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ABSTRACT

Available results of observation have shown that at
nadir the brightness temperature of the sea surface at 19.35 GHz
increases linearly with increasing wind speed. The computational
results of the modified theoretical model presented herein are in
good agreement with the measurement results both at nadir and
other angles. The model depicts that, for a fully developed
sea driven by the wind with speed above 5 m/sec, the air in the
transitional zone immediately above the air-sea interface is
mixed with sea water droplets from bursting air bubbles. The
droplet concentration has a profile tapering off to zero at a
certain height. The dielectric constant of the inhomogeneous
droplet profile is thus both a function of the height above
the interface and the wind speed. Both the inhomogeneity effect
and the possible attenuation effect of the droplet concentration
have been considered.
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TECHNICAL MEMORANDUM

I.

Introductory Review
In the last few years considerable efforts have
been made both theoretically and experimentally in studying
the characteristics of microwave emission from a wind-driven
sea. The first extensive measurement of the brightness
temperature of a sea was made in 1968 at 19.35 GHz by Nordberg
et all
with a Convair-990 jet aircraft. Their, observed
results are reproduced in Figure 1 which also shows the results
f2]
of the theoretical model developed by Stogryn
in 1967. In
his model, he made use of the sea slope measurements by Cox and
Munk
who related the density of the reflected images of the
sun to the statistics of the wave slopes and found that the
slope distributions were nearly Gaussian. From Figure 1 we
note that over the calm sea there is general agreement between
the observation and the theory if a vertical scale shift is
allowed. In contrast, there is apparent disagreement between
observations and Stogryn's theoretical results at 14 m/sec
wind speed. The observed results for the case of 14 m/sec
wind speed show at all nadir angles an almost uniform increase
of temperature over those for the case of calm sea; the
theoretical analysis, however, calls for a slight decrease
in temperature at nadir. It has been speculated'- •" that the

- 2 discrepancy at high wind speeds might be due to the effect of
sea foam which has not been taken into account in Stogryn's
T41
analysis. Nordberg et al
made another extensive measurement
of microwave emission at 19.35 GHz from the North Atlantic Ocean
surface in 1969. Their observation results are reproduced in
Table I and Figure 2, and they estimated from Figure 2 that the
measured difference between the results of the two wind speeds
is at least 22°C (after corrections for sky noise and atmospheric emission) at all nadir angles. In addition they
established from the results of Table I (after corrections
for sky noise and atmospheric emission) that for wind speed
exceeding 5 or 6 m/sec the brightness temperature at nadir
increases almost linearly with increasing wind speed at a rate
of 1.2°C (meter per sec)

. Although these two groups of

observations certainly contain some measurement inaccuracy,
it appears that these measurements clearly establish the fact
that at nadir the brightness temperature increases with
increasing wind speed. On the other hand the theoretical
analysis of Stogryn predicts the contrary.
In view of the discrepancy between the theoretical
model and the observation, a brief comparison of available
theoretical models and their corresponding results is in
order. A search of Russian literature reveals that Shifrin
and lonina
made a theoretical analysis on the same subject
using also the sea slope measurements by Cox and Munk
as
F21
Stogryn
did. Both models do not consider the effects of foam
formation. Shifrin explicitly expressed the angle between the
incident beam and the local normal n to the sea area selected
for observation in terms of the angle between the direction of
A
observation and the normal z to the horizon. Shifrin assumed
that all wind directions are equally probable whereas Stogryn
assumed that the crosswind case is different from the upwind
case. They also used differential scattering coefficients in
different forms.

Because of these differences in theoretical

- 3 modeling, their results also appear somewhat different as shown
in Figure 3* and Figure 4 for three typical wind speeds. We
note that for the horizontal (or vertical) polarization at
large nadir angles the emissivity of Stogryn's model rises (or
drops) much faster at high wind speed than that of Shifrin's.
For the vertical polarization at nadir, the two models show
opposite predictions. On the other hand both models predict
that at nadir the emissivity for the horizontal polarization
decreases with increasing wind speed, in contrary to observed
results. In the following section, we shall present a modified theoretical approach that models more closely the actual
physical environment in the transitional zone above the airsea interface than the presently available theoretical models
do.
II.

