
Effect of vegetation characteristics on near soil moisture
retrieval using microwave remote sensing technique

Item Type text; Dissertation-Reproduction (electronic)

Authors Lee, Khil-Ha

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:18:27

Link to Item http://hdl.handle.net/10150/280028

http://hdl.handle.net/10150/280028


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any type of 

computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitled. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleedthrough, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unKkely event that the author did not send UMI a complete manuscript 

and ttiere are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

Oversize materials (e.g.. maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overiaps. 

Photographs included in the original manuscript have been reproduced 

xerographicaMy in this copy. Higher quality 6' x 9' black and white 

photographic prints are availat)le for any photographs or illustrations appearing 

in this copy for an additional charge. Contact UMI directiy to order. 

ProQuest Information and Learning 
300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 

800-521-0600 





NOTE TO USERS 

This reproduction is tlie best copy avaiiabie. 

UMI' 





EFFECT OF VEGETATION CHARACTERISTICS ON NEAR SOIL MOISTURE 

RETRIEVAL USING MICROWAVE REMOTE SENSING TECHNIQUE 

By 

Khil-Ha Lee 

A Dissertation Submitted to tiie Faculty of the 

DEPAERMENT OF HYDROLOGY AND WATER RESOURCES 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN HYDROLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2002 



UMI Number: 3053896 

® 

UMI 
UMI Microform 3053896 

Copyright 2002 by ProQuest Information and teaming Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Leaming Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor. MI48106-1346 



2  

THE nNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, ve certify that we have 

read the dissertation prepared by KHIL-HA LEE 

entitled EFFECT OF VEGETATION CHARACTERISTICS ON NEAR SOIL MOISTURE 

RETRIEVAL USING PASSIVE MICROWAVE REMOTE SENSING TECHNIQUE 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Dr. W. James Shuttleworth 
2=. 

Dr. Soroosh Sorooshian 

Date 

^  f  I  /  C Z -
Date ' 

Dr. Eleanor J. Burke Date 

Dr. JuatT B. Valdes 

: Kevin E. Lansey 

Date / JU. 
Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

v / v /  
Dissertation Director Date 

Dr. W. James Shuttleworth 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are allowable 
without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head 
of the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the 
material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the 
author. 



4  

TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS 7 
LIST OF TABLES 11 
ABSTRACT 13 

1. INTRODUCTION 16 

2. PRESENT STUDY 22 

2.1. BACKGROUND OF THE RESEARCH 22 
2.1.1 Remote Sensing of Soil Moisture 22 
2.1.2 Passive Microwave Remote Sensing 23 
2.1.3 Microwave emission models for bare soils 25 

2.2.3.1. Wilheit model 28 
2.1.4 Model of soil dielectric 29 
2.1.5 Effect of vegetation on microwave emission from the soil 32 
2.1.6 Soil surface roughness 41 
2.1.7 Coupled land surface microwave emission models ... 42 
2.1.8 Land surface model used in this study 45 

2.2 PRODUCT AND RESULTS OF THE RESEARCH 48 
2.2.1 Statement of Candidate's Contribution to Papers 48 
2.2.2 Summary of Paper l̂: "Application of a plane-stratified emission 

model to predict the effects of vegetation in passive microwave 
radiometry", Hydrology and Earth System Sciences, 6(2): 139-151 49 

2.2.3 Summary of Paper^2: "Influence of vegetation on SMOS mission 
retrievals", Hydrology and Earth System Sciences, 6(2): 153-166... 53 

2.2.4 Summary of Paper#3: "Using Area-Average Remotely Sensed 
Surface Soil Moisture in Multi-Patch Land Data Assimilation 
Systems", IEEE Transactions on Geoscience and Remote 
sensing, 39(18): 2091-2100, 2001 56 

2.2.5 Summary of PaperM: "Estimation of area-average sensible heat 
flux using a large-aperture scintillometer during the Semi-Arid 
Land-surface-Atmosphere (SALSA) experiment", Water 
Resources Research, 35(8): 2505-2511, 1999 60 

2.2.6 Primary Products and Conclusions this Doctoral Research Program.. 62 

REFERENCES 65 

APPENDIX A. Application of a plane-stratified emission model to 
predict the effects of vegetation in passive microwave radiometer 76 



TABLE OF CONTENTS (continued) 

5  

Abstract 76 
1. INTRODUCTION 76 
2. MODELING APPROACH 78 
3. OPTIMIZATION FOR EVALUATING MODEL PARAMETERS .... 80 
4. FIELD DATA 81 
5. MODEL RESULTS 82 

5.1. Soil microwave emission 82 
5.2. Extended Wilheit [1978] model for soil and vegetation 83 
5.3. Sensitivity to Individual Model Parameters 86 
6. DISCUSSION and CONCLUSIONS 87 

Acknowledgements 88 
REFERENCES 88 
APPENDIX. SPECIFICATION OF SMOOTHED DIELECTRIC PROFILES 
89 

APPENDIX B. influence of vegetation on SMOS mission retrievals 90 

Abstract 91 
1. INTRODUCTION 91 
2. MODELS AND METHODS 92 

2.1 Multi-Layer Microwave Emission Model 92 
2.2 Simulation of Synthetic SMOS data 93 
2.3 Proposed SMOS retrieval algorithm 93 

3. Results 96 
3.1 Model Equivalence 96 
3.2 Retrieval Accuracy for homogeneous vegetation 97 
3.3 Retrieval Accuracy for homogeneous vegetation 99 

4. Summary and Conclusions 102 
Acknowledgements 102 
REFERENCES 102 
APPENDIX: DERIVATION OF EQUIVALENT OPTICAL DEPTH ... 103 

APPENDIX C. Using Area-Average Remotely Sensed Surface Soil 
Moisture in Multi-Patch Land Data Assimilation Systems 105 

Abstract 106 
I. INTRODUCTION 106 
II. MODELS OF SURFACE WATER/ENERGY EXCHANGE AND 

MICROWAVE\EMISSION 107 
III. METHODOLOGY 107 



6  

TABLE OF CONTENTS (continued) 

A. Assumptions 107 
B. Estimating Deep Soil Moisture from Surface Soil Moisture ... 108 
C. Assigning Area-average soil Moisture to Patches 109 

1) Method 1 110 
2) Method 2 110 
3) Method 3 110 

IV. RESULTS Ill 
V. DISCUSSION AND CONCLUSIONS 113 
Acknowledgements 115 
REFERENCES 115 

APPENDIX D. Estimation of area-average sensible heat flux using a 
large-aperture scintillometer during the Semi-Arid 
Land Surface-Atmosphere (SALSA) experiment 116 

Abstract 117 
INTRODUCTION 117 
2. PHYSICAL BACKGROUND 118 

2.1 Theoretical Principles 118 
2.2 Sensible Heat flux 118 
2.3 Derivation of Area-Average Sensible heat Flux Over Patch Surfaces 119 

3. EXPERIMENT 119 
3.1 Site Description 119 
3.2 Instrumentation 119 

4. RESULTS 120 
4.1 Intercomparison of Measurement Systems 120 
4.2 Validation and discussion 121 

5. Conclusions 122 
Acknowledgements 123 
REFERENCES 123 



LIST OF ILLUSTRATIONS 

7  

APPENDIX A 

A 1. The modeled brightness temperature as a function of observation 
angle calculated at 11:30 a.m. on DOY 208 using the "DRYD0WN2" 
data set with and without Gaussian smoothing of the top and bottom of 
the canopy 80 

A 2. Time series of measured and modeled microwave brightness 
temperatures for a bare soil surface during DRYD0WN2 and 
DRYD0WN3. 10 and 20 denote 10° and 20° look angles, and H and V 
denote horizontal and vertical polarization respectively 81 

A 3. CLM-calcuiated and observed values of soil temperature at 1 cm depth 
(a and d); average soil moisture over 0-2 cm depth (b and e); and 0-5 
cm depth (c and f) for DRYD0WN2 (a, b and c) and DRYD0WN3 (d, e 
and f) 82 

A 4. Time series of measured and modeled microwave brightness 
temperatures in the presence of vegetation during DRYD0WN2 and 
DRYD0WN3.10 and 20 denote 10° and 20° look angles, and H and V 
denote horizontal and vertical polarization respectively 83 

A 5. Estimated parameter values for the 20 replicate optimizations. In each 
case, parameter values are normalized by the predefined range of 
each parameter over which optimization was made, and the set of 
parameters corresponding to the lowest error in modeled microwave 
brightness temperature are linked by a line. Results are shown for S 
set to 0 ppt (a and e); all parameters optimized (b and f); S set to 0 ppt 
and \4v set 0.5 m^m'̂  (c and g); and \4v set 0.5 m^m'̂  (d and h), for 
DRYD0WN2 (a-d) and DRYD0WN3 (e-h) 85 

A 6. Modeled microwave brightness temperature for a range of values of 
individual parameters around their optimized value [parameter 
specified in the x-axis], with the salinity of in-canopy water set to zero. 
The calculations are made at 11:30 p.m. on DOY 224. 86 

A 7. Contours of the horizontally polarized modeled microwave brightness 
temperature at nadir at 11 ;30 pm on DOY 224 using the optimized 
parameter given in column 8 of Table 1. Calculations are made for 
combinations of: Dwand \/f^(a); Dwand \/rf,y(b); Dwand K(c).... 87 



8  

LIST OF ILLUSTRATIONS (continued) 

APPENDIX B 

B 1. Comparison of the microwave brightness temperature (°K) and soil 
reflectivity (no unit) calculated for bare soil using the extended Wilheit 
model and the two-source Fresnel model for three different soil wetness 
conditions 96 

B 2. Microwave brightness temperature (°K) as a function of look-angle (°) 
for three different conditions of soil wetness (8, 18, and 30%) and for 
the four different vegetation covers specified in Table 1 using a 
constant opacity coefficient, b, the value of which was specified to 
ensure equality between the two models at nadir 97 

B3. The effective 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 98 

B4. Retrieved values of near-surface soil moisture, vegetation water 
content, and surface temperature variable as a function of half swath 
angle made by optimizing the two-source Fresnel model using the 
effective values of opacity coefficient given in Figure 3, for three 
different soil wetness conditions and four different vegetation covers. 

99 

B5. Systematic error in retrieved values of near-surface soil moisture, 
vegetation water content, and surface temperature as a function of half 
swath angle for three different soil wetness conditions and four different 
vegetation covers when 10% random errors are introduced into the 
specification of the vegetation-related parameters used in the extended 
Wilheit model 100 

B6. Systematic error (given as a percentage for soil moisture and 
vegetation water content and absolute vale for surface temperature) 
and random error (given as a percentage of the mean value) in 
retrieved values of near-surface soil moisture, vegetation water content, 
and surface temperature as a function of the random errors introduced 
into the specification of the vegetation-related parameters used in the 
fooA/ard calculations with extended Wilheit model for crop-cover and 
forest cover and for a soil moisture status of 18% 101 



9  

LIST OF ILLUSTRATIONS (continued) 

APPENDIX C 

C1. MICRO-SWEAT modeled relationship between near surface soil 
moisture and deep soil moisture for the seven non-water patches 
within the specified grid square 109 

C 2. Comparison of the predicted and modeled relationship between the 
ratio of near surface soil moisture to deep soil moisture for the seven 
non-water patches within the specified grid square. ... 109 

C 3. Time series of the true, perturbed and corrected top 5-cm soil moisture 
for the seven non-water patches within the grid square, plus the area 
weighted average of the grid square 111 

C 4. Time series of the true, perturbed and corrected top 5-cm soil moisture 
for the seven non-water patches within the grid square, plus the area 
weighted average of the grid square 112 

C 5. Time series of the true, perturbed and corrected cumulative 
evaporation for the seven non-water patches within the grid square, 
plus the area weighted average of the grid square. ... 114 

APPENDIX D 

01. Location map of the Upper San Pedro Basin 120 

D 2. Picture of the emitter of the large-aperture scintillometer (the receiver 
looks similar) 120 

D 3a. Comparison between sensible heat flux obtained with the scintillation 
method and the corresponding values measured with eddy correlation 
systems during the intercomparison period: Gill, Pulse, and Campbell 
Crosses 120 

0 3b. Comparison between frction velocity with the scintillation method an 
the corresponding values measured with eddy correlation systems 
during the intercomparison period: Gill, Pulse, and Campbell, Crosses. 

121 



10  

LIST OF ILLUSTRATIONS (continued) 

D4a. Differences of sensible heat flux measured over mesquite and over 
grass 121 

D 4b. Differences of friction velocity measured over mesquite and over grass. 
122 

D5. Comparison between effective friction velocity derived from eddy 
correlation measurements and the corresponding values evaluated 
with the scintillometer. Units are ms"^ 122 

D6. Comparison between measured area-average sensible heat flux and 
the corresponding values derived from the scitillometer 
measurements 122 



11  

LIST OF TABLES 

MAIN TEXT 

Table 2.1 Changes in water content of leaves during a day (from Kramer (1983), 
adapted from Curis and Clark (1950) and other sources.) ... 39 

APPENDIX A 

A 1. Lists the optimized values of vegetation-related parameters for the 
Soybean canopy at the Beltsville site during DRYD0WN2 and 
DRYD0WN3 84 

APPENDIX B 

B 1. Surface conditions used when calculating the synthetic SMOS data. 
The soil surface temperature and the vegetation temperature were set 
300 °K 94 

B2. The available look-angles as a function of the half swath angle 
proposed for the SMOS mission. The synthetic obsen/ations were 
simulated using these look angles at each half swath angle. 94 

B 3. Bias and standard deviation of retrieved surface variables at zero 
swath angle when vegetation-related parameters are randomly 
selected following a Gaussian distribution with standard deviation of 
10% 101 

APPENDIX C 

0 1. Specification of the characteristics of each patch within the grid-square 
in terms of the nature of the soil and vegetation represented in the 
multi-patch version of MICRO-SWEAT 108 

0 2. Comparison of the surface soil moisture (in %) relative to the true 
simulation for the perturbed simulation and corrected simulations using 
three different assimilation methods in (a) and (c) in terms of root mean 



12  

LIST OF TABLES (continued) 

square error (rsme), and (b) and (d) in terms of bias for each patch and 
for the area weighted average for the whole grid-square. The values 
given in (a) and (b) are for the case when assimilated estimates of 
deep soil moisture are calculated from Equation (1). Those in (c) and 
(d) are for the case when assimilated estimates of deep soil moisture 
are calculated from Equation (2) 112 

C3. Comparison of the deep soil moisture (in %) relative to the true 
simulation for the perturbed simulation and corrected simulations using 
three different assimilation methods in (a) and (c) in terms of root mean 
square error (rmse), and (b) and (d) in terms of bias for each patch and 
for the area weighted average for the whole grid-square. The values 
given in (a) and (b) are for the case when assimilated estimates of 
deep soil moisture are calculated from Equation (1). Those in (c) and 
(d) are for the case when assimilated estimates of deep soil moisture 
are calculated from Equation (2) 113 

C 4. Comparison of the cumulative evaporation for the 8 separate patches 
and the area weighted average grid square for the entire year. The 
values given in (a) are for the case when assimilated estimates of deep 
soil moisture are calculated from Equation (1) while those in (b) for the 
case when assimiiated estimates of deep soil moisture are calculated 
from Equation (2) 114 

APPENDIX D 

D la. Statistical results of the intercomparison between the sonic from 
Campbell, the Sonic from Gill, and the large aperture scintillometer 
(LAS) in estimating sensible heat flux 121 

Dib. Statistical results of the intercomparison between the sonic from 
Campbell, the Sonic from Gill, and the large aperture scintillometer 
(LAS) in estimating friction velocity 121 

D2. Statistical results of the intercomparison between measured and 
scintillometer -based area-average sensible and friction velocity 122 



13  

ABSTRACT 

Passive microwave remote sensing has shown potential for monitoring 

near surface soil moisture. However, both near-surface soil moisture and the 

vegetation overlying the soil contribute to microwave emission and an effective 

way to specify the effect of vegetation is crucial for the retrieval of soil moisture 

from microwave observations. This dissertation presents a new approach to 

representing the effect of vegetation on microwave emission by extending an 

existing model (Wilheit, 1978) of the coherent propagation of electromagnetic 

radiation through a stratified medium. The resulting multi-layer microwave 

emission model is plausibly realistic in that it captures the behavior of the 

vegetation canopy by considering the dielectric permittivity of the mixture of air 

and vegetation matter in the canopy and recognizing the vertical distribution of 

dielectric permittivity through the canopy. The model parameters required to 

specify the dielectric profile within the canopy are not usually available from data 

taken in typical field experiments, particularly the parameters that quantify the 

way the dielectric permittivity of the vegetation and air mix together to give the 

dielectric permittivity of the canopy. Thus, the feasibility of specifying these 

parameters using an advanced single-criterion, multiple-parameter optimization 

technique was investigated. The resulting model was also applied to investigate 

the sensitivity of microwave emission to specific vegetation parameters. 
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The study continued with an investigation of how the presence and nature of 

vegetation cover influences the values of geophysical variables retrieved from 

multi-angle microwave radiometer spectrometer observations, using the 

upcoming Soil Moisture Ocean Salinity (SMOS) mission as a case study. The 

extended version of the Wilheit (1978) model was used to calculate synthetic 

observations of microwave brightness temperature at the look-angles proposed 

for the SMOS mission for three different soil moisture states (wet, medium, and 

dry) and four different vegetation covers (grass, crop, shrub, and forest). A 

retrieval approach that simulates that proposed for SMOS, which assumed the 

simple Fresnel model of microwave emission and used advance optimization 

techniques, was used to determine the preferred set of soil moisture, vegetation 

water content, and surface temperature for each set of synthetic observations. It 

was shown that retrieved values are only accurate when the effective values of 

the opacity coefficient used in the Fresnel model are made to vary In a 

prescribed way with look-angle, soil moisture status, and vegetation. The errors 

in retrieved values that may be induced by poor specification of vegetation cover 

were investigated by imposing random errors in the values of vegetation-related 

parameters in the fon/vard calculations of synthetic observations made with the 

extended Wilheit model. The results show that poorly specified vegetation can 

result in both random and systematic errors in the retrieved values of the 

geophysical variables. 
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This dissertation is supplemented by description of additional related research to 

which the candidate made a contribution. Specifically, an investigation of 

alternative procedures for assimilating area-average estimates of surface soil 

moisture into Land Data Assimilation Systems, and an investigation of a novel 

field instrument to measure area-average sensible heat flux. 
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1. 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-mbisture 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. 

Ground-based measurements of soil moisture are usually point 

measurements and it is difficult and time consuming to measure the temporal 

and spatial variability in this way. Moreover it is hard to conceive how the large-

(meso-, continental- or global-) scale estimates of soil moisture needed to initiate 

atmospheric models, or for assimilation into them, could feasibly or economically 

be made using single-point ground based soil moisture sampling. 

Although soil moisture is well known to be important to atmospheric and 

hydrologic models, to date, there is no direct global measurement of it (Kerr et 



17  

al., 2001). However, many observational and modeling studies have shown the 

potential of passive microwave remote sensing, particularly L-band (1.4 GHz 

frequency), for estimating near-surface soil moisture (Calvet et al., 1995; Chanzy 

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

et al., 2000). Passive microwave radiometry at low frequencies (L- band: 1.4 

GHz, 21cm) has been selected by the European Space Agency (ESA) for use In 

the Soil Moisture Ocean Salinity (SMOS), which has a proposed launch date in 

the 2003-2005 time frame (http://vtfww.cesbio.upstlse.fr/indexsmos.htmlV 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). 

Although L-band microwave remote sensing techniques have potential 

capability for estimating surface soil moisture, the ability to retrieval using multi-

angular viewing configurations with large footprints that sample heterogeneous 

surface variables has not yet been proven. Moreover, L-band remote sensing 

can measure soil moisture only within top 5cm of the soil, and merely modifying 

surface soil moisture during assimilation does not by itself provide a sufficiently 

strong updating of the deeper soil moisture profile (Houser et al. 1998). Further 



18  

Study is needed to develop understanding of how to apply the information in 

remotely sensed surface soil moisture estimates to the deeper soil layers. Some 

studies of how to integrate remotely sensed soil moisture into a hydrological 

model have been attempted (Houser et al. 1998; Reichle et al., 2001), but so far 

the results are less than satisfactory. 

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 al., 1999; Burke et al., 1997; 1998; 2001). However, it is well 

recognized in such models 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 (Schmugge, 1998; Wigneron et al., 1998, Lee et al., 2002). Hence 

accurate description of the vegetation is necessary when estimating surface soil 

moisture. The importance of vegetation on surface soil moisture retrieval is 

especially significant for the SMOS mission, because the radiometer will monitor 

land surface areas typically at 50 km resolution and vegetation is not expected to 

be homogeneous over such an area. It is also significant that vegetation biomass 

is itself a surface variable that is to be monitored during the SMOS mission. 
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Even though the simple vegetation model suggested by Jackson and Schmugge 

(1991) 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., 1996; W; 2000; 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. 

The model describing the vegetation suggested by Wigneron et al. (1993) 

is complete and descriptive but arguably too complicated to be routinely applied 

in the field. Since the model requires the sophisticated knowledge of the 

vegetation canopy, inversion may be very complex. Hence, a realistic model of 

intermediate complexity is required, that adequately captures most of important 

features of vegetation (such as the canopy type/structure, polarization, 

wavelength, look angle, temperature, and vegetation water content). In this study 

a new approach to modelling the effect of the vegetation on passive microwave 

emission is developed and explored which is based on an existing radiative 

transfer model (Wilheit, 1978). This new modeling approach is used to test 



retrieval capability for the multi-angle, L-band, passive microwave obsen/ations 

such as will be provided during the SMOS mission. 

