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ABSTRACT

Regional spatial and temporal patterns of soil moisture were investigated using

Oklahoma Mesonet (OKMesonet) heat dissipation sensor observations and ETA modeled

volumetric soil moisture contents. The investigation focused only on the summer season

(June to August) of 1998 at 37 Oklahoma Mesonet stations, which were selected on the

basis of data quality. The 30-minute OKMesonet heat dissipation sensor temperature

change and its associated matric potential estimation were downloaded from CODIAC.

Modeled volumetric soil moisture contents (ETA) were extracted by selecting the node

closest to each OKMesonet site. OKMesonet volumetric soil moisture contents were

estimated from OKMesonet matric potentials, using a soil-water retention curve

estimated from the relationship between ETA volumetric soil moisture contents versus

OKMesonet matric potentials. This forces the observed data to fall within the range of

modeled data and to behave like an ideal soil, thereby removing any bias that might

actually exist between modeled and observed data while allowing soil water content to be

plotted as a function of time.

The temporal and spatial patterns of volumetric soil moisture contents and rainfall

during the summer were examined for the modeled and OKMesonet observational data.

Rainfall data from the ETA model were not available for this study. Volumetric soil

moisture content is higher in the eastern part of Oklahoma and steadily decreases to the

west. Six distinct events were always present in the modeled soil moisture content, while

the number of events is spatially variable in the observed 01CMesonet soil moisture

1 0
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content. The OKMesonet rainfall shows a very similar pattern to volumetric soil moisture

content, implying a close correlation between the two.

Summer average modeled volumetric soil moisture content is about 0.3 m 31m 3

higher than OKMesonet soil moisture content. However, the temporal patterns of

modeled and OKMesonet soil moisture content are often in good agreement. This

suggests that the ETA model does not overestimate soil moisture content, but rather that

the ETA generates unnaturally uniform soil moisture amounts throughout Oklahoma,

which result in anomalously high volumetric soil moisture contents in the ETA model.



CHAPTER I. INTRODUCTION

1. Motivation

Soil moisture content is one of the most important variables in atmospheric

models that calculate the vertical fluxes of moisture, energy transfer, and momentum.

Soil moisture affects not only the vertical fluxes of energy and moisture, but also the

horizontal fluxes of moisture, in other words, runoff. Soil moisture variations are often as

large as the other components of the hydrologic balance such as precipitation,

evaporation, and runoff. Regional-scale numerical experiments by McCumber and Pielke

(1981) show that the effect of soil moisture on the surface heat fluxes is more important

than that of surface albedo, soil texture, or soil type. The lack of long-term and

widespread measurements in soil moisture requires most atmospheric models to use

climatological estimates of soil moisture. In general, due to the lack of broad

observations, soil moisture content has been estimated based on static land-use

categories, as a function of relative humidity, biospheric forcing, and/or remotely sensed

satellite data. In particular, soil moisture estimates based on static land-use categories

have been developed (Benjamin and Carlson 1986; Sellers et al. 1986; Lanicci et al.

1987). Soil moisture has been derived from relative humidity by Modica et al. (1992). An

estimation based on the soil type and climatological moisture availability values has been

developed by Giorgi and Bates (1989). While this approach is better than starting with a

uniform model domain, it results in large errors during times of unusual rainfall or

12
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drought. Therefore, widespread observations of soil moisture content are yet unavailable

but are necessary to validate the estimation of soil moisture in many atmospheric models.

One of the most intensive efforts to compare models with field observations at a

regional-scale has been sponsored by the Global Energy and Water Cycle Experiment

(GEWEX) Continental-scale International Project (GCIP). The GCIP Enhanced

Observing Period (EOP) took place in the Mississippi River basin during 1995-2000. The

Mississippi River basin includes several watershed areas that are potentially useful for

hydrologic focussed studies. During this period, there were also a number of Enhanced

Seasonal Observing Periods (ESOPs) in various smaller scale areas.

The GClP scientific objectives are as follows. The first objective is to document the

time-space variability of the hydrological and energy budgets at a continental-scale. The

second is to develop and validate macro-scale land surface hydrologic models, related

high-resolution atmospheric models, and coupled hydrologic-atmospheric models. The

third is to develop and validate information retrieval schemes incorporating existing and

future satellite observations combined with enhanced ground-based observations. The

fourth is to provide a capability to translate the effects of a future climate change into

impacts on water resources on a regional basis.

As a step to achieve the GOP scientific objectives, soil moisture content has been

observed on the Oklahoma Mesonet (OKMesonet) throughout the state of Oklahoma in

collaboration with DOE's CART/ARM/SGP program. The GClP soil moisture intensive

observation period began January of 1998 and data will be collected until December of

2000. Before GC1P's Oklahoma project, soil moisture observations have not been
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widespread enough to investigate temporal and spatial patterns and to validate the high-

resolution atmospheric models.

2. Background

Variations in soil moisture content play an important part in calculating vertical and

horizontal energy fluxes. The potential uses of soil moisture data and its variability have

been investigated using gravimetric observations of soil moisture in the former Soviet

Union (FSU), where systematic observations started in the 1930's at a few hundred sites

and later expanded to include more than 3,000 meteorological stations. Multi-year

averages of soil moisture content were published for administrative districts by

Mescherskaya et al. (1982), Kelchelvskaya (1989), and Zhukov (1986). Vilinkov and

Yoserkepova (1991), Robock et al. (1995), and Vilinkov et al. (1996) also used Russian

gravimetric soil moisture data for various analysis such as comparison of empirical data

and model output, validation of the modeled soil moisture in biospheric and simple

bucket models, and investigation of the scale effect on the temporal and spatial variability

of mid-latitude soil moisture.

There had never been a coherent national observing program of soil moisture content

in the United States before OK.Mesonet observations of soil moisture potential began in

1998. However, over the past 10 years, there has been greater recognition of the

importance of soil moisture in hydrological circulation, and this has stimulated interest in

soil moisture observations in the United States. The OKMesonet data is particularly

useful because 30-minute soil moisture data for Oklahoma has been readily available
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from the CODIAC data management system (http://www.joss.ucar/edu/codiac/) since the

summer of 1998.

3. Scope of Study

The object of this study is to compare modeled and observed soil moisture content

and to analyze their spatial and temporal patterns. Broad-scale measurement of soil

moisture content has been carried out by the Oklahoma Mesonet since 1998. Soil

moisture and rainfall observations during the summer of 1998 are used for this analysis,

but modeled precipitation data were not available for this study.

Chapter II describes the characteristics of the study site, which include its geographic

setting, the locations of the Oklahoma Mesonet stations, and an overview of climate

patterns, land use, and soil and vegetation type distribution.

Chapter III contains the brief history of ETA model development, and descriptions of

model structure, the extraction of model output, and known limitations of the model. The

following chapter (IV) describes the field measurements and analytic procedures.

Information about Oklahoma Mesonet stations, the instrumentation used to measure soil

moisture content and rainfall, and the procedures for estimating volumetric soil moisture

content are described. Soil moisture estimation from soil matric potential requires several

assumptions, descriptions of which are included. Finally, a technique for estimating soil

moisture content is also evaluated.
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Chapter V gives temporal and spatial comparisons between modeled and observed

soil moisture content and analysis of their discrepancies with reference to other variables

such as topography, soil type, rainfall, and etc.

Finally, chapter VI summarizes and concludes the analysis and suggests future

research.



