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CHAPTER 1

INTRODUCTION

If the sun is considered to be a black body radisting at a temperature of
5780o Kelvinl, the power per unit area P emitted by the sun equals oTh, where
g is the Boltzmann constant and T is the temperature of the body. It is usually
assumed that the earth absorbs incoming solar radiation, most of which is in

the visible region of the spectrum, at the ratel of 1.966 cal cm™2 min™t

, and
re=radiates this energy recieved from the sun as a gray body at a temperature
of 285° Kelvin2 with maximum intensity in the infrared region of the spectrum.
Actually, the radiant power emitted by the earth is given by the equation
P= I: e(v)+B(v)dv; where P is the total radiant power per unit area; e(v) is
the emissivity of the earth at frequency v; and, B(v) is the radiated power per
unit area in & unit fregquency range at frequency v for a black body at the seme
temperature as the earth. The emissivity of any bedy 1s characteristic of the
surface of the material composing the body. Since the surface of the earth is
composed of many different materials, an approximation must be made,

Because approximately eighty percent of the earth's surface is covered
by sea water, the earth may be crudely spproximated as a sea-~water=covered
sphere., With this approximation, the emissivity function for sea water can
be used for the entire earth's surface. Although the emissivity as a function
of frequency for sea water is not known, the emissivity of pure water can be
expressed in terms of the real and imaginary parts of the index of refraction,

1

n, and ng e These values throughout the infrared region from 5000 cm — to

300 em™t have been determined in recent studies by Irvine and Pollack3, Pontier

5

and Dechambenoyh. Querry, Curnutte, and Williams”, Zolatarev, Mikhailov,

Aperovich, and Popovs, end Rusk, Williams, and Querry7.



The normal-incidence reflectance Ry is given by the Cauchy relation:

RO = (nr . 1)2 & nia" (1)

The imaginary part of the index of refraction can be determined from measurea
ments of fractional transmittance T for samples of known thickness x, according
to Lambert's law: T = (l-p) e'kx, where p is the fraction of incident radiant
flux reflected at the cell window and k is the absorption cocefficient which is

related to ny by the expression:
S = -

With measured values of ny and R,, the real part of the refractive index can
be determined from Eq. (1). The value of R, for pure water can be reparded as

=l
1 to 300 em from published

well known in the infrared region from 5000 cm
values of n_ and n; for pure water,

The purpose of the present work was to compare the optical properties of
sea water with those of pure water in the infrared region of the spectrum.
Comparison of the spectral reflectance of ses water at normal incidence with
ihat of pure water was chosen as a method of comparison. The experimentsl

vert of the study involved measurement of the ratio of Ry for sea water with

Rusk's recent direct measurements of R, for pure water.a



CHAPTER 2

THE SPECTRAL PROPERTIES OF WATER AND AQUEOUS SOLUTIONS

Before beginning a discussion of the details of the p: 3ent study, a
review of the known spectral properties of water and of agueous solutions in
the infrared will be given., In discussions of the general spectral character=
istics of water and of agqueous solutions, e distinction must be made between
spectral sbsorption and spectrel reflection. We shall first discuss the
spectral absorption of water, followed by the spectral reflection of water,
the properties of the absorption spectra of some aqueous solutions, and the

spectral reflectance of some agueous sclutiens,

A, Absorption Spectrum of Water

In the vapor phase, the water molecule has three normal modes of vibration

9 are (1) a weakly infrared-active

in the near infrared. The three normal modes
symmetric valence vibration vl associated with a fundemental sbsorption band at
3651.7 cm-l, (2) a scissors=tyve bending mode Vo associated with a fundamental
band at 1595 cmfl, end (3) an esymmetric valence vibraticn vy associated with
a fundamental sbsorption band at 3755.8 em™l., The last two normal modes are
foundl0 to combine to give an absorption band attributed to v, + V3 centered

1 and also higher overtones such as 2v, centered at 31514 emn™l.

at 5332.0 cm”
In addition to the sbsorption bands associated with the normal modes of vibra-
tion, the water vapor absorption spectrum alsc contains many absorption lines
in the far infrered due to transitions between rotatiocnal levels; these pure-
rotational lines are found in the swmectral region between 1060 cm-l and 1 cm-l.