This dissertation includes four papers. The first paper, given in Appendix 

A, addresses modeling the effect of vegetation on the microwave emission and 

introduces and applies the new approach mentioned above. This paper also 

investigate how to specify parameters in the new model from typical field 

measurements, especially those that cannot be measured directly, such as the 

effect of non-linear mixing of the dielectric permittivities in the canopy. It also 

describes how the model was applied to investigate the sensitivity of the 

microwave emission to specific vegetation parameters. The new model is then 

applied in the second paper, given in Appendix B, to calculated microwave 

brightness temperatures that simulate those to be measured during the SMOS 

mission. In this way, the retrieval capability of the algorithm proposed for SMOS 

is evaluated for different types of vegetation cover and in different soil moisture 

conditions. 

The above two papers are the main products of this doctoral research 

program, but two additional papers are included in this thesis. The third paper, 

given in Appendix C, introduces and investigates a new method for propagating 

remotely sensed surface soil moisture information more effectively into the 

deeper soil layers in a hydrological model. This paper also investigates 

alternative methods for distributing large area average, remotely sensed surface 
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soil moisture between separate patches in a hydrological model that uses the 

"mosaic" approach. Finally, the fourth paper, given in Appendix D, describes a 

field study in which the candidate participated that investigated a novel field 

instrument, the scintillometer, capable of measuring area-average sensible heat 

flux. 
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2. PRESENT STUDY 

2.1 BACKGROUND OF THE RESEARCH 

2.1.1 Remote Sensing of Soil Moisture 

In principle, radiation from across the whole electromagnetic spectrum can 

be used to provide remotely sensed estimates of soil moisture. However, in 

practice some wavelengths are more suitable than others. The surface albedo for 

solar radiation in the visible portion of the spectrum (0.4 - 0.7 |am) depends 

strongly on the surface wetness of the soil, and this is the basis for attempts to 

remote sensing soil moisture in the visible waveband. It is, however, very difficult 

to relate surface albedo and surface soil moisture in a unique way, not least 

because this relationship is so strongly influenced by soil surface roughness and 

land cover characteristics. Thermal infrared can also be used to measure the 

surface soil moisture content because the diurnal cycle of thermal infrared 

emission is influenced by the thermal conductivity and heat conductivity of soil 

that is in turn affected by soil wetness. However, remote sensing of soil moisture 

at this wavelength is restricted to bare soil. Both thermal and visible wavelengths 

do not penetrate clouds. 
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One major advantage of microwave remote sensing (typically in the 

frequency range 0.3 - 300 GHz) is that the radiation passes through the air and 

clouds with much less attenuation, so it is potentially applicable in all weather 

conditions. Both active and passive microwave remote sensing can be used to 

measure the surface soil moisture content. In active microwave remote sensing, 

the radar emits radiation and detects its return. Satellite based radar that monitor 

soil moisture can operate at very high spatial resolutions (~ m's). Passive 

microwave sensors only receive microwave signals emitted by the Earth, so the 

signal is relatively weak compared to a radar signal and it is harder to achieve 

high spatial resolutions. Even with limitations on the resolution, passive 

microwave remote sensing is currently the preferred approach to indirect sensing 

of soil moisture. This is mainly because the effects of vegetation and soil surface 

roughness are easily quantifiable. 

2.1.2 Passive Microwave Remote Sensing 

Passive microwave remote sensing systems operating at L-band (21cm, 

1.4 GHz) and/or C-band (6cm, 5.6GHz) frequencies are recognized as being a 

promising tool to measure soil moisture in the (-Scm) surface layer of soil 

(Schmugge, 1998; Jackson et al, 1999; Njoku and Li, 1999). Studies have shown 

that accurate values of the near-surface soil moisture can be retrieved even 
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when there is a significant vegetation canopy covering the ground (Jackson and 

Schmugge, 1991). For example, Jackson et al. (1999) present validated soil 

moistures derived from the Electronically Scanned Thinned Array Radiometer 

(ESTAR), which was flow during the Southern Great Plains hydrology experiment 

(SGP97). The prospects for a passive microwave mission that will provide global 

estimates of soil moisture are good. The AMSR mission, due for launch in spring 

2002, contains a C-band passive microwave radiometer, which will provide large-

scale estimates of soil moisture under sparse to moderate vegetation. This is not 

the ideal configuration for soil moisture remote sensing. However the SMOS 

mission, which has been selected for launch by the European Space Agency 

(ESA), detects at L-band, and can detect soil moisture under denser vegetation. 

SMOS uses two-dimensional aperture synthesis to provide brightness 

temperatures at a range of look angles over the same area (Kerr et al., 2001; 

Wigneron et al., 2000). 

The effectiveness of microwave remote sensing of soil moisture relies on 

the fact that there is a large difference between the dielectric of the soil particles 

(~ 4) and air (- 1) and the dielectric of water (~ 80). The dielectric constant is 

Inversely proportional to the emissivity of a substance. For example, a dry soil 

will have a low dielectric constant and high emissivity whereas a wet soil will 

have a high dielectric constant and low emissivity. The effect of vegetation on the 



microwave emission from the soil surface is strongly influenced by the imaginary 

part of the dielectric constant (Schmugge and Jackson, 1992). 

Thus, knowledge of the dielectric constant for vegetation and soil medium 

(see section 2.4 and 2.5) is crucial, and the passive microwave remote sensing 

of soil moisture greatly benefits from relevant ancillary information on soil texture, 

soil surface roughness, vegetation geometry and composition, and vegetation 

cover type (etc.). In addition, horizontal inhomogeneities in vegetation geometry, 

cover type, and composition impact the dielectric properties and surface 

roughness of the vegetation cover, although further studies are needed to 

quantify the importance of these. Large-scale topography affects the microwave 

signal by introducing variations in the effective look-angle and it has been 

suggested that this can be considered to be macro-scale surface roughness 

(Kerr et al., 2001, Matzler and Standley, 2000). 

2.1.3 Microwave emission models for bare soils 

The radiation received by a microwave sensor is quantified in terms of the 

brightness temperature, Tb, which, for a soil medium, can be expressed as 

follows: 

T. (O,p) ' e ,0 ,p )T ,  (2.1) 
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in which Tg{B,p) in "K is the microwave brightness temperature, 

^ I) is the polarized specular emissivity of the soil medium, and Ts 

is the physical temperature of the soil medium. In all of the models discussed in 

this section scattering effects are assumed to be negligible. 

For homogeneous media, i.e., media with constant moisture and 

temperature profiles, the emissivity for a smooth surface can be calculated from 

the dielectric properties of the soil using the Fresnel equations for surface 

reflectivity, where the emissivity is one minus the reflectivity: 

scosO -  yjs -  sin" 0 cos^ - Vf-- sin" ^ /o /; = ====== r = 1 _ , - (2.2) 
sCOS0 + yj£ - sin'0 cos^ + Vi" - sin" ^ 

where and r. are the horizontal and vertical reflectivity, respectively, 0 is the 

incidence angle and £ is the dielectric constant of the soil. 

For non-homogeneous soils, radiative transfer models that predict 

emission at the soil surface can be classified as either coherent or non-coherent. 

Coherent models include the models developed by Wilheit (1978) and Njoku and 

Kong (1977) who developed radiative transfer models based on similar 

theoretical assumptions. This class of model solves a differential equation to 

obtain the fraction of energy absorbed at different depths within the medium, with 
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flux conservation at soil/air interface used as a boundary condition. Schmugge 

and Choudhury (1981) and Costes et al. (1994) compared these two coherent 

models and concluded that both models are in good agreement, but the Wilheit 

model is simpler and therefore preferred (Raju et al., 1995; Schmugge and 

choudhury, 1981). The Wilheit (1978) model (summarized in section 2.3.1) has 

been found to be in good agreement with experimental observations (Wang, 

1987; Laguerre et al., 1994, Raju et al., 1995; Burke et al, 1997; 1998). In 

addition, Raju et al. (1995) compared the Wilheit (1978) model with the (single-

layer) Fresnel model. They concluded that, in terms of estimating Tb, the two 

models perform similarly at low frequencies providing the Fresnel model is 

implemented with an optimal sampling depth. 

It should be noted that interference effects can occur in a coherent model. 

Schmugge et al., (1981) observed them during a field experiment at the 

University of California, Davis, when they monitored the downward progression 

of a wetting front. However, these phenomena are unlikely to occur commonly in 

nature because of surface roughness effects and the horizontal inhomogeneity of 

soils (Schmugge, 1982). 



28 

In non-coherent models, emissivity is determined by the dielectric constant at the 

air/soil interface and so depends on the layer thickness used, especially when 

near-surface soil moisture is strongly depth-dependent (Schmugge, 1982). Burke 

et al. (1979) developed a non-coherent radiative transfer model in which the soil 

was treated as homogeneous layers of dielectric of arbitrary thickness. This 

model is not directly applicable to soil moisture remote sensing because only the 

upper layers of the soil moisture profile contributes to the effective temperature 

calculation (Raju et al., 1995). 

2.1.3.1. Wilheit M 978) model 

The model discussed in detail in this thesis is the Wilheit (1978) 

microwave emission model. In the Wilheit (1978) model, the soil is described as 

a semi-infinite layered dielectric medium with each layer characterized by a 

dielectric constant that is assumed to be homogeneous within the layer. The 

model uses Maxwell's equations and boundary condition at the interface to 

calculate the electric field in each layer assuming (1) the soil is a semi-infinite 

medium with a smooth air-soil boundary: (2) boundaries between the layers are 

planar and parallel; and (3) each layers is in thermal equilibrium and each layer 

emits the same energy as it absorbs. With these assumptions, the microwave 

brightness temperature is given by: 

<2-3) 



where 7] is the physical temperature of the / th layer, and fj is the fraction of the 

energy of the incident wave, E,, absorbed by the / th layer, and n is the number 

of layers. Conservation of energy at the air/soil interface determines the 

reflectivity of the soil surface, , as: 

rs=\-if i (2.4) 
/=i 

The thermal sampling depth is given by: 

(2.5) 

Where X, is the depth of the layer. The average soil temperature over this 

thermal sampling depth, referred to as the effective radiating temperature, is 

given by: 

Y T f  
L, = ̂  (2.6) 

The ratio of Tgto T^ff is the effective emissivity for the soil. 

2.1.4 Model of soil dielectric 

At microwave frequencies, the dielectric behavior of the soil medium is a function 

of the nature of the soil particles and the soil water, which exists as free water 



and water molecules that are bound to soil particles. Free water molecules can 

readily align themselves with an applied electric field but water molecules bound 

to soil particles cannot. Consequently, bound water is usually treated like ice in 

models and has a significantly lower dielectric constant (-4, for L-band) than free 

water (-80, at L- band). The relative proportions of bound and free water depend 

on soil particle size distribution, which is therefore an important factor controlling 

the dielectric constant of soil. Water binds more easily to the smaller clay 

particles and hence clay soils have a higher fraction of bound water than sandy 

soil. There are two models that are commonly used to predict the dielectric of the 

soil in passive microwave remote sensing (Wang and Schmugge, 1980; Dobson 

etal., 1985). 

Wang and Schmugge (1980) developed a simple mixture model for the 

soil dielectric that is a straightforward combination of the dielectric constants of 

ice, water, air, and soil particles. This is applicable for frequency range of 1.4 

GHz and 5 GHz. Schmugge (1980) distinguish between cases where the 

volumetric water content (l/Vs) is either smaller than or equal to the transition 

water content or grater than the transition water content {Wt). This is the value at 

which the maximum possible amount of water is bound. The dielectric constant is 

given by: 

e = W,s,+(P-W,)s,->-(\-P)s, W,<W, (2.7) 



3 1  

with 

\N 
= Si +(e„ (2.8) 

and 

s = i\N, - W, )s^ +(P-W, )e, +(l- P)e, W, > W, (2.9) 

with 

=si+(s^-ei)r (2.10) 

In the above equations; P is the porosity of the dry soil; ^r^is the dielectric 

constant of air; is the dielectric of the water; is the dielectric of rock; s, is the 

dielectric of ice; is the dielectric of the initially absorbed water; and y is a 

fitting parameter. See Wang and Schmugge (1980) for details. 

Dobson et al. (1985) developed a four-component dielectric mixing model 

for the 1.4-18 GHz frequency range that treats the soil-water system as 

comprising a host medium of dry soil solids which contains randomly distributed, 

randomly oriented disc-shaped inclusions of bound water, bulk water, and air, 

and calculates the dielectric as: 
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+ st-W, (2.11) 
Ps 

fs =0.01+ 0.44pJ^-0.062 

This equation is based on the Birchak et al. (1974) refractive volumetric mixing 

model. The parameter a = 0.65, while depends on the textural composition of 

the soil. The soil particle dielectric constant, e^, and the free water dielectric 

constant, fft^are considered to approximate the dielectric of the soil-water 

mixture in the model because the complex dielectric constant of bound water is 

poorly known and its volume fraction is available only after lengthy calculations. 

Pi, is a bulk density of soil and is a specific density of soil and is 

volumetric soil moisture. (Dobson et al., 1985). 

2.1.5 Effect of vegetation on microwave emission from the soil 

A vegetation canopy overlying soil reflects, transmits, and absorbs the 

radiation emitted from the soil, while the vegetation itself emits its own radiation 

that adds to the total radiative flux (scattering of the radiation from the soil by the 

vegetation is negligible at L-band and C-band). Basharinov and Shutko (1975) 

presented a fairly simple model for the microwave brightness temperature of an 

interface comprising a semi-infinite soil layer with physical temperature, T (in 
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" K )  and air-soil reflectivity r id ,p )  with overlying vegetation with a physical 

temperature r, (in "K), that has the following : 

Tb (e, p) = [ I  + r ,  (0 ,  p)r(0 ) ] [ \  - r(0 )](l - a )T, + [ I-r ,  (9, p)]r(0 )T, (2.12) 

where oris the single-scattering albedo and r(0) the transmissivity of the 

vegetation layer, respectively. This model is based on the following assumptions; 

i. the single-scattering albedo (assumed independent of 0 and p) is small 

(0.04< < 0.12); 

ii. the air-vegetation reflectivity is zero; 

iii. (assumed independent of p) is set to the air-soil reflectivity rather than 

the vegetation-soil reflectivity because the average index of refraction of 

vegetation layer is only slightly larger than that of air (Ulaby et al., 1986). 

In this model, the brightness temperature, r„(in " K ) ,  of the two-layers (soil and 

vegetation), neglecting atmospheric effects, is a combination of three 

components; 

i. the radiation emitted by the canopy itself, given by; 

r„ = (i-r)(i-ff)r, (2.13) 

ii. the radiation emitted by the canopy in the downwards direction which is 

reflected by the soil surface and subsequently travels upwards through the 

canopy, given by; 

7;: = r(l-r)(l-r)(l-a)r„ (2.14) 
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iii. and the radiation emitted by the soil surface and attenuated by vegetation, 

given by; 

r,3 = (l-r)r7: (2.15) 

The two parameters describing the vegetation canopy that is required as input 

by this model are the transmissivity and the single scattering albedo. The single 

scattering albedo is determined by the distribution of water within the canopy and 

is impacted by the canopy structure. It is of the order zero especially at the lower 

frequencies. In many examples where measurements were made at L-band it 

has been assumed to be zero (Shutko, 1986; Jackson and O'Neill, 1990; 

Jackson, 1991; van de Griend and Owe, 1993; van de Griend et al. 1994). 

However, at C-band its value becomes more significant (Jackson and 

Schmugge, 1991). There are few examples where the single scattering albedo 

has been estimated (Jackson and Schmugge, 1991) and the dependence of the 

single scattering albedo on the properties of the vegetation, polarization and 

frequency of detection are largely unknown. 

The other required parameter is the transmissivity of the vegetation helps to 

quantify the amount of absorption and emission by the vegetation. At each 

frequency and polarization, it is mainly a function of look angle and vegetation 

water content, although the structure and type of canopy can also affect its value. 

The transmissivity of the vegetation can be expressed as: 
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r(0) = exp(-rsec^) (2.16) 

where ris the optical depth and 0 is the look-angle. The optical depth is 

theoretically related to the extinction coefficient of the canopy, Kei 

where h is the height of the canopy. 

Kirdyashev et al. (1979) explored the quantitative effect of vegetation on 

microwave emission using measured data. They derived optical depth as a 

function of the dielectric properties and water content of the vegetation, plant 

shape and structure, wavelength, and look angle (Kirdyashev et al., 1979; 

Jackson and Schmugge, 1991), as follows; 

where u = 1 and u = 2 for cylinders and disks, respectively; A is the wavelength; 

d is the look angle; k is a unit conversion factor (Kirdyashev (1979) suggested 

that vegetation water content is 0 - C where Q is the mass of vegetation per unit 

area (the fresh weight of the vegetation per unit area, in 100 kg/ha), m is the 

moisture content by weight, in (g/g); Wv is vegetation water content in kg/m^ 

s' is the imaginary part of the complex dielectric constant of water .[Note; 

strictly, it is necessary to consider the effect of the portion of the biomass with 

quasi-random orientation (leaves) and well-defined orientation (trunks and stems) 

r  = Kgh (2.17) 

(2.18) 
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separately when interpreting the microwave signal because these components 

depend strongly on the polarization.] Another, similar formulation for the optical 

depth was derived by (Schmugge and Jackson, 1992; Uiaby et al., 1986): 

r = 4;r(/i/>i)-77 (2.19) 

Hence, the optical depth can be calculated using equation (2.19) or (2.21) given 

knowledge of the imaginary part of the dielectric constant of the canopy. 

Jackson and Schmugge (1991) simplified the above approaches and 

proposed a simple empirical model for the effect of vegetation on microwave 

emission with the form: 

T  =  b W ,  (2.20) 

where b is a opacity coefficient. 

Where the dependence of optical depth on all factors other than the depth 

integrated water content are assumed to be adequately represented by the 

opacity coefficient, b. The opacity coefficient has been shown to be a function of 

canopy type and structure, as well as the polarization and wavelength of the 

radiation (Jackson and Schmugge, 1991). In addition, recent studies suggest that 

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

Wigneron et al., 1996; Le Vine and Karam, 1996). The value of b may even vary 

with soil wetness because the dielectric constant of water is temperature-

dependent and the temperatures of the vegetation and soil are often assumed 
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equal, even though the vegetation temperature may be higher if the soil is dry 

(Wigneron et al., 2000). 

Van de Griend and Owe (1993) determined the single scattering albedo 

and optical depth of typical savanna vegetation in Botswana (Africa) by inverse 

modeling. They based their model on the theory described above and used 6.6 

and 37 GHz, dual polarization, satellite microwave signatures from 

Nimbus/SMMR along with in field measurements of surface soil moisture data. 

They showed a significant correlation between optical depth and NDVI values 

derived from NOAA/AVHRR. Van de Griend and Owe (1994) further studied the 

influence of polarization on canopy effects in large-scale soil moisture monitoring 

using the same data and found that the effects of the ratio of horizontal to vertical 

polarization on canopy effect are independent of seasonal variation. More 

recently, van de Griend and Owe (1996) developed a measurement procedure to 

determine these vegetation parameters at horizontal and vertical polarization. 

They concluded that both measurements and calculations suggest that these 

parameters are slightly dependent on view angle but that there was no 

discernable dependence of the ratio of horizontal to vertical polarization canopy 

effect on biomass density. 

The dielectric constant of the vegetation canopy is key when modeling the 

effect of vegetation in microwave remote sensing. Ulaby and El-Rays (1987) 

developed a dielectric model for corn leaves by combining the dielectric of the 
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dry matter component and free and bound water for the frequency range 0.2-20 

GHz, based on measurements of sucrose water solutions of known volume 

ratios. They assumed that the dielectric constant of a single leaf, can be 

expressed as a simple additive function of three components; (1) s^, a 

nondispersive residual component; (2) V^s^, a free-water component, where 

is the volume fraction of three water and is its dielectric constant, and (3) 

, a bulk bound water component, where is the volume fraction of the 

bound water in the vegetation and e, is its dielectric constant. Thus: 

75 I8a 
e ,  = 4.9+ -— - j  

= 2.9 + 

I + V/ZIS ^ / 

55 

1+0//0.18)"^ 

= 1.7 - 0.74w^ + 6.16m/ (2.21) 

Vf. = '"^(0-55m^. - 0.076) 

F, = 4.64/H;/(l+7.36m/) 

a = \21 

where is the gravimetric vegetation water content (water content based on 

fresh weight in kg/kg. An example calculation using this approach is given in 

Table 2.1. 
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Matzler (1994) developed a semi-empirical formula for the complex 

dielectric constant of a single leaf for the frequency range from 1 to 100 GHz. 

This model assumes linearity with nij in the range 0.1-0.5. 

s, = 0.522(1 - Ulm, )s^ + Oi I + 3.84m, (2.22) 

where: 

, dry mass/ m ni\ 
/fresh mass (2-23) 

Table2.1 Changes in water content of leaves during a day (from Kramer (1983), 

adapted from Curis and Clark (1950) and other sources.) 

Plant 

Water content maximum 

as fraction of fresh weight 

Water content minimum 

as fraction of fresh weight 

Amaranthus 0.86 0.79 

Nicotiana 0.85 0.80 

Physalis 0.90 0.87 

Euphorbia 0.85 0.81 

Helianthus 0.83 0.78 

Zea mays 0.72 0.67 
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The dielectric constant of water, , is governed by the wavelength, the physical 

temperature, and the salinity. A typical salinity range of the fluid contained in 

vegetation material is 6 to 15 parts per thousand (ppt). Salinity exercises a 

negligible influence on at frequencies above about 5 GHz (Ulaby et al., 1986). 

