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Abstract

:

Sensitivity analysis is critically needed to better understand the microwave emission model for soil moisture retrieval using passive microwave remote sensing data. The vegetation b-factor along with vegetation water content and surface characteristics has significant impact in model prediction. This study evaluates the sensitivity of the b-factor, which is function of vegetation type. The analysis is carried out using Passive and Active L and S-band airborne sensor (PALS) and measured field soil moisture from Southern Great Plains experiment (SGP99). The results show that the relative sensitivity of the b-factor is 86% in wet soil condition and 88% in high vegetated condition compared to the sensitivity of the soil moisture. Apparently, the b-factor is found to be more sensitive than the vegetation water content, surface roughness and surface temperature; therefore, the effect of the b-factor is fairly large to the microwave emission in certain conditions. Understanding the dependence of the b-factor on the soil and vegetation is important in studying the soil moisture retrieval algorithm, which can lead to potential improvements in model development for the Soil Moisture Active-Passive (SMAP) mission.
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1. Introduction


Soil moisture is a very important variable in hydrology because its variations influence the evolution of weather and climate. The soil moisture controls runoff, affects vegetation growth, and plays a significant role on evaporation and transpiration at the land-atmosphere boundary as well as surface energy flux [1]. However, conducting ground-based measurements of soil moisture consistently and regionally is difficult. Remote sensing provides an opportunity without the limitation of time and area [2]. The application of remote sensing to measure soil moisture has been researched over the last thirty years using both passive and active microwave instruments [3]. Microwave remote sensing in low frequency has been optimal to estimate soil moisture since it is very sensitive to the dielectric properties of the soil [4,5]. Low frequency microwave spectrum has the advantage of longer penetration, therefore, less atmospheric effect. Two microwave satellite missions, the ESA Earth Explorer SMOS (Soil Moisture and Ocean Salinity) launched on November 2009 and SMAP (Soil Moisture Active Passive) by NASA that has been proposed to launch in 2015, take advantages of low frequency in soil moisture retrievals. SMOS mission has been designed to observe soil moisture over the global land with the first-ever polar-orbiting space-borne 2-D interferometric radiometer. This novel technique of the SMOS mission will provide operational monitoring of water in soils. SMAP mission will overlap with the SMOS mission in time so that it will enable intercalibration and intercomparison of their respective data[6]. Moreover, the synthetic aperture radar in the SMAP will provide higher spatial resolution (1–3 km) soil moisture product [7].



The soil moisture retrieval algorithms have been derived based on the microwave radiation theory and the dielectric properties of soil and vegetation [3,8,9,10]. In order to apply the soil moisture retrieval in global scale, algorithm development and validation are essential [11]. The following input data are required to perform the microwave emission model; soil temperature, soil texture, surface roughness, soil bulk density, vegetation type and vegetation water content. Because of relatively longer penetration in low frequencies, the L-band has been assumed to have lower sensitivity to the vegetation so far, and is therefore relatively transparent [3,4,8]. However, it is uncertain how low the vegetation sensitivity is and how much the vegetation affects to the emission at L-band. Therefore, the analysis of the canopy transparency which expressed in the optical depth (τ) is necessary. The optical depth is the linear relationship of the vegetation water content and the b-factor (vegetation parameter).



The b-factor is a regression coefficient that is frequency, polarization and vegetation type dependent [12]. Unlike the physical temperature and vegetation water content, the dependence of the b-factor on various physical and sensor variables cannot be determined using existing algorithms and sensor systems [13]. Consequently, the functional dependence of the b-factor on different wavelength and canopy type was investigated using published data [12]. It was shown that b-factors varied with different wavelength, suggesting that the entire wavelength range should not be described by a single function. The variation in b-factor is much smaller at L-band than at C-band, hence, it was proposed to use a single value of the b-factor regardless of vegetation cover type in the L-band range. However, a range of b-factor at L-band has been found among dominant canopy structures [14]. Therefore, further investigation of the b-factor depends on vegetation types in low frequencies are studied here by analyzing previously published data and evaluating with SGP99 experiment.



This study validates the effect of vegetation emission and verifies the importance of the b-factor sensitivity. The relative sensitivity of the b-factor is carried out through a comparison with soil moisture, vegetation water content, soil roughness and surface temperature in different soil and vegetation condition. Also, the relationship between the b-factor and different vegetation types is analyzed using field soil moisture and vegetation water content data from SGP99.




