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ABSTRACT 

Accurate estimates of soil moisture are necessary to predict evapotranspiration, 

runoff, infiltration, and groundwater recharge and, through these variables, 

weather, climate, and fire and flood frequencies. This dissertation is motivated by 

the need to estimate soil water content from remotely sensed passive microwave 

emission. Two different approaches are taken; (1) improved modeling of the 

microwave emission from the land surface; and (2) measurements of the average 

dielectric properties of the soil media and vegetation canopies. Consequently, the 

first part of the dissertation describes how a stratified dielectric model of the 

microwave emission from the soil was extended to take into account the effects 

of vegetation. The model parameters were calibrated using observed data and a 

robust optimization routine. However, the availability of measurements of some 

of these parameters, particularly the profile of dielectric permittivity of the canopy, 

would facilitate a more complete evaluation of the accuracy of the extended 

microwave emission model. The second part of this dissertation describes 

progress towards the development of a technique to measure the dielectric of 

vegetation canopies. This technique is based on gated time domain transmission 

measurements through the substance of interest. Preliminary studies carried out 

using soils with varying salinity and water content and vegetation show (1) an 

unexpected response of the signal to saline soils, and (2) a possible dielectric 

signature of the onset of stress in plant stems. 
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1. INTRODUCTION 

1.1 Importance of Soil Moisture 

An accurate estimate of soil moisture is essential to realistic weather, fire, and 

flood forecasting. Evaporation from bare soil or from soil beneath vegetation, 

infiltration into the soil, and, thus, surface runoff, are important aspects of the 

land-surface water and energy balance that are controlled by near surface soil 

moisture (often defined to be that present in the uppermost 5 cm). Moreover, the 

uptake of soil water by vegetation for transpiration is, in part, controlled by soil 

moisture in the plants' rooting zone. Consequently, water and energy fluxes at 

the land surface/atmosphere interface depend strongly on soil-moisture status 

(Kerr et al., 2001). Weather and climate are, in turn, significantly influenced by 

the local and regional availability of the soil moisture via the evaporation and 

transpiration processes (Betts et al., 1996; Koster and Suarez, 1999, Clark and 

Arritt, 1995; Fennessey and Shukia, 1999). 

1.2 In Situ Measurement of Soil Moisture 

Point soil moisture measurements can be determined using various 

electromagnetic techniques (including capacitance probes, time domain 

reflectometry (TDR), and ground penetrating radar (GPR)), neutron scattering 

techniques, electrical resistivity and indirectly through the measurement of water 

potential. 
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Time Domain Reflectometry (TDR) is an instantaneous and non-destructive 

technique for measuring the soil water content (Topp et al., 1980), which is 

becoming increasingly popular. TDR is based on the measurement of the velocity 

of propagation of an electromagnetic wave along a probe inserted into the soil 

relative to its velocity when the probe is in air. This results in a measure of the 

magnitude of the complex dielectric permittivity (the square root of Kr is 

proportional to the two-way travel time along the rods). Empirically derived 

relationships relate the soil water content to the magnitude of the permittivity 

(e.g., Topp et al., 1980; Hook and Livingston, 1995; Kelly et al., 1995; Spaans 

and Baker 1995). These relationships provide an adequate description for 

mineral soils with low organic matter and water contents less than 0.5 cm^ cm"^ 

(Jones et al., 2002). However, the presence of clay particles, a large amount of 

organic matter, or salinity modifies these relationships (Brisco et al., 1992; 

Dasberg and Hopmans, 1992; Roth et al., 1992; Weitz et al., 1997; Wraith and 

Or, 1999; and Harlow et al., 2003b). For the case of saline soils, the practical 

upper limit for standard TDR measurements of soil water content is a pore water 

electrical conductivity (EC) of about 10 dSm""' (Dalton and van Genuchten, 1986). 

The effects of increased salinity on measurements are still uncertain; some 

investigators found no dependence on salinity (e.g. Topp et al., 1980; Dalton and 

van Genuchten, 1986; and Nadler et al., 1991); some found an over-estimation of 

water content (Hook and Livingston 1995; Wyseure et al., 1997; Sun et al.. 



2000): some found an underestimation (Nielson et al., 1985, Herkelrath et al., 

1991); and others found both under- and over-estimation (Borner et al., 1996, 

Dasberg and Dalton, 1985). 

1.3 Spatial Variability of Soil Moisture 

Spatial variability of soil moisture has been shown to be high because of 

heterogeneity in rainfall, soil properties, and vegetation cover (Kim and Barros 

2002). For example. Western et al. (1998) conducted 13 soil moisture 

measurement campaigns over one annual cycle on a small pasture with slopes < 

14 percent. It was found that small-scale variability, as measured by the nugget 

of a variogram, ranges between 2.5 and 6.0 % cm^cm"^ and that large-scale 

variability, as measured by the sill, ranged between 5.5 and 26.0 %cm^cm"^ with 

correlation lengths ranging between 35 and 60 meters. Dry periods were 

associated with smaller sills and larger correlation lengths than wet periods. 

Because ground-based measurements of soil moisture usually sample small 

volumes (from ~1 cm for Water Mark probes to -10 m for GPR), it is therefore 

expensive and time consuming to measure the temporal and spatial variability in 

this way. Moreover, it is hard to conceive how the large-scale estimates of soil 

moisture needed to initiate and update atmospheric models could be feasibly or 

economically made using small-scale ground based soil moisture sampling. 
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1.4 Remote Sensing of Soil IVioisture 

At present, there is no direct global measurement of soil moisture (Kerr et al., 

2001). However, over the past two decades, there has been considerable 

research into the potential to make remote-observations of area average soil 

moisture. Many observational and modeling studies have shown that passive 

microwave remote sensing particularly L-band (1.4 GHz frequency) can be used 

to estimate near-surface soil moisture (e.g., Calvet et al., 1995; Chanzy et al., 

1997; Jackson et al., 1999; Teng et al., 1993; Wang et al., 1990; Wigneron et al., 

2000). The European Space Agency (ESA) has selected the Soil Moisture 

Ocean Salinity (SMOS) mission with a proposed launch date in early 2007 

(http://www.cesbio.ups-tlse.fr/indexsmos.html). The SMOS mission will be based 

on a dual polarization, L-band radiometer with an innovative aperture synthesis 

concept (a two-dimensional interferometer) that can achieve an on-the-ground 

resolution of -50 km near the edge of the swath, coupled with multi-angular 

acquisition designed to deliver several key land-surface variables, namely, near-

surface soil moisture, vegetation water content, and effective temperature (Kerr 

et al., 2001; Wigneron et al., 2000). NASA has selected the HYDROSpheric 

states explorer mission as a reserve mission. This is an L-band active/passive 

system, where the radiometer has a resolution of 40 km and the radar between 3 

and 10 km. 

http://www.cesbio.ups-tlse.fr/indexsmos.html


1.5 Dielectric Properties of Water and Soils 

Both passive microwave remote sensing and in situ measurement of soil 

moisture using electromagnetic techniques are based knowledge of the dielectric 

properties of the soil medium. The complex dielectric permittivity of a medium 

determines the propagation characteristics of an electromagnetic field within that 

medium. These include the velocity of propagation and the wavelength and 

absorption of electromagnetic energy in the medium. The square root of the 

dielectric permittivity is equal to the index of refraction. The change in the index 

of refraction at the boundary between media with different dielectric permittivities 

determines the reflection and transmission coefficients of an electromagnetic 

wave at the boundary. The emission from the soil particles, air and water within 

the soil medium is affected by changes in dielectric constant as they pass 

through it. Water has a high dielectric constant because the electric dipole of a 

water molecule can align itself against the electric field present. Soils are made 

up of four components: air, soil solids, and bound and free water. 

The frequency dependent dielectric properties of homogeneous polar fluids such 

as water and ethanol are well described by the Debye dielectric relaxation model 

(Debye, 1929). Debye derived the following equations for the dielectric 

permittivity by considering the rotation of polar molecules in an applied field: 
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E -e 
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Where and e" are the permittivity and the dielectric loss of the medium, is 

the static dielectric constant due to a constant applied field, is the high 

frequency limit of the permittivity, oy = Irif is the angular frequency of the applied 

field, and ^ is the relaxation time of the medium (Debye, 1929). Associated with 

this relaxation time is a relaxation frequency - (2;rr)~^. At low frequencies (i.e. 

when f</o), the dielectric permittivity is near e* =(£'3- /O) but, as the frequency 

increases to the relaxation frequency, the dielectric permittivity approaches: 

£ = 

2 (3) 

2 (4) 

At this point, the imaginary part of e* has its maximum value and, as the 

frequency increases beyond the relaxation frequency, the permittivity 

asympto t i ca l l y  approaches  e*  =e^ -  jO .  

The microwave dielectric permittivity of soil-water mixtures has been simulated 

using different models. Shutko and Reutov (1982) evaluated the ability of a 

simple two-component formula to take account of soil and water effects, but this 

only predicts the general trend between the dielectric constant of the soil and the 

volumetric water content. Further studies have incorporated free and bound 



water effects (Wang and Schmugge, 1980) by assuming bound water responds 

like ice. Better agreement with the measured data is then obtained, partly 

because of the greater number of degrees of freedom within the formula. 

Physical soil models have also been developed that which only depend on 

measurable soil characteristics, for example the Dobson et al. (1985) model, 

which is a complex model that calculates the dielectric constant of the soil by 

assuming that air, free, and bound water are distributed in the soil as randomly 

oriented discs whose size is governed by the pore size distribution and the 

amount of water present. The predicted values of the dielectric constant given by 

this model agreed well with the measured values for a range of textures. 

As discussed in Ulaby et al. (1986), the classification of water as bound or free 

may not be a precise physical description of what actually occurs in soils. 

Boyarskii and Tikhonov (1998) present a different approach to the modeling of 

the permittivity of bound and free water in a soil on the basis of prior 

measurements of soil water. They find that it is the relaxation frequency that is 

most affected by bonding to soil particles. The relaxation frequency of pure, free 

water is 21 GHz at 27 -C while that of water in one monomolecular layer is 320 

MHz; two layers, 3.2 GHz; and three layers, 7.2 GHz. Water is effectively free 

when there are 10 or more monomolecular layers are around a soil particle. The 

dielectric permittivity of water in a soil matrix is well specified with a Debye 

dielectric relaxation spectrum of free water, but with a relaxation frequency 



dependent on the thickness of the water film around soil particles. As this 

thickness decreases from 10 monomolecular layers (2.8x10"® cm), the relaxation 

frequency decreases while all other parameters in the Debye model (e.g. Sgand 

£„) remain constant. 

1.6 Dielectric Properties of Vegetation 

Modeling studies have shown that integrating the description of the land surface 

water and energy exchange with the description of the microwave emission from 

the soil-vegetation-atmosphere interface can give good prediction of the time 

courses of the microwave brightness temperature (Liou et al., 1998; Galantowicz 

et a!., 1999; Burke et al., 1997; Burke et al., 1998; Burke et al., 2003a). However, 

in such models, it is well recognized that the relationship between microwave 

brightness temperature and surface soil moisture can be influenced by several 

auxiliary factors, including soil properties and the nature and form of the overlying 

vegetation (Wigneron et al., 1998, Lee et a!., 2002b). Hence accurate description 

of the vegetation is necessary when estimating surface soil moisture. 

The description of the effect of vegetation on the microwave emission from the 

soil can be described to varying degrees of complexity using solutions of the 

radiative transfer equations. The radiative transfer equations are solved 

numerically in the complex discrete model of Ferrazzoli et al. (2000) and 

Wigneron et al. (1993). This model requires highly detailed knowledge of the 



vegetation cliaracteristics. Tfie simple model of (Jackson and Schmugge, 1991 

and Ulaby et al., 1996) assumes that scattering effects are negligible. The optical 

depth, T, which is the main parameter used within this model to control the 

absorption and emission by the canopy, is often approximated by: 

= (5) 

Where dveg is the vegetation water content and b is the opacity coefficient. 

Although the simple vegetation model is much used in many surface soil 

moisture retrievals, the opacity coefficient, b, used in their model is not a simple 

parameter. Recent work has shown that the opacity coefficient depends on both 

the gravimetric water content of vegetation (Wigneron et al., 2000; Wigneron et 

al., 1996; Le Vine and Karam, 1996) and the temperature (Wigneron et al., 

2000). In addition, the canopy type and structure (Jackson and Schmugge, 

1991), the polarization (van de Griend and Owe, 1996) and wavelength of the 

radiation (Jackson and Schmugge, 1991), and the look-angle of the sensor (van 

de Griend and Owe, 1996) may also influence the opacity coefficient (van de 

Griend and Wigneron, 2003). 

The model suggested by Wigneron et al. (1993) is complete and descriptive but 

arguably too complicated to be routinely applied in the field. Hence, a realistic 

model of intermediate complexity is required, that adequately captures most of 

the important features of vegetation (such as the canopy type/structure. 



polarization, wavelength, look angle, temperature, and vegetation water content). 

The model to which the candidate made a significant contribution, which is 

described in Lee et al. (2002a), may fit this description, but it requires data on the 

dielectric permittivity of a plant canopy. This model uses an expression 

analogous to that used in the Dobson et al. (1985) mixing model for soils to 

describe canopy dielectric {ej in terms of the vegetation and air dielectric 

permittivities (£y and , respectively): 

< + (6) 

In Equation (6), is the volume fraction of the vegetation and a is the shape 

factor. Prior efforts to use Equation (5) (Schmugge and Jackson, 1992) have 

relied on measurements multi-angle brightness temperature 

measurements, and theoretical expressions relating the optical depth to the 

canopy dielectric (f„) to evaluate two values of a: 0.5 and 1.0. Schmugge and 

Jackson (1992) suggest that the refractive model (i.e. a = 0.5) represents the 

dielectric properties of a canopy better than a linear model (i.e. a = 1.0). 

However, it is to be expected that the shape factor may change with canopy 

morphology, density, polarization, and, as estimated by Schmugge and Jackson 

(1992), may be influenced by poor estimation of Sy and e^. In order to assess 

the performance of canopy dielectric mixing models (e.g.. Equation (5)), 

independent but direct measures of and f^are required. To date, there has 

been little success in measuring the dielectric of a canopy, even indirectly. Ulaby 



and Jedlicka (1984) measured the power transmitted through the canopy using a 

receiver placed on the opposite sides of the canopy to the emitter, and Brunfeldt 

and Ulaby (1983) measured the power reflected by a wide-beam standard target 

placed below the canopy. These measurements were found to be of limited value 

because of the large standard deviations relative to the measured means. 

Measurements of the dielectric permittivities of the canopy constituents (e.g., air, 

stems, seeds, heads, and stocks) have been made via waveguide and coaxial 

transmission line techniques (e.g., (El-Rayes and Ulaby, 1987; Colpitts and 

Coleman, 1997; Franchois et al., 1998; McDonald et al., 1999). However, all 

these methods are only applicable on a very localized basis and are therefore 

unsuitable for measuring the canopy average dielectric constant. 

1.7 Context of Research 

The research described in this dissertation is focused on improving remote 

estimates of soil moisture using passive microwave instruments. The first three 

papers (included as Appendix A-C) address modeling studies of the relationship 

between soil moisture and microwave brightness temperatures, with specific 

focus of the impact of vegetation on this relationship. These studies are carried 

out using a coupled land-surface and microwave emission model. The first paper 

(Appendix A) discusses an extension of a radiative transfer model commonly 

used to predict the microwave emission at the soil surface so that it becomes 



capable of predicting the microwave emission of the soil-vegetation-atmosphere 

interface. This model requires the profile of dielectric through the vegetation. 

Since there were no available measurements of the vegetation canopy dielectric 

or of all the parameters required to specify it, the paper investigates the feasibility 

of specifying the parameters using multi-parameter optimization techniques. The 

extended model was then used in the second paper to create synthetic SMOS 

measurements and evaluate the proposed SMOS retrieval for different types of 

vegetation cover and in different soil moisture conditions. In the third paper the 

simple model (Ulaby et al., 1986) was used to specify the impact of vegetation on 

the microwave emission from the soil surface, and the value of remote 

measurements of microwave brightness temperature for assimilation into a land 

surface model was evaluated. 

The second set of papers (Appendix D-F) are motivated by the need to more 

accurately specify the impact of vegetation on the microwave emission from the 

soil. They discuss the development and application of a novel technique to 

measure the complex dielectric permittivity of the vegetation canopy. This same 

technique can also be used to directly measure the optical depth of the 

vegetation, a parameter required by the simple model (Ulaby et al., 1986). The 

first of these papers (Appendix D) discusses the initial development of this 

technique and its application to media of know dielectric properties such as sand, 

variably saturate sand, ethanol, and water. The second two papers discuss it 

application to saline soils (Appendix E) and vegetation (Appendix F). 



2. PRESENT STUDY 

Detailed description of the specific methods results and conclusions of the 

research carried out in support of this degree are presented in the six papers, 

which are attached as appendices A-F. The first three papers (Appendices A-C) 

describe modeling studies related to passive microwave remote sensing. The 

results of these studies motivated the development of a technique to measure 

the average complex dielectric permittivity of vegetation. The second three 

papers (Appendices D-F) describe the development and application of such a 

technique. 

2.1 Statement of Candidate's Contribution to Papers 

The two papers given as Appendices D and E, which are summarized in sections 

2.5 and 2.6, respectively, are those to which the candidate made most 

contribution. In each case, all of the measurements, and the majority of the data 

analysis and drafting of the text were carried out by the candidate. Contributions 

from the other authors were in the form of guidance and advice during the 

research and scientific editing of the paper. In the case of the paper given in 

Appendix F and summarized in section 2.8, the candidate made all of the 

measurements but a smaller contribution to drafting and analysis. The 

contribution of the candidate to the papers in Appendices A, B and C 

(summarized in sections 2.1, 2.2, and 2.3) was in the form of mathematical 

development of the model and results and were critical to the publication of the 
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manuscripts. He also had full and active participation in all the scientific 

discussions concerning the results given in these papers. 

2.2Summary of Paper #1: Application of a Plane-Stratified Emission Model 

to Predict the Effects of Vegetation in Passive Microwave Radiometry. 

Published in Hydrological and Earth System Sciences. 

This paper describes an application of the Wilheit (1978) model for the coherent 

propagation of electromagnetic radiation through a stratified medium to predict 

the effect of a vegetation canopy on the microwave emission from the soil 

surface. The resulting model produced a realistic simulation of the microwave 

emission, provided there was a gradual change in the dielectric at the top and 

bottom of the canopy as would be associated with the natural variability between 

plants. 

The Common Land Model was used to predict the profiles of soil temperature 

and water content and vegetation temperature for use within the extended Wilheit 

(1978) model, and these predictions compared favorably with available 

measurements. However, not all of the relevant vegetation parameters required 

by the extended Wilheit (1978) model were measured. Therefore, an evaluation 

of the ability of automatic calibration procedures to predict the required 

vegetation parameters was performed. Unfortunately, there was not sufficient 

information in the available range of microwave brightness temperatures to 
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predict all of the required vegetation parameters using multi-parameter 

optimization methods; this was either because the brightness temperature was 

insensitive to a particular parameter or because there were interactions between 

parameters such that a high value of one combined with a low value of another 

produced the same answer as a low value of the former combined with a high 

value of the latter. However, when available measurements were included to limit 

the number of parameters to be determined, and the canopy shape parameters 

(parameters to which the modeled microwave brightness temperatures are 

insensitive) set to plausible values, multi-parameter optimization techniques were 

able to provide estimates of the remaining parameters, those which would be 

difficult to measure in any field experiment. This last result is particularly 

significant in the case of the mixing coefficient {c^ between vegetation matter and 

air used to calculate the dielectric of the vegetation canopy, which cannot be 

measured directly. 

The primary conclusions of this study are as follows: 

• The extended Wilheit (1978) model can be applied to produce a realistic 

simulation of the whole soil-plant-atmosphere interface as long as there is 

a gradual change in the dielectric permittivity at the top and bottom of the 

canopy, such as would likely result from the natural variability between 

individual plants. 
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• Sensitivity studies show that the calculated microwave emission is 

insensitive to the values of parameters that specify the shape of the 

canopy, but sensitive to parameters that specify the amount of free water 

in the vegetation and the extent of dielectric mixing in the canopy (a), 

which act together to change the whole-canopy dielectric permittivity. 

• Multi-parameters optimization methods can be used with observed time 

series of microwave brightness temperatures to derive estimates of the 

parameters describing the vegetation that are otherwise difficult to 

measure. However, because there is interaction between parameters, a 

can only be determined if the vegetation water content parameters are 

directly measured. 

• In general, the extended Wilheit (1978) model when used with multi

parameter optimization methods shows promise as a tool to investigate in-

canopy dielectric mixing effects and, in this way, to improve understanding 

of the relationship between microwave optical depth and vegetation water 

content. In order to facilitate application of this new investigative tool, 

upcoming field campaigns should include independent measurements of 

vegetation composition parameters in addition to multi-angle microwave 

brightness temperature and forcing variable measurements. 



2.3Summary of Paper #2: Influence of Vegetation on SMOS Mission 

Retrievals. Published in Hydrological and Earth System Sciences. 

Using the upconning Soil Moisture and Ocean Salinity (SMOS) mission as a case 

study, this paper investigates how the presence and nature of vegetation cover 

influence the values of geophysical variables retrieved from multi-angle 

microwave radiometer observations. Synthetic microwave brightness 

temperatures were generated using a model for the coherent propagation of 

electromagnetic radiation through a stratified medium applied to account 

simultaneously for the emission from both the soil and any vegetation canopy 

present developed as part of paper #1. The synthetic data were calculated at the 

look-angles proposed for the SMOS mission for three different soil-moisture 

states (wet, medium wet, and dry) and four different vegetation covers (nominally 

grass, crop, shrub, and forest). A retrieval mimicking that proposed for SMOS 

was then used to retrieve soil moisture, vegetation water content, and effective 

temperature for each set of synthetic observations. For the case of a bare soil 

with a uniform profile, the simpler Fresnel model proposed for use with SMOS 

gave identical estimates of brightness temperatures to the coherent model. 

However, in order to retrieve accurate geophysical parameters in the presence of 

vegetation, the opacity coefficient (equal to the vegetation optical depth divided 

by the vegetation water content) used in the SMOS retrieval algorithm must be a 

function of look-angle, soil-moisture status, and vegetation cover. The effect of 

errors in the initial specification of the vegetation parameters in the extended 



Wilheit (1978) model was explored by Imposing random errors in the values of 

relevant parameters before generating the synthetic data and then evaluating the 

errors in the retrieved geophysical parameters. Random errors of 10% result in 

systematic errors (up to 0.5°K, 3%, and -0.2 kg m'^ for temperature, soil 

moisture, and vegetation content, respectively) and random errors (up to ~2°K, 

-8%, and ~2 kg m"^ for temperature, soil moisture, and vegetation content, 

respectively). These errors depend on vegetation cover and soil-moisture status. 

The primary conclusions of this study are as follows; 

• When describing the microwave emission from a bare soil with a uniform 

soil moisture and temperature profile, the simple model of microwave 

emission used in the proposed SMOS retrieval and the extended Wilheit 

(1978) model are consistent. 

• When describing the microwave emission of vegetation-covered soil, the 

simple model of microwave emission is not consistent in detail with the 

extended Wilheit (1978) model and therefore cannot be used to retrieve 

accurate values of near-surface soil moisture, vegetation water content, 

and effective temperature unless effective values of the opacity coefficient, 

b, that vary with look-angle, soil moisture status, and vegetation cover, are 

used. 

• If effective values of the opacity coefficient are used, the proposed SMOS 

retrieval algorithm returns very good retrievals, with errors in soil moisture 
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typically of the order 1%; in vegetation water content less than 0.5%; and 

with very small (negligible) errors in effective temperature. 

• With multi-angle microwave radiometers and a retrieval algorithm based 

on the simple model, heterogeneity within the vegetation cover (as 

represented by introducing 10% random error in vegetation parameters) 

can result in both systematic and random errors in retrieved values that 

are vegetation cover and soil-moisture status dependent. 

• Systematic errors in retrieved variables induced by 10% random errors in 

vegetation parameters are up to 0.5°K for temperature (worst for grass 

cover and moist soil), up to 3% in soil moisture (worst for forest cover and 

moist soil), and up to -0.2 kg m"^ for vegetation content (worst for shrub 

cover). Random errors so induced are up to ~2°K for temperature (worst 

for grass-cover and moist soil), up to -8% in soil moisture (worst for forest 

cover and moist soil), and up to ~2 kg m"^ for vegetation content (worst for 

forest cover). 

• The size of both systematic and random errors increases with the 

heterogeneity in vegetation cover (as represented by random error in 

vegetation parameters) for all cover types, with the systematic error in the 

retrieved soil moisture increasing more significantly than in vegetation 

water content for forest cover, and vice-versa for crop cover. 
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2.4Summary of Paper #3: Using MICRO-SWEAT to Model Microwave 

Brightness Temperatures Measured during SGP97. Published in 

Journal of Hydrometeorology. 

This paper describes a study in which a coupled land-surface and microwave 

emission model, MICRO-SWEAT, is used to predict the distributed microwave 

brightness temperature for comparison with measurements provided by airborne 

passive microwave radiometers in the El Reno area during the SGP97 

experiment. Calibration of MICRO-SWEAT resulted in good agreement between 

the time courses of modeled and measured near-surface soil moisture and 

microwave brightness temperature for four specific sites. 

Estimates of the distributed grids of required soil and vegetation parameters were 

obtained from soils maps and remote sensing. This paper presents a novel 

method of estimating the vegetation optical depth from NDVI data by assuming 

that the optical depth is the only unknown parameter in the relationship between 

microwave brightness temperature and soil moisture for selected sites and then 

extrapolating these results to the entire area. A 2-D array of MICRO-SWEAT 

models was used to predict the distributed fields of microwave brightness 

temperature. The area-average microwave brightness temperatures are 

predicted accurately. However, the spatial distributions differ noticeably. The 

discrepancies between model and measurement result from inaccurate 

parameterization and initialization of the land-surface model, errors in the model 



37 

physics, errors in the distribution of precipitation, and errors in the 

parameterization of the microwave emission component of MICRO-SWEAT. 

Assimilation of the measured microwave brightness temperature into the land-

surface model could correct for the first three issues providing the 

parameterization of the microwave emission model is correct. 

A demonstration of the usefulness of microwave brightness temperature for data 

assimilation is given using the error in the estimated optical depth. This study 

revealed that, although some information is provided, the usefulness of 

microwave brightness temperature is significantly reduced by poor 

parameterization of the microwave emission model, e.g., by imperfect knowledge 

of optical depth. One way to improve estimates of optical depth is simultaneously 

to retrieve both soil moisture and vegetation optical depth using multiple 

measurements of microwave brightness temperature for the same location at 

different angles. This is the approach proposed for the SMOS mission, and 

should result in microwave brightness temperature data being more valuable for 

the purpose of data assimilation. However, evaluating the potential of this 

approach is not feasible with the SGP97 data sets. 

The primary conclusions of this case study presented here are as follows: 

• MICRO-SWEAT predicts accurate area-average microwave brightness 

temperatures over the El Reno area. However the details of the distributions 
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differ significantly because of inaccurate parameterization of the model and 

initialization of the land-surface model, errors in the model physics, and errors 

in the distribution of precipitation. 

• Measured microwave brightness temperatures can be assimilated into the 

land surface model to improve its performance. However, the value of the 

measurements is limited by the accuracy of the parameterization of the 

relationship between soil moisture and microwave brightness temperature. 

• In this example, where only one measure of brightness temperature is 

available for each location, the major source of error in the relationship 

between soil moisture and microwave brightness temperature is in the value 

of the optical depth, which is estimated, along with its errors, from the 

distributed NDVI measurements. 

