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Airborne spectral measurements were made along 3 flight lines over Georgian Bay in August
and Qctober 1974, Spectral data were collected in the wavelength regions 0.44 to 0.46 um, 0.55
to 0.59 um, 0.68 to 0.70 um and 0.72 to 0.75 um using a four-channel spectral scanning photo-
meter. The airborne spectral reflectance curves over several stations were compared with subsur-
face volume reflectance measurements made as part of the Canada Centre for Inland Waters 1974
Lake Huron-Georgian Bay ship cruise. These comparisons permitted an evaluation of the water
surface reflection effects on the airborne data. The airborne spectral reflectance curves are then
interpreted using a two-flow radiative transfer model to derive chlorophyll concentration line
profiles. Correlation coefficients between calculated and ship-measured chlorophyll data range

from 0.810 to 0.984.

1. Introduction

The evidence of the correlation of
water color changes with variations in
the water chlorophyll concentration were
reported in color index measurements
(e.g. Jerlov (1968)) and in spectral re-
flectance measurements (Clarke et al.
(1970)). These reports were followed by
efforts to empirically arrive at a unique
relationship between spectral reflectance
ratios (color indices) and chlorophyll
concentration (e.g. Arvensen et al.
(1971), McNeil et al. (1976), Miller et
al. (1973, 1976) and Ramsey and White
(1973)). Empirical approaches to this

problem have shown only limited success
due to variations in observing conditions
and perhaps more important because of
the effect of the interrelationship of the
scattering and absorption properties of
the water medium on the observed spec-
tral reflectance (or water color).

Various radiative transfer models have
also recently been applied to the ocean,
e.g. Gordon (1973), Gordon and Brown
(1973), Kattawar and Humphreys (1976)
and McCluney (1974) to compute the
spectral reflectance expected from var-
ious backscattering probability functions
and absorption coefficients. More re-
cently, Jain and Miller (1976) have com-
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bined an ocean-color model with an
optimization method so that observed
spectral reflectance curves can be inter-
preted in terms of chlorophyll concen-
tration and the Mie scattering coefficient.
The model provides a physical under-
standing for the observed reflectance
curves.

This paper reports on spectral measure-
ments made in collaboration with the
1974 CCIW Lake Huron-Georgian Bay
Survey cruise. The airborne spectral
reflectance data is interpreted using a
two-flow ocean color model and is com-
pared to ship data.

2. The Physical Basis for Interpretation
of the Airborne Spectral Data

For an airborne passive optical sensor
the radiance signal received at altitude
z is normally written in the form

L0 = LoOOT,(0) + L, (\) . (1)

where L_ (M) is the apparent radiance of
the earth’s surface at wavelength A and
at altitude z, Ly(A) is the radiance at
the earth’s surface, 7,(\) is the atmo-
spheric transmittance at A and L, (\)
is the radiance signal generated by insola-
tion back-scattered by the atmosphere.
Because of the effects of atmospheric
absorption and scattering. L_(\) can
differ significantly from L,(X\), espe-
cially for observations made at high
altitudes. Moreover, in the case of mea-
suring the radiance over a water surface.
L, (A) must be considered as the sum of
(1) the inherent radiance L, (\) (the
radiance transmitted upward from be-
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neath the water surface) and (2) L,,(\)
the radiance generated by Fresnel re-
flection of sky hight and possibly a
surface-reflected direct solar input com-
ponent L (X). The inherent radiance
is the quantity whose spectral varia-
tion yields information about the water
medium. (The radiance contribution
from reflection from the lake or ocean
bottom may also be important in certain
Ccases).

In order to derive the inherent
spectral reflectance of a scene using a
passive optical sensor, it is desirable to
make continuous measurements of the
solar irradiance so that one can account
for the spectral and intensity variability
of the natural source -incident solar
radiation. Alternatively, under clear sky
observation conditions it may be justi-
fied to neglect in-flight solar insolation
variations and simply make pre-flight
and postflight solar measurements. In
this case, if our optical sensor were
to observe a perfect Lambertian ditfuser
(100% retlectance) on the ground, the
measured radiance L () would be re-
lated to the total incident irradiance
[y (N) by:

Lgy(\) = Ho (M), (2)
T

where the total incident solar irradiance
Ho(\) 18 made up of a collimated direct-
sun component f/,(X) and a diffuse sky-
light component Hy4(N). The ratio of the
upwelling radiance from the scene to the
radiance from the perfect diffuser

L_(\)
R o= z . i
= Lo (3)
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is called the apparent reflectance since it
represents the reflectance of the scene as
observed by the sensor at altitude z with-
out corrections for atmosphere or surface
effects.

