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ABSTRACT 

Measurements of air temperature fluctuations as close 

as 2.5 em 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 l 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 large fluctuations measured by the floating ther­

mistor are believed to be caused by the vertical motion 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 observatioDal 

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: 

( 1) 
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where p is the air density, C ~s the specific heat of air 
p 

at constant pressure, W is the -fluctuating vertical com-

ponent of velocity and 8 represents fluctuations of 

temperature about a mean. The flux thus obtained can be 

compared with estimates from empirical relations based on 

profile measurements which in turn could prov i de clues on 

how to parameterize t ransfer equations to be of maximum use 

in oceanographic and meteorological forecasting. 

These measurements provide some of the information 

needed ·· to link the a t mosphere-ocean exchanges. 

B. OBJECTIVES 

This study has as its objectives: 

l. The development of .devices to measure temperature 

as near as possible to the surface of a wave, and the asso-

ciated wave height. 

2. The collection of this data in a form suitable for 

analog or digital sta tistical analysis. 

3. A statistical analysis to determine possible corre-

lations between air temperature fluctuations and wave height. 

C. SITE 

The observations reported here were obtained at Roberts 

Lake in Seaside, Cal i fornia. The measurement site was about 

35 feet from the shore in 4.5 feet of water. Reeds growing 

along the shore absorbed incident wave energy preventing 

reflections. Wind fetch was about 200 feet for each run 

analyzed. Data colle ctions were made at three wind speeds: 

10 
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l. Calm to very light and variable winds for purposes 

of comparison with data collected at higher wind 

speeds. 

2. Light winds, 2 to 4 meters per sec. 

3. Higher winds, 7 meters per sec. 

ll 



II. E.QUIPMENT 

A. TEMPERATURE 

Temperature measurements were made using Victory 

Engineering Co. mode l 41A401C micro-bead Thermistors 

(Figure 1) . 

1. The physical characteristics of these thermistors 

are: 

a. Bead diameter: .005 in. 

b. Lead diameter: .0007 in. 

c. Resistance at 25°C: 10,000 ohms 

d. Resistance change: 

As specified by the manufacturer and experimentally 

verified by the authors, t he resistance change can be con-

sidered linear for the range of temperature change 

encountered. 

e. Time constant in 
· dry air 

f. Time cons t ant in 
humid air 

2. Thermistor Time Constant 

0.1 sec. ± 1 0% as adver­
tised by vendor 

.0505 sec. as determined 
experimentally 

Thirty tests were made of thermistor time constants. 

A thermistor was moun t ed on a rod which was insert ed into a 

heated compartment and accelerated clear by a rubber band 

(Figure 3). The time constant was determined from the time 

required for the thermistor to decrease from its i nitial 

temperature to 63% of its final temperature. The thirty 

12 



Figure 1. 
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Figure 2. Wave Gauge Probes 
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Figure 3. Time Constant Determination 
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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 

15 
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temperature changes and turbulence (Figure 5), can only 

yield an indication of the expected or desired information. 

4. Thermistor Humidity Effect 

A change in air humidity will affect the thermistor 

in the same way as wind velocity; an increase in either 

quantity will give an increase in the effective heat 

capacity of the air. Thus the absence of a velocity effect 

implies the absence of a humidity effect. 

5. Result of Wetting the Thermistor 

A false reading will result if the thermistor 

become s wetted with water. The evaporation of water cling­

ing to the bead will cool it until the water has completely 

evaporated. Figure 6 shows the result of spraying deminer­

alized water into the inlet of the portable wind tunnel 

containing a thermistor (air velocity was 4.5 meters/sec.). 

The quantity of water mist necessary to cause the effect 

shown was "large" in each case and was visible to the eye 

as it entered the air stream. Attempts to generate this 

quick and large negative temperature change with this 

gradual return using "smaller" bursts were unsuccessful . 

No quantitative results can be deduced from this test 

except that changes as great ad -2°C may be caused by 

passages of very moist air. The test was designed to ensure 

recognition of similar events in the record of actual data 

if they occurred. 
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6. The Circuit 

The thermistor formed one arm of a wheatstone bridge 

(Figure 7) powered by a 1.3 volt mercury battery. To mini-

miz e current through the thermistor, resistor Rl is adjusted 

so that the applied voltage is 0.2 volts. The thermistor 

resis tan c e at a known temperature is balanced (nulled) by 

resistors R2 and R3. A simple low pass filter (R4 and Cl) 

was used t o reduce undesirable high frequency noise. Their 

va l ues were chosen to attenuate a 40 cycle signal by 3 db . 
• 

Higher frequencies will be attenuated at 6 db/octave accord-

ing to the formula 

where 

E 

= 
1 

lWC 

R + 1 
iwc 

= voltage attenuation 

R = filter resistance signal 

w = signal angular frequency 

C = capacitance in microfarad 

( 2) 

