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ABSTRACT
A quantitative model is presented which describes the ocean surface
as an ensemble of flat facets with a normal distribution of slopes. The vari-
ance of the slope distribution is linearly related to frequency up to 35GHz and
constant at higher frequencies. These facets are partially covered with an
absorbing nonpolarized foam layer. Experimental evidence is presented for

this model.
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A MODEL FOR THE MICROWAVE EMI>SIVITY OF
THE OCEAN'S SURFACE AS A FUNCTION OF WIND SPEED

INTRODUCTION

The Scanning Multichannel Microwave Radiometer (SMMR) is a five frequency (0.6, 10.7, 18,
21, and 37GHz) dual polarized microwave radiometer which was carried aboard the Nimbus-7 and
Seasat satellites both of which were launched in 1978. The instrument has an 80 cm parabolic dish
antenna which scans its main beam 50° in azimuth along a conical surface with a 427 cone angle
and a vertical axis. This provides a constant incidence angle of approximately 50° at the Farth's
surface for the orbital altitudes of the two spacecraft (ca 600km Seasat, 800km Nimbus). The
spatial resolution is proportional to wavelength and varies from approximately 150km at 6.0GlHz
to 25km at 37GHz. The instrument has been described in detail by Gloersen and Barath.! The
purpose of this instrument is to measure sea surface temperature and wind speed at the sea surface

globally even in the presence of clouds and light rain.

The SMMR, being a radiometer, measures the upwelling thermal microwave radiation, the in-
tensity of which is characterized by a brightness temperature. The physical significance of a bright-

ness temperature is illustrated in Figure 1. If microwave radiation with an intensity charactenized

l—— § ——]
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Tg = . Tntr’"5 +(1-e70),

Figure 1. The Effect of an Absorbing Layer on a Microwave Radiance Expressed as a
Brightness Temperature Where Ty Is the Brightness Temperature, 7, 8, and t, the Ab-
sorption Coefficient, Thickness and Thermodynamic Temperature of the Layer



by Ty is incident on an absorbing (but not scattering or reflecting) layer with an absolute thermo-
dynamic temperature t,, an absorption coefficient ¥ and a thickness &, the intensity coming out

the other side is given by:

Ty = Tye?d + t,(1-¢79) . ()

That is, Ty is given by a term representing the attenuation of the incident radiation and a
complementary radiation term proportional to the absolute temperature of the absorber (Rayleigh-
Jeans approximation). Note that if Ty = t, the intensity of the radiation is unchanged; the radia-
tion is in equidibrium with the absorber. The layer in question could be a section of waveguide,
an antenna, a radome, or a substantially uniform portion of the atmosphere. For computation

purposes, the atmosphere is typically treated as many such layers.
A similar relationship holds for reflection at a surface as is illustrated in Figure 2. 1If the
downwelling radiation is given by T, then the radiation upwelling off the surface Tt is given by
Tt = RT, + Eg (2)

where R is the power reflectivity of the surface, E is the emissivity of the surface and tg is the

T; = RT, + Et

surf
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Figure 2. The Effect of Reflection of a Microwave Radiance Expressed as a Brightness Tem-
perature Off a Surface Such as the Ocean Where T; Is the Downwelling Brightness Tempera-
ture, Ty the Upwelling Brightness Temperature and E, R and tg, ¢ the Emissivity,
Reflectivity and Thermodynamic Temperature of the Surface Respectively

(3]



absolute thermodynamic temperature of the surface. Consideration of thermodynamic equilibrium

requires that

R+E=| (3)

The absorption properties of the atmosphere have been discussed by Chang and Wilheit.® The
dominant features in the frequency range of interest bere are a weak water vapor resonance cen-
tered at 22.235GHz and absorption due to non-raining clouds which is approximately proportional
to the square of the frequency. The entire problem of radiative transfer in the presence of rain is
much more complicated as scattering as well as absorption must be considered.? The reflection
and emission properties of the ocean surface are the subject of this paper. Figure 3 is a schematic
superposition of the spectra of all the parameters of interest here. The ordinate is the partial

