longitude. The increased arca covered is compensated by a loss of
coverage intensity, This is why the higher Chl, region observed on

21° 40'M at the shelf break is not resolved in the large scale £lipht.
A bettér interpretation of the extent of the warm feature north of 21°
20'N and west of the shelf break is fhe trade-off gained by this large~
scale £light, ’Flight Number 23, on 16 March, (Fig. 5.0d) shows a N

different type of situation. 7The coldest surace water was located

~at the slope sheif boundary. Both seaward and shoreward there were

up to % 1.5% thermal gradients. Beyond the shelf on 21° 30'N

a colder region was depicted. The warmest tempcratures were observed
onshore but staggered between the locations where the cold coastal
upwelling was noticed on 8-9 March. Whereas the highest apparent Chl.

distribution compared to the lowest onshore temperatures on flights

of 8-9 March, on 16 March the highest apparent Chl., in levels similar

to 8-9 March, were coincident with the hiphest onshore temperatures. A

small area . of high DR ratio was observed at 21° 20'N, 17° 17'W.

Thus far, all DR and Chl. analyses described this feature, Coverage

on other dates also confirmed a relatively constant feature of clearer

water or less appdfent Chi. at this location (see Analyses in Appendix

B). On March 16 the Lhermal gradlent at the shelf orcak and scaward

was in a region of very uniform ocean color. On March 19 and 21

(Figures 5.6e and 5.6f) a situation‘cxisted 51m11ar to 8-9 March,

Two, and perhaps threc cold arcas on the 50 m isobath were observed,

The 19-21 M1lch, coastal upwelllng was occurrlnb in an oven

. narrower, ncarshore band than on 8 9 March 1hese cold features
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were associated with higher apparent Chl. values than surrounding
waters, although onshore the values continued to increase. This was
the constant, general observation of apparent Chl, distribution.

A distribution of cooler water at the shelf break coexisted with higher

DR values, Some occan color fronts were visually observed,

as well as radiomctrically,‘betwcen‘21°‘21'N and 21° 31'N, 17° 30'W bé

on 21 March. A development at the shelf region lo;ntcd at 21° 40'N
wasvmoniiored from 19 to 21 March. A cooler watér WSS beyond the
slope was oriented normal to the slope on 19 March. It was also
identified in the apparent Chl. analysis (Figure 5.6e) as a shoreward
extending- plume, The southerd boundary of this feature can be
identified thermally and spectrally on 20 March at 21° 30'N

(see Appendix B). On 21 March more well defined offshore gradient
structures have developed, ‘The ocean color analyses for 21 March
showed much the same orientation as 19 March and apparently no depen-

dence on the thermal development.

Preliminaryrresuits froﬁ invcstigatdrs prescnted at a
JOINT-I workshop (Friday Harbor Workshoep, § 974} were_interpreted_fpr
recognition of distinct upweliing types. Three types were discussed
and dates of the devélopment of these events were given. Briefly,

8-9 March was in a period designated as classical, one-ccll upwelling

" occurring over the shelf, 16 March, was in a period of shelf break

upwelling, and 19 March was transitional type including two upwelling

cells, It can be seen that the aircraft results lend support to
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these interpretations. The next step in interpretation of upwelling
processes with the results presented here should inciude the time-

scquencd of the wind data,

More important to the objectives of this study is the inter-

pretation of ocean color chlorophyll - surface chlorophyll differences,

The constant feature of onshore increasing apparent Cﬁl. is
presented in Figure 5.7, with relationship to specific real-time
sea truth measurcments ﬁvailablc. The plot cxpresses the
difference of‘ﬂpparent Chl., measured by the differential
radiometer (DR), anﬁ the ship measurements (ship ground truth) as a
funﬁtion of distance offshore. It can be seen from the preliminary
data; thaf extraordinary discrepancics existed between measurcnents
within » 10 km offshore, The measurements correlated better at

20 km offshore (i.e., differcncé approaches 0), but diverged off-
shore of 20 kw in a inverse manner from that observed nearshore

(i.e., ship surface measurements > DR Chl.) The trend is clear

although the statistical significance may be questioned with the pau-

city of comparisons - especially inshore of 20 km. For identification

of interferences in the DR method, and to givq a semi-quantitative
comparison of ocean color and parameter distribution, Figures5.4

and 5.5 are presentced., DR ratio values from measuremcnts on the 21°
40'N and 21° 20'N lattitude flight lines from March 8-21 are
plotted versus offshore distance. 1n addition, the integrated

chlorophyll for the 50% incident light (10) depth, the 50%

I, depth, and the integrated particle counts for 50% 1, depth are

——
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y=3286 X™°
5.0 Correlotion COEF = -.507
C“Wqﬁﬂg
DR- Ship
groundiruth - : @
(mg:m™) .
50 4 20 "40 60 80 -
| Offshore Distancs (km) S
' Chiorophyll ,
(mg/m*) Distance Solar Local
Flight # Date DR Shin. Offshore (km) Zero DR -Ship. Time
& 17 3/9 0.68 3.07 36.5 5.42 -2.39 0015
) 18 379 9.8-11.0 1.2-1.3 4.0 4.58 +0.15 1337
- 23 3/16 0.58 3.88 42.7 6.28 -3.58 g§44
] 29 3/19 2.5 1.62 12,9 5.96 +0.88 103¢é
a 29 3/19 2.5 1.03 17.0 5.96 +1.47 .
10 8 2/20 0.44 2.7 81.6 4,25 -2.26 1337
A 30 z/20 0.2 2.0 36.5 >8.00 -1.80 752

Figure 5.7 Comparison of the difference between apparent chlorophyll
and actual surface measurements versus offshore distance
(DR - Ship ground truth). A tabulation of data for each
composition is given and is identified by the symbols.
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plotted versus distance offshoré. The effective depth sensed by the
DR roughly co;responds to tﬁe.s 50% I depth, from the.preliminary
data, At the stations used for comparison with the DR signal, this
depth averaged 2 m. The 50% I0 cffective.dcpth wa; depermined

by comparison of the DR response to the integrated particle counts for
100%, 50%, 30%5 15% and 1% I0 depths irrespective of actval
chlorophyll concentration. The comparison at the 50% I0 level was"
determined to be the best correlated with DR values. The rcsu;ts of
Figure 5.4 are from specific DR-to-parameter comparisons, while

Figure 5.5 results ave the general case of all measurements made at

" these distances offshore. The relationship between apparent

chlorophyll diverging from actual mecasurements shoreward

(from Figure 5.4) is supported by the general case. The relationship of
DR ratio valucs and apparent chlorophyll has been described as a
log-linear function (Figure 3.1), with logrithmically increasing
chlorophyll concentrations required for a-proPortional'decréase in ' -
DR value, The relationship between individual comparisons shows an
inverse correlation between reflected intensity ratio values and

actual chiorophyll concentration to that ascribed. A positive
correlation in the individual comparisons exists between the iﬁcreasing
443 nm/525 nm reflected inteas%ty and decreasing particulate counts,

It may be established fréﬁ the two figures that non-phytoplankton
particulates arc responsible for the measured interfercnce 5nd
diminished effcctiveness of the DR. At > 70 km ofEshore, ﬁhc apparcnt

chlorophyll exhibits a positive correlation with the actual measurcments. axﬂ#ﬁ;




[

btz antiten,, .

e

134

The apparent Chl. analysis in the surface maps presented in Figure 5.6
often are observed to have increascd values offshore. The 50% 10
depth decreases while the particulate counts remain gencrally constant
with a slight decrcase: It is suggested that the proportion of non-

phytoplankton particles is decreasing.