In the liquid phase, the near-infrared spectrum of water is cherseterized



by strong sbsorption bands, three of which can be attributed directly to the

normal vibrational modes of the water molecule, A broad intense abserption

1

band is centered at 3430 em™ and can be attridbuted to the 2v5, vy, &nd vq

1 end is attributed

to vy, The third band is a broad, less intense band centered at 5140 em™? and

attributed to vy & 93.11

vibrational modes. A narrow band is centered at 1630 em™

In the fer infrared, liquid weter has two absorption bands: vy at 685 em™1,
attributed to hindered rotations or librations, and vp at 170 cm'l, attributed
to hindered translations of the molecule in the fleld of its neighbors.12

Liquid water also has three wesk associational absorption bands located
at 2130 cm?l, 3950 cm‘l, and 5600 cm~l. The strongest of these bands is the

1 11

one observed at 2130 cm™ and has been attributed to v, + vp, = vp.

B, Reflection Spectrum of Liquid Water

The normale-incidence reflection spectrum'of liquid water in the region
from 5000 em™ to 100 em™t is dominated by three major features as indieated

in Fig. 1. (1) The first feature is a minimum in reflectance values located

1 followed by a maximum in reflectance values at 3200 cm‘l; this

feature is associated with the water absorption band centered at 3430 cm-l.

near 3650 cm™

The reflectance minimum has a velue of 0,0052 and the maximum a value of

0.0416, Reflectance values decrease from the maximum at 3200 cm™T until the
second major feature of the water reflectance spectrum is reached. (2) The
second feature consists of a minimum at 1700 cnfl with e reflectance value of
0.0117, followed by & maximum at 1610 em~t of 0,02363 this feature is associated
with the v, absorption band of the water molecule. (3) The third major feature

of the reflectance spectrum is associeted with the vy, ebsorntion band. This
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feature consists of a minimm at 910 cm — and a maximum at 420 cm'l, with

reflectance values of 0.0075 and 0,0667, respectively.a It should be noted in
Fig. 1 that the values of reflectance generally are greater following (at lower
frequencies) one of these major features than before the feature at higher

frequencies,

C. Influence of Solutes on the Absorption Spectrum of Water

In the spectral region from 5000 em™l to 100 cm'l, the major features of
the absorption spectra of aqueous sclutions of electrolytes consistinz of mone=
tomic ions are, in general, similiar to the major features of the liquid-water

gbsorption spectrum, However, the absorption bands of weter are shifted

slightly in frequency when solutes are added, Williams end NﬂllettlB studied

the shifts of the water absorption bands in the region between TOOO cm'l end

1

1600 em — produced by the addition of alkall halides and mlkaline-earth halides

to water, It was found that, in general, the presence of large ions such as
1" produced shifts in the frequencies of the water sbsorption bands that are
similiar to the shifts produced by the increase of the water temperature,

Increasing the water temperature causes the sbsorption bands centered at

1 &

1630 em™ and 2130 cm™~ to shift slightly to lower frequencies, and the sbsorp-

tion bands centered at 3430 en™l and 5140 cmfl

k

to shift slightly to higher fre-
quencies. Draegert and w1lliamsl in their far-infrared studies obtained
gimiliar results for the weter absorption band VL, In general, the freguency
shifts observed increased with inereasing concentration, Most of the absorptien
bands of water broaden with increasinez concentration of the slkali halides,

The absorption spectra of solutions containing electrolytes yieldines moly-

atomic ions show additionel absorption bands, which are associated with charace



teristic vibrations of the polyvatomic ions. The C103_ ion has a characteristic
ahsorption band centered near 625 cm_l; in solution this band was found to

increase in intensity with inereasing ion concentration.lﬁ The polyatomic ions
504_- and HCOS- also have characteristic ahsorption bands. The sulfate ion has
an ahsorption band near 1100 cm_l, as does the hicarbonate ion near 1300 cm-lg
the ahsorption bands of both of these ions can bhe associated with an asymmetrice

stretching of the ion.15

D. Influence of Solutes on the Reflection Spectrum of Water

The reflectance spectra of aqueous solutions is also dependent upon the
nature of the solutes. Rhine16 studied the normal-incidence reflectances of
various aaqueous solutions of alkali halides as a function of concentration. He
reported no major spectral features other than those characteristic of the
water reflectance gpectrum itself, However, the major features of the water
reflectance spectrum were shifted slightly in frequency and slightly changed in
shape. He also ohserved that in spectral regions remote from the three major
features of the water reflectance spectrum, reflectance values generally in-
creased with increasing concentration of the solute.

