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ABSTRACT

Equations and tabulated values of relevant physical parameters
are presented which can be used to calculate the reflectance and
emissivity of ocean water in the 1-1/2- to 15-micron range. Using
double-beam spectrophotometers, the reflectance of artificial ocean
water with respect to the reflectance of pure water was measured
and compared with the calculated values for incidence angles of 70,
60, and 34 degrees. The agreement between the calculated and the
measured values is well within the limits of experimental accuracy.
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INFRARED CHARACTERISTICS OF OCEAN WATER
(1-1/2 to 15 MICRONS)

INTRODUCTION

Many studies in physical oceanography are concerned with measurements of the in-
frared energy emitted from and reflected by the water at the air-ocean interface. The
following examples illustrate the scope of these investigations: The Naval Oceanographic
Office is currently using airborne radiation thermometers to obtain near-synoptic mea-
surements of surface temperature in connection with the Antisubmarine Warfare Environ-
mental Prediction Services (ASWEPS) (1). McAlister (2) reports on the use of an airborne
two-wavelength radiometer to obtain measurements of the total heat flux from the ocean
surface., Stommel, et al. (3) used an airborne differential radiometer to study the move-
ment of the edge of the Gulf Stream. To properly analyze radiometric measurements of
an air-water interface, a knowledge of the emissivity and reflectance of the water surface
as a function of wavelength and angle of incidence is required.

Using the basic laws of optieal physics, equations have been derived which can be
used to calculate the emissivity and the reflectance of an air-water interface. To solve
these equations requires a knowledge of the extinction coefficient and the index of refrac-
tion. Although this information is available for pure water, Davis (4), in his bibliography
of references pertaining to the optical constants of liquid water, pointed out a serious de-
ficiency in the scientific literature on the infrared properties of ocean water.

The objective of this report is to provide equations and tabulated values of the index
of refraction and the extinction coefficient which can be used to calculate the emissivity
and the reflectance of ocean water from 1-1/2 to 15 x. To avoid the difficult and time-
consuming work required to measure the index of refraction and the extinction coefficient
as a function of salinity and wavelength, an alternate approach was developed. Using the
data available for pure water as a reference, predictions were made of the changes in
these parameters that could be expected to result from the presence of the ions known to
exist in ocean water. To check the validity of the above predictions, the reflectance of
artificial ocean water relative to the reflectance of pure water was measured for several
angles of incidence using double-beam spectrophotometers, and the results obtained were
compared with the predicted values.

DERIVATION OF EQUATIONS

Whenever infrared energy is incident at the air-water interface, a portion is re-
flected back into the air while the remainder is refracted into the water where it is ab-
sorbed. The relative intensities of the reflected and refracted beams depend on the po-
larization of the incident beam. Using Fresnel’s formulas and Snell’s law of refraction,
we can derive the equations

(1)

P |:(N2 — sin? 02 ~ N2 cos 9:'2
VOLUNE 2 osin? 0)Y2 4 N2 cos 6

and

N2 < sin2 OY2 & cos 0

RQ :ENQ ~ sin? VY2 - cos 0} 2, (2)
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where R, is the reflectance for energy polarized in the plane of incidence, £, is the re-
flectance for energy polarized in the plane perpendicular to the plane of incidence, and ¢
is the angle of incidence measured from a plane perpendicular to the surface of the water
to the plane of incidence of the beam. For an absorbing medium,

N = n - ik, (3)

where » is the index of refraction of water,and % is the extinction coefficient of water.
Substituting Eq. (3) in Egs. (1) and (2), the equations for reflectance become:

B - b + ¢ cos? 0 ~ 2[d(n? — k2 + 2 eknl cos 0 (4)
V7 b 4 ¢ cos? 0 + 2[d(n® - kD + 2 ekn]l cos 6
and
R2=b+c0529-2dc056, (5)
b + cos? 6 + 2d cos 6
where
b = (02 + 4k27l2)1/2
c = (n? - kD2 + akW?
d = [ + a)y/211?
and
e = [0 - a/2]2,
in which
a = n? - k% - sin? 4.

According to Kirchhoff’s'law, the emissivity is equal to 1 minus the reflectance. It
should be noted that this law does not apply to transparent fluids. Therefore, caution
should be used when applying Kirchhoff’s law below about 2.6 n.