The atmospheric processes that affect the differential radio-
metric method can only preliminarily described at this time.
Additional support ma;crials including the satellite coverage
imagery, meteorologic conditions, solar radiation measurcments, solar
standardization settings (solar zeros), aircraft photographs and col-

lected eolian dust loadings must be compiled for conclusions on atmos-

~pheric interferences., Deliniation of the atmospheric interfercnce is

of prime importance in evaluation of IR thermal detection as well,

and the corrections that can be introduced to the SST results

presented here. Figure 5.8 compares the DR svlar zero setting during
periods of data collection by the aircraft and the incident solar
radiation intensity measured by hemispherical pyranosieters at the
coastal meteorological stations (Station 6 at 21° 28'N, Station 4 at

21° 18* N). The plot sho&s a correlation between increased -

radiation and lower solar zeros. The solar .zero is the offset
potentiometer reading of the 443 signal, This offset is used to
normalize the intensities ﬁf fhe 443 nm and the 525 nm used as the signal
and'rcferencc'wavelengths (reépcﬁtively) by the DR. Lower solar zcro |
settings are linoarly proportional to Lower 443 nm/525 nm ratio values.

From this comparison it is seen that changes in the incident solar
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F:Luure 5.8 .Relationship between the solar standardization setting

of the differential radiometer (DR solar zero) and

the incident ratiation measured ) ctwo coastal pyranometers
(Langieys). See text for explanation of solar zero setting.
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radiation were apparently lincarly correlated to the ratio of intensities,
1443/1525 measured with a spectrally flat diffusor placed over the,

DR sensor and viewing the sun directly at its so]ér altitude.

Thus, less diffusc'scnftering which is related to the decreased blue

atmospheric signal was observed at higher solar radiation levels.

1)

-

This selective atmospheric contribution was normalized (144311525

:

by the solar standardization, Therefore, the deviation of ratio '

values from 1.0 are assumed to be due only to the reflected ocean color
signal. Also, the solar elevation has a far greater influence on
daylight spectra than variations in atmospheric conditions at the same
time on different days. This is recognized from Figure 5.9 a-c. Daytime
pyranometer recordings from tﬁc coustal stations and from aboard the

A 11 are presented for the time period of the flights discribed.

The solar zero settings are also included and increased incident
radiation was agaih observed to correlate to decreased solar zeros.

The radiation curves on the coast are lower in intcﬁsity than the
recordings at sea due to the eolian attenuatidn onshore. The

variations in incident radiation from day to day were primarily due

to atmospheric eclian loadings. The hourly irrcgularities observed

were due both to clouds and eolian loading fluctuations. The description
of eolian loadings collected during this period has been presented by
Lepple (1974). The daylight spectra were dependent on atmospheric
particulate distribution. lligh loadings of particulates caused increased
extinction of the occan color signal and incrcascd.contriﬁution of |

atmospheric light to the DR sensor.
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An interference in the infrared radiation thermometer
(observed as daily variations in radiation SST and actual SST differences)
was suspected to be due to changing particulate concentrations of wind
blown ecolian material from the Sahara. Differences between radiation
temperature measurcments from 500 feet and actual 8ST versus offshore
distance with respect to the time of measurement and the solar radia-

tion intensity from either the coastal stations (if SST measurements

were from Gilliss or Qccanographer} or thc All were inveStigafcd. From
these cBrrelations, interpretation of the colian interference was
attempted. It was thought that SSF differcnces offshore would be

less due to the fall-out of particulates from the lower atmosphere
CM'SOO feet). lowever, no simple relationship exists between the

SST differences and either time of measurement or distance offshore.
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Figure 5,9 a-c

March |0

{continued on page 95) Solar radiation Curves
during 7-22 March recorded by pyranometers at
two coastal stations (positions given in text)
and aboard the AIL. Included are the solar zero

settings of the differential radiometer.
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6. LABORATORY INVESTIGATIONS ON INTEPFERENCES

IN RADIOMETRIC CHLOROPHYLL DETERMINATION

6.1 Reflective Spectroscopy of High Chlorophyll Concentrations and

Chlorophyll-Free Particulate Suspensions

Field study results initiating this investigation were thaé.
the interference of suépcnded,vchlorophyll—frcc pnrticulaﬁes in |
the near coastal watcré affected the radiometric-measuremcnt of phyto-
plankton chlorophyll pigments. Reflective scanning spcctréscopy of
varying phytoplankton and clay suspension conceptrations was applied
to detail the sediment effects on the spectral sigﬁature of
chlorophyll. A spectral scan can deliniate the full optical contribu-
tion Sf added clay particulate suspensions to a phytoplankton suspension
and allow a more concrete interpretation of the combined effects than

can the ratio of two wavelength bands from the differential radiometer.

From particle counts in the field, it is suggested that
particle multiple scattering of light must be considered in this
region. Study as to this consequence on the optical signal leaving

the sea surface has been recommended by Jerlov (1974) and by dueller

(1974) in a similar study.

6.1.1 Desipn -of the Reflection Spcctrométcf Experiment

For the initial investigation on the interference of suspended

particulates, a Cary 14 Reflection Spectrometer (a prism-grating, double

P
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monochromator) with better than 1 nm resolution was employed to measure
the reflected intensities of very dense, multiple scattering suspensions.
A phytoplankton sample was prepared by gently concentrating (via
centrifugation) 100 ml of healthy Carteria cells (obtained from
University of Delaware's Mariculture Project) to a 5 ml volume with a
final chlorophyll a concentration of 48,600 mg/m? andxll X 10° cells
per liter by direct count, 'The concentration of the original cell
suspension was found too dilute for meaningful spectral information
to be gained. A fine potter's clay for a standérd particulate suspension
was made by mixing clays and distilled water, allowing settling of
large particulates for one hour and pipetting off the remaining
suspensiou; Red and grey clay standards were mixed 1:1 by volume and
contained 124 X 107 particulates per liter with 95%’of the particles
having diémetcr sizes between <1 pm and 5ipm as determined
by a Coﬁlter Countpr (Model B}, For compari.-: . e size distribu-
tion of particulates from preliminary anaiys-- »o ~QINT-1 data
showed 07% of the particulates < 10 um 4 nautical miles offshore
(Castiglione, 1974a). Because there is no river input intd these
coastal waters and erosion of very reflective Sahara-type material via A
wave and wind action was observed in nearshore arecas, detfital
material of.a higher, broad spectral extinction was not considered to
have a significant contribution to the reflected ocean signal., This
does not take -into account phytoplankton remains that may
possibly be a significant influcnce in a short timc period before

dispersion by mixing.
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The incident source of the spectrometer was normal to the
sample, and the 180° reflected signal, scanned at 2.5 mw/s,is
referenced to the signal from a barium sulphate cell. The spectral
region from 400 nm to 500 nm was scanned. The black sample cell itself
is of nearly uniform 0.3% reflectance over the spectral range and

has dimensions of 4.5 cm diameter by 1 cm depth.

6.1.2 Results and Interpretation

The reflection spectra resulting from this investigation are -
shown in Figure 6.1L. Curve A is a record of the reflectance of distilled
water (< 1 cm deep) in the black sample cell. This curve is approximately

of uniform reflectance and thus no corrections of the following sample

.curves were made. Curve B represents the reflected spectrum of a 5 ml

(v .3 cm deep), dense sus :nsion of Carteria (4.86 X 10* mg/m* Chl. a,
11 X 10°% counts/ml.). This curve shows increased reflection in the

visible region (Ama "' 555 nm) outside of the pigment absorption bands.

X
The small increased reflection at ~v 450 nma was also observed in a spectro-
photometric transmittance curve of the pigments extracted from Carteria.
This indicates a decreaséd absorbance by pigments in this isolated
wavelengthvregion. Three reflectance minima are scen.at N 428, 475

and 672 nm, énd cqrréspond to the absorption maxima that were seen in

the pigment extraétion curve. Curves C; and Cp are repeated scans of

a suspension of sample B (5 ml algue suspension) with the addition of

1,0 ml. of the standard clay mixture (total volume = 6.0 mi., 29 X 10°

total counts/ml.) described in 6.1.1. Curve D is the reflection spectrum

of sample C plus 1.0 ml of the clay standard (total volume = 7.0 mL.,

43 X 10% total c/ml), The spectra
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of these samples appear as an enhanced signal of the chlorophyll-
containing phytoplankton in Curve B. A shift in the green reflectance |
maximum can be observed (A ~ 8 mm) to a longer wavelength. A small

shift towards longer wavelengths is seen for the v~ 450 mu reflection

‘maximum as well (A~ 4 nm)., The reflection minima in Curves C;,Cz and

D are also shifted from Curve B. In the blue regions, the shift in

the minima is towards shorter wavelengths (A v 6 nm), The red

spectrum minimum, due to chlorophyll absorption, is shifted to shorter
wavelengths in Curves C;, C, and D also. More noticecable however,

is the narrowing of the minimum reflection region at ~ 675 m.