It would hbe expected that reflection spectra of aqueous solutions of elec-
trolytes yielding polyatomic ions that have strong absorption bands should also
exhibit additional reflectance features other than those characteristic of the
water reflectance spectrum itself, Variations in reflectance values of these
expected additional features ﬁith ion concentration mipht also be anticipated.

Sea water contains the polvatomic ions SO& " and HC03_ which might he exnected

to produce reflectance features not present in pure water.



CHAPTER 3

EXPERIMENTAL METHODS

Since the'burpose of this study was the comparison of the optical proner-
ties of sea water with pure water, the composition of sea water will be dise
cussed before the explanation of the experimental methods that were used.

Sea water contains ninty-two elements ranging in concentration from oxygen,
with an average concentration of 857 grams per liter of sea water, to raden,
with an average concentration of 0,6 x 10'18 grams per liter of sea water,
with traces of other elements of an even smaller concentration. However, only
ik elements (O, H, C1, Na, Mg, S, Ca, K, Br, C, Sr, B, Si, and F) have concen-
trations greater than one part per million.lT Since we are concerned with a
comparison of the reflectance spectrum of sea water with the reflectance spec=-
trum of pure water, the concentration of various ions in sea water is an impor-
tant factor. Teble I lists the major ion constituents and their molarity as
found in a representative sample of see water, The chloride ion has the
greatest concentration, 0.56 molar, with the sodium ion having the second
highest concentration of 0,48 molar., Other constituents have concentrations
less than 0.03 molar,

As & result of these small concentrations, identification of features in
the reflectance spectrum of sea water prove difficult. Therefore, reflectance
spectra of major ion constituents of sea water were investipated at concentra-
tions greater than those found in sea water, thus enabling any spectral
features characteristic of a sea-water constituent to be easily identified.

By successively reducing the concentration of a sea=water constituent until ite
actual concentration as found in sea wate; is reached, it is vpossible to attri-

bute any additional features observed in the sea water reflectance smectrum



other than those characteristic features of the pure water reflectance spectrum

to the correct constituent of ses water,

A, Choice of Solutes and Concentrations

Although the sodium and chloride ions have larger concentrations than any
other major constituent ions in sea water, agueous solutions of sodium chloride
were not investigated, In solution, sodium chloride yields sodium and chloride
ions which are both monatomic and afe not expected to produce any sdditienal
spectral features in the water reflectance spectrum. Also, Millett and
WilliamslB observed only a very slight frequency shift in the water absorntion

bands centered at 1600 em2

and 3430 cm™' when NaCl was added to water.

It was declded to investigate first the reflectance spectira of sgqueous
aoclutions of MgCl,. This electrolyte in water ylelds Hg++ ions and C1™ iens.
Since both anion and cation of this electrolyte are monatomic, no additional
features were expected to be observed in the reflectance spectrum of water,

The reflectance spectra of agueous solutions of KHGO3 were chosen for
study next., In solution, KHCO3 yields a monatomic K* ion and a polyatomic

16

BC03' ion, It has been shown™® that the K' ion will add no major features to

the water reflectance spectrum, However, the bicarbonate ion may add some
features to the water reflectance spectrum because of its strong absorption
band centered near 1300 cm~>, It is conceivable that KHCO3 in solution might
yvield a kK* ion and = polyatomic 003- ion, with the E* ion bonding to a water
30". It has been found, however, that in sea water, the
HCO3' ion has a concentration ten times greater than the 003- ion, and that

molecule forming H

3

ions ere freE.lT In either case, the 003" ion has a strong absorption beand

69% of the HCO3- ions in sea water are free ions, while only 9% o* the CO
15
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centered near 1450 em — so that any additional features arising in the reflec-

1 to 1300 emt

tance spectra of KHCO3 solutions in the region from 1%50 cm
could be attributed to either the HCO3- ion or the 003" ion, but most probably
the HCOZ™ ion.

Since the magnesium ion end the sulfate ion are the third and fourth most
gbundant ions in sea water, reflectance spectra of agueous solutions of MgSQ),
were also chosen for study. Again, any additional features observed in the
reflectance spectra of MgSO), solutions other than those characteristic features
of the water reflectance sp;ctrum would be attributed to the polyatomic soh“
ion., Should reflectance features characteristic of the sulfate ion oceur,

they should be cbserved near 1100 et

where the sulfate ien has g strong absorp=-
tion band.

