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Abstract

A characteristic of the land surface which modulates the partitioning of available
solar energy into fluxes of energy (latent, sensible, and ground heat fluxes) is soil moisture.
This partitioning occurs directly through evaporation from bare soil and indirectly through
vegetation transpiration. In turn, the surface fluxes of energy contribute to the development
of the planetary boundary layer (PBL; the greater the partitioning toward sensible heating,
the deeper the boundary layer, and vice versa). In order to simulate properly the
development of the PBL using numerical models, accurate and representative values of soil
moisture must be obtained.

In April 1999, the Norman Mesonet site (NORM) was upgraded to include sensors
to measure latent, sensible, and ground heat fluxes, as well as net radiation. In addition, over
2,000 discrete soil samples were collected within a 20 X 20 m enclosure encompassing the
Norman Mesonet site between 1 June 1999 and 15 August 1999. These samples were
collected to provide point-scale observations of soil-water content for field calibration of in
situ (Campbell Scientific model 229-L) soil moisture sensors installed at NORM and to
determine the naturally occurring spatial and temporal variability of soil moisture conditions
within the outline of the Norman Mesonet site.

One component of this study focuses on the relationship between soil moisture and
atmospheric processes at and near NORM using both automated and field samples of
hydrologic and atmospheric parameters. The results indicate that, on days with strong
radiative forcing and weak shear in the lower troposphere, soil water content in the root-zone
was linearly correlated with daily-maximum values of sensible heat flux and latent heat flux.

This study also investigates the sensitivity of ground heat flux estimates at NORM
to naturally occurring variability in soil-water content from field samples as well as
instrumentation biases associated with the in situ soil moisture sensors. Results indicate
that differences in ground heat flux estimates varied by up 20% due to sampling or
instrumentation biases. Furthermore, closure of the surface energy budget varied by up to
8% due to these differences in ground heat flux estimates.

Finally, using the Oregon State University one-dimensional, coupled atmospheric-

xii



plant-soil model, PBL conditions were examined at NORM during July 1999. Results

indicate that latent and sensible heat fluxes in the model simulations varied by as much as
300 W m2 due to naturally occurring variability of soil-water content determined from field

samples and biases occurring in the in situ measurements. Furthermore, ground heat flux

values derived by the model varied as much as 50 W m-2.
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Chapter 1

Introduction

A characteristic of the land surface which modulates the partitioning of available
solar energy into fluxes of energy (latent, sensible, and ground heat fluxes) is soil moisture.
This partitioning occurs directly through evaporation and indirectly through vegetation
sustenance. In turn, the surface fluxes of energy contribute to the development of the
planetary boundary layer (PBL; the greater the partitioning toward sensible heating, the
deeper the boundary layer, and vice versa). In order to simulate properly the development of
the PBL using numerical models, accurate and representative values of soil moisture must
be obtained.

Much of the understanding in recent years concerning the role of soil moisture in
near-surface atmospheric processes has been achieved through numerical modeling studies.
This accomplishment is due, in large part, to a limited number of field observations of soil
moisture. Large field campaigns such as the FIFE experiment in northeast Kansas (1987
and 1989; Sellars et al. 1992) and the Southern Great Plains (SGP) experiments of 1997
and 1999 (Jackson et al. 1999) have provided (and continue to provide) valuable
information concerning the spatial and temporal variability of soil-water content, and its
relationship with atmospheric processes. Unfortunately, these large field campaigns are
limited in time due to the costs associated with maintaining the observing networks.

The need for soil moisture observations has been addressed in recent articles such
as Emanuel et al. (1995), who emphasized that improved observations of soil moisture
conditions may lead to dramatic forecasting improvements related to the location and timing
of the onset of deep convection over land, quantitative precipitation forecasting, and seasonal

climate prediction. Furthermore, Entekhabi et al. (1999) stated in the Bulletin of the

American Meteorological Society:

“For a relatively low cost, existing observation networks
could be augmented to provide valuable new in situ
measurements. Technological advances in instrumentation
allow the addition of new variables to the suite of standard
measurements available at existing maonitoring stations.



Examples include addition of soil thermistors to measure soil
temperature, devices to estimate soil water content,
instruments to sense snow properties, and robust devices to
measure surface moisture and energy fluxes.”

The importance of obtaining these in situ measurements is further emphasized by Entekhabi

et al. (1999):

“A final priority for in situ data collection is the development
of focused validation datasets that can be used to evaluate
new hydrological theories, models, and remote sensing
techniques.”

Recognizing the need for improved in situ measurements, the Oklahoma Mesonet
(Brock et al. 1995), an automated network of 114 remote, meteorological stations across
Oklahoma, has integrated additional sensing devices to compliment the standard suite of
meteorologic and hydrologic sensors. In addition to providing observations such as air
temperature and humidity, station pressure, and wind speed and direction, nearly 100 sites
were outfitted with soil thermistors, sensors to measure latent, sensible, and ground heat
fluxes, net radiometers, and heat dissipation probes to estimate soil moisture.

More specifically, during 1996, matric potential sensors (the Campbell Scientific
229-L) were installed at 60 sites in the Oklahoma Mesonet. The sensors were installed at
depths of 5, 25, 60, and 75 cm. During 1998 and 1999, 229-L sensors were installed at an
additional 43 Mesonet sites. The 229-L sensors are unique in that they provide an estimate
of both soil-water potential and water content every 30 minutes (Basara 1998). As a result,
the soil moisture sensors installed at the Mesonet sites provide a continuous record of soil
moisture conditions. Additional details concerning the installation and calibration of the
229-L sensors are noted in Chapter 4.

However, simply gathering the observations is not in itself useful. It is important to
understand the nature of the observations as well as the limitations. Due to the limited
nature of in-situ soil moisture observations in space and time, the utility and application of
discrete, point-scale measurements of soil-water content and soil-water potential are
unknown. Furthermore, issues such as instrument calibration and naturally occurring

variability of soil texture and moisture play a key role in determining the utility of point-



scale observations of soil moisture.

The hypothesis of this study is that point-scale observations of soil moisture
conditions, greatly affected by instrumentation errors and naturally occurring variability of
soil hydraulic properties, have a limited but quantifiable impact on simulations and
computations of atmospheric processes in the PBL. Observations of soil-water content and
soil-water potential collected from field and in situ sampling at the Norman Mesonet site
(NORM), are used to test the sensitivity of numerical model calculations of soil and
atmospheric parameters to perturbations in soil hydraulic properties.

The first objective of this study is to quantify the spatial and temporal variability of
soil moisture conditions at the Norman Mesonet site. This objective is achieved by
analyzing field observations of soil-water content and soil-water potential collected from 12
locations in the immediate vicinity of the Norman site. In addition, these field observations
are used to validate the calibration of the 229-L sensors installed at NORM and to assess
the nature of sensor errors inherent in the 229-L. The analysis used to achieve this objective
lays the groundwork for two additional objectives of this study.

A basic premise of this study is that the land surface, and more specifically soil
moisture conditions, were coupled to the atmosphere at and near the Norman Mesonet site.
Thus, the second objective of this study is to document the relationship between
atmospheric processes in the PBL with soil moisture conditions at NORM.

The calculation of ground heat flux is a function of soil-water content (de Vries
1975). The third objective of this study seeks to test the sensitivity of ground heat flux
measured at NORM to varying soil-water content determined through additional field
observations that define the spatial variability of soil-water content. In addition, calibrated
and uncalibrated 229-L measurements are used.

The final objective of this study assesses the sensitivity of PBL simulations to
spatial and temporal variations of point-scale measurements of soil moisture. This objective
is accomplished by using a one-dimensional, coupled atmospheric-plant-soil model
developed by Troen and Mahrt (1986) at Oregon State University (OSU), in situ and field
observations of soil moisture collected at NORM, atmospheric soundings from the National

Weather Service Weather Forecast Office (NWS WFO) in Norman, and atmospheric



observations collected at the NORM site.

Chapter 2 provides the historical background and supporting theory for this study.
A synopsis of soil texture and moisture variability and how these soil properties affect PBL
development also is included. A description of soil moisture observations collected at the
Norman Mesonet site follows in Chapter 3. In particular, the spatial and temporal variability
of field samples of soil moisture and texture conditions is examined. The behavior of the
229-L sensors is discussed in Chapter 4.

Chapter 5 investigates land-atmosphere interactions at NORM. Specific emphasis
is placed on how atmospheric processes in the PBL are related to the vertical stratification of
soil water at the site. The body of Chapter 6 focuses on how natural variability of soil
moisture and sensor calibrations affect ground heat flux measurements and the subsequent
closure of the surface energy balance. The sensitivity analysis, begun in Chapter 6 using in
situ observations, continues in Chapter 7 using numerical simulations of the PBL. An
overview of the OSU 1-D PBL model is given prior to simulation examples. Preliminary
results are discussed in Chapter 7. In addition Chapter 7 investigates how the results
compare when soil moisture conditions are held constant and other land-surface parameters
such as canopy resistance, albedo, and plant water content are varied within the model. A

summary of important results as well as concluding remarks are presented in Chapter 8.



Chapter 2

Literature Review

Soil moisture is a critical component of a feedback system that conveys
meteorological memory to the climate system over land surfaces (Delworth and Manabe
1988 and 1993). On the local scale, soil moisture controls the partitioning of mass and
energy between the land surface and the atmosphere through surface fluxes of latent and
sensible heat as well as mitigating soil heat flux (Brubaker and Entekhabi 1996).

Soil moisture conditions also contribute to the natural and agricultural productivity
of a region by defining the root water that is available for uptake into the vegetation canopy
(Hillel 1998). In turn, water is transpired from the vegetated surface to the atmosphere
during photosynthesis, thus increasing low level atmospheric moisture on both a local and

regional basis.

2.1 Soil Moisture Variability

The spatial and temporal variability of soil moisture conditions (specifically soil
water content: the total amount of water contained within a given soil mass or volume) are
influenced by a number of competing factors. The factors include soil properties,
topography, mean moisture content, depth of the water table, vegetation, meteorological
parameters including precipitation and solar radiation, and organic matter within the soil
(Famigletti et al. 1998).

On the scale of meters, soil moisture is most directly influenced by a number of
microscale physical properties which determine soil composition. These factors include soil
texture (size, shape, and mineral composition of the soil particles), soil water potential (the
energy state of soil water), and organic matter which directly influence how water moves in
soil as well as the magnitude of water contained in any given soil parcel (Miller 1977;
Dingman 1994; Hillel 1998). Though the effect of organic matter is usually minimal, soil
texture and soil water potential are intricately linked to the actual value of soil water at any

given location. This relationship was illustrated by Razumova (1965) who said:



“soil is a wetting body. For this reason capillary moisture
in the soil has a concave surface and is invariably under
supplementary negative pressure [or suction]. Its
magnitude is governed by the surface tension of the water
and the radii of the curves, which depend on size and shape
of the interstices, i.e., in the final analysis on the dispersion
of the soil.”

Thus knowledge of two of three soil properties (soil texture, soil water potential, or soil
water content) is needed to ascertain the third.

The determination of soil water content at a location is further complicated due to the
non-linear relationships (known as soil water release curves) between soil texture, soil water
potential, and soil water content. A conceptual example of how the three aforementioned
properties interact is shown in Figure 2.1. Note that for a given suction (water potential),
different soil textures yield different soil water content values, and vice versa. An additional
complication is illustrated in Figure 2.2 using a soil water release curve (for the same soil as
in Fig. 2.1) that is influenced by how soil particles are arranged within a given sample.
Thus, due to the heterogeneous nature of soil properties, a natural variability of soil water
content exists across all spatial and temporal scales.

Many studies using various measurement techniques have attempted to quantify the
variability of soil water content over a variety of spatial scales as well as topography, soil
texture, and vegetation. A number of studies on either the plot or watershed scale are shown
in Table 2.1.

It remains uncertain whether soil moisture conditions are more variable during
certain stages of drydown from saturated to dry soils. Hills and Reynolds (1969),
Reynolds (1970c), Henniger et al. (1976), Bell et al. (1980), Hawley et al. (1982), and
Robinson and Dean (1993) all noted that variability of soil water content decreased during
the transition from wet to dry soils. However, Hawley et al. (1982) suggested that
variability of soil moisture conditions might increase under extremely dry conditions as well
as following precipitation events of different intehsity and duration. Because soils dry at

different rates, Hills and Reynolds (1969) suggested an additional scenario whereby the
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Figure 2.1 The relationship between soil suction (potential) and soil water content for sand
and clay (Hillel 1998).
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Figure 2.2 The relationship between soil suction (potential) and soil water content for
aggregated and compacted soils (Hillel 1998).



Study
Krumbach, 1959
Hills and Reynolds, 1969

Reynolds, 1970a;
Reynolds, 1970b,
Reynolds, 1970c;

Reid, 1973
Henninger ¢t al,, 1976
Bell et al., 1980

Hawley et al,, 1982
Owe et al., 1982

Hawley et al., 1983 ‘
Francis et al,, 1986
Moore et al., 1988

Charpentier and Groffman, 1992
Ladson and Moore, 1992
Loague, 1992

Niemann and Edgell, 1993
Robinson and Dean, 1993

Whitaker, 1993

Nyberg, 1996
Crave and Gascuel-Odoux, 1997
Famigleti et al,, 1998

Famigletti et al., 1999

Table 2.1, Previous small-scale studies of near surface soil moisture (adapted and modified from Famigletti et al, 1998),

Location
Mississippi, USA
Chew Stoke, UK
Somerset, UK

Caydell UK
Pennsylvania, USA
Arizona, Kansas, and

South Dakota, USA
Maryland, USA
South Dakota, USA

Oklahoma, USA
Murcia, Spain

New South Wales,
Australia

Kansas, USA
Kansas, USA
Oklahoma, USA

British Columbia, Canada
Oxford, UK

Arizona, USA

Gardsjon, Sweden
Brittany, France
Texas, USA

Oklahoma, USA

Area

270m?

2.4 m2 to 6 km2
715 5.9 m2 plots

210,000 m2 fields
560 transect

22 160,000 m? fields
2m2 plot

160,000 m? fields to
2.6 km?2 fields
851,000m2 to

179,000 m2 watersheds
S transects in

3000 m2 plot
6 190-200 m transects
in 7.5 ha watershed

24356 m2 plots
377,000 m2 watershed
100,000 m2 watershed
100,000 m2 watershed
100,000 m2 watershed
100/250 m? transects In
100,000 m2 watershed
10,000 m2

150 m transect

44,000 m2

6,300 m2

10 500 m transects

200 m transect

610,000 m2 grids

Number

of Samples

120

60 per field/watershed
10 per plot

12 per field
57

9-36 per field
80
42-69 per field

16-92 per watershed
23-113 per transect
20-21 per transect

49 per plot

20

4

34

157

50 per transect

31
151
134

57-13
22’(]) per transect

27-49

Temporal
Frequency
twice

once

monthly for 8 months

weekly for | year
wecekly for 6 months

1-5 times per field
3 dates
9 dates in 3 years

4 dates {n | month
3 dates in 13 months
twice

twice
9 consecutive days
90 dates in 4 years
84 dates in 4 years
once
once

§ dates in 4 months
4 dates in 15 months

4 dates In 2 weeks

monthly for 2 months
4 dates in 18 months
88 dates in 217 days

daily for 1 month

Sampling
Depth

15-30 cm
08 cm
0-8 em

0-32.5cm
0-15cm

0-15¢cm
0-10cm
0-10 cm

0-15cm
0-7.5cm
0-10cm

0-5cm
0-5cm
0-15 cm
0-15¢cm
0-15¢cm
0-15cm

0-100 em
0-10 cm

0-15cm

0-30 cm
0-5,5-10 cm
0-5 cm

0-5cm



- vaniability of soil moisture conditions is greatest in the midrange of soil moisture as dry
patches are interspersed with wet patches. This behavior was noted by Owe et al. (1982).
However, a discernible relationship was not determined by Charpentier and Groffman
(1992).

Several studies in Table 2.1 noted that the spatial distribution of soil water content
was normal or gaussian (Hills and Reynolds 1969; Bell et al. 1980; Hawley et al. 1983;
Loague 1992; Nyberg 1996; and Familgletti et al. 1998). However, results from Familgletti
et al. 1999, perhaps the most extensive analysis of near-surface soil water variability to date,
noted that soil water content transitioned from nonnormal (negatively skewed) conditions at
saturation, to a gaussian distribution during the drydown phase of soil, to nonnormal
(positively skewed) during very dry soil conditions. It is quite possible, due to the limited
temporal nature of the studies conducted by Hills and Reynolds (1969), Bell et al. (1980),
Hawley et al. (1983), Loague (1992), Nyberg (1996), and Familgletti et al. (1998), that
nonnormal to normal to nonnormal beha\;ior of soil water content variability was not
observed because most soils existed in a state between saturation and dry. It should be
noted that Hills and Reynolds (1969), Bell et al. (1980), Familgletti et al. (1998) and
Reynolds (1970c) discussed the need for long-term studies to fully determine the spatial
and temporal nature of soil-water conditions.

Other characteristics that influence the spatial distribution of soil water content are
the physical properties of soil. For example, macropores influence the movement of water
within soil which, in turn, creates variable soil water conditions (Niemann and Edgell 1993).
In addition, variability in soil water content is strongly influenced by the subtle difference in
the number of silt, sand, and clay particles present in soil (Reynolds 1970a,b; Henniger et al.
1976; Crave and Gascuel-Odoux 1997). Hawley et al. (1983) identified the fact that
textural variations of soils exert a greater variability in soil water content during wet
conditions than during dry conditions.

Another contributing factor to the variability of near-surface soil water content is
vegetation (Lull and Reinhart 1955). Lull and Reinhart (1955), Reynolds (1970b,c).
Hawley et al. (1983), and Francis et al. (1986) also noted that variability in soil water

content was inversely related to vegetation coverage. Furthermore, the magnitude of the



variability is greater during wet episodes than during dry episodes (Hawley et al. 1983).

Finally, topography plays a role in the spatial and temporal variability of soil water
conditions. Slope aspect was found to significantly influence the variability of soil water
content (Hills and Reynolds 1969; Reid 1973; Moore et al. 1988; Nyberg 1996; and
Familgletti et al. 1998). Furthermore, Krumbach (1959), Henniger et al. (1976), Hawley et
al. (1983), Robinson and Dean (1993), Nyberg (1996), and Crave and Gascuel-Odoux
(1997) noted that soil water content is inversely related to elevation.

Unfortunately, many contradictions appear within the published literature. It is
possible that these legitimate variations are clouded due to soil type and texture as well as
climate. However, as noted by Famigletti et al. (1999) and by inspection of Table 2.1, the
great majority of studies investigating the spatial and temporal behavior of soil moisture
variability were limited in time, space, sampling interval below ground, or all the above.
Thus, it quite possible that the apparent contradictions are the result of inadequate sampling

of soil water conditions.

2.2 Measuring Soil Moisture

2.2.1 Methods and Technologies

The most widely used and accepted technique for measuring soil moisture is known
as gravimetric sampling (Hillel 1998). In this method, soil is excavated, weighed, and then
placed into an oven for drying purposes. After drying is complete, the soil is weighed again
to determine the total water loss from the sample. This water loss (usually measured in
grams) is expressed as a ratio with respect to the dry weight of the sample (g water/Ssoil)-
The gravimetric measurement technique is very common and the majority of studies
discussed in Section 2.1 utilized this method. Even though this technique contains
inevitable errors, it is “the only one that can be generally recommended” (WMO Technical
Note 1968).

To convert the mass ratio of water to soil in a sample to a volume ratio, the
gravimetric ratio is divided by the density of water and multiplied by the bulk density of soil

(the total mass of soil minerals within a known velume). The result is soil water content
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expressed as cm3yater/CM3soil-

Unfortunately, the gravimetric sampling technique is both destructive and localized.
Thus, other sampling techniques have been developed to provide relatively nondestructive
measurements of soil moisture over a large spatial domain. One example is the neutron
probe method (Holmes 1956; van Bavel 1963). This method utilizes a radioactive element
which is lowered into an access tube pre-installed in the soil. Neutrons are released from
the radioactive source at a predetermined depth, and the scatter of the neutrons is measured.
The amount of neutron scatter is a function of hydrogen atoms in the soil and a direct
indication of the soil water content. Still, disadvantages exist to using the neutron scattering
method to measure soil moisture. For example, the sensors need to be handled with caution
due to the radioactive components of the devices. Moreover, the depth resolution of the
sensors are poor, they are inaccurate near the land surface due to the “sensor’s sphere of
influence”, and the sensors cannot be left unattended (Ould Mohamed et al. 1997).

Another device which has been used to assess large area-averaged values of soil
moisture is the passive microwave radiometer. When flown at high altitudes either on an
aircraft or spacecraft, microwave sensors can observe soil moisture conditions even under
moderate levels of vegetation cover. Previous field experiments such as the Southern Great
Plains (SGP) experiments of 1997 and 1999 (Jackson et al. 1999) have successfully
obtained observations of soil moisture conditions using passive microwave radiometers
mounted on aircraft. A major drawback to such a device, though, is its inability to estimate
moisture content within the soil below 5 cm (Jackson and Schmugge, 1989). Even so, the
Advanced Microwave Scanning Radiometer (AMSR), which is capable of sensing soil
moisture within a 50 km x 50 km pixel to a depth of 1 cm, is scheduled to be launched on
the Aqua (2001) and ADEOS-II (2001) platforms to provide global measurements of
surface soil moisture for the first time in history.

To increase depth resolution of moisture in the soil profile, as well as provide
automated observations of soil moisture at regular time intervals, in situ sensors have been
developed. One such instrument is the heat dissipation sensor which utilizes a combination
of thermocouples and resistors housed within a matrix of porous ceramic (Phene et al.

1971). After installation, and once equilibria with the soil is attained, the thermocouple

11 -



measures the ambient soil temperature before an electric current is sent through the resistor.
The current heats the moisture contained within the ceramic matrix. After a short period of
time, the current is shut off and a second temperature measurement is taken. Because the
specific heat and thermal conductivity of water is different from that of the porous ceramic
matrix, the amount of heat dissipation will vary with varying contents of soil water.

Heat dissipation sensors provide several distinct advantages in the measurement of
soil moisture. First, they can be incorporated easily into remote automated measuring
stations and provide estimates of soil water both near the surface and at deep layers.
Furthermore, radiation risks, like those associated with neutron scattering probe, are
eliminated. Finally, minimal disturbance of the soil is involved during a careful probe
installation.

Other in-situ sensors also have been developed which utilize the dielectric constant
of water to determine soil moisture conditions. One sensor is the time domain reflectometry
(TDR) probe (Topp et al. 1980; Topp and Davis 1985; Petersen et al. 1995). An electric
pulse is sent through a closed circuit which consists of two parallel wires. The time it takes
for a given pulse to make a round trip is a function of the water content of the soil within the
segment being measured. A second type of sensor, which relies on the relationship between
soil water content and the dielectric constant of water, is the capacitance probe (Dean et al.
1987; Bell et al. 1987). Various designs of TDR and capacitance sensors have been

constructed which include both automated and non-automated varieties.

2.2.2 Operational (Near Real-Time) Measurements

With increased importance being placed on obtaining soil moisture observations for
study and assimilation, a number of operational networks have begun either to collect soil
samples for gravimetric analysis or obtained soil moisture observations from either a
neutron probe or in situ sensors. Robock et al. (2000) describes a number of these world
wide data sources.

The longest time series of soil moisture observations available are gravimetric
samples collected in Russia. Observations were .collccted as far back as 1952, although

many sites have since been discontinued. Currently, 102 Russian stations are in operation



during the growing season; gravimetric samples are collected approximately 3 times per
month. Unfortunately, soil properties and meteorological observations are not collected at
these locations. Additional gravimetric samples were once collected every 1-3 weeks in
countries such as Mongolia, China, and India. However, these networks also have been
discontinued.

In the United States, a number of networks collect soil moisture observations. The
most extended data set (1982-present) has been collected by the Illinois Water Survey in
their network of 19 stations (Hollinger and Isard 1994). Soil water content is collected
from each station approximately twice per month using the neutron probe method.
Furthermore, soil properties are available for each site, and 5 soil moisture stations are co-
located with meteorological observations.

The Soil Climate Analysis Network (SCAN) operates 49 stations located in 30
states. Observations from these sites are collected hourly using TDR probes manufactured
by Vitel (Schaefer 2000).

Three networks currently collect observations of soil moisture in Kansas and
Oklahoma. The Agricultural Research Service (ARS) operates a network of 13 sites in
Central Oklahoma (Starks 1999). In addition, a network of 23 sites has been installed
across Kansas and Oklahoma by the Atmospheric Radiation Measurement (ARM)
Program. Finally, the Oklahoma Mesonet (operated by the Oklahoma Climatological
Survey) installed soil moisture sensors at 103 locations across the state of Oklahoma
(Basara 1998; Basara and Crawford 2000). Details on the Mesonet’s soil moisture
network is given in Chapter 3. Each network uses heat dissipation sensors manufactured by
Campbell Scientific Incorporated (sensor model 229-L) and observations are collected at
intervals between 30 and 60 minutes. Furthermore, soil moisture sensors in each network
are co-located with instruments to obtain meteorological observations. In addition, soil

properties have been documented for each location.



2.3 Land-Atmosphere Interactions

2.3.1 Recent Studies

A process that modulates the exchange of mass and energy between the atmosphere
and the land surface involves soil moisture. Differential heating at the earth’s surface is the
principle forcing mechanism for motion within the atmosphere at all temporal and spatial
scales. Heat is dissipated into the atmosphere through turbulent fluxes at the earth’s
surface; the surface fluxes are strongly controlled by the availability of soil moisture.
Furthermore, soil moisture determines the partitioning of the surface fluxes between latent
(moist) and sensible (dry).

The input of water vapor into the atmosphere from the land surface results primarily
from direct evaporation of moisture from the soil and from transpiration from the vegetative
canopy. Transpiration is directly dependent upon the amount of moisture which is
contained within the soil. The combined contribution of these two mechanisms is
commonly referred to as evapotranspiration (ET). _

As a result, soil moisture represents a key contribution to the many processes which
occur within the land-atmosphere boundary. Many recent studies have offered valuable
insight into the influence of soil moisture upon the atmosphere over variable temporal and
spatial scales. Pan and Mahrt (1987) studied interactions between the evolution within the
boundary layer and the transport of moisture within the soil. They used an atmospheric
boundary-layer model coupled with a two-layer soil moisture model. They concluded that
when substantial drying occurs, sensible heat flux becomes much larger than the latent heat
flux. As a result, the near-surface atmospheric conditions become warm and dry. However,
Mahfouf et al. (1987) demonstrated that, in the presence of vegetation, wet or dry soils can
be masked, enabling the canopy to reduce the relative partition between sensible and latent
heat flux.

Land atmosphere interactions, with respect to growth in depth of the planetary
boundary layer, were studied by Zdunkowski (1975) and Betts and Ball (1995). Betts and
Ball (1995) noted how soil moisture could be a major contributor to diurnal variations of

both potential and equivalent potential temperature. They also documented how soil

14 -



moisture influenced the amount of dry air entrainment which occurred at the top of the
boundary layer. Segal et al. (1995) indicated that soil moisture could also impact both dry
and precipitating convection, and in general, the formation of clouds.

Brubaker and Entekhabi (1992a-b) illustrated how soil moisture could have a direct
influence on the diurnal variation of the thermal state and moisture content of the near
surface atmosphere. Furthermore, Brubaker and Entekhabi (1996) revealed that soil
moisture control on the magnitude of evaporation is the major mechanism through which
the moisture state of the near-surface atmosphere can reinforce thermal anomalies.

Spatial differences between regions of wet and dry soils create large gradients in
turbulent heat flux. Segal and Arritt (1992) demonstrated how soil moisture variations
could initiate and enhance thermally direct circulations commonly referred to as land-
breezes. A study by Enger and Tjernstrom (1991) noted that local precipitation increased
due to effects of the local land-breeze, and decreased when a strong synoptic wind was
present. Ookouchi et al. (1984) used a numerical model to determine that even a slight
moistening of the surface exerted a significant influence on mesoscale flow and that large
variations in surface soil moisture lead to circulations which are equivalent in magnitude to
sea-breezes.

Local soil moisture variation and variability in ET create variations in latent and
sensible heat fluxes. Ultimately, these variations affect the formation of clouds at the top of
the boundary layer (Rabin et al. 1990). Furthermore, Lanicci et al. (1987) demonstrated that
spatial gradients in soil moisture are an important contributor to severe thunderstorm
development in the Great Plains of the United States. Anthes (1984) indicated that
precipitation could be enhanced under certain atmospheric conditions in semi-arid regions
when dense vegetation occurred in bands about 100 km wide. Furthermore, Zhang and
Anthes (1982) concluded that changes in albedo or surface roughness are Iess significant in
their impact than are variations in soil moisture.

Larger spatial phenomena such as squall lines and baroclinic disturbances can also
be impacted by spatial variations in soil moisture by influencing pre-storm convergence
(Sun and Ogura 1979), by reducing (increasing) the strength of the nocturnal low-level jet

over moist (dry) soils (McCorcle 1988), through modification of the boundary layer



structure (Fast and McCorcle 1991), and by influencing evaporation and precipitation
patterns (Castelli et al. 1996).