With the increased addition of clay mixture, changes in the shape of

the C and D curves arc noticed. This is especially the case in the shape
of the yellow-to-orange region (575 - 630 nm)} where the maximum

reflectance of the clay (Curve L) appears to be contributing to

the color of the total suspension.

The effect of increased reflected radiance due to clays in
suspension with the phytoplankton can be interpreted. The phytoplankton

suspension (Sample B) contains the dominant light absorption character-

istics contributing to the spectral signatures in all_SUSpensioﬁ samples,

This is predominately due to selective absorption of chlorophylls

which are solely responsible for the reflection minima at “~ 675 nm.

A selective attenuance is observed for the mixed clay suspension in
Curve E. llowever, the dominant optical property determining the
spectral distribution in the phytoplankton-plus-clay suspensions is

the absorption by chlorophyll.  Backscattered light from single

0
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scattering events is the consequence of reflection and refraction.
Refracted light acquires the spectral signal of chlorophyll through
the absorption by chlorophylls contained within phytoplankton scattering
layers. In a single scattering sit—ation, the large flagellate
Carteria (> 10 p dia.,) would have a greater reficction/refraction
proportion at backscattering angles than if additional scattering
events occur. “In the existing multiple scattering situation of sample B,
however, the signél at backscaitcrcd angles has optical contributions
from a very complex light field distribution. In genecral, the dominant
forward propogation of refraction scattering for large biologicul
particles of relatively low refractive index in single scattering

situations approaches a more isotropic distribution as the number

‘scattcring events increase (Woodward, 1964). This incrcases the portion

of the refracted light at backscattered angles. Sample B is approach-
ing an optical sitwation where further increases in the concentration
of chlorophyll-containing cells will have_little effect on

the spectral distribution by scattering processes. This is due

to the loss of the dominant radiance distribution by which the process
of forward scattering was able to selectively attenuate spectral contri-
butions. lowever, with isotropic scattering conditions, portions of

all spectral contributions by scattering are reflectéd to the sensor.
Also, the high, non-selective total spectral attenuance by
phytoplankton reduces rcfiection of an "enhanced” chlorophyll absorp-

tion signal,
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The addition of suspended clays to sample B increascs.the total J
reflectance of the suspension. Compared to a similar addition of phy-
toplankton, the reflectance is increcased because the effective refractive J
index of the suspension is higher. The chlorophyll in suspension with ]
the clays is being cxposed to more light per volume due to increased
scattering by the clays. Moreover, the selective signal scattered. I
by the phytoplankton is more effectively rescattered by the clay
particles than by high, broad attenuance phytoplankton., Thus, the

chlorophyll signal is enhanced in the reflected signal. In sample D,

again, a higherleffcctive refractive iﬁdex per volume suspension
creates an increased efficient transfer of more of the specific
absorption portion of the phytoplankton extinction via clay
scattering, and less of the non-sclective cxtinction by decreasing

the percentage of rescattering events by phytopleankton.

The spectral attenuance of the clay suspension is responsible
for the spectral shifts at the reflection maxima and minima from Curve B
to Curves C;, C» and D, The maxima will shift to regions of lower
attenuation coefficients, while the minima will shift to the high~st

attenuation coefficient regions of the suspension,

6.2 Coordination of Differential Radiometric and Spectroradiometric

Mcasurements of Chlorophyll and Chlorophyll-liree Particulate

SusEcnsions

A sccond laboratory investigation coordinated a spectroradiometer
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modified for airborne use from the Geddard Space FlightVCenter's,

New York Institute for Space Studies with the NASA differential radiometer
{DR). A comparison of the DR responsc to various phytoplankton and
suspended sediment conccntrétions.with their reflected spectra was

designed to identify interferences in the differential radiometric method

in the laboratory.

6.2.1 EIxperimentil Design

The spectroradiometer has 512 channels over a wavelength range

from 400-850 nm with a resolution of 0.20 nm. The experiment consisted

" of a tungsten lamp as an incident source installed ~ 1.5 m above a

12 liter, 20 m deep container painted with low reflectance black paint.
The spectroradiomcter and DR were installed above the cohtainer and
focussed at the surface at a small angle (< 20°) from nadir to avoid surface
glint, and to include only the sample and not the container ﬁalls.

in the field of view of the sensors, The DR solar standardization was
modified for use of this field instrumenf in the laboratory. ln-this

study normalizing of the 1443/1525 incident intensities |

(see Section 3.2.2) was accomplished from thé reflection of the tungsten
lamp source on a standard white disc held horizontally at the surface

of the sample container. The stgndard disc also scrved as the reference

for the spectroradiomecter.
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The standard suspended clay mixtures described in Section 6.1.1
were used in this study as reflective sediment load. A chlorophyll
standard (algae mixture) had a concentration of 7,93 X 10% mg/m® Chl. a.

The algae contained in the mixture included Carteria, Phacodactylum
L]

Isochrysis and other marine diatoms. The total direct count of the
algae standard was 138.5 X 107 cells/liter. The white clay standard
had 140 X 10° ;uuntsfliter (c/i) with 95% of the size dlstribution.
in the < 1-42 pm range. "The red clay standard had a total concentration

of 105 X 10° ¢/1 with 95% in the < 1-60 um range.

The basc water used in this investigation was designed to be
optically dense quasi-model of clear deep sca water. Water soluble
food dyes (McCormick, U.S. Certified) were added until a
transmittance curve of the water standard (from spectrophotometric
measurements) was obtained, which was a close reproduction of the sea
water trqnsmittance curve presented by Jerlov (1968, p. 110) for
clear Mediterranean Sea water. The transmittances at the 440 nm and
525 nm regions were proportional to the transmittances (in percant/

meter) given by Clarke and James (1939) for cleur ocean water,

Following the incident light source standardization,
spectroradiometric spectra and DR ratios were recorded for cach sample.

The successive additions of standard mixture samples were kept uniformly

suspended in the container by gentle stirring until the recordings were

made. Measurements of a calm, clear surface with no bubbles were

recorded.
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f? 6.2.2 Results and Interpretation

| e [}

I : The particle counts and chlorophyll concentratiorns of samples
f .
measured by the DR-spectroradiometer is given in Table 6.1. Samples

i of the By-By were made by successive volumetric additions of the

IS

algae (chlorophyll) standard, The C samples are volumetric additions

e |
[

of-clay.standards to Sample By, Sample D; is an initial addition_u

i to the clear optically dense baﬁe,water and the remaining D samples
| arc made by sequential additions. The diffuse reflectance spectra,

fj referenﬁéd to the standard white disc and backscatfered

% . to the spectroradiometer, are shown_fbr the majority of samples in

v | Figures 6.2, 6,3 and 6.4. The lowest reflectance is exhibited by

o the deep blue base water void of particulates. The predominate
scattering of the spectral signal is forward and lost to the non-
reflectant container surfaces. Figure 6.2 reveals the increasing
backscattered reflectance (R) with successive algac éoncentration.

