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Abstract. We derive a relatively simple, yet
accurate, relationship between the microwave
brightness temperature of the ocean and conven—
tional oceanographic and meteorological para-—
meters. To begin with, the brightness tempera-—
ture of the ocean and the intervening atmosphere
is expressed in terms of integrals for the radia-
tive scattering and emission from the sea surface
and the radiative absorption and emission by the
atmosphere. We then find closed—form approxima—
tions for these integrals and obtain a simplified
model for the radiative transfer and scattering.
The model is reduced to a function giving bright-
ness temperature in terms of five variables:
sea—surface temperature, sea—surface friction
velocity, atmospheric columnar water vapor con—
tent, atmospheric columnar liquid water comntent,
and surface air temperature. In the derivation
of the model, the absorption coefficient for rainm
clouds and the wind-induced sea-surface emissiv—
ity are found from SEASAT SMMR observations. The
remainder of the derivation is based on well-
accepted microwave theory. The model function is
referenced to the five frequencies and 49° inci-
dence angle at which the SEASAT and Nimbus 7
SMMR operate. When compared with the more pre-
cise integral formulation, the model function
accuracy is 0.2 K at 6.6 GHz and gradually de-
grades to 2.1 K at 37 GHz, horizomtal polariza-
tion. These accuracies are an average over an
ensemble of winds and atmospheres ranging from a
specular surface and clear skies to a 21 m/s wind
and a very heavy cloud layer containing 60 mg/cm?
of liquid water, but excluding rain. An uncer-
tainty of about 10% in the wind-induced emissiv-—
ity introduces some additional error into the
model function. Several of the derived model
parameters are compared with values obtained in
other experiments and theoretical investigationms.
The frequency ratios of the SMMR-inferred absorp-
tion coefficients for rain clouds are in very
close agreement with that given by Mie scattering
theory. The large—-scale sea—surface slope vari-
ance found from the SMMR data is comsistent with
the slope variance computed from a sea wave spec—
trum, with that inferred from microwave scatter—
ometer measurements at nadir, and with the Cox
and Munk value deduced from sun glitter. The
SMMR-inferred foam coverage correlates better
with whitecap coverage than streak coverage,
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indicating that the increase in brightness tem-—
perature due to sea foam is more a result of
whitecapping than streaking. A layered dielec—
tric model for sea foam predicts the same fre—
quency and polarization variation in the foam re-
flectivity as observed by the SMMR. The consis—
tency of these results support the premise that
the sea—surface emissivity is accurately repre—
sented by a composite model in which the emission
from the rough, foam—free water is given by two-
scale scattering theory and the foam emission is
given by a layered dielectric theory.

1. Introduction

At microwave frequencies, aircraft and satel-
lite radiometers can measure the ocean brightness
temperature (TB) to within several tenths of de—
grees Kelvin in relative accuracy. Dual polari-
zation, multi-frequency TB observations at this
accuracy contain significant information on the
characteristics of the ocean surface and inter-
vening atmosphere. The utilization of this in-
formation requires a knowledge of the relation—
ship between TB and conventional oceanographic
and meteorological parameters. This TB relation—
ship has been expressed in many forms, ranging
from complex scattering integrals [Wentz, 1975,
Tsang et al., 1977] to simple linear expressions
[Grody, 1976, Wilheit, 1980]. Our objective in
this paper is to derive a relationship that re-
tains the accuracy of the integral formulation
while being simple enough to provide for rapid
numerical computation. In this pursuit, we de-—
velop a model for approximating the radiative
transfer and scattering., The model is reduced to
a simple function containing no integrals. The
utility of this model function is twofold.
Firstly, for retrieving environmental parameters
from an array of TB's, it provides the 'A-matrix’
of partial derivatives required by least squares
estimation techniques [Bierman et al., 1978].
Secondly, because the model function is in terms
of simple physical parameters, it provides in-
sight into the relevant physics.

The TB model function is referenced to the
five frequencies (6.63, 10.69, 18, 21, 37 GHz)
and the nearly constant incidence angle for the
SEASAT (49° + 0.5°) and Nimbus 7 (50° + 0.5°)
scanning multichannel microwave radiometers
(SMMR). Horizontal and vertical polarization
states (h-pol and v-pol) are considered, giving a
total of 10 frequency/polarization channels, The
Ty function can be interpolated to other frequen—
cies and incidence angles, although such interpo-
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lations are not discussed herein. The SEASAT
SMMR data are used to derive two model compo-
nents: the absorption coefficient for rain
clouds and the wind-induced sea-surface emis—
sivity., The remainder of the derivation is based
on well-accepted microwave theory. There are
five variables (arguments) in the function: sea-
surface temperature T_ (K), sea—surface friction
velocity U, (cm/s), columnar water vapor content
V (g/cm3), columnar liquid water content L
(g/cm?), and surface air temperature T, (K). The
air temperature is of second—order importance
relative to the other four variables. Note that
the relationship between friction velocity and
wind speed is approximately linear, and Ues=

100 cm/s corresponds to a 21 m/s wind measured at
an altitude of 19.5 m in a neutrally stable at-—
mosphere. The Ty model function is denoted by

Tg = £(T,,Us,V,L,T,) (1)

Equations (27) through (30) in section 3 expli-
cate the function.

In deriving the TB function, accuracy is our
main concern. A model error is calculated by
comparing the model TB with the brightness tem—
peratures computed from the more precise integral
formulation, This error is 0.2 K at 6.6 GHz and
increases to a maximum value of 2.1 K at 37 GHz,
h-pol. The error is amn rms average over an
ensemble of winds and atmospheres ranging from a
specular surface and clear sky to a 21 m/s wind
and a very heavy cloud layer containing 60 mg/cm?2
of liquid water., These error figures do not
include any error in the specification of the
wind-induced emissivity. Also we did not consi-
der rain in the error amalysis. The accuracy of
the function can also be assessed by its perfor-
mance in retrieving environmental parameters via
least squares estimation., When compared with
surface observations, the rms difference is 0.9 K
in sea—surface temperature, 1.5 m/s in wind
speed, and 0.3 g/cm? in water vapor [Wentz et
al., 1981b, 1982]. These accuracies are for
atmospheric conditions ranging from clear skies
to heavy clouds and possible light rain.

In addition to deriving the Tp function, we
also compare several of the model parameters with
values obtained elsewhere. In particular, the
rain cloud absorption coefficients derived from
the SMMR data are compared with theoretical Mie
coefficients. Also, the fractional sea foam
coverage, the foam reflectivity, and the large—
scale sea—surface slope variance are calculated
from the SMMR-inferred wind-induced emissivities.
These three parameters are then compared with
values obtained from optical measurements, radar
measurements, a sea wave spectrum, and theory.
The comparisons show very good agreement, and the
model provides a consistent description of the
relevant physical processes.

Section 2 reviews the basic radiative transfer
and scattering theory for microwave brightness
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temperatures, Im section 3, a number of approxi-
mations are made in the theory, and the TB model
function is derived. Sections 4 and 5 provide
details on the atmosphere model and the sea—
surface model, respectively. Our conclusions are
given in section 6.

2. Brightness Temperature Theory

In this section we derive the equation for the
brightness temperature upwelling from the sea
surface through the intervening atmosphere. Ra-
diative emission and scattering by the sea sur—
face is considered along with radiative absorp—
tion and emission by the atmosphere. However, we
do not consider the radiative scattering in the
atmosphere due to rain drops. Section 4 discus-
ses the effect of rain on SMMR brightness temper-—
atures. When rain is present, the SMMR bright-
ness temperatures disagree with those computed
from the absorption—emission approximation in
which Rayleigh absorption coefficients are used.
However, if Mie absorption coefficients are used,
rather than Rayleigh, the computed brightness
temperatures for rain are in much closer agree-—
ment with the observation. The absorption—emis—
sion approximation is given by the following
differential equation:

dTg(k;,e)/0k; = —alk;) [Tg(ky,e) - To(k)]  (2)

where TB(ki,e) is the upwelling brightness tem-—
perature of radiation that has travelled from the
sea—surface a distance Ikil = ki along the propa-—
gation vector k;, The radiation is in the polar—
ization state &, which for our consideration is
either horizontal or vertical, The derivative in
(2) is with respect to the path length k; along
ki. The absorption coefficient a(ki) and the air
temperature T,(k;) depend on the vector k; but
not on polarization.