Figure 8 shows t he filter attenuation characteristics. An 

undersirable e ff e ct of this filter 1s that all frequencies 

are phase shifted b y an amount 8: 

phase shift (8) = Tan-l (RwC) ( 3) 

It fol lows that a signal of frequency 20 cycles / s e c 

is shifted by a bou t 20 degrees; a 10 cycle signal 

19 
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approximately 10 degrees, etc. Since most fluctuations in 

temperature encountered are of ·frequencies much les s 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 r e sponse of one ther­

mistor compared to the other. Only in their comparison 

with waves does this problem arise. 

Because of the low vo l tage 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 t ape. 

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 l arge enough that its effect on the 

accuracy of the calibration was negligib le. 

The circuit was calibrated after each data collection 

run, since the slope of 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 

22 
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slope is .167 volts/°C; while when nulled at l7.92°C the 

slope is 0.151 volts/°C. This is due to the resistance 

change per degree characteristic of the thermistor used. 

The temperature measurement circuit is linear for 

a range greater than ± 6°C about the null temperature. 

This was verified by several laboratory tests. 

Many calibrations using different thermistors 

proved that calibrations at a given temperature could be 

repeated with a high degree of accuracy. 

B. WAVE GAUGE 

l. Theory 

When electrical probes of low resistance are 

immersed in water the resistance of the water path between 

them varies empirically as [Pearlman]: 

R = 

R = 

K = 

D = 

KD.l2 

dL 

net resistance of wire and water 

a measure of conductivity (about 
as calculated for Roberts Lake) 

distance between wires (inches) 

path 

600 

L = depth of immersion of probes (inches) 

d = wire diameter (inches) 

ohm-in 2 

A resistance wave gauge of this type, when deeply 

immersed, becomes non-linear due to transmission line loss 

[Farmer, 1961], since after a limiting amount of probe wire 

is under water its own resistance becomes appreciable. As 
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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 use d 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 e ffectively on the CP-10 0 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 res istor Rl is used to null the bridge 

circuit prior to a run. 

The transforme r i s necessary to provide isolation 

of the bridge, which is grounded at one leg, from the tape 

recorder input which is also grounded. 

26 
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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 em steps. Figure 11 is a typical wave 

gauge calibration curve. 

C. WI ND 

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 lock ing 

nuts. 

The floating thermistor was mounted on a styrofoam 

hemisphere shaped float, which f ollowed the vertical wave 

motion along a stretched wire. The height of this ther­

mistor above the surface could be adjusted from 5.5 em to 

2.0 em 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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t o the thermistors, and mounted in a line with them along 

t he wave crests. 

The Casella anemometer was bolted to the frame, at a 

he igh t of about 3 ft. above the surface of the water. 
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III. ANALYSIS 

A. GENERAL 

l. The analog data recorded o n t he CP-100 FM tape 

recorder was dig i t i zed by use of an SDS-930 0 hybrid 

compute r. 

2 . Core space limitations (24K) of the digital com-

ponent of the SDS- 9300 greatly hamper i ts use for stochastic 

analysis of all but the simplest paramete r s. It was there-

fore necessary to analyze the data using the I BM 360/ 67. 

The two machines are not compatible, and a t r a nsformation 

of the digitized data was necessary p r ior to i ts use with 

the IBM complex . A genera l flow of the ana l i z ation 

process is shown i n Figure 14. 

B. PREPARATIONS PRIOR TO "ANALOG TO DIGITAL" CONVERSION 

l. The 3 s e t s of recorded data were r eproduced for 

visual pre-analys is editing on a strip chart recorder . 

Because the CP-10 0 was not used to record field calibration, 

this strip reco r d was necessary to convert the voltage 

fluctuation to temperature and wave height. 

2. Upon visual inspection, and to achie ve the desire d 

results within pra ctical considerations, the f o l lowing 

parameters were s e t for each of the 3 runs : (consistin g of 

the 3 sensors ) 

l Nyquist fr e q uency Fe = = 64 Hertz 
2DT 

DT = time i n terval between samples 

length of record , Tr · = 64 sec. 
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The sampling rate (2Fc) is required by subroutine "Sample " 

to be a power of 2. Other considerations were the me asured 

response of the thermistor bead, the desire to use at least 

a 60 sec sample fo r some measure of stability of spectral 

estimatesJ and the 350K core limitation for the IBM 360/67. 

