MARCH 2021

LEE AND SOHN

501

A New Description of Small-Scale and Large-Scale Roughness in the Fast Ocean Surface
Emissivity Model
SANG-MOO LEEa,b,c AND BYUNG-JU SOHNa,d
a

School of Earth and Environmental Sciences, Seoul National University, Seoul, South Korea
NOAA–CU Center for Environmental Technology, Electrical, Computer, and Energy Engineering, University of Colorado Boulder,
Boulder, Colorado
c
National Snow and Ice Data Center, Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder,
Boulder, Colorado
d
Key Laboratory for Aerosol–Cloud–Precipitation, China Meteorological Administration, School of Atmospheric Physics, Nanjing
University of Information Science and Technology, Nanjing, China
b

(Manuscript received 6 May 2020, in final form 16 November 2020)
ABSTRACT: The widely used Fast Microwave Ocean Surface Emissivity Model (FASTEM) does not include the interaction between small-scale and large-scale roughness, which seems to induce errors in the ocean surface emissivity estimation. In this study, we attempt to develop a new model that might be included in the FASTEM-like model. In the
developed model, the large-scale roughness is expressed as a function of the local incidence angle (LIA) within the context
of Fresnel reflection theory, incorporating the interactions between the small-scale and large-scale roughness into the fast
ocean surface emissivity model, as done in the two-scale approach. With the new expression of the large-scale roughness, we
also provide a more physically based form of the equation for the fast ocean surface emissivity calculation that includes the
small-scale scattering over a geometrically rough surface. In addition, an algorithm for estimating two-scale roughness from
the measured or modeled polarized emissivities in conjunction with the proposed fast ocean surface emissivity equation is
provided. The results demonstrate that the interactions between two-scale roughness should be considered in order to
estimate accurate two-scale roughness influences on the ocean surface emissivity.
KEYWORDS: Ocean; Sea/ocean surface; Wind; Radiative transfer; Microwave observations; Ocean models; Waves;
oceanic; Satellite observations

1. Introduction
Precise modeling of the emissivity over a wind-roughened
ocean surface is important in the microwave remote sensing of
ocean parameters, such as ocean surface wind speed and ocean
surface salinity. The wind-generated ocean waves influence the
surface emissivity through the interactions between gravity–
capillary (small-scale) ocean surface waves and microwave
radiation (Yueh 1997; Johnson 2006; Liu et al. 2011). Largescale ocean surface gravity waves induce tilted facets that
modify the incident angles on the ocean’s surface (Gasiewski
and Kunkee 1994). The whitecaps, i.e., the air–sea mixtures
caused by the breaking of the ocean surface waves, also contribute to the variation in the ocean surface emissivity, because
the dielectric properties of air and ocean water differ substantially (Stogryn 1972; Monahan and O’Muircheartaigh
1986; Anguelova 2008; Hwang 2012).
In general, there are two types of microwave ocean surface
emissivity models resolving the surface roughness; the geometric optics approach for high frequencies and the smallperturbation method for low frequencies (Gasiewski and
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Kunkee 1994; Johnson 2006). To integrate two methods, the
‘‘two-scale ocean surface emissivity model’’ approach has been
adopted. This approach is based on the geometric optics model
for large-scale waves with bistatic scattering coefficients for
full-Stokes’s components, instead of the direct use of Fresnel
reflection coefficients (Wentz 1975; Yueh 1997; Johnson 2006).
However, this model demands large computational resources,
hampering its practical use for remote sensing and for data
assimilation in numerical weather prediction (Liu et al. 2011).
To overcome disadvantages of the two-scale model, the
Met Office developed the Fast Microwave Ocean Surface
Emissivity Model (FASTEM), which has been widely used for
estimating the ocean surface emissivity (English and Hewison
1998; Liu et al. 2011; Bormann et al. 2012). The FASTEM
incorporated a full accuracy of the rigorous two-scale models
but treated small-scale and large-scale roughness influences on
the ocean surface emissivity separately, to generate a fast code.
In the FASTEM, the Fresnel reflectivities are modified by
multiplying the Kirchhoff (small-scale) scattering factor and
then large-scale roughness is treated as an added factor for
modifying Fresnel reflectivities. The ocean surface emissivity
in the FASTEM is written as