Modified Theoretical Model
The brightness temperature T_.
measured by an air13

craft or spacecraft at height H can be expressed as

TB =[ET + U-E]TS]T(H) + /* TA (h) 8^h)

dh

(1)

where E is the emissivity of the sea surface,
T is the surface temperature of the sea,

and

To is the sky brightness temperature at the sea surface,
T,. is the temperature of the atmosphere,
f is the transmissivity of the atmosphere and can be
expressed as
TT

/

kpdh,

* The author wants to thank A. Stogryn for supplying these
computed data.

- 4where

and

p is the density of absorbing gases in the atmosphere,
k is the absorption coefficient for these gases,
6, is a nadir angle of observation.

Note that all the terms in Equation (1) vary sensitively
according to the density profiles of absorbing gases in the
atmosphere at the time of observation. These terms therefore
are sources of uncertainty in theoretical computations if the
water vapor profile of the atmosphere is not known during
measurements. Assuming that uncertainties in these two terms
could be accounted for, we shall devote the remainder of our
study only on how to compute theoretically the emissivity E in
a model that simulates the actual physical situation.
For a perfectly smooth air-sea interface, the emissivity can be conveniently evaluated as

E = 1-R

(3)

where R is the Fresnel energy reflection coefficient for either
the horizontal polarization:

Cos 6.^ -~YE - Sin 6,
R

(4)

h =

Cos 9

+ Ve

- Sin2e

or the vertical polarization:
Cos 61 - Ve - Sin Q±

(5)

R

v =
Cos S-j^ + Ve - Sin 0,

where e is the complex dielectric constant of the sea water.
We emphasize here that 6, is a nadir angle, i.e., the angle
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between the direction of observation and the normal to the
perfectly smooth, horizontally inclined water surface.
The wavy rough sea surface is assumed to consist
of a set of smooth areas, the normals to which have a Gaussian
distribution described by Cox and Munk. ' The diffraction
at the edges of an area is neglected by using the geometric
optics approximation. Figure 5 shows that the true or local
A
angle of incidence between n and the incident beam is x«
According to the definition of the Fresnel formulae, the angle
X instead of the angle 6, should be used in equations (4) and
(5) for a wavy sea surface. We shall adopt the Shifrin approach
in view of its compact computational form. Shifrin has shown
that
E = 1 - sec 61/P(en(v) ,<('n (v) ) Cos x sec 6n R(x)
(6)

= 1 - 0.502

| taneJ R(X+)

tane

R

j (X~) L

where P !e (v) , <j> (v)l is the Cox and Munk distribution function
with coefficients that depend on the wind speed,

and

C = 0.0015 + 0.00254V,

(7)

+
-1
X = cos

(8)

X

= cos

-1

1
Sin 91)!.

(9)

Note that x = X = ei wnen c vanishes. We also mention that
(i) Eq. (6) is not to be used for v>30 m/sec, since the Cox-Munk
distribution is probably no longer valid for v>30 m/sec, (ii) Eq.
(6) has an error of about 1% due to integrating it by the method
of steepest descents.

For e=35.62-i37.05, which is the value

used by Stogryn in Fig. 3, evaluation of Eq. (6) yields the
results shown in Fig. 4.

- 6 -

In using Eqs. (4) and (5) both Shifrin and Stogryn
implied that the dielectric constant e

of the air immediately

above the sea is unity, i.e., the effects of foam and other
factors can be ignored.

In physical reality, it appears that

the dielectric constant eQ of the air immediately above the
sea could be a function of both the wind speed v and the
height z.

Eqs. (4) and (5) should take the general forms:

Cos x -

,z)

- Sin2X

R

(10)

h =
2
,z) - Sin X

Cos X

eo(v,z) Cos X R

v

=

V

_

£0(V,Z)

(11)

- Sin2X

We shall use Eqs. (10) and (11) in Eq. (6) as the basis to
develop the modified theoretical model which we hope will
simulate the actual physical environment in the vicinity of
the air-sea interface as closely as possible. The essence of
the problem then is to model first the dielectric constant
EO(V,O ), i.e., immediately above the interface at z=o+,
as a function of the wind speed in a physically plausible
manner.

This will be done in the next section by utilizing

all relevant information obtained from observations of the
air-sea interface.
III.

Dielectric Constant Model of the Air Immediately above
the Air-Sea Interface
The physics of the marine atmosphere and of disturbances

of the sea surface is not yet well understood.

