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Interpretation of Polarimetric Radar Signatures of Mangrove Forests C. Proisy,* E. Mougin,* F. Fromard,† and M. A. Karam‡



P olarimetric AIRSAR data acquired over a variety of mangrove forests are analyzed with the assistance of a three-layer radiative transfer model. The necessary input parameters to the model come from detailed ground measurements performed in 12 mangrove stands that are representative of the different successional stages of the mangrove forest dynamics. On the whole, P-band provides the most pronounced polarimetric signatures. Among the polarimetric parameters, the polarization ratio is found to be useful for analyzing scattering mechanisms and for discriminating between various forest stages. Comparison between AIRSAR data and simulations shows that the model is able to describe the overall radar signature of mangrove forests at P-, L- and C-band. However, this study also points out the limitation of such models. Elsevier Science Inc., 2000



INTRODUCTION Mangrove forests and flooded vegetation generally exhibit well pronounced microwave signatures [e.g., McDonald et al. (1980) and Imhoff et al. (1986)]. This occurs when the incident wave propagates through the entire canopy and reaches an underlying highly reflecting surface. In this case, the backscattering coefficient for the copolarizations HH and VV is enhanced by a factor lying between 3 and 10 dB, depending on the magnitude of canopy attenuation and thus on radar parameters and vegetation type (Hess et al., 1990). Such observations are in concordance with theoretical studies that suggest that * Centre d’Etudes Spatiales de la Biosphe`re, CNES/CNRS/UPS, Toulouse, France † Laboratoire d’Ecologie Terrestre, CNRS/UPS, Toulouse, France ‡ GenCorp Aerojet, Electronic Systems Division, Azusa, CA Address correspondence to C. Proisy, Centre d’Etudes Spatiales de la Biosphe`re, CNES/CNRS/UPS, bpi 2801 18 avenue E. Belin, 31401 Toulouse Cedex 4, France. E-mail: [email protected] Received 14 January 1999; revised 20 May 1999. REMOTE SENS. ENVIRON. 71:56–66 (2000) Elsevier Science Inc., 2000 655 Avenue of the Americas, New York, NY 10010



the enhanced backscattering observed in flooded forests originates from double-bounce returns or multiple scattering between the water surface and forest components (Engheta and Elachi, 1982; Richards et al., 1987; Wang and Imhoff, 1993, Wang and al., 1995). In contrast, the cross-polarization HV does not exhibit any particular enhancement, because it originates from multiple scattering within the canopy layer. In addition, for dense flooded forests, no enhancement is observed, certainly owing to a strong canopy attenuation of the radar incident wave (Krohn et al., 1983; Wu and Sader, 1987). Besides the observed enhancement of the radar cross sections for the HH and VV copolarizations, measurements of mangroves and flooded vegetation made with polarimetric synthetic aperture radars (SARs) also show marked signatures (Durden et al., 1991; Freeman and Durden, 1998). In particular, the magnitude of the correlation coefficient qHHVV as well as the mean phase difference DuHHVV between HH and VV polarizations are strongly affected by the presence of the water surface. For instance, it was reported that the mean phase difference increases from 548 to 1008 at P-band between dry and flooded conditions for tropical forests (Rignot et al., 1995). In a previous study (Mougin et al., 1999), we presented experimental results obtained over mangrove forests of French Guiana with the NASA/JPL AIRSAR. The objective of the present article is to provide a physically based interpretation of observed polarimetric radar signatures of mangroves forests. To this end, we use the polarimetric scattering model of Karam et al. (1995) to simulate the response of mangrove canopies aimed at identifying the dominant scattering mechanisms in the radar–forest interactions. The present article is structured as follows. In the first section, we briefly present the study site and the experimental observations. The radar backscattering model is presented in the second section. Numerical simulations and comparisons with SAR data are given in the third section. 0034-4257/00/$–see front matter PII S0034-4257(99)00064-4



