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THE SOLAR IRRADIANCE ENVIRONMENT OF FLORIDA
COASTAL WATER DURING FLARE

Kirby J. Hanson and Monte F. Poindexter

Solar irradiance measurements both above and within
mixed layer were obtained at three ocean sites along th
eastern Florida coast from Miami Beach (Government Cy
Key Largo during the Florida Aquanaut Research Expe i
of February - March, 1972. The results show that evern
the transmittance of the water varied considerably fro ‘j
day due to changes in turbidity, the average transmittg
the sites was nearly the same.

The turbidity of the Florida coastal water causes a sl
incre%se in the heating rate due to absorbed solar radigtjon
(0.36_C/12 hr) compared to the clear water of the Sargpgsa

(0.3100/12 hr) over a column from the surface to 13 m I‘

The reflectance and transmittance of the water colum re

examined. The reflectance varied from 3.5 percent at
15-20 percent in early morning and late afternoon. The
tance of the water from the surface to 13 m depth is dep
the zenith angle of the sun. With solar zenith angles of
transmittance was 7-8 percent; this decreased to 5 perq
solar zenith angles of 60-70" . A surprising feature of
urements was that, as the solar zenith angles approachg

mittance values (up to 17 percent) were also associated
cloudy sky conditions.

Results of studies of the immersion effect of the undey
pyranometer are discussed but have not been applied tq the
irradiance data.

1. INTRODUCTION
During the winter and early spring of 1972 solar irradiprjce
ments were obtained along the southeast Florida coast as a poytjon

NOAA1 program FLAREZ. These measurements were made bofhiab

ocean surface and in the water column; they represent spectrplly i
solar irradiance. This report presents the results of these m¢asu
and discusses the physical properties of the coastal shelf watdr an
fluence of turbidity of the water on solar irradiance reaching fHe s
coral reefs.

1National Oceanic and Atmospheric Administration

2Florida Aquanaut Research Expedition
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The program was carried out from the R/V LULU that was moored at
four locations from February 22 to April 16, 1972; these locations are shown
in figure 1. The periods in which useful radiation data have been -obtained
at these locations and the épproximate positions are:

Site Location Dates (1972) ,
1. Government Cut 25.8°N, 80.1°W 2/22 - 2/23
(Miami Beach)
2. Pacific Reef-A 25.4°N, 80.2°w 2/26 - 3/1
3. Elbow Reef 25.2°N, 80.3°W 4/3 - 4/9
4. Pacific Reef-B 25.4°N, 80.2°W | 4/12 - 4/16
2. SOLAR IRRADIANCE MEASUREMENTS DURING FLARE »

There were two types of solar irradiance measurements obtained
during FLARE. The first type is that of continuous measurement of in-
cident and reflected solar irradiance at the ocean surface from a boom
attached to the R/V LULU, and of the subsurface solar irradiance inci- ‘
dent on the shelf and coral reefs. The latter measurement was obtained
approximately 150 ft south of the R/V LULU to eliminate the shadowing
influence of the ship. The second type is that of profile measurements
from about 1 m above the shelf to 3 m below the ocean surface, in steps
of 3 m in order to obtain the profile. Approximately 45 min were re-
quired to obtain a complete profile. On most days one or two profiles
were obtained.

A schematic view of the deployment of radiation sensors is shown
in figure 2. The habitat (EDELHAB) was not used in the radiation
program and is shown for reference only.

2.1 Ocean Surface and Shelf Surface Measurements

Continuous measurement of the incident and reflected irradiance *
components were obtained just above the sea-air interface, and continu-
ous measurement was obtained of the incident irradiance component at -

the shelf surface. The dates on which these measurements are available

at the various sites is shown in table 1.
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Figure 1. Site in southeast Florida for the Florida Aquarayt arch

Expedition (FLARE), February-April, 1972.
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Figure 2. Schematic diagram of the radiation program instrumentation
during FLARE, February-April, 1972.

Hourly totals of these three radiation components are given in
tables 2, 3, and 4; daily sums and hourly means for the entire period
are also given. These hourly means are plotted in figure 3, showing
that only a small portion of solar irradiance that reaches the ocean sur-
face is reflected from the ocean surface or reaches the shelf surface.

