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Modeling sea foam emissivity is important for microwave remote sensing of the ocean. Based on the matrix-operator method, we propose a vector radiative transfer model (RTM) for the simulation of wave propagation in the foam layer and the sea foam emissivity is then calculated. The RTM simulates the emissivity of a vertically structured foam layer with various water properties. We assess the model simulations under different conditions. It is found that the foam thickness and the void fraction profile could be critical parameters in modeling foam emissivity. The sea foam emissivity could range from 0.2 to 0.3 in our simulations with varying foam thicknesses and void fraction profiles. Then, comparisons were made to experimental data for validation, and our model achieved a good consistency with the different experimental measurements of three previous studies. And it was also found that the modeled emissivity fits the experimental data well using an exponential profile with a small profile shape-control parameter.
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1 Introduction

Microwave radiometry is one of the most important methods for observing the oceans. Many crucial physical atmospheric and oceanic properties such as rain rate, sea surface salinity (SSS), and sea surface temperature (SST) are measured by microwave sensors (Chelton et al., 2000; Kerr et al., 2010; Skofronick-Jackson et al., 2017). These properties play a significant role in physical circulations, ecosystem dynamics, identifying different water masses, and detecting changes in the global water cycle. However, the measurement accuracy is affected by many factors, including sea surface roughness (Yueh et al., 1994; Yueh, 1997; Voronovich, 2013), atmospheric emission and attenuation (Liebe, 1989; Clough et al., 2005; Rothman et al., 2013), extraterrestrial radiations (Le Vine and Abraham, 2004), and sea foam (Rose et al., 2002; Reul and Chapron, 2003; Anguelova and Gaiser, 2013). This indicates that successful satellite observations require an accurate model of the microwave radiative transfer processes for better understanding of these variables affecting brightness temperature (TB) and developing calibration and correction methods for retrieval of atmospheric and oceanic properties.

Wave Propagation in the foam layer has received significant interest due to its strong signature in various microwave channels. Besides, sea foam is also involved in many coupled atmospheric-oceanic processes, including the gas exchange process (Wanninkhof et al., 2009), sea spray aerosol production (Blanchard, 1963; Lewis et al., 2004; De Leeuw et al., 2011), and ocean surface albedo (Kokhanovsky, 2004). The ratio of the foam-covered sea surface to seawater surface i.e., foam coverage is the critical parameter to understand these processes. The development of sea foam emissivity model provides a method for estimating foam coverage using the variations of sea surface emissivity (Hwang, 2011; Anguelova and Bettenhausen, 2019; Hwang et al., 2019). Thus, devising an independent correction scheme for the TB measurement of foam-covered sea surfaces using an accurate sea foam emissivity model is necessary.

Since the early 2000s, various collections of new experimental data of sea foam (Rose et al., 2002; Camps et al., 2005; Padmanabhan et al., 2006) have been available, and several sea foam models have been developed. For example, Guo et al. (2001) and Chen et al. (2003) proposed foam emissivity models based on dense-medium radiative transfer (DMRT) theory, and the wave scattering and emission were solved using the quasi-crystalline approximation. Anguelova and Gaiser (2013); Wei et al. (2014) and Yin et al. (2016) employed the incoherent approach for sea foam emissivity determination. Reul and Chapron (2003); Raizer (2007) and Plant and Irisov (2017) modeled the macroscopic characteristics of sea foam under different meteorological and oceanographic conditions, including the vertical structure of sea foam, distribution of the foam thickness, and void fraction at the top of sea foam. However, most of these models were developed considering a specific condition and cannot meet the simulation needs under various seawater and foam conditions (for example, different water temperatures, frequencies, and foam thicknesses).

This paper develops a new sea foam emissivity model at microwave frequencies using radiative transfer theory and the matrix-operator method. This model computes the TBs for various seawater properties at given observation angles. The vertical profile of the void fraction is presented by an exponential function to match the bubble distribution inside the foam layer. The simulated TBs are then compared to experimental measurements for validation. In Section II, the basic definitions and assumptions of our model, together with formulations of the radiative transfer processes are described. The model simulations are presented in Section III, and validations of the present model are illustrated in Section IV. Conclusions and discussions for the model results are finally provided in Section V.