Persistent weather patterns that result from anomalous conditions within the land
surface can enhance phenomena such as droughts and floods. Charney (1975)
hypothesized that large scale drying of the soil followed by a subsequent loss of vegetation
can create a large-scale feedback system which reinforces drought conditions. Namias
(1955, 1983, 1988) concluded that features in the underlying terrain had a significant
influence on the atmosphere while studying drought conditions over the Great Plains of the
United States. Using climate records for the continental United States between 1905 and
1984, Zhao and Kahil (1993) determined that a strong negative correlation existed between
precipitation and surface temperature with the strongest correlation in the Central United
States and the Great Plains. Huang and van den Dool (1993) included a lag correlation
investigation into their analysis which revealed that a negative precipitation anomaly (less
than normal rainfall amounts) led to a decrease of near-surface soil moisture and preceded
above-average summer temperatures by one month.

Delworth and Manabe (1989) and Manabe and Delworth (1990) used a numerical
model to demonstrate that persistent positive anomalies of soil moisture can have a
significant impact upon the variability of the lower troposphere. Surface temperature and
humidity are significantly altered by persistent wet anomalies due to an increase of latent
heat flux and a reduction of sensible heat flux. Delworth and Manabe (1989) further
concluded that persistent positive soil moisture anomalies have their greatest impact on the
atmosphere across large spatial scales. Furthermore, moisture recycling is a major
component in the potential sustenance of wet anomalies and can be a prime source of day-
time convection (Zangyvil et al. 1993); recycled moisture can account for up to 30% of the
annual precipitation over large land areas (Brubaker et al. 1993).

Using simulations from a general circulation model, Koster et al. (2000) studied the
seasonal-to-interanual variability and predictability of precipitation in a coupled system.
The goal was to assess the relative impact of land surface and ocean boundary conditions.
They concluded that the influence of land surface conditions is greatest in regions that are

least affected by oceans and that the strength of the land-atmosphere interactions is
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controlled by the availability of water and energy from the land surface in those locations.
Relying on simulations of the general circulation, Schollser and Milly (2000) concluded that
the predictability of soil moisture conditions range from approximately a week in temperate

regions to a few months in regions where solar influence is weak.

2.3.2 Key Issue

Unfortunately, observations of soil moisture conditions are limited. In fact, most of
the studies and results in Section 2.3.1 derive from numerical modeling studies. Many
studies simply use soil moisture as a boundary condition to the atmosphere. In the case of
coupled schemes, others use a one-dimensional mode whereby mass and energy are
exchanged between the land-surface and the atmosphere. Unfortunately, horizontal
movement of water or energy below the land surface does not occur in the model. However,
recent studies such as Pielke et al. (1999) have demonstrated that surface characteristics,
including soil moisture, must be treated as a dynamically evolving variable instead of a static
or prescribed parameter.

Inherently, the lack of information in land-atmosphere studies conceming the spatial
and temporal variability of soil moisture creates error within the analyses and results. For
example, one might question whether the measurements of soil moisture are calibrated or
how representative the measurements are of the surrounding site? Other concemns include
how the measurements of soil moisture near the observing tower compare with sensors
which measure latent and sensible heat and represent conditions upstream from the
atmospheric sensors? These critical questions are generally left unaddressed and the reader
can only guess whether the scheme was biased by the point measurements of soil moisture.

[t is likely that land-surface schemes are highly sensitive to soil moisture conditions.
Other examples such as the diagnostic evaluation by Ek and Cuenca (1994) and by Cuenca
et al. (1996) of the 1-D PBL model developed at OSU, noted that surface fluxes of heat and
energy are sensitive to the parameterizations of soil texture and soil water content
respectively. Wetzel and Chang (1987), Wilson et al. (1987), Entekhabi and Eagleson
(1989), and Avissar and Pielke (1989) addressed the sensitivity of the parametrizations of

sotl properties to land-atmosphere modeling. Yet, even these studies did not use actual field
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observations of soil moisture to determine the sensitivity of the numerical model to moisture
variability. To the author’s knowledge, no study has been published which tests the
sensitivity of near-surface atmospheric components on a local scale with the measured

variability of soil water content in space and time.
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Chapter 3
Data

3.1 Soil Moisture Observations

Between 1996 and 1999, heat dissipation sensors were installed at 103 Mesonet
stations (Fig. 3.1) to provide real-time observations of soil moisture (Basara and Crawford
2000) at depths of 5, 25, 60, and 75 cm. These sensors (the Campbell Scientific Model
229-L) utilize thermocouples as temperature sensors and resistors as heating elements
housed within a hypodermic needle (Fig 3.2). The hypodermic needle, in turn, is embedded
within a ceramic matrix 14 mm in diameter and 60 mm long. During their operation in the
soil, the ambient temperature of the sensor is measured by the thermocouple. Then, an
electric current is sent through the resistor for 20 seconds. Immediately before the current
is terminated, a second temperature is acquired using the thermocouple. The difference
between the ambient temperature measured by the sensor and the temperature following the
electrical pulse is large (small) in dry (wet) soil, because the heat produced by the resistor is
conducted away from the sensor less (more) effectively. This difference (heat dissipation)
is directly related to the soil-water potential (Reece 1996; Basara 1998; Starks 1999; Basara
and Crawford 2000).

From the measurements of heat dissipation, and subsequently soil-water potential, it

is possible to estimate the volumetric water content (cm3,,,./Cm3i1) Of the soil using the

229-L. These unique measurements are possible because soil samples were acquired at
each vertical depth where the 229-Ls were installed. The soil samples were analyzed to
determine the soil characteristics (%silt, %sand, %clay). Once characteristics of the soil
samples were known, an empirical relationship to estimate volumetric water content from
soil-water potential was developed using soil textures (Arya and Paris 1981). It should be
noted that the relationship between soil-water potential and volumetric water content is
determined specifically for each sensor depth and each site. Additional details concerning
the installation and calibration of the 229-L sensors are presented in Chapter 4.

During 1999, field samples of soil water content at Mesonet sites were collected and
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compared with observations from the 229-L sensors. The purpose was to calibrate the 229-
L sensors. Between 1 June 1999 and 31 October 1999, more than 4000 discrete soil
samples were collected from 21 Mesonet sites and returned to the laboratory for analysis.

The Norman Mesonet site (NORM) in particular was sampled intensively between 1
June 1999 and 12 August 1999. To provide insight into the spatial and temporal variability
of soil moisture both within and immediately surrounding the Norman site, a20 m x 20 m
study plot was created (centered on the 229-L sensors) which enclosed the Norman site and
portions of the adjacent landscape. Within the study plot, 12 locations were semi-randomly
chosen for sampling (Fig. 3.3). During this period, 2,792 samples were collected from the
12 predetermined locations at depths ranging between 0 and 80 cm. In addition to the field
samples, estimates of soil water content were collected at NORM every 30 minutes using
the 229-L sensors.

Inspection of Table 3.1 reveals the variability of soil water at the Norman site
averaged over the study period. In general, the daily range of volumetric water content (the
difference between field sample maximum and field sample minimum) was greatest in the 0-
30 cm layer. In addition, strong trends in the vertical variability of soil water was not
evident by a simple inspection of the standard deviation or sample variance. However, the
mean coefficient of variation (COV) was greater in value near the surface and lesser in value
at deeper depths (i.e., below 30 cm).

This trend is confirmed by examining a number of days on which soil samples were
collected. Throughout the study period, the greatest values of COV occurred near the
surface. Even though the standard deviation of the volumetric water estimate changed little
with depth, the magnitude of water content values did change in the vertical. Thus, as soil
near the surface became drier, and the magnitude of water content became smaller (with this
drying, the standard deviation of soil moisture near the surface versus the mean value of the
samples (COV) became greater). One exception was noted on 2 July. In that case, soil
conditions were very moist throughout the depth of the soil column. Thus, the COV values
were small near the surface due to the increased magnitude of the mean values of soil water
content. However as soils dried during the second half of the study period, COV values in

the 0-30 cm layer increased relative to depths deeper than 30 cm. This can be attributed to



| i {  Mean
| Coefficient

Soil Mean Max Min Standard Mean of
Depth Range Range Range Deviation | Variance | Variation
OtoS5cm 0.093 0.187 0.048 0.029 0.0010 17.2
Sto l0cm 0.099 0.285 0.045 0.029 0.0011 18.4

10 to 20 cm 0.148 0.210 0.072 0.046 00022 | 218
20to 30 cm 0.115 0.238 0.063 0.034 0.0013 10.1
30to 40 cm 0.087 0.196 0.017 0.035 0.0014 10.0
40to 50 cm 0.090 0.196 0.034 0.036 0.0015 11.1

50 to 60 cm 0.080 0.179 0.031 0.032 0.0012 9.6

60 to 70 cm 0.058 0.116 0.017 0.022 0.0006 7.2

70 to 80 cm 0.068 0.107 0.043 0.028 0.0008 8.3

Table 3.1. Statistical evaluation of volumetric water content, stratified by soil depth, at the
Norman Mesonet site (1 June - 12 August 1999).

Soil { i : i ‘
Depth ! 6/1/99 | 6/14/99 | 7/2/99  7/5/99 : 7T/19/99 _ 8/10/99
OtoScm 220 i 187 ! 107 i 206 ., 332 i 242
510l0cm | 248 | 222 46 105 155 i 210

10 t0 20 cm 283 1 221 ' 107 ¢ 120 ! 247 1 268

20 to 30 cm 1.7 | 92 | 9.1 i 5.1 i 116 i 146

30 to 40 cm 98 | 49 . 102 i 88 i 94 11
40t0S0cm ; 82 | 97 . 145 . 19 73 119
50 t0 60 cm | 8.5 i 10.7 é 1.2 4.9 ’ 7.5 : 8.7
60w70¢m 57 . 63 __. ST __ 65 . 11 __ 69
70t080cm | 67 62 - 68 103 8.4 10.5

Table 3.2. Examples of the daily coefficient of variation of volumetric water content,
stratified by soil depth, at the Norman Mesonet site (1 June - 12 August 1999).



the fact that the near-surface soils dried much faster than those at deeper depths. The daily
values of soil water content and the variability of the soil water at the Norman site are
discussed in Appendix A.

The variability of soil water content at NORM during the study period is illustrated
in Table 3.2. One source of variability near the ground surface is precipitation. For near
surface soil conditions, the sample range and standard deviation increased dramatically
following precipitation events and decreased to a minimum during extended dry periods
(Fig. 3.4a). However, this trend was not observed at depths greater than 20 cm (Figs. 3.4b-
c)

In addition, the daily variability in soil moisture at NORM noted in Table 3.2 can be
attributed, in part, to differences in soil texture at each of the 12 sample locations (Tables 3.3
and 3.4). Soil samples were collected at each of the 12 locations for the purpose of soil
classification. The samples were analyzed in the laboratory and soil texture was determined
using the Bouyoucos Hydrometer method (Hillel 1998). For example, though the general
classification of soil within the study plot between the depths of 0 and 5 cm is silty clay
loam, slight differences exist in the percentages of sand, silt, and clay at each location. As a
result, textural differences created differential values of wetting and drying within the soil

layers at NORM.

3.2 Additional Mesonet Observations

The Norman Mesonet site is equipped with instruments to measure air temperature
and relative humidity at 1.5 m, wind speed and direction at 10 m, pressure, solar radiation,
rainfall, air temperature at 9 m, wind speed at 2 m, and bare and vegetated soil temperatures
at 10 cm below ground level. Other parameters measured include temperature at 5 cm under
bare and vegetated soil, and at 30 cm under vegetated soil. Observations from NORM are
acquired at intervals of between 5 and 30 minutes and are subjected to rigorous QA
procedures (Shafer et al. 2000).

During 1999, sensors at the Norman Mesonet site were upgraded as part of the

OASIS Project (Brotzge et al. 1999; Brotzge 2000). The primary addition of new sensors
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Standard Deviation of Soil Water Content in the
0-5 cm Layer Versus Days Since Rainfall

at Norman, OK (1 June 1999 - 12 August 1999)
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Figure 3.4a. The variability of soil moisture (0-5 cm) at the Norman site versus days after
precipitation.
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Standard Deviation of Soil Water Content in the
30-40 cm Layer Versus Days Since Rainfall

at Norman, OK (1 June 1999 - 12 August 1999)
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Figure 3.4b. The variability of soil moisture (3040 cm) at the Norman site versus days after
precipitation.

Standard Deviation of Soil Water Content in the
70-80 cm Layer Versus Days Since Rainfall
at Norman, OK (1 June 1999 - 12 August 1999)
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Figure 3.4c. The variability of soil moisture (70-80 cm) at the Norman site versus days after
precipitation.



i Mean | Mean Mean Mean | Soil
Depth % Gravel '_ % Sand % Silt % Clay l Classification
0-5 cm 0.2 ! 34.7 51.0 14.1 | Silt Loam
5-10cm 0.0 354 47.9 16.7 Loam
10-20 cm 0.2 30.9 43.6 25.3 Loam
20-30 cm 0.0 26.8 33.8 394 Clay Loam
30-40 cm 00 | 270 34.3 38.7 Clay Loam
40-50 cm 0.8 31.8 30.0 37.3 Clay Loam
50-60 cm 1.8 289 33.5 35.8 Clay Loam
60-70 cm 3.2 30.8 30.0 36.0 Clay Loam
70-80 cm 2.3 31.6 32.0 34.1 | Clay Loam

Table 3.3. The mean vertical stratification of soil characteristics at the Norman Mesonet

site.

Table 3.4. Variability in the vertical stratification of soil characteristics at the Norman

Mesonet site.

Standard Standard | Standard Standard

_ Deviation | Deviation | Deviation : Deviation
Depth % Gravel . % Sand | % Silt . % Clay
05cm 06 77 1 9.1 4.6
5-10 cm 0.1 6.0 6.6 3.3
10-20cm 0.4 5.3 4.8 : 6.1
2030cm - 00 ¢ 75 ' 80 | 59
30-40 cm 0.1 45 . 39 . 34
40-50em 12 . 41 . 50 ., 35
50-60cm__ L7 45_ .36 [ 26 _
60-70 cm 1.4 8.2 9.1 3.5
70-80 cm 1.5 6.8 * 5.7 3.8




included a sonic anemometer and krypton hygrometer (4.5 m above ground), a four-
component net radiometer (1.5 m), a domeless net radiometer (1.5 m), and heat flux plates at
5 cm. Sensible and latent heat fluxes (SH and LH) were computed using the eddy
correlation approach (Brotzge 2000).

Sensible heat flux was also estimated using the profile approach. Vertical gradients
in air temperature were measured using sensors at 1.5 and 9 meters. Similarly, the vertical
gradient in wind speed was measured using anemometers at 2 and 10 meters. Sensible heat
flux was estimated by applying Monin-Obukov similarity theory to observed gradients in
wind speed and temperature (Brotzge and Crawford 2000). Furthermore, because net
radiation (Rn) and ground heat flux (GH) are measured at the site (Brotzge 2000), latent

heat flux was estimated as the residual in the surface energy budget:

Rn=SH+ LH + GH (G.1)
which becomes,
LH=Rn-SH-GH (3.2)

Net radiation, ground heat flux, sensible heat flux, and latent heat flux were collected

at 15 minute intervals and processed through QA routines.

3.3 Upper Air Observations

The Norman Mesonet site is approximately 3.03 km (1.08 miles) from the OUN
upper air station. Weather balloons are launched twice daily at 0000 and 1200 UTC which
provide information pertaining to the vertical profile of the atmosphere (temperature,
moisture, wind speed, and wind direction). The close proximity of the sounding location to
the Norman Mesonet site provides an excellent opportunity to study the boundary layer
near and above the NORM site.

Balloons were launched twice daily during the study period. On any given day, the
early momning sounding represents the atmosphere before the boundary layer has begun its
daytime oscillation. On the other hand, the evening sounding represents the boundary layer

near the end of its daily oscillation. Thus, the sounding data provides endpoints of the daily



evolution of the atmospheric boundary layer near the NORM site. This sounding
information is critical to initialize the PBL model, and to verify model predictions regarding

the depth, temperature, and moisture profiles of the PBL.

3.4 Ideal Conditions for Study

Ideal conditions during the study period refer to days when solar radiation was at or
near its theoretical maximum (no cloud cover) and shear in the lower troposphere was weak.
A detailed analysis of the four components in the surface energy budget is easier to interpret
during ideal conditions. A visual inspection of observations from the summer of 1999
yielded 13 days which could be classified as ideal. In addition, this 13-day data set is
thought to have limited contamination by the horizontal advection of temperature or
moisture into the PBL.

An example of ideal conditions for study occurred on 2 July (Figs. 3.5 and 3.6).
Soil conditions at NORM on 2 July were extremely moist throughout the measured soil
profile. Thus, it was not surprising that latent heat flux was nearly double the magnitude of
sensible heat flux (Fig. 3.5). Additionally, the vertical profile of the lower troposphere
(Fig. 3.6) revealed a well mixed PBL at 0000 UTC which extended to a depth of 1470
meters above ground level.

A second data set associated with ideal atmospheric conditions is shown in Figures
3.7 and 3.8 (25 July). In this case, an extended dry period was underway. As a result, near-
surface soil conditions were quite dry. However, soil moisture below 20 cm was still quite
moist. The result was decreased latent heat flux at the site (versus that observed on 2 July)
as well as increased sensible heat flux. In fact, the magnitude of both fluxes was nearly
identical on 25 July (Fig. 3.7). Since the partitioning of available energy was greater toward
sensible heat flux when compared with 2 July, the PBL extended to greater depth on 25
July (2386 m; Fig. 3.8).

The examples noted in Figures 3.5 through 3.8 offer insight into the atmospheric
conditions used for this study. Additional plots of net radiation as well as sensible and

latent heat flux for other ideal conditions are shown in Appendix B.



Hourly-Averaged Estimates of Surface Energy Balance Components at the
Norman, OK Mesonet site (2 July 1999)
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Figure 3.5. Hourly-averaged values of net radiation, sensible heat flux, and latent heat flux
on 2 July 1999 at the Norman Mesonet site.

Vertical Profiles of Mixing Ratio and Potential Temperature
Determined Using the OUN Sounding (0000 UTC on 3 July 1999)
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Figure 3.6. Vertical profiles of mixing ratio and potential temperature determined using the
OUN sounding (0000 UTC on 3 July 1999).



Hourly-Averaged Estimates of Surface Energy Balance Components at the
Norman, OK Mesonet site (25 July 1999)
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Figure 3.7. Hourly-averaged values of net radiation, sensible heat flux, and latent heat flux
on 25 July 1999 at the Norman Mesonet site.

Vertical Profiles of Mixing Ratio and Potential Temperature
Determined Using the OUN Sounding (0000 UTC on 26 July 1999)
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Figure 3.8. Vertical profiles of mixing ratio and potential temperature determined using the
OUN sounding (0000 UTC on 26 July 1999).

-30-



Chapter 4

229-L Calibration and Instrument Errors

4.1 Initial Calibration and Installation

The amount of water in the soil is commonly expressed in terms of potential. Soil-
water potential is defined as the amount of work needed to transfer a unit mass of water
from the soil to a reference pool at the same elevation. Established convention dictates that

these values are negative; thus, larger absolute values of potential represent drier soils.

Typically, the work per unit mass of water (J kg-1) is multiplied by the density of water

(approximately 1000 kg m-3) to determine soil-water potential expressed in terms of

pressure (kPa; Marshall et al. 1996). Determining the soil-water potential is crucial when
considering the availability of water for the sustenance of vegetation. It is widely accepted
that vegetation has great difficulty in extracting water from soils when the potential is less
than about -1500 kPa (Dingman 1994). Thus, an estimate of soil-water potential is a
valuable resource to help understand both the flow of moisture within the soil and its impact
on both the atmosphere and the biosphere.

Using a device that consists of a temperature sensor and a heating unit placed
directly into the soil, Shaw and Baver (1939) demonstrated that the rate at which heat is
dissipated in the soil can be an indicator of the matric potential (water potential) of the soil.
Phene et al. (1971) developed a sensor using a Germanium P-N diode as the temperature
sensor; when the sensor was wrapped with 40-gauge copper wire, it acted as the heating
coil. The apparatus was then embedded in a porous block. Various materials such as
gypsum, ceramics, and mixtures of ceramic and castone were tested as potential porous
materials that could be used in the block. They determined that the ceramic block provided
a stable solid matrix due to the linear response exhibited by the material during testing.
Sensors based on the design of Phene et al. (1971) have been successfully utilized in sandy
loam (Phene and Howell 1984), clay loam (Phene et al. 1989), silt (Fredlund 1992), and
clay (Fredlund 1992).

The 229-L sensor, manufactured by Campbell Scientific Inc., incorporates this
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design (Fig. 3.2). A thermocouple and a resistor are housed within a hypodermic needle.
The hypodermic needle, in turn, is embedded within a ceramic matrix 14 mm in diameter
and 60 mm long. Once the sensor is buried within the soil, the matrix must be permitted to
come into equilibrium with the surrounding soil (typically 2-3 months). Once equilibrium
is attained, the thermocouple measures the soil temperature both before and after an electric
current of 50 mA is passed through a 33 W resistor for 20 seconds. After the current pulse,
the temperature difference is larger (smaller) in drier (wetter) soil, because the heat produced
by the resistor is conducted away from the sensor less (more) effectively. This difference is
directly related to the soil water potential.

The 229-L sensors were subjected to a two-step laboratory calibration before they
were installed at remote sites. First, the sensors underwent an endpoint test, whereby heat
dissipation (temperature rise of the sensor) was measured under both dry and saturated
conditions. To accomplish this, the sensors were subjected to a dry air environment using
dessicant bags. The temperature rise for each sensor was calculated over a twelve hour
period. Once the sensors temperature increase in an extreme dry environment was
established, the sensors were immersed in distilled water and a similar set of measurements
were performed over a twelve hour period. Finally, a set of calibration coefficients was
created using the endpoint data, and applied to each sensor’s response to remove the

inherent sensor-to-sensor variability:
AT ¢ =m*AT ¢ peor + D (4.1)

where ATy is the response of a “reference” sensor, ATsensor is the observed response of
an individual sensor (Tafter heating - Tbefore heating), and m and b are empirical coefficients

unique to each sensor.
Sensor response also was compared with known potentials created in the laboratory.
Subsequently, an equation was developed by Dr. Daniel K. Fisher (a consultant to the

Oklahoma Mesonet) to convert temperature changes generated by a sensor into values of

matric potential:



1
AT, —AT,4 m

=1[2-wm22d
v=s(arz=at, @2

—0.9)

where  is the matric potential (kPa), AT is the standard temperature difference for dry soil

(4.0°C), ATy, is the standard temperature difference for saturated soil (1.45°C), and @ and n

are empirical coefficients (-0.01 kPa-1 and 0.77, respectively). An independent study by

Reece (1996) indicated that the methodology described above is a reliable method for
calculating the water potential of the soil.

It is also desirable to estimate the volumetric water content (cm3,,e/Cm344;) of the

soil using the 229-L. During installation, soil samples from each site were acquired at each
vertical depth at which the 229-Ls were installed. These samples were sent to Oklahoma
State University to determine the soil characteristics of each sample. Once characteristics of
the soil samples were known (%silt, %sand, %clay), an empirical relationship to estimate
volumetric water content was developed using soil textures (Arya and Paris 1981). Thus, an

estimate of volumetric water content is determined using estimated values of water potential

from Equation 4.2:

95 - 6, o (4.3)
|1+ (a(-w/100))"]

where 0;,; is volumetric soil water content, 8, and 05 are the residual water content and

=0, +

soil

saturated water content respectively (values unique to soil texture), and o and h are empircal
constants (values unique to soil texture). It should be noted that organic matter was not
sampled or considered in developing this empirical relationship to determine soil water
content.

Once calibrated in the laboratory, the sensors were installed at each of 60 Mesonet
site locations. The same installation procedure was used for each soil moisture probe.
First, a shallow trench 3.7 m long was dug westward from the base of the Mesonet tower.
A second shallow trench 0.61 m long was dug south from the endpoint of the first trench.

The purpose of these trenches was for a protective conduit to house the wiring of each 229-
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L sensor.

At the end of the second conduit trench, three holes approximately 10 cm in
diameter were created using a post-hole digger. The first hole, located east of the endpoint
of the second trench, was dug to a depth of 5 cm. A second hole (25 cm deep) was dug at
the endpoint of the second trench. Just west of the endpoint of the second trench, a hole 70
cm deep was dug. As the soil was excavated from each hole, great care was taken to
preserve the original stratification of the soil. This excavation placed each layer of soil in
separate piles upon a tarp; each pile maintained the vertical stratification of the soil except
laid out in a horizontal manner.

The sensors at the 5 and 25 cm depths were installed horizontally while the sensors

at the 60 and 75 cm depths were installed at a 45° angle (Fig. 4.1). The actual sensor was

inserted 10 cm into a small hole that was the width of the sensor (14 mm). Once inserted, a
mixture of water and soil removed from the sensor hole were combined into a slurry. The
slurry was subsequently squirted into the sensor hole to backfill the sensor hole to promote
complete contact between the sensor and the soil, and to remove preferential pathways for
water flow. Extreme care was taken when backfilling the installation holes to replace the
soil in a manner consistent with the soil stratification prior to installation. Once the
installation holes were filled, the trench containing the sensor wires inside the conduit was

also filled, thus burying the conduit.

4.2 Field Measurements and Improved Calibration

Beginning in June 1999, field samples of soil water content were collected from 21
Mesonet sites to validate and calibrate the soil water content values derived from the in situ
299-L sensors. Between the dates of 1 June and 31 October of 1999, 4002 discrete soil
samples were collected using a coring device approximately 1.5 cm in diameter; the samples
were acquired from the following layers: 0-5, 5-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-
70, and 70-80 cm. With the exception of the Norman Mesonet site and during each visit to
the other sites, 3 cores to a depth of 80 cm were collected within 3 m of the 229-L sensors.

At NORM, 5 cores were collected to a depth of 80 (locations 1,4, 7,9, and 12 in Fig. 3.3)
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Figure 4.1. The vertical profile (planar view) of 229-L sensors installed at Oklahoma
Mesonet stations.
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and 7 cores were collected to a depth of 30 cm (locations 2, 3, 5, 6, 8, 10, and 11 in Fig. 3.3).
Volumetric water content was obtained for each sample at each site and depth using the
product of the gravimetric sample with the bulk density of the soil (known for each site and
depth) and dividing by the density of water.

The field samples values of soil water content were compared with observations
from the 229-L sensors. Some sensors, such as the 5 cm sensor at NORM compared well
in both magnitude and trend with the field samples. However, a majority of sensors
revealed a significant dry bias in soil water content derived using the 229-L.

Comparison between field samples of soil water content and soil water estimated
using the 229-L sensors revealed that improvements were necessary to the derived soil water

content from the sensors. Initial improvements focused on the relationship between AT f

and y in Equation 4.2 (the first step in converting 229-L output to water content estimates).
Laboratory tests were performed by Dr. Daniel K. Fisher to improve the relationship
between AT erand y.

In the first test, a tensiometer and several 229-L sensors were buried in soil within a
container (closed on the bottom and sides but exposed to air at the top; a bucket). The soil,
sensors, and tensiometer were subsequently saturated with water and allowed to dry via
evaporation. Tensiometer measurements were collected concurrently along with 229-L
measurements using a datalogger and a multiplexor.

The second test involved the same container, soil, and 229-L sensors. In this case,
however, the tensiometer was replaced by a vacuum tube which was inserted into the soil.
Once again, the soil and sensors were saturated within the bucket. A vacuum pump was
connected to the vacuum tube which allowed the tension (negative soil water potential)
within the soil to be set at a specific level while an electronic pressure transducer, attached to
the vacuum tube, measured the tension. The 229-Ls were allowed to equilibrate with the
soil, and measurements were made before tension was increased with the vacuum pump.

In the final test, several 229-L sensors were placed in a soil sample on a large
ceramic plate within a pressure chamber. The soil, sensors, and ceramic plate were
saturated. The wire for the 229-L sensors was passed through a hole in the chamber and

attached to the multiplexor. Then, as the chamber was under pressure, continuous
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measurements by the 229-L sensors were collected

Unfortunately, the dry bias occurred at tensions that could not be attained in the
controlled laboratory setting. However, an exponential equation converting AT .r to Y
compared well with tensions obtained in the laboratory and produced a more gradual drying
trend at higher tension values. Because field analyses of water content indicated a more
gradual transition from wet to dry, the exponential form of AT..f was adopted as the
preferred means in estimating soil water potential using 229-L data. The improved

relationship between AT and W is given by:
v = -c*exp(d*AT,,) 4.4

where c and d are empirical coefficients (1.788 °C-! and 0.717, kPa respectively). Thus,

equation 4.4 replaces equation 4.2 as the preferred method for computing soil water
potential using AT, rdata.
Unfortunately improvements in the relationship between AT and y did not

eliminate the dry bias in 229-L soil water content. Thus, the empirical relationship used to
convert ¥ to volumetric water content in Equation 4.3 was investigated. The goal was to

improve the estimates of empirical coefficients O, 85, o, and h derived using the

methodology described by Arya and Paris (1981).

First, a correction noted in the literature (Arya and Dierolf 1992) was applied to the
methodology of Arya and Paris (1981) to rederive appropriate coefficients. Even after the
correction was applied, water content values derived from 229-L measurements still revealed
a dry bias. Thus, linear regression, applied to the empirically derived water regression
curves, was compared with laboratory measured water regression curves. The results
improved the performance of water content values derived from 229-L data when compared
to field measurements at Mesonet sites.