Finally, it was decided to investigate the reflectance smectre of agueocus
solutions of Kzsoh. This would provide a verification of any characteristie
features of the sulfate ion observed in the reflectance studies of MeS0),
solutions,

It was decided to investigate first the reflectance spectrum of each sea=
water constituent at its near maximum concentration. Therefore, any additional
features in the sea-water constituent's spectrum would be clearly evident.
Then, if the concentration of the sea-water constituent were halved and the
reflectance spectrum observed, sny additional reflectance features other than
those characteristic to the water reflectance spectrum could be studied as a
function of concentration. By successively halvine the concentration of the
ses~water constituent until its concentration reaches the value as found in
sea water, any additional spectral features cbserved could be identified with
corresnonding spectral features observed in the reflectance smeetrum of real

sea water,
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B, Experimentel Apparatus

The reflectometer used in this study is shown schematically in Fig. 2,
Radiant flux from globar A is directed by plane mirror B and sphericgl mirror
C to the water or ses=-water-constituent sample at D, The reflected flux is
then directed by sphericel mirror E and plane mirror F to the spectrometer
entrance slit G, This arrangement allowed near=-normal incidence, as the centrsal
rey of the incident flux reeching D was incident at an angle of avproximately
4 degrees, _

The spectrometer employed was a PerkineFElmer Model 112 single-beam, double-
pass instrument with a Reeder thermoccupnle employing a CsBr window ag a detec=
tor. A NaCl prism was employed and calibrated in terms of the atmospherie
absorption by water vapor and carbon dioxide, and by emmonis vapor. A calibra-

tion curve was used similiar to Rhine's calibration curvel6 which employed 33

1 1

Hpo0 and CO, vapor sbsorption lines in the region from 3900 cm — to 1350 cm

and 20 ammonia vapor absorption lines in the region frem 1230 cm-l to T80 cm'l.
A calibration check was made periodically by checking atmospherie Hao and 002

1

vapor sbsorption lines at 3881 cmfl, 3740 cm™ , and 3619 cm™l to insure cone

stant calibration,

C. Sample Preparation and Experimental Procedures

The sea=water=constituent samples were prepared by dilutine a measured
weight of standard reapent grade chemicals with distilled, de-ionized water to
a measured volume of solution, thus giving a solution of a known molarity.
After experimentation with a sea-water-constituent sample, the volume of the
sample was doubled by the addition of wat;r, thus-hnlving the molarity.

Pure sea-water samples were collected from four locations: Panama City,
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Floridaj St. Marks, Florida; Woods Hole, Massachusetts; and San Simeon Beach,
California. All samples were collected within one=half mile of shore, excent
for one sample from St, Marks, Florida, which was collected four miles from
shore. Care was taken to collect sea-water samples a&s relatively free of
organic matter and insoluble material es possible,

Bince the reflected flux from the surface of the pure water or ses=-water-
constituent sar:le was small compared to the flux incident on the surface of
the sample, a relatively high amplifier galn was used, To commensate for the
increased noise caused by high amplifier gain, relatively wide spectrometer
aiit widths were employed. The region of the spectrum studied was from
k100 em T to 780 em™l, This region was divided into seven suberegions or
intervals, Over the first interval from L100 em™> to 1900 cm'l, s spectral
slit width varying from 85.3 cm™! at 4100 em™t to 14,2 cm™! at 1900 em™t vas
employed., However, over the last interval studied from 832 em™l to 780 em=l,

a spectral slit width that varied from 11.9 cm™t

1

at 832 cm"l to 9.6 cm™! at
780 cm™~ was employed, The decreasing spectral flux and the increasing disver-
sion of the prism as the spectrum was scanned from thO.cm'l to 780 en™! neces-
‘sitated the increase of amplifier gain for each successive interval observed in
order to obtain a satisfactory spectral tracing on the recorder chart,