_ aoT
derivative of the upwelling brightness, temperature with respect to the parameter of interest, EP—B.

i
expressed in arbitrary units. The polarity has been chosen to make the effect positive where it is
important. The frequencies of the SMMR are marked with the arrows. One can see that these
are well chosen frequencies for sorting out these effects. There is also some information content
in the polarization of the brightness temperatures but that is not so easily displayed; it is however
implicitly exploited in schemes to retrieve the various parameters from the brightness temperature
lncusuremenls.z"t's'b Simulations based on these retrieval schemes and measured performance of
the SMMR instrument®3:0 indicate that a measurement accuracy of 1.5°C is attainable for the
sea surface temperature. The lowest frequency, 6.6GHz, is used in this retrieval thus the spatial
esolution is limited to roughly 150km. Similarly, the surface wind speed can be extracted from
the measurements to roughly /s accuracy. The lowest frequency used for surface wind speed
is 10.7GHz, so approximately 90km spatial resolution is attained. Atmospheric water can be re-
trieved with a spatial resolution of 60km and an accuracy of 0.15gm/cm? and 4mg/cm? for the

vapor and liquid phases respectively.
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of the retrieval schemes, it is obvious that the only significant
uncertainty in the required modelling is the effect of the wind on the microwave emissivity of the
oceans surface. The purpose of this paper is to document the model used in the version of the re-

trieval ulgurilhm(’ used at launch of the two spacecraft, to justify this model as well as possible and

to examine its limitations,

THE MODEL
It is a straightforward problem to calculate the emissivity of a smooth water surface. The di

electric properties of sea water and saline solutions have been discussed by many authors. 789

We will use values derived from the Lane and Saxton7

measurements and expressed in an analytic
form by Chang and Wilheit.> The formalism for calculating the emissivity for a given view angle
and polarization is the so called Fresnel relations. 10 The resulting emissivity as a function of view
angle is shown in Figure 4 for a frequency of 10.7GHz and a temperature of 285°K. This smooth
surface model was also used for calculating the surface temperature and salinity sensitivity curves
shown in Figure 3. They were calculated for a view angie of 50° and vertical polarization; the

results are similar for other angles and for horizontal polarization.

However, the ocean’s surface is not a smooth surface; the wind roughens the surface, and, if
it is blowing hard enough, partially covers the surface with foam. It is necessary at this point to
define more precisely what is meant by surface wind speed. The wind varies with height near the
surface and the details of this variation depend on the temperature difference between the air and
the .sca.l | When the air is warmer than the ocean (stable) there is more wind shear than for the
opposite (unstable) case for a given wind speed at some reference level. The wind for our purpose
is measured near the surface (< 200m) along with the air and sea temperatures. These data are
then used to calculate the so-called friction velocity U* at the sea surface by means of the

1

Cardone' ' model. This is then transformed to 20m height assuming that the sea and air tem-

perature are equal (neutral stability). This last step is simply a one=for-one transformation to
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express the friction velocity in more familiar terms. Wherever possible in this paper the winds

have been converted to this 20 meter neutral stability wind.

Cox and Munk!2 have quantitatively described the distribution of surface slopes as a function
of wind speed. They tound that the surface slopes were normally distributed with a variance,

given by
02, = 0.003 + 0048W (4)

where W is the wind speed in meters/seconds at 20m height. The factor multiplying W in the
above equation is slightly different from that in the Cox and Munk 2 paper because the winds
were measured at 12.5M in their work. These measurements were made at visible wavelengths.
Much of the roughness they observed is at scales very small compared to microwave wavclengths.
The mode! vresented here requires only a iroction of the Cox and Munk roughness at the longer
microwave wavelengths. Specifically, the slope variance observed at a given microwave frequency
15:
02() = (0.3 + 0.02f(GHz)0¢,,, < 35GHz

(5)
o) = ol > 359Hz

To calculate a rough surface emissivity from this slope distribution, one simply averages the

Fresnel relationsm

over the distribution of surface slopes. In doing so, one implicitly ignores
surface curvature and all structure comparable to a wavelength and thereby reduces the problem
to geometric optics. The comparison with observations which follow will demonstrate that this

is a surprisingly good approximation.