The vegetation canopy as a whole consists of the mixture of air, 

vegetation material, and vegetation water. Because attenuation of the microwave 

signal by a vegetation canopy is directly proportional to the imaginary part of the 

vegetation's dielectric constant, the dielectric constant of the canopy as a whole 

is very sensitive to the form of mixing model used to represent the combination of 

vegetation and air, as well as to the dielectric of individual leaves. Ulaby et al., 

(1986) states that due to the shortage of available measurements, it is not 

possible to specify precisely which mixing model to apply in a specific canopy. 

Schmugge (1992) used the Birchak (1974) mixing model (Ulaby et al, 1986). He 

concluded the refractive mixing model is better than a linear mixing model, 

however, the gravimetric vegetation water content, mg in kg/kg is used as if it 

were the volumetric vegetation water content, m* in kg/m^ and plant height and 

vegetation volume fraction are assumed in his calculations. If the dielectric 

constant of individual leaves is known, the total canopy dielectric constant can be 

calculated from a generalized mixing model (Ulaby et al., 1986). 

C = <(l-v,)+<v, (2.24) 
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where a is an empirical mixing coefficient and is the vegetation volume 

fraction and can be given by: 

L^t 
h 

V, = -7— (2.25) 

where LAI is the leaf area index, and t is the leaf thickness, and h is the canopy 

height. The vegetation volume fraction can also be calculated from: 

K I I * p . ]  
V,  = (2,26) 

where /7,is the vegetation density ing /cm\  which is typically 0.33 (Ulaby et al., 

1986). Typically, the vegetation volume fraction in the vegetation/air mixture is 

less than 1 % of the total canopy volume. The vegetation volume fraction is, for 

instance, 0.51% when Vwc=2.57 kg/ma, mg=0.8 kg/kg, p=0.33 g/cm^, and h=0.89 

m in the so-called "Drydown2" dataset collect in Beltsville in 1985. 

2.1.6 Soil surface roughness 

A rough soil surface increases the emissivity of the soil because the emitting 

area is greater. Incident collimated radiation is reflected in many directions with 

such a rough surface, and this mixes the two polarization states, resulting in less 

difference between the emissivities for horizontal and vertical polarizations. The 

effect of roughness is greater for wet soils, when the difference between smooth 

and rough surfaces can be as great as 50 "K (Choudhury et al., 1979). 



Choudhury et al. (1986) and Wang and Choudhury (1981) developed an 

empirical model with the form:. 

where r„(^) and r, .(^)are the reflectivity for horizontal and vertically polarized 

radiation, the parameter Q represents the mixing of polarization states resulting 

from surface roughness, the superscript R denotes values for a rough soil 

surface, and hs is a roughness parameter given by 

where cr  is the standard deviation of the roughness height. This two-parameter 

model is a modification of the soil reflectivity for a smooth soil surface used to 

calculate the brightness temperature of a rough soil surface. 

2.1.7 Coupled land surface microwave emission models 

Reliable large-scale soil moisture estimates are an essential for determining 

the regional and global water and energy balance and in climate related studies. 

Owe et al. (1992) used a physically based, daily time step soil moisture model to 

study the relation, in semiarid southern Africa, between soil moisture and 

satellite-derived passive microwave observations from Nimbus 7, a multi-channel 

'•« (^) = [(1 - 0'-„(^) + Qr,.(d)]e\p(-h^ cos' 0) (2.27) 

'"/(^) = [(I - QX i^) + (^)]exp(-/i, cos' 0 )  

(2.28) 
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scanning microwave radiometer operating at 6.6GHz. They demonstrated that 

this radiometer had considerable potential for quantifying surface moisture in a 

semiarid savanna environment, but pointed out that the operating frequency was 

not optimum. Raju et al. (1995) coupled a mechanistic model of heat and water 

flows in the soil with the Wilheit (1978) model and compared it with a single-layer 

Fresnel model as stated in section (2.3). Liou and England (1996) developed a 

point-scale, a biophysically based Land Surface Process/Radio-brightness 

(LSP/R) model and applied it to bare soil. Liou et al. (1998; 1999) used the 

LSP/R to examine the radio-brightness signal in freezing/thawing soil and prairie 

grassland. While Judge et al. (1999) used an LSP/R model for an area of crop, 

compared the modeled values with field observations gathered during SGP'97, 

and showed good agreement. Liou et al. (2001) reanalyzed the L-band 

microwave brightness temperature predicted by an LSP/R model incorporating 

the effect of rough soil surface scattering, as determined by lEM model for prairie 

grassland. They used simulated brightness temperatures given by their LSP/R 

model to retrieve surface soil moisture using an artificial neural network. 

Burke et al. (1997; 1998) developed MICRO-SWEAT to predict surface soil 

moisture and the associated microwave emission. Galantowicz et al. (1999) used 

sequential data assimilation techniques to retrieve soil moisture (profiles) and 

temperature from L-band microwave brightness temperature observations. 

Galantowicz et al. (2000) also used a modeling approach to estimate the effect of 
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heterogeneity in soil-type on estimates of near-surface soil moisture derived from 

microwave brightness temperatures using Fresnel reflectivity without surface 

roughness and vegetation effect. Crow et al. (2001) used a high-resolution 

hydrologic model and a land surface microwave emission model (LSMEM) to 

investigate the impact of large-scale land surface heterogeneity on AMSR-E soil 

moisture retrieval. Houser et al. (1998) assimilated push-broom microwave 

radiometer (PBMR) images gathered over the Walnut Gulch experimental 

watershed in southeast Arizona into the TOP Model based Land-Atmosphere 

Transfer Scheme (TOPLATS). They also assimilated Information on surface soil 

moisture into the subsurface using knowledge of the surface-subsurface 

correlation, and concluded that Newtonian nudging assimilation procedures are 

preferable. Burke et al. (2001) used MICRO-SWEAT to explore the potential use 

of low-resolution remotely sensed observation of the microwave brightness 

temperature for surface and deep soil moisture in a "mosaic" based land surface 

scheme. 



45 

2.1.8 Land surface model used in this study 

To be used in microwave emission model, a land surface model should be 

able to predict the near-surface soil moisture and relevant (soil and vegetation) 

temperature successfully. In this study, exploratory studies were made with the 

SiB-2 model (Sellers et al., 1996) and NOAH model (ftp.ncep.noaa.gov), 

developed by NCEP. However, the description of the soil moisture and 

temperature given by these models is less detailed than with the Common Land 

Model (CLM: http://clm.gsfc.nasa.gov). Consequently, the latter was used, 

without modification, to estimate the profiles of soil-moisture content and soil-

temperatures required for the calculation of microwave emission from the soil, 

and the canopy temperature, which is needed to calculate the microwave 

emission of the vegetation. 

CLM is a one-dimensional land-surface model developed and supported 

by a group of scientists in the USA and intended to be freely available to the 

research and academic community. It can be used fhttp://clm.gsfc nasa.aov) 

either as a land-surface parameterization in numerical models of the atmosphere 

or as a base model in which sub-models of component land-surface processes 

can be developed. CLM includes the best elements of some well-tested physical 

parameterizatlons and numerical schemes (e.g., LSM, Bonan, 1996; BATS, 

Dickinson et al., 1986; lAP, Dai and Zeng, 1997). It requires a set of parameters 

ftp://ftp.ncep.noaa.gov
http://clm.gsfc.nasa.gov
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that specify physical constants and aspects of the soil and vegetation and, given 

meteorological forcing variables, it then provides prognostic and diagnostic land-

surface state variables and surface energy and water fluxes as output. 

CLM describes 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. The layer thickness and the 

number of layers can be changed (ten layers were represented in CLM during 

the present study). The model is typically set up with a very shallow layer of soil 

{" few mm) at the soil surface, and it can represent an exponentially decreasing 

saturated hydraulic conductivity associated with soil compaction. CLM uses the 

fraction of sand and clay to specify the properties of the soil rather than defining 

soil classes: many other models (e.g., BATS) do the latter. In CLM, the 

vegetation covering the ground is assumed to belong to one of the 17 IGBP 

vegetation classes (Belward and Loveland, 1995) and an appropriate set of the 

vegetation-related parameters that control surface energy and water vapor 

exchange specified for each class. If vegetation is present, it is represented as 

though it is at a single level, at the height (d + Zo), where d is the zero plane 

displacement and zo is the aerodynamic roughness of the canopy. Turbulent 

transport between this level and a specified reference height above the canopy 

(the lowest modeled level in the atmosphere when CLM is used as a land-

surface scheme) is described using the Monin-Obukhov similarity theory, with 
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allowance made for the effect of atmospheric stability. The whole canopy surface 

resistance is parameterized following the model introduced by Jarvis (1976). The 

temperature of the canopy is a prognostic variable in CLM. 
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2.2. PRODUCTS AND RESULTS OF THE RESEARCH 

Detailed description of the specific methods, results, and conclusions of 

the research carried out in support of this degree are presented in the four 

papers which are attached as appendices. This chapter documents the 

candidate's contribution to these four papers (in Section 3.1), and the most 

important findings for each paper separately (in Sections 3.2, 3.3, 3.4, and 3.5), 

and for this doctoral program as a whole (in Section 3.5). 

2.2.1 Statement of Candidate's Contribution to Papers 

The two papers given as Appendices A and B, which are summarized in 

Sections 3.2 and 3.3, respectively, are those to which the candidate made most 

contribution. In each case, the scientific research described was carried out by 

the candidate who also wrote the first draft of the papers. Contributions from the 

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

scientific editing of the paper. Overall, the candidate made an estimated 80% 

contribution to these two papers. In the case of the paper given in Appendix C 

and summarized in Section 3.4, the candidate's contribution was primarily in the 

form of the modeling studies with the CLM model and in scientific discussion of 

the results of the paper, and estimated contribution of approximately 20%. The 

candidate made only a minor, approximately ~5%, contribution to the paper given 
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in Appendix D and summarized in Section 3.5, primarily in the form of 

participating in the data collection for the reported field study. 

2.2.2 Summary of Paper#1: A PLANE-STRATIFIED EMISSION MODEL FOR 

USE IN THE PREDICTION OF VEGETATION EFFECTS ON PASSIVE 

MICROWAVE RADIOMETRY, by Khil-ha Lee. R. Chawn Harlow, Eleanor 

J. Burke, and W. James Shuttleworth, Hydrology and Earth System 

Sciences, 6(2): 139-151, 2002 

A vegetation canopy will scatter and absorb microwave emission from the 

soil and also contribute its own emission. Any downward emission from the 

canopy 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. 

This paper reports the development of a new approach to model the effect 

of vegetation on passive microwave emission, based on the coherent 

propagation of electromagnetic radiation through a stratified medium. The 

resulting multi-layer vegetation model is plausibly realistic in that it recognizes the 

dielectric permittivity of the vegetation matter, the mixing of the dielectric 

permittivities for vegetation and air in the canopy, and, in simplified terms, the 

overall vertical distribution of dielectric permittivity and temperature through the 
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canopy. Any sharp changes in the dielectric profile of the canopy resulted in 

interference effects manifested via 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. Soil surface roughness can be similarly modeled with a Gaussian 

broadening of the dielectric profile at the soil surface. The model parameters 

required to specify the effect of dielectric mixing between vegetation and air in 

the vegetation canopy are not usually available in typical field experiments The 

feasibility of specifying these parameters using an advanced single-criterion, 

multiple-parameter optimization technique by minimizing the difference between 

the modeled and measured brightness temperatures was investigated The 

results imply these 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. The primary conclusions 

of this study are as follows. 

• The Wilheit (1978) model for the coherent propagation of electromagnetic 

radiation through a stratified medium can be applied to provide a realistic 

• simulation of the whole soil-vegetation-atmosphere interface, but this 

requires recognition of a gradual change in dielectric permittivity at the top 



and bottom of the vegetation canopy associated with natural variability 

between plants. If discrete changes in canopy dielectric are assumed, 

multiple internal reflections can be generated within the canopy that result 

in an unrealistic simulation of constructive and destructive interference 

patterns in the modeled microwave emission. We suspect that failure to 

recognize the need for smooth canopy dielectric boundaries may have 

been the main reason why this Wilheit (1978) model-based approach has, 

to the author's knowledge, not been previously used in this particular 

applicatioh. 

Within the framework of a universal description of microwave emission 

from the soil-vegetation-atmosphere interface based on the Wilheit (1978) 

model, the effect of rough soil surfaces can also be included by simulating 

a gradual change in the dielectric permittivity of the soil near the surface 

by introducing Gaussian smoothing with a specified standard deviation. 

This approach yields results in the simulation of microwave emission from 

bare soil similar to that given by the approach of Choudhury et al. (1979), 

except for short periods immediately after rain, providing the standard 
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• deviation of the Gaussian smoothing is two-thirds of the surface 

roughness used in the Choudhury (1979) correction. 

• Multi-parameter optimization methods were used to derive estimates of 

the parameters (used in the new model to describe in-canopy dielectric 

mixing) which are othenwise difficult to measure, from observed time 

series of microwave brightness temperature and model-forcing variables. 

However, because there is interaction between model parameters, the 

values of the parameters that represent the strength of in-canopy dielectric 

mixing can only be defined if the vegetation content parameters are 

directly measured. 

• Sensitivity studies with this new coupled model show that the calculated 

microwave emission is insensitive to the values of parameters that specify 

the shape of the canopy, unless these imply a canopy with very rapid 

changes of dielectric permittivity at the canopy boundaries. The emission 

is , however,sensitive to parameters that specify the amount of free water 

in the vegetation and the extent of dielectric mixing in the canopy, which 

act together to change the whole-canopy dielectric permittivity. 
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On the basis of the above results, it is recommended that, in upcoming 

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. The new model, whose development 

and application 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 optical depth and vegetation water content 

better understood. 

2.2.3 Summary of Paper#2: INFLUENCE OF VEGETATION ON SMOS 

MISSION RETRIEVALS, by Khil-ha Lee, Eleanor J. Burke, W. 

James Shuttleworth, and R. Chawn Harlow, Hydrology and Earth 

System Sciences, 6(2): 153-166, 2002 

Using the upcoming 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 the Wilheit (1978) 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. 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 (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 specification of the vegetation parameters within the 

extended Wilheit (1978) model was explored by imposing random errors In the 

values of these parameters before generating the synthetic data and 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) that depend on vegetation cover and soil-moisture status. The 

primary conclusions of this study are as follows: 
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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 of microwave 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 returns very good retrievals, with errors in soil moisture 

typically of the order 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. 
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• 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, the systematic error in the 

retrieved soil moisture increasing more significantly than in vegetation 

water content for forest cover, and vice-versa for the crop cover. 

2.2.4 Summary of Paper#3: USING AREA-AVERAGE REMOTELY SENSED 

SURFACE SOIL MOISTURE IN MULTI-PATCH LAND DATA ASSIMILATION 

SYSTEMS, by Eleanor J. Burke, W. James Shuttieworth, Khil-ha Lee, and 

Luis A. Bastidas, in IEEE Transactions on Geoscience and Remote 

Sensing, 39(10): 2091-2100, 2001. 

There is now ample evidence that, over continental areas, weather and 

climate are significantly influenced by the local and regional availability of soil 



moisture that can reach the atmosphere by evapotransration from soil and plants 

status in large-scale forecast models. Currently, no reliable measurements of soil 

moisture are available to specify soil moisture in meteorological models and, as 

an interim measure pending the availability of remotely sensed estimates, 

modeling centers have begun to implement so-called Land Data Assimilation 

Systems (LDAS). LDAS are two-dimensional (2-D) arrays of the relevant land-

surface model used in the forecast model that are forced with available 

observations of weather variables (especially precipitation and radiation), to 

estimate the current status of soil moisture. 

In coming years. Land Data Assimilation Systems are likely to become the 

routine mechanism by which many predictive weather and climate models will be 

initiated. If this is so, it will be via assimilation into the LDAS that other data 

relevant to the land surface, such as remotely sensed estimates of soil moisture, 

will find value. This paper explores the potential for using low-resolution, remotely 

sensed observations of microwave brightness temperature to infer soil moisture 

in an LDAS with a "mosaic patch" representation of land-surface heterogeneity, 

by coupling the land-surface model in the LDAS to a physically realistic 

microwave emission model. The past description of soil water movement by the 

LDAS is proposed as the most appropriate, LDAS consistent basis for using 

remotely sensed estimates of surface soil moisture to infer soil moisture at depth, 

and the plausibility of this proposal is investigated. Three alternative methods are 
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explored for partitioning soil moisture between modeled patches while altering 

the area-average soil moisture to correspond to the observed, pixel-average 

microwave brightness temperature, namely, 1) altering the soil moisture by a 

factor, which is the same for all the patches in the pixel, 2) altering the soil 

moisture by adding an amount that is the same for all the patches in the pixel, 

and 3) altering the change in soil moisture since the last assimilation cycle by a 

factor which is the same for all the patches in the pixel. In each case, an iterative 

procedure is required to make the adjustment. Comparison is made between 

these alternative procedures for a hypothetical pixel that contains eight individual 

patches (three different vegetation types growing both in clay and sand, plus one 

patch of bare soil and one of open water) using a mosaic-patch version of the 

MICRO-SWEAT model. When the applied forcing variables are artificially 

degraded, all three methods provide similar, improved descriptions of the time-

evolution of soil moisture in the pixel as a whole and of the deep soil moisture for 

each patch. However, in each case, the ability of the LDAS to correctly describe 

the separate evolution of surface soil moisture in each patch is imperfect. The 

primary findings of this study are as follows. 

• The recent and/or time average history of the LDAS description of soil 

water movement represents a plausible, LDAS-consistent way to use 

remotely sensed estimates of surface soil moisture to infer soil moisture at 

depth 
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• If such a relationship is defined, it is possible to use the LOAS description 

of soil and vegetation processes and microwave emission to allow 

approximate allocation of area-average soil moisture between the 

modeled patches using iterative techniques, which results in good area-

average correction to soil moisture (and evaporation); good patch-specific 

deep soil moisture; but the patch-specific corrections to surface soil 

moisture are not as good 

• The three iterative methods for allocating single area-average microwave 

brightness temperature between patches tested in the present study gave 

similar results, but Method 2 was arguably preferable, primarily because it 

was best in estimating deep soil moisture. 

Notwithstanding the significant and general improvement in the area-

average simulations when area-average microwave brightness temperature is 

assimilated for a multipatch LDAS grid square described in this paper, the fact 

remains that the patch specificity of the soil moisture, especially that of the 

surface soil moisture, is less than perfectly captured. Presumably, this is because 

there is not enough remotely sensed information to accurately assign the 

microwave brightness temperature between patches, and the mosaic-patch 

representation of individual patches is not sufficiently powerful to fully 

compensate for this. It is possible that, given measurements of area-average 

microwave brightness temperatures at a range of look angles and with vertical 



60 

and horizontal polarizations, it may be possible to disaggregate the area-average 

signal more effectively. The upcoming soil moisture ocean salinity (SMOS) L-

band mission will, for example, provide this type of additional information, and 

detailed investigation of the potential value of SMOS observations for LDAS is 

the subject of our ongoing research. 

2.2.5 Summary of Paper #4: ESTIMATION OF AREA-AVERAGE 

SENSIBLE HEAT FLUX USING A LARGE APERTURE SCINTILLOMETER 

DURING THE SEMI-ARID LAND-SURFACE-ATMOSPHERE (SALSA) 

EXPERIMENT, by A. Chehbouni, Y.H. Kerr, C. Watts, O. Hartogensis, D. 

Goodrich, R. Scott, J. Schieldge, K. Lee, WJ. Shuttleworth, G. Dedieu, 

and H.A.R. De Bruin, in Water Resources Research, 35(8): 2505-2511, 

1999. 

This paper reports the feasibility of using a large-aperture scintillometer to 

measure the area-average sensible heat flux from heterogeneous land surfaces. 

During the 1997 Semi-Arid Land-Surface-Atmosphere (Salsa) field campaign, the 

area-average measurements provided by a scintillometer over two adjacent and 

contrasting vegetation patches were compared with independent measurements 

for the two patches using the eddy correlation technique. There was good 

agreement between the two and this suggests that use of the scintillometer 

approach may be a simple way to make adequately reliable measurements of 



area-average sensible heat flux at spatial scales compatible with meteorological 

models and remote sensing estimates. The primary findings of this study are as 

follows: 

• There was good agreement between the area-average measurements 

made with the scintillometer and the average measurements made using 

eddy correlation techniques weighted by the area of the two patches. The 

correlation coefficient between these two estimates of area-average 

sensible heat flux was around 0.95. 

• This result suggests that the scintillometer, which is a reliable instrument 

that is easy to operate and maintain, can be used to measure area-

average sensible heat flux over heterogeneous (multi-patch) land surface 

to validate model-calculated or remotely sensed estimates of surface 

fluxes at corresponding spatial scale. 



62 

2.2.6 Primary Results and Conclusions of this Doctoral Research Program 

This thesis describes the candidate's contribution in several related areas of 

research. In parallel with the main research activity, the candidate participated in 

two research studies which were somewhat independent from the main theme of 

the research and whose conclusions have already been given in Sections 3.4 

and 3.5. The most important, general conclusions that can be drawn from the 

main research activity undertaken during the graduate study program, that are 

described in Appendices A and B and summarized in Sections 3.4 and 3.5, are 

as follows. 

• Multi-layer model of vegetation canopies of intermediate complexity 

developed as an extension of the Wilheit (1978) model, such as that 

developed and applied In this research, successfully represent the most 

important influences of vegetation on the L-band microwave emission from 

the soil-vegetation-atmosphere interface. 