In the visible region, at waveléngths below 650 nm the absorption
characteristics of the blue base water are still evident. This is
pointed out when the signal from the algae standard (in a 4000 ml beaker)
is compared to the samples in the deep bluc base water (the % reflec-
] tance of the algae standard éurve is fcduccd by a factor of 0.2 for
closer comparison with the curves B2-By). The standard algae curve and
| the curves By-By arc similar at wavelengths > ~ 675 nin, indicating
little influcnéc by dye absorption at these wavelengths,  The algae

| standard does show lower relative reflectance at 680-690 nm than the

. B curves due to greater absocption by the denser chiorophyll suspension,

e e e e o g e w1 e
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Table 6.1 The Differential Radiometer Laboratory Study

Total Counts

Total Total Total
_ _ Chlorophylla Concentration Phytoplankion Phytoplankton
Sample #  Description of Sample {mg/m3) (counts/1 (Cells/1} + Clavs

A Optically modelled "blue' water 0 1] 0 0
B, 500 ml. standard algae mixture(Syy) 33.45 0 5.84 x 107 '5.84 x 107
B, 1000 mi. SAM 64.18 0 11.21 x 107 11.21 x 10
B, 1500 ml. SAM 92.53 0 16.17 x 100 16.17 x 10
B, 2000 mi. SAM 118.76 "0 © 20.75 x 107 20.75 x 102
c, 2000 m1. SAM 118.51 52.22 x 107 20.67 x 107  72.97 x 10’

+ 50 ml. Gray Clay Standard (GCS)
c, 2000 ml. SAM + 100 ml.GCS 117.87 101.05 x 107 20.59 x 10/ 124.64 x 10°
C. 2000 ml. SAM + 100 ml. GCS + 117.34 145.65 x 107 20.52 x 107  164.24 x 107

50 ml. red clay solution
D, Clear water + 25 ml. GCS 0 30.76 x 107 0 30.76 x 10°
D, Clear water + 50 ml. GCS 0 61.58 x 107 0 61.38 x 10
n; Clear water + 100 ml. GCS 0 121.69 x 10?" 0 121.69 x 107
D, Clear water + 150 ml. GCS 0 1§1.74 x 10 0 181.74 x 107

0st
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9 |- STANDARD ALGAE MIXTURE: 793 mg/m® Clila

Relative Reflectance (%)

13.85 X 10% COUNTS/LITER (C/1)
SAMPLE 8,3 118.7 mg/m® CliLa :
: 2,07 X 10° ¢/1
B [~ SAMPLE B3; 92.5 mg/m® CliLa

1.62 X 10°% ¢c/1™
SAMPLE Bas 64,2 mg/m? CliLa

0.58 X 10° ¢/1°

.'? -
6~

Std. Algae
5 i— Mixture

|

-—

- . . i
400 500 800 ' 70 ' 800
Nanometers

Figure 6.2 Reflectance Spectra of the Standard Algae Mixture and

three Alpac Samples of Various Concentrations. See Table 6.1

for composition of samples. ‘
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Comﬁarison'in the bluc region (450-490 nm) between the stundard mixture
and samples By-B, shows that properties of the blue base medium do

have an effect on the algae samples relative to the algae standard.

In this case, the relative reflectance of thc_samples is increased in
this rcgidn. The B curves show that on 5uﬁcessivc addition of algae
the spectral reflectance at all wavelengths is increased in this region.
They also show that on successive addition of algae the spectral
reflectance at all wavelengths is increased although not proportionally
at different wavelengths. This is #auscd by thc wavcleugth‘depcndence
‘of the total attenuation coefficient which affects both primary and
multiple scattered light. Ingreased chlorophyll is noticed by the
changing shape of the spectral curves in the 440-550 nn region and.an
indentation in the slope between v 665 nm and 690 nm. Figure 6.3
presents the spectral curves of samples B3 and By and the curves of
algae-clay suspensions. Increased concentrations of particles are
again responsible for increasecd diffuse backscattered reflectance.
Spectra of samples C;-C, appear brighter and are described by the same
interpretation of the optical situation-given in Section 6.1.2., Spectra
of B, C and D samples arc presented in Figure 6.4.  The most noticeable
differences in spectral signature are observed between D curves of
chlerophyll-free parﬁiculate samples and algaeécluy and algac-only
suspensioﬁs. Dccreﬁsed.relative rcflcctance'in-the'410~450 nm.rangq -
increased R in 500 ~ ~ 570 nm region and the décreascd R at v 675 mm
due to.chlorophyll-coutaining algée are béﬁt discérncd'from compafiédn

of curves of samples D3 and Cp which had quite similar particle
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Suspensions and Clay Samples. See Table 6.1 for -
composition of samples.
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.concentrations, Unlike the low refructive index of the flagellate

algae suspension studied in Section 6.1, the algae standard in this
study was predominately diatoms with higher indices of refraction
resulting in greater cffectivé scattering., [The results presented

in 6.5 are the correlations of measured DR ratio value of each sample
with the particulate count of ecach sample. The solid data points
represent the extreme of the ratio value for each sample with the.open
circles representing the mode average value. The range in ratio supgpests
that the suspensions are not stable or uniformly homogeneous. The
averaging of a number of spectroradiomecter spectra recorded at

32 scans per sccond has reduced this instability of the spectra

presented for each. suspension. Two results from this fipurc are the

most significant: 1) The properties of the algaé-only and algae-~clay
suspensions created spectral response that are related to the ratio

value L The spectral reflectance of the chlorophyll-free

445 Vs25°
clay'suspensions are not related to the spectral response of B and C
samples. 2} With increased particle counts.thc L443/L525
value decreased, The empirical relationships and correlation
coefficients for both related samples sets arc shown in Fipure 6,5.
It is predicted from this figure that the possibility exists for very
high concentrations of particles that have non-selective reflectance
in the sea to have ratio values which would indicate high

apparent chlorophyll concentrations by the differential radiometric

method. Also, it can be predicted that water masses in the sca will

. show a enhanced chlorophyll signal with the DR method when they are
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1} composed of phytoplankton and more reflective, chlorophyll-free

r particulates in concentrations high cnough for multiple scatﬁering

events to occur. The cnhanced chlorophyll signal will be proportibnal

to the total particulate counts. lowever, if the reflectance spectra

of these water masses are observed, the intensity of total backscattered
réflectance is_a simple method to identify repions of.chlorophyll-
containing particulate composition from those uf chlorophyll~fre;
particulate composition. Even from their spectral signaturc, chlorophyll-
free paf;iculates added to algae suspensions appear undifferentiable

from algac-only suspensions under the conditions of this investigation

f
Lj and perhaps also in natural waters.

In addition to the results on chlorophyll enhancihg by
particulate scattering, the use of the blue modelled water allowed an
> interpretation of the combined effect of particulates and dissolved
compounds with specific optical characteristics of which Gelbstoff
is an example. It can be seen from the D samples thdt the addition of
clay shspension standard caused reflectance of a brighter blue.

a;‘ The probability of photon backscattered reflectance to the sensor
- ¥, can be expressed as the ratio of total effective scattering
= coefficient to total effective attenuation coefficient (¥ = b/c).

Specifically, the backscattercd signal with the spectral characteristics

of the dissolved compound will be increascd.
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7. BVALUATION OF EFFECTIVENESS OF THE DIFFERENTIAL

RADIOMETER FOR CIILOROPHYLI[. DETERMINATION

7.1 Comparison of Radiometric Measurements with Historical Data

and Real-Time Seca 'Truth

-~

Velasquez and Cruzado (1974) reported results of surface chlorophyll
and surface temperature distribution from the SAHARA-I expedition of
July, 1971. The 6-8.July cruise tract from 27.91°N, 14,29°W and 26.09°N,
14,76°W corresponded to the SUE coverage arca from 18-26 August, The
chlorophyll gradient structure onshore tends to confirm the DR effective-
ness of chlorophyll survey. ‘The surface values are comparable
with the ocean color chlorophyll calibration. The surfacé tcmperéturc -
chlorophyll relationship described in Section 5.1.2 is supported here
as Well. ‘Many radiation temperature-apparent chlorophyll patterns were
observed to be, essentially, reconstructed in these surface results.