PREDICTED EFFECTS

Since this study is predicated on the assumption that the infrared properties of
ocean water can be derived from the corresponding values for pure water, experimen-
tally determined values of the index of refraction and the extinction coefficient of pure
water are required. The values reported by Pontier and Dechambenoy (5), for a wide
range of wavelengths, were used in this study. A summary of their data is given in
Table 1.

To predict the effect of dissolved ions, a knowledge of the ion concentrations for a
representative sample of ocean water is required. The ion concentrations reported by
Sverdrup, et al. (6) for typical ocean water (salinity 34.3%. chlorinity 19.0%.) were used
for this study.

A survey of the literature available concerning the effect of dissolved ions on the
infrared properties of water uncovered two phenomena that require consideration: the
increase in the index of refraction and the shift in the absorption bands. McLellan (7)
reports that the results of measurements of the index of refraction increase as a func-
tion of chlorinity, for the sodium D line at 25°C. For the assumed typical ocean-water
chlorinity of 19.0 %., the increase in the index of refraction was found to be 6 x 10~ and
to be a linear function of the salt concentration. Since corresponding measurements for
the infrared region have not been reported, it was assumed that this correction also ap-
plies to the 1-1/2- to 15-x region.
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Williams and Millett (8) report shifts in the vibrational frequencies of the infrared
absorption bands of water which result from the presence of dissolved ions. Although
there are a number of such bands in the 1-1/2- to 15-x region, only one absorption band
was found to be strong enough and broad enough to require consideration, namely, the
absorption band which starts at about 9u and extends beyond the 15-4 limit of this study.
The procedure used to predict the values of the index of refraction and the extinction co-
efficient for ocean water in the 9- to 15-u4 region was as follows: The magnitude of the
absorption band was determined from transmittance measurements. The values for »
and % for pure water (Table 1) were plotted as a function of wavelength, the wavelength
scale was modified in accordance with the results obtained from the transmittance mea-
surements, and a new set of values was read from the chart using the modifiediscale.
An additional correction of 6 x 10 was added to the values obtained for » in accordance
with the prediction procedure previously mentioned.

The transmittance measurements required to determine the absorption-band shift
were made using a Model 621 Perkin-Elmer grating spectrophotometer and an absorp-
tion cell with Irtran-2 windows and an 18-1/2-, sample thickness. To improve the ac-
curacy of the results and to check on the possibility of nonlinear effects, shift measure-
ments were made using three salt concentrations. The solutions used to approximate
ocean water of different salinities were prepared using the following procedure: A for-
mula was developed for an artificial ocean water which would have the same concentra-
tion of significant ions (sodium, magnesium, chlorine, and sulfate) as the typical ocean
water reported by Sverdrup, et al. (Table 2). A solution made according to this formula
was considered to have a relative salt concentration of 1.0, The other solutions were
prepared using one-half and twice the salt concentrations shown in Table 2. All solu-
tions were prepared using triple-distilled water and clean glassware to keep contamina-
tion to a minimum.

Table 2
Composition of Artificial Ocean Water
(Salinity 34.37., Chlorinity 19.0%.)

Chemical Grams/100 cc of Ocean Water
MaCl, - 6 H,0 0.52
Na Cl 2.75
MgSO, - 7TH,0 0.70
Ca Cl, 0.15

Figure 1 shows the results obtained from the transmittance measurements described
above. The relative transmittance scale used in Fig. 1 is arbitrary, chosen solely for
convenient presentation. The expected absorption-band shift, as well as the well-known
sulfate absorption band in the 9-¢ region, can be seen in the curves of Fig. 1. It should
be noted that the data obtained are plotted as a function of frequency (reciprocal wave-
length) and that the shift appears to be one of constant frequency, not one of constant
wavelength. Since the phenomenon being evaluated is a vibrational frequency shift, this
is to be expected. To obtain better resolution of the absorption shift, an expanded scale
measurement was made of the 10-1/2- to 12-u region. The results obtained are shown
in Fig. 2. Although there is considerable scatter in the data, the absorption-band shift
seems to be a linear function of the salt concentration and to have a value of -4 cm-! for
the typical artificial ocean-water salt concentration used in this study (relative salt
concentration = 1.0).
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Fig. 1 - Relative transmittance of pure and artificial
ocean water (water sample thickness 18.5 4, tempera-
ture 25°C). Note the sulfate absorption band at 9u and
the absorption-band shift starting at about 9.7u.
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Fig. 2 — Expanded scale presentation of the
relative transmittance of pure and artificial
ocean water (sample temperature 25 C)
shown in Fig. 1.
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Using the procedures outlined in this discussion and the -4 cm? absorption-band
shift, a set of predicted values for the index of refraction and the extinction coefficient
of ocean water in the 9- to 15-4 range were calculated. The results of these calculations
are in Table 3.