2 Development of the radiative transfer model for sea foam emissivity



2.1 Model assumption

Modeling the emissivity of foam-covered sea surfaces could be complicated due to the uncertainty of the foam layer properties, such as the top void fraction, void fraction profile, foam thickness, and so on. However, only a few measurements of foam properties were performed, and the reported results show significant differences. For example, the microstructure of bubbles in the interior of the foam layer (i.e., void fraction profile of foam layer) are different in Rose et al. (2002) and Camps et al. (2005), in which the result of Camps et al. (2005) show an apparent trend of void fraction varies with depth while the trend is inconspicuous in Rose et al. (2002). Thus, some assumptions are made for the macroscopic characteristics of the foam layer.

First, as mentioned before, although the void fraction profiles inside the foam layer are quite different among experiments, we assume it has an exponential distribution, as reported in Anguelova and Gaiser (2011). And we assume that the temperature and salinity inside the foam layer do not significantly change as Jessup et al. (1997) used an infrared device to observe the breaking waves and reported that foam thermodynamic temperature is the same as that of the bulk seawater. Considering the upwind and crosswind asymmetry of sea surface emissivity induced by wind-generated rough sea surface, it is reasonable that the emission of the foam-covered sea surface is also azimuthally asymmetric. However, due to the lack of measurements in this aspect and for computational efficiency, we assume that sea foam emission is azimuthally symmetric.

Second, the volume scattering within the foam layer is ignored in this paper since the seawater is heavily absorptive for microwave radiation; the analysis of volume scattering in vertically structured foam layers revealed that in low-frequency microwave channels, the scattering effect in sea foam is weak (Camps et al., 2005; Anguelova and Gaiser, 2012). And we also treat the air–foam and foam–water boundaries as planes rather than rough surfaces. Thus the Fresnel reflectivities are utilized in the present model. Finally, the distributed foam thickness is replaced by the effective average thickness since few relevant measurements and studies are available.

Overall, our model assumptions are listed as follows:

	The depth profile of the void fraction in sea foam follows an exponential distribution.

	The water properties of sea foam are uniformly distributed in the vertical direction, i.e., from the bottom to the top of sea foam, the water temperature and salinity remain unchanged.

	We assume that the emission of sea foam is azimuthally symmetric.

	The multi-scattering effect of bubbles embedded in the foam layer is ignored in our model.

	The boundary conditions are of the Fresnel type (namely planar) described with Fresnel reflectivities.

	The thickness of the foam layer can be described by the effective thickness instead of the distributed foam layer thickness.






2.2 Radiative transfer model for seafoam

As shown in Figure 1, considering thermal emission from a layered medium with particles embedded in a background medium (i.e., seawater), the radiative transfer equation (RTE) describing the radiant field in a layered medium has the following form (Evans and Stephens, 1991; Jin et al., 2020):




Figure 1 | Geometrical configuration for thermal emission from the foam-covered ocean.



 

where   is the Stokes vector consisting of the horizontally polarized intensity ( ) and the vertically polarized intensity ( );   is the cosine of the zenith angle with a positive sign indicating the downward direction and a negative sign for the upward direction;   is the optical depth;   is the single scattering albedo;   is the Planck function.   is the scattering matrix of the medium.