Radar Signatures of Mangrove Forests



57



EXPERIMENTAL OBSERVATIONS The Study Site The study site, named Crique Fouille´e (528199W, 48529N), is a 2.5 km32.5 km area located along the coast of French Guiana. On this site, three development stages of mangrove forests are present: pioneer, mature, and declining stages. The pioneer stage consists of a very homogeneous canopy dominated by the gray mangrove (Laguncularia racemosa). Tree density is high, ranging from about 10,000 to 40,000 stems per hectare. Mean tree height lies between 0.8 m and 7.7 m. The mature stage is dominated by the white mangrove (Avicennia germinans) with a tree density ranging between 500 and 2000 stems per hectare. Mean tree height is about 15 m, reaching a maximum of 25 m for the dominant species. The declining stage shows more heterogeneous canopies, including two strata: a high single-species stratum composed of the white mangrove and a lower stratum of the red mangrove (Rhizophora ssp.). Tree density is low, from about 300 to 600 stems per hectare. Overall, the considered forest stands consist of closed canopies. The topography of the study site is nearly flat. Ground Data Collection A detailed description of the ground data collection program can be found in Fromard et al. (1998) and in Mougin et al. (1999). Besides the inventory campaign previously reported, new measurements were recently performed aimed at characterizing the geometric properties of 12 selected stands. Particularly, the dimensions of leaves were measured as well as the main characteristics of the woody components, including size and orientation. Moreover, partitioned wood and leaf biomass was estimated. Trunks, branches, leaves, and, when appropriate, prop roots were cut and weighed on site. The gravimetric moisture content of tree components as well as wood density were determined after oven drying of subsamples. Allometric equations between partitioned biomass and the mean diameter at breast height (DBH) were de-



Figure 1. Allometric relations for estimating partitioned biomass from tree DBH for the grey mangrove.



termined for each species, according to a power–law relation (Fromard et al., 1998). For the gray mangrove, Figure 1 illustrates the allometric relations used to derive the partitioned biomass from tree DBH. Finally, the total aboveground biomass of a considered stand is given as the sum of individual biomasses and is expressed in tons of dry matter per hectare (t DM ha21). The associated uncertainty on the means of aboveground biomass is of the order of 15%. The main forest parameters derived from field survey are given in Tables 1 and 2. Aboveground biomass ranges from 5 t DM ha21 for the first pioneer stage to a maximum of about 437 t DM ha21 for the oldest mature stand. The Radar Data The study site was imaged on 11 June 1993 during the NASA/JPL AIRSAR South American campaign. Full polarimetric data were acquired simultaneously at P- (0.44



Table 1. General Characteristics of the Study Stands Stand Number 1 2 3 4 5 6 7 8 9 10 11 12



Stage



Dominant Species



pioneer



Laguncularia



mature



Avicennia



declining



Avicennia 1Rhizophora



Tree Density (N ha21)



Basal Area (m2 ha21)



Tree DBH (cm)



Tree Height (m)



Total Biomass (t DM ha21)



31000 41111 11944 9075 1875 888 475 750 600 392 575 263



1.7 13.8 21.0 23.8 25.7 14.7 23.6 42.1 15.6 35.6 23.3 31.3



0.8 2.1 4.7 5.3 8.1 11.6 18.7 20.1 16.4 30.8 20.9 34.9



0.8 3.5 7.7 7.2 7.0 9.4 11.0 13.8 12.6 15.8 11.0 15.9



5.0 31.5 71.9 92.9 239.5 159.2 233.3 437.4 141.8 392.8 230.1 356.8
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Table 2. Partitioned Aboveground Biomass of the Study Stands Stand Number 1 2 3 4 5 6 7 8 9 10 11 12



Stage pioneer



mature



declining



Total Biomass (t DM ha21)



Trunk Biomass (t DM ha21)



Branch Biomass (t DM ha21)



Leaf Biomass (t DM ha21)