The apparent spectral reflectance
R,,(\) may be written in a more detailed
form through equations (1), (2) and (3)
by expressing the surface radiance L, as
L, + L, +L, andletting F represent the
diffuse sky component H, as a fraction
of the total solar irradiance so that Hy,
equals F'H and H, equals (1-F)H

[z, o Ly@nF
I_LSOO\) HOdO\)

R (M) = T,()

LN
Lso(N)

@

Lmﬁy«LFq+
HOSO\)

The surface reflectance can be defined
according to Eq. (3) so that the surface
reflectance for diffuse radiation rq4 is
given by L,,m/Hyg and direct radiation
ros is L,m/Hys. The Fresnel water re-
flection coefficient for normal incidence
ro is of special interest because for a
nadir-viewing optical sensor rq4 is simply
given by r,. However ry, for the nadir-
viewing sensor is a strong function of
the solar zenith angle and the wave
state of the surface so that it is useful
to represent ry, by rof where f is a
factor which accounts for the departure
from a zenith sun and a perfectly smooth
sea surface. Accordingly the apparent
spectral reflectance for nadir-viewing is
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Raz()\) = Ta()\) [I{J';(();\)) + roF +
rMH%%%T )

It is the inherent reflectance of the scene
L,(\)/Lso(X\) which can be directly re-
lated to the volume reflectance R, re-
ferred to in McNeil and Thomson (1974)
that is fundamentally related to the ab-
sorption and scattering properties of the
water medium. Ideally, one should deter-
mine all the other parameters in Eq. (5)
to derive the inherent reflectance.

By making the airborne measurements
at low altitudes (at 1500 feet in this proj-
ect) it may be reasonable to assume
T,(\) = 1.0 and also possibly L,(A) = 0.
Then the apparent reflectance is repre-
sented simply by:

L,®)

Ra®) = 1o

+ roF + ro(L-FY, (6)

which consists of the inherent reflec-
tance plus two reflectance terms which
arise from specular reflection of sky light
and from specular reflection of direct
sunlight. Under clear sky conditions the
importance of the skylight reflectance
may be estimated using data by Jerlov
(1968) to obtain F as a function of the
solar elevation angle and using the Fres-
nel reflection coefficient r, = 0.02 for
nadir-viewing. Under completely over-
cast conditions (& = 1) this term equals
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2%, a very significant addition to the in-
herent reflectance term. The direct-sun
specular reflection is normally minimized
by planning field observations when the
solar zenith angle is sufficiently large
(30° for this project) to avoid viewing
the surface glitter zone. The effective-
ness of this technique is a function of
the solar zenith angle and the sea state,
the variability of which is accounted for
by /in Eq. (6). In practice, it is desirable
to determine this term directly through
field measurements.

3. Instrumentation

The principal airborne sensor used for
this study was a four-channel spectral-
scanning photometer. The photometer
measures simultaneously the upwelling
spectral radiance in four spectral bands;
in addition, it is capable of spectral
scanning four different spectral regions,
each up to 400A in extent, at a resolu-
tion of about 30A. Figure 1 shows the
15 spectral response curves tor cach of
the four photometer optical channels.
One complete spectral scan requires
about 4 seconds during which the scene is
viewed in 60 spectral bands. (A more
complete description of the spectral-
scanning photometer design can  be
found in Miller et al. (1972) and Gordon
(1975M. For the present experiment,
interference filters were chosen to study
four important spectral regions: (1) ~0.46
um where the chlorophyll a4 absorption
is near maximum (2) ~0.56 um where
chlorophyli a absorption islow and water
penetration is high, (3) -0.70 um and (4)
~0.75 um to respond to changes in water
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turbidity and/or plant material floating
on the water. As shown in Fig. 1, this
photometer design provides spectral in-
formation in the spectral regions 0.44
to 0.46 um. 0.55 to 0.59 um, 0.68 to
0.70 um. and 0.72 to 0.75 um at a re-
solution of about 30A (0.003 um).

