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Predicting Radiometric Effects of a Rough Sea
Surface, Whitecaps, Foam, and Spray

Using SURFER 2D
Derek M. Burrage , Magdalena D. Anguelova , David W. Wang, and Joel C. Wesson

Abstract—Whitecap (WC) formation due to waves breaking on
a wind-roughened sea surface facilitates the exchange of mass,
momentum, and energy across the air–sea interface. While ap-
proximate analytical electromagnetic (EM) models paired with
surface gravity wave spectra have been used to predict surface
roughness emissivity enhancement, these methods do not reveal
details of the response to foam, breaking wave, and WC geome-
try. They also ignore possible coupling between the roughness and
WC emissivity effects. We report the application of a full-wave
finite-difference time-domain (FDTD) EM model to investigate the
separate and combined emissivity effects of specific surface rough-
ness profiles, associated WC fields, and overlying spray. The model
solves Maxwell’s equations directly for an arbitrary free space and
dielectric configuration. It is applied to multiple dielectric layers
representing foam and spray overlying flat and rough sea surfaces.
The foam layer profiles are adapted from Anguelova’s L-band ra-
diative transfer model and the rough surface is a statistical realiza-
tion of the Kudryavtsev gravity wave spectrum. The model is also
used to investigate the secondary effect of sea state on emissivity for
a given mean square slope, which is the primary factor governing
rough surface emissivity enhancement. The accuracy and preci-
sion of the FDTD model emissivity estimates and the detectability
of WCs using L-band radiometry are assessed under various wind
conditions, including those of tropical storm and category 1 hurri-
cane strength. The prospects for performing Monte Carlo simula-
tions for stronger winds and deterministic simulations of breakers
with WCs of various void fractions, shapes, and scales are also
considered.

Index Terms—Emissivity, finite-difference time-domain
(FDTD), foam, radar cross section (RCS), reflectivity, seawater,
spray, whitecaps (WCs).
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I. INTRODUCTION

THE formation of whitecaps (WCs) due to waves break-
ing on a wind-roughened sea surface greatly facilitates

the exchange of mass, momentum, and heat between the atmo-
sphere and the ocean. It, thus, influences the processes govern-
ing weather and climate, such as the transfer of carbon dioxide,
tropical convection and storm development, and ocean currents.

At moderate wind speeds (above 8 ms−1), breaking waves
and associated turbulence inject air at and below the sea sur-
face, forming bubble plumes near the evolving wave crest. These
plumes produce transient and sometimes persistent patches of
foam, called WCs, that are visible above the surface. In higher
winds, water droplets in the air form spray layers that may ob-
scure the surface. These processes modify the apparent reflectiv-
ity and emissivity of a wind-roughened sea surface by causing
changes in the physical structure and dielectric properties below,
at, and above the surface. Such changes influence the response
of remote sensing instruments, particularly radiometers, reflec-
tometers, and radars of various types that probe the surface in
the microwave part of the electromagnetic (EM) spectrum.

Here, we report a series of studies using the two-dimensional
(2-D) version of the SURFace Emission and Reflection by Sea-
water And foaM (“SURFER SAM,” or simply “SURFER”),
finite-difference time-domain (FDTD) EM model (“SURFER
2D”; a 3-D version of the model is currently under test). These
studies were performed to investigate the emissivity and the re-
flectivity of a wind-roughened sea surface and associated break-
ing waves and WCs represented by embedded foam patches.
Details of the development and validation of the 1-D and 2-D
versions of this model, and examples of their applications, are
given in [1], which considers the qualitative effects of WCs,
foam, and spray on emissivity. The applications show that an
overlying spray layer obscures the sea surface and WCs to the
point where they become undetectable with conventional L-band
microwave radiometers and reflectometers.

Recent experience in retrieving ocean winds using
L-band radiometers on the SMOS [2], aquarius\SAC-D and
SMAP [3] satellites, and L-band reflectometers flown on the
TechDemoSat-1 and cyclone global navigation satellite system
(CYGNSS) constellation [4] satellites have highlighted both the
potential challenges and benefits of these technologies, partic-
ular when observing storms. Key issues concern the emissivity
effects of surface roughness, foam patches or WCs, and spray on
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wind, temperature, and salinity retrieval algorithms, particularly
as a function of increasing wind speed.

The need to correctly estimate the effects of breaking waves
and associated WCs on emissivity, which progressively increase
in size and areal coverage as wind speeds increase to hurri-
cane strength, provides the primary motivation for this paper.
The emissivity and reflectivity measurements made using these
technologies are closely related to the mean square slope (MSS)
of the sea surface, which is directly related to wind stress, and
indirectly related to wind speed (through the drag coefficient).
However, it has been found that sea state, which may be vari-
ously described in terms of wave height and period, fetch and
duration, or wave age [5], [6], and more generally frequency
and wavenumber spectrum (e.g., [7]–[9]), has a controlling in-
fluence on the L-band sensor response to MSS. This dependence
provides additional motivation for this paper, which includes an
exploration of the effects of surface gravity waveform, and asso-
ciated elevation and slope distributions (represented in physical
or spectral space) on emissivity, e, and reflectivity, r.

As described in [1], the foam layer geometry and void fraction
profiles employed in the 1-D radiative transfer model (RTM) of
Anguelova and Gaiser [10] were adopted to specify the foam
dielectric properties in the FDTD model. However, the physi-
cal principles and EM solution methods employed in the two
models are very different. Unlike the 1-D RTM, SURFER 2D
solves Maxwell’s equations directly for an arbitrary 2-D free
space and dielectric configuration. Generalizing the foam layer
structure to a 2-D space using FDTD allows WCs of specified
shape (in the vertical plane) and of finite horizontal extent to be
modeled. SURFER features an accurate EM plane wave source
with highly absorbing boundary conditions to minimize spuri-
ous reflections and an auxiliary near-to-far-field transformation
for computing bistatic radar cross sections (BRCS). Computing
BRCS allows both r and e to be computed by integrating over
the upper half space, making the FDTD model useful for both
radiometry and reflectometry applications. Optional targets in-
clude idealized perfect electric conductor (PEC) layers of simple
geometry, and multiple dielectric layers of constant or varying
thickness, with either uniform or continuously varying dielec-
tric properties. In the SURFER runs reported here, such layers
are used to represent seawater having a flat or wind-roughened
surface, with continuous foam cover or patches of embedded
foam (WCs) and, optionally, overlying spray.