2. Study Area and Data Sets


The Southern Great Plains experiment (SGP99) was conducted during July 6th to July 20th in 1999. The goal of SGP99 was to establish and validate the retrieval algorithms for surface soil moisture developed at higher spatial resolution and extended to coarser resolutions [15]. The selected study area for this research is Little Washita watershed, located in southwest Oklahoma in the Great Plains region and covers 603 km2.



Gravimetric surface soil moisture and vegetation sampling data were used in this study. Soil moisture sampling was performed on site approximately 800 m by 800 m in size. Each site is separated by one horizontal transect and one vertical transect by 400 m. The samples were collected every 100 m being apart horizontally and vertically at the same time. These diagonal two lines lay perpendicularly resulting in 14 samples per site. Average values of each site for gravimetric soil moisture from surface to 2.5 cm deep were employed, and converted to volumetric soil moisture. The vegetation was sampled 2 to 3 per m2 for the vegetation water content measurement [2,16]. The brightness temperature data from aircraft remote sensing instrument was used in order to evaluate the potential of alternative approach to soil moisture retrieval. The Passive and Active L and S band system (PALS) was selected in this study, designed to be flown on a C-130 aircraft since it has the same frequency range (1.2–1.4 GHz) as the future Soil Moisture Active and Passive (SMAP) mission. The PALS acquired data over several flight lines in conjunction with ground sampling of soil moisture. Table 1 show PALS flight lines that coincide with geological coordinates of Little Washita Area sampling sites used in this research.
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Table 1. Study area of PALS flight line and Little Washita site ID.







Table 1. Study area of PALS flight line and Little Washita site ID.







	
PALS flight line

	
SGP 99 Little Washita site ID






	
Line 9

	
LW 21, 22, 23




	
Line 10

	
LW 3, 4, 5










3. Microwave Emission Retrieval Model


The microwave emission model commonly used in L-band passive microwave is described in Equation (1) [3,16]. The model assumes that the effect of atmospheric variability is negligible [17].


    T  B h   =  T s   e h  exp  (  −    τ h    cos θ    )  +  T c   (  1 −  ω h   )  ×  [  1 − exp  (  −    τ h    cos θ    )   ]   [  1 +  r h  exp  (  −    τ h    cos θ    )   ]    



(1)







The total brightness temperature TBh consists of soil and vegetation components. Subscript h refers to horizontal polarization. This study analyzed only the horizontal polarization because the most of the vegetation stem has a vertical orientation, therefore the vertical polarization has a strong angle dependence on the optical depth [18]. In the above equation, Ts is the soil temperature, eh is the emissivity, Tc is the vegetation temperature, τh is the nadir vegetation opacity, ωh is the vegetation single scattering albedo, and rh is the soil reflectivity. The optical depth τ is the product of vegetation water content (Wc) and vegetation b-factor [8]. The vegetation b-factor depends upon vegetation type. Therefore, the effect of the vegetation type has been considered crucial to the soil moisture estimation. However, the effect of the b-factor has not clearly showed so far. Hence establishing the relationship between the b-factor and the vegetation type will facilitate in determining the soil moisture.



The flow chart that explicates the microwave emission model (1) is shown in Figure 1. The model is mainly divided by soil emissivity and vegetation emissivity. The b-factor is determined by land cover type and frequency and it becomes a decisive factor for vegetation attenuation along with vegetation water content. The vegetation water content can be derived from the Normalized Difference Vegetation Index (NDVI) [15]. Schmugge and Jackson [19] verified the agreement between the observed b-factor values and Ulaby-El-Rayes calculated the model [18] for dielectric properties of vegetative material model. The agreement indicates that the dominant interaction is the absorption (attenuation) by the vegetation at the longer microwave wavelength.
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Figure 1. Flow chart of the microwave emission model for soil moisture retrieval. 






