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Abstract

:

In this study, we address the variations of bare soil surface microwave brightness temperatures and evaluate the performance of a dielectric mixing model over the desert of Kuwait. We use data collected in a field survey and data obtained from NASA Soil Moisture Active Passive (SMAP), European Space Agency Soil Moisture and Ocean Salinity (SMOS), Advanced Microwave Scanning Radiometer 2 (AMSR2), and Special Sensor Microwave/Imager (SSM/I). In situ measurements are collected during two intensive field campaigns over bare, flat, and homogeneous soil terrains in the desert of Kuwait. Despite the prevailing dry desert environment, a large range of soil moisture values was monitored, due to precedent rain events and subsequent dry down. The mean relative difference (MRD) is within the range of ±0.005 m3·m−3 during the two sampling days. This reflects consistency of soil moisture in space and time. As predicted by the model, the higher frequency channels (18 to 19 GHz) demonstrate reduced sensitivity to surface soil moisture even in the absence of vegetation, topography and heterogeneity. In the 6.9 to 10.7 GHz range, only the horizontal polarization is sensitive to surface soil moisture. Instead, at the frequency of 1.4 GHz, both polarizations are sensitive to soil moisture and span a large dynamic range as predicted by the model. The error statistics of the difference between observed satellite brightness temperature (Tb) (excluding SMOS data due to radio frequency interference, RFI) and simulated brightness temperatures (Tbs) show values of Root Mean Square Deviation (RMSD) of 5.05 K at vertical polarization and 4.88 K at horizontal polarization. Such error could be due to the performance of the dielectric mixing model, soil moisture sampling depth and the impact of parametrization of effective temperature and roughness.
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1. Introduction


Soil moisture is an important parameter for hydrological, climate, and weather model predictions. Low frequency microwave instruments are used to remotely sense and map soil moisture. At these frequencies, the atmosphere is nearly transparent and the surface reflectivity is sensitive to the Volumetric Soil Moisture (VSM) content. Remotely sensed low frequency microwave measurements are however at low resolution constrained by the antenna size. Hence, heterogeneity of soil moisture is a source of bias and error, especially for the case of space borne retrievals. The spatial and temporal variations of soil moisture from in situ measurements are hence important for the validation of satellite measurements. Several studies in the literature report field experiments to study spatial and temporal variations. A study on a semi-arid region in China found that environmental attributes such as land use and topography play an important role in the spatial distribution of soil moisture content [1]. Various field campaigns in the regions of Oklahoma and Iowa, in the central USA, studied over 36,000 ground-based soil moisture samples [2]. At the field scale, Temimi et al. [3] analyzed the diurnal variability of L-band brightness temperature and its impact on soil moisture retrievals in upstate New York, USA. They showed that soil effective temperature at 12 cm can lead to the most accurate soil moisture retrieval. A temporary network was deployed for upscaling of a sparse network [4]. Another study reported that soil type as characterized by bulk density, clay and sand content, was responsible for 50% of temporal stability, and topographic effects were less important in the stability of soil moisture [5]. Variations of soil moisture in space and time can be related to local features, such as soil properties and microtopography, and non-local features, such as drainage lines [6]. According to Schneider et al. [7] and Ryu et al. [8], temporal stability is important to validate hydrological, remote sensing models, and to upscale soil moisture information to larger scales. The spatial variability of the test site determines the number of samples required to estimate the mean value of soil moisture of the footprint. Several studies investigate the retrieval and the validation of soil moisture at low microwave frequency L-band (1.4 GHz) from the SMAP satellite [9,10,11]. The SMOS satellite mission also uses the low microwave L band frequency to measure soil moisture [12,13]. Attempts to retrieve soil moisture from higher frequencies utilized by such as the SSM/I and AMSR2 satellites were conducted and investigated in several studies [14,15,16,17,18,19].



Remote sensing of soil moisture and field measurement in the desert of Kuwait has a history dating back to the year 2000 [20,21,22]. In a recent study, Wehbe et al. [23] demonstrated a strong relationship between soil moisture, precipitation, and water storage in the Arabian Peninsula using satellite observations. However, the region still lacks field scale studies like the one conducted here.



In this study, we report on the results of extensive field campaigns designed to assess and evaluate the performance of the dielectric mixing model in the desert. The simulated vertical polarized brightness temperature (Tbv) and horizontal polarized brightness temperature (Tbh) are compared with the observed Tb values of SMAP, SMOS, AMSR2, and SSM/I. We assess the sensitivity of Tbv and Tbh to soil moisture, roughness, soil temperature, and satellite incident angles at different satellite frequencies. The field experiment domain is contained in Kuwait and characterized by bare soil (no vegetation) and low topography (flat). Therefore, mainly soil moisture, soil type, soil temperature, and surface roughness contribute to surface microwave emission. The high density of soil moisture sampling within the study domain was useful to analyze the spatial distribution of soil moisture and the effect of surface heterogeneity on satellite retrievals. The objective of this paper is to assess microwave brightness temperatures simulated at specific channels coincident with those onboard SMAP, AMSR2, SMOS, and SSM/I in microwave frequencies ranging from 1.4 GHz to 19 GHz in the Kuwait desert environment. The bare soil and flat conditions across the domain offer a unique opportunity to assess the relationship between microwave frequencies, sensitivity to soil moisture, and surface roughness. Two intensive field campaigns were conducted to collect 322 soil samples from the west side of Kuwait City on both the 20th of February and 19th of March 2016. The samples were collected from every 3 km grid over an area of 36 km × 36 km giving a total number of 144 grids inside the SMAP satellite grid cell in the open desert. The manuscript is organized as follows: Section 2 presents the study area and the methodology that we followed, including a description of the forward brightness temperature model used here. In Section 3, the main results and discussion of our study are presented. Finally, our conclusions are found in Section 4.