The simulation techniques follow those of previous FDTD
studies with applications to rough surface scattering, includ-
ing floating or overlying objects. FDTD 2-D models were em-
ployed by Hastings et al. [11]–[14] with domain electrical sizes
up to ∼200 times the EM wavelength, λ, and typically recom-
mended cell sizes of λ/10 or λ/20. Most models were forced by
a monochromatic incident source, but Li et al. [14] employed
a pulsed source and the auxiliary differential equation FDTD
method to study the frequency response up to L-band. In all
these 2-D cases, comparisons with integral equation or method
of moments (MoM) solution demonstrated the accuracy of the
FDTD method with close agreement for incidence angles from
0° up to 45° or higher. Either PEC or dielectric targets and rough
sea surfaces consistent with wind speeds of 3 or 5 ms−1 were

modeled. To determine BRCS, Monte Carlo (MC) simulations
with ensembles of between 10 and 50 runs were typically per-
formed. Rough sea surface heights were Gaussian distributed,
with either a single-scale Gaussian or multiscale Pierson–
Moskowitz, surface gravity wave power spectrum. Models of
either one or two homogeneous seawater layers bounded by
rough surfaces were constructed. Studies [15]–[17] employed
3-D FDTD models with square horizontal domains of size
10–26 λ. The 2-D and 3-D models presented in [17] showed a
similar response, but the former exhibited finer backscatter struc-
ture with enhanced specular reflection, attributed to the infinite
extension of the target in the direction orthogonal to the scatter-
ing plane. Models were run in single or dual polarization, and
some cross-polarized BRCS results were also reported. Studies
[13] and [18] used message passing parallel processing meth-
ods. Investigations of the effects of objects positioned above a
rough sea surface included a small (7 λ squared) 3-D model [17]
and 2-D models of 180 λ length [19], [20], while Li et al. [21]
modeled a ship of 27 λ wide by 18 λ high floating on a rough
surface of length 260 λ. These last three FDTD models agreed
closely with MoM at incidence angles up to and even exceeding
60°. The models showed the rough surface dominated the re-
sponse, but that increased object size enhanced the backscatter
and smoothed out the specular reflection.

This study extends the 2-D modeling approach presented in
[11]–[14] by adding several new features. SURFER 2D employs
a more realistic (not merely Gaussian) wind-wave spectral model
[7], and a homogeneous seawater layer modified with either
a continuous overlying foam layer or embedded foam patches
simulating WCs (forming partly submerged dielectric targets).
A spray layer is optionally superimposed on these structures.
Foam and spray dielectric layer properties are specified using
vertical void fraction profiles, representing the fraction of air
present, as a function of depth, in foam bubble plumes, and spray
aerosols, respectively. Domains of width up to 1200 λ were used,
depending upon wind speed (which ranged up to 35 ms−1) and
corresponding peak wave length. A realistic gravity wave power
spectrum [7] was used to define rough surface MC realizations
for ensembles of up to ten runs (depending on wind speed).
To mitigate staircasing errors that can arise when rectangular
cells are used to represent curved surfaces [23], convergence
tests were performed with decreasing cell size. Based on these
tests, and to improve accuracy, maximum cell sizes of λ/42 were
specified.

As in the previous studies, comparisons with a MoM code
for simple PEC and dielectric configurations with flat and rough
surfaces (J. Ouellette, personal communication) showed close
agreement, except at near-grazing angles of incidence. A fo-
cus on L-band (λ∼21 cm) allows scattering due to individual,
∼1 mm or less, water droplets above the sea surface, and air
bubbles below it, to be ignored, while the bulk dielectric prop-
erties and EM effects of spray aerosols and bubble plumes, such
as attenuation and reflection, are fully accounted for using rep-
resentative void fraction profiles. Small, ∼1 cm scale, surface
topography features such as capillary waves can also be omit-
ted (by lightly smoothing the surface topography profile). The
FDTD solution of Maxwell’s equations in SURFER then allows
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Fig. 1. Yee cell [22] employed in most FDTD algorithms to solve Maxwell’s
curl equations. The divergence equations (not shown) are satisfied automatically
by this cell configuration.

single- and multiple-surface scattering, volume scattering due
to foam, and spray and edge diffraction of WCs to be modeled,
at resolutions of ∼1 mm −1 cm, consistent with grid size and
available computing resources.

Section II describes the FDTD model simulation methods
and model validation (the reader is referred to [1] for further
details). Section III describes the results of models simulating
the separate and combined effects of flat and rough seawater
surfaces with embedded foam or WCs and overlying spray. A
systematic study of the emissivity effects of the wind-roughened
sea surface and associated WCs under increasing wind speed
up to tropical storm intensity is presented. We then investigate
the effects of laboratory generated waves exhibiting nonlineari-
ties producing asymmetric and breaking waves. Finally, various
linear (monochromatic) and nonlinear narrow to broad-banded
surface elevation waveforms are synthesized with MSS values
matching the lab waves, so secondary effects of sea state on
emissivity can be isolated from the dominant influence of MSS.
Section IV discusses findings and draws conclusion.

II. METHODS

A. Simulation Methods

SURFER is based on the FDTD algorithms of Yee [22],
Taflove and Hagness [23], and others cited therein. The model,
written in highly vectorized custom MATLAB code, runs effi-
ciently on an eight-core PC workstation with 24 GB of RAM,
and optionally with a GPU. The code solves Maxwell’s first-
order coupled linear electric (E) and magnetic (H) field equa-
tions using the second-order explicit FD procedure on a space
lattice with the Yee [22] unit cell (see Fig. 1). Cartesian E and
H field component locations are staggered in space with leap
FROG computation of E and H in time. Square cells used in the
model with cell sizes of dx = 2 mm or 5 mm, depending on
the application, easily resolve the EM wavelength λ ∼20 cm at
L-band, by at least a factor of 20. The time step is specified so
it meets the Courant stability criterion [23].

The model features perfectly matched layer (PML) absorb-
ing boundaries, a plane EM wave generator that utilizes the to-
tal field/scattered field (TFSF) formulation, and a near-to-far

Fig. 2. Model configuration showing multiple dielectric layers representing
foam (Fm) or whitecaps (Wc) and spray (Sp) overlying a rough seawater (Sw)
layer. Representative void fraction (Vf) profiles are shown for Sp and Fm layers.
The model coordinate frame is also shown.

field transformation (NTFT) from which BRCS and far-field
emissivity are computed [24]. It currently operates in transverse
magnetic mode with respect to z (TMz), with the electric Ez
component, directed out of the page, i.e., in horizontal polariza-
tion (H-Pol) relative to the horizontal sea surface target, and the
orthogonal magnetic Hy and Hx components directed upward
and to the right, respectively, consistent with the model’s right-
handed Cartesian frame [see Fig. 2]. The target is optionally a
PEC or dielectric seawater layer. Unless stated, otherwise, the
seawater temperature, T, and salinity, S, are 20 °C and 34 psu,
respectively, the dielectric model is [25], and the incident wave
frequency is 1.413 − 109 Hz (λ = 21 cm).