The more or less

periodic disturbances of the sea surface generally originate from
atmospheric/ seismic, and astronomical causes and comprise a period
range from about 10~

to 10

seconds'

. The energy is concen-

trated in the ordinary gravity waves (periods 1 to 30 seconds)
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and in the ordinary tides (periods about 12 to 24 hours).
Gravity waves are generated by the wind and mainly governed
by gravitational and inertial forces. If the waves are growing or being maintained by the local wind they are called
sea, whereas waves that are no longer under the action of the
generating wind are termed swell. The frictional coupling
between wind and sea surface is a very intricate problem.
Superimposed on the big gravity waves are capillary waves
(small wavelets and ripples of less than 2 centimeters in length)
generally controlled by forces associated with surface tension.
Evidence is growing that these tiny ripples represent the drag
of the wind on the sea much more than the big waves do. Gravity
waves are normally dispersive, whereas capillary waves show
anomalous dispersion.
In searching for a realistic model of the transitional
zone above the air-sea interface, we shall use some of the
observed results that led to a partial explanation of the
mechanism of sea-salt nuclei production in the atmosphere.
It is known that when the wind over the sea is strong enough
to create whitecaps, air is trapped by the collapsing wavecrests
and rises to the sea surface in the form of small air bubbles
or foam. In addition, all forms of precipitation particles
are effective bubble producers when striking the sea surface as
shown by Blanchard and Woodcock
. These air-bubbles, when
bursting at the sea surface, cause, a transport of sea water
droplets into the air via two processes: [8 ] (i) the bubble
film droplets and (ii) the bubble jet droplets. The droplets
thus formed create a transition zone at the air-sea interface. The bubble film droplets originate from the disintegration of the bubble film, that section of the bubble that protrudes through the air-sea interface. The hemispherical film
cap of a bubble rising from below breaks the surface where
it is thinnest, causing a disintegration of the bubble film
into hundreds of fine droplets. The bubble jet droplets emerge,

- 8after the bursting of the film cap, from a narrow unstable
jet evolving from the bottom of the collapsing bubble and then
breaking into a few large droplets. Figure 6 is a reproduction
from Blanchard's paper r si showing consecutive stages of the
bursting of an air bubble into jet droplets. Blanchard's
experiments give the following information. The bubble diameter varies from less than a millimeter up to a centimeter
and the corresponding bubble film area varied from less than
2
10- 4cm
up to one cm2 . The diameter of jet droplets has a
-4
range from a few microns (ly=10 cm) up to a millimeter or so.
4
The jet droplet ejection speed could be as high as 10 cm/sec
and ejection height as high as 15cm. The magnitude of the jet
droplet production appears to be proportional to the wind
speed in the range from 5 m/sec (about 0.02 droplet cm sec )
to 15 m/sec (about 0.1 droplet cm" sec" ). The diameter of
the bubble film droplets has a range from 5y to about 20y and
these film droplets could reach a range up to more than one
centimeter. The number of film droplets produced is proportional to the diameter of the film cap. A 2mm diameter bubble
2
(film cap area about 0.005 cm ) will produce a maximum of
about 100 film droplets and a 6mm diameter bubble (film cap area
?
r 8 91
about 0.3 cm ) a maximum of 1000 film droplets. Blanchard '
also showed that the percent of ocean covered with whitecaps
is approximately proportional to the square of the wind speed.
It appears from the information described in the above
paragraph that for a fully developed sea (i.e., wind-driven
sea in a steady state) a majority of the bubbles from patches
of whitecaps will spread and distribute over the sea. The
bursting of these bubbles will mix the air immediately above
the interface with sufficient sea water droplets to make the
dielectric constant of the mixture larger than unity. It is
plausible to assume that in the transitional zone the concentration of these sea water droplets will taper off from the
interface to zero at a certain height according to some kind of

- 9profile.