The averages in tables 2, 3, and 4 show that of the 530 cal/cm2 day,

which was incident at the ocean surface. Only 25 c:al/cm2 day, or 4.8
percent, was reflected from the ocean surface, and only 35 cal/ cm2 day, or
about 6.6 percent, reached the shelf surface and coral reefs at an average
depth of 13 m; thus, the bulk of the solar energy entering the ocean is used

to warm the ocean water.
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The ocean heating rate can be calculated from these irradiance
data, as shown in figure 4, on the basis of conservation of energy.

For this calculation it is necessary to assume an average reflectance of
the shelf surface of 20 percent. The result gives an average heating
of the water column of 0.36°C/12 hr.1 Thus, the heating rate of these
Florida coastal waters is approximately 15 percent greater than that of
the Sargasso Sea, which is one of the least turbid regions of the
world's oceans.

A basic question which the experiment sought to answer was
whether there were significant differences in the transmittance of the
water at these sites and whether such differences were related to human
activities. The irradiance data in tables 2, 3, and 4 have been used for
this purpose. The transmittance (T) of the water was calculated from

T = Hz/(H-Hr) (1)
where Hz is the irradiance at depth Z and H and Hr are the incident and
reflected solar irradiance at the ocean surface, respectively.

Transmittance values based on tables 2, 3, and 4 have been .
calculated for each day at the three sites and are given in table 5. The
mean transmittance values are given for each site, and standard deviations
are given for Pacific and Elbow Reefs where the sample is relatively
large. At Pacific Reef the standard deviations is 18 percent of the mean
transmittance, whereas at Elbow Reef it is 31 percent. Because only 2
days of data are available for Government Cut, it is not possible to ob-
tain an idea of the daily variability in transmittance of the water at that
location.

Because the depth of the shelf surface varied from one site to
another, it is necessary to normalize the transmittance data to a single
depth in order to make comparisons between sites. We have chosen 13 m
as a depth for normalization and used the log transmittance profile of the
following section to extrapolate the measurements to this standard depth.

Table 6 lists the depths at each site, the mean transmittance normalized

3

Hanson and Poindexter (1972) measured the heating rate due to absorp-
tion of solar radiation over various depths about 200 miles NW of Puerto .
Rico in October 1971.
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Figure 3. Integrated hourly solar irradiance data for the
entire FLARE period.
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Figure 4. Integrated daily solar irradiance, mean for the entire FLARE .
period. Heating rate of the water columm to 13 meters is also given.
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Table 5. Daily Transmittance
by Sites
Table 6. Mean Transmiffan y Sites
(based on fized depth|dyr eter)
Date Government Pacific Elbow
(1972) Cut Reef Reef
Feb, 22 .065 ’ Mean Transmififianc
23 .057 At rma
27 (.045) Depth Indicated | §d Derfli| Standard
28 .065 Site (m) Depth Me Deviation
29 .072
Mar. 1 (.065) Government Cut 14.3 .061 !
Apr. 3 (.068) |
4 .083 Pacific Reef 10.7 .068 ' 012
5 .084
6 .086 Elbow Reef 15.2 .067 .021
7 072
8 044
Y {.032) ;
13 (.081) q
14 .078 i
15 060 !
16 —_ (.082) !
Mean .061 .068 .067 i
std.dev. - .012 .021
|
|
to the standard depth, and the standard deviation of the dajly t mittance
values.
It is surprising to see that the mean transmittance at|Govdeiment
Cut (0.070) is higher than that at Pacific Reef (0.055), becai‘se mllution
at Government Cut and the more turbid outflow water of Bigqy \ ay were
thought to increase the turbidity at Government Cut. Tablg § sibyrs the
mean transmittance values for the sites are in the range 0.{6]to | 8, and
the variation from day to day is 0.01 to 0.02; thus, considgring e large
standard deviation of the transmittance at the sites, it appedrf t the
difference in mean transmittance between the sites is not stjt{stidhl y signifi-
cant. From another point of view, if man-made changes in|tirbjdity of
the water are present at Government Cut, then they are so gmal pared
to the natural occurring variation in turbidity that they are updeteftdible with
the present data sample. Perhaps a much longer record at|thes ‘ ites may

show a statistically significant difference between sites.