Consider the examples shown in Figures 4.2-4.4 which represent 229-L sensors at
depths of 25, 60, and 75 cm compared with field samples of soil water content at the

Norman Mesonet site. In each case the improved calibration outperforms the original
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calibration in terms of magnitude and trend of soil water content. Unfortunately, the
improved calibration performed worse at the 5 cm depth when compared with the original
calibration and field samples of soil water content (Fig. 4.5). However, this result was noted

only at the Norman site, and was not conclusively demonstrated at other validation sites.

4.3 An Installation Error
The method used to install the matric potential sensors in the Oklahoma Mesonet at
depths of 60 and 75 cm was determined to have a fundamental flaw. Unfortunately, this

flaw can lead to significant errors in soil moisture observations under certain conditions
(Basara and Crawford 2000). By installing the sensors at a 45° angle with respect to

vertical, water can flow down the instrument wire via the paths of disturbed soil created
during installation. The preferential path allows water to moisten the sensor without
impacting the rest of the soil layer. Howe‘;'er, it should be noted that no evidence has been
found (at any Mesonet site location) to indicate that the 5 or 25 cm sensors are
contaminated via preferential pathways. Thus, sensors should be installed horizontally (at
all levels) to minimize the possibility of measurement error.

It should be noted that this installation procedure represents an anomaly in the
operation of soil moisture sensors across Oklahoma. More than three million observations
of soil moisture conditions were observed between 1996 and 1999; yet the number of
observations affected by this installation error account for less than one percent of the data
archives. In addition, the errant deep-layer values of soil moisture, detected following
extended dry periods, occur in soils of mainly silt and clay particles. In most cases and at

most sites, measurement errors do not occur.
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Comparison of 229-L Derived Volumetric Water Content
with Field Samples at the Norman Mesonet Site
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Figure 4.2. Comparison of original and improved methods for estimating volumetric water
content of the soil using the 229-L sensor (25 cm) versus field samples of soil water content
(20-30 cm) at the Norman Mesonet site (1 June - 10 August 1999).
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Figure 4.3. Comparison of original and improved methods for estimating volumetric water
content of the soil using the 229-L sensor (60 cm) versus field samples of soil water content
(50-60 and 60-70 cm) at the Norman Mesonet site (1 June - 10 August 1999).
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Comparison of 229-L Derived Volumetric Water Content
with Field Samples at the Norman Mesonet Site
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Figure 4.4. Comparison of original and improved methods for estimating volumetric water
content of the soil using the 229-L sensor (75 cm) versus field samples of soil water content
(70-80 cm) at the Norman Mesonet site (1 June - 10 August 1999).
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Figure 4.5. Comparison of original and improved methods for estimating volumetric water
content of the soil using the 229-L sensor (5 cm) versus field samples of soil water content
(0-5 and 5-10 cm) at the Norman Mesonet site (1 June - 10 August 1999).
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Chapter 5
Linear Relationships Between Root-Zone Soil Moisture and

Atmospheric Processes in the Planetary Boundary Layer

The results presented in this study are based on the assumption that land-
atmosphere interactions occurred at the Norman Mesonet site during the study period. In
particular, the focus is on 13 days characterized by strong radiative forcing was and weak
shear in the lower troposphere. On these days considered ideal for PBL studies, soil water

clearly modulated atmospheric processes at the Norman Mesonet site.

S.1. Analysis
While diumnal trends of sensible and latent heat flux are driven by incoming solar

radiation, the magnitude of sensible and latent heating is contingent upon a number of
localized features including soil moisture. On days which met the ideal criterion, the daily-
maximum of hourly-averaged values of latent and sensible heat flux, measured using the
eddy correlation technique, were compared with soil moisture conditions. This comparison
method was chosen because the land surface was determined to have its most evident impact

upon the peak values of sensible and latent heat fluxes. Use of hourly-averaged values also
was determined to diminish the highly variable nature of flux measurements.

To provide consistent comparisons of field conditions of soil water content
throughout the study period, the observed mean values of the field samples were
interpolated to those dates when manual samples were not collected. First, a linear
interpolation was performed between observations. Next, a 3-day running mean was
applied to the time series of data points to eliminate high frequency features that resulted
from the linear interpolation. An example of results from this interpolation technique is
shown in Figure 5.1. Thus, this study used the mean volumetric water content, interpolated
from field samples, as representative values of soil water content at each soil layer on each

day. In addition to the field samples, estimates of soil water content were
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Time Series of Mean Soil Moisture Interpolated From Field
Samples at the Norman Mesonet Site (2 June - 8 August 1999)
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Figure 5.1. Mean soil water content interpolated from field samples at layer depths of 0-5,
30-40, and 60-70 cm (2 June -8 August 1999).

collected for this study using the 229-L sensors at NORM.

Figures 5.2a-b reveal a significant relationship between daily-maximum values of
sensible and latent heat flux and mean soil water content near the surface (in the 0-5 cm
layer). The data values compared were either interpolated from field samples or observed
with the 229-L sensor at 5 cm. A nonlinear relationship was uncovered. In each
comparison, an empirical “best fit” curve to the observations was a second-order
polynomial.

However, strong but unexpected linear relationships were discovered when values of
heat flux were compared to soil moisture at deeper depths. For example, daily-maximum
values of sensible and latent heat flux were plotted as a function of soil water content
sampled between 30-40 cm (Fig. 5.3a). When a deeper layer of soil moisture is used, the
relationship between soil moisture conditions and sensible and latent fluxes appeared linear.

The linear variance value is 0.902 between soil water in the 30-40 cm layer and sensible heat



flux measured at 4.5 meters. Equally as strong, the variahce value between latent heat flux
and soil water conditions in the 30-40 cm depth is 0.854. Similar results were noted when
peak values of sensible and latent heat flux were compared with volumetric water content
determined using the 229-L sensor at 60 cm (Fig. 5.3b). Even when automated soil
moisture observations are used, the linear correlations between soil water at 60 cm and
sensible and latent heat fluxes were 0.963 and 0.947 respectively.

A more indepth inspection of these data indicated that the relationship between the
land surface and the atmosphere ( using proxies of soil water and heat fluxes in the near-
surface atmosphere) were nonlinear. More importantly, that relationship quickly becomes
linear when data from the 20-60 cm layer (Fig. 5.4) are used. Because soil moisture
conditions at depths greater than 60 cm were nearly constant throughout the study period,
the impact of deeper layer soil moisture upon the atmosphere becomes decoupled and the
linear relationships gradually decreased. Similar results were obtained when data from the
automated 229-L sensors were compared with sensible and latent heat fluxes (Fig. 5.5).
Thus, the relationships were highly nonlinear when data from shallow soil depths were
used. That relationship became increasingly linear with depth but linearity peaked at 60 cm.
The linearity with surface processes decreased when deep-layer soil moisture was used

Since linear relationships between root-zone soil moisture and both sensible and
latent heat fluxes were observed at NORM, closure of the surface energy balance was
investigated to determine if similar relationships existed. The surface energy balance is

defined as:

RN - GH = SH + LH (5.1

where SH is the»sensible heat flux (W m-2), LH is the latent heat flux (W m-2), RN is the

Net Radiation (W m-2), and GH is the ground heat flux (W m-2). Closure of the surface

energy balance is defined as:

] = M * 100 ‘ (5,2)
RN - GH
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The Daily-Maximum of Hourly-Averaged Heat Flux Versus
Soil-Water Content From Field Samples in the 0-5 cm Layer
at the Norman Mesonet Site
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Figure 5.2a. The daily-maximum of hourly-averaged values of sensible and latent heat flux
versus soil water content estimated from field samples in the 0-5 cm layer at the Norman
Mesonet Site.

The Daily-Maximum of Hourly-Averaged Heat Flux Versus
Soil-Water Content Measured at 5 cm by the 229-L Sensor
at the Norman Mesonet Site
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Figure 5.2b. The daily-maximum of hourly-averaged values of sensible and latent heat flux
versus soil water content measured at 5 cm by using the 229-L sensor at the Norman

Mesonet Site.



The Daily-Maximum of Hourly-Averaged Heat Flux Versus
Soil-Water Content From Field Samples in the 30-40 cm Layer
at the Norman Mesonet Site
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Figure 5.3a. The daily-maximum of hourly-averaged values of sensible and latent heat flux
versus soil water content estimated from field samples in the 30-40 cm layer at the Norman
Mesonet Site.

The Daily-Maximum of Hourly-Averaged Heat Flux Versus
Soil-Water Content Measured at 60 cm by the 229-L Sensor
at the Norman Mesonet Site
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Figure 5.3b. The daily-maximum of hourly-averaged values of sensible and latent heat flux
versus soil water content measured at 60 cm by using the 229-L sensor at the Norman
Mesonet.



Explained Variance Between Mean Soil-Water Content
and Daily-Maximum of Heat Fluxes at the Norman Mesonet Site
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Figure 5.4. Explained variance stratified by soil depth between mean soil water content
estimated from field samples and the daily-maximum of heat fluxes at the Norman Mesonet

site.

Explained Variance Between Soil-Water Content
Determined Using the 229-L Sensor
and Daily-Maximum of Heat Fluxes at the Norman Mesonet Site
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Figure 5.5. Explained variance stratified by soil depth between mean soil water content
estimated from the 229-L sensor and the daily-maximum of heat fluxes at the Norman

Mesonet site.
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where Cl represents the degree of closure of the surface energy balance (%).

Closure, plotted versus estimates of soil water determined from field samples at
depths of 0-5 and 30-40 cm (Fig. 5.6), reveals the relationship is nonlinear with significant
scatter when soil water from the 0-5 cm layer is used. However, a linear trend becomes
obvious when closure is compared with soil water from the 3040 cm layer. Similar results
are noted in Figure 5.7. In this case, closure is plotted versus soil water content derived
using the 229-L sensor at depths of 5 and 60 cm. Thus, closure of the surface energy
balance was linearly related to soil water in the root-zone but nonlinearly related to soil
water in surface layer.

This discovery is further emphasized by the results presented in Figures 5.8 and
5.9. As with latent and sensible heat flux, the linear correlation between closure and soil
water increases dramatically within the root-zone before decreasing at soil depths deeper
than 60 cm. Furthermore, the results are similar regardless of whether soil water was
determined from fields samples estimated using the 229-L sensors.

It should be noted that linear relationships between soil water content and
atmospheric properties were not limited to sensible and latent heat fluxes. Thermal
parameters such as the daily-maximum air temperature at 1.5 meters (Figs. 5.10a-b) and
mean potential temperature in the 925-850 mb layer at 0000 UTC also revealed strong linear
relationships to soil water in the 20-60 cm depths (Figs. S.11a-b). Surface moisture
parameters such as mixing ratio at 1.5 meters (averaged between 1800 and 0000 UTC; Figs.
5.12a-b) and mean mixing ratio in the 925-850 mb layer at 0000 UTC (Figs. 5.13a-b)
revealed a great degree of scatter when compared with soil moisture from field samples or
229-L sensors. Linear relationships were noted at shallower soil depths (10-30 cm). PBL
depth at 0000 UTC also was linearly related to soil water content in the 20-30 cm layer
(Figs. 5.14a-b). The positive correlation between PBL depth and soil water was stronger
than atmospheric moisture parameters but was weaker than the atmospheric thermal
parameters. Linear relationships were not observed between soil moisture in the 0-10 cm
layer and any other atmospheric parameter. In fact, the relationship between soil moisture in

the 0-10 cm layer and all atmospheric parameters was highly nonlinear. Table 5.1
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Soil-Water Content in the 0-5 and 30-40 cm Layers Versus
Closure of the Daily-Averaged Energy Balance
at the Norman Mesonet Site
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Figure 5.6. Soil water content estimated from field samples in the 0-5 and 30-40 cm layers
versus closure of the daily-averaged energy balance at the Norman Mesonet Site.

Soil-Water Content Measured by the 229-L Sensors at Depths
of 5 and 60 cm Versus Closure of the Daily-Averaged
Energy Balance at the Norman Mesonet Site
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Figure 5.7. Soil water content measured using the 229-L sensors at depths of 5 and 60 cm
versus closure of the daily-averaged energy balance at the Norman Mesonet Site.
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Explained Variance Between Mean Soil-Water Content Determined
from Field Samples and Closure at the Norman Mesonet Site
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Figure 5.8. Explained variance between mean soil water content estimated from field
samples and closure of the daily-averaged surface energy balance at the Norman Mesonet

site.
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Figure 5.9. Explained variance between mean soil water content estimated using the 229-L
sensor and closure of the daily-averaged surface energy balance at the Norman Mesonet

site.
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summarizes the linear correlation between soil water and atmospheric parameters at the

Norman Mesonet site.

5.2. Discussion

The mechanism by which soil water at depths well below the surface influences and
modulates atmospheric processes is transpiration through the vegetated canopy. In turn,
transpiration impacts the partitioning of latent and sensible heat flux near the surface (Rabin
et al. 1990; Chang and Wetzel 1991; Collins and Avissar 1994; and Beljaars et al. 1996).
Results from the current study are consistent with previous investigations. Most important,
the current results reveal that the relationship between root-zone soil water and most
atmospheric parameters is linear at the Norman site.

Vegetation at the Norman site ranged between 15-30 cm in height during the study
period and consisted primarily of short grasses. Although the tap root of grasses may
extend several meters below the soil surface, grasses have fibrous and branched root
systems; the greatest biomass is found within the first meter below ground (Salisbury and
Ross 1992). Furthermore, soil characteristics play a pivotal role in determining the density
of root structures (Klepper 1987). For example, if the topsoil is relatively thin and situated
on top of clay or rock, rooting structures are inhibited from drawing water from deep layer
soil. This latter situation occurs at the Norman site. Soil in the upper 30 cm is a mixture of
silt and sand particles; it is classified as silt loam. Below 30 cm, the clay fraction of the soil
increases greatly, and the soil is classified as a clay loam. A visual inspection of many soil
cores at depths below 60 cm failed to reveal much root biomass. The visual observations
also indicated that the greatest density of roots at NORM existed in the soil layer spanning
0-60 cm.

Another issue in this study concerned sensors that measure latent and sensible heat
fluxes which are mounted 4.5 m above the land surface. The flux measurements appear to
represent flux conditions upstream of the site on the order of tens of meters. Yet,
atmospheric observations at NORM were strongly correlated with soil moisture
observations collected at the site; the soil moisture clearly represented a smaller scale. This

apparent complication is unraveled by examining the spatial and temporal variability of soil



water at the site. The greatest variability in soil water content (as measured via field
samples) occurred in the 0-5 cm layer. However, as soil depth increased, the spatial and
temporal variability of soil water decreased substantially (determined using the COV
analysis in Chapter 3). Furthermore, soil cores collected at the site also revealed that
variability in soil texture (which strongly influences soil water content) also decreased with
depth. Thus, soil moisture observations collected at depths below 20 cm likely were more
representative of the surrounding area (including those regions upstream from the site) than
were surface-based values of soil water content.

The results of this study are important for several reasons. First, two independent
soil moisture data sets revealed virtually the same linear relationships between variability in
soil water content in the 20-60 cm depths and variability of atmospheric properties. The two
soil moisture datasets also consistently demonstrated that atmospheric parameters measured
at or near the Norman Mesonet site were nonlinearly related to the near-surface soil water
content. Minor variations in these discoveries, derived from different soil moisture datasets,
were thought to result from the fact that field samples of soil water content are integrated
measurements while the 229-L sensors are point-scale measurements.

In addition, measurements of sensible and latent heat flux (determined using the
eddy correlation method) were verified using the profile method to estimate sensible heat
flux, and calculating latent heat flux as a residual. Though profile measurements are
generally not as accurate as heat flux values determined using the eddy correlation
technique, a linear relationship existed between soil moisture and either set of flux data.
Thus, it appears possible to investigate linear/nonlinear relationships between soil moisture
and atmospheric processes using instruments installed at standard OASIS sites (80
locations across Oklahoma). The standard sites provide estimates of sensible heat flux
using the profile method and calculate latent heat flux as a residual.

Another key result of this study concerns the relationship between closure of the
surface energy balance and root-zone soil moisture. Brotzge (2000) noted that one
explanation for the consistent underestimate of closure of the energy balance was the
inability to measure latent heat flux as accurately as the other parameters in the energy

balance equation (net radiation, sensible and ground heat flux). He concluded that



vegetation, rather than soil moisture, likely contributed to large errors in the measurement of
latent heat flux, and thus to closure. The findings of this study support those conclusions.
Figures 5.6-9 clearly show a strong linear relationship between closure and soil water in the
root-zone. However, the relationship between soil moisture near the surface and closure of
the surface energy balanced was weak and nonlinear. Thus, it appeared that at the Norman
site, soil moisture in the root-zone had a much greater controlling influence on closure of
the surface energy balance than did the near-surface soil moisture. This influence on the
latent heat flux effect can only be accomplished through the influence of vegetation and
evapotranspiration.

Because the impact of soil moisture upon the atmosphere extends to the synoptic
and climate scales, this study provides insight into the complex issue of partitioning
available energy at the earth’s surface. Furthermore, determining when and where linear
relationships exist between land and atmospheric properties could lead to better
parameterizations and, thereby, to significant improvements in numerical models which
couple the land surface to the atmosphere.

Finally, this study notes some of the limitations of using soil water near the surface
to mirror atmospheric parameters. Nonlinear processes are much more difficult to simulate
than are linear ones. Thus, this study suggests that it is more advantageous to numerical
weather prediction to have accurate, representative observations of soil moisture at deeper
depths rather than from shallower depths. Because, techniques which remotely sense soil
moisture do not extend below a depth of 5 cm, soil moisture at deeper depths must be
obtained via in situ measurements or through accurate simulations of soil moisture

conditions.
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Daily-Maximum Air Temperature at 1.5 Meters Versus
Soil-Water Content in the 20-30 cm Layer
at the Norman Mesonet Site
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Figure 5.10a. The daily-maximum of hourly-averaged air temperature at 1.5 m versus soil
water content estimated from field samples in the 20-30 cm depth at the Norman Mesonet

Site.

Daily-Maximum Air Temperature at 1.5 Meters Versus
Soil-Water Content Measured by the 229-L Sensor at 60 cm
at the Norman Mesonet Site
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Figure 5.10b. The daily-maximum of hourly-averaged air temperature at 1.5 m versus soil
water content measured by the 229-L at 60 cm sensor at the Norman Mesonet Site.
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Mean Potential Temperature in the 925-850 mb Layer at 0000 UTC
Versus Soil-Water Content in the 30-40 cm Layer

at the Norman Mesonet Site
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Figure 5.11a. The mean potential temperature in the 925-850 mb layer (0000 UTC) versus
soil water content estimated from field samples in the 30-40 cm layer at the Norman
Mesonet Site.

Mean Potential Temperature in the 925-850 mh Layer at 0000 UTC

Versus Soil-Water Content Measured by the 229-L Sensor at 60 cm
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3

[ T T T T T LEN B T T T | T T T I T T ¥ ™)
@ - ® ° )
= - 4
= 310 3
[ - -
& - S ]
E B ]
S 305 .

300 _ L 1 1 1 [ | S T} PR 1 ' 1 I 1 L1 L | 1 1 ] 1
0.2 0.25 0.3 0.35 0.4 0.45

Volumetric Water Content (0)

Figure 5.11b. The mean potential temperature in the 925-850 mb layer (0000 UTC) versus
soil water content measured by the 229-L at 60 cm sensor at the Norman Mesonet Site.



Mixing Ratio at 1.5 Meters Versus
Soil-Water Content in the 10-20 cm Layer
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Figure 5.12a. Mixing ratio at 1.5 m (averaged between 1800-0000 UTC) versus soil water
content estimated from field samples in the 10-20 cm layer at the Norman Mesonet Site.

Mixing Ratio at 1.5 Meters Versus
Soil-Water Content Measured by the
229-L Sensor at 25 cm at the Norman Mesonet Site
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Figure 5.12b. Mixing ratio at 1.5 m (averaged between 1800-0000 UTC) versus soil water
content measured by the 229-L at 25 cm sensor at the Norman Mesonet Site.



Mean Mixing Ratio in the 925-850 mb Layer at 0000 UTC
Versus Soil-Water Content in the 10-20 cm Layer
at the Norman Mesonet Site
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Figure 5.13a. The mean mixing ratio in the 925-850 mb layer (0000 UTC) versus soil
water content estimated from field samples in the 10-20 cm layer at the Norman Mesonet

Site. )

Mean Mixing Ratio in the 925-850 mb Layer at 0000 UTC
Versus Soil-Water Content Measured by the
229-L Sensor at 25 cm at the Norman Mesonet Site

20 r T T T T T LI B S | T T T LA B T T T 7 T T ]
2 SF o ]
I SF ° o ]
N @ e ® 4
2 C ° ]
= 10 - ® ]
-4 r ® ]
[-11] ~ 4
E = .
= S P
= - ]
0 L 2 1 1 1 I 2 L [l 1 L 1 J X P | ] L 1 PN Il 2 2 ]

0.2 0.25 0.3 0.35 0.4 0.45

Volumetric Water Content (0)

Figure 5.13b. The mean mixing ratio in the 925-850 mb layer (0000 UTC) versus soil
water content measured by the 229-L at 25 cm sensor at the Norman Mesonet Site.



Boundary Layer Depth (m)

Boundary Layer Depth at 0000 UTC Versus
Soil-Water Content in the 20-30 cm Layer
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Figure 5.14a. Boundary layer depth at 0000 UTC versus soil water content estimated from
field samples in the 20-30 cm layer at the Norman Mesonet Site.
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Boundary Layer Depth at 0000 UTC Versus
Soil-Water Content Measured by the
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Figure 5.14b. Boundary layer depth at 0000 UTC versus soil water content measured by
the 229-L at 25 cm sensor at the Norman Mesonet Site.
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Daily

Maximum

Sensible Latent Sensible Alr Mixing Potential Mixing | Boundary Energy
Soil . Heat Flux | Heat Flux | Heat Flux |Temperature] Ratio |Temperature] Ratio Layer Balance
Molst_ure o (_FEI)» 1 (EC) (Profile) (1.5 m) (1.5 m) (925-850 mb) (925-850 mb) Depth Closure
0-5 cm 0.505 0.468 0.545 0.608 0.469 0.473 0.432 0.498 0.497
310 em 0.585 | _ 0,536 0.616 0.690 0.534 0.568 0.496 0.560 0.583
10-20 cm 0591 _ |.._0.533 0.64 0.679 0.629 0.579 0.578 0.593 0.616
20-30 em 0.812 0.767 0.816 0.854 0.507 0.780 0.451 0.659 0.756
30-40 cm 0.902 0.854 0.846 0,833 0.438 0.759 0,373 0.522 0.885
40-30em 0,866 _0.807 0.733 0.766 0.314 0.728 0.276 0.356 0.812
50-60cm 1 0.836 0.784 0.686 0.749 0.204 0.737 0.187 0.340 0.701
60-70 em 0.756 0,688 0.573 0.690 0.234 0,662 0,223 0.308 0.658
70-80 em 0,552 0.479 0.500 0.628 0.464 0.589 0,453 0.469 0.471
29-LatSem 0,397 0.344 0.389 0.517 0.452 0.384 0.449 0.400 0.412
29-Lai2sem  0,62] 0.571 0.702 0,722 0.614 0.634 0.567 0.613 0.645__
229-L at 60 em. 0.963 0.947 0.935 0.917 0.505 0.884 0.376 0.484 0.927
229-Lam 75 em’ 0,845 0.787 0.721 0.882 0.569 0.864 0.484 0.468 0.792

Table 5.1, Linear correlation between soil moisture and atmospheric parameters at the Norman Mesonet site.




Chapter 6

Sensitivity Analysis of Ground Heat Flux Estimates

Soil heat flux is estimated using two HFT3.1 heat flux plates manufactured by
Radiation & Energy Balance Systems, Inc. (REBS). The soil heat storage term in the
energy balance equation is estimated using two REBS platinum resistance temperature
detectors (PRTDs); the latter estimate includes soil moisture measured at 5 cm (using the

Campbell Scientific Inc. model 229-L) and knowledge of soil properties at each site.

6.1 Theory

A combination method is used to measure the total ground heat flux (Tanner 1960).
The combination approach includes separate estimates for the ground heat flux and storage

terms:

dT dT
GH = -A(E) - szz(—c'iT) (6.1)

where A is the thermal conductivity, dT is the temperature difference across the plate

thickness, C is the soil heat capacity, p is air density, z; is the depth of the soil layer, and

dT/dtis the temporal rate of change in the soil temperature between 0 and 5 cm (Fritschen
and Gay 1979).

The first term in Equation (6.1; i.e., A[dT/dz]) is estimated using soil heat flux
plates. The temperature difference measured across the depth of the plate is equivalent to
the vertical movement of heat within the soil. Standard OASIS sites (80 of the 90 OASIS
sites; Brotzge et al. 1999) have two REBS HFT 3.1 heat flux plates installed at a depth of 5
cm. Thus, the arithmetic mean of measurements from the two sensors is used. Each plate

has an individual calibration which is applied during post-processing.

The second term in Equation (6.1; i.e., Cpza[dT/dt]) is the storage term and

includes measurements of the soil temperature within the top 5 cm of soil. Like the heat
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flux plates, two REBS PRTDs are installed at each site and the mean value of observations
from the two sensors is used. Each PRTD has an individual calibration which is applied
during post-processing. The ground heat flux storage term also is a function of the soil
heat capacity (C), defined by de Vries (1975) as:

C=XC, +X,C, + X,C, 6.2)

where the X is the volume fractions of solid components (s), water components (w), and air
(a) components of the soil. The contribution to C from the individual components is the

product of the density of the component and the specific heat of the component (i.e., Cy =

Pwcw). Equation (6.2) can be expanded to:
C = X,C, + X,C, + X,C,, + X,C, 6.3)

where the solid phase of soil includes mineral (m) and organic (o) components (Fritschen

and Gay 1979). Because the density of air is approximately 1/1000 that of water, Equation
(6.3) can be simplified to:

C = X,Cp + X,C, + X.,Cu 6.4)

Substituting the appropriate values for Cp,, Co, and Cy, and noting that X, is equivalent to

the volumetric water content (0) of the soil, Equation (6.4) becomes:

C =X,*193 + X, *251 + 0*4.19 (6.5)

The heat capacity of minerals and organic material are set at 0.528 MJ (m3K)-! and 0.030

MJ (m3K)-! respectively. The final form of C thus becomes:

C = 1094 + 0*4.19 (6.6)

where C varies with varying values of volumetric water content. The volumetric water

content of the soil is calculated using soil moisture sensors installed at the site (the 229-L.).
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6.2 Results

6.2.1 Soil Moisture Conditions

Because estimates of ground heat flux only utilize the soil water to a depth of 5 cm,
field samples of soil water content collected between 0 - 5 cm are compared in this study
(Fig. 6.1) with observations from the 229-L sensor at S cm. Some discrepancies exist in the
analysis; however, the overall trends and magnitudes compare quite well. For example,
comparison of the daily-averaged 229-L measurement and the arithmetic mean of field
samples yield an R2 of 0.85 and an RMSE value of 0.051. In addition, some discrepancies
result from the comparison of a point-scale measurement (229-L) with an integrated
measurement (field samples).

Note the difference between the mean sample value and the 229-L value which
occurred on 7 June 1999 (Fig. 6.1). On 6 June 1999, a rainfall event produced 5.3 mm of
precipitation at the Norman site (Fig. 6.2). During soil excavation the following day, the
wetting front was still clearly visible in the soil. However, the penetration of water did not
extend beyond 4 cm at any of the 12 sample locations. Thus, the 229-L sensor buried at 5
cm was not impacted by the precipitation event (shown in Fig. 6.1) which did influence the
field samples.

The analysis in Figure 6.1 also reveals the variability of soil water content at the
Norman Mesonet site during the study period. In general, the sample range (the difference
between field sample maximum (FSMax) and field sample minimum (FSMin)) and
standard deviation increased following precipitation events and decreased to a minimum
during the study period (Fig. 3.4a).

Unfortunately, it was not feasible to collect field samples of soil water content on
each day of the study period. Furthermore, atmospheric conditions were not always ideal
with respect to surface energy balance conditions on days when samples were collected.
Thus, to provide accurate and consistent estimates of field conditions of soil water content
throughout the study period (i.e., maximum, minimum, and mean), the observed sample

values were interpolated for those dates on which samples were not collected (Fig. 6.3). As
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Comparison of Volumetric Water Content Derived
with the CSI 229-L Sensor-and with Field Samples
at Norman, OK (1 June 1999 - 10 August 1999)
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Figure 6.1. Soil water content derived from the 229-L sensor and determined from field
samples at the Norman Mesonet site (1 June - 10 August 1999).
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Figure 6.2. Rainfall at the Norman Mesonet site (1 June - 10 August 1999).



in Section 5.1, a linear interpolation was performed between observations. Next, a 3-day
running mean was applied to the time series of data points to eliminate high frequency
artifacts resulting from the linear interpolation. The results of the final interpolated time
series provide an envelope which likely bound the range of soil water conditions within the

study plot at NORM for any given date during the study period (Fig. 6.3).

6.2.2 Ground Heat Flux Estimates Using Field Samples of Soil Moisture and the Original
Calibration of the 229-L Sensor

Many sensors involved in the ground heat flux estimate (e.g., REBS HFT3.1) are
averaged spatially (data from 2 ground heat flux plates are averaged) and temporally (5
minute time average). However, soil moisture observations (229-L) provide a point
measurement in space (one sensor) and time (1 observation every 30 minutes). Thus, the
storage term represented by Equation 6.6 is susceptible to spatial and temporal variability of
water content; the variability is not detected by a single 229-L sensor.