• A measure of the usefulness of microwave brightness temperature for 

assimilation purposes is defined, based on the uncertainties in the estimated 

optical depth. This approach can be generalized to the assimilation of any 

remotely sensed geophysical parameters when the uncertainty in those 

parameters may be described by a normal probability distribution. 

• In order to reduce the uncertainty in the parameterization of the relationship 

between microwave brightness temperatures and soil moisture, future field 

campaigns should focus on making simultaneous measurements of 

microwave brightness temperatures at combinations of angles, frequencies 

and polarizations. 
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2.5Summary of Paper #4: Measuring Spectral Dielectric Properties Using 

Gated Time Domain Transmission Methods. In press Vadose Zone 

Journal. 

A method to measure the frequency dependent dielectric permittivity of simple 

materials based on a time domain transmission technique is described. A vector 

network analyzer (VNA) was connected to a twin rod transmission line via a 

coaxial cable. The complex dielectric permittivity was found from the difference in 

phase and magnitude between a reference line surrounded by air and the same 

line surrounded by the substance of interest. The spectral response showed 

periodic variations in the dielectric permittivity as a result of multiple reflections in 

the experimental setup. It is demonstrated that these multiple reflections can be 

removed by using a time domain gate that selects only the primary transmission 

and filters out any subsequent reflections. However, for this to be possible, it is 

essential that the apparatus be designed so that the first reflection is well 

separated from the primary transmission, which implies the use of a long 

transmission line and a long coaxial cable. However, if the transmission line is 

too long, excessive conductive or dielectric losses may make it hard to detect the 

primary transmission. The application of the gated time domain transmission 

technique to measure the frequency dependent dielectric permittivity of water, 

ethanol, sand, and saturated sand is demonstrated. This method does not have 

the typical limitations on sample volume and also does not require the 
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assumptions used in previous time domain spectroscopy methods applied to 

open transmission lines when a probe model is used in conjunction with simple 

Debye relaxation and/or inverse methods. 

The primary conclusions of this study are as follows: 

• The results demonstrate that the gated impulse time domain method 

shows promise for measuring the frequency dependent dielectric 

permittivity with an accuracy that is comparable to other accepted 

methods. This new approach also has advantages for measuring in 

complex, heterogeneous media, such as vegetation canopies. It can use 

long, open wave guides, and it returns reasonable results even when 

using inexpensive wave guide components, a feature that is especially 

useful when many probes are required to obtain accurate measurements 

in a heterogeneous medium. The impulse input focuses measurement 

sensitivity in the bandwidth of interest and analysis of the results does not 

require any assumptions regarding the wave guide properties or the 

dielectric relaxation spectrum. 

• Notwithstanding the promise of this novel method, some issues must be 

addressed to determine whether it is suitable for widespread use, namely: 

o Application-specific requirements that ensure separation of first and 

later arrivals may limit the use of the method in some media, 

especially dispersive media with high electrical conductivity. 
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o Some discrepancies between measured and known dielectric 

permittivities remain to be explained and, if possible, corrected. It 

is possible the results may be improved by the use of better quality 

cables and an improved calibration procedure. 

2.6Summary of Paper 5: Measuring Water Content in Saline Sands Using 

Impulse Time Domain Transmission Techniques. In press Vadose Zone 

Journal. 

This paper discusses two time domain transmission electromagnetic methods for 

measuring soil water content in sand and examines the impact of pore water 

salinity on the resulting measurements. The first technique calculates the time 

taken by an impulse traveling one way through the medium relative to its time 

taken in air. The second method converts this impulse to the frequency domain 

(via a Fast Fourier Transform) and calculates the travel time from the difference 

in phase measured in air and that measured in the medium at each frequency, 

the result being a measurement of the frequency dependent travel time. The 

relationship between travel time and water content was determined for pore 

water electrical conductivities (EC) ranging from 0.5 to 40 dSm"\ At 0.5 dSm"^ 

the relationship was similar to that found by previous researchers using time 

domain reflectometry measurements. At pore water EC greater than or equal to 5 

dSm'^ the travel time is less than that found for 0.5 dSm"^ at the same water 

content, a result that contradicts traditional thinking based on transmission line 
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theory and which differs from results obtained with TDR methods. In addition, for 

pore water EC greater than or equal to 5 dSm"\ the observed relationship 

between travel time and water content is shown to be independent of pore water 

EC to the precision of the TDT measurement technique. Consequently, use of 

the impulse TDT method with this calibrated relationship may improve our ability 

to measure soil water content under natural field conditions, and may encourage 

further investigation of the impact of salinity on the spectral dielectric response of 

porous media. 

The primary conclusions of this study are as follows; 

• Both methods examined in this study produce similar and highly 

repeatable relationships between travel time and measured volumetric 

water content. However, for the experimental conditions examined in this 

study, there is slightly less scatter in the measurements made using the 

time separation method. 

• The relationship between travel time and the volumetric water content of 

sand agrees well with that suggested by Hook and Livingston (1996) for 

sand containing low salinity (0.5 dSm'^) tap water. This demonstrates that 

there are no significant errors in the method under low loss conditions. 

• The travel time is independent of the pore water salinity if the pore water 

salinity is equal to or greater than 5 dSm'\ It is possible for pore water 

electrical conductivity to be of this order in many natural settings. 
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Consequently, this finding suggests that these time domain transmission 

methods may allow measurement of volumetric water content in soil 

without regard for the pore water EC providing a measurable signal can be 

transmitted. 

• At the same water content, travel times measured through more saline 

sands are smaller than those measured through the same sand containing 

tap water, a finding which differs from results found by previous 

researchers using TDR methods (although one of the reviewers of this 

paper reported he/she made similar measurements and found the same 

results). Further investigation is required to explain this discrepancy. 

2.7Summary of Paper 6: Measuring the Dielectric Permittivity of a Plant 

Canopy: an Application of Impulse Time Domain Transmission. 

Submitted to Plant and Soil. 

Impulse Time Domain Transmission (ITDT) has already been used to measure 

the complex dielectric permittivity of media such as ethanol, water and saturated 

sand (Harlow et al., 2003a). This paper expands application of ITDT to 

measurements of the complex dielectric permittivity of a vegetation canopy and 

demonstrated that the method can make repeatable measurements of the 

complex components of the dielectric permittivity of a plant canopy. Moreover, it 

reveals that ITDT is highly sensitive to the very small changes in dielectric that 

occur with changes in plant water status. The results therefore implies that there 
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are potentially a wide variety of applications for this measurement technique in 

areas such as microwave remote sensing, irrigation scheduling, plant 

physiological ecology, and fire susceptibility. 

The primary conclusions of this study are as follows: 

• This paper demonstrates the ability of ITDT to make highly repeatable 

measurements of the canopy-averaged dielectric permittivity. This is 

important when using the ITDT technique to measure substances with 

very low dielectric permittivities. The degree of repeatability depends on 

the nature of the canopy. In the examples studied here, ITDT provided 

more repeatable measurements for a rosemary plant that has several 

stems than for a tomato plant that has just one large stem. 

• Preliminary results demonstrate the sensitivity of ITDT to changes in plant 

water status brought about by the onset of drought stress. Because of this 

sensitivity, one obvious application of ITDT is in the continuous monitoring 

of plant water status for in irrigation scheduling. 

2.8 Summary of Dissertation 

The research described in this dissertation is focused on improving remote 

estimates of soil moisture using passive microwave instruments. One major 

source of error in the retrieval of soil moisture is the impact of vegetation on the 

relationship between the soil moisture and the measured microwave brightness 



temperatures (Burke et al., 2003b). In this dissertation, a novel application of the 

Wilhelt (1978) model to describe the whole soil-plant-atmosphere interface is 

presented (Lee et al., 2002a). The new model requires a description of the profile 

of dielectric through the soil and canopy but, hitherto, there has been no method 

available to directly measure the dielectric profile through the canopy. This fact 

motivated the development of a new method for measuring the dielectric 

permittivity of a canopy discussed here (Harlow et al., 2003a; Burke et al., 

2003b). However, the method not only satisfies this immediate need, it also 

satisfies many other potential applications in the fields of agriculture, agronomy, 

ecology, hydrology, and atmospheric sciences. 
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Abstract 

This paper reports the application to vegetation canopies of a coherent model for the propagation of electromagnetic radiation through a 

stratified medium. The resulting multi-layer vegetation model is plausibly realistic in that it  recognises the dielectric permittivity of the 

vegetation matter, the mixing of the dielectric permittivities for vegetation and air within the canopy and, in simplified terms, the overall 

vertical distribution of dielectric permittivity and temperature through the canopy. Any sharp changcs in the dielectric profile of the canopy 

resulted m interference effects manifested as oscillations in the microwave brightness temperature as a function of canopy height or look 

angle. However, when Gaussian broadening of the top and bottom of the canopy (reflecting the natural variability between plants) was 

included within the model, these oscillations were eliminated. The model parameters required to specify the dielectric profile within the 

canopy, particulariy the parameters that quantify the dielectric mixing between vegetation and air.in the canopy, are not usually available in 

typical field cKpenments. Thus, the feasibility of specifying these parameters using an advanced single-criterion, multiple-parameter 

optimisation technique was investigated by automatically minimizing the difference between the modelled and measured brightness 

temperatures. The results imply that the mixing parameters can be so determined but only if other parameters that specify vegetation dry 

matter and water content are measured independently. The new model was then applied to investigate the sensitivity of microwave emission 

to specific vegetation parameters. 

Keywortis: passive microwave, soil moisture, vegetation. SMOS, retrieval 

Hydrology & Earth 

System Sciences 

Introduction 

Passive microvva,ve radiometers operating atL-band(21 cm, 
1.4 GHz) frequencies have promise as tools to measure the 
moisture of the surface layer of the soil over large areas 
(Jackson al., 1999). It is well recognised that the 
relationship between microwave brightness temperature and 
soil moisture can be influenced significantly by several 
factors, including soil properties and - especially significant 

in the context of the present paper - the nature and form of 
any overlying vegetation (Wigneron etal., 1998). 

A vegetative canopy will scatter and absorb the emission 
from the soil. It will also contribute its own emission that 
will be scattered and absorbed by the canopy it passes 
through. Any dovraward emission will be reflected by the 
soil surface and again scattered and absorbed by the canopy. 
The water held within the canopy is mainly responsible for 
this scattering, absorption and emission. The two main 

approaches to account for the effect of vegetation on the 

microwave emission from the soil are based on solutions of 
the radiative transfer equation (Kerr and Wigneron, 1994). 
The simpler, more common approach is valid only at the 

lower frequencies, where any scattering effects can be 
assumed to be small. The vegetation is treated as a 
homogeneous uniform layer and uses two semi-empirical 
parameters: the optical depth and the single scattering albedo 

(Ulaby efa/., 1986). AtL-band, the single-scattering albedo 
is assumed to be zero (Jackson and Schmugge, 1991) and 

the optical depth is proportional to the vegetation water 
content, where the value of the constant of proportionality, 
the opacity coefficient, is an uncertain function of the canopy 

type and structure, wavelength, polarisation and, possibly, 
also vegetation water content (Jackson and Schmugge, 1991; 
Wigneron et al., 1996, 2000; Le Vine and Karam, 1996). 

An alternative ^proach is to create a complex model that 
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includes a detailed description of all of the components of 
the canopy (Wigneronefa/., 1993; Burise etal., 1999); where 
all the required input parameters are measured properties 
of±e canopy. However, this model requires aveiy detailed 
description of the vegetative canopy. This p^er discusses 

an alternative approach — the development of a realistic 

model of intermediate complexity that captures the more 
important features of a vegetative canopy, but requires fewer 

input parameters. This type of model might prove to be 
highly appropriate for in-field validation studies and for 
evaluating the reliability of satellite retrieval algorithms that 
necessarily make simplifying assumptions concerning the 
vegetation, e.g., ESA's Soil Moisture and Ocean 
Salinity (SMOS) upcoming L-band mission (Wigneron et 

al., 2000). 
The model evaluated in this paper is an extension of the 

Wilheit (1978) model for the coherent propagation of 
electromagnetic radiation through a stratified medium; it is 
applied frequently to model microwave emission from soils 

(Burke etal., 1997,1998). However, in this paper, it is used 
to describe the combined emission from both the soil and 

vegetation. This application is highly suitable for use in 
coupled land surface and microwave emission models such 

as that used by Burke et al. (1997, 1998). In fact, in this 
example, the Common Land Model (CLM, 2000) land 
surface scheme is used to provide soil profile information 
required by the Wilheit (1978) model. 

Unfortunately, in no field experiments to date have all 
the vegetation parameters required as input by the extended 
Wilheit (1978) model been measured. However, multi
parameter optimisation techniques have been shown 
(Bastidas a/., 1999; Burke ef a/., 2002; Senefa/., 2001) 

to be very powerful tools in the estimation of model 
parameters. This paper discusses the potential of using multi

parameter, single-criterion techniques to evaluate the values 
of the parameters required by the extended Wilheit (1978) 
model.A companion p^er (Lee et al., 2002) uses this 

extended Wilheit (1978) model to provide a realistic 
description of the vegetation canopy when creating synthetic 

microwave brightness temperatures for the SMOS mission. 
It then examines the ability of the proposed SMOS 
retrieval to obtain the soil water content, vegetation water 
content and effective temperature from these data. 

Modelling approach 

Two types of models are used to predict microwave emission 
irom soils: coherent (Wilheit, 1978;Njoku and Kong, 1977; 
England, 1976) and non-coherent (Burke et al., 1979; 

England, 1975). Both Schmugge and Choudhury (1981) and 
Ulaby et al. (1986) compared coherent and non-coherent 

emission models and their results are summarised below. 

Non-coherent models estimate emissivity using the dielectric 
contrast at the air/soil interface and are accurate only wiien 
the (variable) sampling depth within the soil is well known. 
In coherent models, the value ofthe em issivity at the surface 

is coupled to the dielectric properties below the surface; 

hence, they provide better estimates ofthe emissivity when 
the soil water content profile is non-uniform. One 

disadvantage of coherent models is that interference effects 
can occur. However, these have been witnessed only rarely 
in nature (Schmugge etal., 1998). The Wilheit (1978) model 
was selected for this study because of its accuracy in non
uniform conditions and it was configured to minimise the 
impact of interference. Because it does not include scattering 
effects, it can be used only in conditions where scattering is 
negligible, i.e. at L-band. 

The Wilheit (1978)model assumes that themedium under 

consideration consists of a layered dielectric of semi-infinite 
extent, that the boundaries between the layers are planar 
and parallel and that each layer is homogenous. To calculate 

the instantaneous microwave emission, it is also assumed 

that each layer is in thermal equilibrium, so that each layer 

of dielectric emits the same amount of energy as it absorbs. 
The microwave brightness temperature, can then be 
expressed as: 

(1) fci 
where T. is the temperature of the f '  layer,^ is the fraction 
of energy absorbed from an incident microwave by the i"' 

layer (a function ofthe dielectric constant ofthe soil), and 
A''is the number of layers in the semi-infinite medium. 

The dielectric and temperature profiles ofthe soil, required 
as input by the Wilheit (1978) model, were predicted using 
results from the Common Land Model (CLM, 2000) land 

surface scheme. The CLM includes the best elements of 
some well-tested physical parameterisations and numerical 

schemes (e.g., LSM, Bonan, 1996; BATS, Dickinson ef a/., 
1986, and lAP, Dai and Zeng, 1997). It requires a set of 

parameters that specify physical constants and aspects of 
the soil and vegetation and, given meteorological forcing 
variables, it Iben provides prognostic and diagnostic land-
surface state variables and surface energy and water fluxes 
as output CLMdescribes the diffusion of soil heat and liquid 
water through several (typically ten) layers of soil using the 
finite difference form of the thermal diffusion equation and 
Richard's equation, respectively. CLM uses the fraction of 
sand and clay to specify the properties of the soil. If 
vegetation is present, it is represented as though it is at a 
single level, at the height {d + zO), where cf is the zero plane 

displacement and zO is the aerodynamic roughness of the 
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canopy. Turbulent transport between this level and a 

specified reference height above the canopy is described 

using the Monin-Obukhov similarity theory, with allowance 
majde for the effect of atmospheric stability. The whole 
canopy surface resistance is parameterized following the 
model introduced by Jarvis (1976). 

Following Burke et al. (1997) and Camillo et al. (1986), 
the soil component of the microwave emission model was 

run with 200 lay ere at the depths indicated: 0-1 cm, 10 layers 
at 1 mm; 1-3 cm, 10 l^ers at 2 mm; 3—6 cm, 10 layers at 
3 mm; 6-10 cm, 10 layers at 4 mm; 1-20 cm, 20 layers at 
3 mm; and 20-160 cm, 140 layers at 10 mm. The soil 
temperature and soil water content output by the CLM for 
the ten layers simulated in this study were linearly 
interpolated to the 200 soil layers required by the microwave 
emission model. 

The Wilheit (1978) model calculates the depth below 
which the emission is negligible and neglects all layers 
below this depth. Because this depth is a fiinction of soil 
type and soil water content profile, itmay well change every 
time step. TheDobson etcd. (1985)model is used to predict 

the profile of soil dielectric from knowledge of the profile 

of soil water content and soil particle size distribution. This 

is a simple non-linear dielectric-mixing model that takes 
into account the proportions of free water (dielectric ~ 80), 

bound water (dielectric ~4), soil solids (dielectric ~ 4) and 

air (dielectric ~1) within the soil medium. The soil particle 

size distribution determines the relative proportions of free 
and bound water. 

The extended Wilheit (1978) model also requires the 
dielectric and temperature profile within the vegetation. 
Limited information is available in the literature about the 
dielectric permittivity of either the vegetative matter (El-
Rayes and Ulaby, 1987; Ulaby and Jedlicka, 1984; Chuah 
etal., 1997; Colpitts and Coleman, 1997; Franchois etal., 

1998; Ulaby et al., 1986) or the canopy itself (Ulaby efcz/., 
1986; Ulaby and Jedlicka, 1984; Brunfeldt and Ulaby, 1984; 
Schmugge and Jackson, 1992). To model the dielectric 
properties of a vegetative canopy, two separate mixing 
effects must be taken into account. The first mixing is that 
between the constituents of the vegetation to get the 
dielectric of the vegetative matter itself The approach to 
modelling the dielectric of the vegetative matter taken in 
this paper is analogous to a linear version of the Dobson et 
al. (1985) mixing model for soils: 

e. 

where is the dielectric permittivity for leaf material as a 
whole, and are the dielectric permittivities, and 

^dry' the volume fractions of dry matter, free 

water and bounded water, respectively. It is assumed that 

Sj^, and are independent of the vegetation water 
content. The dielectric permittivity of the mixed vegetation 
matter and air making up a vegetation canopy (ej is given 
by: 

where is the dielectric permittivity of air; 1/ is the 
fractional volume of vegetation elements per unit volume 
canopy; and a is a so-called "shape factor". (In the case of 
the Dobson etal., 1985 mixing model for soils, a= 0.65.) 
Schmugge and Jackson (1992) suggested that the refractive 
model (ct = 0.5) provides a better representation of the 
dielectric properties of the canopy than a linear model 
(a:= 1). However, the dielectric permittivity of a canopy is 
very similar to air and very much lower than that of soil, 
and there is little additional evidence to indicate the value 
of (Xforsuch asparse medium. One of the purposes of this 
present study was to investigate the feasibility of deriving 
values of this parameter from field data 

In initial studies, the profile of dielectric within the canopy 
was assumed to be uniform. However, despite the dielectric 
ofthe canopy being close to air, this resulted in interference 
effects. Interference occurs when discrete changes in 

dielectric permittivity are assumed at two or more surfaces, 

e.g. at the top or bottom of the canopy as well as ai the soil 

surface. In this case, a portion of the microwaves incident 
on each surface will be reflected and add constructively or 
destructively. Consequently, the modelled radiometric 
temperature changes greatly, depending on the thickness of 
the canopy, the wavelength ofthe radiation and the angle of 
emission. This phenomenon has been observed only as a 
wetting front descends within the soil (Schmugge et al., 

1998) and is unlikely to be observed in vegetation because 
there is never a discrete and uniform change at the top or 
bottom of the vegetative canopy. The natural variability 

between the individual plants that make up the canopy results 
in a more gradual change. The effect of this natural 
variability was modelled using Gaussian broadening at the 
top and bottom of the canopy. The Gaussian broadening 
was introduced so that the total amount of dielectric within 
the canopy remained constant but it was redistributed over 
a slightly greater height. The Appendix describes in more 
detail how the vertical profiles of canopy dielectric 
permittivity are specified in the model. Figure 1 shows an 
example of the interference effects which occur in the 
modelled microwave brightness temperature as a function 
of look angle when assuming a discrete change at the canopy 
top (0.9 m) and bottom (0.09 m) rather than amore realistic 
canopy with Gaussian broadening of both the top and bottom 
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Gaussian 
Uniform canopy 

Look Anglo (dogroos) 

Fig. 1. Ths modelled brightness temperature as a junction of observation angle calculated at II :30 

a.m. on DOT 208 using the DRYD0WN2 data set -with and v/ithout Gaussian smoothing of the top 

and bottom of the canopy. 

(with a standard deviation of 0.09 m in each case). In this 
example, the canopy was assumed to consist of ICQ layers, 

each 1 cm thick. This amount of detail is required to smooth 
the interfaces at the top and bottom of the canopy 
sufficiently. For the range of look angles shown, it is evident 
that Gaussian broadening eliminates the effect of within-

canopy internal reflections and interference. It should be 
noted that, even with gradual changes in dielectric 
permittivity, significant reflections may still occur at very 
shallow angles. However, for the observation angles 

normally used by field and satellite systems, this reflection 
phenomenon and its associated interference are effectively 
suppressed. 

The temperature of the canopy is aprognostic variable in 
CLM. In the present study, the temperature profile of the 
canopy used within the microwave emission model is 
estimated very simply. For canopy above {d + Zj) — where 

d is the zero plane displacement and z„ is the aerodynamic 
roughness of the canopy — it is estimated by linear 

interpolation between the air temperature at the reference 
height and the simulated canopy temperature. For canopy 
below (rf + Zj,), it is estimated by linear interpolation between 
the simulated canopy temperature and the simulated soil-
surface temperature below. It is also assumed that the 
description of aerodynamic transfer assumed in CLM is 
insensitive to the detailed shape of the canopy dielectric 
profile specified in the microwave emission model. 

Optimisation for evaluating model 

parameters 
Bastidas et al. (1999) and Sen et al. (2001) provided a 
detailed discussion of the usefulness of multi-criteria 
optimisation methods for the evaluation and improvement 
of land-surface schemes. For example, they showed that 

the use of calibration procedures may lead to reductions of 
20 to 30% in the root mean square error (RMSE) between 

model and measurements when compared to the traditional 
method of using lookup tables for model parameter 

estimation. In addition, they gained valuable insight into 
acceptable ranges of model parameters, the quality of the 

model physics and the complexity of the model required to 
describe a particular scenario. The present study uses a 
single-criterion optimisation technique to minimize the 
difference between time series of measured and modelled 
microwave brightness temperatures and explores the 
feasibility of estimating the values of the vegetation 
parameters in the extended Wilheit (1978) microwave 
emission model. 

In general, a numerical model might have n parameters 
(in this case, the parameters describing the dielectric profile 
of the vegetation) to be calibrated using m observations (in 
this case, the time series of microwave brightness 

temperatures). The distance between the m model-simulated 
responses and the m observations is defmed by an objective 

function (O) such as the root mean square error between 
the modelled responses and observations (RMSE). The goal 
of amodel calibration is then to find the preferred value for 
the n parameters within the feasible set of parameters that 
minimise O. The Shuffled Complex Evolution algorithm 
(SCE-UA, Duan et al., 1993, 1994) is a single-criterion, 
multi-parameter optimisation technique developed at the 
University of Arizona. It is a general-purpose global 
optimisation method designed to handle many of the 
response surface problems encountered in the calibration 
of nonlinear simulation models. It randomly samples the 
feasible parameter space to select a population of points. 
The population is then partitioned into several "complexes", 
each of which evolves independently in amanner based on 
the downhill simplex algorithm (Nelder and Mead, 1965). 
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The population is periodically "shuffled" and new 

complexes formed so that the information gained by 
previous complexes is shared. As the search progresses, the 

entire population tends to converge towards the 

neighbourhood ofthe global optimum value for the objective 

function. These steps are repeated until prescribed 
termination rules are satisfied (Duan et al., 1993, 1994). 

The SCE-UA has been used successfully to calibrate, 
against field observations, the values ofthe parameters in a 
hydrological model (Duan et al., 1993, 1994). In addition. 
Burke et al. (2002) used it to retrieve near surface soil 
moisture and vegetation water content for several patches 
of different land-cover types within one pixel using a set of 
brightness temperatures measured simultaneously at awide 
range of look angles. The new application discussed here 

explores the feasibility of estimating parameters within a 

microwave emission model. 

Field data 

The experimental data used in this paper were collected over 
a soybean canopy monitored during a field experiment 
carried out in 1985 at the USDA, ARS Beltsville 
Agricultural Research Center, Maryland, USA. ( Burke et 
al., 1998). 

The site consisted of a 10 x 10 m controlledplot containing 
loamy sand soil. Half of the plot was left bare and half was 
covered with soybeans. Different periods of drying were 
monitored during the soybean growth, with the bare soil 

monitored at the same time. A dual-polarised L-band (21-

300 300 

(a)10H (e)10H 

(b) 20H (f)20H 
100 

210 215 220 
100 

250 255 260 

300 300 

c) 10V (g) iov 

model 
+ Measurement d) 20V 

100 
210 215 220 

DRYDOWN2. DOY (days) 

100 
250 255 260 

DRYDOWN3. DOY (days) 

Fig. 2. Time series of measured and modelled microv/ave brightness temperatures pr a bare soil surface during DRYD0WN2 and 

DRYDOWbl^, 10 and 20 denote iO® and 20"^ look angles, and H and Vdenote horizontal and 'verticalpolarisation, respectively. 
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cm wavelength, 1.4 GHZ frequency) passive microwave 
radiometer measured the horizontally and verlfically 
polarised microwave brightness temperatures al view angles 
of 10° and 20°. In addition to the radiometric measurement, 
soil and limited vegetation characteristics (including single-
point volumetric soil-water content, soil temperature, the 

hydraulic properties of the soil, plant height, and the wet 
and dry matter weight of the vegetation) were measured. 

The data from theBeltsville site used in this study fall into 
two distinct periods that are hereafter referred to as 
DRYDOWN2, between Day of Year (DOY) 210 and 222, 
andDRYD0WN3, between DOY 252 and 262. 

