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CHAPTER 1

Introduction

The state and the amount of water stored in soil, snow, and vegetation which
is available to the atmosphere through evapo-transpiration, are the most important
factors governing energy and moisture fluxes at the land surface. These land surface
fluxes, in turn, significantly influence local, regional, and global weather and climate.
A better knowledge of the temporal and spatial distributions of stored water would
allow more reliable forecasts of weather and near-term climate, agricultural produc-
tivity, floods, and drought. Land Surface Process (LSP) models simulate the fluxes
at the land-air interface and estimate stored water. They are forced by weather and
downwelling radiance provided by Atmospheric Models (AMs) within the General
Circulation Models (GCMs). The GCMs are used for weather and near-term climate
prediction and for studies of the sensitivity of the land-ocean-atmosphere system to
various global climate change scenarios [195]. LSP models are also used within 3-D
hydrology models for regional water cycle studies.

However well the land surface processes are simulated, current estimates of stored



water will diverge from reality without the periodic incorporation of relevant mea-
surements, e.g., remotely sensed data such as microwave radiobrightness which can
be related to surface soil moisture [63, 74, 38]. Satellite remote sensing offers the pos-
sibility of wide spatial and frequent temporal coverage of surface soil moisture that
is linked to stored water through the LSP models. Satellite sensing is particularly
advantageous at microwave frequencies because it is independent of sun-light and
clouds, and at least at lower frequencies, of rain as well. Our Microwave Geophysics
Group at the University of Michigan (UM-MGG) has developed a combined LSP
and microwave emission or radiobrightness (LSP/R) model that predicts microwave
brightnesses based upon the current estimates of moisture and temperature profiles
when forced by weather [126, 124, 125, 123, 122, 73, 71, 111]. These brightnesses
can be compared with observed radiobrightnesses and the differences used to correct
errors in the estimate of stored water.

This dissertation describes research conducted to calibrate our high-fidelity, bio-
physically -based LSP/R model for selected sites in the Great Plains with ground-
based field measurements; and to link ground-observed brightnesses to satellite-
observed brightnesses. We chose to investigate the Great Plains region because it
is relatively homogeneous on the scale of satellite microwave radiometers (~30-60
km), it consists of short vegetation such as crops and grasslands with relatively low
biomass (~4 kg/m?), and it occupies about 25% of the land area in North America
[69] playing a significant role in continental weather and climate. Globally, crops and
grasslands occupy about 35% of the land area [69] and have a significant impact upon

global weather and climate.



This chapter offers an overview of existing LSP models and the processes they
simulate, and a summary of some basic concepts in microwave remote sensing, par-

ticularly in microwave radiometry.

1.1 Historical Development of LSP Models

LSP models have commonly been used with the AMs. They receive downwelling
radiation (shortwave and longwave), precipitation, wind speed, air temperature and
relative humidity from the AMs, and pass energy, moisture, and momentum fluxes
to the AMs [195]. Until the mid 1980’s, these flux calculations were based upon
very simple parameterizations involving albedo, moisture availability, and surface
roughness [195]. The sensitivity of GCMs to these parameters have been studied
extensively. Charney et al. [30, 31] investigated the GCM-sensitivity to land surface
albedo by imposing desertification on a number of regions, and showed that large
increases in albedo can function as a positive biophysical feedback. Walker et al.
[208] and Shukla et al. [189] have demonstrated that soil moisture changes may have
large feedback effects on continental climates. For example, Shukla et al. considered
perfectly wet and completely dry soils and showed that dry regions were much warmer
than the wet ones and that rainfall in dry soil regions was much reduced. Sud et
al. [194] investigated sensitivity to surface roughness and concluded that changes
in surface roughness can alter the distribution of convective precipitation through
an influence upon water vapor transport. Idso et al. [94] studied the sensitivity

of bare-soil albedo to changes in soil moisture. Each of these studies demonstrates a



significant coupling between the climatic behavior of the atmosphere and land-surface
processes. Figure 1.1 illustrates some of the feedback mechanisms that can occur with
large-scale changes in surface characteristics.
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Figure 1.1: Possible consequences of large scale changes in three key
surface parameters:(a) albedo (b) roughness length (c) soil
moisture. The left hand side of each figure shows a positive
feedback loop and the right hand side shows a negative
feedback loop [195].

Dickinson et al. and Sellers et al. recognized the need for improved representations



of land-atmosphere interactions and developed new LSP models, viz., the Biosphere-
Atmosphere Transfer Scheme (BATS) [48, 47] and the Simple Biosphere (SiB) [186],
respectively. These models use more sophisticated and biophysically-based parame-
terizations for thermal and hydrologic properties of a broad range of soil and land
cover types. Some parameterizations, such as moisture and heat transport in soil,
remained over-simplified to avoid adding significant computational burdens to the
GCMs. Many LSP models have been developed after BATS and SiB, that differ in
the processes involved and in the characteristics of the parameterizations [19]. Some
of the newer LSP models are outlined in Table 1.1. In 1992, the “Project for In-
tercomparison of Land Surface Parameterization Schemes” (PILPS) was launched to
assess the performance of 23 LSP models [86, 35]. Early results from PILPS show
a large variability among models in monthly averaged radiative temperatures and in
latent and sensible heat fluxes. Large differences in monthly runoff suggest that these
variations are related to hydrologic parameterizations [85, 133]. The importance of
better hydrologic parameterizations was further demonstrated by Bonan [19] when
he compared two recently developed LSP models, the Land Surface Transfer (LSX)
and the Land Surface Model (LSM). These models, which primarily differ in their
implementation of soil hydrology, predict significantly different latent and sensible
heat fluxes [18, 20].

Over the past three years, a few high-fidelity LSP models have been developed.
Although the stored water estimates have improved with such models, the estimates
remain very sensitive to initial soil moisture [10, 11, 12, 33, 32, 207, 9, 217, 75, 113].

Retrospective studies with numerical weather prediction models have demonstrated



the importance of initializing LSP models with realistic soil moisture, especially so

Name Reference

Bucket Scheme Manabe (1969) [130]

Coupled Atmosphere-Plant-Soil model (CAPS) Mahrt & Pan (1984) [129]

Simple Biosphere Model (SiB) Sellers et al. (1986) [186]

Biosphere-Atmosphere Transfer Scheme (BATS) Dickinson et al. (1986, 1992)
[48, 49, 47]

UKMO Warrilow et al. (1986)

Column model for storms (PLACE) Wetzel & Chang (1988) [216]

Bare Essentials of Surface Transfer (BEST) Pitman et al.(1991) {167

GISS Abramopoulos et al. (1988)(1]
Hartke et al. (1997) [81]

Interaction Soil-Biosphere-Atmosphere (ISBA) Noilhan & Planton (1989) [155}

SIBIMA Sato et al. (1989) [176]

Land-Ecosystem-Atmosphere Feedback (LEAF) Avissar & Pielke (1989) [6]
Lee et al. (1992) [120]

MIT Entekhabi & Eagleson (1989)
[62]

NMC-MRF Pan (1990) [160]

Canadian Land Surface Scheme (CLASS) Verseghy (1991) [205, 206]

ECMWF Blondin (1991) [17]

Agrometeorological model (AGROMET) Moore et al. (1991) [142]

Simple SiB (SSiB) Xue et al. (1991) [219]

CSIRO Kowaleczyk et al. (1991) [115]

Schematization des Echanges Hydriques a I’Interface

entre la Biosphere et ’Atmposphere (SECHIBA) Docoudré et al. (1993) [40]

Land surface exchange (LSX) Pollard & Thompson (1992)

Penn State Univ. Biosphere Atmp. Model Scheme

(PSUABMS)

Hamburg/Max Planck -

NMC/Mesoscale -

Princeton University-1 (PU-1) -

Variable Infiltration Capacity (VIC) Wood et al. (1992) [218]
Liang et al. (1996)[121]

Mosaic-SiB Koster & Suarez (1992) [114]

RSTOM Milly (1992) [137]

SPONSOR Shmakin (1994) [188]

TOPLATS Famiglietti & Wood (1995) [65]

BIOME Running, S.

UGAMP Gedney, N.

Land Surface Model (LSM) Bonan (1996) [21, 22]

Land Surface Process/Radiobrightness Model (LSP/R) | Liou et al. (1996) [123]

IAGL Land Surface Model Ridder (1997) [174]

Soil-canopy-atmosphere model Lakshmi (1997) [118]

Microwave Soil Water Energy & Transpiration

(MICRO-SWEAT) Burke (1997) [25, 26]

Table 1.1: A list of some of the major existing LSP schemes [86, 85].

during extremes of weather like floods or drought. Atlas [3] showed that the 1988



drought in the Midwestern U.S. could be modeled accurately only when the model
was driven by realistic initial soil moisture. Betljaars et al. [9] and Paegle et al. [158]
demonstrated that the predictions of 1993 U.S. flooding in the Upper Midwest were
significantly improved when initial soil moisture values were realistic. Even today,
obtaining initial soil moisture is a problem. One promising possibility is to assimi-
late remotely-sensed soil moisture into the LSP models to improve initial moisture

estimates [63, 92, 74, 38]. The initial results have been encouraging.

1.2 Processes Simulated in the LSP Models

In this section, I introduce some basic concepts, and associated equations and
models used by to simulate moisture and energy transport in soil and vegetation.
Figure 1.2 illustrates these processes. The net radiation (shortwave and longwave)

from the atmosphere to the surface is [195]:
R.=R(1—-a)+R} —eocT*—Fp—Fn—F, - F, (1.1)

where, R} is the insolation (W/m?), a is the surface albedo, R} represents downwelling
longwave radiation (W/m?), eoT? gives the upwelling longwave radiation (W/m?), e
is the surface infrared emissivity, o is the Stefan-Boltzmann constant (Wm™2K™*), T,
is the temperature of the surface (K), F,; is the sensible heat flux due to conduction
to air (W/m?), Fj; is the latent heat flux due to the energy released to the air by
evaporation (W/m?), F, represents the heat flux into the ground (W/m?), and F, is
the energy used for photosynthesis (W/m?).

The average magnitude of Fj is typically about 10% of R,, and F, amounts to
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Figure 1.2: Schematic of processes involved in surface physics param-
eterization (adapted from [162, 48]).

less than 1% of the absorbed insolation [195]. The bulk of R, is due to contributions

from sensible and latent heat fluxes. Sensible heat flux (Fj;) is written:

T, - T,
Fog = ( - ) PaCp (1.2)

a

where, T, is the air temperature (K) at reference height, z,; r, is the aerodynamic
resistance to sensible heat transport, water vapor transport, or momentum transfer
(s/m), p. is the density of air (kg/m3), and ¢, is the specific heat of air (J.kg™1.K~1).

The latent heat flux (F;) can be estimated [162]:

Fip=L,.E= Ly.pa (M) J (13)

Ta



where, L, is the latent heat of evaporation (J/kg), E is the rate of evaporation to the
atmosphere (kg/m?.s), f is the evaporation efficiency, g(z,) is the specific humidity
of air at reference height, and ¢(0) is the specific humidity of air at the surface.

Aerodynamic resistance, (r.), is approximated:

= (] .

where, u, is the wind speed at reference height, z,; k is the von Karman’s constant,
usually taken as 0.4, and zo is the surface roughness length (m).

There are three commonly used parameterization schemes for moisture and heat
transport in soil: Manabe’s bucket model, the force restore method, and diffusion
theory. The bucket model is the simplest of the moisture transport models ([24],[130]).
In this parameterization, soil is modeled as a “bucket” with a field capacity of 15 cm.
During precipitation, the bucket fills with the water that exceeds evaporation. The
overflow becomes the runoff. When soil is near saturation, evaporation takes place at
its potential rate, but when moisture levels are below a critical value in unsaturated
soils, the evaporation rate is diminished by the ratio of the current soil moisture to the
critical value. This model provides reasonable bounds rather than realistic values for
evaporation rate because it ignores two processes which influence evapo-transpiration,
viz., canopy resistance and diffusion in soil. The model is useful for GCMs that use
diurnally averaged solar heating, but it is inappropriate for LSP models such as SiB
or BATS that use a diurnal cycle of solar radiation [45, 46, 186].

The second parameterization scheme, called the force-restore method, was de-

veloped independently by Bhumralkar [13] and Blackadar [14], and later used by
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Deardorff {43, 44]. This method models un-coupled heat and moisture transport in a
two-layer soil whose surface layer is a few millimeters thick and whose bulk layer is 0.5
meters thick. Above the soil, a vegetation canopy interacts with the soil surface and
the atmosphere. This parameterization is called the “force-restore method” because
the heat fluxes at the ground (the forcing term) are modified by the bulk soil layer’s
temperature (the restoring term) to estimate the net heat flux at the surface [44].
Hunt compared the predictions of the bucket model with those of the force-restore
technique for bare-soil with a diurnal mean sun and showed that the force-restore
model has a more realistic fast initial response to drying conditions followed by a
slow release of deeper water [93]. Modified versions of the force-restore technique are
used in several LSP models such as BATS, SiB, LSM, and LSX.

The third parameterization scheme is the diffusion theory developed by Philip
and de Vries [41, 163]. This theory models coupled heat and moisture transport in
soil and describes this non-isothermal moisture flow, in liquid and vapor phases, with
diffusion-type partial differential equations. Details of this theory will be discussed in
Chapter 2. Some scientists ha.v;e improved upon this theory, e.g., Milly and Eagleson
[138] and Milly [136] developed a matric-head formulation to incorporate hysteresis
and soil inhomogeneities based upon the water-content formulation of the diffusion
model. Bach [7] used Milly’s formulation to study the moisture transport in Otero
sandy loam soil and concluded that the diffusion theory simulates non-isothermal

moisture transport in soil adequately.
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1.3 Remote Sensing Approach to Soil Moisture
Estimation

As mentioned earlier, remotely-sensed data is being incorporated into LSP models
to improve soil moisture estimates [94, 180]. Three remote-sensing approaches that
rely on water’s extreme thermal and dielectric properties, can be used to estimate
surface soil moisture (moisture in the upper 5 cm of soil). These are, the ther-
mal infrared (TIR) approach, which involves measuring the diurnal range of surface
temperature or the canopy-air temperature differential [95, 171, 83, 84]; the active
microwave approach, which involves measuring the backscatter coefficients of the sur-
face [197, 15, 132]; and the passive microwave or the microwave radiometry approach,
which involves measuring the microwave emission (brightness temperatures) of the
surface [182, 154, 101, 178]. Microwave sensing is more suitable for observations dur-
ing cloudy and rainy days than TIR sensing. TIR and active microwave techniques
are highly sensitive to roughness and vegetation cover. While it may be possible to
calibrate these techniques to each unique terrain and the maturity of its vegetation
canopy, the effort would be enormous on a global scale. Microwave radiometry at
1.4 GHz has proven most successful for sensing soil moisture because its dominant
sensitivity is to the dielectric contrast at the land-atmosphere interface, and this con-
trast is determined primarily by the moisture content of the upper 5 cm of soil [180].
Furthermore, successful soil moisture estimation has been demonstrated through as
much as 6 kg/m? [102, 99, 181]. Though microwave radiometry offers lower spatial

resolution (~30-60 km), its resolution is still comparable to the grid-cell size in climate
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and hydrologic models (~10-30 km).

Microwave radiometry has been a focus of research since the 1960’s. Poe et.
al first reported observed correlations between microwave emission from soils and
their moisture content [169]. Since then, various field experiments with ground- and
aircraft-based radiometers have made it possible to relate soil and vegetation parame-
ters to microwave emission at various frequencies, polarizations, and incidence angles
(159, 131, 98]. Newton and McCllelan [153] and Njoku and Kong [154] conducted ex-
periments over vegetated and bare sandy controlled fields, respectively. England and
Johnson [57, 104, 157] used L-band radiometry to map the spatial pattern of surface
soil moisture as an indication of underlying faults. Schmugge et. al. [180, 183, 177],
Eagleman and Lin [53], Burke et. al. [27], Jackson [103], Wang et. al. [211, 213]
were also involved in some of the early soil moisture field studies conducted at var-
ious frequencies and polarizations. Schmugge [177, 179], Wang et al. [212], and Mo
et al. [139, 140] studied the multifrequency effects of soil texture and roughness on
its microwave emissions. Reutov and Shutko [173] did experimental work to retrieve
surface moisture from multispectral observations of bare soil.

Early theoretical studies on brightness temperatures and emission from structured
media were conducted in by Peake [161] and Stogryn [192]. England [55, 56, 61]
studied thermal microwave emission from scattering layers and found that scattering
decreases emission from soils. Njoku and Kong [154] developed a theory for passive
microwave remote sensing of surface soil moisture and temperature profiles. Jackson
et al. [101] and Schmugge et al. [182] described various theoretical and experimental

techniques using microwave remote sensing for soil moisture estimation.
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Camillo et al. developed one of the first LSP models to be used with remotely
sensed brightness temperatures [28, 29]. Their “Soil and Atmosphere Boundary
Layer” model considered thermal and hydraulic transport in soil as a coupled process
and took into account the feedback mechanisms between energy and moisture bal-
ances. The model also discretized the soil into nodes, where distances between the
nodes increased with depth allowing it to capture temporal variations in soil moisture
in the upper few centimeters. Liou et al. followed a similar modeling strategy with
a more complex and physically realistic soil hydrology in their LSP/R model [123].
Recently, Lakshmi et al. [118] and Burke et al. [26] have also developed LSP models

that are linked with satellite brightnesses.

1.3.1 Microwave Emission from Land Surface

Terrain brightnesses primarily depend on the water column density of vegetation
cover [202, 199, 204, 198, 203, 209, 100, 154, 101] and vertical distribution of moisture
and temperature in the upper 5 cm of soil [180]. When the vegetation is less dense, the
radiometric responses also depend on soil texture [177, 52, 212] and surface roughness
[34, 196, 139]. The frequencies of interest for soil moisture studies have been the
Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) frequencies of 6,
10.7, 18.0 and 37 GHz; the Defense Meteorological Satellite Program (DMSP) Special
Sensor Microwave/Imager (SSM/I) frequencies of 19.35, 37.0 GHz, and 85.5 GHz; the
L-band frequency of 1.4 GHz; the S-band frequency of 2.65 GHz; and the C-band

frequency of 5.0 GHz. The lower frequencies are preferred because of their higher
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sensitivity to soil moisture, with L-band being the most sensitive [182, 103, 184]. In
the microwave region of interest, we can apply Rayleigh-Jean’s approximation (1.5b)
to the Planck’s law (1.5a), and surface emission becomes proportional to the product

of physical temperature and emissivity (equations 1.5a - 1.5d) [200].

2hf3 ( 1 )

By = - 1.5

f 2 eI{‘ 1 (1.5a)
hf
T <1 (1.5b)
Bf = 2f:2kT (1.5(:)

- B _TIs
e = Bu - T (1.5d)

where, By is the blackbody spectral density (Wm™2sr~'Hz™!), h is the Planck’s con-
stant (Jsec), f is the frequency (Hz), c is the speed of light in the medium (m/sec), k
is the Boltzmann'’s constant (J/K), B is the brightness (W/m?2.sr) of a blackbody, T’
is the physical temperature of the blackbody (K), e is the emissivity, B is the bright-
ness of a material (W/m?.sr), and Tp is the brightness temperature of the material
(K). The brightness temperature observed by a radiometer at a height, h, above the

ground (bare-soil) contains components from several different sources [200]:

Tg = 7(R)[rTsky + (1 — 1)Tsurf] + Tatm (1.6)

where, 7(h) is the atmosphere transmission, r is reflectivity of the surface (= 1 — ¢€),
Tsky is the downwelling sky brightness (K), Tyurs is the effective surface temperature
(K), and T, is the upwelling emission from the atmosphere between the surface and

the radiometer. If we use lower frequencies, we can ignore the atmospheric effects
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and [58]:
TB = e.T,,,,.f (1.7)

The emissivity of a surface is sensitive to its moisture content because of the large
contrast between the dielectric properties of free water and those of the dry medium.
For example, the relative permittivity of water at 1 GHz is nearly 80, while that of
dry soils is approximately 4. As the moisiure content of soil increases, the dielectric
constant of the soil-water mixture also increases, so that the emissivity of the soil
changes from approximately 0.95 for dry soils to 0.6 or less for wet soils [178]. The
dielectric properties of typical soils at microwave frequencies have been studied by
Hoekstra and Delaney [88], Hallikainen et al. [80], Dobson et al. [52], and England
et al. [60], to name a few. Dobson et al. [52] estimated the dielectric constant
for moist soils with an empirical refractive model [201] which considered soil as a
mixture of solids, air, bound-water, and free-water. The reflectivity (r) of a smooth
soil surface with a homogeneous moisture distribution can be calculated using the

Fresnel equations of electromagnetic theory (1.8) [200].

2
TecosBa T ocoste horizontal polarization

(1.8)

r=

2
Ngcosba—nacosl, . . .
-L——lngwsaa e vertical polarization

where, 7, is the intrinsic impedance for air, 7, is the intrinsic impedance for ground,
0. is the incidence angle, and 8, is the transmission angle in soil.