The results in Section 6.2.1 provide an envelope around possible values of soil water
content at the Norman site which can be used to test the sensitivity of ground heat flux to
the variability of soil water content. To begin this sensitivity testing, ground heat flux was
computed using the standard operating procedure to estimate soil water content (229-L;
original calibration). Next, the same procedure was utilized but field samples (either
observed or interpolated) were used instead of the 229-L estimates. Thus, each daily
analysis consisted of ground heat flux computed using water content values from the 229-L
and from field sample values (maximum, mean, and minimum).

An example from 2 July 1999 consisted of wet soil conditions (Fig. 6.1) with a

range between maximum and minimum sample values of 0.1452 cm3/cm3. The hourly-

averaged ground heat flux at NORM is shown for the daylight hours on 2 July (Fig. 6.4a).
Note that near sunrise (approximately 1200 GMT), the ground heat flux for values of soil
moisture was identical. However, as incoming solar and net radiation increased throughout

the day, significant discrepancies were noted between the four estimates; the maximum
difference of 23.97 W m-2 (Table 6.2) occurred when maximum ground heat flux was

observed. In addition, the ground heat flux produced using the 229-L sensor is greater than
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Figure 6.3. Interpolated time series of maximum, mean, and minimum values of soil water
content at the Norman Mesonet site (1 June - 10 August 1999).
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Figure 6.4a. Ground heat flux at the Norman Mesonet site computed using soil water
content derived from the 229-L sensor (5 cm) as well as maximum, mean, and minimum
values of soil water content (0-5 cm) determined from field samples on 2 July 1999.
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the estimate produced using the mean of the field samples (FSMean). However, because
the estimate produced by the 229-L lies within the bounds of ground heat flux based upon
the FSMax and FSMin values, a representative measurement resulted.

A second example on 13 July 1999 (Fig. 6.4b) was based upon moderate values of
soil water content. The range of values differed by only 0.073 cm3/cm3. While the ground

heat flux estimates were identical at sunrise, they diverged to a maximum difference of 14.2
W m=2. Throughout the day, the 229-L sensor produced an estimate of ground heat flux

which were equal to other estimates created by using three field values of soil moisture.
A final example in Figure 6.4c revealed the sensitivity of ground heat flux to the
variability of soil water content during extremely dry soil conditions. In this case, water

content only varied across a range of 0.062 cm3/cm3. Note that the magnitude of ground

heat flux estimates on 30 July were less than in the examples from 2 and 13 July; these

smaller values resulted from limited water content on 30 July. Second, the maximum
difference in ground heat flux of 14.5 W m-2 was the difference between the estimate using

the 229-L sensor and the ground heat flux based upon the minimum water content from a
field sample. This small difference resulted from the fact that the 229-L installed at 5 cm
had a slight wet bias compared with field samples on 30 July (Fig. 6.1). In this case, the
ground heat flux computed using standard procedures was not considered representative of
the ground heat flux determined using field samples of water content primarily because
229-L values were beyond the range of maximum and minimum values of ground heat flux.
Estimates of ground heat flux were computed for the 10 remaining days of the study
period. Peak values of ground heat flux are shown in Table 6.1 while the daylight behavior
of ground heat flux are demonstrated in Appendix C. In general, ground heat flux
decreased as the soil transitioned from wet to dry. As the variability (or envelope) of soil
moisture conditions at NORM decreased with extended drying, the range of flux values at

the time of peak flux decreased as well. However, the range of ground heat flux using field

samples of soil water always exceeded 11 W m-2 at the time of maximum ground heat flux.
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Figure 6.4b. Ground heat flux at the Norman Mesonet site computed using soil water
content derived from the 229-L sensor (5 cm) as well as maximum, mean, and minimum
values of soil water content (0-5 cm) determined from field samples on 13 July 1999.
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Figure 6.4c. Ground heat flux at the Norman Mesonet site computed using soil water
content derived from the 229-L sensor (5 cm) as well as maximum, mean, and minimum
values of soil water content (0-5 cm) determined from field samples on 30 July 1999.
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6.2.3 Soil Moisture Sensor Calibration and Ground Heat Flux Estimates

Another source of variability in ground heat flux estimates resulted from soil
moisture sensors which were not properly calibrated. Chapter 4 discussed improvements
which were made to the calibration of soil moisture senors across the Mesonet. Though the
improved calibration procedures applied across the Mesonet were determined to be more
accurate than the original calibration, the 229-L sensor at the 5 cm depth at NORM
produced estimates which were worse than those produced using the original calibration for
that sensor. The following text documents how ground heat flux estimates at NORM were
affected by improper sensor calibration.

Consider the case shown in Figure 6.5a in which ground heat flux was estimated on
2 July using the original and improved calibration procedures for the 229-L sensor. The
estimates of ground heat flux using the two sets of calibration coefficients produced little

discernible difference during the day as well as at the time of the daily-maximum value of
ground heat flux (3.6 W m-2; Table 6.1). Similar results occurred on days with very moist
soil conditions (e.g., 26 June and 3 July; Table 6.1). Thus, when soil conditions were
sufficiently moist, calibration errors in the soil moisture sensors contributed little to the

overall error in the ground heat flux estimate.

However, as soil conditions dried, the difference between the calibration methods of
the soil moisture became more evident in estimates of the ground heat flux as shown by the
values of ground heat flux on 13 July and 30 July (Figs. 6.5b-c). Furthermore, note that at
the time of the daily-maximum of ground heat flux, the differences in soil moisture
calibration created flux differences that approached or exceed 20 W m-2 (Table 6.1).

The largest deviation in ground heat flux occurred on 8 July and resulted from
different techniques for soil moisture calibration (Table 6.1). In days preceding 8 July, soil

in the 0-5 cm layer at NORM underwent a drying trend. Values of daily-averaged soil
water content derived using the 229-L sensor were 0.191 and 0.295 cm3/cm3 for the original
and improved calibration methods, respectively; field samples collected on 8 July in the 0-5

cm layer yielded a mean soil water content value of 0.133 cm3/cm3. Thus, the large range of
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Hourly-Averaged Ground Heat Flux Estimates at the
Norman, OK Mesonet Site (2 July 1999)
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Figure 6.5a. Ground heat flux at the Norman Mesonet site computed using soil water
content derived from data obtained via a 229-L sensor at 5 cm (original calibration and
improved calibration) on 2 July 1999.

] Range of Range of
j Ground Ground
§ | HeatFlux | Ground | Ground | HeatFlux | Maximum
t | | Determined! Heat Flux | Heat Flux | Deiermined] Range of
Gromd | Ground | Ground Using | 229-L 229.L Using Ground
Heat Flux | Heat Flux | Heat Flux Field | Original Improved 229-L Heat Flux
Date FSMax | FSMean i FSMin Samples Calibration | Calibration | Sensors | Values
6726/99 22583 | 21381 | _203.13 271 | 22041 | 21614 4271 i nm
7299 20846 | 193.83 184.49 2397 | 20448 200.90 350 | 2397
3% | 21506 | 197.83 187.77 2729 20153 | 20663 5.09 27.29
TR | 22559 i 21407 200.33 2526 | 21487 | 24732 3245 | 4698
999 21083 | 201.58 189.83 2100 ¢ 192.83 221.47 2864 | 3164
71399 207.15 | 200.03 192.95 1420 | 199.57 218.46 18.89 2551
S 1 16463 . 15854 . 15360 | 1103 . 15927 ' 180.11 ! 2083 | 2650
VB9 ' 17833 . 17281 | 16663 | 1170 | 17615 1 19006 | 1391 . 2348 _
499 18491 . 17875 | 17254 | 1237 . 18336 . 19776 . 1441 | 25
TS 16977 | 16393 | 15860 1118 16892 18LI0 . 1218 . 2251
MO T 17396 . 16782 . 15945 | 1451 . 17420 | 18294 i 874 | 2349
MUY jog17 . 18880 . 18LTT i 1240 19476 i 20684 | 1208 : 2507
877199 174.25 159.63 14947 2478 15560 17494 1933 25.47

Table 6.1. Maximum daily ground heat flux computed using soil water content values
derived from the 229-L sensor and using the maximum, mean, and minimum values from
field samples.
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Figure 6.5b. Ground heat flux at the Norman Mesonet site computed using soil water
content derived from data obtained via a 229-L sensor at 5 cm (original calibration and
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Figure 6.5c. Ground heat flux at the Norman Mesonet site computed using soil water
content derived from data obtained via a 229-L sensor at 5 cm (original calibration and
improved calibration) on 30 July 1999.
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water content values produced by the soil moisture sensors created a dissimilarity of 32.5
W m-2 at the time of the daily-maximum ground heat flux. Similar results were noted for 9

July and 15 July which also experienced a drying trend. Thus, the results indicate that
ground heat flux estimates were more susceptible to errors associated with soil moisture

calibration during drydown periods than during extended wet or dry periods.

6.2.4 Closure of the Surface Energy Balance

The results have shown that significant spatial and temporal variability existed in
surface soil water content at and near the Norman Mesonet site during the study period.
This variability, when incorporated into computations of ground heat flux at the site, created
significant differences between heat flux estimates at or near the time of the maximum daily
ground heat flux. This section investigates the effect of variability in soil moisture
conditions and the associated sensitivity of the ground heat flux estimate on the closure of
the surface energy balance.

Closure was calculated using mean daylight values (i.e., an average of all

observations during daylight. Table 6.2) and using those associated with peak values of

ground heat flux (Table 6.3) determined from hourly averages. In the case of mean daylight
closure, slight differences were noted. In general, during daylight, the variability of ground
heat flux created by varying soil moisture conditions produced closure differences of ~5%
or less for those days studied. However, when closure is determined at the time of
maximum ground heat flux, the range of closure differences increased to and even exceed
7%. Thus, closure of the surface energy balance equation is much more sensitive to
variability in ground heat flux during times when the ground heat flux is at its maximum
value versus other times of the day. In addition, when closure is analyzed on time scales

greater than a few hours, the sensitivity of closure to variation in ground heat flux is greatly

reduced.
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Energy Energy
Balance Balance

Energy Energy Energy Closure Closure

Balance | Balance | Balance 29.L 229.L

Closure Closure Closure Original Improved

FSMax FSMean FSMin Calibration | Calibration Range
Date %o Yo %o %o G %
6/26/99 85.52 83.82 82.58 85.06 84.69 2.94
7% 78.73 77.49 7677 78.44 78.59 1.96
73199 80.14 i 7880 7808 | 1937 80.04 2.06
18199 8332 | 8237 8130 | 8241 85.27 3.97
79199 8352 | 282 8200 | 8225 84.87 2.87
113199 88.09 .  86.87 8574 | 8645 . 9046 472
w1599 83.36 | 8273 8224 i 8263 | 8549 325
1723199 8859 |  88.05 8747 | 8838 | 9022 275
1124199 9191 | 9124 9060 | 9173 i 9372 312
17251%9 89.00 | 8832 87.75 88.89 90.65 291
/30/99 99.60 | 98.84 97.89 99.62 | 10078 2.89
L 10352 . 102.62 10156 | 10356 | 10476 3.20
871199 9508 |  92.46 90.90 9162 | 9546 456

Table 6.2. Mean daylight closure of the surface energy balance computed using soil water
content from the 229-L sensor and using the maximum, mean, and minimum values from

field samples.
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Energy Energy
Balance Balance

Energy Energy Energy Closure Closure

Balance | Balance | Balance | 229L 229.L

Closure Closure Closure Original Improved

FSMax FSMean FSMin Calibration | Calibration Range
Date 9o % % % % o
6726199 £5.10 82.70 80.68 84.00 83.16 442
ki 85.88 83.51 82.06 85.22 84.64 3.82
73199 97.43 94.01 92.13 94.73 95.73 5.30
778199 NA NA NA NA | NA NA
79199 89.55 87.81 85.7 8623 | 9163 5.94
3 89.53 | 8831 87.14 88.24 91.53 4.40
71599 82.56 81.67 30.96 8177 84.92 3.96
ik 96.04 94.92 93.70 95.59 98.49 479
7124199 9739 | 9609 | 948l 97.06 100.23 5.42
772599 91.50 9038 | 8938 9134 | 9376 438
3099 10627 | 10465 | 10251 10634 |  108.74 6.24
e 11663 | LIS | 113.18 116.80 120.39 7.21
877199 1301 | 10931 | 10688 108.33 113.18 6.30

Table 6.3. Closure of the surface energy balance at the time of maximum ground heat flux
computed using soil water content values from the 229-L sensor and using the maximum,

mean, and minimum values from field samples.




6.3 Discussion

The results of Section 6.2 highlight the importance of determining the variability of
soil moisture measurements at any particular location, assessing the representativeness of
the measurements collected, and determining how those observations affect other
computations. First, significant variability existed in soil moisture conditions between the
surface and 5 cm at NORM during the study period. Even though variability in water
content (determined from field samples) decreased to a minimum value during extended dry
periods, the standard deviation of field samples following precipitation events ranged
between approximately 0.012 to 0.062. In addition, slight variations in soil texture led to
different thresholds for wetting and drying. Thus, as the soil dried during a 20 day period,

the range of soil water content values was ~0.05 cm3/cm3 in the field samples collected.

Differences in soil texture created differences in residual water content. Furthermore, the
variability of soil water content was impacted by the variability in soil texture especially after
heavy precipitation. The differences in particle size distribution yielded variable values of
saturated water content which, in turn, influenced surface infiltration.

Even though soil water content varied significantly at NORM (especially
considering the study plot was 20 m X 20 m), the 229-L sensor using the original
calibration performed well. Thus, with a few minor deviations, the 5 cm water content
estimates from the properly calibrated 229-L were considered representative of the site
during the study period. The majority of unrepresentative values occurred during extremely
dry periods. Itis likely that the discrepancies resulted from comparing an integrated sample
versus a point measurement. Even so, the majority of cases revealed that ground heat flux
derived using the 229-L data lay within the bounds defined by the range of field sample

estimates.

Ground heat flux differences exceeded 30 W m-2 when the sensor was not properly

calibrated at the time of the daily-maximum. The natural variability in soil water content
combined with sensor biases in measuring soil moisture is a critical combination. The final
column of Table 6.1 illustrates the range of daily-maximum ground heat flux estimates

when sensor calibration and sample variability are considered. For each day in the study,



the range of ground heat flux at the time of the daily-maximum always exceeded 22 W m2

and was a maximum on 8 July at ~47 W m-2. This provides a quantitative estimate of the
uncertainty in the ground heat flux due to difficulties in measuring soil moisture at the
Norman site.

The range of ground heat flux at the time of the daily-maximum did influence
closure of the surface energy balance. At this time of day, closure ranged between 3.8 and
7.3 percent. However, the range of closure dropped to less than 4% when closure was
averaged across all daylight hours. Thus, even though variability in soil moisture influenced
closure at the time of the daily-maximum of ground heat flux, the impact on closure of the
surface energy budget was small.

However, the variability of ground heat flux obtained from varying soil water at
NORM should not be dismissed. The range of ground heat flux estimates always exceed
11 W m2, even under the best of circumstances. Unfortunately, this variability cannot be
captured using a single point measurement of soil water, such as those obtained using the
229-L sensors at Mesonet sites. The highly variable nature of soil water and its impact on
ground heat flux is significant. Because latent heat flux can be calculated as a residual of
other measured components of the surface energy balance, bias in the ground heat flux due

to sensor errors or spatial variability will be transferred into the estimate of latent heat flux.
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Chapter 7
The Sensitivity of Planetary Boundary Layer Simulations to Local Soil

Moisture Conditions

The local variability in soil moisture can lead to variability in the measurement of
ground heat flux. Because latent heat flux can be estimated as a residual in the surface
energy budget, biases within the estimate of ground heat flux are incorporated into the
estimate of latent heat flux.

The analyses in Chapter 6 offer intriguing insights into the value of point-scale
measurements of soil moisture in the study of surface energy budgets. However, additional
analyses of feedback processes within the land-atmosphere continuum are required to fully
assess the value of point-scale measurements of soil moisture to the simulation of the PBL.
Thus, the one-dimensional, coupled atmospheric-plant-soil model from Oregon State
University is used to assess the influence of the spatial and temporal variability of soil
moisture. In addition, the impact on simulations of the PBL from calibration and
operational errors in estimates of soil moisture is assessed. Finally, the sensitivity of model
simulations to the variability of other parameters in land surface portion of the model (e.g.,

albedo, canopy resistance, and the shading factor) is evaluated.

7.1 Model Description

The one-dimensional PBL model from Oregon State University is a coupled
atmospheric-plant-soil model developed by Troen and Mahrt (1986). Their boundary layer
model is coupled to a two-layer soil model (Mahrt and Pan 1994) and a simple plant model
(Pan and Mahrt 1987). In addition, the vegetation submodel has been modified to include
the interactive effects of vegetation noted by Noilhan and Planton (1989) and Jacquemin
and Noilhan (1990).

The decision to use the OSU model was based on three facts. First, the model is
designed such that the comprehensive algebraic equations simulate processes within the

land-atmosphere system; yet, this model is simple enough for high resolution diurnal
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simulations that require limited computer resources. Second, the model is robust in terms
of its simulation of atmospheric stability over a wide variety of global conditions. Finally,
the PBL model used in this study is identical to the operational three-dimensional forecast
models used by the National Weather Service (i.e., the Medium Range Forecast Model;
MREF) and is similar to modified versions such as the NOAH scheme used in the ETA
model.

The component critical to this study is the soil portion of the OSU 1-D model. In
the OSU model, the soil portion is divided into two soil layers that represent surface layer
(0-5 cm) and deep-layer (5-100 cm) processes. In addition, soil texture is specified
throughout the 0-100 cm layer as a single texture composed of either sand, loamy sand,
sandy loam, silt loam, loam, sandy clay loam, silty clay loam, clay loam, sandy clay, silty
clay, or clay. In other words, a vertical stratification of soil texture is not permitted. Studies
by Ek and Cuenca (1994) and Cuenca et al. (1996) noted that surface fluxes of heat and
energy are sensitive to the parametrization of soil texture and soil water content respectively.
Unfortunately, these studies did not use field observations of soil texture and soil moisture
to determine the model sensitivity to this variability. Instead, the modet was initialized with
hypothetical values of soil water content and soil texture. Features in the PBL were
compared for different perturbations in soil texture and water content. This current study
seeks to determine the sensitivity of PBL simulations to known variabilities in soil water
content and soil texture. The objective is to determine biases observed in the model’s

surface fluxes of heat and moisture and growth of the PBL.

7.2 Simulations Using Data From the Norman Mesonet Site

Numerous challenges exist in numerical simulations that use data at or near the
Norman site. First, the measured variability in soil water content at the site must be
converted to input data for the model. On days when field observations were not collected,
interpolation of the field data was required. To represent the upper layer in the model, the
field sample maximum (FSMax), the field sample mean (FSMean), and the field sample
minimum (FSMin) of soil water content within the 0-5 cm layer were used (Fig. 6.3). Data

from the 229-L sensor at 5 cm also were used to approximate soil water in the 0-5 cm
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depth.

A similar approach was used to approximate the 5-100 cm layer in the OSU model.
Unfortunately, field samples were only collected to a depth of 80 cm while 229-L sensors
are buried only to a depth of 75 cm. Thus, it was necessary to estimate the deep-layer soil
moisture conditions required by the model.

Because bulk density at the Norman Mesonet varied with depth, the volumetric water
content was computed for discrete samples from each depth and location. Then, for each
depth, FSMax, FSMean, and FSMin were computed on each sampling date. When field
samples were collected, the maximum value of volumetric water content (FSMax) for the 5-
80 cm layer was determined by averaging the individual FSMax values at depths between 5
and 80 cm (i.e., 5-10, 10-20, 20-30 cm, etc.). Similar analyses were conducted to determine
the values of FSMean and FSMin for the 0-80 cm layer. Finally, values for FSMax,
FSMean, and FSMin for the 5-80 cm layer were estimated on days when field observations
were not collected. The results provide an envelope of soil water conditions that likely
occurred within the study plot in the 5-80 cm layer on any day during the study period (Fig
7.1). The 5-100 cm model layer was initialized using an analysis of the 5-80 cm layer. In
simulations when water content was estimated via the 229-L sensors, the 5-100 cm layer in
the model was initialized with the mean volumetric water content based on point
observations from 25, 60, and 75 cm.

A second challenge concerned the parametrization of the actual soil texture at the site
because vertical stratification of soil texture is not permitted in the model. Yet, soil texture at
the Norman site varied both vertically (Table 7.1) and horizontally. Because silt loam is the

predominant soil texture in the 0-5 cm layer, the first simulations used a parametrization
based on silt loam with a wilting point value of 0.10 cm3/cm3 (Fetter 1988). In addition,

clay loam was observed as the dominant soil texture below 5 cm. Thus, a second set of

simulations were conducted using the texture parametrization of clay loam and a wilting

point value of 0.21 cm3/cm3 (Fetter 1988).

The initialization of upper air features used the 1200 UTC sounding located 3.03

km southeast of the Norman Mesonet site. Surface atmospheric parameters were initialized
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Time Series of Interpolated Field Samples (5-80 cm)

for the Maximum, Mean, and Minimum Values of Soil Water
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Figure 7.1. Interpolated time series of maximum, mean, and minimum values of soil water
content in the 5-80 cm layer at the Norman Mesonet site (1 June - 10 August 1999).

. i Mean | Mean | Mean ' Mean | Soil
Depth % Gravel | % Sand | % Silt | % Clay Classification
0-5cm 02 | 347 | 510 . 141 . Silt Loam
510cm | 00 | 354 | 419 . 167 Loam
10-20 cm 02 | 309 | 436 . 253 Loam
20-30 cm 00 ! 268 i 338 . 394 i _ Clay Loam
30-40 cm 00 i 270 | 33 387 ! _ __Clay Loam
40-50cm | 0.8 © 318 300 373 Clay Loam
50-60em ' 18 ! 289 335 358 _ ___Clay Loam
60-70¢m . 32 . 308 30 = 360 _ __ Clay Loam
70-80 cm 23+ 316 . 30 34.1 Clay Loam
. ! :
5-80 cm 1.0 ’ 30.4 ‘ 35.6 - 52_9 ‘ Clay Loam

Table 7.1. Vertical stratification of soil characteristics at the Norman Mesonet site.
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using 1200 UTC observations from NORM.
Finally, knowledge of other parameters was required to test the model sensitivity to

variable soil moisture conditions. Thus, the roughness lengths for momentum (z,) and heat
(zon) were set at 0.1 and 0.01 m respectively (Brotzge 2000); the albedo was fixed at 0.2

(Crawford 1998). In addition, the vegetation canopy was given a canopy resistance of -50
(Crawford 1998). The shade factor was set at 0.5 because vegetation at the site was 15-30

cm tall, yet exposed soil was visually noted at the site during the study.

7.3 Results

Model simulations were conducted for days with high solar insolation and weak

shear in the lower troposphere. Each simulation was initialized at 1200 UTC

(approximately sunrise) and integrated for 12 hours.

7.3.1 Soil Moisture Variability

To test the sensitivity of the model to variable soil moisture conditions, input files
used soil water content determined from field samples (FSMax, FSMean, and FSMin) and
from calibrated 229-L. measurements (Table 7.2). Input files also were created to account
for the two main soil textures: clay loam and silt loam.

To assess the sensitivity of the I-D model to varying soil conditions, this portion of
the study focused on the maximum value (i.e., the magnitude) of flux values, net radiation,
and depth of the PBL. Representative values of soil water content observed at the Norman
Mesonet site were used. Of particular interest is the range‘ of values (e.g., sensible heat
flux) produced by the model during varying soil moisture conditions. The magnitude and
range of sensible heat flux, latent heat flux, ground heat flux, net radiation, and depth of the
PBL for days with ideal atmospheric conditions is shown in Tables 7.3 through 7.12.

To highlight important soil moisture conditions which existed at the Norman site
during the study, 5 cases-study days are presented in detail. The first case, 2 July,
represents a day at the site when extremely moist soil existed throughout the depth of the
soil profile. The second case, 15 July, occurred during a drying trend. Thus, soil

conditions at the surface were in a stage of moderate soil wetness while soil in the 5-100 cm
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Maximum Mean Minimum | Maximum Mean Minimum 229-L 229-L
Date 0-5 cm 0-5 0-5 5-80 5-80 5-80 Scm 25-75 cm
6/26/99 0.431 0.37 0316 0.441 0374 0325 0.499 0372
7299 0.446 0.358 0301 0417 0.369 0323 0.49 0376
399 0.408 0317 0.263 041 0.364 0321 0.381 0375
89 0.197 0.154 0.103 0.369 0.326 0287 0.191 0349
79199 0212 0.173 0.124 0367 0325 0284 0.16 0339
3% 0.259 0.222 0.186 0364 0.323 0276 0.254 0.326
15199 0.192 0.157 0.128 036 0313 0267 0.177 0.299
72399 0.114 0.09 0.062 0316 0274 0221 0.124 0.286
724199 0.111 0.085 0.059 0313 0.271 0219 0.124 0.279
2599 0.108 0.081 0.056 031 0.268 0217 0.123 0274
73099 0.102 0.076 0.041 0.291 0.247 0.209 0.121 0254
BUP 0.102 0.076 0.042 0.29 0244 0202 0.121 0252
87199 0.254 0.169 0.11 0323 0.244 0204 0.134 0.254

Table 7.2. Soil water content used to initialize the 0-5 and 5-100 cm layers of the OSU

model.

layer was still quite moist. Very dry soil conditions at the surface overlying moderate soil
moisture below is shown in the third case (23 July). A fourth case, 30 July, had extremely
dry soil throughout the entire soil profile. The final case (7 August) focused on a day
following a light precipitation event at the Norman site. On 7 August, soil moisture at the
surface varied greatly, however, soil in the 5-100 layer remained quite dry. Even though the
focus of this portion of the study involved 5 of the 13 study days, plots of sensible, latent,

and ground heat flux as well as depth of the PBL are plotted for all study days in Appendix

D.
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Date ; FSMax ' FSMean : FSMin | 229-L Range
62699 | 985 . 106 ' 1109 | 1052 123
7/2/99 | 1155 | 121 . 1266 . 119.7 11.1
7/3/99 110.9 16 | 2259 | 1146 115
7/8/99 100.4 299.7 320.3 172.1 219.9
7/9/99 98.8 339.9 - 366.3 315.2 267.4
7/13/99 100.8 308.9 382.6 253.2 281.8
7/15/99 98.9 358.1 375.3 358.9 276.4
7123199 306.3 320 379.5 310.9 73.2
7/24199 294 310.6 376.9 300.4 82.9
7/25/99 306.3 325.6 391.6 316.9 85.3
7130199 321.1 356.1 409.9 344.8 88.7
7131199 321.1 359.3 4213 346.7 100.2
8/7/99 234.1 36L.5 419.5 354.2 185.4

Table 7.3. Maximum value of the daily-averaged sensible heat flux computed by the OSU
model. Soil water content values derived from the maximum, mean, and minimum field
sample values as well as the 229-L sensor served as input to the model. The simulations
used a clay loam parametrization for soil texture.

Date | FSMax FSMean FSMin | 229-L Range
6/26/99 99.9 103.3 1069 i 103 7
712199 115.9 118.8 122.1 | 1126 9.5
73199 | 1107 113.5 1164 | 112.6 5.8
7/899 . 958 i 10l 139.5 | 981 | 437
7/9/99 958 993 | 1321 i 982 | 363
7/13/99 97.4 i 1003 | 1049 | 100 7.5
IS99 i 995 | 1030 | 2684 | 1039 168.8
7123199 | 97 | 2434 | 315 | 985 218
724/99 | 994 | 2358 ., 3025 | 1287 | _ 203.1
72599 761 ! 2724 3146 | 1829 | 2384
730099 | 119.1 3154 | 3275 | 2886 _: 2085
3199 1189 3187 . 3282 1 2927 ' 209.3
87/99 | 857 | 2604 . 3322 i 282 | 2464

Table 7.4. Maximum value of the daily-averaged sensible heat flux computed by the OSU
model. Soil water content values derived from the maximum, mean, and minimum field
sample values as well as the 229-L sensor served as input to the model. The simulations
used a silt loam parametrization for soil texture.
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Date | FSMax FSMean FSMin | 229-L Range
6/26/99 461 481 4944 | 4785 33.4
7/12/99 421.4 437 451.5 432.9 30.1
713199 4358 451 304.2 446.1 146.9
718199 4292 168.8 170 405 260.3
719/199 479.6 173.5 160.9 249.7 318.7
7/13/99 482.3 217.4 141.5 290.8 340.8
7/15/99 480.2 161.4 148.6 161.8 331.6
7123199 175 170.2 101.5 176.4 74.9
7/24/99 184.3 175.6 101.7 182.6 82.6
7/25/99 181.9 169.6 94.6 175.2 87.3
7/30/99 178.7 140.3 75.7 148.6 102.9
7/31/99 178.6 136.1 60 146 118.6
87199 267.9 129.5 61.4 143 206.4

Table 7.5. Maximum value of the daily-averaged latent heat flux computed by the OSU
model. Soil water content values derived from the maximum, mean, and minimum field
sample values as well as the 229-L sensor served as input to the model. The simulations
used a clay loam parametrization for soil texture.