Model results 

SOIL MICROWAVE EMISSION 

One of the assumptions in using SCE-UA to optimise the 
vegetation parameters in the extended Wilheit (1978) model 
for soil and vegetation, is that there is a high level of 
agreement between the modelled and measured microwave 

brightness temperatures at the soil surface. CLM was used 
to simulate surface energy and water fluxes and the related 

changes in soil temperature and soil moisture for abare soil 

and, hence, calculate the dielectric permittivity profile of 
the soil for input into the bare soil Wilheit (1978) model. 
Figure 2 shows the microwave brightness temperature 

predicted using the time series of profile soil water content 
and soil temperature predicted by CLM forDRYDOWN2 
and DRYD0WN3 for a bare soil. There are some 

discrepancies on the days immediately after irrigation; 
however, as the soil dries out further, there is excellent 

agreement between the modelled and measured brightness 

temperatures. 
The ability of CLM to describe relevant changes in near-

surface soil temperature and soil m oisture under avegetation 

canopy was also evaluated. Figure 3 shows the soil 
temperature at 1-cm depth and the average soil moisture 
over the depth ranges 0-2 cm and 0-5 cm as modelled by 

CLM during DRYD0WN2 andDRYD0WN3 using the soil 
parameters measured at the site and vegetation parameters 
for IGBP vegetation cover class 12 ["cropland"]. The 

equivalent measured values are also shown in this figure 
Vivien available. The RMSE forDRYDOWN2 is 2.1°C for 

temperature at 1 cm depth, 3,1% for 0-2 cm average soil 

+ Measured -t- ^ + 

210 212 214 216 218 220 222 252 
DRYD0WN2, DOY (days) 

254 256 258 260 
DRYD0WN3, DOY (days) 

Fig. 3. CLM-calculated and observed values of soil temperature at I cm depth (a and d); average soil moisture over 0-2 cm depth 

(b and e); and 0-5 cm depth (c and^Jor DRYD0WN2 (a, b, and c) and DRYDOWNS (d, e, and J). 
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moisture, and 2.1% for 0-5 cm average soil moisture. The 

RMSE forDRYDOWN3 is 2.6°C for temperature at 1 cm 

depth, 2% for 0-2 cm average soil moisture, and 1.9% for 
0-5 cm average soil moisture. The time series of both the 
modelled temperature and soil moisture show good 
agreement with the measurements. 

Given that CLM can model, accurately, the near surface 
soil water content and the near surface temperature under a 
vegetation canopy, and that the Wilheit (1978) model for 
bare soil predicts, accurately, the microwave brightness 
temperature for a bare soil, it can be assumed that the 
extended Wilheit (1978) model for soil and vegetation will 

predict, accurately, the microwave emission at the soil 
surface. 

EXTENDED WILHEIT (1978) MODEL FOR SOIL AND 

VEGETATION 

The extended Wilheit (1978) model for soil and vegetation 

was run within the SCE algorithm and the RMSE between 

the modelled and measured microwave brightness 

temperature minimised by optimising the parameters that 

describe the dielectric profile of the canopy. These 

parameters are salinity (S in ppt); canopy height {t in m); 
height of bottom of canopy (i in m); standard deviation of 

top height (cr, in m); standcird deviation of bottom height 
(<7j in m); fi-esh weight of the canopy in kg m"^); volume 
fraction of free water in m%"^); volum e fraction of dry 
matter in m%'^) and dielectric mixing coefficients for 

vertical and horizontal polarisation (Oy and aj. Optimum 
values were found for the DRYD0WN2 and DRYD0WN3 
periods separately by minimising the RMSE between the 
observed and modelled microwave brightness temperature 
at L-band and both (10° and 20°) observation angles. It 

should be noted that, when operating in acomplex parameter 
space, multi-parameter optimisation algorithms (including 
SCE) discover "local" minima of the objective function as 
well as the required "global" minimum. Therefore, the SCE-

UA algorithm was randomly initiated and run 20 times for 
each example creating 20 different parameter sets. The 

parameter set that provides the minimum RMSE was then 
selected to be the "preferred parameter set". Figure 4 shows 

300 

200 

300 r 

210 

300 

-250 

200 
210 

(a) 10H (e) 10H 

(b) 20H (f) 20H 

300 300 

200 200 
210 215 220 250 255 260 

300 300 

250 

200 200 

(h) 20V J V model 
+ Measurement 

(c) 10V 

210 215 220 
DRYD0WN2, DOY (days) 

200 
250 255 260 

DRYD0WN3, DOY (days) 

Fig 4. Time series of measured and modelld microwave brightness temperatures in the presence oj vegetation during DRYD0WN2 

and DRYDO 10 and 20 denote 10° and 20° look angles, and H and Vdenote horizontal and vertical polarization, respectively. 
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an example of the excellent agreement between model and 
measured time series ofmicrowave brightness temperatures. 

Unfortunately, for this example, there is insufficient 

infomiation in the available measuredmicrowave brightness 
temperatures to use single-criterion multi-parameter 

optimisation techniques to determine the parameters that 
control the shape of the canopy (height of bottom (i) and 

the standard deviation of the Gaussian broadening of top 
(oj) and bottom ((Tj)). This may be partly because the 
observations were made at two angles fairly close to the 
zenith. However, it also implies that, at least for look angles 
near the nadir, the microwave brightness temperature 
predicted by this model is insensitive to canopy structure. 
(Note: from the standpoint of retrieving estimates of soil 
moisture and vegetation optical depth from remotely sensed 
observations, it is helpful that the canopy structure is 

modelled to have only a limited influence on microwave 
surface brightness temperature because precise knowledge 
of canopy structure will usually not be available for use in 
the retrieval process.) 

In the next example, the values ofthese three parameters, 
b, and were arbitrarily set to be 15% of the height of 

the canopy, this being a plausible value that avoids the 
model-generated interference effects at observation angles 
of 10° and 20°, and the simulations repeated. Despite the 

lack of sensitivity of the model to these canopy shape 
parameters (and hence the high likelihood of SCE-UA 
generating any value of these parameters within the allowed 

range), it was reassuring to see that the optimised values of 

the other parameters in this new simulation were vety similar 
to those found previously. However, there was also 

interaction between some pairs of vegetation-related 

parameters that have opposing influence on the overall 
microwave emission by avegetation canopy. This made it 

difficult to obtain independent estimates ofthese parameters 
merely from a time series of observations of microwave 

brightness temperature at just two look angles. Fortunately, 
some of the relevant parameters were measured during the 
field experiment, specifically: the fresh weight of the 
vegetation (3.42 and 4.41 kg m"^ during DRYD0WN2 and 
DRYD0WN3, respectively) and the crop height (0.89 and 
1.15 m during DRYD0WN2 and DRYD0WN3, 
respectively). The volume fraction of dry matter (F^^) was 
calculated (0.38 and 0.5 during DRYD0WN2 and 

DRYD0WN3 respectively) from the mass fraction of dry 
matter by assuming adry matter density ofO.3 g em"^(Ulaby 
et al., 1986). The parameters remaining to be determined 

by multi-parameter optimisation are the volume fraction of 
free water (f^), salinity of the water in the vegetation (S), 

and the mixing coefficient (a) defined in Eqn. (3). Since a 
may well be afunction ofpolarisation, different values were 

assumed for the vertically and horizontally polarised 
brightness temperature data {a^ and Oj^). 

Table 1 lists the optimised values of vegetation-related 
parameters for the soybean canopy at the Beltsville site 
during DRYD0WN2 andDRYDOWN3. The values shown 

Table J. Parameter used in the coupled model andtheirvaluesforthe Beltsville site as given by multi-parameter optimisation 
(unless pre-set to fixed values prior to optimisation). 

Parameter Symbol 

name 

Range of 

optimisation 

Values during 

DRYDOWN2 

Values during 

DRYDOWm 

Values during 

DRYDOWNl 

Values during 

DRYDOWm 

Fractional free water 

volume in vegetation 

(m^ m-^) 

0 - 1  

accurately 

optimised) 

0.041 0.040 0.048 0.047 0.5 

(fixed) 

0.5 

(fixed) 

0.5 0.5 

(fixed) (fixed) 

Salinity of water in 
vegetation 
(ppt) 

s 0 - 1 5  
(when 
optimised) 

0 0.00 
(fixed) 

0 0.00 
(fixed) 

0 
(fixed) 

0.94 0 0.73 
(fixed) 

J/Iixing parameter for 
L-band with 
horizontal polarisation 
(dimensiorUess) 

0 - 3  1.98 1.98 1.94 1.93 1.24 1.12 1,17 1.09 

Mixing parameter for 
L-band with 
vertical polarisation 
dimensionless 

0 - 3  2.07 2.07 2.19 2.18 1.29 1.16 1.31 1.22 
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(a) S=0 ppt le) S=0 ppt 

(c) S=0 ppt,V. =0.5 (g) S=0 ppt,V, =0.5 m /m 

d)V, =0.5m-'/m (h)V, =0.5m-'/nt 

DRYDOWN2 DRYD0WN3 

Fig. 5. Estimated parameter values for the 20 replicate optimisations. In each case, parameter values 

are normalised by the predefined range of each parameter over which optimisation v/as made, and the 

set of parameters corresponding to the lov/est error in modelled microwave brightness temperature are 

linked by a line. Results are shown for S set to 0 ppt (a and e); all parameters optimised (b andf); S set 

to 0ppt and Vf^set 0.5 m^m'^ fc and g); and set 0.5 m^m'^ (d and h), for DRYD0WU2 (a-d) and 

DRY DOWNS (e-h). 

are the sets of parameters that produce the minimum RMSE 
in brightness temperatures from 20 randomly initiated 
replications: this is assumed to be the global minimum 

parameter set. Also shown is the predefined allowed range 
of each parameter. Eight optimisation runs were made, In 

the first four, the fractional free water volume, was 
optimised along with otherparameters. Because this resulted 
in optimised values for that were unexpectedly low when 

compared to the typically cited value, the value of in the 
second four optimisations was (arbitrarily) set to the more 
typical value of 0.5. In each group of four optim isation runs, 

two optimisations were made for DRYD0WN2 and two 

for DRYDOWN3, with the value of salinity optimised in 

one and set to 0 parts per thousant (ppt) in the other. Figure 
5 demonstrates the potential range of these optimised 

parameters by showing the optimised parameter values 
normalised by the predefined allowed range of each 
optimised parameter for the 20-member sample of local 
minima identified by the SCE algorithm during the 
optimisation runs. In each figure, the normalised values for 
the parameter set with the smallest objective function 
(assumed to be the global minimum) are linked. In general, 
SCE-UA repeatedly sampled a single parameter set which 
corresponded to a well-defined global minimum value for 
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the RMSE. In all cases, the parameter set with minimum 
RMSE fell within the predefined range of selection. 
However, in a few cases (Figs. 5b, e, f, h), the multi
parameter optimisation process became trapped in subsidiaiy 
minimum and defined parameter sets with an RMSE 
significantly greater than that of the global minimum and 
with one ormore parameters at the limit ofthe allowedrange. 

Some features ofthe optimisation results are obvious and 
consistent. All ofthe optimisation runs in which the salinity, 
S, of the water in the vegetation was optimised gave values 
for this parameter that were very close to 0 ppt. The four 

runs in which the fractional fresh water volume, V^, was 
not prescribed resulted in similar, low, optimised values 
(~0.04-0.05) for this parameter, and the values of and 
Ofj, simultaneously estimated by multi-parameter 

optimisation were markedly diiferent and larger than the 

corresponding values found when was set to (the more 
plausible) value of 0.5 during optimisation. It is clear that 
there is a strong correlation between the value of and 
the apparent strength of in-canopy dielectric mixing as 
expressed in the optim ised values of th e a param eters. Th is 
point is discussed further in the context of the single-
parameter sensitivity described in the next section. 
Notwithstanding the interdependence of parameters just 

mentioned, for a given value of V^, whether optimised or 
prescribed, it is reassuring that the preferred values of 
anda^ are fairly similar inDRYD0WN2 andDRYD0WN3. 
The values of a^and o^are slightly different, with the value 
forvertical polarisation higher in all cases, suggesting some 
differences between the effect of the canopy at horizontal 
and vertical polarisation. It should be noted that the values 
of aretrievedby the optimisation procedure are higher than 

the values found by Schmugge and Jackson (1992). 
However, little other information is available on the realistic 
range of a. One possible error in the determination of a 
could be that some of the other parameters were set to 
slightly wrong values and the optimisation procedure 
adjusted itself accordingly. 

SENSITIVITY TO INDIVIDUAL MODEL 

PARAMETERS 

It is of interest to investigate the sensitivity of microwave 
brightness temperature to the assignedvalues of param eters 
in the extended Wilheit (1978) model. To illustrate this. Fig. 
6 shows howthe calculated brightness temperature viewed 
at an angle of 20° at 11:30 p.m. on DOY 224 varies for a 
range of parameter values around the optimised values for 

Fig. 6. Modslled microwave brightness temperature jfor a range oj values of individual parameters 

around their optimised value (parameter specified in the x-axis), with the salinity of in-canopy -water set 

to zero. The calculations are made at 11:^0p.m. on DOY 224. 
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L-band microwave radiation. The calculations are made 

using the optimised values for DRYD0WN2,'with the 
fractional free water volume and salinity of the vegetation 

fixed at 0.5 and 0 ppt, respectively (Fig. 5c). The sensitivity 
to three groups of model parameters, those controlling the 

shape of the canopy, the composition ofthe vegetation, and 
the extent ofin-canopy dielectric mixing, are shown in Fig. 
6 for dry soil conditions. 

Figures 6a-c demonstrate the expected result that 
calculated microwave emission is only weakly related to 
the value ofthe model parameters that control the shape of 
the canopy over abroad range of values. However, at very 
low values of cr, and CTj, there is evidence of higher 
sensitivity. This is because, vsiien the transition b dielectric 
permittivity at the top/bottom ofthe canopy becomes very 

shaip, some modelled within-canopy internal reflection (and 
constructive/destructive interference) occurs even for a view 
angle of 20°. Figures 6d-f show, as expected, that the fresh 
weight of the canopy (V^) can have a significant impact on 

modelled microwave brightness temperatures. The extent 
ofin-canopy dielectric mixing, as represented by the value 
of a, directly influences the overall value of the canopy 
dielectric permittivity. Consequently, the sensitivity to the 

value of a shown in Fig. 5g is to be anticipated. 
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Fig 7. Contours of the horizontally polarised modelled microwave 

brightness temperature at nadir at 11:30p.m. on DOT 224 using the 

optimised parameter given in column 8 qf Table 1. Calculations are 

made Jar combinations oj and (a), CL^ and (b), and 

and (c). 

Because non-linear dielectric mixing (i.e., the values of 

a) and vegetation composition parameters (especially 
and t^) together determine the overall canopy dielectric 

permittivity, it will always be difficult and perhaps 
impossible to determine their values in the model by multi
parameter optimisation methods from a time series of the 
observed microwave brightness temperature. Figure 7 
illustrates this point by showing contours of the modelled 

microwave brightness temperature, at a look angle of 
20° at the Beltsville site calculated at 11:30 p.m. on DOY 
224 using the optimised parameter given in column 8 of 
Table 1, but for a range of values of a and arange of values 
o f  v . ,  V ^ , o r V .  

In the context of field studies ofthe microwave emission 
of vegetation in general and in future field validation shidies 

associated with the SMOS and Advanced Microwave 
Scaning Radiometer (AMSR) missions in particular, it is 

strongly recommended that these key vegetation 
composition parameters be measured directly. Doing so 

will allow an opportunity to investigate the significance of 
in-canopy dielectric mixing for the vegetation under study. 

This, in turn, will allow more detailed investigation of the 

relationship between the optical depth at microwave 
frequencies of sampled canopies and their vegetation water 
content, the latter being a potentially more valuable 
geophysical variable. 

Discussion and conclusions 

This paper describes the application of the Wilheit (1978) 
model for the coherent propagation of electromagnetic 
radiation through a stratified medium to predict the effect 

of a vegetation canopy on the microwave emission from 
the soil surface. The model produced a realistic simulation 
of the microwave emission, provided there was a gradual 

change in the dielectric at the top and bottom ofthe canopy 

as would be associated with the natural variability between 

plants. 
Th e C omm onLandModelwasusedtopredicttheprofiles 

of soil temperature and water content and vegetation 
temperature for use within the extended Wilheit (1978) 
model. These predictions compared favourably with 
available measurements. However, not all of the relevant 
vegetation parameters required by the extended Wilheit 

(1978) model were measured. Therefore, an evaluation of 
the ability of automatic calibration procedures to predict 
the required vegetation parameters was performed. 

Unfortunately, there was not sufficient information in the 
available range of microwave brightness temperatures to 
predict all ofthe required vegetation parameters using multi

parameter optimisation methods; this was eitherbecausethe 
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brightness temperature was insensitive to a particular 
parameter or because there were interactions between 
parameters such that a high value of one combined with a 
low value of another produced the same answer as a low 

value ofthe former combined with ahigh value ofthe latter. 
However, when any available measurements were included 

to limit the number of parameters to be determined, and the 
canopy sh^e parameters (parameters to which the modelled 

microwave brightness temperatures are insensitive) set to 
plausible values, multi-parameter optimisation techniques 

provided estimates ofthe remaining parameters-those which 
would be difficult to measure in any future field experiment. 
This is particularly relevant for the mixing coefficient (a) 

between vegetation matter and air used to calculate the 
dielectric of the vegetation canopy. 

Sensitivity studies with the extended Wilheit (1978) m odel 
showed that the calculated microwave emission is insensitive 
to the values of parameters that specify the shape of the 
canopy, unless these imply acanopy with very rapid changes 
of dielectric permittivity at the canopy boundaries. 
Microwave emission is sensitive to parameters that specify 
the amount of free water in the vegetation and the extent of 
dielectric mbcing in the canopy, which act together to change 
the whole-canopy dielectric permittivity. 

On the basis of the above results, it is recommended that, 

future field activity for validating the SMOS mission, care 

be taken to make independent measurements of vegetation 

composition parameters in addition to measurements of 
microwave brightness and forcing variables. The extended 
Wilheit (1978) model, whose development and ̂ plication 
is the main subject of this paper, could then be used to 
investigate in-canopy dielectric mixing effects within 
canopies and, in this way, the relationship between 
microwave brightness temperature and vegetation water 
content could be understood better. 
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APPENDIX 

SPECIFICATION OF SMOOTHED DIELECTRIC 

PROFILES 

The better to represent natural variability in the height of 

the top and bottom of vegetation canopies, a smooth 
transition is introduced using Gaussian smoothing. Iff and 
i are the height oftop andbottom of the canopy, respectively, 

and the natural variability in t and b are CTj and <jj^, 
respectively, then the normalised through-canopy profile of 

dielectric permittivity used in the microwave emission 
model, s (z), is calculated from the function: 

e. (z) = W,iz)-WXz) 
][W,{z)-W,{z)-\dz 

(A.1)] 

where is the dielectric permittivity of all the leaf 
material present in the canopy, and the weighting functions, 

IV/zJ and fV/zJ, are zero for z < 0 but, for values of z 2 0, 
are given by: 

fK(z) = -
j exp(-(z' - by / )d2' 

|exp(-(z'-i)' 

(A.2) 

jexp(-(z'-/2(T,^)dz' 

Jcxp(-(z'- ty /2(7,')dz' 

(A.3) 
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Abstract 
Using the proposed Soil Moisture and Ocean Salinity (SMOS) mission as a case study, this paper investigates how the presence and nature of 

vegetation influence the values of geophysical variables retrieved from multi-angle microwave radiometer observations. Synthetic microwave 

brightness temperatures were generated using a model for the coherent propagation of electromagnetic radiation through a stratified medium 

applied to account simultaneously forthe emission from both the soil and any vegetation canopy present. The synthetic data were calculated 

at the look-angles proposed for the SMOS mission for three different soil-moisture states (wet. medium wet and dry) and four different 

vegetation covers (nominally grass, crop, shrub and forest),  A retrieval mimicking that proposed for SMOS was then used to retrieve soil 

moisture, vegetation water content and effective temperature for each set of synthetic observations. For the case of a bare soil with a uniform 

profile, the simpler Fresnel model proposed for use with SMOS gave identical estimates of brightness temperatures to the coherent model. 

However, to retrieve accurate geophysical parameters in the presence of vegetation, the opacity coefficient (one of two parameters used to 

describe the effect of vegetation on emission from the soil surface) used within the SMOS retrieval algorithm needed to be a function of look-

angle, soil-moisture status, and vegetation cover. The effect of errors in the initial specification of the vegetation parameters within the 

coherent model was explored by imposing random errors in the values of these parameters before generating synthetic data and evaluating the 

errors in ttie geophysical parameters retrieved. Random errors of 10% result in systematic errors (up to 0.5®K., 3%, and -0.2 kg for 

temperature, soil moisture, and vegetation content, respectively) and random errors (up to ~2®K, —8%, and —2 kg m'^ for temperature, soil 

moisture and vegetation content, respectively) that depend on vegetation cover and soil-moisture status. 

Keywords: passive microwave, soil moisture, vegetation, SMOS, retrieval 

Hydrology & Earth 

System Sciences 

Introduction 

Evaporation from bare soil or from soil beneath vegetation, 

infiltration into the soil and, thus, surface runoff, are 
important aspects of the land-surface water and energy 
balance that are controlled by near-surface soil moisture 
(often defined to be that present in the uppermost 5 cm). 

Moreover, the uptake of soil water by vegetation for 
transpiration is, in part, controlled by soil moisture in the 

plants' rooting zone. Consequently, water and energy fluxes 
at the land surface/atmosphere interface depend strongly 

on soil-moisture status (Kerr et al., 2001). Weather and 
climate are, in turn, influenced significantly by the local 
and regional availability ofsoil moisture via the evaporation 

and transpiration processes. 
Many observational and modelling studies have shown 

the potential of passive microwave remote sensing, 
particularly L-band (1.4 GHz frequency), for estimating 

near-surface soil moisture (CaJvet et al., 1995; Chanzy et 

al., 1997; Jackson etal., 1999; Teng, et al., 1993; Wang 
al., 1990; Wigneronefa/., 2000). The development of robust 
retrieval algorithms for use with microwave brightness 
temperature measurements (e.g. Kerr et al, 2001; Njoku 
and Li, 1999; Wigneron et al., 2000) is essential if the 
retrieved soil moisture is to be used in, for example, climate 
analysis and prediction. Of particular uncertainty is the 
detailed effect of vegetation on the microwave emission from 
the soil surface. This is usually described by a single 

empirical parameter (Jackson and Schmugge, 1991), the 
optical depth of the vegetation (i.e. the opacity coefficient 
multiplied by the vegetation water content). 

The European Space Agency (ESA) has selected the Soil 
Moisture Ocean Salinity (SMOS) mission (http:// 
www.cesbio.upstlse.fr/indexsmos.html), with a proposed 
launch date in the 2003-2005 time frame. The SMOS 

http://www.cesbio.upstlse.fr/indexsmos.html
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mission will be based on a dual polarisation, L-band 
radiometer with an innovative aperture synthesis concept 

(a two-dimensional interferometer) that can achieve an on-
the-groundresolution of~50kranearthe edge ofthe swath, 

coupled with multi-angular acquisition designed to deliver 
several key land-surface variables, namely, near-surface soil 
moisture, vegetation water content and eflFective temperature 
(Ktrr et al., 2001; Wigneron etal., 2000). Wigneron etal. 

(2000) used simulated SMOS observations created by 
adding random and systematic errors to the same model 
proposed for the SMOS retrieval algorithm to test the 
accuracy of that algorithm. This model assumes that the 
optical depth of the vegetation does not depend on either 

the polarisation of the radiation or the look-angle of the 
sensor. It also assumes that the opacity coefficient is 
independent of temperature and vegetation water content. 

Recent work has, however, shown that the opacity 
coefficient depends on both the gravimetric water content 
of vegetation (Wigneron et al., 1996, 2000; Le Vine and 
Karam, 1996) and the temperature (Wigneron ef <3/., 2000). 
In addition, the canopy type and structure (Jackson and 
Schmugge, 1991), the polarisation (van de Griendand Owe, 

1996) and wavelength of the radiation (Jackson and 
Schmugge, 1991) and the look-angle ofthe sensor (van de 
Griend and Owe, 1996) may also influence the opacity 
coefficient. Because the influence of these factors on the 

accuracy of the retrieval algorithm is currently uncertain, 
an accurate description of the role of vegetation is a 
significant need if near-surface soil moisture is to be 

estimated reliably. Moreover, in the context of the SMOS 
mission, understanding the role of vegetation on overall 
microwave emission is particularly important because the 
water content of the vegetation is one of the geophysical 
variables to be retrieved and the large (~5 0 km) footprint of 
the sensor means that vegetation cover will rarely be 

homogeneous across the area sampled. 
Lee et al. (2002) extended an existing coherent radiative 

transfer model (Wilheit, 1978) to create what is, in effect, a 
new approach to modelling the effect of vegetation on 
passive microwave emission and explored the ability of their 
model to describe field data. This approach results in a 
plausibly realistic model of intermediate complexity that 
captures, adequately, most ofthe important features ofthe 
microwave emission of vegetation, such as the influence of 
canopy type/structure, polarisation and wavelength of the 
radiation, look-angle ofthe sensor and temperature and water 
content of vegetation. In the present study, the modelling 
approach of Lee et al. (2002) was adopted and used to 
simulate synthetic, multi-angle, L-band microwave 
brightness temperatures of different soil-vegetation-
atmosphere systems to investigate (a) the retrieval capability 

ofthe proposed SMOS retrieval algorithm; and (b) the effect 

ofheterogeneity in vegetation parameters on retrievals made 
with the proposed SMOS retrieval algorithm. 

Models and methods 

As outlined above, the strategy adopted in this study was to 
use the extended Wilheit (1978) model for a linked soil and 
vegetation system to generate synthetic microwave 
observations equivalent to those that (it is proposed) the 
SMOS mission will make for a range of soil wetness states 

and vegetation covers. These synthetic data were then 
regarded as the "true" observations and the accuracy of 
retrievals made using a retrieval algorithm similar to that 

proposed for SMOS was assessed. This retrieval algorithm 
optimises a simple representation ofthe effect of vegetation 

on microwave emission against the synthetic observations 
of surface brightness temperatures at each position in the 
footprint of the sensor. 

MULTI-LAYER MICROWAVE EMISSION MODEL 

The Wilheit (1978) model for the coherent propagation of 
electromagnetic radiation through a stratified medium relates 

the m icrowave brightness temperatures transmitted through 

the surface-air interface of the medium to the dielectric 
properties and temperature ofthe underlying layers. Lee et 

al. (2002) extended the apphcation of the original Wilheit 
(1978) microwave emission model upwards through the 

vegetation canopy to create a model of the microwave 
emission that represents both the soil and the vegetation 
together. Thus, in this extended Wilheit (1978) model, the 

vegetation canopy is assumed to be infinite in horizontal 
extent and to be made up of homogeneous, planar layers of 
dielectric medium, which he above similar homogeneous, 
planar layers of dielectric medium representing the soil. 

In the Lee et al. (2002) model, the dielectric of the 
vegetation matter itself (e^) is calculated assuming a linear 
version oftheDobson etal. (1985)mixing model (hitherto 
used for soils), i.e. from: 

(1) 

wiiere and are the dielectric permittivities, and 
volume fractions of dry matter, free 

water and bounded water, respectively. It is assumed that 
e^, and are independent of the vegetation water 

content because they are the permittivities of apure sample 
of the dry matter, free water and bounded water if such an 
ideal, pure sample were physically available. The dielectric 
permittivity of the mixed vegetation matter and air that 
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m akes up the vegetation canopy (e J is assum ed to be given 
by: 

= e X ( l - V , )  (2) 

where is the dielectric permittivity of air, is the 

fractional volume of vegetation elements per unit volume 

canopy and a is a "shape factor" (Note: In the case of the 

Dobsoneicz/. (1985) mixing model for soils, «= 0.65.) 

Equations (1) and (2) together calculate the dielectric 
constant for the canopy as a whole, and this an[iount of 

dielectric is then distributed vertically among the plane 
parallel layers above the soil. The heights of the top and 
bottom of the canopy, and h^, respectively, are specified 
but gradual changes in dielectric permittivity are simulated 
around these levels by introducing broadening that follows 
a Gaussian distribution with standard deviations u. and (j., 

( 0' 

respectively. This broadening reflects the natural variability 
between the individual plants that make up the canopy but 
its presence is also critical to the reliable operation of this 
coherent emission model. Avoiding sharp transitions in 
dielectric at canopy boundaries suppresses internal 
reflections within the canopy and the associated interference 

patterns in microwave emission. Lee et al. (2002) give a 

more detailed description of this phenomenon. 