The dielectric properties of vegetation are more difficult to estimate than soil
because the sizes of the dielectric constituents of vegetation, such as leaves and stalks,

are comparable to or larger than the wavelengths used [201]. If lower frequencies (<20
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GHz) are used, we can develop approximate models to estimate effective relative
permittivity of the vegetation canopy [202]. The dielectric properties of different
vegetation have been experimentally studied by Nelson [146, 147, 148, 149], Nelson
and Stetson [150], Kraszewski [116], Ferrazzoli et al. [66], and Ulaby et al. [201, 202,
199, 204, 198, 203, 54]. The dual-dispersion model developed by Ulaby et al. [198]
remains the most widely used model to estimate the effective relative permittivity of
a vegetation canopy. It models the dielectric constant of vegetation as an additive
mixture of three components: a free-water component, a bulk vegetation-bound water

component, and a nondispersive residual component [198].

1.4 Dissertation Objectives

This dissertation represents an important step toward assimilating remotely sensed
microwave radiometric data to improve soil moisture estimates. It focuses on the
“forward” modeling of terrain brightnesses using our community LSP/R model, and
comparing the ground-based brightness observations with the satellite brightnesses.

It investigates the following questions:

1. Is the implementation of numerical methods in the LSP/R model qual-
itatively and quantitatively accurate?

2. How well does the model estimate soil thermal and hydraulic transport
and terrain brightnesses during summertime, when the land surface
processes are dominant, in the mid-latitude regions for relatively ho-

mogeneous terrains?
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3. Is the model “easily” extendible to the regions with different soil and
terrain types?

4. How well do the brightnesses observed from the satellite correlate with
those observed at the ground, and how well do the experimental sites
during REBEX-4 and REBEX-5 represent the regions within their

respective SSM/I pixels?

[V}

. Can the remotely-sensed SSM/I brightnesses be potentially assimilated

to improve soil moisture estimates by the LSP/R models?

1.5 Dissertation Format

In this dissertation, chapter 2 contains a description of our community LSP/R
model and my modifications to it; and a discussion of results from the tests con-
ducted to ensure the accurate implementation of numerical methods used in the
model. Chapter 3 contains the observations made during our fourth and fifth Ra-
diobrightness Energy Balance Experiments (REBEX-4 and REBEX-5). Data from
these experiments were used to calibrate the modified LSP/R model for bare soil,
brome grass, and winter-wheat stubble. I compare my model estimates with our field
observations in chapter 4, and ground-based brightness observations with resampled
satellite brightnesses in chapter 5. Chapter 6 is a summary of my results and original

contributions, and my recommendations for future research.



CHAPTER 2

The LSP/R Model

This chapter gives a brief summary of our community Land Surface Process/Radiobrightness
(LSP/R) model, a description of modifications made to it, and a discussion of results

from three tests conducted to ensure the accuracy of the numerical simulation.

2.1 The Community LSP/R Model

Our community LSP/R model for moist prairie soils, representative of the northern
Great Plains, was developed by Liou et al. to simulate the effects of coupled moisture
and heat transport on the temperature and moisture of soil and vegetation, as well
as on the brightness of terrain [124, 126]. This biophysically-based model has two
modules: a 1-d Hydrology [124], or more appropriately, 1-d Thermal and Hydrology
(1-dTH) module, and a Radiobrightness (R) module. The 1-dTH module simulates
surface processes when forced by weather, and estimates temperature and moisture
profiles in soil and canopy. The R module estimates apparent terrain brightnesses

based upon the profiles from the 1-dTH module. A thorough description of the LSP/R

18
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model can be found in recently published papers by Liou et al. [122, 124, 126]. This
section gives a summary of the two modules in the community model. A schematic

diagram of how the two modules are connected is given in Figure 2.1.

Weather data
from REBEXs

'

1-dTH module

Temperature & moisture
of canopy & soil, and

energy and moisture
fluxes

Y

Sky brightness R-m@

v
Terrain brightness

Figure 2.1: A flow diagram of interactions between 1-dTH and R mod-
ule in the LSP/R model.

2.1.1 The 1-d Thermal and Hydrology (1-dTH) Module

2.1.1.1 Biophysics and Governing Equations

The 1-dTH module consists of bi-layered vegetation over a homogeneous soil with
uniform constitutive properties. Figure 2.2 shows the surface processes simulated in

the module. The vegetation cover, which includes a canopy and a thatch layer, can
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vary from 0%, for bare soil to 100% for vegetated soil. Figure 2.3 gives a pictorial
representation of a partially-vegetated field that may be represented in the module.
In the figure, the vegetation and the soil cover are 0.5. The module ignores soil-air
interactions in the vegetated soil as the vegetation cover is assumed to be a 100% in

those areas [compare Figures 2.3 and 2.8].

Solalﬂux TDT‘qu Sensibl}hat flux Latent heat flux (Evapo-transpiration)
Air

l}ecipitation

Canopy Qc c
+ Drainage
Thatch & ' ~ 7z=0_ °  Runoff
P iRoot zone
i o3
Soil | |qh(3.4)
qm(3 '4)0 } = Canopy energy flux
Node ® 4 Qc Py energy
Qt = Thatch energy flux
° Qs = Soil-surface energy flux
o z = depth in soil
° qh = heat flux between the nodes
qm = moisture flux between the nodes
n = depth of the lowermost node
® n
qm(n,n+1) | | gh(n.n+1)

'

Figure 2.2: Land surface processes simulated in the 1-dTH module
(adapted from [126]).
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Vegetated Soil / / Bare Soil
g
%
Bare Soil / Vegetated Soil

/

Vegetation cover =0.5
Soil cover=0.5

Figure 2.3: A pictorial representation of a partially vegetated surface
simulated by the 1-dTH module.

The module uses the following mass and energy conservation equations to simulate
coupled thermal and moisture transport in canopy, thatch and soil.
Canopy

Canopy is a photosynthetically active vegetation layer in the 1-dTH module. En-
ergy fluxes in this layer are primarily driven by insolation and canopy thermal infrared
(TIR) emission, while moisture fluxes are driven by evaporation and transpiration.

The energy and moisture transport equations for the canopy are:

3)(,;’"" = pP, - D, — E.) (2.1a)
agthc = —(H:.+ L. — Rx.) (2.1b)

where,

e X,.. and X} are the total moisture and heat contents per unit area stored in the
canopy, respectively, (kg/m? & J/m?),

e p; is the density of liquid water (kg/m3),

o P., D, and E. are the rates of precipitation, water drainage and evaporation (m/s),
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e H. is the sensible heat flux between the atmosphere and the canopy(W/m?),

o L. is the latent heat flux between the atmosphere and the canopy due to evaporation
from the wet fraction and transpiration from the dry fraction of the canopy (W/m?2)
and,

® R, is the net radiation (longwave and shortwave) absorbed by the canopy (W/m?)
Ra: = veg[(l1 — )1 — A)Qsg + Qua + €T} — 2e.0TY] (2.2)

where,

— veg is the fraction of vegetation cover (e.g. = 0.5 in Figure 2.3),

— 7. = Ezp[—k.* LAI] is the transmissivity of shortwave radiation for the canopy
as described by the non-scattering Beer’s law of radiative transfer. k. = 0.4/cos(Z)
is the extinction coefficient [206] and LAI is the Leaf Area Index of the canopy,

— A_ is the albedo of the canopy,

— Qs,q and Q4 are the downwelling shortwave and longwave radiation, respec-
tively (W/m?),

— e. and e; are the thermal infra-red emissivities of the canopy and thatch, re-
spectively,

— o is the Stefan-Boltzmann constant (W/m?) and,

— T, and T; are the canopy and thatch temperatures, respectively, (K).

Thatch

Thatch is a thermally insulating, non-photosynthetic layer in the module that is

used to simulate energy absorption by organic matter above the soil. It does not hold

any moisture and has no influence on the moisture exchanges between the canopy
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and the soil. This layer is more prominent in regions that are undisturbed and has
a significant impact cn energy interactions between the canopy and the soil. The

energy balance equation for the thatch is:

X
ot

= Rue (2.3)

where,
e X}, is the total heat content per unit thatch area (J/m?2) and,
e R, is the net radiation (longwave and shortwave) absorbed by the thatch layer

(kg/m3), and is given by
Rne = veg[r(l — A)(1 — A)(1 — 7)Qsa + 0T + e,0T — 2e,0Tf] (2.4)

where,

— veg, Tey Qs d, €, €1, 0, Tt, and T are as defined for equation 2.2,

— A; is the albedo of the thatch,

— e, is the emissivity of the soil and,

— T, is the temperature of the soil surface (K).
Soil

The soil is homogeneous with uniform constitutive properties. It is discretized into
60 nodes!. Because the nodes closer to soil surface are more influenced by weather
changes than the deeper nodes, the distances between the nodes increase with depth.
The upper few nodes form a root-zone where transpiration in the roots is simulated.

The constitutive properties of soil, such as moisture and thermal diffusivities, tortuos-

1The term "layers” refers to soil zones with different constitutive properties. A homogeneous
soil has only one layer. The term "nodes” refers to discretizations of the layer(s) in the numerical
simulation.



24

ity, thermal conductivity, and water retention, are estimated from empirical models,
detailed descriptions of which are given in [124, 42, 112, 117, 175]. The moisture and

energy balance equations for the soil are,

0Xm -
5 - -~V - Gn (2.5a)
X, -
W = V- gh (2-5b)

where,

e X,, and X, are the total moisture and heat contents per unit volume, respectively

(kg/m3 & J/m?3) and,

® §» and G, are the moisture and heat flux densities, respectively (kg/m?.s & J/m?2.s).
Xm; X, Gn and §,, are given by the diffusion type equations from Philip and

deVries [41, 166, 124].

Xn = pi(0:+0,) (2.6a)
Xy = Cm(T —To)+ Lopibs +p :‘ wdo (2.6b)
Gn = —pi(DrVT 4 DyVO + Kk) (2.6¢)

G = —AVT + LoG, + (cpq0 + c1qt)(T — Tp) (2.6d)

where,

o Cnn = Ca+ cpify + cppi0,,

e p; is the density of liquid water (kg/m?),

e § = 0; + 0, is the volumetric moisture (liquid and vapor) content (m3/m3),
e 0; is the volumetric liquid fraction (m3/m3),

e 0, is the volumetric vapor content (m? of precipitable water/m?3),
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e C,, and Cy are the volumetric heat capacities of moist and dry soil, respectively
(J/m*.K),
® ¢, is the specific heat of water vapor at constant pressure (J/kg.K),
® ¢ is the specific heat of liquid water (J/kg.K),
o T is the absolute temperature (K),
e L, is the latent heat of vaporization at the reference temperature, Tp (J/kg),
o W is the differential heat of wetting,
e D7 and Dy are the thermal and isothermal moisture (liquid and vapor) diffusivities,
respectively (m?/K.s),
e K is the unsaturated hydraulic conductivity (m/s),
e )\ is the thermal conductivity of soil (J/m.K.s) and,
® ¢, and @ are the vector vapor flux densities, respectively (kg/m?.s & J/m?2.s).
Boundary Conditions
At the upper boundary, i.e., at the interface between soil and vegetation, moisture
and energy fluxes are primarily driven by net precipitation and radiation reaching the

soil surface as follows:

Qm(o, 1) = Pl(Dc -FE, — By — Runoff) (2.7&)

Qh(oy 1) = &u - Hs - La (2.7b)

where,
® ¢ (0,1) and ¢x(0, 1) are the moisture and heat fluxes at the interface between nodes
0 (vegetation) and 1 (soil surface), respectively,

® p; is the density of liquid water (kg/m?),
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e H, and L, are the sensible and latent heat fluxes from the soil, respectively (W/m?),
e D, is the rate of drainage (= total precipitation -interception by the canopy) from
the canopy (m/s),

e E, is the rate of evaporation from the soil (m/s),

e E,. is rate of transpiration from the soil (root zone)(m/s) and,

® R, is the net radiation (longwave and shortwave) absorbed by the soil (W/m?),

Rns = veg[ega’Tt‘ + TcTt(l - AC)(]' - At)(l - AS)QS.d]

+(1 — veg)[(1 — As)Qs.d + Qua] — e,0T (2.8)

where, A, is the albedo of soil and all other symbols have been defined in the corre-
sponding net radiation equations for canopy (2.2) and thatch (2.4).
At the lower boundary (n, see Figure 2.2), the module assumes that the energy

(gn) and moisture (g ) fluxes are the same as those for the layer above (n — 1),

gm(n,n + 1) = gm(n — 1,n) gi(n,n+1) = qu(n — 1, n) (2'9)

2.1.1.2 Module Algorithm and Implementation

A flow diagram of the algorithm of computations in the 1-dTH module is given
in Figure 2.4. To begin, the soil and the vegetation properties are initialized and the
initial energy and moisture fluxes are calculated. For the next time step, we force the
module with weather [see Chapter 4], and apply a two-dimensional Newton Raph-
son technique in conjunction with a finite difference method to balance energy and
moisture fluxes at the soil surface. This boundary-flux matching process is repeated

until a specified convergence criterion is satisfied, as shown in Figure 2.6. The new
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fluxes are used to estimate the new surface temperature and moisture. Once the
surface temperature and moisture are estimated, the difference method is employed

to calculate the new fluxes, temperature, and moisture at each node in the soil.

@ time=0

Initialize soil and vegetation properties,
temperature and moisture profiles

@ time >0

v

I Weather forcings I

Y
Match boundary fluxes at

the surface using Newton
Raphson Technique

Y

Estimate new energy and moisture
(e&m) fluxes, temperature, and
moisture at the surface

'

Convergence
criterion satisfied?

Calculate the new e&m fluxes, temperature
and moisture at each node in the soil, using
a finite difference method

Figure 2.4: A flow diagram of 1-dTH module algorithm.

In the 1-dTH module, an explicit finite difference method [28, 126] is employed to
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solve the non-linear, coupled moisture (2.5a) and energy (2.5b) conservation equations

for soil. When we combine the equations 2.5a through 2.6b, we get two equations of

the form:
20, oT _ 06, or _
= ——— Y T e —
X pt 0z 0z

where, M, N, E and F are defined from equations 2.5a through 2.6b, and are functions

of the soil properties (see equations A.16, A.17, A.18, and A.19 in Appendix A). %et‘

and % are the changes in water content and temperature with time. Solving the

above equations for %%L and %{—, results in:

3, FX-EY T MY —NX
8t  MF —EN ot MF—EN

(2.11)

Figure 2.5 gives a schematic representation of the finite difference method as imple-

mented in the module.

For every node, n, in time, Jt,
Initialize soil temperature (T'),
moisture (f) and properties

!

asr .\ _ SGE+1)-S(i _
Calculate M,N,E,F, &, 28 | 25(;) = Z7H)=%U) S =T, ¢

Gms n e and Z 22(j) = HHPRO=L) | Q = g,
13
Calculate %'f- and %% (2.11)
i
onew = aold + 8

&

Thew = Toa + 5¢

where ¢, and g, are the moisture and energy fluxes, respectively,

Figure 2.5: A schematic representation of the finite difference method
used in the 1-dTH module.
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A T=Toa& 0=0y| [T=T, ,&0=0_,(+-)80] [T=T, (+-)5T&06=6,

I !

Calculate L, H, ql;go,l), qm(O,l), AT and A©

using the above T and O values
Calculate {0) = Xo Calculate f{1/2), Calculate f{3/4),
&g(0)=>Y, 7 & g(1/2) & g(3/4)

Calculate Mo, NO’ Eo, and F 0 (eq 2.12c- 2.12f)

L

Calculate 30/3t and 3T/t (eq 2.1 1)|

I

o =0, + 8t

new

T =Told + dT/dt

1

gold: T ew No | If 86/8t and 3T/dt satisfy convergent criteria?
old “new (66/6t <= 0.01 /sec; 8§T/6t <= 0.01 K/sec)
lYes
End

Figure 2.6: A flow diagram showing how the boundary fluxes are
matched using a combination of Newton-Raphson tech-
nique and the finite difference method in the 1-dTH mod-
ule.

where,
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_f2)-f(1) _ f(4) - f(3)
Mo ===355 Eo="55 (2.13)
_9(2) —g(1) _g(4) —g(3)
No ===357 Fo="557 (2.14)
AO =0-6, 66 = 1x10~1°
AT=T-T, 6T = 1x10~1°

L = Latent heat flux H = Sensible heat flux

e 0 is the volumetric moisture content (m3/m3),
e T is the temperature (K) and,
e Subscripts 0 and 1 refer to the parameter values for the current and the last time

steps, respectively.

2.1.2 The Radiobrightness (R) Module

The R module estimates the non-scattering emission from a canopy-cloud layer
over a semi-infinite, homogeneous, and smooth-surfaced soil. The net brightness of

the terrain is [126]:
Ty = Tos + Tocd + Tocu + Tosky (2.15)

where,

e T}, is the emission from soil at the top of the canopy after being attenuated through
the canopy (K),

® T} 4 is the downwelling emission from the canopy reflected by the soil and attenuated
through the canopy (K),

® Ti.u is the upwelling emission from the canopy (K) and,
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® T.iy is the downwelling sky emission reflected by the soil and attenuated through

the canopy (K).

Figure 2.7 shows the different brightness components of the R module [126].

Total brightness = Soil brightness + Canopy brightness + Sky brightness

Sky

Canopy (non-scattering cioud)

Soil (semi-infinite, homogenous, smooth surface)

Figure 2.7: Brightness components in the R module

The relative permittivity and reflectivity of soil is estimated from a four-component
mixture model by Dobson et al. [52] and Fresnel equations, respectively. The relative
permittivity of the canopy is estimated from the dual-dispersion model by Ulaby and
El-Rayes [198]. The attenuation through the canopy depends on its optical depth (1),

which is modeled empirically as [126].

n..k.B.Exp| -t —1
;o= - [0.1149 ] (2.16)

where,

e n. is the refractive index of the canopy,

e k is the wave number,

e p, is the density of water (kg/m3),

e B is the canopy wet biomass (kg/m?) and,

® h. is the canopy canopy height (m).
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2.2 Model Modifications

This section describes my modifications to the community model. Some of these
were minor, yet important, e.g., correcting sign errors or logical errors in the formulae
used to solve certain quantities. These modifications are discussed in Appendix A.

Only the major structural changes to the model are presented here.

2.2.1 The 1-dTH Module

[ implemented five major modifications to the community 1-dTH module. The
first was to include soil-air interactions in the vegetated area. These interactions were
ignored in the community module, as mentioned earlier, in section 2.1.1.1. I found this
modification particularly necessary for sparsely vegetated areas, e.g. wheat-stubble,
where much of the soil is exposed. The energy and moisture fluxes between soil and
air in such areas are a function of Leaf Area Index (LAI). Figure 2.8 shows the mod-
ified representation of a partially vegetated scene (compare with Figure 2.3). This
modification affects the amount of longwave and shortwave radiation absorbed by

canopy (R,.), thatch (Rn.), and soil (R,,) as follows.

R.. = veg[(l1 —1.)(1 — Ap)Qsa+vfrac (Qua + eceroTy —2e.0TH] (2.17)
Ry = veg[t(l — A)(1 — A)(1l — 7)Qsa + vfrac e.oT: + sfrac Qia

+e,0T — 2e;0T} (2.18)



33

R, = vegleoTy +7ere(l — A)(1 — A)(1 — A,)Qud] + (1 — veg)

[(1 - A,)Qsa + Qud] — ;0T (2.19)

where, all the variables are as defined for equations 2.2 through 2.8, and vfrac and

sfrac are vegetation and soil fractions within the vegetated area. sfrac is estimated

from [206] as:

sfrac = Exp[—0.8 « LAI] vfrac=1—sfrac (2.20)

Vegetated Soil //// Bare Soil
"
%
Bace Sol / / Vegetated Soil

v ¥V ¥ v ¥
¥ ¥V ¥ ¥ ¥
¥ ¥ v ¥ Y

Veg. cover=0.5

Bare soil cover=0.5

Soil cover = bare soil cover + veg. cover * f(LAI)

Figure 2.8: Pictorial representation of the vegetated surface simulated
by the modified LSP/R model.

The second modification was to include layers of distinct physical, thermal and

hydraulic properties in the soil. In the community module, the soil was a homogeneous
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medium with uniform constitutive properties. This assumption was not realistic
because constitutive properties vary with depth in soil. In this modification, the
layers are discretized into nodes of varying thicknesses, with each layer exhibiting
uniform constitutive properties throughout its thickness. The number of nodes per
layer depends upon the results from convergence tests [see Chapter 4, section 4.1.1.4].