2.2 Profile Measurements
Measurement of the downwelling solar irradiance at various depths
within the water column were obtained with a single pyranometer, which
was raised and lowered in a series of steps to obtain a profile. These
measurements are not continuous during the day, as are those of the
fixed-depth pyranometer, but were obtained one or more times a day on
the days indicated in table 1. It required about 45 min to obtain a pro-
file. Most profiles were made between 10 am and 3 pm local time. 4
The transmittance of the water has been calculated from these data,
according to equation 1, and from the incident and reflected solar irradi-
ance at the surface. The individual transmittance profiles are listed in
tables 7, 8, and 9 for Government Cut, Pacific Reef, and Elbow Reef,
respectively. Means and standard deviations for each site are given in
the tables. The mean profiles are also shown in figure 5 with the
standard deviations for Pacific Reef.
These mean transmittance profiles show that differences between sites
are small compared to the day-to-day variation in transmittance, as indi-
cated by the standard deviation at Pacific Reef, which is shown as error bars .
in figure 5.

Table 7. Solar Radiation Profile Measurements - Govermment Cut

FEB.
22 22 23 23 23 Standard

Time (GMT) 1742 1954 1559 1634 1830 Avg. Deviation
Depth A
(m) Transmittance
3.0 .207 .249 .164 - .180 .210 .032
6.1 .186 .138 ,125 .128 137 .140 016
9.1 .139 142 098  .099 .105 .117 019
12.2 .122 - .073 .097 067 .090 .020
13.1 .110 062 - - - .086 .021 )

10




Table 8. Solar Radiation Profile Measurements - Paciffe
FEB. MAR APRIL
27 27 28 28 28 28 29 29 1 13 14 14 14 15 15 15 16 16| i 16| standard
TIME (GMT) 1758 2010 1523 1551 1801 1836 1523 1851 1526 1816 1537 1714 1928 1558 1718 1918 1541 17] q‘ 1 e Deviation
Depth ;
(m) TRANSMITTANCE | |
3.0 .253 .263 .273 .199 .201 .168 .238 .262 .253 L2346 L2264 .237 ,241 195 .182 .182 .210 9 L1 ‘ 216 .035
.310 199 .189 .189 153 .237 L2641 .227 L2242 .193 L1728 .184 .198 .2 ‘
6.1 .178 .185 .080 .09 095 .089 .185 .169 .184 .151 L1546 .164 . 157 L140 L132 .103 .133 < .1 ‘ 141 .034
9.1 .138 .136 .032 046 .057 .045 119 .118 13y 112 L1113 123 .105 .102 095 067 .102 . 1 Al i 098 .033
10.7 - - - -~ - - - - - .088 .098 104 .086 .088 .075 L051 089 .0l ! .0l ; 085 014
12.2 16 127 - - - - - .098  .099 i i -
Table 9. Solar Radiation Profile Measurements - Elbol Rfge
APRIL
3 4 4 s & 71 8 8 3 9 \
t4ahd !
T ime (GMT) 1930 1652 1710 1523 1858 1700 1629 1654 1616 1740 Avg ge a- i
tlén
Depth ‘
(m) Transmittance
3.0 L2033 L2146 ,229 .159 .264 .255 ,170 .161 .1v7 .106 .196 845
6.1 - 167 179 - 189 - 128 .117  .128 .095 .143 5
9.1 - L1640 134 - . 140 - L105  .107  .098 ,077 .115 5 i
|
12.2 - 119 (124 - .108 - .080 .076 .084 .073 .095 b2 }
15.2 - .108 .108 - W0v1 - 070 .071 .074 .059 .083 0 i
|
2.3 Discussion 1
During the FLARE program, two solar radiation pyranoffte ere used
to measure the irradiance underwater. One sensor obtained dopti S meas-
urements at the shelf surface and the other obtained irradian raflilles in
the water. Transmittance values determined from both measufgme t‘ show
that the mean transmittance value at the Pacific Reef site is lowqr tfag at the
other two sites. This can be seen by comparing table 6, basefl jon tinuous
measurement, and table 10, based on profile measurements. biffe fjices be-
tween sites are small, however, in comparison to the day to day v tions in
|
transmittance. |
Large variations in transmittance at the sites are thougr]rt o] 1t from
changes in turbidity caused by coastal currents, wind drivenjqur s, and
‘tidal currents. For example, very low transmittance values yeate erved
H2, at