CHAPTER II. SITE DESCRIPTION

1. Area of Interest

The Oklahoma Mesonet represents one of the best regional land surface—

atmosphere monitoring networks in operation over the last several years. This chapter

provides a general overview of the boundaries of the study site, climate, and

geography. The study area ranges from 33.5 N to 37.0 N in latitude and from 103 W

to 94.5 W in longitude. Figure 2-1 shows the boundaries of the state of Oklahoma

and 114 observation stations in the Oklahoma Mesonet. The state of Oklahoma

consists of 77 counties, each of which has at least one observation station. Other

stations are more or less evenly distributed. The 37 stations selected for this study are

given in Figure 2-2 and Table2-1.
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Figure 2-1. Topography of study area (State of Oklahoma) and 114 automated

weather stations of Oklahoma Mesonet.
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Table 2-1. Coordinates of 37 OKMesonet stations selected for the study

STATION County Latitude Longitude

ACME (ACME) Grady 34.8056 -98.0056
ALTUS (ALTU) Jackson 34.5872 -99.3378

ANTLERS (ANTL) Pushmataha 34.2242 -95.7006
ARDMORE (ARDM) Carter 34.1922 -97.0850

BROKEN BOW (BBOW) McCurtain 34.0144 -94.6131
BEAVER (BEAV) Beaver 36.8022 -100.5303

BIXBY (BIXB) Tulsa 35.9625 -95.8661
BOWLEGS (BOWL) Seminole 35.1717 -96.6314

BURNEYVILLE (BURN) Love 33.8939 -97.2692
BUTLER (BUTL) Custer 35.5914 -99.2706
BYARS (BYAR) Garvin 34.8497 -97.0033

CENTRAHOMA (CENT) Coal 34.6086 -96.3331
CHANDLER (CHAN) Lincoln 35.6528 -96.8042
CHEYENNE (CHEY) Roger Mills 35.5458 -99.7275

DURANT (DURA) Bryan 33.9206 -96.3200
EL RENO (ELRE) Canadian 35.5481 -98.0358
FAIRVIEW (FAIR) Major 36.2636 -98.4978

FORT COBB (FTCB) Caddo 35.1492 -98.4667
HASKELL (HASK) Muskogee 35.7475 -95.6400
HINTON (HINT) Caddo 35.4844 -98.4822

HOBART (HOBA) Kiowa 34.9897 -99.0525
HOLLIS (HOLL) Harmon 34.6861 -99.8339

KETCHUM RANCH (KETC) Stephens 34.5289 -97.7647
KINGFISHER (KING) Kingsfisher 35.8806 -97.9111

LANE (LANE) Atoka 34.3086 -95.9975
MANGUM (MANG) Greer 34.8361 -99.4239
MARENA (MARE) Payne 36.0644 -97.2128

MARSHALL (MARS) Logan 36.1186 -97.6014
MIAMI (MIAM) Ottawa 36.8886 -94.8447

NORMAN (NORM) Cleveland 35.2556 -97.4836
NOWATA (NOWA) Nowata 36.7436 -95.6078
PAWNEE (PAWN) Pawnee 36.3611 -96.7697
PERKINS (PERK) Payne 35.9983 -97.0481
PRESTON (PRES) Okmulgee 35.7244 -95.9883
PUTNAM (PUTN) Dewey 35.8992 -98.9603
SEILING (SEIL) Woodward 36.1903 -99.0406

STILLWATER (STIL) Payne 36.1211 -97.0950

20
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2. Climate

The climaie in this area can be classified as semi-arid or humid subtropical. In the

winters (Figure 2-3), the temperature is lowest in the north and gradually decrease to

the south, ranging from —2 °C to 6 °C. The northern border area of the state has

average temperatures below freezing during winter season.

Figure 2-3. Average January temperature (°C) variation in Oklahoma (Unit in °C).

Oklahoma has hot summers with little variation (less than 4 °C) in temperatures

throughout the State (Figure 2-4). The northeastern corner and the northwestern area

have the coolest average summer temperatures of below 27 °C, while the southern

central part near Ardmore has the hottest average summer temperatures of above 29

°C. Summer average temperature gradually decreases to the north, but the central part

of the State is warmer than the western and eastern sides.

21
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Figure 2-4. Average July temperature variation in Oklahoma (Unit in °C).

Average yearly precipitation in Oklahoma is lowest in the western part of the State

and steadily increases to the east, ranging between 50 cm and 110 cm. The

southeastern part has a highest precipitation (Figure 2-5).

Figure 2-5. Average Yearly Precipitation in Oklahoma (unit in cm).
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3. Soil and Vegetation types

The soil textures in Oklahoma have been documented in the STASCO database. The

soil types were re-grouped into 8 types such as sand, loam sand, sandy loam, loam,

silt loam, clay loam, silty clay, and clay for this analysis. Based on this classification,

the Oklahoma soil texture map is illustrated in tones of gray (Figure 2-6), where

darker colors are used to indicate finer soils. The proportion of sand is higher in areas

such as A and B, while the proportion of clay is higher in areas such as C, D, and E.

As shown in Figure 2-6, soil textures in Oklahoma are quite variable. Errors

associated with spatial sampling of this variable are discussed later.

Figure 2-6. Oklahoma Soil Texture based on data from STATSGO.



Land use in Oklahoma was obtained from the CART-ARM web

(http://www.xdc.arm.govidata_viewers/sgp_surfchar/), which has 55 land cover

types. For this analysis, these land cover types were generalized into 8 types,

specifically cropland, rangeland, windbreaks, forested, bottomland, urban area, water

and the others (Figure 2-7). Areas such as "A", "C", and "E" are dominated by

cropland, but area "E" has much more forest cover than the areas "A" and "C". Areas

of "B" and "D" are covered by largely cropland, but "D" area has more forest cover.

"F" is the area which is covered by the most abundant forests in the Oklahoma. From

the land cover map, it is expected that the eastern part of Oklahoma is wetter than the

western area, as discussed in Chapter 5.

Figure 2-7. Landuse in Oklahoma. Data was obtained from Cart-Arm web

(utp://www.xdc.arm.govidata_viewers/sgp_surfchar/), which was classified into 8 classes.



CHAPTER III. ETA MODEL

1. Overview of forecast models

Weather forecast models are classified as global models, regional models, and local

or relocatable models. Global models forecast for the entire Earth. Examples include the

Medium Range Forecast Model (MRF), European Models, Global Ocean Model (coupled

with atmosphere model), the Canadian Global Spectral Model, and the Navy NOGAPS

Model. Regional forecast models focus on particular regions, such as the United States of

America. Examples include the Aviation Model (AVN), the ETA Model, Model Output

Statistics (MOS), Nested Grid Model (NGM), Rapid Update Cycle (RUC), Regional

Finite Element Model and etc. Local or Relocatable models do not focus on any

permanent geographical area, which include Hurricane models.

The ETA model is a more recent hydrostatic model, which is very similar to the

NGM model and forecasts the same atmospheric variables. Two versions of the ETA are

currently in use: one with a resolution of 48 km, and the other with a resolution of 29 km.

The grid used in the ETA models is smaller than that used in the NGM (about 80 km),

which makes it preferable for use in the inter-comparison between modeled and

observational soil moisture content in Oklahoma. The ETA model is named after the

ETA coordinate system (Mesinger, 1984), which is a mathematical coordinate system

that takes into account topographical features such as mountains and river basins.
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Arguably, this feature enables the ETA model to forecast a more accurate picture of near

surface weather.

2. Model History

The National Centers for Environmental Prediction (NCEP) developed a step-

mountain ETA coordinate model, generally known as the ETA model in the 1990's.

