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Temperature Differences 

Near the Sea-Air Interface' 

Allen H. Schooley 
U.S. Naval Research Laboratory 
Washington, D. C. 

ABSTRACT 

Littl e information is available on the temperature differences in the fir st several centimeters 
of air and water above and below the sea surface. A series of measurements was made to 
determine the magnitude and fluctuations of these temperature differences in the open 
Mediterranean Sea off the Ligurian Coast of Italy at about 44° 54.7'N, 9° 45'E. The differences 
were measured with respect to the actual undulating surface of the sea. The instrumentation 
used is described. 

The measurements made during the winter of 1964-1965 have revealed the following: 
(i) A mean hourly average air-temperature difference of + 1 .6°C/ 10 cm, wi th an RMS flu c-
tuation of o.6°Cf 10 cm ( + defined as warm below and cool above). (ii) A mean hourly 
average water-temperature difference of + o.o86°C/ro cm, with an RMS flu ctuation of 
o.025°C/10 cm (+ defin ed as warm below and cool above). (iii) On an average, two-thirds 
of the air -temperature difference in the fir st 4. 5 m above the sea-air interface occurred within 
the fir st ro cm above the sea surface. 

Introduction. Some knowledge of the temperature differences and their 
R uctuations in the first 1 o cm above and below the windswept surface of the 
open sea was required for a research project, but a search of the literature 
revealed relatively little data applicable to this open-sea problem (see von Arx 
1962, Roll 1965). To obtain the required information, simple instrumentation 
was devised, and a series of measurements was made in the Mediterranean Sea 
near La Spezia, Italy. The station, marked by an anchored buoy, is about 
1 o km off the coast where the water depth is 1 oo m. 

The near-surface thermal differences in the seawater and in the first 1 o cm 
of air above the sea surface were measured simultaneously in order to study 
the relationship between the two differences. 

I. The work herein reported was done whi le on a special assignment to the NATO SACLANT 
ASW Research Centre, La Spezia, Italy. 

Accepted for publication and submitted to press I September 1966. 
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2. Measuring Equipment. Fig. 1 shows 
a general plan of the arrangement of 
the apparatus. A boat 30 m long was 
used as the instrument platform, and 
during measurements the boat was tied 
to the marker buoy for periods of about 
8 to 24 hours at various times during 
December 1964 and January and Fe-
bruary 1965. The sensor, which is con-
nected with flexible wires to a pole that 
holds the sensor about 5 m away from 
the boat, is mounted on a small plastic 
float that rides up and down with the 
waves. Thus the measurements were 
made with respect to the actual sea sur-
face. Heavier leads from the pole con-
nect with a recorder in the wheelhouse. 

Figure I. Arrangement of boat and instrumen-
tation for making combined air and 
sea thermal-difference measurements. 

A bottom view of the sensor is shown in Fig. 2. A single plastic tube (6 mm 
diameter) in the middle of a 15 x 15 cm2 styrofoam float ( 2. 5 cm thick) con-
tains two independent ten-junction thermopiles mounted end to end without 
quite touching; the thermopiles, 1 o cm long, are made of copper and constantan 
wires (0.3 mm diameter), and are completely sealed in the plastic tube with 
beeswax. The tube is placed so that the adjacent junctions of the air and water 
thermopiles are about 5 mm below the bottom of the float. Therefore, the 
adjacent junctions of the thermopiles, when in the water, are subjected to the 
water temperature within the first 0.5 to I cm of the surface. This is the 
reference point for the difference in the sea and air measurements; from this 
point the lower junction of the lower thermopile projects 10 cm into the water 
and the upper junction of the upper thermopile projects 10 cm into the air. 
Thin aluminum foil around the region of the upper junction of the air-differ-
ence thermopile minimizes radiation effects; this foil extends 1.5 cm above 
and 1 .5 cm below the upper air junction. A small piece of lead is taped above 
the lower junction to improve stability in rough seas. The output for the 
thermopiles used was 200 µv/°C. The time constant of response of the lower 
thermopile in still water was about 20 seconds. At sea, still water or still air 
was never encountered. 