on February 28, 1972, at Pacific Reef (table 8), and on Aprili— ,

Elbow Reef (table 5). Strong currents were observed on tho

11
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Figure 5. Mean transmittance profiles by sites in comparison to that for
the Sargasso Sea. The brackets indicate the standard deviation of the
daily transmittance values at three levels at Pacific Reef.

The data suggest that at Government Cut the effect of pollution on the
amount of sunlight reaching the reefs is so minimal that it is undetectable in
the present data set. The transmittance data also suggest that the natural
variation in turbidity of the water caused by currents is considerably larger
than variations caused by human activities. ‘

For biological and other studies it may be useful to estimate the varia-
tion that may be expected in the daily integrated solar irradiance reaching
the shelf surface and coral reefs. The information for this estimate is pre-
sented in table 11, This shows from a previous study for Miami that cloudi-
ness in the atmosphere has a large influence (27 percent) in modulating the

“amount of solar energy which reaches the ocean surface from day to day. In

addition, the present study has shown (table 5) that ocean roughness and ’
turbidity have a significant effect (18-31 percent) in modulating the amount
of solar energy transmitted by the water and reaching the coral reefs. These ’

natural variations of the atmosphere and ocean taken together suggest that the
day to day variability in solar irradiance reaching the coral reefs may be
45-58 percent. In addition there are other causes of variability, such as .

12




those associated with astronomical (diurnal and seasonal) chmges
natural variation in radiation reaching the reefs is relatively | ‘g
possible man induced variation must be significantly large tobp d
In the present case it is too small to be detected.

Future studies should be directed toward establishing thp c
effect relationship between currents and the radiation envirorrr{jan
reefs, as well as attempting to obtain a sufficiently long data aaﬁlp

effect of pollution might be detected.

Table 10. Mean Transmittance by Sites
(based on profile pyranometer)

Depth Mean Standard

Site (m) Transmittance Deviation
Govermment Cut 9.1 117 .019
Pacific Reef 9.1 098 .033
Elbow Reef 9.1 .115 .025

Table 11. Variability in Daily Solar
Irradiance Due to Various Sources

Variability at Gcean Surface
due to Cloudiness 27% (from Hanson (1971)

Variability at Shelf Surface
due to Ocean Roughness and
Turbidity 18-31% (from Table 5)

Estimated vVariability in Solar

Irradiance at Shelf Surface due

to Cloudiness, Ocean Roughness

and Turbidity 45-58%

13
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3. RADIATIVE PROPERTIES OF THE COASTAL OCEAN WATER ’

Of the basic properties of sea water, the two which can be evaluated v
from the present study are reflectance and transmittance of irradiance.
They are given in the following sections.

3.1 Surface Reflectance

The continuous measurements of incident and reflected solar irradiance
at the sea surface, given in tables 2 and 3, have been used to determine sur-
face albedo. In this calculation, the albedo has been evaluated as the ratio
of the reflected to the incident irradiance. The albedo values were further
stratified into "clear" or "cloudy" sky categories. The criteria for determin-
ing cloudy sky was that incident irradiance be less than 60 percent of maximum
incident irradiance during the entire period of observation (fig. 6) . If this
case did not apply, the albedo data were included in the clear sky category.

100

80 Rpar 3-161972

Incident
Solar
Irradiance

(cal/cm?2hr)

40T Feb.22-Mar. 11072

20}

1 | | |

| |
6 8 10 12 14 16 18 20 .
Hour Ending (EST)