Date FSMax | FSMean | FSMin @ 229-L ' Range
6/26/99 4647 | 4739 | 4835 4731 | 188
712099 4229 | 4312 | 4407 | 441 i 18.1
73199 | 4354 | 4436 | 4527 . 44l | 173
7/8/99 | 4232 | 4322 | 4572 4272 | 341
7/9/99 | 471 | 480.1 i 4697 4773 ' 105
7/13/99 | 469.1 i 4796 | 494 | 4782 . 249
7/15/99 . 465.1 . 4751 |  321.8 4783  _ 156.5
723199 | 469.6 | 3504 | 1779 i 4964 | 3185
724199 1 4923 1 3162 . 1868 . 459 ! 3055
7/25/99 5159 . 2742 | 1843 . 3989 | 3316
730099 - 5257 | 1785 1806 2251 . 3472
73199 . 5251 . 1789 1808 2142 3463
8/7/99 ¢ 4715 2515 1743 2422 | 2972

Table 7.6. Maximum value of the daily-averaged latent heat flux computed by the OSU
model. Soil water content values derived from the maximum, mean, and minimum field
sample values as well as the 229-L sensor served as input to the model. The simulations
used a silt loam parametrization for soil texture.



Date FSMax FSMean FSMin 229-L : Range
6/26/99 84.6 84.6 69.2 69.2 209
7/2/99 89.8 89.8 69.6 69.6 26
7/3/99 86.3 86.3 94.2 942 8.3
7/8/99 100.1 100.1 72.8 72.8 44.4
7/9/99 924 924 64.8 64.8 38.2
7/13/99 109.2 109.2 76.2 76.2 33.1
7/15/99 69.3 69.3 63.6 63.6 5.7
7/23/99 65.7 65.7 62.8 62.8 7.4
7/24/99 739 739 70 70 8.6
7/25/99 63.3 63.3 61.9 61.9 6.1
7/30/99 61.1 61.1 56.6 56.6 9.7
7/31/99 61.3 61.3 574 574 9.2
8/7/99 67.9 67.9 64.8 64.8 3.9

Table 7.7. Maximum value of the daily-averaged ground heat flux computed by the OSU
model. Soil water content values derived from the maximum, mean, and minimum field
sample values as well as the 229-L sensor served as input to the model. The simulations
used a clay loam parametrization for soil texture.

Date FSMax ' FSMean ! FSMin @ 229-L : Range
6126199 | 1037 | 91 { 782 982 i 255
72099 | 1084 97 | 841 841 | 243
713199 107.1 . 963 | 84 2 84 L 231
7/8/99 1138 . 975 | 952 952 i 186
719199 949 80.3 | 71 ‘ 71 i 239
7/13/99 1302 1126 ! 8.2 . 82 . 45
7/15/99 908 | 739 | 881 ‘881 22
723/99 ;863 i 988 | 632 632 356
__T4/99 976 . 1098 . 709 . 709 389
725/99  © 80.6 959 .  60.4 60.4 35.5
73099 081l ! 703 . 564 _ . 564 329
_TBU99 | 814 . 665 56 56 . 325
87/99 | 841 . 8.7 602 602 . 295

Table 7.8. Maximum value of the daily-averaged ground heat flux computed by the OSU
model. Soil water content values derived from the maximum, mean, and minimum field
sample values as well as the 229-L sensor served as input to the model. The simulations
used a silt loam parametrization for soil texture.



Date FSMax FSMean FSMin 229-L | Range
6/26/99 652.2 650.5 649.3 650.7 | 2.9
7/2/99 637.2 635.3 633.5 635.8 | 3.7
7/3/99 638.8 637.2 609.6 637.7 29.3
7/8/99 620.6 551.2 545.3 5976 ' 153
7/9/99 646 583.4 571.5 5895 | 685
7/13/99 644.2 595.8 580.3 6127 | 64
7115/99 636.6 572.5 568.6 572.3 68
7/23/99 545.2 541 521.1 544 24.1
7/24/99 535.6 530.6 510.1 533.7 25.5
7125199 546.5 540.7 520.6 543.6 25.9
7/30/99 553.4 542.5 525.3 546 28.1
7/31/99 553.5 541.6 521.7 545.5 31.8
8/7/99 582.9 547.1 531.4 549.1 51.5

Table 7.9. Maximum value of the daily-averaged net radiation computed by the OSU
model. Soil water content values derived from the maximum, mean, and minimum field
sample values as well as the 229-L sensor served as input to the model. The simulations
used a clay loam parametrization for soil texture.

Date | FSMax | FSMean | FSMin ' 229-L - Range
6/26/99 | 6519 | 65L1 6503 . 6512 1.6
o T2499 4 637.0 | 6361 i 6349 | 6383 : 34
- T399 i 6389 1 638.1 637.1 | 6383 1.8
78199 | 6226 i 620.6 614.1 | 6218 8.5
_T9199 6471 | 6461 | 6368 | 6464 10.4
TN3/99 P 6453 | 6445 | 643 . 6446 . 23
715/99  638.1 . 637.1 596.4 . 636.9 41.7
JT2399 . 6256 5725 . 5424 6253 832
724199 . 614 5554 5331 5987 8l
T25/99 . 6322 ' 5584 . 5439 | 5923 88.3
130199 6293 . 5548 . 5514 | 563 . 719
JTB3U99 6293 . 554 5513 ! 5619 . 781
87/99 = 6232 575 5549 - 56715 8.3

Table 7.10. Maximum value of the daily-averaged net radiation computed by the OSU
model. Soil water content values derived from the maximum, mean, and minimum field
sample values as well as the 229-L sensor served as input to the model. The simulations
used a silt loam parametrization for soil texture.
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Date FSMax ' FSMean FSMin 229-L | Range
6/26/99 1338 1383.8 1410.7 1378 i 72.7
7/2/99 8839 922.1 973.2 907.8 89.3
7/3/99 1111.3 1131.7 1675 11284 563.7
7/8/99 1404.5 2649.2 27213 1906.3 1316.8
7/9/99 1436.2 2428.5 2685.9 2186.7 1249.7
7/13/99 1866.5 2190.5 2277.7 2062.1 411.2
7/15/99 1667.5 2739.8 2866.1 2746 1198.6
7/23/99 3063.4 30924 3262.2 3070.4 198.8
7/24/99 2956.9 3074.8 3245.3 30349 288.4
7/25/99 3288.6 3296 3472.3 3292.7 183.7
7/30/99 3291.8 3314.9 3451.3 3309.3 159.5
7/31/99 3291.5 3316.6 3457.8 3310.1 166.3
8/7/99 2383.9 3148.4 3428.5 3082.4 1044.6

Table 7.11. Maximum value of the depth of the PBL computed by the OSU model. Soil
water content values derived from the maximum, mean, and minimum field sample values as
well as the 229-L sensor served as input to the model. The simulations used a clay loam

parametrization for soil texture.

Date | FSMax @ FSMean | FSMin | 229-L | Range
6/26/99 | 13597 | 13427 | 1364 | 13879 452
7/2/99 | 11253 ¢ 8856 | 9025 ' 9283 | 2397
7/3/99 i 11253 i 1099.1  1127.1 | 11328 . 33.7
7/8/99 | 13902 i 1368.8 | 14076 | 16607 | 2919
7/9/99 | 14089 . 1389 | 14285 | 1647 258
713/99 | 18605 i 18512 i 18624 | 18883  37.1
7/15/99 | 16354 . 1606.6 |  1629.4 , 23253 . 7187
_T23/99 | 18414 0 16566 27049 : 30823 14257
T24/99 | 22584 | 14629 | 27247 ! 30474 _ _ 15845 _
7/25/99 . 3057 - 17235 . 32632 | 32921 . 15686
30099 3194 . 18407 . 32903 . 3299.1 14584 _
T31/99 . 32528 . 18385 | 3290 | 32997 . 14612
8/7/99 ' 27405 13904 i 2597.8 . 29934 1603

Table 7.12. Maximum value of the depth of the PBL computed by the OSU model. Soil
water content values derived from the maximum, mean, and minimum field sample values as
well as the 229-L sensor served as input to the model. The simulations used a silt loam

parametrization for soil texture.



7Z.3. 1.1 —— 2 July

Simulations of sensible heat flux during very wet soil conditions (2 July 1999) are
shown in Figure 7.2a-b. The model simulations are very similar in magnitude and trend,
regardless of soil water content or soil texture. Similar results were obtained for latent heat
flux, ground heat flux, net radiation, and depth of the PBL (Tables 7.3 through 7.12). Thus,
under very wet conditions in the soil profile, little variability resulted in model derived

parameters even though soil water content and soil texture varied considerably .

7.31.2 - 15 July

However, as soil dried at the site, increased variability occurred in the model

parameters needed as input to the model. For example, near-surface (0-5 cm) values of soil
water content on 15 July were greatly reduced compared to 2 July. However, soil moisture
initialized in the 5-100 cm soil layer was only slightly drier than observed on 2 July. Asa
result of drier soil moisture conditions near the surface, simulations of sensible heat flux

(daily maximum) were quite variable (Figs. 7.3a-b). On this day, the range of sensible heat

flux produced by the model exceeded 276.4 W m-2 in the clay loam simulations and 168 W

m2 for the simulations using the silt loam parametrization (Tables 7.3 and 7.4).
Simulations of latent heat flux were equally as variable (Figs. 7.4a-b); peak values

ranged between 331 W m-2 and 157 W m-2 for soil textures parametrized as clay loam and

silt loam respectively (Tables 7.5 and 7.6). Variability in the simulation of ground heat flux

ranged 10 W m-2 - 27 W m-2 at the time of daily-maximum ground heat flux (Tables 7.7

and 7.8). At the same time, net radiation ranged 68 W m-2 - 42 W m-2 at the time of daily-
maximum net radiation (Tables 7.9 and 7.10). Both were significantly less than the values
of latent and sensible heat flux. The combined influences of the aforementioned
components of the surface energy balance created substantial differences in the depth of the
PBL after 12 hours (Fig. 7.5a-b). Inspection of Tables 7.11 and 7.12 revealed that the
depth of the PBL varied approximately 1200 meters in the clay loam simulations and nearly

720 meters in the silt loam simulations.
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Simulations of Sensible Heat Flux

at the Norman Mesonet Site (2 July 1999)
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Figure 7.2a. Simulations of sensible heat flux at the Norman Mesonet site on 2 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Figure 7.2b. Simulations of sensible heat flux at the Norman Mesonet site on 2 July 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil water
content, and soil water determined from field samples were used as input. Hourly-averaged
observations from the Norman site are plotted for reference (black curve).
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Simulations of Sensible Heat Flux

at the Norman Mesonet Site (15 July 1999)
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Figure 7.3a. Simulations of sensible heat flux at the Norman Mesonet site on 15 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Figure 7.3b. Simulations of sensible heat flux at the Norman Mesonet site on 15 July 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil water
content, and soil water determined from field samples were used as input. Hourly-averaged
observations from the Norman site are plotted for reference (black curve).
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Simulations of Latent Heat Flux
at the Norman Mesonet Site (15 July 1999)
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Figure 7.4a. Simulations of latent heat flux at the Norman Mesonet site on 15 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Figure 7.4b. Simulations of latent heat flux at the Norman Mesonet site on 15 July 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil water
content, and soil water determined from field samples were used as input. Hourly-averaged
observations from the Norman site are plotted for reference (black curve).
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Simulations of Planetary Boundary Layer Depth

at the Norman Mesonet Site (15 July 1999)
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Figure 7.5a. Simulated height of the PBL at the Norman Mesonet site on 15 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input.
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Figure 7.5b. Simulated height of the PBL at the Norman Mesonet site on 15 July 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil water
content, and soil water determined from field samples were used as input.
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7.3.1.2 -—- 23 July

Conditions in the soil profile continued to dry through 23 July at the Norman site.
In the near surface layer, input soil moisture for all simulations had dried below the wilting
point for clay loam (0.18) and was approaching or beyond the threshold of the wilting point
for clay loam (0.10). However, deep layer soil moisture used to initialize the OSU model
remained moderately moist .

The influence of the soil moisture variability is evident in the model simulations of

sensible heat flux (Fig7.6a-b). The simulations of sensible heat flux using the clay loam
parametrization produced less variability than occurred on 15 July (range of 73 W m2;

Table 7.3). However, simulations which used the silt loam parametrization revealed an

increased variability when compared with similar simulations on 15 July (range of 218 W

m2; Table 7.4).
Latent heat flux was also greatly impacted by the variability of soil moisture used to

initialize the model (not shown). For example, the range of latent heat flux values (daily

maximum) spanned approximately 75 W m-2 (Table 7.5) in the clay loam simulations and

320 W m-2 (Table 7.6) in the silt loam simulations. However, as with 15 July, ground heat

flux and net radiation were not as sensitive to the soil moisture variability as were the fluxes

of sensible and latent heat (Table 7.7 through 7.10). Even so, the variability in ground heat
flux exceeded 36 W m-2 and exceeded 24 W m-2 for the net radiation simulations.

The combined variability in components of the surface energy balance created a
significant variability in the depth of the PBL (Figs 7.7a-b). Because some simulations
produced more turbulent energy transfer (sensible heating) than did others, the depth of the
PBL produced by the model grew at different rates. This trend is especially notable in the
simulations which used the silt loam parametrization. In those cases, the range of PBL
depth produced by the model due to soil moisture variability exceeded 1425 meters (Table
7.12). However, using the clay loam parametrization, less variability was observed in the
simulated values of sensible, latent, and ground heat fluxes as well as net radiation. Asa

result, PBL depth only varied approximately 200 meters.
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Simulations of Sensible Heat Flux

at the Norman Mesonet Site (23 July 1999)
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Figure 7.6a. Simulations of sensible heat flux at the Norman Mesonet site on 23 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Figure 7.6b. Simulations of sensible heat flux at the Norman Mesonet site on 23 July 1999
using the silt loam soil parametenization (SL). Calibrated measurements of 229-L soil water
content, and soil water determined from field samples were used as input. Hourly-averaged
observations from the Norman site are plotted for reference (black curve).



Simulations of Planetary Boundary Layer Depth
at the Norman Mesonet Site (23 July 1999)
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Figure 7.7a. Simulated height of the PBL at the Norman Mesonet site on 23 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input.
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Figure 7.7b. Simulated height of the PBL at the Norman Mesonet site on 23 July 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil water
content, and soil water determined from field samples were used as input.
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7.3.1.2 —— 30 July

Soil moisture conditions used to initialize the model were quite dry on 30 July

(Table 7.2). In general, reduced variability occurred in the model derived values of sensible
heat flux (Figs. 7.8a-b) and latent heat flux (Figs. 7.9a-b) when compared with output from
15 and 23 July. This reduced variability was evident for both the clay loam and silt loam
simulations. However, the simulation using silt loam initialized with the maximum value of

soil water content determined from field samples behaved quite differently than the other

simulations. Sensible heat flux in this simulations was nearly 160 W m-2 less than any

other simulation. In addition, latent heat flux was greater than 300 W m-2 compared to

other simulations for 30 July.

Variability in the simulations of ground heat flux and net radiation was small (with
the exception of the silt loam simulation initialized with FSMax values; Tables 7.7 through
7.10). Thus, the outlier in simulations of PBL depth compared to other simulations (Figs.
7.10a-b) was attributed to the reduced partitioning of sensible heat flux and increased latent

heat flux. As a result, PBL depth initialized with FSMax values was ~ 1150 meters less

than any of the other simulations on 30 July.

7.3.1.2 -—- 7 August

During late July and early August, the soil profile at NORM began a continuous
drying trend due to an extended period of no precipitation. However, during the overnight
hours on 5-6 August, approximately 13 mm of precipitation was recorded. Soil cores
collected on 7 August revealed significant variability in soil water content both horizontally
and vertically. This variability is attributed to differential infiltration of water into the soil.
Thus, one profile experienced a significant moistening while limited infiltration at another
location resulted in a drier soil profile.

When the increased variability of soil moisture was used to represent the spectrum
of initial conditions in the OSU model, the surface fluxes of sensible and latent heat were
dramatically impacted. For example, consider the simulation of sensible heat flux for both

the clay loam and silt loam soil parameterizations (Figs. 7.11a-b). The range of sensible
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heat flux at the time of maximum heating is approximately 185 W m-2 and 246 W m-2

(Tables 7.5 and 7.6) for simulations using clay loam and silt loam textured soils
respectively. Similar resuits were noted for simulations of Iatent heat flux (Figs. 7.12a-b).

The results (Tables 7.5 and 7.6) reveal that the range of simulated values for latent heat flux

using the clay loam soil texture exceed 206 W m-2. In addition, simulations using the silt

loam parametrization produced a range of latent heat flux values that exceed 297 W m2.

Though soil moisture conditions varied significantly in the input files used to
initialize the model, ground heat flux and net radiation were less impacted than were sensible

and latent heat flux. In fact, the variability of ground heat flux computed by the model was

quite small compared to the fluxes of sensible and latent heat (30 W m-2 for the clay loam

simulation and 4 W m-2 for the silt loam simulations; Table 7.7 and 7.8). Likewise,
simulations of net radiation produced much less variability than did sensible and latent heat

flux (52 W m-2 for the clay loam simulation and 68 W m-2 for the silt loam simulations;

Table 7.9 and 7.10).

The large variability in the partitioning of available energy into sensible and latent
heat did impact the growth of the PBL in the model simulations (Figs. 7.13a-b). The
model simulated PBL depth ranged across ~1045 meters when the clay loam soil texture
was used. Even greater variability was noted for the model simulations which used the silt
loam parametrization. When PBL depth was simulated using variable soil moisture

conditions and the silt loam soil texture, the range of values exceeded 1600 meters!

7.3.2 Soil Texture Variability

The results in Section 7.3.1 clearly established how the OSU model is sensitive to
soil moisture conditions. However, close inspection of the plots and data also indicate that,
in some cases, simulations of PBL processes using the model are highly dependent upon
soil texture. To test the sensitivity of the model to variation in soil texture, simulations
based upon soil water content determined from field samples (FSMax, FSMean, and

FSMin) and calibrated 229-L measurements were analyzed. For each set of input values of
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Simulations of Sensible Heat Flux
at the Norman Mesonet Site (30 July 1999)

600 T T T l T ] T I ) i T l T T L l 4 T T I LN S
500

400
300

Radiation (W m" %)

,1001Lrlz|:[|;|lll|'|(:[rrr

12 14 16 18 20 22 24

Time (UTC)

esmmasme SH (EC)
essessses SH (Calibrated 229-L; CL)
==wagemee SH (FSMuax: CL)

= « « » =« SH (FSMean; CL)

= = 0= =« SH (FSMin; CL}

Figure 7.8a. Simulations of sensible heat flux at the Norman Mesonet site on 30 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Figure 7.8b. Simulations of sensible heat flux at the Norman Mesonet site on 30 July
1999 using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Simulations of Latent Heat Flux
at the Norman Mesonet Site (30 July 1999)
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Figure 7.9a. Simulations of latent heat flux at the Norman Mesonet site on 30 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Figure 7.9b. Simulations of latent heat flux at the Norman Mesonet site on 30 July 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil water
content, and soil water determined from field samples were used as input. Hourly-averaged
observations from the Norman site are plotted for reference (black curve).
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Simulations of Planetary Boundary Layer Depth
at the Norman Mesonet Site (30 July 1999)
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Figure 7.10a. Simulated height of the PBL at the Norman Mesonet site on 30 July 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input.
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Figure 7.10b. Simulated height of the PBL at the Norman Mesonet site on 30 July 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil water
content, and soil water determined from field samples were used as input.
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Simulations of Sensible Heat Flux
at the Norman Mesonet Site (7 August 1999)
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Figure 7.11a. Simulations of sensible heat flux at the Norman Mesonet site on 7 August
1999 using the clay loam soil parameterization (CL). Calibrated measurements of 229-L
soil water content, and soil water determined from field samples were used as input.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).

Simulations of Sensible Heat Flux
at the Norman Mesonet Site (7 August 1999)
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Figure 7.11b. Simulations of sensible heat flux at the Norman Mesonet site on 7 August
1999 using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Figure 7.12a. Simulations of latent heat flux at the Norman Mesonet site on 7 August 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input. Hourly-
averaged observations from the Norman site are plotted for reference (black curve).
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Figure 7.12b. Simulations of latent heat flux at the Norman Mesonet site on 7 August 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L. soil water
content, and soil water determined from field samples were used as input. Hourly-averaged
observations from the Norman site are plotted for reference (black curve).
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Simulations of Planetary Boundary Layer Depth
at the Norman Mesonet Site (7 August 1999)
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Figure 7.13a. Simulated height of the PBL at the Norman Mesonet site on 7 August 1999
using the clay loam soil parameterization (CL). Calibrated measurements of 229-L soil
water content, and soil water determined from field samples were used as input.

Simulations of Planetary Boundary Layer Depth
at the Norman Mesonet Site (7 August 1999)
4000
- 7 L ] l T T 1] l ) T T ' T T 4 I RS T T l' L T T

(b)

asssmn=as HPBL (Calibrated 229-L; SL)

escageuas HPBL (FSMax: SL)

n
N
A
(=
(=)
RAAAN LAY AL RAR RS IR
L}
=}
[]
[}
[}
[]
[}
i
[
[]
[}
L]
L)

« = = = = HPBL (FSMean: SL)

-..---Q------n
@=""°

e e T = « HPBL (FSMin: SL)

wi
[=4
S
¢JARS RARAY LRI

1'0'

' ST YORT S W (U ST ST S N NN SN S N N U S N T

14 {6 I8 20 22
Time (UTC)

Figure 7.13b. Simulated height of the PBL at the Norman Mesonet site on 7 August 1999
using the silt loam soil parameterization (SL). Calibrated measurements of 229-L soil water
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soil moisture, simulations were run for the two dominant soil textures at the Norman site:
clay loam and silt loam. Next, the simulated values of sensible heat flux, latent heat flux,
ground heat flux, net radiation, and PBL depth were compared to quantify the sensitivity of
model generated processes with known soil texture variability. Once values for each
component of the energy balance were obtained, the daily maximum value was determined.
Finally, results from the simulation using silt loam was subtracted from the clay loam
simulation to assess the maximum variability.

An example of when a minimal difference occurred between simulations due to soil
texture variability is minimal is presented in Figure 7.14. In this case (the FSMean value of
water content initialized the model), little difference was noted in the magnitude or trend of

sensible heat flux produced by the model. In fact, the maximum difference between the 2

simulations was 2.2 W m-2 (Table 7.13).
Further inspection of Table 7.13 reveals that the largest difference in sensible heat
flux due to soil texture variations occurred in the FSMin simulations on 13 July (Fig 7.15).

Thus, the subtle change of soil texture in the model resulted in sensible heat flux values
which varied by 278 W m-2. This dramatic event is not an isolated case. Of the 52

simulations of sensible heat flux computed using soil moisture initialized with values of

FSMax, FSMean, and FSMin values as well as calibrated 229-L values, 12 cases (or 23%)

varied by over 200 W m-2. Furthermore 22 (or 42%) of the sensible heat flux simulations

varied by over 100 W m-2. This surprisingly large variability resulted from the change in

soil texture within the model.

Even greater variability was noted for simulations of latent heat flux (Table 7.14).
The largest difference in latent heat flux occurred on 30 July when the model was initialized

with FSMax values (Fig. 7.16). By changing the parametrization from clay loam to stlt
loam, the maximum value of latent heat flux exceeded 500 W m-2. This increase was a
change of 347 W m-2 from the clay loam simulation. As with with sensible heat flux, this
significant impact on latent heat flux was not an isolated case. Of the 52 simulations

conducted for latent heat flux, 10 cases (or 19%) had differences in excess of 300 W m-2,



18 (or 35%) had differences larger than 200 W m-2, and 27 (an astounding 52%) had

differences greater than 100 W m-2. In contrast, only 18 simulations (35%) had differences

less than 50 W m-2.
The change from a clay loam soil texture to silt loam did not produced the same
magnitude of variability in the ground heat flux simulations as it did for sensible or latent

heat flux. In fact, Table 7.15 reveals that the largest difference in the magnitude of ground

heat flux was 36 W m-2 on 24 July. Furthermore 35 out of a possible 52 simulations

(67%) had differences that were less than 20 W m-2. Variability in the magnitude of net

radiation was also much less than sensible or latent heat flux. The largest difference
occurred on 25 July when the model was initialized with FSMax values of soil water content

(Table 7.16). In addition, 32 of the 52 simulations (62%) resulted in simulation differences

of less than 30 W m2.

Because PBL development was strongly related to the magnitude of sensible and
latent heat flux, the depth of the PBL was strongly impacted by the change from clay loam
soil to silt loam. Consider the example shown in Figure 7.17 where PBL depth varied by
more than 1550 meters due to the simple change between clay loam and silt loam. In
addition, Table 7.17 reveals that 12 of 52 simulations (23%) resulted in a change of PBL

depth by more than 1000 meters simply by changing from clay loam to silt loam.

7.3.3 The Importance of Sensor Calibration

The results summarized in sections 7.3.1 and 7.3.2 dramatically show that, under
certain conditions, the model is extrernely sensitive to natural variability in soil moisture and
soil texture. However, the results from Chapter 4 note that accurate, reliable estimates of
soil water content using the 229-L sensor is a daunting task. Thus, this narrative will
document how sensor calibration (in reference to soil water content) impacted simulations
of the PBL.

Chapter 4 summarizes the effort to acquire the best possible observations of soil

water content using the 229-L sensor. At the Norman site, the most accurate observations at
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Simulations of Sensible Heat Flux
at the Norman Mesonet Site (2 July 1999)
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Figure 7.14. Simulations of sensible heat flux at the Norman Mesonet site on 2 July 1999
using the clay loam soil parameterization (CL), the silt loam soil parameterization (SL), and
soil water determined from field samples (FSMean). Hourly-averaged observations from
the Norman site are plotted for reference (black curve).
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Figure 7.15. Simulations of sensible heat flux at the Norman Mesonet site on 13 July 1999
using the clay loam soil parameterization (CL), the silt loam soil parameterization (SL), and
soil water determined from field samples (FSMin). Hourly-averaged observations from the
Norman site are plotted for reference (black curve).
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Simulations of Latent Heat Flux
at the Norman Mesonet Site (30 July 1999)
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Figure 7.16. Simulations of latent heat flux at the Norman Mesonet site on 30 July 1999
using the clay loam soil parameterization (CL), the silt loam soil parameterization (SL), and
soil water determined from field samples (FSMax). Hourly-averaged observations from the
Norman site are plotted for reference (black curve).

Simulations of Planetary Beundary Layer Depth
at the Norman Mesonet Site (25 July 1999)

4000 LR l T Lo ¢ l T T T [ T T T ] T T T I' T T T
3500

easaseesse HPBL (FSMax: CL)

N W
w O
[= T -]
[~
®e

® .._._....--.---._

Height (m)
—_
o
(=]
(=]

csaugmuee HPBL (FSMax: SL)

...
o
1)
=)
L]
b
.

500 ot
L -l AP BN R
12 14 16 18 20 22
Time (UTC)
Figure 7.17. Simulated height of the PBL at the Norman Mesonet site on 25 July 1999
using the clay loam soil parameterization (CL), the silt loam soil parameterization (SL), and
soil water determined from field samples (FSMax).
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_Date i FSMax FSMean | FSMin | 229-L
6/26/99 1.3 2.8 4 22
7/2/99 0.4 2.2 45 7.1
713199 0.3 2.5 109.5 2
7/8/99 4.6 198.7 180.8 74
7/9/99 3 240.5 234.2 217
7/13/99 3.4 208.7 271.7 153.2
7/15/99 0.7 255.1 106.9 255
7/23/99 209.3 76.6 645 | 2123
7124199 194.7 74.9 74.4 171.7
7/25/99 230.2 53.2 77.1 134
7/30/99 202.1 40.7 82.3 56.1
7/31/99 202.2 40.7 93.1 54
8/7/99 148.3 101.1 87.3 72.3

Table 7.13. The difference (absolute value) in maximum daily sensible heat flux computed
by the OSU Model between the clay loam parametrization and the silt loam parametrization.
Input soil water content values were derived from the maximum, mean, and minimum field
sample values as well as from data produced by the 229-L sensor.

Date | FSMax FSMean | FSMin | 229-L
6/26/99 | 3.7 7.0 1 109 5.4
72199 | 15 | 58 . 108 . 8l
7399 | 04 ! 75 : 1485 5.1
718199 | 6 | 2633 | 2873 222
79/99 | 86 | 3067 | 3088 | 2277
7713199 | 132 2622 . 3525 1874
715199 | 152 3137 1732 | 3165
23199 ! 2946 1802 | 763 . 3199
7124199 308 1406 | 851 2763
725199 | 334 1046 ' 897 . 2238
730099 | 347.1 | 382 i 1049 | 765
31/99 | 3465 | 428 - 1208 682
8/7/99 :  203.6 122 1128 . 993

Table 7.14. The difference (absolute value) in maximum daily latent heat flux computed by
the OSU Model between the clay loam parametrization and the silt loam parametrization.
Input soil water content values were derived from the maximum, mean, and minimum field
sample values as well as from data produced by the 229-L sensor.
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Date , FSMax | FSMean : FSMin | 229-L
626/99 '  19.1 63 9 2
72199 | 185 i 72 | 145 4.1
7/3/99 i 208 10 10.2 5.1
7/8/99 13.6 27 1 223 10.3
7/9/99 | 24 122 1 62 ! 178
7/13/99 21 3.4 9.1 164
7/15/99 21.6 4.6 24.5 0.1
7123199 20.6 33 04 | 58
7/24/99 23.7 36 0.9 ? 17.7
725099 | 173 32.6 L5 23.7
7/30/99 20 9.2 0.3 22.9
7/31/99 20.1 5.2 1.4 22
8/7/99 16.2 21.8 4.6 232

Table 7.15. The difference (absolute value) in maximum daily ground heat flux computed
by the OSU Model between the clay loam parametrization and the silt loam parametrization.
Input soil water content values were derived from the maximum, mean, and minimum field
sample values as well as from data produced by the 229-L sensor.

