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Introduction

Texts S1-S6 give information on the basic theoretical concepts and the main expressions for
the physical models used to develop the WindSat geophysical model function (forward
model) and the whitecap algorithm W(T;). Texts S7-S9 give the expressions of the wave
spectrum we used along with information on the spectrum development.

Text S1: Atmospheric Variables
For a one-layer (isotropic) atmosphere, the transmissivity zin (1) is presented as (Wentz, 1997):
r=exp [~asech] = exp [-(Ac+ Av + AL) secd] (S1a)

where @is the EIA (Table S1 gives all acronyms and abbreviations used here and in the main
text), and the opacity o= Ao + Av+ A, is due to the vertically-integrated absorption of oxygen
Ao, PWV Ay, and CLW A,. The upwelling and downwelling atmospheric brightness
temperatures in (1) are expressed in terms of effective atmospheric temperatures T, and T4
(Wentz, 1997):

TBU = Tu (1 — T) (51 b)
Tep=Ta(1—17) (S1¢)

The atmospheric quantities T, T4, Ao, Ay, and A, in (S1) are usually polynomial regressions in
terms of PWV V, CLW L, and SST T (e.g., Wentz, 1997).

Equations (12-16) in Bettenhausen et al. (2006) represent early atmospheric parameterization
for the WindSat forward model. The form of the atmospheric parameterization used in version
v1 of algorithm W(Tg) is the following:

Ta= Cao+ CaV+ CV?+ cssV? (S2a)



Tu= Cw+culs+ cV (S2b)
Ao= Coo+ CorTa+ CorV (S2¢)
Av=(cwo + cnTa+ c )V (52d)
A= (Co+ cuTa+ cuV)L (S2e)

where ci are the coefficients derived from least squares fits, Vand L are in millimeters, and T,
and T, are in Kelvin. The main text describes the atmospheric RTM and the input data used to
simulate the atmospheric values on which parameterizations (S2) are based.

Subsequent updates of the atmospheric model for the WindSat forward model yielded new
formulations. The one used in v2 of algorithm W(Ts) is the following:

Tu= Ta+ (Cuo+ ClV + CuTal) (S3a)
Ao = Coo+ Corla+ ColV (S3b)
Av=(cw+cnTa+cV) V (S30)
A= (CotcnTa L (S3d)

In (S3), T4 is fitted using 2D (T and V) cubic spline to handle non-linearity. Coefficients ci in (S3)
differ from those in (52). See the main text for information on the atmospheric RTM and the
input data used to provide physical values for the derivation of (S3).

Text S2: Specular Emissivity with Fresnel Formula

The specular emissivity in (2) is obtained as Eo = 1 — Ro, where Ry is specular reflectivity
calculated with the Fresnel formula for h and v polarizations using #and the complex (relative)
permittivity of seawater &

2

£cosh —+/ & — sin%0
oy = (S4a)
£cosh ++/ & — sin%0
2
cosf — /& — sin0
on = (S4b)
cosf + /& — sin0

Debye equation with two relaxation terms represents & well for wide range of frequencies,
from 3 GHz to at least 100 GHz (Stogryn, 1997). Four parameters in the Debye equation—
namely, the static permittivity, the two relaxation terms, and the seawater conductivity—vary
with SST and SSS. These variations introduce temperature and salinity dependences in
seawater permittivity ¢ (T, S). Stogryn (1997), Ellison (2006), and Meissner and Wentz (2004;
2012) have proposed empirical expressions for the Debye parameters in terms of Tand S. We
use the permittivity model of Stogryn (1997) for v1 and that of Ellison (2006) for v2.



Text S3: Roughness Emissivity with Two-scale Model

The analytical description of the 2-scale model combines two mathematical approximations
(Wentz, 1975; Valenzuela, 1978; Irisov, 2000). The Geometric Optics (GO) approximation (also
known as Kirchhoff approximation) models the emission and scattering from long ocean
waves (Stogryn, 1967; Gasiewski & Kunkee, 1994). The GO approximates the large-scale ocean
waves as a collection of plane-surface facets tilted in various directions by the wave slopes and
reflecting EM radiation specularly. The small perturbation model (SPM) modifies the specular
reflections (thus emissions) of these surface facets to represent the contribution to the
microwave emission from the Bragg scattering of the ripples (Semyonov, 1966; Wu & Fung,
1972; Wentz, 1975). The periodic structure (and scattering) of the ripples comes from the
variations of the surface elevations 77 of the short-scale waves. These 7 variations—quantified
with the surface elevation variance { 77)—are the small perturbations that SPM uses to model
the Bragg scattering (Durden & Vesecky, 1985; hereafter referred to as DV85).