The third modification was to generalize the parameters required for estimating
soil water retention. The 1-dTH module uses a two-parameter junction model by
Rossi and Nimmo [175]. This junction model used an air entry pressure (¥) and
a pore size index (J),), reported by Rossi and Nimmo for a set of example soils. [t
was necessary to relate these to soil texture, so that the model could be extended to
different soils. For the modified version, I used empirical formulations that depend

only on soil texture [170], i.e.,
A, = exp[—0.784 + 0.0185 — 1.0620, — 5x10~°5% — 3x1073C? +
1.1116,% — 0.03156, + 3x107*5%9,* — 6x10~3C?9,% —
2x107%52C + 8x1073C?0, — 7x107%6,%C] (2.21)
Uy = 0.0lexp[5.34 + 0.185C — 2.4846 — .002C?* — 0.04450, —
0.167CH, + 1x10725%0,% — 0.009C*0,> — 1x107°S*C +
9x1073C?%9, — Tx107*52%0, + 1x10~6SC? + 0.56,%C] (2.22)
where, S, C and 0, are the fractions of sand, clay and air in the soil.
The fourth modification was to include an infiltration model for soil during pre-

cipitation events. The community model was only calibrated during drydown periods

and did not account for changes in infiltration with time, or with soil properties [122].
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The maximum infiltration rate (IR), defined as the volume of water per unit area of
soil that is allowed into the soil per second (m/sec), depends on soil hydraulic and
physical properties, soil temperature, vegetation cover, and surface characteristics
like slope and roughness [76]. The IR was estimated using a quasi-analytic solution
to Richard’s equation for vertical infiltration in a homogeneous soil with a constant
initial moisture profile [164, 163, 165, 79] (equation 2.23). The quasi-analytic solution
could be used because it is applied only to estimate IR at the surface and the soil
properties of the surface node are homogeneous. The transport of moisture in the

deeper nodes is governed by the conservation equations 2.5a and 2.5b.

S

i(t) = A+ Et‘% (2.23)
where,
A = 5Ksa.t

S = 2K, ¥s(0,—0)

where, § is an empirical parameter set to 0.66 [164], K, is the saturated hydraulic
conductivity, 8, is the saturated moisture content, # is the moisture content before
precipitation, ¥y is the matric head of the wetting front estimated as the air entry
pressure W¥q [172].

The infiltration model included in the 1-dTH module is physically simplistic in
that it does not include the affect of ponded water on infiltration rate (IR) when
precipitation rate (PR)is high. When the PR is less than the estimated IR, the
model uses PR for moisture flux estimation at the surface, otherwise it uses IR. Any

excess rain during high PR is treated as runoff.
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The fifth modification was to alter the lower boundary conditions, from conditions
on energy and moisture fluxes to conditions on temperature and moisture content.
Because fluxes appear as derivatives in the energy and moisture conservation equa-
tions (2.5a and 2.5b), they are harder to implement and their physical consequences
are harder to understand. In the modified module, I set the temperature (T') and

moisture (8) of the last node to be the same as those for the node above, i.e,

Om(n) =0n(n—1) T(n)=T(n—1) (2.24)

The boundary condition for moisture is realistic because the soil is modeled to a
depth of 5 m, which corresponds to saturated zones in the Great Plains region and
the moisture movement is primarily horizontal. The boundary condition for temper-
ature is not physically realistic and warrants some discussion. The numerical method
used in the model, i.e., the forward explicit finite difference method, does not lend
itself to be forced at the lower boundary. I could assign a passive? condition at the
lower boundary without compromising the model estimates, if the time required for a
temperature change at the upper boundary to reach the lower boundary exceeded the
duration of the simulation. A temperature change at the surface reaches the lower
boundary at 5 m in approximately 73 days, based upon an analytical analysis similar
to the one described in Section 2.3.3. A temperature rise of 20 K was introduced at
the surface of a 5 m soil column whose initial temperature and volumetric moisture
were 293.15 K and 20%, respectively. The moisture was held at the equilibrium value

and the lower boundary was closed to moisture or heat flow. Figure 2.9 shows the

2It is a passive condition, because a constant temperature implies zero thermal flux.
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Results from an analytic solution to calculate the time nec-
essary for a thermal pulse at the surface to reach the lower
boundary at the depth of 5 m. (a) Temperature profiles
in soil as functions of time (b) The temperature profiles
zoomed-in to show the pulse at the surface reaching 5m
on the 73rd day.
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temperature profile in the soil after 20, 50, 60, 73, and 80 days. There was a .001 K
rise in temperature at the depth of 5 m after day 73. My model simulations are only
for 20-30 days (see Chapter 4). If the simulations were inter-seasonal or annual, then

the lower boundary should be forced with climatic temperatures.

2.2.2 The R-Module

I made two major modifications to the R module. The first, was to generalize the
formulation for canopy optical thickness (7). In the community module, the optical
thickness was modeled empirically (2.16), where the functional dependence of biomass
vs. canopy height was obtained from a field experiment [39]. This modification
was necessary to extend the module for different canopy biomass distributions. The

modified formulation of T is [See Appendix A for derivation]:

r= _2kncB (2.25)

Pe

where,
e p. is the density of wet vegetated material (kg/m3),
e n. is the complex refractive index of the canopy,
e B is the wet biomass of the canopy(kg/m?), and
e k is the wave number.
The second modification was to account for roughness in the soil surface. In the
community module, the soil had an idealized, specular surface, which is an incor-
rect assumption for most real surfaces. I found this modification was necessary for

bare-soil surfaces that were ploughed and disked. Details of this modification are
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presented in section 4.1.2.2, where existing bare-soil rough surface emission models

are investigated.

2.3 Model Testing

Because the 1-dTH module is more complex than the R-module, only the former
was extensively tested. This section describes the three tests conducted to ensure
that the numerical simulation in the 1-dTH module is implemented correctly, both
qualitatively and quantitatively. This testing was critical because such tests were
never conducted during the development of the community module. The first test
checked errors in mass and energy balance in the module. The second, a qualitative
test, confirmed that the physics of moisture and energy flow is correctly simulated
for a homogeneous soil when a symmetric initial temperature profile is used. The
third, a quantitative test, compared the numerical solution with an analytic solution
to a simpler transport problem. All the three tests were conducted for bare soil cases
(vegetation cover = 0), as the vegetation layer is treated as a separate layer in the
module from a numerical standpoint. This section describes these tests in detail and

discusses their results.

2.3.1 Mass and Energy Balance

The 1-dTH module was tested for the conservation of mass (moisture) and energy.
After all the mass and energy fluxes at the boundary, and changes in the fluxes at

all the nodes in the soil, have been calculated, the following mass and energy balance
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should hold for the soil as a whole. For each time increment,

gm(0,1) — gm(n,n+1) = > _I(Xn)iAz (2.26a)

=1

a(0,1) —gu(n,n+1) = Zn:a(x,.);Az,- (2.26b)

i=1
where,
® g(0,1) and gr(0,1) are the net moisture (kg/m?) and heat fluxes (J/m?) into the
soil surface at the interface between nodes 0 and 1, respectively,
® gn(n,n + 1) and gx(n,n + 1) are the net moisture and heat fluxes out of the lower
boundary i.e. at the interface between nodes n and n + 1, respectively,
e (X, ); and 8(X}4); are the changes in moisture (kg/m?®) and heat content (J/m3)
per unit volume in the :th node, respectively,
e n is depth of the bottom node (m),
e Az; is thickness of the ith node (m).

Differences between the left and the right hand sides of equations 2.26a and 2.26b
represent the instantaneous errors in moisture balance (errn,;), and in energy balance
(erres), respectively. The cumulative relative errors (CREs) for mass, err,,, and for
energy, err.., were calculated with respect to the maximum of moisture and energy
fluxes at the upper and the lower boundaries as shown in equations 2.27a and 2.27b,

respectively. After a time interval, ¢y,

Z!: (ertms)e

ertem = =1 (2.27a)

3% maz lan(0, D lam(nn -+ 1)

t=1
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ty
Z (erres):
ErTye = =1 (2-27b)

S-maz 10,1 oo + 1)

The CREs were used to evaluate the accuracy of a numerical solution. Figures 2.10

and 2.11 show these errors for a 12-day bare-soil model simulation during summer-
time, from Julian day 193 (June 11) through day 205 (June 23) in 1996. Weather
forcings to run the model were obtained from our fourth Radiobrightness Energy
Balance Experiment (REBEX-4) ([106], Chapter 3, Appendix B). These forcings
included incoming radiant fluxes, air temperature, relative humidity, wind, and pre-
cipitation. The initial and boundary conditions for the simulation are discussed in
section 4.1.1.2. The time-step for the simulation was 3 sec. The soil was modeled up
to 5 m, and discretized into 60 nodes with 9 nodes in the upper 5.5 cm. Soil consti-
tutive properties were constant with depth as given in Table 2.1, and are discussed

in section 4.1.1.3.

Properties Values

Texture 3.9% sand, 65.1% silt, 31.0% clay
Porosity 0.46

Sat. Hydr. Cond. 4.74x10~° m/sec

Field Capacity 0.294 % by volume

Table 2.1: Soil constitutive properties used for model simulation to
evaluate errors in mass and energy balance.

Figures 2.10 and 2.11 show the CREs and the magnitude of the terms in mass and
energy balance, respectively. The CREs were negligible throughout the simulation
period (Figures 2.10(a) and 2.11(a)) relative to the magnitude of incoming or out-

going heat/moisture fluxes. While the CREs are small, they say nothing about the
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magnitude of the absolute errors themselves. Figures 2.10(b-e) and 2.11(b-e) show the
magnitude of the instantaneous errors and of each term in the balance equations 2.26a
and 2.26b. Figures 2.10(b) and 2.11(b) show instantaneous errors in mass and energy,
respectively. The magnitudes of these errors are very small, with the maximum error
in moisture balance of ~ 5x10~7 kg/m? and in energy balance of ~ 2 J/m?2. Figure
2.10(c) shows the net moisture flux entering the upper boundary, with precipitation
on Julian days 194, 196, 198, and 203. Figure 2.11(c) shows the net incoming energy
flux at the upper boundary which is primarily driven by insolation. Throughout the
simulation period, energy fluxes vary slowly with time during the night and during
clear days (Julian day 197 and 200), but change rapidly during partly cloudy days.
Figures 2.10(d) and 2.11(d) show moisture and energy fluxes at the lower boundary.
These fluxes exhibit small dynamic ranges of ~ 2x10~* kg/m? for moisture, and ~ 2
J/m? for energy. Figures 2.10(e) and 2.11(e) show the total changes in the bulk soil
moisture and heat content, respectively. These changes follow the more dynamic and

stronger fluxes of the upper boundary.

2.3.2 Moisture and Energy Flow in a Homogeneous Soil

The 1-dTH module run with a symmetric initial temperature profile [Figure
2.12(a)], a constant initial moisture profile (0.3 m3/m3), and zero heat and mois-
ture fluxes at the upper and lower boundaries confirmed the proper implementation
of coupled moisture and energy propagation in a homogeneous soil profile. The soil

was modeled up to 1 m and discretized into 20 equally spaced nodes with uniform
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given by equation 2.27a (b) Instantaneous error during
each time step At (c) Moisture flux incident on the upper
boundary during each time step (d) Moisture flux out of
the lower boundary during each time step, and (e) Total
change in moisture content in the bulk soil.
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Figure 2.12: Propagation of moisture and heat: (a) Initial temper-
ature profile. (b) Soil retention curve from the two-
parameter junction model of Rossi and Nimmo [175] at
soil temperature 295 K. (c) Temperature profiles and (d)
Moisture profiles during the 43-day model run.

constitutive properties (see Table 2.1).

Figures 2.12(c) and 2.12(d) show the temperature and moisture profiles for se-
lected times during a 43-day model simulation. Heat flowed down the temperature
gradient as expected, and the soil came to an equilibrium temperature after approx-

imately 6 days [Figure 2.12(c)]. The moisture not only followed the negative of the
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temperature gradient, but it also followed gravity. Because the capillary retention
curve is linear about the moisture value of 0.3 m3/m? [Figure 2.12(b)], the moisture

profile at equilibrium is linear with depth [see Figure 2.12(d)].

2.3.3 The 1-dTH Numerical Solution vs. an Analytic Solu-
tion for a Simple Transport Problem

I verified quantitative correctness by comparing the finite difference solution with
an analytic solution for a simpler problem chosen to simulate the dynamics of vapor-
dominated systems with strong coupling between moisture and heat transport [136].
In this problem, a very dry soil column at some equilibrium temperature (7°) and
vapor density (p.) is subjected to a sudden increase in vapor density (p,0) at the
upper boundary, while the temperature at the boundary is held constant at its original
value (T'). The lower boundary is closed to heat and moisture flow. Vapor diffuses
into the column, condenses, and releases heat. This results in a temporary rise in the
temperature of the medium, though it eventually returns to the value at the boundary
as heat diffuses back out of the column [136].

I used an analytic solution for this problem as outlined by Crank [36]. Equations

2.28a and 2.28b can be linearized in the form 2.28c and 2.28d.

D%?T" - %(p,, “AT) = 0 (2.28)
Da;TZ _ g—t-(T —vpy) = 0 (2.28b)
Ap, = pwokr+ f(F1, F2, puo, To) (2.28c)
AT = ToF;+ f(Fi, P, peos To) (2.284)

where D, D, A; and v, are constants that depend on soil properties (see [36]),
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e p,o and Tp are the initial changes in vapor density (kg/m?®) and temperature (K)
forced at the upper boundary, respectively. (7o = 0 for our problem) and,

e Ap, and AT are the changes in vapor density and temperature profiles as functions
of time.

The first terms on the right hand sides of the equations 2.28¢c and 2.28d represent
the solution if the diffusion of vapor density and temperature were de-coupled. The
soil would come to an equilibrium with Ap, = py, and AT = Tp, as functions Fy
and F; increased from 0 — 1 when time increased from 0 — oco. The second terms
represent the solution from coupling between the two diffusion processes.

The forms of F; and F5 depend on the shape of the medium. The soil can be as

a plane sheet of thickness, n, and F and F, become

_ (21-{-1 i (2i+1)z+n

F, = 'E_O( 1) erfc /Dt + t_;_—0( 1)'erf 57Dt (2.29a)
; 2 + 1)z — 2i+1)z4+n

F, = ,-§=0 (—1)erfc ( ) + ‘E—O( —1)t ( 2\/?5 (2.29b)

where,
o erfc z = 1 — —Z5 [ exp(—n?)dy,
e z is the depth in soil (m) and,
e t is the time (sec).
The change in temperature, AT, vapor density, Ap,, and moisture, AV}, as func-

tions of depth and time are given by [36] as follows:
1 — w201y — v,
: IDF"(illz)—allzz) = (F2 = F) (2:302)

(1 —lllzD)Puo — ATo
D(p1? — p2?)

AT = ToFp —

AV (F2 — F) (2.30b)

Puof1 —
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AVy = o0 Apy —w.AT (2.30¢)
where,
2_i+ Acle 2__1__ Acle
mM=p"p-D "™~ D D-D
_ _o
7= Bpy “e=oT

The equations 2.5a and 2.5b can be linearized to match the form of equations
2.28a and 2.28b if we assume negligible transport of sensible heat by water vapor and

negligible liquid flow, as follows [136],

o, n _ O[, Op
0. ot +(p1-p,,)—bt— = 52-'[0"1'?3—] (2.31a)
oT O _ 0 9p.| \OT
Cmg —pi(L + W)—?GT = 3 [(/\ - D, T \[;) az] (2.31b)
where,

L = Lo+ (c, —c)(T —T0)

® 0., pu, pi;, A, Cm, €1, ¢y Lo, T, Typ and W have been defined for equations 2.6a -
2.6d,

e 4., is the volumetric moisture content (m3/m3),

e D,, is an effective molecular diffusivity (m?/sec) and,

e U is the matric head (m).

To compare the analytic solution for the above described problem with its numer-
ical solution, I chose Yolo light clay because it has been extensively studied and its
properties are well documented [163, 82, 136]. These properties are tabulated in Table
2.2 and the soil water retention curve is given by equations 2.33a and 2.33b. The soil

column was 0.1 m thick with initial and boundary conditions given in equations 2.32a
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through 2.32f. Because the analytic solution is based upon constant soil properties,
thermal capacity, latent heat of vaporization, humidity, and thermal conductivity
were kept constant in the numerical simulation to achieve a better comparison. The

changes in moisture and vapor density with matric potential were also held constant.

Properties/Parameters Values
Porosity 0.495
Thermal Cond. 0.165 J/m.K.sec
Thermal Cap. 1.673663x10° J/m3. K
Latent heat of vap.(L) 2.45616x10° J/kg
O 0.274 m3/kg
We 0 K1
D 3.63x10~8 m?/sec
D 9.89x10~% m?/sec
A 0 kg/m*.K
Ve 395.286 K.m>/kg

Table 2.2: Soil properties for Yolo light clay and other parameters used
to calculate the analytic solution. The same soil properties
were also used by the numerical model.

Py = P, t=0 0<2<0.1 (2.32a)
T =T~ t=0 0<z<0.1 (2.32b)
Pv = Py + Prwo t=20 z=0 (2.32¢)
T=T" t>0 2=0 (2.32d)
gmn =10 t>0 z=0.1m (2.32€)
=0 t>0 2=0.1m (2.32f)

where,

e o7 = 4.03x1073kg/m3,
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e T =293.15K and,
® po = 0.63x10"3kg/m3.

log(1)

44 —1
5.96 ) ] +0.124 ¥ <0.01m (2.33a)

0, = 0.371 [1 + (

0 = 0.495 ¥ > 0.01m (2.33b)

Figures 2.13(a) and 2.13(b) compare the numerical and the analytic solutions for
moisture and temperature profiles as time progresses from 10 minutes to 4 days. The
temperature rose as the increased vapor density penetrated into the lower layers and
condensed. The system reached equilibrium after ~5 days. The numerical solution
follows the analytic solution with a maximum difference of ~2.2 m K for temperature

and ~0.0006 % for moisture over the comparison period.

2.4 Summary

e There were five major modifications to the 1-dTH module of our commu-
nity LSP/R model. They were: 1) the inclusion of soil-air interactions
in vegetated areas, 2) the inclusion of layers of distinct soil constitutive
properties, 3) the generalization of the parameters required to estimate
soil water retention, 4) inclusion of an infiltration model during precip-
itation, and 5) the implementation of more physically realistic lower

boundary conditions.

e There were two major modifications to the R-module of our community

LSP/R model. They were: 1) generalizing the expression for canopy
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optical thickness and 2) including soil surface roughness.

e The modified 1-dTH module was shown to conserve mass and energy,
with the maximum errors being ~ 5x10~7 kg/m? and ~ 2 J/m?2, re-

spectively, for a 12-day simulation period.

e The 1-dTH module simulated heat and moisture transport in a homo-
geneous soil with constant initial temperature and moisture profiles,
to verify the numerical implementation qualitatively. The modeled
energy propagated down the temperature gradient, and the moisture
followed the negative of the temperature gradient and also followed
gravity. The equilibrium profile for the soil moisture matched the

slope of the soil-water retention curve.

e The numerical solution was compared to an analytic solution for mois-
ture and energy transport in a vapor-dominated homogeneous soil to
confirm the quantitative accuracy of the numerical methods used in
the 1-dTH module. The soluiions compared well, with the maximum
differences of ~2.2 mK for temperature and ~6x10~* % for volumetric

soil moisture.



CHAPTER 3

The Field Experiments REBEX-4 & REBEX-5

Beginning in 1992, our Microwave Geophysics Group (UM-MGG) has been con-
ducting field campaigns, known as the Radiobrightness Energy Balance Experiments
(REBEXS), to observe terrain brightnesses, thermal and hydraulic conditions in soil
and vegetation, and co-located micro-meteorological (micro-met) parameters. There
have been two major goals for these experiments; first, to calibrate the LSP/R model
for different terrain and weather conditions with the field observations, and second,
to correlate ground-based brightnesses with satellite observations to study the effects
of intervening atmosphere and larger spatial aggregations on remotely-sensed bright-
nesses. The first experiment, REBEX-1, was conducted in a temperate grassland dur-
ing fall and winter to study the surface processes and emission from a snow-covered
terrain [72, 71]. The third experiment, REBEX-3, was conducted in the arctic tundra
for one year to study the processes in a permafrost terrain [110, 111]. REBEX-0 [109]
and REBEX-2 were shake-down experiments conducted in the nearby University of

Michigan Matthaei Botanical Gardens (UM-MBG), to test the field-equipment before

53
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it was deployed in remote locations for extended periods.
In this chapter, I present the motivation for conducting the fourth and the fifth
experiments, viz., REBEX-4 and REBEX-5; the experimental setup and observations

made during these two REBEXSs; and the processing and analysis of the data collected.