Date | FSMax FSMean | FSMin _  229-L
6/26/99 0.3 0.6 | 1 05
72199 . 0.1 . 0.8 | 1.4 . 25
7399 01 . 08 i 2716 . 0.6
7/8/99 2 i 694 688 ' 242

| 719199 L1 | 627 592 51
713/99 1. i 487 ' 628 32
7/15/99 1.5 | 647 278 64.5
723/99 0 804 1 3L5 . 213 _ _ 813
724199 . 784 | 248 229 649
7/25/99 - 857 177 233 . 487

30099 0759 i 123 . 260 . 1T

73499 759 125 296 . 164
817199 - 40.3 - 279 23.5 ' 18.4

Table 7.16. The difference (absolute value) in maximum daily net radiation computed by
the OSU Model between the clay loam parametrization and the silt loam parametrization.
Input soil water content values were derived from the maximum, mean, and minimum field
sample values as well as from data produced by the 229-L sensor.
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Date FSMax FSMean FSMin : 229-L
6/26/99 4.7 19.8 228 | 183
712099 | L7 19.7 44.9 217.5
713199 12.2 4.6 5422 3.1
7/8/99 35.7 1241.6 1060.6 516.1
7/9/99 472 1000 1038.9 777.8
7/13199 15.3 328.1 389.4 201.6
7/15/99 60.9 1110.4 540.8 1110.6
7123199 1406.8 387.5 179.9 1229
7124199 1494 350.1 197.9 776.5
7125199 1565.1 32.8 180.2 235.7
7130/99 1451.1 24.6 152.2 115.3
7/31/99 1453 26.6 158.1 57.3
87/99 993.5 550.6 435.1 341.9

Table 7.17. The difference (absolute value) in maximum daily depth of the PBL computed
by the OSU Model between the clay loam parametrization and the silt loam parametrization.
Input soil water content values were derived from the maximum, mean, and minimum field
sample values as well as from data produced by the 229-L sensor.

5 c¢cm were obtained when the “original” calibration coefficients were used. On the
contrary, at depths of 25 cm, 60 cm, and 75 cm, the “improved” calibration coefficients
provided the most accurate observations when compared with field samples evaluated using
traditional methods. Thus, “calibrated” values of 229-L observations refer to the original
calibration at the 5 cm depth, and the improved calibration at the deeper depths (25, 60, and
75 cm).

Because many calibration relationships exist among raw observations, soil texture,
and individual sensors, an excellent opportunity was available to test the sensitivity of the
OSU model to biases in soil moisture observations resulting from measurement uncertainty.
For example, the “original™ calibration provided accurate observations of soil water at the
depth of 5 cm at the Norman site. However, at deeper depths, the original calibration had a
significant dry bias. Conversely, the “improved” calibration provided more accurate
observations at the deeper depths, but proved to be too moist at 5 cm (especially during
extended dry periods). Thus, by using these different calibration relationships, it was
possible to test the impact of sensor bias at different layers in the model. Finally,

“uncalibrated” sensor output was defined as the improved relationship at 5 cm (generally
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too moist) and the original relationship at 25, 65, and 75 cm (generally too dry). A
summary of soil moisture conditions used to initialize the PBL model (with respect to
varying sensor calibration) appear in Table 7.18.

Simulations initialized with soil moisture from the calibrated sensor values were
compared with simulations initialized with soil moisture determined using the original,
improved and uncalibrated sensor values. The results of the comparisons revealed large
differences in PBL depth, sensible and latent fluxes which were further accentuated by soil
texture. Consider the example shown in Figure 7.18 which depicts sensible heat flux
initialized with the clay loam soil texture. Because the original sensor calibration produced
the driest soil conditions (Table 7.18), the model responded by producing large values of
sensible heat flux. Conversely, the model simulation initialized with soil moisture
determined using the the least amount of sensible heat flux: the improved sensor calibration
produced soil moisture conditions which were wetter than the other calibration relationships

(Table 7.18). The raﬁgc of sensible heat flux using the clay loam parameterization was

approximately 354 W m-2.

Similar results were noted for simulations involving latent heat flux (Fig. 7.19).
The largest values of latent heat flux were produced by the simulations initialized with the
improved sensor calibration and were due to the wetter soil conditions initialized into the
model (Table 7.18). In addition, simulations initialized with soil moisture determined from
the original calibration were associated reduced values of latent heat flux.

Model simulations involving the biased values of soil moisture were compared with
simulations involving calibrated values soil moisture (Tables 7.19 and 7.20). The largest

errors were noted when the original calibration was used; the error for the sensible and
latent heat fluxes exceeded 230 W m-2 for clay loam soil and 270 W m-2 for silt loam. In
addition, the root mean squared error (RMSE) for sensible and latent heat flux at the time of
the daily-maximum values exceeded 136 W m-2 for both the clay loam and silt loam

stmulations.
Inspection of Tables 7.19 and and 7.20. reveals that the simulations initialized with

the uncalibrated values of soil water content had smaller errors than those simulations using
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soil moisture data computed with the original or improved calibration coefficients. Because
the original calibration resulted in a dry bias at the deeper depths, the combination of actual
dry conditions at the surface and the dry bias at deeper depths lead to an entire soil profile
which was drier than profiles computed using the calibrated, improved, or uncalibrated
coefficients. Conversely, the improved calibration resulted in values of soil water which
were too moist at the surface. Consequently, the soil profile using the values of soil water
determined via the improved calibration was more moist than the other profiles. Recall that
the uncalibrated values of soil moisture were too moist near the surface and too dry at
deeper depths. However, this resulted in a moderate soil wetness throughout the soil profile
and results which were closer in comparison to the simulations initialized with calibrated
values of soil water.

The most dramatic results were noted when biased soil moisture values were
coupled with changes in soil texture. Consider the example where the soil moisture values
computed using the original calibration were used to initialize the OSU model on 15 July
(Fig. 7.20). Because the original calibration produced very dry soil moisture values,

simulations of latent heat were limited. Even so, the simulation using the silt loam soil
texture produced latent heat flux which peaked at 137 W m-2. However, when the soil
texture was changed to clay loam, latent heat flux was not produced during the entire 12
hour simulation (a peak value of 0 W m-2)! Inspection of Table 7.18 reveals the reason
why latent heat flux was not produced for the clay loam simulation. Recall that the wilting

point for clay loam was 0.18 cm3/cm3 (Fetter 1988). However, the original sensor
calibration produced water content values of 0.177 and 0.155 cm3/cm3 as input for the 0-5

and 5-100 cm layers of the model. Thus soil moisture conditions in the entire model profile
were below the wilting point. As a result, there was no available water in the soil profile for

evaporation or transpiration. Thus, the model did not produce any values of latent heat flux.
Conversely, the wilting point of silt loam was 0.10 cm3/cm3. Thus, the limited amount of

available water allowed the model to produce values of latent heat flux throughout the

simulation.
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Simulations of Sensibie Heat Flux
at the Norman Mesonet Site (13 July 1999)
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Figure 7.18. Simulations of sensible heat flux at the Norman Mesonet site on 13 July 1999
using the clay loam soil parameterization (CL). Soil water content was determined using
various calibrations applied to the 229-L sensor. Hourly-averaged observations from the
Norman site are plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (25 July 1999)
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Figure 7.19. Simulations of latent heat flux at the Norman Mesonet site on 25 July 1999
using the silt loam soil parameterization (SL). Soil water content was determined using
various calibrations applied to the 229-L sensor. Hourly-averaged observations from the
Norman site are plotted for reference (black curve).
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Simulations of Latent Heat Flux
at the Norman Mesonet Site (15 July 1999)
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Figure 7.20. Simulations of latent heat flux at the Norman Mesonet site on 15 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
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Soil water content was determined using “original” calibration coefficients applied to the

229-L sensor. Hourly-averaged observations from the Norman site are plotted for reference

(black curve).

| Calibrated | Calibrated ; Original | Original Improved | Improved | Uncalibrated; Uncalibrated
[ 229U | 229L | 229.L 229.L | 229L | 229L | 229L |  229L
Date Scm E 25-75 cm S cm 25-75 cm Sem | 25-75cm ! 5cm 25-75 em
62699 | 499 : 0372 | 0499 0.305 0.439 0372 0.439 0.305
N os9 | 0376 0.49 0312 0428 | 0316 0428 0312 _
3199 n 0381 0375 0.381 0312 0.374 0375 03714 | 0312 _
B9 1 ga91 | 0349 0.191 0261 0.295 0349 | 0295 0.261
9 1 016 ! 0339 0.16 0.247 0271 | 033 02 | 0247
(0 L o254 | 036 | 0254 | 0d84 038 . 036 0328 0.184
MO 1 o497 L 0209 L 0473 0.155 0285 | 0299 0.285 0.155
B oa2a 1 0286 L 0424 . 0179 0215 . 028 0215 079
TR4 . on2s | 029 i 024 | 0de9 . 025 _. 029 025 016
B9 5123 0274 | 0123 . 0.6 0.214 0.274 0.214 0.16
(B0 T oa21 i 024 ' 0420 0027 ¢ 0208 0254 0.208 0.127
TR a2t 0252 o0l | oax 0.208 0252 0.208 0.123
81199 0.134 0.254 0.134 0.127 0.237 0.254 0.237 0.127

Table 7.18.

model.

Soil water content used to initialize the 0-5 and 5-100 cm layers of the OSU




Range | Range Range | Range . Range

Clay Loam| SH LH GH Rnet HPBL
Improved 187.4 231.3 33.6 54.9 645.1
Original| 236.9 254.3 35.8 54.9 i 1159.9
Uncalibrated 194.4 181 44 .1 40.4 | 1238.4

i
Silt Loam

Improved 189.9 245.3 23.6 54.4 1312.5
Original 274.8 341.6 22.2 73.8 1162.4
Uncalibrated 158.9 131.1 25.8 42.6 864.7

Table 7.19. The maximum difference between PBL parameters computed using calibrated
values of soil water content from the 229-L sensors and values of soil water content
determined for the original, improved, and uncalibrated 229-L sensors.

i RMSE ' RMSE ' RMSE ' RMSE ' RMSE
Clay Loam _ SH LH ; GH  Rnet  HPBL
Improvedi 762 - 1048 ' 204 ' 218 2894
_____ Originall 1362 = 1664 ' 175 376 . 521.8
Uncalibrated  96.1 . 1175 . 27 247 3964
Silt Loam: : i
__ Improved 744 1119 93 - 257 6699 _
... .. Original: 1367 _ 1785 le6 . 392 513
Uncalibrated: 76.9 . 64.4 16.4 ‘ 17.4 : 311.1

Table 7.20. Root mean squared error between PBL parameters computed using calibrated
values of soil water content from the 229-L sensors and values of soil water content
determined for the original, improved, and uncalibrated 229-L sensors. RMSE was
computed using data from the 13 ideal study days.
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7.3.4 Comparison of Soil Hydraulic Properties with Other Land-Surface Parameters

To assess the importance of soil hydraulic properties in the sensitivity of the model,
additional land-surface properties were varied within the model. First, it was assumed that
the mean value of soil water content determined from field samples were the “most
representative” values of soil water at the site. Crawford (1998) demonstrated that albedo
varied between 0.18 and 0.22 at the Norman Mesonet site during the summer months.
Thus a set of simulations were conducted which used the aforementioned range in albedo.
A second set of simulations varied the canopy resistance, which, in the original simulations,
was held at a value of -50. However, to provide reasonable variability in this model
parameter, canopy resistance was decreased by a factor of 2 (-100) to simulate the the
minimurmn resistance and increased by a factor of to (-25) to simulate the maximum value of
resistance. Finally, a parameter which impacts bare soil evaporation in the model is the
shade factor; the shade factor varies frdm 0 (no vegetation) to 1 (fully vegetated conditions
and no exposed soil). To represent extreme conditions at the Norman site (such as in an
extended drought), the shade factor was decreased to 0.2. Conversely, a second set of
simulations involved a shade factor of 0.8 which represented lush and vibrant vegetation.
For each set of surface variations (albedo, canopy resistance, and shade factor) model
simulations were performed for both clay loam and silt loam soil textures soils.

The variation in surface albedo had limited impacts on the simulation of surface

fluxes and PBL depth (Tables 7.21 and 7.22). The impact of varying the albedo resulted in

a range of sensible heat flux (at the daily maximum) which was less than 25 W m™2.
Similarly, the range of latent heat flux was less than 25 W m-2, ground heat flux values were

less than 5 W m-2, and net radiation was less than 36 W m-2. The results combined to

produce model simulations of PBL depth (at the daily maximum) which ranged less than

177 meters.

When canopy resistance was varied in the model, the range of values associated with
PBL parameters (daily maximum) increased relative to those simulations which used

variations in albedo (Tables 7.23 and 7.24). In the case of canopy resistance, sensible heat

flux varied between 31 and 97 W m-2 and the range of values for latent heat flux varied
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between 55 and 131 W m-2. However, the range of ground heat flux values (6 to 20 W m-

2) and net radiation values (10 to 31 W m2) were much reduced compared to the fluxes of

sensible or latent heat. The combined impact of the variability in heat fluxes and net
radiation resulted in PBL depth which ranged from 67 to 595 meters.
The greatest variation of atmospheric processes simulated by the OSU model (aside

from soil moisture or texture) was caused by the shade factor (Tables 7.25 and 7.26). For

example, sensible heat flux varied between 37 and 156 W m2 at the time of the daily-
maximum values. Similarly, latent heat flux varied between 40 and 210 W m-2. However,

the variability in ground heat flux and net radiation was less than 35 and 50 W m-2

respectively. Due the variability of the surface fluxes, the depth of the PBL varied between
165 and 810 meters.

7.3.5 Test for Linearity

When soil moisture conditions were compared with observations of atmospheric
processes in Chapter 5, nonlinear relationships were found at very shallow soil depths (0-10
cm). However, the relationship between soil water content in the root zone and atmospheric
processes in the PBL was linear. This portion of the narrative will focus on the ability of
the model to produce the aforementioned linear/nonlinear relationships.

As in Chapter 5, the mean soil water determined from field samples and
observations from the 229-L sensors were compared with atmospheric processes. However,
because deep-layer soil in the model was represented by a layer spanning 5-100 cm, the
layer averages of calibrated 229-L. observations and FSMean values were used (Table 7.2).
Once the values of soil water content were used to initialize the OSU model the fluxes of
sensible and latent heat as well as PBL depth were computed. The peak values of these
parameters were compared with the input soil moisture values to assess the ability of the
model to generate the observed linear processes. The simulations were duplicated for clay
loam and silt loam textures soils.

Table 7.27 displays the linear correlation values when model generated fluxes and

PBL depth were compared with soil water values used as input. The results reveal a number
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Date SH GH | LH Rnet | HPBL
6/26/99 8.7 3.4 24.6 353 1 493
7/2/99 8 3.5 24.3 348 | 528
773199 7.7 3.3 24.9 35 50
7/8/99 20.9 3.4 7.4 30.8 110.9
79199 |- 222 3.4 6.6 317 176.2
7/13/99 24 4 5.7 32.3 109.4
7/15/99 22.8 2.4 7.2 31.8 87.7
- 7/23/99 21.5 3 6.8 29.1 41

7124199 23 2.2 6.3 29.9 99.1
7125199 23 2.5 6 29.3 10.3
7/30/99 22.9 1.6 5 29.3 14.3
7/31/99 23.1 1.6 4.8 29.2 15.5
8/7/99 23.5 2.4 4.8 30 169.3

Table 7.21. The range (absolute value) of PBL parameters computed using the OSU model
with variations in albedo. Soil texture was parameterized as clay loam.

Date SH | GH | LH | Rnet | HPBL
6/26/99 87 | 36 . 244 . 354 505
7/2/99 | 77 ' 39 | 239 349 i 527
73199 7.6 3.8 247 | 35 1 523
78199 | 9.8 33 | 208 ! 338 ' 914
749199 8.8 2.7 N 349 1 717

713199 | g5 39 | 246 | 35 ! 289
715199 | 86 | 26 249 . 347 . 5321

72399 1730 34 s 295 832
724199 . 192 ' a2 47 . 301 _ 1014
725199 i 195 4 47 . 299 15

_ 3099 1 21 29 .67 . 298 16

L BU99 212 28 67 . 298 | 89
87199 21.5 3 6.5 : 30.7 41

Table 7.22. The range (absolute value) of PBL parameters computed using the OSU model
with varniations in albedo. Soil texture was parameterized as silt loam.
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Date | SH GH LH ' Rnet HPBL
6/26/99 495 15.4 80 : 13.1 | 229
7/2/99 326 15.2 56 11.3 169.3
7/3/99 36.7 15.4 66.3 12.1 170.1
7899 | 723 13.4 101.8 22.4 253.5
7999 | 822 | 139 105.9 20.6 594.7
7/13/99 817 | 16.4 103.8 17.7 1682
7/15/99 879 | 8.9 121.1 21.3 415
7/23/99 85.3 115 120.7 29.9 2329
7/24/99 94.5 9.1 128.1 29.7 251.3
7/25/99 96.3 10.6 130.6 30.8 181.5
7/30/99 87.8 6.9 122.8 28 146
7/31/99 86.6 6.7 121.2 27.7 146.5
8/7/99 85.8 8.9 117.1 23.1 399.2

Table 7.23. The range (absolute value) of PBL parameters computed using the OSU model
with variations in the canopy resistance. Soil texture was parameterized as clay loam.

~__Date | SH . GH | LH  Rnet @ HPBL
6/26/99 ' 478 193 1 787 125 | 2017
72099 1 313 162 . 557 0 109 | 1547
U499 352 . 168 i 649 | 115 . 1802
7/8/99 Sl4 187 . 902 i 181 | 3547
7999 ! 527 161 | 861 | 149 | 315
1399 1 478 .91 i 805 i 135 . 161
7/15/99 54.2 152 ! 85.6 16 L2111
723/99 . 655 . 146 832 27 | 3416
12499 731 147 1 907 268 . 2562
7125199 81.3 17 ; 85.8 : 28.8 ! 67.5
730099 . 9Ll . 133 . 1303 _ 29 . 1626
7399 92 127 1307 . 292 . 1634
8/7/99 859 12.6 e . 22.1 424.8

Table 7.24. The range (absolute value) of PBL parameters computed using the OSU model
with variations in the canopy resistance. Soil texture was parameterized as silt loam.
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Date SH ; GH ! LH ; Rnet | HPBL

6/26/99 81 I 253 133.8 1 202 ' 3327
7/2/99 376 | 216 67.5 | 13.3 195.4
7/3/99 46.1 | 239 89.5 | 15.2 258.1
7/8/99 127.6 . 23.1 1682 | 403 | 5497
7/9/99 117.1 | 18.4 1356\ 305 | 809.6
7/13/99 782 | 179 gs.l | 17.7 168.5
7/15/99 130.4 11 1814 | 323 596.7
7/23/99 138.5 15.9 199.6 49.5 417.6
7/24/99 155.3 14.3 210 49.2 467.4
7/25/99 147.6 14.9 201.3 47.7 214.2
7/30/99 115.7 8.5 165.8 37.3 168.1
7/31/99 112.3 8.1 161 36.2 165.4
8/7/99 107.9 10.1 151.8 29.5 572

Table 7.25. The range (absolute value) of PBL parameters computed using the OSU model
with variations in the shade factor. Soil texture was parameterized as clay loam.

Date . SH . GH | LH ' Rnet . HPBL
6/26/99 | 779 287 | 1287 __ 19.6 . 319.4
712199 369 201 i 652 i 132 |  183.7
7399 | 444 | 222 | 844 146 | 2463
7/8/99 739 . 341 | 1323 | 252 . 4999
7/9/99 914 - 263 | 1382 22 | 4855
713199 i 86.6 112 . 1519 : 238 . 199
715/99 1 931 . 264 ! 1368 23.2 . 3679
72399 1 807 . 167 408 270 3632
724199 | 1043 23 6l 346 . 3069
72599 1223 256 | 728 407 1827

__ 7130099 . 1425 2L . 212 461 2829

_13u99 ;1437 . 198 . 2123 . 464 28l
8/7/99 - 95.1 7.9 : 139.5 242 450.5

Table 7.26. The range (absolute value) of PBL parameters computed using the OSU model
with variations in the shade factor. Soil texture was parameterized as silt loam.
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1 Model . Model
(Input_Soil Water Content; Soil Texture)) 0-5 cm | 5-100 cm
S SH (FSMean Water Content, CL)| 0.7953..-,.._:._%.8___

SH (FSMean Water Content, SL) 0506 | 0.801

LH (FSMean Water Content, CL)) 0849 ' 0714

LH (FSMean Water Content, SL)] 0438 | 0.753

HPBL (FSMean Water Content, CL) 0.928 0.876

HPBL (FSMean Water Content, SL) 0.693 0.872

SH (Calibrated 229-L Water Content, CL) 0.721 0.801
SH (Calibrated 229-L Water Content, SL) 0.198 0.563
LH (Calibrated 229-L Water Content, CL) 0.705 0.878
LH (Calibrated 229-L Water Content, SL) 0.141 0.42
HPBL (Calibrated 229-L Water Content, CL) 0.794 0.96
HPBL (Calibrated 229-L Water Content, SL) 0.459 0.831

Table 7.27. Linear correlation between soil moisture and atmospheric parameters simulated
using the OSU model for the silt loam (SL) and clay loam (CL) parameterizations of soil
fexture.

of interesting patterns. For example, the relationship between sensible heat flux at the time
of the daily-maximum values simulated using the clay loam soil texture and water content
determined from field samples at 5 cm appeared to be linear (variance of 0.798; Fig. 7.21).
The linear relationship decreased when soil water in the 5-100 cm layer (FSMean) is
compared with the daily-maximum values of sensible heat flux (Fig. 7.22; variance of
0.688)). However, the opposite occurred when the soil texture is changed from silt loam to
clay loam. In that case, the relationship between soil moisture (FSMean values) and
sensible heat flux at the daily-maximum is nonlinear near the surface (0-5 cm; Fig. 7.21)
and linear at deeper depths (5-100 cm; 7.22). Similar results were observed for simulated
values of latent heat flux (Figs. 7.23 and 7.24) and PBL depth (Figs. 7.25 and 7.26).

A different pattern was observed when calibrated values of soil water (the 229-L
sensors) used to initialize the model were compared with PBL depth and surface fluxes.
First, the correlation increased from the shallow soil depths to the deeper soil depths for
every simulation regardless of soil texture. Thus, linearity increased with depth for these

simulations. However, the simulations involving the silt loam soil texture had smaller
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The Daily-Maximum of Sensible Heat Flux Derived Using the
OSU Model for Silt Loam and Clay Loam Versus
Initial Soil-Water Content From Field Samples in the 0-5 cm Layer
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Figure 7.21. The daily-maximum values of sensible heat flux determined using the OSU
model for the clay loam (CL) and silt loam (SL) parameterizations of soil texture versus
initial soil water content estimated from field samples in the 0-5 cm layer.

The Daily-Maximum of Sensible Heat Flux Derived Using the
OSU Model for Silt Loam and Clay Loam Versus
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Figure 7.22. The daily-maximum values of sensible heat flux determined using the OSU
model for the clay loam (CL) and silt loam (SL) parameterizations of soil texture versus
initial soil water content estimated from field samples in the 5-100 cm layer.



The Daily-Maximum of Latent Heat Flux Derived Using the
OSU Model for Silt Loam and Clay Loam Versus
Initial Soil-Water Content From Field Samples in the 0-5 cm Layer
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Figure 7.23. The daily-maximum values of latent heat flux determined using the OSU
model for the clay loam (CL) and silt loam (SL) parameterizations of soil texture versus
initial soil water content estimated from field samples in the 0-5 cm layer.

The Daily-Maximum of Latent Heat Flux Derived Using the
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Initial Soil-Water Content From Field Samples in the 5-100 cm Layer
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Figure 7.24. The daily-maximum values of latent heat flux determined using the OSU
model for the clay loam (CL) and silt loam (SL) parameterizations of soil texture versus
initial soil water content estimated from field samples in the 5-100 cm layer.



The Daily-Maximum of Planetary Boundar Layer Depth Using the
OSU Model for Silt Loam and Clay Loam Versus
Initial Soil-Water Content From Field Samples in the 0-5 cm Layer
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Figure 7.25. The daily-maximum values of PBL depth determined using the OSU model
for the clay loam (CL) and silt loam (SL) parameterizations of soil texture versus initial soil
water content estimated from field samples in the 0-5 cm layer.

The Daily-Maximum of Planetary Boundar Layer Depth Using the
OSU Model for Silt Loam and Clay Loam Versus
Initial Soil-Water Content From Field Samples in the 5-100 cm Layer
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Figure 7.26. The daily-maximum values of PBL depth determined using the OSU model

for the clay loam (CL) and silt loam (SL) parameterizations of soil texture versus initial soil
water content estimated from field samples in the 5-100 cm layer.



correlations when compared with clay loam. This implies that the change from clay loam to
silt loam greatly reduced the linearity between the atmospheric processes simulated in the
model, and initial values of soil moisture.

A final trend worth noting concerns the model simulated values of PBL depth.
Inspection of Table 7.27 revealed that the strongest linear relationship between atmospheric
processes and initial soil water occurred with respect to PBL depth. For example, the
variance of sensible heat flux initialized with FSMean values of soil water and a clay loam
soil texture at 5 cm was 0.798. Latent heat flux had a value of 0.849 for the same initial
conditions. However, PBL depth had an variance of 0.928. Thus, the linear relationship
between PBL depth and soil water content was stronger than either sensible or latent heat

flux.

7.4 Discussion

The results of Section 7.3 clearly establish that the OSU PBL model was sensitive
to natural variability in both soil texture and soil moisture. In many of the cases studied,
significant variability was noted in the surface fluxes and the growth of the PBL. Most if
not all of the variability associated with atmospheric processes simulated by the OSU model
can be explained by examining Figure 7.27. In the OSU model, the complex relationship
between soil water, texture and pressure (potential) is parametrized with empirical soil water
release curves developed by Clapp and Homberger (1978). The soil water release curves
for the two soil textures used in this study (clay loam and silt loam) are plotted in Figure
7.27.

Consider the hypothetical case where the FSMax, FSMean, and FSMin values of

soil water content are 0.3, 0.25, and 0.2 cm3/cm3 respectively. Those values of soil water
are plotted on the release curves for silt loam and clay loam (Fig. 7.27). Though the degree
of soil “wetness” is determined by the soil water content, the energetics of water in the soil
is related to potential. Thus, as potential decreases (toward the right of the plot), the surface
tension between soil particles and the water in the soil increases. This increase in tension

limits the movement of water in the soil.



Seil Water Release Curves for Silt Loam and Clay
Loam Textured Soils (From Clapp and Hornberger 1978)
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Figure 7.27. Soil water release curves in the OSU model for silt loam and clay loam
textured soils (determined from Clapp and Homberger 1978).

In moving from the FSMax, to FSMean, and to FSMin on the release curve for silt
loam not only decreases the soil water content, but increases the soil water pressure
(potential). In fact, the soil water pressure increases by an order of magnitude between
values of soil water content at the FSMax value versus the FSMin value. The resulting
difference between these 2 points results different amounts of water available for
evaporation or transpiration. Thus, there is less available water at the FSMin value than the
FSMax value which results in a greater partitioning of available energy to sensible heat flux
versus latent heat flux in the model. Furthermore, since the value of FSMax represents soil
water which is unstressed, the available water is much greater and latent heat flux dominates

the partitioning of available energy in the model. The results of Section 7.3.1 support this



analysis. In all simulations conducted using field sample values of soil water content,
sensible heat flux was greatest in simulations initialized with FSMin values while latent heat
flux was greatest in simulations initialized with FSMax values.

The model simulations are complicated by multiple soil layers. Even so, the
controlling factor on available water for evaporation in the model is controlled by both the

water content and the water potential. When the water potential is between 0 and 30 kPa, the
soil is unstressed. In Figure 7.27, this represents water contents greater than 0.25 cm3/cm3
for the silt loam soil texture. If, for example, the soil water content varied between 0.45 and
0.35 cm3/cm3, the available water would still be virtually the same and the model fluxes

would not vary a great deal. This was evident in the simulations on 2 July. Conversely, as

the soil dries, the soil wetness decreases as the soil water pressure increases. Thus, even
though water content may vary 0.10 cm3/cm3 the limited amount of water combined with the

large tensions results in limited variability of sensible or latent heat fluxes (such as 30 July).

The largest range of heat fluxes occurred when one set of input values in the soil
profile were at unstressed values while another profile of soil used soil water at stressed
values. This occurred for simulations on 15 and 23 July as well as 7 August. The soil
profiles which were at relatively unstressed (stressed) values of soil water content produced
much larger values of latent (sensible) heat flux than did those which were at greater (lesser)
values of soil water pressure. The difference between the July cases and the 7 August case
was that the variability of soil moisture in July was due to differential drying rates of the soil
profile during an extended dry period However, the variability in soil water content
observed on 7 August was due to a precipitation event.