2. Methodology


2.1. Study Area


Kuwait is an arid region characterized by its very hot dry summers and mild winters with some rain [24]. There are four seasons in Kuwait: winter, spring, summer and autumn, with sub-seasons of distinct weather, such as frequent dust storms, thunderstorms, or persistent winds. December to mid-February are the wettest and mildest months, and are characterized by south-westerly winds over the Arabian Peninsula. Spring begins in mid-February and generally lasts until May, during which south-easterly winds (Suhaili) bring warm to hot weather, and the Sarrayat (local thunderstorm) is common. Summer is from May until August. During June and July, north-westerly winds may develop, generating extensive dust storms [25]. Autumn starts from the month of September and is characterized by winds switching from the southeast to the northwest. The pattern of winds in the summer is north-westerly due to the summer circulation. The common wind direction in winter is southerly to south-easterly; north-westerly wind in winter is caused by synoptic oscillations. The maximum temperature can be as high as 50 °C or more, while a minimum of −4 °C was recorded at Kuwait International Airport on 20 January 1964. The average rainfall is about 115 mm and varies from year to year (28–260 mm). The evaporation rate ranges from 4.6 mm/day in January to 22.9 mm/day in June [24]. The study area is 36 km × 36 km, coincident with one SMAP soil moisture grid cell as specified in the standard products. The area is located inland on the west side of Kuwait City (Figure 1) at a distance from any water surfaces and has 14 different soil classes [26], as shown in Table 1. The dominant soil classes within the study domain are Cp06, Cp07, Gp03, Gp11, Gp16, and Gp19. The study area is gently sloping (upward) diagonally from northeast to southwest and the elevation varies from 140 m to 220 m.




2.2. Field Campaigns and Satellites’ Data Sets


Two intensive field campaigns were conducted on normal sunny days of 20 February 2016 and 19 March 2016. Rain events were reported from 12 official metrological stations on several days from the first two weeks of February. Several other rain events were also reported between the 20th of February and 19th of March. The total amount of rain recorded was from 1 mm to 15 mm. The air temperatures during the field campaigns and between 7:30 a.m. and 5:30 p.m. were from 15 °C to 29 °C on the 20th of February and 14 C °to 23 °C on the 20th of March.



The design of the field campaigns included intensive spatial sampling of soil moisture, soil texture, bulk density, and soil roughness statistics. These geophysical parameters together with land surface temperatures (LST) are used in a forward microwave emission model (described later) to simulate Tbs at various frequencies and different incident angles of SMAP, SMOS, AMSR2, and SSM/I. The LST is obtained from Meteosat Second Generation/ Spinning-Enhanced Visible and Infrared Imager (MSG/SEVIRI) data set, which is recorded every 15 min. The LST values used in this study are only those that were taken at the same time of the satellite orbit pass. This is to avoid errors in the simulated Tbs due to diurnal variations. The simulated Tbs are then compared with the observed satellites’ Tbs at both vertical and horizontal polarization. The observed brightness temperature was acquired by (SMAP) radiometer during 6:00 a.m. descending and 6:00 p.m.. ascending half-orbit passes. The SMAP Level-1B radiometer brightness temperature product was downloaded from the National Snow and Ice Data Center (NSIDC) website and extracted at an incidence angle of 40° with a spatial resolution of 36 km. SMOS Tb data is from the Level 1C Brightness Temperature product. Each grid point contains a brightness temperature sample interpolated from Microwave Imaging Radiometer using Aperture Synthesis (MIRAS) measurements at an incidence angle of 42.5°. The data are geo-located in an equal-area grid system with a 15 km resolution are downloaded through SMOS online dissemination service websiteAMSR2 Tb L1R data product are from the website of Japan Aerospace Exploration Agency (JAXA) Globe Portal System and extracted at an incidence angle of 55° with a spatial resolution of 25 km. The SSM/I data product is from version 2 at Level-3, have been downloaded through (NSIDC) website and extracted at an incidence angle of 53.1° with a spatial resolution of 25 km. The satellite frequencies, resolution, incident angle, and orbit pass time are shown in Table 2.



The campaigns started from 7:30 a.m. and ended at 5:30 p.m. Both ascending and descending passes were selected depending on the availability of the satellite data around the two field dates in February and March as shown in Table 2. For the 20th of February, only descending data at 6:00 a.m. is available for SMAP, while both ascending (6:00 p.m.) and descending (6:00 a.m.) data are available for the 18th of March, which is the closest to the field campaign day of the 19th of March. SMOS data are not available on the 20th of February, so the closest pass to the field campaign is the descending data at 6:00 p.m. on the 19th of February. The SMOS ascending data at 6:00 a.m. are available for the field campaign day of 19th of March. AMSR2 ascending data at 1:30 p.m. are available for both field days of 20th of February and 19th of March. SSM/I satellite data are not available for the same days of the field campaigns and the closest data available are the ascending pass at 6:30 p.m. on the 19th of February and 18th of March. The effect of the date and time differences of the satellite passes on the results of this study is discussed later in Section 3 and Section 4.



2.2.1. Soil Moisture Sampling


The test site of 36 km × 36 km (Figure 1) was divided into three sections to be sampled for every 3 km2 grid by three teams in order to cover the whole area during the daytime. The sampling was conducted with soil sample canisters that are 5 cm deep. A discussion on the effect of sampling depth for different microwave frequencies is found later in Section 3.3. A total of 156 samples (144 samples plus 12 more samples) were collected for the top 5 cm on 20th February 2016 and 166 samples (144 samples plus 22 more samples) were collected on 19th March 2016, adding to a total of 322 samples. The soil samples were weighed then dried in an oven with a temperature of 105 °C for 48 h. The thermogravimetric method is labor intensive but also the most reliable way to estimate volumetric water content. Other soil moisture monitoring devices, such as those based on wave guides heat dissipation, require a priori onsite calibration curves which are ultimately performed against the thermogravimetric method. After drying, both the bulk density and gravimetric soil moisture are calculated to estimate the volumetric soil moisture. The elevation at the middle of each 3 km sub-grid was measured and stored using a GPS unit. The survey starts at the upper left corner of the grid, and ends at the lower left corner. The starting point is considered as sample point 1 and the end point as sample point 144. The elevation varies from 148 m to 242 m. The southwestern side of the test site shows a high elevation value, while the northeastern side demonstrates low elevation.




2.2.2. Soil Texture and Roughness


Soil texture and roughness were measured for the major six soil types out of 14 different soil types (i.e., the largest in area size, Table 1). Soil texture was determined using the sieving method and it was found that sand and mud fractions vary for different soil types. The range of sand fractions is 80% to 94%, as expected for deserts, whereas the clay varies between 2% and almost 6%, as shown in Table 2.



The soil roughness was measured with the pin profilometer, which consists of 144 pins, each of 60 cm height. It is fixed on a wooden board structure with a graph attached. An image of the profilometer in each location was captured using a high-resolution camera. Three high-resolution images of the pin profilometer were taken for each site. Then, these images were analyzed to obtain the roughness root mean squared (RMS) height and exponential correlation length scale of each soil type.




