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ABSTRACT 

The effect of a monomolecular film of cetyl alcohol 

(hexadecanol) on the surface temperature of Lake Hefner, 

Oklahoma, was investigated using an airborne infrared 

radiometer. It was found that in three of six cases 

studied, the monomolecular film produced a temperature 

rise at the water surface. The temperature rise seems to 

be caused by an interaction of latent heat flux and 

sensible heat flux from the subsurface water. The grid 

pattern flown by the aircraft over the lake must be 

chosen carefully to delineate the monolayer. In three 

cases for which significant warming was found, two showed 

good agreement of the isotherm pattern with the film 

boundary. ComParisonsof aircraft and boat radiation sur- 

face temperature indicate that the intervening atmosphere - -- --..-- 
causes the aircraft reading to be about l.OOc lower than 

the boat reading. Comparison of the aircraft monitored 

- - - - surface radiation temperature with subsurface temperature 

-- - determined with a thermistor demonstrated the existence 

of a thermal gradient in the surface layer of water. The - -- 

effect of the hexadecanol on this gradient was to reverse 

it, producing a "warm skin" -emperature. A study of the 

energy budget at the air-water interfacetusing supporting 

micrometeorological data, indicates that sensible heat 

iii 



t r a n s f e r  from subsurface water may be  r e spons ib le  f o r  

maintaining a  r e l a t i v e l y  cons tant  su r face  temperature.  

The d i u r n a l  v a r i a t i o n ,  i n  one case  study, was found t o  

have a  range of l.oOc a r i s i n g  from v a r i a t i o n s  of l a t e n t  

h e a t  t r a n s f e r ,  s e n s i b l e  h e a t  t r a n s f e r  from t h e  a i r ,  and 

s o l a r  r a d i a t i o n .  Theore t i ca l  cons idera t ions  i n d i c a t e  t h a t  

su r face  cool ing caused by v a r i a t i o n  of evaporat ion wi th  

f e t c h  is i n  excess of t h a t  observed. A model i s  presented 

f o r  f u r t h e r  research  which balances cool ing  of su r face  

water by f e t c h  v a r i a t i o n  of evaporation wi th  f e t c h  

v a r i a t i o n  of s e n s i b l e  h e a t  t r a n s f e r  from t h e  subsurface 

water .  
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CHAPTER I 

INTRODUCTION 

History of Surface Temperature Measurements Durins Hexa- 
d e c a n o l ~ ~ l i c a t i o n s  -- t o  Lake Surfaces. 

The use of a hexadecanol monolayer t o  reduce evapor- 

a t i on  has  been thoroughly inves t iga ted  i n  t h e  laboratory 

(Rideal, 1925; Langmuir and Langmuir, 1927;  Langmuir and 

Schaefer, 1943; La  Mer, 1960). I n  t h e  ea r ly  1950's  t h e  

Bureau of Reclamation, U S D I ,  began f i e l d  experiments t o  

determine t h e  e f f e c t  of monomolecular f i lms on evaporation 

reduction. Af ter  severa l  preliminary s tudies ,  a prototype 

f i e l d  experiment was conducted a t  Lake Hefner, Oklahoma 

City, Oklahoma. In a repor t  of t h i s  f i e l d  experiment, 

Harbeck (1959) argued t h a t  a reduction of evaporation by a 

monomolecular f i lm  would alter t h e  energy budget a t  t h e  

air-water i n t e r f ace  i n  such a manner a s  t o  cause a water 

surface temperature r i s e .  

The r e s u l t s  from the  Lake Hefner evaporation reduction 

study of 1958 show a 9% reduction of evaporation over an 

88 day period with corresponding rise i n  water temper- 

a tu re*  of l.OOc (Harbeck, op. c i t . ) .  In  evaporation pan 

*In t h i s  r epor t , su r face  temperature w i l l  be taken t o  
mean t h e  f i r s t  20 microns of water; subsurface temperature: 
20 microns t o  1 centimeter;and water temperature: any 
depth below 1 centimeter.  



experiments, Crow (1961) showed an increase i n  water 

temperature of 3.0°c a f t e r  covering t h e  water surface  with 

hexadecanol. A 14% reduction of evaporation was computed 

over a  1 7  day period i n  a  f i e l d  experiment a t  Lake Sahuro, 

Cal i fornia  during which a l.loc r i s e  i n  subsurface tempera- 

t u r e  was noted (Korberg, 1961). 

Objectives of t h e  Study. 

There were f i v e  ob jec t ives  of t h e  research reported 

here in .  The pr inc ipa l  object ive  was t o  determine by a i r -  

borne in f ra red  techniques i f  hexadecanol a l t e r e d  t h e  water 

surface  temperature of a  lake  during a mesoscale f i e l d  

experiment. A wind tunnel  inves t igat ion (Grossman and 

Marlatt ,  1966) showed a r i s e  i n  surface temperature con- 

current  with t h e  appl ica t ion of hexadecanol t o  an 

evaporating water surface.  No de ta i l ed  observations i n  

t h e  f i e l d ,  however, had been made t o  determine t h e  e f f e c t  

of t he  monolayer on water surface  temperature over a time 

period shor te r  than a few weeks. 

The second ob jec t ive  was t o  determine t h e  a b i l i t y  t o  

map the  monolayer boundary by an ana lys i s  of t h e  lake sur- 

face  temperature f i e l d .  The motivation fo r  t h i s  pa r t  of 

t h e  inves t igat ion was a need t o  rapidly  and accurately 

assess  t h e  amount of f i lm on t h e  lake  a t  any given time, 

day or  night .  



The t h i r d  o b j e c t i v e  was t o  compare obse rva t ion  of  

wa te r  s u r f a c e  t empera ture  t aken  from an a i r c r a f t  a t  300 

mete rs  w i th  s imul taneous  o b s e r v a t i o n  of s u r f a c e  and sub- 

s u r f a c e  t empera tures  t aken  from a boa t .  Such a comparison 

would a l low an examination o f  t h e  e f f e c t  of  t h e  i n t e r v e n i n g  

atmosphere on t h e  a i r c r a f t  obse rva t ions  o f  s u r f a c e  temper- 

a t u r e  and t h e  e x i s t e n c e  o f  a t empera ture  g r a d i e n t  i n  t h e  

upper few m i l l i m e t e r s  o f  t h e  wate r  su r f ace .  

A f o u r t h  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  s tudy  

t h e  d i u r n a l  v a r i a t i o n  o f  wate r  s u r f a c e  temperature ,  wi thout  

t h e  i n t e r f e r e n c e  o f  t h e  monolayer, p l a c i n g  p a r t i c u l a r  

emphasis upon t h e  i n t e r a c t i o n  o f  energy f l u x e s  a t  t h e  i n t e r -  

face .  

The f i n a l  o b j e c t i v e  o f  t h i s  s t udy  was t o  i n v e s t i g a t e ,  

i n  t h e  f i e l d ,  t h e  e f f e c t  o f  evapora t ion  on wate r  s u r f a c e  

temperature .  I n  an e a r l i e r  s tudy ,  Ewing and M c A l i s t e r  

(1960) found t h a t  s u r f a c e  t empera ture  measured by an 

i n f r a r e d  radiometer  dropped r a p i d l y  when evapora t ion  was 

t a k i n g  p l a c e  from wate r  i n  an open pan. The same r e s u l t  

was ob t a ined  by Grossman and M a r l a t t  (op,  c i t . )  i n  wind 

t u n n e l  s t u d i e s .  



CHAPTER I1 

BACKGROUND O F  AIRBORNE INFRARED INVESTIGATIONS 
OF WATER SURFACE TEMPERATURE 

Stomrnel (1953) was probably the  f i r s t  t o  measure 

water surface temperature with an airborne infrared radio- 

meter ( a Golay de t ec to r ) .  The primary purpose of h i s  

inves t igat ion was t o  observe hor izonta l  temperature grad- 

i e n t s  r a the r  than absolute surface  temperatures. Ewing 

(1952) obtained s imi lar  measurements i n  t h e  Caribbean Sea. 

Richardson and Wilkins (1957) were t h e  f i r s t  t o  f l y  

a radiometer s imi la r  t o  t h e  one used i n  t h e  study reported 

here. Their radiometer employed a chopper ( see  Appendix I) 

t o  modulate t h e  t a r g e t  s ignal .  A blimp was used a s  t h e i r  

instrument platform. A three-ihch diameter mirror with a 

1.5 inch foca l  length was used t o  c o l l e c t  t h e  inf rared 

s ignal .  This instrument, though bulky, had a s e n s i t i v i t y  

Since t h e  ea r ly  work of Stommel, Ewing, and Richardson, 

much work has gone in to  perfec t ing an airborne system. 

Compromises of accuracy, s ize ,  weight, and expense, however, 

had t o  be made. A good general discussion of t h e  problems 

encountered with such airborne measurements can be found i n  

Techniques for Infrared Survey of Sea Temperature (Clarke, 

1964). 



Lenschow (1962) was one of the  f i r s t  t o  study lake  

surface  temperatures using an airborne radiometer over 

severa l  lakes i n  Wisconsin a t  d i f f e r e n t  times of t h e  year .  

Similar  measurements a r e  reported by Peterson (1965) f o r  

c en t r a l  Canada. Ragotzkie and Bratnik (1965) were ab l e  t o  

i n f e r  dynamic fea tu res  of Lake Superior from such a i r -  

borne surveys. Richards and Massey (1966) proposed t h a t  

t h e  Great Lakes be regu la r ly  surveyed by a i rborne  inf rared .  

Such surveys a r e  p resen t ly  being ca r r i ed  ou t  on t h e  East 

and West Coasts of t h e  U.S.A. (Ewing, 1965; Clarke, op. c i t . )  

M a r l a t t ' s  study (1966) was probably t h e  f i r s t  de t a i l ed  

inves t iga t ion  of t h e  surface  temperature of a small l ake  

from the  a i r .  



CPAPTER I11 

DESCRIPTION OF INSTRUMENTATION 

The principal instrument used in this investigation 

was an infrared radiometer which utilizes the emitted 

radiation of an object to measure its temperature. In 

the case of water, it measures the mean temperature of 

the first 20 microns of water (Mc~lister, 1964). One 

radiometer was located on board the aircraft and another 

was on board a small boat. Both radiometers detected 

radiation only in the interval 7.5 to 16.0 microns, 

employing a modulating device to measure the target 

signal which was then detected, amplified and displayed 

by the electronics package. The radiometers were care- 

fully calibrated against a known, stable black body source. 

The subsurface temperature was measured by a floating 

thermistor device (Marlatt, 1967) monitored from a boat, and 

its data were read directly from a modified Wheatstone bridge. 

A detailed discussion of the instruments, power 

supplies, problems associated with the use of the instru- 

ments and inherent instrumental errors may be found in 

Appendix I. 



CHAPTER I V  

EXPERIMENTAL PROCEDURE 

Description --- of t he  Lake Environment. 

Lake Hefner (Fig. 1) is  located i n  Oklahoma City, 

Oklahomaoapproximately 5 miles northwest of t h e  downtown 

area  and is  p a r t  of t h e  domestic water supply. It is  

approximately 2.4 miles long and 2 . 1  miles wide with a 

surface  area of 3.9 square miles. Residential  a reas  border 

t h e  lake on t he  e a s t  and south; t o  t he  west is  a golf  

course; a dam with open f i e l d s  below is  the  northern border. 

There a r e  extensive shallow por t ions  of t h e  lake  on t h e  

west and south, with deeper a reas  t o  t h e  north (Fig. 2 ) .  

A sp r ink le r  system fo rapp ly ing the  hexadecanol f i lm 

t o  t h e  lake i s  located along t h e  southern edges of t h e  lake 

(Fig. 1). Good coverage of t h e  lake by t h e  monolayer 

therefore  was achieved only during periods of southerly wind 

flow. Figure 3 shows a view of t h e  monolayer on the lake  

from 300 meters. 

Ai rc ra f t  Procedures. 

The monitoring of t h e  surface temperature from the  a i r  

was a r e l a t i ve ly  simple operation. The radiometer was shock 



SCALE tr f e t i  

Figure I.-- Map of Lake Hefner (Instrument 
Placement and Application Sites) 
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F i g u r e  2.-- Map of Lake Hefncr 
(Depth  Contours) 





mounted i n to  a p lex ig lass  port ion of t h e  fuselage of a 

Piper Twin Comanche a i r c r a f t  (Fig. 4)  well  away from 

the  main slipstream. The plane was flown over a prescribed 

course a t  a constant  height .  F l igh t s  were general ly made 

every four hours i n  a given study period, however, weather 

and f i lm condit ions a l t e r ed  t h i s  schedule a t  times. The 

proximity of a heavi ly  populated area required a minimum 

f l i g h t  a l t i t u d e  of 300 meters. Figure 5 shows a map of 

t h e  f l i g h t  path. Each leg  of t h e  f l i g h t  was flown p a r a l l e l  

t o  a road ( ac tua l l y  100 t o  200 meters t o  t h e  e a s t  o r  west) 

i n  order t h a t  t h e  p i l o t  could v i sua l ly  keep t he  a i r c r a f t  on 

course. These roads were one-half m i l e  apar t .  From these  

considerat ions,  t h e  experimenters concluded t h a t  an east-  

west accuracy of + 100 meters was obtainable i n  p lo t t i ng  

temperatures on maps of t h e  lake  surface." The "cr iss-  

cross"  l egs  were flown i n  order t o  f i l l  i n  data  and provide 

a r e p e a t i b i l i t y  check on t he  radiometer output.  A typ ica l  

l eg  took 2 t o  3 minutes to complete and an e n t i r e  f l i g h t  

took approximately 40 minutes. 

~t night,  navigation was more d i f f i c u l t ,  especia l ly  

i n  t h e  ea r ly  morning hours. Generally,the s t r e e t s  and 

roads were well  l ighted ,  but l i t t l e  guidance was ava i lab le  

*In cases where the  plane was d e f i n i t e l y  o f f  course, 
t h e  temperatures were " f i t t e d "  t o  t h e  lake. In  general 
t h i s  was t o  f i t  t he  temperatures on t h e  map and have the  
temperatures lakeshore boundary match t h e  map lakeshore 
boundary. 



Figure 4.-- Photo of Radiometer i n  A i r c r a f t  
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SCALE l mi : 3 crn 

Figu re  5 -- Map of A i r c r a f t  F l i g h t  P a t h  



on t h e  "cr iss -cross"  legs .  However, very l i t t l e  adjus t -  

ment of the  da ta  on t h e  lake  surface  had t o  be made during 

analys is .  

Accurate placement of t h e  data  on t h e  north-south l i n e  

of f l i g h t  required an accura te  knowledge of t h e  ground 

speed of t h e  a i r c r a f t .  T h i s  adjustment f o r  ground speed 

was made during t h e  data  reduction. Two roads running eas t -  

west were se lec ted  a s  beginning and terminat ion po in t s  of 

each run (Fig. 5 ) .  A s  t h e  plane crossed t h e  roads, they 

were s ighted  through t h e  p lex ig lass  window f i t t e d  i n to  t h e  

bottom of t h e  fuselage.  A t  t he  time of crossing, a mark 

was placed on t h e  s t r i p  cha r t  by an event marker. When t h e  

s t r i p  cha r t  da ta  were being reduced on an analog-to- 

d i g i t a l  device, da ta  were taken between t h e  two marks 

denoting t h e  beginning and end of a p a r t i c u l a r  run ,  

(Accuracy of  da ta  points  north-south i s  f 50 meters.) 

