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CHAPTER 1
INTRODUCTION

1.1 Overview

[n this dissertation, I use four numerical models to examine the sensitivity of radio-
brightness to soil moisture in bare and grass-covered prairie soils. These models are:
an Annual Thermal/Radiobrightness (AT/R) model for freezing soils (Chapter 2); a
one-dimensional Hydrology/Radiobrightness (ldH/R) model for bare, unfrozen soils
(a ldHbu/R model — Chapter 3); a 1dH/R model for bare, freezing soils (a 1dHb/R
model — Chapter 4); and a IdH/R model for a prairie grassland (Chapter 5). Each
successive model involves increasing complexity. [ present a chapter on each model
describing the added complexity and its consequences. The FORTRAN computer
codes for the AT/R model and a 1dH/R model of mixed bare and grass-covered soils

are included in Appendices A and B, respectively.

1.2 Background

1.2.1 Soil Moisture

Moisture plays a crucial role in the land-atmosphere energy balance because it
governs the partitioning of energy and water through evaporation and transpiration
at the lower boundary of the atmosphere. Considerable effort has been made to

understand the effects of soil moisture on atmospheric circulation. For example,
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Namias [83] was among the first to address the influence of anomalous soil moisture
conditions on the atmosphere. Because he and others found that seasonal anomalijes
of soil wetness had a significant effect on the atmospheric seasonal cycles. models of
energy and moisture transfer in soil and vegetation that lead to estimates of land-air
energy fluxes must be accurate if the predictions of atmospheric circulation models
are to be reliable.

Energy and moisture transfer in soil were successfully described by Philip and
de Vries [92] and de Vries [23]. In their theory, energy and moisture movement are
coupled through temperature gradients, liquid water concentration gradients, pressure
gradients, and gravity. The theory has been used by Milly and Eagleson [79, 80],
Milly (77, 78], Abdel-Hadi and Mitchell [1], Shah et al [107], Thomas [114], Ewen
and Thomas [34], and Thomas and King [115]. Its weaknesses are relatively well
understood by the soil science community, and it continues to be the best theory
available.

Freezing soils exhibit a very different coupled transfer of energy and moisture
from that of non-freezing soils. The differences are associated with the following four
respects: 1) liquid water and ice co-exist over a wide range of temperatures below
the freezing depression point (FDP) [127, 4, 36, 116, 90, 12]; 2) liquid water con-
tent becomes the iterative solution of highly nonlinear, coupled temperature-suction
and water-retention equations: 3) temperature-moisture content curves for repeat-
edly freezing and thawing soils exhibit hysteresis [64, 50]; and 1) ice lensing and frost
heaving occur as liquid water is drawn to the freezing front [5. 12. 16. 63].

[n vegetated areas. moisture available to the atmosphere is from both the wetted
foliage through evaporation and the dry foliage through transpiration [25. 106. 130].

Transpired water is affected by the incoming solar radiation, air vapor pressure deficit,



soil moisture (matric head). and air temperature [86]. Among these factors. soil
moisture determines the maximum rate of water that can be extracted from the root
zone. In this manner. soil moisture regulates the exchanges of energy and moisture

fluxes at the land-air interface.
1.2.2 Biophysically-Based Models

Many researchers over the past few years have attempted to develop biophysically-
based models that predict vertical moisture and temperature profiles of soil and veg-
etation as well as surface fluxes. Two of the most comprehensive ones are BATS [25]
and the Simple Biosphere model (SiB) [106]. They possess three common features.
First, both are designed for use in general circulation models (GCMs). Second, they
consider a broad range of soil textures whose thermal and hydraulic properties are
specifically prescribed. Third, land cover is modeled biophysically and realistically to
compute the albedo, drag. and energy partitioning characteristics of the associated
vegetated surface.

The two models were applied in a variety of studies related to weather and cli-
mate. First, Dickinson and Henderson-Sellers [26] incorporated the BATS model into
the NCAR Community Climate Model (CCM) to study the effects of tropical de-
forestation on climate. They repiaced the Amazon tropical forest in South America
with impoverished grassland and ran a 13-month simulation. The results were com-
pared with those obtained from the original CCM. They found that reduced sensible
heat exchange and less interception and evaporation from the canopy caused runoff
to increase and surface temperatures to rise by 3 to 5 K. This had a detrimental
impact on the survival of the remaining forest and on attempts at cultivation in de-

forested areas. Sccond. Sato et al {103] implemented SiB in a modified version of the



National Meteorological Center’s global spectral GCM (SiB-GCM). Their motivation
was to investigate the effect of replacing the conventional bucket hydrology model of
Manabe [75] with SiB of Sellers et al [106] and Dorman and Sellers [28]. The study
showed that the SiB-GCM produced a more realistic partitioning of energy at the
land surface than the conventional GCM.

In summary, it has been recognized that the inclusion of more biophysically
realistic parameterizations of land surface processes leads to better GCM perfor-
mance [26, 103]. The degree of parameterization should be carefully balanced between

computational economy and model performance.
1.2.3 Passive Microwave Remote Sensing

Satellites that are designed for frequent coverage of the land surface are particu-
larly useful in inferring land-surface parameters and fluxes. In particular, microwave
frequencies are sensitive to soil moisture through the dominant influence of liquid
water upon microwave emissivity in bare or sparsely vegetated soils [19, 87, 88, 3].
Dense vegetation becomes the physical link between the soil and the atmosphere and
absorption and scattering of microwave energy in a dense canopy can dramatically
decrease the sensitivity of radiobrightness to soil moisture, especially at higher mi-
crowave frequencies. In general, lower-frequencies are preferred for their sensitivity
to soil moisture with L-band being the best [105].

Microwave frequencies are sensitive to the state and amount of soil moisture be-
cause of a significant contrast in the relative dielectric permittivity between liquid
water and ice as described by the Debye relaxation equation [119]. The relaxation
frequency of liquid water lies in the microwave band, while that of ice lies in the

kilohertz band. Since moisture content and state dominate soil dielectric properties



(i.e.. the radiometric behaviors of frozen and thawed soils are very different). it is
possible to classify frozen and thawed soils using radiobrightness. For example, a
combination of the 37 GHz radiobrightness and the 10.7 to 37 GHz spectral gradient
from the Scanning Multichannel Microwave Radiometer (SMMR) has been used to
map the freeze/thaw boundaries in the upper Midwest of the United States for the

fall of 1984 [131. 132].

1.3 Format and Research Questions of the Thesis

The overall objective of the thesis is to link the moisture stored in bare and grass-
covered prairie soils to radiobrightness. Because radiobrightness is sensitive only to
moisture in the upper few centimeters of soil [33], the linkage to relevant moisture
stored in the upper meter of soil requires 2 model of moisture transport in the soil,
i.e., ldH models. The thesis is organized according to increasing complexity of these
models.

Chapter 2 introduces the AT/R model. The AT module focuses upon physical
treatments of soil to track energy transfer for estimates of the temporal soil tem-
perature profile. Thermal properties such as apparent volumetric heat capacity 6]
and thermal conductivity [24] are functions of temperature — particularly at freez-
ing temperatures in moist soils. These temperature dependences render the heat
flow equation highly nonlinear, especially as free water freezes or thaws and as phase
boundaries propagate. The depressed freezing point (DFP) is determined using the
approach of Andersland et al [6]. [ solved the one-dimensional heat flow equation
using the finite element scheme of England [29] which tracks isotherms within the
soil.

Results from the AT module are linked to an R module for predictions of annual