(1)
Ep 5 EF ,p Fc 1 1 2 Rp K 1 DRp 1 2 Fc 1 DEu ,
where Ep and EF,p denote the ocean surface effective emissivity and the foam emissivity at polarization p, respectively;
Rp represents the p-polarized Fresnel reflectivity; DRp is an
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added reflectivity component by large-scale surface roughness;
and Fc indicates the foam fraction; DEu is the wind direction
influences on Ep and is a function of the relative azimuthal
angle u between wind direction and radiometer look.
Kirchhoff’s bistatic scattering factor K is defined as


K 5 exp 24k2 s2 cos2 uSZA ,

(2)

where s is the small-scale surface roughness [i.e., small-scale
root-mean-square (rms) height], k is the electromagnetic
wavenumber, and uSZA is the satellite zenith angle. One caveat
of this formulation for K is to consider the coherent scattering
only, neglecting the incoherent scattering part.
Although the coefficients K and DRp in FASTEM are empirically determined by fitting Eq. (1) to the rigorous two-scale
model results, the fitting itself may cause errors in the emissivity calculation. It is because Eq. (1) considers the small- and
large-scale roughness separately, not allowing the interactions
between the small- and large-scale roughness. In other words,
in FASTEM, the small-scale surface scattering occurs over a
smooth surface [represented by satellite zenith angle (SZA)]
rather than over a geometrically slanted surface [represented by
local incidence angle (LIA)]. The FASTEM uses SZA instead of
LIA to calculate small-scale surface scattering. Thus, for the
better emissivity calculation, the model equation needs to allow
interactions between the small- and large-scale roughness, in
addition to the use of LIA instead of SZA in Eq. (2), even if the
model equation fits into rigorous two-scale model results.
In this study, we attempt to solve the problem inherent in the
FASTEM equation by proposing a new concept that the largescale roughness can be expressed as a function of the LIA within
the context of Fresnel reflection theory, incorporating the interactions between the small- and large-scale roughness into the fast
ocean surface emissivity model, as done in the two-scale approach.
Here the fast ocean surface emissivity model is used as a general
term for expressing the fast calculation model for the ocean surface emissivity. With the new expression of the large-scale
roughness, we provide a more physically orientated form of the
equation for the fast ocean surface emissivity calculation that includes the small-scale scattering over a geometrically rough surface (i.e., the Kirchhoff scattering factor K is expressed as a
function of the LIA instead of the SZA). In addition, an algorithm
for estimating two-scale roughness from the measured or modeled
polarized emissivities in conjunction with the proposed fast ocean
surface emissivity equation is provided. In this paper, we will
demonstrate that the interactions between two-scale roughness
should be considered in order to estimate accurate two-scale
roughness influences on the ocean surface emissivity.

2. A new equation for fast ocean surface
emissivity calculation
As discussed, the rough surface of the ocean is made up of
slanted surfaces that deviated from a flat surface, resulting
in LIA value different from the SZA value. Thus, if the SZA
is used for the simulation of the emissivities over a target
with a rough surface, an error will likely arise due to the
incidence angle difference between the flat and slanted
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surfaces (Sasaki et al. 1987). In addition, the large-scale
roughness is also responsible for the small-scale roughness
variation because small-scale waves always ride atop large
gravity ocean waves. Interactions between small-scale and
large-scale roughness are well described in the two-scale
model, which has been recognized as the best model to estimate physical seawater emissivity over microwave frequencies
(Yueh et al. 1994; Yueh 1997). On the other hand, FASTEM
assumes small-scale waves completely separated from largescale ocean waves, indicating that small-scale bistatic scattering is considered to be on the flat surface. For example, if the
large-scale surface roughness brings about 38 of incidence angle changed from 558 (typical SZA of conical scanning radiometer), this assumption induces about 5% difference between
bistatic scattering amount with incidence angles of 558 and 558
6 38, based on the Eq. (2). Thus, the fast ocean surface emissivity model needs to include interactions between two-scale
roughness because the geometric information is not counted
for estimating the influences of small-scale roughness on the
emissivity, which can become a significant error source.
To improve the roughness problem inherent in Eq. (1), we
first define an averaged LIA value as the large-scale surface
roughness. To find the mean of the LIA values, the isotropic
geometric optics model is employed, in which the effective
surface reflectivity can be obtained by using the Gaussian slope
distribution to integrate the reflectivities over an infinite
number of specular facet (Petty and Katsaros 1994; Phalippou
1996; Wu and Smith 1997). Then the mean emissivity Ep and
reflectivity Rp can be expressed as
ð‘ ð‘