• To achieve realistic simulation using a coherent multi-layer emission model to 

represent vegetation it is necessary to assume, and to introduce Into the 

model, a gradual change in the canopy dielectric at the top and bottom of the 

canopy similar to that which would, in practice, occur in nature due to the 

natural variability between plants. 



Those vegetation parameters required by the new multi-layer microwave 

emission model that are difficult to measure can be estimated from field 

observations of microwave emission using automatic calibration procedures 

providing some other important, measurable parameters (notably the 

vegetation water content of the canopy) are independently determined. 

The microwave emission from the soil-vegetation-atmosphere interface 

calculated by the new multi-layer microwave emission model is sensitive to 

the amount of free water in the vegetation and the extent of dielectric mixing 

in the canopy, but it is comparatively insensitive to the detailed structure of 

the canopy. 

By using the new multi-layer microwave emission model to evaluate the 

accuracy of the simpler model to be used in SMOS retrievals, it was shown 

that, in order to make accurate retrievals, the opacity coefficient, b, used in 

the SMOS retrieval algorithm must be specified as a function of the look-

angle, vegetation cover, soil moisture status. Fortunately, the form of these 

required functions can be estimated using the new multi-layer microwave 

emission model. 

When the required variation in opacity coefficient is accurately specified (see 

above), using the simpler model adopted in the retrieval algorithm proposed 

for SMOS (with advanced parameter estimation techniques and simulated 
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SMOS data) results in very good retrieval of surface soil moisture, vegetation 

water content, and surface temperature. 

• However, imprecision in the (area-average) vegetation-related parameter 

parameters that influence microwave emission results in errors in retrieved 

values for SMOS, especially in the retrieved values of vegetation water 

content, that will need to be recognized in any data-assimilation process that 

uses these data. Fortunately, the size of these errors can be estimated using 

the new multi-layer model given estimates of the variability in vegetation-

related parameters across the footprint of the sensor. 
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Abstract 
This paper reports ihe appltcanon to vegetation canoptcs of a coherent model for the propagation of electromagnetic radiation through a 

^tradfied medtum Tlic resu/cmg muitt-ljyer vegctatton model is plausibly realistic in thai it recognises the dielectric pcrmitJivity of the 
ve'4et.iiiun matter, (he mixmg of the dielectric permittivities for vegetation and air withtn the canopy and. tn simplified terms, the overall 

.crtical Jistribution of dielectric permittivity and temperature through the canopy Any sharp changes m the dielectric profile of the canopy 

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

angle However, when Gaussian broadening of the (op and bottom of the canopy (retTecting (he natural vanafaihty between plants) was 

included within the model, these oscillations were eliminated The model pararneters rctiuired to specify the dielectric profile withtn the 

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

typical field experiments Thus, (he feasibility of specifying these parameters using an advanced single-criterion, muitiple-paranieter 

•ptimisatton technique was investigated by automadcally minimizing the difference between the modelled and measured brightness 

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

matter and water con(en( are measured independently The new model was then applied to investigate the sensitivity of microwave emission 

'o spec tfic vegetation parameters 

Kr>wurds: passive microwave, soil moisture, vegetation. SMOS. retrieval' 

Introduction 
1'a.ssivi; microwave radiometers operating at L-band (2! cm. 

I 4 (il I/.) I'retjuencies have promise as tools to measure the 

moisture of the surface layer of the soil over large areas 
(Jackson et at. 1999) It is well recognised that the 

relationship between microwave brightness temperature and 

soil moisture can be mtluenced 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 et al, 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 downward emission will be rellected 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 arc 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 Ihe single scattering albedo 

(L'labye/a/, 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 

contcnt, where the value of the constant of proportionality, 
the opacity cocflTcient. is an uncertain function of the canopy 

type and structure, wavelength, polarisation and, possibly, 

also vegetation water content (Jackson and Schmugge, 1991; 

Wigneron et a!, 1996. 2000; Le Vine and Karam, 1996). 

An alternative approach is to create a complex model that 
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includes a detailed description of all of the components of 
the canopy (Wigneron era/.. 1993; Buikeera/., 1999), where 
aJI the required input parameters are measured properties 

of the canopy. However, this model requires a very detailed 
description of the vegetative canopy. This paper discusses 
an alternative approach — the development of a realistic 

model of intermediate complexity that capUres 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-fleld validation studies and for 

evaluating the reliability of satellite retrieval algorithms (hat 
necessarily make simplifying assumptions concerning the 

vegetation, e.g., ESA's Soil Moisture and Ocean 
Salinity (SMOS) upcoming L-band mission (Wigneron e/ 

at.. 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 elal., 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 dale have all 

iJie vegetation parameters required as input by the extended 
Wilheit (1978) model been measured. However, multi

parameter optimisation techniques have been shown 
(Bastidas et al., 1999. Burke el al., 2002; Sen et al., 2001) 

to be very powerful tools in the estimation of model 

parameters This paper discusses the potential of using multi

parameter, single-crilcrion techniques to evaluate the values 

of the parameters required by the extended Wilheit (1978) 
model.A companion paper (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 

from soils: coherent (Wilheit, 1978, Njoku and Kong, 1977; 
England, 1976) and non-coherent (Burke et al, 1979, 
England. 1975) BothSchmuggeandChoudhury(l98l)and 

Ulaby et al. (1986) compared coherent and non-coherent 

emission models and their results are summarised below. 

Non-coherent models estimate emissivity using (he dielectric 
contrast at (he air/soil in(erface and are accura(e only when 

(he (variable) sampling depth within the soil is well known. 

In coherent models, (he value of the emissivity at the surface 
is coupled to the dielectric properties below (he surface; 

hence, (hey provide bener estimates of the emissivity when 

(he soil water content profile is non-uniform. One 

disadvantage of coherent models is that interference etTects 

can occur. However, these have been witnessed only rarely 

in nature (Schmuggeefa/., 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 ofinterference. Because it docs 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 the medium under 

consideration consists of a layered dielectric of .'>emi-infini(e 

ex(en(. (hat the boundaries between the layers arc 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, Tg, can (hen be 

expressed as: 

(I) 

where T is (he temperature of the i* layer./ is the fraction 
of energy absorbed from an incident microwave by the i" 

layer (a function of the dielectric constant of (he soil), and 
iV is (he number of layers in (he semi-infini(e medium. 

The dielec(ric and temperature profiles of the soil, required 

as input by the Wilheit(1978) model, were predic(ed using 

resul(s 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 etal., 

1986, and lAP, Dai and Zeng, 1997). It requires a set of 

parameters that specify physical constants and aspects of 

(he soil and vegetation and. given meteorological forcing 
variables, it then 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 difTusion equation and 

Richard's equation, respectively. CLM uses the fraction of 

sand and clay to specify the properties of (he soil If 
vcge(a(ion is presen(. it is represented as (hough i( is at a 

single level, at the height ((/ + rO). where c/ is the zero plane 
displacement and ;K) is (he aerodynamic roughness of (he 
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canopy. Turbulent transport between this level and a 

specified reference height above the canopy is described 
using the MoninObukhov similarity theory, with allowance 

made for the effect of atmospheric stability. The whole 

canopy surface resistance is parameterized foltowing (he 
model introduced by Jarvis (1976). 

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

run with 200 layers at the depths indicated: 0-1 cm, 10 layers 

at I 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; 1-20 cm, 20 layers at 
5 mm; and 20-160 cm, 140 layers at 10 mm. The soil 

lemperature and soil water content output by the CLM for 
•he 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 function of soil 

type and soil water content profile, it may well change ever\ 

time step The Dobson ee a/. (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 dieleciric-mi.xing model that takes 

into account the proportions of free water (dielectric - 80), 
bound water (dielectric —4), soil solids (dielectric - 4) and 
air (dielectric ~l) within the soil medium. The soil particle 

size distribution determines the relative proportions of free 

and bound water. 

The e.xtended Wilheit (1978) model also requires the 

dielectric and temperature profile within the vegetation. 

Limited information is available in the literature about the 

dielectric permittivit>' of either the vegetative matter (El-
Rayes and Ulaby, 1987; Ulaby and Jedlicka, 1984; Chuah 

er al.. 1997, Colpitts and Coleman, 1997; Franchois ei at.. 

1998; Ulaby era/., 1986) or the canopy itself (Ulaby c/a/., 

1986. Ulaby and Jedlicka, 1984; Brunfeldt and Ulaby. 1984; 

Schmugge and Jackson. 1992). To model the dielectric 
properlies of a vegetative canopy, two separate mixing 

effects must be taken into account. The first mi.ving 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) mi.xing model for soils: 

where is the dielectric permittivity for leaf material as a 

whole, e^, f^. and are the dielectric permittivities, and 
and 1'^ arc the volume fractions of dry matter, free 

water and bounded water, respectively. It is assumed that 

e^, and are independent of the vegetation water 
contcnL The dielectric permittivity of the mixed vegetation 

maner and air making up a vegetation canopy (e^ is given 
by: 

where is the dielectric permittivity of air; K is the 

fractional volume of vegetation elements per unit volume 

canopy; and or is a so-called "shape factor". (In the case of 
the Dobson et al., 198S mixing model for soils, a = 0.65.) 

Schmugge and Jackson (1992) suggested that the refractive 
model (a = 0.5) provides a better representation of the 

dielectric properties of the canopy than a linear model 
(a = I). 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 a for such a sparse 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 
of the 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 (op or bottom of the canopy as well as at the soil 

surface. In this case, a portion of the microwaves incident 

on each surface will be reflected and add constructively or 
destructively. Consequently, (he modelled radiometric 

temperature changes greatly, depending on the thickness of 

the canopy, the wavelength of the radiation and the angle of 
emission. This phenomenon has been obsened 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 i( 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 I shows an 

example of (he 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 a more realistic 
canopy with Gaussian broadening of both the (op and bottom 
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Look Angle (deym) 
Fig I The modelled brightness temperature as a function of observation angte calculated at // 30 
a m. on DOT 20H usinf^ the DRYDO^'N2 data set with and without Gaussian smaothinf^ of the top 
and bottom of the canopy. 
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(with a standard deviation of 0.09 m in each case). In this 
example, the canopy was assumed to consist of 100 layers, 

each I cm thick. This amount of detail is required to smooth 
the interfaces at the top and bottom of the canopy 

sufliciently. For the range of look angles shown, it is evident 

that Gaussian broadening eliminates the cffect of within-
canopy internal reflections and interference. It should be 
noted that, even with gradual changes in dielectric 
permittivity, significant reflections may slill occur at very 

shallow angles. However, for the observation angles 
normally used by field and satellite systems, this reflection 
phenomenon and its associated interference arc effectively 
suppressed. 

The temperature of the canopy is a prognostic variable in 

CLM. In itic present study, the lenipcrature profile of ihc 

canopy used within the microwave emission model is 

estimated very simply. For canopy above (</ + zj — where 

d is the zero plane displacement and is the aerodynamic 

roughness of ihe canopy — it is estimaled by linear 

interpolation between Ihe air temperature at the reference 

height and the simulated canopy temperature. For canopy 
below (d+z^, it is estimaled 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 c.xample. 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 

dcscribc a particular scenario. The present study uses a 
single-criterion optimisation technique to minimize the 
diflerence 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 nuiucncal 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 defined by an objective 
function (O) such as the root mean square error between 

the modelled responses and obsen ations (RMSE). The goal 

of a model calibration is then to find the preferred value for 
the n parameters within the feasible set of parameters that 

minimise O The ShutTled 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 a manner based on 
Ihc downhill simplex algorithm (Nelder and Mead, 1965) 
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The population is periodically ''shuffled" and new 
complexes Tormed so that the information gained by 
previous complexes is shared. As (he search progresses, the 

entire population tends to converge towards the 
neighbourhood of (he global optimum value for the objective 

function. These steps are repeated until prescribed 

tcfmination rules are satisfied (Duan et at., 1993,1994). 

The SCE-UA has been used successfully to calibrate, 

against field observations, the values of the parameters in a 

hydrological model (Duan etal., 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-covcr t>'pcs within one pixel using a set of 
brightness temperatures measured simultaneously at a wide 

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 I98S at the USDA, ARS Beltsville 
Agricultural Research Center, Maryland, USA. ( Burke ei 
al., 1998). 

The site consisted of a IQx lOm controlled plot containing 

loamy sand soil. Half of the plot was lefi bare and half was 
covered with soybeans. Different periods of dr>'ing were 

monitored during the soybean growth, with the bare soil 

monitored at the same time. A dual-polarised L-band (21-
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cm wavelength, 1.4 GHZ frequency) passive microwave 
radiometer measured (he horizontally and vertically 
polarised microwave brightness temperanires at view angles 
of 10° and 20°. In addition to (he 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 vege(ation) were measured. 
The data from the Beltsville site used in this study fall into 

two distinct periods that are hereafter referred to as 
DRYD0WN2, between Day of Year (IX)Y) 210 and 222, 

and DRYDOWN3, 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 microwavc 
brightness temperatures at the soil surface. CLM was used 
lo simulate surface energy and water fluxes and the related 

changes in soil temperature and soil moisture for a bare soil 

and, hence, calculate the dielectric permittivity profile of 
(he soil for input into Ihe 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 for DRYDOWN2 
and DRYD0WN3 for a bare soil. There arc some 

discrepancies on the days immediately after irrigation; 

however, as (he 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 moisture under a vegetation 

canopy was also evaluated. Figure 3 shows the soil 

temperature at I-cm depth and the average soil moisture 
over the depth ranges 0-2 cm and 0-S cm as modelled by 

CLM during DRYDOWN2 and DRYDOWN3 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 
when available. The RMSE for DRYDOWN2 is 2.1°C for 

temperature at I cm depth. 3 1% for 0-2 cm average soil 
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moisture, and 2.1% for 0-5 cm average soil moisture. The 
RMSE for DRYDOWN3 is 2.6°C for temperature at I cm 
depth. 2% for 0-2 cm average soil moisture, and 1.9% for 

0-S 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 

VliGETATION 

The extended Wilheit (1978) model for soil and vegetalion 

was run within the SCE algorithm and the RMSE between 

the modelled and measured microwavc brightness 

temperature minimised by optimising the parameters that 

describe the dielectric profile of the canopy. These 
parameters are salinity (5 in ppl); canopy height (t in m); 

height of bottom of canopy (6 in m); standard deviation of 
top height (a, in m); standard deviation of bottom height 
((T^ in m); fresh weight of the canopy ( in kg mO; volume 

fraction of free water ((^ in m'm''); volume fraction of dry 

matter (K^ in m'm ') and dielectric mixing coefiicients for 

vertical and horizontal polarisation (a^. and a^). Optimum 

values were found for the DRYDOWN2 and DRYDOWN3 
periods separately by minimising the RMSE between the 

observed and modelled microwavc brighmess temperature 

at L-band and bolh (10° and 20°) observation angles. It 

should be noted that, when operating in a complex parameter 
space, multi-parameter optimisation algorithms (including 
SCE) discover "local" minima of the objective function as 

well as the required "global" minimum. Therefore, (he SCE-
UA algorithm was randomly initiated and run 20 times for 
each example creating 20 different parameter sets. The 
parameter set (hat provides the minimum RMSE was (hen 

selected to be the "prefened parameter set". Figure 4 shows 
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an example or the excellent agreement between model and 
measured time series of microwave brightness temperatures. 

Unfortunately, for this example, there is insuflicient 

Information in the available measured microwavc brighmess 
temperatures to use single-criterion multi-parameter 
optimisation techniques to determine the parameters that 

control the shape of the canopy (height of bottom (6) and 

(lie s(andard deviation of the Gaussian broadening of top 

(a) and bottom (o^). 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 
(he retrieval process.) 

In (he next example, the values of these three parameters, 

6, and a, were arbitrarily set to be IS% of the height of 
(he 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 very 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 a vegetation canopy. This made it 
difficult (0 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 DRYDOWN2 and 

DRyDOWN3, respectively) and the crop height (0.89 and 

1.15 m during DRYDOWN2 and DRYD0WN3, 
respectively). The volume fraction of dry matter was 

calculated (0.38 and O.S during DRYDOWN2 and 

DRYDOWN3 respectively) from the mass fraction of dry 

matter by assuming a dry matter density of 0.3 g cm ' (Ulaby 

e! al., 1986). The parameters remaining to be determined 
by multi-parameter optimisation are the volume fraction of 

free water (ty, salinity of the water in the vegetation (5), 

and the mixing coefficient (a) defined in Eqn. (3). Since a 

may well be a function of polarisation, different values were 
assumed for the vertically and horizontally polarised 

brightness temperature data (a„ and or^.). 
Table I lists (he optimised values of vcge(a(ion-rcla(ed 

parameters for (he soybean canopy at (he Beltsville si(e 
during DRYDOWN2 and DR'\T)OWN3. The values shown 

ruble I Paramc(ers used in (he coupled model and (heir values for (he Bel(sville sKe as given by mul(i-paramc(crop(imisa(ion 
(unless pre-se( (o fixed values prior (o opdmlsadon). 

Parameter Symbol 

name 

Range of 

optimisation 

I 'alues during 

DRYDOH'Nl 

Values during 

DRYD0WN5 

t 'alucs during 

DRYDO\yN2 

I'll lues during 

DRYDOWNS 

Fractiunal free water 
volume in vegetation 
fm* m *) 

0- 1 
accurately 
optimised) 

0 041 0 040 0 0-)8 0 047 0 5 
(fixed) 

0 5 
(fi.xed) 

0 5 0 5 

(fixed) (fi.xed) 

Salinity of water in 
vegetation 
(PPO 

s 0 - 1 5  
(when 
opiimiscd) 

0 0 00 
(n.<ed) 

0 0 00 
(fMcd) 

0 
(fixed) 

0 94 0 0 73 
(fixed) 

Mixing parameter for 
L-band with 
horizonlaJ polarisation 
(dimensionless) 

0 - 3  1 98 1 98 I 94 I 93 1 24 I 12 1 17 109 

Mixing parameter for 
L-band with 
vertical polarisation 
dimensionless 

0 - 3  2 07 2.07 2 19 2 18 1 29 1 16 1 3 1  1 2 2  
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(a) S=0 ppt (e) S=0 ppt 

(c) S=0 ppt.v =0 5 m /m (g) S=0 ppl.v^=0.5 m /m 

(d) V, =0 5 m/m (h V. =0 5 m7m 

DRYDOWN2 DRYDOWN3 

Fig 5 Estimate J parameter values fonhe 20 rrpltcate optimisations In each case, parameter values 
are normalised hy the preJcfmeJ range of each parameter over which optimisation was made, and the 
set of parameters correspimdin}^ lo the lowest error in mudelleU microwave brightness temperature are 
linked by a hne Hesuits are thown for S set to 0 ppt (a and el. ail parameters optimised (h and f). S set 
to 0 ppt and xct 0 S m'm ' and and si't U j m'm ' (J and hi. f>ir [)liYn()iVS'2 fa-d) and 
DRrOOlt W J U' hl 

arc the sets of parameters (hat produce tlic minimum RNtSE 

m brightness temperatures Trom 20 randomly initiated 

replications: this is assumed lo be the global minimum 
parameter set. Also shown is the predefmed allowed range 

or each parameter. Eight optimisation runs were made. In 

the first four, the Tractional free water volume, K, was 
/• 

optimised along with other parameters Because this resulted 
in optimised values for that were une.vpectedly low when 

compared to the ty pically citcd value, llie value of in the 

second four optimisations was (arbitrarily) set lo the more 

typical value ofO.S In each group of four optimisation runs, 
two optimisations were made for DRYT)0\VN2 and two 

for DRYDO\VN3, 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 cach figure, the normalised values for 
the parameter set with the smallest objective function 

(assumed to be the global minimum) arc 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 subsidiary 

minimum and defined parameter sets with an RMSE 

significantly greater than that of the global minimum and 

with one or more parameters at the limit of the allowed range. 

Some features of ilie uptiiiiisation results are obvious and 

consistent. All of the 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 ppL The four 

runs in which the fractional fresh water volume, K., was 

not prescribed resulted in similar, low, optimised values 

(-0.04-0.03) for this parameter, and the values of a:„ and 
Oy simultaneously estimated by multi-parameter 

optimisation were markedly different and larger than the 
corresponding values found when ^ was set to (the more 

plausible) value of O.S during optimisation. It is clear that 

there is a strong correlation between the value of 1^ and 
the apparent strength of In-canopy dielectric mi.xing as 

e.xpressed in the optimised values of the a parameters. This 

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 whether optimised or 

prescribed, it is reassuring that the preferred values of 

and a, are fairly similar in DRYDOWN2 and DRYDOW'N3. 

The values of and a^aie slightly different, with the value 
for vertical polarisation higher in all cases, suggesting some 

differences between the effect of the canopy at horizontal 

and vertical polarisation, 't should be noted that the values 

of a retrieved by the optimisation procedure arc higher than 

the values found by Schmugge and Jackson (1992). 