As mentioned in Section 2.1, we only consider the vertical and horizontal polarizations (V-pol and H-pol, respectively) in this paper so that the third and fourth Stokes parameters are discarded. Thus the shape of the rotation matrix is degraded from 4×4 to 2×2. As the emission of sea foam is azimuthally symmetric in our assumption, using the Gaussian-quadrature method, the radiative transfer equation could be rewritten as:

 

where   and   are the nodes of the Legendre polynomial of order 2N;   is the Gaussian-quadrature weight function. Converting parameters   and   into matrices, in which the   and   are the diagonal matrices defined by the form   and   respectively, (2) could be rewritten as:

 

 

where the superscripts ‘+’ and ‘-’ denote the downward and upward directions, respectively. The partial derivative equations (3) and (4) can be discretized as follows:

 

 

Thus, the matrices of the reflection, transmission, and internal radiation source can now be defined as

 

With   and   being either ‘+’ or ‘-’. According to the matrix operator method [17] and the schematic diagram shown in Figure 1, the propagation of radiant field in the two combined media is subject to the following relationships:

 

and

 

In which the transmission coefficients of downward and upward radiant fields for the layer   (   and  ) and layer   (   and  ) as well as the reflection coefficients of downward and upward radiant fields for the layer   (  ,  ) and   (  ,  ) are determined.  ,  ,   and   are the internal radiation sources of downward and upward radiant fields for the layers   and  , respectively. The schematic diagram of the matrix-operator method is shown in Figure 1. And the elements in transmission and internal radiation are:

 

where   is the Kronecker delta function, and subscripts   and   represent the row and column of the matrix, respectively. Moreover,   and   are the Planck blackbody functions of the upper and lower layers, respectively.




2.3 Vertical profile of the seafoam properties

In the past decades, several approaches have been utilized to model the vertical variability of sea foam for foam emissivity. Raizer (2007); Anguelova and Gaiser (2011), and Yin et al. (2016) treated foam as a layered medium, in which the void fraction varied with the depth into the foam layer. Thus, the foam layer thickness and void fraction profile are used to model the foam emissivity. Different from previous studies, Guo et al. (2001); Chen et al. (2003), and Zhou et al. (2003) treated the foam as a whole layer and assumed a constant void fraction. They modeled the foam as densely packed spherical air bubbles coated by seawater so that the core of the coated particle is air, and the shell is seawater. Thus the outer and inner radii of the particles are the most significant factors in modeling foam emissivity. In this paper, as shown in Figure 1, we have separated the entire medium into several thin layers. Thus a vertical profile of the void fraction is needed. Following Anguelova and Gaiser (2013), the profile of void fraction is defined as follows:

 

where   is the void fraction, the subscripts ‘top’ and ‘bot’ denote the void fractions at the top and bottom of the foam layer, respectively; m is the parameter that controls the shape of the profile. Generally, the void fraction at the top of the foam layer (  ) should be set at a relatively large value to cover an extensive range of possible void fraction values. It should also be noted that the void fraction profile of an artificially generated foam layer is well stratified (see Figure 3 of Camps et al., 2005). Thus, it is better to use a small profile shape-control parameter (i.e., use a small m value) to ensure consistency with the stratification. In this section, we choose m = 0.01 for comparison. Thus, it is better to use a small profile shape-control parameter (i.e., use a small m value) to ensure consistency with the stratification. In this section, we choose m = 0.01 for comparison.

Based on the void fraction profile as a function of depth, the effective permittivity of the mixed medium using the cubic rule model can be defined as:

 

where   and   are the permittivity values of foam and seawater, respectively. In this paper, the permittivity of seawater is calculated using a single Debye equation, and the parameters of the equation developed by Klein and Swift (Klein and Swift, 1977) are adopted. Thus, the optical path and optical depth (τ) are then determined by   so that the total loss of radiation can be obtained. As a dense medium, the path of radiation in foam is affected by the refraction angle, which is determined by Snell’s law. According to Ulaby et al. (1981), for radiation with an incidence angle onto a vertically structured foam layer, the refraction angle is

 

where   is the wavenumber of radiation in air;   and   have the following form:

 

where   is the attenuation factor and   is the phase factor, which can be calculated as:

 

Combining (13)–(15), the optical depth ( ) of foam is then defined as:

 