O

Figure 6. Maximum incident irradiance for two periods during FLARE. .
The curves simulate clear sky conditionms.
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Resulting hourly mean albedo values for the two cloud d

given in table 12 and are plotted in figure 7. Albedo varies w

occurring near midday and higher values (15-20 percent) in

and is nearly symmetrical about solar noon with lowest valuel(

Table 12. Mean Hourly Albedo Values
for Clear and Cloudy Sky

Hour Clear Cloudy

Ending sky Sky

(TST) Albedo N Albedo N
07 .217 7 - -
08 149 13 .168 2
09 .068 12 .065 4
10 .041 14 .055 2
11 .036 15 .042 2
12 .035 16 L0642 1
13 .036 16 0462 1
14 .038 16 049 1
15 041 17 - -
16 049 14 .055 2
17 .085 13 .079 3
18 .145 13 L131 3

The distinction between clear and cloudy sky is defined
in the text. N is the number of hourly albedo values
on which the mean is based

t

X

h{¢

.25

A5 F
ALBEDO

J0 |

CLOUDY SKY

o

.05 i

0 1 1

06 08 10 12 14 16 18

HOUR ENDING (EST)

Figure 7. Mean hourly albedo of the ocean surfuaé

for all sites during FLARE.
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and late afternoon. This effect of solar zenith angle on albedo of a smooth
water surface has been evaluated by many others in earlier studies, e.g.,
see List (1958), Jerlov (1968) Table XVIII, and Anderson (1954).

During mid-morning the albedo appear to be slightly lower than
during mid-afternoon. If this is real, it may be a result of the wave slope
distribution with predominantly easterly wind and swell or caused by
increased turbidity and ocean reflectance in the afternoon.

The dependence of albedo on zenith angle, as determined in this study,
is given in table 13 and figure 8. The data agree within a few percent of
those for smooth water surfaces given by Jerlov (1968) and List (1958) .

Table 13. Clear and Cloudy Sky Albedo Values as
a Function of Solar Zenith Angle

Zenith Clear Cloudy
Angle Sky Sky
(deg.) Albedo Albedo
28.5 036 042
35.2 .037 .046
45.6 041 .063
57.8 .059 .060
70.8 117 .124
84.2 .181 -

.25

.20

15 E CLEAR SKY

ALBEDO
Jo k-
CLOUDY SKY
05 F N
o 1 1 1 | 1 1

20° 30° 40° 50° 60° 70° 80° 90°
ZENITH ANGLE (deg.) '
Figure 8. Albedo as a funetion of solar zenith angle during FLARE.
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3.2 Transmittance

The continuous measurements of solar irradiance incidégng,

at the sea surface and incident at the shelf surface, as given i

and 4, have been used to calculate the transmittance of the cogsgal

column. The transmittance (T) was calculated from equation

ously discussed for albedo, the transmittance data were furthgn

into clear and cloudy sky categories. The resulting hourly
tance values for these two categories are given in tables 14 a

shown in figures 9 and 10.

ta

ant

In these figures it is apparent that the ocean transmittapde vl

with time of day and is relatively symmetrical about solar noop

mittance of the water column to 13 m with clear skies is highest
noon, 7-8 percent, and decreases to about 5 percent at zenithjal
70 degrees. As the zenith angle further increases from 70 to B
increase in the transmittance is observed. With cloudly skieg t

tance of the water column increases continuously as the zenith Itng

A comparison between clear and cloudy sky transmittance valj1

made. This shows that the transmittance is considerably highet

sky situation, particularly at higher zenith angles. For examp

grees and higher the cloudy sky value is larger by a factor ofjt

clear skies.

A possible explanation for the increase in transmittanceg (

cloudy conditions and (2) with zenith angles from 70-90 degr
with the spectral distribution of sunlight reaching the ocean I
Table 14. Mean Hourly Transmittance Values for Clear and

The distinction between clear and cloudy sky is defined i
ig the number of hourly transmittance values on which the|m

})
$ isfo

1

| T
t

a

1o

he
an

cted
2, 3,

er

revi-

ied
smit-

are

S

trans-

1

f 60-
es, an
smit-

ncreases.

milalso be

cloudy
0 de-
with

| ing

nected

In

Sky
t. N
based.

