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BY ENERGY BALANCE-COMBINATION MODELS
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Adyvisors: N.L. Klocke and T.J. Arkebauer

A two-source model based on the energy balance equation and the Penman-
Monteith combination equation was used to describe energy exchanges of a soybean
canopy and the soil surface. Combination equations which eliminated soil surface
resistance to soil latent heat flux were developed, but the equations contained a new
variable, the soil surface vapor pressure deficit. Objectives were to quantify soil surface
vapor pressure deficit and determine if the modified model improved estimates of soil and
total latent heat flux compared with the original model.

Research was conducted in 1994 at North Platte, Nebraska. Total latent heat flux
from an irrigated soybean field was estimated with the Bowen ratio-energy balance
method. Latent heat flux from the soil was measured with microlysimetry. Soil surface
vapor pressure deficit was quantified with a device which sampled air near the soil surface.

Soil surface vapor pressure was generally underestimated. Drier air from above
the soil surface was mixed with near-surface air and reduced its humidity. Soil surface
vapor pressure deficit was also underestimated, with the most likely error the
underestimation of soil surface temperature.

There were no significant differences between the original soil surface resistance
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model and the modified soil deficit model in the estimation of total or soil latent heat
fluxes. Two-source models estimated total latent heat flux much better than a single-
source model when the canopy was sparse, but there was no difference when the canopy
was full. The models predicted soil latent heat flux best when there was no canopy. Their
accuracy decreased when the canopy was sparse and was poorest when the canopy was
full. Overestimation of soil latent heat flux by the surface deficit model was attributed to
underestimation of soil surface temperature. However, overestimation when the canopy
was full was attributed to canopy-dependent factors such as available energy at the soil

surface, within-canopy aerodynamic resistance or canopy surface resistance.
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Chapter 1. Introduction

Approach of dissertation

This dissertation adopts the structural approach of a scientific paper. Chapter One
serves as introduction, literature review, theory and model development and statement of
hypotheses and objectives. Chapter Two contains general methods and materials; a
description of the field layout, instrumentation and sensors used, and sampling techniques.
Chapters Three, Four, and Five are analogous to results and discussion. Each chapter
contains a discreet paper which treats a detailed aspect of the research. Format of each
chapter follows that of a scientific paper with introduction and focused literature review,
methods and materials specific to the chapter’s facet of research, results and discussion,
and summary and conclusions. Chapter Three addresses the first major objective,
quantification of the near-soil surface environment. Chapter Four analyzes the sensitivity
of the model to soil surface temperature and humidity. Chapter Five addresses the second
major objective; model performance, contrasts, and comparisons. Chapter Six summarizes
and offers conclusions and suggestions for further research and Chapter Seven contains

cited references. Refer to the Table of Contents to see the overview of this approach.

Introduction
Evaporation is a key process in surface hydrology (Hatfield et al. 1992).
Evaporation from soil and plants (evapotranspiration) returns water from land surfaces to

the atmosphere and influences soil water storage, water available to plants and recharge of
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groundwater. The ability to quantify and predict evaporation is important to
understanding links between agricultural practices and water quantity and quality, the
hydrology of natural ecosystemns and global climate.

Evapotranspiration is commonly simulated by mathematical models which partition
energy available to evaporate water. These models have wide applicability. They
evaluated management practices in agriculture (Ritchie 1972, Williams et al. 1984, Jones
and Kiniry 1986, DeCoursey 1992), investigated hydrology of natural ecosystems
(Kelliher et al. 1986, Lafleur and Rouse 1990, Massman 1992, Stannard 1993), and
generated surface inputs to global climate models (Sellers et al. 1986, Wilson et al. 1987,
Dolman 1993). These physically-based models sought to be applicable to a variety of
environments, to use a limited number of readily available input data and parameters and
to have low sensitivities to errors in characterizing generalized parameters.