Table 3
Variation of the Index of Refraction » and the Extinction Coefficient &
as a Function of Wavelength for Ocean Water (salinity = 34.37%.)

Wavelength % * -
() n k k
9.0 1.262 .051 -
9.2 1.254 .052 -
9.4 1.247 .053 -
9.6 1.237 .055 -
9.8 1.227 .059 -

10.0 1.216 .063 -
10.2 1.197 .068 ~
10.4 1.185 .076 -
10.6 1.175 .084 -
10.8 1.162 .093 -
11.0 1.151 105 -
11.2 1.142 .120 -
11.4 1.134 137 -
11.6 1.128 157 -
11.8 1.125 .178 -.001
12.0 1.123 .201 -.003
12.2 1.123 .223 -.004
12.4 1.125 .247 -.004
12.6 1.128 .269 -.004
12.8 1.132 .293 -.004
13.0 1.139 315 -.004
13.2 1.148 333 -.005
13.4 1.158 .349 -.005
13.6 1.170 .362 -.005
13.8 1.182 375 -.005
14.0 1.194 .385 -.005
14.2 1.208 .394 -.005
14.4 1.220 402 -.005
14.6 1.234 .409 -.005
14.8 1.247 414 -.005
15.0 1.260 .419 -.005

[Ty 1)

*Corrected for changes in“a" and for the absorption-band shift.
TAdditional correction for changes in the intensity of absorption.

RELATIVE REFLECTANCE

The validity of the prediction procedures discussed in the previous section was de-
termined using measurements of the reflectance of artificial ocean water with respect to
the reflectance of pure water (relative reflectance). This procedure was chosen because
it tended to cancel, at least to a first-order approximation, the effect of polarization sen-
sitivity, beam convergence, and similar secondary effects.
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The predicted values of relative reflectance were calculated using the following pro-
cedure: The reflectance for pure water was calculated using Egs. (4) and (5) and the data
contained in Table 1. It was assumed that the observed reflectance would equal the arith-
metic average of the reflectances calculated using Eqgs. (4) and (5). The predicted param-
eters obtained using the procedures outlined in the previous section were used to cal-
culate the reflectance of artificial ocean water. The relative reflectance was obtained by
dividing the predicted artificial ocean water reflectance by the predicted pure water
reflectance.

Figure 3 shows the Model 621 grating spectrophotometer and tilt table used to experi-
mentally determine the relative reflectance. The Model 21 Perkin-Elmer prism spec-
trophotometer, visible in the background, was also used in this study. Figure 4 shows
the radiation source and the sample trays. All measurements were made at 25°C.

REFERENCE TRAY

(PURE WATER)

SAMPLE TRAY
(SALT WATER)

RADIATION

’ SOURCE

TILT TABLE

Fig. 3 — Assembly of the spectrophotometer and the tilt
table used to measure the relative reflectance

Figure 5 shows the predicted and the measured values of the relative reflectance for
an angle of incidence of 70 degrees. To improve the accuracy of the measurements, and
to check on the possibility of nonlinear effects, tests were run at four salt concentrations.
Figure 6 shows the essential linearity of the relative reflectance for two typical wave-
lengths. Each of the data points in Fig. 5 is the value obtained for a relative salt concen-
tration of 1.0 using a straight-line approximation such as shown in Fig. 6.