A thermistor is located close to the near-surface junctions (the reference 
point) of the two thermopiles; the thermistor is used to check the actual tem-
perature to which the sea and air differences are referred. A 6-mm beeswax 
ball-just visible in Fig. 2 on the underside of the float to the left of the 
tube-surrounds the thermistor to reduce its response time and thereby inte-
grate the temperature fluctuations caused by the wave-induced orbital motion 
of the water. Fig. 3 shows the sensor as it was used at sea. 
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The calib rated output voltages of the two thermopiles are indicated sepa-
rately on two M odel 425-A Hewlett-Packard D.C. microvoltmeters in the 
wheelhouse of the boat. A t their most sensitiv e range, these meters indicate 
r o µv full- scale, with an input resistance that is r o5 times the thermopile 
resistance. The microvoltmeters have provision for driving recorders; a two-
channel Rustrak recorder was used. One channel records the thermopile 
voltage proportional to the air-temperature differences, the other the output 
of the water-difference thermopile. With this equipment, the minimum de-
tectable temperature difference was about o.002°C. For reliable temperature-
difference measurements, thermopil es have a considerable advantage over ther-
mistors because much smaller differences in temperature can be measured 
directly without the diffi cult problem of matching precisely the characteristics 
of two thermistors over a range of ambient temperatures. 

A bridge circuit is used for measuring the thermistor resistance and hence, 
by calibration, for measuring the temperature of the near-surface water. 

Although the water and air-temperature differences were measured con-
tinuously, considerable preliminary experimentation showed that it was satis-
factory to check the near-surface temperature only about once an hour. This 
was usually done by using the thermistor and by measuring the temperature of 
a bucketful of freshly obtained seawater. Other measurements, taken every 
hour or so as deemed necessary, were dry- and wet-bulb air temperature, 
wind velocity, and wind directi on ; these were taken on deck at a height of 
about 4.5 m above the water. Bathythermograph soundings were made about 
every six hours. Changes in the state of the weather, sea, sunlight, and moon-
li ght were noted. The winter weather in the M editerranean during the time 
of measurements was mostly stormy with very little clear weather either day 
or night. Reli able correlation of the temperature-difference measurements 
with wind speed and cloudiness is not possible because of the great predominance 
of cloudy, stormy weather. 

3. Discussion of the Data Obtained. Fig. 4 shows the measured mean hourly 
air-temperature difference as a function of the measured mean hourly water-
temperature difference. All these data were obtained between 28 October r 964 
and 27 J anuary 1965. During this time the weather at the observation point 
was mostly cloudy and stormy, with the water almost always warmer than the 
air. Most of the temperature differences shown in Fig. 4 are positive, a positi ve 
difference in either air or water being defined as the situation in which the 
temperature below is warmer than that above. 

A positive temperature difference in both air and water at the boundary 
favors eddy conduction (diffusion) of heat from the sea to the air. Although 
the points in Fig. 4 are scattered, an approximate average line through the data 
indicates that the positive air-temperature difference was roughly 20 times the 
positiv e water-temperature difference. The circumscribed points deviate mark-
edly from the average line for the following reasons. 
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Figure 2. Bottom view of the sensor unit . The white square is a styrofoam fl oat; the central tube 
conta ins the air and sea temperature-difference measuring thermopil cs; the dark object 
at the bottom of the tu be is a lead stabilizer fo r stabilit y in rough seas; to the left of the 
central tube is a small beeswax ball surrounding the reference thermis tor. 
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Figure 3. Sensor and pole at sea. 
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Figure 4 . The relationship between mean hourly average thermal differences in the air and in the 
water, both being measured within IO cm of the sea-air interface. 

The lowest point (surrounded by a dotted line) is from data obtained during 
an afternoon of sunshine and little wind. Possibly the sun warmed the air 
much faster than the water surface, the net result being that the air-temper-
ature difference became negative with respect to the sea surface while the 
water-temperature difference remained positive. It should be pointed out, how-
ever, that imperfect shielding of the upper air thermocouple junction from 
radiation would produce the same result. 

The six points surrounded by a dashed line in the upper part of Fig. 4 show 
unusually high positive air-temperature differences for quite low positive 
water-temperature differences. During the time that these data were obtained 
there was intermittent light rain; contact cooling, evaporation from the upper 
junction of the air thermopile, or both probably produced large air-temperature 
differences that were false. 

