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CHAPTER 1
INTRODUCTION

1.1 Overview

In 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 (1dH/R) model for bare, unfrozen soils
(a 1dHbu/R model — Chapter 3); a 1dH/R model for bare, freezing soils (a 1dHb/R
model — Chapter 4); and a 1dH/R model for a prairie grassland (Chapter 5). Each
successive model involves increasing complexity. I 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,



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 anomalies
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 4) ice lensing and frost
heaving occur as liquid water is drawn to the freezing front [5, 42, 16, 63].

In 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 replaced 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. Second, 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 a model of moisture transport in the soil,
i.e., 1dH 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]. I 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



radiobrightnesses. Wet soils are sufficiently absorptive of microwaves that effective
emission depths are usually less than a few centimeters. This permits a first-order
approximation to the radiobrightnesses of bare, quasi-specular, wet soils [29, 69]. At
temperatures above the DFP, soil dielectric properties are estimated from a four-
component mixture of soil solids, air, free water, and bound water [27, 119]. Below
the DFP, ice becomes a 5th component. Fresnel coefficients are used to estimate re-
flectivities. To demonstrate the significance of seasonal weather forcing upon thermal
and radiobrightness signatures, I compare the predictions from the AT /R model with
those of an equivalent diurnal thermal/radiobrightness model.

The 1dHbu/R model for bare, unfrozen soils is described in Chapter 3. Unlike the
AT /R model, energy and moisture transport are coupled through theory of Philip and
de Vries [92, 23]. A finite difference scheme is used to solve these coupled equations
to obtain the temperature and moisture profiles in the soil. At the upper boundary
of the soil column, the Newton-Raphson method [94] is applied to match energy and
moisture fluxes. At the lower boundary, constant energy fluxes are obtained from the
AT module results. The hydraulic conductivity of the moist soil follows the Mualem
model [82]. The corresponding water-retention relation follows the two-parameter
junction model of Rossi and Nimmo [102]. T also incorporate improved models for
the vapor diffusion coefficients [61] and the tortuosity factor for the diffusion of gases
in soil [66].

The thermal module is linked to an R module as in the AT/R model. I simulate a
60-day dry-down of bare, unfrozen soils in summer to examine the relative influence
of moisture movement on radiobrightness. I also re-examine the Radiobrightness
Thermal Inertia (RTI) [31] measure of soil moisture for bare soil. RTI relates soil

moisture to the diurnal variation in radiobrightness through the increase in thermal



inertia and the decrease in emissivity with increasing moisture content.

Chapter 4 concerns the 1dHb/R model for bare, freezing soils. The 1dHb mod-
ule is an improved version of the 1dHbu module that accounts for soil freezing and
thawing. Using the 1dHb/R model, I ran a 90-day, northern latitude, fall/winter, dry-
down simulation to examine the influence of water transport on the soil temperature,
moisture, and radiobrightness signatures of bare, freezing soils.

Chapter 5 concerns the 1dH/R model for prairie grassland. The 1dH module
simulates the land surface processes and estimates the temporal temperature and
moisture profiles in the soil and canopy for a prairie grassland. The treatment of the
soil is similar to that in the 1dHb and 1dHbu modules except that I also account
for the influence of transpiration on the coupled energy and moisture transfer within
the root zone. The grass canopy is regarded as a one-layer biophysical medium
with dynamic energy and moisture exchanges with the soil and with the atmosphere.
The grass cover may vary from 0 % to 100 %. Sensible heat transfer is determined
using the bulk aerodynamic approach [117]. The aerodynamic resistance is given
by Chehbouni et al [18]. Latent heat transfer by evaporation from bare soil or wet
foliage is modeled in a fashion similar to the sensible heat transfer. Latent heat
transfer due to transpiration is treated using the approach of Verseghy et al [123].
In this approach, the latent heat transfer is affected by foliage temperature, water
potential, insolation, soil temperature, and moisture content/state. The Newton-
Raphson method is applied to match the boundary energy and moisture fluxes at the
soil-canopy interface. Thatch is included as an insulting layer that is subject only to
radiation exchange with the overlying canopy and the underlying soil.