5.0 31.5 71.9 92.9 239.5 159.2 233.3 437.4 141.8 392.8 230.1 356.8



2.1 23.7 54.0 68.5 200.4 120.0 191.6 357.7 85.1 306.1 145.5 273.2



0.5 5.4 10.8 14.3 41.3 31.6 40.6 78.9 42.5 70.1 56.3 69.3



2.3 2.9 4.3 5.5 6.1 4.4 5.5 9.9 4.7 8.5 6.8 7.6



GHz), L- (1.25 GHz), and C- (5.3 GHz) band at a mean incidence angle of 358. No rainfall was recorded during the day, but total precipitation had exceeded 100 mm for the three preceding days. During the overflight, the tide was going out, and we assumed that the entire site was nonflooded. Data calibration is performed by using the POLCAL procedure (van Zyl, 1990). Absolute calibration uncertainty is about 1.9, 1.2, and 1.0 dB at P-, L- and C-band, respectively (Freeman et al., 1991). AIRSAR data were processed by JPL, which provides multilook compressed data in a Stokes matrix format. From the delivered data, the following quantities are calculated for each frequency: the backscattering coefficients r8VV, r8HH, and r8HV (for the HH, VV, and HV polarizations, respectively), the copolarized r8VV/r8HH ratio and the two crosspolarized r8HH/r8HV and r8VV/r8HV ratios, the magnitude of the HH-VV correlation coefficient qHHVV, and the HH-VV phase difference DuHHVV. Polarimetric Signatures In a previous article (Mougin et al., 1999), we reported experimental observations on the relations between man-



grove parameters and backscattering coefficients. Results show that, for all frequencies, there is a positive relation between r8 and total biomass, with the largest sensitivity to biomass found at P-HV and L-HV. Moreover, strong differences are observed between polarizations at L- and P-band below a biomass value of about 100–150 t DM ha21. Above this threshold, co- and cross-polarization ratios reach small and constant values. In addition, Figure 2a shows the mean phase difference DuHHVV as a function of total biomass. At C-band, small DuHHVV values close to 08 are observed. In this case, DuHHVV is independent of total biomass. At L-band, values of about 20–308 and as high as 608 are found for the youngest stages, followed by a drop above 100 t DM ha21. High values may indicate significant double-bounce effects as volume or surface scattering lead to phase difference close to 08. Similar observations can be made for P-band. In this last case, the general trend is somewhat masked by the large scatter of the data. For the mature stands, the phase difference rapidly decreases, ranging between 108 and 208. For the highest biomasses, the phase difference is smaller than 108 for the three frequencies.



Figure 2. (a) Absolute mean phase difference DuHHVV and (b) magnitude of the correlation coefficient qHHVV versus total aboveground biomass for the 12 mangrove stands at C-, L-, and P-band. Regression lines also are indicated.
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Table 3. Linear Correlation of Determination r 2 between the Logarithm of Mangrove Parameters and Backscattering Coefficients



C-HH C-VV C-HV L-HH L-VV L-HV P-HH P-VV P-HV



Tree Density (N ha21)



Basal Area (m2 ha21)



Tree Height (m)



Tree DBH (cm)



20.77 20.83 20.56 20.53 20.66 20.74 20.69 0.18 20.85



0.90 0.88 0.92 0.90 0.71 0.93 0.88 0.34 0.88



0.95 0.96 0.90 0.84 0.72 0.96 0.88 0.10 0.95



0.88 0.91 0.74 0.71 0.73 0.88 0.80 20.04 0.92



Note: For each parameter, the highest correlation is indicated with boldface characters.



The variation of the correlation coefficient qHHVV with biomass is given in Figure 2b. At C-band, qHHVV exhibits high and constant values about 0.5–0.6 apart from the pioneer stands for which lower values are observed. In contrast, L- and especially P-bands show similar and marked behaviors characterized by high values for the first stages followed by a general decrease for the mature stages. Finally, the mature and declining stages are associated with constant values of about 0.4 and 0.3 for L- and P-band, respectively. Tables 3–6 show the coefficient of determination (r 2) between the mangrove parameters and the radar parameters. As indicated before, the highest correlations are obtained with r8HV at L- and P-band. Particularly, there is no significant correlation between the mangrove parameters and the mean phase difference. Besides, the correlation coefficient qHHVV at P-band is correlated with most of mangrove parameters. MODELING STUDY Description of the Model The microwave polarimetric scattering model used in the present study is based on an iterative solution of the vector radiative transfer equations up to the second order (Karam et al., 1995). The forest is treated as a multilayer medium over a rough surface. The layers represent the canopy volume, and the rough surface delineates the soil interface. Each layer contains the tree constituents; that



is, trunks, branches, and leaves. The branches and trunks are modeled as randomly oriented finite cylinders, and the leaves are modeled as randomly oriented elliptic discs. All the scatterers are assumed to be uniformly oriented in the azimuth direction. The IEM model (Fung et al., 1992) is used to calculate the phase matrix required for all scattering terms that involve the surface. Consider a partly polarized plane wave incident the canopy in ¯i (p2hi, ui) direction with the Stokes parameters vector given by I0(p2h, u)5I0 d(cosh2coshi)d(u2ui)