2.2.3. Land Surface Temperature


Land surface temperatures (LST) used in this study to simulate the brightness temperatures, as mentioned in Section 2.2, are from the Meteosat Second Generation/Spinning-Enhanced Visible and Infrared Imager (MSG/SEVIRI) data. MSG/SEVIRI is an operational product of the Land Surface Analysis Satellite Applications Facility (LSA SAF). The Spinning Enhanced Visible and Infrared Imager (SEVIRI) radiometer embarked on the MSG platform encompasses unique spectral characteristics and accuracy, with a 3 km resolution (sampling distance) at nadir (1 km for the high-resolution visible channel), and 12 spectral channels. The spin-stabilized MSG provides diurnal coverage with an imaging-repeat cycle of 15 min.



The LST/MSG data were downloaded from the Satellite Application Facility on Land Surface Analysis (LSA SAF) website which is part of the distributed European Organization for the Exploitation of Meteorological Satellites (EUMETSAT). As the LST/MSG data were recorded every 15 min, only the LST values at the same time of each satellite pass were used in the model simulation. For the SMAP satellite, LST values of 1 km resolution were averaged over 36 km × 36 km pixels, while for AMSR2 and SSM/I, the LST values were averaged over the grid size of 25 km × 25 km. For SMOS, the LST values were averaged over 15 km × 15 km. Hence, SMAP has one LST value over the test site, but AMSR2 and SSM/I cover four grids inside and around the test grid, while SMOS covers 10 grids. A map of the grids of each satellite inside the test site area is shown in Section 2.3. The averaged LST values, which are used here to calculate Tbs from the forward model, are shown in Table 2.





2.3. Forward Brightness Temperature Model


We use the Dobson model [27] to simulate the surface brightness temperature based on the soil dielectric constant, physical temperature, and surface roughness. A discussion on results and the evaluation of using this model is found in Section 3.2. The Kuwait desert test site represents an area with almost no vegetation as described before. Hence, it is a suitable site to study the effects of surface conditions alone (without the confounding effects of vegetation and their inaccurate parameterization).



For a smooth and homogenous surface, Fresnel equations are applied to model reflectivity from the half-space at and below the surface. The vertical and horizontal polarization are derived from electromagnetic theory [28]:


rv=|ϵrcosθ−ϵr−sin2θϵrcosθ+ϵr−sin2θ|2,



(1)






rh=|cosθ−ϵr−sin2θcosθ+ϵr−sin2θ|2,



(2)




where rv and rh represent the reflectivity of horizontal and vertical polarization states, respectively, θ is the incident angle and ϵr is the complex dielectric constant of the medium. The dielectric constant depends on many different soil parameters, such as soil moisture, soil structure, and bulk density. In this study, ϵr is determined from the semi-empirical mixing model of Dobson [27], described by four components: dry soil, bound water, free water, and air:


 ϵm′=[1+ρbρs(ϵs′α−1)+mvβ′ϵfw′α−mv]1α,



(3)






ϵm″=[mvβ″ϵfw″α]1α,



(4)




where ϵ′m and ϵm″ are, respectively, the dielectric constant and loss factor of moist soil, ϵs′ is the dielectric constant of the soil solids, mv is the volumetric moisture content, ρb is the bulk density in g·cm−3 , and ρs is the specific density of the soil solids, which in this study is taken as 2.66 g·cm−3. The quantities ϵfw′ and ϵfw″ are the dielectric constant and loss factor of free water. The values of α =0.65, β′ and β″, are empirically determined constants which depend on sand fraction (S) and clay fraction (C) and are given by the following equations:


β′=1.275−0.519S−0.152C,



(5)






β″=1.338−0.603S−0.166C.



(6)







The dielectric constant of soil solids is calculated as:


ϵs′=(1.01+0.44ρs)2−0.062,



(7)




where ϵfw′ and ϵfw″ are derived at a given frequency assuming a Debye-type relaxation, as modified by Lane and Saxton [29] to account for ionic conductivity losses and are calculated as follows:


ϵfw′=ϵw0−ϵw∞1+(2π fτw)2



(8)




and


ϵfw″=2π fτw(ϵw0−ϵw∞)1+(2π fτw)2+ σmv2πϵ0f,



(9)




where ϵw∞ (equal to 4.9) is the high–frequency limit of ϵw, ϵw0 is the static dielectric constant of water, f is the frequency in hertz, τw is the relaxation time of water, σmv is the effective conductivity of water in S·m−1 and ϵ0 is the permittivity of free space equal to 8.854 × 10−12 F·m−1. The known temperature and the static dielectric constant of water, the relaxation time and iconic conductivity are calculated from empirical expressions by Stogryn [30].



The relaxation time of water is obtained from:


τw=12π(1.1109 x 10−10 – 3.824 x10−12(Tsoil−273.15) + 6.938 x10−14(Tsoil−273.15)2−5.096 x10−16 (Tsoil−273.15)3.



(10)







For bare soils, the brightness temperature is the product of the surface emissivity and physical temperature. For a perfectly smooth bare soil with uniform temperature Ts, the soil brightness temperature Tbsp becomes:


Tbsp=e0p Ts,



(11)




where e0p=1−r0p(θ).



The rough surface reflectivity, rsp, is related to the smooth soil r0p [31] by simple empirical expression:


rsv=[(1−Q)r0v+Qr0h]exp(−h)cosNRP(θ),



(12)






rsh=[(1−Q)r0h+Qr0v]exp(−h) cosNRP(θ),



(13)




where h is a height parameter and Q is a polarization mixing parameter. NRP is introduced to better account for multi-angular and dual-polarization measurements. In an initial study [31], NRP (P = V, H) was set equal to 2, where, in our study, it is approximated to zero. In addition, Q can be approximated to zero at the L-band [31]. Therefore, for 1.4 GHz:


rp= r0p exp(−h).



(14)




p refers to the orthogonal polarization (v or h). A discussion on the effect of approximating both Q and N parameters to zero on the simulated Tb is found in Section 3.3.



The brightness temperatures for SMAP and SMOS are calculated at the L-band (~1.4 GHz), across which the atmospheric effect has negligible impact. However, for AMSR2 and SSM/I, the brightness temperatures are simulated for higher frequencies. It is worth mentioning the effect of the atmosphere is more significant at higher frequencies than for the L, C, and X bands. In the case of SSM/I and AMR2, we do not consider in this study the 37, 85, and 89 GHz frequencies because of the potential significant atmospheric effect, especially in the presence of high water in the atmosphere in the study region as a result of the high evaporation rate. We assume that the atmospheric effect is not significant at lower frequencies.



Figure 2 shows the flow-chart of the process we followed to simulate brightness temperatures from the model described above. The data collected during the intensive field campaigns, namely the mean VSM, soil bulk density, sand/clay fraction, soil roughness and LST inside each satellite grid cell, were used as input parameters for the model (Table 2). The satellite input parameters were incidence angle and the microwave frequency. A total of 63 different grids from all satellites used in this study with their averaged input values to simulate Tbs from February and March field data are shown in Table 2.