A further sensitivity observed in the model simulations was the differential soil
texture. Inspection of Figure 7.27 reveals that the same values of soil water content were at
a different values of soil water pressure for the 2 soils. Thus, when soil texture was
changed from clay loam to silt loam in the simulations, the soil water pressure decreased.
As a result, more soil water was available for evapotranspiration in the model, and latent heat
flux increased. Conversely, the change from clay loam to silt loam resulted in less sensible

heat flux being produced by the model. This explains why simulations using the clay loam



parametrization always produced more sensible heat (at a given water content) than those
using silt loam. However, as seen in Section 7.3.2, the range of simulated PBL parameters
was greater during certain soil conditions than others. Again, this can be explained by
considering Figure 7.27. Note that the FSMean value of soil water content along the clay
loam curve is in a stressed environment. However, a change to silt loam results in the
FSMean value of water content being unstressed. Just as in the variability of soil water
content, the largest range of heat fluxes occurred when one input value (or set of values in
the soil profile) of soil water was unstressed value while another was stressed. In this case,
the change from stressed to unstressed soil water conditions (or vice versa) was due to soil
texture variability.

Unfortunately, the relationships between soil water content and texture also apply to
input values of soil water computed using the 229-L sensor. Since different calibration
techniques resulted in different values of soil water initialized into the model, atmospheric
processes were impacted. The greatest impact on PBL processes occurred when one soil
profile was under stressed water conditions while another was unstressed. This was
particularly evident between the improved calibration (wet soil profile; unstressed) and the
original calibration (stressed).. The results clearly show that the original calibration
continuously produced more sensible heat flux than the improved calibration. Conversely,
model simulations initialized with soil water (improved calibration) produced greater values
of latent heat flux than the original calibration.

Altemnative model simulations were conducted to assess the variability of the model
to other land surface features such as albedo, canopy resistance, and the shade factor.
However, the variability in atmospheric processes simulated using the OSU model caused
by variability in soil moisture, soil texture, and sensor calibration were greater than those
caused by albedo, canopy resistance, or the shade factor. In the case of alibied, the natural

variability resulted in limited variability in surface fluxes. Changes to canopy resistance
produced sensible and latent heat fluxes which consistently varied ~100 W m-2. This was
still quite small compared to the range of sensible and latent heat flux (each in excess of 250

W m-2) caused by variability in soil moisture and soil texture. The only land surface



B RMSE | RMSE RMSE RMSE | RMSE
Simulation SH LH GH Rnet | HPBL
Calibrated 229-L; CL|  89.1 90.2 105.5 1087 | 7767
Improved 229-L.; CL 47.7 92.7 98.7 95 652.1
Original 229-L;CL|  195.4 203.8 106.6 142.5 1111.7
Uncalibrated 229-L; CL|  155.3 156.4 90.2 127 935.6
Calibrated 229-L; SL 66.1 143.9 97.2 752 566.8
Improved 229-L;SL|  114.3 209.3 99.3 70.3 508
Original 229-L; SL|  105.4 1274 106.6 105.1 845.5
Uncalibrated 229-L; SL 37.7 116.2 100.1 86.1 600.5
RMSE RMSE RMSE RMSE RMSE
Simulation SH LH GH Rnet HPBL
FSMax; CL 48.9 98.5 1102 92.6 581.5
FSMean; CL| 1002 105.8 99.6 116.1 866.4
FSMin; CL| 1374 136.8 121.4 128.7 984.8

Table 7.28. Root mean squared error (RMSE) between the daily-maximum value of PBL
parameters computed using the OSU model and the hourly-averaged daily-maximum values
observed at the Norman Mesonet site. RMSE was computed using data from the 13 ideal
study days.

property which compared in magnitude with the simulations involving soil moisture and soil
texture was the shade factor. Unfortunately, the variability in shade factor was extreme and
would not occur naturally on the time scale of days. Rather, the variability in shade factor
would take place over a course of weeks or months.

Finally, the model was examined to determine if it produced linear relationships
between atmospheric processes in the PBL and root-zone soil moisture similar to those
documented in Chapter 5. Though some simulations produced linear relationships between
root-zone soil moisture and atmospheric processes (e.g., FSMax and silt loam), a simple
change of soil texture produced nonlinear results (FSMax and clay loam). In the case of
model simulations initialized with the calibrated 229-L observations and clay loam textured
soils, the relationships appeared linear at both model depths (slightly stronger relationships
in the 5-100 cm layer). However, the same soil moisture observations initialized with the silt
loam soil parametrization resulted in nonlinear relationships throughout the soil column.
Furthermore, the strongest relationships between soil moisture and atmospheric processes

were with the depth of the PBL. This is opposite to what was noted in Chapter 5. Thus, the



model did accurately simulate the linear relationships between root-zone soil moisture and

PBL parameters.
Overall the OSU model proved to be very useful in determining the sensitivity of

PBL simulations to variability in soil moisture, texture, and sensor calibration. However, a
number of consistent biases were noted in the model simulations. First, the model

consistently underestimated ground heat flux. In fact, the daily-maximum values of ground
heat flux observed at the site were nearly 100 W m-2 greater than those produced by the
model regardless of soil texture. In addition, the model consistently underestimated net
radiation by approximately 80 W m-2 while it consistently overestimated PBL depth.

No single simulation technique proved to be affective when compared with the
hourly-averaged values of heat flux, net radiation (daily maximum), or PBL depth (Table
7.28). However, simulations initialized with the “original” calibration values of soil
moisture from the 229-L sensor and the clay loam soil texture had the largest RMSE errors
(at the time of daily-maximum values) when compared with hourly-averaged observations at

the time of the daily-maximum values at the Norman site.



Chapter 8
Summary and Concluding Remarks

The hypothesis of this dissertation was that point-scale observations of soil
moisture conditions, greatly affected by instrumentation errors and naturally occurring
variability of soil hydraulic properties, have a limited but quantifiable impact on
simulations and computations of atmospheric processes in the PBL. To investigate the
validity of this hypothesis, over 2,000 soil samples were collected from the Norman
Mesonet site. Using these field samples, the spatial and temporal variability of soil moisture
was quantified to a depth of 80 cm between the dates of 1 June and 7 August 1999. Then,
the nature of land-atmosphere interactions using field and in situ observations at and near
NORM was investigated. Next, the sensitivity of ground heat flux measurements at NORM
was tested using observed spatial variability in soil water. Finally, the observed spatial
variability in soil moisture and texture permitted a unique examination of the sensitivity of
the OSU model to variability in soil hydraulic parameters.

Due to the limited number of soil moisture observations, soil moisture remains a
critical scientific issue in determining the impact of land surface conditions on atmospheric
processes. Many studies have sought to quantify the variability of soil moisture (e.g., Hills
and Reynolds 1969; Bell et al. 1980; Hawley et al. 1983; Loague 1992; Nyberg 1996; and
Famigletti et al. 1998) while others have used complex numerical models to simulate land
atmosphere interactions (e.g., Troen and Mahrt 1986; Pan and Mahrt 1987; Delworth and
Manabe 1989; Koster et al. 2000). However, little effort has been made to coordinate these
types of field observations (especially deep-layer samples of soil moisture) and observed
atmospheric conditions with current models that couple the land surface to the atmosphere.
In fact, many studies simply use soil moisture as a boundary condition to the atmosphere.
In the case of coupled schemes, others use a one-dimensional mode whereby mass and
energy are exchanged between the land-surface and the atmosphere. Few studies, if any,
have been published which test the sensitivity of near-surface atmospheric components
simulated by a numerical model (on a local scale) with the measured variability of soil water

content in space and time. Thus, this dissertation is among the first studies to quantify the



variability in soil hydraulic conditions at a location able to measure energy balance

components and then use those observations to test the sensitivity of a coupled land-

atmosphere model.

To complete the examination of the OSU model, observations of soil and

atmospheric parameters were collected at the Norman Mesonet site. In situ observations

collected at the site were processed through automated QA routines (Shafer et al. 2000). In

addition, field samples of soil were analyzed in the laboratory to determine mineral

composition and water content. Intercomparisons were conducted between automated soil

moisture sensors (229-L) and field samples to calibrate and validate the in situ observations

of soil water content. The key results include:

At the Norman site, 2,792 soil samples were collected from 12 predetermined
locations at depths ranging between 0 and 80 cm. The samples quantified the

spatial and temporal variability of soil water content and soil texture at the site.

The greatest variability in soil water content followed precipitation events. However,
this increased variability was limited to near-surface soil (0-20 cm) and decreased

during extended dry periods.

Over the course of the 73-day study period, the mean standard deviation of soil
water was nearly uniform with depth. Nevertheless, since values of water content
tended to be less near the surface, the coefficient of variation was greatest in the

near-surface (0-20 cm) soil layer and decreased with depth.

The performance of the automated soil moisture sensors (229-L) was investigated
using field samples of soil water content and several algorithms used to compute
soil water. It was determined that, at the Norman site, the original calibration
provided the best measurements of soil water content for the 5 cm depth.

Conversely, the improved calibration performed best at the depths of 25, 60, and 75

cm.
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5. An error in soil water measured by sensors at depths of 60 and 75 cm was detected.
Errant output from the sensor was due to the manner in which the sensors were

installed (Basara and Crawford 2000).

Once the observations were collected, soil samples were analyzed, and the 229-L.
sensors were calibrated and validated, the relationship between soil water and atmospheric
processes was examined. First, 13 days were classified as ideal since solar radiation was at
or near its theoretical maximum (no cloud cover) and shear in the lower troposphere was
weak. Second, the field samples of soil water content were interpolated to those dates when
manual samples were not collected. Finally, the mean value of soil water determined from
field samples (FSMean) and observations from the 229-L sensors were compared with
measurements of energy fluxes and other atmospheric parameters measured at or near the

site. Key results include:

1. The relationship between soil water near the surface (0-10 cm) was nonlinearly
related to PBL processes. However, soil water in the root-zone (20-60 cm) was
linearly related to PBL processes. Furthermore, the aforementioned nonlinear/linear
relationships were discovered and verified using 2 independent soil moisture data
sets and atmospheric observations which were measured at the site as well as from

balloon observations which spanned the depth of the PBL.

2. It was discovered that closure of the surface energy balance was linearly related to
root-zone soil moisture while near-surface soil water and closure were nonlinearly
related. Thus, soil water in the root-zone has a much stronger controlling influence

on closure than does surface soil moisture.

3. The relationship between root-zone soil water and thermal parameters such as air
temperature at 1.5 meters or potential temperature in the PBL, was stronger than the

relationship between root-zone soil moisture and moisture in the near surface



atmosphere (mixing ratio at 1.5 meters or in the PBL).

4. [t was concluded that the media responsible for the linear relationships between

root-zone soil moisture and atmospheric processes in the PBL was vegetation at the

site.

After quantifying the relationship between soil moisture and atmospheric
parameters, the focus of the study shifted to measurements of ground heat flux at the
Norman site. Since ground heat flux is directly related to the soil water content in the first
few centimeters of soil, the measurements were tested to diagnose the sensitivity of ground
heat flux to the spatial and temporal variability of soil moisture. Furthermore, it was
necessary to determine how sensor biases in the 229-L impact the measurement of ground
heat flux. Thus, the daylight behavior of ground heat flux was scrutinized for the 13 ideal
days during the study. The key results are listed below.

L. The spatial variability of soil water conditions can lead to ground heat flux

measurements which differ by up to 25 W m-2 at the time of the daily-maximum

values.

2. Ground heat flux decreased as the soil transitioned from wet to dry. Also, as the
variability (or envelope) of soil moisture conditions at NORM decreased with
extended drying, the range of flux values at the time of peak flux decreased as well.

However, the range of ground heat flux using field samples of soil water always

exceeded 11 W m-2 at the time of maximum ground heat flux.

3. Sensor calibration is important. In some cases, errors produced when the sensor
was not properly calibrated (the improved method) exceeded 30 W m-2 at the time

of daily-maximum ground heat flux.



Of greater importance is the combination of natural variability in soil water content
and sensor biases in measuring soil moisture. The final column of Table 6.1
illustrates the range of daily-maximum ground heat flux measurements when both

sensor calibration and sample variability are considered. Note that for each day in

the study, the range at daily-maximum ground heat flux always exceeded 22 W m-2

and was a maximum on 8 July at nearly 47 W m-2. This provides a quantitative

estimate of uncertainty in the ground heat flux estimate due to difficulties in

measuring soil moisture at the Norman site.

Even though variability in soil moisture measurements influenced closure at the
daily-maximum of ground heat flux, the overall affect on closure of the surface

energy balance was small.

Finally, the spatial variability in soil water and texture at the site was used to test the

sensitivity of the OSU model to known variability in soil hydraulic properties. In addition,

biases in sensor output produced by the 229-L were initialized into the model. The

simulations of energy balance components were compared with other variations of land

surface parameters including albedo, canopy resistance, and shade factor. The key results

include:

o

Model simulations of sensible and latent heat flux were very sensitive to input values

of soil water content observed at the site. Due to the variability of soil water, latent
and sensible heat fluxes varied as much as 300 W m-2 at the time of daily-

maximum values and PBL depth varied as much as 1500 meters. However, the

variability was greatly reduced during extremely wet or dry soil conditions.

The simple change of soil texture between clay loam and silt loam (the 2

predominant textures in the soil profile at NORM) resulted in simulations of

sensible and latent heat flux that varied as much as 300 W m-2. Furthermore, in
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some cases, PBL depth had a range of over 1500 meters at the time of daily
maximum. Thus, the variability of sensible and latent heat flux due to soil texture

was equal in magnitude to variability caused by variable soil moisture.

Sensor calibration is important. The range of simulated values of PBL parameters

was greatly impacted by soil moisture conditions initialized with sensor biases.

The principle reason explaining how simulations of PBL parameters initialized with
soil moisture and texture vary greatly in some cases, but do not in others is related to
how soil moisture is parametrized in the model. Inspection of the soil water release
curves for silt loam and clay loam (Clapp and Hormberger 1978) verified that small
changes in the soil water content due to natural or sensor variability result in large
differences in the soil water pressure. Similarly, a change from silt loam to clay
loam resulted in an increase of soil water pressure for the same value of soil water
content. Thus, the change from one value of soil water pressure to another
dramatically altered the water available for evapotranspiration. The impacts were

then manifest in the PBL parameters studied.

Albedo, canopy resistance, and the shade factor did not produce the range of
simulated values of PBL processes when compared with variable soil water or

texture in this model.

The model did not consistently produce the same linear/nonlinear results noted in

Chapter 5.

The results of this dissertation provide a number of critical insights related to soil

moisture and the study of land-atmosphere interactions. First, the critical laver of soil

which impacts atmospheric processes was not the surface layer at the Norman site.

Furthermore, even when soil water content was measured correctly, the spatial and temporal

variability impacted the ground heat flux measurement as well as simulations of PBL



parameters using the OSU model. These impacts were further compounded due to soil

texture variability and biases in the 229-L observations. Thus, recommendations for future

studies include the following:

1.

To account for the spatial variability of soil water content, automated sensors should
be installed in no less than 3 replicate profiles at each observing site. The
information gathered by replicate sensors per soi! depth would quantify the
variability of soil moisture under a number of atmospheric and hydraulic conditions.
This increased knowledge of the variability of soil water would improve the

measurements in ground heat flux collected using observations of soil moisture.

Soil moisture sensors should be strategically installed to maximize their
effectiveness in sampling root-zone soil moisture. This would entail a detailed
survey of the site before sensor installation to characterize the vegetation conditions.
Furthermore, soil cores should be collected from multiple locations to determine
rooting depth and root density. Once this has has been accomplished, sensors

should be installed within the root-zone.

Multiple soil cores should be collected from each site to a depth of a least 1 meter to
quantify the horizontal and vertical variability of soil texture. As seen in Chapter 7,
the simple change of soil texture in the model produced results which were equal in
magnitude to varnability of soil water. Thus, to improve model simulations and
better understand the variability of soil water, the variability in soil texture must be

quantified at any location where soil moisture observations are being collected.

Continuous soil sampling should be conducted at sites containing soil moisture
sensors. As seen in Chapters 6 and 7, sensor biases in soil water manifest
themselves in other measurements or simulations. Some of the sensor biases can

produce extremely errant values of PBL parameters when initialized into numerical
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models. Thus, repetitious sampling should be conducted at sites containing soil
moisture sensors and should be performed under a number of atmospheric and

hydraulic conditions (e.g., after precipitation events or during extended dry periods).

5. Resolution in the soil model should be increased. Again however, this increase
should be strategically designed to better simulate root-zone processes and their
impacts on atmospheric conditions. In addition, future operational models should
permit the parametrization of multiple soil types. In fact, each vertical layer in the

soil model should contain an independent soil texture.

6. As witnessed in Chapter 7, the interaction between the soil portion of the model and
the atmosphere is very dependent upon the initial conditions. Thus, future studies
should explore this sensitivity. One approach is to run the model in an ensemble
mode whereby soil conditions such as moisture and texture are varied. Since other
land-surface parameters also result in the variable PBL values, ensemble simulations

should also consider variability in those parameters.

The results of this dissertation have highlighted the importance of accurate,
representative measurements of soil moisture. The hypothesis of this dissertation is that
point-scale observations of soil moisture conditions, greatly affected by instrumentation
errors and naturally occurring variability of soil hydraulic properties, have a limited but
quantifiable impact on simulations and computations of atmospheric processes in the PBL.
This hypothesis must be rejected based on the results described in this dissertation. The
impact of soil moisture observations on ground heat flux measurements was indeed limited.
Conversely, the impact of soil moisture observations on simulations of atmospheric
processes was, at times, dramatic. By simply replacing the initial soil water content with

other values determined to be representative of the site, surface fluxes of latent and sensible
heat increased or decreased by as much as 300 W m-2. Furthermore, PBL depth simulated

in the model was also severely altered under certain conditions and varied by as much as

1500 meters. These impacts cannot be described as limited.
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This study uncovered how observed soil moisture in the root zone was linearly
related to atmospheric processes in the PBL at the Norman Mesonet site Because soil
moisture and atmospheric conditions are linked at nearly all spatial and temporal scales, the
discoveries from this limited study should be validated at other sites and during other
atmospheric conditions. The critical depth at which soil moisture most impacts atmospheric
processes likely varies with the degree of biomass, the vertical stratification of soil texture,
seasonality, and annual precipitation. Thus, more comprehensive experiments should be
conducted across a wide range of vegetation and climate conditions and should incorporate
observations of soil, vegetation, and atmospheric properties to quantify when and where
linear relationships between soil water and the atmosphere are present.

This dissertation also notes limitations of using soil water near the surface to mirror
atmospheric parameters. Nonlinear processes are much more difficult to simulate than are
linear one. Thus, this study suggests that it is more advantageous to numerical weather
prediction to have accurate, representative observations of soil moisture at deeper depths
rather than from shallower depths. Because, techniques which remotely sense soil moisture
do not extend below a depth of 5 cm, soil moisture at deeper depths must be obtained via in
situ measurements or through accurate simulations of soil moisture conditions. Of course,
the modeling framework must also advance to capture the true nature of processes which
occur within the land-vegetation-atmosphere continuum. Thus, renewed effort must be
undertaken by the scientific community to improve the current parameterizations used in the
land portion of coupled atmosphere-biosphere-soil models.

It is also no longer sufficient to simply have observations of soil moisture and soil
texture. The variability of these soil properties are extremely critical to processes which
occur in the PBL and to those who wish to simulate these phenomena on a local scale.
Hopefully, the results of this work will prompt a greater awareness to the need for increased
observations of soil moisture which provide much more than a single, point measurement.

Future studies which use soil moisture will only benefit from the additional information.
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Appendix A

Soil Sampling at the Norman Mesonet Site

Between I June 1999 and 12 August 1999, more than 2000 discrete soil samples
were collected at the Norman Mesonet site. The samples were collected at locations within a
20 m x 20 m study plot that was centered on the 229-L sensors (Fig. 3.3); the study plot
enclosed the Norman Mesonet site as well as portions of the surrounding landscape.
During this period, samples were collected from 5 of the 12 predetermined locations at layer
depths of 0-5, 5-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-70, and 70-80 cm. The
remaining 7 locations were sampled at layer depths of 0-5, 5-10, 10-20, and 20-30 cm.
Each of the 12 locations were marked with a small white PVC pipe to ensure consistent
sampling on future dates.

During the study period, samples were collected every 3-4 days based on weather
conditions. During each site visit, samples were collected using a coring device
approximately 2 centimeters in diameter. The coring process at each location involved a
number of steps. Because it was impossible to sample the same exact core of soil
throughout the study period, cores were collected within 20 cm of the original sampling
markers. Thus, the first step was to choose a location within 20 cm of the white PVC pipe.
Next, the core device was slowly inserted into the soil with great care to avoid compaction of
the soil within the core. If compaction of the soil occurred, the core was ejected, replaced,
and a new area was located for sampling. When compaction was not observed, the coring
device was inserted to a depth of 30 cm. Upon reaching this depth, the coring device and
the soil core was removed. Next, the soil core was removed and carefully divided into
sections of 0-5, 5-10, 10-20, and 20-30 cm. Each discrete section was placed in a tin sample
can, covered with a lid, and logged onto a form which details the location of the site, sample
depth, and sample can number. To ensure that no water vapor was able to escape the can,
electrical tape was attached to provide a seal between the body of the can and the lid. This
procedure was repeated for each sample.

At 7 of the 12 sampling locations, the coring procedure was completed. Thus, this

procedure was repeated at another sampling location. However, at 5 locations, additional
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cores were collected to a depth of 80 cm. Once the 0-30 core was divided and placed into
sample cans, the coring device was reinserted into the hole. Again, caution was used as
pressure was placed on the coring device until it reached a depth of 60 cm. Upon reaching
the 60 cm depth, the coring device was removed and the core (30 cm in length) was divided
into sections of 30-40, 40-50, and 50-60 cm. As with the 0-30 cm core, the discrete sections
were placed into sample cans, sealed with electrical tape, and logged. Finally, the coring
device was reinserted into the sample hole to a depth of 80 cm. The final core, 20
centimeters in length, was divided into 60-70 and 70-80 cm samples, sealed with electrical
tape, and logged.

Each step was repeated at each of the 12 sampling locations. On any given
sampling day, approximately 3 hours elapsed between the time of the first and the last
samples were collected. Once collected, the samples were transported to the laboratory for
analysis. In the laboratory, each sample can was carefully weighed (without the electrical
tape) and logged. This weight represented the “wet weight” of the soil sample. After
weighing, the sample was placed into an oven. This procedure was repeated unti! all
samples were weighed, logged, and placed in the oven. To ensure complete drying of the

soil samples, the “batch” of samples remained in the oven for 48 hours at a temperature of

105°C.

After the allotted time, the samples were removed from the oven and weighed again.
This new weight represented the “dry weight” of the soil. The amount of water contained

within the soil sample was determined using Equation A.1:

sw = wet weight - dry weight (A.1)

where sw is the soil water in grams. The weight of the soil in grams (sw) is determined

using:

ws =dry weight - weight of the sample can (A2)

Once these values were determined, the gravimetric water content (Og) was determined by
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forming the ratio of the soil water in grams to the weight of the soil:

g = ¥ (A3)

wSs

where the units are in terms of gwater Per Esoil- The volumetric water content (68y) of each

sample was determined using:

0, = 6, *(&) (A4)

where ps is the bulk density of the soil (determined during previous soil sampling at the
site) and py is the density of water. Details describing the values volumetric water content

collected at the Norman site are shown in Tables A.1 through A.7.
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Date 0Som | 5.10 o | 10-20 cm | 20-30 cm | 30-40 cm | 40-50 cm | 50-60 cm | 60-70 cm ; 70-80 cm
o199 0283 | 0221 0.225 0377 | 0362 | 0367 0378 0343 | 0362
6499 0165 | o172 | 0237 | 0357 | 0368 | 0371 0388 0340 | 0355
6199 0.194 | 0.145 0215 | 0343 | 0333 | 0334 | 0352 | 0328 | 0356
G199 0.127 0.128 0492 | 0336 | 0328 | 0344 | 0359 0330 0342
kel 0.191 0.193 0.236 0341 0352 | 0349 0.363 0319 0341
Gr18/99 0.128 | 0.137 0215 | 0338 | 0332 | 033 | 0350 | 0327 | 0339
62009 0274 | 0474 | 0222 | 0351 NA NA Na Na NA
6723199 0502 | 0391 0406 | 0463 | 0452 | 0.403 0392 | 0353 | 0381
627199 0328 | 0309 0.367 0425 | 0376 | 0374 | 03712 | 0341 0345
9 0411 | 0350 | 0393 | 0448 | 0415 | 0363 | 0355 | 0333 | 0345
11599 0227 | 0255 | 0362 | 0435 | 0398 ; 0365 | 0344 | 0318 0342
7% 1 o133 | o170 | 0281 | 0397 | 0378 | 0347 | 0346 : 0315 0339
299 | 0266 | 0237 | 0272 | 0398 | 0358 | 0347 | 0354 0324 0339
M6 1 gy 0.150 0210 | 0367 | 0358 ! 0345 | 0366 | 0327 0.336
M99 | o110 | 0425 | 0487 | 0340 | 0336 | 0336 . 0336 | 0316 0334
A9 | 9004 | oa12 | 0473 | 03n 0324 . 0315 | 0328 | 0313 0327
726099 1 9076 0101 | 0150 | 0267 | 0301 : 0326 | 0331 | _ 0310 0328
M09 | o076 | 0008 | 071 . 0271 . 0258 ' 0268 ! 0286 . 0288 0328
83/ . 0074 | 0095 | 0151 . 0259 | 0266 | 0247 . 0272 : 0271 _ 0318
8719 . g.91 0138 | 0457 : 0274 . 0288 | 0276 0292 | 028 0316
81009 | 0079 | 0083 | o.a11 | 018 | 0203 | 0199 ‘ 0215 | o215 0.252

Table A.1. Mean volumetric water content of soil samples collected at the Norman Mesonet
site.
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Date 0.5 cm | 510 cm | 10-20 cm | 20-30 cm | 3040 cm | 40-50 cm | 50-60 cm | 60-70 cm | 70-80 cm
/1199 0375 0350 | 0328 0413 | 0392 | 0403 | 0427 0367 | 0389
614199 0.206 0.228 0.299 0402 | 0410 0.396 0.417 0354 | 0381
61199 0.228 0.194 0.281 0397 | 0352 0.349 0.369 0352 0.396
61179 0.171 0.154 0.307 0365 | 0.380 0.413 0.420 0387 0.388
/14799 0.238 0.255 0317 0.388 0370 0.403 0416 0.349 0.375
&/18/99 0.154 0.172_| 0279 0388 | 0363 0.358 0371 0357 0.382
620199 0304 0262 | 0332 03gs | NA NA NA © NA NA
6/23/99 0604 | 0482 | 0445 | 0520 | 052 | 0443 | 0414 | 0358 | 0410
621199 0375 0359 | 0.440 053¢ | 0495 | 0502 | 0442 | 0367 | 0371
M9 0499 | 0377 | 0459 | 0488 | 0479 | 0446 | 0421 | 0351 . 0381
7599 1 0323 0294 | 0419 | 0479 | 0453 | 0408 | 0365 . 0349 . 0.394
M | 0169 | 0193 | 0393 | 0457 0430 . 0371 . 0360 ; 0347 | 0378
MU | 0304 ; 0282 i 0340 | 0450 0413 | 0376 | 0374 . 0336 __ 0359
699 i o456 | 0218 | 0291 (| 0414 0393 . 0364 ' 0415 : 0381  _ 0.385
M99 oa62_i 0148 | 0246 | 0409 _ 0386 0373 | 0356__ 0333 0363
299 . oa16 | 0138 | 0248 : 0362 _ 0392 ' 0358 ° 0362 ' 0332 __ 036
76199 . o106 | 0153 | 0223 : 0336 . 0335 i 035 | 0371 : 0320 __ 0.365
730099 0102 | 0142 | 0260 . 0326 : 0263 0309 . 0331 __ 0333 _ 0358
83/9 . o101 | 0129 | 0201 : 0298 _ 0304 . 0316 | 0360 . 0342 0340
879 | 0288 | 0367 | 0279 . 0305 0323 | 0349 ' 0392 : 0355 0.365
81099 o113 ' 0110 i 0165 ! 0229 0213 ' 0226 | 0245 ° 0237 0288

Table A.2. Maximum volumetric water content of soil samples collected at the Norman
Mesonet site.