3



4



0.5(11cos2vicos2wi) 0.5(1cos2vicos2wi) I0 5 cos2visin2wi sin2vi



(2)



where d(•) is the Dirac delta function. The angles wi and vi define the orientation and ellipticity angles of the transmitting antenna, respectively. The iterative solution to the vector radiative transfer equations yields an intensity in the scattered direction, s¯ (hs, us), as:



3 4



Iv(hs,us,0) Ih(hs,us,0) I0 (hs,us,0)5M(hs, us;p2hi, ui)I05 U(h ,u ,0) s s V(hs,us,0)



(3)



where M (hs,us; p2hi, ui) is the 434 average Mueller matrix of the canopy given by:



Table 4. Linear Correlation of Determination r 2 between the Logarithm of Mangrove Parameters and Polarimetric Parameters



C-qHHVV L-qHHVV P-qHHVV C-DuHHVV L-DuHHVV P-DuHHVV



(1)



Tree Density (N ha21)



Basal Area (m2 ha21)



Tree Height (m)



Tree DBH (cm)



20.68 0.33 0.84 20.07 20.21 20.10



0.04 20.79 20.68 0.52 0.71 0.45



0.26 20.73 20.83 0.35 0.61 0.34



0.50 20.52 20.84 0.25 0.39 0.20



Note: For each parameter, the highest correlation is indicated with boldface characters.
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Table 5. Linear Correlation of Determination r2 between the Logarithm of Partitioned Biomass and Radar Backscattering Coefficient r8 (dB) Total Biomass (kg DM ha21)



Trunk Biomass (kg DM ha21)



Branch Biomass (kg DM ha21)



0.93 0.95 0.84 0.81 0.75 0.94 0.90 0.15 0.97



0.95 0.95 0.86 0.84 0.76 0.95 0.91 0.20 0.97



0.95 0.96 0.86 0.83 0.77 0.96 0.91 0.15 0.98



C-HH C-VV C-HV L-HH L-VV L-HV P-HH P-VV P-HV



Leaf Biomass (kg DM ha21) 0.76 0.79 0.65 0.64 0.59 0.78 0.73 20.03 0.82



Note: For each forest parameter, the highest correlation is indicated with boldface characters.



v52



M(hs,us;p2hi, ui)5E



1 o C (h ,u ;p2h , u )2E v



v50



s



s



i



i



21



(4)



of the HH-VV correlation coefficient qHHVV and the HHVV phase difference DuHHVV are computed as: qHHVV5√m2131m214



with



3



2 10 E5 0 2 0



0 2 0 0



0 0 1 1



4



0 0 j 2j



DuHHVV52atan



(5)



1mm 2 14



(8)



13



with



m



where C is a 434 complex matrix that contains the solution to the radiative transfer equations after diagonalization and m is the order of the solution (Karam et al., 1992). For a linearly polarized wave, the bistatic scattering coefficients r8VV, r8HH, and r8HV are related to elements (1,1), (2,2), and (1,2) or (2,1) of the average Mueller matrix, respectively, by: r8pq54p cos hs Mmn(hs, us; p2hi, ui)



(7)



(6)



where Mmn is an element of the average Mueller matrix. The zeroth-order solution of the radiative transfer equation contains the scattering by the surface attenuated by the vegetation. The first-order solution contains two terms: the first term accounts for the volume scattering from layer n, and the second term accounts for the interaction between the nth layer and the ground. The explicit expressions of these terms are given in Karam et al. (1995). From the average Mueller matrix M, the magnitude



m135



M331M44 2√M11M22



and



m145



M432M34 2√M11M22



Modeling the Mangrove Stands The mangrove stands are modeled as multilayer media above a rough semi-infinite interface. The young stands are modeled with one or two layers, whereas three layers are necessary for the oldest stands (Figure 3). The simulations are performed for seven stands representing the different stages of mangrove forests. They include three pioneer stages, three mature stages, and one declining stage. Corresponding soil parameters are given in Table 7. Pioneer stages are assumed to have a smoother surface than that of the mature ones. This assumption is reasonable because the soil beneath the pioneer stages is steadily smoothed by the tide. For all the stands, the volumetric soil moisture content is high. In the absence of measurement, a value of 0.7 is assumed. The corre-