The effect of the inhomogeneous droplet concentration

profile on the transmission of the thermal emission from the
sea surface will be studied later. We shall first make the
following model simulating the variation of the dielectric
constant of the interface air mixed with sea water droplets,
the concentration of which is a function of the wind speed
and the height from the interface. Immediately above the
interface, a simple linear model has the form:
eo(v,o+) = l+(e-l)p

(12)

where p is the percent of sea water droplets in the air
immediately above the interface. Note that e (v,o+) is unity
for p=o and is equal to e for p=l. We now assume that p varies,
as a function of the wind speed v:
p = c

l+ C2V + C3v2

(13)

The constant term C, takes care of the facts that (i) measure[4]
ments by Nordberg et al
show almost no brightness temperature change for winds from calm to about 5 m/sec. (ii) the
transition from a smooth sea to a sea beginning to form scattered
whitecaps seems to occur at wind speeds between 5 and 7 m/sec,
and Munk
and Mandelbaum
concluded that at such wind
speed the sea surface undergoes an abrupt discontinuity involving the transition from laminar to turbulent flow. The
linear term C2v is consistant with the observation that the
droplet production rate appears to be proportional to the
2
wind speed at low range (5 to 15 .m/sec) , and the C.,v term
indicates that the percent of whitecap coverage is approximately proportional to the square of the wind speed.
The constant C-, can be determined in terms of C2
and €3 for a particular choice of v at which the whitecaps
begin to appear. This v could be any number between 5 and 7

- 10 as mentioned earlier and we arbitrary choose v=5 m/sec for
convenience in computation. This number also appears to be
reasonable when we consult Roll's [12] Wind force chart which
is reproduced here as Table II. The table indicates that
at wind speeds between 4.5 and 6.6 m/sec, the sea surface
has large wavelets and begins to form breaking crests and
foam and perhaps scattered whitecaps. By setting p=0 and
v=5 in Eq. (13), we have
C-L = 5C2-25C3,
and

eQ(v,o+) = 1+ (e-1) [(v-5)C2 + (v2-25)C3]
= 1

(14)
for v> 5
for v< 5 (15)

Our objective now is to determine the constants C~ and C3, if
possible/ such that e (v,o ) will vary with the wind speed
in a manner satisfying the observed fact that at nadir the
brightness temperature for the horizontal polarization increases
linearly with increasing wind speed at the rate 1.2°C (m/sec)
Since e (v,o ) is a function of the sea water dielectric
constant e, we must first determine e as accurately as possible.
It is well known that the dielectric constant of the sea water is
a sensitive function of the emission wavelength, salinity, and
temperature. An accurate evaluation of e that represents
experimental values well was not available until recently.
Figure 7 shows the complex dielectric constant of sea water for an
average salinity of 36 parts per thousand in the North Atlantic Sea
and the temperature at 7°C, which is obtained by roughly averaging
sea surface temperatures for the cases shown in Table I. At 19.35
GHz (1.55cm) e=23.41-i33.63 from Figure 7. Using this value of e
in Eqs. (15)* (10), and (6), and choosing the empirical values of
C2=6xlO~ and C3=7.5xlO , we find that the theoretical brightness
temperatures (T =ET) for the horizontal polarization at nadir have
H
the observed values shown in Table III for various wind speeds.

- 11 Table III
Brightness Temperature
for Horizontal
Polarization at Nadir
~4
~6
= 6xlO
C3=7.5xlO , T=280°K, e=23 . 41-i33. 63)
v(m/sec)

p(%)

e0(v'0+)

25

0.00
0.36
0.75
1.18
1.65

1.00-iO.OO
1.08-i0.12
1.17-i0.25
1.27-i0.40
1.37-i0.56

30

2.16

1.48-10.73

5
10
15
20

TB(°K)

117.9
123.7
129.7
135.9
142.0
148.0

ATB(°K)
5.8
6.0
6.2
6.1
6.0

Table III shows that the brightness temperature indeed increases
almost linearly with increasing wind speed at a rate of 1.20°K
(meter per sec) . Both the percent of droplets p and the
dielectric constant eo(v,o ) of the air and droplets mixture
immediately above the interface increase also almost linearly
with increasing wind speed at a rate of about 0.002-10.03
per meter per sec. Note that e (v,o ) has an attenuation part
as e does.
IV.

Brightness Temperature of the Modified Theoretical Model
at Other Nadir Angles
The next crucial test of the modified theoretical

model is to see how well the results of the modified model
agree with those of measurements at any nadir angle. The
results of computation are shown in Figure 8 for the horizontal
polarization.

The horizontal polarization measurement curves

of Figure 2 will be compared with those of Figure 8. Since
the absolute calibration level of Figure 2 was not sure, Nordberg
F41
et al
could only estimate the brightness temperature difference (after sky noise and atmospheric emission corrections) between the curves F and B to be at least 22°K at all nadir angles.