Several versions of the ETA models were implemented to diagnose small-scale

processes, which could not be resolved by the synoptic numerical models such as the

Nested Grid Model (NGM) and the Aviation Model (AVN). The first ETA model, which

has a resolution of 80 km and 38 vertical levels, replaced the Limited-Area Forecast

Mesh Model (LFM) in June 1993 as the new "NMC early run" model (Black et al. 1993,

Rogers et al. 1995). This system includes an ETA regional Optimum Interpolation (01)

(DiMego, 1988) analysis using a first guess from the NCEP Global Data Assimilation

System (GDAS). The ETA model was also operated with a resolution of 29 km and 50

vertical levels in 1994 (Black, 1994), and twice-daily forecasts were begun in March of

1995. The ETA model was implemented with 48 km resolution and 38 layers and the

ETA Data Assimilation System (EDAS) began to operate in October of 1995 (Rogers et

al., 1996). The EDAS is used to produce an analysis and first guess which is more

consistent with the forecast model than that obtained from the GDAS. Volumetric water

content used in this study was extracted from the output from the ETA version with 48

km resolution and 38 layers.



3. Model Description

The ETA model uses the ETA coordinate system developed by Mesinger (1984) to

remove the large errors which are known to occur when computing the horizontal

pressure gradient force, as well as the advection and horizontal diffusion along a steeply

sloped coordinate surface. This coordinate system makes the ETA surface quasi-

horizontal everywhere as opposed to using sigma surfaces, which can be steeply sloped.

This coordinate system ought, therefore, to show marked improvement in areas with

marked topography. The assimilation procedure for the ETA model begins 3 hours prior

to the start of the forecast model run. At (t-3) hours, or at 0000 UTC and 1200 UTC, a

first guess is provided by the Global Data Assimilation System (GDAS) using all

available data and this is applied within the ETA coordinate system. The original analysis

is converted from spectral space (the Aviation (AVN) model grid) to the ETA model

native grid and interpolated vertically to the ETA coordinate surfaces. The adjusted "first

guess" is then interpolated to each observation location and the observed increments

(observed - first guess) are computed. A multi-variate Optimum Interpolation (GI)

analysis of the observed increments is then performed on the ETA model grid, which is

used to modify and update the "first guess". The only model variables updated during GI

analysis are temperature (T), the (u and v) components of the wind field, the specific

humidity (q), and the pressure at the model terrain level (p*). The model then integrates 3

hours to yield the first guess to the new "initial" analyses at 0300 UTC and 1500 UTC.

27
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This allows the ETA model to adjust gradually to the analyzed data during the 3-hour

forecast period so that typical "spinup" problems are significantly reduced.

The primary prognostic variables in the ETA model are temperature, specific

humidity, horizontal wind component, surface pressure, and turbulent kinetic energy. A

split-explicit integration approach is used to produce forecasts based on these quantities.

After each process is computed, each of the primary variables is updated and the

integration continues to the next time step, when both the primary variables and any

advective processes are updated. The fundamental time step in the ETA model is about

72 seconds.

The soil model computes a grid-scale precipitation by using an explicit cloud water

parameterization scheme (Zhao et al., 1991). This explicit cloud water parameterization

takes into account the physical processes of evaporation, condensation, melting, freezing,

sublimation, and deposition in the atmosphere.

The model consists of two predictive soil layers. The upper layer is 10 cm thick and

the lower layer is 190 cm thick. The initial soil temperature and moisture are obtained

from the 6—hour forecast from the Global Data Assimilation System. Soil type, vegetation

type, and climatological green vegetation fraction are specified as functions of

geographic location, and the latter also as a function of time. More realistic estimates of

these quantities might produce improved estimates of ground permeability, transpiration

effects, and albedo. Soil and vegetation fields are derived from 1 X 1 degree initialization

data, which are then extrapolated to the model grid points.



29

The vertical turbulence exchange in the Meso ETA uses a modified Mellor-Yamada

Level 2.5 scheme (Black, 1994). In this approach, turbulent kinetic energy (TICE) is a

fully prognostic variable, which is recalculated every eight advective time steps. The

predicted TKE is then used to compute the exchange coefficients for the transfer of heat,

moisture, and momentum between adjacent model layers. The exchange coefficients are

used to modify the prognostic variables in the grid box through which the transfer is

occurring. Surface fluxes of moisture and heat between the model surface and first model

layer are computed using Monin-Obukov functions (Black, 1994).

4. Limitation of ETA

Due to resolution differences between the model and reality, there are still locations

that will likely not see the full potential of the above-described assimilation process.

Many places in the western USA fall into this category. Sharp gradients in topography,

such as the narrow valleys and mountain ranges in the western USA, are not represented

in the ETA model topography. Additionally, many second and third order surface

observation points (86% of surface observation) in the western region do not report

station pressure at the station elevation and did not make it into the initialization of the

ETA model (Staudenmaier, 1996).

The assimilation process uses only T, u, v, q, and p*. These variables are calculated at

the mid-point of the modeled layers, not at the layer interfaces (i.e., at the bottom or top

of the layer). In reality, there is no model surface layer in ETA model. These variables
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are derived from the values at the mid-point of the first layer above the model terrain. In

order to generate the corrections needed to derive the first guess when the observation is

below the lowest data level in the model, values are extrapolated first into the subsurface

through the model surface and then upward into the model's atmospheric portion of the

profile. Since this process is risky, extrapolation is limited to no more than 25 mb.

The soil model in the ETA is not initialized with real-time moisture or temperature

values, but rather with climatological values. This poor initialization of soil moisture and

temperature can cause problems in the modeled precipitation because soil moisture and

temperature gradients can occasionally act as a focusing mechanism for the initiation and

propagation of convection. Further, evaporation of soil moisture into the free atmosphere

can enhance low-level moisture in the atmosphere, resulting in heavier rainfall potential

and possible convection. Vegetation types and soil types in the model are based on a 1

degree by 1 degree fixed climatological value. However, green vegetative fraction is

based on 0.15 degree by 0.15 degree monthly fields based on a 5 year average. These

monthly fields of green vegetative fraction are interpolated to actual days of the year, and

thus the values can change slightly from day to day.
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5. Data Description

Only analysis fields from the four-dimensional ETA Data Assimilation System

(EDAS) were available from the GCIP database and thus no forecast data were included.

The grid on which observations have been assimilated is the AWIPS Grid 212, which

covers the entire Northern Hemisphere. The specific description of this grid is given in

Table 3-1, Table 3-2 and Figure 3-1.

Table 3-1. ETA Coordinate System

Full Array Size 185 x 129 x 39	 (x,y,z)

Nominal Grid Spacing 48 km

Map Projection Lambert Conformal

Vertical Grid Levels Isobaric

Figure 3-1. Illustration of ETA grid coverage.



Table 3-2. Domain Corner Coordinates of AVVIPS 212 Grid

I, J Latitude Longitude

1,1 12.190N 133.459W

1, 129 54.536 N 152.856 W

185, 129 57.290 N 49.385 W

185, 1 14.335 N 65.091 W

Analysis data files comprise a 3-dimensional atmospheric variable array and a 2-

dimensional surface/near-surface/subsurface variable array. Volumetric soil moisture

content data are available in the 2-D surface/subsurface/near-surface data file, which has

the naming convention AWIPSFOO.tmXX. AWIP stands for "Advanced Weather

Interactive Processing", SF for "Surface Field", and XX denotes the number of hours

prior to the GMT time of the directory. For example, the AWI1PSFOO.tm03 file is for the

surface/near-surface analysis at 09z. The data is stored in a packed binary GRIB format.