To express these concepts mathematically, consider radiation with polarization a (h or v)
striking under EIA @on a facet with orientation defined by unit vector 7 from a direction

defined by propagation vector E The 2-scale model represents the radiation scattered from a
collection of facets in direction k_; and polarization b (h or v) with scattering coefficients
Vab(ky ks, ) as follows (Stogryn, 1967; Chan & Funk, 1977; Yueh, 1997):

—_— oo 0 T
Vap(kuks,) = [, dSy [0 dS,P(Su, Se)¥ap (7 K Jes )R (5)

In (S5), Yap (r_i, E k_;) are the small-scale scattering coefficients (i.e., ¥, Yo %n %) in the local
frame of reference and polarization basis of an individual tilted facet. Coefficients

Yab (77{, H k_;) are integrated over the distribution of the facet (large-scale) slopes S, and Scin
upwind and crosswind directions represented statistically with the probability density
function (pdf) P(S., Sc). The pdf of the large-scale slopes P(S,, So) is usually assumed Gaussian
with upwind and crosswind slope variances g2 and o2, respectively. While the calculation of
Yab (r_i, E E) is most convenient in the local (tilted facet) coordinates, which are directly
related to slopes S, and S., we need the scattering (and emission) in a global (i.e., sensor) frame
of reference and polarization basis at the mean sea surface (Johnson, 2006). The global frame
of reference and polarization basis are defined in terms of the large-scale slopes Syand S,
along and across the radiometer look direction ¢ (defined in section 2.3 in the main text). The
rotation matrix R in (S5) transforms the local coordinates to the global ones (expressions given
in Ulaby et al., 1982, Ch. 12-6; Yueh, 1997; Wentz & Meissner, 2000). Importantly, the rotation
from “wind” slopes S, and S to “look” slopes S, and S, accounts for the wind direction
(azimuthal) effects (Johnson, 2006) because ¢, is defined relative to ¢ (section 2.3). The limit
cotdfor the integration in along-look slopes Sy accounts for geometric shadowing effects.

The main challenge for the 2-scale model is the choice of the transition (or cutoff)
wavenumber K, dividing the continuum of the ocean wave spectrum into large- and small-
scale waves. To overcome this challenge, alternative approximate theories for modeling rough
surfaces have been investigated (Elfouhaily & Guérin, 2004). A notable alternative to the
2-scale model is the small slope approximation (SSA) (Irisov, 2000; Johnson, 2005). There are
two advantages of SSA over the 2-scale model (Irisov, 2000): (i) while simpler, SSA still includes
the SPM, which allows a description of Bragg scattering using surface elevation variance; and
(ii) there is no need to divide the wave spectrum into long and short waves avoiding
uncertainty from the K; choice. These advantages make the SSA approach more consistent



than the 2-scale model, especially when long-scale waves are fewer (i.e., sea surface roughness
under low wind conditions).

The main advantage of the 2-scale model is the use of the GO approximation. GO is not
restricted to waves with small surface heights (as SPM is) or to waves with small slopes (as SSA
is). Rather, GO treats relatively well waves with any slopes, including large slopes, which often
are associated with breaking waves. Considering that whitecaps are associated with breaking
waves, it is clear that the 2-scale model would work better to account for steep long waves,
which become unstable and break (Babanin, 2009). Comparing various approximate theories
with data, Johnson (2006) surmised that other approaches “have yet to demonstrate any
conclusive advantages over or general inaccuracies in the 2-scale theory,” therefore, the 2-
scale model combining GO and SPM approximations “remains highly relevant.”