Throughout this paper, we first probe the surface using a plane
wave source to determine its effective reflectivity, r. This is done
by analyzing the scattered field (SF) to determine the BRCS. We
then integrate BRCS over the upper half plane to deduce r and
use Kirchhoff’s energy conservation law to deduce the effective
surface emissivity, e = 1 − r. Hereafter, when, for brevity, we
refer to emissivities obtained from simulated reflectivity, appli-
cation of the above procedure is implied.

B. Application

The model is applied to multiple dielectric layers represent-
ing foam or WCs and optionally sprays overlying a rough sea
surface. The WCs are represented by foam patches embedded
in the surface (see Fig. 2). The WC adopts the shape and levels
of that portion of the smooth or rough sea surface that it re-
places, so there are no sea surface height discontinuities, even if
both surfaces are rough. While, in contrast, a continuous foam
or spray layer is laid on top of the sea surface (and any em-
bedded WCs), it nevertheless conforms to the original sea sur-
face shape. Whether continuous or patchy (comprising WCs),
the foam layer’s dielectric properties are determined using the
RTM foam layer structure. This has a void fraction, Vf, profile
following a specified exponential or power law, and a refractive
mixing rule is used to determine the complex dielectric constant
of the foam as a weighted combination of values for seawater
and air [10]. The WCs, if present, may be centered in the domain
or randomly distributed across the rough sea surface.

For an overlying spray layer, we experimented with two con-
figurations. The first simply adopts the foam RTM profile con-
figuration [10], but assigns an exponentially varying Vf profile
representing spray under specific wind conditions. The second



BURRAGE et al.: PREDICTING RADIOMETRIC EFFECTS OF A ROUGH SEA SURFACE, WHITECAPS, FOAM, AND SPRAY USING SURFER 2D 3197

employs a newly developed spray layer model [26] based on
a power law water content profile with the layer height propor-
tional to the gravity wave height. The refractive mixing rule [10]
is used in both configurations.

The rough sea surface profile is a statistical realization of
the Kudryavtsev gravity wave spectrum model [7]. Alterna-
tive spectral models are available including the widely adopted
Elfouhailly et al. model [8] and the advanced spectral model of
Hwang et al. [9], among others. The MSS [7], and WC coverage
and scale [27], [28] are prescribed empirically for given wind
speeds.

Model runs were performed using an incident L-band plane
wave reflecting off a flat or wind-roughened surface for wind
speeds up to 35 ms−1. In selected cases, an overlying spray
layer was added to assess its effects in obscuring sea surface
roughness or WC effects. To study wind speed dependent WC
coverage (without overlying spray), WC location, and scale were
specified for winds up to 20 ms−1, these being of tropical storm
force, and close to the 24 ms−1, upper range limit of current
empirical WC coverage models.

After application of the NTFT and BRCS algorithms [23],
[24], the resulting emissivities, derived from the power ratio of
the simulated scattered and incident fields, were compared with
predictions from the analytical small-slope approximation/small
parameter method (SSA/SPM) EM model [29], [30] run using
the same wave spectrum [7] and the foam emissivity model [31].
The accuracy and precision of model emissivity estimates, i.e.,
the roughness emissivity increment, and the detectability of WCs
using L-band radiometry are assessed under these conditions.

C. Validation

The FDTD model was first validated by comparing simulated
r and corresponding e values with those predicted by the emis-
sivity model in [25] for specular reflection from two different
targets: a PEC flat plate and a flat seawater layer (without spray
or foam) over a range of incidence angles. Close agreement was
found, except near grazing incidence angles exceeding 75° [1].

Comparisons were also made between RTM [10] and
SURFER 2D using the same foam layer structure as [10, Fig. 13],
and the Camps et al. [32] laboratory data and their foam emissiv-
ity model [1]. FDTD and RTM model parameters mimicked the
laboratory experimental parameters. SURFER 2D mean e devi-
ations for incidence angles ranging from 25° to 50° agreed with
RTM within 7% and with the lab data within 10%. The FDTD
model was also run for three PEC rough surface realizations
of the gravity wave spectrum [7]. Results agreed closely with
those obtained using an independent MoM code (J. Ouellette,
NRL Remote Sensing Division, pers. comm.), giving confidence
that SURFER could be applied to more complex, rough surface,
geometries not modeled by RTM.

III. RESULTS

After validation, SURFER 2D was run to study the reflectivity,
and hence emissivity, of WCs and overlying spray. Their quali-
tative effects were first investigated by performing small domain
SURFER runs with either a continuous foam layer overlying, or

Fig. 3. SURFER Ez field plot for a model run with 8-m-wide rough sea surface
and 1.6-m-wide 5-cm-thick WC (20% cover) embedded in ambient seawater,
Sw. Cell size dx = 2 mm. A plane wave propagates down and to right at incident
angle 5° off vertical. At this early iteration (1165), the wave approaches the
right boundary, while surface reflections in the TF layer start crossing the TFSF
boundary into the SF region. (a) Sw: top (solid black) bottom (dotted). (b) WC:
top (dashed, white) bottom (dash-dot).

Fig. 4. Close up view of Ez in Fig. 3 showing deeper penetration into the
WC foam layer (red arrow) than into ambient seawater, Sw. Top and bottom
boundaries, respectively, of the foam layer and the Sw are highlighted, as in
Fig. 3.

foam patches representing WCs embedded in a flat or rough sea
surface, with or without an overlaying spray layer. Intermediate
run results (see Figs. 3 and 4) give some insight into model op-
eration. At iteration 1165 (see Fig. 3), the incident plane wave
has propagated downward, almost reaching the absorbing PML
right model boundary (solid white line). Waves scattered from
the rough sea surface and WC are interfering with the incident
field in the total field (TF) region, and the reflections, but not the
incident wave component, are passing through the TFSF vir-
tual boundary (dashed white), into the SF region, where they
are probed and recorded for BRCS and emissivity analysis. At
the TFSF boundary, the incident field is simultaneously injected
downward into the TF region, and removed, numerically, as it
moves upward, into the SF region. This allows the SF to be
isolated and probed.
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A close-up view of the fields around the WC (see Fig. 4) shows
the greater penetration of EM radiation into the WC foam layer
than into ambient seawater (Sw). It appears the penetration depth
depends on both the local phase and the angle of the incident
wave relative to the rough surface. This observation motivates a
closer study of the emissivity effects of different combinations
of roughness, WCs, and foam (see Section III-A), and consid-
eration of their mutual interactions (see Section III-B).