Volumetric soil moisture content for the state of Oklahoma was extracted by setting

new output coordinates for the grid boundary in a FORTRAN program ("sgiGRIB.r),

obtained from NCAR. When the output range of I is set from 45 to 56 and J is set from

88 to 105, the resulting sub-grid covers the whole area of Oklahoma. This grid is shown

in Figure 3-1 and the extended data are stored in a matrix of volumetric soil moisture

content data at a given time.

Output values of volumetric soil moisture content from the ETA model run are in the

form of a 12 X 18 matrix, with the output range limited to the state of Oklahoma for this
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study. Only 3-months (June to August) of 1998 data in 3-hours interval was extracted for

comparison with observed soil moisture content. After calculating the time in GMT for

each data file, it was sorted into a time series. Missing data were linearly interpolated.

Rainfall data from ETA model is included in the forecast data set, but only analysis data

were used in this study. For the purpose of comparison with observational data, the value

at the node closest to the measurement station was read and stored as a time series.

Because the Mesonet stations were chosen to be representative of the surrounding

landscape, it is arguably more reasonable to compare surface data to values at the closest

node rather than to the average value of the surrounding nodes.



CHAPTER IV. FIELD MEASUREMENTS

1. Source of observational data

The Oklahoma Mesonet was selected for this study because of its broad spatial

coverage, ready data availability, and the high quality of soil moisture observations. The

Oklahoma Mesonet is a permanent mesoscale-observing network, comprising 114

stations with at least one in each of Oklahoma's 77 counties. The average station spacing

is 32 km. All stations within the Oklahoma Mesonet (OKMesonet) were included in the

GOP/EOP area of interest. Each station measures air temperature, humidity, barometric

pressure, wind speed and direction, rainfall, solar radiation, and soil temperature. A

system of soil moisture sensors was also installed at 60 Mesonet sites, beginning in 1998.

They were designed to provide information about soil-water status at 0-10, 10-30, 30-50,

50-70, and 70-90 cm below the surface. Soil moisture is derived from heating rates,

measured with Campbell 229L sensors. This study focuses on the topmost (0-10 cm) soil

moisture observation during the summer (JJA) of 1998. GOP maintains a public web site

for its project, called CODIAC, where soil moisture content observations can be

downloaded with a password. The 1998 CODIAC data is in soil moisture potential, but

data of 1999 is not quality controlled and thus is still in its original format. Three months

(June to August) of observations were processed in this study, and only the topsoil (0-10

cm) measurements were analyzed because of their similarity with the modeled data

available.
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2. Stations

All 114 Oklahoma Mesonet stations were installed in rural areas to avoid the

influence of anthropogenic factors present at urban and suburban sites (Figure 2-1). Soil

types at the stations were well known, because the United States Department of

Agriculture Soil Conservation Service has conducted extensive surveys of soil types in

the state. Soil types for the stations can be obtained from the Oklahoma Mesonet web site

(http://okmesonet.ocs.ou.edu/).  Most of the soil types at the stations are loam or clay

loam, i.e., mixtures of mostly sand, silt, and clay. Less than 3 percent gravel is present at

a few stations. The topsoil compositions (5 cm below the soil surface) at 37 weather

stations are shown in Table 4-1 and Figure 4-1. At most sites, the soil has more silt and

sand than clay.

Stations were also installed as far away as possible from irrigated areas, lakes, and

forests. Site slope is as flat as possible, preferably, less than 5 degrees. The vegetation at

sites is mostly uniform and low, and representative of the surrounding region. Bare soil is

not acceptable, except where that is the characteristic of the surroundings. Obstructions

were minimized, so as not to impede the flow of wind at the site. In particular, the

distance between obstructions to the wind and the top of the tower should be at least 20

times the height of the obstruction. Sites were also selected to be accessible by vehicles

for maintenance.

A total of 114 stations have been installed and only 60 stations out of 114 stations

have 229L heat dissipation sensors. Considering the data quality, 37 stations out of 60

were selected for this study. The main factor in selection was the continuity of summer
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observations. Stations containing large data gaps or obvious calibration problems were

excluded. The list of selected stations and their geographic information are shown in

Table 4-1.
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Table 4- 1. Topsoil compositions of 37 Mesonet stations at 5 cm below the soil surface

Station ID Texture class `)/0 sand °/0 silt % clay % gravel
ALTU clay loam 22.65 40.21 37.14 0.86
ANTL loamy sand 86.27 11.32 2.41 0.00
ARDM Loam 36.77 39.03 24.19 0.00

ARNE sandy loam 52.43 34.80 12.78 0.06

BBOW Loam 41.66 46.46 11.89 2.06

BEAV Loam 45.75 37.58 16.67 1.25
BIXB sandy loam 66.84 29.56 3.50 0.00

BOWL sandy loam 58.73 30.17 11.10 0.00
BURN loamy sand 79.33 16.76 3.90 0.00
BUTL silt loam 20.31 54.55 25.14 0.03
BYAR loamy sand 82.79 13.65 3.56 0.00
CENT sandy loam 59.09 31.64 9.27 0.11
CHAN sandy clay loam 64.78 12.30 22.93 0.00

CH EY sandy loam 53.16 29.66 17.18 0.00

DURA sandy loam 55.04 29.94 15.02 0.55

ELRE silt loam 25.35 59.65 15.00 0.00

FAIR silt loam 30.08 54.03 15.88 0.00

FTCB loamy sand 80.02 9.47 10.51 0.05

HASK silt loam 18.11 67.12 14.77 0.00

HINT sandy loam 75.99 17.73 6.27 0.00

HOBA silty clay loam 18.34 54.46 27.20 0.00

HOLL silty clay 18.91 40.95 40.15 1.26

KETC Loam 46.08 37.51 16.41 1.31

KING Loam 45.46 45.17 9.37 0.26

LANE Sandy loam 58.26 37.92 3.82 0.13

MANG Sand 96.94 1.57 1.80 0.00

MARE Sandy clay loam 53.86 25.68 20.46 0.00

MARS silt loam 23.91 54.71 21.38 0.00

MIAM silt loam 27.48 63.57 8.95 0.20

NORM silt loam 19.06 56.62 24.32 0.00

NOWA silt loam 27.32 59.35 13.33 0.99

PAWN Silty clay loam 16.77 49.41 33.82 0.01

PERK loam 55.24 32.58 12.18 0.00

PUTN loam 38.59 44.99 16.43 0.52

SEIL loam 43.51 37.01 19.49 0.00

STIL Silty clay loam 19.38 48.20 32.42 0.00

ACME Sandy loam 73.43 17.69 8.88 0.00

PRES Sandy loam 66.02 26.99 6.98 2.17
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Figure 4-1. Soil texture triangle and topsoil composition of 37 Oklahoma Mesonet

stations



3. Instrumentation

3-1. Soil Matric Potential Sensor

Model 229L Matric Potential Sensors, manufactured by Campbell Scientific, Inc.,

Logan, Utah, were installed at 60 stations. The CSI 229L is designed to operate on the

heat dissipation principle, and provide estimates of matric potential (data recorded as

soil temperature change) when the sensor and soil reach pressure equilibrium. The

sensor consists of a ceramic matrix, into which a hypodermic needle has been inserted