Figure 6 shows t h a t  t he  spacing between data  points  d i f f e r s  

from l e g  t o  l eg  due t o  a shift i n  ground speed. 

Boat Procedure. - 

A boat was used on t h e  lake  t o  make in f ra red  

temperature measurements a s  well  a s  conventional surface  

temperature measurements with t h e  f l o a t i n g  thermistor  

described above ( s ee  Fig. 7 )  simultaneously with t he  a i r -  

c r a f t  measurements. Even on a small lake  such a s  Lake 

Hefner, t h e  a b i l i t y  t o  accura te ly  loca te  a pos i t ion  on the  



Figure 6.-- Data Sample Plotted 
on Map of Lake 





l ake  i s  d i f f i c u l t .  This was done by using t h e  styrofoam 

buoys placed i n  t h e  lake by a group from t h e  Department 

of Agr icul tura l  Engineering, Oklahoma S t a t e  Universi ty.  

These buoys were then located on a map (Fig. 1) by 

s igh t ing  them with a  t r a n s i t .  The buoys were s ighted i n  

again a t  a  l a t e r  da t e  and pos i t ions  adjusted. Few of t h e  

buoys had d r i f t e d  from t h e i r  i n i t i a l  pos i t ions  (Fig. 1). 

Accuracy of placement of t he  buoys on t h e  map was about 

+ 50 meters. - 

On a t yp i ca l  measurement run, t h e  boat would s t op  by a 

buoy and observations would be taken. When a spec ia l  

f e a tu r e  was inves t iga ted  away from a buoy, i t s  pos i t ion  was 

estimated by eye. In  t h e  day l igh t  hours, t h i s  operat ion 

was r e l a t i v e l y  simple and straightforward.  However, a t  

n ight ,  f inding t h e  buoys proved d i f f i c u l t .  On t h e  average, 

therefore ,  t h e  number of observat ions a t  n ight  was l e s s  

than t h e  number taken during a dayl ight  run. 



CHAPTER V 

ERROR ANALYSIS 

Maximum Instrument Errors  

A complete e r ro r  analys is  i s  necessary f o r  two 

reasons. F i r s t ,  a  change-of surface  temperature of a few 

ten ths  of a  degree Celsius can be  i nd i ca t i ve  of an a l t e r -  

a t ion  of energy budget a t  t he  air-water in te r face .  Such 

an accuracy is necessary, therefore ,  t o  d e t e c t  t h e  

presence of t h e  f i lm-  Second, severa l  physical  processes 

a t  t h e  l ake  surface  and i n  t h e  atmosphere had t o  be  

inves t iga ted  s ince  t h e  amount of e r r o r  they would in t ro-  

duce was unknown. 

Table 1 summarizes t he  maximum instrument e r ro r  and 

al%%-giVes e r r o r s - f i e - t o '  data  pT5EgCsing; --Othier--error 

sources w i l l  be discussed l a t e r .  

Other Forms of Error .  

One of t h e  most d i f f i c u l t  problems i n  remote sensing 

is t h e  d i s t i n c t i o n  of t h e  s igna l  des i red  'from noise which 

accompanies t h e  measured phenomenon. In t h i s  case , the  

s igna l  des i red  was a  change i n  water surface  temperature 

caused by an a l t e r a t i o n  of t he  energy budget a t  t he  a i r -  

water i n t e r f ace .  I n  t h i s  study,such a temperature change 



TABLE 1 

ERROR ANALYSIS SUMMARY 

*These e r r o r s  a l s o  add t o  t h e  a i r c r a f t  radiometer 
r e s o l u t i o n  e r r o r  o f  +0.20C t o  g i v e  a maximum r e s o l u t i o n  - 
e r r o r  of  +0.4O~.  - 

Boat 
Radiometer 

(OC) 

Sensor 
E r ro r  - +1.0 

Recorder 
Error* 0.0 

Data 
Reduct ion  
Er ror  * 0.0 

To ta l  
Maximum 
Error  - +1.0 

Boat 
Thermistor 

(OC) 

+0.3 - 

0.0 

0.0 

+0.3 - 

A i r c r a f t  
Radiometer 

(Oc) 

- +o. 5 

+0.1 - 

+O. 1 - 

- +0.7 



due t o  a p p l i c a t i o n  of  a  hexadecanol monolayer i s  of primary 

importance. Also of i n t e r e s t  i s  a  temperature  change due 

t o  v a r i a t i o n  of t h e  energy budget w i th  t ime and wi th  f e t ch .  

Therefore, i n  t h i s  i n v e s t i g a t i o n  a l l  o t h e r  temperature  

v a r i a t i o n s  must b e  regarded a s  no ise .  

These "noise"  s i g n a l s  w i l l  be  b r i e f l y  d iscussed  below. 

A more d e t a i l e d  d i scuss ion  of  t h e  e n t i r e  e r r o r  a n a l y s i s  

problem may be found i n  Appendix 11, 

There were four  major e r r o r  sources  which came t o  bear  

upon t h e  o b j e c t i v e s  of  t h i s  s tudy.  An e r r o r  due t o  t h e  

e f f e c t  of  t h e  in t e rven ing  atmosphere upon t h e  a i r c r a f t  

measurement of water  s u r f a c e  temperature  was c o r r e c t e d  by 

a  computer program.* The a l t e r a t i o n  of t h e  i n f r a r e d  

emiss iv i ty  of t h e  water s u r f a c e  by t h e  monolayer was found 

t o  be  n e g l i g i b l e .  Temperature advect ion and upwelling 

e f f e c t s  were assumed small  dur ing  t h e  t i m e  pe r iod  of a  

p a r t i c u l a r  a i r c r a f t  f l i g h t .  While t h e r e  was a  l i m i t  t o  

f i l m  boundary r e s o l u t i o n  due t o  t h e  motion of t h e  a i r c r a f t ,  

it was superseded by t h e  r e s o l u t i o n  l i m i t  s e t  by t h e  d a t a  

sampling time. This r e s o l u t i o n  l i m i t  was such t h a t  a f i l m  

s t r i p  l e s s  than 67 meters wide would go undetected a t  an 

a i r c r a f t  speed of 45 meters per second, 

*All a i rbo rne  r a d i a t i o n  s u r f a c e  temperatures  discussed 
i n  t h i s  r e p o r t  inc lude  t h i s  co r rec t ion .  



CHAPTER V I  

PRESENTATION OF DATA 

I n  o rde r  t o  c r e a t e  some b a s i s  f o r  use  of t h e  abso lu te  

e r r o r ,  r e s o l u t i o n  e r r o r ,  and r e so lv ing  power i n  t h e  

a n a l y s i s  of  t h e  l a k e  s u r f a c e  temperature,  t h e  mean s u r f a c e  

temperature  of  t h e  e n t i r e  l a k e  was chosen a s  t h e  most 

n a t u r a l  datum l e v e l .  

It w i l l  be  shown t h a t  i n  some c a s e s  t h e  f i l m  seems t o  

cause s l i g h t  warming of  t h e  s k i n  temperature  and sub- 

s u r f a c e  temperature  underneath it. This  would cause t h e  

ind ica t ed  r a d i a t i o n  s u r f a c e  temperature  t o  b e  increased  

by a f a c t o r  r e l a t e d  t o  t h e  amount of  t ime t h e  a i r c r a f t  

spen t  over  t h e  f i l m  cover dur ing  a complete run. This  i s  

r e l a t e d  t o  the amount of  f i l m  on t h e  lake.  

O f  t h e  e ighteen cases  presented ,  s i x  had a f i l m  cover.  

T h e  percentage of  f i l m  covering t h e  l ake  during t h e  f l i g h t  

is  presented  i n  Table 2. I n  most of  t h e  cases ,  t h e  per-  

centages  do no t  show an i n o r d i n a t e  b i a s  toward t h e  amount 

of  da ta  taken i n  o r  ou t  of t h e  f i lm,  so  one would f i n d  it 

d i f f i c u l t  t o  d e t e c t  t h e  e f f e c t  of  so  s l i g h t  a b i a s .  

Furthermore, t h e r e  is  no way of f ind ing  an e x p l i c i t  quant i -  

t a t i v e  r e l a t i o n s h i p  t o  c o r r e c t  fo r  t h i s  b i a s  i n  p l ac ing  t h e  

isotherms. 



TABLE 2 

PERCENT FILM COVER, AUGUST, 1966 
LAKE HEFNER, OKLAHOMA 

~ate/Local Time 

*Estimated figure. 



The lake isotherms derived from t h e  a i r c r a f t  measure- 

ments a r e  presented i n  Appendix 111. The isotherms a r e  

devia t ions  from the  average lake temperature with an 

i n t e r v a l  of 0 . 5 0 ~ .  In  t h e  analysis ,  smoothing was by eye. 

A t  times, even though t h e  d i f ference  between two values 

was l e s s  than t he  required maximum of f0.4Oc, an isotherm 

was drawn between them t o  permit a cont inui ty  of data  t o  

one s i d e  o r  o ther  of t h e  isotherm. Such a decision i s  

j u s t i f i e d  upon noting t h a t  the  r . m . s .  r e so lu t ion  e r r o r  of 

t h e  a i r c r a f t  radiometer was 20.2% (see  Appendix 11). 

Figure 8 shows a pa r t i t i on ing  of t h e  lake i n to  four 

a reas  approximately equal i n  s i ze .  Average temperatures 

were determined f o r  each of these  areas ,  which were suf- 

f i c i e n t l y  separated from one another and from t h e  shore t o  

reduce i n t e r ac t i on  between areas  and t h e  shore. The lake 

was divided in to  such a r ea s  t o  i nves t i ga t e  t h e  p o s s i b i l i t y  

of p e r s i s t e n t l y  warm o r  cool areas.  Figure 9 shows a p lo t  

of t h e  devia t ions  from t h e  overall average fake surface--- 

temperature f o r  each of t he  areas .  

Mean airborne rad ia t ion  temperatures and t h e i r  

standard deviat ions f o r  t h e  four a reas  a r e  presented i n  

Table 3 .  Fl igh t s  were made from 17 August, 1966, t o  30 

August, 1966. The data presented i n  ~c'ISronologica1--oraer .- 
Table 4 g ives  t he  average airborne rad ia t ion  temperature, 

t h e  average boat radiometer temperature, and t h e  average 

boat thermistor  temperature f o r  t he  e n t i r e  lake surface. 
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TABLE 3 

AREA AVERAGES O F  AIRCRAFT MONITORED SURFACE TEMPERATURE (OC) 
LAKE HEFNER, AUGUST 1 9 6 6  

A u g u s t  1 9 6 6  
A r e a  

D a  t e / T i m e  I 
A r e a  
I1 

A r e a  
I11 

A r e a  
I V  

1 7 / 1 2  27 - 9  - + . 2 9  2 7 . 9  - +.30 2 8 . 1  - +.40 2 8 . 1  - +.22  
17 /16  2 8 . 5  - +.27  2 8 . 5  - +.19 2 8 . 7  - +.28  28 .7  - +.19 
1 9 / 0 8  26 .6  - +. 19 2 6 . 4  - +.20 -------- D a t a  Rejected--------  
19 /12  28 .1  - + . 2 1  2 7 . 4  - +.25 2 7 . 7  - +.23  27 - 4  - +.29 
19 /16  28 .7  - +. 24 2 8 . 6  - + . I 9  28 .9  - +. 2 0  28.7  - + . 2 5  
19/20 2 8 . 1  - + . 2 7  27 .6  - +. 2 4  2 7 . 7  - +.27 28 .0  - + . 2 1  
25/12 25 .9  - + . 2 8  25 .9  - +.37 25 .7  - +.28 25 .6  - +.27 
25/16 2 6 . 1  - +. 25  25.9  - +.30 2 5 . 4  - +.23 2 5 . 6  - + , 2 3  
25/20 25.3 - + . 3 1  2 4 . 8  - +.33  24 .6  - + . I 8  2 4 . 8  - +.26  
26/00 2 5 . 2  - + . I 8  24 .6  - +.26 2 4 . 5  - +.17 2 4 . 7  - +. 1 9  
26/04 2 5 . 1  - +.27 24 .7  - + . I 9  24 .4  - +. 2 5  2 4 . 9  - +.25  
26/08 25 .2  - +.19 24 .9  - +. 2 1  2 4 . 8  - +.24 2 5 . 1  - +. 2 5  
26/12 25.7 - + . 2 1  25 .2  - + . 2 1  2 5 . 5  - +.19 2 5 . 6  - + . 1 8  
28 /01  2 5 . 1  - +.20 24 .9  - +.20 2 5 . 1  - +.29 2 5 . 3  - +.19  
28/14 2 5 . 8  - +.I9 25.4  - +.I6 26.0  - +.I8 26 .3  - + . 2 8  
28/20 2 5 . 8  - +.36 25 .6  - +.29  25 .4  - + . lo  2 5 . 7  - + . 2 3  
29/13 25 .8  - +.16 25 .5  - +.21  25 .6  - +. 1 7  2 5 . 8  - +.16  
30/14 25 .5  - + .27  25 .5  - +.25  25.5 - +.29 2 5 . 8  - +.24  



TABLE 4 

MEAN SURFPCE TEMYERATURE l o c )  AND F I R S T  STANDARD DEVIATFON OVER ENTIRE LAKE 

I 

\ I I 

1 c ra f t  and B o a t  M e a s u r e m e n t s  
i 

I I , 
A i r g r a f j t  b B o a t  B o a t  

 ate/^ i m e  a d i o m e t ; e r  R a d i o m e t e r  G ~r T h e r m i s t o r  C B t  

t i I 

17/12 
17/16 
1 9/0 8 

28.0 i 
24-6 / 
26.6 \ 

19/12 21.6 1 N o  D a t a  Available 
19/16 28.7 1 
19/20 23.8 1 
25/12 I 25.9 / 26.0 - +. 27 26.5 +. 16 i 25/16 

- 
25.9 i 26.8 +.41 26.3 +. 34 

25/20 
- 

25.0 [ No D a t a :  goat F a i l u r e  
26/00 24.8 1 25.7 +.71 - 25.9 +.41 
26/04 

- 
241.8 1 25.7 - +. 68 25.5 +.34 

26/08 
- 

26/12 
28/01 25i.1 1 -t,27 24.7 - +. 29 25.0 +.45 
28/14 

- 
25.8 -34 25.8 +. 78 - 25.3 +.74 

2 8/2 0 
- 

25;. 6 - 3 8  25.0 +. 24 - 24.8 +.18 
29/13 25.7 1 -24 25.3 +.37 

- 
- 25.3 +. 27 

30/14 
- 

i 25-5 
.29 25.1 - +. 24 25.2 +.31 - 

i 
I 

251.1 1 .+. 29 25.6 - +.go 25.5 +. 29 
251.6 ! 