The quantitative effects of WCs on emissivity of a wind-
roughened sea surface were then determined using ensembles
of runs with a larger domain, spanning different realizations of
the rough surface gravity wave spectrum [7] and randomly dis-
tributed embedded WCs parameterized for various wind speeds
up to tropical storm force (see Section III-C).

The effects of an overlying spray layer under wind conditions
representing a Category 1 hurricane were then considered with
the incorporation of the new RTM spray model [26] dielectric
profile into the FDTD model to study the WC detectability under
such conditions (see Section III-D).

The effects of wave shape and breaking on emissivity were
studied next by modeling laboratory nonlinear, asymmetric, and
breaking waves, observed in the OHMSETT wave tank (see
Section III-E). Finally, the emissivity influence of the synthe-
sized waveforms of different shapes, but with MSS comparable
with the lab data, was simulated to determine the secondary ef-
fect of sea state, independent of the dominant MSS effect (see
Section III-F).

A. Separate Effects of Roughness and WCs

The effect of a rough surface, and additionally, an embedded
WC, on the surface emissivity can be determined by statistically
comparing runs made with and without roughness and WCs.
In Fig. 3, the H-Pol Ez field component is shown for a single
realization of the rough surface—a short roughness profile gen-
erated from the gravity wave spectrum [7] for a wind speed of
5.0 ms−1. The incident plane wave of frequency 1.4 GHz im-
pinges on a single WC of thickness 5 cm and width 1.6 m, at an
incident angle of 5° down and to right of nadir. In this and sub-
sequent figures for a rough sea, the Ez field component is plotted
at a particular model iteration. The effects of the WC in allow-
ing deeper field penetration are clearly evident in the zoomed
plot of Fig. 4. However, the diffuse reflections from the rough
sea surface obscure those from the WC, the effects of which are
barely evident above the surface in the Ez plot. The WC emis-
sivity effects are best revealed by an NTFT [23], [24] and BRCS
(nondimensional scattering width) analysis, as described in [1].
The resulting ratio of the incident and total power in the far field
(normalized BRCS) can be integrated around the unit circle to
estimate r and hence e = 1 - r.

Analysis after completion of the run shown in Figs. 3 and 4,
and a companion run made with the same rough surface and
forcing, but no WC, showed the WC increased the overall sur-
face emissivity, e, from 0.366 to 0.424, an increase of 16% [1].
The model seawater domain with the embedded WC coverage,
W= 20.0%, could represent the field of view from a radiome-
ter mounted ∼10 m above the surface. However, as shown in

TABLE I
MEAN OR ACTUAL EMISSIVITIES FOR 36 RUNS WITH VARIOUS

ROUGHNESS WCS FOAM AND SPRAY FEATURES

&Single model (1a-1f) or ensemble number (2–7) with ensemble size (N = 5). Hyphen
(-) indicates not simulated. Feature presence or absence denoted by 1 or 0, respectively.
Single model e values for flat sea runs are considered exact, while the means are based
on 5 rough surface realizations per ensemble and are subject to statistical variation.
Hyphen (-) indicates not applicable.

Section III-C, expected WC coverage of an extended sea sur-
face for a wind speed of 5.0 ms−1 is only 0.1%; thus, the actual
and simulated change, for a domain spanning many waves and
WCs, is much smaller than for the isolated WC case discussed
above.

Low W values associated with weak winds demands high
sensitivity from both the simulations and from the actual ra-
diometers flying at aircraft or satellite altitudes. For example,
the C-band stepped frequency microwave radiometer, flown on
the NOAA hurricane hunter, which responds mainly to the pres-
ence of WCs, can only resolve wind speeds at < 10% error down
to about 10 ms−1 [33]. L-band radiometers are even less sensitive
when retrieving winds in low W conditions.

B. Combined Effects of Roughness, WCs, and Spray

To investigate the combined effects of roughness, WCs, and
also overlying spray, a six-member series of runs, based on that
of Fig. 3, was executed with a flat sea plus MC ensembles of
five different roughness realizations of the gravity wave spec-
trum [7] at 5 ms−1 wind speed (36 runs in total). The series
represents seawater with or without the 5-cm WC, or continous
5-cm-thick foam, optionally overlain by a 5-cm spray layer. The
results are given in Table I, which gives the overall emissivity
and std error and shows the oceanographic features, i.e., WC,
continous foam cover, Fm, and or spray, Sp and surface rough-
ness, Rgh, that are present in each run (if the corresponding
table entry is unity). For the flat sea runs (1a-1f), e is consid-
ered exact and no std error is given, since there were no random
roughness realizations. Differencing e between models in pairs
(see Table II) gave an incremental roughness effect of 0.030 and
respective WC, foam, and spray effects of 0.052 (0.049), 0.246
(0.232), and 0.578 (0.549) for a flat (rough) sea. In addition to
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TABLE II
EFFECTS OF ROUGHNESS WCS FOAM AND SPRAY DIFFERENCES

&Runs or ensembles differenced are those appearing in Table I. #Emissivity statistically
significant at 95% level; all others at 99% level. Single model (1a–1f) or ensemble
number (2–7) with ensemble size (N = 5). NA indicates not applicable. For runs 1a–1f
there is no roughness variation, so e is considered exact. Student t critical values are
3.355 (8 dof) or 4.604 (4 dof, Pairs 1–6) at 99% significance level.

the emissivity differences and their statistical properties, the ta-
ble tabulates the features that were common to both members of
the pair (last column) and those that were different (column 6).
In pairs including flat sea runs, only the rough one of the pair
contributes to the std error. For all pairs that included one or
two five-run ensembles (involving rough surface variation), dif-
ferences were statistically significant at the 99% level, with the
exception of pair 5 which was significant at 95%. The signif-
icance levels were determined by performing t-tests using the
mean difference of each pair and corresponding std errors, with
the numbers of degrees of freedom (dof), given in the Table II
caption.