Researchers have studied evaporation from soil only (Fuchs and Tanner 1967, van
Bavel and Hillel 1976, Hammel et al. 1981, Bristow et al. 1986, Lascano and van Bavel
1986, ten Berge 1990) or considered soil and plant evaporation together in a single-layer
"big leaf" approach (Blad and Rosenberg 1976, Verma et al. 1976, Heilman and
Kanemasu 1976; see Raupach and Finnigan 1988 for a general discussion). However, the
big leaf model assumes that sources of sensible and latent heat are at the same height and
temperature (Stannard 1993) and that resistances to fluxes are ‘bulk’ extensions of
individual leaf stomatal and boundary layer resistances. The assumption of a single source
is reasonable for extremes of no canopy and full canopy, but for a sparse canopy there are

multiple sources of sensible and latent heat at different temperatures. A more detailed
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model is needed which accounts for at least two sources.

Ritchie (1972) was among the first to partition evaporation between plant and soil.
This semi-empirical approach was subsequently incorporated in crop growth and water
use models (e.g. EPIC, Williams et al. 1984; CERES-Maize, Jones and Kiniry 1986).
Shuttleworth and Wallace (1985) partitioned energy between soil and plant evaporation
with a physically based model based on the energy balance equation (Rosenberg et al.
1983), Penman-Monteith combination equations (Monteith 1965) and fluxes modeled with
an Ohm's Law analog (Hillel 1991). This two layer energy balance-combination (EBC)
approach was theoretically extended (Choudhury and Monteith 1988, Shuttleworth and
Gumey 1990) and also incorporated into a water quality model RZWQM, DeCoursey
1992). Only a few field studies have explored different limited aspects of the EBC
approach (Kelliher et al. 1986, Lafleur and Rouse 1990, Ham and Heilman 1991,
Massman 1992, Stannard 1993, Dolman 1993, Farahani and Bausch 1995), although
interest and research has increased.

One area of uncertainty in EBC theory is the soil-atmosphere interface
(Shuttleworth and Wallace 1985, Shuttleworth and Gurney 1990, Ham and Heilman 1991,
Massman 1992). Shuttleworth and colleagues assumed that water evaporates from moist
soil beneath a dry layer of increasing thickness. They defined soil resistance to
evaporation as the diffusive resistance to vapor movement through this dry layer. Some
have defined soil resistance as a function of soil physical properties (Fuchs and Tanner
1967, Novak and Black 1985, Choudhury and Monteith 1988, Brisson and Perrier 1991).

Others have parameterized soil resistance as a function of soil surface wetness (Camillo
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and Gumney 1986, Sellers et al. 1986, Kondo et al. 1990, Mahfouf and Noilhan 1991).
This ‘drying front’ model is conceptually attractive because it incorporates both diffusion
and turbulent transfer processes of evaporation from soil. However, drying front models
which rely on soil physical properties such as porosity, tortuosity or depth of dry layer
may be at a scale of detail inappropriate to EBC models. Parameterization of soil
resistance as an empirical function of soil wetness is not generally applicable. Moreover,
the concept of a uniform dry layer is uncertain when considering a highly variable
evaporation rate or a drying and rewetting soil.

Another way to describe evaporation from soil is to assume that water evaporates
from the soil surface (van Bavel and Hillel 1976, Hammel et al. 1981, ten Berge 1990,
Ham and Heilman 1991). The gradient driving evaporation is the difference between
vapor pressure at the soil surface and vapor pressure of the atmosphere. Flux is limited by
a single aerodynamic resistance. Though the soil surface model simplifies the evaporative
path it has the advantage of integrating the below-surface path into a single potentially
measurable term, soil surface vapor pressure.

Whether considering a single source model like the Penman-Monteith combination
equation, or a multi-source model, estimation of surface and aerodynamic resistances is
critical; or as Raupach and Finnigan (1988) observed, estimation of resistances “may be
fairly said to constitute the whole art of using [the combination equation]”. The soil-
atmosphere interface and how best to describe it in the context of energy balance-
combination models clearly demands detailed study to improve the ability of these models

to simulate energy fluxes.
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