(Figure 4-2). Inside the hypodermic needle are a thermocouple junction and a

resistance heater. A rigid plastic body encases the body of the hypodermic needle and

firmly attaches the matrix, the thermocouple (copper constantan), and the heater

wiring. A heat pulse is generated by supplying an electrical current for a short time to

the resistance heater inside the sensor. Heat is dissipated by water in the pore space of

the soil. The temperature rise resulting from the heat pulse, and its subsequent

dissipation and cooling is measured by the thermocouple junction inside the sensor. If

pore spaces contain much water, a large amount of heat can be dissipated and the

temperature rise will be small. If the pore spaces contain mostly air, the air acts as an

insulator, little heat is dissipated, and a large temperature rise results. The probe itself

mostly affects the temperature rise during the first second of heating. The temperature

rise after the first second of heating is correlated to the water potential.
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Figure 4-2. Campbell 229L Heat Dissipation Sensor

(http://www.arm.gov/docs/instruments/static/swats.html)

3-2. Unheated tipping-bucket rain gauge

The Oklahoma Mesonet measures rainfall rather than precipitation. This

distinction is made in recognition that the sensor chosen, an unheated tipping bucket

gauge, is not suitable for snow or freezing precipitation measurement. The total

amount of rainfall since 0000 GMT [6 PM CST or 7 PM CDT] is measured just

above the ground in discrete tips of the bucket (approximately 0.01 inch per tip, or
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0.254 mm). The Oklahoma Mesonet uses an unheated tipping-bucket rain gauge with

a 30 cm diameter, opening 0.6 m above the ground. The gauge works by funneling

rainfall into one of two small buckets mounted on either side of a balance pivot. As

each bucket fills, it tips and brings the other bucket beneath the funneled rain and the

tip is counted (one tip is 0.254 mm or 0.01" of rain). However, each Mesonet

observation contains a running accumulation of rainfall since either 6 PM CST or 7

PM CDT. Each evening the accumulated rainfall is reset to zero.

If the rainfall is very light, the bucket may only tip once every half an hour or so.

Thus, even if the rain is continuous, rainfall might be recorded during every other 15-

minute interval. If the rainfall is very heavy, there is a strong likelihood that rain has

splashed out of the bucket. Thus, measurements during heavy rainfall periods

generally underestimate the total amount of rainfall.

Unheated gauges were chosen because of constraints on cost and power; the

drawback is that unheated gauges underestimate snow or freezing rain totals. In

addition, wet snow can clog the bucket while dry snow often blows away. Therefore,

the gauge observations during frozen precipitation events cannot be relied upon.

Moreover, once air temperatures rise above freezing, the water equivalent of the

melting precipitation is finally measured. The result is a delayed measurement of

winter precipitation.



4. Soil Temperature Change

In this analysis, soil temperature is the temperature of the sensor/soil-water system

and is reported in degrees Celsius. Each sensor reads and reports soil temperature and

sensor temperature rise in 30-minute intervals. Water moves due to a pressure or potential

gradient, both above and within the soil. When a sensor and soil are in equilibrium, water

does not move, and the potential of the sensor is the same as that of the soil. Since the

sensor ceramic matrix and the soil matrix are composed of different media, their

respective water retention characteristics may be different, resulting in the water content

of the sensor being different from that of the soil. Consequently, the sensor must be

calibrated to yield a soil-water potential estimate in response to a temperature rise in the

sensor. Figure 4-3 shows the calibration of sensor temperature change relative to

reference sensor response. The resulting calibration equation can be used to give soil-

water potential as a function of sensor temperature rise (Figure 4-4). The response to

water content for each sensor is adjusted to indicate the response of a standard or

reference sensor. The similarity in the shape of the response curves suggested that the

individual sensors responded to water potential in a similar manner but that variations in

sensor construction resulting from the manufacturing process caused the readings to

differ slightly.

The average wet and dry responses for the sensors were normalized to be those of a

standard or reference sensor. This hypothetical reference sensor was assumed to be the

ideal sensor that would result if no sensor-to-sensor variability existed due to the
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manufacturing process. Linear regression was used to determine a slope and offset for

each sensor to adjust the response of that sensor to the hypothetical response of the

reference sensor by Equation 4-1. Soil temperature change was measured and calibrated

by OKMesonet researchers. However, the values of slope and intercept were not reported

in the CODIAC database and their values are inferred.

Figure 4-3 illustrates the calibration of the sensor temperature response. The sensor

calibration results in the change in soil matric potential as illustrated in Figure 4-4. In the

case that "m" is 1, "b" is -0.4, and dTsensor is 3.5 °C, the temperature change in

reference sensor is calculated as 3.1 °C. Soil matric potential is then -293 Kpa obtained

from reference sensor response curve.

dTref = IT1 * dTsensor ± b	 41

where

dTref	 = reference sensor response

dTsensor	 = individual sensor response

m	 = slope

b	 = intercept



                        

•	                               

-600

-500

t-• -400
a)
o

D. -300
c.)

4,-u• -200
2

-100

0

Reference Sensor

	 m-1; b=-0.4

	 m-1; b=0.4

—m=0.8; b=0.6

— - - —m=1.2; b=-0.6

Reference Sensor

	 m=1; b=-0.4

	 m_1, b_0.4

—m=0.8; b=0.6

— - - —m=1.2; b=-0.6

44

4.5

4

3.5

3

12.7) 2.5
I—• 2

1.5

1

0.5

0 

0	 1	 2	 3	 4	 5

dTsensor

Figure 4-3. A schematic graph showing dTsensor calibrations.

0
	

1
	

2	 3
	

4
de IT

Figure 4-4. A schematic graph, showing the effect of sensor calibration.



5. Estimate of soil matric potential

Soil-water potential is a measure of the energy state of water in the soil. Water

molecules adsorb to the soil-particle surface and are bound to the soil particles by

molecular forces. Potential is a measure of the amount of work required to remove the

water molecules adsorbed to the soil particles and/or produce heat. Water potential is

important to any process where soil water moves, such as infiltration and redistribution

within the soil, or the removal of water from the soil, such as evaporation or plant

uptake. In this study, soil-water potential is reported in kilopascals, kPa.

The soil temperature changes measured from the 229L sensors were calibrated using

the regression method against thermocouple psychrometers, which were co-located with

the 229L sensor in a container with soil. The soil was dried out slowly to measure the

soil potential change at both sensors. A relationship between sensor response and

potential was deteimined as follows by OKMesonet researchers.

1
100  ( (dTw — dTd)

Y=   0.9
C 	(dTref — dTd)

4-2

Where

dTref	 = "reference" sensor response ( °C )

dTd	 = dry sensor response ( °C )

dTw	 = wet sensor response ( °C )

C, p	 = empirical constant

Y	 = matric potential (IcPa)
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Parameter values determined from the empirical calibration data were reported as

follows:

dTd = 4.00 (°C)

dTw = 1.45 (°C)

c = -1.00 (kPa-1 )

P = -0.77

6. Estimate of Volumetric Soil Moisture Content

The goal is to convert GOP estimated matric potential to volumetric soil water

content to facilitate a comparison with modeled ETA soil water content. Estimated matric

potential was obtained from CODIAC. Volumetric soil moisture content was estimated

for this study. Volumetric soil moisture content is the volume of water per unit volume of

soil and is expressed in units of m3/m3 . Volumetric soil moisture content is normally

estimated from the soil matric potential by a soil water retention curve such as Equation

4-3 (Van Genuchten, 1980).

q s — q r g = g r +	 1

(1 + aY n)
 n

4-3

where q =	 volumetric moisture content

qr =
	 residual water content

qs =
	 saturated water content

a, n =	 empirical constants
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Although GCIP investigators measured residual and saturated moisture contents from

the sample, they have not been released because of unknown modeling assumptions.