However, little other inTormation 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 

P.\R.\MIiTERS 

It is of interest to investigate the sensitivity of microwave 

brightness temperature to the assigned values of parameters 

in thee.xtended Wilheit (1978) model. To illustrate this. Fig. 
6 shows how the 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 

0.2S 0.S 
o^(m) 0.25 

o.(m) 

1 
I 3 V (kg/m-) ' " J. V (m'/m') 

09 
h(m) 

Fig 6. ModetUd mtcrowave brtghtntss temperature for a rattle of values of tndtviduai parameters 
amund their opttmtud value (parameter specified in the x-axis), with the jalintty of in-canopy water set 
to zero The calculafmnj are made at // 30p m on DOY 224 



87 

Application of a plane-stratified emission model to predia the effects of vegetation in passive microwave radiometr/ 

L-band microwave radiation. The calculations are made 
using the optimised values for DRYDOWN2. with the 

fmtional free water volume and salinity of the vegetation 

fixed at O.S and 0 ppt. respectively (Fig. Sc). The sensitivity 

to three groups of model parameters, those controlling the 

shape of the canopy, the composition of the vegetation, and 

the extent of in-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 of the model parameters that control the shape of 
the canopy over a broad range of values. However, at very 

low values of a; and a^, there is evidence of higher 
sensitivity. This is because, when the transition in dielectric 

permittivity at the top/bottom of the canopy becomes very 

sharp, some modelled wiihin-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 (can have a significant impact on 

modelled microwavc brightness temperatures. The extent 
of in-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. Sg is to be anticipated. 

^5 

"270 
250 

O.S 
0.7S 0.2S 

2.S 

X a 

as 
0.75 

•230— 
•270— 
250— 

Fig 7. Contours of the hortsontaUy polarised modelltd microwave 
brightness lemperafure at naJtr at H:SO p.m. on OOY 224 using the 
optimised parameter given in column 8 of Table I. Calculations are 
made for combinations of and (a), and (b), and 
and V_ (c) 

Because non-linear dielectric mixing (i.e., the values of 
a) and vegetation composition parameters (especially 

and 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 lime series of the 

observed microwave brightness temperature. Figure 7 
illustrates this point by showing contours ufthe 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 I, but for a range of values of a and a range of values 
ofK^.K^orK. 

In the context of field studies of (he microwave emission 
of vegetation in general and in future field validation studies 

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 (lie 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. These predictions compared favourably with 
available measurements. However, not all of the relevant 
vegetadon parameters required by the e.<c(ended 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 of the required vegetation parameters using multi

parameter optimisation methods; this was either because the 
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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 of the former combined with a high value of the latter. 

However, when any available measurements were included 

to limit thenumberofparameters to be determined, and the 
canopy shape parameters (parameters to which the modelled 

microwave brightness temperatures are insensitive) set to 

plausible values, multi-parameter optimisation techniques 

provided estimates ofthe remaining parameteis-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) model 

showed that the calculated miaowave emission is insensitive 

to the values of parameters that specify the shape of the 

canopy, unless these imply a canopy 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 mixing 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 fur 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 application 

is the main subject of this paper, could then be used to 
investigate in-canopy dielectric mixing effects within 

canopies and. in ihis 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. If r and 
b arc the height of lop and bottom of the canopy, respectively, 
and the natural variability in t and b are <7^ and cr^, 

respectively, then the normalised through-canopy profile of 
dielectric permittivity used in the microwave emission 

model, £/z), is calculated from the function: 

(A. 1)1 

where £ ^ 's the dtelectric permittivity of all the leaf 

material present in the canopy, and the weigiiting funclions, 
W/z) and iy^(z), arc zero for r < 0 but, for values of z > 0, 

are given by: 

-bV I2a/)dz' 
iK(-) = i-

/e.xp(-(r' - b) '  / 2(T,' )ft' 

and 

fexp(-(z' - /)•' / 2cT,')jt' 
= I - z 

/exp(-(;' -f)' .•2a,')dz' 

(A3) 
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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 

app/ied to account simultaneously for the emission from both the soil and any vegetation canopy present The synthetic data were calculated 

3t the look-angies proposed for the SMOS mission for three different soii^moisture states (wet. medium wet and dry) and four different 

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

moisture, vegetation water content and efTective 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-

jnglc, soil-moisture status, and vegetation cover The effect of errors tn the initial specification of the vegetation parameters withm the 

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

errors in the geophysical parameters retrieved Random errors of ICT/* 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 -8%. and -2 kg m^ for temperature, soil 

muisture and vegetation content, respectively) that depend on vegetation cover and sotl-moisture status 

Keywords passive microwave, sod moi:»ture. vegetation. SMOS. retrieval 

Introduction 
Evaporation from bare soil or from soil beneath vegetation, 

innitration mto 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-moislure status (Kerr el a!., 200I). Weather and 
climate are, in tum, influenced significantly by the local 
and regional availability of soil moisture via the evaporation 

and transpiration processes. 
Many observational and modelling studies have shown 

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

near-surface soil moisture (Calvet et al., 1995; Chanzy et 
a l ,  1997;  Jackson et  a l ,  1999;  Teng el  a l ,  1993;  Wang et  

al, 1990. Wigneronefo/. 2000). The development of robust 

retrieval algorithms for use with microwave brightness 
tempcranjre measurements (e.g. Kerr et al., 2001; Njoku 

and Li. 1999; Wigneron el 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 coefTicient 
multiplied by the vegetation water content). 

The European Space Agency (ESA) has selected the Soil 

Moisture Ocean Salinity (SMOS) mission (http;// 

w\vw.cesbio upstlse.fr/indexsmos.html), with a proposed 

launch date in the 2003-200S time frame. The SMOS 
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mission will be based oa a dual polarisation. L-band 
radiometer with an innovative aperture synthesis concept 
(a two-dimensional interferometer) that can achieve an on-

the-ground resolution of ~S0 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 el al., 2001, Wigneron et al., 2000). Wigncron et al. 

(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 docs not depend on either 

the polarisation of the radiation or the look-angle of the 

sensor. It also assumes that the opacity coeRicient is 

independent of temperature and vegetation water content 
Recent work has, however, shown that the opacity 

coeflficient depends on both (he gravimetric water content 

of vegetation (Wigneron et a/., 1996. 2000; Le Vine and 
Karam, 1996) and the temperature (Wigneron et al., 2000). 

In addition, (he canopy t>'pc and structure (Jackson and 

Schmugge, 1991), the polarisation (van de Griend and Owe, 

1996) and wavelength of the radiation (Jackson and 

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

Gricnd and Owe, 1996) may also influence the opacity-

coefllcicnL Because the influence of these factors on the 
accuracy of the retrieval algorithm is currently uncertain, 

an accurate description of (he role of vegetation is a 

signiflcant need if near-surface soil moisture is to be 
estimated reliably. Moreover, in the context of the SMOS 

mission, understanding (he role of vegetation on overall 
microwavc emission is particularly impor(an( because the 

water content of the vegetation is one of (he geophysical 
variables to be retrieved and (he large (-50 km) foo(print of 

(he sensor means (hat vegetation cover will rarely be 

homogeneous across (he area sampled. 

Lcc et al. (2002) e.\(cnded an e.xisting coherent radiadve 

(ransfer model (Wilheit, 1978) (o crea(e what is, in eflect, a 

new approach to modelling (he effect of vegeta(ion on 

passive microwave emission and explored (he ability of (heir 
model (o describe field da(a. This approach results in a 
plausibly realistic model of in(crmedia(c complexity (hat 

captures, adequately, most of (he important features of (he 

microwave emission of vege(a(ion, such as (he influence of 
canopy typc/structure, polarisation and wavelength of (he 

radiation, look-angle of (he sensor and temperature and water 
con(en( of vegetadon. In (he presen( study, the modelling 

approach of Lee et al (2002) was adop(ed and used (o 

simulate syn(he(ic, mul(i-angle, L-band microwave 

brightness temperatures of different soil-vegetation-
atmosphere systems (o investigate (a) the retrieval capability 

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

of heterogeneity in vegetation parameters on retrievals made 
with (he proposed SMOS retrieval algoridun. 

Models and methods 
As outlined above, the strategy adopted in this s(udy was (o 

use (he extended Wilheit (1978) model for a linked soil and 

vege(a(ion sys(em to generate synthetic microwave 

observations equivalent to those (hat (it is proposed) (he 

SMOS mission will make for a range of soil we(ness s(a(es 

and vegetation covers. These synthetic data were (hen 

regarded as (he "true" observations and (he accuracy of 

reuievals made using a retrieval algori(hm similar (o tha( 

proposed for SMOS was assessed. This retrieval algorithm 

opdmises a simple representation of the effect of vegetation 
on microwave emission against the synthetic observations 
of surface brightness temperatures at each position in (he 

footprint of the sensor 

MULTI-LAYER MICROWAVE EMISSION MODEL 

The Wilheit (1978) model for (he coherent propagation of 

electromagnetic radiation (hrough a s(ralificd medium relates 
(he microwave brigh(ness (empera(ures transmKtcd through 
the surface-air interface of the medium (o (lie dielectric 

properties and temperature of the underlying layers. Lee et 

al (2002) extended (he applicadon of (he original Wilhei( 

(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 e.\tcnded Wilheit (1978) model, the 

vegetation canopy is assumed to be infinite in horizontal 

extent and (o be made up of homogeneous, planar layers of 
dielectric medium, which lie above similar homogeneous, 

planar layers of dielec(ric medium representing the soil. 

In the Lee et al. (2002) model, the dielectric of the 
vegetation matter itself (c,) is calculated assuming a linear 
version of the Dobson et al. (1985) mixing model (hitlierto 

used for soils), i.e. from: 

" ^dry^dry ( 1 )  

where e^, and e are the dielectric permittivities, and 

V^, and are the volume fractions of dry ma(ter, free 

water and bounded water, respectively l( is assumed tha( 
£^. and are independent of (he vegetation water 

content because they are (he permutivities ofa pure 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 vege(a(ion matter and air that 
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makes up die vegetation canopy (e^ is assumed to be given 

by: 

(2) 

where is the dielectric permittivity of air, K is the 

fractional volume of vegetation elements per unit volume 

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

Oobson et al. (I98S) mixing model for soils, a = 0.6S.) 

Equations (I) and (2) together calculate Ihe dielectric 

constant for the canopy as a whole, and this amount of 
dielectric is then distributed vertically among Ihe plane 

parallel layers above the soil. The heights of the top and 

bottom of the canopy. A, and h^, respectively, arc specified 
but gradual changes in dielectric permittivity are simulated 

around these levels by introducing broadening that follows 
a Gaussian distribution with standard deviations o; and cr^ 

respectively. This broadening reflects the natural variability 

between the individual plants that make up the canopy but 

lis presence is also critical to the reliable operation of this 

coherent emission model. Avoiding sharp transitions in 

dielectric at canopy boundaries suppresses internal 
[cflections within the canopy and Ihc associated interference 

patterns in microwave emission. Lee el al. (2002) give a 
more detailed description of this phenomenon. 

For the purpose of the present study and in the absence of 

any better information, tlie canopy dielcciric permittiviiies 
and in Eqn. (I) were set arbitrarily to the plausibly 

realistic values of (2.0, O.lyX (77.2, 4.9j) and (4.0. I 0/), 
respectively, while and 1'^ were selected to represent 

a canopy which was 38% dry matter, the remainder being 
water assumed bound and free in equal amounts (^'^=0.38, 

0 31). The volume fraction of vegetation in (he 

canopy, and the shape factor, a, are required to calculate 

from Eqn. (2). In this study, the vegetation volume 

traction was estimated from (he fresh weight of the 

vegetation per unit area of canopy, and vegetation 

canopy structure parameters using the equation; 

v^=fA 
Ah,-h,)p, 

(3) 

where is Ihc density of the (fresh) vegetation in the canopy, 

estimated as [p^ + 1000(1- kg m '. with p^ = 

330 kg m~' (Ulaby and El-Rayes, 1987) the density of dry 
vegetation. (Note: in Eqn. (3), the re-normalisation factor. 

/ (usually close to unity), is included as a correction to allow 

for the possibility that (Gaussian) smoothing of the top and/ 

or bottom of the 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 e^, and e^as in this 
study. Lee el al. (2002) obtained values of around U4 for 

a soybean canopy and. for the purpose or this exploratory 

study and in the absence of better Information, (his value 
was adop(ed for bo(h horizon(al 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 cx(ended Wilheit (1978) model (Lee ei 

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 (he 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 
10 be uniform, with calculations made for soil moisture 

contents (d^f 30%, 18%. and 8%. these being respectively 
refened to as "wet", "medium wet" and "dry". Calculations 
were made for four different types of vegetation broadly 

corresponding to "grass", "crop", "shrub" and "tree"; (he 

values of and the vegetation water con(en(, W^, for (hese 

crops are given in Table I. A simple canopy s(ruc(ure was 

assumed widi, in each case, a, set to 35% of /i, and and 
set (o zero. The brighmess (emperature of the complete soil-
vegc(a(ion profile for bo(h horizon(al and ver(ical polarised 
L-band microwave radiadon was then calculated using (he 
extended Wilheit(l978) model (Lee era/., 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 (hree variables 
over land surfaces, namely, near-surface soil mois(urc, (he 
optical depth of tlie vegetation cover (or, by implication, 
vegetation water content) and the effective temperature of 
the land surface (assumed to be Ihe same for the vegetation 

and (he 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 

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

of the soil surface, e^ (which is equal to (1- r). where is 

the reflectivity of the soil surface) rela(es (he microwave 
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TMe I. Surface conditioas used when calculaltng the synthetic SMOS data. The soil effective 
temperatuie and the vegetation temperature were set to 300 deg K. 

Soil 0, Temp. Height Optical Depth 
Wetnesz C/o vol.) (degK) (m) (kg'm') at Nadir (x) 

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 SO 7.50 I.I2I 
Mid 18 1.127 
Dry 8 1.138 

Table 2. The available look-angles as a function of the half-swath angle proposed for the SMOS mission. The synthetic 
observations were simulated using these look-angles at each half-swath angle (Wigneron ei a!.. 1999) 

Swath 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 19.6 173 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 

112 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 48.7 46.7 43.9 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 7 45.7 42.9 40.6 38.3 35.9 33.4 31 7 29.1 27.4 24.8 23 1 21 6 20.1 182 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 20.4 192 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 46.7 44.0 41.9 39.7 37.5 35.2 32.9 31.4 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 

226 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 

236 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 

264 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 46.7 44.6 43.1 41.2 39.4 38.2 37.2 36 I 35.5 35.2 

33.2 47.6 45.7 43.8 42.1 40.5 37.0 
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brightness tempcfature of the soil, r,(fp) (in deg K), to the 
efTective physical temperature of the soil, 7*, (in deg K) thus; 

^B(V.P) = e,(<P.PF. (•*) 

viheiee/<np) (I >e, > 0) is the polarised spccularemissivity 

of the soil medium at angle <p for polarisation state p and is 

related to the soil dielcctric 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 cffect of 

vegetation overlying the soil surface in terms of an 

equivalent optical depth, r, with; 

r = (5) 

where 6 is the opacity coeRicient, 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, r (in °IC) and 
air-soil reflectivity r/<p.p) with overlying vegetation with a 

physical temperature T (in °K),. This model is the basis for 

the algorithm, and the microwavc brighmess temperature is 
estimated as; 

'•8(«'.P)=l1+r.(?>.p)r(vj)l[1- (6) 
r(v)l(i-a)r, H'i-r,{v.P)]n<p)T, 

where a is the single-scallfring albedo of the soil surface, 

and r(ip) is the transmissivity of the vegetation layer. This 

simple model is based on the following assumptions (Ulaby 

eta/.. 1986): 

(a) ihe single-scatlcring albedo is assumed to be 

independent of 9 and p and small (0.04 < a < 0.12); 
(b) (he air-vegetation reflectivity is assumed to be zero; and 

(c) r is set to the air-soil reflectivity rather than the 

vegetation-soil reflectivity because the average inde.x 
of refraction of the 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 sensor footprint (Table 

2). Over land surfaces, the mission will provide three 

geophysical variables, near-surface soil moisture, vegetation 
optical 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; Ouan e/a/., 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 (l%5) with the 
concepts of controlled random search (Price, 1987). 

competitive evolution (Holland, 1975) and complex 

shufTling (Duan er at. 1993). All of these help to ensure 
that the information contained in a data sample 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 el 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 nnoisture content (implicitly 
assumed constant with depth in (he 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 of microwave 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 

al., 2002) by selecting an appropriate value of the optical 

depth, r, or (for a specified value of vegetation water content) 

the opacity coefficient, b. Details of the derivation of the 

equivalent value of ror b are given in the Appendix. In 
practice, it proved necessary to derive and use look-angle 

dependent effective values of b 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 presumably 

belter 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 (he basis of the proposed SMOS 

retrieval algorithm. It is first necessary to ensure that these 
two models give equivalent representation of the microwave 
emission from bare soil when no vegetation is present 

Figure I shows a comparison of the microwave brightness 
temperature for bare soil and the soil reflectivity calculated 
by (he two models for three different conditions of soil 

moisture (i.e. 30%, 18% and 8%). The agreement is 
excellent: (he calculated values given by the two models 

arc indistinguishable. 

Figure 2 shows a comparison between (he microwave 

brightness (emperature for the combined soil-vegetation 

system calculated by the extended Wilheit (1978) model 

and the two-source model used in the SMOS retrieval for 
(he three different soil moisture levels and for four different 

vegetation covers representing grass, crops, shrub and forest, 
with the vegetation parameters given in Table I. In this 

comparison, the value of the opacity coeflficient, b, was 

determined using the approach given in the Appendix (o 
ensure equivalence at the nadir In general, using (his 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 (he approach described in the 

Appendix to ensure equivalence between the two different 

models by modifying the value of b at angles other than the 

nadir. In this way, it is possible to derive look-angle 

Brightness Temp. Reflectivity 

(d) 0 =30.0% (a) e =30 0% 

 ̂200 

(6) e = lb) 0 =18 0% 

WiNiettH 
WilhcttV 

X FrcSMi H 
O FresnelV ^200 
(0 e =8.0% (c) 0 =8.0% 

10 20 30 40 50 
Look Angle (Oegrees) 

10 20 30 40 SO 60 
Look Angle (Degrees) 

Fig I Compansnn of the microwavr bnghlnrss lemptralurt CK) and soil rt/ltclivily (no units) calculated/or bare sail 
using the extended Wilheit (I9'y model and the tuo-source Fresnel model for three different soil wetness conditiims 
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Grass Crop Stnib Tree 
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Fig 2. Micmwave brightness temperature C*K) as a function of look-anf^le C) for three different conditions of soil wetness (H. 18. and 30%) 
and four different vegetation covers specified m Table ! 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 accuratc 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 ofA needed for accurate retrieval 
as a function of look-angle and for both polarisation stales 

Consistent with Fig. 2, the variation in the required value of 

b with look-angle is greater for vertically polansed 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 of b that changes with the vegetation cover 

and soil-moisture status. The mechanics of making 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, perhaps these would be obtained from "look-up" 
tables applied in an iterative system). Outstanding issues 
are the accuracy of tlie 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 6) 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 e.xtcnded Wilheit (1978) 
model. In this study, searching for the preferred combination 

of variables involved randomly initiating the SCE-UA 
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Grass Crop Shrub Tree 
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Fig 1 The efftctive value of the opacify ca</pvient. b. required to make accurate retrievals with the ty* o-$nurce Fresnel model as a /unction 
of look-angle for three different sod wetness conditions and four different veaetatton covers 

optimisalion procedure within the allowed range of the 

required variables and allowing it to find that combination 

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

and the synthetic observations. In general, diflerent random 

initiations ot' 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 dilTerent vegetation covers and with diflerent 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 arc given 
relative to the fixed equivalent values used in the forward 

calculations made with the extended Wilheit(l978) model, 
in percent. 10 ' kg m~^ and °K for soil moisture, vegetation 
water content and elTective 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 b are taken into 

account, 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 a tendency for the 

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 (hat the 
retrieval errors, at least for surface soil moisture, arc greater 

for forest vegetation than for the other vegetation classes. 
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RETRIEVAL ACCURACY FOR HETEROGENEOUS 

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 t>pc and particularly for pixel sizes 

- SO km, there will be a large variation in the nature of the 

vegetation and hcnce the vegetation-related parameters. 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 states 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 with 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 of tlie sampled point within the SMOS footprint 

IS again specified on the horizontal axis in terms of the half-

swath angle, and errors are again given relative to the fixed 
equivalent values used in the forward calculations in percent 

for soil moisture. 10"' kg m'^ for vegetation water content 

and °K for temperature, respectively. The most noticeable 
and significant result demonstrated by Fig. S 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 -0.5% reduction in retrieved soil moisture and up to 
~0.2 kg m"^ increase in retrieved vegetation water conteni. 
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Fig 5 Sy %t€matic error in retrieved values of near'surface soil moisture, vegetation water content, and effective temperature as a function of 
hatf-syvath angle for three different soil wetness conditions and four different vegetation covers when 10% random errors are introduced into 
ihe fpe^-tficufion of the vegetatton-related parameters used when calculating the synthetic observations with the extended Wilheit (19TH} model. 

depending on the vegetation covcr), but are noticeably 
difTercnt in the case of forest cover (-1-4% reduction in 
reiriL-vcd soil moisture, depending on the wetness of the soil, 
and a -0 15 kg m'* decrease in vegetation water content). 
In the case of forest covcr, 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, (he absolute 
values mcrcase as the half-swath angle increases. 

Imposmg random errors in vegetation-related parameters 
generates both systematic and random errors in the retrieved 
variables. Table 3 gives the systematic bias and standard 
deviation of the retrieved values of soil moisture, vegetation 
water conlcnl and efTeclive temperature at zero swath angle 
when 10% random errors are introduced into the vegetation-
related parameters used to calculate the synthetic 
observaiions using (he extended WilheiC 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) difTer 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. Perhaps not surprisingly, (he 
random error in vegetation water content generated by 
introducing 10% errors in vege(a(ion parame(ers (largest in 
absolute terms for forest covcr) is high in percentage terms 
(25—tO%) 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 arc randomly selected following a Gaussian distribution with standard deviation of 10%. 