- 
+.33 25.5 - +.38 25.6 +. 20 - 



N o  r e l i a b l e  boat data fo r  t h e  period 1 7  Augustf1966,to 

20  Augus+ 1966, were obtained. 

Table 5 presents  a summary of average a i r c r a f t  sur- 

face temperatures located within the  film a s  well as  

corresponding averages taken outside the  f i lm cover. 

A summary of r e s u l t s  of a s tuden t ' s  " t "  t e s t  on the  

hypothesis t h a t  t he  average temperature within the  f i lm 

is  equal t o  t h a t  outs ide  t h e  f i lm is  a l so  included in  

Table 5. 



TABLE 5 

MEAN SURFACE TEMPERATURE ( OC) (AIRCRAFT) AND FIRST STANDARD DEVIATION 
I N  AND OUT OF FILM COVER AND RESULTS OF 

I I 
STUDENT "t " TEST ON THE MEANS 

LAKE HEFNER, AUGUST 1966 

A v e r a g e  A v e r a g e  - - 
T e m p e r a t u r e  T e m p e r a t u r e  Wilm A c c e p t  TINzTOUT 

 ate/^ i m e  In G ~ n  Out rout cover " t "  @ 10% L e v e l  



CHAPTER V I I  

DISCUSSION O F  RESULTS 

Detection of t h e  Monolayer. 

One of t h e  major objec t ives  of t h i s  study was t he  

determination of t h e  e f f e c t  of a  hexadecanol monolayer on 

water su r face  temperature. There were s i x  a e r i a l  obser- 

vat ions of water surface  temperature during which a 

monolayer covered por t ions  of t h e  lake. From s t a t i s t i c a l  

ana lys i s  of these  s i x  water surface  temperature pa t t e rns ,  

it was found t h a t  a  s i gn i f i c an t  r i s e  of surface  ternp- 

e r a tu r e  occured within t he  f i l m  boundary i n  t h r ee  of the  

cases. 

The a b i l i t y  t o  de t ec t  t he  monolayer must involve t h e  

i n t e r ac t i on  of instrument accuracy, airborne radiometer 

resolving power, amount of f i lm on t h e  lake, and t h e  

length of time t h a t  t h e  f i lm had covered t h e  water surface.  

F i r s t ,  t h e  instrument must s u f f i c i e n t l y  accurate  t o  

de t ec t  a  temperature d i f ference  caused by t he  fi lm. Lab- 

ora tory  inves t iga t ions  showed t h a t  t he  radiometer used had 

t h i s  accuracy. The airborne resolving power*, amount of 

*The a b i l i t y  of t he  radiometer t o  de tec t  a  temperature 
change while i n  f l i g h t  ( see  Gaevskiy, e t . a l . ,  1965). 



f i l m  on t h e  lake, and the  g r i d  pat tern  flown by the  a i r -  

c r a f t  a r e  a l so  int imately connected t o  t h e  detection of 

t he  e f f e c t  of t he  monolayer. This i s  emphasized by the  

f a c t  t h a t  detect ion of warming by the  monolayer was found 

only in  those cases where 40% or  more of t h e  lake was 

covered by t h e  film. The re la t ionsh ip  between the  amount 

of time over which the  hexadecanol acted on the  water sur- 

face and the  detect ion of i t s  e f f ec t  on surface temperature 

i s  not known quant i ta t ively .  However, i f  meteorological 

parameters can be considered as  representa t ive  of energy 

budget adjustments, then detect ion of t he  f i l m ' s  e f f ec t  

should be noticeable within an hour a f t e r  i t s  applicat ion 

t o  t h e  lake surface. In a l l  cases which were evaluated, 

t h e  f i lm had been applied a t  l e a s t  two hours before the  

f 1 igh t  . 
The method of computing the  averages f o r  comparison 

of t he  surface temperature within t h e  f i lm boundary with 

the  open water sur face  temperature was as foI1ows: A map 

of f i lm coverage nearest  f l i g h t  time was overlaid on the  

lake surface temperature f i e ld .  Temperature inside and 

outside the f i lm cover boundary were then ar i thmet ical ly  

averaged. 

The averaging technique had t o  assume -& -firm cover 

was motionless, which was not s t r i c t l y  t rue .  However, 

the  main body of the  f i lm was quasi-stationary during a 

given f l i g h t  period. Sl ight  movements of the  film 

boundaries could have caused a decrease i n  detection 



ability and also may have produced higher variances of the 

sample of temperatures taken both in and out of the film. 

Only the aircraft radiometer temperatures provided a 

sample sufficiently large enough to be used in statistical 

analysis, The distribution of temperatures within each 

sample was Gaussian to a close degree of approximation, An 

'IF'' test was performed on each pair of temperature samples 

(in and out of the film) to determine whether the variances 

of the samples could be considered equal or unequal.* 

According to the result of the "F" test, a Student's 

"t" test was then performed to test the hypothesis that the 

average temperature within the film differed significantly 

from the mean temperature outside of the film. In all cases 

tested, this hypothesis was rejected at the 10% level on a 

one-tailed test. The hypothesis was rejected for 

observations taken on 28 August 1400L, 28 August 2000L, 

and 30 August 1400L, 

A s  an example, consider the XO Augus-t 1400L case. The- 

average temperature within the film boundary was 0.3% 

higher than the average of the temperatures taken outside 

of the film. The value of "t" was 1.25 with 72 degrees 

of freedom; therefore, the hypothesis that the means were 

equal was re j~cted- at the. 10% levek, - -  - - - 

*The variance used in this discussion is not the 
instrument error. It is a measure of the spread of temper- 
ature values taken in or out of the film boundaries. The 
comparison in this case is not between instruments but 
between measurements taken with the same instrument over 
different areas of the lake. 



Theore t i ca l  Support of Monolayer Detection.  

The r a d i a t i o n  su r face  temperatures a r e  r e p r e s e n t a t i v e  

of a t h i n  l a y e r  of water which should be very s e n s i t i v e  t o  

t h e  energy f luxes  which e n t e r  and leave  it. One might 

suppose t h a t  t h e s e  f l u x e s  a r e  i n  equi l ibr ium f o r  very 

s h o r t  per iods  of time due t o  t h e  many thermal and dynamic 

phenomena which may inf luence  t h i s  s u r f a c e  l a y e r .  The 

major energy f l u x e s  which a c t  upon t h e  s u r f a c e  l a y e r  a r e  

schematical ly  represented  i n  Fig,  10 ) .  They are :  t h e  

f l u x  of l a t e n t  h e a t  (evapora t ion) ,  t h e  f l u x  of s e n s i b l e  

h e a t ,  t h e  s o l a r  input ,  and t h e  long wave r a d i a t i o n a l  

cool ing.  The s e n s i b l e  h e a t  f l u x  a c t s  on both s i d e s  of t h e  

air -water  i n t e r f a c e .  

The immediate e f f e c t  of t h e  f i l m  on t h e  water i s  t o  

reduce t h e  f l u x  of  l a t e n t  hea t .  This would cause a n e t  

i n f l u x  of energy i n t o  t h e  su r face  l a y e r  i n  t h e  form of 

s o l a r  i n s o l a t i o n  and s e n s i b l e  hea t ,  t hus  causing a  su r face  

temperature r i s e .  

Saunders (1967) cons iders  another  e f f e c t  of a  mono- 

l a y e r  on t h e  energy budget of t h e  s u r f a c e  l aye r .  H e  f e e l s  

a  su r face  f i l m  inc reases  t h e  v e r t i c a l  dimension of t h e  

viscous boundary l a y e r  wi th in  t h e  water .  * This thickening 

of t h e  viscous l a y e r  i s  caused by t h e  i n h i b i t i o n  of  

*The dimension of t h e  viscous boundary l a y e r  i s  
smaller than t h e  su r face  l aye r  r e p r e s e n t a t i v e  of t h e  
r a d i a t i o n  temperature. 





hor izonta l  motion near t he  water surface  by t he  film. 

An increase of t he  viscous boundary layer  would cause t h e  

t r ans f e r  of sens ib le  hea t  from t h e  water i n t o  t h e  surface 

layer  t o  be l e s s  e f f e c t i v e  under t he  fi lm. Figure 11 

shows t h a t  f o r  the  cases reported here  the  subsurface water 

was, on t h e  average, cooler  than t he  surface  water. Thus 

t h e  cooling e f f e c t  of sens ib le  heat  t r a n s f e r  within t h e  

water was l e s s  e f f ec t i ve  under the  f i lm than i n  open water, 

adding t o  t h e  temperature d i f ference  between f i lm covered 

water and open water. I f  t he  subsurface water had been 

warmer than t h e  surface water, then t h e  observed tempera- 

t u r e  d i f ference  between open and f i lm covered water might 

have been l e s s .  

It appears from t h e  preceding discussion t h a t  t h e  

primary f luxes  causing a temperature d i f ference  between 

open and f i lm covered water a r e  l a t e n t  hea t  f l u x  and 

sens ib le  hea t  f lux  t rans fe r red  within t h e  water. The re la -  

t i v e  contr ibutions of t he se  two f luxes  are,  a t  present ,  

unknown. 

The above discussion a l s o  points  t o  t h e  f a c t  t h a t  

o ther  f luxes  which a c t  a t  t h e  water surface must be 

neg l ig ib le  i n  producing a temperature d i f ference  between 

open and f i lm covered water. In  t he  daytimelthe albedo of 

t h e  f i lm covered water was t he  same as  t h a t  f o r  open water 

(Beard and Wibelt, 1966); therefore  the  f i lm did  not  

a f f e c t  the  f lux  of so la r  radia t ion.  The damping of capi l -  

l a ry  waves by the film would lower the  boundary layer  i n  
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t h e  a i r  over t h e  f i l m  and probably cause h e a t  t r a n s f e r  i n t o  

f i lm covered por t ions  of t h e  lake  t o  occur a t  a f a s t e r  r a t e .  

The e f f e c t  i s  s i m i l a r  t o  t h e  warming theory of Saunders, i . e . ,  

f i lm covered a reas  would appear warmer r e l a t i v e  t o  open 

water. The experimenters f e e l  t h a t ,  though t h i s  d i f f e r e n c e  

i n  hea t  t r a n s f e r  may occur, it is  small  compared t o  t h e  

o the r  mechanisms causing temperature d i f f e rences  between 

f i lm covered and open water. A t  n igh t  t h e  r a d i a t i o n a l  

cooling would be t h e  same over both f i l m  covered water and 

open water,  s i n c e  t h e  f i lm had no e f f e c t  on emiss iv i ty  i n  

t h e  in f ra red  ( s e e  Appendix 11). 

Surface Temperature Isotherms and t h e  Film Cover. 

The essence of t h e  second o b j e c t i v e  of  t h i s  i n v e s t i -  

ga t ion  was t o  l o c a t e  t h e  monolayer cover by an a n a l y s i s  

of t h e  lake  su r face  temperature f i e l d .  Three cases  showed 

warming under t h e  f i l m  cover. I n  each c a s e i t h e  percent  

f i lm cover on t h e  l a k e  was between 43.7% and 53.6%. 

Therefore, t h e  mean su r face  temperature isotherm should 

correspond wel l  with t h e  f i lm boundary, s i n c e  approxi- 

mately h a l f  t h e  temperatures were wi th in  t h e  boundary and 

h a l f  were o u t s i d e  t h e  f i lm boundary.* 

Of t h e  t h r e e  cases ,  two show an o v e r a l l  correspondence 

between t h e  mean su r face  temperature isotherm and t h e  f i l m  

ca his statement assumes: 1) n e g l i g i b l e  advection of 
temperature on t h e  l ake  sur face ;  2 )  n e g l i g i b l e  upwelling; 
3 )  t h a t  t h e  temperature d i f f e rence  between open and f i lm 
covered water i s  not  l a rge .  A l l  t h r e e  assumptions a r e  
v a l i d  f o r  t h i s  study. 



boundary. Figures 32 t o  36 show the  boundary temperature 

f i e l d  of the  lake  and t h e  f i lm boundary. (See Appendix 111). 

The f i r s t  case, 28 August 1400L, (Fig. 32) shows 

poor cor re la t ion  between t h e  mean isotherm and t h e  mono- 

layer  boundary. This could be due t o  t he  f a c t  t h a t  the  

monolayer appl ica t ion  was hal ted  a t  1400L and t h e  f i lm 

s t a r t e d  t o  d r i f t  northward. The f i lm coverage map used 

fo r  comparison with t he  surface isotherms was completed a t  

14251;. Thus t he r e  was movement of t h e  main f i lm body during 

t he  a i r c r a f t  f l i g h t .  This would r e s u l t  i n  decay of 

imaging a b i l i t y  ( i .e . ,  the  image would be "blurred" beyond 

recogni t ion) .  Figure 3 3  is t h e  same isotherm ana lys i s  with 

t h e  f i lm boundary f o r  1500L included. The cor re la t ion ,  

though again poor, i s  somewhat b e t t e r  due t o  t he  f a c t  t h a t  

t he  map was p lo t t ed  during t he  l a t t e r  p a r t  of t h e  a i r c r a f t  

f l 'ight . 
For t he  28 August 2000L study t h e  co r r e l a t i on  between - - - - -- -- - --- - - - - -  - -- - - - .  - - -- - -  - . -  - - 

t he  mean surface isotherm and t h e  f i lm boundary i s  

improved ( see  Fig. 34) . The southern boundary of t he  

f i lm corresponds t o  t h e  approximate pos i t ion  of t h e  mean 

surface isotherm. Also,a break i n  t h e  f i lm cover or iented  

north-south - near - the  northwest corner of the  lake  is w'ell 

represented by t he  mean surface  isotherm. Note t h a t  

warmer temperatures, r e l a t i v e  t o  t h e  mean, f a l l  within t h e  

f i lm border. 

The ana lys i s  of t he  30 August 1400L f l i g h t  (Fig, 

36) produced favorable r e s u l t s .  The mean surface  isotherm 



compares wel l  w i t h  t h e  monolayer boundary. Again,a break 

i n  t h e  f i lm occuring i n  t h e  northern s e c t o r  of the  lake  

appears i n  t h e  ana lys i s  of t h e  temperature f i e l d .  

In reviewing these  t h r e e  cases,  i t  might be s a i d  t h a t  

t h e  mean sur face  isotherm c o r r e l a t e s  wel l  with t h e  edge of 

t h e  main body of t h e  monolayer. However, t h e  choice of 

t h e  mean isotherm was dependent upon t h e  percentage of 

f i lm cover on t h e  lake.  Optimum de tec t ion  seemed t o  occur 

when t h e  f i lm covered 50% of t h e  lake  sur face .  Detection 

may be j u s t  a s  negat ive a t  70% coverage ( r a r e  a t  Lake 

~ e f n e r )  a s  it was a t  30% coverage. Therefore, t h e  f l i g h t  

p a t t e r n  seems t o  have a  "de tec t ion  f i l t e r "  inherent  i n  i t .  