The boundary condition for (2) is that the
brightness temperature at the surface TB(ki.e)lo
equals the brightness temperature of the surface
emission plus the brightness temperature of ra-
diation scattered by the surface. The surface TB
is given by Peake [1959]

TB(ki'e)IO = E(ki’E) TS

+ (4n cos 07" [ dkg Tp(k)lg [o°(k .8,k e)
2n

+ 0%k ,e%k;,e)l (3)

where E(k;,e) is the surface emissivity for ra-
diation emitted in the direction k; and in polar-
ization state e. The surface temperature is
denoted by Ts' The quantity ©; is the incidence
angle between the propagation vector ki and the
earth radius vector r at the surface element
being considered. The scattering integral im (3)
is over all differential solid angles dk; in the
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upper hemisphere of 2n steradians. The quantity
Th(ks)lo is the downwelling brightness tempera-—
ture at the surface coming from the differential
solid angle dks. This downwelling brightness
temperature propagates along ks and is due to
unpolarized atmospheric emission and cosmic ra—
diation, The term c°(ks,s,ki.8) is the bistatic
normalized radar cross section (NRCS) for & po-—
larized radiation incident along | and & polar—
ized radiation scattered along ki. The other
NRCS in (3) is for scattered e* polarized radia-
tion, where &* is the polarization state ortho-—
gonal to e. The NRCS equals Peake’'s scattering
coefficients times the cosine of the angle es
made by kg and r, Assuming thermal equilibrium,
Kirchhoff's law allows the emissivity to be ex—
pressed as an integral of the NRCS.

E(k;,e) = 1 - (4n cos ;)" { dk [o® (K, ¢,k;,2)
n

+ 0%(kg,e*,k,e)l (4)

The downwelling Tp varies according to the
differential equation

Ty(k )/ 9k = -a(ky) [Th(k,) - T, (k)] (5

where TB(ks) is the brightness temperature of the
unpolarized radiation that has travelled from the
top to the atmosphere a distance lksl = ks along
the propagation vector ks' As in (2), a(ks) and
Ta(ks) are the absorption coefficient and air
temperature at the position specified by ks. The
atmosphere is assumed to be horizontally uniform
and extends vertically to an altitude H. The
boundary condition for (5) is that the brightness
temperature at the top to the atmosphere 'I‘B(ks)lH
equals the brightness temperature of the cosmic
radiation Tr

Tp(k,) lg = T, (6)

The upwelling brightness temperature at the
top of the atmosphere If(ki’s)lﬂ is found by
solving the first—order differential equations
(2) and (5) imposing the respective boundary
conditions (3) and (6). In solving the equatioms
we transform from path length variables ki and kg
to the height h above the surface. This trans—
formation requires that the absolute derivatives
lak;/anl and 13k /an| be specified. Neglecting
the earth curvature, which is quite valid for
incidence angles less than 60° or 70°, the deriv-
atives are

lok;/8n] = sec @, (N
where j = i or s.
Using (7) to solve (2) and (5) gives
TB(kips)lH = T(einonn) TB(ki'e)IO

B
+ [ an sec 6, a(®) T,(n) v(0y,h,H) (8
0
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h,
©(8,h;,h;) = exp[- [ dh sec @ a(m)] (9
by

The first term in (8) is the Tp component due to
surface emission and scattering. This component
is attenuated by the transmittance t(ei,o,HL

The transmittance function given by (9) is the
atmospheric transmittance for radiation traveling
from h; to h, along a slant path that makes an
angle © with r. The second term in (8) is the Ty
component due to upwelling atmospheric emission,
The quantities a(h) and T, (h) are the absorption
coefficient and air temperature at a height h.
The surface brightness temperature Th(ki,e)lo is
given by (3) with the following expression for
the downwelling brightness temperature:

Tp(kg) lg = ©(84.0,H) T,

H
+ [ dn sec 8, a(h) T,(h) ©(64,0,b) (10)
0

The first term is due to the attenuated cosmic
radiation, and the second term is due to the
downwelling atmospheric emission. )

In summary, the upwelling brightness tempera—
ture at the top of the atmosphere can be calcu—
lated from (8) and its supporting equations given
the following:

1. The observation vector k; and polarization
state g.

2., The earth radius vector r.

3. The sea—surface NRCS o°(kg,e,k;,8) and
°°(ks.8‘.ki.e).

4. The surface temperature Ts'

5. The atmospheric profiles for the absorp—
tion coefficient a(h) and air temperature T,(h).

6. The cosmic brightness temperature T,-

3. Simplified Brightness Temperature Model
Function

In this section we apply a number of approxi-
mations to the integral brightness temperature
equation (8) and its supporting equations. Our
objective is to obtain a simple equation for
brightness temperature that does not contain
integrals. The first approximation concerns the
scattering integral in (3). This integral de-
scribes how the downwelling radiation is scat-
tered by the rough sea surface. The scattering
of microwaves by the sea surface has been the
subject of many investigations. In particular,
Stogryn [1967], Wu and Fung [1972], and Wentz
[1975] reported on the effect that scattering has
on brightness temperature. Wentz [1977] derived
parametric expressions for the bistatic NRCS that
appear in (3), These expressions are applicable
to all incidence and scattering angles, except
near grazing, and are used to numerically eval-
uate the scattering integral. An analysis of the
numerical integrations shows that an accurate
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TABLE 1. Brightness Temperature of Diffusely Scattered Atmospheric Radiation
Scattering Integral Integral — IQ
SMMR mean ms mean ms ®
Channel (K) (K) (K) (K) (s/cm)
6.6 V 0.2 0.2 0.0 0.0 0.70 x 107,
6.6 H 0.4 0.5 0.0 0.1 1.18 x 10_3
10.7 V 0.5 0.6 0.0 0.1 1.34 x 10
10.7 H 1.2 1.5 0.0 0.2 2.37 x 10°°
18 V 1.3 1.5 0.1 0.2 1.23 x 10':
18 H 3.6 4.2 0.2 0.7 2.33 x 10 ,
21V 1.9 2.0 0.3 0.7 0.81 x 10”
21 H 6.0 6.5 0.8 1.8 1.73 x 10_3
37V 1.7 1.8 0.4 0.7 0.75 x 10_3
37 H 6.2 6.6 1.1 2.4 1.82 x 10

closed—form approximation to the scattering inte—
gral exists,

The closed-form approximation is obtaimed by
noting that the sea—surface NRCS is highly direc—
tional. For a flat specular sea surface, the
atmospheric radiation scattered in direction kj
is due solely to the reflection of downwelling
radiation incident along the propagation vector
k

r

k. =k; - 2(k;°0)r (11)
where r is the earth radius vector normalized to
unit length. For a rough sea surface the down—
welling radiation is scattered in a variety of
directions. As a result, the power scattered im
direction ki is primarily due to incident power
coming from a cone centered on kr' The width of
the cone increases with surface roughness. The
closed—form approximation is found by expanding
the downwelling brightness temperature Th(ks)lo
about the propagation vector k..

Tg(k) 1y = Tk ) g + 0(k k) (12)

where n(kr,ks) is the variation of the downweiL
ling brightness temperature relative to Th(kr)lo'
which is given by (10) with k replacing k.
Substituting (12) into (3) and utilizing the
relationship (4) between the emissivity and the
NRCS yields

Tg(k;,e) |y = E(k;,e) Tg + [1 - E(k;,e)] Tg(k,) g

+ (4n cos 097" [ dky 0k E)[0% (kg ek ;,e)
2n

+ 0%k, ,e*,k;,e)] (13)

where the first term is the surface emission Tp,
the second term is the reflected atmospheric T,
and the integral is the diffusely scattered atmo-

spheric T,. The scattered component is second-
order relative to the reflected component because
of the following reasomns. Firstly, for kr= k
the NRCS is a maximum while ﬂ(kr’ks) is zero.
Also, as Iks-krl increases from zero, the NRCS
decreases rapidly relative to the slower varia—
tion of Q(k_,k.) about zero. Finally, the NRCS
is approximately an even function of the inci-
dence angle difference Os— 6., where 6, and o,
are the incidence angles for kg and k., respec—
tively. The term Q(k_,k ) is approximately an
odd function of 6,~ 6. Hence the integral of
the NRCS times ﬂ(kr,ks) tends to be small, How—
ever, the integral is still significant and needs
to be accounted for.