 
RF ,p uLIA P dzx , dzy Q dzx dzy
ð‘ ð‘ 
Ep 5 1 2 Rp 5 1 2 2‘ 2‘
,

P dzx , dzy Q dzx dzy
2‘ 2‘

(3)
where uLIA is the local incidence angle, which is a function of
the slope elements dzx and dzy in the x and y directions, respectively; P is the Gaussian probability density function; and
Q is a factor related to the roughness and consists of two parts:
the area projection factor, defined as the ratio of the inclined
and plane facets, and the illumination function, expressing the
effects of shadows from adjacent facets.
In this study, we employ further assumption proposed by
Stroeve et al. (2006) and Lee et al. (2018a) that the integrated
value of reflectivities at each LIA [left-hand side of Eq. (3)] is
approximated by the reflectivity at mean LIA value of all local
facets [right-hand side of Eq. (3)]; i.e.,
ð‘ ð‘


 
RF ,p uLIA P dzx , dzy Q dzx dzy
2‘ 2‘
(4)
ð ð


 ‘ ‘ 
’ RF ,p uLIA
P dzx , dzy Q dzx dzy .
2‘ 2‘

By combining Eq. (3) with Eq. (4), the mean ocean surface
reflectivity can be expressed as the mean Fresnel reflectivity
modified by the surface roughness at the mean LIA:


Rp ’ RF ,p uLIA .

(5)
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FIG. 1. Flowchart for solving two-scale roughness from the proposed fast ocean surface emissivity equation in conjunction with the combined Fresnel equation.

Compared to the description of large-scale roughness in
Eq. (1), Rp is now directly described by Fresnel reflection
theory but with mean LIA instead of SZA. Equation (5) can
allow to interlink between small-scale and large-scale roughness because large-scale roughness is now represented by mean
LIA. Therefore, Kirchhoff’s approximation over the geometrically rough surface can be written as


0
K 5 exp 24k2 s2 cos2 uLIA ,

(6)

where K 0 is the coherent part of the Kirchhoff’s scattering
power with mean LIA. At this point, we propose an alternative form of Eq. (1), by mimicking the way employed
by the two-scale approximation method and by allowing
the small-scale waves to travel over the large-scale titled
facets with the mean LIA values (uLIA ). Compared to the
FASTEM model, the proposed description does allow the
interactions between small-scale and large-scale waves.
That is, the seawater reflectivity is affected by small-scale
scattering over a geometrically rough surface, rather than
over a smooth surface; i.e.,



0 
(7)
Ep 5 EF ,p Fc 1 1 2 RF ,p K 1 2 Fc 1 DEu ,
where RF ,p is the mean reflectivity over the geometrically
slanted surface defined by Eqs. (4) and (5). In Eq. (7), K0 introduces the bistatic scattering applied over the slant surface
(represented by LIA) rather than over the flat surface (represented by SZA). As RF ,p in Eq. (7) is the Fresnel reflection at
the mean LIA, the large-scale surface roughness is now directly

dealt with Fresnel equations, allowing the interactions between
small-scale and large-scale roughness.

3. Examination of two-scale roughness from
the proposed model
Here we examine properties of small-scale (K0 ) and largescale roughness (uLIA ) in the proposed Eq. (7). In so doing, K 0
and uLIA are diagnosed from surface emissivities (from either
observations or model results), instead of directly calculating
from two-scale model results.

a. Solving method for two-scale roughness
In this subsection, we present how K0 and uLIA can be diagnosed from given polarized emissivities, with help from a
combined Fresnel equation (see appendix A). The solving
procedures are summarized in Fig. 1. To determine two-scale
roughness, the foam and wind direction effects are omitted for
simplicity. Then Eq. (7) becomes
h

 0

i 0
Ep 5 1 2 Rp uLIA K 5 1 2 1 2 Ep uLIA K .
(8)
Alternatively,
h

i
1 2 Ep 5 1 2 Ep uLIA K 0 .