Table 6. Linear Correlation of Determination r2 between the Logarithm of Partioned Biomass and Polarimetric Parameters Polarimetric Parameters C-qHHVV L-qHHVV P-qHHVV C-DuHHVV L-DuHHVV P-DuHHVV



Total Biomass (kg DM ha2) 0.37 20.66 20.84 0.34 0.56 0.36



Trunk Biomass (kg DM ha21)



Branch Biomass (kg DM ha21)



0.33 20.69 20.83 0.38 0.58 0.39



Note: For each forest parameter, the highest correlation is indicated with boldface characters.



0.37 20.66 20.84 0.35 0.54 0.31



Leaf Biomass (kg DM ha21) 0.36 20.55 20.76 0.21 0.51 0.33
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Figure 3. Geometry of the mangrove forest model.



sponding dielectric constant is calculated by using the model of Hallikainen et al. (1985) with a soil texture given by sand and clay contents of 5% and 50%, respectively. The dimensions of tree components (leaves, branches, and trunks) are given in Table 8. Their gravimetric water content is 0.7. The dispersion model of Ulaby and El’Rayes (1987) is used to calculate the dielectric constants of the tree components. The leaves and branches are uniformly distributed in the zenith direction; that is, a spherical distribution is assumed. The trunks are nearly vertical. RESULTS In this section, the numerical simulations performed at an incidence angle of 358 are compared with the ob-



served radar data. Individual contributions are analyzed to give a better understanding of the main scattering processes occurring within the forest canopy. Backscattering Coefficients Figure 4 shows the comparison between simulated backscattering coefficients versus total biomass and observed backscatter at C-, L- and P-band. The three main contributions to the total response also are plotted—namely, the soil scattering component, the volume scattering component, and the double-bounce scattering component (see Fig. 3). The soil term is the surface response attenuated by the canopy layer. The volume term consists of the scattering from the tree components up to the second order. The double-bounce term corresponds to the interaction between the tree components and the ground. The overall trends are well simulated by the



Table 7. Input Surface Parameters Used in the Simulations Stands Surface



1



2



3



5



6



8



12



Sand 5%, clay 50% RMS height (cm) Correlation length (cm)



1.1 20



1.2 20



1.5 15



1.7 10



1.7 10



1.7 10



1.7 10
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Table 8. Input Structural Parameters Used in the Simulations for the Seven Considered Stands Leaves Stand Number 1 2 4



5



6



8



12



Layer



H (m)



L (cm)



Top Top Bottom Top



1 2 1 5



Bottom



3



Top Middle



4 6



Bottom



8



Top Middle



5 3



Bottom



6



Top Middle



6 6



Bottom



8



Top Middle



4 6



Bottom



10



Branches



Trunks



W (cm)



T (cm)



De (N m23)



L (m)



Di (cm)



De (N m23)



L (m)



Di (cm)