Figure 2 shows the void fraction profile of a foam layer with thickness at 2 cm, together with the real and imaginary parts of permittivity as a function of the void fraction at 1.4 GHz with seawater temperature   = 20 °C and salinity   = 34 psu. For the sake of simplicity and clarity,   and   are set to 99% and 1%, respectively, as shown in Figure 2. Although it is reasonable that with the increase of depth into foam, the imaginary part of the permittivity increases and the foam layer becomes lossier, the selection of at 1% seems too arbitrary. Thus in this paper, a relatively high value of the void fraction for the lower boundary of the foam layer (i.e., the foam-water boundary), and a relatively low value of the shape-control factor m is set to match the experimental measurements. Besides, a small value of m suggests that the foam layer is well stratified.




Figure 2 | Void fraction profile of the foam layer with thickness z = 2 cm and complex permittivity of sea foam obtained with the refractive mixing rule as a function of the void fraction at 1.4 GHz.



In this paper, as mentioned in Section 2.2, the foam layer is first divided into several thin layers for calculating the matrices of the reflection, transmission, and internal radiation sources and then these layers are combined to obtain the emissivity of the entire foam layer. In addition, we build up a look-up table (LUT) storing the refraction angles to perform the process of calculation. The air–foam and foam–water boundaries are assumed as Fresnel type boundaries so that reflectivities are obtained with Fresnel reflection coefficients.





3 Model simulations



3.1 Dependence of the foam emissivity on the foam thickness

The results of foam emissivity for different foam thicknesses and frequencies are shown in Figure 3. The foam emissivity is presented as a function of incidence angle, and three frequencies (1.4, 10.8, and 36.5 GHz) are demonstrated. It is seen that foam thickness determines the foam emissivity. The foam emissivities increase with the foam thickness for both horizontal and vertical polarizations.




Figure 3 | Dependence of foam emissivity on incidence angle at three frequencies: (A) 1.4 GHz; (B) 18.7 GHz; (C) 37 GHz with four different foam layer thicknesses. V-pol (triangle symbols) and H-pol (square symbols).



Figure 3 demonstrates that the emissivity saturation from radiometrically thick foam layers (z = 5 cm for 1.4 GHz in panel a; z = 1 cm for 10.8 GHz in panel b; and z = 0.5 cm for 36.5 GHz in panel c) is preserved for all incidence angles. Similar to seawater, the foam emissivity shows polarization characteristics until saturated. It is also seen that, with the increase of frequency, the foam emissivity tends to become saturated. At 37 GHz, even mechanically thin layers (z = 0.5 cm in Figure 3C, dotted curve) will saturate the emissivity signal. In contrast, foam emissivity resembled that of seawater for typically thin foam layers at relatively low frequencies (1.4 GHz and 10.8 GHz). Despite this, the foam emissivity is high compared to seawater emissivity, even for a thin layer at a low frequency. For example, the foam emissivity is higher than 0.6 when the foam thickness is larger than 0.5 cm at L-band. Consider that the value of foam thickness typically varies from 1 cm to about 4 cm in the ocean (Reul and Chapron, 2003; Anguelova and Gaiser, 2013), and the emissivity of seawater is about 0.3-0.4, the appearance of foam could cause a notable signal enhancement. As such, the impact of foam on satellite observations is severe, especially in regard to SSS remote sensing, in which the sensitivity of the brightness temperature to the water salinity is low (0.2–0.8 K/psu)(Yueh et al., 2001).




3.2 Dependence of the foam emissivity on the shape of the void fraction profile

We find that the shape of the void fraction profile could be another significant factor determining the foam emissivity. In this section, the L-band (1.4 GHz) is chosen for demonstration instead of higher frequencies because the foam emissivity is easier to reach saturation at higher frequencies.

Figure 4 shows the void fraction variation as a function of the depth in a foam layer with thickness z = 1 cm. It is shown that the parameter m determines the shape of the void fraction profile  , and the shape of could vary within an extensive range when m is smaller than 1. On the other hand, when m is larger than 1, the shape of   closely resembles a linear pattern. This implies that the choice of m could have a significant impact on the foam emissivity. Since few observations have been performed regarding this topic, it is difficult to determine the best choice and needs to be refined in the future.