(9)

Over a flat Fresnel surface, the SZA is equal to the LIA (i.e.,
uSZA 5 uLIA ) and K0 5 1, so that Eqs. (8) and (9) can be directly used for calculating the emissivity without relying upon
the roughness parameterization. On the other hand, over the
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rough surface, which is slanted due to wind stress, SZA is different from LIA, causing an error propagation into the emissivity calculation [Eq. (8)] if SZA is used (Wentz 1992). Here,
we define an index of the large-scale roughness as the difference between SZA and LIA (hereafter referred to as Du 5
SZA 2 LIA) since it represents surface slope deviating from a
flat surface.
Estimating K0 and Du, we take the ratio between two polarized emissivities in Eq. (9); i.e.,


1 2 EV 1 2 EV uLIA

,
5
1 2 EH 1 2 EH uLIA

(10)

where subscripts V and H denote the vertical and horizontal
polarizations, respectively. In Eq. (10), the bistatic scattering
factor has been eliminated. To solve Eq. (10), the mean LIA
should be known, which is difficult to obtain without a geometric model in conjunction with the ocean wave height
spectrum at a certain sea state. Avoiding this problem, we introduce an angle-independent combined Fresnel relationship
which interlinks between two polarized reflectivities without
specifying the incidence angle (so-called angle-independent
combined Fresnel relationship—see appendix A).
According to the angle-independent combined Fresnel relationship, one component eV(u) (or eH(u)) can be expressed by
the other component eH(u) (or eV(u)) and refractive index (Nr),
i.e., eV 5 F(eH, Nr) where eV and eH are Fresnel polarized
emissivity at vertical and horizontal polarizations, respectively;
Nr is adjusted real refractive index; F represents a function
defined in Eq. (A9). Thus, if Nr is known, one of two components can be eliminated in equations including Fresnel
relationships. By applying this angle-independent combined
Fresnel relationship into the mean and isotropic states, i.e.,


1 2 EV 1 2 F EH , Nr
5
.
1 2 EH
1 2 EH

(11)

Note that only one mean emissivity component remains on the
right-hand side beside Nr. The refractive index Nr (or dielectric
constant) for seawater can be calculable with high accuracy
from a double Debye equation (Meissner and Wentz 2004; Liu
et al. 2011) (see appendix B). If we assume that Nr is known, it
is now possible to determine EH from given effective sea surface polarized emissivities [i.e., EV and EH: left-hand side of
Eq. (11)]. Once EH is obtained, EV can be determined since
one component can be expressed by another component in the
angle-independent combined Fresnel equation. Then K0 can be
determined from Eq. (8) and the mean LIA from Eq. (A5).
Since the SZA is known quantity, Du (i.e., SZA 2 LIA) can be
determined for given EV , EH , and Nr.