Moreover, soil-water matric potential is not available from the ETA model. For this

reason, point GClP matric potential and grid average ETA volumetric soil moisture

content were compared in an attempt to define the unknown constants in Equation 4-3.

This assumes that the ETA and GCIP data reflect the same event. Figure 4-5 illustrates

this estimation process. First, a scatter plot is made from pairs of observed matric

potential and modeled soil water content (open symbols), shown in Figure 4-5 (b). Then,

the theoretical relationship between observed matric potential and volumetric moisture

content (Equation 4-3) is plotted (closed circle). The constants "a" and "n" are adjusted

until the theoretical curve approximates the useful part of scatter plot (open circles). From

this iterative process, the soil water retention curve whose shape is well known can be

estimated. The soil water retention curve becomes smoother, as "n" decreases. As the

value of "a" decreases, retention curve shifts upward but the shape of the retention curve

does not change. These relationships are shown in Figures 4-6 and 4-7. Residual water

content can be estimated from the minimum value of the ETA volumetric soil moisture

content, and the saturated water content from just above the maximum value of the ETA

volumetric soil moisture content.

Although the scattergram of soil moisture content versus matric potential shows a

scattered pattern rather than a clear soil water retention curve, typical soil water retention

curve can be identified from some of the plotting points. Empirical constants, "n" and

"a", can be estimated by assuming that the volumetric soil moisture content of the
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summer season from the ETA output shows residual water content at the lowest model

value and the relationship between ETA volumetric water content and GCIP matric

potential reflects the soil water retention curve. Empirical constants were also obtained to

maximize the correlation between modeled and observational volumetric water content.

The open symbols of Figure 4-5 (a) are classified into three groups of plotting points.

Modeled volumetric water contents (line) are casually related only in Group B, while

underestimated in Group A and overestimated in Group C. Group C shows similar trend,

but it is due to a locally heavy rain which is not re-produced in the ETA model.

The constants such as residual water content (q,), saturated water content (qs), a, and n

are estimated for each station and listed in Table 4-2. Residual water content ranges

between 0.10 and 0.12, while the saturated water content ranges between 0.35-0.40.
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Figure 4-5. Illustration of process to estimate soil moisture content from estimated

soil matric potential. Soil matric potentials of ALTU during August are used for the

illustration of process.

(a) Time-series plot of modeled (open symbols) and observed volumetric soil

moisture content (line)

(b) Scattergram of volumetric water content of ETA (open symbols) vs. the estimated

matric potential of Oklahoma Mesonet (solid circle). The estimation of observed

volumetric water content (empty circle) is based on the soil water retention curve.

Residual and saturated water content are estimated as 0.12 and 0.4, respectively.

Empirical constants, "a" and "n" of —0.015 and 3, respectively, were derived by

fitting Group B data using Equation 4-3.

(c) Scattergram of modeled and observed volumetric soil moisture content. Trendline

and R2 were calculated based on Group B.
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respectively. Empirical constant, a, is set as - 0.1.

Figure 4-7. Variation on the Soil Water retention curve from the range empirical

constant (a). Residual and saturated water contents are 0.10 and 0.5,

respectively. Empirical constant, n, is set as 1.77.
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Table 4-2. Empirical constants (n and a) and residual and saturated water content (qr

and qs)

Station ID n a ar as
ALTU 1.60 -0.25 0.11 0.36
ANTL 1.50 -0.20 0.12 0.36
ARDM 2.30 -0.01 0.10 0.36
ARNE 1.67 -0.25 0.12 0.36
BBOW 1.45 -0.23 0.14 0.44

BEAV 1.55 -0.45 0.10 0.40
BIXB 1.80 -0.35 0.12 0.36

BOWL 1.55 -0.25 0.12 0.36
BURN 1.67 -0.33 0.10 0.33
BUTL 1.63 -0.25 0.11 0.38
BYAR 1.50 -0.32 0.11 0.36
CENT 1.50 -0.29 0.11 0.38
CHAN 1.70 -0.80 0.12 0.39
CHEY 1.67 -0.25 0.11 0.36
DURA 1.60 -0.21 0.12 0.36

ELRE 1.67 -0.25 0.11 0.36
FAIR 1.60 -0.25 0.02 0.25
FTCB 1.50 -0.30 0.10 0.36
HASK 1.90 -0.30 0.12 0.40
HINT 1.90 -0.25 0.11 0.36

HOBA 1.43 -0.25 0.10 0.40
HOLL 1.67 -0.25 0.12 0.36
KETC 1.50 -0.25 0.10 0.36
KING 1.67 -0.10 0.07 0.36

LANE 1.40 -0.25 0.10 0.36

MANG 1.67 -0.25 0.11 0.36

MARE 1.65 -0.45 0.12 0.36

MARS 1.50 -1.20 0.12 0.36

MIAM 1.60 -0.20 0.15 0.45

NORM 1.67 -0.05 0.10 0.36

NOWA 1.50 -0.25 0.12 0.40

PAWN 1.50 -0.25 0.11 0.36

PERK 1.57 -0.30 0.11 0.36

PUTN 1.67 -0.35 0.04 0.30

SEIL 1.73 -0.33 0.04 0.30

STIL 1.60 -0.50 0.12 0.38

ACME 1.45 -0.25 0.11 0.36

PRES 1.67 -0.25 0.12 0.36



CHAPTER V. INTERCOMPARISON BETWEEN THE MODELED AND

OKMESONET VOLUMETRIC SOIL MOISTURE CONTENTS

1. Overview

The primary goal of this study is to compare modeled and observed soil moisture

contents over the state of Oklahoma to see if the ETA model generates a reasonable value

of volumetric soil moisture content. For the comparison of soil moisture content, three

months (June to August) of the 1998 summer season were selected and processed, since

most of the rainfall occurs in this period. Observed soil temperature change is reported in

30-minute intervals and precipitation at 15-minute intervals, while ETA output is

available at 3-hour intervals. The observed soil temperature changes and were adjusted to

3-hour values.

The data format of the ETA model output and GCIP observations are different. The

ETA model has gridded values (node by node) while GCIP has point measurement

(station by station).

ETA model output of soil moisture content was compared with observed soil

moisture content in temporal patterns, spatial patterns, and at different spatial scales, as

described in subsection 2, 3 and 4, respectively. Observed volumetric soil moisture

content was estimated from the soil matric potential, which is also estimated from the

sensor temperature change. To address the effect of scale when comparing point

measurements with gridded model output, the spatial average of observed and modeled
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soil moisture content were calculated at 5 different area scales. The spatial average

rainfall over the whole domain was also calculated for the comparison. The effect of

spatial scales is described in subsection 4.

2. Temporal pattern

The temporal pattern of soil moisture content is summarized in the Appendix as time-

series plots of the average value of soil moisture contents for the 37 stations used in this

study. Six well-defined events were identified in the modeled (ETA) soil moisture

content time-series. The view of the 6 events in the ETA model output is shown in Figure

5-1. In the GCIP observed data, the 6 th peak event occurs only at 4 stations (Table 5-1).

For the 37 stations, time-series of modeled and observed volumetric soil moisture content

were compared, and the number of matching peak events were counted (Table 5-1) and

plotted as contours to examine if there is any spatial pattern (Figure 5-2). In the model

output, the six events occur at all 37 stations. However, the number of peak events in the

observed soil moisture content varies from zero to five depending upon the station. The

matching peaks are also shown in Table 5-1. A gray box indicates the modeled peak was

also reflected in the 01(Mesonet soil moisture data at a particular site.
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Figure 5-1. The 6 peak events identified in the ETA modeled average volumetric soil

moisture content. Pl, P2, P3, P4, P5, and P6 are the selected peak events in the soil

moisture pattern.