A consistently colder and apparently more productive region at the coast
between 26° 20'N observed in during the Sahara Upwelling Gxpedition
(SUE) was substantiated by the Sahara-I results. Cruzado (1974)
reported the continuous underway fluorometric and surface temperature
distribution of thé same cruise from the method described by
Ballester et al. (1972). Results were presented as parameters versus

of fshore distance and one tract, coincident with the onshore flight

linc at the southern tip of Fuerteventura, was available for comparison.

Surface temperature values were in the same range of values as those
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recorded by the IR radiometer and their distribution closely approximated
that observed on 18 August, 1973 in SUE with a 0.5° temperature inerease
between 9 and 5 miles onshore. The lowest surface temperature

(< 18.5°) was located 10 miles offshore and the increasing temperature
distribution secaward had a small deflection toward cooler temperatures

(v 1.0°) between 22-and 46 miles offshore,then increasps again far

of fshore, For chlorophyll, presented in fluorescence units, increésing
fluorescence was inscparably identified with decreasing temperature
nearshore (within 25 miles). In the offshore temperature pattern
described, the fluorescence was obscrved to decrecase with lower tempera-
tures. In section 5.1.2, low apparcent Chl. isolated patches were

located just offshore of strong temperature gradients on 21-26 August

and are comparable features in size and structure te the actual measurements,
Again far offshore, fiuorescence decreases accompanied increasing surface

temperatures,

e For similar reasons of sea truth ‘comparison, Szekielda (1974)

oy

i . presented surface chlorophyll distribution analysis from the

PR
H

August 1972 NORCANARIAS Expedition. These more synoptic results showed
surface values > 8.0 mg/m®, but the same nearshore gradient structure
and structure patterns offshore as noted in SUE were depicted here

as well.

From the available, appropriate-season historical data, the
DR method .for determination of chlorophyll levels and surveying its

distribution was apparently quite successful. Discrepancies in surface
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chlorophyll-temperature correlations between historical data and the
results of the SUE study existed only in very nearshoré areas

where visually sediment-laden water patches (< 3 miles across) had coinci-
dent higher tempcrutufcs. The significunce of accompanying chlorophyll
and temperature regional discontinuities were discussed by Lorenzen
(1971). The lack of pronounced chlorophyll gradients with

temperature gfadicnts suggested a biological Yaging" of the two ad}acent
water masses. In addition, the suite of sensor-probe cxpcrimcﬁts

tested in SUE was shown to be valuable in synoptic surveys for

recognition of upwelling patterns and monitoring development of these

~ patterns in a time-series such as the 18-22 August 1973

results interpreted in Scction 5.1.2

Vertical chlorophyll distribution profiles of the NORCANARIES
Expedition presented in Braun and de Ledn (1973)
supported the interpretation of cuphotic zone boundary detection
in the light penctration profiles. Stations distributed coincidentally
to probe sites of SUE (see Table 5.3) showed maximum
distribution of phytoplankton above the depth of deflection inAthe
extinction rates noticed in expendable probe profiles. A discontinuity
in the comparable chlorophyll distribution profiles at depths < 50
meteis would cause a similar decrease in extinction rate as shown in the

AXPM profiles at < 50 m.
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Buring the JOINT-1 project all chlorophyll (Chl.) and actual
surface chlorophyll measurements showed extraordinary differences
when compared. Nearshore (< 10 km) differences showed an order magnitude
higher apparent Chl. values than actual surface measurcments. Offshore
(> 36 km) an order of magnitude more actual surfacc chlorophyll
was observed compared to apparent Chl, (see Figure 5.7). The DR method
clearly was noé cffective; even in relative chlorophyll level )
determinations. No preliminary sea truth chlorophyll measurements available
supported the DR method in the JOINT-I area. The multi-comparison
of sea truth parameters vs. offshore distance (Figures 5.4 and 5.5)
indicated that total particulate counts were in part responsible for the
low Dﬁ Tatio values (L443/L525) which corresponded to high apparent Chl,
Only at distances > 70 km offshore were actual chlorophyll values

positively correlated to any degree with apparent Chl, 1t should be

. pointed out again, that the relutionship of apparent Chi. to DR ratio

value is log-linear (i.e., a linecar decrease in DR ratio value is

proportional to a logarithmic Chl. increase).

High concentrations of particulates in the nearshore arcas
originated from Llowing sand and dust off the Sahara. A
complete study of atmospheric colian loadings collected on the Cap Blanc
coast and at sea has been presented by Lepple (1974). A size
distribution gradient by atmospheric fall-out of these particulates is
crcatéd in the offshore direction and a particle size zonation was
considercd by Castiglione (1974D) for this period of JOINF-I. A

vertical structurc in particle frequency shown in ncurshore areas
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indicated an atmospheric input or phytoplankton. “Total particulates
did not have a significant component of phytoplankton however, as shown

by the gencral multi-comparison in Figure 5.5 and also in a statistical

correlation by Castiglione, in whichlogarithmic surface particle

counts/liter vs. surface chlorophyll had a lincar regression correlation

r = 0.8. A particle number distribution offshore did not strictly
follow the siie zonation of Castiglione or Figure 5.5 and the suggested
compositional change from predominately colian to pl¥toplankton

is well considered., In suppoft of a change in particulate
composition, comparisons were made between 1% surface incident

light (ID) depths and integrated chlorophyll (to the 1% level)
concentrations for various zones determined by dis‘:nce offshore.

For the nearshore f{out to " 11 mi offshore) and shelf stations (out to
v 23 mi offshore) increased 1% Io (deeper euphotic zone) correlated
with increased chlorophyll concentrations when compared independently
by zones. For zones determined as outer shelf break and offshore,

the chlorophyll concentrations were an increasiﬁgly-more important
factor in light extinction with distance offshore (i.e.,

increasing chlorophyll concentrations caused decreasing I% Io depths),
These calculations were m;de from preliminary data available from

Leg 1 (March-April, 1974) of the JOINT-I Project, More complete
integrated chlorophyll, 1% I dcpths and other productivity data was
presented by luntsman and Bﬁrbcr (1974) and showcd.that Leg 1 data fit
the chloruphyllflight penetration relationship better than later Legs
(after April 1), although the trend was apﬁurent for the whole

JOINT-1 poriod. This situation of inverse correlation of particulates

[P
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to chlorophyll was a rigorous test for thc DR method, The historical
data available for cowparison with the results presented here tended

to point out that such large quantities of chlorophyll-free particulates
over ‘the shelf may have been an anamoly. Lloyd (1871) presented photic
zone depth and surface chlorophyll (mg/m®) data Ffor May and June, ‘1969
for ° tions positioned on the shelf off Cap Blanc, which agreed with
the establishe& increased light extinction with increasing Chlorop&yll
correlation made by Lorenzen (1972). An exception (shallow photic

zone and lower chlorephyll) was observed at v 11 mi. offshore. Two
stations nearshore Cap Blanc.studicd during the CINECA-Charcot II

study (11-13 April, 1971} also show increased chlorophyll concentrations
with increasing 1%_10. Margalef (1973) positively correlated total
particulates to incfcasing chlorophyll concentrations in upwelling regions
off NW Africa during March, 1973. Similarly, Lascartos (1974) found a
strict positive corrclation of chlorophyll a and particulate concentra-
tions and also hetween total concentration of particulates and organic
particulates in the regions of upwelling off Cap Sim (v 31° 30'N)

during CINECA-Charcot IiT {July-August, 1972). The volume percentage

of the mineral component in the most nearshore areas derived from the

coast (< 6 mi.) was v 20%,

The particulate distributions during SUL might De concluded to
be closer to those described by the historical data, and therefore the
DR method was actually more effective for chlorophyll determination when

the concentration of high refractive index, mineral particulates was low

4’-—.—-‘-‘ D i
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(an onshore limit in effectivencss stillvmust be establishcd).' When
data from SUE are compared to thesc of JOINT-I, the discrepancy between
the magnitude of apparent Chl. values recorded necarshore was not