Widening t h e  " f i l t e r "  t o  include o the r  amounts of f i l m  

coverages would n e c e s s i t a t e  a  higher  r e s o l u t i o n  f l i g h t  

g r i d .  Under t h e  circumstances,such a  p a t t e r n  would have 

been very d i f f i c u l t  t o  f l y .  It was a l s o  observed t h a t  

small  s c a l e  f e a t u r e s  of t h e  f i l m  cover, whose dimensions 

were s e t  by t h e  da ta  sampling time ( s e e  ERROR ANALYSIS, 

p. 18) ,  were not  de tec ted .  This  could have been a  r e s u l t  

of degradation of t h e  da ta  during t h e  analog t o  d i g i t a l  

conversion and/or another e f f e c t  of the  f l i g h t  p a t t e r n .  

Comparison of Surface Temperature Monitored from Boat and 
A i r c r a f t .  

In h i s  e a r l y  work on a i rborne  in f ra red  sea su r face  

temperature,Stommel (op .c i t . )  s t a t e d  t h a t ,  a t  300 meters, 

one can neglect  t h e  e f f e c t  of an  intervening atmosphere on 



rad ia t ion  measurements. Lenshow (op . c i t , )  supported a 

s imi la r  statement with computations which assumed a warm 

spring or  cool summer day i n  Wisconsin. However, t h e  

atmospheric e f f e c t  on airborne infrared measurements under 

a moist a i r  mass may be appreciable,  For example, Shaw 

(1966) shows a d i f ference  of l.OOc between infrared temper- 

a tu r e  measured a t  130 meters and those measured a t  300 

meters over Lake Ontario. Saunders (1966) a l s o  s t a t e s  t h a t  

a t  300 meters over t he  ocean t h e  "apparent1' inf rared 

temperature can d i f f e r  from t h e  ac tua l  surface  temperature 

by +0.50C. 

In  t h i s  pa r t i cu l a r  s tudy, the  e f f e c t  of t h e  intervening 

atmosphere on t h e  inf rared data  col lec ted  i n  t he  a i r c r a f t  

was not negl ig ib le .  The methods by which t h i s  e f f e c t  may 

be corrected and a descr ip t ion of t h e  method f i n a l l y  

se lec ted  appear i n  Appendix 11. Table 6 shows tha t ,  a t  

Lake Hefner, a correc t ion on t h e  order of l.oOc with a 

range of - + 0 . 2 0 ~  had t o  be applied t o  the  a i r c r a f t  inf rared 

m'easurements ( see  footnote, p. 20).  

This environmental e r ro r  was general ly computed from 

radiosonde sounding a t  Tinker A i r  Force Base o r  W i l l  Rogers 

In ternat ional  Airport.  In one case, however, a kitoon 

sounding taken near t he  midlake meteorological tower was 

used fo r  t he  temperature-humidity p r o f i l e  of t he  lower 60 

meters. From 60 meters t o  f l i g h t  level, t h e  sounding was 

taken from t h e  W i l l  Rogers radiosonde. Correction using 

t he  W i l l  Rogers sounding alone was lower by O.lOc than t h a t  



TABLE 6 

COMPUTED ENVIRONMENTAL ERROR (OC) DUE TO WATER VAPOR 
LAKE HEFNER, AUGUST 1966 
(T c o m p u t e d  - T  m e a s u r e d )  

~a t e / ~ i m e  E r r o r  D a t e / ~ i m e  E r r o r  

* K i t o o n  sounding; a l l  o thers  used radiosonde a t  T i n k e r  AFB o r  
Will R o g e r  ' s In te rna t ion31  A i r p o r t .  

N o t e :  T h e  error c o m p u t e d  for  2 5 / 1 6  us ing  j u s t  the  T i n k e r  radio- 
sonde w a s  0 . 8 0 C .  



using the kitoon-Will Rogers combination. This is under- 

standable, since Will Rogers was upstream from the lake in 

this case,and more water vapor can be expected over the 

lake at lower levels than upstream of it. From this 

observation,one may expect all environmental corrections 

to be low,on the order of O.lOc. 

Since the aircraft and boat measurements were simul- 

taneous, a comparison of the respective surface temperatures 

was possible. A check on the influence of the intervening 

atmosphere between the aircraft and the surface can be made 

by comparing the boat radiometer surface temperature with 

the corrected aircraft temperatures. If the intervening 

atmosphere correction is valid, the two temperatures should 

be equal within the limits of instrument accuracy. Table 

7 shows the aircraft radiometer temperatures are equal to 

the boat radiometer temperature within the framework of the 

statistical analysis. 

When comparing aircraft measurements of water surface 

temperature with those monitored from a boat, one must 

recognize the effect of the respective methods of data 

acquisition. The airborne radiation measurement is the 

average temperature of a fairly large swath of water, while 

the boat radiation and thermistor measurements are 

essentially made at a point. Both measurements include a 

weighting factor (a result of the instrument optics) which 

is difficult to evaluate but which may effect the compari- 

son (Dutton, 1964; Marlatt, 1964). Averaging the data was 



TABLE 7 

SUMMARY - O F  STATISTICAL T E S T S  OF HYPOTHESIS: - 
A i r c r a f t  R a d i o m e t e r  - B o a t  R a d i o m e t e r  

LAKE HEFNER, AUGUST 1966 

"t" U s i n q  G= 

D a t e  
Local Time 

- - A b s o l u t e  Error 
B o a t  R a d  ' Ta/c R a d  of B o a t  R a d  and 

(OC) c ~ b r  f rTa/c 

- R e  j ect  - 
Tbr = Ta/c 
@ 10% L e v e l  



performed in an attempt to minimize this effect in the 

comparisons. However, the influence of sample size and 

the method of measurement on the comparison of aircraft 

and boat radiometric measurements is observed in a compari- 

son of their standard deviations. The boat radiometer 

standard deviation is consistently larger than those 

accompanying the aircraft measurements (see Table 4). 

Although the possibility of a gradient of temperature 

in the upper few millimeters of the sea surface was 

discussed briefly by Montgomery (1940) and Woodcock (1941), 

Ball (1954) showed conclusively that a gradient was 

possible. Ball used an infrared radiometer to substantiate 

his argument, arguing that the radiation measured by the 

radiometer was indicative of the temperature in the upper 

millimeter of the water surface. In his experiment, Ball 

found the radiometer surface temperature to average 0.3O~ 

cooler than the water temperature measured by the standard 

bucket technique. Ball also estimated that the region 

through which this gradient acted was 0.15 centimeters. It 

may be noted that a "cool" surface temperature reflects 

what seems to be an unstable temperature stratification. 

Applying certain ideas of Rayliegh, Ball computed that a 

temperature difference of 1 3 O ~  could be maintained in this 

thermal boundary without overturning. 

Further work on this thermal boundary layer was car- 

ried out by Ewing and McAlister (0p.ci.t.) with a more 

sophisticated radiometer than that used by Ball. They 



proposed t h e  i n f r a r e d  r a d i a t i o n  temperature  corresponded 

t o  t h e  mean temperature  of t h e  f i r s t  100 microns of water .  

Using i n f r a r e d  r a d i a t i o n  measurements made a t  n i g h t ,  which 

were co r rec t ed  f o r  r e f l e c t e d  sky r a d i a t i o n ,  filing and 

McAlister found t h e  d i f f e r e n c e  between bucket temperature  

and r a d i a t i o n  temperature  t o  be 0.60C. Again a ' coo l"  

r a d i a t i o n  temperature  was noted.  Their  experiments a l s o  

revea led  t h a t  t h e  thermal boundary maintained i t s e l f  under 

upwell ing u n t i l  t h e  s u r f a c e  of  t h e  water  was rup tured .  

La te r  work by McAlister (op . c i t . )  s t a t e s  t h a t  water  is  

opaque i n  t h e  i n f r a r e d  band 7.5 microns t o  15 microns a t  

dep ths  g r e a t e r  than  20 microns. H e  u ses  t h i s  f a c t  i n  pro- 

posing a dua l  waveband radiometer t o  measure s e n s i b l e  h e a t  @ 

flow i n  t h e  water  su r f ace .  

The r e l a t i o n s h i p  between t h e  r a d i a t i o n  temperature  

and t h e  subsur face  ( i .e .  bucket,  in take ,  o r  f l o a t i n g  

the rmis to r  i n  t h i s  ca se )  temperature  i s  complex and depends 

upon t h e  a i r -water  i n t e r f a c e  r a d i a t i o n  balance,  t u r b u l e n t  
.-- 

A 

t r a n s f e r  of s e n s i b l e  h e a t  from t h e  a i r  and w i t h i n  t h e  

water ,  and t h e  t r a n s f e r  of l a t e n t  h e a t  from t h e  su r f ace .  

Boudreau (1966) r e l a t e d  r a d i a t i o n  temperatures  ob ta ined  on -- 

board an oceanographic r e sea rch  v e s s e l  t o  bucket tempera--- 

----. . 
t u r e s  by employing a r eg res s ion  a n a l y s i s .  He b e l i e v e d  t h e  

observed ' ' cool"  su r f ace  temperature  was due t o  l a t e n t  

h e a t  t r a n s f e r .  

Many workers have compared a i rbo rne  i n f r a r e d  measure- 

ments of  water su r f ace  wi th  those taken from a boa t .  In  



general, the comparison has been with bucket or intake 

temperatures (Ragotzkie, 1964; Pickett, 1966; ~aunders, 

op-cit. ; Lenschow, op-cit. ; Gaevskiy et. al., op.cit .) . 
However, some investigators have had the opportunity to 

compare aircraft observations of surface temperature with 

a boat-mounted radiometer (Richards and Massey, op.cit.; 

Shaw, op.cit.; Pauls, 1966; Richards, 1966; Marlatt, op. 

cit. ; Oshiver and Berberian, 1965) . 
In this study, evidence of a thermal gradient in the 

surface layer should appear in the comparison of the air- 

craft radiation temperature with the subsurface temperature 

obtained by the floating thermistor. These two temperatures 

should differ. Furthermore, the hexadecanol monolayer may 

be expected to alter the thermal gradient.one possible result 

of monolayer application would be to reverse the thermal 

gradient due to the reduction of latent heat transfer from 

the water surface. 

Table 8 shows the result of "t" tests on the hypothesis 

that the average of the floating thermistor measurements 

was equal to the average of the airborne radiometer measure- 

ments. In general, the "t" tests showed the aircraft 

radiometer temperatures were not equal to the floating 

thermistor measurements. This affirms the existence of a 

thermal gradient in Lake Hefner. 

Beginning with the film application on 28 August, the 

surface layer gradient was reversed (see Fig.11). In other 

words, a *'cool " surface temperature was observed without 



TABLE 8 

S~MMARY O F  S T A T I S T I C A h  - T E S T S  O F  HYPOTHESIS: 

B o a t  T h e r m i s t o r  - A i r c r a f t  R a d i o m e t e r  
LAKE,HEFNER, AUGUST 1966 

- "t " U s i n g  c= R e  j ect  - 
T ~ o a t  T h e r m  - Ta/c A b s .  M a x .  E r r o r  - H y p o t h e s L s  

D a t e /  (OC)  of T h e r m i s t o r  t h e r m  = Ta/c 
L o c a l  T i m e  & c t h e r m  # O-a/c @ 1 0 %  L e v e l  

2 5 / 1 2  ! +0.6 2 . 0 0 0  Y e s  
I 

N o  D a t a  A v a i l a b l e :  B o a t  Fa i l u r e  



t he  f i l m  while a "warm' surface temperature was observed 

concurrent with f i lm appl ica t ion.  

The observed gradient  reversa l  i s  supported by theory. 

Without t he  hexadecanol monolayer, one would expect "cool' '  

skin due t o  t he  t r ans f e r  of l a t e n t  heat  from t h e  water 

surface. Fie ld  inves t igat ions  have shown t h a t  hexadecanol 

reduces loca l  evaporation by approximately 60% (Bean and 

Florey, 1967). The percent reduction of evaporation over 

the  e n t i r e  lake is probably much lower s ince  t h e r e  a r e  

open evaporating areas  of water on t he  lake a s  well  a s  

f i lm covered areas.  However, with a good f i lm cover, it 

would seem p laus ib le  t h a t  t h e  overa l l  reduction of l a t e n t  

heat  t r ans f e r  would cause a ne t  energy in f lux  i n t o  t h e  

surface layer  by so l a r  rad ia t ion  and sens ib le  hea t  from the  

a i r  ( a l so  fo r  a shor t  period of time by sens ib le  heat  

t r ans f e r  from t h e  water) .  This ne t  energy in f lux  would 

warm the  surface layer .  From F i g ,  11, it i s  estimated 

t h a t  t he  overa l l  warming of the surface  layer  by the  f i lm 

is on t he  order of 0.40C t o  0.80C. This i s  i n  general 

agreement with the  values given by Harbeck (op.c i t . )  and 

those found in  laboratory experiments (~rossman and 

Marlatt ,  op -c i t . )  . 

Case Study of Diurnal Variation of Surface Temperature. 

The infrared radiometer measures the  temperature of a 

very t h i n  layer  of water near t h e  surface. ~t i s  p laus ible  
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t o  assume t h a t  any surface  temperature change with time i s  

due t o  ne t  energy gain o r  l o s s  i n  t h i s  surface layer. 

Theref ore, 

1) net  energy i n t o  surface  layer  per  u n i t  time = f l ux  

of sens ib le  hea t  from the  a i r  + f l ux  of sens ib le  

heat  from the  water + l a t e n t  hea t  f l ux  + so l a r  

inso la t ion  i n t o  surface  layer  + r ad i a t i ona l  cooling 

from surface. 

This model assumes t h a t  t he r e  is no ne t  hor izon ta l  advec- 

t i o n  of temperature i n t o  o r  ou t  of t he  region of i n t e r e s t .  

Furthermore, a loca l  thermal equilibrium condit ion e x i s t s  

i n  t he  surface  layer  only when t he  f luxes  balance exact ly.  

If a cy l i nd r i ca l  volume of water whose area  i s  sub- 

tended by t he  normal viewing angle of a  s t a t i ona ry  radio- 

meter i s  considered, then, 

T h i s  equation assumes t h a t  t he  t r ans fe r red  p roper t i e s  such 

a s  q,@, and % have no hor izonta l  divergence and t h a t  

they a r e  i n  l oca l  equilibrium (i .e . ,  

e Now, f,=tV, so subs t i t u t i ng  i n t o  ( 2 )  and assuming 

2 0 fo r  the  v e r t i c a l  d is tances  of i n t e r e s t  t o  t h i s  a t  
problem gives,  

*See Appendix I V ,  p.112 fo r  glossary of terms used i n  
equations. 



~f z = 0 i s  t h e  wate r  s u r f a c e ,  and assuming a l l  g r a d i e n t s  

t o  be l i n e a r  ove r  t h e  smal l  d i s t a n c e s  concerned,  t hen  by 

f i n i t e  d i f f e r e n c i n u .  

