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ABSTRACT

Measurements of air temperature fluctuations as close
as 2.5 cm above the surface of a pond in the presence of
wind generated waves were made. Fast response thermistors
were used, one at constant absolute height and one mounted
on a styrofoam float.

Data were collected on an Ampex CP-100 tape recorder
using FM record amplifiers and a tape speed of 1 and 7.8 ips.
The data were digitized by an SDS-9300 hybrid computer and
analyzed by an IBM 360/67 digital computer.

Temperature fluctuations as large as 5°C, in as little
as 0.2 seconds were observed with the float mounted
thermistor.

There was strong correlation between the fixed and
floating thermistor readings, with the fluctuation ampli-
tude of the floating thermistor being more than three
times larger than the fluctuation amplitude for the fixed
thermistor. This ratio decreased when the height of the
float mounted thermistor was raised.

Signal analysis revealed periodic components of tem-
perature fluctuations associated with the wave action.

The largg fluctuations measured by the floating ther-
mistor are believed to be caused by the vertical mc ion of
the thermistor in a large vertical temperature gradient
immediately above the sea surface. More detailed instru-

mentation is needed to confirm this hypothesis.
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I. INTRODUCTION

A. BACKGROUND

The heat which passes to the atmosphere through the
surface of the ocean probably provides the principal source
of energy for atmospheric motion. This systematic flow of
heat to the air exerts a controlling influence on the
development of ocean storms and air circulation, yet most
forecasting models must ignore the action at the sea-air
interface because there is neither the basic understanding
of the processes involved nor sufficient observational
information. Clearly the importance of air-sea interaction
lies in terms of the large scale dynamic processes influ-
encing the weather, but in order to understand the macro-
processes, it is first necessary to understand the
microprocesses occurring at the air-sea interface. This
study is an attempt to look into one narrow aspect of this
relatively unexplored domain, namely, the temperature field
immediately above the sea surface.

Such studies yield information on the magnitude of
temperature flucturations near the sea surface, the gradient
of temperature above the surface and an indication of turbu-
lence very near the waves. Further, the development of
instrumentation to make these measurements is necessary
before direct measurement of heat flux can be made by the

eddy correlation method:







Calm to very light and variable winds for purposes
of comparison with data collected at higher wind
speeds.

Light winds, 2 to 4 meters per sec.

Higher winds, 7 meters per sec.
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tests gave a time constant of .0505 seconds with a standard
deviation of 0.009.
These results are biased by the finite time

required for the sensor to move into the new environment and
by the amount of temperature change in the rod. Qualitative-
ly, oscillations with frequencies greater than 20 Hz are
observed on the record (with no estimates, of course, of
what percent of the actual change is recorded).

3. Thermistor Velocity Effect

When using thermistors to measure temperature in a

moving fluid, the electrical current applied must be low or
power will dissipate in the bead as heat and mask the desired
temperature of the environment. Flow past the bead will
remove this heat at a rate proportional to fluid velocity.
This is called "velocity effect." With 0.2V applied to the
thermistor bridge, calculations indicate power dissipated
in the bead is about 1 microwatt. ©No velocity effect is
theoretically expected at this power level [Rasmussen 1961].
Nevertheless tests of the effects of wind velocity on
indicated temperatures were made using a portable wind
tunnel. These tests (Figure 4) show there was no change in
indicated temperature for Winds from 0 to 8 meters/sec so
that velocity effect is indeed negligible.

Tests of this nature are extremely difficult to accu-
rately perform without the necessary sophistication in
equipment and method. The uncontrollable and undesirable

environmental changes encountered, such as actual room
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approximately 10 degrees, etc. Since most fluctuations in
temperature encountered are of'frequencies much less than
20 Hz, the phase shift is tolerable. Figure 9 is a graph
of phase shift versus frequency.

The filter, being identical for both thermistor
circuits; will have no effect on the response of one ther-
mistor compared to the other. Only in their comparison
with waves does this problem arise.