Date 05 cm | 5-10 cm | 10-20 cm | 20-30 | 3040 cm | 40-50 cn | 50-60 cm | 60-70 cm | 70-80 cm
61799 0.188 0.134 | o018 | 0253 | 0304 0320 0345 | 0315 | 0329
6/4199 0.134 0.124 | 0.127 | 0291 0325 0319 0332 | 0308 0327
67199 0.166 0.114 | 0.53 | 0304 | 0312 0314 | 0338 | o311 0325
&9 0.102 0.106 | 0120 | 0205 | 0284 0297 | 0310 | 0279 | o281
6/14/99 0.139 0126 | 0.167 | 0277 | 0332 0312 | 0313 | 0299 | 0322
6/18/99 0.103 0.106 | 037 | 0273 | 0289 0.296 0331 | 0293 0309
620199 0246 0.134 | 0.60 | 0322 NA NA NA NA NA
623/99 0.425 0316 | 0373 | 0387 | 0353 0322 | 0363 | 0341 0.342
627199 0.281 0.279 0296 | 0375 | 0299 0.307 0336_| 0316 0327
799 0350 | 0332 | 0334 | 0336 | 0361 0309 | 0323 | 0307 | 0317
US| o480 | 0205 | 0276 | 0415 | 0367 0335 | 032 | 0202 | 0304
TR | 0080 ¢ 0.48 | 0217 | 0322 | 0345 | 0323 i 0317 . 0295 : 0307
29 | 5325 | 0189 | 0.69 | 0351 0291 i 0302 | 0316 | 0313 : 0316
V1699 | 0097 | 0106 . 0.115 | 0306 | 0328 : 0313 . 0344 | 0295 | 0294
999 | 0033 | 0100 | 0118 | 0277 | 0304 | 0314 : 0294 . 0277 | 0292
UM o068 | 0065 | 0100 | 0272 | 0260 | 0245 | 0246 | 0281 . 0306
72699 | o052 | 0070 ! 0094 | 0098 | 0264 i 0290 0309 - 0299 | 0295
TR0 5039 | 0065 | 0097 | 0253 | 0246 | 0235 | 0255 : 0257 | 0290
8019 . 9049 | 0072 | 0098 | o166 | 0231 ; 0145 | 0181 . 0226 i 0285
8199 i 5123 i 0082 | o0l | 023 0256 | 0250 | 0254 | 0256 ' 0278
B10M9 | 0060 | 0050 | 0079 | o016 | 081 | 0474 | 0194 : 0197 0219

Table A.3. Minimum volumetric water content of soil samples collected at the Norman
Mesonet site.
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Date 0-5cm | 5-10 cm | 10-20 cm | 20-30 cm | 30-40 cm ; 40-50 cm | 50-60 cm | 60-70 cm | 70-80 cm
|

ki 0.187 0.216 0.210 0.160 0.088 0.083 . 0081 0053 | 0061
6/4199 0.072 0.104 0172 | o0.a12 | 0085 0077 | 0085 | 0045 | 0054
671199 0.062 0.079 0.128 | 0093 | 0040 0034 | 0031 | 0042 | o071
/1179 0.069 0.048 0.187 0.070 0.097 0.116 | 0.109 0.108 0.107
6/14/99 0.099 0.129 0.150 | 0.11 0.038 0.092 | 0103 | 0050 0.053
/1899 0051 | 0.066 0.141 0.115 0.074 0062 | 004 0.064 0.073
672099 0.058 0.128 0.172 | 0.063 Na NaA_ | Na NA NA
623199 0.179 0.166 0072 | 0132 | 0169 0.121 | 0051 0.017 0.069
6127199 0094 | 0080 | 0144 | 0159 | 0196 | 0.196 | 0107 | 0051 | 0043
nn 0.148 0045 | 0124 | 0152 | o118 0.137_| 0098 | 0045 0.063
519 0142 | 00%0 | 0143 0064 | 0087 . 0074 | 0043 | 0058 0.091
99 0085 | 0045 | 0176 | 0135 | 0085 | 0048 0043 ' 0051 | 0071
299 9078 0093 | 0171 ! 0100 | 0122 ;. 0073 0058 : 0022 | 0043
M6 1 goss o112 - 0176 | 0107 . 0064 = 0051 . 0071 | 0086 | o091
M99 | 0129 | 0049 i 0.128 | o032 i 0082 0059 _ 0062 | 0056 | 0070
229 9048 ! 0.072 0.148 | 0090 . 0133 _ 0113 . 0116 | 005 0.054
2699 | gosa | 0083 . 0430 | 0238 . 0071 ' 0066 ' 0062 0021 | 0070
MBOY | 0063 | 0077 ' 0162 | 0073 :_ 0017 . _0074 _ 0076 _ 0077 _ 0068
83099 | oosi | 0057 __ 0103 | 0432 : 0073 . 0.I71 _ 0179 0116 | 0055
8199 | 165 | 0285 0178 . 0070 ‘0067 0099 0.38 0099 ' 0088
@099 | 0050 | 0060 . 008 | 0l14 | 0032 ' 0052 0050 . 0040 @ 0.069

Table A.4. Range of volumetric water content of soil samples collected at the Norman
Mesonet site.



Date 0-5cm | 5-10 cm | 10-20 cm | 20-30 cm | 30-40 cm | 40-50 cm | 50-60 cm | 60-70 om | 70-80 om
o199 0062 | 0055 | 0063 | 0044 | 0035 | 0030 | 0032 | oco20 | 0024
6/4199 0.025 0026 | 0058 | 0038 0034 | 0033 | 0033 0018 0.022
/1199 0.020 0022 | 0043 | 0027 | 0015 | 0014 | o011 0.016 0.029
o119 0.021 0.020 0055 | 0024 0.040 0.048 0.041 0.039 0.042
614199 0.036 0.043 0052 | 0032 0.017 0.034 0039 0.020 0.021
61899 0.017 0.021 0041 | 0038 0.033 0027 | o015 | oo 0.030
6720199 0.013 0038 | 0059 | 0017 NA NA NA NA NA
6/23/99 0.056 0.048 0024 | 0.040 0.067 0.048 0.020 0.007 0.029
6/21199 0.031 0024 | 0047 | 0047 | 0074 | 0078 | 0048 0.020 0.018
i 0.044 0.016 0042 | 0041 0.042 0.053 0.040 0.019 0.023
715199 0.047 0.027 0.043 0022 0.035 0.029 0017 0.021 0.035
B9 | 0.030 0016 | 0050 | 0035 | 0.031 0019 | 0017 : 0021 0.026
TS | 0023 | 0032 ! 0048 | 003 | 0048 | 0031 | 0024 | 0009 0.018
e go17 0029 | 0053 0050 | 002 | 0023 | 0029 ' 0033 ' o00s5
M 9036 0019 | 0046 | 0039 | 0032 ! 0025 | 0025 ' 002 | 0028
7229 | o014 | 0023 | 0046 | 0029 | 0047 ! 0043 | 0048 002 ; 0023
12699 5 o016 0024 | 0040 0.067 0028 | 0029 | 0025 @ 0009 . 0.025
B 9016 | 0.021 0049 | 0022 i 0007 | 0027 | 0033 ' o003 | 0028
85/ o017 | o018 | 0038 : 0039 | 0033 | 0064 0063 . 0043 0022
8719 - 004 | 0079 | 0048 | 0017 | 0032 | 0042 : 0057 - 0040 | 0038
81099 i 9019 | 0017 0.030 0027 | 0014 | 0024 i 0019 | 00l15 0026

Table A.5. Standard deviation of volumetric water content of soil samples collected at the
Norman Mesonet site.
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Date 0-5cm | 5-10 cm | 10-20 cm| 20-30 cm | 30-40 cm | 40-50 cm | 50-60 cm | 60-7¢ cm | 70-80 cm

/1199 000388 | 000301 | 0.00403 | 00019 | 0.00126 | 0.00090 | 0.00102 | 0.00038 | 0.00059
64199 000061 | 000067 | 000332 | 000145 | 000114 | 000108 | 0.00110 | 0.00032 | 0.00049
671199 000038 | 0.00049 | 0.00181 | 000074 | 0.00023 | 0.00020 | 0.00013 | 0.00026 | 0.00086

1199 | 000045 | 0.00040 | 0.00307 | 0.00058 | 0.00160 | 0.00227 | 0.00169 | 0.00154 | 0.00176
6/14/99 | 000127 | 0.00184 | 0.00272 | 0.00100 | 0.00030 | 0.00115 | 0.00150 | 0.00040 | 0.00044
61899 | 000029 | 0.00046 | 0.00170 | 0.00146 | 0.00109 | 0.00070 | 0.00023 | 0.00055 | 0.00089
62099 | 00018 | 0.00147 | 000345 | ooc028 | NA NA bk NA NA

6/23/99 | 00318 | 0.00229 | 0.00057 | 0.00160 | 0.00450 | 0.00234 | 0.00039 | 0.00005 | 0.00083
621199 | 600097 | 0.00059 | 0.00224 | 0.00224 | 0.00543 | 0.00615 | 0.00229 | 0.00039 | 0.00031
e 0.00194 | 000026 | 0.00177 | 0.00165 | 0.00181 ! 0.00279 | 0.00158 | 0.00036 | 0.00055
599 0.00217 | 0.00072 | 0.00189 | 000050 | 0.00123 | 0.00084 | 0.00029 | 0.00043 | 0.00125
17899 000089 | 000025 | 000247 | 000124 | 000097 | 0.00035 | 0.00030 | 0.00045 | 0.00066
7129 | 500053 | 000101 | 000234 | 000131 | 000234 | 0.00096 | 0.00057 | 0.00008 | 000031
71699 | 00030 | 0.00087 | 0.00277 | 000091 | 0.00067 | 000051 | 000082 | 000107 | 0.00201
719/99 | 000133 | 000038 | 000212 | 000155 | 0.00101 | 000060 | 0.00063 | 0.00050 | 0.00078
72299 | (00020 | 0.00052 . 0.00207 | 000083 | 0.00225 : 0.00185 | 0.00227 . 0.00047 | 0.00052
72699 | (00025 | 000056 | 0.00161 | 0.00445 | 0.00078 i 0.00083 | 0.00060 i 0.00008 | 0.00063

730199 | 000026 | _0.00046 | 0.00239 000048 | 000005 0.00073 | 000106 | 0.00090 | 0.00081

8/3/%9 000029 | 0.00031 | 000146 | 000155 | 0.00108  0.00407 i 0.00400 ~ 0.00I84 @ 0.00049_
8799 | 000220 | 000623 000233 . 000027 . 000100 000175 | 00032 . 0.00163 . 0.00142
8/1099 | 00036 | 0.00030 | 000089 | 000074 i 0.00021 . 000056 ! 0.00035 | 0.00022 | 000070

Table A.6. Sample variance of volumetric water content of soil samples collected at the
Norman Mesonet site.
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Date 05 cm | 510 cm | 10-20 cm | 20-30 cm | 30-40 cm | 40-50 cm | 50-60 m | 60-70 cm | 70-80 cm
&/1r99 22.0 24.8 283 1.7 9.8 8.2 8.5 5.7 6.7
6/4/99 15.0 15.0 243 107 92 8.9 8.6 53 63
61199 10.1 15.2 19.8 19 46 42 3.2 49 82
G199 16.7 15.6 28.8 72 12.2 13.9 115 119 123
6/14/99 18.7 2.2 2.1 92 49 97 10.7 63 6.2
/1899 133 15.6 19.1 13 10.0 79 43 72 8.8
6720199 9 220 265 8 NA NA NA NA NA
62399 11.2 122 5.9 8.6 148 12.0 5.1 L9 7.6
627190 95 79 12.9 1L1 19.6 21.0 129 5.8 5.1
79 10.7 46 10.7 9.1 102 14.5 12 | 57 6.8
71599 20.6 10.5 12.0 5.1 8.8 79 49 . 65 | 103
B9 L ps5 | 93 17.7 8.9 83 | 54 50 61 . 16
muy L gq 13.4 178 1 9.1 135 8.9 67 27T ' 52
M6 44 196 | 251 | 82 72 6.6 78 100 ' 133
MY L 334 15.5 271 | s 9.4 73 75 11 | 84
29 1 150 | 205 | 263 90 i a7 | 137 | 1as . 70 | 10 _
M6 . a07 | 233 | 253 | 250 i 93 ! 88 | 74 29 1 11
8099 a2 i 219 286 | 81 | 27 ' w04 | w4 104 i 81
8399 i 59 185 253 1 152 2.3 258 | 232 . 158 | 69
8199 . 250 | 574 308 | 60 | 110 5.0 | 194 . 141 : 119
BI0/99 | 545 21.0 268 | 146 | 71 | 19 | 87 69 | 105

Table A.7. Coefficient of variation of volumetric water content of soil samples collected at
the Norman Mesonet site.
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Appendix B

Net Radiation, Sensible Heat Flux, and Latent Heat Flux Estimated at
the Norman Mesonet Site Using the Eddy Correlation System
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Hourly-Averaged Estimates of Surface Energy Balance Components at the
Norman, OK Mesonet Site (26 June 1999)
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Hourly-Averaged Estimates of Surface Energy Balance Components at the
Norman, OK Mesonet Site (2 July 1999)
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Hourly-Averaged Estimates of Surface Energy Balance Components at the
Norman, OK Mesonet Site (3 July 1999)
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Hourly-Averaged Estimates of Surface Energy Balance Components at the
Norman, OK Mesonet Site (15 July 1999)
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Hourly-Averaged Estimates of Surface Energy Balance Components at the
Norman, OK Mesonet Site (23 July 1999)
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Hourly-Averaged Estimates of Surface Energy Balance Components at the

Norman, OK Mesonet Site (30 July 1999)
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Hourly-Averaged Estimates of Surface Energy Balance Components at the
Norman, OK Mesonet Site (7 August 1999)
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Figure B.1. Net radiation, sensible heat flux, and latent heat flux at the Norman Mesonet
site computed using the eddy correlation method for the following days in 1999: (a) 26
June, (b) 2 July, (c) 3 July, (d) 8 July, (e) 9 July, (f) 13 July, (g) 15 July, (h) 23 July, (i) 24
July, (§) 25 July, (k) 30 July, (1) 31 July, and (m) 7 August.
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Appendix C

Plots of Ground Heat Flux for the 13 Ideal Study Days
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Hourly-Averaged Ground Heat Flux Estimates at the
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Hourly-Averaged Ground Heat Flux Estimates at the
Norman, OK Mesonet Site (7 August 1999)
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Figure C.1. Ground heat flux at the Norman Mesonet site computed using soil water
content derived from data obtained via a 229-L sensor at 5 cm (original calibration). In
addition, heat flux was determined using the maximum, mean, and minimum values of soil
water content {0-5 cm) from field samples in 1999 on (a) 26 June, (b) 2 July, (c) 3 July, (d)
8 July, (e) 9 July, (f) 13 July, (g) 15 July, (h) 23 July, (i) 24 July, (§) 25 July, (k) 30 July, ()
31 July, and (m) 7 August.
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Hourly-Averaged Ground Heat Flux Estimates at the
Norman, OK Mesonet Site (7 August 1999)
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Figure C.2. Ground heat flux at the Norman Mesonet site computed using soil water
content derived from data obtained via a 229-L sensor at 5 cm (original calibration and
improved calibration). Plot are from (a) 26 June, (b) 2 July, (c) 3 July, (d) 8 July, (e) 9 July,
(f) 13 July, (g) 15 July, (h) 23 July, (i) 24 July, (j) 25 July, (k) 30 July, (1) 31 July, and (m)
7 August. .



Appendix D

Plots of Atmospheric Processes in the Planetary Boundary Layer
Simulated by the OSU Model for the 13 Ideal Study Days
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Simulations of Sensible Heat Flux

at the Norman Mesonet Site (26 June 1999)
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Figure D.la. Simulations of sensible heat flux at the Norman Mesonet site on 26 June
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (26 June 1999)
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Figure D.1b. Simulations of latent heat flux at the Norman Mesonet site on 26 June 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L. soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Simulations of Ground Heat Flux
at the Norman Mesonet Site (26 June 1999)
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Figure D.1c. Simulations of ground heat flux at the Norman Mesonet site on 26 June 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

Simulations of Planetary Boundary Layer Depth
at the Norman Mesonet Site (26 June 1999)
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Figure D.ld. Simulations of PBL depth at the Norman Mesonet site on 26 June 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.



Simulations of Sensible Heat Flux
at the Norman Mesonet Site (26 June 1999)
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Figure D.2a. Simulations of sensible heat flux at the Norman Mesonet site on 26 June
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L.
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (26 June 1999)
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Figure D.2b. Simulations of latent heat flux at the Norman Mesonet site on 26 June 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Simulations of Ground Heat Flux
at the Norman Mesonet Site (26 June 1999)
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Figure D.2c. Simulations of ground heat flux at the Norman Mesonet site on 26 June 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).

Simulations of Planetary Boundary Layer Depth
at the Norman Mesonet Site (26 June 1999)
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Figure D.2d. Simulations of PBL depth at the Norman Mesonet site on 26 June 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
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Simulations of Sensible Heat Flux

at the Norman Mesonet Site (2 July 1999)
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Figure D.3a. Simulations of sensible heat flux at the Norman Mesonet site on 2 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.3b. Simulations of latent heat flux at the Norman Mesonet site on 2 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

178 -



Simulations of Ground Heat Flux

at the Norman Mesonet Site (3 July 1999)
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Figure D.3c. Simulations of ground heat flux at the Norman Mesonet site on 2 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization {SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).
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Figure D.3d. Simulations of PBL depth at the Norman Mesonet site on 2 July 1999 using
the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field

samples were used as input.
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Simulations of Sensible Heat Flux
at the Norman Mesonet Site (2 July 1999)

LN SN (L R S L S B B (LN BN S SN S A BN

e SH (EC)

esee==ase SH (Uncalibrated 229-L; CL)

ass=@uees SH (Uncalibrated 229-L; SL)

e « = « » SH (Calibrated 229-L; CL)

=« « g« « SH (Calibrated 229-L: SL)
SH (Improved 229-L; CL)

——a—— SH (Improved 229-L: SL}

— — - SH (Onginal 229-L; CL)

— v - SH (Original 229-L; SL)

Radiation (W m' ?)

6
Time (UTC)

Figure D.4a. Simulations of sensible heat flux at the Norman Mesonet site on 2 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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at the Norman Mesonet Site (2 July 1999)
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Figure D.4b. Simulations of latent heat flux at the Norman Mesonet site on 2 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.4c. Simulations of ground heat flux at the Norman Mesonet site on 2 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL.).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.4d. Simulations of PBL depth at the Norman Mesonet site on 2 July 1999 using
the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL). Soil
water content was determined using various calibrations applied to the 229-L sensor.
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Figure D.5a. Simulations of sensible heat flux at the Norman Mesonet site on 3 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field

samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (3 July 1999)
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Figure D.5b. Simulations of latent heat flux at the Norman Mesonet site on 3 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field

samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.5c. Simulations of ground heat flux at the Norman Mesonet site on 3 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L. soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.5d. Simulations of PBL depth at the Norman Mesonet site on 3 July 1999 using
the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.
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Figure D.6a. Simulations of sensible heat flux at the Norman Mesonet site on 3 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (3 July 1999)
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Figure D.6b. Simulations of latent heat flux at the Norman Mesonet site on 3 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.6¢c. Simulations of ground heat flux at the Norman Mesonet site on 3 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.6d. Simulations of PBL depth at the Norman Mesonet site on 3 July 1999 using
the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL). Soil
water content was determined using various calibrations applied to the 229-L sensor.
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Figure D.7a. Simulations of sensible heat flux at the Norman Mesonet site on 8 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (8 July 1999)
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Figure D.7b. Simulations of latent heat flux at the Norman Mesonet site on 8 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field

samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.7c. Simulations of ground heat flux at the Norman Mesonet site on 8 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.7d. Simulations of PBL depth at the Norman Mesonet site on 8 July 1999 using
the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.
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Figure D.8a. Simulations of sensible heat flux at the Norman Mesonet site on 8 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (8 July 1999)
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Figure D.8b. Simulations of latent heat flux at the Norman Mesonet site on 8 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.8c. Simulations of ground heat flux at the Norman Mesonet site on 8 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.8d. Simulations of PBL depth at the Norman Mesonet site on 8 July 1999 using
the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL). Soil
water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.9a. Simulations of sensible heat flux at the Norman Mesonet site on 9 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.9b. Simulations of latent heat flux at the Norman Mesonet site on 9 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L. soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).
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Figure D.9c. Simulations of ground heat flux at the Norman Mesonet site on 9 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.9d. Simulations of PBL depth at the Norman Mesonet site on 9 July 1999 using
the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.10a. Simulations of sensible heat flux at the Norman Mesonet site on 9 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black

curve).
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Figure D.10b. Simulations of.latent heat flux at the Norman Mesonet site on 9 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.10c. Simulations of ground heat flux at the Norman Mesonet site on 9 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.10d. Simulations of PBL depth at the Norman Mesonet site on 9 July 1999 using
the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL). Soil
water content was determined using various calibrations applied to the 229-L sensor.
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at the Norman Mesonet Site (13 July 1999)
600

LI B R AL AR S R INL S AL AL R B S B S AL RN

500
400

300

llllllllllllllllllllllll

llll,llllIlllllllll"lllll‘ll

Radiation (W m %)

| ST IR N T DU S S W S N W

18 20
Time (UTC)

o SH (EC)
assssesse SH (Calibraled 229"-; CL)
wa==gemse SH (Calibrated 229-L; SL)
= « » » » SH (FSMax; CL)
== esSH (FSNia.‘; SL)

SH (FSMean; CL)
~———a—— SH (FSMean; SL)
— — - SH (FSMin; CL)
— % - SH (FSMin: SL)

Figure D.11a. Simulations of sensible heat flux at the Norman Mesonet site on 13 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (13 July 1999)
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Figure D.11b. Simulations of latent heat flux at the Norman Mesonet site on 13 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).
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Simulations of Ground Heat Flux
at the Norman Mesonet Site (13 July 1999)
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Figure D.11c. Simulations of ground heat flux at the Norman Mesonet site on 13 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

Simulations of Planetary Boundary Layer Depth
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Figure D.11d. Simulations of PBL depth at the Norman Mesonet site on 13 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field

samples were used as input.
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Simulations of Sensible Heat Flux
at the Norman Mesonet Site (13 July 1999)
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Figure D.12a. Simulations of sensible heat flux at the Norman Mesonet site on 13 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.12b. Simulations of latent heat flux at the Norman Mesonet site on 13 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Simulations of Ground Heat Flux
at the Norman Mesonet Site (13 July 1999)
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Figure D.12c. Simulations of ground heat flux at the Norman Mesonet site on 13 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.12d. Simulations of PBL depth at the Norman Mesonet site on 13 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
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Simulations of Sensible Heat Flux
at the Norman Mesonet Site (15 July 1999)
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Figure D.13a. Simulations of sensible heat flux at the Norman Mesonet site on 15 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (15 July 1999)
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Figure D.13b. Simulations of latent heat flux at the Norman Mesonet site on 15 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).
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Figure D.13c. Simulations of ground heat flux at the Norman Mesonet site on 15 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

Simulations of Planetary Boundary Layer Depth
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Figure D.13d. Simulations of PBL depth at the Norman Mesonet site on 15 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.

- 199 -



Simulations of Sensible Heat Flux
at the Norman Mesonet Site (15 July 1999)
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Figure D.14a. Simulations of sensible heat flux at the Norman Mesonet site on 15 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (15 July 1999)
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Figure D.14b. Simulations of latent heat flux at the Norman Mesonet site on 15 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Simulations of Ground Heat Flux
at the Norman Mesonet Site (15 July 1999)
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Figure D.14c. Simulations of ground heat flux at the Norman Mesonet site on 15 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.14d. Simulations of PBL depth at the Norman Mesonet site on 15 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.



Simulations of Sensible Heat Flux
at the Norman Mesonet Site (23 July 1999)
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Figure D.15a. Simulations of sensible heat flux at the Norman Mesonet site on 23 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (23 July 1999)
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Figure D.15b. Simulations of latent heat flux at the Norman Mesonet site on 23 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).
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Figure D.15c. Simulations of ground heat flux at the Norman Mesonet site on 23 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.15d. Simulations of PBL depth at the Norman Mesonet site on 23 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.
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Simulations of Sensible Heat Flux
at the Norman Mesonet Site (23 July 1999)
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Figure D.16a. Simulations of sensible heat flux at the Norman Mesonet site on 23 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L

sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (23 July 1999)
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Figure D.16b. Simulations of latent heat flux at the Norman Mesonet site on 23 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.16¢c. Simulations of ground heat flux at the Norman Mesonet site on 23 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.16d. Simulations of PBL depth at the Norman Mesonet site on 23 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
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Figure D.17a. Simulations of sensible heat flux at the Norman Mesonet site on 24 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L. soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (24 July 1999)
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Figure D.17b. Simulations of latent heat flux at the Norman Mesonet site on 24 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).
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Simulations of Ground Heat Flux
at the Norman Mesonet Site (24 July 1999)
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Figure D.17c. Simulations of ground heat flux at the Norman Mesonet site on 24 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.17d. Simulations of PBL depth at the Norman Mesonet site on 24 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.
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Figure D.18a. Simulations of sensible heat flux at the Norman Mesonet site on 24 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black

curve).
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Figure D.18b. Simulations of latent heat flux at the Norman Mesonet site on 24 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.18c. Simulations of ground heat flux at the Norman Mesonet site on 24 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.18d. Simulations of PBL depth at the Norman Mesonet site on 24 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
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Figure D.19a. Simulations of sensible heat flux at the Norman Mesonet site on 25 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.19b. Simulations of latent heat flux at the Norman Mesonet site on 25 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.19c. Simulations of ground heat flux at the Norman Mesonet site on 25 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.19d. Simulations of PBL depth at the Norman Mesonet site on 25 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.
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Figure D.20a. Simulations of sensible heat flux at the Norman Mesonet site on 25 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
scnso;‘. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.20b. Simulations of latent heat flux at the Norman Mesonet site on 25 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.20c. Simulations of ground heat flux at the Norman Mesonet site on 25 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).

Simulations of Planetary Boundary Layer Depth
at the Norman Mesonet Site (25 July 1999)
4000———

350
300

| LI I DL A L L

wesssessae HPBL (Uncalibrated 229-L; CL)

sese@e==e HPBL ¢Uncalibrated 229-L: SL.;

= « = » =« HPBL (Calibrated 229-L: CL)

= = 0= = HPBL (Calibrated 229-1_; SL}
HPBL (Improved 229-L; CL)

———a—— HPBL. (Improved 229-1.: Sl

= — - HPBL (Original 229-L; CL)

— ©— - HPBL (Original 229-L: SL)

Height (m)
[\%)
o
(=]

12 14 L6

Figure D.20d. Simulations of PBL depth at the Norman Mesonet site on 25 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
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Figure D.21a. Simulations of sensible heat flux at the Norman Mesonet site on 30 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).
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Figure D.21b. Simulations of latent heat flux at the Norman Mesonet site on 30 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are

plotted for reference (black curve).
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Figure D.21c. Simulations of ground heat flux at the Norman Mesonet site on 30 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.21d. Simulations of PBL depth at the Norman Mesonet site on 30 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.
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Figure D.22a. Simulations of sensible heat flux at the Norman Mesonet site on 30 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.22b. Simulations of latent heat flux at the Norman Mesonet site on 30 July 1999
using the clay loam soi! parameterization (CL) and the silt loam soil parameterization (SL.).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.22c. Simulations of ground heat flux at the Norman Mesonet site on 30 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L

sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.22d. Simulations of PBL depth at the Norman Mesonet site on 30 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
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Figure D.23a. Simulations of sensible heat flux at the Norman Mesonet site on 31 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.23b. Simulations of latent heat flux at the Norman Mesonet site on 31 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).



Simulations of Ground Heat Flux
at the Norman Mesonet Site (31 July 1999)

300 T T f T T T l T T T | T T T l T T T [ T ¥ LY
& 250
.E 200 onmsns GIH
=e=sessss GH (Calibrated 229-L; CL)
= 150 wavaguee= GH (Calibrated 229-L; SL)
= 100 cswaese GH(FSM&X;CL)
.g 50 = = g= = GH (FSMax; SL)
8 GH (FSMean; CL)
T O ~——=— GH (FSMean; SL)
-4 50 — — - GH (FSMin; CL)
— w— - GH (FSMin: SL)
_loq ] " s 1 ! 1 1 i l 1 1 L [ 1 1 1 L L I3 l L 1 |
2 14 16 18 20 22
Time (UTC)

Figure D.23c. Simulations of ground heat flux at the Norman Mesonet site on 31 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.23d. Simulations of PBL depth at the Norman Mesonet site on 31 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.
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Figure D.24a. Simulations of sensible heat flux at the Norman Mesonet site on 31 July
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black

curve).
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Figure D.24b. Simulations of latent heat flux at the Norman Mesonet site on 31 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).
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Figure D.24c. Simulations of ground heat flux at the Norman Mesonet site on 31 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.
Hourly-averaged observations from the Norman site are plotted for reference (black curve).

Simulations of the Planetary Boundary Layer
at the Norman Mesonet Site (31 July 1999)
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Figure D.24d. Simulations of PBL depth at the Norman Mesonet site on 31 July 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.



Simulations of Sensible Heat Flux
at the Norman Mesonet Site (7 August 1999)
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Figure D.25a. Simulations of sensible heat flux at the Norman Mesonet site on 7 August
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).

Simulations of Latent Heat Flux
at the Norman Mesonet Site (7 August 1999)
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Figure D.25b. Simulations of latent heat flux at the Norman Mesonet site on 7 August
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.25¢c. Simulations of ground heat flux at the Norman Mesonet site on 7 August
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Calibrated measurements of 229-L soil water content, and soil water determined from
field samples were used as input. Hourly-averaged observations from the Norman site are
plotted for reference (black curve).
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Figure D.25d. Simulations of PBL depth at the Norman Mesonet site on 7 August 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Calibrated measurements of 229-L soil water content, and soil water determined from field
samples were used as input.
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Figure D.26a. Simulations of sensible heat flux at the Norman Mesonet site on 7 August
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.26b. Simulations of latent heat flux at the Norman Mesonet site on 7 August
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.26c. Simulations of ground heat flux at the Norman Mesonet site on 7 August
1999 using the clay loam soil parameterization (CL) and the silt loam soil parameterization
(SL). Soil water content was determined using various calibrations applied to the 229-L.
sensor. Hourly-averaged observations from the Norman site are plotted for reference (black
curve).
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Figure D.26d. Simulations of PBL depth at the Norman Mesonet site on 7 August 1999
using the clay loam soil parameterization (CL) and the silt loam soil parameterization (SL).
Soil water content was determined using various calibrations applied to the 229-L sensor.