These set parameters estab l ished the following charac-

teristics: 

Sample size N = 8192 

Bandwidth (max) 1 64 Hertz = = 2DT 

Delta frequency 1 1 Hertz = = 64 N(DT) 

Max lag (for correlation) m 890 

3. To accurately dete rmine the correlation funct ions, 

sampling had to commence at exactly the same position on 

the tape for the 2 appropriate records. To achieve this, 

a 100 Hertz signal was recorded for the 60 second period 

preceeding the desired segment of tape to be digitized . 

The loss of this signal was used with the synchronous clock 

constructed on the analog computer (Figure 15), to plac e 

the "hybrid" in the compute mode of operation. 

C. "ANALOG TO DIGITAL" CONVERSION 

1. There were two routes available to the authors for 

the actual A to D conversion. One was to use an exist ing 

SDS-9300 subprogram called "ADK." It has the capability of 

digitizing two records simultaneously (eliminating the need 

of the start mechanism described earlier), and is wri tten in 
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fortran language. The alternate, and the one used, is 

subroutine "SAMPLE" [Post, 1968]. It is written in machine 

language, is more versatile, and saves a cons iderable amount 

of machine space compared to ADK. Although the capability 

did not exist for digitizing more than one channel at a 

time, a revision is presently being written which will allow 

4 channel consecutive digitizing. 

2. The maximum frequency recorded was in the neighbor­

hood of 60 Hertz. The signal coming from the CP-100, after 

amplification by a factor of 50, was filtered of higher 

frequencies to prevent aliasing (Figure 16). A low pass 

filter was used on the analog computer which has the 

characteristics shown in Figure 18. 

3. There is a timer on the analog compute r that allows 

selection of sampling rates of 1000, 1 00 and 10 per second. 

Because SAMPLE (and "HARM" of the IBM 360, described later) 

requires sampling at the rate of a power of 2, an accurate 

sine wave generator was used in conjunction with the program 

to sample on all zero crossings at the rate of 128 per 

second. A double buffering system consisting of 128 word 

lengths is used to stow the sampled data on 7 track magnetic 

tape. 

4. On completion of digitizing, selected blocks of 

data (128 datum poi~ts per block) were converted and printed 

as real data so that a check would be made after conversion 

on the IBM 360. 
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D. ANALYSIS USING THE IBM 360/67 

1. Because of the non-compatibility of the two corn-

p ute r systems, it W?S ~irst necess ary to convert the data 

and restow it on 9 track magnetic tape and/ or on a disk 

for later recall. 

a. The non-compatib ili ty 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 

~(T) 
T 

= Lirnl f N(t)N(t+-r)dt 
T-+ 00T o 

was solved in its finite general form of 
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R (r) 1 
n - r 

l: xnxn+r 
N-r n=l 

r = 0 , -'-, , • .• m 

where uniquely for our data N = 8192 and m = 890, which 

supplies time lag i n formation 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 v alue calcu-

lated when TAU equals zero. 

Because of the zero mean, and the relation 

2 
f.IN ' ( 6) 

the variance is also given directly on the autocorrelogram. 

4. Cross-Correlation, defined by 

Liml JT = T+ooT 
0 

x(t)y(t+T)dt 

was solved 1n its finite general· form of 

~y(r) = 
1 

N-n 

N-n 
l: x y r n n+r ' 0,1,2, ... m 

where for our specific case N = 8192 and m = 890 again 

giving a time lag up to approximately 7 seconds. 

( 7) 

( 8) 

The cross correlation was normalized to give values 

between plus arrd minus one by dividing them by t h e auto-

correlation function at tau equal to zero for the two 
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s amples i nvolve d. This defines a sample cross corr~lation 

coefficient of 

PNy(r) = 

which should sati s f y 

R {r) 
n y 

-1 < pNy (r) .5.. 1 

( 9) 

5. Power spe c tra we re calculated by use of the IBM 360 

library subroutine HARM which performs discrete comple x 

Fourier transfo r ms on a comple x 3 dimens ional array b y using 

the fast Fourie r tran sform tech nique . A simplified gene ral 

form of the equation solve d is 

s (f ) = 
n , n = 0, l, . . ±~ (10) 

The benefi t i n using t h e fast Fourier transform is 

the great computa t i onal e fficiency in dete rmining the Fourie r 

coefficients of a given s e ries. As mentioned e arl i e r , the 

subroutine requi r es 2n d ata po i nts whi ch for simplicity i n 

operation should be c onsidered in the A to D proce ss , alon g 

with the large memo r y r e quirements also stipu late d. 
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IV. DATA 

A. DESCRIPTION OF ENVIRONMENTAL CONDITIONS AND QUALITATIVE 
DISCUSSION OF RESULTS 

l. Run Numbe r One 

This run was conducted primarily to determine instru-

ment response in low winds, so that a represen tative spectrum 

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 f r om 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 durin g stronger winds with larger waves 

(Figures 20 and 29). 