We numerically evaluate the scattering inte-
gral in (13) for an ensemble of wind states and
atmospheric conditions. Five wind states are
considered ranging in friction velocities from 20
to 100 cm/s, which corresponds to a wind speed
range from 6 to 21 m/s. Ten atmospheres are
considered ranging from clear skies to a very
heavy cloud layer having a columnar liquid water
content of 60 mg/cm?, The scattering integration
is over a large—scale sea—surface slope distribu-
tion. By ‘large-scale’ we mean those ocean waves
having wavelengths large compared to the radia-
tion wavelength, The slope variance <S2) for the
distribution is given in section 5 as a function
of the friction velocity U, and SMMR frequency.
The results of the numerical integrations are
summarized in Table 1, which gives the ensemble
mean and rms value of the scattering integral for
the ten SMMR channels at an incidence angle of
49°, The table shows that diffuse scattering is
a significant term in the Ty equation. At 21 and
37 GHz, h-pol, the diffuse scattering contributes
6 K to the brightness temperature,

An analysis of these results shows that the
integral is approximately proportional to the
friction velocity U,, to the downwelling bright-
ness temperature TB(kt)IO' and to the sea—surface

s’
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reflectivity 1—E(ki,e). Hence, in our model we
approximate the diffuse scattering integral by

Iﬂ = w U* TB(kI)IO [1 - E(ki,e)] (14)

The constant @ is found for each SMMR channel by
minimizing the ensemble variance between IQ and
the numerically evaluated integral. Table 1
gives w along with the mean and rms residual of
the integral minus Ig. The accuracy of the Ig
model, as indicated by the rms residual, is a
sizable improvement over the error caused by
neglecting the diffuse scattering.

Equations (8), (10), (13), and (14) are com—
bined to obtain a simpler expression for the
upwelling brightness temperature measured at
altitude H.

Ty(k;.e)lg = ©(0;,0,B) [E(k;,e) T

+ (1 + wU*)[l - E(kins)] TB(kI)IO]

H

+ [ dn sec 0, a(h) T, (h) ©(8,h,H) (15)
0

Tg(k) 1y = ©(6,,0,H) T,
i

+ | an sec 6; a(h) T,(h) ©(8;,0,h) (16)
0

In deriving (16) we make use of the fact that the
incidence angle er equals Oi by virtue of (11).

The remaining step in the simplification pro-
cess is to find closed—form expressions for the
atmospheric integrals appearing in (15) and (16).
The absorption coefficient a(h) in the atmo-
spheric integrals is the sum of the absorption
coefficients for oxygen, water vapor, and liquid
water

a(h) = a (k) + a,(h) + aj(h) an

To simplify the atmospheric integrals we mnote
that variations in ao(h), av(h), and al(h) are
primarily due to variations in the density
(g/cm3) of oxygen, water vapor, and liquid, de-
noted by p,(h), p (h), and p;(h), respectively.
There is also a small dependence on air tempera-—
ture, particularly for liquid water. Factoring
out a density and a temperature dependence gives

a(h) = py(h) v [T,(M)] G + p,(h) y [T,(W)] G,

o
+py(h) v [T, (B)] @ (18)
1;IT ()] = 1 + QIT, () = <TPY , § = o,v,1 (19)

The air temperature function given by (19) ac—
counts for most of the air temperature dependence
in the absorption coefficients. The function is
referenced to the ensemble—average effective
temperature of oxygen, water vapor, and liquid
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water, demoted by (<TS>, <TS>, and (T{>, respec-
tively, The effective temperature is defined as
a weighted average of the air temperature over
the vertical extent of the comstituent. The
average is weighted by the density of the con-—
stituent.

H H
e _
TS = g dh p;(h) T,(h) / g dh p;(h) (20)

The ensemble average <T$> is found by averaging
T¢ over the ensemble of 609 atmospheres described
in section 4. This averaging gives values of

253 K, 279 K, and 275 K for oxygen, water vapor,
and liquid water, respectively. The quantities
Eo. Ev, and El are called the normalized absorp-
tion coefficients. They have a very small depen—
dence on air temperature, air pressure, and, in
the case of Ev, on density pv(h). In our model
they are assumed constants. This assumption is
accurate except for a rain cloud. In this case
Mie scattering becomes important, amnd El also
depends on the rain drop size distribution. Sec-
tion 4 discusses the rain cloud case and derives
values for the temperature sensitivities Qj and
the normalized absorption coefficients a..

Under the assumption that a, is constant, the
transmittance t(ei,O,H) given by integral (9) can
be solved in terms of the effective temperature
given by (20).

t(ei,O,H) =

exp [-sec Oi(EOYOO, + EVYVV + &lylL)] (21)
= € _ e,

7; 1+ Qj[Tj <TJ>] (22)

The columnar contents (g/cm?) of oxygen, water
vapor, and liquid water, denoted by 0,, V, and L
in (21), are given by

H
c; = g db p(n) (23)

In our model the effective temperatures T; are
calculated from

Tg =T, - <T, - TS?) (24)
where Ta is the surface air temperature, which is
a model variable, and <Ta- T¢> is the average
difference between the surface air temperature
and the effective temperature. The ensemble
averages <Ta— T®> for the 609 atmospheres are
36 K, 10 K, and 14 K for oxygen, vapor, and
liquid, respectively,

In order to find a closed-form solution to the
remaining atmospheric integrals, we approximate
the density altitude variation in (18) by a unit
step function denoted by u(-:)

pj(B) = (C;/H,) u(H, — B) (25)
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In (25), H, is the effective height of the atmo—
sphere. Section 4 describes the derivation of
He' which is a constant for a given frequency.
The temperature function y.(:-:) in (18) is ap-
proximated by its effective value given by (22).
One other approximation is required before the
atmospheric integrals can be solved. The air
temperature Ta(h) in (15) and (16) is assumed to
decrease linearly with h.

Ty(h) = T, - Ah (26)
where Ta is the air temperature at the surface
and A is the lapse rate taken to be 5.9 K/km,
which is the average value for the 609 atmo-
spheres. The accuracy of these approximations is
determined in section 4 by comparing the Tp's
calculated from this approximate formulation with
the Tp's calculated by numerically integrating
the TB equation,

Equation (18) with the above three approxima-—
tions is substituted into equations (15) and
(16), and the atmospheric integrals are solved.
The result is the desired brightness temperature
model function:

Tp(k;.e)lg ~ £(Tg, Uy, V,L,Ty) =
© [ET, + (1+004) (1-E) [(1-v) (Tg-Ad) + T.1]
+ (1) [T, - A(Hg-d)] (27

t = expl-sec 0;(a,v,02 + a, v,V + alylL)] (28)

o¥o

(=N
L]

He[(t -1-7lnt)/(lnt -7 1ln 1)l (29)
‘Yj =1+ QJ(Ta - <Ta>) ’ j =0, V, 1 (30)

The three supporting equations give the atmo—
spheric transmittance tv, the effective emission
depth d for the atmosphere, and the air tempera-
ture coefficient y,. The emission depth d equals
He/2 when © equals unity. As T goes to zero for
highly attenuating atmospheres, the emission
depth tends to the limit -Helln T, which equals
the power penetration depth. The average global
air temperature (Ta> and lapse rate A are taken
to be 289 K and 5.9 K/km based on the ensemble
average of the 609 atmospheres. The upwelling
and downwelling atmospheric brightness tempera-
ture components are given by (1—1)[Ta-x(ue—dn
and (1-7)(T,-Ad), respectively. The term tT, is
the attenuated cosmic radiation incident onto the
sea surface, with T = 2.76 K. The factor 1+wUg
accounts for the diffuse scattering of atmo-—
spheric radiation from the sea—surface. The
quantities 0,, V, and L are the columnar contents
(g/cm?) for oxygen, water vapor, and liquid
water. The columnar water vapor and liquid water
are model funcion variables, whereas 0, is as—
sumed constant because the global variation of
oxygen attenuation is negligably small at the
SMMR frequencies. The other model function var-
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iables are the sea—surface temperature T, the
friction velocity U,, and the surface air temper-—
ature T,. The sea—surface emissivity, denoted
simply as E in (27), is a function of T_and U,
given by equations (35), and (38) through (42) in
section 5. Values for all of the model function
constants are contained in this paper.