Figure 1. Flow chart of the microwave emission model for soil moisture retrieval.
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4. Sensitivity Analysis of Vegetation b-factor


4.1. Relative Sensitivity Analysis


In order to evaluate the sensitivity between the parameters, the brightness temperature was calculated using Equation (1) at four conditions in terms of soil moisture and vegetation water content as shown in Table 2. The brightness temperature was calculated using base values (Table 3) in the minimum and maximum of soil moisture (0.05 and 0.45) and vegetation water content (0.1 and 6.0). The same calculation was carried out but using the minimum and maximum range of the b-factor, soil roughness and soil temperature at different conditions. Comparing the brightness temperature differences (Δ) to soil moisture (93 K), relative sensitivities were obtained. The range of maximum and minimum values and the base values of parameters (Table 3) were adopted from different publications [11,14,20,21,22,23]. According to the investigation of other researchers the base values for vegetation water content (0.7), b-factor (0.1), and soil roughness (0.1) are not close to the arithmetic mean of the range because they are not normally distributed [2,11].
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Table 2. Relative sensitivity of variable to four conditions (1) Dry and wet soil moisture condition, (2) Low and high vegetated field conditions.







Table 2. Relative sensitivity of variable to four conditions (1) Dry and wet soil moisture condition, (2) Low and high vegetated field conditions.







	
Variables

	
Condition

	
Tb(K) using min and max range

	
∆

	
Relative Sensitivity (%)




	
min

	
max




	
soil moisture (Sm)

(range:0.05–0.45)

	
base

	
257.3

	
164.0

	
93

	
100




	
veg water content (Wc)

(range:0.1–6.0)

	
base

	
276.8

	
203.6

	
73

	
78.5




	
b-factor

(range:0– 0.5)

	
Sm = 0.05

	
254.0

	
274.3

	
20.3

	
21.7




	
Sm =0.45

	
151.4

	
231.7

	
80.3

	
86.1




	
Wc =0.1

	
200.2

	
211.0

	
10.7

	
11.5




	
Wc = 6.0

	
200.2

	
282.2

	
82.0

	
88.2




	
surface roughness

(range:0–0.3)

	
Sm = 0.05

	
255.9

	
266.9

	
11.0

	
11.9




	
Sm = 0.45

	
160.9

	
196.5

	
35.7

	
38.3




	
Wc = 0.1

	
192.3

	
220.1

	
27.9

	
30.0




	
Wc = 6.0

	
265.6

	
272.0

	
6.4

	
6.9




	
surface temp (k)

(range:270–320)

	
Sm = 0.05

	
236.4

	
272.5

	
36.1

	
38.7




	
Sm = 0.45

	
159.2

	
175.7

	
16.5

	
17.7




	
Wc = 0.1

	
182.9

	
208.7

	
25.7

	
27.6




	
Wc = 6.0

	
270.5

	
279.9

	
9.4

	
10.1
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Table 3. Base values of parameters.







Table 3. Base values of parameters.







	
Parameter

	
Base value

	
unit






	
Volumetric soil moisture

	
0.2

	
-




	
Vegetation water content

	
0.7

	
kg m−2




	
b-factor

	
0.1

	
-




	
Surface roughness

	
0.1

	
-




	
Surface temperature

	
300

	
K




	
Viewing angle

	
40

	
degree




	
Bulk soil density

	
1.2

	
g/ cm3




	
Specific soil density

	
2.59

	
g/ cm3




	
Soil composition (clay)

	
0.15

	
-




	
Soil composition (sand)

	
0.20

	
-









As a result, the relative sensitivity compared to soil moisture of the vegetation water content is 78.5%. Remarkably, the relative sensitivity of the b-factor is higher than the vegetation water content, which is 86.1% for wet soil condition (Sm = 0.45) and 88.2% for high vegetated condition (Wc = 6.0). This result indicates that the b-factor is more effective than vegetation water content at certain conditions. Therefore, the b-factor has to be considered for soil moisture retrieval. Surface roughness and temperature have moderate to low relative sensitivity. However, the interesting point is that the sensitivity of each parameter varies under different conditions. For example, the b-factor shows a high sensitivity at wet soil and high vegetated condition, surface roughness is comparatively sensitive at wet soil and low vegetated condition and dry soil and low vegetated condition for surface temperature. Hence, using suitable b-factors at different soil conditions and vegetation types is suggested for soil moisture retrieval rather than constant single value.
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Figure 2. Relative sensitivity of b-factor with respect to vegetation water content. 
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In order to ensure how the vegetation water content affect to the b-factor sensitivity, the relative sensitivity of the b-factor is plotted with respect to the vegetation water content as presented in Figure 2. It shows that the relative sensitivity is rapidly increased when the vegetation water content is between 0 and 1 and already saturated at 2. Therefore, the b-factor affects the microwave emission significantly when Wc > 1. In this figure, the base soil moisture (0.2) is used. Thus, for the higher soil moisture, the bigger impact on sensitivity is expected.