Because of the low voltage applied to the thermistor
bridge, differential DC amplifiers (Sanborn Model 8875A)
were used to multiply the output signal by 100 in order to
record it on analog magnetic tape.

7. Calibration of Thermistor Circuits

To calibrate the thermistor circuit, a mercury
thermometer was fixed adjacent to the thermistor, and both
were immersed in demineralized water that had been cooled
below the null temperature. As the water warmed up, ther-
mistor circuit out-put voltage and thermometer temperature
were recorded.

The resistance of the demineralized water was
185,000 ohms as measured by pins one-half inch apart. Thus
water resistance was large enough that its effect on the
accuracy of the calibration was negligible.

The circuit was calibrated after each data collection
run, since the slope ©f the calibrations curve depends on the
temperature at which the circuit was nulled. Figure 10 shows

two typical calibration curves. When nulled at 16.7°C the
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shown in Figure 11, the probes developed for this research
give linear results over the first seven centimeters.
2. The Probes

Silbraze rods were selected as the probe material
because of its low resistance, availability in fairly small
diameter, and its stiffness. Stiffness was desired for the
probes to eliminate the necessity of support which would
cause interference underwater. A previously used device
had supports which inserted an unacceptable capacitance
into the circuit. Figure 2 is a sketch of the wave gauge
probes.

3. The Circuit

Power for the wave gauge circuit was provided by a
Hewlett Packard Model 200 AB audio oscillator set at a
frequency of 2kHz. Voltage was adjusted to give the desired
signal amplitude for whatever wave height existed at the
time. It was generally found that the higher voltages
recorded and reproduced more effectively on the CP-100 tape
recorder. Figure 12 is a schematic of the wave gauge
circuit. The variation in resistance of the wave gauge
with wave height controls the balance of the wheatstone
bridge. The variable resistor Rl 1is used to null the bridge
circuit prior to a run,.

The transformer is necessary to provide isolation
of the bridge, which is grounded at one leg, from the tape

recorder input which is also grounded.
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4, Wave Gauge Calibration
The gauge was statically calibrated in lake water,
using a sheltered lee close to the shore, prior to each
run. With the probes barely immersed, the bridge was
nulled. Then circuit output voltage versus probe immersion
was recorded in 2 cm steps. Figure 11 is a typical wave

gauge calibration curve.

C. WIND
Mean wind was monitored by a Casella cup anemometer,

model 2056/C, bolted to the frame.

D. ARRANGEMENT OF SENSORS IN THE FIELD

A C-shaped arrangement of pipes served as a chasis to
which all sensors were mounted. In preparation for a run
the device was slipped over a steel stake driven into the
bottom of the pond. It was then oriented to properly
position all sensors, (Figure 13) and secured with locking
nuts.

The floating thermistor was mounted on a styrofoam
hemisphere shaped float, which followed the vertical wave
motion along a stretched wire. The height of this ther-
mistor above the surface could be adjusted from 5.5 cm to
2.0 cm above the moving water surface.

A second thermistor, mounted on a steel rod, was placed
at constant absolute height for each run. The wave gauge

was clamped to the frame so as to be as near as possible
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1e thermistors, and mounted in a line with them along

vave crests.

lhe Casella anemometer was bolted to the frame, at a

1t of about 3 ft. above the surface of the water.
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IIT. ANALYSIS

A. GENERAL

1. The analog data recorded on the CP-100 FM tape
recorder was digitized by use of an SDS-9300 hybrid
computer,

2. Core space limitations (24K) of the digital com-
ponent of the SDS-9300 greatly hamper its use for stochastic
analysis of all but the simplest parameters. It was there-
fore necessary to analyze the data using the IBM 360/67.
The two machines are not compatible, and a transformation
of the digitized data was necessary prior to its use with
the IBM complex. A general flow of the analization

process is shown in Figure 14.

B. PREPARATIONS PRIOR TO "ANALOG TO DIGITAL" CONVERSION

1. The 3 sets of recorded data were reproduced for
visual pre—analysis editing on a strip chart recorder.
Because the CP-100 was not used to record field calibration,
this strip record was necessary to convert the voltage
fluctuation to temperature and wave height.