b. Roughness parameters from FASTEM simulations
Although we intend to improve the method employed in
FASTEM, FASTEM-generated polarized emissivities are
used as a reference. It is because, from the use of simulated
emissivities, we can examine how the solving method works
and furthermore examine whether obtained solutions (here
K0 and Du) are consistent with known features related to
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surface roughness. In this simulation framework, the viewing angle of 558, which is a typical SZA of satellite-borne
conical scanning sensors such as Advanced Microwave
Scanning Radiometer (AMSR), is selected and sea surface
salinity is fixed at 35 ppt. The sea surface temperature (SST)
and wind speed at 10 m above the sea surface for 1 May 2015,
obtained from the European Centre for Medium-Range
Weather Forecasts interim reanalysis (ERA-Interim) (Dee
et al. 2011), are used as inputs for the FASTEM simulation.
The model assumes that the clouds and atmospheric moisture and precipitation have been removed. Following the
solving method given in section 3a, K0 and Du are estimated
from FASTEM-simulated polarized emissivities and Nr
from a dielectric constant module [Eq. (B1) in appendix B].
Estimated K0 at 18.7 GHz are given in Fig. 2a. It is noted that
lower K0 values correspond to regions with low wind speed,
such as the Southern Ocean (also see Fig. 2c), consistent with
the expectation that the corresponding small-scale scattering
increases when the sea surface gravity–capillary waves are
enhanced by high winds. It is natural to relate Du to the wind
speed because the difference between SZA and LIA (i.e., the
large-scale roughness) should be proportional to the surface
wind speed. To examine such a relationship, the estimated
Du at 18.7 GHz (Fig. 2b) is compared with the ERA-Interim
wind speed at 10 m above the sea surface (U10) over the global
ocean (Fig. 2c). It is clearly seen that there is a strong correlation between the two variables. The strong correlation is not
surprising because the wind-roughened ocean surface emissivity at a given frequency can be written in terms of the seawater dielectric constant and surface wind speed. Since the
dielectric constant of the seawater is related to the foam emissivity, not to the two-scale roughness, the ocean surface emissivity
variation due to two-scale roughness should be well expressed by
surface wind alone. It is noted that the maximum difference between SZA and LIA is up to 1.58, corresponding to emissivity
uncertainties of 0.017 for EV and 0.012 for EH when SZA is used
for the emissivity calculation instead of LIA. Given a sea surface
temperature of 290 K, such a difference in emissivity corresponds
to a brightness temperature difference of about 4 K.
It is worthwhile to examine how significant the influence of
interactions between two-scale roughness on the emissivity
might be. It is done by estimating Kirchhoff’s factor from the
same proposed method but not allowing interactions between
two-scale roughness, and by comparing the results with ones
with interactions allowed. It is accomplished by fixing the incidence angle as SZA (hereafter, Kirchhoff’s factor with SZA
is called to K00 ). The percentage difference between K0 and K00
is provided in Fig. 3. It is shown that the mean percentage
difference between K0 and K00 is about 2.1% at 18.7 GHz,
suggesting that the interactions between two-scale roughness are
considered significant. Notably the maximum difference of 6.1%
is found over high wind areas such as Southern Hemispheric
midlatitude oceans, which corresponds to 10.6 K difference in
brightness temperature at vertical polarization at 290 K of SST.

c. Physical features of estimated roughness parameters
Encouraged by the obtained results from FASTEM simulations,
which are found to be consistent with expected meteorological
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FIG. 2. Geographical distributions of (a) the estimated Kirchhoff scattering factor (K0 ) at
18.7 GHz, (b) difference between SZA of 558 and the estimated LIA, and (c) ERA-Interim
wind speed 10 m above the ocean surface.

features, we further examine how the proposed method may be
used for providing a more scientific background in emissivity
modeling. Here, K0 and Du are estimated from WindSat- and
SSM/I-based emissivity data at five different frequencies of 6.8,
10.7, 18.7, 37.0, and 85.5 GHz. And then the obtained K0 and

Du are compared with U10. In doing so, the procedures shown
in Fig. 1 are repeated, now with surface emissivity data from
WindSat and SSM/I brightness temperature measurements
(Meissner and Wentz 2012, hereafter emissivity data are referred to as MW12).

FIG. 3. Geographical distributions of the percentage difference between K0 and K00 at 18.7 GHz.

Unauthenticated | Downloaded 01/09/23 03:00 AM UTC

506

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 38

FIG. 4. Relationships (a) between K0 and U10 and (b) between Du and U10 for frequencies of 6.8 (solid line), 10.7
(dotted line), 18.7 (dashed line), 37.0 (dashed–dotted line), and 85.5 GHz (long-dashed line).

The MW12 is composed of Fresnel emissivity EF,p, isotropic
wind-induced emissivity variation DEW (i.e., small-scale and
large-scale roughness), and wind direction signal DEu. It is
based on four-year analysis of calibrated brightness temperatures from WindSat and SSM/I, aided with the ocean surface
wind stress data from WindSat, QuikSCAT, and National
Centers for Environmental Prediction (NCEP) Global Data
Assimilation System (GDAS) (Meissner and Wentz 2012). In
MW12, EF,p, the largest component, is estimated from the
Fresnel reflection theory with the dielectric constant of seawater from Meissner and Wentz (2004) model. By summing
satellite-measured Ep over all possible wind directions to drop
out the azimuthal variation with a harmonic function of u, the
isotropic part of DEW is estimated. Once DEW is known, DEW
at a certain u can be calculable by analyzing the residual as a
function of u and U10. The environments for those emissivities
are 55.28 of SZA and 208C of SST. Since this study focuses on
the influence of isotropic roughness (i.e., small-scale and largescale roughness) on the ocean emissivity, the wind direction
signal DEu is not considered. Thus, effective emissivity Ep can
be calculated as follows:
Ep 5 EF ,p 1 DEW .