Table 4 is the summary of the b-factor data that has been sorted out at only low frequency (1.4 or 1.6 GHz) for five vegetation types from different literature, which was tabulated by [12], and [14]. The b-factors for a specific vegetation type were mostly calculated from given vegetation water content and τ in the literatures. If there are two growth stages or angular dependence in the literature, the b-factors were calculated from different vegetation water contents or angles and the average was taken.



It was observed that the b-factors between literatures sources vary although they are in the same vegetation cover in Table 4. The corn has b-factors from 0.1 to 0.26. The range of soybean is from 0.08 to 0.3, wheat is from 0.05 to 0.13, alfalfa has 0.18 and 0.54, and tall grass has 0.56 and 0.72. Considering a large variation, inappropriate selection of the b-factor can results in significant errors. Figure 3 is the averaged b-factor for each vegetation type with standard deviation range. Alfalfa and tall grass have large standard deviation range, however, more research on these vegetation types is required for general analysis.
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Table 4. The b-factor for different vegetation covers at L-band.
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Source

	
ƒ(GHz)

	
Vegetation type

	
b-factor

	
Vegetation water content (kg/m2)






	
Jackson and O’neill [24]

	
1.4

	
Corn

	
0.115

	
2.7 to 4.5




	
Ulaby, Ranzani et al.[25]

	
1.4

	
Corn

	
0.113

	
4.0




	
Jackson, Schmugge et al.[13]

	
1.4

	
Corn

	
0.133

	
1.2




	
O'Neill, Jackson et al.[22]

	
1.4

	
Corn

	
0.102

	
6.0




	
Parde et al.[23]

	
1.4

	
Corn

	
0.26 ± 0.04

	
-




	
Jackson and O'neill[24]

	
1.4

	
Soybean

	
0.086

	
-




	
Ulaby and Wilson [26]

	
1.6

	
Soybean

	
0.100

	
1.8




	
Jackson et al.[13]

	
1.4

	
Soybean

	
0.087

	
1.0




	
Wigneron, Chanzy et al.[27]

	
1.4

	
Soybean

	
0.19 ± 0.01

	
-




	
Haboudane, Chanzy et al.[28]

	
1.4

	
Soybean

	
0.28 ±0.03

	
-




	
Burke, Wigneron et al.[29]

	
1.4

	
Soybean

	
0.122

	
2.4 and 5.2




	
Parde et al.[23]

	
1.4

	
Soybean

	
0.30 ± 0.02

	
-




	
Ulaby and Wilson [26]

	
1.6

	
Wheat

	
0.050

	
5.2




	
Wigneron, Chanzy et al.[27]

	
1.4

	
Wheat

	
0.12 ± 0.01

	
-




	
Haboudane, Chanzy et al.[28]

	
1.4

	
Wheat

	
0.13 ± 0.01

	
-




	
Parde et al.[23]

	
1.4

	
Wheat

	
0.11 ± 0.01

	
-




	
Chukhlantsev and Shutko [30]

	
1.6

	
Alfalfa

	
0.182

	
2.0




	
Parde et al.[23]

	
1.4

	
Alfalfa

	
0.54 ± 0.02

	
-




	
Wang [31]

	
1.4

	
Tall grass

	
0.72

	
0.4




	
Parde et al.[23]

	
1.4

	
Tall grass

	
0.56 ± 0.05

	
-
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Figure 3. Averaged b-factor and the range for different vegetation type. 






Figure 3. Averaged b-factor and the range for different vegetation type.



[image: Remotesensing 02 01273 g003]






4.2. Field Application of Sensitivity Analysis


The measured data from SGP99 was used to evaluate the importance of the b-factor. As described in Figure 4, the soil moisture and the vegetation water content data sampled from Little Washita site and other variables (Table 3) were applied to the microwave emission model (1) in order to estimate the brightness temperature for the range of the b-factor from 0.1 to 1.0. The brightness temperature measured from PALS airborne radiometer was compared to the model output results.
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Figure 4. Flowchart of the validation of brightness temperature using the microwave emission model. 