3.1 REBEX-4

The earlier REBEXSs were conducted during periods when surface fluxes were not
very strong and the studies focussed primarily on freeze/thaw cycles. To ensure the
realistic simulation of land surface processes, it is important to calibrate the LSP/R
model for periods when these processes are dominant and strongly coupled. Our
fourth field experiment, REBEX-4, took place during the spring and summer of 1996,
in a temperate, sub-humid region. It was a joint experiment in collaboration with
the Climate Processes and Earth Observation Division, Climate Research Branch
(CCRD) of Atmospheric Environment Service (AES), Canada, at the US Geological
Survey’s (USGS) Earth Resources Observation System (EROS) Data Center, about
30 km north-east of Sioux Falls, South Dakota [see Figure 3.1]. The field site was
chosen close to the REBEX-1 site (within 50 m) to obtain a dataset spanning the
four seasons for the same location. This section contains a description of the site and

terrain, experimental setup, and measurements made during REBEX-4.
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TN [ BATA cancren

Figure 3.1: Sioux Falls and vicinity showing location of the EROS Data
Center.

3.1.1 Site and Terrain Description

Two terrain types were monitored during REBEX-4, bare-soil and brome-grass.
CCRD monitored the bare-soil site. The site was prepared by removing the exist-
ing vegetation, tilling, and disking to create a somewhat smooth surface. A weak
herbicide was sprayed to ensure no new vegetation grew during the course of the ex-
periment. The site was checked periodically and any new weeds were removed. UM-
MGG monitored a brome-grass site which had been undisturbed for several years.
Both sites were located ~200 m south-east of the EROS Data Center (EDC) building

with a deep drainage ditch between the building and the sites. The sites were rela-
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tively flat open areas with gentle slopes toward the west (the ditch) and the south.
The bare-soil site was approximately 25 m west of the grass-site. Figures 3.2 and 3.3

show the two sites near the EDC building.

Figure 3.2: Bare-soil site during REBEX-4.

Figure 3.3: Brome-grass site during REBEX-4.
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3.1.2 Experimental Setup

The CCRD and the UM-MGG sensors communicated with two on-site computers
situated in a small trailer [see Figure 3.4]. The trailer had power, telephone, and data
lines provided by the EDC. In this section, I describe the installation and layout of

the sensors at both the sites.

Figure 3.4: An inside view of the trailer.

3.1.2.1 Bare-Soil Site

The bare-soil patch was approximately 289 m?. Figure 3.5 shows a sketch of the
instrument layout at the site. CCRD’s Hand-Held Radiometers (HHRs) at the SSM/I
frequencies of 19.35, 37.0, and 85.5 GHz, a thermal infrared (TIR) radiometer, and
a video camera were mounted on a 2 m pole toward the north edge of the patch
to achieve the SSM/I incidence angle of 53°. Figure 3.6 shows a close-up of the
pole-mounted instruments. The HHRs were manufactured by MPB Technologies,

and each was a total power radiometer with single frequency and polarization. To
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change polarities, the radiometers were rotated through 90° by an antenna rotator
used in combination with a manual elevation and azimuth positioner. Table 3.1 gives

specifications for the HHR.

—t—A
0 25 5 Meters

T North

@ Radiometers & video camera
O Precipitation gauge
HF Heat Flux Probes

Brome grass

Figure 3.5: A sketch of sensor layout at the bare-soil site.

Frequency (GHz) 19.35 37.0 85.5
Beamwidth (°) 29 8 3.3
IF bandwidth (MHz) 600 600 600
Integration time (sec) 0.07 0.07 0.07
AT (K) 1.0 1.0 1.0
FOV (at 2m, 53°) (cm) | 90 x 150 | 25 x 40 | 10 x 15
Power (V) 12 12 12

Table 3.1: CCRD’s Hand-Held Radiometer specifications.

Prior to field deployment, the microwave radiometers were calibrated in the CCRD
laboratory using a three point calibration, performed at room temperature (about 295

K), in a cold chamber at 235 K, and with liquid nitrogen (LN;) at 77 K. For calibration
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Figure 3.6: A close up of the CCRD radiometers and the video camera
mounted on the 2-m pole.

with LN,, CCRD used a modified cryogenic target, developed by Solheim [190]. The
calibration setup consisted of a blackbody absorber (e.g. Eccosorb) with a convoluted
surface, placed in a polystyrene foam container with its convolutions facing down. The
absorber was immersed in LN, (~20 liters) and the radiometer looked up through the
bottom of the foam container at the target (LN2). CCRD fabricated an aluminum
enclosure with angular braces at the top [see Figure 3.7(a)]. The radiometer fitted
inside the enclosure and the foam container was supported by the braces [see Figure
3.7(b)]. An aluminum plate was placed above the foam container to shield the target.
Initial testing with the setup indicated that the target temperature was about 20 K
higher than the evpected 77 K. There was condensation and ice at the bottom of
the container and heavy frost accumulation on its sides. To reduce condensation, the

space between the enclosure and the radiometer was filled with a slow and continuous
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flow of dry nitrogen during calibration. This resulted in stable target temperature
of near 77 K for about 20-30 minutes. In the field, the radiometers performed a
self-calibration before every observation (10 minutes) using two plates at different
physical temperatures. One plate was at ambient temperature and the other plate
was maintained at a slightly higher temperature (~330 K, depending on the ambient

temperature).

(a) (b)

Figure 3.7: Calibration with liquid mnitrogen. (a) A close up of the
enclosure. (b) Calibration set-up with a foam container
on the braces and a radiometer inside the enclosure.

The radiometers, the camera, and the positioner were all controlled by a Camp-
bell Scientific datalogger (CR10), also mounted on the pole [see Figure 3.8]. The
observations recorded by the CR10 logger were downloaded to a long-term storage

module (CS SM716).



61

Figure 3.8: A close up of the Campbell Scientific datalogger (CR10).

A tripod with micro-met instruments at different heights, was situated at the west
end of the patch, about 8 m from the radiometers [see Figure 3.5]. The instruments
included an air temperature and relative humidity probe, two anemometers, two
pyranometers (tc measure upwelling and downwelling shortwave radiation), and a
net radiometer (to measure the net incoming radiation). Figure 3.9 shows a close up
of the sensors mounted on the tripod. A tipping bucket precipitation gauge, three
soil heat flux probes, and six soil temperature and moisture probes were also installed
at the site. The rain-gauge was situated between the radiometers and the tripod [see
Figure 3.5]. The soil temperature and moisture probes were installed in two plots
about 5 m apart at the depths of 2, 5, and 8 cm. Table 3.2 gives a description of the

micro-met sensors. The sensors were controlled by a Campbell Scientific datalogger
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(CR21X) and the observations were downloaded to the CS SM716 storage module.

Figure 3.9: A close up of the CCRD micro-met sensors on the tripod.

Parameter Sensor Type Height | /
Depth T

Air temperature (°C) Vaisala HMP35CF | 1.5 m
Relative humidity (%) Vaisala HMP36CF 15 m
Wind speed (m/sec) RM Young wind sentry 1145& 3.6 m
Precipitation {mm) Lambrecht tipping bucket 10.5m
Soil temperature (°C) CS 107BAM | 2,5,8 cm
Soil moisture (% by volume) CS 615 | 2,5,8 cm
Net radiation (W/m*) Middleton Pyrradiometer CN1-R 71 065cm
Downwelling solar hemispherical flux (W/m*) Kipp and Zonen CM 11 135m
Upwelling solar hemispherical flux (W /m*) Kipp and Zonen CM 11 [33m
TIR temperature (°C) Everest 4000.4 GL ] 20 m
Soil heat lux (W/m?) Middleton CN3 12.0cm
Video camera Panasonic B/W CCTV Model WV-BP314 120m

Table 3.2: Micrometeorological sensors at the bare-soil site.

An on-site computer (Dell 486P) controlled the experiment cycle through an ap-
plication program using Campbell Scientific’s PC208E communication software. The
dataloggers (CR10 and CR21X) communicated with the computer via a Campbell

Scientific MD9 multidrop interface and the PC208E. Symantec Softwares’ Norton
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pcANYWHERE (version 2.0) was used to connect to the computer remotely and
download data to a computer at CCRD everyday. The experiment control software
could also be edited using pcANYWHERE, when necessary. A more detailed report

of the equipment installation and set up is given in [78, 77].

3.1.2.2 Brome-Grass Site

I monitored the brome-grass site using UM-MGG's second generation Tower Mou-
nted Radiometer System (TMRS2) and a Micro-Meteorological Station (MMS) which
were designed and built by Kim and England [110, 111][see Figure 3.3]. Details of
the hardware and software of TMRS2 and MMS are given in [110, 111] and will only
be summarized here. The general layout of the sensors installed at the grass site is

given in Figure 3.10.

I
® Pyrasorcie
Net Radiometer
HF3
(Pyranometer, Bowen Ratio.
& Ancmomter) @
3m Tripod
CCRD Bare soll site HF1
APt
EROS Dsta Cester HF2
TRAILER TOWER {7/
ST Soil Thermistors
SM Soil Moisture Probes
HF Hcat Flux Probes
P Precipitation Gauge
. —t——i
C Canopy Thermistors ® 2 & METERS
Tmm&

Figure 3.10: Layout of the sensors at the grass site.
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The TMRS2 setup consisted of three microwave radiometers, a thermal infrared
(TIR) radiometer, a video camera, and an anemometer mounted on a 10 m tower.
Three insulated boxes contained the microwave radiometers, and an uninsulated box
contained both the TIR radiometer and the camera. All the four boxes were situated
in a metal housing that rested on a Hazer at the SSM/I angle of 53°. The Hazer could
move up and down the tower with a cable fed through a pulley and a winch. Two of
the microwave radiometers were dual polarized at 19.35 and 37.0 GHz, while one was
single H-polarized at 85.5 GHz. Figures 3.11 and 3.12 show the TMRS2 set up and
a close-up of the tower-sensors, respectively. The radiometer specifications are given

in Table 3.3.

Figure 3.11: A close up of the tower during REBEX-4.
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Figure 3.12: A close up of the radiometers and the video camera sit-
uated in the housing.

Frequency (GHz) 19.35 37.0 85.5
Polarization V,H V,H H
3dB Beamwidth (°) 10 10 10
IF bandwidth (MHz) | 10-250 | 100-1000 { 100-1500
Integration time (sec) 1 1 1
AT (K) 0.05 0.04 0.07

Table 3.3: TMRS2 Radiometer specifications [111].

For the given location, the best orientation for the tower-sensors (housing) was
facing south-east. There were a line of trees about 50 m south, a relatively undulating
ground toward the north, and CCRD’s bare-soil site ~25 m west. The target area
for the radiometers was 4m x 2m about 12 m from the tower. A circular patch
of approximately 25 m diameter was sectioned off using reflector markers, with the

target-area centered in the patch. The tower-sensors were controlled by a Control

and Data Management System (CDMS) inside a small trailer via a fiber-optic link.
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The MMS consisted of two tripods (3 m and 1.25 m), a precipitation gauge with
a wind-screen [see Figure 3.13], three soil heat flux probes, twelve soil temperature
probes, six canopy air temperature probes, six soil moisture probes, and a 10 m
anemometer. The 3 m tripod included an air temperature and relative humidity
probe (at 2 m), an anemometer (at 2 m), a pyranometer (at 3 m, for downwelling
solar radiation), and a Bowen Ratio (BR) system. The 1.25 m tripod included a
pyranometer (for upwelling shortwave radiation) and a net radiometer. Figure 3.14
shows the arrangement of the MMS sensors on the two tripods, and Table 3.4 gives

the sensor descriptions.

NN

Figure 3.13: A close up of the precipitation gauge with a wind screen.

The CDMS controlled and multiplexed between all the sensors (TMRS2 and
MMS). It consisted of an on-site computer (Macintosh II) and a control circuit that
linked the sensors to the computer. The control circuit communicated with the com-
puter via National Instruments’ NB-MIO-16, NB-DIO-24, and NB-TIO-10 boards.
An application program written in Hypercard controlled the experiment cycle, data
collection, and data storage. The on-site computer could be reached remotely via

Timbuktu software to download data and make changes to the control software.
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(2)

(b)

Figure 3.14: Micrometeorological setup at the grass site (a) A close
up of the 3 m tripod (b) A close up of the 1.25 m tripod
with a net radiometer and an upwelling pyranometer.

Parameter Sensor Type Height | /

Depth T

Air temperature (°C) Vaisala HMP-35AC f2m

Relative humidity (%)

Wind velocity (m/sec, °) Davis Instruments 7911 T2m

Wind speed (m/sec) Met-One 014A T10m

Precipitation (mm}) Texas Electronics 525 7T06m

Soil temperature (°C) CS 107B 12,4,8,16,32,64 cm

Soil moisture (% by volume) Tektronix & CS 12,4,8,16,32cm

Net radiation (W /m?) REBS Q-6.2 [ 1m

Downwelling solar hemispherical flux (W /m*) Eppley Pyranometer 848 3m

Upwelling solar hemispherical flux (W /m?) Eppley Pyranometer 848 T1lm

TIR temperature (°C) Everest 4000 ALCS T10m

Soil heat Alux (W/m?) Thornwaite 610 120m

Video Images CCIV Corp. GBC-CCD-375 (B/W) T10m

Table 3.4: Micrometeorological sensors at the grass site.
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3.1.2.3 Field System Modifications

The equipment needed to be repaired and refurbished after the year-long REBEX-
3 experiment. Some of the MMS sensors required recalibration. The two pyranome-
ters, the net radiometer, the 10-m anemometer, the soil heat flux sensors, the TIR
radiometer, and the air temperature and humidity probe were sent for factory re-
calibration. The Bowen Ratio system suffered from a factory-generated design flaw
during REBEX-3 [111] and was upgraded. The thermistors for soil temperature mea-
surements were recalibrated by inserting them in ice-water bath at 0°C. Six new
thermistors were added to the MMS to measure air temperature profile in the grass
canopy.

The microwave radiometers were calibrated once, before the system was trans-
ported to the EDC. In the field, the radiometers were calibrated seven times [106].
Each calibration consisted of a hot load (a microwave absorber at ambient tem-
perature) and a cold load (a microwave absorber immersed in LN;) measurement.
Because the radiometers were not calibrated for every observation, it was important
to maintain them at the temperatures at which they were calibrated, with excellent
temperature control. Heaters with software-controlled duty cycles maintained the
reference temperatures within 0.01 K.

During REBEX-3, TMRS2 had problems with the housing-door positioning sys-
tem. For a normal measurement cycle, the door opened at two angles (e.g. 43° and
56° for REBEX-4) to record the reflected sky brightnesses before it opened fully to ob-

serve the terrain brightnesses. A potentiometer capable of finite number of turns was
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used to determine the door position (angle). The potentiometer shaft was attached to
a door-motor with plastic gears. To make sure that the door was completely opened
or closed, the motor was run for a few seconds longer than needed. This put undue
force on the shaft and rotated it beyond its maximum number of turns, which led to
mechanical damage of the potentiometer during REBEX-3. Fischman [67, 68] devel-
oped a new door positioning mechanism for REBEX-4, using a rotary optical encoder.
The optical encoder allows infinite turns and is more precise than the potentiometer.
Because the encoder is digital, it is less susceptible to noise.

As mentioned earlier, the previous REBEXs were conducted under milder tem-
peratures than could be expected during REBEX-4. Some hardware modifications
were necessary so that the radiometers could be exposed to summer temperatures
of up to 38 °C. A new, more compact video camera was installed, and power to the
camera and the TIR radiometer was obtained from AC solid state relays, eliminating
two previously used AC adapters and thus reducing heat dissipation. Eight heat sinks
from AAVID Thermal Technologies were installed on top of the housing to increase
thermal dissipation. The heat sinks were staggered to maximize the air flow through
the sinks [50] [see Figure 3.15(a)]. However, during the experiment (REBEX-4), the
heat sinks were not enough to keep the housing from overheating. Another layer of

radiation shield and a thermal transfer structure was added to increase air flow [see

Figure 3.15(b)].
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(b)

Figure 3.15: Housing modifications for increased air flow. (a) A close
up of heatsinks on top of the housing. (b) A close up of
an addition thermal transfer structure added on top of
the heatsinks.
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A few software modifications were required to get the system ready for REBEX-4.
I altered the control software to include the new calibration factors for the MMS
sensors and to correct the formulae that converted output voltages from the soil
heat flux probes and the net radiometer to their respective physical quantities. A
door-control and positioning program was added to link the new optical encoder. A
calibration curve of door position vs. the duration of the actuator motor-run was
generated and used to control the door positioning during the experiment. Although
one might argue that the resulting calibration curve may not have been accurate as
the motor movement may be altered with temperature changes, but on monitoring
the door position during my site-visits, I found door angle values given by the curve
to be within 2-3°, which was acceptable for our purposes. Software changes were
also made to modify data format and content in the output files. The complete field
system was tested at the UM-MBG for one week before it was transported to the

EDC.

3.1.3 Observations: Data Collection and Problems
3.1.3.1 Bare Soil

The sensors were installed on Julian day (JD!) 190 - 191. The first set of complete
observations was recorded on JD 193 (July 11) and the last set was recorded on JD 270
(September 26). Overall, the micro-met setup worked well and we have continuous

weather and radiance data for 78 days. The microwave radiometers suffered some

1Julian day for REBEX-4 refers to Julian day in 1996.
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hardware problems during the course of the experiment. In this section, I describe
the observations and the associated equipment problems at the bare soil-site.
Microwave Emission

Terrain brightnesses were measured every 10 minutes, at the SSM/I frequencies of
19.35, 37.0, and 85.5 GHz. The radiometers were rotated every 30 minutes to switch
polarization resulting in three brightness measurements at one polarization, followed
by three measurements at the other polarization. The 37 GHz radiometer was shut
down after JD 195 due to a shutter solenoid failure. It had to be shipped to the
manufacturer, but could not be repaired in time to be used during REBEX-4. The 85
GHz radiometer suffered from the same problem on JD 222 and was also inoperable
for the rest of the experiment. The 19 GHz radiometer incurred a defective reference
load temperature sensor on JD 226 and was also shut down. For the bare-soil site,
we have microwave brightnesses at 19 GHz for 36 days, at 85 GHz for 31 days, and
at 37 GHz for only 3 days. The observations at 19 GHz are shown in Figure B.5 in
Appendix B.
Micro-meteorological parameters

All the weather and radiance measurements at the bare-soil site were made every
10 minutes. These measurements included downwelling and upwelling solar radiation,
net incoming radiation (longwave plus shortwave), wind speed at 1.45 m and 3.6
m, air temperature and relative humidity at 1.5 m, and precipitation. The dataset
contained no missing data and all the sensors were fully functional throughout of
the experiment (JD 193-270). During my site-visits, I observed dew on the domes

of the pyranometers and the net-radiometer. The little dust that accumulated on
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the domes required cleaning only once during the experiment. Small insects had
also become stuck in the water-flow channel of the precipitation gauge. Although
I cleaned the channel often, the accuracy of the gauge is still questionable. The
micro-met observations are presented in Figures B.1 - B.3 in Appendix B.

Soil: Thermal and Hydraulic conditions

Soil moisture and temperatures were measured at depths of 2, 5, and 8 cm every
30 minutes [see Figure B.4 and B.5 in Appendix B]. CCRD used two sets (viz., plot-1
and plot-2) of three sensors each, for these measurements. Two of the temperature
sensors in plot-2, at 2 and 8 cm, gave intermittent erroneous data (see section 3.1.4).
The 2 cm soil moisture probe in plot-1 had some technical problems so that the
observations from this probe may not be reliable. Surface temperature was measured
using the TIR radiometer every 10 minutes. The sensor was turned off from JD 236
to 257 because the microwave radiometers were inoperable during this time, and the
TIR radiometer was controlled by the same software as the other radiometers. Three
observations for soil heat flux were recorded at a depth of 2 cm at random locations
within the bare-soil patch [see Figure B.5 in Appendix B].

Soil-core samples were collected for moisture and bulk density measurements on
JD 191 (June 9) and 269 (September 25). An Oakfield Apparatus Co. soil sampler
(inner diameter = 2.03 cm, length = 10 cm) was used for the moisture samples and
a Soil Moisture Equipment Corp. model 200-A soil core sampler (inner diameter =
5.372 cm, length = 6 cm) was used for the bulk density samples. Six core samples
were taken for soil moisture measurements on both days. Three samples were taken

for bulk density measurements on JD 191 (Table 3.5), and two were taken on JD 269



74

(Table 3.6).
Sample | Volume | Wet wt | Dry wt Vol. soil Bulk Density
cm? gm gm | moisture (%) gm/cc

1 32.36 50.3 43.9 19.77

2 64.73 117.6 99.4 28.12

3 64.73 110.2 93.0 26.57

4 64.73 129.8 106.7 35.69

5 64.73 125.2 102.3 35.38

6 64.73 115.5 99.3 25.03

1bd 136 204.1 172.4 23.31 1.20
2bd 136 189.4 155.0 25.29 1.33
3bd 136 202.0 161.2 30.0 1.25

Table 3.5: Soil moisture and bulk density measurements made on Ju-
lian day 191.
density measurements.