Text S4: Ocean Wave Spectrum for the Two-scale Model

To calculate the small- and large-scale variables in (S5)—v 5 (1_1’, E, E) and P(S,, S)—one
needs the directional wavenumber spectrum W(K,¢), where ¢is the wave direction; often ¢is
close to or aligned with wind direction ¢, (section 2.3). The wave spectrum used in remote
sensing application usually comprises the spectra of short and long waves, ¥,(K, ) and ¥;(K, @),
respectively, with the cutoff wavenumber Ky diving the small- and large-scales waves:

Y(K) = WK, 9) = ¥s(K, 9) + ¥, (K, 0) (S6a)
W,(K, 9) = W(K, 0) VK <K, (S6b)
w.(K, ) = $(K, 0) VK >K, (S60)

Enhancement of the small-scale spectrum on the downwind (leeward) face of a large-scale
wave is accounted for by applying hydrodynamic modulation to W,(K, @) with a parameter H
(DV85; St. Germain et al., 2002):

l'IJS (K' P, Su) = H(Su)lps (K» QD) (S7)
where

1+msgn(S,) VIS,|>1.250,

(S8).
T (S—“] VS| <1250,

H(Su)=
125

Equation (S8) shows that H weighs W, (K,¢) according to the local upwind slope S, and its
standard deviation o (Jones et al., 1978; Reece, 1978). Positive sign of S, enhances W (K, ) on
the leeward surface of the large-scale waves.

The short-scale wave spectrum W (K, ¢) is used to obtain the surface elevation variance ()
necessary for the small-scale scattering coefficients y, (ﬁ, E: k_s)) The zeroth moment of
Y. (K,¢) gives the 7 variance as (Elfouhaily et al., 1997):

%) = [P W (K)dK = [” [, (K, p)KdKdg (S9)

The large-scale wave spectrum W, (K, ¢) is used to obtain the upwind and crosswind slope
variances o2 and o2 necessary for P(S, Sc). The second moment of ¥, (K, ) gives the total slope
variance (Elfouhaily et al., 1997):



o2 = ot + 02 = [ KW, (K)dK = [° (K2 + KO, (K) dK (S10)

Noting that in upwind and crosswind direction we have K, = Kcospand K. = K sing, and using
W, (I?) dK = Y, (K, p)KdKd¢ (Pierson & Stacey, 1973; hereafter PS73), the expressions for the
slope variances are (Elfouhaily et al., 1997; Yueh, 1997):

© 2

oy =IK3dKJCOSZ¢T|(K,¢)d¢ (511a)
0 0
© 2r

o; =IK3dK Isin2¢T|(K,¢)d¢ (511b)
0 0

The wave spectrum W(K, ), proposed for use with a scattering (Bragg) theory, is formulated
with an isotropic (omni-directional) amplitude S(K) and a spreading factor ®(K,¢) (DV85):

(K, 4) = S(K) (K. ) 512).

The main question usually is the choice of the specific functional forms for S(K) and ®(K, ¢).

There are two approaches to formulate the different parts in the wave spectrum (512). The
“oceanographic” approach starts with the equation of wave energy balance, which includes
terms for wind input, non-linear wave interaction, and dissipation. Both laboratory and field
wave records are used to derive analytical expressions or physics-based parameterizations for
each term in the wave energy equation. Typical examples of wave spectra developed using
this oceanographic approach are those of Pierson and Moskowitz (1964) (known as the
Pierson-Moskowitz spectrum), Plant (1986), Donelan and Pierson (1987), Apel (1994), and
Elfouhaily et al. (1997).

The “microwave” approach borrows theoretical and/or empirical expressions for S(K) and
d(K,¢) from the oceanographic investigations and constructs a full wave spectrum W(K,¢) by
modifying them so that model predictions for normalized radar cross-section (NRCS) closely fit
observed time series of NRCS (DV85; Caudal & Hauser, 1996; Kudryavtsev et al., 1999, 2003).
Yueh (1997) and St. Germain et al. (2002) have employed this microwave approach using
radiometer instead of radar measurements.