Noticeable interactions among the effects of the various fea-
tures occurred, with a tendency for mutual reductions in e effect,
when multiple features were present. Note the progressive re-
duction of roughness effect with the addition of WC, Fm, and Sp
or combinations of these (pairs 1–6). For example, the effect of
roughness (compared with a flat sea run) when a WC was present
was much reduced when spray was also present (compare pairs
2 and 5), although the effect was less dramatic when there was
continous foam cover in place of a WC (pairs 2 and 6). Also, the
effects of WC and Sp (pairs 13 and 14) or of Fm and Sp (Pairs 15
and 16) were quite different for the flat sea and rough sea cases,

TABLE III
KEY FDTD MODEL PARAMETERS FOR RUN AT 12 ms−1 WIND SPEED WITH

WHITECAPS (AS SHOWN IN Fig. 5)

suggesting that roughness is a significant factor influencing the
effects of WCs and Fm. Sp evidently has very large impact on
the emissivity in almost all cases, regardless of which features
are common to both runs (see, pairs 11, 12, 19, 23, and 24),
while if Sp is present, the other features, e.g., Fm, or WC have
little effect (pairs 17, 18, 20, 21, and 22). The dominant effect
of spray on emissivity likely arises from vertical variations in Vf
and associated dielectric constant profiles. These provide effec-
tive impedance matching between pure air and seawater [10],
[26] which reduces the reflection intensity. In some instances,
we see evidence that an intervening Fm layer (or large WC) can
also improve the impedance match (pairs 4 and 5). However,
the effect of Sp is apparently greater for a flat than for a rough
sea, if a WC is present (contrast pairs 23 and 24). These effects
might be better understood through an analysis of the radiative
transfer processes occuring in the dielectric layers, consistent
with energy conservation (implied by Kirchhoff’s law e + r =
1), while recognising that the actual geometrical shape of the
dielectric surfaces also plays a significant role, by changing the
local angle of incidence on surface wave facets.

While we have shown feature effects for just one set of WC,
Fm, and Sp parameters and only one wind speed, the results
strongly suggest there are nonlinear interactions among the var-
ious oceanographic features influencing emissivity. Thus, sig-
nificant errors can arise with the common practice in emissivity
modeling of assuming such effects are independent and additive.
This is particularly the case, for the combined emissivity effects
of roughness and foam patches associated with wind-dependent
WC cover, which we address quantitatively in Section III-C.

C. Emissivity of Wind-Dependent WC Cover

Repeated SURFER 2D runs spanning a larger 256-m-wide do-
main were made, with one calm and three to nine rough surfaces
representing independent realizations of the work presented in
[7] at each of seven wind speeds (U10 = 5, 7, 8, 10, 12, 15,
and 20 ms−1), with and without continuous foam cover, or em-
bedded WCs. For instance, the H-Pol Ez field for 12 ms−1 (see
Fig. 5) was generated using the parameters given in Table III.

Wind speed dependent empirical formulas for WC mean scale
(s) [27, Tropical Zone: eq. (6)] and fractional coverage (W) [28,
eq. (3)] were used to determine the number and mean size of
WCs required for each run. These generally increased as wind
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Fig. 5. Simulation of Ez field for wind-roughened sea surface (T = 20 °C, S = 34 psu) showing three embedded WCs (white lines at arrows) randomly positioned
in a 256-m-wide domain, and of a scale and coverage statistically selected for a wind speed of 12 ms−1. (See text and Table III, for surface and WC parameters.)

TABLE IV
FDTD EMISSIVITY MEAN AND STD ERROR FOR ENSEMBLE WC RUNS AT EACH WIND SPEED, U10

&Model: Klein and Swift [25], SSA/SPM [31]–[33]. #Ensemble size (N), where N = 1–9. NA indicates not applicable.

speed increased. Model vertical domain size was also increased
to accommodate higher waves. The number of WCs and the
values and formulas for U10-dependent s and W are given in
Table III. The remaining parameters given in this table were the
same for each run.

Sufficient numbers of WCs (1–13) of various sizes, s, were
sampled from a Gamma probability density function (pdf) [27]
to account for specified coverage, W, and the sample was dis-
tributed across the surface, using a uniform pdf. This distribution
could represent passive foam patches persisting for several wave
periods after breaking events. In contrast, active foam associated
immediately with breaking would tend to occur at wave crests,
as described in Section III-E.

Results from a statistical analysis of the multirun ensembles
are given in Table IV, with selected columns (5–8) plotted in
Fig. 6, along with their 95% confidence limits. Comparisons
between flat sea, roughness, and WC runs revealed the mean
overall effect on surface emissivity, and mean contributions of
roughness and foam patches (WCs) of varying size, but identical
thickness and void fraction range.

Results are compared with predictions from reference emis-
sivity models for contributions of the flat sea e=0.315 for given
T and S [25], roughness (SSA/SPM, [29], [30]), and foam [31]
to overall sea surface emissivity (see, col 6, Table IV). The mean
deviation of total e between the FDTD and semianalytical refer-
ence model predictions was 0.026 +/- 0.006, with FDTD higher
by about 8%. For each wind speed and roughness realization,

Fig. 6. FDTD and reference model overall surface mean emissivity and rough-
ness and WC effects versus wind speed for multiple runs (plotted from Table IV,
cols 5–8). The 95% confidence intervals (two times standard error) and guide-
lines at Ems values of 0.0 and 0.05 are also shown.

the emissivities from a run with surface only, and one with WCs
embedded in the same surface were differenced to determine
the enhancement effects of the WCs. Similarly, the emissivity
for the flat sea case (U10 = 0) was subtracted from that of each
roughness case (without WCs) to estimate the roughness effect.
As expected, the overall (total) e, which includes both these



BURRAGE et al.: PREDICTING RADIOMETRIC EFFECTS OF A ROUGH SEA SURFACE, WHITECAPS, FOAM, AND SPRAY USING SURFER 2D 3201

effects, increased monotonically with increasing wind speed.
The roughness and WC effect, considered in isolation, also
tended to increase with increasing wind speed.

Comparing the means and their standard errors for each en-
semble and emissivity effect shows the roughness increase (see,
col 7, Table IV) was statistically significant at the 95% proba-
bility level (determined by 1.96 times the std error), at all wind
speeds, while the WC effect (col 8) was significant at 65% level
in most cases, but at the 95% level at 20 ms−1. As illustrated
in Fig. 6, both effects increased monotonically at speeds above
10 ms−1. The WC effects are either not significant or marginally
significant at slower speeds, and the negative value for 7 ms−1 is
likely unphysical. This is not surprising since at such low speeds
W ∼ 1% or less and WCs are small and rarely observed, so the
model (and most radiometers) are at or below their WC detection
limits.

It is remarkable that the increase in WC effect with wind speed
above 10 ms−1 is clearly evident, while the trend of the roughness
effect appears marginal. This could be due to the removal of
the dominant linear effect of roughness on WC effect by the
differencing, in pairs, of runs with the same rough surface. The
residual variations among pairs having different rough surfaces
might then be explained by the nonlinear effects of roughness on
WC effect, described in Section III-B. The results at higher wind
speeds could be considered conservative, since a constant foam
thickness and void fraction range were used (see Table III). If
these parameters are larger under actual storm wind conditions,
as illustrated in Section III-D, the trend of the WC effect could
be stronger.