2. Run Number Two 

For this run the floating thermistor was positioned 

to travel 2.5 em above the wave surface. The fixed ther-

mistor was approximately 2 em higher than the floating 

sensor during passage of the highest waves, a n d with respect 

to the wave fronts , about 6 . 5 em behind it. 

Mean wind ve locity for this run was 2 . 75 meters / sec. 

and water temperature at a depth of three em was l7.74°C. 

The wave record indicates a predominant wave frequency of 

2.1 Hz. The highest wave in each group was approximately 

2.7 em. 
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Figure 20, a representative portion of the data 

recorded on t he CP-1 00 FM t ape recorder, shows floating 

and fixed t he r mistor t emperature fluctuation s with their 

correspondin g wa ve r ecord. 

The f o llowing fea t u res are apparent on direct 

observation of the record: 

a. The floating thermistor frequently exhibits 

negative temperature "spikes" with peak to peak amplitudes 

of approximately five centigrade degrees, occurring within 

0.2 seconds. 

b. The se large spikes could be related to the 

passage of the maximum wave height in each wave group. 

This is more apparent in longer segments of record than in 

the short one prese nted in Figure 20. 

c. A q uasi-periodic character is visible in 

the data, possibly correlated with wave period. 

d. The amplitude of the floating thermistor 

temperature fluctuat ions is much greater than those of the 

fixed. The two r e cords appear to be almost completely 

in phase. 

To verify the authenticity of the extreme l y l a r ge 

temperature changes observed, several wind tunnel test s of 

the behavior of the thermistor data collection sys tem were 

conducted for various temperature, wind speed and humidity 

conditions. 

No spray was visible during the run, and t he r e is 

no evidence of the thermistor becoming wet, as i t would 
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then follow the character of the record produced under such 

circumstances as previously described (Figure 6). 

It is n o teworthy that one degree temperature fluctu­

ations in a wind tunnel (Figure 5) are not unusual, even 

in a fairly uniform air stream. 

It would have been desirable to check the a ccuracy 

of the thermistor during such .tests by using a different 

sensor, but its rapid response made this impossible u,sing . 

the sophistication of equipment available to the authors. 

A strong indication of the large temperature 

fluctuations was overlooked while reco~ding both runs 2 

and 3. While attempting to measure near surface air · 

temperature in t he proximity of the t h e rmis tors using a 

thermometer calibrated in tenths of a degree, we observed 

mercury level oscillations over a range o f approximately 

1/2 of a degree which made it necessary to take an average 

reading. The matter was taken lightly at the time, with 

little thought as to its physical significance. 

There are no results of similar tests close over 

a water surface available for comparison. However, extreme­

ly rapid temperature fluctuations, of up to 1 degree centi ­

grade have been recorded in the water surface film of the 

sea [Saunders, 1967]. Since the heat capacity of water is 

many times that of air, a five o r six degree fluc t u a­

tion in air temperature seems feasible. 

Stronger confirmation of the validity of the record 

is obtained by the results of the statistical analysis. 
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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 (Bx 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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a. The thermal inertia of the micro-bead 

thermistor, which with a time constant of 0.0505 seconds 

introduces 3 db attenuation of the signal at a frequency 

of 20 Hz. 

b. The filter installed in the data collec-

tion system attenuates the signal by 1.2 db at 20 Hz 

(Figure 8) . 

c . The filter used in the digitizing process 

causes additional attenuation of 5.2 db at 20 Hz (Figure 

18) • 

On Figure 21 the corrections necessary to elimate 

t he effect of these losses are shown a t 10, 20 and 30 Hz . 

The one dimensional spectrum of temperature flue -

tuations in the scalar inertial subrarige is defined [Pond 

e t al, 1966] by: 

where 

1jJ(k) = AE E -l/3 f-5/3 
0 

1jJ(k) = one dimensional spectrum of temperature 
fluctuations 

A = an absolute constant 

E = rate of dissipation of scalar variance 
0 

E = rate of dissipation of turbulent energy 

( 11) 

The slope of spectral density is less than -5/3 as 

f requency decreases below 1.0 Hz. This is in general agree -

men t with the findings in the associated literature 
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[Pond e t 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 

func tions 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 

r e lated to the large negative spikes appearing in the data 

records. 