Text S5: Factor for Non-specular Reflection

The non-specular reflection (i.e., scattering) of downwelling atmospheric radiation from a
composite sea surface (including waves and sea foam) is associated with the last two terms in
(1), which involve factor ():

Tap" = te,T + Tpy + 11, [QpTop + 10 Te] (S13a).
Using (7¢), (513a) reads (with the subscript p for the polarization omitted):
TAOA = teT + Tpy + 1rTpq (S13b).
The surface-scattered downwelling atmospheric radiation is defined by:
Tgscat = TTga = r{(1 + Q) [Tgp + (t — V)T ] + T¢} (S14).



We can compute values for the non-specular reflection factor by solving (S14) for Q:

_ Tpscat—1Tc (S15).

- r[Tpp+(t—1)Tc]

We can also use simplified forms of (514-S15) considering T, << Tgp:

TBscat == T'(l + Q)TBD (S16a)
Q = [Bscat _ 4 (S16b).
rTep

Section 4.4 gives information on the parameterization of the physical Q values.

Text S6: Foam Emissivity with RTM

Foam emissivity Ein (5) can be obtained with both empirical and physical models; see
Anguelova and Gaiser (2013) for a review. Empirical models for the foam emissivity do not
involve the physical characteristics of foam as a medium, such as bubble size distribution or
the foam void fraction (defined as the volume fraction of air in a unit volume of air-water
mixture). Instead, empirical models only take into account the dependence on sensor
parameters such as 8 and f (Stogryn, 1972) or on a combination of sensor parameters and
environmental variables such as Ui and T (Wilheit, 1979; Wentz & Meissner, 2000).

A realistic physical model for the sea foam emissivity should account for changes of void
fraction within the foam layer depth yielding depth profiles for all foam properties
(Anguelova, 2008; Anguelova & Gaiser, 2012). In addition, an £ model should account for the
distribution of thicknesses, which whitecaps attain as they evolve from active to decaying
stage (Monahan & Lu, 1990; Reul & Chapron, 2003; Anguelova & Gaiser, 2011). Anguelova and
Gaiser (2013) addressed these issues by developing an RTM for the microwave emissivity of
sea foam layers with vertically inhomogeneous (stratified) dielectric properties. Reviewing
structural, dielectric, and radiative properties of the sea foam, Anguelova and Gaiser (2013)
established requirements for modeling E; at frequencies of 1-37 GHz. Following these
requirements and adopting reasonable assumptions and simplifications, Anguelova and
Gaiser (2013) developed the NRL RTM for foam emissivity in terms of the macroscopic foam
characteristics, namely—foam void fraction f, and foam layer thickness t.

The main elements of the NRL foam emissivity RTM are as follows. The vertical variations of the
void fraction are modeled with an exponential profile f,(z) (Anguelova & Gaiser, 2011). The
shape of f,(z) can be controlled with a parameter in the profile functional form to simulate
layers with more or less seawater content (i.e., wet or dry foam) (Anguelova & Gaiser, 2013).
With f,(2), the foam permittivity profile &(2) is modeled with the refractive mixing rule
(Anguelova, 2008; Anguelova & Gaiser, 2013):

142
& (T,5) = |fa+ (1 - fo)e?] (517)

Foam permittivity is a function of SST and SSS through the seawater permittivity ¢ (T, S) (Text
S2). The foam thickness distribution p(t) is taken to be log-normal with two distribution
parameters controlling its peak and width. The volume scattering within the foam layer is
modeled implicitly by using the incoherent approach to solve the RT equation for a foam
layer. Multiple reflections and transmissions at the air-foam and foam-water interfaces are
considered. Weak surface scattering at both the air-foam and foam-water interfaces



(Anguelova & Gaiser, 2012) allows modeling of these boundaries as plane (not rough) surfaces
with Fresnel specular reflectivity (Text S2).

The foam RTM gives the radiative terms contributing to Er separately, including upwelling and
downwelling emission within the foam layer as well as emission of seawater beneath foam.
Refer to Anguelova and Gaiser (2013) for all formulae comprising the foam RTM. Comparisons
of the model results to previous experimental and modeling data show that the NRL foam
emissivity model performs as well as, or better than, other physics-based models (Anguelova &
Gaiser, 2013). The comparisons also confirm quantitatively the expected effectiveness of the
upper limit of f,(z) as a tuning parameter.