The data were obtained for the seasswatereconstituent samples in the fol=-
lowving manner., (1) Distilled, de-iocnized water was poured into a 200-ml beaker
to a marked depth of approximately 2-cm, which was an adequate depth to elime
inate spurious reflection from the bottom of the beaker, and pleced in nosition
D in Fig, 2. (2) The reflectance spectral trace of the pure water samvle was
reccrded over an interval of ﬁhc spectrum, (3) The incident beam was blocked

by placing a metal plate between the globar source and the first plane mirror

located at B in Fig. 2, and the spectral trace of the zero=level radiation was
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recorded with the water sample still in place at D, (4) The pure water sample
wes then replaced by the sea=-water=constituent semple at'D. and the reflectance
spectral trace was recorded apain over the same interval., (5) Aeain the inci-
dent beam was blocked as before in step (3) and a zero-level was recorded over
the same interval with the sea-water=constituent sample in place at D, All
four reflectance traces were recorded on the same chart paper with the spec=
trometer prism positions coineiding on all four treces; amplifier gain snd
spectrometer slit widths wuré the same for all four traces recorded on that
interval,

The same procedure was used when reflectance data were pbtained for real
sea~-vater samples. For each sea-water-constituent sample and sea-water sample,

1

reflectance data were recorded over the region from 4100 em — to 780 em™l at

least twice.

D, Data Reduction

A representative sample of raw data for an interval of the region of the
spectrum studied is shown in Fig. 3. The reflectance trace AA gives the chart
deflection obtained from a ses-water-constituent sample or sea-water sample
during step (3) of the preceeding section, The trace A'A' shows the chart
deflection for the zero;leval for the same sea-vater-consﬁituent or seaewater
sample as described in step (4), The trace BB in Fig. 3 shows the chert deflec=
tion for the pure water sample when it is placed at D in Fig, 2 as deseribed
in step (1) of the preceeding section, and the trace B'B' shows the zerc=level
chart deflection for pure water obtained as in step (2).

The points P, Q, P', and Q' in Fig. 3 are, respectively, the intersection

points for the reflectance traces AA and BB and the zero-level traces A'A'
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and B'B', with the line Le. The spectrometer prism was in the same position
for each trace at the intersection points aloné L,. Also, along the line I,,
the intersection of line L, with the traces AA, BB, A'A', and B'B', resneca
tively, at the points §, T, T', and S' occur at the same spectrometer bprism
positioninz. A correlation between the prism position at line Ll or L, and the
frequency of the radiant flux causing the chart deflection at L1 or L2 can be
obtained from a calibration curve. The calibration curve for the NaCl orism
used in this study was constructed by observing known chart deflections at the
known frequencies of atmospheric water vapor and carbon dioxide and of ammonia
vapor, and correlating these known deflections with prism position. Alenz line
L?' the frequency of the radiant flux causing each of the four traces at points
intersecting L2 is vioi and also along Ll'

causing each of the four traces at points intersecting L1 is URE where the

the frequency of the radient flux

correlation of prism positions at L1 and L2 with the frequencies Vi1 and vpo
wvere obtained from the calibration curve for the NaCl prism.

The distance QQ' along L, in Fig. 3 is a measure of the megnitude of the
reflected flux from the surface of the pure water sample at frequency vps. In
like manner, the distance PP' is a measure of the masmitude o® the reflected
flux from the sea-water-constituent sample or sea=water sample at frequency
Ve By teking the ratioc of the distances 0Q' to PP', we can obtain p(vLe).
the reflectance of the sea-water-constituent sample or sea-water sample at fre-

quency vy, relative to water from the equation

pl{vyp) = (PP') / (20'). (3)

The reflectance Ro(“) of pure water at frequency Vio can be obtained from
Rusk's tsbulated values of Ro(v).8 The reflectance R(“LE) of the sea=-water-

constituent sample or of the sea-water sample at this frequeney can now be
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calculated from the equation
R(v) = p(v)sR,(v). - ()

As indicated in Fig. 3, R{v) may have values larger, smaller, or egual to
Ry(v). Thus at L,, the ratio p(vLa) has a value greater than unity, which
yields by means of Eq. (%), R(v;,) > Ry(vyo). Along I, p(vy)) has a value
less than unity, which yields R(le) < Rg(vyy)s At some frequency v, located
in the frequeney range between vp; and Vips the sea-water-constituent samplel
and the pure water sample reflect the same fraction of the incident flux,
Tﬁererore, the ratio p(v) is unity, ylelding the experimeutal result R(v) =
Ry(v).