“bd” refers to the cores used for the bulk

Sample | Volume | Wet wt | Dry wt Vol. soil Bulk Density
cm? gm gm | moisture (%) gm/cc

1 64.73 108.8 85.3 36.60

2 64.73 114.6 88.8 39.86

3 64.73 136.8 109.4 42.33

4 64.73 130.8 103.2 42.64

) 64.73 120.1 93.7 40.78

6 64.73 128.3 100.1 43.56

1bd 136 177.7 127.8 36.69 1.20

2bd 136 217.5 160.9 41.62 1.46

Table 3.6: Soil moisture and bulk density measurements made on Ju-
lian day 269.
density measurements.

Video Images

“bd” refers to the cores used for the bulk

Black and white video images were collected on JD 198, 199, 201, 204, 206, 207,

211, 214, 218, 220, 225, 228, 232, 234, 236, 239, 242, 247, 250, 257, 264, and 270.

These images were saved in JPEG format. Figure 3.16 shows an example image taken
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on JD 207 (July 25). The camera’s fixed iris and varying light conditions at the site

rendered some images harder to interpret.

Figure 3.16: A B/W video image of the bare-soil site, taken on July
25 (JD 207).

3.1.3.2 Brome Grass

The field system was installed on JD 151 - 153. After initial problems with the
hardware, the first observations were recorded on JD 156 (June 4), and the last were
recorded on JD 268 (September 24). Throughout the experiment, we had intermittent
hardware problems with the microwave radiometers. Because the field system was
not modular, i.e., the micro-met system could not be operated while the radiometers

were being repaired in the field, there are several gaps in the weather and radiance
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data. This section contains a detailed description of the observations made at the
grass-site and the problems encountered during data collection.
Microwave Emission

We observed terrain and reflected sky brightnesses at 19.35 (V- and H-pol), 37.0
(V- and H-pol), and 85.5 (H-pol) GHz every 30 minutes. The terrain brightnesses
were observed at the SSM/I incidence angle of 53°, while the sky brightnesses were
observed at the zenith angles of 43° (skyl) and 56° (sky2). The 19 GHz radiometer
suffered from intermittent hardware problems during the experiment. Most of the
problems were caused by the necessarily high internal temperatures. To maintain
good temperature control, the internal temperature of the TMRS2 radiometers must
be set higher than the maximum ambient temperature. Because the 19 GHz radiome-
ter had the largest antenna and was most affected by the ambient temperature, the
internal temperature was sometimes set as high as 329 K. The 37 and 85 GHz ra-
diometers were set as high as 327 K and 325 K, respectively. Similar problems caused
by over-heating were encountered during REBEX-5 (see Section 3.2). Given these
problems during REBEX-4 and REBEX-5, the UM-MGG is developing radiometers
for future experiments with thermo-electric coolers so that the internal radiometer
temperatures can be set either lower or higher than the ambient temperatures, as
needed [67].

On JD 194, the mixer in the 19 GHz radiometer failed, most likely because of the
prolonged exposure to high temperatures. The mixer was replaced and the radiometer
was operational again on JD 195. On JD 185, the -15V solid state relay in the 37

GHz radiometer failed and was replaced on JD 195. The physical temperature of
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the 85 GHz antenna was no longer recorded after JD 167 when a thermistor failed.
Because brightnesses at 85 GHz were not a primary focus of my study, repairing it
was given a low priority. A few other radiometer problems (short data gaps) resulted
from flaky electrical connections, blown out fuses, and damaged ICs. The microwave
observations recorded at the grass-site are shown in Figure B.14 in Appendix B.

There were two problems with the housing door during REBEX-4. The door
failed to open during an experimental cycle on JD 162 when capacitor failed in the
door motor. The capacitor was replaced, and the door became operational again on
JD 166. On JD 220, a threaded shaft that affixed the door to an actuator worked
itself loose from the actuator so that the door was always fully open. The shaft was
re-inserted in the actuator and secured with a locking nut and the door was again
operational on JD 221.
Micro-meteorological parameters

The MMS at the brome grass site worked without major problems for the duration
of the experiment. Every 30 minutes, the system recorded air temperature, relative
humidity, and wind velocity (speed and direction) at 2 m, wind speed at 10 m, up-
welling and downwelling solar radiation, net incoming radiation, Bowen Ratio (two
thermocouples and air intake channels installed 1 m apart), and precipitation. Data
were lost primarily during times when the radiometers were being repaired. A capac-
itor failed on the 10 m anemometer on JD 198. It was repaired, and the anemometer
became operational on JD 238. As with the CCRD instruments, I observed dew,
but no significant dust on the domes of the pyranometers and the net radiometer

[see Figure 3.17]. They were cleaned only once during the experiment. Wasps nested
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under one of the cup-shaped arms of the precipitation gauge. Although the nest
was repeatedly removed and the area sprayed with a wasp-killer, the precipitation
data may be unreliable. The micro-met observations appear in Figures B.6 - B.13 in

Appendix B.

Figure 3.17: A close up of the net radiometer dome to show dew on
the upper hemisphere.

Canopy: Thermal and Hydraulic conditions

The air temperature in the canopy was measured at 2, 4, 10, 32, 64, and 90 cm
above the soil surface every 30 minutes. The thermistor at 2 cm was situated in the
thatch layer. Six diurnal experiments were conducted to measure canopy biomass.
Each experiment involved weighing wet biomass of the canopy cut from a 900 cm? plot,
every 2-3 hours for a 24 hour-period during a precipitation-free day. Whenever there
was water on the canopy due to condensation, it was included in the wet biomass
measurement. The samples were dried at 70°F for 24 hours in a laboratory and

weighed again. Figure 3.18 shows the results from the canopy diurnal experiments.
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Figure 3.18: Wet and dry canopy biomass from six diurnal experi-

ments during REBEX-4.

More detailed results are given in [106]. The experiment on JD 189 was cut short due

to rain after 1900 hr. Two additional experiments were conducted to measure the
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vertical distribution of the canopy biomass. The canopy was cut in 2 cm increments
from a 0.372 m? plot and the samples were weighed. They were then dried and

weighed again to measure the dry canopy biomass for each 2 cm increment. Figure

3.19 shows the results from the two experiments.
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Figure 3.19: Vertical distribution of wet and dry canopy biomass from
two experiments during REBEX-4 (a) JD 159 (b) JD 172.

Soil: Thermal and Hydraulic conditions

Soil temperature was measured at the depths of 2, 4, 8, 16, 32, and 64 cm in
two plots every 30 minutes. Soil heat flux was measured at a depth of 2 cm every
half hour at three locations within 2 m of each other. Soil moisture was measured

at 2, 4, 8, 16 and 32 cm. The moisture measurements, however, were unreliable and
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could not be used for model calibration. There were three problems with the moisture

measurements:

1. The Tektronix cable tester [Figure 3.20] used to collect data from the
Time Domain Reflectometry (TDR) probes had problems communi-

cating with the on-site computer.
2. Calibration of the TDR probes proved to be unreliable.

3. Some of the recorded data were ambiguous.

Figure 3.20: A close up of the TDR display showing the “features”
corresponding to the beginning and the end of the probe.

Data from five diurnal experiments conducted to measure soil moisture were used for
model initialization and calibration. Each experiment consisted of driving a cylin-
drical coring tool, with 7.4 cm inner diameter, into the soil to a depth of 24 cm and
extracting soil samples every 2-3 hours for a 24-hour period during a precipitation-

free day. Figure 3.21 shows typical thicknesses of the soil samples. The samples were
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weighed either in the field or in the laboratory to get the mass of moist soil. They
were baked at 100°C in the laboratory for 24 hours, and the soil samples were weighed
again. Figure 3.22 shows the volumetric soil moisture in the upper 5-6 cm during the

five experiments. Detailed results from the experiment are given in [106].

Surface (z=0cm)

Figure 3.21: Thicknesses of soil samples during the diurnal experiments.
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Figure 3.22: Volumetric soil moisture for the upper 6 cm at the grass
site measured during REBEX-4.



Video Images
Black and white video images were recorded every day at 1600 hrs CDT. Figure

3.23 is an example of such images.

Figure 3.23: A B/W video image of the grass target area taken on
August 21 (JD 234).

A detailed report of the sensor installation, observations, and problems in data

collections during REBEX-4 are given in [106].

3.1.4 Data Processing and Analysis

This section contains a discussion on data processing required prior to their being
used to force the LSP/R model (as inputs) and to calibrate the with model (as
outputs). For the bare-soil observations, data from five sensors were suspect. The
recorded maximum wind speeds at 1.45 m and 3.6 m during the entire experiment

were less than 2.3 m/sec. Local weather records show wind speeds as high as 8-10
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m/sec [128], and the average wind speeds from the anemometer on the MMS at the
grass site were nearly 3 m/sec. There may have been a software scaling error, but
CCRD could not confirm or correct the error. I used wind observations from the
10 m anemometer at the grass-site, with gaps in the data filled with extrapolated
values using a logarithmic wind relationship [187] of the observations at 6.9 m from
the Local Climatological Data (LCD) published by National Climatic Data Center
(NCDC) for Sioux Falls, SD. The LCD observations were recorded every 3 hours
and the 10-m observations were recorded every half hour. Because the LSP/R model
expects data at 10 minute intervals, the wind data were linearly interpolated to 10
minute intervals. I estimated the rainfall at the sites from combined precipitation
and relative humidity data from the two data sets, and from the LCD in Sioux Falls.

Two bare-soil temperature thermistors in plot-2 recorded suspect data or failed.
The thermistor at 2 cm might have become uncovered, because its recorded diurnal
amplitudes were higher than the 2 cm thermistor in plot-1 and matched more closely
with the TIR observations for skin-temperature. The thermistor at 8 cm failed on
JD 212. The soil temperature predictions by the LSP/R model were compared with
the observations in plot-1.

For the grass-site, minimal processing was required because the weather and down-
welling radiance inputs for the model were obtained from the observations at the

bare-soil site.
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3.2 REBEX-5

Our research group (UM-MGG) had a unique opportunity to participate in an
interdisciplinary investigation, the Southern Great Plains Hydrology Experiment -
1997 (SGP’97), during the summer of 1997. It was conducted from June 18 (JD?
169) through July 17 (JD 198), and covered 11,000 km? of Oklahoma. One of its
major objectives was to estimate soil moisture and temperature using remote sensing
at different spatial scales [98]. Investigators from several institutions around the
world collaborated to measure and map soil and vegetation properties; to monitor
radiant fluxes and soil temperature and moisture profiles; and to record weather.
Microwave brightness and radar observations were made from ground, aircraft and
satellites. The UM-MGG conducted REBEX-53 as a contribution to the SGP’97 at
Department of Energy’s Atmospheric Radiation Measurement - Cloud and Radiation

Testbed (ARM-CART) Central Facility (CF) near Lamont, OK [107].

3.2.1 Site and Terrain Description

Two terrain types were monitored at the REBEX-5 [Figure 3.24] site; senescent
winter wheat (from JD 170-176.67) and, after harvest, wheat-stubble (from JD 177-
198). The wheat field (CF-02) was ~100 m south-west of the main building of the
CF. The site was relatively flat with the wheat growing in rows that were 30 cm
apart. An ARM-CART 60 ft tower with sensors for wind velocity, temperature, and

relative humidity at different heights was located 75 m south-west of the REBEX-

2Julian day for REBEX-5 refers to Julian day in 1997.
3REBEX-5 was a team effort and credit is due to all who participated.
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5 site. Investigators from NASA Goddard Space Flight Center (NASA-GSFC) and

Global Hydrology and Climate Center (GHCC) monitored a grass (CF-01) and a

wheat site (CF-02) 50 m south-east of our site.

Figure 3.24: Experimental setup during REBEX-5 in Oklahoma.
A truck-mounted radiometer systern from NASA-
GSFC/USDA can be seen in the background.

3.2.2 Experimental Setup and Observations

REBEX-5 was a much simpler experiment than REBEX-4 because only the TMRS2
was used to monitor the wheat site. The MMS was being re-designed and could not
be used for REBEX-5. The micro-met data needed for the model calibration was

obtained from the ARM-CART and the GHCC sensors (see Chapter 4). The TMRS2
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system was identical to the one used in REBEX-4 with no major hardware modifica-
tions and only minor software changes. The harnesses and connectors in the housing
were refurbished, and the 10 m anemometer was connected directly to the CDMS
in the trailer (during REBEX-4, the anemometer was connected to the 3 m tripod).
The control software was changed to include the anemometer modification. Power
and a telephone line were provided by the CF.

The TMRS2 tower faced the north-east and observed a 4m x 2m area. We observed
microwave brightnesses at the three SSM/I frequencies and TIR temperatures of
terrain and sky, and 10-m wind speeds every 30 minutes [see Appendix B]. Video
images were recorded once per day.

The microwave radiometers were calibrated using the hot and cold load measure-
ments (as in REBEX-4) three times during the experiment. The set temperatures
had to be as high as 332 K for the 19 and 37 GHz radiometers to maintain good tem-
perature control. Toward the end of the experiment (JD 193), the 19 GHz radiometer
began malfunctioning and was turned off on JD 196. After REBEX-5, the failure was
traced to a loose electrical connection. The TIR radiometer gave intermittent values
of 0 K for the skin temperatures. These anomalies occurred between early and late
afternoons only and are thought to be associated with high afternoon temperatures.
The 0 K values were filled in with the observations from the ARM-CART TIR sen-
sor. Gaps in 10 m wind speed data were also filled using data from the ARM-CART
anemometer.

The UM-MGG also measured canopy biomass during four diurnal experiments:

two with senescent winter-wheat and two with wheat-stubble. These experiments
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Figure 3.25: Wet and dry canopy biomass from four diurnal experi-
ments during REBEX-5.

were conducted in the same manner as the canopy diurnals during REBEX-4 (see
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section 3.1). Figure 3.25 shows the wet and dry canopy biomass measurements during
the four experiments. Detailed observations during the diurnal experiments are given

in {107].

3.3 Summary

¢ REBEX-4 was conducted in collaboration with CCRD, AES, Canada on
the grounds of EROS Data Center, near Sioux Falls, SD, from June
through September in 1996. Co-located and continuous microwave
brightnesses and micrometeorological observations were made at a bare
soil and a brome grass site. Soil thermal and hydraulic conditions were

also monitored at both sites.

e REBEX-5 was conducted as the University of Michigan’s contribution to
SGP’97. During REBEX-5, we observed continuous microwave bright-
nesses of senescent winter wheat, and after harvest, winter wheat-
stubble, from mid-June through mid-July in 1997 at the ARM-CART

Central Facility near Lamont, OK.



CHAPTER 4

LSP/R Model Calibration

In this chapter, I describe the calibration of the modified LSP/R. model [see Chap-
ter 2] for three terrain types, viz., bare soil, brome grass, and winter wheat-stubble. I
also discuss the results from the comparison of model estimates with the field observa-
tions during REBEX-4 and REBEX-5, described in Chapter 3. The chapter contains
details of only the model parameters that were specific to each terrain. The parame-
ters and physical constants that were the same for all three terrains are summarized

in Appendix C.

4.1 Bare Soil

4.1.1 The 1-dTH Module

This section provides details of the 1-dTH module calibration for bare soil, in-
cluding discussions on constrained and un-constrained parameters used in the model

simulation.

91
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4.1.1.1 Simulation Period and Input Variables

I'ran the 1-dTH module for 24 days, from Julian Day (JD) 194 (July 12) through
218 (August 5) in 1996. The module was forced with downwelling solar and longwave
radiation, wind speed at 10 m, air temperature and relative humidity at 2 m, and
precipitation. Figures 4.1 and 4.2 show these forcings for the simulation period as
observed during REBEX-4. The downwelling longwave radiation (R}) was not mea-
sured during REBEX-4, but was estimated from the observed downwelling (R!) and
upwelling (R]) solar radiation, net incoming radiation (R.), and soil thermal infrared

temperature (Tygr) as,
B} = R.—(R}—Rl)+eoTh (4.1)

where, e; is the infrared emissivity of the soil surface, and o is the Stefan-Boltzmann

constant. Figure 4.3 shows the estimated R}.

4.1.1.2 Initial and Boundary Conditions

The initial conditions for the upper 8 cm of soil moisture and temperatures were
obtained from the REBEX-4 observations. The temperature profile for the deeper
layers was estimated from an annual model [125]. The moisture profile for the satu-
rated layers below the water-table, at 2 m [16], was equal to porosity. The profile was
linearly interpolated for the soil nodes between 8 cm and 2 m, but their values were
altered during calibration to provide a best fit between the model estimates and the
field observations. Figure 4.4 shows the initial temperature and the moisture profiles.

The surface boundary condition was from the energy balance among short and long-
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wave radiation, and sensible and latent heat exchanges as described in section 2.1.1.1.
At the lowermost boundary (node), the temperature and the moisture was the same

as for the node above [see section 2.2.1].
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Figure 4.4: Initial conditions for bare soil simulation: (a) Soil temper-
ature and (b) Moisture profile.
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4.1.1.3 Soil Properties

Physical Properties

The soil at the REBEX-4 site was a Silty Clay Loam. Estimates of silt, clay, and
sand fractions, wilting point, and field capacity were obtained from a soil survey report
[151]. Estimated range of porosities, 46-49%, were from the bulk density calculations
discussed in Chapter 3. The roughness length of the soil, i.e., the height above
the surface where the wind speed vanishes, was estimated from [187]. The physical
properties for the upper 5 cm are tabulated in Table 4.1. Linear interpolation was

used to assign these properties to each node in the module.

Properties Values
Silt fraction (%) 65.1
Clay fraction (%) 31.0
Sand fraction (%) 3.9

Field capacity (m*/m?) 0.294
Wilting point (m3/m3) 0.145
Porosity (%) 48.0
Roughness length (m) | 0.02-0.09

Table 4.1: Soil physical properties in the upper 5 cm at the REBEX-4
site.

Thermal Properties

Thermal conductivity, as a function of soil constituents, particle shape, and mois-
ture, was from an empirical model by deVries [42, 122, 71]. The model was unchanged
in the modified module. For simplicity, the shape of the soil particles were assumed
to be spherical. During the module simulation, the thermal conductivity of soil varied

between 0.58 and 0.65 W/m.K. Various thermal properties of the soil constituents
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are summarized in Appendix C.
Hydraulic Properties

Soil hydraulic conductivity is a function of saturated hydraulic conductivity and
matric head (143, 175]. The saturated hydraulic conductivity depends on physical
properties of the soil and can vary over orders of magnitude [87, 76, 151]. For the
REBEX-4 site, Nestrud et al. [151] estimated a range of 1.76x10°° to 5.64x10°® m/sec
and I measured a value of 2x10"7 m/sec using a laboratory tension apparatus [106]
on a soil sample taken from the site. The saturated conductivity was the only uncon-
strained constitutive property in the bare soil model, and its value for each node was
varied within the allowed range to calibrate the module. The assigned values were
2x10" m/sec in the top 1 cm of soil and 5x10"7 m/sec in the next 4 cm.

I used the relationship between matric head and soil water content given by the
two-parameter junction model by Rossi and Nimmo [175]. The equations, described
in detail by Liou et al. [122], were unchanged in my version of the model, except for
the estimates of air entry pressure and pore size index, discussed in section 2.2. Figure
4.5 shows matric head and hydraulic conductivity as functions of water content in
the top 5 cm of the soil.

Radiation Properties

Two parameters in the module describe the radiation properties of the soil,viz.,
thermal infrared (TIR) emissivity and shortwave albedo. A typical range for TIR
emissivities of bare soils is 0.94-0.98 [162]. I chose 0.96. The albedos of most agricul-
tural soils vary between 0.2 and 0.4 [2], but are functions of solar angle; cloud cover;

soil physical properties such as color and roughness [187], and soil moisture [96]. The
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Figure 4.5: Hydraulic properties of soil. (a) Matric head and (b) Hy-
draulic conductivity as functions of soil moisture.

soil albedo was constant at 0.3 in the community model [124]. I used a variable

albedo obtained by fitting observed values of R!/R! to cubic polynomials for clear
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and cloudy days as functions of the solar angle [see Figure 4.6]. The results were,

albysy = 0.33 —0.5862 cosZ + 0.75 cos*Z — 0.325 cos*Z

alby, = 049 —1.7 cosZ + 2.9 cos*Z — 1.58 cos’Z (4.2)

where, alb.q, and alb., are cloudy and clear day albedos, respectively, and Z is the

solar zenith angle.
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Figure 4.6: Solar albedo for the bare soil during REBEX-4.