Text S7: Durden-Vesecky Wave Spectrum
Durden-Vesecky wave spectrum refers to the wave spectrum developed by DV85. The
formulae and parameter values given here follow DV85 and Yueh (1997).

Text S7.A: Spectrum Magnitude

The ocean wave spectrum is divided into large-scale and small-scale portions (Texts S3-54) at
wavenumber Ky. For the small-scale ocean waves with wavenumbers K > Ky, the Durden-
Vesecky spectrum presents the isotropic amplitude with:

K
So(K) = apk = (bz—ﬁ)alogw(m) (518)
where
ao=4.9x10* (S19a)
b =125 (S19b)
o= g+ e (519¢)
y=17.25%x10" (S19d)
a=0.225 (S19e).

Here, u-is the friction velocity and g = 9.81 m s? is the acceleration due to gravity. Parameter a,
is tunable (see section S8.A for details on choosing the value of ao).

For the large-scale ocean waves with wavenumbers K < Ky, the isotropic amplitude is:

S,(K) = boK ~3exp [—ﬁ(l’:—C)z] (520)
Where p=0.74 (S21a)
by = agexp [+ﬂ(§—;)2] (S21b)
K, = ui.s (S21¢)
u(z) = log (ZZ—) (521d)
Zo= 6.84%x107° /u, +4.28 x 107 3u? — 4.43 x 1074 (S21e).

Variable uo5 in (S21¢) is the wind speed at reference height of 19.5 m; variable zin (S21d) is
height above the surface. The form of factor by in (521b) comes from the requirement that the

7



wave spectrum magnitude must be continuous at K = K; for a given parameter g, in (518), i.e.,
b is obtained from S;(Ks) = S;(Kq). It is clear from (S21b) that a change of the amplitude of S;(K)
via do or Ky or both changes b, and thus the amplitude of S;(K).

Text S7.B: Spectrum Spreading Factor

The spreading factor of Durden-Vesecky spectrum is given as:

D(K,p)=1+ c(l—e‘SKZ )cos 20 (522)
where
s=1.5x10"m? (S23a)
c= %% (S23b)
= % x 1073 (5230)

[ K2s(K)e™K* ak

b= f0°° K2S(K)dK

(523d)

Variable R in (523c) represents the ratio of the slope variances in clean water from Cox and
Munk (1954); here, Ui is the wind speed at reference height of 12.5 m.

Text S8: Development of the Durden-Vesecky Wave Spectrum

We recount here the steps in which DV85 derived the expressions and determined the
empirical parameters for the wave spectrum that they developed (Text S7). The rationale
behind this exercise was to identify clearly whether the presence of sea foam was accounted
for or screened out in the data used for the derivation. This has implications for the tuning of
the wave spectrum for roughness-only cases (section 4.3).

The development of the functional form of S(K) in the Durden-Vesecky spectrum (518 and S20)
is summarized in Text S8.A. The derivation of the functional form of ®(K, ¢) (522) is traced in
Text S8.B.

Text S8.A: Functional Form of the Wave Spectrum Amplitude S(K)

For the large-scale waves S;(K) (520), DV85 represent the spectrum magnitude with the
Pierson-Moskowitz spectrum, which is based on wave measurements in open ocean (Pierson &
Moskowitz, 1964). The Pierson-Moskowitz spectrum represents an asymptotic value with K3
behavior, which the wave spectrum would attain when the long gravity waves
approach/reach fully developed (equilibrium) state.

Parameters ao = /2 in (S19a) and Sin (521a) come from the Pierson-Moskowitz spectrum;
note that parameter « here is different from opacity «in Text S1. Pierson and Moskowitz
(1964) determined values a = 8.1x107 (thus a, = 4.05x107®) and £ = 0.74 (for scaling with Usss).
Pierson and Moskowitz (1964) expected considerable variability for parameter a. PS73 (p. 21-
23) surveyed a values published at the time and established variations of o within + 4%, from
7.8x107 to 8.4x107. Reported higher values, such as a > 10x10°, were associated with shorter
fetches (below 2.5 km). Recently, Alves et al. (2003) reanalyzed the Pierson and Moskovitz



(1964) data. Their results yielded wider range for parameter « € [6.15-9.52]x107 for two
different analytical forms with Ui, scaling (instead of Usqs scaling).