For the purpose ofthe present study and in the absence of 
any better information, the canopy dielectric permittivities 

andgj^^inEqn. (1) were set arbitrarily to the plausibly 
realistic values of (2.0, 0.1/), (77.2, 4.9/) and (4.0, l.Oy), 

respectively, while and K^^were selected to represent 
a canopy which was 38% dry matter, the remainder being 
water assumed bound and free in equal amounts (7^^ = 0.38; 

0.31). The volume fraction of vegetation in the 
canopy, K, and the shape factor, a, are required to calculate 

from Eqn. (2). In this study, the vegetation volume 
fraction was estimated from the fresh weight of the 
vegetation per unit area of canopy, and vegetation 
canopy stracture parameters using the equation: 

(3) 

where is the density ofthe (fresh) vegetation in the canopy, 
estimated as + 1000(1- kg m ^ vnth = 
330 kg m"' (Ulaby and El-Rayes, 1987) the density of dry 
vegetation. (Note: in Eqn. (3), the re-normalisation factor, 

7^ (usually close to unity), is included as acorrection to allow 
for the possibility that (Gaussian) smoothing ofthe top and/ 
or bottom ofthe profile (unrealistically) distributes some of 
the canopy dielectric below ground level.) It is difficult to 
define the shape factor, a, used in Eqn. (2) on the basis of 

existing field data. However, using parameter optimisation 
techniques and the same values for and gj„as in this 
study, Lee et al. (2002) obtained values of around 1.24 for 
a soybean canopy and, for the purpose or this exploratory 
study and in the absence of better information, this value 
was adopted for both horizontal and vertically polarised 

microwave radiation. 

SIMULATION OF SYNTHETIC SMOS DATA 

Synthetic microwave observations that correspond to those 
that will be provided during the SMOS mission were 
calculated using the extended Wilheit (1978) model (Leeef 
al., 2002) for a range of canopies and soil-moisture 
conditions. The calculations showed only limited sensitivity 
to the assumed nature of the soil and a soil particle size 
distribution of 75% sand and 5% clay was selected 
arbitrarily. 

For the purpose of this modeling study, the temperature 
profiles in the soil and canopy were assumed uniform and 

set to 300 K, and the soil moisture profile was also assumed 
to be uniform, with calculations made for soil moisture 
contents (6 )of 30%, 18%, and 8%, these being respectively 
referred to as "wet", "medium wet" and "dry". Calculations 

were made for four different types of vegetation broadly 

corresponding to "grass", "crop", "shrub" and "tree": the 

values of and the vegetation water content, W^, for these 
crops are given in Table 1. A simple canopy structure was 
assumed with, in each case, o; set to 35% of and (T^and 
set to zero. The brightness temperature ofthe complete soil-
vegetation profile for both horizontal and vertical polarised 
L-band microwave radiation was then calculated using the 
extended Wilheit (1978) model (Leeetal., 2002) for swath 

angle dependent ranges of look-angles (Table 2) 
corresponding to those proposed for the SMOS mission. 

PROPOSED SMOS RETRIEVAL ALGORITHM 

The retrieval algorithm used in this study mimics that 
proposed for the SMOS mission and delivers three variables 
over land surfaces, namely, near-surface soil moisture, the 
optical depth ofthe vegetation cover (or, by implication, 
vegetation water content) and the effective temperature of 
the land surface (assumed to be the same for the vegetation 

and the soil surface). The retrieval is based on the Fresnel 
model for microwave emission and assumes two distinct 
sources, a single, thin layer of vegetation and the surface of 

the soil beneath. 
Thus, in the retrieval algorithm, the microwave emissivity 

ofthe soil surface, e^ (which is equal to (1- r), where is 
the reflectivity of the soil surface) relates the microwave 
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Table 1. Surface conditions used when calculating the synthetic SMOS data The soil effective 
temperature and the vegetation temperalure were set to 300 deg K. 

Soil & 
S 

Temp. Height iV 
vc 

Optical Depth 
Wetness (%vol.) (deg K) (m) (kg/m?) at Nadir (i) 

Grass Wet 30 300 0.3 1.25 0.228 
Mid 18 0.251 
Dry 8 0,303 

Crop Wet 30 300 1.0 2.68 0.414 
Mid 18 0,431 
Dry 8 0,463 

Shrub Wet 30 300 3.0 4.17 0.627 
Mid 18 0,636 
Dry 8 0.652 

Tree Wet 30 300 5.0 7.50 1,121 
Mid 18 1,127 
Dry 8 1,138 

Table 2. The available look-angles as afunction of the half-swath angle proposed forthe SMOS mission. The synthetic 
observations were simulated using these look-angles at each half-swath angle (Wigneron et al., 1999) 

Sviath angle 
(degrees) 

Look-angle 
(degrees) 

0,0 51.7 49.1 46.4 44.3 41.2 38.7 37.0 34.2 31.4 29.4 27.3 24.1 21.9 19.6 17.3 14.9 12.5 5.1 2.5 0.0 
3,4 51.7 49.2 46.5 44.3 41.3 38.8 37.1 34.4 31.5 29.6 27.5 24.4 22.2 20.0 17.7 15.4 13,1 6,3 4,6 3.8 

9.0 51.4 48.9 46.2 43.4 41,0 38.6 36.1 34.3 31.6 29.7 26.8 24.8 22.8 20.8 17.8 15.9 14.1 10.4 10.1 
11.2 49.8 47.2 44,4 42.2 39.9 37.4 34.9 33.1 30.4 28.5 25.7 23.8 22.0 20.1 17.5 15.9 14.5 12.5 
12.3 48.746.743.9 41.6 39.3 36.9 34.3 31.7 29.9 28.1 25.3 23.5 21.7 20.0 17.6 16,2 15.0 14.0 
14.4 47.745.7 42.9 40.6 38,3 35,9 33,4 31.7 29,1 27,4 24.8 23.1 21.6 20.1 18.2 17.2 16.5 
15.5 47.3 45.2 42.4 40.2 37,8 35.4 33.8 31.3 28.8 27,1 25.5 23.1 21.7 20.4 19.2 18.0 17.5 
16.6 47.5 44.8 42.0 39.7 37.4 35.9 33.5 31.0 29.4 27.0 25.4 24.0 22.0 20.8 19.8 18.8 18.5 

18.6 46.744.041.9 39,7 37.5 35.2 32.931.4 29.1 27.0 25.6 24.4 22.8 21.9 21.1 20.8 
19.6 46.3 43.6 41.6 39.4 37.2 35.0 32.8 31.3 29.1 27.8 25.9 24.8 23.4 22.7 22.0 21.9 
20.6 45.9 44.0 41.2 39.1 37.0 34.8 32.7 31.3 29.2 28.0 26.2 25.2 24.0 23.5 23.1 
22.6 46.0 43.4 41.4 39.4 37.3 35.3 33.3 31.4 30.2 28.6 27.6 26.4 25.6 25,3 25.2 
23.6 5.7 43.8 41.2 39.2 37.2 35.3 33.4 31.6 30.5 29.0 27.8 27.1 26.5 26.3 
25.4 45.8 43.4 41.5 39.6 37.8 36.0 34.2 32.6 31.2 30.0 29.1 28.7 28.4 
26.4 45.6 43.2 41.4 39.6 37.8 36.1 34.5 33.0 31.7 30.6 29.9 29.5 29.4 
28.1 46.5 44.2 41.9 40.2 38.6 37.0 35,1 33.8 32.8 32.0 31.5 31.4 
29.9 46.2 44,,6 42.5 40.4 38.9 37.5 36.3 34.9 34.1 33.6 33.3 

31.6 46.744.6 43.141.2 39,4 38,2 37.2 36.1 35.5 35.2 
33.2 47.6 45.743,8 42.140.5 37.0 
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brightness temperature of the soil, TJ^qp) (in degK), to the 
effective physical temperature ofthe soil, (in deg K) thus: 

TMp) = eA<p.p)L (4) 

where e^(<p,p) (1 > e^> 0) is the polarised specular em issivity 
ofthe soil medium at angle ^ for po larisation state andis 
related to the soil dielectric constant via the Fresnel 
equations. The soil dielectric constant is calculated from 
the soil-moisture content and soil particle size distribution 
using Dobson's (1985) model. The simple model of Jackson 
and Schmugge (1991) is used to describe the effect of 
vegetation overlying the soil surface in terms of an 
equivalent optical depth, T, with: 

(5) 

where b is the opacity coefficient, and is the vegetation 

water content in kg m"^. 

By combining these simple concepts, Basharinov and 
Shutko (1975) presented a model for the microwave 

brightness temperature of an interface comprising a semi-
infinite soil layer with physical temperature, (in '^) and 
air-soil reflectivity r (<p,p) with overlying vegetation with a 
physical temperature (in °K),. This model is the basis for 
the algorithm, and the microwave brightness temperature is 
estimated as: 

'''B{<^>,P) = [^+r,(9•P)^<P)]U- (6) 

r(^))](i-«)r,+[i-r,(9,p)]r(^j)7, 

where a is the single-scattering albedo of the soil surface, 
and T(^) is the transmissivity ofthe vegetation layer This 
simple model is based on the following assumptions (Ulaby 
etal., 1986): 

(a) the single-scattering albedo is assumed to be 
independent of <p andp and small (0.04 ^ a < 0.12); 

(b) the air-vegetation reflectivity is assumed to be zero; and 
(c) is set to the air-soil reflectivity rather than the 

vegetation-soil reflectivity because the average index 
ofrefraction ofthe vegetation layer is only slightly larger 
than that of air. 

For simplicity, in the proposed SMOS retrieval algorithm, 
the soil temperature and vegetation temperature are assumed 
to be identical. Typically, the vegetation temperature drops 
below the soil temperature at night but, soon after sunrise, 
these temperatures are more similar: this assumption will 
influence the proposed timing of SMOS mission 
observations. 

The SMOS mission will provide observations of surface 

Influence of vegetation on SMOS mission retrievals 

brightness temperatures at several angles for each point on 
the ground, the number and selection of angles depending 
on the location of the point within the sensorfootprint (Table 

2). Over land surfaces, the mission will provide three 
geophysical variables, near-surface soilmoisture, vegetation 
optica] depth (assumed related to vegetation water content 
via Eqn. (5)) and an effective land-surface temperature 
(assumed equal for soil and vegetation). An optimisation 

technique will be used to deliver these geophysical variables 
from the multi-angle measurements of microwave brightness 
temperatures. The present paper seeks insight on the 
capability to retrieve these variables and the dependence of 
this on the nature of the vegetation overlying the soil 
independent of any possible shortcoming in the particular 
optimization technique that is ultimately adopted for the 
SMOS retrieval. For this reason, the best multi-parameter 
optimisation algorithm available, the Shuffled Complex 
Evolution algorithm (SCE-UA; Duan etal., 1993) has been 

used in this study. 

The SCE-UA is a global optimisation strategy designed 
to be effective and efficient for a broad class of complex 

global optimisation problems. It combines the strengths of 
the simplex procedure of Nelder and Mead (1965) with the 
concepts of controlled random search (Price, 1987), 
competitive evolution (Holland, 1975) and complex 
shuffling (Duan et al., 1993). All of these help to ensure 
that the information contained in adatasample is efficiently 
and thoroughly exploited in the attempt to find a global 
optimum. Hence, the SCE-UA algorithm has good 
convergence properties over a broad range of problems and 

a high probability of succeeding in its objective of finding 
the global optimum (Duan et al., 1993). The algorithm 

requires specification of a range of allowed values for each 
optimised variable. In this study, the range of values used 

in SCE-UA was 0-50% for soil moisture content (implicitly 
assumed constant with depth in the retrieval algorithm), 273-
320 K for effective temperature (assumed equal for 
vegetation and soil in the retrieval algorithm) and 0—10 kg 
m"^ for vegetation water content. 

It is possible to match the estimates ofmicrowave emission 
given by the simple two-source model used in the SMOS 
retrieval algorithm and estimates given by the (assumed to 
be more realistic) extended Wilheit (1978) model (Lee et 

at., 2002) by selecting an appropriate value of the optical 
depth, T, or (for a specified value of vegetation water content) 
the opacity coefficient, b. Details of the derivation of the 
equivalent value of T or i? are given in the Appendix. In 
practice, it proved necessary to derive and use look-angle 
dependent effective values ofi to achieve accurate retrieval 
of the geophysical variables when using the simple two-
source model 
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Results 

MODEL EQUIVALENCE 

The central goal of the present study is to use the presum ably 
better representation of the effect of vegetation on 
microwave emission in the extended Wilheit (1978) model 
to evaluate the simpler representation of vegetation in the 
two-source model that is the basis of the proposed SMOS 

retrieval algorithm. It is first necessary to ensure that these 

twomodelsgive equivalent representation ofthe microwave 
emission from bare soil when no vegetation is present. 
Figure 1 shows a comparison ofthe microwave brightness 
temperature for bare soil and the soil reflectivity calculated 
by the two models for three different conditions of soil 
moisture (i.e. 30%, 18% and 8%). The agreement is 
excellent: the calculated values given by the two models 

are indistinguishable. 
Figure 2 shows a comparison between the microwave 

brightness temperature for the combined soil-vegetation 

Brightness Temp. 
300 

2S0 

(a) 0^=30,0% 150 

100 
0 10 20 30 40 50 60 

300 

250 

•2- 200 

(b) 0 =1S 0% 
150 

100 
0 10 20 30 40 50 60 

300 

250 

200 

(c) © =8,1 
150 

100 
0 30 10 20 40 50 60 

Look Angle (Degrees) 

system calculated by the extended Wilheit (1978) model 
and the two-source model used in the SMOS retrieval for 
die three different soil moisture levels and forfour different 
vegetation covers representing grass, crops, shrub and forest, 
with the vegetation parameters given in Table 1. In this 
comparison, the value of the opacity coefficient, b, was 

determined using the approach given in the Appendix to 
ensure equivalence at the nadir. In general, using this value 

at greater look-angles in the Fresnel model results in 
increased estimates of microwave brightness temperatures 
for all of the simulated canopies and for both polarisation 
states. These differences are larger at greater look-angles 
for canopies with lower vegetation water content (the 
difference is greatest for grass and least for forest) and for 
vertically polarised radiation. 

Clearly, it is possible to use the approach described in the 

Appendix to ensure equivalence between the two different 
models by m odifying the value of 6 at angles other than the 
nadir. In this way, it is possible to derive look-angle 
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Fig. 1. Comparison of the microwave brightness temperature CK) and soil rejlectiVUy (no units) calculated jor hare soil 

using the extended Wilheit (1978) model and the two-source Fresnel model for three dij(/erent soil wetness conditions. 



74 

Influence of vegetation on SMOS mission retrievals 
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Fig. 2. Microwave brightness temperature CK) as a junction of look-angle O for three different conditions of soil wetness (8, 18, and S0%) 

and Jour different vegetation covers specified in Table I using a constant opacity coefficient, b, the value being specified to ensure equality 

between the two models at the nadir. 

dependent functions specifying the value of b needed to 

give accurate retrieval with the proposed SMOS retrieval 
algorithm for each of the selected soil-moisture levels and 
for each specified vegetation cover. Figure 3 shows the 

required equivalent value ofi needed for accurate retrieval 
as afunction of look-angle and for both polarisation states. 
Consistent with Fig. 2, the variation in the required value of 

b with look-angle is greaterfor vertically polarised radiation 

and for canopies with lower vegetation water content. 

RETRIEVAL ACCURACY FOR HOMOGENEOUS 

VEGETATION 

On the basis of these results, it is clear that to obtain truly 

accurate recovery using a retrieval algorithm based on the 
two-source Fresnel model in the presence of vegetation, it 
is necessary to allow for look-angle dependency in the 
effective value ofi that changes with the vegetation cover 
and soil-moisture status. The mechanics ofmaking such an 
allowance is peripheral to the present study and, for the 

remainder of this paper, it is assumed that corrections for 

this systematic effect have been made and that the 
appropriate value of b is being used in the retrieval. (In 
practice, perh^s these would be obtained from "look-up" 

tables applied in an iterative system). Outstanding issues 
are the accuracy of the retrieval of soil moisture, optical 
depth, and effective temperature from multi-angle data when 

using (in this study, state-of-the-art) optimisation techniques 

and the impact on that retrieval accuracy of having 
heterogeneous vegetation within a pixel. 

The process of retrieval involves searching for that 
combination of soil moisture, optical depth and effective 
temperature which, when used in the Fresnel model, 

calculates microwave brightness temperatures (with 
appropriate, effective value of b) at the set of look-angles 
corresponding to a specified position in the footprint of 

SMOS that most nearly corresponds to the simulated 
observations calculated by the extended Wilheit (1978) 
model. In this study, searching for the preferred combination 

of variables involved randomly initiating the SCE-UA 



75 

Khil-ha Lee. Eleanor J, Burke,W James Shuttleworth and K. Chawn Harlow 

Grass Crop 

a 0.2 

fd)0 =30,0% (a) ® =30.0% (3)0 =30.0% 

0  1 0  2 0  3 0  4 0  5 0  0  1 0  2 0  3 0  4 0  5 0  0  1 0  2 0  3 0  4 0  5 0  0  1 0  2 0  3 0 4 0 5 0  

Shrub 

iiTiiriiinfunfiijj 

Tree 

(B =30.0% 

•g 0. 

(b) & =18.0% 

0  1 0  2 0  3 0  4 0  5 G  0  1 0  2 G 3 0 4 G S 0  0  1 Q 2 D  2 0  4 Q S O  0  1 0  2 0 3 0 4 0 9 0  

(c)& =8.0% 

(e}9 =18,0% 

(1) ®^=8.0% 

tittinnnniinum 

(h)® =18,0% (k)® =18.0% 

(i) 0 =8.0% 

X H 

(1) 0 =8,0% 

O 1 O  2 0  3 O 4 O S O  0  1 0  2 0  3 0  4 0  5 0  O  1 0  2 0  3 O 4 0 S O  0  1 0  2 0 3 0 4 0 5 0  

Look Angle (degrees) Look Angle {degrees) Look Angle (degrees) Look Angle (degrees) 

Fig, 3, The ejfective value of the opacity coefficient, b, required to make accurate retrievals with the two-source Fresnel model as a function 

of look-angle for three different soil wetness conditions and four different vegetation covers. 

optimisation procedure within the allowed range of the 
required variables and allowng it to find that combination 

with minimum rootmean square error (RMSE) between the 
brightness temperature calculated with the Fresnel model 

and the synthetic observations. In general, different random 
initiations of the SCE-UA algorithm resulted in the same 

set of values for the three required variables. 
Figure 4 shows the results of applying the retrieval process 

with different vegetation covers and with different soil 
moisture states. In Fig. 4, the location of the sampled point 
within the SMOS footprint is specified on the horizontal 
axis as a function of the half-swath angle. Errors are given 
relative to the fixed equivalent values used in the forward 

calculations made with the extended Wilheit (1978) model, 
in percent, 10"' kg m"^ and °K for soil moisture, vegetation 
water content and effective temperature, respectively. The 
retrieval results in very small errors in the retrieved values 
shown in Fig. 4; the errors are apparently haphazard and 

most obvious in the case of retrieved soil moisture. The 
presence of such "noise" confuses an interpretation of Fig. 

4 but some general features are evident. 
When changes in the effective value of i are taken into 

ajccount, the retrieval is very successful with errors in soil 
moisture typically less than 0.5%, in vegetation water 
content less than 0.1 kg m"^ and with very small errors 
(0.1 K)in effective temperature. There is atendency forthe 
errors in the retrieved values, especially those in soil 
moisture, to be greater for bigger half-swath angles. This 
is, presumably, a consequence of the fact that the number 
of angles for which observations will be made in the SMOS 
mission reduces with half-swath angle. There is little 

evidence that retrieval errors change significantly with soil 
moisture status. However, there is some suggestion that the 
retrieval errors, al least for surface soil moisture, are greater 
for forest vegetation than for the other vegetation classes. 
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Fig. A. Retrieved values of near-surface soil moisture, vegetation water content, and 

source Fresnel model viiih the ej^ective values of opacity coefficient given in Fig. 3, e: 

different soil v«etness conditions and four different vegetation covers. 

ve temperature obtained by optimising the two-

as a function of half-swath angle for three 

RETRIEVAL ACCURACY FOR FffiTEROGENEOUS 

VEGETATION 

The accuracy of the retrievals depends on the nature of the 
overlying vegetation and requires appropriate specification 
of vegetation-related parameters. However, in practice, even 
within one land-cover type and particularly for pixel sizes 
~ 50 km, there will be a laige variation in the nature of the 

vegetation and hence the vegelation-relatedparameters. To 
explore the impact of realistic variability in the vegetation 
on the quality of retrieval, one thousand forward calculations 
of synthetic SMOS observations were made for selected 
half-swath angles, soil moisture st^es and vegetation covers, 
as before, with the vegetation parameters in the extended 
Wilheit (1978) model randomly selected around the values 
previously used following a Gaussian distribution wdth a 
standard deviation equal to 10% of their (previously fixed) 
value. Retrievals were then made in each case using the 
SCE-UA optimisation procedure and the mean and standard 

deviation of the retrieved geophysical variables calculated. 
Figure 5 shows the mean of the retrieved variables 

obtained using the procedure just outlined. In this figure, 
the location ofthe sampled point within the SMOSfootprint 
is again specified on the horizontal axis in terms ofthe half-

swalh angle, and errors are again given relative to the fixed 
equivalent valuesused in the forward calculations in percent 

for soil moisture, 10"' kg for vegetation water content 
and °K for temperature, respectively. The most noticeable 
and significant result demonstrated by Fig. 5 is that random 
errors in the parameters used to specify the nature of the 
vegetation can result in systematic offsets in the retrieved 
values of soil moisture and vegetation water content but 
they have less impact on the retrieved value of effective 
temperature. The induced systematic errors are broadly 
similar for grass-, crop- and shrub-covered surfaces (less 

than ~0.J% reduction in retrieved soil moisture and up to 
'-0.2 kg m"' increase in retrieved vegetation water content. 
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Fig. 5. Systematic error in retrieved values of near-surface soil moisture, vegetation water content, and effective temperature as a function of 

half-svifath angle for three diffarent soil vietness conditions and four different vegetation covers when 10% random errors are introduced into 

the specification of the vegetation-related parameters used when calculating the synthetic observations with the eT^tended Wilheit (1978) model. 

depending on the vegetation cover), but are noticeably 
different in the case of forest cover (~l-4% reduction in 
retrieved soil moisture, depending on the wetness ofthesoil, 
and a~0.15 kg decrease in vegetation water content). 
In the case of forest cover, there is also some tendency for 
the systematic error in retrieved soil moisture to increase 
with half-swath angle, presumably because the sampled 
range of look-angles changes and, on average, the absolute 
values increase as the half-swath angle increases. 

Imposing random errors in vegetation-related parameters 
generates both systematic and random errors in the retrieved 
variables. Table 3 gives the ^stematic bias and standard 
deviation of the retrieved values of soil moisture, vegetation 

water content and effective temperature at zero swath angle 
when 10% random errors are introduced into the vegetation-

related parameters used to calculate the synthetic 
observations using the extended Wilheit model. In general, 
the absolute values of the systematic errors are small and 
less than 1% by volume in soil water content (but up to 3% 

for forest cover over moist soil), less than 0.1 kg m"^ in 
vegetation water content (but up to 0.1 kg m~^ for shrub 
cover over moist soil) and typically ~0.1 K in temperature 
(but up to ~0.5 K for grass cover over moist soil). The 
random errors in retrieved variables (here in all cases 
expressed in terms of the standard deviation of retrieved 

values) differ with the retrieved variable. The random error 
in soil moisture increases with soil wetness, being typically 
^1-3% for grass, crop and shrub cover but is much larger 
both in absolute terms (up to 8%) and as a fraction of soil-
water content for forest cover. Perilaps not surprisingly, the 

random error in vegetation water content generated by 
introducing 10% errors in vegetation parameters (largest in 
absolute terms for forest cover) is high in percentage terms 
(25—40%) for all cover types and soil-moisture conditions. 

While the random error in retrieved temperature is small 
for forest cover, it increases to ~2 K for grass cover over 
moist soil. 

It is interesting to see how the systematic errors and the 
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Table 3. Bias and standard deviation (SD) of retrieved surface variables at zero-swath angle when vegetation-

related parameters are randomly selected follotving a Gaussian distribution with standard deviation of 10%. 

e Bias in & SD in e Bias in SD in Bias in SD in 

(kg m-^) (%) (%) (%) (kg m-^) (kg m-^) ("K) CK) 

Grass 30 -0.7 2.5 0.04 0.394 -0.49 2.17 
1.25 18 -0.3 1.3 0.03 0.380 -0.20 1.08 

8 -0.1 0.6 0.03 0.367 -0.10 0.32 
Crop 30 -0.2 2.5 0.11 0.965 0.25 1.05 
2.68 18 -0.2 1.3 0.10 0.936 0.04 0.49 

8 -0.2 0.6 0.08 0.903 -0.03 0.13 
Shrub 30 -0.4 2.2 0.23 1.700 0.10 0.38 
4.17 18 -0.3 1.2 0.22 1.673 0.05 0.18 

8 -0.1 0.5 0.21 1.647 -0.00 0.05 
Tree 30 -3.0 8.3 -0.11 2.092 0.13 0.25 
7.50 18 -1.7 4.8 -0.12 2.075 0.08 0.13 

8 -0.8 2.2 -0.10 2.059 0.02 0.04 

associated random errors in retrieved values change with 
the size of random errors introduced into the vegetation-
related parameters. Recognizing that the systematic errors 
for grass-, crop- and shrub-covered surfaces are similar and 
also broadly similar for different soil moisture states. Fig. 6 

shows the error in the retrieved variables for crop and forest 
cover for medium soil moisture status (18%) as a function 
of the standard deviation of the random error added to the 
vegetation parameters in the extended Wilheit (1978)model. 
The mean temperature is always retrieved very accurately. 
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Fig. 6. Systematic error (given as a percentage for soil moisture and vegetation water content and absolute value for effective temperature) 

and random error (given as a percentage of the mean value) in retrieved values of near-surface soil moisture, vegetation water content, and 

effective temperature as a function of the random errors in the specification of vegetation-related parameters when calculating synthetic 

observations with extended Wilheit (IQ78) model. Results are given for crop cover and forest cover and for a soil-moisture status of 18%. 
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regardless of the imposed errors in vegetation parameters. 
However, as the standard deviation of the random errors 
increases, the systematic error in the retrieved soil moisture 
and vegetation water content increases. The systematic error 
in the retrieved soil moisture increases more significantly 
than in vegetation water content for forest cover, and vice-
versa for the crop cover This might be expected because of 
the greater sensitivity of the microwave brightness 

temperature to the soil moisture when covered with 
vegetation with less water content. The random erroi^ in 

soil moisture and vegetation water content also increase as 

the random error in vegetation parameter increases, and 
become large, particularly in the case of forest cover. 

Summary and conclusions 

This study investigated the potential sensitivity of the values 
of near-surface soil moisture, vegetation water content and 
eflective temperature retrieved from multi-angle microwave 
radiometer observations to the presence and nature of 
vegetation cover, with the proposed SMOS mission used as 
a case study. The strategy adopted was, firstly, to simulate 
the range of observations of microwave brightness 

temperature that (it is proposed) SMOS will make using an 
extended version of the Wilheit (1978) model (Lee et al., 

2002) for three different soil moisture states (wet, medium 

and dry) and four different vegetation covers (grass, crop, 
shrub and forest). Then, the required values were found 
using a retrieval approach that mimicked that proposed for 
the SMOS mission in that it ^sumed atwo-source Fresnel 
representation of microwave emission and used advanced 
optimization techniques. 