Figure 4 | Void fraction profile   in foam layer with thickness z = 1 cm.



Figure 5 shows the foam emissivity as a function of the incidence angle for different void fraction profiles at L-band with water temperature   = 20 °C, salinity = 34 psu, and foam thickness z = 1 cm. It could be seen that the void fraction profile has a significant impact on foam emissivity. With the shape-control factor m ranging from the lowest value (m = 0.01) to the highest value (m = 5), the foam emissivity varies from 0.68 to 0.88. A small value of m indicates that the foam layer is well stratified so that the upper layer is filled with bubbles. In contrast, a relatively high value of m suggests that the foam layer is well-mixed. Knowing this, when simulating the foam emissivity, m should be carefully selected.




Figure 5 | Foam emissivity as a function of incidence angle for different void fraction profiles at 1.4 GHz (input parameters: water temperature = 20°C salinity = 34 psu, and foam thickness z = 1 cm). V-pol (triangle symbols) and H-pol (square symbols).







4 Model validation



4.1 Comparison of the modeled foam emissivity to Camps et al. experimental measurements

Camps et al. (2005) conducted a measurement of foam-covered seawater at L-band in a pool with air diffusers to generate foam. In the experiment, wide ranges of water properties were evaluated, with the salinity ranging from 0 to 37 psu, the water temperature ranging from 14 to 20 °C, foam layer thickness ranging from approximately 0.9 to 1.7 cm. In this paper, we select four sets of typical experimental data for comparison, and the input parameters of the present model are listed in Table 1. The comparison is conducted with all elements (  , salinity, temperature and foam thickness) the same as those in Camps et al. (2005); only   is tuned to best fit the experimental data. And the model simulations are directly compared to the experimental data since the observed foam emissivity has been scaled to a 100% foam coverage. Camps et al. (2005), we estimate the accuracy of the model simulations in terms of root–mean–square (RMS) error in this study.


Table 1 | Water properties of the measurements and RMS errors for the Camps et al. developed emissivity model compared to experimental data.



Camps et al. (2005) developed a physical foam emissivity model using the dipole approximation method described by (Dombrovskiy and Rayzer, 1992). Camps et al. (2005) used a Gamma distribution as the size distribution of bubbles embedded in seawater, and the effective permittivity is then determined to calculate the foam emissivity. The developed model performs quite well by finding the optimal values of bubble parameters (packing coefficient and foam radius), with the RMS error ranging from 0.008 to 0.033.

Compared to the Camps model, our model provides a similar accuracy, with RMS error ranging from 0.009 to 0.026. The results of the comparison between our model and the experimental data are shown in Figure 6. It is demonstrated that the present model simulations are consistent with the experimental data, especially for horizontal polarization, and the RMS errors are all lower than 0.02. Furthermore, Camps found that the measured values show a larger variation with the incidence angle than their model predictions at vertical polarization, which is not observed in our comparison. In general, our model shows a very good agreement with the experimental data.




Figure 6 | Comparison of the foam emissivity calculated with the present model to the experimental data (Camps et al., 2005, symbols) with different water properties: (A) temperature Ts = 20.6°C salinity Ss = 10.49 psu; (B) temperature Ts =18.4°C salinity Ss = 16.29 psu; (C) temperature Ts =18.8°C, salinity Ss = 25.5 psu; (D) temperature Ts =15.6°C, salinity Ss = 37.33 psu.






4.2 Comparison of the modeled foam emissivity to Wei et al. experimental measurements under low water temperature conditions

Wei et al. (2014) performed several observations of artificially generated foam at the L-band under low water temperature conditions. It is shown that water temperatures are all lower than 2 °C, and water salinity is in the range of 31 to 38 psu, which are quite different from those of water properties measured by Camps et al. (2005). Compared to Camps et al. (2005); Wei et al. (2014) provided a more extensive range of incidence angles and more measurements, namely, the incidence angle ranges from 30° to 59°, and 32 sets of observations for both horizontal and vertical polarizations are provided.