Figure 5-2 shows that the soil moisture peak events are better correlated with each

other in eastern and central part of Oklahoma rather than northwestern and southern part

of the state. This simply means that the real world is more complicated than the model,

which lumps the variables at grid scale. The modeled ETA soil moisture content shows

almost the same temporal pattern at the 37 stations, although the magnitude of each event

is variable (Appendix).
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Table 5-1. Number of matching peaks between modeled and observed volumetric soil

moisture content

STID Count Peak STID Count Peak STID Count Peak
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

ACME 3 CHEY 2 MARE 5
ALTU 3 DURA 3 MARS 1
ANTL 4 ELRE 2 MIAM 5
ARDM 0 FAIR 1 NORM 1
BBOW 5 FTCB 3 NOWA 3
BEAV 3 HASK 5 PAWN 3
BIXB 5 HINT 5 PERK 4

BOWL 2 HOBA 1 PRES 5
BURN 3 HOLL 0 PUTN 2
BUTL 1 KETC 2 SEIL 2
BYAR 3 KING 4 STIL 4
CENT 2 LANE 4 total 21 25 18 15 21 4

CHAN 3 MANG 2

-103.00 -102.00 -101.00 -10( 13.00	 -99.00	 -98 .00	 -97.00	 -96.00	 -9-5F.00

Longitude

Figure 5-2. Contour plot of number of matching peaks in soil moisture content



3. Spatial Pattern

Spatial patterns of observed precipitation, modeled ETA volumetric soil moisture

content and observed GCIP volumetric soil moisture content are represented in Figure 5-

3. Three months of data (June, July, and August) from the 37 automatic stations were

averaged and plotted. The observed soil moisture content at each station was estimated

from the matric potential, before being averaged over 3 months. The contour plots were

obtained by applying a kriging technique after gridding the data across a 50 by 19 domain

(Figure 5-3). Contour plots were generated using Surfer software of Golden Software Inc.

Volumetric soil moisture content is highest in the eastern boundary of Oklahoma and

decreases from east to west. It is lowest around the FAIR station, which is located in the

northwestern part of the state. This pattern appears in both modeled and observed

volumetric soil moisture content, although the modeled volumetric moisture content is

lower than the observed one. Modeled volumetric water content ranges from 0.10 to 0.26,

while the observed one ranges from 0.03 to 0.22. The correlation coefficient and R-

squared value between modeled and observed moisture content was calculated as 0.9549

and 0.9118, respectively. The correlation between modeled and observed moisture

content is given in the scattergram in Figure 5-4. The reason that modeled volumetric soil

moisture content has a higher value than the observation data is discussed later (section

5.4).

The spatial pattern of seasonal soil moisture content shown in Figure 5-3 (a) and (b)

is relatively well correlated with the spatial pattern of average seasonal precipitation
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shown in Figure 5-3 (c). The eastern part of Oklahoma is wetter than the western part.

However, a second high rainfall area, with over 240 mm of rainfall, also appears along

the western boundary of Oklahoma near the station CENT.
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Figure 5-3. Spatial Variation of Volumetric Soil Moisture Content (Summer

average) and Rainfall (Summer total) in state of Oklahoma. (a) Modeled

Volumetric Soil Moisture Content (ETA) (b) Observed Volumetric Soil Moisture

Content (GC1P) (c) Observed Summer Rainfall (June to August) from GCIP (unit

in mm)
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Figure 5-4. Correlation between modeled and observed volumetric soil moisture contents.

R-squared value is calculated as 0.9118, which implies two data sets have a strong

correlation.
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4. Spatial Scales

Time series averages at five different scales were compiled to investigate the effect of

spatial scale on the soil moisture observation (Figure 5-5). A local or relatively small

scale average is represented by an ETA grid box centered on the station, which is located

at the site, NORM. Subsequently, the average area is increased by one ETA grid in all

four directions. The second-order averaging area includes four stations, the third-order

averaging area 14 stations, fourth-order averaging area grid box 21 stations, and finally

the fifth-order averaging area all 37 stations. Time series plots of modeled and observed

soil moisture content at 5 different scales are shown in Figure 5-6 along with the time-

series of 3-hour average rainfall. The smallest scale area centered at NORM shows only

the 2nd peak in the time series plot of soil moisture content. Significantly, this peak

closely matches the size and shape of the modeled output (Figure 5-6 (a)). The local

rainfall is well correlated with this 2' d peak. Much smaller rainfall events are also present

during the 4 th and 5 th peak. However, the rainfall related to the 4" and 5 th peaks is too

small to produce an observable soil moisture response (Figure 5-6 (a)). It should be noted

that the ETA model produces all six soil moisture peaks at this smallest scale although

local rainfall does not occur in the five other peaks. In fact, the model produces much the

same soil moisture pattern everywhere. By increasing the size of the averaging area, it is

apparent that all 6 events appear in the temporal plot of observed soil moisture content,

even though the 6 th peak event is very small. This suggests that the model generate soil

moisture almost uniformly in space. Consistent with this interpretation, is the result of the

large, regional scale average, which shows area average dilution of the observed soil
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moisture content but little dilution (lower magnitudes) of the modeled soil moisture

content.

The same trend is also present in rainfall. As the averaging area increases, the

frequency of rainfall increases but the average amount of rainfall decreases. In fact, there

is only a 47 percent probability that any peak will occur at any of the 37 stations. The

number of observed soil moisture content peaks that occur at any given is also shown in

Table 5-1. Peak events in observed soil moisture content only occur 21, 25, 18, 15, 21,

and 4 times. This suggests widely scattered precipitation, particularly if you look at the

spatial distribution of any given event. Significantly, it's not until the averaging area is

greater than 5 X 5 grids that the temporal patterns in modeled and observed soil moisture

contents are coincident with each other, even though the observed one has a smaller

amplitude than the model output.
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Figure 5-5. Scales of grids for average temporal pattern. The grids are centered on

NORM. Coordinates in right top and left bottom are the original node numbers of

ETA coordinate system.
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Figure 5-6.
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Figure 5-6. Temporal patterns of soil moisture contents and rainfall.
(lines are Eta Soil moisture contents and dots are OKMesonet soil moisture contents)
(a) 1 X 1 grid is used and NORM is the representative station
(b) 3 X 3 grid are used and total 4 stations are included.
(c) 5 X 5 grid are used and total 14 stations are included.
(d) 7 X 7 grid are used and total 21 stations are included.
(e) All 37 stations are included.



CHAPTER VI. DISCUSSION

1. Validity of assumptions in soil moisture estimation

To identify the possible reasons for the differences between modeled and OKMesonet

soil moisture contents, it is necessary to re-examine the methods used to estimate the

OKMesonet soil moisture content from the sensor temperature response. Estimation of

volumetric soil moisture content was made from several assumptions.

First of all, the observed OKMesonet soil moisture content was estimated from the

OKMesonet soil matric potential by assuming that soil moisture content of the ETA

model represents the same events as the OKMesonet observations. This assumption was

made because the soil matric potential calibration for the OKMesonet data could not be

obtained. As shown in Figure 4-5 (b), this assumption is only partially valid. Typically

there are three groups of points: those that follow the expected trend, those from dry

observed but wet modeled data, and those where the soil/model responses do not agree.

This assumption must be restricted to the first group of points.