From Hasse (1963) it i s  shown t h a t  8, = TS and i n  wate r  

Using t h e  Clausius-Clapeyron equa t i on  g i v e s  

- - & - 

s o l u t i o n  o f  t h e  t i m e  dependent  d i f f e r e n t i a l  equa t i on  

expressed  i n  (6)  would g i v e  a  f u n c t i o n a l  r e l a t i o n s h i p  

between s u r f a c e  temperature .  Ts, and t i m e  and cou ld  b e  
. - -  

compared t o  numerical  v a l u e s  o f  Ts = Ts (t) found fromL.-- 

curves  o f  t h e  d i u r n a l  v a r i a t i o n  of s u r f a c e  t empera tu re .  
- - I --- - 

Once t h e  v a l i d i t y  o f  t h e  equa t i on  was checked i n  t h i s  

manner, it would b e  p o s s i b l e  t o  u s e  (6 )  f o r  an i n v e s t i -  

g a t i o n  of energy f l u x  i n t e r a c t i o n  a t  an a i r -wa te r  

i n t e r f a c e .  



Several problems, however, are immediately apparent. 

A s  it stands, the equation is nonlinear in Ts. There are 

methods of linearizing which may be attempted in the solu- 

tion of (6) if it were not for a more crippling deterrent 

to its solution. This problem lies mainly in present 

knowledge of KH and KM, the eddy transfer coefficients 

in air and water. Very little is known about Km near 

the air-water interface. In the air above the interface, 

the assumption generally made in turbulence studies, i.e., 

K ~ / K ~  = 1, does not hold. As for the expression of KHW 

as a function of time, nothing is known; while KH = K~ (t) 

seems to be related to time through stability, the exact 

relationship is still being sought. Due to this obvious 

complexity, only a quasi-mathematical discussion of the 

diurnal variation can be submitted. 
The magnitudes of energy fluxes measured at the mid- 

lake meteorological tower at midday on 26 August are 

presented in Table 9 to give some idea of relative 

importance. The sensible heat transfer in the water was 

not measured. Normally, the latent heat flux would tend to 

dampen the combined fluxes of sensible heat from the air 

and solar energy. A non-linearity in the flux interaction 

is the dependence of the vapor pressure gradient on sur- 

face temperature. As an example, suppose the water surface 

temperature increased. Such an increase would necessarily 

cause an increase in vapor pressure gradient producing a 



TABLE 9 

MEASURED FLUXES AT A I R  WATER INTERFACE, LAKE HEFNER, OKLAHOMA 
26 AUGUST 1966 1200L 

Sensible 
Heat 

From Air-Water* 

(ergs/cm2 sec)  

Latent Heat 

(ergs/cm2 sec)  

Radiation 
In£ ra-red 

(ergs/cm2 sec)  

Solar  
Input 

(ergs/cm2 sec)  

*The f l u x  of sens ib le  hea t  inJ  t h i s  case  was away from t h e  water surface.  How- 
ever, t h e  temperature gradient  and wind shear above the interfacewere s imi la r  t o  t h e  
more common case  of hea t  t r a n s f e r  i n t o  t h e  surface.  Therefore, t h e  order of magnitude 
here  presented should be s imi la r  t o  hea t  t r a n s f e r  i n t o  t h e  surface .  S t a b i l i t y  
e f f e c t s ,  however, should make hea t  t r a n s f e r  i n t o  t h e  water su r face  s l i g h t l y  l e s s ,  if 
the  wind p r o f i l e s  were s imi la r  i n  both cases.  



cool ing e f f e c t  due t o  a g r e a t e r  l a t e n t  h e a t  t r a n s f e r .  

Assuming air and subsurface temperature were warmer than 

t h e  su r face  temperature ( a t  t h e  su r face )  would be checked 

by a reduct ion  of s e n s i b l e  h e a t  t r a n s f e r  above and below 

t h e  a i r -water  boundary. 

Upon i n v e s t i g a t i n g  t h e  f l u x  magnitudes, however, one 

f i n d s  t h a t ,  even a t  midday, i n f r a r e d  cool ing  of s u r f a c e  

temperature i s  q u i t e  l a rge .  

This  would cause a d r a s t i c  cool ing  of  t h e  l a k e  sur-  

face,  i f  t h e r e  were no f l u x  o t h e r  than t h a t  of s e n s i b l e  

h e a t  from a i r  and s o l a r  r a d i a t i o n  t o  t r a n s p o r t . h e a t  i n t o  

t h e  su r face  l aye r .  It i s  suggested t h a t  t h e  f l u x  of  

s e n s i b l e  h e a t  from subsur face  water ' in to  t h e  su r face  l a y e r  

i s  extremely important i n  maintaining t h e  r e l a t i v e l y  

cons tan t  su r face  temperature observed a t  Lake Hefner.* 

This f l u x  would probably vary s l i g h t l y  due t o  t h e  h igh  

h e a t  capac i ty  of water.  

I f  t h e  s e n s i b l e  h e a t  t r a n s f e r  from the subsurface - . -- 
water tends  t o  balance t h e  r a d i a t i o n a l  cool ing,  then t h e  

energy f luxes  respons ib le  f o r  a d i u r n a l  v a r i a t i o n  of sur-  
---- 

f ace  temperature a r e  t h e  f luxes  of l a t e n t  hea t ,  s e n s i b l e  
. - - . . . - - - . ... . 

h e a t  from t h e  a i r  above t h e  water,  and s o l a r  r ad ia t ion .  1 
1 

- -  ---- 
.--- - - Figure 1 2  shows t h e  d i u r n a l  v a r i a t i o n  of  su r face  temper- 1 

I 

a t u r e  during t h e  per iod 25 August 1200L t o  26 August 

* m i l e  this r e p c r t  was i n  manuscript,  measurements 
by McAlister (1967)  were made known t o  t h e  author  t o  
support  t h i s  hypothesis.  





1200L. The range  o f  v a r i a t i o n  is  l.cOc. A maximum o f  

s u r f a c e  t e m p e r a t u r e  a p p e a r s  t o  o c c u r  a b o u t  1400L. though 

no measurement was made a t  t h a t  t i m e .  

Three  d i f f e r e n t  t i m e  p l o t s  a r e  g i v e n  i n  Fig. 13; 

these a r e :  1) t h e  d i f f e r e n c e  between w a t e r  s u r f a c e  

t e m p e r a t u r e  and mid lake  tower two meter t e m p e r a t u r e s ;  2 )  

t h e  d i f f e r e n c e  between s u r f a c e  vapor  p r e s s u r e  and mid lake  

tower  vapor  p r e s s u r e  a t  two meters; 3 )  s o l a r  i n s o l a t i o n .  

These  p l o t s  a r e  i n d i c a t i v e  o f  t h e  v a r i a t i o n  o f  t h e  f l u x e s  

o f  s e n s i b l e  h e a t  from t h e  a i r ,  l a t e n t  h e a t ,  and s o l a r  

r a d i a t i o n  r e s p e c t i v e l y .  I n s p e c t i o n  o f  t h e s e  c u r v e s  p o i n t s  

t o  the f a c t  t h a t  s e n s i b l e  h e a t  t r a n s f e r  i n  t h e  a i r  may b e  

a  major  c o o l i n g  mechanism d u r i n g  t h e  even ing  hours .  I n  

t h e  daytime, s e n s i b l e  h e a t  t r a n s f e r  coup led  w i t h  s o l a r  

i n s o l a t i o n  p r o v i d e s t h e  s u r f a c e  warming mechanism. It must 

be emphasized, however, t h a t  t h e  d i u r n a l  t e m p e r a t u r e  

v a r i a ' t i o n  of t h e  w a t e r  s u r f a c e  is  the  r e s u l t  o f  v e r y  com- 

-- - p l e x  i n t e r a c t i o n s  between s e v e r a l  energy-flxxe"s.  " 

It shou ld  be n o t e d  t h a t  the l a k e  s u r f a c e  t e m p e r a t u r e  

dropped 0.30C d u r i n g  t he  p e r i o d  2 5  August 1200L t o  26 

August 1200L. T h i s  c o o l i n g  cou ld  have  been caused by  

i n t e r - d i u r n a l  v a r i a t i o n  o f  l a t e n t  h e a t  t r a n s f e r ,  s o l a r  
- - i n s o l a t i o n ,  and s e n s i b l e  heat t r a n s f e r  from t h e  a l r .  

F i g u r e  13  shows l i t t l e ,  i f  any, i n t e r - d i u r n a l  v a r i a b i l i t y  

i n  t h e  s o l a r  i n s o l a t i o n  and i n d i c a t e s  a  s i m i l a r  s i t u a t i o n  

w i t h  r e s p e c t  t o  t h e  l a t e n t  h e a t  t r a n s f e r .  However, t h e  





s e n s i b l e  hea t  t r a n s f e r  during t h i s  period was from t h e  

water su r face  t o  t h e  a i r  and was probably t h e  major cause 

of the  o v e r a l l  decrease i n  su r face  temperature. 

The S t ruc tu re  of t h e  Lake Surface Temperature F ie ld  and 
I t s  Relat ion t o  t h e  Var ia t ion  of Evaporation wi th  Fetch. 

Mi l la r  (1939) hypothesized a water vapor b lanket  t o  

form over a lake  s imi la r  t o  a boundary l aye r  of a i r  over 

a f l a t  p l a t e .  Considering t h i s  idea l  case,  t h e r e  would 

be a not iceable  v a r i a t i o n  of  evaporation wi th  f e t c h  a t  

Lake Hefner due t o  t h e  decrease i n  vapor g rad ien t  with 

f e t c h  and increase  of wind speed wi th  f e t c h .  It would 

follow t h a t  such a v a r i a t i o n  i n  evaporation would cause 

a v a r i a t i o n  i n  sur face  temperature with f e t ch .  

From t h e  mass t r a n s f e r  equation f o r  evaporation used 

a t  Lake Hefner, * 

7 )  E = ~ U , L ~ ~ -  ezl , where 

D i f f e r e n t i a t i n g  with r e spec t  t o  t h e  d i r e c t i o n  along t h e  

mean wind, x, g ives  

From t h e  Clausius-Clapeyron equation 

and s u b s t i t u t i n g  ( 9 )  i n t o  

(8) r e s u l t s  i n  

*The assumptions inherent i n  t h e  use of t h i s  equation 
can be found in Anderson (1950) . 



Solving f o r  d (+I 
d x 

d(k) = - K~ R, A E .  
11) dx  GUZ 

Now, 

This equation shows t h a t  a change i n  sur face  temperature 

with f e t c h  i s  e f fec ted  mainly by a change i n  evaporation 

r a t e  with f e t ch .  A s  evaporation increases  wi th  f e t ch ,  

Eq. ( 1 2 )  r equ i res  t h a t  t h e  su r face  temperature 

decrease wi th  f e t ch .  

Anderson (op .c i t . )  g ives  a schematic diagram of 

evaporation r a t e  a s  a funct ion of f e t c h  over an open body 

of water which shows a maximum of evaporation near t h e  

windward shore.  Therefore,  considering such an idea l i zed  

s i t u a t i o n  a s  descr ibed by Anderson, one may expect cooler  

su r face  temperatures i n  t h i s  a rea  r e l a t i v e  t o  sur face  

temperatures downstream. Using Eq. (12) and evapor- 

a t i o n  da ta  taken a t  two meters fo r  26 August OOOOL, it 

was ca lcu la ted  t h a t  t h e  sur face  temperature should 

decrease by 3.O"C along t h e  mean wind pa th  from t h e  south 

meteorological s t a t i o n  t o  t h e  midlake tower. such extreme 

cooling was not  seen i n  t h e  sur face  temperature p a t t e r n  

on t h e  lake  (Fig. 3 0 ) .  The southern area (Area 11) was 



0.60C cooler  than t h e  northern area  (Area I )  a t  t h i s  time. 

Calcula t ion  of t h e  o v e r a l l  cool ing from south s i t e  t o  

in t ake  tower shows t h e  southern area  t o  be  0.20C cooler  

than t h e  nor thern  a rea .  

This p a r t i c u l a r  f l i g h t  was t h e  only one i n  which 

evaporat ion da ta  f i t t e d  Anderson's model. Other per iods  

show evaporat ion inc reas ing  a l l  ac ross  t h e  lake,  though 

t h e r e  i s  more v a r i a t i o n  wi th  f e t c h  i n  t h e  southern a reas  

than i n  t h e  nor thern  a r e a s  (with a  south wind).  Figure 14 

shows t h e  depar ture  from t h e  average l a k e  su r face  temper- 

a t u r e  f o r  each of t h e  a r e a s  a s  a  funct ion  of wind 

d i r e c t i o n .  Almost always, when a  south wind i s  blowing, 

temperatures a r e  cooler  i n  t h e  southern a r e a s  than i n  t h e  

nor thern  areas .  

From t h e  c a l c u l a t i o n s  given above it must  be  concluded 

t h a t  evaporation alone accounts f o r  an excessive su r face  

cool ing wi th  f e t ch .  From an examination of  v a r i a t i o n  of  

sur face  temperature with f e t c h  during per iods  when t h e  

f l u x  of s e n s i b l e  hea t  from t h e  a i r  i s  reversed ( i . e .  from 

cool ing t o  warming t h e  l ake  su r face  l a y e r ) ,  s e n s i b l e  h e a t  

-- 
t r a n s f e r  from t h e  a i r  appears unimportant i n  t h e  change of 

sur face  temperature with f e t c h .  This leaves  only t h e  f l u x  

of s e n s i b l e  hea t  from t h e  water t o  account f o r  t h e  f a c t  

t h a t  cool ing was not a s  extreme a s  computed using 

evaporation alone.* Under these  condi t ions ,aga in  consider  

*Note t h a t  v a r i a t i o n  of s o l a r  i n s o l a t i o n  and rad ia-  
t i o n a l  cool ing with f e t c h  a r e  considered unimportant i n  
t h i s  development. 



Figure 14. Deviation From Area Average Surface Temperature-vs- 
Wind Direction 



which becomes 

Upon d i f f e r e n t i a t i n g  along f e t c h  one ob ta ins ,  

Now, i n t e g r a t i n g  wi th  r e spec t  t o  t i m e  g i v e s  

T h e  s o l u t i o n  o f  ~ q .  (15) i s  p r d h i b i t i v e  without 

f u r t h e r  r e sea rch  of t h e  a i r -water  i n t e r f a c e .  It i s ,  

however, one of  t h e  l o g i c a l  models t o  test i n  t h e  f u t u r e .  

From Fig. 9 ,  it i s  seen t h a t  Area I V  was nea r ly  

always cool  r e l a t i v e  t o  t h e  average l a k e  s u r f a c e  tempera- 

t u r e .  However, f o r  s eve ra l  hours  previous t o  t h e  

a i r c r a f t  measurements of nthe su r face  temperature t h e  

wind had a d e f i n i t e  wes te r ly  component. Therefore,  Area 
- - -- - - - - - - - - 

I V  would be expected t o  be cool  i f  an evaporat ion process  

i s  important i n  the a l t e r a t i o n  of s u r f a c e  temperature.  

Returning t o  Fig. 9, it should be noted t h a t  a s  the wind 

s h i f t e d  i n t o  the  south,  Area I V  began t o  warm rap id ly ,  

f i n a l l y  becoming warmer than t h e  average su r face  tempera- 
- - . - - - -- - - - .. - -  .- - ----- -- -- - -- - .- - 

t u r e .  It would no t  seem p o s s i b l e  t h a t  upwelling e f f e c t s  

could produce s u c h  r ap id  warming. 