Hour Clear Cloudy

Ending sky Sky

(TST) Transmittance N Transmittance N
07 .080 9 .167 1
08 049 9 .134 3
09 .049 8 .108 4
10 .064 11 .091 2
11 .069 11 .081 2
12 076 13 - -
13 071 14 - -
14 .066 15 -

15 .063 14 -

16 .054 13 -
17 .053 11 .095
18 .077 11 -

[ I I
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Table 15. Clear and Cloudy Sky Transmittance Values
as a Function of Solar Zenith Angle

Zenith Clear Cloudy
Angle Sky Sky
(deg.) Transmittance Transmittance

28.5 .074 -

35.2 .068 . .081 i
45.6 .064 .091

57.8 .052 .108

70.8 .051 .114

84.2 .078 .167

both cases the amount of near-infrared sunlight relative to the total will
decrease because of atmospheric absorption; thus, the relative amount of
visible sunlight is greater, and,because water transmits visible sunlight
better than near-infrared sunlight, the apparent transmittance of the water
will increase.
Future studies should include measurement of the relative spectral
distribution of solar irradiance both above the surface and within the water .
column. This will answer the question of whether the apparent increase in
ocean transmittance at zenith angles approaching 90 degrees and under
cloudy conditions are a result of changing spectral distribution of the source

or not. In addition, relative solar irradiance spectra in the ocean and the
absolute pyranometer measurements provide a means for obtaining absolute
spectral values, as suggested by the National Academy of Sciences (1969) .
This is a simple means of solving the difficult problem of obtaining absolute
values of spectral distribution of solar irradiance in the ocean.

4. INSTRUMENTATION

The radiation measurements above the ocean surface were obtained
with Model 2 pyranometers manufactured by the Eppley Laboratory. The
sensing element of these pyranometers is a wire-wound thermopile. Its
receiving surface is coated with Parsons black lacquer. The receiving
surface is protected from the elements by a pair of precision ground con-
centric hemispheres of Schott optical glass (WG7) which are transparent
from 0.28 to 2.8 micrometer wavelengths. '
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The underwater radiation measurements were obtained with pyrano-
meters which have been adapted by the Eppley Laboratory for use under-
water. They are identical with the Model 2 pyranometers, except they
employ a three pound monel body as a heat sink and have an 0-ring seal
and underwater connector to make them water tight. Both pyranometers
are shown in figure 11. ’

A net radiometer of the Funk type was also used during the experi-
ment to measure the net (solar and IR) radiation. The data are not included
in the present analysis, although the daily curves are included in the
Appendix. The radiometer is also shown in figure 11.

Table 16 is a summary of the radiation sensors employed and the

sensitivities which were used in processing the measurements. :

Figure 11. Underwater pyranometer (left) and Model 2 pyranometer (right).
Both instruments are manufactured by the Eppley Laboratory and were
used in the FLARE program. The Funk-type net radiometer is shown below.
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Table 16. Summary of Radiation Sensors Used
in FLARE Radiation Program

Sensor Measurement Mfgr, Sensor Sengitivity
Number  (mv/cal cm'zmin'l)

Pyranometer Incident Solar Eppley 9862 4,109
Irradisnce

Pyranometer Reflected Solar Eppley 9863 3.936
Irradiance

Net Radiometer Net Radiation Middleton 465 21.85

& Co.

Underwater Pyranometer Solar Irrediance, Eppley 9860 4,366

Fixed Depth

Underwater Pyranometer Solar Irradiance, Eppley 9861 4.626
Profile

5. IMMERSION EFFECT OF THE UNDERWATER PYRANOMETERS

The underwater pyranometers used in this study have an immersion
effect that must be determined before one can evaluate the absolute value of
the measurements. Originally the sensors were calibrated in the air with
the sun as a source by direct comparison with another pyranometer. Use
of the instrument underwater changes the optical characteristics of the
instrument from those in air in two ways - this is called the immersion
effect. The first change results from a difference between the reflectivity

of the outer hemisphere in water as compared to air. At normal incidence

nl—nz 2
r= E;I—:TEI;— (2)

the reflectivity is

where n, is the index of refraction for the medium adjacent to the glass
hemisphere and n, is that of the hemisphere. Because the indices of refrac-
tion of air, water, and glass have values of approximately 1.00, 1.33, and
1.5, respectively, it is apparent that the reflectance of the outer hemisphere
will be smaller in water than in air. Although this effect is relatively small
(about 3 percent), it will cause the instrument to measure too large an
irradiance value.
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