The interpretation of the columnar liquid
water content L needs some explanation. We as—
sume that the normalized absorption coefficient
for liquid water is constant for a given fre-—
quency. When there is no rain in the field of
view, a; is indeed constant, equaling the
Rayleigh value. In this case, L is an accurate
measure of the columnar liquid water content.
However, for raim clouds, 51 varies considerably
due to the rain drop size distribution. For
these high attenuation cases, the quantity L
becomes a relative indicator of liquid water
absorption rather than an absolute measure of the
columnar liquid water. For this reason, we refer
to it as the 'effective’ liquid water content.

4. Atmosphere Model

In this section we determine values for the
following atmospheric parameters: temperature
sensitivities Qo‘ Qv, and Q;, oxygen opacity
3002, water vapor and liquid water normalized
absorption coefficients Ev and El, and effective
columnar height H. For each SMMR frequency, the
temperature sensitivities are found from least
squares fits of the absorption coefficients ver-
sus temperature. The parameters EOO,, av, and a;
are determined so as to minimize the variance
between the model function transmittance (28) and
the more precise transmittance given by the inte-
gral equation (9). Unlike the columnar water
vapor V and liquid water L, the columnar oxygen
0, is essentially constant, and it is more conve-
nient to work with the product of 0, times o,
rather than Eo separately. An effective columnar
height H is found for each frequency by mini-
mizing the variance between the model function TB
(27) and the more accurate Tp given by (8). The
variance minimizations are done over an ensemble
of 609 different atmospheric profiles derived
from radiosonde flights and surface observatons
of cloud type and coverage. The profiles exclude
rain, and as a result the estimated El correspond
to the Rayleigh absorption coefficients. The
final step in estimating the atmospheric para-
meters is to adjust @; in order to account for
Mie scattering from rain drops. This adjustment
is based on SMMR observations of rain clouds.

According to (19) the temperature dependence
of the absorption coefficients is modeled by

= _ e e
aj(T) [1 + Qj(T <Tj>)] aj(<Tj>) ,
j=o0,v,1 (31)

where T is the temperature of the constituent and
<T§> is the ensemble—average effective tempera—
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TABLE 2. Temperature Sensitivities of Absorption Coefficients
Frequency Oxygen, Q, Vapor, Qv Liquid, Ql
(GHz) ™" & ™)

-2 -_3 -2

6.6 -1.14 x 10°, ~0.65 x 10, -2.85 x 10
10.7 -1.14 x 107 ~0.61 x 107 -2.82 x 107>
18 -1.14 x 107 -0.36 x 10~ -2.73 x 107"
21 -1.13 x 107, -0.06 x 107" -2.68 x 107
37 -1.11 x 10~ -0.65 x 10~ -2.33 x 107"

ture given in section 3, The temperature sensi-—
tivities Q. are found for each frequency from a
least squares fit of (31) to the actual absorp-
tion coefficients a.(T). The fit is over temper—
atures T ranging from <T$¢) — 20 K to <T¢> + 20 K
in 1 X steps. The oxygen coefficient a (T) is
computed according to Meeks and Lilley [1963].
The water vapor coefficient av(T) is computed
using the expressions given by Barrett and Chung
[1962]. The Rayleigh scattering approximation
[Goldstein, 1951] is used to calculate the liquid
water coefficient a(T). In these calculations
we let the air pressure be 635 and 900 mb for
oxygen and water vapor, respectively. The water
vapor density is taken to be 10 g/m3. Note that
the temperature sensitivity is essentially inde-—
pendent of these choices for air pressure and
water vapor deansity. The values for Q. are shown
in Table 2 for the 5 SMMR frequencies. The
liquid water absorption is most semnsitive to
temperature changes, the oxygen absorption is
moderately sensitive, and the waper vapor absorp—
tion is nearly independent of temperature.

The oxygen opacity 5003 and the normalized
absorption coefficients Ev and 61 are found by
minimizing over an ensemble of atmospheres the
variance between the closed—form model function
transmittance (28) and the transmittance given by
the more exact integral equation (9). The ensem—
ble of atmospheres is 609 profiles of tempera-—
ture, pressure, and water vapor measured by ra-
diosondes. In addition, surface observations of
cloud types and coverage at the time of the
radiosonde flights are used to specified liquid
water profiles. These data are for the entire
year of 1972 at three islands: Jan Mayen (sub-
arctic), the Azores (temperate), and Truk (tro-
pics). The 609 atmospheres are representative of
the seasonal and regional variations experienced
by an orbiting radiometer except that rainy days
are excluded. Also profiles having a liquid
water content exceeding 60 mg/cm2? are excluded.
The technique for constructing the profiles from
the observed data is reported by Wentz and Stumpf
[1978]. For each radiosonde level in a given
profile, the absorption coefficients for the
oxygen, water vapor, and liquid water are com—
puted according to the references given in the

preceding paragraph. The three absorption coef-

ficients are summed to obtain the total absorp—
tion coefficient a(h), and the integrated radia-—
tive transfer equation (9) is then used to com—
puted the transmittance. A SMMR incidence angle
of 49° is assumed for these computations, The
transmittance model function uses the columnar
water vapor V, the columnar liquid water L, and
the surface air temperature Ta rather than dis—
crete profiles., The two columnar contents in
terms of g/cm? are found by integrating the ra—
diosonde water vapor and liquid water profiles
according to (23). The air temperature comes
from the surface observations, Having specified
V., L, and T,, the only unknowns in transmittance
model function are 500,, o, and @;. These un-
knowns are determined by minimizing the variance
between the 609 transmittances computed from (9)
and the transmittances computed from the trans-—
mittance model functign (28). Table 3 gives
their values for the five SMMR channels. The
values for a; are labeled ‘Rayleigh’ to indicate
that they apply to small cloud droplets, but not
rain drops.

The one remaining atmospheric parameter to be
specified is the effective height He. This para-
meter is found in a manner analogous to that
described in the preceding paragraph. The inte—
grated radiative transfer equation (8) is used to
compute brightness temperatures. A h-pol and
v-pol TB at an incidence angle of 49° are com-—
puted for each profile, giving a total of 1218
brightness temperatures. In these computations
we assume a specular sea surface at a temperature
Ty that is typical for the island and month under
consideration. In section 5, (38) gives the
specular sea—surface emissivity Es as a function
of temperature T;. The unknown model function
parameter He is found by minimizing the variance
between the 1218 Tp's computed from integral
equation (8) and the Tp's computed from the model
function (27). The values of H_  for the five
SMMR frequencies are given in Table 3 along with
the rms residual ATg between the model function
Tg and the Tg computed from (8). At the higher
frequencies water vapor and liquid water are the
dominate absorption mechanisms. Since the bulk
of the water vapor and liquid water is at an
altitude lower than that of oxygen, the effective
height is less at the higher frequencies. The
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Atmospheric Absorption Coefficients, Effective Height, and Model Error

Opacity

Normalized Absorption Coefficients

Frequency
(GHz)

Oxygen, a,0,

(millinapers) millinapers
g7cmE

Vapor, ay

Rayleigh, @

Effective
Height H,

Model

SMMR, 51 Error ATq

millinapers millinapers (km) (K)
mg?cmE mg?cmE

6.6 8.29 1.05
10.7 8.59 2.47
18 9.72 13.62
21 10.78 45.45
37 29.04 23.90

0.078
0.200
0.562
0.741
2.224

0.112 7.4 0.19
0.401 6.0 0.28
1.125 4.4 0.63
1.360 4.5 0.70
2.224 4.5 1.15

rms residual ATp given in Table 3 is a measure of
the atmosphere model accuracy as compared to the
integrated radiative transfer equation. The
model accuracy is 0.2 K at 6.6 GHz and gradually
degrades to 1.1 K at 37 GHz.