4.1.1.4 Solution Convergence

The 1-dTH module was run using different spatial and temporal resolutions to
test for convergence. Figures 4.7 and 4.8 show the results of the convergence tests as
observed in soil temperatures and moisture at the depth of 5 cm. As expected, the
soil temperature and moisture estimates converged as the time interval between each

module update, or the time steps, decreased. Similar convergence was achieved as
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the inter-nodal distances were decreased. In general, the time-steps and inter-nodal
distances at which the solution converges depend upon the soil properties and the
strength of forcings at the upper boundary. Figure 4.7(a-b) show the temperatures
and the moisture for a five-day simulation, from JD 193 (July 11) through 198 (July
16) in 1996, as the time-steps decreased from 4.6 to 1.5 seconds. The soil was dis-
cretized into 61 nodes with 8 nodes in the top 5 cm during the simulation. Model
estimated profiles after 5 days achieved convergence when the time-step was decreased
to 3 seconds. A further decrease in the time-step to 2 or 1.5 seconds produced changes
in the moisture and temperature estimates of < 0.04% and < 0.05 K, respectively.
Figures 4.8(a-b) show the soil temperature at 5 cm and the total moisture in the
upper 5 cm for a 3 second time step, as the total number of nodes increased from 40
to 70, or from 3 to 13 in the upper 5 cm. As the number of nodes in the top 5 cm
increased from 3 to 8, the temperature and moisture estimates oscillated within ~0.05
K and 0.2 mm/m?, respectively. The oscillations decreased by half, as the number
of nodes increased from 8 to 13. For all the model simulations in this dissertation,
the time step was 3 seconds and the soil was discretized into 61 nodes with 8 nodes

in the upper 5 cm.
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4.1.1.5 Comparison with Field Observations: Results and Discussion

In this section, I compare the 1-dTH module estimates® of soil temperatures,
moisture, and heat fluxes with the REBEX-4 data. Figures 4.9(a-d) show comparisons
of modeled and measured soil temperatures at the surface, and at depths of 2, 5,
and 8 cm, respectively. The modeled surface temperature actually represents the
temperature over the upper 2 mm of soil, but is compared with the observed skin
temperature (TIR). Overall, the 1-dTH module captures the diurnal variations in the
soil temperatures at 2, 5, and 8 cm as indicated by low mean differences between
the estimated and the observed temperatures and their standard deviations [Table
4.2]. The module under-estimates the surface temperatures during the day by ~10
K, but estimates realistic temperatures during the night. We expected a difference
of 2-3 K between the skin temperature and the 2 mm layer temperature, but a 10
K difference combined with the slightly higher amplitude module temperatures at
2 cm suggests that the modeled thermal conductivities of the soil surface may be
too low. Modeled conductivities include only a conduction process and not an inter-
particulate radiative transport process. Radiative transport could be significant in the
under-dense artificially created bare soil surface of REBEX-4. Including the radiative
transport would increase the thermal conductivity in such soils. For lower layers,
below 2 cm, modeled temperatures match with the observations well. Modeled heat

fluxes also match the observed fluxes at 2 cm [Figure 4.10].

LThe model “estimnates” refer to the calibrated results.
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Depths Mean Standard Deviation
Surface (1 mm vs. TIR) -1.77T K 6.81 K
2 cm -0.99 K 3.87T K
5 cm -0.89 K 2.84 K
8 cm -0.82 K 2.28 K
Heat Flux (2 cm) -7.29 (W/m?) 38.19 (W/m?)

Table 4.2: Mean differences and their standard deviations for the soil
temperatures and heat fluxes. (Difference = Estimated-
Observed).

In Figures 4.9(b-d) and 4.10, the module estimates for temperatures and heat
fluxes on JD 207 are uncharacteristically high. This was most likely due to particularly
low wind speeds on that day. In general, as the wind speed decreases, the roughness
length increases [162]. In the module, the roughness length varies between 0.02 and
0.09 m, depending on wind speed. More sensitivity studies are required to see the
affect of different roughness lengths and wind speed on model output, and to make

simulations more realistic during low wind periods.
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Figure 4.11(a-c) compares the estimated and the observed soil moisture at depths
of 2, 5, and 8 cm, respectively. The module estimates realistic mean moisture values
at the observed depths as given in Table 4.3. The deviations of 1.5% by volume
for the 2 cm depth, are acceptable and fall within the range of experimental errors
using the TDR probes [134]. The estimated and the observed moisture at 2 cm are
approximately 180° out of phase. The phases of the observed values seem to track
the thermal variations in the soil. The period of the TDR probe-signal is sensitive to
the changes in soil temperature [37], which could explain the phase differences and

also the stronger diurnal variations observed at the lower layers.

Depths | Mean (% by vol.) | Standard Deviation (% by vol.)
2 cm -0.86 1.50
5 cm -0.05 0.82
8 cm -0.65 0.86

Table 4.3: Mean differences and their standard deviations for the volu-
metric soil moisture. (Differences = Estimated - Observed)
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4.1.2 The R-Module

This section contains a description of the R-module calibration for bare soil and
compares the results with the REBEX-4 field observations. The comparison was
based only on the 19 GHz observations because lower frequencies are desirable for

soil moisture applications [section 1.3.1].
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4.1.2.1 Input Variables and Soil Properties

The R-module was run for the same 25 day period as the 1-dTH module (JD 193-
218). It was forced with the temperature gradients, surface temperature, and moisture
estimates from the 1-dTH module?, as well as downwelling sky brightnesses. The
sky brightnesses observed during REBEX-4 could not be used because of calibration
problems at colder temperatures [111]. From our earlier studies, the sky brightnesses
at 19 GHz were found to vary between 20-60 K, as estimated from the expressions
given by Ulaby [200] using temperature and density profiles from rawinsonde data at
Huron, South Dakota, about 200 km from the REBEX-4 site [71, 105]. The module
brightnesses were 20 K for clear and 50 K for cloudy days.

The physical properties of soil were the same as the soil in the 1-dTH module
[Table 4.1]. The dielectric constant for the dry soil solids was 4.0 [201]. The soil was
specular, incoherent, multi-layer emitter with dielectric properties from Dobson et

al.’s four-component mixing model [see section 1.3.1].

4.1.2.2 Comparison with Field Observations: Results and Discussion

Figure 4.12(a) shows the estimated and the observed V-pol soil brightnesses at 19
GHz. The module captures the diurnal variations in the brightnesses as suggested
by low mean differences between the estimated and the observed brightnesses (Table
4.4). The estimates are brighter by ~10 K than the observed data during the day,

but match fairly well during the night. This over-estimation could be explained by

2The R-module was not tested with the observed data, prior to calibration, due to lack of surface
soil moisture observations.
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the lower surface temperature estimates in the 1-dTH module. The lower estimated
temperatures result in less negative temperature gradients® and higher brightnesses

than those observed.
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Figure 4.12: A comparison of the estimated and the observed bright-
nesses at 19 GHz using a smooth surface approximation
for bare soil.

Figure 4.12(b) compares the estimated and the observed 19 GHz H-pol bright-
nesses. Although, the diurnal variations in the brightness are captured well, the
module under-estimates mean brightnesses that are offset by ~70 K. V-pol estimates
do not exhibit a similar discrepancy because the H-pol brightnesses are more sen-
sitive to the soil moisture and surface features such as, roughness at the incidence

angle close to Brewster angle. As mentioned earlier, in Chapter 3, the bare soil site

3Temperature gradient is defined positive toward the surface.
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was artificially created by removing the vegetation and ploughing the ground. Al-
though it was somewhat smoothed by disking, the surface was still rough with loose
soil aggregates. Schmugge et al. [185] found similar large differences (~30 K) be-
tween the airborne observations at 1.4 GHz and the calculated brightnesses using the
smooth-surface approximation. They attributed the differences to surface roughness.
Later, Choudhury et al. [34] demonstrated that roughness effects could account for
such large differences with their simplistic semi-empirical reflectivity model. The ef-
fects of soil roughness on microwave brightness is not well understood, particularly
at the SSM/I frequencies, and only semi-empirical models exist. In the next section,
I present a qualitative discussion on roughness effects and some of the often used
models. The aim of the discussion is not to calibrate the R-module using these rough
surface models, or to evaluate these models quantitatively, but to demonstrate surface
roughness as a significant factor toward more realistic H-pol brightness estimates at

the bare soil site, through the use of the models.

Polarization | Mean difference K | Standard Deviation K

\% 0.5 5.82
H -69.69 7.69

Table 4.4: Means differences and their standard deviations for the 19
GHz brightnesses using smooth surface approximation for
bare soil. (Difference = Estimated-Observed).

Surface Roughness
The effects of soil roughness on microwave emission have been studied mostly

for lower frequencies, viz., 1.4-10 GHz [180, 185, 34, 212, 141, 196], where the soil
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moisture retrieval is most promising. In general, the roughness increases surface
emissivity and brightness, with a larger increase for wetter soils [152, 34]. The most
commonly used semi-empirical model at 1.4 GHz, developed by Wang and Choudhury
[210], includes only coherent reflectivity. The Fresnel reflectivity is modified using two
empirical parameters, roughness height £, and polarization mixing ratio Q. Both the
parameters are obtained from measured data and are not physically realistic. The

expression used to calculate reflectivity at polarization p is,

() = [Q rog(0) + (1 — Q) rop(0)] ezp(—h G(6)) (4-3)

where, To, and roq are the Fresnel reflectivities at polarizations p and ¢, and G is a
function of incidence angle (= cos?0). Wang et al. modified the above expression
using field data at 1.4, 5, and 10.7 GHz and found that the cos?# dependence for
G was not realistic and used G=1 for their study [212]. Although, both A and Q
increased with frequency, the dependence of @ was strong, while that of A was not.
The values for & and @ varied between 0-0.6 and 0-0.3, respectively [212]. For 19 GHz,
h=0.8 and @=0.2 produced the best fit between the observed and the estimated soil
brightnesses at H-pol during REBEX-4 [Figure 4.13]. The V-pol brightnesses remain
largely unaffected with <5 K increase in diurnal amplitude.

Mo and Schmugge [141] improved upon the Wang and Choudhury’s reflectivity
model by integrating the bistatic scattering coeflicient over the upper hemisphere
with the incoherent scattering term included. Instead of polarization mixing ratios,

they used the following semi-empirical function to estimate reflectivity r,
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Figure 4.13: A comparison of the estimated and the observed 19 GHz
brightnesses of bare soil using Wang and Choudhury’s
reflectivity model.

ro(0) = T10p(9) ezp(-G)

where, 1o, is the Fresnel reflectivity at polarization p, G = —In[S(8) f(ks, ki, 8)], S(0)
is the shadowing function, and f is a function of wave number k, standard deviation
s, and the autocorrelation length of surface height [.

Recently, Wegmiiller and Matzler [214] used a similar theoretical strategy and ex-
tended the semi-empirical model to a wider frequency range of 1-100 GHz. They used
about 1000 ground-based microwave measurements at incidence angles between 20°

and 70° and achieved the following function to estimate rough bare soil reflectivities
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[214],

ra(my, ks, 0) = rop exp{—(ks)V°1*} (4.4)

ro(my, ks,0) = 1 (cosf)? 6 < 60° (4.5)
ro(my,ks,0) = r [0.635 — 0.0014(6 — 60°)] 60° < 6 < 70° (4.6)
Figure 4.14 shows the R-module brightness estimates using their semi-empirical model

with ks=1. The H-pol brightnesses showed significant improvement when either of

the rough surface models were used.
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Figure 4.14: A comparison of the estimated and the observed 19 GHz

brightnesses of bare soil using Wegmiiller and Matzler’s
semi-empirical model.

One of the major drawbacks of the existing semi-empirical models is the assump-

tion of a normally-distributed, Gaussian surface. Most naturally occurring surfaces
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are scaling surfaces, i.e., their power spectral density function is linear on a log-log
plot, and cannot be described by a single correlation length or roughness height [4, 5].
The roughness phenomena or spectrum affecting brightnesses vary with different fre-
quencies and one or two empirical parameters cannot be used over a wide range of
frequencies [97]. A new model which is more physically realistic should be developed

to further understand the effects of roughness on the microwave emission.

4.2 Brome Grass

4.2.1 The 1-dTH Module

In this section, I describe the calibration of the 1-dTH module for brome grass

and compare the results with the field observations.

4.2.1.1 Simulation Period and Input Variables

The 1-dTH module simulated the land surface processes for 22 days from JD 196
(July 14) through 218 (August 5) in 1996. The module was forced with the same
weather and downwelling radiance data as was used to force the 1-dTH module for

the bare soil [Figures 4.1 through 4.3].

4.2.1.2 Initial and Boundary Conditions

The initial conditions for the canopy, thatch, and upper 64 cm of soil temperatures
were obtained from REBEX-4. The temperatures for deeper layers were estimated

from an annual model [123]. Initial canopy moisture and soil moisture for the upper
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24 cm were obtained from a diurnal experiment conducted closest to the beginning of
the simulation period, on JD 189 (July 7) [see section 3.1.3.2]. The moisture profile
for the deeper layers was obtained using a similar strategy as in the bare soil model.
Figures 4.15(a-b) show the initial temperature and moisture profiles used for the
simulation. The upper and lower boundary conditions were the same as those in the

bare soil module.

4.2.1.3 Canopy and Soil Properties

During the simulation period, the brome grass canopy was fully mature with
an average height of 70 cm. In general, the Leaf Area Index (LAI) for mature grass
canopies ranges between 2-4 [126]. After running the module with several LAI values,
LAI=3.5 provided the best fit between the module estimates and the observations.
Because the REBEX-4 grass site had been undisturbed for several years, the thatch
was approximately 2-3 cm thick and accounted for ~25-30% of the canopy weight [see
section 3.1.3.2]. Table 4.5 gives the canopy properties included in the module. The
albedo of the canopy was estimated by curve-fitting the observed values for a clear
and a cloudy day as done in the bare soil module (equation 4.7). Figure 4.16 shows

the canopy albedo curves used in the module.

Properties Values
LAI 3.5 [unconstrained parameter]
Root depth (cm) 25 [106
Height(hc) (cm) 70 [106
IR Emissivity 0.95 [195]
Roughness Length 0.2*hc [206]
Displacement height 0.65*hc [206]

Table 4.5: Canopy properties at the REBEX-4 grass site.
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for 0.15 < cosZ < 0.9,
albyay = 1.35 —4.83 cosZ + 6.82 cos*Z — 3.25 cos’Z

alby, = 1.08 —4.33 cosZ + 6.97 cos’Z — 3.68 cos®Z (4.7)

where, alb.q, and alby, are the albedos during cloudy and clear days, respectively,

and Z is the solar zenith angle.

0.8 T Y T T T T

0.6

Solor Albedo
o
FS

0.2

Clear Day

i — — . Cloudy Day

0.0 ) . L ’ :
0.2 0.4 0.6 0.8

Cos Z

Figure 4.16: Solar albedo for brome grass during REBEX-4.

The soil at the grass site was the same as the bare soil site, except for the presence
of organic material in the top 5 cm. The albedo of the soil was constant at 0.33. Table

4.6 gives the soil constituent fractions and porosities for the upper 5 cm.
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Values
Properties 0-l1cm | 1-5cm
Silt fraction (%) 60 25
Clay fraction (%) 30 2.5
Sand fraction (%) 1 1
Organic matter (%) 8 71.5
Porosity (%) 60 50

Table 4.6: Soil properties (unconstrained parameters) in the upper 5
cm at the REBEX-4 grass site.

4.2.1.4 Comparison with Field Observations: Results and Discussion

Figures 4.17 and 4.18 compare the observed and the estimated temperatures of
canopy, thatch, and soil at the depths of 2, 4, 8, 32, and 64 cm. The module canopy
and thatch temperatures match the observed temperatures well, as indicated by the
low mean differences in Table 4.7. Although the module estimates realistic diurnal
variations in soil temperatures for the upper 16 cm, it under-estimates mean temper-
atures and amplitudes of the variations by ~5 K. The module may be over-estimating
thermal inertia in soil due to high thermal conductivity and/or soil density. In the
module, the lower layers (between 5 and 16 cm ) of the soil did not have any or-
ganic matter, which would increase the thermal conductivity estimates. The under-
estimated temperatures and amplitudes could also be an indication of unrealistic
initial moisture profiles, because the soil moisture estimates could not be evaluated
during the calibration due to sensor problems [see section 3.1.3.2] as well. The heat
fluxes into the ground at 2 cm match the observed values well [Figure 4.19], which

implies that the energy exchanges between thatch, canopy, and soil are being realis-
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tically modeled, and that the correct amount of thermal energy is being transported

into the soil. The temperature at the deeper layers of 32 and 64 cm compare well with

the observed temperatures. Table 4.7 gives the mean differences and their standard

deviations between the estimated and the observed temperatures and heat fluxes.

Depths Mean Standard Deviation
Canopy 0.30 K 2.80 K
Thatch 0.69 K 2.93 K
2 cm -2.52 K 2.07 K
4 cm -2.61 K 1.58 K
8 cm -2.30 K 1.20 K
16 cm -2.20 K 1.21 K
32 cm -1.01 K 0.32 K
64 cm 1.00 K 0.26 K

Heat Flux (2 cm)

2.36 (W/m?)

97.32 (W/m?)

Table 4.7: Mean differences and their standard deviations between the
estimated and the observed temperatures and heat fluxes
(Difference = Estimated-Observed).
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4.2.2 The R-Module

In this section, I describe the R-module calibration for brome grass and compare

the model estimates of 19 GHz terrain brightnesses with the field observations.

4.2.2.1 Input Variables and Terrain Properties

The R-module was run for the same 22 day simulation period as the 1-dTH mod-
ule, and was forced with the estimates of temperature gradients, temperatures, and
moisture for the canopy and surface from the 1-dTH module. The sky brightnesses
were the same as in the bare soil R-module.

The physical properties of the canopy and soil were the same as the 1-dTH module
[Tables 4.6 and 4.5]. The dielectric properties of the canopy were estimated from
a dual-dispersiocn model by Ulaby and El-Rayes as mentioned in section 2.1.2 and
described in [122, 198]. The dielectric permittivity of the soil was from the mixing

model used in the bare soil module.
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4.2.2.2 Comparison with Field Observations: Results and Discussion

Figures 4.20(a-b) show the V and H-pol estimated and observed terrain bright-
nesses at 19 GHz. The estimated H-pol brightnesses match the observed bright-
nesses well, whereas the mean V-pol brightnesses are over-estimated by ~7 K [Table
4.8]. Approximately, 98% of the total emission at 19 GHz is from the canopy dur-
ing the REBEX-4, when the canopy biomasses were up to 3 kg/m? and the optical
thicknesses were ~2.7. The realistic estimates of the H-pol brightnesses reflect the
accurate canopy moisture and temperature estimates by the 1-dTH module. The R-
module estimates canopy emission independent of polarization, unlike the estimates
for soil and reflected canopy and sky brightnesses. The soil surface contribution to
the total emission is more at V-pol than H-pol in the presence of a significant canopy
cover. Because the modeled soil surface is specular, the observed V-pol rough surface
emissivities are lower than the modeled V-pol emissivities near the Brewster angle.
This would account for the over-predictions of V-pol brightnesses by the model. Low

brightnesses are observed on rainy days: JD 208, 209, 211, and 212 {Figure 4.20].

Polarization | Mean difference K | Standard Deviation K

\' 6.36 4.38
H 0.89 4.44

Table 4.8: Means differences and their standard deviations between
the estimated and the observed terrain brightnesses at 19
GHZz for the grass site. (Difference = Estimated-Observed).
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Figure 4.20: A comparison of the estimated and the observed terrain

brightnesses at 19 GHz for the grass site.

4.3 Winter Wheat-Stubble

4.3.1 The 1-dTH Module

This section describes the calibration of the 1-dTH module for wheat stubble and

compares the module estimates with the field observations [108].

4.3.1.1 Simulation Period and Input Variables

The wheat module was run for 16 days from JD 182 (July 1) through 198 (July

16) in 1997. Boundary forcings at the surface, viz., downwelling solar and long-
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wave radiation, air temperature and relative humidity at 2 m, wind speed at 10 m,
precipitation, and vapor pressure were obtained from observations during SGP’97
[98, 37, 119]. Figures 4.21 and 4.22 show the input forcings during the simulation

period.

4.3.1.2 Initial and Boundary Conditions

Initial canopy moisture was the mean of the measured moisture from the two
diurnal experiments during REBEX-5 [see 3.2.2]. The initial conditions for canopy
temperature, and for soil moisture and temperature profiles for the upper 60 cm, were
obtained from the SGP’97 measurements [191, 37, 119]. The temperature profile for
the deeper layers was estimated from an annual model [123], while the moisture pro-
files were my best estimates using a similar strategy as in the bare soil module. Figure
4.23 shows the initial temperature and moisture profiles used for the simulation. The
upper and the lower boundary conditions were the same as for the bare soil and the

brome grass module, and are described in section 2.1.1.1.
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Figure 4.23: Initial conditions for the wheat stubble simulation (a)
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4.3.1.3 Canopy and Soil Properties

The canopy consisted of a layer of wheat-stubble, grass, and weeds overlying a
layer of wheat-straw from the harvest. The canopy properties in the module are
given in Table 4.9. The canopy albedo was obtained from the observed downwelling

and upwelling solar fluxes measured during SGP’97. The Leaf Area Index (LAI) of
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the canopy was an unconstrained parameter. The module was run for several LAI
values, ranging from 0.4 to 1.0 [126], with 0.7 providing the best fit between the model

estimates and the observations.