Temperature and moisture profiles from the 1dH module are incorporated into the

R module to estimate radiobrightness. The R module and its associated dielectric



properties are similar to the radiative transfer model of England and Galantowicz [32).
The total model brightness is comprised of the soil brightness attenuated by one trip
through the canopy, the downwelling canopy brightness reflected by the soil and
attenuated by one trip through the canopy, the upwelling canopy brightness, and the
sky brightness reflected by the soil and attenuated by two trips through the canopy.
The relative permittivity of the wet canopy is approximated by the dual-dispersion
model of Ulaby and El-Rayes [120]. The optical thickness of the grass layer is from
England and Galantowicz [32].

Predictions from the 1dH/R model are compared with observations from the First
Radiobrightness Energy Balance Experiment (REBEX-1) on prairie grassland near
Sioux Falls, South Dakota, during the fall and winter of 1992-1993 [39]. The compar-
isons include soil heat flux at 2 cm depth, soil temperatures at 2, 4, 8, 16, 32, and 64
cm depths, canopy temperature, and horizontally polarized radiobrightnesses at 19
and 37 GHz.

Upon verifying the 1dH/R model, I ran the model for a 60-day dry-down simu-
lation for a 100 % vegetation-covered prairie in summer to study the sensitivity of
radiobrightness to soil moisture. The utility of the RTI measure of soil moisture in
vegetated fields is also examined.

Chapter 6 is a summary that includes the major contributions of the thesis and

recommendations for future research.



CHAPTER 2

The Annual Thermal/Radiobrightness (AT/R)
MODEL

Abstract — We have developed physically based, diurnal and annual
models for freezing/thawing moist soils subject to annual insolation, ra-
diant heating and cooling, and sensible and latent heat exchanges with
the atmosphere. Both models have the same weather forcing, numerical
scheme, and soil constitutive properties. We find that surface temperature
differences over a diurnal cycle between the annual and diurnal models are
as much as -5 Kelvins in March, -7 Kelvins in June, -4 Kelvins in Septem-
ber, and 5 Kelvins in December for 38 % (by volume fraction) moist soil.
This difference occurs because the annual model includes the history of
energy fluxes at the surface of the soil.

The annual model is linked to microwave emission models for predic-
tions of temporal radiobrightness signatures. The model predicts a rel-
atively weak decrease in diurnal differences in soil temperature with in-
creased moisture content, but a significant decrease in diurnal differences
in radiobrightness. It also exhibits notable perturbations in radiobright-
ness when soils freeze and thaw. The moisture dependent, day-to-night

radiobrightness difference is enhanced by as much as -42 Kelvins at 19.35



10

GHz horizontal polarization for frozen soil if daytime thawing occurs.

2.1 INTRODUCTION

Land surface processes strongly influence the dynamics of the atmosphere over a
wide range of space and time scales through exchanges of momentum, moisture, and
energy. Soil surface temperature and moisture are key parameters in that they are
products of the energy balance between the land and atmosphere. They are also diag-
nostic parameters in that they govern infrared and microwave emission. Reliably mod-
eling soil surface temperature and moisture are crucial to simulate land-atmosphere
interactions and to study radiometric signatures of bare or sparsely vegetated soil.

The focus of this paper is upon the radiobrightness of moist agricultural soils in
northern prairie during periods when they are bare of vegetation. Such conditions
exist over significant periods of a year for many fields in the northern Great Plains
and on the steppes of Asia. None of these fields will fill a resolution cell of a satellite
sensor such as the Special Sensor Microwave/Imagers (SSM/I) which have spatial
resolutions of 69 x 43 km at 19.35 GHz, 37 x 28 km at 37.0 GHz, and 15 x 13 km at
85.5 GHz [49).