(12)

From the MW12 emissivity data, two-scale roughness are estimated using the procedures described in Fig. 1.
The K0 and Du estimated from MW12 at 6.8, 10.7, 18.7, 37.0,
and 85.5 GHz are now related to the wind speed at 10 m. We
limit the wind speed to 15 m s21 in order to exclude the influence of foam on the emissivity (Meissner and Wentz 2012). The
relationships between K0 and U10, and between Du and U10
obtained from Ep estimated from MW12 are plotted in Fig. 4. It
is shown that K0 and Du are unity and zero, respectively, in case
of the calm sea surface, which is consistent with the theoretical
expectation because gravity and capillary waves do not exist
without wind.
As U10 increases, the impacts of the small- and large-scale
roughness become larger. For a wind speed lower than 3 m s21,
the estimated K0 is between 0.99 and 1.0, regardless of frequency,

indicating that the small-scale roughness at best changes 1%
of the Fresnel reflectivity. As wind speed increases, the smallscale roughness becomes larger. On the other hand, the Du is
between 0.58 and 1.08 for a wind speed lower than 3 m s21,
corresponding to a 1.5%–3% change in the Fresnel reflectivity. When the wind becomes stronger, the general trend
in Du change seems to depend on the frequency. For instance,
Du change at 6.8 and 10.7 GHz tends to level off when the
wind speed is higher than 8 and 8.5 m s21, converging to 0.878
and 0.938, respectively. Similar patterns were observed in the
curvature spectrum of the ocean slope distribution, in which
the rms curvature of a wind-driven ocean surface tends to
saturate as wind speed become higher (Apel 1994; Kunkee
and Gasiewski 1997; Elfouhaily et al. 1997). In contrast, the
change in Du at other frequencies is generally increasing as
the wind speed increases. However, the ›(Du)/›(U10) become
smaller as wind speed increases, indicating that the Du becomes
eventually saturated at a certain wind speed stronger than
10 m s21. This physical pattern of ocean surface slope distribution is not observed in the large-scale correction term (i.e.,
DRp) of FASTEM parameterization (Fig. 5).

4. Summary and discussion
In this study, we propose a more physically orientated fast
microwave ocean surface emissivity model with new expressions of the small- and large-scale roughness effects on
the ocean surface emissivity. A form of the large-scale
roughness is devised and proposed in terms of the mean
local incidence angle. The theoretical background of this
scheme is that the incidence angle likely differs from the
satellite zenith angle due to the large-scale ocean surface
slope. By incorporating the new form of the roughness effect, the ocean surface emissivity can be modeled as a
Fresnel emissivity over a slant slope and then scaled by the
Kirchhoff scattering factor.
To evaluate the proposed ocean surface emissivity model,
we developed a method to estimate small- and large-scale
roughness from two-polarized emissivities (which can be
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FIG. 5. As in Fig. 4, but for the relationship between DRp from
FASTEM and U10.

both modeled and observed values), in conjunction with the
angle-independent combined Fresnel equation. We applied
this method over a wind-roughened ocean surface, in a
simulation framework based on microwave emissivity calculated by FASTEM in the ERA-Interim environment. It
was assumed that the clouds and atmospheric moisture and
precipitation have been removed. It has been found that the
two-scale roughness from the proposed fast ocean surface
emissivity equation are closely associated with surface wind
speed. It was further demonstrated that the interactions
between two-scale roughness should be counted in order to
estimate accurate two-scale roughness influences on the
ocean surface emissivity. Notably the maximum difference
of 6.1% in Kirchhoff’s scattering factor between geometrically slanted surface and flat surface is found over high wind
areas, which corresponds to 10.6 K difference in brightness
temperature at vertical polarization.
Furthermore, based on the MW12 emissivity data from
WindSat and SSM/I brightness temperature, the two-scale
roughness are estimated using the proposed method described in Fig. 1. For lower wind speed than 3 m s21, the
influence of small-scale roughness on the ocean surface
emissivity is negligible regardless of frequency. On the
other hand, large-scale roughness (i.e., Du) influences on the
emissivity is significant even in the lower wind speed condition. It is interestingly notable that Du tends to level off
when the wind speed become strong, which is consistent
with the observation that the curvature spectrum of a winddriven ocean surface tends to saturate at a certain high wind
speed. This physical pattern of ocean surface wave slope
distribution is not observed in the FASTEM-deployed
large-scale roughness correction term.
One can employ the proposed method for improving the
FASTEM model, which is widely used in data assimilation for
weather forecasting. It may be possible because the polarized
emissivities from the rigorous two-scale model and/or satellite
observation can provide small-scale and large-scale roughness
(i.e., K0 and Du), and those two terms can be closely linked