The primary conclusions of the present study are as 
follows: 

• When describing the microwave emission of bare soil, 
the simple two-source (Fresnel) model of microwave 
emission used in the proposed SMOS retrieval and the 
extended Wilheit (1978) model are consistent. 

• When describing the microwave emission of vegetation-

covered soil, the simple two-source model ofmicrowave 
emission is not consistent in detail with the extended 
Wilheit (1978) model and cannot therefore be used to 
retrieve accurate values of near-surface soil moisture, 
vegetation water content and effective temperature 
unless effective values of the opacity coefficient, b, that 
vary with look-angle, soil moisture status and vegetation 
cover are used. 

• If effective values of the opacity coefficient are used, 
the proposed SMOS retrieval algorithm gives very good 
retrievals, with errors in soil moisture typically of the 

order of 1%; in vegetation water content less than 0.5%; 
and with very small errors in effective temperature. 

• With multi-angle microwave radiometers and a retrieval 

algorithm based on the simple two-source (Fresnel) 
model, heterogeneity within the vegetation cover (as 
represented by introducing 10% random error in 

vegetation parameters) can result in both systematic and 
random errors in retrieved values which are vegetation 
cover and soil-moisture status dependent. 

• Systematic errors in retrieved variables induced by 10% 

random errors in vegetation parameters are up to 0.5 K 
for temperature (worst for grass cover and moist soil), 
up to 3% in soil moisture (worst for forest cover and 
moist soil), andup to ~0.2 kg m"^ for vegetation content 
(worst for shrub cover). Random errors so induced are 
up to ~-2°K for temperature (worst for grass cover and 
moist soil), up to~8% in soil moisture (worst for forest 
coverand moist soil), and up to~2 kg m"^ for vegetation 
content (worst for forest cover). 

• The size of both ^stematic and random errors increases 
with the heterogeneity in vegetation cover (as 

represented by random error in vegetation parameters) 

for all cover types; the systematic error in the retrieved 

soil moisture increases more significantly than in 
vegetation water content forforest cover, and vice-versa 

for the crop cover 
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APPENDIX 

DERIVATION OF EQUIVALENT OPTICAL DEPTH 

The extended Wilheit (1978) model (Lee et al., 2002) 
calculates the microwave brightness temperature, of 
the complete soil-vegetation-atmosphere interface as: 

(Al) 

where T, is the temperature of the i"' layer, is the fraction 
of enei^y absorbed from an incident microwave by the i"' 

layer of dielectric represented in the model and N is the 
number ofthe layers in the semi-infinite medium. A number, 
N^, of these layers ofdielectric represent the underlying soil. 
Hence, the effective reflectivity, r^, and emissivity, e^, of 

the soil surface within the overall description of the Lee et 

at. (2002) model are given by: 

'•s=0-e.) = 1-£^ 
/=1 

(A2) 

while the effective microwave brightness temperature ofthe 
soil surface is: 

(A3) 

In the simpler, two-layer Fresnel model of the soil-
vegetation-atmosphere interface, vegetation is treated as an 
absorbing layer with atransmissivity, F, which is described 
in terms of an optical depth, T, (Kirdyashev et al., 1979) 

that depends on the vegetation dielectric properties, the plant 
shape or structure, the wavelength and polarisation of the 
radiation, and the look angle, (p, (Jackson and Schmugge, 
1991). Thus: 

r=exp(-Tsec^p) (A4) 

In this expression, T is often written (see, for instance, 
Jackson and Schmugge, 1991) as: 

(AS) 

where is the vegetation water content (kg m'^) and b, 

the opacity coefficient, is a parameter that represents all of 
the other influences of vegetation on optical depth. 

Assuming there is no scattering of radiation at long 
wavelengths, the two-layer model gives the overall 
microwave brightness temperature of the soil-vegetation-
atmosphere interface as: 
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= (1+'•.r)(i - r)(i - «)r, + (1 - r, )rr, (a6) 

where a is the single scattering albedo, and is the 
temperature of the vegetation canopy. Equation (A6) can 
be rearranged to give: 

(l-a)rX O-'^VsT^ 
(A7) 

Hence, if the value of a is known or assumed, T can be 
found for known values of temperatures and as the (real) 

solution of the quadratic Eqn. (A7). The effective value of 
the optical depth, T, and the opacity coeflcient, b, in the 

two-level model can then be calculated from Eqns. (A4) 
and(A5), respectively. In this way, the dependence of Tand 
b in the simpler two-source model can be investigated in 
terras of vegetation characteristics, as specified by 
parameters in the extended Wilheit (1978) model (Lee et 

al., 2002). 
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ABSTRACT 

MICRO-SWEAT, asoil-vegetation-atmospiiere transfer scheme (SWEAT) coupledwith amlcrowave emission 
model, was used to predict the microwave brightness temperatures (Ta) measured at El Reno, Oklahoma, during 
the Southern Great Plains 1997 (SGP97) field experiment. Comparison with soil-moisture time series measured 
at four Intensively monitored sites revealed the need for a substantially greater soil-saturated hydraulic con
ductivity than that estimated from soil maps. After revision of the hydraulic conductivity, the modeled and 
measured time series of soil moisture and surface energy fluxes showed excellent agreement with observations 
at these 4 sites and with the measurements of the surface soil moisture and T, at the remaining 11 measurement 
sites, A two-dimensional array of calibrated MICRO-SWEAT models was implemented at 200-m resolution for 
the El Reno area. There were noticeable differences between the spatial distributions of modeled and measured 
T„. These differences lllceiy result from imperfect knowledge of the spatial distributions of soil properties, 
precipitation, and the estimated optical depth of the vegetation used in MICRO-SWEAT. A statistical measure 
of the useftilness of assimilating the observed soil moisture was explored by assuming the estimation of the 
optical depth provided the main source of error in the relationship between soil moisture and microwave brightness 
temperature. Analyses indicated that there is merit In assimilating T^ observations for significant portions of the 
modeled domain, but it is suggested that this would be enhanced if the optical depth of the vegetation were 
also directly remotely sensed, as proposed in the Soil Moisture and Ocean Salinity (SMOS) mission. 

1. Iiitroduction 

At regional and global scales, weather and climate 
are significantly influenced by the availability of soil 
moisture (Betts et al. 1996), and accurate soil-moisture 
estimates will improve initialization of atmospheric 
models. At present, the only practical way of providing 
such estimates is using Land Data Assimilation Systems 
(LDAS; information available online at http://ldas. 
gsfc.nasa.gov.). These are two-dimensional arrays ofthe 
land surface parameterization used in the relevant at
mospheric model and are driven by available observa
tions, rather than output from the atmospheric model. 
LDAS often give less than perfect simulations of soil-
moisture fields because of poor parameterization (e.g., 
poorly defined soil properties), unknown initial condi
tions, low-quality forcing data (e.g., poorly definedpre-
cipitation fields), or errors in model physics. The assim
ilation of microwave bri^tness temperatures (Tg) into 
LDAS potentially provides a way of improving the spec
ification of these soil-moisture fields and may also stim
ulate improvements in the parameterization and perhaps 
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structure of the land surface models themselves (Gal-
antowicz et al. 1999; Burke et al. 2001b; Reichle et al. 
2001). However, any inaccuracies in the parameteriza
tion of the relationship between and the near-surface 
soil moisture will render microwave bri^tness tem
peratures less valuable for assimilation. 

L-band (1.4 GHz) passive microwave remote sensing 
can be used to estimate flie moisture in the top 5 cm of 
the soil (Schmugge 1998). Many truck- and aircraft-
based field experiments (e.g.. Burke et al. 1998; Jackson 
et al. 1999; Laymon et al. 2001) have been carried out 
to evaluate the relationship between near-surface vol
umetric soil moisture and microwave brightness 
temperatures (Tg). The Soil Moisture and Ocean Salinity 
mission (SMOS; Wigneron et al. 2000) will provide 
global measurements of Tg at a set of different angles 
and is proposed for launch in 2006. 

The presence of both vegetation and soil sur&ce 
roughness impacts the relationship between 0^ and T^, 
with Tg being less responsive to 9^ as both the amount 
of vegetation and the roughness increase. Simplemodels 
have been proposed to account for these effects 
(Schmugge et al. 1986; Wigneron et al. 1998; Jackson 
et al. 1999). In addition, methods have been developed 
to extrapolate surfece information to deeper soil layers 
by assimilating surface soil moisture into a land surfece 

http://ldas
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model (Li and Isham 1999; Calvet and Noilhan 2000; 
Hoeben and Trooh 2000; Burke et al. 2001b). Thus, it 
is now accepted that coupling L-band passive micro
wave remote sensing with modeling has the potential 
to improve the representation of both surface and deeper 
soil moisture in LDAS. 

Coupled land surfece and microwave emission mod
els (e.g., Burke et al. 1997, 1998; Judge et al. 1999) 
will allow the direct assimilation of into LDAS, en
abling predicted soil-moisture fields to be improved by 
minimizing any error between the modeled and mea
sured Ts (Galantowicz et al. 1999; Burke et al. 2001b; 
Reichle et al, 2001). Forward modeling of using a 
coupled model incorporates model physics that is ne
glected in simple retrievals of including the effect 
of different near-surface profiles of soil moisture. In 
addition, it ensures consistency in the parameterizations 
used within the system. 

Such coupled models are usually run at one inten
sively studied point. A distributed array of coupledmod-
els requires spatial distributions of model parameters 
and model forcing, which are less accurately known. 
Therefore, an assessment of the performance of these 
coupled land surface microwave emission models at re
gional scales is an important preliminary step toward 
assimilating distributed measurements of Tg. 

This paper evaluates the ability of a coupled land 
surface and microwave emission model (MICRO-
SWEAT) to predict aircraft-based data collected dur
ing the Southern Great Plains 1997 field experiment 
(SGP97). On ftie basis of the results, the potential use
fulness and limitations of directly assimilating observed 

into an LDAS to improve the representation of soil 
moisture are discussed. For this purpose, the concept of 
an Assimilation Value Index is introduced. 

2. Data and methods 

a. Study area 

A distributed grid focused around the U.S. Department 
of Agriculture (USDA) Grasslands Research Center at El 
Reno, Oklahoma, represents the study area. The grid is 
48 cells by 24 cells and has a resolution of 200 m. It 
extends 9.6 km east of 582140E and 4.8 km north of 
3932275N (Fig. 1). The modeled domain is relatively 
flat; the elevation ranges between 395 and 457 m, with 
a mean elevation of 417 m (Pennsylvania State University 
database, available at http://eoswww.essc.psu.edu./ 
dbndx/ttee/amer_n/us.sc/sgpr.html). Much of the data 
used in this paper were collected as part of the Southern 
Great Plains 1997 experiment (information available 
from the SGP97 Web site at http://daac.gsfc.nasa.gov./ 
CAMPAIGN.DOCS/SGP97/sgp97.html which took 
place between 18 June and 17 July 1997. 

Two L-band passive microwave radiometers were 
flown during this measurement period. The Electroni
cally Scanned Thinned Array Radiometer (ESTAR), a 

one-dimensional synthetic aperture horizontally polar
ized radiometer, measured at a spatial resolution of 
800 m during 16 days (Jackson et al. 1999). The Scan
ning Low Frequency Microwave Radiometer (SLFMR), 
a vertically polarized push-broom microwave radiom
eter (Jackson 2001), was flown on three days (29 June, 
2 July, and 3 July). The SLFMR was flown at three 
altitudes, providing measurements at three different 
spatial resolutions (nominally 200, 400, and 600 m). 
The SLFMR data were cross calibrated with the ESTAR 
data and, because are given at nadir, there should be 
no significant differences between the two datasets re
sulting from instrument characteristics (Jackson 2001). 

Distributed soil information was derived from the 
200-m spatial resolution Map Information Assembly 
and Display System (MIADS) found on the Pennsyl
vania State University database. The series name was 
used to define texture classification, and the USDA tex
ture triangle then used to estimate the particle size dis
tribution . The MIADS description of the distributed grid 
indicated two soil types: a silty loam covering a majority 
of the domain, and a small area of loamy sand in the 
northeast part of the domain (Fig. 1). 

Distributed vegetation characteristics were defined 
from the 30-m SGP97 land cover classification gener
ated from the 25 July Landsat overpass. When resam-
pled to 200 m, the wheat/wheat stubble and rangeland/ 
pasture classes were found to cover 90,5% of the area 
(Fig, 1), The leaf area index was estimated at 200-m 
resolution from the Landsat-derived Normalized Dif
ference Vegetation Index (NDVI), which is a measure 
of the relative vigor of the canopy, using the relationship 
proposed by Norman et al, (1995) (French et al, 2000), 
It should be noted that the Landsat overpass occurred 
7 days after the last ESTAR fli^t, leading to possible 
differences between this image and the actual vegetation 
present during the 4-week simulation period. 

Figure 1 outlines the 15 fields (all with silty loam 
soil) that were monitored in situ, and highli^ts the 
four fields (ER-1, ER-5, ER-13, and ER-15) where 
there were more intensive measurements. Each field 
is approximately 800 m X 800 m, that is, one ESTAR 
pixel. Field-average near-surface volumetric soil wa
ter contents were obtained using two different meth
ods, The first method (measuring 0-5 cm) uses 14 
gravimetric samples made every 100 m along two 
transects, each transect separated by 400 m (Jackson 
et al, 1999), The second method (measuring 0-6 cm 
for the four highlighted fields only) uses 49 samples 
collected using Theta Probes (Delta-T Devices) at se
lected nodes on a 7 X 7, 100-m separation grid (Fa-
miglietti et al, 1999), The value of the field-average 
volumetric soil water content measured using the first 
method is highly dependent on the bulk density. Two 
measurements of bulk density are available, one from 
the USDA Salinity Laboratory (http://daac.gsfc.nasa. 
gov/CAMPAIGN_DOCS/SGP97/soilJbd.html), and one 

http://daac.gsfc.nasa
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Fio, 1. (a) The location of the distributed grid in the SGP97 study area, (b) Schematic of the 
distributed grid, The 15 field sites are outlined; with the 4 more intensively monitored sites 
highlighted and labeled. Shading represents the different land cover classifications. The black 
dots in the northwestern part of the grid represent the loamy sand soil. The rest of the grid has 
silty loam soil. 

from the USDA Hydrology Laboratory (http://daao. 
gsfc.nasa.gov/CAMPAIGN_DOCS/SGP97/arssLhtnil). 
The USDA Salinity Laboratory measurements are typ
ically about 20% larger than the Hydrology Laboratory 
measurements and hence result in significantly hi^er 
values of volumetric soil water content. The USDA Sa
linity Laboratory measurements were used in this study. 

Measurements of the surface energy balance along 
with relevant surface meteorological variables are avail
able for the duration of SGP97 for three of the four 
highlighed sites (ER-1, ER-5, and ER-13). In addition, 
ER-5 contains a Mesonet site (information available at 
http://okmesonet.ocs.ou.edu.), which provides long-
term measurements of surface meteorological variables 
including wind speed and direction, incoming solar ra
diation, relative humidity, air temperature, pressure, and 
precipitation. 

b. MICRO-SWEAT 

The MICRO-SWEAT model involves sequential cou
pling of two one-dimensional simulation models. The 

first is a model of simultaneous heat and water move
ment in (he soil-vegetation-atmosphere system [Soil 
Water Evaporation and Transpiration (SWEAT); Daa-
men and Simmonds 1996]. The soil component of 
SWEAT includes representation of Darcian water flow 
through the soil matrix, isothermal and thermally driven 
vapor flow, and the conduction of heat throu^ the soil. 
When vegetation is present, transpiration and root water 
uptake are modeled assuming a simple electrical resis
tance analogue of soil-plant hydraulics. Water flow 
through the soil-plant system is coupled with the at
mosphere via a stomatal resistance that depends on leaf 
water potential. The link between subsurface and sur
face processes and the atmosphere is obtained by mod
eling the latent and sensible heat fluxes from two in
teracting, evaporating surfaces following Shuttleworth 
and Wallace (1985). 

The outputs from SWEAT directly relevant for mod
eling microwave emission from the land surface are the 
vertical distributions of soil temperature and soil water 
content. These profiles contain information for 24 dis
crete soil layers extending down to 2.5 m, including 8 

http://daao
http://okmesonet.ocs.ou.edu
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layers in flie top 5 cm. They are interpolated to 200 
layers at the following depth: 0-1 cm, 10 layers at 1 
mm; 1-3 cm, 10 layers at 2 mm; 3-6 cm, 10 layers at 
3 mm; 6-10 cm, 10 layers at 4 mm; 10-20 cm, 20 layers 
at 5 mm; and 20-160 cm, 140 layers at 10 mm. The 
profile of the soil dielectric constant required for input 
into the emission model is derived from this interpolated 
soil water content profile using the Wang and Schmugge 
(1980) semiempirical mixing model. This model takes 
account of the proportions of free and bound water, air 
and soil solids within the soil medium, and their relative 
dielectric constants (real parts —80, 4, 1, 3, respec
tively). The amount of water that is bound within the 
soil medium is a function of the percentage of clay 
solids. The Wilheit (1978) model of coherent radiative 
transfer in stratified media predicts the microwave in
tensity emergent at the soil surface from the vertical 
distributions of soil temperature and dielectric constant. 

At L-band wavelengths, overlying vegetation absorb s 
microwave emissions from the soil surface and also con
tributes its own emission. A simple one-parameter mod
el is used in MICRO-SWEAT to account for these veg
etation effects (Ulaby et al. 1986): 

= (1 + re-""=^)(l - e-"«'«)r„ 

+  ( 1  -  r ) e — ( 1 )  

where r is the soil reflectivity, T is the optical depth, 
the physical temperature of the soil, and the physical 
temperature of the vegetation. The optical depth defines 
the amount of absorption and emission by the canopy 
and is often taken to be proportional to the vegetation 
water content, with the constant of proportionality an 
uncertain function of wavelength, vegetation type, and 
possibly look-angle (Lee et al. 2002). 

Recent papers by Burke et al. (1997, 1998) and Sim-
monds and Burke (1998,1999) provide examples of the 
point verification of MICRO-SWEAT, in which the pre
dicted time courses of were successfully compared 
with truck-mounted radiometer measurements. Typical
ly, the root-mean-square error in predicted Tg is less 
than 5 K. The present paper is concerned with applying 
MICRO-SWEAT to data collected from an aircraft. 
Consequently, potential errors are larger because the 
field conditions are much less well controlled, and there 
is a possibility of georeferencing errors. 

c. Derivation of the vegetation optical depth 

Knowledge of the optical depth of vegetation cover 
is crucial in MICRO-SWEAT because it specifies the 
effect of the vegetation on microwave emission from 
the soil. Optical depth is usually assumed to be pro
portional to the vegetation water content, but the con
stant of proportionality, the opacity coefficient, is un
certain and ranges between 0.05 and 0.15 (Kerr and 
Wigneron 1994). Since the optical depth and vegetation-
specific opacity coefficients were neither measured nor 
known, the optical depth was derived using the rela

tionship between surfece soil moisture and (Burke 
and Simmonds 2001, 2002). 

Burke and Simmonds (2001, 2002) show average 
near-surface (0-5 cm) soil moistme as a simple semi-
empirical function of T^- This function was derived 
from multiple simulations of MICRO-SWEAT under a 
wide range of conditions, and only requires information 
on the soil particle size distribution, vegetation optical 
depth, instantaneous air temperature, and mean annual 
air temperature. It assumes that the effect of soil surface 
rou^ness is negligible. Burke and Simmonds (2001) 
discuss the sensitivity of the to the various input 
parameters. They determined that the accuracy of the 
optical depth was a crucial component of this function. 
Therefore, it was assumed that all of the information 
required by the function, except the vegetation optical 
depth, was accurately known, and the function was 
solved for optical depth for the 15 fields outlined in Fig. 
1 by minimizing the difference between the time courses 
of measured and modeled T^. 

d. The Assimilation Value Index 

One potential application of a coupled land surface 
and microwave emission model, such as MICRO-
SWEAT, is in the assimilation of to improve estimates 
of the soil water content. The probability distribution 
of likely errors in can be used to estimate the prob
ability distribution of equivalent near-surface soil water 
content estimated using measurements of T^, andhence 
determ ine the we ight given in the assim ilation procedure 
to the difference between measured and modeled T^. In 
this case study, the primary and most easily quantifiable 
source of errors in the calculation of Tg is in the esti
mation of the optical depth, although errors in soil type, 
surface roughness, and effective temperature are also 
likely. 

In this paper, an Assimilation Value Index (AVI) is 
introduced to quantify the usefulness of remotely sensed 
Tj data for assimilation, thus 

equiv 

where and are the mean and standard devi
ations of the probability distributions of the soil-mois
ture equivalent to the measured T^. These are found 
using the probability distributions of the parameter val
ues required for the relationship between and surface 
soil water content. The value is the modeled soil-
moisture preassimilation. [Note: die AVI follows the 
form of the standard normal transformation {x — jMy<T 
used to translate general normal distributions into the 
standard normal distribution. The mean of the square 
of (^ — fj.ycr is unity for a standard normal variable 
where the expectation value of x is /ia.] The AVI cal
culated by Eq. (2) increases from zero, for a perfectly 
parameterized model, to >5 for models that are poorly 
parameterized. Low values (<1) of the AVI are asso-



87 

TABLE 1, Parameters required for the four oalibrallon sites. All 
parameters except leaf area index and optical depth were used for 
the distributed modeling. 

Wheat Rangeland 
Parameter (ER-13/ER-15) (ER-l/ER-5) 

Sand (%) 18 18 
Clay (%) 26 26, 
Bulk density (g cm"^) 1.25 1.25 
Saturated hydraulic 0.000021 0.00021 

conductivity Qcm m'^ s"') 
Air entry potential (J kg"') -5.3 -5.3 
Soil b value 7.3 7.3 
Initial soil water - 1000.0 -30.0 

potential (J kg"') 
Initial soil 15.0 15.0 

temperature ("C) 
Plant height (m) 0.3 0.6 
Leaf Area Index 0.87/0.77 477/3.9 
Vegetation optical depth 0.12/0.17 0,36/0.3 

oiated either with a very well-parameterizEd model or 
hi^ variability in retrieved soil moisture. In either case, 
assimilating remotely sensed data into the model would 
have little use. As the AVI increases, assimilating re
motely sensed Tg data has increasing potential benefit 
for model accuracy. 

3. Results 

a. Single-site MICRO-SWEAT model simulations 

The purpose of this single-site calibration exercise 
was to check the m odel performance using the four m ore 
intensively studied field sites, before applying it to the 
larger domain where there are few measurements. 

The four field sites labeled in Fig. 1 were used for 
the single-site calibration of MICRO-SWEAT. All of 
these sites have silty loam soil (there were no sites avail
able on the sandy loam soil). Two sites (ER-13 and ER-
15) contained senescent, then harvested winter wheat, 
and flie other two (ER-1 and ER-5) contained pasture/ 
rangeland. For the purposes of the modeling, it was 
assumed that flie wheat was senescent throu^out the 
experiment. Consequently, distinguishing between se
nescent wheat and wheat stubble lias minimal effect on 
the model simulations. Neither senescent wheat nor 
stubble transpires; senescent wheat is only —30 cm taller 
than stubble and has a small additional shading effect; 
and both have very low vegetation water content. 

Table 1 summarizes the vegetation and soil properties 
used for these single site simulations and subsequently 
over the whole domain. The single-site simulations were 
initialized with uniform soil water potential and tem
perature profiles on day of year (DOY) 152, 25 days 
before the first ESTAR overpass. The Mesonet site lo
cated in ER-5 provided the model forcing data. The soil 
hydraulic properties, that is, the parameters describing 
the soil water release curve and the saturated hydraulic 
conductivity in SWEAT, were estimated from the 
particle size distribution and pedotransfer functions de

veloped by Cosby et al. (1984) and were assumed to be 
constant for the entire soil profile. During calibration 
the saturated hydraulic conductivity was decreased by 
a factor of 10 at all four of the field sites. This improved 
the comparison of the time courses of modeled surface 
soil moisture (0-5 cm) with Theta Probe (0-6 cm) and 
gravimetric measurements (0-5 cm) particularly just af
ter precipitation, by slowing the drying. 

Figure 2 shows the calibrated time series of modeled 
and measured near-surface soil moisture. For all four 
sites, there is reasonably good agreement between the 
model and measurements. The modeled soil moisture 
deviates from measurements by significantly less than 
one standard deviation. Table 2 shows the rmse between 
model and measurements is approximately 4% water 
content. There are two exceptions. The Theta Probe 
measurements in ER-5 are significantly hi^er than ei
ther the model or gravimetric sampling. There mi^t be 
some differences expected between the Theta Probe 
measurements (0-6-cm water content) and the gravi
metric sampling (0-5-cm water content) because of the 
different depths sampled, although, under most condi
tions, these differences will fall within the measurement 
error. The discrepancies between the gravimetric and 
Theta Probe measurements in ER-5 are likely either 
related to poor specification of bulk density or to poor 
calibration of the Theta Probe data. The rmse between 
model and gravimetric sampling for ER-13 (Table 2) is 
also poor (6%). Figure 2 shows these differences mainly 
during the second half of the experiment after the field 
was plowed (DOY 186). The plowing likely resulted in 
modified soil properties that would affect both model 
and measurements. The remaining 11 sites monitored 
during SGP97 were used as validation sites. Table 2 
shows the rmse between model and gravimetric mea
surements was 4.9% with a bias of 1.3%. These errors 
are within acceptable limits. 

Figure 3 shows the modeled at the four single-
point calibration sites compared with observations taken 
from both the mult ire solution SLFMR data and the 800-
m-resolution ESTAR data. The rmse and bias between 
the model and all of the measurements (both SLFMR 
and ESTAR) are also given in Fig. 3. The optical depths 
used in these examples were flie field-specific values 
found from the 16-day time courses of ESTAR observed 
Tg using the procedure outlined in section 2c. Consid
ering that aircraft data are prone to geolocation error. 
Fig. 3 shows excellent agreement for the 800-m ESTAR 
data. However, the multiresolution SLFMR data agree 
less well. The SLFMR observed are apparently 
strongly resolution-dependent, particularly in fields ER-
1 and ER-15 (Burke et al. 2001a; Burke and Simmonds 
2002). This resolution dependence results in a signifi
cant degradation of the rmse and bias. Figure 3 also 
shows an underestimation of the during the latter half 
of the experiment at the ER-13 site. This is likely, at
tributable to flie change in soil properties associated with 
plowing on DOY 186 at that site—the water content is 
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TABLE 2. Bias and root-mean-square error between modeled and 
measured near-surface soil moisture for the 4 highlighted calibration 
sites and the 11 other validation sites. 

Site 

Gravimetric method Theta Probe method 

Site Rmse (%) Bias (%) Rmse (%) Bias (%) 

ER-1 2,4 -1.7 4.6 -3.0 
ER-5 4,1 -3.1 12.5 -11.8 
ER-13 6,4 2.0 3.2 1.8 
ER-15 4.0 2,2 2.0 - 1.3 
Remaining 11 4,9 1,3 

overestimated and hence is underestimated. There is 
also an increase in surfece roughness, which is not ac
counted for in the model, which leads to an additional 
underestimation of T^. 

b. Distributed MICRO-SWEAT model simulations 

MICRO-SWEAT was run for each cell within the 4.8 
km by 9.6 km model domain, that is, 1152 times for 
the 200-m-resolution grid and 72 times for the 800-m-
resolution grid. Lateral interactions between processes 
in each grid cell were assumed to be negligible. This is 
an LDAS-type approach to modeling distributed land 
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surface processes. Both distril)uted forcing and input 
parameters are required for the model simulations. 