A disadvantage of this photometer
design is that the motion of the aircraft
causes a continual change in the scene as
observed by the nadir-viewing photo-
meter during the 4 second spectral span.
With the airborne measurements carried
out at 1500 feet (457 m). the photo-
meter 157 full angle field of view results
in a scene diameter on the water surface
of 390 feet (118 m). At typical airspeeds
of 200 ft/sec the photometer field-of-
view traverses 2 scene diameters during
cach spectral scan. So to obtain valid
spectral data in all 60 photometer spec-
tral elements it is necessary to assume
that the average water optical properties
within a 390 foot scene diameter change
very little between udjacent scene dia-
meters. Previous data and present data
(see Sec. 5.1) show this to be a valid
assumption for most lake water mea-
surements; however, in coastal regions
where large variations are often observed
within 100 feet this instrumental feature
would significantly limit the usefulness
of the data. It is important to note that
at each step of the photometer, upwelling
spectral radiance measurements are made
simultaneously in four passbands for 100
msec during which time the airplane
moves only 20 feet. Therefore, if the
data is required from only 4 passbands,
valid spectral radiance data can be ob-
tained at 4 second intervals without
assumptions about spatial homogeneity.
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FIG. 1. The photometer instrumental response curves.

4. Field Measurements

Flights were planned over selected
portions of the Canada Centre for In-
land Waters (CCIW) 1975 Lake Huron
and Georgian Bay Survey cruises. The
network of ship sampling stations on
Georgian Bay and the three flight lines
flown are illustrated in Fig. 2.

The photometer was flown on board
a Canada Centre for Remote Sensing
(CCRS) DC-3 aircraft specially instru-
mented for remote sensing work. Each
flight was subject to the flight criteria
of 1500 feet flight altitude, less than
10% cloud cover and solar elevation be-
tween 30° and 60°. Flights made on

August 7 and October 11, 1974 will be
reported on in this paper.

Because this photometer is not cap-
able of in-flight solar irradiance mea-
surements, pre-flight and post-flight solar
calibrations were made at Malton Airport
and Wiarton Airport. The photometer
was then taken out on the runway about
30 feet from the aircraft and directed
obliquely at a horizontally oriented
Lambertian white diffuser (an aluminum
plate coated with Eastman Kodak Stan-
dard 100% White Reflectance Paint
(Grum & Luckey (1968)). Then, through
Eq. (3) these measurements provide the
basis for calculating the apparentspectral
reflectance from the airborne spectral
radiance data.
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FIG. 2. Georgian Bay CCIW ship sampling stations and the three selected

flight lines.

A scanning spectrometer (AB Incen-
tives Quanta meter) was used to measure
the upwelling and downwellingirradiance
in the 400 nm to 700 nm spectral region
at a depth of about 1 meter. These sub-
surface irradiance spectral reflectance
measurements (that is, the ratio of up-
welling to downwelling irradiance R,()\))
were made at selected cruise stations
(whenever possible) as part of the ship-
based water quality measurement pro-
gram. The subsurface irradiance reflec-
tance data R, (M) can be related to the

above-surface irradiance reflectance R‘i
(A) by the approximate simple relation-
ship R‘Z()\) = 0.52 R, (\) (Austin (1974),
McNeil & Thomson (1974)); this rela-
tionship accounts for the effect of the
internal reflection at the water-air inter-
face arising from the change in index of
refraction. If we consider the water
back-scattered radiation to be isotropic
then the calculated above-surface irra-
diance reflectance R | (\) should be equal
to the inherent water radiance reflectance
L,(\)/Lso(\) determined from the air-
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based data. Therefore, at a particular
station, comparison of the airbomne
spectral reflectance curve with that de-
rived from the in situ irradiance reflec-
tance should differ only because of sur-
face specular reflection and atmospheric
path radiance effects. Consequently,
such comparisons permit these effects to
be evaluated for each of the cruise
over-flights.