The five points surrounded by a solid line at the right-hand side of Fig. 4 
show unusually high water-temperature differences with comparatively low 
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air-temperature differences. These data were obtained on a relatively clear 
late afternoon and evening when the wet-bulb temperature depression was 3°C. 
It seems likely that radiation and cooling of the water surface by evaporation 
increased somewhat the positive water-temperature difference and decreased 
the positiv e air-temperature difference. 

In Fig. 4, different symbols for morning, afternoon, evening, and night have 
been employed. With the relatively small amount of data available there are 
no obvious correlations with times of day alone; other factors- some of 
which have already been discussed-are more important. To obtain a more 
complete quantitative understanding of the heat interactions near the air-sea 
interface it will be necessary to devise instrumentation for measuring the 
effects of evaporation and radiation in addition to the temperature differences. 

Table I summarizes the observed temperature differences and their fluctu-
ations during the winter months considered. The fir st column gives the mean 
of all the hourly average temperature differences shown in Fig. 4. The mean 
air-temperature difference is + 1.6°C/10 cm and the mean water-temperature 
difference + o.086°C/ 1 o cm. The ratio b~tween them is about 19: 1, which 
is approximately the slope of the line in Fig. 4. The basic data were also 
checked for the approximate RMS fluctuations in the hourly average air- and 
water-temperature differences for each of the points plotted in Fig. 4. The 
second column of Table I shows that this fluctuation averaged about o.6°Cf 
10 cm for air and about o.025°C/10 cm for water; the ratio between the two 
RMS fluctuations is about 24: 1. The last column of Table I shows the mean 
hourly average temperature difference divided by the RMS fluctuation. For 
air this ratio was 2. 7: 1, and for water, 3.4: 1. 

At this point it is pertinent to mention McAlister's (1963) measurements 
of temperature differences in the first millimeter of seawater with a two-
wavelength infrared radiometer. These measurements, made at night from the 
Scripps Institution of Oceanography pier at La Jolla, California, U .S.A., in 
late 1962 and January 1963, indicate that the average temperature at a depth 
of 0.2 mm was o.2°C lower than that at I mm depth. In other words, there 
was a positive difference of about o.25°C/mm. From this McAlister concluded 
that the thickness of the top layer in which conduction predominates is prob-
ably less than I mm. Since his measurements were made at night, it is reason-
able to assume that cooling by radiation and evaporation contributed to the 

Table I. Summary of measurements taken in the Mediterranean off the coast 
of Italy during the winter of 1964-1965. 

Air ..... ... . .. . . . . . 
Water ............. . 

Mean hourly R M S 
average temp. cliff. flu ctuation 

(
0 C/IO cm) (°Cf10 cm) 

+ 1.6 
+ 0.086 

0.60 
0.025 

Mean temp. cliff. 
divided by 
flu ctuation 

2.7 
3.4 
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Figure 5. T he relationship between the ai r-temperature difference in the fir st 1 0 cm above the sea 
surface and that in the fir st 4.5 m above the sea surface. 

high average temperature difference in the first millim eter below the surface. 
The present work-summarized in Table I-has avoided the superfi cial 
layer of the sea by using a reference point 5 to 10 mm below the surface and 
by measuring the temperature difference over a Io cm depth interval. In this 
region, it would be expected that eddy conductivity-due both to turbulent 
water moti on related to the action of the wind-generated waves and to con-
vection forces-i s of major importance. 

In Fig. 5 the difference between bucket-measured sea-surface temperatures 
and the dry-bulb air temperature at deck height (4.5 m) are related to simul-
taneous measurements of the temperature differences in the fir st Io cm of air . 
It is interesting to note that most of the points fall close to a straight line having 
a slope of about 1.5. The unusual points on the ri ght-enclosed by a dashed 
line- indicate that the air-temperature difference record was probably in error 
due to cooling caused by evaporati on of intermittent rain on the upper junction 
of the air thermopile. The point at the far left- enclosed by a dotted line-
shows a result of sunlight apparently heating the air near the water or warming 
the upper air-thermopile junction by radiation. The point at the lower left-
enclosed by a dash-dot line- shows the result on a cloudy evening when there 
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was a strong wind and only a fraction of a degree difference between the bucket 
and deck-height temperatures. 

Disregarding the exceptions discussed above, Fig. 5 shows that, on an aver-
age, two-thirds of the air-temperature difference in the first 4.5 m of the 
atmosphere above the sea occurred within the firs t Io cm. 
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