By measuring the ratio p(v) at closely-spaced points in Fig, 3, and multi-
plying this ratio by the tabulated value of R,(v), the reflectance R(v) of
either a sea-water-constituent sample or a real sea-water sample msy be plotted
versus frequency over the whole spectral rézion studied,

In this study, the experimental uncertainty in the determination of the
fractional reflectance R(v) was estimeted to be #5%; thé limitations in deter=
mining R(v) were imposed by uncertainties in amplifier noise, reproducibility
of prism setting, and possible errors in data reduction. Therefore, any values
of R(v) for the see-water or sea-water-constituent sammles which were found to

be within #5% of R (v) were considered to be indistinguishable from Ry(v).
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CHAPTER b

EXPERIMENTAL RESULTS

A. Sea=Water-Constituent Samples

Figure 4 shows the spectresl reflectance R(v) for 3.90 and 1.95 molar
solutions of MgCl, and of pure water for the spectral region observed; the
spectral reflectance R(v) is plotted versus frequency v. From the reflectance
studies of agueous solutiens of MgUla it was found that neo additional features,
other than the three characteristic features of the water reflectance spectrum,
were observed., Reflectance values of the H’gc}.2 solutions are grester than the

reflectance values of pure water over the spectral region from L4100 cm'l to

1l 1

80 cﬁ'l, and less tan the water reflectance values from 840 em™ to 780 em -,
In general, the greater the concentration of the Mgﬁla solution, the grester
the reflectance values,

There are twe regions where major festures in reflectance spectra of the
MgCl, solutions are shifted in frequency with respect to the major features of
the water reflectance spectrum, The most noticeable shift occurs in the reeion
near 900 emfl. The minimum value of the 3,90 molar reflectance spectrum in

this region is shifted 75 em~t to lower frequencies with respect to the minimum

value of the water reflectance spectrum near 900 em T

1

« The 1,95 molar MgCl,

solution hes a frequency shift of 20 cm — with respect to the water reflectance

spectrum, The second spectral region where a frequency shift occurs is near

3200 cm'l. The meximum value of the 3,90 molar solution's reflectance speetrum

1

is shifted 20 em — to lower frequencies, and the reflectance spectrum of the

1.85 molar solution is shifted 10 em™t

to lower fregquencies with respect to the
maximum value of the water reflectance spectrum,

Since no additional features other than the three mejor features were
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observed in the water reflectance spectrum when MgCl, was added, it is antici-

2
pated that neither the Mg™* lona or the C1™ ions will cause any additional

features in the infrared reflectance spectrum of real sea water,
Figure 5 shows the reflectance plotted versus frequency for 1,85 and
0.985 molar solutions ef KH003 end for pure water, No additional features are

observed in the reflectance spectrs of the KHCO3 sclutions over the interval

1 1 1 1

from 4100 em ~ to 1500 em . From 4100 em~ to 3640 em™, the reflectivity o?

the KEC03 solutions is greater than the reflectivity of water, with the sclu-
tion of greater concentration having the greater reflectivity. The KH003

solutions end water have epproximately the ssme reflectance values from

3640 cm™t to 3uk0 cmrl. From 3440 em™ to 3000 cm-l, the water has preater

reflectance values than the KHCO3 solutions, with the solution of greater cone-

centration having the smaller reflectance values, Over the spectral repion

1

from 3000 cm ~ to 1820 cm?l. the KHCO; solutions sgain have areater reflectance

values than water, while the minimum at 1700 emt is reversed, with water havins

the largest reflectance value and the 1,85 molar KHCO3 solution having the

1

smallest reflectance value, At the reflectance maximum at 1610 cm —, the KHCO4

solutions have greater reflectance values than water, with the preater concen-

tration having the greater reflectance value, Over the spectral region from

%

=1 ==
4100 em = to 1500 cm —, the KHCO5 reflectance spectra, in general, resemble

the water reflectance svectrum, There are no additional features added to the
water reflectance spectrum and no frequency shifts are observed at the maxima
or minima of the reflectance spectra of the KHCOB solutiens with respect to the

major features of the water reflectance spectrum over this spectral region “rom

4100 em™ to 1500 cm~l,

1 1

However, between 1500 cm™~ and 900 em” , an sdditional feature is cbserved

in the water reflectance svectrum when KHCO. is added. This additional feature

3
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1

consists of a minimm in reflectance values at 1400 em — followed by a maximum

at 1320 cmfl. The greater the concentration of the KHCO3 solution, the greater
the value of reflectance at the maximum and the smaller the value of reflec-
tance at the minimum, If it is essumed that agqueous solutior of KHCO4 yield
k" ions and RCO3' ions, this additional feature of the KHCO3 reflectance spec=-
trum can be attributed to the HCO3™ ion which has & stronz ebsorption band near
1300 em™,

In sea vater, the concentretion of the HCO;™ ion is 0.00238 molar, Fow=
ever, it wes observed in this study that the maenitude of this additional
feature in the KHCO5 spectrum had reduced to within #5% of the reflectance
values of pure water when a 0.25 molar solution of KHCO; was studied, There=
fore, it was not anticipated thet the HC03' ion would cause any additional
features to be observed in the reflectance spectrum of sea water.