Properties Values
LAI 0.7 (unconstrained parameter)
TIR emissivity 0.98 [195]
Root depth 10 cm [107]
Wet biomass 0.5 kg/m?* [107]
Initial moisture 0.22 kg/m? [107]

Table 4.9: Canopy properties at the REBEX-5 site.

The soil properties are given in Table 4.10. The physical properties were obtained
from [135]. The hydraulic and thermal properties were estimated in the same manner

as in the bare soil module. The albedo of the soil was constant at 0.5.

Properties Values
Silt fraction (%) 60
Clay fraction (%) 20
Sand fraction (%) 20
Porosity (%) 46
Field capacity (% by vol.) 0.20
Therm. cond. (J/m.K.sec) 1.6-2.75
Sat. hydr. cond. (m/sec) 2x10~¢-6x1078
(unconstrained parameter)

Table 4.10: Soil properties in the upper 10 cm at the REBEX-5 site.

4.3.1.4 Comparison with Field Observations: Results and Discussion

Figures 4.24 and 4.25 show the estimated and the observed canopy and soil tem-
peratures. The module estimates diurnal variations and amplitudes for temperatures
that match the observations well. The mean differences and their standard deviation

between the estimated and the observed temperatures are given in Table 4.11. The
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module also captures the moisture profiles in the deeper layers fairly well throughout
the simulation period [Figure 4.27], but significantly under-estimates moisture in the
upper layers (0-5 cm depth) until day 190 [Figure 4.26]. This is probably because of an
unrealistic water retention curve used in the module. The measured retention curve
could not be obtained from SGP’97 at the time of this dissertation. After day 190, the
moisture estimates differ from the measurements by as much as 3% by volume. This
difference is within the accepted range of experimental error during SGP’97 moisture
measurements [37]. The mean differences and their standard deviations between the

estimated and observed moisture values are given in Table 4.12.

Depths | Mean (K) | Standard Deviation (K)

Canopy -0.27 1.81
3 cm 0.27 1.55
10 cm 0.03 0.86
20 cm -0.02 0.64
40 cm 1.02 0.34
60 cm -0.18 0.46

Table 4.11: Mean differences and their standard deviations between
the estimated and the observed temperatures. (Difference
= Estimated-Observed).
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Depths | Mean % by vol. | Standard Deviation % by vol.
3cm -0.61 2.71
5 cm -2.30 3.22
10 cm -0.04 2.17
15 cm 0.61 1.8
20 cm 1.67 1.09
30 cm -1.15 0.91

Table 4.12:

Means and standard deviations of the differences between
the estimated and the observed soil moisture. (Difference
= Estimated -Observed).
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A comparison of the estimated and the observed temper-
atures for the wheat stubble. (a) Canopy (b) Soil at 3
cm, and (c) Soil at 10 cm.
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Figure 4.25: A comparison of the estimated and the observed soil tem-
peratures for the wheat stubble. (a) 20 cm (b) 40 cm, and
(c) 60 cm.
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Figure 4.26: A comparison of the estimated and the observed soil
moisture for the wheat stubble. (a) 3 cm (b) 5 cm, and
(c) 10 cm.
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Figure 4.27: A comparison of the estimated and the observed soil
moisture for the wheat stubble. (a) 15 cm (b) 20 cm,
and (c) 30 cm.

4.3.2 The R-Module

This section describes the calibration of the R-module for wheat-stubble and com-

pares its results with the observations.



136

4.3.2.1 Input Variables and Terrain Properties

The R-module was run from JD 182 through 191, constrained by periods of miss-
ing brightness data after day 191. The module obtained the temperature gradients,
canopy and soil surface temperature and moisture estimates from the 1-dTH module.
The dielectric properties of the canopy were from modified dual-dispersion model by
Ulaby and El-Rayes [198]. In the dispersion model, the water is partitioned into
bound-water (estimated by a sugar solution) and free water. It is unclear whether
this is appropriate for inactive wheat-stubble. For simplicity, I assumed that all the
water in the canopy was free water. The soil was a smooth-surfaced, incoherent,

multi-layer emitter as in the grass model.

4.3.2.2 Comparison with Field Observations: Results and Discussion

Figure 4.28 show the estimated and the observed V and H-pol terrain brightnesses
at 19 GHz. The module gives realistic estimates for the brightnesses at both polar-
izations as given by the low mean differences and their standard deviations in Table
4.13. The sensitivity of the H-pol brightnesses to soil moisture for the given canopy
biomass is approximately 2 K/% by volume, so that a mean difference of 3.1 K in the
brightnesses translates to a 1.6% by volume error in the soil moisture. Differences
between the estimated and observed H-pol brightnesses are largely due to errors in
the near-surface soil moisture estimates. The V-pol brightnesses are less sensitive to
soil moisture because their incidence angles are close to the Brewster angle. Some of

the differences may be a result of the smooth surface approximation in the R-module.
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Figure 4.28: A comparison of the estimated and the observed terrain
brightnesses at 19 GHz for the wheat stubble.

Polarization | Mean difference K | Standard Deviation K

\'% -1.8 2.32
H 3.1 3.58

Table 4.13: Means differences and their standard deviations between
the estimated and the observed terrain brightnesses at
19 GHz for the wheat stubble. (Difference = Estimated-
Observed).

4.4 Terrain Brightness vs. Soil Moisture

The 19-GHz brightnesses observed at the three experimental sites were compared
with the model estimates of soil moisture to understand how the sensitivity of bright-

nesses to soil moisture varies for different terrains. Figures 4.29(a) and (b) show the
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respective V and H-pol brightnesses as functions of the water column in the upper
1 cm of the soil. As expected, V-pol brightnesses are less sensitive to soil moisture
than H-pol brightnesses for bare soil because of the nearness of the incident angle
to the Brewster angle, where V-pol emissivity is independent of moisture content.
Moisture sensitivity in brome grass is almost polarization-independent because the ~
3 kg/m?® canopy was nearly optically thick. Moisture sensitivity for wheat stubble is
also polarization independent probably because dry, inactive stubble acts as a rough
surface emitter.

Because the optical thickness of the grass canopy was greater than that of wheat-
stubble, I had anticipated that the brightness moisture sensitivity to be the highest
for bare soil, intermediate for wheat-stubble, and the lowest for grass. Figure 4.29(b)
shows similar sensitivities for grass and wheat-stubble, with increased sensitivity un-
der low soil moisture conditions for grass. It is possible that we are observing the
dynamics of the canopy’s response to low soil moisture. Under these conditions,
the canopy ceases to take water from the soil and minimizes its transpiration to the

atmosphere.
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Figure 4.29: 19 GHz brightnesses observed at the bare soil and the

grass sites during REBEX-4, and at the winter wheat-
stubble site during REBEX-5, as functions of the water
column in the upper 1 cm of soil. (a) V-pol (b) H-pol.
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4.5 Summary

e The LSP/R model achieved convergence with respect to the time steps
and number of nodes after 5 days. For all of the model simulations,
the time step was 3 seconds and the total number of nodes was 61,

and 8 of these nodes were located in the upper 5 cm of the soil.

e The LSP/R model was calibrated for bare soil, brome grass, and win-
ter wheat-stubble using the data from the REBEX-4 and REBEX-5

experiments.

e For the bare-soil case, the model estimates of soil temperature and mois-
ture profiles compared well with the observations. The model surface
temperature was under-estimated by as much as ~10 K because the
thermal conductivity estimates did not account for inter-particulate ra-
diative transfer within the soil surface. The 19 GHz V-pol brightnesses
were less sensitive to the soil conditions than the H-pol brightnesses.
The specular surface approximation in the R-module under-predicted
the H-pol brightnesses by ~70 K. Surface roughness was demonstrated
as one of the major causes for this underprediction. The brightnesses
appeared more realistic when two semi-empirical surface roughness

models were incorporated in the R-module.

e For the brome-grass case, model estimates of canopy and thatch matched
the observations well, with mean differences and standard deviations of

less than 1 K and 3 K, respectively. Soil temperature estimates in the
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upper 16 cm of the soil exhibited less diurnal amplitudes than those
observed due to high thermal conductivity and/or intrinsic density of
the modeled soil. Soil moisture profiles could not be evaluated with
the limited available moisture data. R-module predictions of the 19
GHz H-pol brightnesses matched the observations well, with mean
differences of less than 1 K. I conclude that 19 GHz brightnesses are
insensitive to the grass canopy structure for biomasses ~3 kg/m?2, and
that a “cloud” model of the canopy is adequate to estimate 19 GHz
brightness. V-pol brightnesses were over-estimated by as much as 6 K,

most likely due to the specular surface approximation in the R-module.

e For the wheat-stubble case, the model temperature profiles matched
the observed profiles well. Soil moisture profiles for the upper 5 cm
were under-estimated by as much as ~3 % due to unrepresentative
soil water retention curves estimated by the two-parameter junction
model. The brightness predictions by the R-module were higher than

those observed due to the soil moisture under-estimation.

e The 19 GHz H-pol brightness was found to be most sensitive to the
surface moisture in bare soil. The grass exhibited larger sensitivity at
lower surface moisture. The wheat-stubble showed very low sensitivity

to surface moisture.



CHAPTER 5

Ground-based vs. Satellite Terrain Brightnesses

In this chapter, I compare the terrain brightnesses observed during REBEX-4 and
REBEX-5 with those observed from the Special Sensor Microwave/Imager (SSM/I),

and discuss implications of the results.

5.1 Observations from the SSM/I

The SSM/I is a seven-channel, four-frequency dual pola.rize;:l1 microwave radio-
metric system [90] launched by the Defense Meteorological Satellite Program (DMSP)
aboard six platforms; F'8, F10, F11, F12, F13, and F14. It measures brightness tem-
peratures at 19.35, 22.2, 37.0, and 85.5 GHz at an incidence angle of 53.1°. The
satellite operates in a sun-synchronous near-polar orbit. Each conical scan consists
of 128 observations at 85 GHz and 64 observations at all other frequencies, with a
separation between the scan rows of 12.5 and 25 km, respectively. Figure 5.1 shows

the scan geometry of the SSM/I. It makes 14 revolutions covering a swath of 1400

10nly V polarized at 22 GHz.

142
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km every 24 hours [168]. Detailed descriptions of the SSM/I instrumentation and
radiometer specifications are given in [51, 91, 89, 90, 145]. Data from the SSM/I
were archived in Temperature Data Record (TDR) format by the NASA Marshal
Space Flight Center (MSFC) Distributed Active Archive Center (DAAC) till March
1997, and are now archived at NOAA Satellite Active Archive (SAA) by the National

Climatic Data Center (NCDC).
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Figure 5.1: Scan geometry of the SSM/I [168].

The satellites F10, F11, and F13 were operational during REBEX-4, and F14
became operational during REBEX-5. The data from F10 were unusable because
the satellite orbit had high eccentricity, and were not used in this investigation. The

SSM/I data processing was conducted in two steps. The first step was to subset the
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global data obtained from the TDR antenna temperature tapes to a localized region
around the field-sites. This was done primarily to decrease hard-drive space require-
ments and computing time for further processing. The second step was to resample
the subsetted antenna temperatures? to a fixed geolocation and spatial resolution for
all frequencies. The resampling was necessary to compare data from different fre-
quencies because the fields of view of the radiometers vary with frequency. It was
also important for conducting temporal studies using the same frequency because the
scans are shifted and do not observe the same pixels during their twice-daily local cov-
erage. They repeat approximately every 16 days [168]. The resampling software used
in this dissertation was a customized version [156, 111] of the Equal Area Scalable
Earth-Grid (EASE-Grid) developed by National Snow and Ice Data Center (NSIDC)
[145] with help from Galantowicz and England [71, 70]. The EASE-Grid is an appli-
cation of Backus and Gilbert inversion technique [8] described by Stogryn [193] and
Poe et al. [168]. Figure 5.2 shows an example of a daily EASE-Grid image.

Because the field sites were located in the mid-latitude region, I used a cylindrical
projection [see Figure 5.2] [145, 23] to calculate the row and column for EASE-Grid

pixels that would include the sites [see equations 5.1 and 5.2].

R sind
row = " C cos30° +rowd (5:1)
column = [-g 1o} cos30°] + col0 (5.2)

2In this chapter, the terms “antenna temperature” and “brightness temperature” are used syn-
onymously. One can correct the observed antenna temperatures to account for the energy from the
side-lobes, from cross-polarization coupling, and from spillover loss, to estimate effective brightness
temperatures as described by Wentz [215]. This correction has not been tested extensively and was
not used in this thesis.
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Figure 5.2: An example of 19 GHz H-pol EASE-Grid brightness tem-
peratures during a descending pass using the cylindrical
projection from the NSIDC. [145]

where,

e R is the radius of earth = 6371.228 km,

e C is the nominal cell size = 25.067525 km,

e § and ¢ are the latitude and longitude, respectively (radians),

e row( = 292.5 and colQ = 691.

5.2 Ground-based vs. EASE-Grid Brightnesses:
Results

In this section, I compare the ground-based brightnesses observed during REBEX-
4 and REBEX-5 with the satellite observations to demonstrate how well the field
sites represented their corresponding SSM/I pixels. The satellite brightnesses are

spatially averaged over pixel sizes of hundreds of kilometers. Future assimilation of
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these brightnesses to improve soil moisture retreival require investigating the effects
of significantly varying land-cover within the pixel, even in relatively homogeneous

regions.

5.2.1 REBEX-4

The REBEX-4 site (43.7 N, 96.6 W) was included in the EASE-Grid pixel corre-
sponding to row 89 and column 319. Figure 5.3 shows the exact location of the site
within the pixel. Bare soil brightnesses at 19 GHz were compared with the EASE-Grid
SSM/I brightnesses from JD 193 to 226 in 1996. Data at 37 GHz were not available
for the comparison due to hardware problems [see section 3.1.3.1]. Brightnesses at
19 and 37 GHz from the grass site were compared with the EASE-Grid brightnesses
from JD 153 to 268 in 1996. Figures 5.4(a-b), 5.5(a-b), and 5.6(a-b) show the re-
sults of the comparison. Figures 5.5(a) and (b) present the comparison during the
period when the bare-soil brightnesses were available. As expected, brightnesses of
the grass site are consistently higher than those of the bare-soil due to emission from

the vegetation.

T fN

REBEX-4 }S(ite

25 km

X

e -
25 km

Figure 5.3: Location of the REBEX-4 site within the EASE-Grid pixel.
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Figures 5.7 and 5.8 show the comparisons at 19 and 37 GHz with the EASE-Grid

brightnesses that were within 5 minutes for bare soil and within 15 minutes for the

grass site, respectively.
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Figure 5.7: A comparison of the 19 GHz terrain brightnesses measured
at the bare soil and the grass sites during REBEX-4 with
the EASE-Grid SSM/I brightnesses observed within 15
minutes.
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Figure 5.8: A comparison of the 37 GHz terrain brightnesses measured
at the grass site during REBEX-4 with the corresponding
EASE-Grid SSM/I brightnesses.

5.2.2 REBEX-5

The REBEX-5 site (36.6 N, 97.5 W) was included in the EASE-Grid pixel cor-
responding to row 117 and column 316. Figure 5.9 shows the exact location of the
site within the pixel. Brightnesses at 19 and 37 GHz were compared with the EASE-
Grid brightnesses from JD 170-196 for the 19 GHz and from JD 170-199 in 1997 for
the 37 GHz, as shown in Figure 5.10(a-d). Figures 5.11(a-d) compare the REBEX-5

observations to the EASE-Grid brightnesses that were within 15 minutes.

T fN
REBEX-35 Site g
X -
o~
X
- -
25 km

Figure 5.9: Location of the REBEX-5 site within the EASE-Grid pixel.
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Figure 5.10: A comparison of the 19 and 37 GHz terrain brightnesses
measured at the winter wheat site during REBEX-5 with
the corresponding EASE-Grid SSM/I brightnesses.
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measured at the winter wheat site during REBEX-5 with
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5.3 Ground-based vs. EASE-Grid Brightnesses:
Discussion and Implications

The SSM/I brightnesses are sensitive to terrain moisture at both 19 and 37 GHz,
with a larger sensitivity at 19 GHz. The REBEX-4 and REBEX-5 brightness-clusters
lie roughly parallel to the 1:1 line [see Figures 5.7, 5.8, and 5.11], implying a strong
correlation between the ground-based and the satellite brightnesses in spite of the
large difference in the observation area between the ground-based (12.6m?) and the
EASE-Grid (625 km?) measurements.

In regions with significant vegetation biomass, as in REBEX-4 (~3 kg/m?), the
37 GHz brightnesses exhibit more variability than the 19 GHz brightnesses because
they are more sensitive to the vegetation column density and structure, as observed
in Figures 5.7(c-d) and 5.8(a-b). The scattering and emission from the vegetation
accounts for most of the 37 GHz brightness, and the contribution from soil is mini-
mal. Both the SSM/I and the ground-based radiometers are largely sensitive to the
moisture in the vegetation at 37 GHz, as evidenced by the similar variabilities of V
and H-pol brightnesses and the closeness to the 1:1 line at 37 GHz. In the regions
with low vegetation biomass, as in REBEX-5 (~0.5-1.5 kg/m?), both 19 and 37 GHz
show comparable variabilities [Figures 5.11(a-d)].

In general, the 19 GHz H-pol brightnesses show more variability than the corre-
sponding V-pol brightnesses [Figures 5.7 and 5.11] because of their greater sensitivity
to terrain moisture. The V-pol channels are less sensitive due to their high emissivities

at the SSM/I incidence angle of 53° which is close to the Brewster angle.
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For the REBEX-4 sites, the 19 GHz brightness clusters are closer to the 1:1 line
for the bare soil, than for the brome grass (Tables 5.1 and 5.2), and the EASE-Grid
H-pol brightnesses are radiometrically warmer than the bare soil brightnesses but
colder than the grass brightnesses [see Figures 5.5(a) and (b)]. The SSM/I observed
an average pixel brightness that is a weighted sum of contributions from a bare soil
and a homogeneous vegetation, with the bare soil contribution being larger than the
vegetated surface. About 80% of the 25 km x 25 km pixel consisted of row crops,
primarily corn, with pasture, bare soil, and urban dwellings occupying the rest of the
pixel area. The row crops have tiled vegetation distributions, in contrast with the
homogeneous distribution found in pasture and grasslands. In a scaling effect study
conducted by Liou et al. [127], brightnesses at 19 GHz were found to be sensitive
to the distribution pattern and increased by as much as 50 K from tiled to homo-
geneous. Because the grass-site during REBEX-4 observations was homogeneous, its
brightnesses were higher than the SSM/I brightnesses. The comparison between the
brightnesses of the bare soil, grass, and the SSM/I pixel suggests an additional field
experiment over row crops at a site closer to the REBEX-4 site to better interpret
averaged SSM/I brightnesses over mixed pixels. It also demonstrates the importance
of accounting for mixed-pixel in assimilation algorithms to estimate soil moisture.

Table 5.3 gives averages, maxima, minima, and standard deviations of the differ-
ences between the REBEX-5 and SSM/I observations. The smaller differences than
those observed for the REBEX-4 site suggest that the REBEX-5 site was a better
representative of the SSM/I pixel. The pixel mainly consisted of winter wheat fields

(up to ~95%), with pasture and other vegetation occupying the rest of the pixel. A
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19.35
Frequency (GHz) | V H
Average (K) 6.5 | 13.7
Std. Dev. (K) 3.8 | 10.9
Minimum (K) 00 | 0.6
Maximum (K) 16.0 | 45.8

Table 5.1: Statistics of the absolute differences between the EASE-
Grid and the REBEX-4 brightnesses for bare-soil.

19.35 37.0
Frequency (GHz) | V H \ H
Average (K) 184 26.9 | 14.9 | 19.0
Std. Dev. (K) 52 | 48 | 6.0 | 6.35
Minimum (K) 46 | 155 0.2 | 0.3
Maximum (K) 29.8 | 37.5 | 26.2 | 30.7

Table 5.2: Statistics of the absolute differences between the EASE-
Grid and the REBEX-4 brightnesses for brome-grass.

similar correlation between the averaged L-band (1.4 GHz, H-pol) brightnesses ob-

served by the aircraft-borne Electronically Scanned and Thinned Array Radiometer

(ESTAR) during SGP’97 [98, 144] over the SSM/I pixel® and those observed for the

REBEX-5 pixel further demonstrates that the land conditions within the SSM /I pixel

were well represented by the experimental site [see Figure 5.12(a)]. Figure 5.12(b)

shows a comparison between the surface soil moisture derived from the ESTAR bright-

nesses [98] for the REBEX-5 pixel and those averaged over the EASE-Grid SSM/I

pixel. Table 5.4 shows the minimum and the maximum differences between the aver-

aged and REBEX-5 pixel brightnesses and the derived soil moisture.