CHAPTER V I I I  

SUMMARY AND CONCLUSIONS 

T h e  r e s u l t s  o f  a s t a t i s t i c a l  a n a l y s i s  of a i r b o r n e  

water  s u r f a c e  temperature  ob ta ined  wi th  a hexadecanol 

monolayer on Lake Hefner show t h a t  t h e  s u r f a c e  tempera- 

t u r e s  i n  t h e  f i l m  were warmer than  t h e  o v e r a l l  l a k e  

average. The amount of r e l a t i v e  warming was on the 

o r d e r  of 0.30C. T h i s  warming was p r i m a r i l y  caused by 

a r educ t ion  of s e n s i b l e  h e a t  t r a n s f e r  from coo le r  sub- 

s u r f a c e  water .  The warming was de t ec t ed  f o r  f i l m s  which 

covered from 43.2% t o  53.6% of t h e  l ake  a rea .  Warming 

was no t  d e t e c t e d  f o r  f i l m  coverages less than  40%. 

Three cases  i n  which a temperature  d i f f e r e n c e  

between f i l m  covered and open water  w e r e  examined i n  

d e t a i l .  I n  two of t h e s e  cases ,  s i g n i f i c a n t  c o r r e l a t i o n  

was found between t h e  monolayer boundary and t h e  mean 

s u r f a c e  temperature  isotherm. Since t h e s e  cases  had a 

f i l m  coverage of approximately 50% on t h e  l a k e  su r f ace ,  

t h e  mean s u r f a c e  isotherm would n a t u r a l l y  follow t h e  f i l m  

boundary. T h i s  p o i n t s  t o  t h e  f a c t  t h a t  t h e  isotherm 

chosen t o  "map'' t h e  film cover i s  dependent upon t h e  per-  

cen t  coveragecf  film on t h e  lake .  



When a correction for the radiative properties of 

the atmosphere between the aircraft and lake was applied 

to the airborne radiometer measurements, there was a 

general agreement of these measurements with radiometric 

measurements made at the same time in a boat. This 

confirmed the fact that the environmental error cannot be 

neglected under the conditions encountered. The environ- 

mental correction was on the order of l.OOc with a range of 

+0.20C. The environmental error computations indicated - 
that attenuation of the target radiation was the most 

important feature in the correction. 

Comparison of aircraft and boat thermistor monitored 

surface temperatures revealed the existence of a thermal 

gradient in the upper layer of water. Without the mono- 

layer, a "cool ' skin prevailed. However, upon application 

of the monolayer, the gradient was reversed, and a "warm" skin 

was apparent. From an examination of the magnitude of 

the gradient reversal, it was estimated that the monolayer 

caused a net surface temperature warming on the order of 

0.80C over a period of several days. 

A theoretical expression for the variation of surface 

temperature with time was developed to model the diurnal 

variation of surface temperature. The expression, however, 

was not solvable in the present state of turbulence study. 

The main problem in its solution was that very little is 

known quantitatively about adjustment of the various 

energy fluxes with time. It was shown by comparing 



r e l a t i v e  va lues  of f luxes  measured a t  midday over t h e  

l ake  t h a t  s e n s i b l e  h e a t  from t h e  water played an important 

r o l e  i n  maintaining a  r e l a t i v e l y  cons tant  su r face  

temperature.  This l e f t  s e n s i b l e  h e a t  from t h e  a i r ,  

l a t e n t  h e a t  and s o l a r  r a d i a t i o n  t o  be  t h e  major f l u x e s  

determining t h e  d i u r n a l  v a r i a t i o n  of su r face  temperature.  

One case  study of d i u r n a l  v a r i a t i o n  of su r face  tempera- 

t u r e  a t  Lake Hefner was performed. The range of v a r i a t i o n  

was 1 . 0 0 ~  with a  maximum of su r face  temperature occurring 

near 1400L. It was found t h a t  an important cool ing  

mechanism i n  evening may b e  s e n s i b l e  h e a t  t r a n s f e r  from 

t h e  a i r .  Sens ib le  h e a t  t r a n s f e r  from t h e  a i r  wi th  s o l a r  

i n s o l a t i o n  provides  t h e  major warming mechanism during t h e  

day. The lake  cooled during t h e  per iod by 0 .3O~.  This  

cool ing was a t t r i b u t e d  t o  a t r a n s f e r  of s e n s i b l e  h e a t  

from t h e  lake  sur face .  

A t h e o r e t i c a l  r e l a t i o n s h i p  between v a r i a t i o n  of  

evaporation with f e t c h  and v a r i a t i o n  of s u r f a c e  temper- 

a t u r e  with f e t c h  was explored.  In  an example presented 

using t h i s  r e l a t i o n s h i p  t h e  computed v a r i a t i o n  of su r face  

temperature was f a r  more than t h a t  which was observed. 

A model was proposed which accounted f o r  t h e  lower 

observed values by a  balance of evaporat ion and s e n s i b l e  

hea t  t r a n s f e r  from t h e  water .  The model could not be 

t e s t e d , s i n c e  adequate desc r ip t ions  of the  time v a r i a t i o n  

of many parameters appearing i n  the  model equation a r e ,  

a t  p resen t ,  unknown. 



CHAPTER I X  

RECOMMENDATIONS 

It has  been shown t h a t  i n  some cases  t h e  f i l m  can 

b e  de tec ted  through a i r c r a f t - i n f r a r e d  survey of water 

su r face  temperature.  It i s  obvious t h a t  f u r t h e r  work 

i n  t h e  d e t e c t i o n  of monolayers by i n f r a r e d  techniques 

i s  necessary.  It is recommended, the re fo re ,  t h a t  f u r t h e r  

experiments of t h i s  na tu re  include high r e s o l u t i o n  

i n f r a r e d  photography* i n  t h e  8-12 micron region of t h e  

spectrum. 

Several  problems a r e  immediately el iminated with 

i n f r a r e d  photography. The f l i g h t  t i m e  can be shortened 

considerably, s ince  t h e  g r i d  p a t t e r n  flown i n  t h i s  study 

( s e e  Fig. 7 )  can be  s u b s t a n t i a l l y  reduced. The f i lm  

cover can be  d i r e c t l y  compared t o  t h e  i n f r a r e d  photograph 

without ex tens ive  da ta  reduct ion.  I f  f u r t h e r  c o r r e l a t i o n s  

compare with those presented i n  Figure 37 and Figure 39, 

then t h e  percent  f i lm  cover can probably be d i r e c t l y  

taken from the  in f ra red  photograph. Absolute va lues  of 

sur face  temperature can be ex t rac ted  from t h e  i n f r a r e d  

photograph by means of a grey s c a l e  c a l i b r a t i o n .  
- 

*An in f ra red  camera i s  a scanning i n f r a r e d  radiometer.  
These instruments can b? purchased o r  leased.  



The method of  i n f r a r e d  measurement of l a k e  s u r f a c e  

temperature,  a s  r epor t ed  he re in ,  has  some advantages. 

Even though monolayer d e t e c t i o n  i s  somewhat involved and 

low pe rcen t  f i l m  cover escapes d e t e c t i o n ,  a q u a n t i t a t i v e  

e s t ima te  of average s u r f a c e  temperature  over p o r t i o n s  of 

t h e  l a k e  and t h e  e n t i r e  l a k e  can b e  obtained.  The main 

problem i n  t h i s  c a s e  i s  one of instrument accuracy. To 

i n c r e a s e  t h e  accuracy of  t h e  radiometer,  t h e  s c a l e  width 

of t h e  s t r i p  c h a r t  must b e  increased.  A s  a r e s u l t  of  t h e  

Lake Hefner s tudy  h e r e  repor ted ,  a simple method of 

inc reas ing  radiometer accuracy i s  presented  and recommended 

f o r  f u r t h e r  s t u d i e s  of  water  s u r f a c e  temperature.  

I n  t h i s  study, a 50 mv f u l l  s c a l e  recorder  was used 

f o r  t h e  average output  from t h e  radiometer whi le  over t h e  

l a k e  was 27-32 mv. A lower s c a l e ,  say 10 mv, would have 

g r e a t l y  increased  t h e  r e so lv ing  power of  t h e  instrument 

however, such a s c a l e  s e t t i n g  was n o t  compatible wi th  

t h e  output  of t h e  radiometer. It i s  t h e r e f o r e  proposed 

t h a t  i n  f u t u r e  s t u d i e s  a small  DC power supply be i n s t a l l e d  

i n  s e r i e s  wi th  t h e  i n - f l i g h t  da t a  a c q u i s i t i o n  system s o  

. . t h a t  t h e  vo l t age  from t h e  power supply s u b t r a c t s  from t h e  

- - radiometer ou tpu t  ( s e e  Fig. 1 5 ) .  This scheme w i l l  a l low 

t h e  use  of  more s e n s i t i v e  recorder  sca l e s .  One such 

system, cons t ruc ted  s i n c e  t h i s  s tudy was completed and 

now i n  use  a t  Colorado S t a t e  Univers i ty ,  has  a r e s o l u t i o n  

accuracy of +O.loC. F i e l d  tests  of  t h e  system have - 

proven very successfu l .  
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In such a systemthigh frequency noise becomes a 

problem. This can be  countered somewhat by placing a 

capaci tor  across t he  recorder leads i n  p a r a l l e l  with t he  

radiometer output.  The addi t ion  of a capaci tor  i n  such 

a manner w i l l  increase t h e  radiometer time constant .  

Therefore, each experimenter w i l l  have t o  determine an 

acceptable r a t i o  of noise  t o  t i m e  constant .  

The discussion of t h e  d iurnal  cycle i n  t h e  repor t  

pointed out  t h e  complexity of t h e  i n t e r ac t i ng  f luxes  of 

energy a t  t h e  air-water in te r face .  At t h e  present  time, 

it is d i f f i c u l t  t o  r e l a t e  va r ia t ions  of water surface  

temperature, under na tu ra l  conditions, t o  any p a r t i c u l a r  

f lux  of energy ( f o r  instance, evaporation) . Further study, 

however, on t h e  r e l a t i v e  magnitude of energy f luxes  a t  

t he  in ter face ,  especia l ly  t h a t  of t h e  sens ib le  hea t  from 

the  water, may be ab le  t o  s u f f i c i e n t l y  def ine  t h e  

problem so t h a t  surface  temperature combined w i t h  e a s i l y  

measured physical q u a n t i t i e s  can be an ind ica to r  of a 

pa r t i cu l a r  energy f l ux  a s  well  a s  t he  n e t  energy f lux.  

From t h e  comments on t h e  cooling of c e r t a i n  areas  of 

t he  lake, one can see  t h a t ,  on t h e  meso and micro scale ,  

knowledge of t h e  energy f l ux  var ia t ion  with f e t ch  i s  f a r  

from complete. Aerial  surveys of water surface  temper- 

a t u r e  of lakes i n  conjunction with s tud i e s  of t h e  

s t ruc tu re  of t h e  atmosphere over t h e  lake  and i t s  

environment a r e  necessary t o  fu r ther  understanding of 



t h e  t h r e e  d imensional  c h a r a c t e r  of  t h e  t u r b u l e n t  

boundary l a y e r .  

T h i s  s t u d y  must be c o n s i d e r e d  a s  a p i l o t  s t u d y .  

Much more work i s  n e c e s s a r y  b e f o r e  t h e  mechanisms ok 

energy  b a l a n c e  a t  t h e  l a k e  s u r f a c e  a r e  f u l l y  known. 

A e r i a l  su rveys  such  a s  the  one  h e r e  r e p o r t e d  should  

p r o v e  a v a l u a b l e  companion t o  f u r t h e r  s t u d i e s  i n  phys i -  

c a l  l imnology and a i r - s e a  i n t e r a c t i o n .  
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APPENDIX I 

DESCRIPTION OF INSTRUMENTATION 

In t h i s  inves t iga t ion , two i n f r a r e d  radiometers were 

used. A Barnes Engineering Radiation Thermometer model 

IT-2 was used i n  a  boat, and a  model IT-3 was used i n  t h e  

a i r c r a f t  . 
The opera t ion  of t h e  Barnes Model IT-2 i s  wel l  des- 

c r ibed  elsewhere (Frank, J.L., 1964: Lenschow, op. c i t .  ; 

Shaw, op .c i t . )  . It i s  a  thermis tor  bolometer i n  which 

incoming r a d i a t i o n  is f i l t e r e d  by an indium-antimonide/ 

Kodak I t ran-2 f i l t e r  system and focused on a  compensated 

thermistor  f l ake .  A h ighly  r e f l e c t i v e  surface,  known a s  

t h e  chopper, i n t e r r u p t s  t h e  incoming s i g n a l  a t  90 cps and 

allows r a d i a t i o n  from a  s t a b l e  black body cavi ty ,  known 

a s  t h e  reference  o r  heater ,  t o  be c o l l e c t e d  by t h e  

thermistor .  The r e s u l t  i s  a  90 cps wave, amplitude modu- 

l a t e d  according t o  t h e  d i f fe rence  between t h e  temperature 

of the  t a r g e t  and t h a t  of t h e  reference.  This  s i g n a l  is  

then de tec ted  and amplified. Ca l ib ra t ion  curves r e l a t e  

t h e  output  vol tage t o  t a r g e t  temperature. Both instruments 

used by Colorado S t a t e  Universi ty  i n  t h i s  study were 

accura te ly  c a l i b r a t e d  by a more soph i s t i ca ted  system 

resembling t h a t  descr ibed by Salomonson (1964).  The c a l i -  

b ra t ion  da ta  were s t a t i s t i c a l l y  analyeed. 





The IT-2 radiometer used had a bandpass from 7 .5  

t o  16,U ( see  Fig . 16) with approximate ha l f  power po in t s  

a t  8 p a n d  1 2 p  The f i e l d  of view was 3O and t h e  time 

constant  was -5 seconds. The absolute accuracy was 

determined t o  be  +0.7O~ from t h e  standard e r r o r  of - 

es t imate  on t he  l i n e a r  regression of t h e  ca l i b r a t i on  data.  

However, i n  t he  boat,  t h i s  accuracy degenerated somewhat 

and t h e  experimenters be l i eve  f 1 . 0 ~ ~  is  a f a i r  es t imate  

of t h e  absolute  accuracy of t h e  IT-2 i n  t h e  f i e l d .  

There a r e  severa l  inherent  instrumental e r r o r s  i n  t h e  

IT-2. Some of these  a r e  discussed by Clarke ( o p - c i t . ) .  

The IT-2 radiometer reference  temperature has a tendency 

t o  s h i f t ,  requi r ing  frequent ca l ib ra t ions .  The e lec t ron ics  

a r e  not  high prec is ion  components, with most r e s i s t ons  

accura te  only t o  210%. However, t h i s  should not  cause a 

not iceable  output e r r o r  once i n  f l i g h t ,  s ince  t h i s  e r r o r  

would be  masked by l a rge r  e r ro r s .  Lenschow (op .c i t . )  

mentions problems with t h e  preamplif ier  c i r c u i t ;  these  

were not  encountered i n  t h i s  study. A s  s t a t e d  i n  t h e  

Operating Manual, t h e  IT-2 has a very l imi ted  range of 

input  power vol tage and frequency. The input  power vol- 

tage  must be contro l led  between 105 v o l t s  and 1 2 5  vo l t s .  