The results in Figs. 5 and 6 indicate that the agreement between the predicted and
the measured values in the 1-1/2- to 11-1/2-u range is well within the limits of experi-
mental accuracy. Beyond 11-1/2 ., however, the agreement is not as good and the two
instruments do not give consistent values. Since this region is close to a grating change
in the Model 621 spectrophotometer, it was assumed that the Model 21 data were more
reliable. Further studies in this region, to check the assumption, are being considered.
The lack of agreement beyond 11-1/2 x was assumed to result from a reduction in the
intensity of the absorption band. Although no reference to such a phenomenon could be
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Fig. 4 - Closeup of the radiation source, sample trays,
and spectrophotometer
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Fig. 5 — Relative reflectance of artificial ocean
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These data were obtained with

a Model 621 grating spectrophotometer and a Model
21 prism spectrophotometer. Although the grating
instrument has better resolution, the inherently
large sensitivity to changes in polarization of the
reflected radiation cast doubt on the reliability of
the Model 621 data above 13 pu,
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found in the literature, it seemed reasonable to assume that the presence of dissolved
salts would change the intensity as well as the vibrational frequency of an absorption
band. The magnitude of the intensity change (numerically represented by a change in the
extinction coefficient) required to provide good agreement between the predicted and the
observed values is very small. Table 3 lists the extinction coefficient corrections %’
which were calculated to provide the best agreement between the predicted and the mea-
sured relative reflectances. It should be noted that these corrections are too small to
be measured using conventional absorption-measuring techniques. The predicted curve
using the % 'correction is shown as a dashed line in Fig. 5.

Figure 7 shows the predicted and the measured values of the relative reflectance for
an angle of incidence of 60 degrees. Since the Model 621 spectrophotometer would not
operate properly at the tilt angle required for this measurement, only the Model 21 data
are shown in Fig. 7. It should be noted that the use of the correction # yields much bet-
ter agreement between the predicted and the observed values. Figure 8 shows the effect
of changing the salt content for two typical wavelengths.

)

1.06

MODEL NO. 2!
104 ° O‘/_

() PREDICTED
1.02 ) 3 VALUES
? o
1.00
-
-
M

TH k' \ 6
CORRECTION g\ 7
096}— tl.5’o

QCEAN WATER
PURE WATER

098— wi

094 I ! | | |
4 6 8 10 12 14 16

WAVELENGTH (MICRONS)

RELATIVE REFLECTANGE ('

Fig. 7 - Relative reflectance of artificial
ocean water at a 60-degree angle of inci-
dence (sample temperature 25°C). The
value for k' applied in Fig. 5 to obtain a
correct curve is also used here to adjust
the relative reflectance curve.

As the result of physical limitations imposed by the tilt table shown in Fig. 3, the
smallest angle of incidence obtainable was 34 degrees. Figures 9 and 10 contain the cor-
responding results obtained for a 34-degree angle of incidence. Here too, the use of %'
improves the accuracy of the predictions. The larger scatter observed is probably at-
tributable to the low beam energy caused by the very low reflectance of water at small
angles of incidence.

It should be noted that all the measurements contained in this report were made at
25°C and that the data in Table 1 were obtained at 35°C. Since data at low temperatures
are not available, the infrared properties in Table 3 and Table 1 should be used with
caution when low water temperatures are being considered.

CONCLUSIONS AND RECOMMENDATIONS

1. In the infrared region between 1-1/2 and 8.8 u,the extinction coefficient for pure
water can be used to provide a good approximation to the extinction coefficient of ocean
water for any chlorinity up to 38%.. The index of refraction for pure water, plus a cor-
rection for the dissolved ion effect, can be used to provide an equivalent approximation
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to the index of refraction of ocean water. For a chlorinity of 19.07., the correction rec-
ommended is 6 x 10-3 and is a linear function of the salt concentration (chlorinity < 387%,).

2. In the infrared region between 9 and 11.6 u, the values for the index of refraction
and the extinction coefficient given in Table 3 are recommended for 197,, chlorinity ocean
water. For other values of salt concentration, a linear interpolation or extrapolation be-
tween the values contained in Table 3 and Table 1 is recommended.

3. In the infrared region between 11.8 and 15 4, it is recommended that the additional
correction %' be used pending further studies. For other salt concentrations some inter-
polation or extrapolation may be necessary.
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and 34 degrees. The agreement between the calculated and the measured values
is well within the limits of experimental accuracy.
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