For the small-scale waves S, (K) (S18), DV85 represent the spectrum magnitude as dependent
on the wind friction velocity in a power-law form (bKu?/g.)"®) where r(K) = alog, ,(K/Kg).
The decision for this representation was based on the following developments in previous
studies.

1) Description of the high frequency (high wavenumber) spectrum with form (Ku?/g,)
following Mitsuyasu (1977), Kahma (1981) and Leykin and Rosenberg (1984).

2) Use of g,, which was first suggested by Toba (1973).

3) Logarithmic form for r(K) suggested by Fung and Lee (1982) and Jones and Schroeder
(1978) on the basis of frequency variation of wind speed dependence.

Parameters a and b in (519) come from this DV85 representation. DV85 determine the values
of a and b empirically (Text S9).

Text S8.B: Functional Form of the Wave Spectrum Spreading Factor ®(K, ¢)

The spreading function (522) has evolved in six steps.

1) Starting point is the expression proposed by Coté et al. (1960) for the Stereo Wave
Observation Project. PS73 use this expression (their Eq. (2.3)):

+% [1 — % + A(cosqo)z] exp [— - (S24)

gZ
KZ(U(u*))4]
where A (not to be confused with factor A in the main text) has a value between 0 and 2

and could be a function of K and u- if needed. PS73 found this expression inadequate for
high K (the capillary wave range).

2) PS73 modify (524) to represent better higher K. For K >>, the argument of the exponent
arg = g/(KU? = 0, and explarg] = 1. Therefore, the first term in (524) disappears and we are
left with:

O(K,p) == [1 —2+ A(cosq))z] (525)
Using the relation cos?¢ = % + %cosZ(p, PS73 represent (525) as:
DK, p) = %[1 + %cos&p] = %[1 + a,(K)cos2¢] (S26)
PS73 generalize (S26) as a Fourier series:
(K, ) == [1+IN-1ap(K,u) costng)]  —Z<p<Z (527)
Since little is known about a,, (K, u,), PS73 truncate the series to this form:
DK, ) = %[1 + a,cos2¢ + a,cosdyp] (S28)

Using the relation cos2¢ = 2cos?@ — 1, PS73 represent (528) in terms of cos?¢ and cos*¢
in order to match the form of the Coté et al. in (524):



O(K, ) == [(1 - a; + az) + (2a; — 8a,)(cosp)? + Baz(cosp)*]  (529)

Making similar representations for long waves using K << and explarg] = 0, we get from
(S24) the following:

d(K,p) = % (cosg)* (S30)

Equating the coefficients for each term in (529) and (S30), in order to provide smooth
connection for all K values, PS73 determine the values of the Fourier series coefficients in
(S28)asa;=4/3and a,=1/3.

Chan and Fung (1977) modify the spreading factor to cover ¢ € (0, 2m). First, they

determine a functional form for ®(K, ¢). They start with (S28), ignore higher harmonics of

aI;S73

T

o denote% = ay and = a, and represent the spreading function as:

aES73

DK, ) = % + Cos2¢ = ay + a,Cos2¢ (S31)

3

Note that constant ao here is different from parameter ao in the spectrum magnitude 5(K)
(Text S7.A).

Next, Chan and Fung (1977) determine the values of a, and a: in (531) by using the large
slope variances as determined by the wave spectrum; see (S10) and (511). Chan and Fung

(1977) obtain a, = ifrom the relationship 62 = 62 + ¢2. Chan and Fung (1977)
— 2
determine a; = L1 from the reIationshipa—C2 =R.
m1+R gy
With these parameters, the spreading factor (531) becomes:
1 1-R
O(K, ) = o[ 1+ 255 cos29)] (532)

From this form of the spreading factor, it is clear that its value depends strongly on the
value of R, which can be available from observations or theoretical analysis.