The input  frequency must be contro l led  between 59.5 cps 

and 60.5 cps. It i s  i n  t h i s  respect  t h a t  t h e  IT-2 and 

IT-3 d i f f e r .  The IT-3 radiometer has a wider range of 

input  power voltage and frequency, making it more s u i t a b l e  



f o r  f i e l d  experiments. Another annoying c h a r a c t e r i s t i c  

of t h e  model IT-2 radiometer is  i t s  response t o  an ex te rna l  

radio  source; t h i s  has been encountered by o ther  groups 

( see  Clarke, op .c i t .  page 89)  . The model IT-2 used i n  

t h i s  inves t iga t ion  has been found t o  be very s e n s i t i v e  t o  

radio in ter ference .  This resu l t ed  i n  t he  r e j ec t i on  of 

some data  taken a t  t h e  lake i n  t h e  v i c i n i t y  of a microwave 

phase system experiment being c a r r i e d  out  by ESSA-Boulder 

Laboratories.  

The IT-2 was driven by a por table  power supply and 

was i n  use approximately an hour f o r  each run. The power 

supply was recharged a f t e r  each run. Due t o  t h e  s t r i c t  

requirements of input vol tage and frequency, a time t e s t  

was made on t h e  output vol tage and frequency of t h e  power 

supply under an IT-2  load ( s ee  Fig. 17) . It was noted 

t h a t  t he  output  vol tage of t he  por tab le  power supply was 

too high and t he  frequency too  low. Over t h e  f i r s t  one 

and a ha l f  hours, however, negligible change was seen i n  

both. To solve t h i s  problem,the IT-2 was ca l i b r a t ed  using 

t h i s  power source ra the r  than a conventional power source. 

The bas ic  op t i c s  and operat ions of t h e  Barnes Model 

IT-3 radiometer a r e  t he  same a s  t h a t  of t h e  Barnes Model 

IT-2. Many of t h e  e lec t ron ic  components, however, have 

been improved. The heater  c i r c u i t  seems t o  be  more s t a b l e  

and s l i g h t  s h i f t s  i n  the  ca l i b r a t i on  of t h e  IT-3 over long 

periods have been noted. The f i l t e r  used i n  the  IT-3 was 
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iden t ica l  t o  t h a t  used i n  the  IT-2 .  The f i e l d  of view 

was a l so  3O. The IT-3 has two response times, 50 m i l l i -  

seconds and 500 milliseconds. The 500 millisecond response 

was chosen t o  be used in  f l i g h t  due t o  an obvious reduc- 

t i o n  i n  high frequency noise when operating in  t h i s  mode. 

Another main di f ference between the  IT-3 and IT-2 i s  the  

low response of t he  IT-3 t o  external  radio noise due t o  

improved shielding i n  t he  e lect ronics  package, The only 

radio noise which seemed t o  a f f e c t  t he  IT-3 i n  f l i g h t  was 

the  keying of t he  a i r c r a f t  microphone. The input 

frequency range is wider fo r  t h e  model IT-3 which allows 

a range from 58.7 t o  61.3 cps, This was well within the  

capabi l i ty  of t he  a i r c r a f t  power supply which was moni- 

tored i n  f l i g h t  by a voltmeter and frequency meter. 

Calibration of the  IT-3 shows it has a laboratory accuracy 

of - + . ~ O C  on a 50 mi l l i vo l t  f u l l  sca le  recorder and a t  the  

500 mi l l i vo l t  time response, a laboratory resolution of 

-1 - . ~ O C  would not be unusual. 

The output of both the  model IT-2 and IT-3 i s  a DC 

voltage, The output of t he  Model IT-2 was read from a 

temperature sca le  (ammeter) on the  face of the elect ronics  

package. Readings from t h i s  temperature sca le  were 

reduced from a ca l ib ra t ion  of t he  instrument.* In f l i gh t ,  

*Th 
the  IT-2 
ca l ib ra t  

.e Barnes Engineering Company quotes accuracies of 
t o  be +2.0oC absolute and +SOc resolution.  C.S.U. 

ions show these specif ica t ions  t o  be very conser- 
vative; accurate, careful  ca l ib ra t ions  have shown the  
Barnes instruments t o  be consis tent ly  b e t t e r  than the  
manufacturers specif ica t ions .  



t h e  output of the  model IT-3 was recorded on a s t r i p  char t  

recorder with a 50 m i l l i v o l t  f u l l  sca le  response. The IT-3 

was ca l ib ra ted  t o  the  recorder used i n  t h i s  study. The 

ra ted  e r ro r  on t h e  recorder i s  -2% of f u l l  sca le  which 

resu l ted  i n  a recorder e r ro r  of approximately . loco  A 

r epea t ab i l i t y  check of t he  IT-3  was performed over Hcrse- 

tooth  Reservoir, Colorado. The water temperature a t  t h e  

north end of t h e  reservoir  was measured t en  times i n  

approximately twelve minutes. The standard deviat ion of 

t he  t en  measurements was f.loc. 

There w e r e  two methods of measuring water surface  

temperature i n  t h i s  study: radiometric and f l oa t i ng  

thermistor.  The f l oa t i ng  thermistor system consisted of 

a bead thermistor suspended i n  t h e  center  of a styrofoam 

and wire r ing,  which reduced the  cap i l l a ry  wave act ion,  

allowing the  thermistor t o  be s l i g h t l y  covered with water. 

The average depth of t he  thermistor  was on t h e  order of 

0.2 - 0.5 cm below t h e  water surface. T h e  output of t h e  

thermistor was read on a wheatstone bridge. The ther-  

mistor system was ca l ib ra ted  t o  a precis ion thermometer 

over t he  range of temperatures 15.0 - 3 5 . 0 ~ ~  and an 

absolute e r ro r  of +.3OC was computed from t h e  ca l ibra-  - 

t i o n  data. 



A P P E N D I S  I1 



APPENDIX I1 

ERROR ANALYSIS 

The following sect ion deals with e r rors  inherent 

in  t h e  data reduction and e r rors  a f fec t ing  data analysis .  

The prime importance of t h i s  discussion w i l l  be the  

delineation of the  l i m i t s  from which conclusions can be 

drawn from the  data. 

Data Reduction Errors. 

Though qu i t e  simple, the  l e a s t  straightforward p a r t  

of t he  data reduction was reduction of t h e  airborne radio- 

metric data. A t  col lec t ion time, t h e  data were stored i n  

analog form on s t r i p  charts .  A d i g i t a l  voltmeter was 

used t o  convert t h e  data i n to  a form compatible with 

computer input. This system has an e r ror  of +.01 m i l l i -  - 
v o l t  which is  approximately +.OlOc and therefore  can be 

neglected a s  an e r ror  source. 

A subject ive e r ror  source must be considered due t o  

the  method of presenting the  analog data t o  the  d i g i t a l  

voltmeter. The analog t o  d i g i t a l  system used in  t h i s  

study was essen t ia l ly  a DC power supply connected in  

p a r a l l e l  t o  the  s t r i p  char t  recorder and the  d i g i t a l  volt-  

meter. The output of t he  d i g i t a l  voltmeter was connected 



t o  a card  punch. A p a r t i c u l a r  s t r i p  c h a r t  was " re run"  on 

t h e  s t r i p  c h a r t  recorder .  The power supply vo l t age  was 

then  manually va r i ed  so  t h a t  t h e  needle  of t h e  s t r i p  c h a r t  

recorder  always followed t h e  l i n e  prev ious ly  recorded i n  

t h e  a c t u a l  run. The sampling t i m e  of t h e  d i g i t a l  vo l t -  

meter was cons tan t  and t h u s  "picked o f f "  t h e  vo l t ages  a s  

t h e  c h a r t  was rerun.  The sampling t ime was 1.5 b i t s  per  

second r e a l  t i m e .  The sampling time was ad jus t ed  s o  t h a t  

the s t r i p  c h a r t  was running a t  one h a l f  t h e  o r i g i n a l  

speed t h u s  improving the accuracy of t h e  reduced da ta .  

The magnitude of  t h e  e r r o r  int roduced by the ope ra to r  

of t h e  DC power supply wouldhave been complicated beyond t h e  

scope of t h i s  p r e s e n t a t i o n  had it n o t  been f o r  t h e  r e l a -  

t i v e l y  l i g h t  v a r i a t i o n  of l a k e  s u r f a c e  temperature  on each 

a i r c r a f t  t r a v e r s e .  F luc tua t ions  of t h e  l a k e  s u r f a c e  

temperature were g e n e r a l l y  low frequency f l u c t u a t i o n s  and 

t h e r e f o r e  were e a s i l y  followed. While an o b j e c t i v e  

measurement of t h i s  error w a s  n o t  poss ib l e ,  the experi- 

menters f e l t  t h a t  an e r r o r  of - +O.lOc was inhe ren t  i n  t h e  

system. This  e r r o r  a p p l i e s  t o  both abso lu te  e r r o r  and 

r e s o l u t i o n  e r r o r .  

The e f f e c t  of t h i s  s u b j e c t i v e  e r r o r  may be  reduced 

by using t a p e  recorded da ta  coupled with a s o p h i s t i c a t e d  

analog t o  d i g i t a l  system. 

Since t h e r e  were r e l a t i v e l y  few d a t a  p o i n t s  taken i n  

t h e  boat ,  reduct ion  was by hand. The c o l l e c t e d  d a t a  were 

a v i s u a l l y  i n t e g r a t e d  average taken over a per iod  of 



abou t  a  minute .  There fo re ,  t h e  r e d u c t i o n  o f  t h e  b o a t  d a t a  

c o n s i s t e d  of  a p p l y i n g  t h e s e  v a l u e s  t o  t h e  c a l i b r a t i o n  

curve .  The s l o p e  o f  t h e  c a l i b r a t i o n  c u r v e  was v e r y  c l o s e  

t o  one, and no " s u b j e c t i v e "  e r r o r  was i n h e r e n t  i n  t h i s  d a t a  

r e d u c t i o n  scheme. 

The e r r o r s  p r e s e n t e d  i n  T a b l e  1 o f  t h e  t e x t  were t h e  

maximum e r r o r s .  These e r r o r s  w e r e  u sed  i n  t h e  statistical 

a n a l y s i s  o f  the comparison between t e m p e r a t u r e s  moni tored  

from the  b o a t  and a i r c r a f t .  T h e  r e s o l u t i o n  e r r o r  was 

impor tan t  i n  conf i rming  t h e  d e t e c t i o n  o f  t h e  monolayer.  

The maximum e r r o r s  were u s e d  t o  p r o v i d e  t h e  e x p e r i m e n t e r s  

w i t h  an e x t r a  measure o f  c o n f i d e n c e  i n  drawing t h e i r  

c o n c l u s i o n s .  

Another p o p u l a r  approach t o  the e r r o r  problem is  t h e  

u s e  o f  a  r o o t  mean s q u a r e  e r r o r ,  Cons ide r  t h e  t o t a l  d a t a  

p r e s e n t a t i o n  e r r o r  " to  be made up o f  i n s t r u m e n t ,  r e c o r d e r ,  

and d a t a  r e d u c t i o n  e r r o r  s o  E,= Ei + E, + E, . The 

r . m . s .  e r r o r  i s  d e f i n e d  a s  

- 
where E ;  E, = 0 if E; is an  e r r o r  independent  o f  E, . 
Now E i ,  E r  and 6, are  a l l  independent  o f  one  a n o t h e r  

SO 

Thus t h e  a i r c r a f t  r .m.s.  a b s o l u t e  e r r o r  i s  



and t h e  resolut ion e r ro r  f o r  t he  a i r c r a f t  i s  

The use of these  e r r o r s  ins tead of the  maximum e r ro r s  

would only strengthen t h e  conclusions drawn i n  t h i s  repor t .  

Environmental Errors.  

Environmental e r r o r s  can be  considered extraneous 

infrared rad ia t ion  sources and sinks other  than t h a t  of 

t h e  t a rge t .  Principal ly,  these  a r e  atmospheric at tenuation,  

atmospheric re-radiat ion,  r e f l ec t ed  atmospheric rad ia t ion  

and r e f l ec t ed  cloud radia t ion.  The magnitude of t h e  

e r r o r s  introduced by t h e  environment i s  highly var iab le  

but  f o r  t h e  most p a r t  can be corrected. 

Figures 18 and 19 show schematically t h e  environ- 

mental sources of in f ra red  radia t ion.  The t heo re t i ca l  - 
inves t igat ion of these  sources has been thorough. Bouguer 

(1760) experimentally inves t igated  monochromatic absorp- 

t i o n  by a nonscattering medium with an invar ian t  t rans-  

mission spectrum. T h i s  approach was- xei~.tr-o-ducsLby . 

Lambert many years  l a t e r .  However, except f o r  c e r t a i n  . 

gases and shor t  op t i ca l  paths, t h i s  method does not e f fec t -  

ive ly  describe rad ia t ive  t r ans f e r  i n  t h e  inf rared.  

Simpson (1928) improved upon t h e  Lambert approach by 

recognizing i n  h i s  model t h e  band s t ruc tu re  of t h e  
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t ransmiss ion  spectrum of atmospheric gases  ( i n  t h e  i n f r a r e d  

t h i s  is mainly t h e  v i b r a t i o n - r o t a t i o n  bands of water  

vapor and carbon d iox ide ) .  This  band s t r u c t u r e  i s  very 

complex and Simpson's model, whi le  it o f f e r e d  a  b a s i s  f o r  

f u r t h e r  t h e o r e t i c a l  work, was n o t  a c c u r a t e  enough t o  g i v e  

s u f f i c i e n t  agreement wi th  experimental  r e s u l t s .  E l s a s s e r  

(1942, 1962) improved Simpson's model cons iderably  by a  

c l o s e r  approximation of  t h e  band s t r u c t u r e .  By averaging 

over a  f i n i t e  wave l eng th  i n t e r v a l ,  E l sas se r  was a b l e  t o  

smooth t h e  t ransmiss ion  curves  s o  t h a t  they  could be  

represented  by a  mathematical expression.  H e  was then  

a b l e  t o  apply t h i s  t o  a  given i n f r a r e d  r a d i a t i o n  t r a n s f e r  

problem. H i s  r e s u l t s  agreed favorably wi th  experimental  

da t a .  Goody (1964) improved t h e  E l sas se r  model by con- 

s i d e r i n g  a  random d i s t r i b u t i o n  of t h e  band s t r u c t u r e  and 

averaging over a  f i n i t e  band width. The Goody and 

E l sas se r  models form t h e  b a s i s  of  most of t h e  subsequent 
, . a-L---- 

t h e o r e t i c a l  s o l u t i o n s  of t e r r e s t r i a l  i n f r a r e d  r a d i a t i v e  

t r a n s f e r  problems. 