The final step in estimating the atmospheric
parameters is to adjust the liquid water coeffi-
cients El to account for Mie scattering from rain
drops. This adjustment corrects three problems
that occur when the Rayleigh coefficients given
in Table 3 are used to retrieve emvirommental
parameters. The first problem is that the colum-—
nar liquid water L inferred from the 18 GHz
channels is twice as large as that inferred from
the 37 GHz channels. This inconsistency is
graphically shown in Figure 1. The vertical
axes is the columnar liquid water retrieved by
SMMR geophysical algorithm [Wentz et al., 1981bl,
when the 37 GHz channels are not used. The
horizontal axes is the liquid water retrieved
when the 18 GHz channels are not used. The 102
points in the figure correspond to 50 km resolu—
tion cells in the vicinity of Hurricane Ella
during SEASAT rev. 952. The least squares fit,
shown by the straight line, has a slope of about
2 rather than unity. Similar scatter plots for
Hurricane Fico and for the Intertropical Conver-—
gence Zone show that L inferred from 18 GHz is
consistently twice as large as that inferred from
37 GHz. From these plots we conclude that the
ratio of the 37 GHz to 18 GHz Rayleigh absorption
coefficient is a factor of 2 too large for rain
clouds. To correct this, we multiply the 18 GHz
@, value appearing in Table 3 by a factor of 2.
Also the 21 GHz ay is increased based on an
interpolation between the modified 18 GHz 61 and
the 37 GHz @;. Reprocessing the SMMR Tp's using
the modified 18 and 21 GHz a; yields consistent
liquid water contents. The modified 18 and 21
GHz El are shown in Table 3 under the column
labeled 'SMMR’ to indicate that they are derived
from SMMR measurements of rain clouds. Instead
of increasing the 18 GHz El, we could have halfed
the 37 GHz El' The resulting liquid water con—
tents would still be consistent but their values

would be twice as large. We decided to modify
the 18 GHz @, rather than the 37 GHz @; so that
the 37 GHz a; would remain equal to the Rayleigh
value, which is correct for clouds without raim.
When there is no rain in the field of view, the
attenuation is relatively light, and the 37 GHz
channels dominate in the retrieval of liquid
water. For this case the retrieved value for L
will be correct because the 37 GHz 51 equals the
Rayleigh coefficient. However, for rain clouds,
as is discussed at the end of section 3, L be-
comes a relative indicator of liquid water atten-—
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Fig. 1. A comparison of the different atmospher—

ic liquid water contents obtained from the 18 GHz

and 37 GHz SMMR channels using Rayleigh absorp—
tion coefficients,
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The correlation between the SMMR-inferred sea—surface temperature and the

SMMR-inferred liquid water contents caused by using Rayleigh absorption coefficients.

uation rather than an absolute measure of colum—
nar liquid water.

The second problem with the Rayleigh coeffi-
cients is shown in Figure 2, in which the error
in the retrieved sea-surface temperature (SST) is
plotted versus the retrieved liquid water. The
SST error is the SST retrieved by the SMMR geo-—
physical algorithm minus the value measured by
expendable bathythermographs (XBT). The liquid
water contents are based on the 18 GHz Rayleigh
coefficients. The 121 SMMR verus XBT comparisons
cover the North and Tropical Pacific during the 3
month life of SEASAT. Although there is consid-
erable scatter in the data, the figure shows a
small negative correlation between the SST error
and the SMMR-inferred liquid water. The least
squares fit, shown by the straight line, has a
slope of —0.0112 K/(mg/cm2). This correlation
indicates that the SST retrieval algorithm is
overcompensating for liquid water because the
Rayleigh absorption coefficient at 6.6 GHz is too
large compared to the 18 GHz value., We eliminate
this correlation by subtracting an amount AEI=
0.022 from the 6.6 GHz Rayleigh &1 appearing in
Table 3, where

Aay = [(3Tp/dTy)/(8Tg/day)] AT (32)

The partial derivatives are computed from the 6.6
GHz, v-pol Ty model function (27) assuming a
liquid water content of 100 mg/cm2, and AT_ is
the 1.12 K SST error that occurs at 100 mg/cm2.
The 6.6 GHz, v-pol channel is used because it is
the most influential channel in retrieving SST.
The correction given by (32) provides the correct
6.6 to 18 GHz absorption ratio assuming the
Rayleigh value for 18 GHz., Since the 18 GHz
Rayleigh coefficient is multiplied by 2 to obtain
consistent liquid waters, the corrected 6.6 GHz
coefficient must also be multiplied by 2 to pre—
serve the proper 6.6 to 18 GHz ratio. The SST's
retrieved using this modified 6.6 GHz El show no
correlation with liquid water.

The third problem caused by the Rayleigh coef-
ficients is that a positive correlation between
the SMMR-inferred wind speed and liquid water
occurs, This correlation is eliminated by simply
doubling the 10.7 GHz Rayleigh coefficient, as
was done for the 18 GHz coefficient.

In Figure 3 the ratio of El at a given fre-
quency to the 37 GHz El is plotted versus fre—
quency. The values of EI/E,(37) for the Rayleigh
coefficients and for the SMMR-inferred coeffi-
cients are shown by the cifcles and the crosses,
respectively. The solid curve in the figure is a
theoretical absorption ratio for Mie scattering
in a rain cloud [Tsang et al., 1977]. In comput—
ing the theoretical ratio, the Mie absorption
coefficient is averaged over an ensemble of cloud

1-0 T T T TTTTT T

X SMMR-INFERRED

O RAYLEIGH

e M1 E

RATI0 OF LIQUID WATER ABSORPTION COEFFICIENTS

0.1 |- .
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0.01 [N VAN BRI 1 L1 11111
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RADIATION FREQUENCY (GHZ)
Fig. 3. A comparison of the frequency ratio for

the liquid water absorption coefficients obtained
from Rayleigh scattering theory, Mie scattering
theory, and SMMR observations.
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TABLE 4. Regression Coefficients for Specular Brightness Temperature
SMMR So Sz S2 S3 Ss
Channel (K) (k™) (x™%) (K/deg)
6.6 V 1.3759 x 10° 2.368 x 107 1.565 x 107> -2.311 x 107" 2.03
6.6 B 0.7107 x 10” 0.891 x 107" 1.000 x 107> -1.476 x 107°  -1.28
10.7 V 1.4452 x 10°  -0.336 x 107" 2.076 x 107>  -2.497 x 107" 2.05
10.7 H 0.7559 x 10>  -0.935 x 107~ 1.371 x 10~ -1.661 x 107  -1.32
18 V 1.5750 x 10>  -3.936 x 107" 2.285 x 10> -2.048 x 10" 2.08
18 H 0.8444 x 10>  -3.675 x 10" 1.657 x 107 -1.568 x 107~ -1.40
21V 1.6252 x 10°  -4.916 x 107" 2.237 x 107 -1.775 x 10* 2.10
21 H 0.8802 x 10°  -4.546 x 10 1.699 x 107%  -1.477 x 107 -1.43
37V 1.8493 x 10>  -7.405 x 107" 1.694 x 10°°  -0.539 x 107" 2.11
37 H 1.0524 x 10°  -7.666 x 10~ 1.718 x 10~ -1.033 x 107°  -1.59

and rain drops having a drop radii distribution
typical of a 12 mm/h rain {Deirmendjian, 1969].
The Mie coefficients differ from the Rayleigh
coefficients because radiative scattering becomes
significant for the larger rain drops. The ra-
tios of modified coefficients coming from the
SMMR data are in excellent agreement with the Mie
ratios. Based on this agreement we make the
following conclusion. If the emission—absorp-—
tion radiative transfer equation (2), which me-
glects the scattering integral, is used to model
a rain cloud, then Mie absorption coefficients,
rather than Rayleigh, should be used.

It is also interesting to note that rain par-—
tially filling the field of view could also be
responsible for the non—Rayleigh spectral bright-
ness temperature signature observed by the SMMR.
In any case, it is necessary to modify the
Rayleigh coefficients in order to have the model
accurately represent the observationms.

5., Sea-Surface Emissivity Model

The sea surface is modeled as a composite of
foam—-free rough water and foam patches. The
fractional area of the foam patches is denoted by
F. The total sea—surface emissivity E is an
area~weighted sum of the emissivity Er for the
rough water and the emissivity Ef for the foam.