to surface wind. Thus, similar to the FASTEM fitting of
roughness parameters with known meteorological variables,
obtained K0 and Du can be fitted to the surface wind for the
model use. Although such a study is interesting, it seems beyond the targets that this paper is aiming at. We mainly focused
on the theoretical development of the model which can allow
interactions between small- and large-scale roughness, and on
interpreting obtained roughness parameters in terms of physical reasoning.
In doing so, emissivity estimates from well-calibrated satellite measurements are necessary. The Global Precipitation
Mission (GPM) Microwave Imager (GMI) measurements are
considered to be ideal because the GMI sensor is known to be
the well-calibrated passive microwave imager (Berg et al.
2018). Furthermore, for the possible applications for data
assimilation in numerical weather forecasting, fittings should
cover various frequencies and viewing geometries employed
by different microwave sensors. In particular, for crosstracking sensors such as Advanced Technology Microwave
Sounder (AMSU), fittings should be available to cover the
full range of scan geometry.
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APPENDIX A
Angle-Independent Combined Fresnel Relationship
Here we derive theoretical Fresnel equations that are independent of the LIA. Fresnel reflection theory describes the
polarized light reflection at a smooth interface between two
isotropic media. The polarized reflectivities over a Fresnel
surface can be expressed in terms of the refractive index and
LIA (u) as follows:

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2
 2
N cosu 2 N 2 2 sin2 u
r

 r
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ,
RV 5 

 2
2
Nr cosu 1 Nr2 2 sin u

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2

cosu 2 N 2 2 sin2 u
r


qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ,
RH 5 

2 
2
cosu
1
N
2
sin
u


r

(A1)

(A2)

where RV and RH are the vertically and horizontally polarized
reflectivities, respectively, and Nr is the relative adjusted real
refractive index between two media, which can be expressed in
terms of the real (nr) and imaginary (ni) parts of the complex
refractive index (Liou 2002).
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Fresnel theory has been used in the analysis of Earthsurface observations and radiative transfer modeling, because it can be used to determine the surface emissivity of a
target if Nr and u are given (Hewison and English 1999;
Weng et al. 2001; Escorihuela et al. 2007; Kerr et al. 2012;
Lee and Sohn 2015).
Nevertheless, there seems to be a limitation in the direct application of Fresnel theory into satellite observations because a
priori information about the dielectric properties of the material
of interest is limited. However, the following relations may be
used to expand the application of Fresnel theory to surface
remote sensing problems. Sohn and Lee (2013) derived an
analytical relationship between Nr and RH after rearranging
Eq. (A2), as follows:
Nr 5

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4R1/2 cos2 u
11 H
.
2
1/2
(RH
2 1)

(A3)

Next, by combining Eqs. (A3) and (A1), the relationship between the Fresnel reflectivities (so-called combined Fresnel
equation), in which the refractive index has been eliminated, is
derived:
RV 5 R2H

/2
1 1 R21
cos2u
H
1/2
1 1 RH cos2u

!2
.

(A4)

"

It is now possible to use Fresnel theory to study smooth
targets using satellite remote sensing data without a priori
knowledge of the refractive indices of the materials involved. In practice, Eq. (A4) has been utilized to study soil
moisture, polar sea ice, etc., using spaceborne microwave
measurements (Lee and Sohn 2015; Zhu et al. 2016; Sun
et al. 2017; Lee et al. 2018a,b). In the case of a geometrically
rough surface, however, the reliability of satellite-based
applications using Eq. (A4) is limited, because the SZA is
generally different from the LIA. But these limitations
can be avoided if there exists a relationship between the
Fresnel reflectivities that is independent of the LIA and if Nr
is known, e.g., in the case of water or bare soil. In this study,
we derive an angle-independent relationship between the
Fresnel polarized reflectivities and use it to estimate the
surface roughness.
When u is acute, Eq. (A3) can be written as
1/2