The SMAP grid, which is shown as a yellow square in Figure 3, has only one descending pass on the 20th of February and both descending and ascending passes on the 18th of March as shown in Table 2. Therefore, simulations were conducted for three different times over the whole 36 × 36 km test site. However, SMOS (1.4 GHz) was posted at 15 km and therefore 10 grids in February, and another time for the same 10 grids in March, were simulated inside the test site in Figure 3. Some of these pixels have small partial areas inside the test site and were included in the simulation. The AMSR2 simulated brightness temperatures were for four different frequencies (6.9 GHz, 7.3 GHz, 10.7 GHz, and 18.7 GHz). The posting of AMSR2 is 25 km and therefore four simulations for each frequency were carried out within the 36 km × 36 km test site. This results in a total of 32 different input values to simulate Tbs for February and March field data (Table 2). SSM/I simulated brightness temperatures were only for the 19 GHz frequency with a posting of 25 km. This results in eight different values to simulate Tbs for both February and March field data (Table 2). These microwave products, regardless of data posting, have −3 dB half-power resolution in the 40 to 60 km range [9]. The data at the posting are based on overlapping samples around the center of the grid. The values reflect the area at the center of the posted grids and hence are used in the forward model with the in situ conditions of that grid. Figure 3 shows that AMSR2, SMOS and SSM/I are partially sampled. The effect of this mismatch on the simulated brightness temperatures is discussed in the next section.





3. Results and Discussion


3.1. Analysis of In Situ Observations


The results from the collected 322 samples collected over the whole 36 km × 36 km site and from 7:30 a.m. to 5:30 p.m. are displayed in Figure 4 and Figure 5 for 20 February 2016 and 19 March 2016, respectively. The spatial distribution of the measured VSM showed a significant spatial variability. Higher soil moisture values are noticeable across the field study with a higher concentration in the southern part on 20 February 2016 and in the northern part of the study area on 19 March. The latter is close to a farm on the northeast corner where irrigation could have influenced the soil water content.



The volumetric soil moisture varies from a minimum of 0.008 m3·m−3 to a maximum of 0.101 m3·m−3 with an average value of 0.037 m3·m−3 and standard deviation of 0.016 on the 20th of February (Figure 4). On the 19th of March, the soil moisture varies from a minimum 0.004 m3·m−3 to a maximum of 0.105 m3·m−3 with an average value of 0.045 m3·m−3 and standard deviation of 0.019 m3·m−3 (Figure 5). Hence, dry soil conditions were prevailing on both sampling days despite the fact that the surveys were conducted a few days after the occurrence of rainfall events. This is typical for desert soils and could be attributed to the high evaporation rate in the region. In addition, the high soil porosity should favor a rapid drainage of soil moisture and infiltration towards the water table. The infiltration of soil moisture and its spatial distribution should depend on the soil type and texture as well as the topography of the site. The heterogeneity of the soil in the study area (Figure 1) should control the spatial distribution of soil moisture. A sensitivity analysis was conducted to show the effect of variations of VSM between a minimum of 0.004 m3·m−3 and a maximum of 0.1 m3·m−3 correspond to 28 K in the vertical polarization and 44 K in the horizontal polarization at a low frequency of 1.4 GHz. However, for 19 GHz, the difference decreases to 7 K for vertical polarization and 28 K for horizontal polarization.



To assess the consistency of the measurements across the study site, the mean relative difference (MRD),δi, of VSM is calculated using:


δi= ∑j=1nSij−SjSj,



(15)




where Sij is the jth sample at the ith site among the n sites within the study region. Sj is the computed average among all sites for a given date. Figure 6 shows the mean relative difference (MRD) of VSM versus grid number for all the 322 samples collected in the two days, and at different times during the day from morning until evening, to study the spatial and temporal variations of soil moisture. The obtained MRD values were around ±0.005 m3·m−3. Such values of MRD correspond to ~1.2 K in microwave brightness temperature. Although the range of MRD values reflected a certain consistency of soil moisture observations in space and time, the variability of the MRD values within that range during the two sampling days indicated the presence of differences of soil moisture values within the study site, which could be attributed to the soil heterogeneity.



The investigation of soil moisture over the test site is expanded further by determining the effect of elevation on the soil moisture value. The VSM value was averaged for each of the two samples taken from the same sub-grid in February and March. Figure 7 shows higher soil moisture values are obtained at higher elevations, which is counter-intuitive as soil wetness is expected to be higher in depressions and at low points. This could be attributed to the specific drainage pattern in a desert environment where wind, especially the common northwesterly Shamal wind in the region, favors an accumulation of fine soil particles in the low points, while the desert’s physical crust dominates the high points [32]. The accumulation of soil particles in the low points fosters water infiltration to deeper layers, which are not sensed by microwave measurement nor reflected in the gravimetric sampling that is done in this experiment at the 5 cm depth. On the other hand, higher points correspond to more consolidated soil because of the effect of the wind. Such soil should have a lower hydraulic permeability than that at lower points, which should lead to slower drainage, vertical and lateral, and therefore higher wetness at the top soil layer. Such a spatial pattern and relationship between topography and soil moisture spatial distribution are specific to arid region processes like those studied here.




3.2. Verification of the Forward Model in the Desert Environment


The bare forward surface emission model demonstrated in Section 2.3 is used to simulate Tbv and Tbh from the input parameters listed in Table 2 for SMAP (1.41 GHz), SMOS (1.4 GHz), AMSR2 (6.9 GHz, 7.3 GHz, 10.7 GHz and 18.7 GHz), and SSM/I (19 GHz). Figure 8a,b show the comparison between the simulated Tbs from the model and the observed Tbs from these satellites at both vertical and horizontal polarizations, respectively. The lower frequency shows greater dynamic range and match with simulated brightness temperatures from in situ field measurements as inputs. The SMAP 1.4 GHz measurements show good matches with the forward model results. The SMOS 1.4 GHz observed Tbv values demonstrate a considerably high warm bias (Figure 8a), which could be attributed to radio frequency interference (RFI) [33]. However, the SMOS measured Tbh values demonstrate both cold and warm biases (Figure 8b). However, such bias in Tbh is much less than the bias in Tbv. On the other hand, the SMAP radiometer, which has RFI detection and mitigation capabilities, seems to be less affected.