- 12 Inspection of Figure 8 indicates that the corresponding brightness temperature difference between the curves for v=25m/sec
and v=5m/sec is about 23°K at all nadir angles. The agreement
is surprisingly good.
V.

Effects of Inhomogeneous droplets profile on Brightness
Temperature
It was mentioned in section III that the sea water

droplet concentration profile could affect the transmission of
the microwave emission from the sea surface. To study this
problem we have to find the transmissivity of electromagnetic
waves in a lossy inhomogeneous medium at an oblique indidence.
This general problem has not been solved yet, but the case
of lossless inhomogenous medium at normal incidence has recently
r i 41
been solved
. We shall use the results of reference
[14] to get a general idea about the nature of the problem
in nadir direction. To do this we must first assume the form
of the droplet concentration profile F in terms of the parameter defined below:
^

(16)

Ve0(v,z) dz

where X is the free-space wavelength of the microwave emission '
and
h is the height at which e (v,h) is equal to unity, i.e.,
above h the droplets no longer contribute to the value of
dielectric constant due to their sparse distribution, if any.
For a profile with droplet concentration (or sea water content)
decreasing with height and having at least first derivative
vanishing, we assume the profile F has the form

F =cos(--

-

where
P =

O

A

^QW,

J=2,3,4,

......

(17)
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with z varying from o to h, i.e., p varying from 0 to pfl
Figure 9 shows the variation of F for different values of J.
The dielectric constant eo(v,z) of the transitional
zone between z=o

and z=h can then be expressed in the general

form
e (V,z) = 1 + A F = 1 + A [Cos(-£
o
^

£)] ,
ph

(19)

A = eQ(v,o+) —1.

where

(20)

Since the results of reference [14] are for the lossless case only,
we have to drop the imaginary part of eo(v,o) shown in Table III
in actual computations.

The computational results of the trans-

missivity (for normal incidence) of inhomogeneous lossless sea
water droplets profiles are shown in Figure 10

for cases with

J=2 and 5 and several typical values of the parameter A.

The

pips in the figure indicate the transmissivities of the profiles when the ratio (T-) of the profile height h to the wavelength
A

X of the emission is a half-wavelength.

It is evident from

Figure 10 that for most cases the transmissivity is practically
unity when h is larger than J3/4K.

For cases with A less than
I
\
0.3 the transmissivity is almost unity for h larger than [1/2JA.

The height h most likely will increase somewhat with increasing
wind speed.

Accordingly we may speculate that even at high

wind speed when e (v,z) is relatively high, the transmissivity
is close to unity for emissions with X of the order of a few
centimeters.

In section III we mentioned that a bubble film

could burst into hundreds of fine droplets at a height up to
one to two centimeters and a bubble jet could eject a few large
droplets at a height up to ten to fifteen centimeters.

It

appears that the bulk of droplets concentration is within the

- 14 first few centimeters for a fully developed sea.

Thus for

microwave emissions of wavelengths less than a few centimeters
the transmissivity could be very close to unity. At longer
wavelengths the transmissivity might be degraded and the problem becomes rather complicated due to multiple reflections
at the interface.
What has been said in the above paragraph is true
only for lossless cases. From Table III we note that e (v,o )
is quite lossy, especially at high wind speeds, although in reality
it may not be as lossy as indicated in the Table. The lossy part
of /e (v, o ) varies from 0.06 (for v=10m/sec) to 0.23 (for
v=25m/sec) . A rough estimate of the transmission loss through a
lossy profile of linear form amounts from about a few percent
fe ^~ ( ' )h for v=10m/sec case] to about 30 percent
[e ~TL (^-J^)*1 for v=30m/sec case] by assuming h=(l/2)A. The
effect of such a lossy profile is to reduce the measured brightness temperatures shown in Table III and Figure 8 by amounts
corresponding to losses at various wind speeds. If such transmission losses are true, actual computations for any theoretical
model will have to include this loss effect of an inhomogeneous
droplet profile. As mentioned earlier a theoretical solution
of wave transmission in a lossy inhomogeneous medium is not
available yet, an accurate estimate of transmission loss in
such a medium is not possible, especially under the present
circumstances that experimental data on the actual sea water
droplets profile and its attenuation characteristics are totally
absent as far as we know.
In view of the situation, we shall assume a lossless
model, i.e., e (v,o ) has no attenuation part. To remove the
o
_|_
imaginary part of e (v,o ), we shall modify Eq. (12) as

) -l]p
where e* is the complex conjugate of e.