The statistical accuracy and precision of the FDTD model at
any wind speed can be improved by using smaller grid cells
(reducing numerical dispersion), and by running additional MC
simulations (increasing statistical power), which require addi-
tional memory and run time. We attempted to simulate rough-
ness and WC effects at higher wind speeds (up to 35 ms−1,
representing a category 1 hurricane). However, the expanded do-
main required to accommodate the larger and longer dominant
waves demanded excessive run times on the available worksta-
tion (18 days for the largest 35 ms−1 model!), even after dou-
bling the FDTD cell size from 5 mm to 1 cm. While technically
within the usual factor of 20, used to minimize FDTD numerical
dispersion, that cell size nevertheless produced e values of ques-
tionable accuracy. More advanced parallel architectures or super
computing equipment will be needed to address this issue. (Our
GPU could not operate on these large domains, due to memory
constraints and limitations of the available software.)

D. Spray Effect in Hurricane Winds

The spray layer employed in Section III-C (henceforth, Sp1)
was adapted from the foam layer RTM model [10] with specified
thickness and void fraction profile shape and range. A more
realistic model, designed specifically to simulate sea spray, for
which the layer thickness is assumed to be proportional to the
significant wave height (Hs) has recently been developed [26]. In
contrast to Sp1, which has an exponential void fraction profile
[10], the new model, Sp2, has a power law profile [26]. Both

TABLE V
FDTD AND RTM EMISSIVITY FOR CAT. 1 HURRICANE

& Parameters for all runs: U10 =35 ms−1, Hs = 8.05 m, S = 34.0 psu, T = 20° ,
inc. angle= 5°, frequency= 1.413 GHz, for Sp2: thickness = 3Hs. For FDTD: WC
scale s=8.6 m, void fractions Vf=0.01–0.60 (WC), 0.6–0.97 (Sp1), 0.5–0.99 (Sp2).
NA indicates not applicable.

Fig. 7. Ez fields showing plane wave incident on a 1.6 m diameter WC of
30 cm thickness (top white solid, line, bottom blue dashed), centered in a
9-m-wide domain, and overlaid by a 50-cm-thick spray layer, Sp1 (top red
dashed), overlying the WC and Sw (green, dashed line). dx = 2 mm.

models employ the same refractive mixing rule to determine
the combined dielectric properties of the air and water fractions
comprising the spray.

Seven SURFER 2D model runs were made with different
surface features including presence and thickness of a WC and
spray layer and a flat or rough sea surface (see Table V). An
example of one of the runs is shown in Fig. 7. These runs were
used to compare the results from the two spray models, and to
study the effect of a spray layer on WC detectability under wind
and wave conditions representative of a category 1 hurricane.
A relatively short model sea surface domain of width 9 m was
used, with a roughness and significant wave height, Hs = 8.0
m, obtained from the wave spectrum [7] for a wind speed of
35 ms−1. In the example, the WC and spray layer thicknesses
were 0.30 and 0.50 m, respectively. For the Sp2 model runs,
the spray layer thickness was 24.00 m, consistent with the wind
speed and Hs [26].
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TABLE VI
FDTD CAT. 1 HURRICANE RUN DIFFERENCES

& Runs differenced are those appearing in Table V.

The predicted emissivities for the runs (see Table V) and e
differences between selected pairs (seeTable VI) can be used to
determine the effects of the WC, spray layer, and surface rough-
ness. The emissivity value of 0.955 for the SURFER 2D flat sea
case (run 5), which includes both the Sp2 spray layer and flat
sea contributions, compares closely with the value of 0.986 ob-
tained from the new 1-D RTM spray model [26], from which the
SURFER 2D spray void fraction profile was obtained. The dif-
ference of 0.031 represents a departure of just 3.2%, which, con-
sidering the different model physics and dimensionality, shows
remarkably close agreement.

The remaining pairwise comparisons reveal some interesting
effects: Emissivity differences for pairs 5–6, 7–3, and 2–3 show
that the spray enhances e (and hence reduces r) dramatically;
more so over, a flat than a rough sea with a WC. Spray layer
Sp1, thinner than Sp2 by a factor of 48, and with a slightly
narrower Vf range has a comparable, but slightly larger e effect
(see footnote, Table V for Vf and other parameters used in RTM
and SURFER 2D).

The Sp1 simulation (see Fig. 7) shows the incident plane
wave strongly attenuated in the foam layer with consequently no
significant scattering in the overlying TF and SF regions (with
probes marked by asterisks) of the domain. A similar effect was
observed with the much thicker Sp2 model runs. Contrast this
with the strong interference pattern produced by the incident
and SFs in FDTD field plots for runs without a spray layer (e.g.,
Figs. 3 and 5). Interestingly, Anguelova and Geiser [10] found
that Vf at the top of a foam layer had a more important influence
on the emissivity response than did layer thickness. This has a
practical implication for FDTD modeling, since the Sp2 layer,
of thickness 3–5 times Hs, demands a larger computational do-
main and cost. This cost can be lowered if use of a thinner spray
layer model (e.g., Sp1, see Fig. 7) can be justified in terms of an
equivalent attenuation effect.

Pairs 7–4, 1–4, and 7–1 show that the Sp2 spray layer obscures
the sea surface to the extent that differences in WC thickness, and
indeed the effect of the WC itself, are insignificant. This suggests
that radiometric detection of WCs under the storm conditions

Fig. 8. OHMSETT tank with WNL (left, showing instrument bridge) and SNL
breaking waves (right, viewing front face) [13].

specified in the model would be unlikely, given the precision
limitations of available ocean remote sensing radiometers.

The preliminary results shown here demonstrate both the
relative accuracy of the RTM and SURFER 2D spray layer im-
plementations, and their potential applications in studies of mi-
crowave radiometer and reflectometer responses under tropical
storm and hurricane conditions. Anticipating further advances
in observing storm wind and wave fields in situ, and associated
WC, foam, and spray properties, SURFER sensitivity tests could
be employed to predict e and r for comparison with radiometer
and reflectometer retrievals, as an aid to enhance understanding
of factors influencing L-band remote sensor performance.

E. Wave Asymmetry and Breaking

SURFER runs were also made based on a quasi-periodic
train of nonbreaking weakly nonlinear (WNL), and breaking
strongly nonlinear (SNL), water waves (see Fig. 8) generated
in the OHMSETT wave tank [34]. The WNL waves exhibited
horizontal asymmetry due to instability in the wave generation
process, but no breaking. In the simulation, these waves were il-
luminated by a 1.413 GHz plane wave incident at+/− 37.5° [see
Fig. 9(a) and (b)]. Variation of Ez intensity above each individ-
ual waves is evident in the TF and SF regions above the surface.
The BRCS plots (c)(e) and their difference (f), with angular
scales for the -37.5° incidence BRCS (e) reversed in (d) and in
the input to (f) for ease of interpretation, reveal how asymmetry
of nonbreaking waves affects emissivity. Here, the asymmetry
due to crest flattening on the forward face produces a dual-beam
forward scatter response [see Fig. 9(a)]. In the ocean, this ef-
fect could manifest as an EM response to upwind/downwind
asymmetry of the wind-wave field. The asymmetry shown in
the figure produces, approximately, a 12% change in e when the
two cases (+/- 37.5°) are compared with each other.