Fung and Lee (1982) modify Chan and Fung (1977) expression (S31) to introduce
dependence on Kin a;:
(K, 9) = ao + a;(1 — e PK*)cos2¢ (S33)

Following the approach of Chan and Fung (1977), Fung and Lee (1982) determine ao, and
a, from the sum ¢? and ratio R of the slope variances. The new parameter values are:

1

ay = E (5343)
N 5340
where
P R2s(0e P  ak
B = Jo. K2S(K)dK (535)
Introducing (S34) in (S33) and denoting i—iﬁ = %,the spreading function of Fung and
Lee (1982) is in the form:
O(K, ) = % [1+c(1 - e ")cos2¢] (S36)

10



Two parameters, R and b, are necessary to specify completely this new spreading factor.
Fung and Lee (1982) use the formulae of Cox and Munk (1954) for clean surface to specify
R as:

_0.003+1.92X1073U;, 5
T 3.16X1073Uj,5

R

(837)

where Us,s is the wind speed in m s at reference height of 12.5 m. Fung and Lee (1982)
determine b= 1.5 cm? empirically. Fung and Lee (1982) said that b and R should be re-
evaluated when more data are available.

5) DV85 use (536) from Fung and Lee (1982) with the following changes:

e DV85 change the units of b from centimeters to meters and denote the new value with
s =1.5x10"* m? [see below Eq. (15) in DV85]

e DV85 denote B (S35) with D to reflect the use of s instead of b [see Eq. (15) in DV85]

e DV85 miss factor 2 in parameter ¢ = ﬁ% [see Eq. (13) in DV85]

e DV85 misprint R (miss Ui2s in the denominator) [see Eq. (14) in DV85]

e DV85 take the constant 1/(2n) from the spreading factor formulation and put itin the
general form of the full spectrum W(K, ¢) (S1) [see Eq. (10) in DV85].

The form of the spreading factor thus changes from (S36) to (522) [see Eq. (12) in DV85].
6) Yueh (1997) corrects the factor 2 in ¢ [his Eq. (62)] and the denominator of R [his Eq. (63)].

Text S9: Foam Effect on Parameters in the Durden-Vesecky Wave Spectrum

The Durden-Vesecky wave spectrum has six empirical parameters. These are do = /2 and Fin
S1(K) (S20); aand b in S4(K) (S18); and R and s in (K, ¢) (S22). These parameters either can
be re-evaluated with new, improved wave records or can be used to tune the wave spectrum.
To know how to vary these parameters, we should know how their initial values were
determined.

The open ocean data used to develop the Pierson-Moskovitz spectrum and determine its
parameters o and S (Text S8.A) were screened carefully to select cases of fully developed seas
(Moskowitz, 1964). Alves et al. (2003) used the reanalyzed data of Pierson and Moskowitz
(1964) to estimate the wave-breaking threshold proposed by Banner et al. (2000). The results
showed that the sea state emerging from the data was near or below the breaking threshold.
This result thus corroborates the high quality of the data screening and selection made by
Moskowitz (1964) because fully developed seas imply zero wave breaking. This, in turn, lends
confidence that there is minimal to none effect of foam and whitecapping on the values of «
(thus ao) and Bin the S;(K) spectrum.

The Cox and Munk (1954) measurements, used to specify parameter R, did have foam in the
images, but the authors tried to remove the foamy places. We thus consider that R is mostly
free of foam effects.

Parameters a, b, and s were determined by fitting modeled radar cross section (RCS) values,
obtained with the wave spectrum, to measured RCS data in Ku-band. DV85 used for aand b
the data from RADSCAT at 13.9 GHz, h pol, reported by Jones et al. (1977). Fung and Lee (1982)
determined s from five studies (given in the legend of their Figure 4), including the same
RADSCAT data. Two of these five studies (Wilste et al., 1957; Wright, 1968) report visible
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whitecaps appearing during the data collection for winds above 8 m s. Judging by the wind
speed ranges encountered, we can assume that whitecaps were present at some conditions
during the data collection of all five radar data sets.

Breaking waves and whitecaps appear in RCS time series as sea spikes (Jessup et al., 1990).
However, nothing in the processing and analyses of all five data sets used by Fung and Lee
(1982) suggests that the radar data were screened for foam effects by, e.g., removing sea
spikes. This implies that foam effects could contribute to the radar data used for comparisons.
However, the model—observation comparisons of Fung and Lee (1982) show spectrum
magnitude at high K (capillary waves) consistent with that of Pierson (1976) based on the data
of Mitsuyasu and Honda (1974) in laboratory wind tank. This consistency is important when
we consider how Pierson (1976) developed the magnitude S(K) for the capillary portion of the
spectrum (portion S, in Pierson notations).