(21)

- 15 -

Repeating the same computation procedure, we obtain C9=l.13x10 -3
-5
C.,=1.9xlO
, and the results shown in Table IV below:
Table IV.

Brightness Temperature for Lossless Model

v(m/sec)

p(%)

e(v,o )

TB(°K)

5

0.00
0.71

1.00

118.6
124.6
130.8
136.9
142.8
148.7

10
15
20
25
30

1.51
2.41

1.16
1.34
1.54

3.40
4.49

1.76
2.01

ATB(°K)

6.0
6.2
6 .^ 1
5.9

5 .9f\

Comparison indicates that the droplets percentage p in table
IV is almost twice that in Table III and e (v,o ) in Table IV
increases more rapidly than the real part of e(v,o ) in Table
III.

Using the values of e(v,o ) for various wind speeds in

Table IV, we compute the brightness temperature for the horizontal polarization of the model at other nadir angles and
obtain virtually the identical curves shown in Figure 8.

This

means that the values in Figure 8 are the actual measured brightness temperatures if e (v,o ) is lossless and h approaches one
wavelength.
The actual validity of the modified theoretical
model presented herein appears to depend on future research
in carrying out difficult experiments to measure the sea
water droplets

concentration

profile and its dielectric con-

stant and attenuation characteristics in the transitional zone
above the interface of a fully developed wind-driven sea.

Studies

made on the attenuation characteristics of the droplets of
cloud and fog might throw some light on the sea water droplets
problem.
VI.

Discussion and Conclusions
Ross et al

analyzed the similar observational data

used by Nordberg et al^ ^ and obtained similar conclusions.

- 16 -

They also concluded that the predominant mechanism producing
a change in T_, is more associated with changes in wind speed
D
rather than the height of the longer gravity waves.
Hollinger
'
made measurements from a tower (20 meters
above sea surface) on a fixed ocean platform at 1.41, 8.36, and
19.34 GHz. Because of the effects of the tower structure on
the brightness temperature measurements, he could not make
reliable measurements between nadir and about 20° nadir angle.
The absence of measurements at nadir makes it impossible to
obtain the rate of brightness temperature increase at nadir
with respect to the wind speed. It is evident that more
measurements similar to those made by Nordberg et al T41 are
needed to establish the consistency of measurements and to
verify the validity of the modified theoretical model at other
frequencies and for both polarizations.

It is also necessary

to carry out experiments to determine the sea water droplet
profile and its dielectric constant and attenuation characteristics in order to understand the fundamental nature
of the transitional zone at the sea-air interface. The determination of these parameters in the transitional zone is not
only required for brightness temperature measurements but also
has important bearing upon the capacity of the sea surface to
reflect and emit light and other radiation. In turn these
studies may have significant impact to the investigation of
air-sea boundary layer model in weather prediction. The
meteorological phenomena occuring in the immediate neighborhood
of the sea surface hold a key position among all the physical
processes in the marine atmosphere that is defined as being
controlled by sea surface as lower boundary.

- 17 -

The results of the modified theoretical model are in
good agreement with the measured results if the transitional
zone at the air-sea interface can be considered as a lossless
inhomogeneous region in which the sea water droplet profiles
have heights approaching one wavelength of the radiation to
be measured.
Since the brightness temperature measurements by
radiometers at 19.35 GHz have established that at nadir the
brightness temperature increases almost linearly with increasing wind speed for a fully developed sea, we can infer that at
nadir the scattering coefficient measurements at 19.35 GHz by
scatterometers should show that the scattering coefficient
decreases also almost linearly with increasing wind speed.
Experimental confirmation of this linear relation from scatterometer measurements will greatly enhance our understanding
about the dependence of microwave emissivity and radar
scattering coefficient on sea state or wind speed.
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SEA SURFACE TEMPERATURE OF 290°K AND A STANDARD ATMOSPHERE. OBSERVATIONS WERE
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d1 and <p1 are respectively the nadir angle and the azimuthal angle of the observation point.
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FIGURE 6 - (a) COMPOSITE VIEW OF HIGH-SPEED MOTION PICTURES ILLUSTRATING SOME OF THE STAGES
IN THE COLLAPSE OF A 1.7mm DIAMETER BUBBLE. THE TIME INTERVAL BETWEEN TOP AND
BOTTOM FRAMES IS ABOUT 2.3msec. THE ANGLE OF VIEW IS HORIZONTAL THROUGH A
GLASS WALL. THE SURFACE IRREGULARITIES ARE DUE TO A MENISCUS, (b) OBLIQUE VIEW
OF THE JET FROM A 1mm DIAMETER BUBBLE
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TABLE I
SUMMARY OF METEOROLOGICAL CONDITIONS AND MICROWAVE
EMISSION TEMPERATURES FOR SIX OVERWATER FLIGHTS
Case
Date (March 69)
Time (GMT)
Location
Wind speed (m sec"1)
Significant wave height (m)
Foam cover (%)
Whitecaps
Streaks
Total
Temperature (°C)
Sea surface
Air surface
Cloud altitude (m)
Base
Top
Brightness temperature (°K)
High altitude*
Low altitude