9.4 9.4



5.7 5.7



0.46 0.46



587 352



0.5 0.5



4.60 4.60



24.80 41.00



1



0.9



3.10



2



1.6



1.37



9.4 11.9 11.9



5.7 3.5 3.5



0.46 0.42 0.42



141 165 55



5 3 3



2.2 6.3 9.6



0.03 0.21 0.05



11.9 11.9 11.7



3.5 3.5 5.4



0.42 0.42 0.37



6 8 8



27.0 3.6 46.8



0.00089 0.02060 0.00089



11.9 11.9 11.7



3.5 3.5 5.4



3 6 6



0.4 0.7 0.4



0.0011 0.0123 0.0011



11.9 11.9 11.7



6 10 10



43.1 9.4 51.0



0.00078 0.00575 0.00078



11.9 11.9 11.7



6 10 10



35.0 19.6 56.0



0.00055 0.00175 0.00055



149 149 62



1.0 1.5 0.5 1.0 1.5 2.5



0.79 1.10 0.58 2.24 0.72 3.00



4.34 0.98 2.00 0.94 2.06 0.21



0.42 0.42 0.37



124 124 206



1.0 1.8 2.0



1.86 0.96 2.82



0.60 3.69 0.33



3.5 3.5 5.4



0.42 0.42 0.37



215 215 136



1.5 1.5 4.0



1.32 1.62 3.38



1.22 2.88 0.33



3.5 3.5 5.4



0.42 0.42 0.37



165 149 62



1.5 3.0 3.0



2.30 2.30 2.82



0.66 0.44 0.22



De (N m23)



Abbreviations: H, height; L, length; W, width; T, thickness; Di, diameter; De, density.



model. Nevertheless, in some cases (P-band for pioneer stands), the models are offset from the observed values. At C-band, simulations show that volume scattering by the branches dominates for the three polarizations. For the copolarizations HH and VV, the volume contribution is a constant over the whole range of biomass, and simulated r8 are therefore not sensitive to the variation of biomass (Fig. 4a and b). The observed increase in the experimental data is attributed to structural effects both at the tree and at the stand levels, the latter being related to the three-dimensional heterogeneity of the canopy (Mougin et al., 1999). This effect cannot be simulated by the present model, which considers homogeneous canopies in the horizontal direction. On the other hand, the magnitude of the simulated r8HV is in agreement with the experimental data (Fig. 4c). At L-band, the results are quite different. For the copolarizations, the total backscatter is dominated by double-bounce scattering below 100–150 t DM ha21, whereas volume scattering dominates above 150 t DM ha21 (Fig. 4d and e). In this latter case, the main scatterers are the branches. For HH polarization, the interaction term is nevertheless always large, owing to a strong reflection of the H-polarized wave at the surface. For VV polarization, the interaction term rapidly decreases be-



yond 100 t DM ha21, owing both to a larger attenuation by the canopy layer and to a weaker reflection of the V-polarized wave at the surface. Besides, the surface component is significant only for the pioneer stages at HH. As expected, r8HV originates from multiple scattering within the crown. For the two youngest stands, the interaction component between the branches and the ground dominates (Fig. 4f). At P-band, the main scattering process is the interaction term (Fig. 4g and h), apart from the oldest mature stages for which volume scattering dominates. The interaction component rapidly increases from the youngest stages up to biomass values of about 200 t DM ha21 and 150 t DM ha21 for HH and VV, respectively. Beyond these values, the interaction term rapidly decreases for VV polarization. For all the polarizations, the large observed backscatter for the pioneer stages is not explained by the model. This is particularly evident for the HV polarization.



Polarization Ratios Figure 5shows the comparison between the simulations and the experimental co- and cross-polarization ratios. On the whole, the variation of the polarization ratios is
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Figure 4. Simulated backscattering coefficients (—) compared with AIRSAR data (•) versus total biomass at C-, L-, and P-band. Solid lines correspond to regression lines.



Figure 5. Simulated polarization ratios (—) compared with AIRSAR data (•) versus total biomass at C-, L-, and P-bands. Solid lines correspond to regression lines.
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Figure 6. Simulated absolute mean phase difference DuHHVV and correlation coefficient qHHVV (—) compared with AIRSAR data (•) versus total above-ground biomass at C-, L-, and P-bands. Solid lines correspond to regression lines.



well described by the model, especially at L-band. High values of the polarization ratios are associated with dominant surface or surface–canopy interactions, whereas low values indicate a dominant volume scattering by randomly orientated scatterers. As heretofore indicated, volume scattering becomes significant above 150–200 t DM ha21, whereas surface scattering or double-bounce effects dominate for the youngest stages. These results confirm the usefulness of polarization ratios for providing relevant information about the dominant scattering mechanisms in effect between the radar wave and the forest.