Since the foam is created in a pool by air diffusers, the water surface consists of a foam-covered area and a mixed air-water area. Following Wei et al. (2014), the ratio of the foam-covered area to the mixed air-water area is approximately 1.2, and the effective permittivity of the air-mixed seawater is calculated using Eq. (12) with  . It should also be noted that Wei et al. (2014) used a constant void fraction instead of a vertical profile of the void fraction. Thus, we use the constant void fraction for comparison as well. The water properties and void fraction of the foam layer are extracted from Wei et al. (2014), as listed in Table 2.


Table 2 | Water properties of the measurements and RMS errors for the present model compared to Wei et al. experimental data.



The comparisons of the present model to experimental data are shown in Figure 7, and the water properties and RMS errors are listed in Table 2. Similar to the previous comparison, it turns out that the present model shows a good agreement with the experimental data, in which the RMS errors are all lower than 0.032 for both polarizations. It is noticed that in Figures 7B, D, our model underestimates the foam emissivity at small incidence angles and overestimates at large incidence angles, which is more notable for vertical polarization so that the corresponding RMS errors are greater than those of horizontal polarization. This could be due to the missing information on the seawater permittivity beneath the foam layer, in which the water consists of water and bubbles rather than pure seawater. Considering the possible uncertainties of foam coverage, void fraction profile, and dielectric properties, the result indicates that the present model could simulate the emissivity of the foam-covered sea surface over a relatively wide range of water properties.




Figure 7 | Comparison of the foam emissivity calculated with the present model to the experimental data (Wei et al., 2014, symbols) with different water properties: (A) temperature Ts = 0.20 °C salinity Ss = 31.71 psu; (B) temperature Ts =1.56°C salinity Ss = 32.50 psu; (C) temperature Ts =0.92 °C, salinity Ss= 32.76 psu; (D) temperature Ts =1.52°C, salinity Ss = 33.63 psu; (E) temperature Ts = -1.43°C, salinity Ss = 34.66 psu; (F) temperature Ts =0.11 °C, salinity Ss = 37.74 psu.






4.3 Comparison of the modeled foam emissivity to Rose et al. experimental measurements

Similar to Camps et al. (2005) and Wei et al. (2014); Rose et al. (2002) measured the foam emissivity with a dual-channel microwave radiometer, but the operating frequencies are at 10.8 and 36.5 GHz instead of 1.4 GHz. In contrast to the vertical profiles reported in Camps et al. (2005), it could be observed that the bubbles in the seawater do not exhibit any stratification, as shown in Figure 3 of Rose et al. (2002). Thus, it is reasonable that the void fraction is independent of depth. The thickness of the foam layer is assumed to be uniformly distributed with an approximate thickness of 2.8 cm. And according to the estimates of Rose et al. (2002), the void fraction of the foam layer is about 80% to 90%. Thus, we assume a constant void fraction instead of an exponentially distributed void fraction changing with depth in this section. In addition, to best fit the experimental data, we choose   = 91% and 90% for validation at 10.8 and 36.5 GHz, respectively.

The comparisons of the present model to the experimental data are shown in Figure 8, the upper panel shows the results at 10.8 GHz, and the lower panel shows the results at 36.5 GHz. The results indicate that the present model simulation results reasonably agreed with the experimental measurements. The horizontal polarization results show even better consistency, with RMS errors of 0.009 and 0.014 at 10.8 and 36.5 GHz, respectively. We also conducted a comparison between our model and the DMRT model proposed by Chen et al. (2003), as well as the incoherent method by Anguelova and Gaiser (2013), as shown in Table 3. The result showed that our model performs better than the DMRT model. Furthermore, our model demonstrated comparable accuracy to Anguelova’s model. At a frequency of 10.8 GHz, the RMSEs were 0.009 and 0.014 for horizontal and vertical polarizations, respectively, compared to 0.011 and 0.015 for Anguelova’s model. Similarly, at a frequency of 36.5 GHz, the RMSEs were 0.014 and 0.024 for horizontal and vertical polarizations, respectively, compared to 0.015 and 0.017 for Anguelova’s model. However, at large incidence angles, especially for vertical polarization, the differences between the model simulations and experimental data increase. This could be due to the increase in the scattering effect of bubbles at higher frequencies. The refinement of the model by investigating the scattering effect of bubbles will be studied in the future.