(kgrrr') 

0. 
(%) 

Bias in 0, 
r/o) 

SD in 0, 
r /o) 

Bias in 

fignr'J 

SD in 
(kg nr') 

Bias in SD m r, 

W 

Grass 30 -0.7 2.5 004 0394 -0.49 2.17 
1.25 18 -0.3 13 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 O.Il 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-
rclaicd 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 

Crop 

I  « •  I  It  1 2  

•—.-tfi-PM 

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. 

Tree 

10 12 2 

< 
£ 

8 

!• It 2 « 

Fig 6 .'iystematic error (given as a percentage forsotl 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 errorj m the specification of vegetation'related parameters when calculating synthetic 
observations with extended Wilheit (1978) model. Results are given for crop cover and forest cover and for a soti'moisture status of IS%. 
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regardless of the imposed errors in vegetation parameters. 
However, as (he standard deviation of the random eirois 
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 covcr. 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 errors 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 ncar-surface soil moisture, vegetation water content and 
effective temperature retrieved from multi-angle microwave 
radiometer observations to the presence and nature of 
vegetation covcr, with the proposed SMOS mission used as 
a case study. The strategy adopted was, fintly, to simulate 
ihe range of observations of microwave brightness 
temperature that (it is proposed) SMOS will make using an 
e.xtendcd 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 
ihc .SMOS mission in that it assumed a two-source Fresnel • 
rL-prcscntaiion uf microwave emission and used advanced 
optimization techniques 

The primar>' 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 of microwave 
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 coeflicient, b, that 
vary with look-angle, soil moismre status and vegetation 
cover arc 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 O.S%; 
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 covcr (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 O.S 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 etrois so induced are 
up to -2°IC 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 covcr (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 for forest covcr. and vice-versa 
for the crop cover. 
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APPENDIX 

DERIVATION OF EQUIVALENT OPTICAL DEPTH 

The extended Wilheit (1978) model (Lee el al., 2002) 
calculates the microwavc brightness temperature, of 
the complete soil-vegetation-atmosphere interface as; 

(Al) 

where T is the temperature of the i* layer,/ is the fraction 
of ener^ absorbed from an incident microwave by the /'* 
layer of dielectric represented in the model and ^ is the 
number of the layers in the semi-infinite medium. A number, 
N^, of these layers ofdielectric represent the underlying soil. 
Hence, the effective reflectivity, r, and emi.-isivity, of 
the soil surface within the overall description of the Lee et 

al. (2002) model arc given by: 

(A2) 

while theeflective microwave brightness temperature of the 
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 a transmissivity, r, which is described 
in terms of an optical depth, r, (Kirdyashev ei al., 1979) 
that depends on (he vegetation diclcctnc propcnics. (he plant 
shape or structure, the wavelength and polarisation of the 
radiation, and the look angle, ip, (Jackson and Schmugge, 
1991). Thus; 

r = e*p(-rsec<()) (A4) 

In this expression, r is often written (sec. for instance. 
Jackson and Schmugge, 1991) as: 

r = 6lV (A5) 

where is the vegetation water content (kg m ') and b. 

the opacity coefficient, is a parameter that represents all of 
the oilier influences of vegetation on optical depth 

Assuming (here is no scattering of radiation at long 
wavelengths, the two-layer model gives the overall 
microwave brightness temperature of the soil-vegctation-
atmosphere interface as; 
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^8- =(1+r.r)(1-n(1-a)7; +(1-r.)r7. (A6) 

where or is ihc single scattering albedo, and T is the 
temperature or the vegetation canopy. Equation (A6) can 
be rearranged to give: 

^ [(1-r.)(1-a)r. - (1-r .)r,]^ [r...-(1-a)r.] ^ 

(l-a)r.r. (l-a)r.T-. 
(A7) 

Hence, if the value of a is known or assumed, P can be 
round 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 rand 
b in the simpler two-source model can be investigated in 
terms of vegetation characteristics, as specified by 
parameters in the extended Wilheit (1978) model (Lee et 

al. 2002). 
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Lee, and Luis A. Bastidas, in IEEE Transactions on Geoscience 

and Remote Sensing, 39(10): 2091-2100, 2001. 
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Using Area-Average Remotely Sensed Surface Soil 
Moisture in Multipatch Land Data Assimilation 

Systems 
Eleanor J. Burke, W. James Shuttlewoith, Khii-ha Lee. and Luis A. Bastidas 

Abstract—In coming years. Land Data Asimilalion Systems 
(LDAS) two-dimensional (2-D) arrays of the relevant land-surface 
model) are likely lo become the routine mechanism by which many 
predictive weather and dimate models wilt be initialcii If this is so, 
it will be via assimilation into the LDAS that other data relevant lo 
the land surface, such as remotely sensed estimate of soil mois
ture, will llnd value. This paper explores the potential for using 
low-resolution, remotely sensed observations of microwave bright
ness temperature lo infer soil moisture in an LDAS with a "mosaic-
patch" representalioa of land-surface heterogeneity, by coupling 
the land-surface model in the LDAS lo a physically realistic mi
crowave emission model. The past description of soil water move
ment by the LDAS is proposed as the most appropriate, LOAS-
consisient basis for using remotely sensed estiroates of surface soil 
moisture lo infer soil moisture at depth, and the plausibility of this 
proposal is investigated. Three altemalive methods are explored 
for partitioning soil moisture between modeled patches while al
tering the area-average soil moisture to correspond to the observed, 
pixel-average microwave brightness temperature, namdy. I) al
tering the soil moisture by a factor, which is the same for all the 
patches in the pixel, 2) altering the soil moisture by adding an 
amount that is the same for all the patches in the pixd, and 3) al
tering the change in soil moisture since the last assifnilatioa cyde 
by a factor which is the same for all the patches in the pixd. In each 
case, an iterative procedure is required to make the adjustment 
Comparison is made between these alternative procedures for a 
hypothetical pixd that contains dght individual patches (three dif
ferent vegetation types growing both in clay and sand, plus one 
patch of bare soil and one of open water) using a mosaic-patch 
veniion of the MICRO-S^VEAT model. When the applied fordng 
variables arc artificially degraded, all three methods provide sim
ilar, improved descriptions of the time-evolution of soil moisture in 
(he pixel as a whole and of the deep soil moisture for each patch. 
However, in each case, (he ability of (he LDAS to correctly describe 
the separate evolution of surface soil moisture in each patch is im
perfect. 

Index Terms—llydrology, microwave radiometry, remote 
sensing, soil moisture. 

I. INTRODUCTION 

There is now ample evidence that, over continental areas, 
weaiher and climate are significantly influenced by the 

local and regional availability of soil moisture that can reach the 
atmosphere by evaporation from soil or by uanspiralion from 
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plants, e.g.. [IH?]. At least at midlatitudes, and at least during 
the warm season, weather and climate forecasts can be improved 
by providing better initiation and description of the subsequent 
evolution of soil-moisture status in forecast models. At present, 
the most practical method is via (he use of land data assimila-
u'on systems (LDAS). LDAS are two-dimensional (2-D) arrays 
of the land-surface scheme of the relevant weather or climate 
forecast model. These land-surface schemes are forced mainly 
by observations, so the soil moisture stanis is not biased by poor 
simulation of the near-surface atmospheric forcing, especially 
precipitaUon. Currently, most LDAS operate with resolutions on 
the order of 10-30 km, and many make use of remotely sensed 
information on land cover by including the separate represen
tation of several patches of vegetation within each grid square 
using (he "mosaic" approach [8]. In the "mosaic" approach, the 
fluxes of beat and moisnire are calculated for each patch of veg
etation present within a grid-square and then an area-weighted 
average is calculated for the entire grid-square. 

An example of an LDAS running in near real-time can be 
found at [9]. This consists of several physically-based land-sur-
face models running on a common 0.125°-resolution grid cov
ering the contiguous United States, driven by common surface 
forcing fields. Observed hourly, gauge/radar precipitation and 
observed GOES-based satellite-derived surface solar insolation 
are used [10). Presently underuay is the extension of (his LDAS 
to the entire globe {9J. 

It is possible that LDAS such as this will become the rou
tine mechanism by which nuny predictive weather and climate 
models will be initiated in coining years. Assuming this is so, 
it will be via assimilauon into LDAS that other da(a relevan( to 
(he current status of the land surface, such as remotely sensed 
estimates of soil moisture, will find value for initialing predic
tive models. They can bring together remotely sensed and in-siiu 
measurements in a balanced way, reduce uncertainty to poorly 
modeled variables, and can readily be used to calculate frequent 
and regular estimates of soil moisture with significan( vertical 
resolution. 

In (he course of (he next decade (while (he LDAS approach 
to model initiation renuins current), it is possible that remotely 
sensed measures of soil moisture will become available in the 
form of observations made with L-band, passive microwave ra
diometers. Such data potentially have great value. However, a 
way must be found to extract this value given (hat the observa
tions of brightness temperature; a) will be made at low resolution 
(~S0 km); b) are a measure of soil moisture in the top S cm only; 
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and c) are strongly aflected by the (often heterogeneous) vege
tation cover present at the surface. Therefore, there is a need to 
explore theoretical methods by which large-pixel-average, near-
surface remotely sensed estimates of soil moisture can be used in 
an LDAS framework to improve estimates ofboth the surface and 
deep soil moisture. Ideally the area-average value is apportioned 
in a way that reflects its relevance to the component vegetation 
patches represented within the pixel. The purpose of this paper is 
to propose and explore theoretical methods lo do ibis. 

In the following, models that couple description of surface 
energy and water exchange with description of the microwave 
emission of the whole surface interface are first briefly dis
cussed. Then the feasibility of using a coupled land-surface mi
crowave emission model to provide patch-specific estimates of 
soil moisture from area-averaged microwave brighuess temper
atures measured over several vegetation patches is explored. It 
IS implicitly assumed that the pixel observed by an L-band ra
diometer will have the same size and location as the grid-square 
of ihi- LUAS and hence, the patches of different vegetation types 
will be the same within each one. 

II. MODELS OF SURFACE WATER/ENERGY EXCHANGE AND 
MICROWAVE EMISSION 

Recently, models have been developed that merge a descrip-
tidu <1 surface energy and waler exchange with a description 
of the microwave emission of the whole soil-vegetation-at-
mosphcre interface [n|-[I4|. Burke et al. [13]. [14| used 
MICRO-SWEAT, a soil water evaporation and transpiration 
(SWEAT) model [15] coupled with a microwave emission 
model (MICRO) to predict lime courses of microwave bright
ness temperature. SWEAT is used lo predict the temporal 
changes in profile soil-water status and profile soil temperature. 
These outputs are then passed into a microwave radiative 
transfer model that calculates the microwave brighmess tem
perature. MICRO-SWEAT produces excellent simulations of 
time bcries of microwave brighmess temperatures for a variety 
of bare and vegetated soils at both L-band and C-band and for 
a range of look angles (I3|. [14). 

The radiative transfer model in MICRO-SWEAT is the Wil-
heil [I6| model for the coherent propagation of electromagnetic 
radiation through a stratified medium, which relates the bright
ness temperature emergent at the soil surface to the dielectric 
propenics and temperanire of the underiying soil layers. The 
dielectric properties of the soil are related to the soil-water con
tent via the Wang and Schmugge model [17]. The Wang and 
Choudhury model [18] is used to account for any increase in 
brightness temperanire resulting from a rough soil surface. The 
eflcct of vegetation on the microwave emission from the soil 
surface was parameterized using the "optical depth" approach, 
where the optical depth represents the amount of water within 
the canopy [I9|. 

The proposal that motivates this paper is that similar coupled 
land-surface and microwave emission models can be used 
10 interface between LOAS and remotely sensed microwave 
brightness temperature. The developtiKnt and application 
of such LDAS-relevant coupled models is the subject of 

a separate, parallel paper [20). In this paper, one LDAS 
grid-square is under discussion with the SWEAT model being 
the land-surface model. MICRO-SWEAT is used to explore 
potential of assimilation of microwave brighmess temperature 
measurements. 

in. METHODOLOGY 

This paper examines the difficult issue of extracting value 
from remotely sensed observations of brighmess temperature 
via assimilation into the land-surface model. It is assumed that, 
for the foreseeable future, these measurements will be made at 
low resolution. In addition they are only a measure of near-sur
face soil moisture, which are strongly affected by the. often het
erogeneous. vegeution cover present at the surface. 

The proposed assimilation method is built on the realization 
diatthe representation of soil moisture status by remotely sensed 
data cannot be. and need not be. any more realistic than that al
ready used in the LDAS itself. Further, the LDAS can provide 
the parameters needed to calculate microwave emission from 
patches of land cover (i.e.. the nature and moisture status of 
the vegetation and soil). This paper uses the LDAS system as 
a basis for addressing the problem of estimating deep soil mois
ture from surface soil moisture and of allocating area-average, 
near-surface estimates of soil moisture between different land 
covers. 

A Assumptions 

Our methods are based on the following assumptions. 

1) The use of an LDAS with a "mosaic-patch" representa
tion of the different vegetation classes present in each 
LDAS grid-square is an appropriate way to introduce soil-
moisture estimates into weather and climate prediction 
models. 

2) The proposed method can adopt assumptions already ex
plicitly or impliciUy made in the LDAS itself, such as: 

a) the forcing variables are uniform across each LDAS 
grid-square; 

b) the vertical profiles of soil moisture are adequately 
calculated by the LDAS for each patch of vegeta
tion in the LDAS; 

c) within an LDAS grid-square, the surface can be 
classified into open water, bare soil, or one of sev
eral vegetation classes, and remotely sensed vege
tation cover nups provide an adequate estimate of 
the relative proportion of the different vegetation 
classes present; 

d) for an individual LDAS grid square, the LDAS de
scription of the relationship between the surface 
and deep soil moisture is the most LDAS-consistent 
way to estimate the moisture deep in the soil-mois-
ture profile, given knowledge of the surface soil 
moisture. 

3) Within the confines of the realism of the LDAS. for in
dividual stands of vegetation, forward modeling of the 
microwave emission can be used to calculate the sur
face brightness temperature from the (near-surface and 
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deep) soil moisture and vegetation status calculated by 
the LDAS. 

4) The microwave emissioo at L-band from a heterogeneous 
LOAS grid square is independent of the distribution of 
vegetation within that grid square and depends only on 
the relative proportions of each class of vegetation within 
the grid square [II]. 

B. Estimating Deep Soil Moisture From Surface Soil Moisture 

Only soil moisture, within the top S cm of the soil, are 
amenable to L-band remote sensing, but studies suggest [21] 
that merely modifying surface soil moisture during data assim
ilation does not by itself provide a sufficiently strong updating 
of the deeper soil moisnire profile. A method to propagate the 
surface layer information deeper into the proflle is needed. 

If an LOAS is being used to update soil moisture, an appro
priate estimate of deep soil moisnire with which lo update is that 
coasistent with the interrelationship between deep soil moisture 
and surface soil moisture derived for the speciflc patch within 
the specific LDAS (Assumption 3). Clearly, there are concerns 
when making Assumption 3 related lo whether the modeled soil 
water profile, and hence die derived rebtionship, is realistic, but 
these are issues that are already present when using the LDAS 
itself and are not associated with the desire to assimilate re
motely sensed soil moisture into the LDAS. Any improvement 
made in the simulation of the soil-moisture profile by the LDAS 
will mean that the definition of the relationship between deep 
soil and surface soil moisture will improve. Asstunplion 3 is 
important because it ensures that a reasonable, LDAS-consis-
lent estimate of deep soil moisture is always available for as
similation into the LDAS whenever surface soil moisture esti
mates are available. However, to set against this. Assumption 3 
also means that estimates of deep soil moisture are LDAS-de-
pendent, making them less amenable for assimilation by other 
models or by other LDAS. 

In this study, S cm is arbitrarily selected as the limit used to 
define deep and surface soil moisture. The surface soil moisture 
is that modeled in the LDAS above this level, and the deep soil 
moisture is that modeled by the LDAS below this level. The 
applicability of two possible relationships between surface and 
deep soil moisture is investigated, one very simple, the second 
more complex, bodi derived from the history of the MICRO-
SWEAT model. 

The simplest approach to estimating the deep soil moisture 
for the specific patch Is to assume that the ratio of surface soil 
moisture to deep soil moisture remains the same before and after 
assimilation. Therefore, after assimilation, the deep soil mois
ture for each patch k in the LDAS is adjusted to correspond to 
the (remotely sensed) surface value using the equation 

TABtX I 
SPECIFICATION or THE CKAIACTERISNCS OF EACH PATCH WMUN THE 

CRID-SQUAIIE IN TERMS OF THE NATURE OF THE SOIL AND VECEIATION 
REPRESENTED IN THE MULTIPATCH VERSION OF MICRO-SWEAT 

nd,..  K M  (I) 

where 

SIM 

Biit.) 

average soil moisture in the top S cm immediately 
after the assimilation at tiriK t, for patch k-, 
soil moisture in die underlying deep soil at that 
time; 

PMCh Soil Vegela«on %Sand %Clay Optical depth 
1 Sand (Nona) 93 2 -

z Water (Nona) - - -

3 Sand Short graas 93 2 0.1 
4 Clay Short grass 15 55 0.1 
5 Sand Crap 93 2 0.3 
6 Clay Crop 15 55 0.3 
7 Sand Shrub 93 2 0.6 
8 Clay Shrub IS 55 0.6 

'°P ^ moisture before the assimilation 
cycle; 

Km moisture before the assimilation cycle. 
A more complicated approach is to use the time-average his

torical description provided by the LDAS to derive an empirical 
equation that describes the interreiationship between surface 
soil moisture and deep soil moisture for each patch at each grid 
location. This approach was explored using soil-moisture pro
files calculated by MICRO-SWEAT for seven example patches, 
i.e.. three different vegetation types growing both in clay and 
sand plus one patch of bare soil (Table I). The nature of the mod
eled relationship between the average soil moisture in die 
top S cm at time t. for patch k, and the soil moisture in the 
underlying (1.2 m deep) soil layer at time C for patch k, was ex-
amioed during a one-year period using forcing data from SGP97 
[22]. Rg. 1 shows the relationship between (K/K) f°'' 
these seven patches. In each case, there is a significant relation
ship. but this is very noisy with more scatter in sandy soil and 
with denser vegetation covers. The interrelationship appears to 
be structured around several, separate linear correlations. How
ever, it is encouraging that, for this LSM (MICRO-SWEAT), 
describing these patches, and subject to these forcing data, it is 
possible to find a simple relationship that efficienUy describes 
die interrelationship between die surface and deep soil moisture. 
wiUi die form 

(2) 

where n is a constant derived from the historical predictions 
by SWEAT and tp is die time immediately after the most recent 
precipitation evenL At Uiat time, the relationship likely depends 
strongly on the amount of precipitation and modeled runoff, i.e., 
a large precipitation event on a dry soil might peneuate to the 
deeper soil layers, whereas a small event will only dampen the 
soil at die surface. However, once die precipitation event is over. 
Uie relationship between K changes mainly as a re
sult of die surface soil drying. Fig. 2 shows die good agreement 
between die modeled values of values calculated 
by (2) at hourly time intervals during the one-year simulation. A 
high rano is likely to occur soon after a precipitation event, pos
sibly after a relatively dry period. The relationship is not quite as 
good for the sandier soils with the denser vegetation. This may 
well be as a result of a combinadon of the faster movement of 
water in the sandy soils and the increased root extraction rate for 
die denser vegetation. Further exploration may yield additional 
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Ftg. I. MICRO-SWEAT modeled relationship between near surfacc soil 
moismre and deep sotl moistufc far the seven aonwaier patches within the 
specified grid square. 

UlCAO-SWEAT nrudofod ratio 

Ftg. 2. Comparison of the predicted and modeled relationship between the 
rano of near su/face soiJ moisture to deep soil moismre for the seven nonwater 
patches within the specified grid square. 

factors that aeed to be taken into account in additioo to those in
cluded in (2). A simple artificial neural network (ANN) could l)e 
calibrated and applied for each patch, as a more general alterna
tive approach. The nuin negative consequence of this LOAS his
tory-based approach is that it requires the LDAS to be run for a 
substantial period to calculate the required relationship, in prin
ciple for every patch represented in each grid square. However, 
there should be some consistency between grid squares, because 
a common land-surface model is used for each. 

Equations (I) and (2) are specific examples of the more gen
eral, LDAS-derived relationship between 9^, the deep soil nriois-
turc tor a patch k. and the surface soil moisture for patch k 
used in the next section. 

C. Assigning Arta-Averagt Sail Moisture to Patches 

It is assumed (Assumption 4) that the brighmess temperature, 
TB,k, for a patch of vegetation, k, can be adequately calculated 
from a microwave emission model M with the general form 

Ta.k = M(Vk.ei, ei iei,...), t .„,, r«,) o) 

where denotes aspects of the status of the vegetation (as 
represented in the LOAS) that influences microwave emission 
and T,oii and represent the soil temperature profile and 
canopy temperature modeled in the LDAS. In this paper. M 
is the microwave emission model used in MICRO-SWEAT, 
corresponds to the average soil moisture in the eight modeled 
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soil layers above 5 cm depth and 0^ to that in the 12 modeled 
soil layers below S cm depth, which is a known functioo of 
dj [Note: bare soil and open water patches are special cases 
of A/]-

At any time L-band remotely sensed data are available, the 
value of and any variables other than 01 in M are specified 
by the LOAS for the patch k. Thus. Af is in eflect a well-spec
ified function only of The only measurement of brightness 
temperature {Tg) that would be available from a microwave ra
diometer for assimilation into the LOAS grid square is the area 
weighted average of the brighmess temperatures in each patch 
{ T B . M )  

Tb. M 
,v ft/ 

= T a„\{ (14. 61, ei...), r„.,, T„,) It a,, 

(4) 

where is (he area of each patch, and N is the total number of 
patches in a grid-square. 