The ship-based chlorophyll concen-
tration data were obtained from 0 to
20m integrated samples at each of the
monitoring stations.

5. Presentation and Interpretation
of Airborne Data

The photometer output signals, which
were recorded on board with an analog
instrumentation tape recorder, were
digitized and used to derive data files of
apparent reflectance. The desired para-
meter, the inherent water reflectance,
differs from the derived apparent re-
flectance due to the specular reflec-
tion terms (see Eq. (6)).

Under clear sky conditions the spec-
ular reflectance due to skylight may be
readily calculated. In the absence of
diffuse/global solar radiation field mea-
surements, data from Jerlov (1968)
were used to provide the diffuse/global
solar irradiance ratio F as a function of
wavelength and solar zenith angle
which was combined with a Fresnel
reflection coefficient r, of 0.02for nadir-
viewing to evaluate the correction term
rok ranging from 0.0016 to 0.0056 for
the data presented. This small correction
was applied to all the data during the
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processing resulting in data files of the
reflectance

R LA Lu ()\)

: ™)
Lo ()

+ ro(1-F)f.

5.1 Apparent Spectral Reflectance Curves

An overview of the data available on
a particular flight line is provided by
plotting the apparent spectral reflec-
tance curves as shown in Fig. 3. A series
of similar spectral reflectance curves are
shown with a regular displacement be-
tween curves. The solid part of each curve
represents the spectral reflectance data
from the photometer and the dashed
lines are added to aid theeye in following
a particular spectral curve. Starting at
the top of the figure, the first curve
represents the reflectance spectrum ob-
tained with the sensor viewing the shore
near Owen Sound; the left upper most
cross is the corresponding axes inter-
section for this plot with the vertical
scale being % albedo (or reflectance) as
indicated on the left side of the plot
and the wavelength in nanometers as
the horizontal axis. In order to pre-
sent all the Line 1 data on one graph
each reflectance curve represents the
average of 7 photometer spectral scans.
In order to make successive spectral
reflectance curves distinguishable, each
successive curve is plotted with its ver-
tical axis shifted downward to the next
cross. Therefore, with Line 1 flown in
a northward direction, successive curves
going down in Fig. 3 represent reflec-
tance spectra starting in Owen Sound
and ending in the middle of Georgian
Bay at Station 23.
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FIG. 3. Reflectance spectra along line #1 for the August
Flight/CCIW Cruise #74-05-104.

A significant difference is apparent
between reflectance curves 1 and 2. The
most dramatic difference occurs in the
near infrared region (0.72 to 0.75 um)
where the reflectance for curve 1 is about
15% (off-scale in Fig. 3) compared to
about 1.7% in curve 2: this difference is

characteristic of the high reflectance of
vegetation on shore compared to the
low reflectance of water in the near
infrared. In fact., this dramatic near in-
frared reflectance change provides a con-
venient event marker in the data tosignal
the transition from shore to water. The
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spectral curves from 3 to 18 over the
water show almost imperceptable change;
that is, there appear to be no large,
significant anomalies in water optical
properties along Line 1. Although the
successive reflectance curves in Fig. 10
represent 7 photometer scan averages,
a detailed scan-by-scan examination
yields the same conclusion—no signif-
icant changes with the photometer 390
foot field of view.

5.2 August Flight—CCIW Cruise #74-05-104

The presentation of the August data
is prefaced by the comment that the
overflight for this cruise was not pos
sible until six days after the ship cruise
was completed. However, generally clear
weather conditions prevailed over this
period.

The photometer apparent reflectance
spectrum R |, (\) obtained over the mid-
lake Station 23 is shown in Fig. 4(a)
along with (1) the ship-based in situ
measurement of the subsurface irradiance
spectral reflectance, R,(\), shown as the
upper solid curve and (2) the above-
surface inherent spectral reflectance
R (M), shown as the lower solid curve,
which is inferred from the in situ volume
reflectance data (i.e. R, =~ 0.52R)). In
the near infrared region the ship-based
optical data indicates that the above-
surface reflectance originating from
upwelling subsurface radiance is ex-
pected to be 0.1% compared to the
apparent reflectance of 0.6% measured
by the photometer. At these wavelengths
it appears that about 80% of the signal
observed by the photometer arises

191

from solar specular reflection and/or
atmospheric backscatter. The 0.5% dif-
ference in reflectance has been inter-
preted as solar glitter (represented by
the term r,(1-F)f in Eq. (2.6) and/or
atmospheric backscatter. Accordingly, it
is assumed that the subtraction of 0.5%
from the apparent reflectance results in
the desired inherent spectral reflectance
L, (N)/Lso(N).