Figure 4. Flowchart of the validation of brightness temperature using the microwave emission model.



[image: Remotesensing 02 01273 g004]





The comparison of brightness temperature from PALS radiometer and microwave emission model varying b-factor is shown along with the corresponding volumetric soil moisture in Figure 5. The graphs in Figure 5 demonstrate the brightness temperature variability as the b-factor changes in the microwave emission model calculation with ground sampling input of the soil moisture and the vegetation water content. Sites 3, 4, 5, 21, 22 and 23 in Little Washita were analyzed since these sites have available data for both PALS and measured sampling in the same dates. The data are accessible for six days from July 8th (Julian day 189) through 14th (Julian day 195) at LW 3, LW 4 and LW 5, and five days at LW 21, LW 22 and LW 23 in 1999. The land cover type of the LW 3, LW 4 and LW 5 is rangeland, and the LW 21, LW 22 and LW 23 is wheat (Table 5).



The soil moisture data has converted from gravimetric which originally sampled in SGP99 to volumetric, then averaged at each day for studied LW sites. The solid dots represent volumetric soil moisture in Figure 5. A considerable increase of volumetric soil moisture from 7% to 27% was observed between day 190 and 192, which was deduced as precipitation occurred. It is noticeable that the brightness temperatures have became apart each other as the b-factor changes when precipitation occurred (day 192). The gap is reducing afterward as the volumetric soil moisture decrease. In other words, the brightness temperature depends on the b-factor when the soil is saturated. This phenomenon applies well when the value of the vegetation water content is high. The vegetation water content in LW 22 was measured as 0.02 kg/m2 and the b-factor is almost constant whereas relatively high vegetation water content (2.38 kg/m2, 0.48 kg/m2) in LW 3 and LW 4 shows large variation. Hence, despite the different vegetation water content, applying the same b-factor for a vegetation type may increase error in brightness temperature estimation. Figure 5 proves high sensitivity of the b-factor in wet condition and with high vegetation water content that was discussed in Table 2.



Thick blue solid line in Figure 5 is actual brightness temperature data acquired from the PALS. The closest brightness temperature to the PALS data would be the optimal value of the b-factor. However, the closest brightness temperature is different at each site because the b-factor depends on vegetation water content and soil moisture. The closest brightness temperature is found when the b-factors are 0.7 in LW 4, 0.8 to 1.0 in LW 5, 1.0 in LW 21 and 0.3 to 0.8 in LW 23.
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Figure 5. Brightness temperature from PALS radiometer (blue wide line) compared with microwave emission model varying b-factor and the corresponding volumetric soil moisture. 
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Table 5. Land cover type and vegetation water content at each site from SGP99.
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Site ID

	
Land cover

	
Vegetation water content (Wc)






	
LW3

	
Rangeland

	
2.38 kg/m2




	
LW4

	
Rangeland

	
0.48 kg/m2




	
LW5

	
Rangeland

	
0.34 kg/m2




	
LW21

	
Wheat

	
0.12 kg/m2




	
LW22

	
Wheat

	
0.02 kg/m2




	
LW23

	
Wheat

	
0.36 kg/m2
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Table 6. Correlation coefficient (R), Root Mean Squared Error (RMSE), and bias values at b-factors (from 0.1 to 1.0) in LW 4, 5 and LW 21, 22, 23.
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LW 4,5 (Rangeland)

	
LW 21,22,23 (Wheat)