E=(1-F)E, +FEg (33)
The rough water emissivity is given by
E. = Eg + AE, (34)
where E is the emissivity for a specular water
surface and AEr is the change in emissivity due

to roughness. Combining (33) and (34), ome ob-
tains

E=E, + AE (35)

AE = AE, + F(Eg - E)) (36)

where AE is the total change in emissivity due to
both roughness and foam. Equation (35) is used
in the Tp model function (27). As is discussed
below, the specular emissivity Eg is computed
from a model given by Klein and Swift [1977], and
the expressions for the emissivity change AE are
found by regressing SMMR—inferred emissivities
with the friction velocities measured by the
SEASAT microwave scatterometer SASS [Wentz et
al,, 1981al.

The specular emissivity is a function of the
observation frequency, polarization, and inci—
dence angle Gi as well as the sea—surface temper—
ature and salinity. The frequencies we consider
are 6.6 GHz and higher, and the salinity depen—
dence is small, For example, in the open ocean
the salinity varies from about 32 to 37 ®/oo.
This salinity variation translates into a specu-
lar Tg variation of about +0.1 K or less. Hence
we simply assume a nominal value of 34 ®/oo for
all computations. To compute Es' we use the
Klein and Swift [1977] equations for the sea-—
water dielectric constant ¢, which is a function
of frequency, sea-surface temperature, and salin-
ity. The following Fresnel equation relates the
specular emissivity to the dielectric constant:

n cos ©; - (e - sin’Gi)'s 2

E =1 -
n cos 9; + (& - sin"ei)'5 (37)

where the parameter m equals unity for h—pol and
equals ¢ for v-pol. In order to reduce computa-
tion time for the Ty model function, we find the
following regression to the dielectric constant
and Fresnel equations:

ET, = so + 5aT + s,T* + 5;T3 + s,(6; — 49°) (38)
where T = Ts—273.16. The regression only applies
to the SMMR incidence angle range of 49° + 0.5°,
The s coefficients are found by fitting (38) in a
least squares sense to the values given by the

Fresnel equation and are shown in Table 4 for

each SMMR channel. Differences between the spec-—
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Regression Coefficients for Wind-Induced Emissivity

SMMR b my m, M,
Channel (s/cm deg) (s/cm) (s/cm) (s/cm)
6.6 V -0.94 x 10~° 1.55 x 107* 4.90 x 10~* -0.35 x 10~*
6.6 H 0.88 x 10~° 4.58 x 10~° 6.02 x 10~* 0.79 x 10™*
10.7 V -1.34 x 10~° 1.41 x 10°° 4.61 x 10°* -0.43 x 10~*
10.7 H 1.39 x 10°° 5.16 x 107" 7.09 x 10™* 1.73 x 10~*
18 V -1.68 x 10~° 2.66 x 107° 2.66 x 10~* -0.64 x 10~*
18 H 1.63 x 10~° 7.05 x 10" 7.05 x 10" 2.20 x 10~*
21V -1.79 x 10~° 2.68 x 10~* 2.68 x 10™* -0.74 x 10~*
21 H 1.82 x 10°° 7.60 x 10°° 7.60 x 10°* 2.58 x 10™*
37V -2.54 x 10~° 2.80 x 10°° 2.80 x 10~* -1.54 x 10~°*
37 H 2.24 x 10~° 10.51 x 10~* 10.51 x 107° 3.77 x 10~*

ular brightness temperature E T, given by (38)
and that given by the Fresnel equation are less
than 0.1 K,

The change in emissivity AE due to roughness
and foam is found by collocating SMMR and SASS
measurements. The SMMR TB's and the SASS norma-
lized radar cross sections (NRCS) are collocated
into 150 by 150 km cells for two North Pacific
SEASAT passes (revs. 1120 and 1135). For each
cell the SASS NRCS’s are converted to a friction
velocity Uy [Jones et al., 1982], and the SMMR
Th's are converted to an emissivity. To obtain
AE, we subtract the specular emissivity from the
SMMR—-inferred emissivity. The AE values are then
regressed versus the SASS-inferred friction velo—
cities.

The SMMR-inferred emissivities E are found by
inverting the Tg model function (27) such that E
is expressed in terms of the SMMR TB measurement,
the SASS-inferred U,, the sea—surface temperature
Ts, the water vapor V, and the liquid water L.
The air temperature variable Ta in the model
function is set equal to Ts' Values for Ts come
from the National Marime Fishery Service (NMFS)
SST map for the Northeast Pacific during
September 1978. Comparisons of the NMFS SST's
with buoy and ship observations indicate that the
map is accurate to about +1 C for the time and
region being considered. A histogram techmnique
is used to identify SMMR cells that are free of
clouds [Wentz et al., 1981al. In computing E, we
only use these clear sky cells for which L is set
to zero. The actual liquid water comtamination
in these cells probably does not exceed 3 mg/cm2,
To determine the water vapor, the TB model func-—
tion is initialized using the NMFS SST, the SASS
Uy, and zero liquid water. Then the water vapor
for the model function is incremented upward from
zero until the model function TB equals the SMMR
21 GHz, v—pol measurement. In calculating the
model function for 21 GHz, v-pol, we assume that
AE incteafes linearly with U,, having a slope of
2.9 x 100 s/cm. This slope agrees well with the
slope finally found for 21 GHz, v-pol given in

Table 5. Comparisons with radiosondes in the
Gulf of Alaska indicate that these calculated
water vapors for clear skies are accurate to
within +0.2 g/cm? [Wentz et al., 1981b]. Having
specified Tg, Uy, T, V, and L, we then calculate
the emissivity E and change in emissivity AE by
means of the inverted model function,

The emissivity change AE depends on the
incidence angle ei. For v-pol, AE decreases as
Oi increases, whereas for h-pol, AE increases
with increasing ©;. We model this variation by

AE = AE + b U,(ei - 49) (39)
where the AE is the emissivity change at exactly
49°, The b coefficients, which are given in
Table 5, are derived by numerically integrating
the emissivity integral (4) for three incidence
angles: 48.5°, 49.0°, and 49.5°, The variation
of the integral for these three incidence angles
determines the b values. The relationship be—
tween the large—scale sea-surface slope variance
used in the integration and the frictionm velocity
is discussed at the end of this section. The
variation of the foam emissivity contribution
F Ef with ei is much less than the variation of
the rough water contribution (1-F)E_ and is set
to zero when computing the b coefficients. Each
SMMR-inferred AE is converted to a AE by means of
the above expression.

Figures 4 and 5 show AE plotted versus U, for
v-pol and h-pol, respectively. Note that differ—
ent vertical scales are used in the two figures.
All SMMR frequencies are shown except 21 GHz for
which the water vapor partially masks the sea—
surface emissivity variations., A total of 119
cloud-free SMMR cells are found for the two North
Pacific passes. The h-pol AE versus U, slope
increases significantly with frequency. The v-—
pol slopes are nearly independent of frequency
and are less steep than the h-pol slopes. This
frequency and polarization behavior of the slopes
is consistent with the two—scale scattering model
reported by Wentz [1975]. At 6.6 and 10.7 GHz,
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Fig. 4. The wind-induced sea—surface emissivity
for vertical polarization at four SMMR frequen-—
cies.

the AE versus U, curves become steeper at the
higher friction velocities. This increase in
slope may be dye to the onset of wave breaking at
the higher wind speeds. At the higher frequen—
cies, atmospheric contamination prohibits the
possibility of seeing this nonlinear effect. The
error bars in the figures indicate the uncer—
tainty in AE and U, due to the errors in speci-
fing Tp, Tg, Uss V, L, and 6. These expected
errors, which are assumed uncorrelated, are
0.4K, 1C, 5 cm/s, 0.2 g/cm?, 1 mg/cm?, and
0.1°, respectively. The emissivity error in-
creases with frequency because of the increasing
sensitivity to the atmospheric uncertainties.