At mid-range microwave AMSR2 frequencies (C and X bands), the vertical channel measurements (Figure 8a) are uncorrelated with the forward model simulations but the horizontal polarization satellite measurements are better correlated. Figure 8a (vertical polarization) shows grouping of AMSR2 (orbital pass at 1:30 p.m.) compared to Figure 8b (horizontal polarization). This is because the Tbv compared to Tbh is more sensitive to LST when it reaches about 38 °C at the 1:30 p.m. orbital pass for AMSR2. Such sensitivity is discussed later in this section. At the highest AMSR2 and SSM/I frequencies (18.7 and 19 GHz, respectively), even for bare soils, the satellite measurements at both polarizations cannot track changes in surface soil moisture, which could be attributed to not accounting for atmospheric effects in the simulation of the model. The atmospheric effect is more significant at higher microwave frequencies [34]. One can state that atmospheric water vapor is particularly high in the region given the proximity to the Gulf, a shallow water body, which is exposed to high temperature and therefore generates strong evaporation. It is worth mentioning here that Figure 8a,b show variations of brightness temperatures with different parameters including soil moisture, LST, satellite incident angle, soil roughness, soil texture and bulk density.



A sensitivity analysis is carried out by simulating the brightness temperature at both v and h polarization for different LSTs, satellite incident angles and frequencies. The results are shown in Figure 9a–c. The simulated brightness temperatures at vertical polarization show more sensitivity to satellite incident angle, frequency, and LST compared to horizontal polarization. The forward model used in this study predicts such sensitivity to LST for the vertical polarization compared to the horizontal polarization as shown in Figure 9a. This might explain the grouping in Figure 8a of AMSR2 (orbital pass at 1:30 p.m.) compared to Figure 8b (horizontal polarization). In addition, Figure 9b shows a higher sensitivity of vertical polarization compared to horizontal polarization when incident angle increases from about 40° for SMAP and SMOS to about 50° or 55° for AMSR2 and SSM/I. Note that the sensitivity of brightness temperatures with frequencies decreases as satellite incident angle increases. Figure 9c shows the variation of Tbs for different frequencies. However, the incident angles used here are from 40° to 55° and, therefore, the sensitivity of Tbs with frequencies at such high angles is weak as predicted by the model. This explains why all AMSR2 frequencies in Figure 9c have almost the same Tbs. The variations of Tbs in Figure 9c is mainly due to LST differences. This is clearly seen from AMSR2 (18.7) and SSM/I (19), which have almost the same frequency; however, the Tb of AMSR2, which has a passing time at 1:30 p.m., is more than the Tb of SSM/I, which has a passing time at 6:30 p.m.



The sensitivity of Tbv to variations in LST is shown clearly from the high values of Mean Difference MD and Root Mean Square Deviation RMSD in Table 3a,b. This is due to the uncertainty in the effective temperature, which affects the vertical polarization more than the horizontal. Both Table 3a,b show statistics of the differences between observed and simulated Tbs. Table 3a includes SMOS results and shows higher values of MD and RMSD compared to Table 3b, which excludes SMOS data. Such high values of MD and RMSD in Table 3a might be due to RFI in SMOS data. In addition, both tables show higher values of MD and RMSD for the vertical polarization, which is more sensitive to LST variations when compared to the horizontal polarization.



Although Table 3b shows lower MD and RMSD and higher correlation coefficients (R) values, MD and RMSD values are considered relatively high, which could be partially attributed to the performance of the Dobson model over our sandy test site. A study by Montpetit et al. [35], which was conducted over sites of silty clay loam bare soil with low sand fraction, found that the Mironov model performs slightly better than the Dobson model at lower frequencies below 11 GHz. However, at higher frequencies than 23 GHz, both Mironov and Dobson models need improvement. A previous study [35] is restricted to a unique area of silty clay loam which may or may not apply to our sandy soil test site. Another study by Srivastava et al. [36] focused on the comparison between four different dielectrics models: Dobson [27], Mironov [37], Wang and Schmugge [38] and Hallikainen [39]. They found that the Mironov model is slightly better at retrieving soil moisture. The test site of Srivastava et al. [36] is sandy loam covered with corn, which is significantly different from our test site characteristics, and they used a single channel algorithm at horizontal polarization to retrieve soil moisture at the L band (1.4 GHz). A case study over a Tibetan sandy soil site [40] assessed the performance of the SMAP soil emission model and the soil moisture retrieval algorithm. They found that the SMAP emission model largely underestimates the SMAP measured Tbh by 15 K and Tbv is underestimated during dry-down episodes. Another study [40] found that the dielectric mixing model proposed by Mironov [41] performs better than the one developed by Dobson [27]. More details on the performance of the Dobson model is discussed in Section 3.3.



Another reason that could explain the discrepancies between the simulated and observed brightness temperatures is the mismatch between LST and effective temperature [31,42,43]. The use of LST estimates in the study to force the radiative transfer model assumes that the penetration depth is zero and that deeper soil layers are not emitting in the microwave. Such an assumption does not necessarily stand in a desert environment where the prevailing soil is sandy and hence has high porosity, which may favor a deeper signal penetration. On the other hand, desert soils tend to have a high quartz content, which increases the soil thermal conductivity and therefore the heat propagation to deeper layers. More discussion on the effective temperature is found in Section 3.3. In addition, the errors seen in Table 3 may be due to the mismatch between 5 cm field sampling and the actual microwave sampling depth, which should contribute to the layer in which dielectric properties dominate the emissivity of surface soil. This is discussed more in Section 3.3.



Errors in roughness could be another source of the discrepancies between simulated and observed Tbs, which contribute to Table 3 statistics. Several studies have suggested that the effective roughness parameters are more suitable than surface roughness and that the angular effect of the incident angle of the satellite should be also considered [11,44,45,46,47]. Such an angular effect of the incident angle is introduced by the NRP parameter in Equations (12) and (13) to better account for multi-angular and dual-polarization measurements [11,45]. In the initial study of [28], NRP (P = V, H) was set equal to 2. In another study [48], the authors found the NRP dependence is too strong and proposed setting NRP = 0. Since then, the values of NRP equal to −1, 0 or 1 have been widely used in the literature [42,49]. Another study [50] showed that the values of NRP for both H and V polarizations should not necessarily be the same. In the desert test site of Kuwait, Q and NPR were set to zero in Equations (12) and (13) as an approximation, which might work well for the L band of SMAP and SMOS, but might also cause some uncertainty in simulated Tb, as seen from Figure 8a,b, especially for high frequencies of AMSR2 and SMOS. Most of the published studies specify or assume that the value of Q increases with frequency, from a value close to 0.0 at the L-band, and ~0.1 at the C-band, to 0.2–0.3 at the X-band [11].