Figure 6 shows the reflectance spectra of 1,98 and 0,995 molar solutions
of MgS0), end of pure water., Over the specfral region from 4100 cmfl to
1koo cm‘l, the reflectance spectra of solutions of MzSO), resermble the reflec-
tance spectra of the MgCl2 solutions shown in Fig. h, aé the reflectance snpeéce
tra of the MzS0y, selutions also have the mame characteristic features as the
water reflectance spectrum in this spectral region. The MgS0), solutions have
reflectance wvalues greater than the reflectance values of water in this region,
with the more concentrated solutions of ngsoh havinz the greater reflectance

. to 1400 cm™!, there are no

values, In this spectral region from 4100 em
frequency shifts cbserved of the maximum or minimum reflectance values of the
MgS0), solutions when corpared with the corresponding maximum or minimum of the
weter reflectance spectrum,

There is, however, a very sharp additional feature occuring in the MeS0)

reflectance spectrum which does not correlate with any major feature of the
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vater reflectance spectrum, This additional feature, located in the spectral
region between 1400 cmfl and 900 cufl, consists of a minimum in reflectance

1

values of the MgS0), solutions at 1150 em ~ followed by & maximum in reflectance

values at 1080 cmrl. Since the soh" ion has a strong absorption band centered
near 1100 cm.'1 caused by esymmetric stretching of the soh‘“ ion, this addi=
tional feature of the MgS0), reflectance spectra can be associated with this
strong absorption band, It was observed that the magnitude of the maximum and
minimum of this feature decreased with decreasing concentration of the Mgsoh
solutions., However, it was observed that when the molarity of the MgS0), solu=
tions was successively halved and the reflectance spectrum investigated, reflec-
tance values of this feature were still appreciably different from pure water
reflectance values in this region until the concentration of the Mgsoh solution
was reduced to 0.031 molar, This concentration is near the wvalue listed in
Table I for the actual sulfate ion concentration as found in real sea water,
Therefore, if any additional features are found in the sea water reflectance
spectrum in the svectral region near 1100 cm'l, this feature micht be attri-
buted to the S0, ion,

For verification, a 0.5 molar solution of K550, was investipgated, The
reflectance spectrum of this soclution matched the reflectance spectrum observed
for the 0.5 molar solution of MgSOh. This adds further evidence to the assump-
tion that the characteristic feature of the reflectance spectra of the Mgsoh
solutions observed near 1100 cm.l can be attributed to the soh" ion ebsorptien

band centered at 1100 cm Y,
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B. Sea-Water Samples

The reflectance spectra for three different see-=water samples is shown in

X

Fig. 7. Over the spectral region from 4100 em™L to 1100 cm —, the reflectance

spectra of all see~water samples observed was found to be identical to the

pure water reflectance epectrum within the experimental error of 25% in R(v).

1

From 1100 em™t to 780 em™ y & devietion of the reflectance spectra of the

three sea=water samples from the water reflectance spectrum is observed, This

deviation is largest near 1100 et

tion band centered near 1100 em~Y,

and ccould be attributed to the soh" absorp-

The reflectance spectrum of the ses-water sémple collected at San Simeon
Beach, California was identical to the pure water reflectance spectrum, within
experimental error, over the whole spectral region observed from 4100 cm'l to
780 cm™t,

Because of the slight deviation observed in the sea water reflectance
spectra from the pure water reflectance spectrum, the modification to the

reflectance spectrum of weter by replacing pure water with sea water may be

considered a marginal medification.
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CHAPTER 5