only an effect of the inherent backscattercd reflectance from

the ocean, but also an effect of altitude of data collection, It was i?
seen from previous work (Clarke et al., 1971; and Duntley et al., 1974)
that investigators have recognized the increascd diffuscbatmospheric
light scattered inte spectral signals of occan color, 'The preatest
blue addition was poing from 500 to 1000 feet altitudes and the cﬁlor
ratio L540/L460 was observed to_dgcrpase v 0% with this increased optical
path. Since the JOINT-I aircraft operated at 500 feet while SUL flights

wvere at 1000 feet, the apparent Chl. signal would have appeared greater,

even over identical spectral areas, at the lower altitude,

7.2 Definition and Discussion of the Interference Processes in the

Differential Radiometric Method Developed from IField Studies and

Supporting Laboratory Investigations

With the preliminary results available from JOINT-I Lepg 1
{March, 1974), the predominate interference to the DR method for chloro-
phyll determination can be defined, The unusual corrclations of
increasing particulates with decrcasing chlorophyll concentration.and
Jecreasing dcpths of 1% surface incident light ([0) with decreasing
chlorophyll (mg/m?) nearshorc and on the shelf, described in 7.1, point |
out:thé fact that ch10rbphy11-frcc particulafés; ccrtainly'ﬁ large |

percent colian in origin, govern important opticul properties and




e mae e sy s <1 a0

165

thercby the apparent chlorophyll signal measured by the differential

radiometer. The three-factor attenuation model presented by Lorenzen

(1972) which reclates light extinction to phytoplankton, Gelbstoff and
undifferentiated particulate concentrations, and which was determined
from a wide varicty of ocean waters including upwelling areas, did

not define the relationship of light penetration-to-extinction parameters
observed from &OINT-I, Leg 1 results, llowever, this &id support tﬂe
unusual, if not anomolous, compositioﬁnl and, thus, optical characteriza-
tion of this region. Recognition of the compositional change of suspended
materials from offshore to necarshore watérs can be made from the continuous
recorded yellow, red and near IR reflectance signals, (Figures 5,2 a-e).
Arcas of large increases in thesc reflected intensities and corresponding
small.tcmpcrature changes represented a composition of predominately
coastal, highly reflective sudiments. This was substantiated by
corresponding airborne photographs and visual obscrvations., The

comparison of the continuous red and yellow reflectance with the

DR signal and SSTs enabled a broader based interpretation of

apparent chlorophyll and S8T features. However, for these spectral
measurements to support interpretation of optical properties, a

greater quantitative certainf} of combined effects by these properties
on the spectral reflectance in particular optical situations is required.
This can only be accomplished by optical sca truth measurements in a
region of interest and semi-empirical modelling of thesc mcasurcments

to describe a speetral signal. The same quantification of optical
properties is required for interpretation of light penctration profiles

such as those presented in Appendix A for support in defining spectral

-
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signals, Not emough particulate froequency and area distribution data
are available now to do a semi-cmpirical modeliing of optical properties
from actual observatiors to reconstruct the backscattered spectral
reflectance changes observed in JOINF-I. In addition to the information
above,’the fluorescent particle distributions and morphology (which

can be then related to phytoplankton), the particulate organic carbon
distribution and some quantification of Gelbstoff concentration are
needed. There have not heen any successful attempts to quantitatively
interpret backscattered signals by modelling radiative transfer
calculations of optical properties obscrved at sea. This is also due

to lack of essential optical property information. Simplifying models’

have been presented for estimation of particulate Mic scattering properties

(Gordon and Brown, 1972) which consider an average refractive index
without absorption and compared well with observed scattering

functions in the Sargasso Sea. Maul and Gordon (1973) also attempted

to interpret qualitative changes in spectral reflectance in relationship
to ERTS~1 (Barth Resources Technology Satellite) spectral sensor signals.
The simplifying assumptions only consider wavelengths > 500 nm

anc e effect of particulate concentration variability. This model

is not rigorous enough to interpret the observed variability of

numerous optical properties.

It was not apparent from the ficld studies if only sediment
suspensions would cause the high apparent Chl. values, or if phytoplankton-
sediment mixtures were required. Gelbstoff and particulates have

been previously recognized as producing a signal nearly indistinguishable
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from chlorophyll by airborne spectral measurements in coastal areas
(Clarke and EBwing, 1973) and from radiative transfer

calculations (Maul and Gordon, 1973). A conclusion from Chapter 6

is that highly reflective suspended material, which are only to a small
degree sclective,.causes a measurenent of significant enhancement of the
chlorophyll present in suspended mixtures. It is suggésted that situa-
tions of multiple scattering in chlorophyll-clay suspensicns were
observed by the changes in spectral structure. The non-phytoplankton
material in the NW African coastal waters is composcd of highly
reflective material, because of the input from the Sahara. Similar
highly reflective suspensions of clﬁys were used in the laboratory to
investigate the interference by spectral comparison of phytop]_;ankts:m-~
clay mixtures. In laboratory investigations, changes in ﬁhc shapes

of the spectral curves were noticcable on successive additions of clays
to algae suspensions. In Section 6.1, the most concentrated particulate
sample (represented by Curve D in Figure d.l) exhibits the contribution
6f the sclective optical prOperties of the clays. A partial differentia-
tion of sediment interference from chlorophyll signature in natural
waters could be accomplished if the concentrations and distribution with
depth of chlorophyll-free particulates and the entire diffuse reflectance
spectra were available. But the reflectance ratio from two avelengths
can not differentiate the interference. In Section 6.1, two

processes were defined in multiple scattering suspensions of phytoplankton
and non-selective absorbing particulate that wcré-applicuble to explain

the DR measurcments off NW coast of Africa, First, the field distribution

L
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of radiant light is changed by the fact that more isotropic back-
scattered light is "chlorophyll enhanced" because the proportion of
refraction/reflection scattering is larger than in single particle
scattering situations kthc refraction contribution containing the
signature of chlorophyll absorption). Secondly; by increasing the
chlorophyll-free purticulate concentration and therehy the effective
"white" scattering of the suspension,an "enhanced" chlbroﬁhyllq
signaturc was produced by two meuns: 1) a greater number of "white"
scattering evoents eprsed the algae to more light which was

effected by chlorophyll absorbance. 2) The processed signal scattered
by the algae, having predominately the signature of pigﬁent absdrption,
was rescattered and evcntuall& reflected with a diminished probability
of additional scattering ecvents involviné the high, broad spectral

attenuance of phytoplankton.

If intermixed pﬁytbplankton and‘chlorOphyll-froc suspended
sedinents were found in a near surface distribucion in |
concentrﬁtiohs iarge cnough to cbnsider muitiple écattering processes,
the effects seen in the laboratory investigations could well be observed

in the ocean, The lowest chlorophyll concentration (in the arcas of

" highest particulate frequencies) still was > 1.0 mg/m? which can be

considered a larpge cnough fraction of phytoplankton/total particulates
for chilorophyll-{ree particulate - phytoplankton multiple scattering

events and thereby an enhanced chlorophyll signal. Perhaps nore
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significant to the production of the high apparent Chl. signal are the
interactions of Gelbstoff and pafticulate optical ﬁroperties. These
interactions could be explained from the laboratory

investigation in Section 6.2 when chlorophyll-free particulate concen-
trations are high. The general conclusion from observations in
Chapter S-and'Chaptcr 6 investigations is that, besides chlorophyll,-
the 525 nm and. 443 nn wavelengths bands are not equally affected
optical properties in multiple scattering samples or in nature where
inherent properties process the incident radiance and the diffuse
reflectance is an apparent signal which may not be unique to any one

optical situation.

Sca surface effects could be identified in the analog
recordings (see Chapter 5) as an interference to the
effectiveness of the DR method. The 30° field of view, variable
azimuth'angle control and 20° from nadir viewing angle reduced any

glitter or specular glint addition to the sensor.