3.3. Discussion


In this study, we see a large difference between the simulated Tb and satellite Tb when SMOS data are included with RMSD value ranges between 10 K (for horizontal polarization) and about 21 K (for vertical polarization). Such high values of RMSD are mainly due to the impact of RFI. However, when SMOS data are excluded, then RMSD drops to values between 4 K and 5 K as shown in Table 3b, which might be attributed to different factors, such as the performance of the Dobson dielectric mixing model. The complex dielectric constant of bound water plays an important role in the determination of the dielectric constant of moist soil [37,38,51]. In the Dobson model [27], an approximation is made to the complex dielectric constant of bound water and its volume fraction, expressed as mvβ′ϵfw′α in Equation (3), as described by Dobson et al. [27]. Such approximation of the complex constants of bound water might cause some error in the calculated Tb [52], especially for our test site, which has a very low range of VSM (less than 0.1 cm3·cm−3). Other sources of uncertainty in Dobson’s model might be related to organic matter, bulk density, and salinity [53,54].



Another factor that could explain the RMSD values is using soil moisture samples collected earlier or later compared to the satellite overpassing time. For instance, SMAP data were not available on the sampling day of the 19th of March and the closest pass was on the 18th of March. Similarly, we choose the closest orbit pass for both SMOS and SSM/I. Finally, the mismatch between different satellite grids inside the test site is another contribution to such error. This is clear from Figure 3, which shows AMSR2, SMOS and SSM/I are partially sampled. Although the test site is homogeneous and shows stability in space and time, it shows a variability of VSM with mean relative difference (MRD) equal to ±0.005 m3·m−3 (Section 3.1), which corresponds to ~1.2 K error in microwave brightness temperature. It is worth mentioning that such sensitivity of Tb with soil moisture variations increases as frequency decreases, and is more evident at horizontal polarization as predicted by the model.



The soil moisture sampling depth is defined as the depth of the soil layer in which dielectric properties dominate the emissivity of surface soil [55,56,57,58]. Many experimental and theoretical analyses [56,57] lead to the conclusion that the microwave sampling depth in soils is about one-tenth of the wavelength of observation. Research conducted by Escorihuela et al. [50] found that, for dry soils, the best correlation was obtained between brightness temperature at the L-band and soil moisture over the first 2 cm, whereas for wet soils, the best correlation was between brightness temperature and soil moisture measured over the 0 to 1 cm surface layer. In this study, the soil sampling was conducted for the first 5 cm and the averaged retrieved VSM over the different footprints for each satellite was then used to simulate Tbs for all frequencies from 1.4 GHz up to 19 GHz. Although it is known that the 5 cm layer is representative of the effective depth affecting emissions at 1.4 GHz and that higher frequencies are actually sensing shallower layers, e.g., in the order of a few millimeters in the case of 37 GHz, this does not necessarily match the sampling depth of microwave emissions at the L-band or even the other higher frequencies used in our study. Such mismatch can bring uncertainty in the simulated Tb. Nevertheless, other studies indicated that the actual effective depth would depend always on soil moisture in addition to other factors like the satellite angle and soil textures. A study conducted by Owe et al. [59] compared soil moisture penetration depth for different soil textures and bulk densities, and found that the microwave radiometers can sometimes see more than the defined theoretical penetration depth depending on soil moisture conditions and soil texture. Furthermore, the sandy soils are mostly dry in this region. Hence, the microwave sensing depths may be relatively large at the studied frequencies which could contribute to uncertainties in the simulated Tb.



The vertical profile information on both soil moisture and soil temperature is important to formulate the effective temperature. Temperature profiles have a significant effect on microwave emission, especially at lower microwave frequencies [55]. A study conducted by Temimi et al. [3] demonstrated that the effective temperature at 1.4 GHz corresponds to 12 cm in loamy sand with a high rock fraction, which may have favored a deeper penetration of the signal. Previous studies showed that the use of the theoretical effective temperature improves the estimations of brightness temperature by not more than 0.1 K [57]. The mismatch between LST and the soil effective temperature should depend on the soil temperature profile and its diurnal variability. The temperature of desert soils drops overnight because of excessive radiative cooling causing a temperature inversion that is very common in arid regions. The impact of this drop of temperature in a desert region on soil moisture retrieval is two-fold. First, the drop in air and soil skin temperature should lead to a more uniform soil temperature profile in the top layer (few centimeters). This should make the observed LST a good approximation of the soil effective temperature in the early morning, when the temperature profile is more uniform. However, LST might contribute to some uncertainty in simulated Tb for the other satellites’ passing times used in this study. Second, the drop in surface temperature overnight usually leads to the condensation of the water vapor that built up during the day because of the high evaporation and land/sea breeze. Such condensation could evolve if low wind speed and low dew point temperature are in place to form a fog layer, which is common in arid coastal regions. The occurrence of surface condensation is not systematic. It only happens when favorable conditions are in place, namely, high mixing ratio, low wind speed, and low dew point temperature. When this happens, a spike in the retrieved soil moisture could be observed. This is particularly relevant for the SMOS and SMAP sensors that have a 6:00 a.m. overpass time, which usually coincides with early morning condensation, especially in the cold season. The moisture that forms at the top surface as a result of such condensation should rapidly evaporate in the early morning when the temperature starts to rise.





4. Conclusions


The bare soil test site of 36 km × 36 km in the open arid area of Kuwait exhibited dynamics of soil moisture that ranged between 0.01 m3·m−3 and 0.1 m3·m−3. A sensitivity study showed that such a dynamic range of soil moisture variations corresponds to 28 K in vertical polarization and 44 K in horizontal polarization at a low frequency of 1.4 GHz. However, for 19 GHz, such a difference decreases to 7 K for vertical polarization and 28 K for horizontal polarization. The statistical study of the volumetric soil moisture values obtained from the 322 samples shows a low variability of MRD = ±0.005 m3·m−3. This indicates spatial and temporal stability of volumetric water content over the entire test site. On the other hand, the variability of the MRD values within that range during the two sampling days indicated the presence of differences of soil moisture values within the study site, which could be attributed to the soil heterogeneity.



This study also found that there is no clear correlation between soil moisture and elevation for most of the locations. This could be attributed to the specific drainage pattern in the desert environment. Such spatial pattern and relationship between topography and soil moisture spatial distribution are specific to arid region processes like those studied here.