2. Upon visual inspection, and to achieve the desired
results within practical considerations, the following
parameters were set for each of the 3 runs: (consisting of
the 3 sensors)

Nygquist frequency Fc = = 64 Hertz

2DT
DT = time interval between samples

length of record, Tr = 64 sec.

32
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D. ANALYSIS USING THE IBM 360/67

1. Because of the non-compatibility of the two com-
puter systems, it was first necessary to convert the data
and restow it on 9 track magnetic tape and/or on a disk
for later recall.

a. The non-compatibility is a result of the
SDS-9300 having a basic word length of 24 bits and the
IBM 360 a basic word length of 32 bits. Subprogram "FORM"
[Post, 1967] makes this conversion and simultaneously
changes the data from binary to BCD floating point real
numbers prior to restowage. Data print out was also used
at this time to check for proper conversion, comparing
against the data previously produced.

2. Much time was required to make this conversion,
resulting from the inability of the IBM system to con-
sistently read the 7 track tape. Blocks of data were
randomly skipped or repeated and although this could be
acceptable if consistantly repeatable, its randomness
would make any attempt of correlation analysis impossible.
A successful conversion to 9 track tape and a disk was
finally accomplished and a print out of all 81,000 data
points was made to establish complete continuity.

3. Autocorrelation, defined by

Liml T

= J N(t)N(t+T1)dt (4)
O

Re (1) = ooy

was solved in its finite general form of
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where uniquely for our data N = 8192 and m = 890, which
supplies time lag information to approximately 7 seconds.
To use computer graph capability, all data sets were ini-
tially reduced to a zero mean, which essentially removes
the DC bias. This also facilitates use of the autocor-
relogram to show the relative general intensity of the
data in rudimentary terms, by its mean square value calcu-
lated when TAU equals zero.

Because of the zero mean, and the relation

2 2 2 (6)

the variance is also given directly on the autocorrelogram.

4. Cross-Correlation, defined by

_ Liml T
RNy(T) = Mool é x(t)y (£+1)dt (7)

was solved in its finite general form of

N-n

RNy(r) = z xny , r=20,1,2,...m (8)

where for our specific case N = 8192 and m = 890 again
giving a time lag up to approximately 7 seconds.
The cross correlation was normalized to give values

between plus and minus one by dividing them by the auto-

correlation function at tau equal to zero for the two







IV. DATA

A. DESCRIPTION OF ENVIRONMENTAL CONDITIONS AND QUALITATIVE
DISCUSSION OF RESULTS

1. Run Number One

This run was c¢ ducted primarily to determine instru-
ment response in low w. 1ds, so that a representative spectnm
of environmental conditions would be obtained. The data
collected during this run was not analyzed statistically.
Figure 19 is a segment of the recorded data from the float-
ing thermistor.

The calm wind condition was periodically interrupted
by gentle gusts with almost immediate small wave generation.

This record provides an interesting comparison with
data collected during stronger winds with larger waves
(Figures 20 and 29).

2. Run Number Two

For this run the floating tﬁermistor was positioned
to travel 2.5 cm above the wave surface. The fixed ther-
mistor was approximately 2 cm higher than the floating
sensor during péssage of the highest waves, and with respect
to the wave fronts, about 6.5 cm behind it.

Mean wind velocity for this run was 2.75 meters/sec.
and water temperature at a depth of three cm was 17.74°C.
The wave record indicates a predominant wave freguency of
2.1 Hz. The highest wave in each group was approximately

2.7 cm.
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Figure 21 is the power spectrum of the floating
thermistor temperature record for run two. The spectra
shows no significant interruption from its expected shape
that can be connected with wave action. There is a sug-
gestion of a peak at 0.2 Hz which could possibly be
associated with the large negative spikes visible in the
data record. However, support for this based on Figure 21
is tenuous because of the low statistical reliability of
the spectrum at low frequencies. Its relation, if any, to
wave motion can only be determined by the collection and
analysis of much more data.