Wind also creates foam on the ocean's surface. Nordberg, et aL.|3 found a linear increase in
brightness temperature with wind speed whenever the wind speed exceeded 7m/s. They were
viewing directly at the nadir which essentially eliminates the roughness effect leaving foam as the

most reasonable explanation. In our model, we will treat foam as partially obscuring the surface



in a manner independent of polarization. A non-reflecting material partially covering the surface
would have this property as would an absorbing but partially transparent medium with the same
temperature as the water, Either description alone would be inadequate, but a combination of
the two descriptions would be closer to reality, The degree to which foam obscures the surface
is frequency dependent and proportional to the amount by which the wind speed exceeds 7m/s.
A reasonable approximation to the available observations of the fraction, K, by which the surface

reflectivity is reduced by foam is.

K = a(l -c'"r")(w- Tm/s) w> Tm/s
(6)
K=20 w< Tm/s

where { is the frequency
and a = 0.006s/m

fy, = 7.5GHz

Emissivities calculated according to this model for 7 and 14m/s are shown in Figure 4 for

comparison with the emissivity of a smooth surface.

SUPPORTING OBSERVATIONS

Because (he assumed foam model has no polarization character, acal polarized observations
of the surface provide a test of the rough surface portion of the model. If one makes the approxi
mation that the atmosphere and the surface have the same thermodynamic temperature T, then

it is straightforward to show that for any given view angle

Ty(0) - T, Ry (0)
@ = -2 $ _ S N

F
1 Ty@®) - T,  Ry(f)

Here Ty (9) is the horizontal brightness temperature at an angle and Ry, (6) is the horizontally
polarized reflectivity. Ty (0) and Ry (0) refer similarly to vertical polarization. Note that because
FTI (6) is the ratio of two reflectivities, it is independent of foam cover and thus provides a meas

urement of surface roughening. The data from the Electrically Scanned Microwave Radiometer



(ESMR) on Nimbus=6 (37GHz, 50° view angle) have been so analyzed and compared with wind
speeds derived from the operational data buoys.“ A summary of this comparison is given in
Figure 5. The plotted data are for the most part, averages of many observations; a total of 264
observations are represented. In analyzing the data, it was found that a value of 285°K for T,
worked best but that the improvement over any value in the range 280°K was only marginal.
Using the model described in the previous section the expected value of F,g¢ has been calculated:
the agreement with the observations is striking. A geometric optics model using the Cox and
Munk sea surface slope distribution works ¢xtremely well at a wavelength of 0.8¢cm and a view
angle of 50°, Holl‘m.;erls has made observations from a fixed platform at frequencies of 1.4, 8.36,
and 19.34GHz. He has filtered the data to remove most of the foam effect but application of an
analysis technique similar to that applied to the Nimbus-6 ESMR data certainly removes the re-
mainder. These data all can be interpreted in terms of the geometric optics model but with much

; 9
less slope vanianc® than the Cox and Munk ! 2 values.

The fractisas of the Cox and Munk slope variance required to account for the Ilollingerls

data ut 55° incidence angle are plotted in Figure 6. The Hollinger data are consistent with these
roughness fractions for all view angles between 0 and 55°. The Nimbus-6 ESMR 14 result is also
shown in Figure 6. These data form a picture consistent with the roughness required in Equations

(5) (shown as a solid line).

The primary available observations relevant to the effect of foam on surface emissivity are
from the Bering Sea Expedition (BESEX)'E‘ and from Cosmos 243.!7 These results, along with a
plot of 0K/dW is given in Figure 7. The observations are difficuit but nevertheless show reasonable

self-consistency except possibly for the one BESEX point at 37GHz.