Mean Phase Difference and Correlation Coefficient The comparison between simulated and experimental data is given in Figure 6. At C-band, there is a very good agreement between the model and DuHHVV data, whereas only the general trend is well described at L- and P-band. Furthermore, the simulated correlation coefficient is in concordance with measurements at P-band, but smaller values than the experimental data are simulated at C- and L-band. Furthermore, the observed differences between the magnitude of the correlation coefficient for pioneer stages and that for mature stages are attributed to structural differences. Overall, simulations highlight the large sensitivity of the polarimetric parame-



ters to tree and stand structure. This is particularly true for the mean phase difference. Radar Signatures of Mangrove Stands From the foregoing analysis, the following conclusions can be drawn: 1. Pioneer stages with biomass smaller than 100 t DM ha21 present volume scatter dominant at C-band for the three polarizations and doublebounce or surface scatter dominant at P-band for the copolarizations. At L-band, the three main scattering mechanisms are present for HH and VV, with the interaction term being the strongest component. Moreover, L-HV and P-HV have volume and double-bounce scatter dominant. Polarization ratios present high values at L- and P-band. The mean phase difference shows mean values of about 108, 308, and 508, at C-, L-, and P-band, respectively. The magnitude of the correlation coefficient shows high values for biomass smaller than 50 t DM ha21, followed by a sharp decrease at L- and P-band within the range of considered biomass. 2. Mature or declining stages with biomass values between 100 and 300 t DM ha21 have volume scatter dominant at C-band, volume or doublebounce scatter dominant at L -band, and double-
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Table 9. Polarimetric Signature of Mangrove Stands from AIRSAR P-Band Data



Vegetation Type Pioneer Biomass,50 t Pioneer Biomass,100 t Mature Biomass,300 t Mature Biomass.300 t



r8vv /r8hh (dB) 6.2 2.4 0.9 1.1



r8hh /r8hv r8vv /r8hv (dB) 7.3 13.5 7.8 10.2 6 6.9 5.6 6.7



bounce dominant at P-band for the copolarizations. In addition, volume scatter dominates for HV. The copolarization ratio ranges between 0 and 1 dB. Cross-polarization ratios ranges between 5 and 7 dB. The mean phase difference is about 108 at C- and L-band, and it ranges between 08 and 808 at P-band. The magnitude of the correlation coefficient increases as frequency increases with values of about 0.25, 0.35, and 0.55 at P-, L-, and C-band, respectively. 3. Mature or declining stages with biomass values larger than 300 t DM ha21 have volume scatter dominant at all frequencies. Copolarization and cross-polarization ratios are about 0–1 dB and 5–7 dB, respectively. The mean phase difference is close to 08 for the three frequencies. The correlation coefficient is about 0.55, 0.35, and 0.25 at C-, L-, and P-band, respectively. For a given forest stage, the polarization ratios, as well as the VV-HH mean phase difference, are found to decrease as frequency increases. The reverse is true for the HH-VV correlation coefficient. The polarization ratio at P-band is the best polarimetric parameter for discriminating between mangrove stages. When considering the whole mangrove stages, P-band gives the most pronounced polarimetric signatures (Table 9). CONCLUSION Polarimetric AIRSAR data acquired over a variety of mangrove forests are analyzed with the assistance of a three-layer radiative transfer model. The necessary input parameters to the model come from detailed ground measurements performed in 12 mangrove stands that are representative of the different successional stages of the mangrove forest dynamics. To our knowledge, this is the first quantitative study about mangrove forests that combines detailed ground measurements with high quality radar data. On the whole, P-band provides the most pronounced polarimetric signatures. Among the polarimetric



DuHHVV (deg.)



qHHVV



23



0.48



72



0.33



27



0.22



17



0.25



Dominant Scattering Component Surface Double-bounce Double-bounce Double-bounce Volume Volume



parameters, the polarization ratio is found to be useful for analyzing scattering mechanisms and for discriminating between various forest stages. Comparison between AIRSAR data and simulations shows that the model is able to describe the overall radar signature of mangrove forests at P-, L-, and C-band. The use of this theoretical model allows the main scattering mechanisms to be identified for the three frequencies. However, this study also points out the limitation of such models. Particularly, future scattering models should take into account the three-dimensional heterogeneity of the observed scene. In addition, coherent effects, which may be large with such media, should be incorporated in the physical formulation. The authors thank the people at the Jet Propulsion Laboratory, Pasadena, for providing the AIRSAR data.
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