Breaking waves most likely affected the data and wave spectra of Mitsuyasu and Honda
(1974). Mitsuyasu and Honda (1974) discuss their visual observation of the water surface
becoming more irregular at higher winds when the waves started to break yielding bubbles
below and particle above the water surface. Mitsuyasu and Honda (1974) warn that for “such
situations it is difficult not only to define the water surface but also to give a physical meaning
for the measured high frequency spectrum.” However, in the analysis leading to the
formulation of S(K) for capillary waves, Pierson (1976, p. 301) utilized the least noisy data of
Mitsuyasu and Honda (1974) data. Pierson discarded the data at the highest frequencies,
which exhibited irregular increase of the spectral energy (akin to sea spikes in RCS time series).
We thus can assume that the high-K spectrum developed by Pierson (1976) contains minimal,
if at all, effect of breaking waves.

Knowing this, the consistency between the 5(K) terms of Fung and Lee(1982) and Pierson
(1976) suggests that the presence of whitecaps does not affect the radar time series of RCS
significantly. That is, the spectra developed by Fung and Lee (1982) and DV85 are most likely
with minimal foam effect and thus representative of sea surface roughness alone.

Overall, a conservative evaluation of the Durden-Vesecky spectrum suggests that the six
empirical parameters in the wave spectrum (do, 5, a, b, s, and R) might contain some minimal
effect from foam.
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Table S1

List of acronyms and abbreviations used in the main and supporting texts.

Acronym Definition

nD n-Dimensional, where n = 1,2,3

AMSR Advanced Microwave Scanning Radiometer

AOD Aerosol Optical Depth

ASI Air-Sea Interaction

AWO06 Anguelova & Webster (2006)

Bett06 Bettenhausen et al. (2006)

CFOV Composite Fields of View

cl Confidence Interval

CISL Computational and Information Systems Laboratory
CLW Cloud Liquid Water

DV85 Durden & Vesecky (1985)

ECMWEF European Center for Medium range Weather Forecasting
EDR(s) Environmental Data Record(s)

EIA Earth Incidence Angle

EM Electromagnetic

FLIP Floating Instrument Platform

ERA ECMWEF Re-Analysis

GDAS Global Data Assimilation System

GM Geophysical Model

GMF Geophysical Model Function

GMI Global Precipitation Measurement (GPM) Microwave Imager
GO Geometric Optics

HITRAN High-resolution Transmission molecular absorption database
IFOV Instantaneous Field of View

IR InfraRed

MOMB80 Monahan and O’Muircheartaigh (1980)

LCP Left-handed Circular Polarization

NAAPS Navy Aerosol Analysis and Prediction System

NASA National Aeronautics and Space Administration
NAVGEM Navy Global Environmental Model

NCAR National Center for Atmospheric Research

NCEP National Centers for Environmental Prediction
NOAA National Oceanic and Atmospheric Administration
NRA NAVGEM Re-Analysis

NRCS (and RCS)

Normalized Radar Cross-Section

NRL

Naval Research Laboratory

OISST Optimum Interpolation Sea Surface Temperature

owv Ocean Wind Vector

pdf Probability Density Function

PO.DAAC Physical Oceanography Distributed Active Archive Center
PS73 Pierson & Stacey, 1973

psu practical salinity units

PWV Precipitable Water Vapor
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QuikSCAT Quick Scatterometer
RCP Right-handed Circular Polarization
RSS Remote Sensing Systems

RTM (and RT)

Radiative Transfer Model

SD

Standard Deviation

SDR(s) Sensor Data Record(s)

SI Supporting Information

SMAP Soil Moisture Active Passive

SPM Small Perturbation Model

SSA Small Slope Approximation

SSM/I Special Sensor Microwave/Imager
SSMIS Special Sensor Microwave Imager Sounder
SSS Sea Surface Salinity

SST Sea Surface Temperature

TOA Top of the Atmosphere

™I TRMM Microwave Imager

TRMM Tropical Rainfall Measuring Mission
vN Version N, where N is a number
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