3The ESTAR pixel size is 800 m x 800 m, and the EASE-Grid pixel is 25 km x 25 km. The

brightnesses of 1020 ESTAR pixels were averaged.
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19.35 37.0
Frequency (GHz) | V H \ H
Average (K) 11.1 | 144 | 7.9 | 11.5
Std. Dev. (K) 10 | 553 | 4.9 | 4.7
Minimum (K) 30 1109 09 | 46
Maximum (K) 18.8 | 24.5 | 26.0 | 24.7

Table 5.3: Statistics of the absolute differences between the EASE-
Grid and the REBEX-5 brightnesses.
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Figure 5.12: (a) Comparison between the L-band H-pol ESTAR
brightnesses of the REBEX-5 pixel and those averaged
over the SSM/I pixel. (b) Comparison between the
surface soil moisture derived from the ESTAR bright-
nesses for the REBEX-5 pixel and those averaged over
the SSM/I pixel.



158

Brightness | Soil Moisture
1.4 GHz (K) | Surface (%)
Minimum Difference 1.9 0.8
Maximum Difference 19.4 6.8

Table 5.4: Statistics of the absolute differences between the ESTAR
brightnesses and the derived surface soil moisture of the
REBEX-5 pixel and those averaged over the SSM/I pixel.

The differences of up to 30 K that were observed between the SSM/I and the
ground observations [see Tables 5.1, 5.2 and 5.3] cannot be explained by atmospheric
absorption. In an earlier research with freeze/thaw classification using SSM/I ob-
servations [105], I found that brightness differences due to atmospheric emission ac-
counted for only 3-5 K at 19 GHz and 5-9 K at 37 GHz. Galantowicz [71] and Kim
[111] also used atmospheric corrections to compare the EASE-Grid brightnesses with

the REBEX-1 and REBEX-3 observations, respectively, and found similar results.

5.4 Summary

e The satellite brightnesses exhibit strong correlations with the ground

based observations at both 19 and 37 GHz.

o The SSM/I pixel brightnesses lay between the ground-based REBEX-4
brightnesses of the bare soil and those of the brome grass. With bright-
nesses closer to those of bare soil than those of homogeneous grass, the
comparison suggests a need for additional experiments with row crops

to better interpret the satellite brightnesses. It also demonstrates the
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importance of including mixed-pixels in assimilation algorithms that

use satellite data.

e For the REBEX-5 pixel, the strong correlation of the SSM/I and the
ground-based observations indicate that the satellite pixel was well
represented by the experimental site. This was further demonstrated
by similar correlations between the L-band ESTAR brightnesses and
derived surface soil moisture averaged over the SSM/I pixel and those

observed for the REBEX-5 pixel.



CHAPTER 6

Conclusions

In this chapter, I summarize some of the important results and contributions from
this dissertation, and discuss their implications on current efforts in soil moisture
retrieval using microwave radiometry. I also recommend possible directions for future

research.

6.1 Summary

This dissertation represents an important step toward assimilating remotely sensed
microwave radiometric observations to improve soil moisture estimates. It focussed
on the “forward” problem of modeling terrain brightnesses through a biophysically-
based LSP/R model, and correlating the ground-based brightnesses with those from
the SSM/I. The LSP/R model was modified and calibrated for representative terrain
in the Great Plaims, viz., bare soil and brome grass in the northern plains, and winter
wheat-stubble in the southern plains. It was calibrated during summertime, when

surface processes are dominant, using data from two field investigations, REBEX-4

160
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and REBEX-5 (SGP’97).

The implementation of the numerical methods in the modified LSP/R model was
rigorously tested for computational accuracy. The model conserved mass and energy,
with their maximum errors being ~ 5x10~7 kg/m? and ~2 J/m?, respectively for a
12-day simulation period. Its numerical solution was compared with an analytical
solution for moisture and energy transport in a vapor-dominated homogeneous soil.
The solutions compared well, with maximum differences of ~2.2 mK for temperature
and ~ 6x10~* % for volumetric moisture.

The two field experiments conducted, REBEX-4 and REBEX-5, were collaborative
efforts resulting in unique datasets that are publicly available for a variety of inter-
disciplinary applications. In this dissertation, the datasets were used to calibrate
the LSP/R model and to correlate the satellite brightnesses with the ground-based
observations. The concurrent bare soil and grass data can also be used to develop and
calibrate mixed pixel assimilation models. Together with the data from REBEX-1,
the REBEX-4 data can also be used to study seasonal (annual) variations in thermal
and moisture transport in soil and vegetation, and their estimation using microwave
radiometry. The data from SGP’97 and REBEX-5 are being used for studies on
spatial variability in soil moisture and other properties [64], data assimilation for soil
moisture retrieval at different spatial scales [98], land-cover classification, and biomass
estimation.

In general, the calibrated LSP model captured the surface processes, and the
model’s estimates of temperatures, moisture, and fluxes compared well with the field

observations. Estimates were more sensitive to certain terrain properties than to
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others. For example, model temperature and energy fluxes were largely dependent on
the albedo and thermal properties of the terrain and surface. The estimates of soil
moisture were primarily sensitive to the retention curves used to estimate matric head
and hydraulic conductivity. Surface soil moisture was “harder” to model realistically
than moisture at deeper layers because of complex interactions with the vegetation
(canopy and thatch) and the atmosphere. More realistic soil thermal conductivities
and soil water retention curves in the model, either through measurements or models,
should improve the temperature and moisture estimates significantly.

Overall, the R-module predicted realistic mean diurnal variations in terrain bright-
nesses. Predictions of the brightnesses at 19 GHz were sensitive to surface temper-
atures, temperature gradients, surface moisture, and surface characteristics. H-pol
brightnesses were more sensitive to near-surface moisture and roughness than were
the V-pol brightnesses in wheat stubble and bare soil. For the bare soil case, the
H-pol brightnesses were strongly affected by surface roughness. The semi-empirical
rough surface emission model, developed by Wegmiiller and Matzler, improved the
mean brightness estimates. For brome grass, emission from the canopy constituted
approximately 98% of the total H-pol emission. The low mean differences of 0.89
K between the estimated and the observed H-pol brightnesses demonstrate that the
brightnesses at 19 GHz are not sensitive to the structure of the vegetation, and that
the “cloud” model for the canopy is adequate for estimating realistic brightnesses.

The comparison between the EASE-Grid SSM/I and the ground-observed bright-
nesses demonstrated that the brightnesses at 19 GHz exhibited virtually no scattering

within the vegetation, and can potentially be assimilated to improve soil moisture es-
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timates, particularly for regions with low vegetation biomasses (<3 kg/m?). The
comparison with the REBEX-4 bare soil and grass brightnesses indicated the im-
portance of including mixed-pixels in assimilation algorithms that use satellite data.
Strong correlations between the SSM/I and the REBEX-5 brightnesses, and between
the L-band ESTAR brightnesses of the REBEX-5 pixel and those averaged over the
SSM/I pixel, suggested that the satellite pixel was represented by the experimental

site well.

6.2 Contributions

The most significant contribution of this dissertation is the LSP/R model cali-
brated for representative sites in the Great Plains during summertime. The model
can be easily extended to similar relatively homogeneous regions, for example, the
Steppes grasslands. Because it is biophysically-based with minimal parameterization,
it can be also used to conduct sensitivity studies, as discussed in section 6.3.

Another major contribution is the co-located, concurrent REBEX-4 dataset of
continuous dual polarized microwave brightnesses at the SSM/I frequencies and micro-
meteorological parameters for: A bare soil site over approximately 70 days, and a
brome grass site over approximately 100 days. This was the first time that we collected
diurnal ground truth data for canopy biomass and soil moisture. Together with the
REBEX-1 observations during fall and winter, we have a year-long dataset for the
same site that can be used for seasonal (annual) modeling of surface processes.

REBEX-5 (UM-MGG’s contribution to SGP’97) produced a 30-day continuous
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dataset for microwave brightnesses of the senescent winter wheat and wheat-stubble
for an extensively studied site in the Southern Great Plains. The REBEX-5 dataset,
including the diurnal canopy biomasses along with other datasets collected by inves-
tigators during SGP’97, are being used for a variety of inter-disciplinary projects.
This dissertation also resulted in the resampled (EASE-Grid) SSM/I brightnesses
for regions including the experimental sites. Strong correlations of the resampled
brightnesses with the ground-based observations suggest that the dataset can be
assimilated in LSP models for improved soil moisture estimates. It can also be used

for mixed-pixel studies when used in conjunction with the ground-based observations.

6.3 Recommendations for Future Research

Several recommendations included in this section are methodological in nature,
concerning both modeling and field work issues. This section also suggests some
interesting new lines of research that could potentially help improve soil moisture

retrieval for hydrological and climatological applications.

6.3.1 Improvements: Model

First, the 1-dTH module could be significantly improved through the use of an im-
plicit numerical method. Although the explicit forward finite difference method used
in this dissertation is accurate and gives realistic outputs, an implicit implementation
will make it possible to incorporate lower boundary conditions on temperature and

moisture (or their fluxes) for self-consistent estimates. The lower boundary conditions
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were not essential for the 20-25 day diurnal simulations used in this study, but they
are crucial for annual simulations. Such a numerical implementation will also provide
rapid convergence with larger time-steps, even when the weather forcings are strong,
e.g., heavy precipitation.

Second, a more sophisticated infiltration model is needed to handle heavy rainfall
and ponding at the surface. The current model does not account for ponding with
the excess rainfall treated as runoff. It does not produce realistic estimates of soil
moisture under such conditions.

Third, the estimates of thermal and hydraulic constitutive properties of soils could
be improved through more physically-based models. The two parameter junction
model by Rossi and Nimmo, used in this dissertation to estimate the soil water
retention curve, was the best empirical model available. However, it has been studied
with only seven different soil types. It may estimate unrealistic curves when the model
is extended for other soil types. Sensitivity studies should also be conducted to see
the effect of drainage and imbibition retention curves on soil moisture estimates. The
model in this dissertation only uses the drainage curve and does not account for the
hysteresis that occurs during imbibition. The thermal conductivity estimates need
to account for inter-particulate radiative transfer within the soil for more realistic
thermal transport at the soil surface.

Fourth, the R-module requires the addition of a physically-realistic rough surface
emission model. Although the need was demonstrated for emission at 19 GHz in this
dissertation, it is still a significant problem even at the L-band frequencies [185], and

should be researched more physically.
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Finally, the dual dispersion model, used to estimate canopy dielectric properties
in this dissertation, was developed for corn and may not extend to other vegetation
types. It had to be modified to be used for inactive wheat-stubble. The dispersion

model should be modified and validated for other dominant vegetation types.

6.3.2 Improvements: Field Experiments

Two problems were encountered during the field experiments that need to be ad-
dressed in the future REBEXSs. The first was overheating of the radiometer electron-
ics, largely due to the use of heaters to achieve temperature control. During earlier
REBEXSs, this was not a problem because the ambient temperatures were usually low.
Our Microwave Geophysics Group (UM-MGG) is currently testing thermo-eiectric
coolers to maintain temperature control in the radiometer.

The second was the need for better calibration for the TDR probes used to measure
soil moisture. Calibrating the probes is not easy and is a well recognized problem
[97, 37]. The probes need to be calibrated for each soil use and also for thermal
variations in soil. Research efforts are underway to accurately measure soil moisture
using the probes [37].

Other minor, yet important, lessons were learned during the two field experiments.
First, only one sample per data point was collected during the diurnal experiment for
measuring grass and soil moisture. Because of large spatial variabilities, the diurnal
signal was lost in the noisy data. More samples per data point, at least 5, are suggested

for future experiments. Second, during REBEX-4, the downwelling longwave flux, one
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of the crucial input parameters to the LSP/R mmodel, could not be measured and is
recommended for future experiments. Finally, measuring soil constitutive properties,
such as thermal and saturated hydraulic conductivity, during future field experiments

will considerably improve the model soil moisture and temperature estimates.

6.3.3 Projects

As mentioned earlier, this dissertation concentrated on the forward problem. An
inversion model that would assimilate remotely-sensed microwave radiometry data is
recommended. The model could be developed from the LSP/R model calibrated in
this dissertation. Because the LSP/R model is complex, inverting it in its present
state would be impossible. It can be simplified through sensitivity studies that would
identify the most important physical properties and parameters influencing the pre-
dictions of land surface conditions. The other less effective properties could then
be parameterized. As the current research in microwave radiometry suggests, the
sensitivity studies and inversion calibration/validation are recommended at L-band
frequencies for soil moisture retrieval applications. A simplified and inverted model
can also be used in conjunction with Atmospheric Models for improved near-term
climate and weather predictions.

An extensive field campaign, similar to the SGP’97, is also recommended, in which
spatial variability issues are researched at different scales for sites with denser vege-
tation cover, and with mixed vegetation types. Concurrent and continuous ground-

based radiometric measurements at the same frequency and polarization (L-band,
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H-pol) are recommended for different terrains within an experimental region. Such
experiments will help calibrate/validate our surface process and assimilation mod-
els, and improve our understanding of spatial averaging observed at satellite scales.
Forests and dense-vegetation constitute almost half of earth’s land-cover, and if the

global satellite data are to be useful, our models need to be calibrated for such terrain.
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APPENDIX A

LSP /R Model Parameterizations and
Modifications

A.1 Derivation of M, N, E, and F in Equation 2.10

The conservation of mass and energy equations are simplified following deVries [41]
prior to applying the finite difference method to solve for temperature and moisture
changes with time and depth.

Conservation of Mass

0Xm

5 = -V -Gm (A.1)
Xm = Pl(ol + au) (A-2)
Gn=G+3 ‘;—"‘ = —DyV8, — DrVT — Kk (A.3)
!
aol tfz aou ‘iv
- =V ——-E —=-V-—+E A4
ot P ot Pt (A-4)

where,
® X, is the total moisture content per unit volume (kg/m3),
® G, is the moisture flux (kg/m?.sec),

170
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® G is the liquid flux (kg/m?.sec),

® g, is the vapor flux (kg/m?.sec),

e p; is the density of liquid water (kg/m3),

e 0, is the volumetric liquid content (m3/m?),

e 0, is the volumetric vapor content (m? precipitable water/m?), and
o E is the rate of evaporation (sec™!)

From equation (3) in deVries [41], 6, is defined as

6, = (S—ayPt
Pl

Taking the derivative of 8, with respect to time ¢,

60,, _&[601] + S - 0[ [hapo + 6h]

ot - Pl ot Pl ot po -5;

po = f(T), and h = f(T,8),

pr 06 p

80,, [po(s - 01) ah pu] 30( S - 01 [ apo ah] 8T
—_— = —_——_—+ — h 6t

ot ot " p |'oT TeT| 5t

Combining equations A.1, A.2, A.3, and A.6,

po(S - 01) oh &} ?ﬁ S — 0( apo oh oT
{1+ pp 00, p ) Ot M Pt haT tPOST [ Bt

=V- [D,,vo, + DrVT + Kf:]

Conservation of Energy

X

(A.5)

(A.6)

(A7)

(A8)
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From equation (11) in deVries [41],
Xr = Ci(T —To) + Lop16s + cpp10.,(T — Tp)
+aplb(T — To) — pu 08' W do, (A.9)
Gh = —AVT + LoG, + (T — To) Gy + a(T — To)a@ (A.10)

Taking the time derivative of A.9 and divergence of A.10,

X, 0T 08
- = Cigrtm [Lo + (T — To)] ¥
30 06
+apT ~ To) 5 L W Btl (A.11)
- a0,
~V-qg = AV . (VT) cpq,, VT — Cqu VT + Loplw
a8, 00
+cppi(T — To) ot )——' — LopilE
—cpi(T — To)E + cip(T — To)E (A.12)

Combining A.11 and A.12

aT 96,

Cda —pWZL = AV-(VT) =, VT —agi- VT — LpE  (A.13)

Solving for E from A.4 and A.6 above,

86, 1
E = —2+—V-§,
ot +Pl ?
_ po(S—-ol) oh Pu 30[ 5—01 apo _a_h Qz
E = [ o 08, 5t T |'aT TPaT| e
-Vv- [Dg,, V6, + Dr,VT — Kic] (A.14)

Combining A.13, A.14, A.3, and A4,
h

96, _ Opo k) OT
— Lp, — Pzw}a {cd (S - 01)[ o0 PoaT]}at

v. [(A - LpIDn)VT] + LotV - (Do, V81) + [(c,, Do, + < Da))V8,

{LPO(S 0o

+(cpDr, + aD3)VT + czKic] - VT(A.15)
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From A.7 and A.15, define M, E, N, and F in equation 2.10 in Chapter 2 as follows:

po(S —0;) 8k pu

M =1 .
+ P 90 (A-16)
_ S=0[,0m 0k
N = Lpo(S et el)g:_l — Lpu - p[W (A].S)
_ apo oh

A.2 Derivation of Canopy Optical Depth (1)

The derivation of T follows England and Galantowicz [59], and Ulaby et al [200]:

he
T = / Kedz
0

Keg = —2]630[1]1{nt}

ng = 1+vwcnwc

where,

® h. is the canopy height (m),

® K, is the absorption coefficient,

® kg is the vacuum wavenumber (m™1),

® vy is the volume fraction of the wet canopy,

® n,. is the complex refractive index of the wet canopy,

Simplifying the above equations,

he B
T = —2kolm {n,, / dz
o { g} o PugV

T = —2koIm{nwg};B— (A20)
wg
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where,
e B is the wet canopy biomass (kg/m?),

e V is the total volume of the canopy (air+wet canopy) (m?), and

® pug is the density of the wet canopy (kg/m3).

A.3 Modifications to the 1-dTH Module

e The precipitation reaching the soil was zero in the community model
when there was no vegetation (veg=0) and the precipitation rate was
linearly interpolated with time-step. In the modified model, all the
precipitation reaches the soil when veg=0, and the total precipitation
observed for a 10-minute interval is equally divided into the 3-sec time-
steps.

e The equation of time (EQT), i.e., the difference in time between lo-
cal apparent (LAT) and local mean time (LMT), was included in the

calculation of zenith angle as follows:

LAT = LMT +EQT

LMT = Local time+ Longitudinal correction

EQT = .000075 + .001868COS~y — .032077SINy
—.014615C0OS2y — .040849SIN2+
_ 2n(JD -1)

where, JD is the Julian Day and DY is the total number of days in the
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year.

e In the community model, the latent heat of vaporiza.t_:ion (Lv) was cal-
culated incorrectly using specific heat of dry air (=1004.64 J/kgK).
In the modified model, the specific heat of water vapor at constant
pressure was used (= 1952 J/kgK) instead.

e To calculate the derivative with respect to z, half of the total thickness
of the surface node was used in the community model. It was corrected
to the total thickness in the modified model. [In the code; T60.d =
timesteps/node thickness].

e For the time interval between the weather forcings, the community
model used the difference between the past and the present forcing.
Because the model propagates forward in time, the difference was cal-
culated using the present and the future forcings in the modified mod-
ule. [In the code; RHRi(I) = (RDAY(I+1)-RDAY(I))*86400].

e An incorrect coefficient was used for the matric head calculation in the
community module. It was corrected for the modified model. [In the
code; In =I2_(J)+coef 11(J)*(VE_-H20i_s(J)....].

e Calculation of the zenith angle for a given time was corrected by Kim

[111], and I used the corrected expression for the modified model.
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APPENDIX B

REBEX-4 and REBEX-5 Observations

This appendix includes the data collected during the REBEX-4 and REBEX-5
experiments. A more detailed report of the observations recorded, is given in [78],

[77], [106], and [107].

B.1 Data Summary from the Bare Soil site

Figures B.1 - B.5 show the observations made at the bare soil site during REBEX-
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B.2 Data Summary for the Brome Grass site

Figures B.6 - B.14 show the observed parameters at the grass site during REBEX-
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B.3 Data Summary for the Winter Wheat site

Figures B.15 and B.16 show the parameters observed at the wheat site during

REBEX-5.
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APPENDIX C

Parameters in the LSP/R Model

This appendix lists the soil parameters and other physical constants used in the

LSP/R Model.

Properties Values
Specific heat capacity of clay (J/kgK) 758.51
Specific heat capacity of quartz (J/kgK) 755.37
Specific heat capacity of organic matter (J/kgK) | 1932.0
Specific heat capacity of water (J/kgK) 4187.0
Specific heat capacity of dry air (J/kgK) 1004.64
Specific heat capacity of water vapor (J/kgK) 1952.0
Thermal conductivity of clay (W/mK) 2.93
Thermal conductivity of organic matter (W/mK) .25
Thermal conductivity of dry air (W/mK) 0.0241
Intrinsic density of clay (kg/m3) 2650.0
Intrinsic density of quartz (kg/m?) 2660.0
Intrinsic density of organic matter (kg/m?) 1300.0
Density of water (kg/m?3) 1000.0
Latent heat of vaporization at 273 K (J/kg) 2.501e6
Dry air gas constant (J/kgK) 287.05
Water vapor gas constant (J/kgK) 461.51
Volumetric content of bound water (m3/m?) 0.035

Table C.1: Soil parameters and other physical constants used in the
LSP/R model from [122, 71, 111, 195].
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