A sensitivity analysis in this paper showed horizontal polarization is more stable with respect to changes in LST, incident angles and frequencies compared to the vertical polarization. In addition, the model simulation of brightness temperature at horizontal polarization is mostly affected by soil moisture after accounting for surface roughness and soil temperature contributions. The SMAP 1.4 GHz brightness temperatures agree with simulated brightness temperatures from the forward model for both vertical and horizontal polarizations. The SMAP radiometer has RFI detection and mitigation capabilities and therefore is less affected by such phenomena. The SMOS 1.4 GHz measurements seem to be affected by RFI and lead to considerably more warm bias at vertical polarization compared to horizontal polarization, which shows lower cold and warm biases. The RMSD values range between 10 K (for horizontal polarization) and about 21 K (for vertical polarization). These high values of RMSD are mainly due to the impact of RFI. However, when SMOS data is excluded, RMSD values drop to values around 4 K to 5 K. Such RMSD values are still relatively high, which could be due to the performance of the Dobson dielectric mixing model. The main drawback of the model is its deficiency at low soil moisture values (less than 0.1 cm3 cm−3), due to the bound water factor, which affects the accuracy of simulated Tb. Another drawback is the uncertainties of both salinity and organic matter in the model, especially since the salt effect from the Persian Gulf is very low and organic matter is low in the desert. The soil moisture sampling depth of 5 cm may not necessarily match the sampling depth of microwave emission at the satellite frequencies used in this study. This may add another uncertainty to simulated Tb. In addition, the impact of parametrization of effective temperature and not accounting for the observational angle in the roughness model are other important factors that should be considered in the simulation. Another factor that could explain the bias between simulated and observed TBs is using soil moisture samples collected earlier or later compared to the satellite overpass.



Overall, the lower frequencies in the microwave region show greater dynamic range and match at a good level with simulated brightness temperatures, estimated with the usage of in situ field measurements as inputs. At mid-range frequencies of AMSR2, the vertical polarization retrievals are uncorrelated with the forward model simulations, but the corresponding horizontal polarization space-borne measurements are well correlated. At the highest frequencies of operation for AMSR2 and SSM/I (i.e., 18.7 and 19 GHz respectively), even for bare soils, the satellite measurements at both polarizations cannot track changes in surface soil moisture due to both model sensitivity and atmospheric effects. Future studies will focus more on the performance of other models over desert bare soil test sites and to conduct more investigations on the effective temperature and soil moisture sampling depth of microwave emissions at different frequencies, taking into account the parameterization of roughness and appropriate atmospheric correction schemes.
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Figure 1. The test site of 36 km by × 36 km with 14 soil types showing six in situ stations. The work in this paper focuses on the dominant landscapes (Cp06, Cp07, Gp03, Gp11, Gp16, and Gp19). 
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Figure 2. A schematic diagram showing the simulation of the brightness temperature. 
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Figure 3. Different satellite resolutions over the test site. 
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Figure 4. Spatial distribution of the measured VSM on 20 February 2016. 
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Figure 5. Spatial distribution of the measured VSM on 19 March 2016. 
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Figure 6. Mean relative difference (MRD) of VSM, for 322 samples (20 February and 19 March 2016). The variability of the MRD values within that range during the two sampling days indicated the presence of differences of soil moisture values within the study site, which could be attributed to the soil heterogeneity. 
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Figure 7. Terrain elevation versus volumetric soil moisture. 
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Figure 8. Simulated Tb versus observed Tb for SMAP, SMOS, AMSR2, and SSM/I: (a) vertical polarization; (b) horizontal polarization. 
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Figure 9. Simulated brightness temperature versus satellite: (a) LST; (b) incident angle; (c) frequency for V and H. 






Figure 9. Simulated brightness temperature versus satellite: (a) LST; (b) incident angle; (c) frequency for V and H.



[image: Remotesensing 11 01647 g009a][image: Remotesensing 11 01647 g009b]







[image: Table]





Table 1. Soil type classification over the test site.
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	Legend
	Soil Type
	Area (km2)





	Cp03
	Calcic Petrocalcids-Petrocalcic Petrogypsids complex, nearly level
	29.5



	Cp06
	Calcic Petrocalcids - Typic Petrogypsids complex, nearly level
	68.05



	Cp07
	Calcic Petrocalcids - Typic Torripsamments complex, plain, nearly level
	146.62



	Cp09
	Typic Petrocalcids - shallow, gently sloping
	29.33



	Cp10
	Typic Petrocalcids - Calcic Petrocalcids complex, nearly level
	35.15



	Gp03
	Petrocalcic Petrogypsids - shallow, nearly level
	331.93



	Gp07
	Petrocalcic Petrogypsids - Calcic Petrocalcids complex, nearly level
	18.4



	Gp10
	Petrocalcic Petrogypsids - Typic Petrogypsids - Typic Torripsamments complex, nearly level
	19.1



	Gp11
	Petrocalcic Petrogypsids - Typic Torripsamments complex, nearly level
	204.86



	nGp14
	Typic Petrogypsids - strongly sloping
	26.38



	Gp16
	Typic Petrogypsids - Calcic Petrogypsids complex, nearly level
	149.76



	Gp19
	Typic Petrogypsids - Typic Haplocalcids complex, nearly level
	193.92



	Ts01
	Typic Torripsamments - smooth surface, gently sloping
	6.12



	Ts05
	Typic Torripsamments - Calcic Petrocalcids complex, moderately steep
	36.83
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Table 2. Input parameters for the model simulations.
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Satellite (Day) Gridding Over Pass time

	
Frequency Incidence Angle (°)

	
Bulk Density (g cm−3)

	
Sand Fraction

	
Clay Fraction

	
LST_MSG (K)

	
VSM (m3 m−3)

	
Roughness Height (cm)






	
SMAP (20 Feb 16)

36 × 36 (km)

6:00 a.m. (Descending)

	
1.41 GHz

40

	
1.750

	
0.870

	
0.030

	
292.155

	
0.040

	
0.750




	
SMAP (18 Mar 16)

36 × 36 (km)

6:00 a.m. (Descending)

	
1.41 GHz

40

	
1.780

	
0.870

	
0.030

	
299.270

	
0.046

	
0.750




	
SMAP (18 Mar 16)

36 × 36 (km)

6:00 p.m. (Ascending)

	
1.41 GHz

40

	
1.780

	
0.870

	
0.030

	
300.420

	
0.044

	
0.750




	
SMOS (19 Feb 16)

15 × 15 (km)

6:00 p.m. (Descending)