1) DISTRIBUTED FORCING DATA 

Little distributed forcing data is available. Short-term 
flux stations monitored several of the sites, but did not 
measure all of the forcing data required, or for long 
enough to enable sufficient spinup before the start of 
the ESTAR flights. However, there is only a small 
change in elevation (~62 m) across the model domain, 
which will have a minimal effect on atmospheric con
ditions (e.g., <0.5°C change in air temperature). There
fore the measurements at the Mesonet site (ER-5) were 
taken to be representative of the whole domain. Assum

ing one measure of precipitation is representative cer
tainly decreases the reliability of the model simulations, 
but there are only two gauge measurements within the 
domain and radar-based estimates have a minimum res
olution of 4 km (resulting in just ~two grid squares 
across the domain). 

2) DISTRIBUTED SOIL PARAMETERS 

The model domain mainly comprised a silty loam soil 
(92%), and all of the 4 calibration and 11 validation 
sites overlay silty loam soil. Therefore, no information 
is available on the characteristics (and resulting effect 
on model performance) of the remaining 8% of the mod
el domain, which comprised sandy loam soil. For lack 
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of better information it was therefore assumed that the 
whole domain comprised silty loam soil. The initial soil 
moisture and temperature profiles were assumed to be 
land cover-dependent, and drier for the wheat sites than 
for the rangeland sites. The soil parameters given in 
Table 1 were used in the distributed modeling. 

3) DISTRIBUTED VEGETATION PARAMETERS 

The calibration sites are either senescent/harvested 
wheat or rangeland. These land cover types account for 
90.5% of the domain. Consequently, the domain was 
assumed to comprise wheat (no differences between the 
characteristics of wheat and wheat stubble were ac
counted for because time ofharvest isunknownfor most 
fields), rangeland, or water. The vegetationheights given 
in Table 1 were used for the distributed modeling. The 
distributions of LAI (described in section 2b) and optical 
depth (described later) at the relevant resolution were 
obtained from the NDVI, where the linearly averaged 
Landsat radiances were used to estimate the NDVI. 

Figure 4 shows the relationship between optical depth 
derived for each of the 15 outlined sites using the pro
cedure discussed in section 2c and log(l — NDVI). 
Figure 4a shows flie relationship using the 200-m 
SLFMR data and Fig. 4b shows that using the 800-m 
ESTAR data. In each case the data used (the Landsat-
TM radiances, T^, and the measured 0-5-cm volumetric 
soil moisture) were aggregated to the field scale. A linear 
function can be fitted to these relationships. In the case 
of the SLFMR T^, 78% of the variation in the optical 
depth is explained by variation in the NDVI (Fig. 4a). 
This is a strong dependence despite the assumptions that 
the relationship between and water content is a cor
rect representation of the relationship between surface 
soil moisture and all other parameters, including the 
measured near-surface water content, are well defined; 
and surface rou^ness is negligible. Figure 4b shows 

that only 58% of the variation in the optical depth de
rived from the 800-m ESTAR observed is explained 
by variation in the NDVI. This degradation is likely 
because of the influence of vegetation outside the fields 
(Burke and Simmonds 2002). Figures 4a,b also show 
the 66% confidence intervals of the fitted relationship, 
corresponding to one standard deviation of the optical 
depth, approximately ±0.08. 

The 15 fields have NDVI ranging between 0.31 and 
0.75. This is comparable to the range of NDVI for the 
entire domain (0.26 to 0.81). All of these fields are 
classified as either range land or wheat—these land cover 
types represent 90.5% of flie grid. Arguably it is rea
sonable to assume the relationships derived in Fig, 4 
can be extrapolated to estimate the optical depth for the 
entire area (Fig. 5). The distribution of optical depth 
shown in Fig. 5 agrees well with the land cover clas
sification (see the SGP97 Web site noted earlier). Po
tential errors in the optical depth at each grid location 
were estimated by assuming that the true optical depth 
follows a normal distribution with a mean given by the 
best-fit line and a standard deviation given by the half-
range confidence interval shown in Fig. 4. 

4) DISTRIBUTED MODEL RESULTS 

Distributions of near-surface soil moisture and 
were simulated at both 200-m (SLFMR) and 800-m (ES
TAR) resolution. Table 3 shows the difference between 
area-average modeled and measured is generally less 
than 2 K. However, the rmse between model and mea
surements on a po int-by-point basis is significantly larg
er—of the order 15 K—indicating that there are some 
large discrepancies between the spatial distributions. 

The relationship between and soil m oistuie is hi^-
ly sensitive to the value of the optical depth. For ex
ample, given an average value of soil water content 
(25%) and an average value of the optical depth (0.3), 
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an error of 0.05 in the optical depth results in an error 
of approximately 18 K in (Burke and Simmonds 
2001). Thus one of the main reasons for the difference 
in spatial distributions is the scatter in the relationship 
between optical depth and NDVI. 

Figure 6 shows a qualitative comparison between the 
spatial distributions of the 200-m-resolution model re
sults and the SLFMR data. The western third of the 
image, which contains mostly wheat, has relatively low
er modeled and measured Tg, while the remainder of 
the image has both higher predictions and measure
ments. A sewage treatment works to the east of the 
images was not modeled (white area in Fig. 6). There 
are features in the measured data not present in the 
modeled data, and vice versa. For example, an area with 
low Tg in the northeastern corner of the modeled image 
is not present in the measurements. Thermal/infrared 
observations indicate that this is an area of wheat with 
low NDVI (Fig. 5), similar to the ER-15 site, but it is 
not apparent in Tg. Similarly, in the southwestern corner, 
there is an area of rangeland with high NDVI that is 

TABLE 3. Bias and root-mean-square error between modeled and 
measured brightness temperatures for the El Reno area. 

Day 

ESTAR (800 m) SLFMR (200 m) 

Day Rmse (K) Bias (K) Rmse (K) Bias (K) 

176 11.6 5.8 
177 17.8 0.6 
178 13.3 3.2 
180 22.1 8.2 24.1 -2.3 
181 20.5 -3.9 
182 13.4 6.1 
183 10.7 2.7 16.4 -0.21 
184 7.7 -1.3 15.3 -0.12 
192 12.1 -2.1 
193 13.9 1.4 
194 11.9 -0.9 
195 9.5 0.1 
197 9.8 0.3 

not present in the Tg measurements. One possible reason 
for these discrepancies is that the NDVI image was tak
en on 27 July, after the field experiment ended, and 
some NDVI values may have changed over the course 
of the study period. Other possible reasons include lack 
of detailed knowledge about the spatial distribution of 
changes in elevation, topography, soils, and precipita
tion, and also poor estimation of the optical depth. 

4. Discussion 

Assuming that the microwave emission model in MI
CRO-SWEAT adequately represents the relationship be
tween near-surface water content and Tg, the discrep
ancies between the spatial distributions of modeled and 
measured 7"^ observed in this study are mainly due to 
inaccurate inputs to the microwave emission model. The 
microwave emission model is most sensitive to the spa
tial fields of estimated vegetation optical depth and mod
eled soil moisture. The purpose of assimilation is to 
improve the modeled soil-moisture field, but the accu
racy to which the soil moisture can be retrieved from 
Tg is highly dependent on the accuracy with which the 
optical depth can be estimated. 

Figure 7 shows the relationship between near-surface 
soil moisture and Tg derived using the function de
scribed in section 2c for two representative covers along 
with the effect of an error of ±0.08 in optical depth. 
For dense vegetation cover with an optical depth of 0.5 
(vegetation water content ~5 kg m"^), the dynamic 
range of is relatively small (the signal is fairly in
sensitive to soil moisture). At higher water contents, 
errors resulting from an imperfect specification of veg
etation optical depth are of the order ±8 K, that is, 
about 10% of the dynamic range in Tg, corresponding 
to an error of 5% in the volumetric water content. For 
a less dense canopy with an optical depth of 0.1 (veg
etation water content ~1 kg m"^), the errors resulting 
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from imperfect specification of optical depth approach 
±25 K at high water contents. This corresponds to an 
error of ± 10% in volumetric water content, again about 
10% of the dynamic range in 7^. These are significant 
errors, which emphasize the need for accurate knowl
edge of vegetation optical depth for effective assimi
lation of Ts. On the basis of the results summarized in 
Fig. 7, the differences between the modeled and mea
sured Tg in Fig. 6 are most likely to be the greatest for 
the wettest day (top image) and, assuming the error in 
optical depth is independent of the optical depth itself, 
the error in the Tg will be greater for low optical depths. 

The usefulness of assimilating into SWEAT is de
fined using the AVI [Eq. (2)]. In this case, uncertainty 
in soil moisture is attributed to a poorly deter
mined optical depth-NDVI relationship [see Fig. 4 and 
section 3b(3)]. Other sources of variance in soil moisture 
are discussed in section 2d. The probability distribution 
of the optical depth at each cell within the grid (which 
can be used to estimate the probability distribution of 
the surface soil moisture) is obtained from Fig. 4a. The 
probability distribution is assumed to be normal with 
the mean represented by the best-fit line and the standard 
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deviation represented by the difference between the 
best-fit line and the 66% confidence interval. One hun
dred distributed grids of optical depth were randomaly 
generated using the defined probability distributions. 
These, along with measured Tg, were then used as inputs 
into the simple function defined in section 2c and the 
probability distribution of soil moisture at each grid cell 
was obtained. Figure 8, column 2, shows the mean of 
the retrieved soil moisture for each grid cell, for the 3 
days when SLFMR measurements were available. Col
umn 1 shows the distribution of modeled soil moisture 
at the same times. The average modeled and retrieved 
soil moisture for the entire domain are very similar on 
all 3 days, the modeled values being 43.4%, 39.3%, and 
34.2%, respectively, and retrieved values 45.4%, 37.4%, 
and 34.2%, respectively. 

The AVI reflects the differences in the distributions 
of modeled and retrieved soil moisture. The proposed 
accuracy of soil-moisture retrievals from passive mi
crowave radiometers is 3% (Jackson et al. 1999). There
fore, in column 3, grid cells where there is less than 3% 
difference between modeled and retrieved soil moisture 
are shown in white. Here, the model already agrees well 
witliin the measurement error and the Tg data have little 
worth. Elsewhere, dark colors indicate that data assim
ilation has a greater usefulness, while light colors reflect 
it has less value. Two general trends are apparent as the 
soil dries out. First the proportion of white patches in
creases from 24% to 35% of the total area, indicating 
that the model more accurately estimates soil moisture 
in drier conditions than in wetter conditions. Second, 

the proportion of dark grid cells increases indicating 
that, among the shaded pixels, the usefulness of data 
assimilation increases. In general, even a relatively con
servative estimate of the errors in the optical depth re
sults in the data having little use over about 50% of the 
area. Presumably, a more precise, remotely sensed es
timate of optical depth would increase the overall use
fulness of assimilating remotely sensed T^. 

5. Summary and conclusions 

This paper describes a study in which a coupled land 
surface and microwave emission model, MICRO-
SWEAT, is used to predict the microwave brightness 
temperature for comparison with measurements provid
ed by airborne passive microwave radiometers in the El 
Reno, Oklahoma, area during the SGP97 experiment. 
Calibration of MICRO-SWEAT resulted in good agree
ment between the time courses of modeled and mea
sured near-surface soil moisture and Tg for four specific 
sites. 

Estimates of the distributed grids of required soil and 
vegetation parameters were obtained from soils maps 
and remote sensing. In particular, a novel method of 
estimating the vegetation optical depth from NDVI data 
is discussed. A 2D array of MICRO-SWEAT models 
was used to predict the distributed fields of Tg. The 
area-average are predicted well by the model but the 
spatial distributions differ noticeably. The discrepancies 
between model and measurement result from inaccurate 
parameterization and initialization of the land surface 



94 

model, errors in the model physics, errors in flie distri
bution of precipitation, and errors in the parameteriza
tion of the microwave emission component of MICRO-
SWEAT. Assimilation of the measured into the land 
surface model could correct for the first three issues as 
long as the parameterization of the microwave emission 
model was correct. 

A demonstration of the usefulness ofT^ for data as
similation is given using the error in the estimated op
tical depth. This revealed that, despite providing some 
information, the usefi]Iness of is significantly reduced 
by poor parameterization of the microwave emission 
model, for example, by imperfect knowledge of optical 
depth. One way to improve estimates of optical depth 
is to retrieve simultaneously bofli soil m oisture and veg
etation optical depth using multiple measurements of 
for the same location at different angles. This is the 
approach proposed for the SMOS mission, and should 
result in Tg data being more valuable for the purpose 
of data assimilation. However, evaluating the potential 
of this approach is not feasible with the SGP97 datasets. 
Future field studies should seek to correct this weakness. 
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Measuring Spectral Dielectric Properties Using Gated Time Domain 
Transmission Measurements 

R. Chawn Harlow,* Eleanor J. Burke, Ty P. A. Ferre, John C. Bennett, and W. James Shuttleworth 

ABSTRACT 

A iiietliod lo measure tlie frequency-depeiidenl dieleclric per
mittivity of simple materials based on a time domain transmission 
tecluiique is described. A vector network analyzer (VNA) was con
nected to a twin-rod transmission line via a coaxial cable. The complex 
dielectric permittivity was fonnd irom the difference in phase and 
magintude between a reference line sm-rounded by air and the same 
line siurronnded by the substance of interest. The spectral response 
showed periodic variations in Uie dielectric permittivity as a result of 
multiple reflections in tiie experimental setup. These multiple reflec
tions can be removed by using a time domain gate tJiat selects only 
tiie primary transmission and filters out any subsequent reflections. 
Itis essential tliat the apparatus be designed so that the first reflection 
is well separated from the primary transmission. Tliis requires a long 
transmission line and a long coaxial cable. However, if the transmission 
line is too long, excessive conductive or dielectric losses make it hard 
to detect tiie primary transmission. The application of the gated time 
domain transmission technique to measure the frequency-dependent 
diclectric permittivity of water, ethanol, sand and saturated sand is 
demonstrated. This nietiiod does not have the typical linntations on 
sample volume. In addition, it does not require the assumptions neces
sary in previous time domain spectroscopy metliods applied to open 
trunsmission lines where a probe model is used in conjunction with 
simple Debye relaxation and/or inverse metiiods. 

BASIN-SCALE WATER BALANCE studies, especially those 
conducted in remote areas, must rely on remotely 

sensed soil moisture and plant canopy water fluxes. 
Measurements of the dielectric permittivity of the can
opy at L-band (1,4 GHz) or lower frequencies would 
be particularly useful for inferring water content and 
water flux (Lee et al., 2002a,b). However, although di
electric mixing models have been developed to predict 
the permittivity of a canopy on the basis of measure
ments of the dielectric permittivities of the canopy con
stituents (e.g., air, stems, seeds, heads, and stocks) (e.g., 
Ulaby et al., 1986), to date no direct measurements of 
the permittivity of a canopy have been reported. The 
reasons for this are twofold. First, methods that use 
closed transmission lines or wave guides are destructive, 
and therefore the radiation regime and the water status 
of the canopy sample changes once it is removed from 
its environment for measurement. Second, the sample 
volumes of some of the dielectric spectroscopy tech
niques that use coaxial end probes are too small to apply 
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at the canopy scale. Other common closed wave guide 
methods would require the construction of large, expen
sive coaxial lines or wave guides. The objective of this 
study is to examine the feasibility of an open transmis
sion line dielectric spectroscopy technique that would 
be amenable to determining the frequency-dependent 
dielectric permittivity of sparse heterogeneous materials 
such as a vegetation canopy or a dry soil. 

Dielectric spectroscopy can be performed by (i) mea
suring the S parameters at single frequencies over the 
frequency band of interest, known as frequency domain 
spectroscopy (FDS), or (ii) performing a Fourier trans
formation of the measured time domain response of 
the medium to an input signal, known as time domain 
spectroscopy (TDS). Both FDS and TDS measurements 
are typically made using closed sample holders that give 
rise to known modes of electromagnetic (EM) propaga
tion over a limited range of frequencies. For example, 
measurements have been made with coaxial sample 
holders in transmission (Friel and Or, 1999; Matzler, 
1998) and with coaxial sample holders or end probes in 
reflection (Colpitis, 1993; El-Rayes and Ulaby, 1987; 
Peplinski et al., 1995). Attempts have also been made to 
use open transmission lines to determine the frequency 
domain dielectric properties of materials as discussed 
further below (Heimovaara, 1994, Heimovaara et al., 
1996; de Winter et al., 1996; Friel and Or, 1999). 

Time domain reflectometry (TDR) is used widely within 
soil science and hydrology. Time domain reflectometry 
can be performed using fast rise-time square waves or 
impulses as input signals. Common transmission lines 
used for TDR measurement include coaxial and two-, 
three- and seven-rod configurations (Zegelin et al., 1989; 
Heimovaara, 1993,1994; Heimovaara et al., 1996). Time 
domain spectroscopy can be performed by analyzing TDR 
waveforms via Fourier transformation (Heimovaara, 
1994; Heimovaara et al., 1996; de Winter et al., 1996; 
Friel and Or, 1999). Generally, this requires that the 
transmission hne characteristics of the probe be known. 
Typically, the transmission hne characteristics of paral
lel three- or seven-rod TDR probes arc assumed to be 
equivalent to those of a coaxial probe and the transmis
sion line properties of this well-characterized probe type 
are adopted. For example, Heimovaara (1994) and Flei-
movaara et al. (1996) use a seven-rod probe, which ap
proximates a coaxial cross section at frequencies below 
250 MHz. To extend the TDS analysis to higher frequen
cies, they assume Debye (Debye, 1929) dielectric relax
ation and use inversion techniques. The surface of the 
sum of squared residuals used in this inversion is found 

Abbreviations: EM, electromagnetic; FDS, frequency domain spec
troscopy; RMSE, root mean squared error; time domain rcflectome-
try; TDS, time domain spectroscopy; VNA, vector network analyzer. 
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to have the shape of a long trough, making parameter 
estimation difficult and dependent on the initial guess 
(Heimovaara et al, 1996). De Winter et al. (1996) found 
Debye parameters within 10% of published values for 
homogeneous liquids known to have simple relaxation 
spectra, except ethanol, which showed an error of ap
proximately 50% for all three Debye parameters.' 

The application of TDS analysis to broad-band TDR 
measurements faces two primary limitations. First, the 
information contcnt of a square wave input, as indicated 
by the modulus of the Fourier transform, decreases as 
one over the frequency (Heimovaara, 1994; Heimovaara 
et al, 1996; Cicero, 1996; de Winter et al., 1996; Friel and 
Or, 1999). For example, the input signal used by Heimo
vaara et al, (1996) and de Winter et al. (1996) has a 
maximum response at the lowest frequency and a mini
mum response (55% of the maximum) at 1.0 GHz, in 
the frequency range of interest. As a result, the signal/ 
noise ratio is relatively poor at high frequencies. Second, 
a relaxation spectrum must be assumed. This can give 
rise to errors in TDS analyses if the chosen model does 
not account for the combination of one or more of the 
following effects: polar relaxation of free water, Max
well-Wagner loss, the dielectric effects of ionic conduc
tivity, the frequency-dependent dielectric permittivi
ties of bound water, and changes in the bound water 
fraction with textural class (Peplinski et al., 1995) or 
temperature (Or and Wraith, 1999; Wraith and Or, 1999; 
Colpitts, 1993). As a result of these phenomena, the 
relaxation frequency of bound water can range from 
320 MHz to 20 GHz (Boyarskii and Tikhonov, 1998), 
that of dry sand is about 270 MHz (Matzler, 1998), and 
clay has relaxation frequencies of 30 MHz and 2.6 to 
6.8 GHz, (Rinaldi and Francisca, 1999). Physical chem
ists have concluded from other observations and on 
theoretical grounds that porous media commonly ex
hibit non-Debye dielectric relaxation (Feldman et al, 
2002; Leyderman and Qu, 2000; Druchinin, 2000), sug
gesting that a method of TDS interpretation that does 
not rely on an assumed dielectric relaxation spectrum 
is more generally applicable. 

In this study, we explored a direct method for deter
mination of the dielectric spectra of materials. The 
method uses open transmission lines to allow for mea
surement in situ in canopies or soils. In addition, the 
method employs an impulse source, which focuses the 
measurement sensitivity at higher frequencies than a 
typical square wave source. Finally, the method does 
not require the use of inverse methods and, therefore, 
does not rely on an assumed relaxation model. The 
objective of this investigation was to determine whether 
this method shows promise for dielectric spectroscopy 
in vegetation canopies and soils. Further refinements of 
the apparatus will be necessary to optimize the method. 

THEORY 

In typical TDR applications, an effective dielectric 
permittivity, e^f, is determined from the one-way travel 
time of a broad band EM pulse, tTOR, (s) as 

where L is the length of the travel path through the 
sample (m) and c is the speed of light in a vacuum 
(m s"'). For low loss materials, the effective dielectric 
permittivity is nearly equal to the real component of 
the complex dielectric permittivity. In saline soils, this 
assumption can lead to significant errors in the mea
sured soil water content (e.g.. Sun et al., 2000). However, 
it may be possible to use the loss information contained 
in TDR waveforms to account for these conductivity 
effects (Topp et al, 2000). 

Measuring the Time Domain Response of a 
Sample Using a Vector Network Analyzer 

Vector network analyzers are used to measure trans
mission and reflection properties (or S parameters) of 
a transmission line in the frequency domain. In this 
study, a series of single frequency signals was produced 
by the VNA and propagated along a twin-rod transmis
sion hne. At each frequency, the VNA calculates the com
plex transmission coefficient (^21) from the magnitudes 
and phases of the transmitted and incident signals. These 
frequency domain measurements can be used to deter
mine directly the frequency-dependent complex dielec
tric permittivity. However, each frequency domain mea
surement includes the effects of the connecting cables 
and connectors as well as the sample of interest. In con
trast, time domain measurements allow for separation 
of reflections in time, and isolated analysis of key charac
teristic reflections. This minimizes the effects of multiple 
and spurious reflections. However, it is difficult to ex
tract frequency-dependent dielectric permittivity directly 
from time domain measurements (Friel and Or, 1999). 
This paper presents a method whereby a time domain 
waveform is gated to eliminate multiple reflections, then 
transformed into the frequency domain to determine 
the frequency-dependent dielectric properties. 

Calculation of the Complex Components of the 
Spectral Dielectric Permittivity in the 

Frequency Domain 

The travel time can be calculated for each single fre
quency from the phase and magnitude of the transmitted 
pulse. The travel time in air, r,i, (ns) is assumed to be 
equal to that in free space and can be calculated from 
the phase of a pulse that has traveled along the transmis
sion hne through air, (jiai,: 

where lo is the angular frequency (Hz). The difference 
in the travel time along a transmission line in air, (.i,, 
compared with that along a transmission line within a 
sample, i, is given by 

10 

where (])' is the difference between the phase of a pulse 
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transmitted through air and tliat through the sample. 
The travel time, r, of the pulse in the medium can be 
calculated by combining Eq. [IJ and [2]: 

[41 

Note that this travel time is frequency dependent, 
whereas ^niR is not. That is, /njit is effectively a weighted 
average of the frequency-dependent travel times in Eq. 
[4] where the weighting depends on the dielectric prop
erties of the medium and the power spectrum of the 
input signal. 

Frequency domain measurements contain additional 
information that can be used to calculate the attenuation 
of the signal, leading to a direct estimate of the imagi
nary component of the complex dielectric permittiv
ity, The attenuation per unit length, a, is given by (Ida, 
2000): 

« = [ln(7V„,„./7;„,p.,J]/L [5] 

where and the magnitudes of the trans
mission coefficient measured in air and in the sample, 
respectively, at a specific frequency (co). The phase per 
unit length (|3) is proportional to the travel time: 

P = to/ 

T [6] 

The real part of the permittivity (f,;), at a specific 
frequency, is then given by (Ida, 2000): 

Er [7] 

The magnitude of the permittivity, at a specific fre
quency, can be calculated as (Ida, 2000) 

^ 

Note that for low loss conditions a is very small and 
Eq, [7] and [8] both reduce to Eq. [IJ, with froit replaced 
by t. The imaginary part of the dielectric permittivity, 
e!', at a specific frequency, can be found using the real 
part (Eq. [7J), the magnitude (Eq. [8J), and the Pytha
gorean theorem: 

e; = [9] 

MATERIALS AND METHODS 

The VNA used in this study (I-IP 8752C Network Analyzer, 
Hewlett-Packard, Santa Rosa. CA) was used for measure
ments in the frequency range of 300 kHz to 1.5 GHz. at 40f 
equally spaced points. Measurements were made in transmis
sion mode along a twin-rod transraission line that was attached 
to the VNA via coaxial cables and terminal blocks at both 
ends. The transmission line comprised two steel rods 3 mm 
in diameter, 92 cm long, and separated by 2.2 cm. Relatively 
long rods weie used to minimize the interference between 
primary and secondary arrivals, as discussed below. For this 
initial examination, the coaxial cables were attached to the 
transmission lines with inexpensive terminal blocks via a 
y-junction. The inner conductor was stripped and inserted into 
one end of the terminal block, and the outer conductor was 

Fig. 1. Photograph of the nieasiirement setup. 

twisted and inserted into the other end. The rods were inserted 
into the opposite side of the terminal block. The rods were 
installed vertically along the axis of a 10-cm-diameter, 92-cm-
tall PVC column (Fig. 1). The bottom y-junction, tubing for 
introducing water into the column, and the rods were fixed 
at the base of the column in epoxy. The epoxy was poured 
into the column with the rods and column held in place with 
a clamp stand until the terminal block, cables, and 1 cm of 
the bottom of the rods was buried. The epoxy was allowed 
to cure for a week before measurements were performed. A 
lid with holes drilled into it was used to hold the rods in place 
as measurements were made. 

The purpose of this investigation was to test whether gated 
impulse time domain transmission has promise as a robust 
field method for dielectric spectroscopy. Therefore, every ef
fort was made to replicate methods that could be applied in 
the field. Specifically, although calibration of the VNA at the 
head of the cables attached to the twin-rod transmission line 
probably would have improved the results, this was not felt 
to be practical for a large-scale field experiment ejiiploying a 
large number of probes. Similarly, there were no calibrations 
in standard substances, as this would prove impractical for 
long field wave guides. Finally, 1.0-m-long KG 58/U cables 
were used with N type connectors rather than using higher 
quality cables and connectors because these components 
would be unsuitable for field applications. Further uncertainty 
was introduced due to the imprecise method of measuring the 
height of the fluid (or solid) in the column and due to changes 
in the frequency response characteristics of the cable due to 
movement of the freely hanging y-junctions and the cables 
themselves. 

Initially, the transmission coefficient was measured in an 
air-filled column as a function of frequency. These reference 
air measurements were used to calculate (|)' and for use 
in Eq. [4] thru [6]. Deionized water was added to the column. 
Measuring the mass of the column with the added water and 
subtracting the mass of the empty column determined the 
mass of water added. 'I he height of the water column was 
determined by dividing the water mass by the cross-sectional 
area of the column and by the density of water. This height 
was then used for L in Eq. [2] through [9] to calculate the 
dielectric permittivity of the water, 'fhe complex transmission 
coefficient (i'21) was then measured with the VNA for the 
bandwidth of interest. These measurements were used along 
with those in air to calculate complex permittivities using Eq. 
[2] through [9]. Then more water was added to the column 
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Hg. 2. Complex components of the dielcctrk permittivity as a function of frequency for water before the application of the gate compared with 
published data (Sato et al.. 1999). 

and the analysis was repeated. Measurements were made with 
28. 41. .52, 65, 80, and 92 cm of water. These procedures were 
followed using ethanol, dry sand, and water-saturated sand. 
All substances were added from the top except for the water 
in the case of the saturated sand. In this case, water was added 
from the bottom through a tube set into the cpoxy base until 
water started to pond slightly on the surface of the sand. 