One strategy for synthesizing an expected radiobrightness for a resolution cell
would be to aggregate the predicted radiobrightnesses of typical landcover types for
the cell according to their expected occurrence throughout an annual cycle. The bare
field, or one that is covered by stubble, would be an expected occurrence in agricul-
tural prairie — especially during spring and fall when hydrologists would particularly
like to know the quantity of water that is stored in soil or snow. Our overarching
objective in this and a companion paper (Chapter 3) [71] is to develop an expected

annual radiobrightness for these bare soils.
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Several one-dimensional thermal models have been developed for bare rocks or
soils to predict their thermal infrared (TIR) or thermal microwave (radiobrightness)
signatures over diurnal periods. Watson [125] applied the Laplace transform method
to develop a diurnal model for rock and dry soils. He proposed using diurnal tem-
perature extremes — a measure of a rock’s thermal inertia — to discriminate among
rock types in TIR images. Kahle [59] developed a diurnal finite difference model for
moist soils and proposed using thermal inertia to discriminate among various soils.
Price [95, 96] developed a similar model and demonstrated that thermal inertia could
be used to infer soil moisture. England [29] developed a diurnal finite element model
for freezing and thawing soils to examine the empirical observation that a combina-
tion of 10 and 37 GHz radiobrightness from the Scanning Multichannel Microwave
Radiometer (SMMR) could be used to map frozen and thawed prairie soils [30], and
to extend the TIR-based, thermal inertia technique of estimating soil moisture to the
SSM/T’s spectral range of 19-85 GHz [31].

None of these diurnal models, nor any of the more recent remote sensing ther-
mal models for vegetation covered terrains, place the diurnal thermal event in an
annual context, nor do they incorporate physical models of freezing point depression
or of coupled thermal and moisture transport. Using a variable time interval Laplace
method to create an annual model for dry soils, Liou and England [69] found signifi-
cant differences in predicted surface temperatures between the annual model and an
equivalent diurnal model. Because soil temperature is a convolution of many past
diurnal events, the seasonal history is embedded in the surface temperature. In our
companion paper (Chapter 3) [71], we report on a finite difference, coupled temper-
ature and moisture, diurnal radiobrightness model based upon the thermal modeling

approach of de Vries [24] and advanced by Milly and others [79, 80, 77, 15, 78, 7].
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However, this coupled model is too computationally intensive to become a practical
annual model.

In this paper, we present the finite element annual thermal /radiobrightness model
for moist soils that are subject to freezing and thawing, and compare the model’s pre-
dictions with those of our equivalent diurnal model [29]. Our specific objectives are to
extend our earlier findings for dry soils [69] to the more interesting case of the moist,
freezing and thawing soils found in northern prairie; and to identify appropriate lower
boundary temperatures by latitude and day-of-year for use as lower boundary tem-
peratures in our coupled model for bare, moist soils (Chapter 3) [71]. The use of this
lower boundary temperature places the coupled diurnal model in the approximate
thermal context of an annual model. We also achieve a more rapid convergence of
the coupled model by initializing its temperature profile with the temperature profile

from this annual model for latitude and day-of-year.

2.2 THERMAL MODELS

2.2.1 Soil Constitutive Properties and Thermal Models

Soil temperatures are obtained by solving the one-dimensional heat flow equation

within soil:

9 9 OT,(2,1)
1 CoT) Tes) = o 2z T, 1)

where Cj, is the apparent volumetric heat capacity of the soil at constant pressure
(J/m3-K), Tg(z,t) is the ground temperature at depth z (m) and time ¢ (s), and A
is the thermal conductivity (W/m-K). Following Andersland et al [6], the apparent

volumetric heat capacity is described by

Cp =Cq+ C,(G — (911) + Cyb, + Lf%, (22)
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where Cy is the volumetric heat capacity of dry soil matrix, C; is the volumetric heat
capacity of ice, Cy is the volumetric heat capacity of unfrozen water, 6 is the total
water content, (m®/m?), 6, is the unfrozen water content, and L is the volumetric
latent heat of fusion (J/m?). Soil thermal conductivity is computed by using the de

Vries” model [24]:

B
)\ — =1 "MV 2, 2.3
i=1 kil (2:3)
where k;,i = 1,---,n is the weighting function of the i** constituent; 6;,: =1,---,n
is the volumetric content of the i*" constituent; and \;,7 = 1,---,n is the thermal

conductivity of the :** constituent.

Figure 2.1 shows the apparent volumetric heat capacity, unfrozen water content
and thermal conductivity of 17 % and 38 % (by volume fraction) moist soils versus
temperature.