	
1.4 GHz

42.5

	
1.630

	
0.850

	
0.050

	
297.640

	
0.041

	
0.800




	
1.730

	
0.850

	
0.050

	
299.080

	
0.044

	
0.800




	
1.720

	
0.780

	
0.060

	
298.430

	
0.050

	
0.800




	
1.720

	
0.940

	
0.030

	
298.500

	
0.053

	
0.829




	
1.650

	
0.810

	
0.030

	
297.060

	
0.028

	
0.750




	
1.820

	
0.870

	
0.030

	
296.690

	
0.038

	
0.800




	
1.940

	
0.870

	
0.040

	
300.220

	
0.039

	
0.800




	
1.860

	
0.840

	
0.060

	
297.280

	
0.034

	
0.829




	
1.920

	
0.940

	
0.030

	
298.200

	
0.029

	
0.700




	
1.830

	
0.890

	
0.040

	
299.320

	
0.041

	
0.829




	
SMOS (19 Mar 16)

15 × 15 (km)

6:00 a.m. (Ascending)

	
1.4 GHz

42.5

	
1.780

	
0.850

	
0.050

	
299.140

	
0.047

	
0.850




	
2.000

	
0.850

	
0.050

	
301.000

	
0.057

	
0.800




	
1.780

	
0.780

	
0.060

	
300.590

	
0.054

	
0.829




	
1.870

	
0.940

	
0.030

	
299.900

	
0.044

	
0.750




	
1.890

	
0.810

	
0.030

	
301.410

	
0.051

	
0.750




	
1.940

	
0.870

	
0.030

	
300.950

	
0.051

	
0.850




	
2.030

	
0.870

	
0.040

	
299.670

	
0.042

	
0.800




	
2.010

	
0.840

	
0.060

	
300.590

	
0.037

	
0.829




	
1.870

	
0.940

	
0.030

	
300.560

	
0.037

	
0.750




	
1.860

	
0.890

	
0.040

	
300.180

	
0.029

	
0.800




	
AMSR2 (20 Feb 16)

25 × 25 (km)

1:30 p.m. (Ascending)

	
6.9 GHz

55

	
1.680

	
0.940

	
0.030

	
314.450

	
0.036

	
0.550




	
1.720

	
0.820

	
0.020

	
312.650

	
0.051

	
0.731




	
1.650

	
0.810

	
0.030

	
311.900

	
0.030

	
0.500




	
1.540

	
0.780

	
0.060

	
309.490

	
0.041

	
0.650




	
7.3 GHz

55

	
1.680

	
0.940

	
0.030

	
314.450

	
0.036

	
0.638




	
1.720

	
0.820

	
0.020

	
312.650

	
0.051

	
0.800




	
1.650

	
0.810

	
0.030

	
311.900

	
0.030

	
0.500




	
1.540

	
0.780

	
0.060

	
309.490

	
0.041

	
0.700




	
10.7 GHz

55

	
1.680

	
0.940

	
0.030

	
314.450

	
0.036

	
0.587




	
1.720

	
0.820

	
0.020

	
312.650

	
0.051

	
0.800




	
1.650

	
0.810

	
0.030

	
311.900

	
0.030

	
0.500




	
1.540

	
0.780

	
0.060

	
309.490

	
0.041

	
0.700




	
18.7 GHz

55

	
1.680

	
0.940

	
0.030

	
314.450

	
0.036

	
0.600




	
1.720

	
0.820

	
0.020

	
312.650

	
0.051

	
0.829




	
1.650

	
0.810

	
0.030

	
311.900

	
0.030

	
0.500




	
1.540

	
0.780

	
0.060

	
309.490

	
0.041

	
0.750




	
AMSR2 (19 Mar 16)

25 × 25 (km)

1:30 p.m. (Ascending)

	
6.9 GHz

55

	
2.000

	
0.940

	
0.030

	
312.760

	
0.038

	
0.600




	
1.870

	
0.820

	
0.020

	
312.300

	
0.047

	
0.731




	
1.830

	
0.810

	
0.030

	
311.860

	
0.041

	
0.650




	
1.990

	
0.780

	
0.060

	
312.120

	
0.053

	
0.800




	
7.3 GHz

55

	
2.000

	
0.940

	
0.030

	
312.760

	
0.038

	
0.650




	
1.870

	
0.820

	
0.020

	
312.300

	
0.047

	
0.800




	
1.830

	
0.810

	
0.030

	
311.860

	
0.041

	
0.700




	
1.990

	
0.780

	
0.060

	
312.120

	
0.053

	
0.829




	
10.7 GHz

55

	
2.000

	
0.940

	
0.030

	
312.760

	
0.038

	
0.700




	
1.870

	
0.820

	
0.020

	
312.300

	
0.047

	
0.800




	
1.830

	
0.810

	
0.030

	
311.860

	
0.041

	
0.700




	
1.990

	
0.780

	
0.060

	
312.120

	
0.053

	
0.829




	
18.7 GHz

55

	
2.000

	
0.940

	
0.030

	
312.760

	
0.038

	
0.800




	
1.870

	
0.820

	
0.020

	
312.300

	
0.047

	
0.829




	
1.830

	
0.810

	
0.030

	
311.860

	
0.041

	
0.829




	
1.990

	
0.780

	
0.060

	
312.120

	
0.053

	
0.829




	
SSM/I (18 Feb 16)

25 × 25 (km)

6:30 p.m.PM (Ascending)

	
19 GHz

53.1

	
1.660

	
0.850

	
0.050

	
293.920

	
0.050

	
0.829




	
1.590

	
0.870

	
0.040

	
294.990

	
0.042

	
0.800




	
1.650

	
0.810

	
0.030

	
294.820

	
0.026

	
0.750




	
1.740

	
0.940

	
0.030

	
294.090

	
0.037

	
0.700




	
SSM/I (19 Mar 16)

25 × 25 (km)

6:30 p.m. (Ascending)

	
19 GHz

53.1

	
1.900

	
0.850

	
0.050

	
300.390

	
0.049

	
0.829




	
1.830

	
0.870

	
0.040

	
299.790

	
0.042

	
0.800




	
1.830

	
0.810

	
0.030

	
301.310

	
0.044

	
0.750




	
1.970

	
0.940

	
0.030

	
300.850

	
0.028

	
0.700
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Table 3. Error statistics computed between the observed and simulated Tb.
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(a) All Satellites




	
Polarization

	
MD(K)

	
RMSD(K)

	
R




	
Tbv

	
15.15

	
21.12

	
0.66




	
Tbh

	
7.10

	
9.99

	
0.82




	
(b) Excluding SMOS




	
Polarization

	
MD(K)

	
RMSD(K)

	
R




	
Tbv

	
4.65

	
5.05

	
0.90




	
Tbh

	
3.10

	
4.88

	
0.83
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