Figure 8 | Comparison of the foam emissivity calculated with the present model to the experimental data (Rose et al., 2002, symbols) at two frequencies: (A)10.8 GHz; (B) 36.5 GHz.




Table 3 | RMS errors for various models compared to Rose et al. experimental data.







5 Summary and discussion

In this paper, a new foam emissivity model has been presented for passive microwave remote sensing applications. The model solves the RTE using the matrix operator method and provides simulations of the polarimetric and multiangular brightness temperatures under various seawater and foam conditions. In the proposed model, the foam layer is first divided into several layers in terms of the vertical void fraction profile. Reflection, transmission, and source matrices are determined for each thin layer with a different effective permittivity. A LUT is developed for storing refraction angles of the dense medium. Then, these layers are combined to determine the foam emissivity. The model could also provide the radiative terms contributing to the foam emissivity, such as the upwelling and downwelling emissivities within the foam layer and the emissivity of seawater beneath the foam layer. Thus, the model could potentially support further research—for example, the vertical foam structure and foam coverageunder different conditions or fast correction of the foam emissivity in terms of efficient algorithms.

We assessed the model simulations with different parameters: the depth of the foam layer and profile shape control factor m. It is found that both factors have a significant impact on foam emissivity. 1) with the increase of foam thickness, the foam emissivity increases rapidly for all incidence angles. And the foam emissivity tends to reach saturation at high frequencies. 2) with the increase of the shape control factor m, the foam emissivity increases for all incidence angles and polarizations. 3) it is very reasonable to use a relatively small value of m in model simulations, which means the foam layer is well stratified.

The model simulations are then compared to experimental measurements at three different frequencies for validation. First, compared to Camps et al. (2005) experimental data, the results demonstrate that the model simulations are consistent with the observations and the RMS errors of the model simulations are all lower than 0.026 for both polarizations. The model simulations are also validated against Wei et al. (2014). experimental data at L-band under low water temperature conditions. And it is also found that the present model shows a very good agreement with the experimental data, with RMS errors lower than 0.032. The error induced by the uncertainty of the vertical foam structure could be eliminated by adjusting the vertical void fraction profile. This also provides evidence that the void fraction profile could be a critical parameter in foam emissivity modeling. Finally, the model is validated at 18.7 and 36.5 GHz against Rose et al. (2002). experimental data. The model yields better results at a lower frequency (10.8 GHz), with RMS errors at 0.009 and 0.014 for both polarizations. However, it is also found that the difference between model simulation and experimental data increases at large incidence angles. This could be due to the increase in the scattering effect of bubbles.

Overall, the model developed in this study could simulate the foam emissivity under various conditions (different water temperatures, frequencies, and foam thickness) with a relatively high accuracy. However, the present model still has some arbitrary assumptions and needs to be refined: 1) this model ignores the multi-scattering effect of bubbles embedded in the foam layer. This may cause bias in modeling sea foam emissivity at a relatively high frequency (for example, 36.5 GHz) and should be studied in future work; 2) although we have found that the present model fits experimental data well by using a small profile shape-control parameter, the vertical void fraction profile under different water properties is still difficult to estimate due to the lack of abundant in-situ measurements. In our future work, efforts will be made to improve the RTM accuracy by considering the scattering properties of bubbles at high frequencies. In addition, a more precise macroscopic structure of the foam layer will be studied for accurate predictions of polarimetric and multiangular foam emissivities through reliable physical models and experimental data.
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