RESULTS AND DISCUSSION 

Figure 2 shows the complex dielectric permittivity as 
a function of frequency calculated using Eq. [2] through 
(9] and measurements made in the column filled with 
water to a height of 66 cm. The real and imaginary parts 
of the complex dielectric permittivity are compared with 
the Debye relaxation .spectrum reported in the litera
ture (Sato et. al., 1999). Two major discrepancies are 
apparent; 

1. The measured values show strong dependence of 
the real part of the dielectric permittivity on fre-
quencv, especially below 0.2 GHz and above 0.8 
GHz.' 

2. Between 0,2 and 0.8 GHz there are many small, 
frequent oscillations. 

Using a Band Pass Filter to Improve the 
Measurement of the Complex 

Dielectric Permittivity 

It is expected that many of the discrepancies shown 
in Fig. 2 arc the result of interference from multiple 
reflections along the transmission line. Potential sources 
of internal reflections include impedance mismatches 
between the coaxial lines connecting the VNA to the 
twin-rod transmission line and the permittivity contrast 
across the air-sample interface. This hypothesis was 
tested by transforming the frequency domain responses 
collected in the air- and water-filled columns into the 

time domain using an inverse Fast Fourier Transforma
tion (Fig. 3). The time domain signal contains a series 
of peaks representing the response of the transmission 
line and coaxial cable to the signal from the VNA. The 
high peaks at t = 150 ns (for air) and 167 ns (for water) 
represent the energy that passes direcdy through the 
coaxial cables and the column with no internal reflec
tions. This first arriving energy travels along a direct path 
through the apparatus. All subsequent, smaller peaks 
arrive later than this first arrival due to longer travel 
paths that result from multiple reflections within the 
apparatus. The reflections are inuch more apparent with 
the tran.smission line in air because water causes signifi
cantly more loss, damping out many of these reflections. 

Although reflected arrivals contain information about 
the medium under test, the information in the first ar
rival is most easily related to the permittivity of the 
medium. Therefore, a band pass filter, or gate, was de
fined and applied to select only the first arrival and to 
remove all subsequent arrivals. The gate, C, was written 
and applied in the frequency domain and has the form 
(Ifeachor and .fervis, 1993, p. 288-295): 

G 
^ s i n W  

il' \N,  
f i o i  

where is the total number of discrete fretjuencies 
sampled by the VNA, n is the frequency sample index, 
and i|i is given by 

i|i == - /,) ["1 
where Af is the gate width in the time domain (ns),/is 
the frequency (GHz), and /[• is the central frequency 
of the bandwidth (GHz), The frequency increment is 
defined by equal steps in the value of / over the 
bandwidth of interest. This gate is applied in the fre-
qtiency domain with prior knowledge of its effects in 
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Fig. 3. Magnitude (>f the C(»mplex tran.smi.ssioii coetlicieut before application of the gate in the time domain for air and water. The dark shaded 
area indicates the region accepted hy the gate for water and the light shaded area that for air. 

and secondary reflections from within tlie apparatus. 
Overlapping of primary and secondary arrivals makes 
separation with time domain gating impossible. Simi
larly, the air gap above the medium and the height of the 
medium above the base of the column should be large 
enough to allow for separation of the first arriving energy 
from the secondary reflections from the air-medium in
terface. Equation (f) can be used to determine an appro
priate rod length that reduces the need for high quality 
connectors by separating the first arrival from secondary 
reflections. Separation of the first arriving energy and 
later reflections that originate at the instrument can be 
achieved through the use of longer connecting cables. 

To demonstrate the range of frequencies for which the 
dielectric permittivity can be determined using a gated 

Applicable frequency range 

1.4 

1.2 

N- ^ 
I 
s 
>,0.8-
c (t) 3 
 ̂0.6 • 

it 

0.4 

the time domain as the Fourier 'i'ransform of the sine 
function (i.e., [sin(il/)/i|;) is a step function of finite width. 

Figure 3 shows the region of application of the gate 
in the time domain (shaded). Within this region the gate 
maintains the shape of the time domain response and 
evaluates any other signal outside this region as zero. 
'I he frequency-dependent dielectric permittivity deter
mined from the gated response using Eq. |3| through 
|9| should be free of most effects of internal reflections. 
However, it should be noted that as a result of the 
gating, the frequency-dependent dielectric permittivity 
cannot be determined for the entire range of frequencies 
measured. It should also be noted that the length of the 
rods used for measurement must be long enough to give 
adequate separation between the first arriving energy 

gatewidth used for athanol 
— gatewidth used for other substances 
•1 greater than maximum valid frequency 

less than minimum valid frequency 
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2 4 6 8 10 12 14 
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Fig. 4.  Lower and upper limits of the ftequency range where cakulalion.s of the complex dicleclric permittivity are valid a.s a function of gale 
width. The vertical lines represent the gate widths used in the current study. 
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Fig. 5. The left-hand column .shows the time (lomiiin spectrum of wuter and air Ifct'orc application of the gate for a column of water of increasing 
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shows the comple\ components of the dielectric permittivity of water as a function of frequency before and after the applicjition of the gate 
compared with published values denoted S99 (.Sato et al.. 1999) for a column of water of incTeasing height. 

response, a gate of varying width was applied to a fre-
qucncy-independent diciectric permittivity. The range 
forwhichthedielectricpermittivity was within 1% of the 
known value was taken to define the valid measurement 
range. Figure 4 shows that the applicable frequency range 
is a complex function of gate width. The applicable 
range is 0.48 to 1.03 GHz for a 1.0-ns-wide gate. Gates 
of 12 ns and wider have applicable frequency ranges of 
0.1 to 1,4 GHz. The minimum gale width recommended 
by Hewlett-Packard is 1 ns. 

The gate width for this study was selected via a manual 
optimization for the range 1.0 to 4,.') ns. The root mean 
squared error (RM,SE) between the determined per
mittivity spectrum and that from Sato et al, (1999) was 
delermined over this range in steps of O..") ns. For water, 
the minitnum RMSE was found using the smallest possi
ble gate width (1.0 ns). For ethanol, the RMSE was 
minimized for a gate width of 2.5 ns. The ambiguity in 
the choice of gate width a priori to the measurement 
of an unknown sample is of some concern. It may be 
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that the best approach is to determine the permittivity 
spectrum for several gate widths for this range of 1.0 to 
4.5 ns. The set of permittivity spectra thus determined 
may then be statistically analyzed to detennine the mean 
and standard deviation of the permittivity as a function 
of frequency. 

Measurements of Complex Dielectric 
Permittivity for Simple Substances 

Figure 5 .shows the time domain responses (left col
umn) as a function of water height. The transmitted sig
nal becomes more attenuated as the depth of the water 
increases. In the case of the 92-cm column of water, 
all secondary reflections are attenuated. The reflection 
from the air-water interface follows the first arrival 
more closely as the water level increases because the 
two-way distance from the end of the transmission line 
to the interface has decreased. In the longest column 
of water, the end of the twin-rod line and water surface 
closely coincided with the impedance mismatch between 

cjuurnal.iirg 7 

Table 1. Root mean square error (RMSE) in the real and imagi
nary component of the dielectric permittivity of water. 

RMSE 

Depth of (leionized water In real purt of e In inui(;in»ry purt of e 

cm 
28 ± 1 2.63 3.80 
41 0.51 2.59 
52 0.12 1.95 
65 1.57 1.56 
80 1.96 1.44 
91 1.32 0.59 
Avg. 1.01 1.49 
Avg. of 28, 41. suid 52 cm 1.21 2.48 

the coa,xial line and the twin-rod transmission line. As 
a result, there was no additional reflection from the air-
water interface. 

The Debye parameters for pure water derived by Sato 
et al, (1999) were used in the Debye relaxation equation 
to determine the true complex dielectric permittivity over 
our measurement bandwidth. Table 1 shows the RMSE 
for the real and imaginary parts of the dielectric per-
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Fig. (i. The left-hand column shows the lime domain spectrum before (he application of (he gate for dry sand, .saturated sand, and e(hanol. The 
dark shaded area indicates (he region accepted by (he gate for (he substimce under test and (he light shaded area (hat for air. The righ(-hand 
column shows the complex components of the dielectric permittivity of water as a function of frequency before and after the applii-aticm of 
the gate compared with published values for dry .sand, saturated sand, and ethanol. 
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mittivity determined within the applicable bandwidth of 
the applied gate (0.5-1.0 GHz). The real and imaginary 
parts of the complex dielectric permittivity are predicted 
within an RMSE of 1.01 in the real part and 1.49 in 
the imaginary part. The errors were smallest for water 
heights of 52 cm (column half full) and 92 cm (full 
column). The 52-cm depth data has an air-water inter
face almost exactly in the middle of the column, allowing 
a large separation between the primary peak and any 
subsequent reflections due to this interface. This allows 
complete separation with the time domain gate. In the 
92-cm case, the column is nearly fuU, so primary and 
secondary signals are nearly overlappmg in the time 
domain, leading to very little or no interference. 

Figure 6 shows the time domain response and calcu
lated complex dielectric permittivity for dry sand, water-
saturated sand, and etiianol. The results for dry and 
water-saturated sand agree well with published results 
(Ulaby et al., 1986). Ethanol is an interesting example be
cause its dielectric permittivity is expected to have a much 
more significant dependence on frequency than any of 
the other materials examined. This dispersion leads to 
wider first arrivals, which require the use of a wider gate 
(2.5 ns). The vahd frequency range of this gate is similar 
to that of the 1.0 ns gate, 0.5 to 1.0 GHz. Despite the 
use of a wider gate, the frequency-dependent real part 
of the complex dielectric permittivity is weU predicted 
(RMSE = 0.434) when compared with published data 
(Sato et al., 1999). However, the imaginary component 
does not show good agreement (RMSE = 1.53). Measure
ments made with 11 cm or less of ethanol resulted in 
overlapping primary and secondary signals. Measure
ments made with 28 cm or more of ethanol caused signif
icant (>40-dB limit stated by Hewlett-Packard for this 
VNA, Hewlett-Packard, 1998) attenuation at frequen
cies within the applicable frequency band of the gate, 
and it was hard to distinguish the first arrival. This dem
onstrates a potential Umit of the gated time domain 
approach in that the transmission line must be long 
enough to ensure that sufficient time difference exists 
between first and later arrivals, whereas the maximum 
length of the wave guide may be limited by conductive 
losses. These limits may be reduced through the devel
opment of more sensitive instruments, but it is likely 
that some Umits on the wave guide length will remain. 

For the one case of ethanol and aU the cases of water, 
the errors in the real and imaginary components of the 
dielectric permittivity found with gated time domain 
transmission in the 0.5- to 1.0-GHz frequency range 
were 1.5 to 2.6% and 16 to 81% for the real and imagi
nary parts, respectively. These are comparable with 
those found by previous investigators. For example, 
Heimovaara et al. (1996) showed the real permittivity as 
a function of frequency determined by inverse methods 
with a probe model (see Fig. 6 "direct" in Heimovaara 
et al. [1996]) and by inverse methods with probe and 
Debye relaxation models (see Fig. 6 "Debye" in Heimo
vaara et al. [1996]) for a sandy soil. The "direct" method 
has periodic oscillations in the real part as a function 
of frequency, with amplitudes on the order of 5 to 10% 
of the measured real dielectric permittivity. De Winter 

et al. (1996) showed that the dielectric permittivity of 
butanol measured using a seven-rod probe were about 
10 to 15% below those measured using an open-end 
(coaxial) probe. Friel and Or (1999) obtained a dielectric 
spectrum for a wet silt loam via three methods involving 
three-rod probes, showing errors of approximately 10% 
for the real part and 60 to 80% for the imaginary part. 
In all three of these investigations the probe was as
sumed to behave as a coaxial line, single Debye relax
ation was assumed, and inverse methods were used. 

CONCLUSIONS 

A method is shown whereby the time domain response 
to an impulse input is filtered to separate the first arriv
ing energy from secondary reflections. The filtered first 
arriving energy is converted to the frequency domain 
using a fast Fourier transform to enable the use of stan
dard equations for the determination of the frequency-
dependent complex dielectric permittivity. The results 
demonstrate that the gated impulse time domain method 
has promise for measuring the frequency-dependent di
electric permittivity with accuracy that is comparable to 
other accepted methods. This new approach has advan
tages for measuring in complex, heterogeneous media 
in that it can use long, open wave guides and returns 
reasonable results even using inexpensive wave guide 
components. This is especially useful for field applica
tions in vegetation canopies, which may require the in
stallation of many probes. Furthermore, the impulse input 
focuses measurement sensitivity in the bandwidth of 
interest. Finally, analysis does not require any assump
tions regarding the wave guide properties or the dielec
tric relaxation spectrum. This is of particular importance 
for heterogeneous media such as soils and vegetation 
canopies. 

Despite the promise of this method, several issues still 
must be addressed to determine whether it is suitable for 
widespread use. First, appUcation-specific requirements 
to ensure separation of first and later arrivals may hmit 
the use of the method in some media, especially disper
sive media with high electrical conductivity. Second, like 
other accepted methods, discrepancies between mea
sured and known dielectric permittivities must be ex
plained and, if possible, corrected. The results may be im
proved by using better quality cables and by employing 
a calibration procedure. 
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Measuring Water Content in Saline Sands Using Impulse Time Domain 
Transmission Techniques 

R. Chawn Harlow,* Eleanor J. Burke, and Ty P. A. Ferre 

ABSTRACT 
This paper discusses two time domuiji trunsniissioii (TDT) electro

magnetic methods for measuring soil water content in a sand and 
examines the impact of pore water salinity on the resulting measure-
meiits. The tirst technique calculates the lime taken by an hnpulse 

travelmg one way through the medimn relative to its time taken in 
air. The second method converts this impulse to the frequency domain 
via a Fast Fourier Transform (FFT) and calculates the travel time 

from the difference in phase measured in air and tliat measured in 
the iiiediiini nt each Crcqucncy, resiilliiig in a measurcnienl of the 
frequency-dependent travel time. The relationship between travel 
time and water content was determined for pore water electrical 
conductivities (EC) ranging from 0.5 to 40 dS m"'. At 0.5 dS ni"^ the 
relationsliip was shidlar to that found by previous researchers ushig 
time domaui reflectometry (TDR) measurements. At pore water EC 
5:5 dS m~' the travel time was faster than tliat found for 0.5 dS m"' 
at the same water content, contradicting traditional thinking based on 
transmission line theory and differing from results of TDR methods. In 
addition, for pore water EC ^5 dS m"\ the relationship determined 
between travel lime and water content was shown to be independent of 
pore water EC, contributing to the precision of the TDT measurement 
technique. As a residt, the impulse TDT method and tills calibration 
relationship may improve our ability to measure soil water content 
under natural field conditions and may encourage further investiga
tion of the impact of salinity on the spectral dielectric response of 
porous media. 

TIME DOMAIN ELECTROMAGNETIC measurement meth
ods of soil water content are rapid and nondestruc

tive techniques for determining volumetric water content 
in a wide variety of porous media. The most commonly 
used methods are based on TDR techniques, for which 
the two-way travel time of an electromagnetic signal 
along a transmission line is readily related to the volu
metric soil water content (e.g., Topp et al., 1980). This 
paper demonstrates that TDT techniques can be used 
to measure the volumetric water content of soils in a 
similar manner by measuring the time taken for an elec
tromagnetic pulse to travel one way along a transmis
sion line. 

For salt-tolerant agricultural operations, such as cot
ton {Gossypium hirsutum L.) farming, as well as for 
a variety of hydrogeologic investigations ranging from 
mine tailings studies to measurements in areas of evapo
rative salination, it is important to be able to measure 
the water content of media with very high pore water 
salinities. There are issues as to the applicability and ac-
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curacy of both TDT and reflection measurements in 
lossy media such as saline soils because of the large 
decrease in the amplitude of the measured signal infor
mation and loss of content (Weerts et al., 2001). While 
Hook et al. (1992) employed shorting diodes and the 
use of waveform subtraction techniques to extend the 
use of TDR to more saline soils (up to 50 dS m '), the 
practical upper limit of salinity for standard time domain 
reflection measurements of soil water content is about 
10 dS m~' (Dalton and van Genuchten, 1986). Even if 
sufficient energy is retained in the pulse for analysis, 
the effects of increased salinity on measurements are 
still uncertain. Some investigators (Hook and Livingston 
1995; Wyseure et al., 1997; Sun et al., 2000) suggest 
that travel time methods result in overestimates of the 
volumetric water content, while others show no observed 
dependence (Topp et al., 1980,1988; Dalton et al., 1984; 
Kelly et al., 1995). 

The objectives of this study were (i) to determine 
the dependence of the travel time of an electromagnetic 
wave, measured with two TDT methods, on the volu
metric water content and pore water salinity of a sand 
and (ii) to compare these relationships with previously 
published results based on measurements made with 
TDR methods. 

THEORY 

In typical TDT applications, the travel time is defined 
as the time taken for an electromagnetic signal to travel 
one way along a transmission line. In practice, the mea
sured travel time is the sum of the time taken to travel 
along the connecting cables and the transmission line. 
Two measurements are made to isolate the travel time 
through the sample. The first is the travel time along 
the connecting cables and the transmission line embed
ded in the medium of interest (/„,)• The second is the 
travel time along the connecting cables and the same 
transmission line in air The travel time through 
the connecting cables is the same for both measure
ments. For a transmission line of length, L, the travel 
time along the transmission line in air is Lie, where c 
is the speed of light in a vacuum. Therefore, the travel 
time through the medium (t) is thus given by 

( = /m - (ail + Lie [1] 

This paper discusses the use of two different methods, 
both based on TDT measurements, to determine the 
travel time within a medium. The first technique calcu
lates the travel time by examining the time difference 
between the peak of an impulse through the medium 

Abbreviations: EC, electrical conductivity; FFT, Fast Fourier Trans
form; RMSE, root mean square error;TDR, time domain reflectome
try; TDT, time domain transmission; VNA, vector network analyzer. 
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Fig. 1. Scheiiialic of uteasuremeiil selup, showing Iraiismissioii line 
tluuiigji tlie coJiinin and back to tiie vector network analyzer (VNA). 

and that through air (f„ - The second method 
converts time domain measurements made in air and 
in the medium to the frequency domain via a FFT. Then, 
the travel time at each frequency is calculated from 
the difference in the phase measured in air and that 
measured in the medium. 

For both TDR and TDT methods, the volumetric 
vv'ater content of the medium can be inferred from the 
measured travel time. In the case of a sand, Hook and 
Livingston (1996) showed that the volumetric water con
tent (0) can be determined using 

9 = 0.1256|^ - L.TSEJ [2] 

where d is the distance traveled by the signal within the 
medium. For TDT measurements d is equal to L, and 
for  TDR measurements  d is  2L.  

MATERIALS AND METHODS 

Both methods for determination of travel time make use of 
an impulse sent along the transmission line that was generated 
using a vector network analyzer (VNA). A VNA is an insti'u-
ment commonly used to measure the transmission and reflec
tion properties of a transmission line in the frequency domain. 
It has a high signal/noise ratio that allows measurements in 
more highly attenuating environments than is possible with 
conventional TDR instruments. Sand with no clay fraction 
was chosen to minimize surface conductance and bound water 
effects that can complicate the interpretation of the water 
content in clay-rich soils (Brisco et al., 1992; Dasberg and 
Hopmans, 1992; Roth et al., 1992; Weitz et al., 1997; Wraith 
and Or, 1999). 

Measurements were made in sand variably saturated with 
tap water (0.5 dS m~') and NaCl solutions with pore water 
ECs (cr^y) of 5,10,15, 20, 25, and 40 dS m"^ In addition, three 
replicate measui-ements were made with tap water and at pore 
water ECs of 10, 25, and 40 dS m"^. Solution conductivities 
were measured with a conductivity meter at a temperature of 
21"C, Solution conductivities before and after mixing with the 
sand were found to agree within 2%. 

A 26-cm-tall, 10-cm-diameter column with a twin-rod trans
mission hne installed vertically along its axis was used for the 
measurements (Fig. 1). The transmission line consisted of two 
26-cm-long, 0.3-cm-diameter steel rods separated by 2.2 cm. 

Direct measurements showed that the sample volume of the 
probe did not extend far enough from the rods to mclude the 
column walls. Air-dried sand was poured into the top of the 
column to prepare the sample. The tap water and saline solu
tions were introduced through a tube at the bottom of the 
column. The volumetric water content was determined from 
the mass of water added, the mass of sand in the column, and 
the measured dry bulk density of the sand. Each end of the 
transmission line was connected to the VNA via coaxial con
necting cables and terminal blocks. The VNA used in this 
study (HP 8752C Network Analyzer, Hewlett-Packard, Santa 
Rosa, CA) was set up to measure in transmission at 401 equally 
spaced points in the frequency range of 300 kHz to 1.5 GHz. 
The VNA measurements were made as the volumetric water 
content was increased. When measurements were complete 
and the sand was completely saturated, the sand was discarded 
and new sand and saline solution were added for the next 
run. Using new sand simulates the effects of variability due 
to localized packing around the rods that would occur in field 
measurements better than multiple flushings of a single pack
ing (e.g., Sun et al., 2000). Further details of the experimental 
setup and techniques may be found in Harlow et al. (2003). 

RESULTS 

Time Sep^iration Measurements of 
Impulse Travel Time 

To simulate an impulse input, measurements made 
in the frequency domain using the VNA were convolved 
with a windows function (W) of the form 

W = 0.05 + 0.95 sinl^l [3] 

where Np is the total number of discrete frequencies 
sampled by the VNA and n is the frequency sample 
index. The convolved response was then converted into 
the time domain via an inverse FFT. Figure 2 shows the 
transmission coefficient as a function of time for the 
26-cm transmission line in air and for the same hne 
immersed in sand at three different water contents and 
two different salinities. The time domain signal contains 
a series of peaks representing the transmitted and inter
nally reflected responses of the transmission hne and 
coaxial cable to an impulse signal. The highest peaks 
for each trace (at t = 152.5 ns for air and at i = 154.3 ns 
for sand on Fig. 2a) represent the energy that passes 
directly through the coaxial cables and the column with 
no internal reflections. Any secondary peaks after these 
first arrivals represent signals that have been multiply 
reflected from physical connections within the experi
mental setup. 

The difference in travel time is determined as the 
difference in time between the first arrival in air and 
the first arrival in sand. The travel time through sand 
is then determined from Eq. [1]. As expected, the travel 
time increases with increased water content. Also, the 
magnitude of the first arrival decreases with increased 
salinity (e.g.. Fig. 2a and 2d) and with increased water 
content (e.g.. Fig. 2a and 2b or Fig. 2c and 2d). The side 
lobes, which are particularly apparent to the left of the 
first arrival in Fig. 2d, are an artifact of using a finite 
bandwidth in the FFT. The side lobes are present for 
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all of the synthesized time domain data. However, lor 
low salinities the lobes are much smaller than the main 
peak. As the water content and salinity increase, the mag
nitude of the direct arrival decreases and approaches 
that of the side lobes. As with traditional TDR measure
ments, this restilts in an upper limit of the method's 
applicability which is controlled by the bulk electrical 
conductivity of the medium, by the measurement band
width, and by the rod length. 

Figure 3 shows the relationship between travel time 
and volumetric water content for tap water (0..5 dS m"') 
and for three selected pore water EC values (it„): 10, 
25, and 40 dS m"'. 'I'hree replicate measurements are 
shown for each value ofir„.The results are highly repeat-
able, particularly at (he lower salinities, showing little 
inlluence of packing on the response. Hewlett-I^ackard 
states that all measurements resulting in losses >40 dB 
are unreliable (Hewlett-Packard, I.99S). The gray sym
bols in Fig. 3 show the measured points for which the 
losses are greater than this 40 dB cutoff threshold. 

The best fit between the travel time and water content 

for the tap water is shtiwn in Fig. 3a. The slope of the 
relationship is 0.0685 ns and the intercept is 1.4351 
ns. This relationship agrees well with that reported by 
Hook and Livingston (1996), who showed a slope of 
0.069 ns %"' and an intercept of 1.52 ns. The root mean 
square error (RMSE) between the measurements and 
the fit for tap water is 0.009 cm' cm"'. The RMSE be
tween the measurements and the relationship suggested 
by Hook and Livingston (1996) is 0.016 cm' cm"'. These 
results fall well within the expected accuracy of the TDR 
method (e.g., Topp et al., 1980). The best fit from Fig. 
3a is superimposed on Fig. 3b, 3c, and 3d. Travel times 
measured under higher salinity conditions are faster 
than predicted by the relationship determined for tap 
water for any given water content. This result is unex
pected, as TDR measurements have shown either no 
effect of salinity (Topp et al., 1980, 1988; Dalton et 
al., 1984; Kelly et al., 1995), or increases in dielectric 
permittivity, and therefore travel time, with increasing 
salinity (Sun et al., 2000; Dalton, 1992; Dalton et al., 
1990). The results of this study imply that the permittiv-
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ity of a variably saturated sand decreases with increasing 
salinity. This contradicts transmission line theory. How
ever, a decreased permittivity tor salurated saline sand 
has been confirmed by one of the reviewers of this 
paper. Further work is necessary to determine the cause 
of these measured discrepancies with TDR results and 
transmission line theory. If the relationship determined 
for tap water were used to evaluate the volumetric water 
content of saline soils, the RMSE between the predicted 
andmcastu'cd water contents (not including those points 
with losses greater than the 40 dB cutoff threshold) 
would be 0.0.51, 0.038, and 0.023 cm' cm""-' for (t„, values 
of 10, 25, and 40 d.S m ', respectively. Further examina
tion showed that the change in RM.SE is due largely to 
the decrease in the number of points with los.ses greater 
than the threshold cutoff for higher salinities. 

Gated Time Duniain Measurements of 
Impulse Travel Time 

The gated TDT method is discussed in detail in Har
low et al, (2003) and is summarized only briefly here. 
The time domain response of the signal shown in Fig, 2 
was gated to select only the first arrival while removing 
the inlluences of internal reflections. The gate was de
fined and applied in the frequency domain, although 

its impact on the complex transmission coefficient was 
examined in the time domain. The gate (C) is of the 
form (Ifeachor and .lervis, 1993, p, 288-295): 

G 
si"('l') 

vj. ' w„ 
[4| 

where /V,, is the total number of discrete frequencies 
sampled by the VNA, n is the frequency sample number, 
and il< is given by 

ij; = TTAf(/-,/;) [5] 

where Ar is the gate width in the time domain (ns);/is 
the frequency (GHz), and/, is the central frequency of 
the bandwidth. The frequency increment is defined by 
Np eejual steps in the value of/over the bandwidth of in
terest. The Fourier Transform of the function lsin(ili)|A|) 
is a step function of finite width. Therefore, the gate 
can be applied in the frequency domain with prior 
knowledge of its effects in the time domain. 

Figure 2b shows an example of the region of applica
tion of the gate (shaded) in the time domain. Within 
this region the gate maintains the shape of the arrival; 
outside of this region the signal is filtered to zero. It 
should be noted that the experimental setup is not ideal 
for filtering out the secondary arrivals because the time 
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separation between the first and secondary arrivals in 
air is not as long as that recommended by Harlow et 
al. (2003). However, to increase this travel time would 
entail the use of a longer column. This would increase 
the attenuation, reducing the range of water contents 
and salinities for which sufficient signal is preserved 
and measurements are possible. The experimental setup 
discussed here is a compromise between the ideal solu
tion for the gating technique and that for measurements 
in lossy soils. 