I n  the p resen t  study, a computer program w r i t t e n  by - - - .  

Shaw ( o p - c i t . )  was used t o  c o r r e c t  f o r  t h e  environmental -- 

e r r o r  sources .  This program, w r i t t e n  i n  For t ran  I V ,  i s  " --a-p 

s l i g h t l y  r e s t r i c t i v e ,  f o r  t h e  equat ions  used f o r  t r a n s -  

mission values  of water vapor a r e  v a l i d  t o  approximately 

500 mb. It is,  however, capable  of  accounting f o r  

a t t e n u a t i o n  of t a r g e t  r a d i a t i o n ,  d i r e c t  atmospheric 

r a d i a t i o n  coming from t h e  l a y e r  of  a i r  between t h e  a i r c r a f t  



and the  ta rge t ,  re f lec ted  atmospheric radia t ion (from 500 

mb t o  t h e  surface) ,  and re f lec ted  cloud radia t ion.  More 

complex and more complete computer programs f o r  non- 

scat tered rad ia t ive  t ransfe r  have been based on models 

constructed by Wark e t  a l .  (1962), Davis (1965), and 

Kunde (1967). 

Other methods of correct ing fo r  t h e  environmental 

e r ro r s  have been proposed. Lorenz (1966) provides a  

scheme fo r  estimating the  specular and d i f fuse  re f lec t ion  

of sky radia t ion by applying actual  measurements made of 

sky radia t ion spectra t o  the  in tegral ,  

/:*uAp, A ,  J 

where @ A  is  t h e  f i l t e r  t ransmissivi ty of a  Barnes PRT-4 

( e s sen t i a l l y  the  same as  t he  radiometer f i l t e r s  used i n  

t h i s  s tudy),  $,, i s  t he  re f lec t ion  spectrum f o r  water and 

1, t he  spectrum of sky radia t ion for  a  given location 

and time, From t h i s  the  contribution of re f lec ted  sky 

radia t ion which makes up the  t o t a l  s ignal  measured by the  

radiometer is  obtained. It is  then possible t o  compute 

the  adjustment necessary t o  correct  t he  indicated surface 

temperature measurement from the  a i r c r a f t .  He assumes 

d i r e c t  atmospheric radia t ion between t h e  plane and t a r g e t  

t o  be negligible.  Over an evaporating body of water, t h i s  

may not be the  case, especial ly i f  it is a  large  body of 

water (see  Shaw, op.cit . ,  pp. 38 f f ) .  



Saunders (op.c i t . )  proposes a novel method of cor- 

rect ing the  environmental e r rors .  Essent ia l ly  h i s  

procedure involves doubling the  atmospheric path length 

from the  t a rge t  t o  the radiometer. This can be done by 

ro ta t ing  the  radiometer 60 degrees from t h e  ve r t i ca l  

while f ly ing over a water surface which he assumes t o  have 

negligible horizontal  temperature gradient.  Saunders 

considers the  v a r i a b i l i t y  of emissivity with viewing 

angle when discussing the  contribution of ref lected 

atmospheric radia t ion t o  t he  error .  The angle a t  which 

t h i s  contribution doubles i s  c lose  to, but  not exactly 

60 degrees from the  ver t ica l .  Therefore,the amount of 

deviation from t h e  60 degree angle must be considered a s  

an e r ror  source i n  h i s  scheme; however, it is  s l igh t .  

Furthermore,this "doubling" angle var ies  seasonally since 

the  re f lec ted  atmospheric radia t ion is a function of t he  

" ver t i ca l  d i s t r ibu t ion  of temperature and water vapor a s  

well a s  t he  viewing angle. 

Saunders'procedure i s  more applicable t o  ocean sur- 

faces and large  lake surfaces than small lake surfaces. 

The s i z e  of Lake Hefner prohibited the  use of t h i s  rela-  

t i ve ly  accurate and easy method of applying correct ions t o  

the  environmental errors.  Furthermore, as it w i l l  be seen 

in  a l a t e r  section, horizontal gradients  of 0.5 t o  l.oOc 

were not unusual on the  lake surface. Thereforelone of 

Saunder's principal  assumptions was compromised in  t h i s  

case. 



Taking a l l  arguments i n to  account, Shaw's correc t ion 

fo r  environmental e r ro r  was found t o  be more appl icable  t o  

the  measurements made a t  Lake Hefner than t h e  correc t ion 

procedures proposed by Lorenz and Saunders. 

Errors  Due t o  Circula t ions  Within t h e  Lake. 

Another e r r o r  source which may a f f e c t  t h e  detec t ion 

of t he  f i lm is t h e  upwelling of cooler  bottom water. This 

could introduce a temperature gradient  i n  t h e  l ake  s imi la r  

t o  t h a t  encountered when the  hexadecanol f i lm was applied. 

Also,advection of temperature could occur a s  a r e s u l t  of 

hor izonta l  motions. 

With a p e r s i s t e n t  wind from t h e  south a t  Lake Hefner, 

one would expect a p i l i n g  up of water on t h e  north s ide  of 

t h e  lake. The r e su l t i ng  pressure gradient  i n  t h e  water 

should be  compensated by a c i r cu l a t i on  a s  i n  Fig. 20, 

assuming an equilibrium condition i s  reached. The r e su l t i ng  

v e r t i c a l  -motions, however, shoula' be smaf 1 due t o  the short- 

f e tch  of t h e  lake,which determines t h e  pressure  gradient  

a t  a given wind speed. Furthermore, t h e  lake, during t h e  

period of study, was almost isothermal t o  a depth 

approaching 30 f ee t .  Due t o  t h e  s t a b l e  temperature 
- - .  

s t r a t i f i c a t i o n  below t h a t  l eve l ,  one would hardly expect 

t he  cold, dense bottom water t o  be mixed upward t o  any 

g r e a t  extent .  Therefore, t h e  t r a n s f e r  of hea t  a s  a r e s u l t  

of v e r t i c a l  motions wi th in  t h e  lake  caused by surface 

s t r e s s  w i l l  be neglected a s  small. 
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Very l i t t l e  work on h o r i z o n t a l  c i r c u l a t i o n  systems 

i n  smal l  l a k e s  has  been done. T. Laevastu (1962) r e p o r t s  

on an i n v e s t i g a t i o n  performed on two medium-sized l akes  

i n  Cent ra l  Sweden i n  1951. From t h e s e  s t u d i e s  a qua l i -  

t a t i v e  model o f  h o r i z o n t a l  c i r c u l a t i o n  i n  a small- t o  

medium-sized l a k e  i s  developed. Figure  2 1  shows t h i s  

model app l i ed  t o  Lake Hefner. The  c u r r e n t  shown can flow 

i n  e i t h e r  d i r e c t i o n  along the leeward shore.  The 

d i r e c t i o n  it t a k e s  depends upon t h e  i n t e r a c t i o n  of the 

l a k e  conf igu ra t ion  and wind d i r e c t i o n .  

A s tudy  of Lake Hefner c u r r e n t s  would be a va luable  

a d d i t i o n  t o  t h e  i n t e n s e  s tudy of the l a k e  which has  a l -  

ready been c a r r i e d  o u t  i n  t h e  p a s t  decade. About t h e  

only concept of c u r r e n t s  on t h e  l a k e  would be given by 

t h e  motions of  the f i lm ,  However, t h e  f i l m  is  p r imar i ly  

spread by wind stress on t h e  l a k e  s u r f a c e  and the spreading 

speed seems g r e a t e r  than t h e  su r face  water  speed, t h u s  

t h e  use  of the f i l m  a s  an i n d i c a t o r  of s u r f a c e  c u r r e n t s  

would probably be  doubtful .  A t  t h e  wind speeds which 

spread t h e  f i l m  (no t  g r e a t e r  than 13 knots)  one might 

expect t h e s e  su r face  c u r r e n t s  t o  be small .  

The a i r c r a f t  radiometer could d e t e c t  a temperature 

d i f f e rence ,  i n  f l i g h t ,  of - +0.4O~.* However, t h e  f a c t  t h a t  

t h e  measurements a r e  being made whi le  i n  motion p u t s  

*Maximum r e s o l u t i o n  e r r o r ,  



F i g u r e  21.-- Model of H o r i z o n t a l  C i r u l a t i o n s  
i n  Lake Hefner:  South Wind 



d e f i n i t e  s p a t i a l  l i m i t a t i o n s  on t he  detect ion of a 

temperature d i f fcrcncc  ( ' ~ n d  consequently a f i lm l aye r ) .  

Gaevskiy ( o p - c i t  . ) mcnl-ions t h a t  t h i s  resolving power 

( a s  opposed t o  resolut ion)  depends upon the  a l t i t u d e  of 

t h e  a i r c r a f t ,  t h e  ground speed of t h e  a i r c r a f t ,  t h e  time 

constant of t h e  measuring device and t h e  f i e l d  of view 

of t h e  measuring device. 

A s  a r e s u l t  of da ta  reduction requirements, a 

sampling t i m e  of 1 b i t  per 1.5 seconds was chosen. There- 

fore,  t h e  e f f e c t  of t h e  time constant on detec t ion of a 

temperature d i f ference  can be neglected a t  t h e  expense 

of increasing t h e  minimum width of t h e  s t r i p .  Thus,for 

t h e  reduced da t a , t he  minimum widths of detec table  fi lni 

s t r i p s  a r e  67 meters and 107 meters respect ively  f o r  

ground speeds of 45 meters/second and 71.6 meters/second. 

Emissivity Error. 

Recalf t h a t  the effect of the  intervening atmosphere 

can be  removed from t h e  a i r c r a f t  r ad ia t ion  measurements 

of t h e  water surface temperature. However, one e f f e c t  on 

t h e  rad ia t ion  measurements which may a f f e c t  t h e  r e su l t i ng  

water surface  temperatures i s  t h e  possible s h i f t  of 

emissivi ty i n  t h e  inf rared due t o  t h e  hexadecanol film. 

A t  Lake Hefner t h e  e f f e c t  of an emissivi ty d i f ference  

between open water and t h a t  covered with t he  monolayer was 

neglected f o r  two reasons. F i r s t ,  Saunders (op. c i t .  ) has 

s t a t ed  t h a t ,  unless  an in ter ference  pa t te rn  i s  seen on a 

water surface  a s  a r e s u l t  of a surface film, c l a s s i c a l  



electro-magnetic theory predicts no change in emissivity. 

From the air the film is readily seen (see Fig 

however, no interference patterns are present. The 

mechanism which accounts for the film's easy definition 

when viewed from the air is the damping of capillary waves. 

This changes the pattern of light reflection but not the 

amount of reflection (Dirmhirn, 19681. Furthermore, tests 

on the emissivity of water covered with hexadecanol car- 

ried out in an emissivity box (Buettner and Kern, 1964) 

at the University of Washington* showed no effect of the 

film in the 8-12 micron region of the electro-magnetic 

spectrum. Ragotzkie and Menon (1966) mention that mono- 

molecular surface films should have an effect on the 

emissivity of a water surface but do not substantiate 

their argument with measurement. Furthermore, they mention 

films whose thickness is on the order of 10'~ crn as the 

minimum thickness for an effect to be observed. Conser- 

I 
--.-- vatively, the thickness of hexadecanol is on the order of 

10-6 cm. 

*Katsoros, K. Personal communication, 1966. 
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SCALE: I mu = t 2 6 c m  

Figure 22.-- Surface Temperature Isotherms 
(~irborne) for 17 August 1966/1200~ 



SCALE : I mi = 6.26 cm 

Figure 23.-- Surface Temperature Isotherms 
(Airborne) for 17 August 1966/1600~ 



SCALE : l mf = 6.26 cm 

Figure 24.-- Surface Temperature Isotherms 
(Airborne) for 25 August 1966/1200~ 



SCALE : l mi = 6.26 cm 

F i g u r e  25.-- Su r f ace  Temperature Isotherms 
(Airborne)  f o r  2 5  August 1966/1600~ 



SCALE: l mi =6.26cm 

F i g u r e  26.-- S u r f a c e  Tempera ture  I s o t h e r m s  
( A i r b o r n e )  for  25 August  1966/2GOO~ 



SCALE : l mi = 6.26 cm 
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Figure 27.-- Su r f ace  Temperature Isotherms 
(Airborne)  f o r  26 August  1966/0000~ 



SCALE l ml = 6.26cm 
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Figu re  28.-- Su r f ace  Temperature Isotherms 
(Airborne)  f o r  26 August 1966/0400~ 



SCALE: l mi = 6.26cm 

Figure  29.-- Surface Temperature Isotherms 
(Airborne) f o r  26 August 1966/0800~ 



SCALE : I mi = 6.26cm 
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Figu re  30.-- Su r f ace  Temperature Isotherms 
(Airborne)  f o r  26 August 1966/1200L 



SCALE : l ml= 6.26cm 

Figure 3 1 . - -  Surface Temperature Isotherms 
(Airborne) for 2 8  August 1966/0100~ 



SCALE l rnl = 6.26 cm 

.. - - - - 
Figure  32.  -- Surface  Temperature Isotherms ( ~ i r b o r n e l  

f o r  28  August 1966/1400~ with 1400L 
Map of  Hexadecanol Cover 



SCALE : l rnt = 6.26cm 

Figure 33 . - -  Surface Temperature Isotherms (Airborne) 
for 28 August 1966/1400~ with 1500L 

Map of Hexadecanol Cover 
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SCALE. l ml= 6.26cm 
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Figure 34.-- Surface Temperature Isotherms (Airborne) 

for 28 August 1966/2000~ with 2000L 
Map of Hexadecanol Cover 



RLM 

Figure 35.-- Surface Temperature Isotherms (Airborne) 
for 29 August 1966/1300~ with 1300L 

Map of Hexadecanol Cover 

SCALE: I mi =6.Z6cm 



Figure 36.-- Sur face  Temperature Isotherms (Airborne) 
f o r  30 August 1966/1400L wi th  1400L Map 

o f  Hexadecanol Cover -- . - - -- - - --- - - -- 
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APPENDIX IV 

GLOSSARY OF TERMS USED IN EQUATIONS 

- spec i f i c  heat  of water 

Cph - spec i f i c  heat  of a i r  

/?M - densi ty  of water 

- densi ty  of a i r  

fv - densi ty  of water vapor 

& - po ten t i a l  temperature a t  height  z 

T, - water surface temperature 

- eddy d i f f u s i v i t y  of heat  i n  a i r  

K,- eddy d i f f u s i v i t y  of hea t  i n  water 

Kt - eddy d i f f u s i v i t y  of water vapor 

- percent of so l a r  inso la t ion  intercepted by 
surface layer  

W - f l ux  of so la r  energy - - - 

- spec i f i c  humidity 

L - l a t e n t  heat  of evaporation 

Rv - gas constant f o r  water vapor 

Z - height  coordinate (pos i t ive  upward) i n  meters 

- - t - time 

X - distance down mean wind d i rec t ion  

& - wind speed a t  height z 

k - coef f ic ien t  i n  Lake Hefner mas t r ans f e r  
evaporation equation 



P - emissivity of water 

6 - 0.622. 

K - a known constant of integration 