The wave spectrum for this run (Figure 22), peaks
at about 2.0 Hz. The temperature spectrum (Figure 21)
should be expected to similarly peak based on visual
analysis of the chart records. Instead it is small, if
present at all. This surprising result should be given
further attention in the future.

The full 20 minutes of data collected on this run
was analyzed on a Mark 7 wave analyzer. The analyzer is
limited to frequencies above 2 Hz and therefore the spectra
below 0.7 Hz cannot be determined when using the fastest
tape speed of 60 ips (8x speed-up). The spectra above
0.7 Hz resembled very closely that of Figure 21.

The power spectrum was not corrected for signal

attenuation resulting from:
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[Pond et al, 1966]. Figure 22 is the power spectral
density of wave heights.

Figures 23 and 24 are the autocorrelation functions
for the floating and fixed thermistors respectively. The
very close agreement in shape of the graphs confirms the
similarity of the two records noted earlier.

Figure 25 is the cross correlation function between
floating and fixed thermistors. The shape of the two auto
correlation functions is again duplicated. These three
functions show the close phase relationship between the
two thermistor records. The increase in correlation at 5
seconds lag for all 3 records is assumed to be directly
related to the large negative spikes appearing in the data
records.

Figure 26 is the auto correlation function for the
assoclated wave action.

The cross correlation function between the floating
thermistor and the waves is shown in Figure 27. The sig-
nificant correlation for small lag times, and the increase
at 6 seconds adds more evidence to the large temperature
fluctuations being a result of the 5 to 7 second beat.

This data, collected at a constant height of 2.5 cm
above the undulating water surface and at a fixed absolute
height near the crests agrees very well with that reported
by Makova whose data were collected at sea, two meters

above the surface of the waves.
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and registered a mean temperature of 10.7°C. After relo-
cation, it was 15.5 cm above MWL and registered a mean
temperature of 10.3°C.

The above temperatures determined by the thermistor
calibration curves were confirmed by mercury thermometer
measurements.

Figure 29 is an excerpt from the record of data
collected on this run. Rapid fluctuations of greater than
3 degrees are fairly common, but the 5 degree spikes noted
on the previous run are missing. The amplitude of the
fluctuations sensed by the floating thermistor are again
much greater than those of the fixed. This difference,
however, is not as great as on run two.

There again is evidence of a periodic component,
attributed to the associated wave activity. A negative
temperature transient frequently coiricides with a peak in
wave height. This trend continues, even after the relo-
cation of the fixed thermistor.

Figure 30 is an attempt to summarize the vertical
profile of mean temperature and to explain the range of
temperature fluctuations recorded at various heights.

A hypothetical model of the unperturbed average
isotherms over the surface of a wave is shown in Figure
31. Selecting a coordinate system moving to the left with
wave celerity and assuming the isotherms moving to conform
with the water surface, the thermistors would then appear

to move to the left, pass through the extremes shown,
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and produce the periodic component of the temperature
spectrum.

The shape of the isotherms resembles the unper-
turbed mean wind velocity streamlines in the Miles
hypothesis for the generation of wind waves [Stewart,
19671}.

The strongest justification for the 5 degree
fluctuation of run 2 is supplied by comparison with run 3.
The existence of the 2 to 3 degree fluctuations of run 3
are considered reasonable (or possible, if you prefer).

If accepted, and if the signal recorded during run 2 is
truly temperature, then the possibility of 5 degree
fluctuations follows directly from the fact that the
general intensity of this data, essentially described by
the mean square value, is almost 5 times greater for run 2.