Unlike WNL waves, the SNL wave heights [see Fig. 10(a)
and (b)] were intentionally modulated by beating effects due
to small variations in wave paddle period [34]. They were also
steeper, to the point of breaking and displayed more vertical,
but less horizontal, asymmetry. WCs formed, as seen in pho-
tographs (e.g., right panel, Fig. 8) and their scale and location
were inferred from measurement thresholds of local steepness
and shear velocity. Mean WC thickness, based on photos (not
measured in situ), was set to 5 cm.

In contrast to the WNL case, which exhibited forward scat-
ter [see beam orientation in Fig. 9(c)], the SNL waves are suf-
ficiently steep to cause backscatter at the specified +/−37.5°
incidence angles [see Fig. 10(c) and (d)]. In this case, the wave
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Fig. 9. Effect of weakly NL waves on emissivity of waves in the OHMSETT
tank. Forward scatter dominates the Ez response. Cell size, dx = 5 mm and
domain width is 50 m. Incidence angle +/- 37.5° for (a) and (b), respectively,
with corresponding BRCS plots in (c) and (e). The BRCS difference, computed
with angular scale of (e) reversed as in (d) is shown in (f). BRCS plot scale is
nondimensional (nd) linear factor with interval of 500, or 1000 for (f). (See text
for other details.)

groups produced by paddle-induced modulation (indicated by
periodic occurrence of higher waves) cause corresponding vari-
ations in Ez intensity [see Fig. 10(a) and (b)]. The BRCS plots
(c) and (d) and BRCS difference plots (e) and (f), with angular
scales reversed in the−37.5° incidence cases) reveal some wave
asymmetry effects both in the presence (c)–(e) and absence of
WCs [(f), non-WC Ez plots are not shown]. However, the figures
show e changes of only 1%–3% between +/-37.5° incidence for
the WC and no-WC cases. The asymmetry of e is mild because
the SNL waves, though steep and high, have a more horozon-
tally symmetric form than the WNL waves. The similarity of
BRCS difference plots (e), (f) indicates that the WCs have little
impact on the asymmetry of the e response, which is domi-
nated by differences in backscatter from the forward and back
wave faces. In contrast to the randomly distributed waves and
“passive” WCs of Fig. 5 that could represent persistent foam

Fig. 10. Effect of strongly NL waves on emissivity of breaking waves in the
OHMSETT tank. Back scatter dominates the Ez response. dx = 5 mm and
domain width is 50 m. Incidence angle +/- 37.5° for (a) and (b), respectively
with corresponding BRCS plots in (c) and (e). Corresponding BRCS difference
plots (e) and (f), after angular scale reversed in (d) reveal wave asymmetry effects
both in the presence (e) and absence of WCs (f). Only the non-WC Ez, plots not
shown. BRCS plot scale is nd linear factor with interval of 100. (See text for
other details.)

patches formed by previous breaking events, the more regular
waves of Fig. 10, with WCs appearing at or near the break-
ing wave crests, indicate the likely effect on emissivity of more
active WCs, representing transient foam patches formed by cur-
rently evolving breaking events.

F. Effect of Waveform

To investigate the combined effect of waveform and incidence
angle on e, waveforms of sinusoidal (Sin), second-order stokes
(St2), and random waves (Kud, generated from [7]) were synthe-
sized to match the SNL (lab) waves generated in the OHMSETT
tank (see Fig. 11), in terms of the resulting MSS. The synthe-
sized waveforms were chosen to represent low swell (Sin), non-
linear waves with flat crests and sharp troughs (St2)—a shape
that, in deep water, is thought to produce the so-called EM
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Fig. 11. Elevation (m) of lab and synthesized waveforms with the same nom-
inal MSS. Values of the RMS and significant wave height, and of mean square
slope, are shown above each plot.

Fig. 12. Slope spectra of wave tank and synthesized waveforms for the 127-m
domain used in the FDTD runs. MSS values are shown in the legend.

bias in radar altimetry, and which can be exagerated in shal-
low water, and a random wind sea (Kud). The waveform spatial
series (see Fig. 11) and their wavenumber (Kx) spectra (see
Fig. 12) show that the bandwidth progressively increases from
the monochromatic Sin case, through St2, with its second har-
monic and vertical asymmetry, through the lab waveform and
the broader banded, but less energetic random, Kud, case, with
wave slopes concentrated at higher wavenumbers.

The SNL lab data in this case were corrected for the effects of
Doppler shift and transformed to the spatial domain using the rel-
ative motion of the sensor bridge and the phase speed of the dom-
inant gravity wave, based on the deep water dispersion relation.
This contrasts with the approach used in the previous section
for the SNL case, in which only the sensor bridge speed of 0.53
ms−1 was used, assuming the waves were “frozen” in space. That
made the wavelengths appear much shorter in the SURFER 2D
model domain than they were in the tank. In contrast, the WNL
data, sampled from a stationary bridge, were transformed to the

spatial domain using the deep water dispersion relation, pro-
ducing waves of realistic length [compare Figs. 9(a) and 10(a)].
For this section, using the relative motion of the sensor bridge
(0.53 ms−1) and the waves (phase speed 2.34 ms−1 based on the
wave paddle period of 1.5 s and the dispersion relation), as they
advanced toward one another, a more realistic SNL spatial wave-
form with dominant wavelengths of approximately 4 m (see top
left panel, Fig. 11) was obtained. While the deep water wave
relation was accurate enough for the purpose of producing a re-
alistic waveform, the waves, strictly speaking, were marginally
transitional, with water depth approximately one quarter of the
wavelength.

The more idealized nonlinear and random waveforms were
also synthesised to match the dominant wavenumber of the spa-
tially transformed lab SNL waveform and their height was ad-
justed to match their MSS with the value of 0.0446 computed
from that waveform. Since L-band microwave reflectometers
and radiometers primarily respond to the effects of MSS (or
BRCS), this approach allows the secondary influence of wave-
form (also described by elevation spectrum or “sea state”) to
be assessed. The simulated random “wind-wave” case (Kud)
was generated using the spectrum [7] with the same dominant
wavenumber as the spatial lab waveform (equivalent to a wind
speed, U10 = 8.52 ms−1). In this case, a very young inverse
wave age value of 3.64 (4.4 times higher than the value of 0.83
for a fully developed sea) was needed in the spectral model to
match the lab waveform MSS. This concentrates the wave slopes
at higher wave numbers in comparison with the narrow banded
waveforms centered near the peak wavenumber. It also produces
a spectrum with a significantly lower signficant wave height Hs
of 0.175 m for Kud compared with about 0.460 m for the other
waveforms.