DISCU'SSION OF RESVLTS

In this study, the optical properties of sea water were to be compared
with the optical properties of pure water by using the near-normal reflectance
spectrum as the method of comparison. It was observed that onlv aqueous solu-
tions containing HCO3_ or 504—- ions produced any features other than those
observed in the water reflectance spectrum, The feature near 1100 cm-l
observed in the reflectance spectra of solutions containing the SOa-_ ion
was observed to be much stronper than the feature near 1400 cm_l observed in
the reflectance spectra of solutions containing the HCO3— ion. Since the
magnitude of hoth of these features decreased with decreasing concentration of
the ion assumed to cause these features, it was observed that the reflectance
spectra of only solutions containing the 504-_ ion deviated appreciahly from
the water reflectance spectrum at concentrétions near those found in sea
water. Therefore, it was assumed that the deviation of the reflectance spectrum
of sea water from the reflectance spectrum of pure water near 1100 cm—l could
- be attributed to the 504- ion in sea water., This agrees with the conclusion
reached by Plyler and Griff19 by ahsorption studies.

However, this deviation of the reflectance spectrum of sea water from pure
water is slipht. Because of this slight deviation, the sea water reflectance
spectrum may be approximated by the pure water reflectance spectrum, It is
therefore possible to use pure water values of n, and n, for sea water to a

i

good approximation in computing the emissivity of sea water.
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TABLE I

This table lists the eleven most concen=
trated constituent ions found in sea water
and lists their concentration as found in
an averapge sample of sea water,



Constituent

Chloride
Sodium
Sulphate
Magnesium
Calcium
Potassium
Bicarbonate
Bromide
Strontium
Boron

Fluoride

ROTE:

TABLE 137
Constituent Ions in Sea Water
gn. ke, of water of
salinity of 35%/00
19.353
10,76
2:.T12
1,294
0.5413
0.387
0.1k2
0,067
0,008
0,00k
0,001
Riley and Skirrow only give values for srems of
constituent per kilogram of water of salinity
of 35 parts per thousand, which is an averare
salinity for sea water. Molarity was caleculated

using an averspge density of sea water of 1,025
grams per cubic centimeter,{18)

Molarity

0.56
0.L8
0,0278
0.05k6
0,0105
0,0102

0.00238

22
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FIGURE 1

The reflection spectra of pure water
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FIGURE 2

A schematical diagram of the reflectometer
employed in this study
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FIGURE 3

This figure is a representative set of
raw data for an interval of the spectrum
observed in this study,
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FIGURE 4

The spectral reflectance of 3,90 end 1,95
molar solutions of MgCl, end of water
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FIGURE 5

The spectrsl reflectance of 1,85 and 0,985
molar solutions of KHCC}3 and of water
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FIGURE 6

The spectral reflectance of 1.98 and 0,995
molar solutions of MgSO) and of pure water
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FIGURE T

The spectral reflectance of three sea-water
samples and of pure water
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The purpose of this studv was to commare the optical properties of sea
water with those of pure water in the infrared reqion of the spectrum. Com=-
parison of the smectral reflectance of sea water with that of pure water was
chosen as the method of comparison, as the snectral reflectance of pure water
was considered to be known.

Sea water is comnosed of 92 elements, but only aqueous solutions of those
elements forming polyatomic ions produced any additional features in the water
reflectance spectrum. The reflectance spectra of aqueous solutions of Mquz.
KHCO., K_.SO,, and MgSO, were studied, and it was observed that onlv those solu-

3 2 4 4

tions containing the HCO3- ion or the 804-_ ion caused additional features to
be observed in the water reflectance spectrum. It was also observed that the
magnitude of these additional features decreased with decreasing concentration
of the ion causing the feature.

The fractional reflectance of sea-water samnles collected from the Atlan-
tic, Pacific, and Gulf of Mexico was observed to be identical, within an uncer-
taintvy of 5%, to the pure water reflectance values over the spectral regicn

L to 1100 cm_l. From 1100 cm-l to 780 cm-l, the sea-water samnles

from 4100 cm
were observed to have reflectance values differing by more than #5% from the
pure water values, with maximum deviation from the pure water reflectance
values occurring at 1100 cm-l. This was the same spectral reqion that a strong

additional feature was observed in the reflectance spectra of aaqueous solutions

containing the 804-_ ion. However, because of the small concentration of the

504 ion in sea water, this feature was reduced to a small deviation from the
pure water reflectance values near 1100 cm-l.
It was therefore concluded that the sea water reflectance svectrum may be

approximated bv the pure water reflectance spectrum. This allows the use.of

pure water optical constants in calculations of the emissivity of sea water,