LIMITATIONS OF THE MODEL
There are two obvious limitations to this model, the lack of physical optics effects and the

simplistic treatment of foam. If one calculates the nadir emissivity of the surface according to the
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present, geometric optics, model there is substantially no change in emissivity through the entire

0-7 m/s wind speed range. Blume, i‘gl_..lH have published the observations in Figure 8. 'hese
observations at 2.65GHz show a brightness temperature increase with increasing wind speed of
approximately 0.2° K/m/s which corresponds to an apparent emissivity increase of 7 x 13s/m.
Fven if one allows for the finite antenna beamwidth (20.5%) and the mcreasing contribution of
reflected sky emission with inceeasing wind induced roughness, only about a auarter of this effect
o+ be accounted for. There was not sufficient data in the pur».'rm to permit detailed calculations
of the reflected solar radiation. The numbers are of the right order of magnitude to account for

much of the observed effect.  In any case, these observations suggest an upper limic to the physical

optics contribution of about 5 x 10-3s/m.

The treatment of foam here as having neither polarization properties nor any view angle

dependence is clearly too simple. Williumslq has investigated the properties of gelatin stabilized
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bubble rafts under laboratory conditions. His results supzest that the increase of emissivity caused
by foam 1s caused by the distortion of the meniscus at the foam-water interface which provides a
gradual transition from the dielectric constant of air to that of water. His results with bubbie
rafts on an aluminum surface suggest that in the bulk of the foam the imaginary part of the index
of refrac*’ on is on the order of 1% that of water. His results form the basis of a calculation of
foam emissivity to be used as a credibility check on our foam description. Specifically we assume

a lcm thick layer with a complex index of refraction.
Nfoam = (Nyager = 1)/100. (8)

where nyae, i the complex index of refraction of water, to represent the bulk of the foam and a

linear transition from ngyam 1O Nyaee, to represent the meniscus. The thickness of this linear
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transition (0.6¢m) was adjusted to provide a reasonable fit to the value of f, uses .1 Equation (6).
. 2 . . - ~ -
I'he emissivity of this was calculated=? as a function of frequency and view angle. The foam c¢over-
age efficiency, Eg, was defined in terms of the horizontally polarized emissivity of the foam [;{?am

and of smooth water l-i}‘l"““

l.l‘naln _ pwater
Ep = (9)
¥ | - | water
H

Foam coverage efficiencies so calculated are shown in Figure 9 for view angles of 5° and $5°. The

: 3 ; : W . -f/f . . . =
foam coverage efficiency implied in Equation (6), (1 - ¢ Mo ), is shown for comparison. Except for

some structure which is an artifact of the calculation, (resonances within the I c¢m foam layer) and
which certainly would not be observed in natural foam, the agreement is reasonable suggesiing

that ignoring view angle effects in our descriptio.. i foam may not be too serious.
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The lack of polarization character in the foam is more serious. By assuming that foam merely
partially obscures the surface we are assuming that the horizontal and vertical reflectivities are re-
duced in the same proportion, i.e.:

_ (1 - Efamy - Eysen

(1 - Efsen

| - Efvam (10)
In Figure 10, the vertical emissivity error made in this assumption is shown for view angles

of 457 and 55°. The error is less for smaller angles and vanishes ideatically for 0°. The resonances

observed in Figure 9 are . <erved in Figure 10 and must be similarly discounted. Nevertheless

errors of about 0.05 in the vertical emissivity would be expected for 100% foam cover (wind spee.d

greater than 170m/s). The sign of the error is such that the true emissivity in vertical polarization

is somewhat greater than Equation (10) would suggest.

CONCLUSION

A model has been presented for the microwave emissivity of a wind roughened, foam covered
ocean.  The roughness portion of the description is remarkably consistent with observations; the
foam effects show somewhat more scatter.  The strength of the foam cover effect at 6.6 and 10.7
GHz are important parameters in the interpretation of Nimbus-7 and Secasat SMMR data; the
strength at higher frequencies less so. In comparing the space observations with surface measure-
ments of temperature and wind speed. it should be possible to adjust the foam effect at these two

frequencies in order to fine=tune the retrieval algorithm.

15
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