A FFT was used to convert the gated time domain re
sponse to the frequency domain. As for the peak travel 
time method described above, the travel time through 
the medium is calculated based on the difference be
tween the travel time of the signal through an air-filled 
column and that through the column containing the 
sample. The time taken in air, (ns), can be calculated 
from the phase of a pulse that has traveled along the 
transmission line through air, as 

<|) c 
[6] 

where w is the angular frequency (rad s~'). The travel 
time of the transverse electromagnetic wave (/) propa
gating in the medium is then given by 

(0 c 
[7] 

where A(j) is the difference between the phase of a pulse 
transmitted through air and that through the sample. 

Figure 4 shows the gated frequency-dependent travel 
time for sand that is variably saturated with tap water. 
The travel time through the sand when partially satu
rated with a 25 dS m"' solution is shown as well. As a 
result of the gating, the frequency-dependent travel time 
cannot be determined for the entire range of frequencies 
measured (Harlow et al., 2003). The shaded area in 
Fig. 4 denotes the unacceptable frequency range. The re
lationship between the travel time at a frequency of 0.75 
GHz (dotted black line in Fig. 4) determined from the 
gated time domain response and volumetric water con
tent is very similar to that shown in Fig. 3, (The fre
quency of 0.75 GHz was chosen somewhat arbitrarily 
but primarily because it is the midpoint of the acceptable 
frequency range in a region where the gate is flat, as 
suggested by Harlow et al. [2003]). In this case the slope 
of the relationship for tap water is 0.0678 ns %"', and 
the intercept is 1.5142 ns. The RMSE between this best 
fit and the measured volumetric water contents is 
0.009 cm' cm"l The RMSE between the measurements 
and the relationship suggested by Hook and Livingston 
(1996) is 0.01 cm' cm"'. Again these results fall well 
within the expected accuracy of TDR methods (e.g., 
Topp et at-, 1980). Also, as seen for the measurements 
made with the pulse travel time method, travel times 
measured under higher sahnity conditions are faster 
than predicted with the tap water calibration for any 
given volumetric water content. The range of conditions 
for which the water content can be measured is very 
similar to that found for the pulse travel time method 
(Fig. 3). 

DISCUSSION 

The relationship between travel time and volumetric 
water content in saline soils is different than that for 
sand containing pore water with low EC (Fig. 3). 
Figure 5 shows one replicate set of results for pore water 
EC ranging from 5 to 40 dS m"'. Measurements that 
had unacceptably high losses (gray points in Fig. 3) have 
been excluded. There is no discernable effect of the 
pore water EC on the relationship between travel time 
and water content for either of the measurement meth
ods discussed. However, the travel times are slightly 
slower and show more scatter when determined by the 
gated time domain method than when measured using 
the time of separation of the first arrivals. The increased 
scatter and break in slope may be due to incomplete 
separation of the first peak from the reflections by the 
gate. This is probably the result of using rods that are 
a compromise between optimal rod length for time sepa
ration and that needed to minimize signal losses. This 
effect can be seen in Fig. 2a, where there is not a large 
separation m time between the first and second peaks 
for the reference line. 

Using a similar format for the relationship between 
travel time and soil water content as that of Hook and 
Livingston (1996), the following equations are obtained 
for the time separation measurements and for the gated 
time domain measurements, respectively: 

0.1492 -
\d  

c t  

1.5894 

0 = 0.1479 - - 1.7465 
\d  

[8] 

[9] 

The intercepts of these relationships are very similar 
to those for the tap water (0.5 dS m"') and those found 
by Hook and Livingston (1996). The differences be
tween these slopes and the slope found for tap water 
suggest a different sensitivity of the bulk dielectric per
mittivity to changes in the water content. This may have 
further implications for monitoring the advance of saline 
solutions into a medium initially containing low EC 
pore water. 

CONCLUSIONS 

Two methods of determining the one-way travel time 
of an electromagnetic wave along a transmission line 
are examined. The first method calculates the time sepa
ration of an impulse with the transmission lines buried 
in the medium compared with that measured with the 
same hne in air. This is a very simple method that uses 
information from all transmitted frequencies to deter
mine a single effective travel time. The second method 
uses only the information contained in the first arrival. 
This information is converted to the frequency domain 
using a FFT. Then the difference in the phase measured 
with the transmission line in air and that measured 
through the sample is used to determine the travel time. 
This results in a frequency-dependent travel time over 
a limited frequency band. Both methods produce similar 
and highly repeatable relationships between travel time 
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Fig. 4. Travel time a.s a function of focqiicncy for t^ip water with the sand at four diflerent water contents and a pore water clectrical conductivity 
of 25 dS nt ' at one of the previously specified water contents calculated usin^ the gated time domain method. The dotted vertical black line 
indicates the freijuency at which further analyses were perfonned (0.75 GHz). 

and measured volumetric water content. However, tliere 
is slightly less scatter in the measurements made using 
the time separation method for the experimental condi
tions examined in this study. 

There are three key findings regarding the dependence 

ot the travel time measured with these transmission mea
surements on the pore water salinity. First, the relation
ship between travel time and the volumetric water con
tent of sand agrees well with that suggested by Hook 
and Livingston (1996) for sand containing low salinity 

Time separation Gated TDT 

r2 ^ 0.99323 

S2-5 

" 5 dS m~' 

10 dS m" 

•* 15dSm~ 

<1 20 dS m" 

25 dS m" 

40 dS m" 
• • published 

r2 ^ 0.98976 

10 20 30 40 0 10 20 30 
Volumetric water content (%) Volumetric water content (%) 

Fig. 5. Travel time as a function of water content for pore water electrical conductivity of 5,10, 15, 20. 25. and 40 dS m ' calculated using both 
methods: the time separaticm of ilrst arrival and the gated time domain tran.sniission (11)T) method. The best fit for each method is shown 
(^lid btack line) along with the relationship suggested by Hook and Uvingston (1996). 
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(0,5 dS m~^) tap water. Second, the travel time is inde
pendent of the pore water salinity if the pore water 
saUnity is >5 dS and <40 dS m"'. Third, the travel 
times measured through more saline sands are smaller 
than those measured through the same sand containing 
tap water at the same water content. 

The first finding demonstrates that there are no signif
icant errors in the methods under low loss conditions. 
The pore water electrical conductivity can be relatively 
high under many natural settings. Therefore, the second 
finding suggests that these TDT methods may allow 
for measurement of volumetric water content in soil 
without regard for the pore water EC as long as a mea
surable signal can be transmitted. The third finding dif
fers from results found by previous researchers using 
TDR methods. Further investigation is required to ex
plain this discrepancy. 
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Abstract - Impulse Time Domain Transmission (ITDT) has been used to 

measure the complex dielectric permittivity of media such as ethanol, water and 

variably saturated sand. This paper applies ITDT to measurements of the 

complex dielectric permittivity of a vegetation canopy. The dielectric permittivity 

of a vegetation canopy is very close to that of air and only very small changes in 

its value will occur with changes in plant water status. This paper demonstrates 

that ITDT can make repeatable measurements of the complex components of the 

dielectric permittivity of a plant canopy. Furthermore, ITDT is highly sensitive to 

the very small changes in dielectric that occur as a result of changes in plant 

water status. Based on these preliminary results, there are potential applications 

foreseen for ITDT in microwave remote sensing, irrigation scheduling, plant 

physiological ecology, and fire susceptibility. 
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1. Introduction 

The water status of vegetation has a strong correlation with the influence exerted 

by vegetation on carbon, energy and water vapor exchange between land 

surfaces and the atmosphere. It also provides an interface between hydrological 

and ecological systems. Knowledge of plant water status is useful for studies of 

plant physiological processes (Chaves et al., 2002; Parry et al., 2002); 

agricultural production (Wanjura and Upchurch, 2002; Muchow et al., 1986); 

microwave remote sensing applications (Jackson and Schmugge, 1991; de Roo 

et a!., 2001); and fire susceptibility (Serrano et al., 2000; Pyne et al., 1996). 

The application of direct measurements of leaf- and stem- water content/potential 

to individuals plants and canopies requires extensive and time-consuming 

sampling to represent variation in wood and leaves at various states. Other 

available methods of monitoring whole-plant water dynamics include 

measurements of sap flow (Smith and Allen, 1996); trunk diameter fluctuations 

(Moriana et al., 2000); canopy temperature (Wanjura et al., 1995); the Crop 

Water Stress Index (Jackson et al., 1981); carbon and water fluxes (Goulden et 

al., 1996); and microwave transmission properties using transmitting and 

receiving horn antennae (Ulaby and Jedlicka, 1984; Brunfeldt and Ulaby, 1983). 

However, these measurements all represent indirect measures of the plant water 

status. Remotely sensed data, in both the visible and microwave wavebands, 

have the potential to provide information on plant water status at these larger 
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scales (Wigneron et al., 2000, Schepers et al., 1996, Zarco-Tejada et al., 2003). 

However, at present, and for the near future, their utility is limited both spatially 

and temporally. This paper demonstrates the potential of a novel, non-destructive 

electromagnetic technique to directly and continuously monitor plant water status 

at scales ranging from the individual to whole canopies. This technique is an 

extension of Time Domain Reflectometry, one of the most widely used methods 

for measuring in situ soil moisture at the point scale. 

Time Domain Reflectometry (TDR - Topp et al., 1980) is a maturing 

electromagnetic technique for measuring the dielectric permittivity of soils, which 

is directly related to the soil water content. TDR measures the two-way travel 

time of an electromagnetic wave along a probe inserted into the soil relative to its 

travel time when the probe is in air. In addition to soils, TDR techniques have 

also been applied to measure the dielectric permittivity in plants by inserting the 

TDR probe into the stem (Constantz and Murphy, 1990; Holbrook et al., 1992; 

Wullschleger et al., 1997; Irvine and Grace 1997, Sparks et al., 2001). An 

alternative technique uses a co-axial dielectric probe (Franchois et al., 1998; 

Salas et al., 1994; McDonald et al., 1999, McDonald et al., 2002). Experiment-

specific calibration curves can then be constructed relating the dielectric 

permittivity and stem water content. However, the insertion of probes into the 

stem causes damage and impacts the water distribution around the probes. In 

addition, problems can arise resulting from incomplete or inconsistent contact 
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between the dielectric probe and the stem itself. The probes used in all the above 

experiments are necessarily short and will only sample a very localized area. To 

date, attempts to measure the dielectric of a vegetation canopy have 

concentrated on measuring the attenuation coefficient, i.e., the parameter that 

describes the damping effect of the vegetation on the microwave interaction with 

the soil. Either the power transmitted through the canopy is measured by a 

receiver placed on the opposite sides of the canopy to the emitter (Ulaby and 

Jedlicka, 1984), or the power reflected by a wide-beam standard target placed 

below the canopy is measured (Brunfeldt and Ulaby, 1983). These 

measurements were found to be of limited value because of the large standard 

deviations relative to the measured means. 

The Impulse Time Domain Transmission (ITDT) electromagnetic measurement 

technique developed by Harlow et ai., (2003a; 2003b) is similar to TDR. 

However, unlike TDR, ITDT measures the one-way travel time along the probe 

and requires instrumentation to be connected at both ends. For applications 

involving soils this is a less practical approach than TDR, where the 

instrumentation is connected at only one end. However, within a sparse 

vegetation canopy this is simple to implement. A main advantage of ITDT over 

TDR is that ITDT waveforms are significantly easier to analyze than TDR 

waveforms because the first-arriving energy is readily separated from multiple 

reflected and interfering secondary arrivals using a gating function. ITDT is a 
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non-destructive, non-contact method that does not impact evapotranspiration and 

has the potential to be totally automated. Unlike other measurements, it can be 

applied at both the single plant level and the patch scale, resulting in canopy 

average measurements of the dielectric permittivity as well as plant specific 

measurements. This scaling ability provides a valuable link between in situ and 

remotely sensed measurements. This paper demonstrates the ability of ITDT to 

make repeatable measurements of the dielectric permittivity of a plant canopy 

and to monitor changes in plant water status. 

2. ITDT measurement technique 

2.1 Theory 

A Vector Network Analyzer (VNA) is used to measure the transmission and 

reflection properties of a transmission line or any other network. In this study, the 

time domain response of an impulse transmitted along a twin rod transmission 

line is analyzed. The response contains information about both the first arrival 

(that part of the signal transmitted along the line only once) and secondary 

reflections resulting from impedance mismatches within the apparatus. If the 

experimental apparatus is designed in such a way that the secondary reflections 

are well separated in time from the first arrival, the secondary reflections can be 

filtered from the first arrival using a time domain gate. This gated time domain 

response is then converted to the frequency domain using a Fast Fourier 
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Transform. The transmitted and incident signals are then used to determine the 

frequency dependent complex dielectric permittivity. 

The phase and magnitude of the complex transmission coefficient measured with 

the rods embedded in the sample relative to those measured with the rods in air 

are used to calculate the phase per unit length (P) and the attenuation per unit 

length (a) (Ida, 2000): 

(1) 

L ,  ( 2 )  

where T^jr and Tsample are the magnitudes of the transmission coefficient 

measured in air and in the sample, respectively; L is the length of the sample in 

m; (W is the angular frequency in Hz; and t is the travel time of the impulse 

through the medium in seconds. The travel time is related to other transmission 

properties as: 

f = (3) 
co c 

where f is the difference between the phase of a pulse transmitted through air 

and that through the medium; and c is the speed of light in a vacuum in m s"^ 

(see Harlow et al. (2003a) for more details). 

The real part of the permittivity (e'r) can be found by (Ida, 2000): 
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= C 
2 

(4) 

The magnitude of the permittivity {Q can be calculated as (Ida, 2000): 

+ 
\(^j 

(5) 

The imaginary part is calculated using the real part and the magnitude of the 

permittivity and the Pythagorean theorem for complex numbers. 

2.2 Experimental setup 

Figure 1 shows a schematic of the experimental setup. The transmission line 

comprised two steel rods 3 mm in diameter, 97 cm long and separated by 2.2 

cm. These rods were supported horizontally using clamps and stands. Each end 

of the transmission line was connected to the Vector Network Analyzer (VNA) via 

coaxial connecting cables and terminal blocks. The VNA used in this study (HP 

8752C Network Analyzer - Hewlett-Packard, Santa Rosa, CA) was set up to 

measure at 401 equally spaced points in the frequency range of 300 kHz to 1.5 

GHz, Measurements were made in transmission. To synthesize a time domain 

impulse input, the frequency components were weighted appropriately and 

transformed into the time domain using an inverse Fast Fourier Transform 

(Harlow et al., 2003a). 
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2.3 Frequency dependent dielectric permittivity 

The main assumption of the ITDT measurement method is that only the first 

arrival Is Included In the calculation. Interference caused by the mixing of 

subsequent arrivals can lead to artifacts in the frequency dependent dielectric 

permittivity. Therefore, the time separation between the primary and any 

secondary arrivals needs to be large enough to separate these two signals with 

the time domain gate. Figure 2a shows the time domain transmission coefficient 

with the rods (1) embedded In air (reference line) and (2) passing through a 

rosemary canopy {Rosmarinus officinalis) 20 cm In diameter located centrally 

on the rods. There is very little visible difference between the two measurements 

because the canopy average dielectric constant is very similar to that of air. The 

high peaks at time = 149 ns represent the energy that passes directly through the 

system with no internal reflections. This first arriving energy travels along a direct 

path through the apparatus and, therefore, is of Interest for the measurement of 

the complex dielectric permittivity. All subsequent, smaller peaks that arrive later 

than this first arrival are due to longer travel paths resulting from multiple 

reflections within the apparatus. These subsequent reflections may contain 

relevant information about the medium under test; however, this information 

depends on the geometric distribution of dielectric in the sample as well as the 

impedance mismatches that occur at the ends of the transmission lines. Since 

this information may not be known prior to the measurement, the secondary 

reflections are removed from the signal before analysis for simplicity. Figure 2a 
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also shows the region of application of the gate (shaded) in the time domain. 

Within this region, the gate maintains the shape of the time domain response, 

and evaluates any other signal outside this region as zero. The gate width in this 

example is 2.8 ns. Figure 2b shows the frequency dependent dielectric 

permittivity of the rosemary plant. It should be noted that, as a result of the 

gating, the complex dielectric permittivity could only be accurately determined 

over the non-shaded frequency range shown in Figure 2b (Harlow et al., 2003a). 

For clarity, throughout the rest of this paper, the dielectric permittivity at a 

frequency of 0.75 GHz will be presented. 

3. Results 

3.1 Applicability of ITDT method to vegetation canopies 

ITDT has been used to measure the dielectric permittivity of substances such as 

water and variably saturated sand. This section discusses its application to a 

sparse and heterogeneous vegetation canopy with a complex dielectric 

permittivity very similar to that of air. In particular: are the measurements 

sufficiently repeatable? What impact does the location of the plant along the rod 

have on the measurements? Does changing the gate width change the value of 

the complex dielectric permittivity? 

Repeatability of the ITDT measurement technique is demonstrated for increasing 

canopy size using small herbaceous plants (5 cm wide), each with a volume 
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fraction of 0.0453 ± 0.005 and a gravimetric water content of 0.927 ± 0.002. 

Twelve of these plants were systematically inserted along the 97 cm rods one 

plant at a time, with the first plant located at the center of the rods and each 

subsequent planted added from alternate ends of the rods. Figure 3 shows the 

difference between the measured complex dielectric permittivity and that of air (1 

+ Oi), as a function of the width of the canopy at 0.75 GHz. When there are no 

plants on the rods this difference is 0 + Oi. The average complex dielectric 

permittivity per unit length of the canopy, found from the fitted relationship, is 

0.0055+0.0014i cm'^ with a standard error of 0.0007 cm'^ in the real component 

and 0.0003 cm"^ in the imaginary component. In both cases is greater than 99 

%. Note that some of this variability results from inter-plant differences in water 

content, structure and density. Despite this, the high degree of linearity 

demonstrates the repeatability of the measurements. 

The measured complex dielectric permittivity is dependent on the location of the 

canopy along the rods. This is because, in some cases, the secondary arrivals 

are so close in time to the primary arrivals that the gating is not able to remove all 

of the information contained in the secondary arrivals. The location of the plants 

along the rods where the measurements are repeatable was explored using two 

different plants - the rosemary plant and a tomato plant {Lycopersicon 

esculentum L). Figure 4 shows the magnitude of the measured dielectric 

permittivity as a function of the location of the center of the plant on the rods. In 
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each case, the plant (4a - rosemary and 4b - tomato) was moved from end to 

end along the rods three times in 5 cm increments. At the outer 30 cm ends of 

the rods, the magnitude of the measured dielectric permittivity is a strong function 

of location. However, for the central 37 cm, the magnitude of the dielectric 

permittivity is relatively constant. This dependence on the location of the plant is 

a result of reflections from the canopy itself. When the plant is located at the 

center of the rods, the reflections are well separated in time from the primary 

peak and the measurement of the dielectric permittivity more accurate. The 

function is not symmetrical about the center of the rods because the canopy is 

not uniform and the coaxial cables and connectors are not identical at either end 

of the rods. 

The magnitude of the dielectric permittivity in the central 37 cm of the rods is: 

• 1.0991 ± 0.0004 for the rosemary plant (Figure 4a) 

• 1.3110 ± 0.0015 for the tomato plant (Figure 4b) 

These results demonstrate that, despite moving the plant in between each 

measurement, the measurements are highly repeatable when either plant is 

located near the middle of the rods. Rosemary has several woody stems and 

small leaves, whereas tomato has a single dominant green stem and fewer larger 

leaves. It is suggested that the measurements made within the tomato plant are 

more sensitive to the location of the single large stem, whereas those made 

within the rosemary average over several stems. In general, the differences in 
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both the magnitude of the dielectric permittivity and its error are associated with 

the canopy structure, density, and relative homogeneity. 

Figure 5 shows similar results to Figure 4, but, in this case, demonstrates the 

sensitivity of the magnitude of the dielectric permittivity to the applied gate width. 

The width of the central plateau is a function of gate width. At the smaller gate 

widths (< 2.8 ns), despite not all of the first arrival being included in the analysis, 

the dielectric permittivity is independent of location along the majority of the rods. 

. Although this loss of information does not affect the magnitude at 0.75 GHz, it 

results in a narrower frequency range over which the measurement of the 

dielectric is accurate (Harlow et al., 2003a). At the larger gate widths (> 2.8 ns), 

the width of the central plateau decreases because more information is included 

from secondary reflections for smaller deviations in plant position. This results in 

errors in the magnitude of the measured dielectric permittivity even when the 

plant is at the mid-point of the rods. A gate width of 1 ns was used for this study 

because errors were found to be a minimum (Harlow et al., 2003). This 

outweighs the fact that the applicable frequency range is reduced. 

Results of these experiments suggest that, in order to obtain highly repeatable 

measurements of the dielectric permittivity, the canopy should always be located 

within the central 3/4 of the rods and a narrow gate width applied. 



127 

3.2 Monitoring plant water status 

One application of this highly repeatable ITDT measurement technique is to 

monitor the possibly very small changes in dielectric permittivity with changes in 

plant water status. Two complementary experiments demonstrate the sensitivity 

of ITDT to changes in plant water status and highlight the potential of this method 

to improve understanding of plant physiological processes. 

The first experiment monitors the complex dielectric permittivity as a function of 

the relative water content of drying vegetation. A Japanese boxwood plant was 

cut apart, and the resulting pieces of vegetation canopy were put into a 

cylindrical PVC pipe that had the twin rod transmission line installed vertically 

along its axis. Measurements of the mass of the system (cylinder plus contents) 

and the dielectric permittivity of the drying vegetation at 0.75 GHz were made at 

periodic intervals (Figure 6a). The water content is defined relative to that 

immediately before harvesting, which is therefore taken to be 100 % although it 

does not imply that the plant has reached its maximum water content. Clearly, 

there is a measurable relationship between the relative water content and the 

dielectric permittivity of the vegetation. The slope of the relationship changes with 

relative water content - the complex components of the dielectric permittivity 

decreasing more slowly at the higher relative water contents than at the lower 

relative water contents. The dielectric permittivity is a mixture of the proportions 

of free water (real part ~ 80), bound water (real part ~ 4) and plant dry matter 
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(real part ~ 8). The results suggest that the plant might be losing a greater 

proportion of bound water at the beginning of the drying and a lower proportion 

near the end. Figure 6b shows the loss tangent (imaginary component divided by 

real component). The loss tangent contains information about the effects of 

dielectric relaxation of rotating molecules or effects of ohmic loss due to changing 

ionic strength in the plant cells. A linear fit between the loss tangent and the 

relative water content less than 0.4 has an value of 99.7 %. The relationship 

between either of the complex components of the dielectric and the relative water 

content is more variable below a relative water content of 0.4 (Figure 6a). These 

results imply that the loss tangent either has a smaller error associated with it 

than the complex components themselves or that the complex components 

change in more complicated ways but are constrained by the condition that the 

loss tangent changes linearly. 

The second example shows the complex dielectric permittivity of the tomato plant 

subject to drought. The mass of the soil plant system was monitored as it dried 

from saturation (fraction of saturation =1 on day 1). The experiment was carried 

out in a room with no windows and constant lighting and temperature. The rods 

were inserted low in the canopy, straddling the main stem. Figure 7a shows the 

components of the dielectric permittivity as a function of the relative saturation of 

the soil-plant system. The complex dielectric permittivity is relatively constant 

between 0.8 and 0.6. At about 0.6 (day 10) there is an increase in both the real 
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and imaginary component of the dielectric permittivity, followed by a decrease 

below 0.57 (day 13). This demonstrates a response of the ITDT measurement of 

the complex dielectric permittivity to drought stress. This increase in both 

complex components of the permittivity and the loss tangent began 

approximately 3 days before any visible signs of wilting. Figure 7b shows the loss 

tangent. There is a sharp increase in the loss tangent at the onset of stress (0.6). 

The increase in dielectric permittivity at the onset of stress might indicate an 

increase in the volumetric water content of plant components, possibly resulting 

from closure of the stomatal guard cells. However, the imaginary component 

increases significantly faster than the real component; as shown through the loss 

tangent in Figure 7b. This increase could be related to changes in the relative 

proportions of bound and free water in combination with a shift in cell osmotic 

potential. Further studies in which ancillary variables are measured such as leaf 

water content and potential and transpiration will be necessary to understand the 

reason for this response. 

Figures 6 and 7 represent plants in different stages of drought. Figure 6 shows 

the complex dielectric permittivity of a plant instantaneously put under drought 

stress and dying. Figure 7 shows the complex dielectric permittivity of a plant 

gradually put under drought stress which recovered after the end of the 

experiment. However, there are indicators that both of the plants respond in 



130 

similar fashion. The filled measurement in Figure 6 (with a relative water content 

just less than 1) has a greater complex dielectric permittivity and loss tangent 

than the measurement with relative water content of 1, taken immediately after 

harvesting. This is a comparable increase to the gradual increase in the complex 

dielectric permittivity at the onset of drought stress in Figure 7 at 0.6 fraction of 

saturation. The decrease in the complex components of the dielectric permittivity 

at 0.57 fraction of saturation in Figure 7 is comparable to the decrease seen in 

Figure 6. For practical reasons, measurements in Figure 7 ceased once the 

plant started to wilt; however, it is expected that the complex dielectric would 

continue to decrease and provide a response similar to that seen in Figure 6 in 

the dry down had continued. 

4. Conclusions 

These results demonstrate the ability of ITDT to make highly repeatable 

measurements of the canopy-averaged dielectric permittivity. This is important 

when using the ITDT technique to measure substances with very low dielectric 

permittivities. The degree of repeatability depends on the nature of the canopy. In 

the examples studied here, ITDT provided more repeatable measurements in 

rosemary that has several stems compared with a tomato plant that has just one 

large stem. 
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Preliminary results demonstrate tlie sensitivity of ITDT to ciianges in plant water 

status brought about by the onset of drought stress. Given this sensitivity, one 

obvious application of ITDT is in the continuous monitoring of plant water status 

for irrigation scheduling. There are other potential applications of ITDT within the 

fields of remote sensing, agriculture, plant physiology and fire susceptibility. 
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Schematic of the experimental setup. R and T are Reflection and 

Transmission ports of the VNA, respectively. 
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Figure 2. (a) Time domain response of rods in air (reference line) and within 

a rosemary canopy. The shaded area represents the region over 

which the gate is applied, (b) Frequency domain components of the 

complex dielectric permittivity of the rosemary canopy. The non-

shaded area represents the frequency range over which the 

measurement of the complex dielectric permittivity is valid. 
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Figure 3. Complex dielectric permittivity of bedding plants systematically 

added to the center of the rods at 0.75 GHz as a function of 

proportion of rod covered. The slope of these relationships gives 

the average value of the dielectric permittivity for a single plant. 
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Figure 4. Magnitude of the complex dielectric permittivity of (a) a rosemary 

canopy and (b) a tomato canopy at 0.75 GHz frequency using an 

applied gate width of 2.8 ns as a function of distance of the center 

of the canopy from one end of the rods. Error bars are based on the 

standard deviation of three measurements; where the plant was 

moved after each measurement. 
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Figure 5. Magnitude of complex dielectric permittivity as a function of 

distance of the center of the canopy from one end of the rods for 

different gate widths. 
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Figure 6. (a) Complex dielectric permittivity and (b) loss tangent at 0.75 GHz 

of a drying, harvested plant relative to that of air as a function of 

relative water content. 
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Figure 7. (a) Complex dielectric permittivity and (b) loss tangent as a function 

of fraction of saturation the tomato plant. 
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