	
b-factor

	
R

	
RMSE

	
Bias

	
b-factor

	
R

	
RMSE

	
Bias




	
0.1

	
0.971

	
37.236

	
35.600

	
0.1

	
0.948

	
24.905

	
23.611




	
0.2

	
0.972

	
8.648

	
−7.660

	
0.2

	
0.954

	
21.726

	
20.336




	
0.3

	
0.966

	
24.037

	
23.006

	
0.3

	
0.946

	
19.255

	
17.318




	
0.4

	
0.959

	
18.616

	
17.729

	
0.4

	
0.925

	
17.500

	
14.530




	
0.5

	
0.950

	
13.915

	
13.024

	
0.5

	
0.894

	
16.451

	
11.958




	
0.6

	
0.939

	
9.971

	
8.838

	
0.6

	
0.856

	
16.038

	
9.578




	
0.7

	
0.926

	
6.962

	
5.107

	
0.7

	
0.815

	
16.149

	
7.378




	
0.8

	
0.911

	
5.401

	
1.784

	
0.8

	
0.774

	
16.648

	
5.340




	
0.9

	
0.895

	
5.700

	
−1.174

	
0.9

	
0.734

	
17.405

	
3.453




	
1.0

	
0.879

	
7.200

	
−3.800

	
1.0

	
0.697

	
18.316

	
1.701









The brightness temperature measures using PALS and estimated from the microwave emission model is statistically analyzed. The correlation coefficient, RMSE, and bias have been computed in Table 6. For both the rangeland and wheat, the correlation coefficient (R) is the highest when the b-factors are 0.2 as 0.97 and 0.95 respectively and only slight difference is observed between when the b-factors are 0.1 and 0.2. However, when b-factor is 0.2, the RMSE (8.648) and bias (−7.66) are far lower than those of when b-factor is 0.1 for the rangeland. The lowest RMSE is 5.4 when the b-factor is 0.8 for the rangeland and 16.04 when the b-factor is 0.6 for the wheat. Thus, the b-factor of 0.2 gives the highest correlation in the validation of the microwave emission model, which is close to the average b-factor of wheat in other literature investigation as referred in Table 4. However, the b-factors that create the lowest errors differ extensively.



The b-factors for the highest correlation coefficient and the lowest root mean square error are presented to scattered graph in Figure 6. The sites were grouped as vegetation type characteristics. In Figure 6, (a) and (b) are LW 4 and 5 which are the rangeland, (c) and (d) are the wheat in LW 21, LW 22 and 23. Furthermore, in order to address the closest value of which vegetation cover type, constant value of the b-factor at each vegetation type is placed into the model even though the b-factor yields irregular brightness temperature in different conditions.
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Figure 6. Correlation between PALS measured and calculated by Model: LW 4, 5 (a) b = 0.2 (b) b = 0.8 and LW 21, 22, 23 (c) b = 0.2 (d) b = 0.6. 
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5. Summary and Conclusion


Considering the effect of the b-factor to the soil moisture retrieval, which is the main factor of the optical depth along with the vegetation water content, the sensitivity analysis for the microwave emission model is carried out. The sensitivities of three different variables are computed as comparing to the soil moisture relatively. The b-factor showed the highest sensitivity for wet soil and when the vegetation water content is above 1 kg/m2. The vegetation water content is little less sensitive than the b-factor in these conditions with base values. The surface roughness and temperature has moderate to low sensitivity relatively. Yet, it is observed that the efficiency of each variable varies with different soil and vegetation conditions. Therefore, the weight of the b-factor should be the same ranking as the vegetation water content in the microwave emission model for the soil moisture retrieval.



In order to investigate the importance of the b-factor, the brightness temperature that generated by the microwave emission model using ground sampling soil moisture data from SGP99 were evaluated with that obtained by the PALS radiometer. This evaluation confirmed that the b-factor is depending on different soil and vegetation conditions, which was proved in sensitivity analysis. The brightness temperature measured by the PALS and the model output comparison graph (Figure 5) showed that when the precipitation occurred there is dramatic change of the b-factor sensitivity as the variation of brightness temperature is being large and it is more remarkable when the vegetation water content is high.



The statistical analysis is carried out for grouped sites that are in the same vegetation cover. When the b-factor is 0.2, it gives the highest correlation for both the rangeland and wheat. However, the lowest values of the root mean square error and bias are when b-factor is 0.8 and 0.6 for the rangeland and wheat respectively. The closest b-factor (0.2) obtained from the evaluation does not perfectly agree with the b-factors in other literature (Table 4). It is because the vegetation water content is fairly small in the SGP99 field data (Table 5). Therefore, further evaluation is required with higher vegetation water content in variety of the vegetation types.



The evaluation of the b-factor in this study obtains a better understanding of the microwave emission model for the soil moisture and will contribute the improvement of the future satellite, SMAP (Soil Moisture Active Passive), which utilizes a unique active and passive L-band microwave concept to measure the microwave emission and backscatter simultaneously.
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