The atmospheric interference on the signal backscattered to the
airborne sensor can not. be adequately considered at present,
Additional available data plus historical measurements of
solar radiation attenuance by pyranometers and sun photometers such.

as those made during BOMEX (Carlson et al., 1973) can be used to define

" this interference in DR methology. Briefly, the haze and dust

frequent during JOINT-1 was considered to follow Mie thcdry;'thus strong
forward Scuttering and low diffuse atmosplieric (Raylcigh]'scattering
should cause the incident radiance spectrum to more closely approximate

the solar spectrum than if the sky were clear and free of colian material,
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In these situations the increased acrosol scattering would reduce the
fraction of parallel beam solar radiation and, in turn, reduce the

intensity and frequency of specular reflectance from the ocean's surface.

. Jerlov (1974} has recported the effect of solar elevation on a

250" 520

of the water column in differing water masses (sce Section 8.,3). His

color index, L nm just below the surface and at various depths
results showed that with sun elevation < 15°, the blue skylight
significantly increased the value of the color index in a cicar water
mass at depths, while a considerably lower index in turbid water was
less effected at all depths by the high percentage skylight with the sun
near the horizon. The greatest cffect in color change in the latter
case was the attenuation by the water mass. In clear watur, therefore,
diffuse atmospheric light, predominately blue, contributes to the
spectral character of ocean color at periods of lower solar radiation,
The solar standardization procedure could be used to measure a

defined limit of diffuse light, . The solar zero was effective in

443/ 525
from the ocean as described in Section 5.2.2 Qualitatively, a limiting

normalizing the atmospheric sclectivity of the reflected ratio L

condition for DR effectiveness even wlth‘SOIar'stundardization was when
haze in the atmosphere obscured the outline of the sun, This was
determined by observations of discrepancies in 5pparcnt Chl, values
when cross-points on {light tracts were crossed at low (< 15°) solar

clevation angles and then again at higher (> 30°) solar positions,
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8. CONCLUSIONS

8.1 Summary of Study

A differential radiometric (DR) method for continuous T
determination of ncar surface chlorophyll levels at aircraft altitudes
continuously measurcd two narrow wavelength bands of the spectral
reflectance from the sca as a ratio value. A wavelength highly influenc-
ed by phytoplankton attenuance (443 nm) has been correlated to change
in chlorophyll concentration from aircraft measurcments. A sccond
wavelength (525 nm) was selected for an intensity-ﬁormalizing
reference signal because of its insensitivity to changes in chlorophyll
concentrations and the additional preliminary assumptions that optical
properties of parameters other than phytoplankton do not effect the

value of the reflectance ratio L A chlorophyll calibration

aa3/ 525"
from the values of the spectral reflectance ratio was accomplished

from aircraft and corresponding surface chlorophyll mecasurcments in a
variety of natural waters., Advantages of this method include real-time

interpretation, airborne solar standardization and continuous recording

capability.

In this study an evaluation of the effectiveness of the DR
method for measuring and surveying the regional distribution of chloro-
phyll was made by defining limitations of successful use and by

identifying and invéstigating interferences in the method.

[T —
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Two aircraft occanographic research studies in a region of dynamic

ocean color as a partial function of upwelling off the NW coast

of Africa are described. A recgional survey was accomplished and

allowed identification of interferences in chlorophyl! determination,

The SAIIARA UPNELLING EXPEDITION (SUE) was an experimental
study designed, as a survey of surface waters with known optical,
variability due to high phytoplankton concentration in response to
upwelling {Szekiclda, 1973). Goals of this pfcliminury study were to
establish the effectiveness of using a differential radiometer (DR)
and an girborne radiation thermometer (ART) for simultancous recording
of surface parameters and synoptic analysis of a coastal region over
a period of time. Expendable‘probc data and visual observations
supported the interpretation of the system's effectiveness. The DR
méthod for chlorophyll determination was preliminarily cvaluated., The
conclusion is that the method was cffective in measuring changing
apparent chlorophyll levels in the experimental conditions‘with
support for visual observations of noticeable plankton strips (Figure
5.2) and a nearly constant dependence of apparent chlorophyll change
with temperature (sce surface maps of Figure 5.2). In addition to the
evaluation, a valuable collection of occanographic data was obtained,
the results of which were preliminarily interpreted in Section §5.1.2,
A full interpretition of the oceanographic processes identifiable by
the data was nét an objective of this study, but is a study that can
now be made with more significance due to this prior evaluation.

llowever, quantitative evaluation of chlorophyll determination was -
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not considercd, nor the quantitative evaluation of what parameters

were dctually measured by the DR.

Six of 26 oceanographic research flights of the JOINT-I
project are described and interpreted with preliminary available
real-time sea truth measurements for defining the DR methiod's

limitatiens and identifying interferences in its effectiveness in the

1° square operations arca (21°-22°N, by 17-18°N} off Cap Blane.

In addition, a partial description of the synoptic time-series of

results is given for recognition of upwelling events. Analyses of
apparent ocean color chlorophyll, SS5T and the DR ratio value

(L443/L525) are prescnted for all flights. As in SUE, a maximum

gradient of Chl, in the offshore direcction was located in the

neérshore areas. Besides this constant nearshore gradient, Chl,
distribution farther offshore had a more variable structure. There

was a close identification between SST and Chl. gradients although

at times it was an inverse relationship. .Comparison of Chl. and

surface chlorophyll levels raiscd immediate concern about the DR
measurements. Gross differences between apparent Chl. and surface
measurements were observed < 20 km offshore with apparent Chl, levels

an order of magnitude greater than surface sea truth, An inverse
relationship existed offshore with sea truth an order of magnitude

greater than Chl. To identify the interferences in the HR method,

a multi-comparison of occan color ratio value (DR ratio value), chlorophyll
concentrations and total particulate counts (botﬁ integrated to the

50% 10 depth) to distance offshore was made which showed increasing
particulates, decreasing 50% I0 depth and ratio values positively correlated

nearshore. Expected decreasing ratio with increasing
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Chl. was observed to be the inverse. A positive correlation of Chl, and
DR ratio was observed > 70 km offshorc.. The cffective depth of
measurement was not determined for all varieties of uptical water
masses, but was about 50% I0 or < 2 meters for this study as
determined by correlation of the integration of particulate counts
to various incident 1light penctration depths with the effects on DR

response.

Sufficient data were collected for interpretation of atmospheric
cffects on the DR method and IR thermal measurements., When these
support materials become available, complete conclusions can be made.
From preliminary interprctation of atmospheric effects on the DR
methad, the solar eclevation was a far greater influence than

atmospheric composition even in high colian-load arcas.

Two laboratory investigations on the interferences of chilorophyll-
free particulates in suspension with algae employed multiple scattering
samples which were spectrally scanned. Interpretations were made of
increased effective reflectance of the suspensions. When a multiple
scattering situation exists the increased photon survival to the back-
scattered signal in the algae-reflective clay suspensions
causes an enhanced chlorophyll signature to be produced. In optically
dense (blue) base water, successive additions of an algae standard
and clay particulﬁtes were related when sample particle connts were
corréluted to change in reflectance ratio value (L443/L52S)'

Successive additions of only chlorophyll-free particles showed a

similar relation of total counts and ratio change, but was not related
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to the algac-only and algae-clay mired suspensions, The dissolved

blue colorant and particles were also predicted to behave in the same
manner as Gelbstoff and reflective particulates in high oceanic concen-
trations. It was concluded from this prediction that optical

situations could exist when Gelbstofy and particulétos could be undifferen-

tiable from chlorophyll even with analysis of reflectance spectra.

8.2 Summary of Lvaluation

From the results and interpretation of this study the DR
method Qas evaluated not to be effective in deterwining concentrations
of chlorophyll even on a relative basis due to interferences,
predominately in the ocean, of additional wavelength seclective optical
properties and particle multiple scattering conditions. The DR method

was effective in monitoring an oceun color paramcter, L /L525, which

443

had a distribution closely identificd to SSI. The parameter was not
L .

well defined but was strongly correlated to near surface particulate

numbers., The 443 nm and 525 nm wavclcngtﬁ bands are concluded to be

inadequate alone in an algorithm for determination of chlorophyll by ocean

color measurements.