According to the above interpretation
one would expect that the apparent
reflectance spectrum should be simply
displaced from R )(A) by 0.5%; however,
it is noted that this is true insteal for
R, (\) and that the shape of R () and
R, (\) do not in fact agree very well.
The reason for this discrepancy is not
clear. Although this disagreement be-
tween the ship and airborne spectral re-
flectance data remains unresolved, the
surface reflection correction term deter-
mined by examining the near infrared re-
flectances can reasonably be accepted as
a valid measurement since R, (0.7)/
R,(0.7) ~ 6.

The photometer reflectance data ob-
tained on Line 1 on August 7, 1974
is shown in Fig. 5(a). The spectral re-
flectance curves given in Sect. 5.1 were
shown to be slowly-varying smooth
functions. Therefore, to simplify the
data manipulations, reflectance data at
only four wavelengths R, (4524 A),
R,, (5560 A), R, (6995 A) and R,
(7430 A), one in each of the spectral
regions scanned, were selected for de-
tailed study. The photometer obtains
reflectance data at these four wave-
lengths simultaneously when the photo-

meter mask is in position 14 (see Fig. 1).
Thus, the photometer yields a reflec-
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FIG. 4(a). Comparison of remotely-measured radiance spectral
reflectance to the ship-based irradiance spectral reflectance data at
station 23. The upper solid curve represents the in situ volume
reflectance data whereas the lower solid curve indicates the expected
spectral reflectance for above the water surface.
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FIG. 4(b). Comparison of remotely-measured radiance spectral
reflectance to ship-based irradiance spectral reflectance data at

station 7.

tance measurement at these four wave-
lengths once per scan (every 4 seconds).
These reflectances are plotted as a
function of the accumulative scan (or
frame) number. which is related to dis-
tance along the track and the correspon-
ding water depth in the middle figure.

The reflectance line profiles at three
wavelengths (one photometer channel
malfunctioned) in Fig. 5(a) indicate
significant reflectance changes only in
the near-shore area in Owen Sound. Along
the remainder of the flight line the re-
tflectance decreased stowly (except for
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FIG. 5(a). Reflectance line profiles for Line #1 on the
August Flight/CCIW Cruise #74-05-104.

the 7430A channel) toward the mid
Georgian Bay region. It is noted that
large spatial variations in the water
reflectance were not observed.

Now wusing the surface reflection
correction term derived from Fig. 4a
the resulting inherent spectral reflec-
tance was applied to two-flow model
of Jain and Miller (1976) to compute
a line profile of chlorophyll concen-
tration and the Mie Scattering coeffi-
cient shown in Fig. 5(b). The corre-
sponding ship-based chlorophyll data
at each of the monitoring stations is
indicated by the dots.

The point-to-point fluctuations in
the computed chlorophyll line profile
arises partially from the small variations
in the reflectance data and partially
from the finite time alloted to the
optimization routine.

The Line 2 data were also analyzed
in a manner similar to that described
above and are presented in Fig. 6. The
reflectance line profiles show significant
reflectance changesat 4525 A and 5560 A

in the near shore regions which are prob-
ably due mainly to bottom reflectance
effects since the 7430 A reflectance
shows no corresponding change over
these water regions. The surface re-
flection correction term derived from
Fig. 4(b) (as for Station 23) has been
used in the water-color interpretation
program to compute the expected
chlorophyll concentration line profile
shown in Fig. 6(b). The comparison with
the ship chlorophyll data and an ex-
amination of the large differences be-
tween the ship and airborne spectral
reflectance curves indicate that signif-
icant water quality changes occurred
at these relatively shallow stations dur-
ing the period between the ship and
airborne measurements.