Figure 2.1 (a) indicates that unfrozen water content decreases exponentially with
decreasing temperature below the depressed freezing point (DFP) [6] and the rate
of decrease depends upon soil texture. In general, the lower the moisture content,
the lower the DFP. The DFP is 267.2 K for 17 % moist soil and 272.5 K for 38 %
moist soils. In this paper, we chose a silt loam because it is typical of prairie soils.
Typical silt loams have a porosity, field capacity and wilting point of 48 %, 28.6 %,
and 13.3 %, respectively. Their dry substance consists of 19 % sand, 22.5 % clay,
and 58.5 % silt [102]. Soil constituents, water, ice, and air have very different ther-
mal properties as shown in Table 1. Figure 2.1 (b) shows that moist soils have an
extremely high heat capacity as moisture begins to freeze at temperatures slightly
lower than the DFP. Figure 2.1 (c) shows that soils with a higher moisture content
have a higher thermal conductivity below the DFP, while those with a lower moisture

content behaves weakly in the opposite sense.
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Figure 2.1: (a) Unfrozen water content. (b) Apparent volumetric heat capacity. (c)
Thermal conductivity. These soil constitutive properties are applied to both diurnal

and annual models.
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Substance | A, W/m-K | C, J/m*-K | p, kg/m>
Quartz 8.892 2.009 x 10° | 2660
Clay 2.930 1.894 x 10° 2650
Water 0.586 4.194 x 108 1000
Ice 2.240 1.937 x 10° 917
air 0.249 1.237 x 10° 1.231

Table 2.1: Thermal conductivities, volumetric heat capacities, and densities of some
soil materials, water, and air at 10°C and of ice at 0°C (after de Vries [24]).

Cp and X are an aggregate of the physical properties of all of the soil constituents.
Because some of these are temperature dependent, the heat flow equation is highly
nonlinear with soil temperature. The problem becomes particularly difficult as the
state of free water within soil changes and phase boundaries propagate. To solve (2.1),
we used the finite element scheme of England’s model [29] which tracks isotherms
within the soil.

The term in parenthesis on the right of equation (2.1) is the negative of the en-
ergy flux at depth z and time t. Equation (2.1) is solved by imposing the following
boundary conditions of weather forcing at the land-atmosphere interface and a zero

energy flux at a depth beyond the annual thermal pulses.

2.2.2 Boundary Conditions

The energy budget at the land-atmosphere interface is a balance among radiant

heat, sensible heat, and latent heat. The energy flux available to soil at the surface is
F(0,1) = Fun(t) + Fay(t) — Fat)  Falt) - Fy(t), 24)

where Fi,, is insolation reduced by cloud extinction, atmospheric absorption, albedo,
and the cosine of the zenith angle; Fy, is sky brightness with a correction for cloud

cover; Fy, is the sensible heat transfer from the land to the atmosphere; Fy, is the
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latent heat transfer from the land to the atmosphere; and Fj is gray-body emission
from the soil’s surface. Fyun, Fiy and F; have been further described in England [29].

The sensible heat transfer from the bulk transfer method may be expressed by [117]

T,(0,¢) - Ta(zr,t)) , (2.5)

Fu=p.-Co -
sh Pa * Cp, ( r
where r, is the aerodynamic resistance (s/m), p, is the air density (kg/m?), ¢, . is

the air specific heat at constant pressure (J/kg-K), Ta(z,t) is the air temperature at

a reference height z; and time ¢t (K). The latent heat transfer is given by [91]
F
Fn=1f- —B—h, (2.6)

where f is evaporation efficiency, and B is the Bowen ratio. The evaporation efficiency,
a ratio between real evaporation and potential evaporation, is chosen to be a linear
function of soil moisture content with values between 0 and 1 corresponding to wilting
point and saturation, respectively.