The solid curves in the two figures are best fits
to the data. At 6.6 and 10.7 GHz, the curves are
two straight lines connected by a parabola such
that the curve and its first derivative are con—
tinuous. At the higher frequencies, a single
straight line is fitted to the data. The equa—
tions for the best—fit curves are as follows:

AE = m,U,
Uy, < 65 cm/s (40)
AE = m,U, + 0.05(m; - my)(Uy - 65)2
65 cm/s < U, < 75 cm/s (41)
AE = m,U, - 70(m; ~ my)

Uy > 75 com/s (42)

=h

WIND- INDUCED H~POL EMISSIVITY AE
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where m, and m, are the slopes for the low and
high wind speed linear segments, Table 5 gives
these two slopes for the 10 SMMR channels. For
the three higher channels m; equals m,. The
slopes for 21 GHz are obtained from a linear
interpolation in frequency of the 18 and 37 GHz
slopes. The above three equations along with
(35), (38), and (39) provide the emissivity for
the model function (27).

There are a number of secondary parameters
that may affect AE. Firstly, AE probably depends
slightly on Ts' The values shown in Figures 4
and 5 are for an SST range from 12 C to 28 C.
Furthermore, geometric optics predicts that AE
should depend on the direction of the wind rela-
tive to the observation azimuth direction. For a
20 m/s wind, at an incidence angle of 49°, and
for v—pol, the theory predicts that the increase
in TB due to surface roughness is about 1 K
larger when viewed in the upwind direction than
when viewed in the crosswind direction. For h-
pol, the upwind Ty increase is about 0.3 K less
than the crosswind value. This upwind-crosswind
difference is based on Cox and Munk [1954] obser—
vation that the upwind sea—surface slope variance
is about 34% greater than the crosswind slope
variance. Another parameter that is not consi-
dered is the fetch of the wind, which can affect
the foam coverage. The dependence of AE on these
secondary parameters has yet to be observed ex-
perimentally, and we do not attempt to model
them. However, they may contribute to some of

.08 - - —

.04

6.6 GHZ

18 GHZ & 37 GHZ

—.06 1 1 1 1 1 1
0 25 50 75 100 0 25 50 75 100

FRICTION VELOCITY U, (CM/S)
Fig. 5. The wind—induced sea-surface emissivity
for horizontal polarization at four SMMR frequen-
cies.
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the data scatter shown in Figures 4 and 5.

We next consider the fractional area F of foam
coverage. The emissivity integral (4) is used to
remove the rough-water contribution from the
SMMR-inferred emissivities, thereby leaving only
the foam contribution. Equation (33) can be
rewritten as

R=(1-F,) R, (43)
F, = F(1 - Rf/Rr) (44)
where R, Rr, and Ry are the reflectivities of the

total sea surface, the rough water, and the foam,
respectively. These reflectivities are simply
one minus the corresponding emissivities. The
term F, is the effective fractional foam cover—
age. If the reflectivity of foam were zero, then
Fe would be the actual fractional foam coverage.
The effective coverage can be calculated by in—
verting (43)

F, = (Rt— R)/Rr (45)
in which the total refectivity R is given by
R=1-E - AE (46)

where E; comes from (38) and AE comes from (40),
(41), and (42). The reflectivity R, of rough
water is theoretically computed from (4) assuming
an incidence angle of 49° and a sea—surface tem—
perature of 290 K. The computed R, is then re-
gressed versus friction velocity to obtain

R, = Ry — M,U, (417)
where Rs is the specular reflectivity. The re-—
gression coefficients M; appear in Table 5 for
each SMMR channel.

The solid curves in Figure 6 show the effec—
tive foam coverage computed from (45) through
(47) plotted versus friction velocity. Three
curves are shown: the average Fo for 6.6 and 10.7
GHz, F, for 18 GHz, and Fo for 37 GHz. Each
curve is an average of h—pol and v-pol. The
values computed for F, are nearly independent of
polarization. For a given frequency, the typical
difference between the fractional coverage infer—
red from v-pol and that inferred from h-pol is
only 0.005. This close agreement indicates that
the ratio Rf/Rr is independent of polarization.
Furthermore the Fe for 6.6 GHz differs from the
10.7 GHz values by 0.002 or less. The figure
shows that F, increases at the higher frequen—
cies. This increase implies that Rg/R. becomes
smaller at the higher frequencies. Hence the 37
GHz curve should correspond most closely to the
actual fractional foam coverage. Also in Figure
6 is the foam coverage that was deduced from
photographic observations of foam [Ross and
Cardone, 1974]. The crosses denote the whitecap
coverage and the triangles denote the whitecap
plus streak coverage. The standard deviation of
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Fig. 6. A comparison of the sea—surface effec—
tive foam coverage obtained from the SMMR data,
from photographic measurements, and from a di-
electric layer theory.

the photographic measurements is about +5%. The
SMMR-inferred Fo corresponds more closely to the
whitecap coverage, indicating that it is the
whitecaps rather than the streaks that affect the
sea—surface emissivity. The aircraft TB measure—
ments reported by Webster et al. [1976] showed no
appreciable variation as the streak coverage
dropped from 40% to 5%. Meanwhile, the whitecap
coverage was about 4% and showed no systematic
variation. These aircraft observations are
another indication that streaks do not signifi~
cantly alter the sea—surface emissivity. This
conclusion disagress with Webster’'s statement
that the thin streaks are the most important part
of the white water signature.

Wentz [1974] theoretically computed the re-
flectivity of a layer of foam on top of a specu-—
lar sea-surface. The foam-water surface was
modeled as a layered dielectric media [Brekhov-
skikh, 1960]. The computations were done for a 3
cm thick foam layer at 2,65 GHz and 13.4 GHz. At
the lower frequency the theoretical reflectivity
ratio Rf/Rr was 0.71 and 0.68 for v—pol and h-
pol, respectively. The 13.4 GHz the ratios were
0.19 and 0.20. Hence the theory agrees with the
above observation that the ratio is essentially
independent of polarization. Furthermore, the
theory correctly predicts that the ratio de—
creases with frequency. The effective foam cov-
erage at 100 cm/s is calculated from these theo—
retical reflectivity ratios using (44) and is
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shown in Figure 6 by the two solid circles, one
for 2.65 GHz and the other for 13.4 GHz. To
calculate these two values, we set the actual
foam coverage F equal to the effective coverage
F, at 37 GHz. The two theoretical values are in
reasonable agreement with the SMMR-inferred val-
ues.

As mentioned previously, the evaluation of the
emissivity integral (4) and the scattering inte-
gral in (3) requires that the large—scale slope
variance <S2?) be specified. In order to relate
the emissivity and surface scattering to the
friction velocity U,, we determine a relationship
between <S2) and U, by calculating the ratio of
the h-pol sea—surface reflectivity to the v-pol
reflectivity [Wilheit, 1979]. This ratio is
given by

RB/RY = (RE/RY) (1 + 6™M/(1 + 6Y) (48)
6P = [F/(1 - F)] (RR/RD) (49)

where the superscripts denote polarization, with
p equaling h or v. The term GP is proportional
to the fractional foam coverage, which is small
compared to unity. Hence GP is small, and (48)
can be expanded in terms of GP. Expanding to
first—order gives

RB/RY = (RE/RY) (1 + 6B - 6Y) (50)

The above computations of effective foam coverage
show that the ratio of foam to water reflectivi-
ties is nearly independent of polarization, and
the difference between Gh and GY is typically
0.5%. Thus a very good approximation for the
reflectivity ratio is

h,pv _ ph/pv
RY/RY = Rr/Rr (51)

The reflectivity ratio on the left-hand side
of (51) is found from the SMMR-inferred emissivi-
ties discussed above.

RY/RY = (1 - BB - AE™/(1 - EY - ABY)  (52)

The above equation is used to compute a reflec—
tivity ratio for each of the 119 SMMR cells for
the two North Pacific SEASAT passes. The SMMR-
inferred reflectivity ratios are then regressed
versus the collocated SASS—inferred friction
velocities U,. Figure 7 shows the reflectivity
ratios plotted versus U, for 6.6, 10.7, 18, and
37 GHz, The error bars in the figure indicate
the uncertainties in the computations due to the
error sources discussed above for the SMMR—infer—
red emissivities. The straight limes in Figure 7

are least squares fits to the data points. These
linear regressions have the form

h,pv _

RY/R” = go + 81U, (53)

The values for go and g, are given in Table 6. for
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10.7 GHZ |

18 GHZ

REFLECTIVITY POLARIZATION RATIO (Rh/RV)
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0 25 50 75 100 0 25 o0 75 100

FRICTION VELOCITY U, (CM/S)
Fig. 7. The ratio of the h-pol sea-surface re-
flectivity to the v-pol sea—-surface reflectivity
at four SMMR frequencies.

each SMMR frequency. Because of water vapor
contamination, the values for 21 GHz are not
directly computed from the SMMR TB% but rather
are interpolations based on the 18 and 37 GHz
values. The right—hand side of (51) is calcu—
lated from the emissivity integral (4). These
computations show that the relationship between
the rough-water reflectivity ratio and the large-
scale slope variance <S2) is nearly linear.