The analysis of Line 3 data is sum-
marized in Fig. 7. The anomaly in the
reflectance profile at scan number 5
is the result of crossing part of Beausoleil
Island. The comparison of computed
and measured chlorophyll concentration
at Station 13 is shown in Fig. 7(b).
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FIG. 6(b). Computed chlorophyll concentration line profile for
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FIG. 7(a). Reflectance line profiles for Line #3 on the
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FIG. 7(b). Computed chlorophyll concentration
line profile for Line #3 compared to the mea-
sured chlorophyll value at station #13 obtained
on the CCIW Cruise #74-05-104.

5.3 October Flight—CCIW
Cruise #74-05-106

The October overflight provides air-
borne data which is time-delayed from
the ship data between 1 and 3 days. The
reflectance profiles for Line 1 are pre-
sented in Fig. 9. These curves show con-
siderably more variation along the flight
line than that observed in the August
data.

Of all the water monitoring stations
that were overflown, ship-based optical
measurements were made on only
Stations 2 and 23. both on Line 1. The
ship-based and airborne spectral reflec-
tance data for Stations 2 and 23 are
shown in Fig. 8(a) and 8(b), respectively.
Both spectrum comparisons indicate a
solar specular reflection component of

J.R.MILLER ET AL.

about .37 this significant solar glitter
problem was evident in the aerial track-
recovery photography. The 1.3% surface
reflection correction term obtained tfrom
Fig. 8 was used in the water-color inter-
pretation program to calculate the ex-
pected Line 1 chlorophyll concentration
line profile shown in Fig. 9. Agreement
is found within about 307% between the
remote sensing determinations and the
ship-based chlorophyll measurcment.

6. Discussion and Conclusions

A summary of the comparison of the
ship-based  chlorophyll concentration
measurements with those derived from
the analysis of airbome spectral reflec-
tance data from this Georgian Bay pro-
ject is shown in Fig. 10. The correlation
coefficient for all the data is 0.810.
Circled data points indicate probable
interpretation errors because of bottom
reflection signal contributions for the
shallower Stations 7. 8 and 13. If these
data are excluded the correlation coef-
ficient becomes 0.948. Spectral data
has been previously investigated by Jain
et al. (1975) for a larger range of mea-
sured chlorophyll values, from 0.6 to
18 mg/m*. For these data a correlation
coefficient of 0.986 was found. These
correlations suggest that physical mod-
elling has reached a stage where quantita-
tive water parameters can be derived by

remote sensing means with useful
accuracy.

Although this scanning photometer
provided reflectance in 60 spectral

channels the present data suggest that
airborne radiometric measurements in
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FIG. 8(a). Comparison of remotely measured radiance spectral reflec-
tance to the ship-based irradiance reflectance at station 2.
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FIG. 8(b). Comparison of remotely measured radiance spectral
reflectance to the ship-based irradiance spectral reflectance at

station 23.

only 4 spectral channels, selected in the
appropriate wavelength regions, can pro-
vide useful water quality information.
The importance of this result lies in the
feasibility of using simpler instrumenta-
tion with less demanding data analysis
requirements for routine optical water
quality monitoring.

The analysis of this data hasillustrated
the importance of making a field mea-

surement of the surface reflection com-
ponent of the radiance signal as observed
at atrcraft altitudes. The comparison of
airborne and in situ reflectance data in
the near infrared (~ 0.7um) showed that
most of the observed signal originated
from the surface. These measurements
demonstrate the validity of the use of
optical measurements in the near infrared
to determine the specular reflectance
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FIG. 9(a). Reflectance line profiles tor Line #I on the October
Flight/CCIW Cruise #74-05-106.
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FIG. 9(b). Computed chlorophyll concentration line profile for
Line #1 compared to the measured chlorophyll values (shown as
dots) obtained on the CCIW Cruise #74-05-106.

signal. For turbid water one would measurement near 0.97 um, at the water
expect the upwelling signal to form a absorption maximum. should provide a
much more important part of the ap- more effective use of this technique to
parent reflectance at 0.7 um so that a determine the specular reflectance.
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