Specifically, the mean square values (on a relative
scale of the voltage recorded during conversion from analog
to digital) are:

a. For 30 October

(1) Float 112 volts2

(2) Fixed 22 volts?

b. For 12 November (First half)
(1) Float 22 volts2
(2) Fixed 20 volts2

c. For 12 November (Second half)
(1) Float 27 volts2

(2) Fixed 14.8 volts2
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The absence of the 5° fluctuations on 12 November
can be explained by one or both of the following reasons.
a. The floating thermistor was located 1 cm
nearer the water surface during run two.
b. A sharper temperature gradient existed
during the earlier run.
The power and correlation functions for this run
reveal nothing to amplify or discredit the highlights
discussed for run 2. They are included as Figures 32

to 47.

64







DOZ

R (DEL‘ -30u e poo pio 15 p20

G723

L3

007

m
o
o

5.00E-01 UNITS INCH.
1.00E+00 UNITS INCH.

X-SCALE
Y-SCALE

66

| R /e e







89

Figure 35.

AUTO CORR FLOAT THERMISTOR 12 NOV (1)

T 3 T \/\/'57 6~ N\ T Seconds




Spuodag L AN \/c

AT

69

ONIA-.O.—V..N_

(1) AONZ! dOISIW¥IHL aIXId 330D OINY  ~9€ =2InbTJ







——
i
=
—
>

71

€r=Ay 7

(1) AONZL '9°M PUY® IVOTd 340D SSO¥D °8f aanbig




_Spuodag hﬂ . / uo. ~ ¥ € —~_

N

T~

(1) AON TL Q3XidPUo 1¥O14 YYOD SSOUD °6€ =2InbTJa

oL=4y =

72






b

T

()

pac

Log (Gx(f|

e

Y
S S

Figure 41.

-
(]

2Nov (2) |

RO

160 Hz

o

e

R
o
=]

X-SCALE
Y-SCALE

5.00E-01 UNITS INCH.
1.00E+00 UNITS INCH.







(puosas h\/.{ A~ N\, \)B\/\M /\(/

) NV N

(Z) AONZI HOLSIWYIHL 1VO14 ¥¥OD OINV ‘€% °InbTJ 0z=("o1) xy 1

76



mtcouum L

T=("01) Xy

(T) AONZIL ¥OISIW¥IHL @IXId ¥¥0D OlNVY  “p§y Laubtd
















VI. RECOMMENDATIONS FOR FURTHER RESEARCH

A. Collection of data over the surface of Roberts Lake
should be continued. The small fetch, and small waves
make possible the collection of data under widely varied
conditions of wind, air-sea stability, wave heights, etc.
The situations encountered mirror to some extent the con-
ditions of air-sea interaction over the ocean, but on a
more easily observed micro-scale and provide interface
studies at low cost.

B. Three or more thermistors mounted at fixed heights
could supply information on the rate of isotherm curvature
attenuation with height. .

C. The feasibility of using thermistors with a faster
response should be considered. Although only small energy
levels are expected above 20 Hz, finer resolution of the
spectrum can be achieved.

D. Identical arrays of thermistors separated hori-
zontally may possibly show similarities or significant
relationships with the vertical arrays.

E. A more sophisticated wave gauge circuit is necessary.
The 7 cm of linearity obtained by the gauge used was only
marginally suitable for the relatively high waves encountered
in this research.

F. The circuits should be rewired by qualified tech-

nicians. The authors' talents at electronic fabrication are




deficient. "Cleaning up" the wiring will markedly reduce
the noise present in the signal, and will reduce the amount
of filtering necessary.

G. Approximately 40 minutes of data were collected
during runs two and three. Only 192 seconds were analyzed.
Other appropriate sections should be investigated.

H. Co—-and Quadrature spectra will yield the coherence
function and thereby reveal the frequency correlation of
the records.

Auto correlation computed for different "start”
times for the same record can verify the "assumed" station-
ary conditions.

I. Analysis of a larger sample (at least 3 minutes)
with the resulting auto and cross correlation functions
might possibly confirm that a periodic component remains
as the time lag is increased beyond 7 seconds.

J. The frequency response function of the thermistor
circuit could be used to investigate the effect of the
phase shift on the computed power spectrum and cross

correlation of thermistors with the wave gauge.
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