The Bowen ratio may be estimated by [91]

Ta(0,8) — Ta(2r,t)
e(0,t) — e(2r,t) ’

B=x- (2.7)

where 7 is the psychometric constant (Pa/K), €(0,¢) is surface water vapor pressure
(Pa), and e(2,t) is air vapor pressure at the reference height (Pa). Air temperature
is assumed to be the climatic value for the time-of-day and day-of-year of the location
for which the model was run. For our purposes, this location was chosen to be Sioux
Falls, South Dakota. The partial pressure of the water vapor was arbitrarily chosen
to be constant through a day and of a value that would yield a 40 % humidity at

solar noon. The psychometric constant is expressed as [91]

Cpa' P

7= 0622 L.
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where p is the atmospheric pressure at the boundary layer (Pa), and L, is the latent
heat of evaporation of water (J/kg).

The saturation water vapor pressure is obtained by solving

2354
log(0.01e) = 9.4041 — 3T5’ (2.9)

where log is decimal logarithm, and T is the temperature. Equation (2.9) is from the

Clausius-Clapeyron equation with higher-order terms neglected [53].

2.2.3 Model Results

The ground warms quickly as the sun rises. Capturing these rapid changes with
the numerical integrations requires time intervals of 10 minutes or less. Because there
are over fifty thousand 10-minute intervals in an annual cycle, compared to only 144
intervals in a diurnal cycle, the numerical simulation of the annual model becomes
computationally intensive. To gain quicker convergence, the annual equilibrium tem-
perature (AET) is assigned as the initial temperature of soil at all depths and all
time-steps. The AET is chosen so that the sum of incoming absorbed insolation and
sky radiation and the outgoing emission from the surface are in balance. A similar
treatment for the initial temperature is applied to the diurnal model.

The annual temperature at all depths and all time-steps generally differs from AET
by less than 40 Kelvins so that its profile can be sufficiently described by 40 dynamic
one-Kelvin isotherms. Similarly, 20 one-Kelvin isotherms are generally sufficient for
a diurnal model. The actual number of isotherms is not only dependent upon time
scale, but also dependent upon moisture content and state.

Figure 2.2 shows the surface temperatures for 17 % moist soil with latent heat

transfer, and 38 % moist soil with and without latent heat transfer for March, June,
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September, and December at a northern latitude of 43.5 degrees (that of Sioux Falls,
South Dakota). Soils appear to resist changes in temperature as moisture freezes and
thaws (Figure 2.2 for dates 03/22 and 12/22). A comparison of Figure 2.2 (a) and
(b) shows 17 % moist soils respond to the weather forcing at the land-atmosphere
interface faster and to a greater extent than to the 38 % moist soils, i.e., wetter soils
have a higher apparent thermal inertia. The difference in the diurnal variation is 7.8
Kelvins for March, 6.8 Kelvins for June, 5.4 Kelvins for September, and 5.2 Kelvins
for December. A comparison between Figure 2.2 (b) and (c) shows that latent heat
exchanges with the atmosphere tend to suppress diurnal temperature variation. These
decreases are 1 Kelvin for March, 4.4 Kelvins for June, 2.8 Kelvins for September,
and 0.01 Kelvins for December. The decreases are in the direction to enhance the
effect of moisture on apparent thermal inertia.

The thermal conductivity of 38 % moist soil is more than two times larger than
that of 17 % moist soil at temperatures below the DFP so that the apparent thermal
inertia is greater in March and December for more moist soils (Figure 2.1 (c)). More
importantly, apparent volumetric heat capacity of 38 % moist soil is more than an
order of magnitude greater than that of 17 % moist soil at temperatures between
their DFPs (Figure 2.1 (b)).

Figure 2.3 shows the diurnal isotherms for 38 % moist soil with latent heat transfer
for March and June. Notable characteristics include (1) isotherms are created after
sunrise and start to merge some time after peak insolation; (2) temperature gradients
in the first few centimeters are much larger during the day than during the night; (3)
soil temperatures at depths below 0.8 meter remain approximately constant during a
diurnal cycle; and (4) diurnal thermal pulses penetrate approximately 50 cm in June

but less than 20 cm in March when a large fraction of the insolation is used to melt
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Figure 2.2: Diurnal surface temperatures for (a) 17 % with latent heat transfer, (b)
38 % moist soils with latent heat transfer, and (c) 38 % moist soils without latent
heat transfer for 03/22, 06/22, 09/22 and 12/22.