For simplicity, given the relatively light “equivalent” wind
and, correspondingly, low predicted WC cover, the existence of
WC’s associated with breakers observed in the laboratory wave
data, and modeled in Section III-E, was ignored in these runs
(i.e., no foam patches were embedded in the observed lab or
simulated rough surfaces). The emissivity values predicted by
FDTD (see Fig. 13) show significant variation, and also differ-
ences in mean value (see legend), across incidence angle, re-
sulting from interactions of the EM plane wave with the linear
(Sin), nonlinear (lab, St2), or random (Kud) geometry of the
underlying sea surfaces.

The pattern of e variation for the Sin and St2 waveforms,
which, as expected for H-pol, is typically decreasing with in-
creasing incidence angle, is similar to that of the lab waveforms;
almost identical at nadir (incidence angle 0°, corresponding to
minimal backscatter for a downward looking radar), but decreas-
ing more slowly with increasing angle. In contrast, the random
Kud waveform produces significantly lower e values at all but
the highest incidence angle (49°), where it falls between the Sin
and St2 case.

This e pattern could be due to roughness, or equivalently
steeper slopes, being concentrated at higher wavenumbers, and
to the relatively low rms wave height, Hrms = 0.175 m, of
waveform Kud, compared with values of 0.478, 0.461, and
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Fig. 13. Emissivity versus incidence angle for laboratory and synthesized
waveforms used in the FDTD runs. The predicted flat sea emissivity response
from [25] is overlaid (solid magenta line with square markers).

0.447 m for the narrower banded Sin, St2, and Lab waveforms,
respectively. Note that the corresponding MSS values (see plot
titles, Fig. 11) are nearly the same—the Kud case deviates
slightly because the waveform represents only one statistical
realization of the spectrum for which the MSS was speci-
fied. Comparison with the flat sea response in [25] suggests
the random, Kud, waveform with slopes concentrated at high
wavenumber and a low Hs value, when viewed from nadir, re-
sembles a flat sea more than do the narrow-banded Sin, St2,
and lab waveforms, which have a higher e and lower r at low
observation angles.

IV. CONCLUSION

SURFER 2D was used to model WCs embedded in calm and
wind-roughened sea surfaces specified using a realistic wave
spectrum model and empirical formulas for WC coverage and
scale. The statistically significant results show the expected in-
crease in roughness and WC emissivity effect with increasing
wind speed (up to tropical storm wind speeds of 20 ms−1), as
predicted by semianalytical sea surface emissivity models. How-
ever, those models assume that the roughness and foam (WC)
effects vary independently and add linearly, while results from
the FDTD model run suggest that the effects of WCs could be
modified by the associated surface roughness (i.e., the foam and
roughness effects are coupled by WC shape). WNL and SNL
(breaking) waves generated in a large wave tank were investi-
gated to determine the effects of observed horizontal and verti-
cal asymmetries, and of the associated WCs on emissivity, and
the FDTD model was found to be sensitive to these effects.
In contrast to the semianalytical emissivity models, the FDTD
model easily accounts for such roughness effects as WC edge
diffraction, multiple reflections, and wave shadowing, which are
difficult to model analytically.

In addition to the effects of wind speed, which increases the
MSS, we also investigated the e and r response to differently

shaped surfaces exhibiting the same MSS as the SNL tank-
generated waves. Comparisons were made between the r and
e response to the observed tank-generated waves and synthe-
sized elevation profiles of linear (sinusoidal), nonlinear (Stokes),
and fully random (Kudryavtsev distributed) waveforms over the
same horizontal domain, as a function of incidence angle. In
theory, the MSS should fully determine the roughness emissiv-
ity effect. However, it was found that variations in waveform
significantly affected the incidence angle dependence of e for
surfaces having the same MSS. In the fully random case, the
observed MSS value was consistent with a young random sea
(with inverse wave age 4.4 times that of a fully arisen sea), at a
wind speed of 8.5 ms−1. As expected from wave growth theory,
and confirmed by our SURFER 2D runs at multiple wind speeds,
a fully arisen sea at such a wind speed, with [7] parameterized
accordingly, has a much larger dominant period, Hs and MSS,
and it produces a significantly stronger emissivity effect.

This finding of an e, and hence r, dependence on wave age for
seas of a given MSS accords with recent findings of the CYGNSS
mission team. In order to obtain accurate wind retrievals, they
found it necessary, at least as an interim measure, to develop two
separate retrieval algorithms, one for young seas characteristic
of tropical storms and hurricanes and another for fully arisen
seas characteristic of large-scale synoptic wind fields, absent
major storms [4].

In SURFER 2D, we have implemented well-established and
tested state-of-the-art FDTD algorithms, and have applied them
in a novel study of wind-driven, linear, nonlinear, and random sea
surfaces, with superimposed foam or WCs and, optionally, over-
lying spray. The resulting model constitutes an accurate, flexible,
and powerful tool for studying the interactions of microwave ra-
diation with rough sea surfaces, with a degree of realism not
achieved in previous FDTD studies of sea surface roughness.
Future SURFER runs, taking better advantage of parallel com-
puter architectures, are planned to extend the results to higher
wind speeds using larger model domains, and to improve the
statistical significance of the roughness and WC emissivity pre-
dictions using more MC runs per ensemble.

SURFER 2D necessarily assumes simulated gravity waves are
propagating downwind in the vertical (x--y) plane of incidence,
and are of uniform profile and infinite length in the third (z)
dimension. In this configuration, no scattered energy can arrive
from out of plane reflections. SURFER 3D will remove this
constraint by taking into account out of plane reflections and
emissions, allowing radiative effects of directional spreading of
the gravity wave field to be studied.

A parallel research effort to use the MoM EM simulation
method as an alternative to SURFER 2D for runs at high
wind speeds that are costly using FDTD is also progressing
(J. Ouellette, NRL Remote Sensing Division, pers. comm.).
More deterministic 2-D and 3-D run configurations to simulate
active WCs of various shapes, with differing foam thickness
and void fraction, embedded in breaking wave crests of speci-
fied form are planned. These will require fewer computational
resources than MC simulations of randomly rough surfaces re-
ported here.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