An increased apparent Chl. gradient, which was not due to
actual increased chlorophyll especially within 20 km offshore of
the NW African coast correlated far better with the distribution
of total particulates. The gradient was a constant feature in the two
fields studies. The DR method did distinguish [ecatures ofLshore that

were known or suggested to be actual chlorophyll from historical data
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and real-time sea truth. The atmonpheric interference  beyond that
which could be normalized by the solar standardization procedure,
was minor compared to the interferences of processes in the ocean.
With the availability of support matcrial, a full definition of the

atmospheric interference can be made,

Without measurement throughout the visible spectrum or at least
additional wavelengths that distinguish pre-quantificd sediment influences
in spectral reflectance, the two wavelength DR method iﬁ this
study is limited in effective use for chloropﬁyll measurcments. To
be effective, the attenuation. of the incident light signal must be
entirely due to phytoplankton: In addition, the cell concentra-
tion must be low cnough that only single scattering occurs. Such
conditions are not the case in near coastal regions. 1n fact,
in productive arcas, the detrital and other suspendecd materials may
exceed the amount of phytoplankton (as in JOINT-1). Detailed study
on multiple scattering processes and the influence on optical properties
is desperately needed. This process has been disregarded in light
attenuation and transmission studies in the sca because the small path-
length of water measured. The laboratory results of this study have
shown that spectral reflectance maxima and minima are shifted to
represent fhe efféctive scattering and attenuation coefficients of the
particular optical situation. Very narrow multiple spectral bands
or the entire spectrum are needed to rccognize this shift. .Howcver,

in nature it may be impossible to recognize spectral shift effcets due to
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illdefined optical properties. A [act that must be recognized is;

the more of the spectrum recorded, the better the aﬁlljty to intcrpret
it for identification of processes that created fhe spectral signal.
Ratios of wavelength bands, on the other hand; 1) facilitate data
reduction and presentation and 2) allow continuous recnrding from
which small ocean color structures, sca state and atmospheric cffggts
can be discergcd and simultaneously compared with continuous sea.

surface radiation temperatures.

 Although the evaluation of effectiveness of the DR method fru

its specific purpose was not encouraging, the synoptic coverage approach

for support in oceanographic research of dynamic rcgions may be evaluated
as important in the recognition of large-scale, time-sequecnce
patterns developments as demonstrated by the results of the Sahara

Upwelling Expedition and JOINT-I,

8.3 Recommendations for Further Rescarch on Radiometric Chlorophyll

Determination

Chapter 3 points out basic considerations
for effective radiometric chlorophyll determination and will not be

repeated here. The following list of recommendations were concluded

from this study:




T —

178

1) The total reflected intensity ol the sea surface should be measured
along with the reflected intensity and spectra of the atmosphere
obtained by ground-based, upwafd oriented sensors for normalization

of the atmospheric effeet and determination of the backscattered reflect-
ance for recogﬁition of multiple scattering optical situations,

2) Detailed studies on multiple scattering processes and the influence
on optical properties aredesperately needed. This process has been
disregarded in light attcnuation and transmission studies

in the sca because the small path-length of water mcuéurcd by the
instrumentation allows this simplification.

3) Two other basic cvaluations arc necded to allow significant
determinations to be made from the vast airborne data collections

from JOINT-I and SUE: the atmospheric processes and the

effectiveness of IR thermal measurements. They are seen to be compli-
nentary.

4) A reconsideration of the evaluation should be made when all

JOINT-I support data becomes available including scmi-empirical
modelling of optical properties to the DR measured spectral reflectance,
5) The great difficulty of "fitting" reflectance spectra and inhercnt
optical properties (discussed in Section 7.2) for an interpretation of
dissolved and particulate composition of water masses may never prove a

satisfactory course of action although the Monte Carlo technique

may prove an exception to this (Gordon and Brown, 1973). One

alternative is recognizing un occan color signal as a paramcter itself,

for example, the relationship of the DR ratio values can be compared

much more easily to apparent optical properties. Fox example, Jerlov
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(1974) showed inverse relationships between color index values defined

as the ratio:

Q
L{180%) 4 45m
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and the depth of 30% incident blue light and 10% surface irradigncg
of quanta (350-700 nm). Bressette {1974) has also shown that

green and yellow-red backscattered reflectance to an aircraft

was inversely proportional to the Secchil depth in Chesapeake Bay., In
these cases a color index was used to optically classify water

masses and in an area where there is a limited range of variability.
6) The ultimate application of a differential radiometric correlation
method such as the one described in this study is routine coverage of
oceanic regions of interest and importance by ecarth satellites so
development of hydrographic parameters, recognized by semi-
conservative ocean color parameters, can be synoptically monitored.

It is recommended that further studies consider satellite application
in their design.

7} With all the radiometric sensing of Chl., work to datec, it must

be realized that the correlation between any remotely measurable optical
signature of chlorophyll in the ocean, whether entire spectra or

color ratios, is far from established. It is recommended phcn, that
ground trufh corrclations always be included for radiometric

determination of chlorophyll.

——m e
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ACIPENDIX A

Corresponding Vertical Temperature and Light Penctration Profiles

From the SAIIARA UPWELLING EXPEDITION

The analyzed profiles of the near-simultancous recordings of air-
borne expendable bathythermographs (AXBTs) and photometers. (AXPMs) for-
21 August, 19i3 are presented in this section. These rcsults,'plﬁé
additional temperaturc profiles were used in the comparison of the

vertical-plane scctions presented in Figure 5.3.. The profiles can be

identified with the positions in Figure 5.3 by the time labels.

Figure A.1 is a schematic of the expendable probe operation after
deployment from the rescarch aircraft. During the drep the probe is
stabilized by a rotochute. On impact at the sea surface the stabilizing
apparatus is released and the antenna emerges. After activation of a
sea battery thc‘sensor probes begins its descent with sipgnal from the
probe assembly transmitted via a single éablc. The probe, with its
zenith viewing photocell descends at a rate of 1.5 m/s for a maximum
cable length of 300 m. It is observed from the position of the probe
and 'buoy at time of probe release that the initial recording of light
incident on the detector is that at a depth of 1 m. Figure A.2 describes
the evolution of the signal by the probe. The photocell converts incident
downward irradiince to a resistance via the probs clectronics. This
signal is carried by the‘cablc to the surface and changing resistance
will cause 2 change of frequency produced by an audio oscillater. The

resulting audio frequency modulates a VIF transmitter and the signal
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is received in the aircraft and cither recorded directly on tape
(much as an FM radio broadcast), or the frequency is converted and Ei
recorded as an analog sipgnal for rcal-time interpretation. Further

details on the conversion of the expendable probes from bathytherimo- .%
graphs to photomcters are described in a University of Delaware
C.M.S5. technical report. No aﬁsolute calibration of frequency, to

light intensity was accomplished in this cxperimencal study. . .~

The profiles of AXPMs and AXBTs are presented in Figure A.3a-h )
with light intensity expressed as % In’ where n = depth of initial
probe recording, and temperature as a function of depth in meters

respectively.
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APPENDIX B

Analyzed Radiometric Sca-Surface Temperature, Differcntial Radiometer

Ratio and Apparent Occan Color Chlorophyll Concentration Maps from the

JOINT-I Oceanographic Aircraft Mission

This section presents the analyzed data of the JOINT-I flights -

with the exception of six flights appearing in the text of this

paper (Section 5.2.2). Each figufe number includes threc analyses

of the same flight. The first is ocean color‘chlorophyil concentrotion

[mg/ms) followed on the next page by differential radiometer (DR)

ratio values at the Left and sea surface tempernture (SST) in °C.

on the right. The flight tracks arc shown by two minute position

points on eachmap. ‘Ine approach to the analysis of the data is givon in

Section 5.2.1. A representative description of these 3 analyses for

6 flights is given in Section 5.2.2 Table 4.2 gives additional

basic information of each flight.

These results are included with those of the text for a

report of the complete time-series of the JOINT-I oceanographic

aircraft mission.
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