RI/RY = Fo + Ba<S%) (54)

The coefficient g, is the reflectivity ratio for
a specular sea surface having a zero <S82>., The
coefficient g, is found from regressing the emis-—
sivity integral computations versus <S2)>. The
values of the two coefficients appear in Table 6
for each SMMR frequency. Under the assumption
that <(S2?) equals zero when the friction velocity
is zero, the coefficient g, in (53) should equal
8o in (54). Comparing the two values in Table 6
shows that the two coefficients do agree to with—
in the expected error. Setting g, equal to g
and combining (51), (53) and (54) yields the
desired relationship between <S2) and U,.

<82> = (g3/81) Uy (55)

The value of the g ratio is given in Table 6.
These values are in good agreement with those
reported by Wilheit [1979].

The values of <S2) given by (55) for the five
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TABLE 6.

Model of Ocean Microwave Temperatures

Regression Coefficients for Reflectivity Ratio

Frequency go %o 81 81 81/81
(GHz) (s/cm) (s/cm)
6.6 1.471 1.484 -2.5 x 10~* -0.701 3.57 x 107*
10.7 1.496 1.506 -4.8 x 107° ~0.700 6.86 x 10*
18 1.551 1.555 -6.7 x 10‘: ~0.837 8.00 x 10~*
21 1.575 1.577 -8.2 x 10”, -0.906 9.05 x 10*
37 1.705 1.710 -16.1 x 10 -1.316 12.23 x 10~°
SMMR frequencies are shown by the solid circles caps, rather than streaks, are responsible for

in Figure 8. In this figure the value for U, is
set at 50 cm/s. The solid line in the figure is
the slope variance computed from an elevation
spectrum of a wind-roughened sea surface [Bjer-
kass and Riedel, 1979]. The SASS indicates that
the capillary portion of this spectrum is a fac—
tor of 2 too large. In other words, the capil-
lary waves seen by the SASS in the open ocean are
smaller that those observed in the wavetank ex-—
periments, Accordingly we divided the capillary
portion of the Bjerkass spectrum by a factor of 2
before computing <S2>. The spectrum is parti-
tioned into a large—scale spectrum and a small-
scale spectrum according to the criteria that the
small-scale height equals the radiation wave—
length divided by 8x [Wentz, 1975]. The large-
scale spectrum consists of sea waves having wave-—
lengths large compared to the radiation wave-—
length. An integration over this spectrum yields
the large—scale slope variance shown by the solid
line. Also shown in the figure is the <$2)
inferred from the SASS nadir NRCS and the (S3)
observed by Cox and Munk [1954]. The Cox and
Munk value corresponds to the total slope vari-
ance and hence is plotted at 1000 GHz. At this
frequency the entire sea spectrum is classified
as large—scale. The figure shows very good
agreement among the various estimates of (S3),
The largest discrepancy is that the SMMR-inferred
slope variance increases faster with frequency
than the slope variance obtained from parti-
tioning the wave spectrum,

In summary, the SMMR and SASS observatioas
are combined to obtain the wind-induced emissi-
vity as a function of friction velocity. The
emissivity integral (4) is then used to separate
the foam emissivity from the rough—water emissi-—
vity, thereby obtaining the effective fractional
foam coverage. The emissivity integral is also
used in conjunction with the SMMR/SASS observa—
tions to determine the relationship between the
large—scale sea—surface slope variance and the
friction velocity. The results are in good
agreement with values found by other experi-
menters. In particular, the foam coverage ob-—
served by the SMMR correlates reasonably well
with photographic measurements of whitecap cover—

age. In the case of foam, it appears that white—

the increase in TB. Also the frequency and
polarization variations of the foam reflectivity
inferred from the SMMR Tb’s are in good agreement
with that predicted by a theoretical foam layer
model. Finally, the SMMR-inferred large—scale
slope variances are comsistent with the slope
variances computed from a sea elevation spectrum,
with that inferred from the SASS nadir observa-
tions, and with the Cox and Munk value deduced
from sun glitter. The consistency of these re-—
sults support the premise that the sea—surface
emissivity is accurately represented by a com—
posite model in which the emission from the rough

.09 SMMR
SASS

COX-MUNK

°
X
o

U, = 50 CM/s

.08

.07

LARGE-SCALE SLOPE VARIANCE <SZ>

1
100

1 1
10

1000
RADIATION FREQUENCY (GHz)

Fig. 8. A comparison of the large—scale sea—

surface slope variances obtained from the SMMR

data, from a sea wave spectrum, from nadir scat-

terometer measurements, and from sun glitter

observations.
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TABLE 7. Model Accuracy Relative to
Integral Formulation

SMMR Model Accuracy
Channel (K)
6.6 V 0.2
6.6 H 0.2
10.7 V 0.3
10.7 H 0.3
i8V 0.7
18 H 0.9
21 V 0.9
21 B 1.5
37V 1.3
37 H 2.1

water is given by two-scale scattering theory and
the foam emission is given by a layered dielec-
tric theory.

6. Conclusions

Our basic conclusion is that the TB model
function (27) is an accurate representation of
the ocean brightness temperature. The model
function is in close agreement to the more pre-—
cise integral formulation (8). Table 7 lists the
rms difference between the model function TB and
the Ty given by (8). These differences are an
average over an ensemble of winds and atmospheres
ranging from a specular surface and clear skies
to a 21 m/s wind and a very heavy cloud layer
containing 60 mg/cm? of liquid water. The values
in Table 7 are a root—sum—squared of the rms
accuracy of the diffuse scattering function Iﬂ
(14) and the rms accuracy of the atmosphere model
given in Table 3. Note that the Ig accuracies in
Table 1 are with respect to the scattered bright-
ness temperature at the surface, whereas the
model function is for the upwelling TB at the top
of the atmosphere. Hence when calculating the
values for Table 7, the differences between Iﬂ
and the scattering integral are first multiplied
by the atmospheric transmittance t before compu-
ting the rms statistics.

Another model error is the specification of
the sea—surface specular brightness temperature
E,-T, given by (38). Klein and Swift [1977] re-
port an absolute accuracy between 0.1 and 0.3 K
in the specular TB‘ The major effect of this
error is to introduce a constant bias for a given
frequency into the model function. Since the
error is a bias rather than being random, it is
not included in the error statistics in Table 7.
For most applications a 0.1 to 0.3 K constant
bias in the model function is of no serious
consequence.

There is no direct way to determine the error
in modeling the wind-induced emissivity AE be-
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cause the sea—surface scattering theory is not
precise enough to compare against. The same can
be said about the error in modeling rain because
of the complexity of the theory for Mie scatter—
ing from an array of rain drops. However, an
indication of the AE error is obtained by looking
at the model function’s performance in retrieving
wind speed via least squares estimation. The
retrieval accuracies are about 1.5 m/s, which
corresponds to a 10% error in AE [Wentz et al.,
19821.

In addition, the following conclusions are
made concerning the physics of microwaves inter—
acting with the atmosphere and sea surface.

1. When the absorption—emission approximation
to the radiative transfer equation is applied to
rain clouds, the Mie absorption coefficients
rather than the Rayleigh coefficients should be
used.

2. The sea—surface emissivity is accurately
represented by a composite model in which the
emission from the rough water is given by two-—
scale scattering theory and the foam emission is
given by a layered dielectric theory.

3. The large-scale sea—surface slope variance
inferred by the SMMR is comsistent with the slope
variance computed from a sea wave elevation spec—
trum, with that inferred from microwave scattero—
meter measurements at nadir, and with the Cox and
Munk value deduced from sun glitter.

4. The increase in Tg due to sea foam is more
a result of whitecapping than streaking.

5. A layered dielectric model for sea foam
predicts the same frequency and polarization
variation of the foam reflectivity as observed by
the SMMR.
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