The essential purpose of using a mosaic-patch LOAS is to 
allow representation of the effect of different patches of vegeta
tion within a grid-square on surface exchanges and moisture and 
energy stores. Variations in forcing variables between LOAS 
grid-squares can be taken into account within the limits of avail
ability and realism of the observational data used. However. i( is 
not obvious how to preserve patch-specific soil moisture when 
assimilating the observed value of area-average surface bright
ness temperature for an LOAS grid-square with several different 
patches of land cover. Numerical studies of assimilation proce
dures aiming to preserve the distinct patch specific soil-moisture 
pattern calculated by the LOAS and, at the same time, mod
ifying the area-average soil moisture field consis(ent wi(h the 
observed area-average surface brightness were explored. Three 
alternative assimilation procedures are discussed. 

I) Method J—Fractional Change in Patch-Sptcific Sail 
Moisture: In this method, it is assumed thai the LOAS has 
calculated the patch-to-patch differences in soil moisture 
adequately at the time the remotely sensed area-average 
brightness temperature is available, but the calculated values 
may all be systematically too high or too low by a factor that is 
independent of the patch. In this case, the required correction 
is to adjust the values of soil moisture for all N patches in the 
grid square by a common factor / so thai the modeled value of 
surface brightness temperature becomes equal to the observed 
value. If Oliti,) is the value of surface soil moisture for patch k 
modeled by the LOAS immediately prior to the availability of 
remotely sensed data, then 8l[ta), the modified value of soil 
moisture for this patch that is to be assimilated by the LOAS 
is given by 

8I(«.) = fB'kW. (5) 

Because the model M is not necessarily linear and differs be
tween patches, it is necessary to solve for the value of 
using the iterative equation 

where [9l\j+i is (he estimated value of during (he (j -t-
l)th i(eralion, and [f]j is given by (he ratio between Tb,o- tbe 
observed, area-average surface brighmess temperature for the 
grid square and the value calculated using the microwave emis
sion model, with the surface soil moisture modeled by the LOAS 

ilius 

[ f h  =  Tb.o 

Tb.m 
(7) 

In this equation. Tb,m is given by (4). During the first iteration. 
[Bl\j is set equal (o in (6). 

2) Method 2—Incremental Change in Patch-Specific Soil 
Moisture: In this method, it is assumed thai the LOAS re
alistically calculates patch-specific soil moisture but that the 
calculated values may all be systematically too high or too 
low by a fixed amount which is independent of the patch. In 
this case, the required correction is to adjust the values of soil 
moisture for all the patches in the grid square by an amount 
AO so that Tg_.\t becomes equal to Tb,o- The modified value 
of soil moisture for the patch thai is to be assimilated by (he 
LOAS, flJCfa) is given by 

(8) 

As in the previous case, it is necessary to solve for Ad itera-
tively. An (arbitrary) first-guess value [A0|o is assumed, and 
then successive estimates of A9 are made from the iterative 
equation 

(Tb,O - [ra.wly) 

([T'a„ifl, - Tb.M) 

(9) 

Where [7s ]j is the area-average surface brighmess temperature 
calculated from the estinuted surface soil moisture during the 
jth iteration, given by (4). 

S} Method 3—Fractional Change in Soil Moisture Since Last 
Assimilation: In this method, it is assumed (hat errors in the soil 
moisture of each patch are primarily due to weaknesses in the 
common forcing (e.g.. precipitation, radiation, etc.) to which ail 
of the patches have been exposed since the last soil moisture data 
assimilation took place. Further, it is assumed that the response 
of the soil-moisture store to these common forcing variables is 
approximately linear. In this case, the required correction is to 
irxxlify the modeled change in the soil moisture of each patch 
(hat took place since the last assimilation by a factor that is as
sumed to be the same for all patches. Again, this factor needs to 
be defined in such a way that Tb,m becomes equal to Tb,o-

Let the LOAS-modeled value of soil moisture for patch k 
inunediately before the present update be and let the 
change in LOAS-modeled soil moisture for patch k since the last 
assimilation be A9k- Thus, the modified value of soil moisture 
for this patch to be assimilated. is given by 

K U . = [ / i , r a ,  (6) (10) 
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Ftg 3 Time scries of the (me. perturbed, and corrected (op 5 cm soil moisture for the seven nonwaier paichcs withm the gnd square, plus the area weighted 
average of the grid square. 

Again, ii is necessary (o solve for / iteratively. Ao (arbitrary) 
first-guess value [/jo is assumed. Then successive estimates of 
{f]j are made from the iterative equation 

[/I.-KI = [ f \ j  
(Tb.O - [TB.M]}) 

(M) 

where [Talj is given by (4). 

IV. RESULTS 

The ability of the previously described three area-average as
similation methods to successfully modify tbe area-average and 
patcb-spccific soil moisture was tested using MICRO-SWEAT 
applied to (he multipatch grid square mentioned above and doc
umented in detail in Table I. MICRO-SWEAT was run for a 
one-year period using the Mesonet data for El Reno for 1997 
taken from tbe SCP97 data base [22], and tbe area-weighted 
average microwave brightness temperature was forward calcu
lated. This simulation is referred to as tbe "true" simulation and 
these modeled soil-moisture stales and brightness temperatures 
arc assumed to provide the truth against which other simula
tions are judged. The forcing data were then perturbed. In the 
present study, the precipitation was systematically reduced by 
40%, and the resulting calculated values are referred to as the 
"perturbed" simulation. The true microwave brightness temper
ature was (hen assimilated into a similar multipatch MICRO-
SWEAT simulation made by using the perturbed forcing data 

once every three days at 6:00 am. This is referred to as the "cor
rected" siipulation. 

Fig. 3 compares the time series of soil moisture in the top 
S cm for the true, perturbed, and corrected simulations during 
a Kpresentative three-month period with correction made using 
Method 2 (the results when using Methods I and 3 are not shown 
but appear very similar). Fig. 4 shows the same simulations but 
in this case, for the simulated deep soil moisture. The corrected 
simulation illustrated in Fig. 4 is that in which the values of deep 
soil moisture assimilated every three days for each patch k are 
calculated from (I) (again, the results when using (2) are not 
shown but appear very similar). 

Table II gives tbe toot mean square error (RSME) and bias 
relative to the true soil moisture calculated for the entire year 
for the perturbed soil moisture and for the corrected simulations 
using the three altemative assimilation methods. As might be 
expected, the area-weighted average plot shown io Fig. 3, the 
area-mean values of RSME and, particularly, the area-mean 
bias given in Table II indicate that the area-weighted mean 
surface soil moisture is significantly improved by assimilating 
the area-average microwave brightness temperature, regardless 
of which of tbe three assimilation methods (I, 2. or 3) is used. 
However, results on a patcb-by-patch basis are varied. Some 
patches show improvement and some show degradation. For the 
short grass growing both on sandy and clay soils, tbe surface 
soil moisture is fairly well-corrected, for instance, while tbe 
CTop and shrubs on tbe sandy soil have less well-corrected 
soil moisture. The relative improvement does not appear to be 
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TABLE II 
COMPARISON OF TT<E SURFACE SOIL MOISTVRE (IN %) RCUTTIVE TO THE TRUE SIMULATION FOR THE PERTURBED SIMULATION AND CORRECTED SIMULATIONS 
UsiNi; THREE DIFFERE."»T ASSIMILATION METHODS IN (a) AND (C) IN TERMS OF ROOT MEAN SQUARE ERROR (RSME) AND (B) AND (d) IN TERMS OF BIAS FOR 

EACH PATCH AND POR THE AREA WEIGHTED AVERAGE FOR THE WHOLE GRID-SQUARE. THE VALUES GIVEN IN (a) AND (b) ARE FOR THE CASE WHEN 
ASSIMILATED ESTIMATES OF DEEP SOIL MOISTURE ARE CALOAJ^TED FROM (I). THOSE IN (C) AND (d) ARE FOR THE CASE WHEN 

ASSIMILATED ESTIMATES OF DEEP SOIL MOISTURE ARE CALCULATED FROM (2) 

Pateh 
(a) Surfaca Soil Motalura (rmu. In %) |b) Surfaca SoN Mototim (Waa, la %) 

Pateh PartUflMd Mailwdl MaUiodZ MMIIodS PafturtMd MMhodI IMIiad2 MMhod} 

1 1.30 V45 1.54 1.39 -1.10 082 0.93 0.53 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3 2.35 1.43 1.11 1.38 -2.23 -0.96 -0.02 •0.48 
4 3.51 2.41 1.79 1.82 -3.18 1.36 •0.56 -0.45 
S 2.03 2.SS 2.74 2.66 •1.84 -2.62 -ZS1 •1.60 
6 2.13 1.56 1.97 1.87 -1.83 •0.73 -1.52 -0.64 
7 1.72 2.16 2.13 ^44 -1.36 -1.73 -1.69 -1.11 
8 1.51 1.64 1.44 2.70 4).87 0.23 •0.11 0.72 

Mean 1.49 0.86 0.91 1 01 -1.35 -0.28 -046 -0.25 

Patch 
(c) Surfaca Sou Moittura (niwa. In %| (d) Surface SoH Moielure (bias, in %) 

Patch Paiturbad MaUiodI Method 2 Method 3 Perturbed Method 1 Method 2 Methods 
1 1.30 1.65 1.89 2.28 -1.10 0.91 0.92 1.05 
2 0.00 0.00 000 0.00 000 O.OO 0.00 0.00 
3 2.35 3.25 i31 3.51 •2.23 •^55 -1.05 •1.58 
4 3.51 2.25 3.68 3.78 •3.18 •0.66 -2.85 -1.78 
5 2.03 2.99 2.21 2.01 -1.84 -2.71 -1.09 -2.85 
6 2.13 2.06 3.08 3.21 •1.83 •0.91 -2.04 -1 91 
7 1.72 2.22 2.53 2.41 •1.36 •1.66 -0.29 -1.52 
8 1.51 1.91 2.40 1.99 -0.87 0.11 -1.21 -1.11 

Mean 1.49 1.25 1.65 1.85 .1.35 -0.66 -0.37 -0.85 
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TABLE III 
COMPARISON OF THE DEET SOIL .MOISTURE (IN %) RELATIVE TO THE TRUE SIMULATION ROR THE PERIURBEO SUAJLATION AND CORRECTED SIMULATIONS USING 

THREE DIFFERENT ASSIMAJ(TION METHODS IN U) AND (C) IN TERMS OF RSME. AND (b) AND (d) IN TERMS OF BIAS FOR EACH PATCH AND FOR 
THE AREA-WEICHTEO AVERAGE FOR THE WHOLE GRID-SQUARE. THE VALUES GIVEN IN (a) AND (b) ARE FOR THE CASE WHEN 

ASSMOLATEO ESTIMATES OP DEEP SOIL MOISTURE ARE CALCUIATED FROM (I). THOSE IN (C) AND (<T) ARE FOR THE CASE WHEN 
ASSIMILATED ESTIMATES OF DEEP SOIL MOISTURE ARE CALCULATED FROM O) 

(a) OMP Soil MoMur* (miM, in %) (b| DMP Soil Moistur* (Bias, in %) 
PeiturlMd MCUKMII •MhodZ •taUMidS PwturtMd MMIiadI MathodZ NcNiodS 

1 t.W oar  t.ts 1.38 -1.67 -0.11 0.10 •0.57 
2 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 
3 6.55 1.79 1.51 Z04 -6.55 -1.45 -0.03 •0.76 
4 6.52 4.11 2.53 2.45 -6.35 3.11 0.74 0.87 
5 2.72 1.42 1.52 3.62 -2.46 -1.09 -1.16 054 
6 5.02 2.80 t.9l 3.15 -4.95 t.90 0.74 za3 
7 1.76 0.76 1 07 3.04 -1.53 •0.28 -0.53 0.39 
S 424 2.80 2.43 4 01 -4.19 2.05 1.60 263 

Mean ^98 0.96 0.91 1.30 -2.93 0.40 0.16 0.46 

Pateh 
(c) Omp Soil Moistura (mi*«, in l̂ (d> Omp Soil Mototur* (BiH, In %| 

Pateh 
Ptrtuitwd Method 1 Mcmodz MalhodS PMturtMd Mathodl Method 2 Mtlhod3 

1 1.84 0.95 1.29 1.55 -1.67 •0.23 -0.85 •0.95 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3 6.55 6.71 5.59 5.68 -6.55 -5.73 -5.18 -5.26 
4 6.52 2.15 5.57 5.61 •6.35 •0.35 -5.36 •5 37 
5 2.72 ^83 2.30 2.37 -2.46 -2.49 -1.44 •1.49 
6 5.02 1.02 3.91 4.05 -4 95 -0.06 -3.83 •3.92 
7 1.76 1.55 2.07 2.07 -1.53 •0.99 -0.42 -0.47 
8 4 2 4  1.01 3.38 3.47 -«.19 0.43 •3.31 •3.38 

Mean 2.98 1.18 131 2.37 -2.93 •0.87 •2.12 -2.18 

strongly dependent on the method used to ascribe patch-specific 
estimaies of soil moisture during assimilation, although Method 
Z tends to give smaller values of RSME, while Methods I and 
3 give less bias. 

There is also a significant Improvement in the deep soil mois
ture for all patches within ihe grid square and for the grid square 
as a whole, and a particularly noticeable decrease in the bias 
(Fig. 4 and Table III), regardless of which of the two equa
tions [(I) and (2)] is used. This is encouraging because the 
deep soil moisture used in the correction procedure is only in
directly estimated from the microwave brighmess temperature 
based on the LOAS-modeled relationship between surface and 
deep soil-moisture status. 

Fig. S and Table IV give the difference in cumulative daily 
evaporation for each patch and the average value for the whole 
grid-square. When compared to the true simulation, the cumu
lative daily evaporation for the whole multipatch grid-square 
is greatly improved for the corrected simulation relative to the 
perturbed simulation. Again, results on a patch-by-patcb basis 
are varied. The best prediction of evaporation is for short grass 
growing in sandy and clay soils, while Ihe worst prediction of 
evaporation is for the clay soil with shrub vegetation cover. 

ID general, the results do not make a strong case for selecting 
one particular method for assimilating area-average surface soil 
moisture, although the simulation of deep soil moisture is best 
both as an area average and for individual patches when Method 
2 is used, i.e., when the soil moisture is increased by a common 
amount for all the modeled patches. Neither do the results make 

a strong case for choosing between the use of (1) and (2) when 
calculating the deep soil-moisture estimate to be assimilated. 
However, in this particular study with this particular LDAS, as
suming continuity before and after assimilation (I) produces 
slightly better results than using a historical analysis (2) and is 
obviously much more readily applied. In this example, the his
torical analysis was run for only one year. If it were run for ten 
years for example, (2) is likely to show improved results. 

V. DISCUSSION AND CONCLUSIONS 

In the preceding analyses, no explicit mention is made of the 
resolution at which tbey apply. However, it is assumed that the 
LOAS for which corrections are being made is running with 
a resolution that is broadly equal to the resolution at which 
remotely sensed surface soil moisture is available. This might 
well be a significant issue if the analysis is applied to regional 
LOAS which currently run with a grid resolution of 0.125°, 
i.e., at a resolution that is about a factor of four less than the 
likely resolution of any near-term L-band soil-moisture mis-
sioD. Additional assumptions will be necessary to apply some 
of the methods described. For example, in the case of Methods 
I and 2, it will be necessary to assume that the fractional/in
cremental changes in soil moisture necessary to match the ob
served and modeled surface brighmess temperature are equal 
across the whole satellite grid square when it corresponds to 
several LOAS grid squares. Similarly, in the case of Method 3, 
it will be necessary to assume that the fractional adjustment to 
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20 100 200 300 20 100 200 300 
Tim# (DO*) Tin»(DOY) 

Fig. S Time scncs of ihe Inie, pcnurtxd. ind comctcd cuiniUiive cvapocanan for ihe seven nonwaicr paichcs wiihin Itie grid square plus itic area-weigtued 
average of Uie gnd square. 

TABLE RV 
COMWIUSON OF THE CUMULATIVE EVATORATION (OR THE BGHT SEPARATE PATCHES AND THE AREA-WEIGHTED AVERAGE GRID SQUARE FOR THE ENTIRE 

VEA*. THE VALUES GIVEN IN (a) ARE K)R THE CASE WHEN ASSIMILATED ESTIMATES OF DEEP SOIL MOISTURE ARE CALCULATED E^M (I) WHILE THOSE IN 
(B) FOR THE CASE WHEN ASSIMILATED ESHMATES OF DEEP SOIL MOISTURE ARE CALCULATED FROM (2) 

(a) Equation 1 |b) Equation 2 
Patch Tnilh P«fturb«d IMIiodI IMhad2 MMhoda Mathodl Ma<hod2 MathodS 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
1 sea 445 716 740 667 722 732 713 
2 3710 3710 3710 3710 3710 3710 3710 3710 
3 930 567 839 938 892 580 771 765 
4 951 409 1152 933 943 904 510 511 
S 1006 537 707 687 1099 449 681 664 
6 565 356 1008 828 1006 678 257 257 
7 887 530 670 657 999 547 716 678 
8 226 2S6 749 640 864 256 190 191 

Mean 1302 1093 1394 1354 1452 1224 1399 1378 

the change ia soil moisture for each patch since the last assim
ilation cycle is the same for ail the LOAS grid-squares present 
in each satellite pixel. 

Notwithstanding the technical issues just mentioned, the pri
mary conclusions of the present analysis are clear. 

a) The recent aod/or time average history of the LDAS de
scription of soil water movement represents a plausible, 
LDAS-consistent way to use remotely sensed estimates 
of surface soil moisture to infer soil moisture at depth; 

b) If such a relationship is defined, it is possible to use the 
LOAS description of soil and vegetation processes and 

microwave emission to allow approximate allocation of 
area-average soil moisture between the modeled patches 
using iterative techniques, which results in good area-av
erage correction to soil moisture (and evaporation); good 
patch-specific deep soil moisture; but the patch-specific 
corrections to surface soil moisture are not as good; 

c) The three iterative methods for allocating single area-av
erage miaowave brightness temperature between 
patches tested in the present study gave similar results, 
but Method 2 was arguably prefetable, priiiurily because 
it was best in estimating deep soil moisture. 
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Notwithstanding the significant and general improvement 
JO the area-average simujations when area-average microwave 
brightness temperature is assimilated for a multipatcb LDAS 
grid square just described, the fact remains that the patch 
specificity of the soil moisture, especially that of the surface 
soil moisture, is less than perfectly captured. Presumably, this 
is because there is not enough remotely sensed information 
to accurately assign the microwave brighmess temperature 
between patches, and the mosaic-patch representation of 
individual patches is not sufficiently powerful to fully com
pensate for this. It is possible that, given measurements of 
area-average microwave brightness temperatures at a range 
of look angles and with vertical and horizontal polarizations, 
it may be possible to disaggregate the area-average signal 
more efTectively. The upcoming soil moisture ocean salinity 
(SMOS) [23]) L-band mission will, for example, provide this 
type of additional information, and detailed investigation of the 
potential value of SMOS observations for LDAS is the subject 
of our ongoing research. 
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Estimation of area-average sensible heat flux using a 
large-aperture scintillometer during the Semi-Arid 
Land-Surface-Atmosphere (SALSA) experiment 

A. Chehbouni.'-^ Y. H. Kerr,^ C. Walls,* O. Hartogensis,^ D. Goodrich,® R. Scott,^ 
J. Schieldge,' K. Lee,^ W. J. Shuttleworth,^ G. Dedieu,' and H. A. R. De Bniin^ 

Abstract. The use of a largc-aper(ure scind'Uometer Co estimate sensible heat flux has 
been successfully tested by several investigatois. Most of these investigations, however, 
have been confined to homogeneous or to sparse with single vegetation-type surfaces. The 
use of the scintillometer over surfaces made up of contrasting vegetation types is 
problematic because it requires estimates of effective roughness length and effective 
displacement height in order to derive area-average sensible heat from measurements of 
the refractive index In this study an approach based on a combination of scintillometer 
measurements and an aggregation schcme has been used to derive area-average sensible 
heat flux over a transect spanning two adjacent and contrasting vegetation patches: grass 
and mesquite. The performance of this approach has been assessed using data collected 
during the 1997 Semi-Arid Land-Surface-Atmosphere field campaign. The results show 
that the combined approach performed remarkably well, and the correlation coefficient 
between measured and simulated area-average sensible heat flux was ~0.9S. This is of 
interest because this approach offers a reliable means for validating remotely sensed 
estimates of surface fluxes at comparable spatial scales. 