1/2
(Nr2 2 1) (1 2 RH
)
.
(A5)
2R1H/4
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
From Eq. (A5), Nr2 cosu and Nr2 2 sin2 u contained in Eq. (A1)
can be thus expressed as follows:

cosu 5

1/2

Nr2 cosu 5

1/2
Nr2 (Nr2 2 1) (1 2 RH
)
,
1/ 4
2RH

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1/2
1/2
(N 2 2 1) (1 1 RH
)
Nr2 2 sin2 u 5 r
.
1/4
2RH

FIG. A1. Relationship between horizontally (x axis) and vertically (y axis) polarized emissivities of the saline water for frequencies of 1 (solid line), 10 (long-dashed line), 30 (dashed–dotted
line), and 100 GHz (dotted line).

(A6)

1/2
(Nr2 2 1) 2 RH
(Nr2 1 1)
RV 5
1/2
2
(Nr 1 1) 2 RH (Nr2 2 1)

#2
.

(A8)

Then, by allowing the energy conservation, Eq. (A8) can be
written as
eV 5 1 2

"
#2
(Nr2 2 1) 2 (1 2 eH )1/2 (Nr2 1 1)
(Nr2 1 1) 2 (1 2 eH )1/2 (Nr2 2 1)

5 F(eH , Nr ),
(A9)

where eV and eH are the vertically and horizontally polarized
surface emissivities, respectively, over the smooth surface. From
Eq. (A9), one finds that F is a function of eH and Nr but not u.
Using Eq. (A9), one component of the polarized emissivity can
be expressed in terms of the other component for a given Nr.
Thus, once Nr of the target of interest is known, one may use
Eq. (A9) to determine the relationship between eH and eV
without knowledge of the LIA. However, by studying the relationship between eH and eV at four different frequencies
(Fig. A1), one discovers that two eH solutions are possible for
every eV. Fortunately, if the LIA is smaller than Brewster’s
angle over the ocean, the smaller of the two solutions is the
desired one. Since the two eH solutions approach one other as
the frequency decreases, care should be taken when selecting
the final eH solution at low microwave frequencies.

APPENDIX B
(A7)

By inserting Eqs. (A6) and (A7) into Eq. (A1), RV can be expressed in terms of RH and Nr as follows:

Dielectric Constant Model for Seawater
When an electric field is incident upon the water surface,
polarization occurs due to charge separation and molecular
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rearrangement within the water (Liu et al. 2011). This polarization is mainly described by the dielectric constant (i.e., refractive index) of the water. The complex dielectric constant
« is an essential parameter for describing surface emission and
absorption of the material. For seawater, Klein and Swift’s
model had been widely used (Klein and Swift 1977). It uses a
single Debye relaxation law to fit the dielectric constant with
respect to frequency f, temperature Ts, and salinity S. But Klein
and Swift’s model gets inaccurate as the frequency increases
because of the ignore of intermolecular interaction (Guillou
et al. 1998). To consider the intermolecular interaction within
the water, a double Debye relaxation model has been introduced and widely adopted:
«(Ts , S) 5

«s (Ts , S) 2 «1 (Ts , S) «1 (Ts , S) 2 «‘ (Ts , S)
1
1 1 i[ f /f1 (Ts , S)]
1 1 i[ f /f2 (Ts , S)]
a(Ts , S)
,
1 «‘ (Ts , S) 2 i
(2p«0 )f

(B1)

where «s, «1, and «‘ are the dielectric constants at a static frequency, intermediate frequency, and infinite frequency, respectively; «0 is the permittivity of free space, which is 8.8429 3
10212 F m21; f1 and f2 are the relaxation frequency constants at
between static and intermediate frequencies and between intermediate and infinite frequencies, respectively; and a is the
ionic conductivity of seawater. Through the double Debye
equation, coefficients to estimate each component are determined by fitting the dielectric constant measurements at microwave frequencies. There are invaluable efforts to determine
accurate coefficients within the dielectric model (Meissner and
Wentz 2004; Liu et al. 2011). Among them, Liu et al. (2011)
model has been adopted in this study.
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