A
10
1321
Atlantic
Off Shannon

B
13
1247
Atlantic
Ship J

C
13
1117
Atlantic
Ship I

I)
10
1430
Atlantic
Ship I

E
19
1023
North Sea
57°N 3°E

F
14
1453
North Sea
59°N 1°30'E

<5
<1

6
6.0f

13
3.9

16
5.0

17
4.0

25
7.8

—
—
.....

—
—
—

4.2
3.5
7.7

5.6
6.9
12.5

6.0
17.4
23.4

5.0
27.0
32.0

9
10 (est.)

10
11

9
7

9
5

2
2

4
2

2000
2300

clear
clear

300
2100

800
2000

600
2000

150
5000

128**
120

.—
118

—
127

138
132

138
132

148
142

* Measured within 30 min of time shown.
** Over Irish Sea at 1212 GMT.
f All swell, no wind waves.

TABLE II
WIND SPEED EQUIVALENTS3 AND SPECIFICATIONS FOR THE BEAUFORT NUMBERS
OF WIND FORCE

Beaufort
number

Descriptive

knots
Mean

meters/sec

Limits

Mean

Limits

0
1

Calm
Light air

0
3

<I
1-4

0
1.5

<0.6
0.7-2.3

2

Light breeze

7

5-8

3.4

2.4-4.4

3

Gentle breeze

11

9-12

5.6

4.5-6.6

4

Moderate breeze

15

13-16

7.8

6.7-8.9

5

Fresh breeze

19

17-21

10.2

9.0-11.3

6

Strong breeze

24

22-26

12.6

11.4-13.8

7

Near gale

29

27-31

15.1

13.9-16.4

8

Gale

34

32-36

17.7

16.5-19.0

9

Strong gale

39

37-42

20.4

19.1-21.8

10

Storm

45

43-48

23.3

21.9-24.8

11

Violent storm

52

49-55

26.5

24.9-28.2

12

Hurricane

« Verploegh (1956).

> 55

> 28.2

Specifications

Sea like a mirror
Ripples with the appearance of scales are
formed, but without foam crests
Small wavelets, still short but more pronounced;
crests have a glassy appearance and do not
break
Large wavelets; crests begin to break; foam of
glassy appearance; perhaps scattered white
horses
Small waves, becoming longer; fairly frequent
white horses
Moderate waves, taking a more pronounced
long form; many white horses are formed
(chance of some spray)
Large waves begin to form; the white foam
crests are more extensive everywhere (probably some spray)
Sea heaps up and white foam from breaking
waves begins to be blown in streaks along
the direction of the wind
Moderately high waves of greater length;
edges of crests begin to break into the spindrift; the foam is blown in well-marked
streaks along the direction of the wind
High waves; dense streaks of foam along the
direction of the wind; crests of waves begin
to topple, tumble, and roll over; spray may
affect visibility
Very high waves with long overhanging crests;
the resulting foam, in great patches, is blown
in dense white streaks along the direction of
the wind; on the whole, the surface of the
sea takes a white appearance; the tumbling
of the sea becomes heavy and shock-like;
visibility affected
Exceptionally high waves (small- and mediumsize ships might for a time be lost to view
behind the waves); the sea is completely
covered with long white patches of foam
lying along the direction of the wind; everywhere the edges of the wave crests are blown
into froth; visibility affected
The air is filled with foam and spray; sea
completely white with driving spray; visibility very seriously affected