1. Introduction 
The turbulent heat fluxes near (he ground surface are 

strongly affected by the ability of the surface to redistribute the 
radiative energy absorbed from (he Sun and (he adnosphere 
into sensible and la(cn( heat These fluxes play a key role in 
regulating the energy balance of the atmosphere, which in turn 
drives atmospheric circulation. For this reason, recent efforts 
have conccntrated on improving (he parameterization of land-
surfacc processes in atmospheric models by taking in(o account 
(he effect of surface he(erogcnci(ies on (he exchanges pro-
cc.sses [Avissar, 1995). The problem, however, is (he dif(icul(y in 
valida(ing model simula(ions a( regional and cer(ainly at the 
global circulation model (GCM) scalc. On the other hand, it is 
necessary to validate GCM output because unless these models 
can reliably simulate (he observed water and energy cycles in 
(he present climate, future predictions of climate change are 
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rather tenuous [Kinter and Shukla, I990|. To address this issue, 
the international community has coordinated several multidis-
dpliiury field experiments for collecting hydrologic. atmo
spheric, and remote sensing data over a range of spatial and 
temporal scales. One of the unique features of these field 
experiments has been the deployment of a network of several 
single-point measurements of surfacc fluxes, i.e., eddy corre
lation or Bowen ratio stations for validating atmospheric and 
hydrologic models. There arc technical limitations on using 
such systems related (o (he required horizontal homogeneity of 
the surfacc layer, the expensive, and the training [De Bruin ei 

al., 1995). 
Several investigations recently demonstrated the potential of 

using scintillometers to obtain areally averaged sensible heat 
fluxes over path lengths of several kilometers, which are similar 
to satellite measurement scales [Wesefy and Dtrzko, 1975; IVe-
sely. 1976a. b; Kohsiek. 1985. 1987; De Bniin et at.. 1995; 
McAnency et at.^ 1995; Greener a/.. l^4;LagouartIe el al., I9*M; 
Hartogensis. I997|. The scintillation method works by transmit-
(ing a beam of eiec(romagne(ic radia(ion and measuring (he 
intensity variations of the received signal. This leads to a direct 
measure of the strength of (he refractive index of (he air and 
then to the structure parameter for the refractive index (C'). 
which can then be related to the structure function parameter 
of temperature (Cf) used to derive sensible heat flux. 

The objective of this study is to use a large-aperture scintil
lometer (LAS) to estimate areally averaged sensible heat flux 
over a transect made up of two adjacent patches (a grass-
covered patch and a primarily mesqui(e-covered pa(ch) wi(h 
contrasting water status and roughness length. Scintillometer-
based sensible hca( flux is compared to a weigh(ed average of 
those measured over each individual patch using (wo indepen
dent three-dimensional eddy correlation systems. The experi
ment took place in the San Pedro Basin within the context of 
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the Semi-Arid Land-Surface-Atmosphere (SALSA) research 
program [Goodrich et al., 1998], 

2. Physical Background 

2.1. Thcorctkal Principles 

In a turbulent medium such as the Earth's atmosphere the 
turbulent refractive index lluauations i) are affected by fluc
tuation of temperature, humidity, and pressure. However, the 
contribution of atmospheric pressure fluctuation to the refrac
tive index is known to be small, and its effect can be neglected 
[Hitl, 1989). According to Andreas [1989] the refractive index 
fluctuation r) is related to temperature T' and humidity q' 
fluctuations, thus 

i X = A A K P , T . q ) Y  +  A , ( K . P . T , q ) ^  ( I )  

where Aj- and A^ are kiKwn functions that depend on the 
optical wavelength A, the total atmospheric pressure P, the air 
temperature T, and the specific humidity, q. In the visible and 
near-infrared region of the electromagnetic spectrum the de
pendence ofAr and on A is very smalL For A - 0.94 fun, 
which is the wavelength of the sdntillometer used in this study. 
the.<ie functions can be parameterized following [1989] 
as 

P 
/lr=-0.78X 10-'^ (2) 

A, = -57.22 X I0-'<7 (3) 

The refractive index fluctuations t| in a turbulent medium 
are a random function of time t and position x. In turbulence 
theory It is common to describe the spatial variability or "struc
ture" of a variable by the so-called structure function D^(r) 
[Panafsky and Dutton, 1984|. The structure function of refrac
tive index fluctuations tj for separation distances r in the iner-
lial subrange of scales about a point x is 

D,(r) = [ = Cir" l , < r < L ,  (4) 

where C;| is the refractive index structure parameter repre
senting the amplitude of the variations in the refractive index 
and the overbar denotes a time or ensemble average [La-
gouanle et al., 1996|. The inertial subrange for which (4) is valid 
is the range in the turbulent spectrum in which turbulent en
ergy is transferred from larger to smaller wavelengths. The 
inner scale /Q marks the transition between the inertial and 
viscous energy dissipating range of eddy sizes and is of the 
order uf 0.S-I.0 cm near the surface. The integral or outer 
scale L„ describes the scale of the dominant inhomogenities, 
which is of the order of half the height of measurement above 
the surface. 

On the basis of Talankii's [I%l | theory, Clifford et al. (1974) 
showed that for a LAS the variance of the natural logarithm of 
the irradiance / incident at the receiver is 

<n = [ln(n - ln(/)]' = | C U u ) I V M d u  (5) 

where H'(u) is a spatial weighing function given by 

mu) = leir'Jt'L j dKKt>.iK) sin' [lCLu(l - u)/2k] 

•[2/,(x,)2/,(xJ/(x^J]» (6) 

u = xlL is the normalized pathlength; A. is the path length; 
k - 2ir/A is the optical wave number,x, = KD^uIZ andxj = 
KDjU/2. where and Dr are the receiver and transmitter 
apertures, respectively, K is the three-dimensional spatial wave 
number, 7, is a Bessel function of the first kind of order one; 
and 'fr,. the three-dimensional Kolmogorov .speclnim of the 
refractive index, describes the turbulent medium in terms of its 
Fourier components K: 

•.(AO = 0.033Ci/:-"^ (7) 

After integrating (6) and using (S) and (7), Wangetal. [1978] 
obtained 

Cl = Cal,n(DJDTy"L-' (8) 

where C is a calibration constant, which is a function of the 
ratio D/f/Dj-. For equal receiver and transmitter apertures, as 
is the case here. Cl can be described as a linear function of 

measured by the scintillometer as 

Cl = CalrP'"L-' (9) 

whereC = 1.12 for ranges from 10~'^ to 10""m"-''and 
D is the diameter of the receiver/transmitter. 

2-2. Sensible Heal Flux 

A sdntillometer is an instrument that measures the intensity 
of a light beam fluctuation after propagating through a turbu
lent medium. It is assumed that these intensity fluctuations are 
caused by inhomogeneities in the refractive index, which are 
due to turbulent eddy motions along the scintillometer path. 
The eddy motions are generated by temperature and humidity 
fluctuations and can be regarded as a collection of converging 
and diverging lenses focusing and defocusing the scintillomcler 
beam [McAneney el al., 199S). In the visible and infrared re
gion. assuming that temperature and humidity fluctuations arc 
perfectly correlated, the spatially averaged refractive index 
structure parameter measured directly by a LAS is related to 
the temperature structure parameter as 

,/ T' W 0.03\-' 
-0.78 X 10-/') ( ' ̂  I 

where 0 is the Bowen ratio that is incorporated as a humidity 
correction such that Cj- decreases with increasing evaporation 
rate. The study by De IVekker [I9%] showed that this term can 
be neglected whenever the Bowen ratio is >0.6, which is gen
erally the case over natural surfaces in arid and semiarid areas. 
The sensible heat and momentum fluxes together determine 
atmospheric stability, and this in turn influences turbulent 
transport, thus an iterative procedure is needed to calculate 
sensible heat flux from the scintillometer measurement [La-
gouarde et al., 1996). 

We first define the dimensionless temperature scale fl* as 

0' = (11) 

where p is the density of the air, is the heat capacity at 
constant pressure, and u * is the friction velocity given from 
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ku 
(12) 

where z is the measurement height,is the roughness length, 
</ is the displacement height, is the integrated stability 
function, and is the Monin-OtNikhov length defined as 

i.—= 
Tul 

kge. 
(13) 

Under unstable conditions. De Bruin a at. [1993, I99SJ found 
that the temperature structure parameter Cf- and 0* are re
lated by 

- d)" I  z - d \ -
(U)  

Seasible heat flux can then be derived using (I0)-(I4) via 
iteration. 

2J. Dcrivalion of Arca-Avcragc Scnsibk Heal Rux 
Over Patchy Sarfaccs 

Inferring area-average sensible heal flux using scintillometer 
from (I0)-{14) requires an aggregation rule that allows for the 
derivation of effective value of the roughness length Zo and the 
displacement height d. This is a classical "aggregation prob
lem," where a link needs to be established between the rele
vant parameters at the patch scale and at the grid scale. For-
limatcly, there has been substantial progress in specifying area-
average parameters using either empirical [Mason, 1988; BIyih 
el al., 1993; Blyth and Harding, 1995; Noiihan and Lacarrm, 
I'W.Shultleworth, 1988, 1991;/1nim ef a/., 1996) or theoretical 
approaches [Utomme, 1992; Lhomme el al., 1994; Chehbouni el 
al., 1995; Raupach, 1991, 1995; Raupach and Finnigan, 1995|. 
Following Shuttkworth et al. [1997], effective roughness length 
can be formulated as 

In' 

while the effective displacement height can be formulated as 

d ^ y, x'.d, (16) 

where j(,, and d, arc (he patch scale roughness length and 
liisplucement height, respectively, which were derived as func
tions of the vegetation height; w, is the fraction of the surface 
covered by the patch i; and is the blending height, which is 
expressed as a function of (he friction velocity, wind speed, and 
horizontal length scale [lyicringa, 1986). 

3. Experiment 
3.1. Site Description 

This study took place in the Upper San Pedro Basin 
(USPB), which represents the focus study region for the 
SALSA program. The basin originates in northern Sonora, 
Mexico, and flows north into southeast Arizona, (see Figure 1 
for sue location). The basin embodies a number of character
istics that make it an exceptional outdoor laboratory for ad-
drcs.sing a large number of saentiflc challenges in arid and 
semiarid hydrology, meteorology, ecology, and social and pol

icy science [Goodrich et al., 1998]. The basin is a transition area 
between the Sonoran and Chihuahuan Deserts. It is an inter
national basin spatming the Mexico-United States border with 
significantly diiTerent cross-border legal and land-use prac
tices, significani topographic and vegetation variation, and a 
highly variable climate, llie annual rainfall ranges from —300 
to 750 mm, with the majority of aiuual precipitation (—65%) 
occurring during the July through September monsoon season 
from high-intensity convective thunderstorms and —30% com
ing from less intense winter Crontal systems. Major vegetation 
types include desert shrub-steppe, grasslands, oak savannah, 
pinyon-juniper, and pondcrosa pine. For this study an experi
mental site made up of two adjacent patches (i.e., a sacaton 
grass site adjacent to a mixed mesquite/grassland site) on the 
San Pedro River Hood plain was chosen. The aerodynamic 
characteristics of the two patches were very different; the grass 
was — I m in height, and the mesquite was —3.5 m in height. 

3.2. Inslnimcniation 

During the monsoon period, measurements include basic 
meteorological data, i.e., wind speed and direction at different 
heights, incoming radiation, air temperature, and humidity. 
Additionally, soil moisture, vegetation sampling, and surface 
reflectance and temperature were also taken. Fluxes of sensi
ble heat and water vapor were measured above both grass and 
the mesquite patches using an eddy covariance-based method. 
Over the grass patch the eddy covariance station consisted of a 
three-dimensional sonic anemometer and krypton hygrometer 
manufactured by Campbell Scientific, Inc. Over the mesquite 
patch the eddy covariance system comprises a three-axis sonic 
anemometer manufactured by Gill instrument (Solent 
A10I2R) and an IR gas analyzer (LI-COR 6262 model), which 
was used in close path mode. The system is controlled by 
spedally written software that calculates the surface fluxes of 
momentum, sensible and latent heat, and carbon dioxide from 
the output of the sonic and IR gas analyzer and displays them 
in real time. During the first portion of the campaign an inter-
compari-son of flux instruments was conducted over a homo
geneous region of the sacaton grass. 

The LAS used in this study was designed and built at the 
Department of Meteorology of the Wageningen Agricultural 
University, and the electronics are those described by Ochsand 
Wilson [1993|. The LAS has an aperture size of 0.15 m, and the 
light source is a light-emitting diode (LED; TIES-16A, Texas 
Instruments), operating at a peak wavelength of 0.94 ^m, 
placed al the focal point of a concave mirror (see Figure 2 for 
a picture of the Lr\S). The reflected beam emitted by the 
transmitter diverges slightly (by —0.002°). The irradiance dis
tribution over the beam is completely uniform. The receiver 
employs an identical mirror to focus light on a photo diode 
detector To distinguish the light emitted by the LAS from 
ambient radiation, it is excited by a 7 kHz square wave. Scin
tillations appear as amplitude modulations on the carrier wave. 
For beam alignment, telescope rifle sights are mounted on 
both the receiver and emitter housings. 

In this study the receiver and the emitter were —900 m apart, 
spanning a transect made up of 25% grass and 75% mixed 
mesquite and grass. The average measurement height was 
10.5 m above the soil surface. The receiver electronics arc 
designed in such a way that after setting the path length it gives 
an output voltage such that C; can be derived from C; = 
10'where is the output voltage of the scintillom
eter. Ten minute average values of the scintillometer output 
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Figure 1. Location map of the Upper San Pedro Basin. 

y^„ were stored on a data logger (Campbell Scientific. Inc.. 
21X) Tliese data were linearly averaged to provide 30 min 
average values. 

4. Results 
4.1. Inlercomparison of Measurcmcnl Syslens 

During the first pari of the inicnstve campaign, two eddy 
correlation instruments were deployed next to each other over 

a homogeneous sacaton grass. At the same time the scintillom
eter was installed over the same patch. s;imp(ing a transect of 
-300 m corresponding to ihe footprint of the eddy correlation 
instruments. In Figure 3a. sensible heal flux estimated by the 
scintillometer is compared to the values obtained using the 

' - rjs 7 • -} 

too 300 300 
SflRsM* >u> LAS (W/m?) 

30 from CjfT^jOaW 

Figure 2. Picture of the emitter of the large-aperture scmtil 
lometcr (the receiver looks similar). 

Figure Ja. Comparistm between vnMhIe hc.ii flu.x obtained 
With the scintiliatiun method and the corresponding values 
measured with eddy correlation systems during ihc intercom-
parison period: Gill, pluses, and Campbell, crosses. 
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Table lb. Statisiical Results of the Iniercompanson Between 

the Sonic From Campbell, the Sonic from GUI, and the LAS 

in Estimating Friction Velocity 

N MAD RMSD R' Const 

Campbcfl/LAS 29 0.04 0.06 0.89 0.70 ass 
GtU/CanipbeU 29 0.0S 0.07 0.62 0J9 1.04 
Gill/UVS 29 0.05 0.07 0.71 0.45 0.95 

050 ' 
-OSO oso 

F(«tnn ««l3atr LAS 

10 frorn CvnpOc* 

Figure Jb. Comparison bet>^ecn friction velocity with the 
scmdnation method and the corresponding values measured 
with eddy correlation systems during the intercomparison pe
riod: Gill, pluses, and Campbell, crosses. 

edily correlation instruments. Rgurc 3b presents the same 
comparison for friction velocity. It is seen that except for a few 
oiitlmcrs the correspondence is good. The differences between 
the scintillometer and eddy correlation estimates for both sen
sible heat flux and friction velocity are of the same magnitude 
as the difference between the two eddy correlation systems. 

The statistical results comparing the different systems are 
gtvcii in Table la for sensible heat flux and in Table lb for the 
friction velocity. This confirms the result obtained elsewhere 
[Dr Bruin et a/., 1996; Lagouarde et a/., 1996), where compar
isons of sensible heat flux measured by the scintillometer and 
eddy correlation over short distances arc within experimental 
error. Therefore oo adjustment of the two eddy correlation 
measurements has to be made. 

After the intercalibratioa period one of the eddy correlalion 
systems (Gill) was deployed over the mesquite patch, while the 
other (Campbell) was deployed over the grass patch. At the 

time the transmitter and the rcceivc-r of iho NcmtiHometer 
"At'ic set —'WO m apart to sample a transect made up of 75% 
rnesquite and 25% grass. Figures 4a and 4b present the differ-
trnce in measured sensible heat Hux and friction velocity be
tween the grass and mesquite patches. Rgures 4a and 4b dem-

(.Mistrate that there are significant differences between the two 
pjtclies, which can be up to 150 W m"' for sensible heat ttux 

and 0 5 m s"' for u*. This contrasted behivtor can he ex-

Fable la. Statistical Results of the Intercomparison EJetween 
the Sonic From Campbell, the Sonic from Gill, and the 
Lartjf Aperture Scintillometer (LAS) in Estimating 
Sctisitile Heat Rux 

N MAD RMSD ft- Const 

Giliy Campbell 29 23.04 34 89 1 (M 0 92 I 59 
GillyLAS 29 20.88 28.40 0 95 094 534 
Cjmp(>ell/LAS 29 22.64 31 63 088 0.94 8.86 

N IS the number of obsen'4lion.s. M/\0 is ihc mcjn atnulute differ
ence. RMSD IS ihe Root Mean St^uare Difference; is the slope 
u| the linear regression: R' is the correUtion coettkienl. and Const is 
the cimstant of linear regression. 

plained by the difference in terms of the canopy height and the 

root system depth between the grass and the mesquite. These 

parameters greatly influence the aerodynamic flow above the 
canopy and the partitioning of available energy into sensible 

latent heat flux. 

4.2. Validation and Discussion 

Equations (10)-{I4) were used in conjunction with effective 

roughness length and effective displacement hei^t obtained 
from (15) and (16) to derive area-average sensible heat flux 
and friction velocity using scintillometer measurements taken 
under unstable conditions from days of the year (DOYs) 225-
231. To verify the performance of the scintillometer, it is nec
essary to derive an area-average friction velocity and area-

average sensible heat flux from eddy correlation measurements 
independently from each patch. 

Simple weighted averages of the fluxes measured by the 
three-dimensional sonics over the grass and the mesquite 
patches were used for the area-average sensible heal flux. 
However, estimating area-average friction velocity is not triv
ial. The approach adopted here was to obtain area-average 
momentum flux (pu*') as a weighted average of the fluxes 
measured independently over each patch and then match it 

With that formulated in terms of effective friction velocity. This 

leads to the following relationship between effective friction 
velocities u * and components friction velocities u *: 

=(5: (17) 

Figure 5 presents a coniparison berA-een the scintillometer-
based friction velocity and that obtained using (17) m conjunc
tion with measured component friction veiodties. The scatter 

so 

f » 
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Figure 4a. Differences of sensible heat flux measured over 
mesquite and over grass. 
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Rgure 4b. Differences of friction velocity measured over 
me?(qtjite and over grass. 

Wajriwd Mtwbia tmM AM 

Fi|>ure 4. Comparison between measured area-average sen
sible heal flux and (he corresponding values derived froni (he 
scintillometer measurements. 

in Figure 5 is larger than those reported in the literature. 
However, if is important to remember that this study is for a 

very complex surface where beierogcncity is present at both 
patch and grid scales. Figure 6 presents a comparison between 
measured values of area-average sensible heat flux and the 
corresponding values estimated by (he scintillometer. The cor-
rrspMulence between (he two are very good. S(a(tsiical analysis 
>>I lite performance of the LAS in es(ima(mg area^average H 
.ind u * are presented in Table 2. The performance of the 

scmdiiometer in estimating area-average sensible heat flux 
over cuiicrasting patches in this study is very similar to that 
reported over a single patch [McAneney et al., 199S). This 

the robustness of the scintillometer approach over 

nonuniform surfaces. 
rhis result is very encouraging because i( suggests (hat reli

able area-average estimates of sensible heat flux can be ob
tained (o validate large-scale atmospheric models without (he 
neeil to deploy a network of hydrometeorological devices such 
as eddies However, a number of issues need to be addressed 
hcftirr i( IS possible to generaliiie (he resuKs obtamed m (his 

\ , can be seen from (10). estimating Cy frtmi C,; re-
• I humidity corrccdon fac(or (ha( has been Iegi(imj(cly 

050 

ne^ected here. This is not necessarily always (he case. The 
problem arises when (he scin(ilIometer measurements are 
made over transects that comprised several patches with sig-
nUicantly different evaporating rates (and different low Bowen 
ratios). In this case it is necessary (o derive an effective Bowen 

ratio, and this may not be (rivial. Adduionally. there is a need 
to investigate the case where the sign of the heat flux changes 

along the transect because the scmdiiometer cannot distin
guish between stable and unstable conditions, fnnaily. the issue 
associated with changes in wind direction from downpath to 
cross-path needs (o be investiga(cd 

5. Conclusions 

Several successful studies have invcsdga(ed (he use of (he 

scintillometer in estimating area-average sensible heat flux 
over homogeneous surfaces. The objective of this study was to 
(est (he performance of (he scin(illome(cr ()vcr a surface made 
up of rvvo con(r3simg patchci llic approach uicd was (o com

bine scmdiiometer measurements v^ith an aggregation scheme 
(o derive effective roughness length and effective displace

ment. The result showed (hat (he agreement between the mea

sured and simulated area-average sensible heat tlux values is 
very good. The Lf\S has several major advantages for measur
ing sensible heat flux: (1) it is not sensitive (o flow distortions 
near the instrument; (2) it is easy to operate and to mamr.iin. 
(3) It gives stadMically more rcli.iHc »Liia, which allow.cd tor 

averaging over a short dme penoj More importandy. i( can 
provide a reliable totil f»»r estimating sensible heat flux a( 
spatial scales compatible with nieicv»jolog»cal models and re-
mo(e-sensing sa(elh(es. 

Table 2. Statistical Results of the Comparison Between 
Measured and ScinliUometer-Based Area-Average Sensible 
and Friction Velocity 

Figure 5. Comparison between effective friction velocity de-
riveif !n tin eddy correlation measurements and (he corresponding 
v . i l i i e s  r * v a l u a ( e d  w i ( h  ( h e  s c m d i i o m e t e r  L f n i t s  a r e  m  s " '  

N MAD RMSD X..,. ft' Consi 

Sensible heal flut M I f .  :: 5 l)'J7 11 10 
Friction vclocit> S-t OOO 0 in U hj 0 63 006 
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