Figure 26 is the auto correlation function for the 

associated wa ve 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 increas e 

at 6 seconds adds mo r e evidence to the large temperature 

fluctuations being a result of the 5 to 7 s e cond beat. 

This data, collected at a constant height of 2.5 em 

above the undulating water surface and at a fixed absolute 

he ight near the crests agrees very well with that reported 

by Makova whose da ta we re collected at s e a, two meters 

above the surface of the wa ves. 
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The temperature sensing circuit (Figure 7 ) was the 

end product of the several modifications necessary to solve 

the numerous equipment problems arising in the field. The 

schematic diagram does not show the actual unorthodox 

wiring which resulted, and was the probable cause of the 

undesirable high noise level recorded with the useful 

information (Figure 20). Soph istication in construction of 

even this basic circuit would eliminate much of the noise 

and reduce the severe filterin9, with its accompanying 

signal distortion, that was n e cessary. Some filtering will 

always be necessary i n the · "A" to "D" process to prevent 

aliasing error. 

3. Run Number Three 

The mean wind during this run was 6.6 meters per 

second. Relative humidity was 71%. Atmospheric pressure 

was 1021.5 mb. Water temperature at a depth of 6 em was 

15.6°C and at 15 . em i t was 15.7°C. Mean air temperature 

. recorded by the floating thermistor was l2.0°C. This 

thermistor was adjusted on the float to ride 3 .5 em above 

the water surface (1 em higher than on run 2). 

To obtain some indication of the mean t emperature 

profile, and to gain some insight to the significance of 

the amplitude of the temperature fluctuations, the fixed 

thermistor was repositioned for the second half of this 

run. 

Initially, it was 7 em above MWL (4.5 em above a 

wave with the observed significant height (H 1/3 of 5 em) 
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and r e gistered a mean temperature of 10.7°C. After relo­

cation, it was 15.5 em above MWL and registered a mean 

t e mpe rature of 10.3°C. 

The above temperatures determined by the thermistor 

calib ration curves were confirmed by mercury thermometer 

measurements. 

Figure 29 is an excerpt from the record of data 

co llec t e d on this run. Rapid fluctuations of greater than 

3 degree s are fairly common, but the 5 degree spikes noted 

on the previous run are missing. The amplitude of the 

fluct uati ons sensed by the floating thermistor are again 

mu ch gre ate r than those of the fixed. This difference, 

however, is not as great as on run two. 

There again is evidence of a periodic component, 

a ttrib uted to the associated wave activity. A negative 

temperature transi e nt frequently coirtcides with a peak in 

wa ve h e ight. This trend continues, even after the relo­

cation of the fi xed thermistor. 

Figure 30 is an attempt to summarize the vertical 

p r o f i l e of me an temperature and to explain the range of 

t emperature fluctuations recorded at various heights. 

A hypothetical model of the unperturbed average 

iso t he rms ove r t he surface of a wave is shown in Figure 

31. Sele cting a coordinate system moving to the left with 

wa ve ce l e rity and assuming the isotherms moving to conform 

wi th t he wate r surface , the thermistors would then appear 

t o 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, 

1967]. 

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 degre e 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 

b. 

c. 

(l) Float 112 v olts 2 

(2) Fixed 22 volts 2 

For 12 November (First 

( l) Float 22 volts 2 

( 2) Fixed 20 volts 2 

For 12 November (Second 

( l) Float 27 volts 2 

( 2) Fixed 14.8 volts 2 
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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 em 

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. 
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V. CONCLUSIONS 

This system for collecting temperature and wave height 

data near the surface of the waves has been proven to be 

successful. 

The temperature spectrum resulting from the data appears 

valid to frequencies greater than 20 Hz. 

The thermistor is a reliable and accurate instrument if 

not physically abused. It is not prone to drift. 

The magnitude of the temperature fluctuations was larger 

than expected. Analysis of the records however, lends con­

fidence in their validity. 

There is a quasi-periodic component and a random c om­

ponent in the fluctuating temperature. The periodic 

component correlates with the wave record. This is in 

agreement with results reported by Makova [1963] in tests 

conducted at sea. The correlation between wave height and 

temperature fluctuations of the floating thermistor i s 

greater when wave height is great enough for the thermistor 

to sample temperatures in the lee of the waves. 

The shape of the isotherms over the waves surface, as 

deduced from the data, appear consistent with the wind 

velocity profile over waves proposed in Miles hypothesis of 

wind wave generation [Stewart, 1967]. 

The temperature range measured by the thermistors is 

attenuated rapidly with height above the waves. 

81 



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 mi rror 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 us i ng thermi stors 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 ern 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 qual ified tech­

nicians. The authors' talents at electronic fabrication are 
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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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