Second, OKMesonet soil matric potential at each station is assumed to be

representative over an ETA grid cell sized area, centered on the station's location. In

other words, the model assumes homogeneity on each grid cell by taking an average.

Since each station was installed at a location, where the physical properties such as soil

type, vegetation, and topography seem to be representative of the grid, the point

measurement of matric potential is hopefully representative of the grid cell. The third

assumption is that valid empirical constants can be estimated from the plot showing the
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signature of the retention curve derived from the estimated volumetric soil moisture

content based on the ETA modeled soil moisture content. The ranges of empirical

constants, estimated by fitting soil-water retention curve, fall within reasonable bounds.

The saturated water content ranges between 0.33 and 0.45, while the residual water

content between 0.07 and 0.14.

The 4th assumption is that the modeled soil moisture content has the same residual

and saturated water content as the actual values of soil water retention curve. To assure

this, it is also assumed that 37 Mesonet stations received enough rainfall to saturate the

soil at least once during summer season. With the exception of one station at HULL,

there was enough rainfall at 36 stations. At HULL, there was only one brief period of

rainfall (3.2 mm in 21 hours). However, it is not clear that the estimated residual and

saturated soil moisture content do represent those of actual average conditions over each

grid area. This remains questionable until more laboratory data is obtained.

Therefore, estimates of the OKMesonet soil moisture content from the modeled soil

moisture content and OKMesonet matric potential are believed to be valid given these

assumptions.

2. Intercomparison between modeled and OKMesonet soil moisture contents

The intercomparison between temporal and spatial patterns of modeled and

OKMesonet soil moisture content are described in Chapter 5. The spatial pattern of soil

moisture content from the OKMesonet shows a strong correlation with the modeled soil

moisture content when it is averaged for 3-months. However, the values of modeled soil
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moisture contents are everywhere systematically higher than those measured by the

OKMesonet. This does not, however, imply that the ETA model simply overestimates

changes in soil moisture content everywhere uniformly. If only the local, unaveraged

temporal patterns of all 37 stations are considered, some peak events of modeled and

OKMesonet soil moisture content show almost the same amplitude and curve shape. This

match is partially an artifact of the previously discussed calibration precedure. It is

clearly shown that by increasing the size of the averaging area, the OKMesonet soil

moisture content underestimates the modeled soil moisture. Two possible explanations

can be considered. The first explanation is that this results from the underestimation of

OKMesonet soil moisture content during calibration and the second is that the ETA

model generates unnaturally uniform rainfall events over large regions. The first

explanation is less possible than the second explanation, because 95% of saturated water

contents of 37 stations are in the range between 0.3529 and 0.3758 which seems to be

reasonable for the imaginary soil type with 47.5% sand, 36.8% silt, and 15.7% clay. This

imaginary soil composition is calculated from the arithmetic average of 37 soil

compositions and fits into the category of loam in the soil classification diagram.

Although the rainfall data from ETA was not available for this study, it is believed that

the ETA model generates spatially uniform rainfall throughout Oklahoma and thus

creates similar temporal patterns of soil moisture contents at individual stations. In fact,

considering OKMesonet rainfall observations, summer rainfalls in Oklahoma are

spatially variable with many local storm events, considering OKMesonet rainfall
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observations. Therefore, the cause of this overestimation is the presence of other ETA

soil moisture events, which do not appear in the 01(Mesonet soil moisture estimation.

3. Correlation between variables

Soil compositions (percentage of sand, silt, and clay) and empirical constants such

"n" and "a" of 37 stations were analyzed to identify the correlation. Descriptive statistics

of them are obtained (Table 6-1). Sand composition is the highest and most variable,

while clay composition is lowest and less variable. Sand composition is less positively

skewed than clay composition. The coefficients of variation of these values are all similar

with the exception of n and ci s , which is lower.

Soil bulk density is related to the slope of soil water retention curve, such that the

slope increases as the mean pore space decreases. Soil matric potential is more negative

for smaller pore spaces, which results in a slower dehydration rate in the pore. In coarser

soils, saturated water content (qs) is less than in a fine soil. Thus, one might expect high

correlations between ci s and clay and n and silt. However, there is almost no correlation

between topsoil composition and empirical constants or saturated and residual water

contents.

One explanation of these statistical results is that our parameter selection procedure

blurred or was not sensitive to texture. Another explanation is that the estimated values

are more likely constant over Oklahoma with small standard deviations (Table 6-1),

implying that the variant soil types, vegetation covers, and land use does not affect much
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on the model calculation. This corresponds well with the fact that ETA model tends to

generate almost invariable soil moisture events.

Table 6-1. Descriptive statistics of soil compositions and empirical constants ("n" and

"a") of 37 OKMesonet stations.

Sand
(%)

silt (%) clay (%) n a ar as

Mean 47.506 36.823 15.671 1.623 -0.305 0.106 0.364

Std Deviation 23.075 16.854 9.907 0.164 0.198 0.025 0.034
Range 79.870 65.555 38.352 0.900 1.190 0.130 0.200
Minimum 16.770 1.565 1.794 1.400 -1.200 0.020 0.250
Maximum 96.640 67.120 40.146 2.300 -0.010 0.150 0.450
Coefficient of Variation 0.48 0.46 0.63 0.10 0.65 0.23 0.09

Table 6-2. Correlation coefficients between 7 parameters

Sand silt clay n a gr gs

Sand 1.0000

Silt -0.9236 1.0000
Clay -0.7580 0.4500 1.0000
n 0.0195 -0.0345 0.0132 1.0000

a 0.0883 -0.1380 0.0292 0.1970 1.0000

qr 0.0340 -0.0559 0.0157 -0.1031 -0.1143 1.0000

qs 0.1073 -0.0858 -0.1039 -0.1428 -0.0174 0.8194 1.0000
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observations. Therefore, the cause of this overestimation is the presence of other ETA

soil moisture events, which do not appear in the OKMesonet soil moisture estimation.

3. Correlation between variables

Soil compositions (percentage of sand, silt, and clay) and empirical constants such

"n" and "a" of 37 stations were analyzed to identify the correlation. Descriptive statistics

of them are obtained (Table 6-1). Sand composition is the highest and most variable,

while clay composition is lowest and less variable. Sand composition is less positively

skewed than clay composition. The coefficients of variation of these values are all similar

with the exception of n and qs , which is lower.

Soil bulk density is related to the slope of soil water retention curve, such that the

slope increases as the mean pore space decreases. Soil matric potential is more negative

for smaller pore spaces, which results in a slower dehydration rate in the pore. In coarser

soils, saturated water content (q s) is less than in a fine soil. Thus, one might expect high

correlations between qs and clay and n and silt. However, there is almost no correlation

between topsoil composition and empirical constants or saturated and residual water

contents.

One explanation of these statistical results is that our parameter selection procedure

blurred or was not sensitive to texture. Another explanation is that the estimated values

are more likely constant over Oklahoma with small standard deviations (Table 6-1),

implying that the variant soil types, vegetation covers, and land use does not affect much
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moisture content when it is averaged for 3-months. However, the values of modeled soil

moisture contents are everywhere systematically higher than those measured by the

OKMesonet. This does not, however, imply that the ETA model simply overestimates

changes in soil moisture content everywhere uniformly. If only the local, unaveraged

temporal patterns of all 37 stations are considered, some peak events of modeled and

OKMesonet soil moisture content show almost the same amplitude and curve shape. This

match is partially an artifact of the previously discussed calibration precedure. It is

clearly shown that by increasing the size of the averaging area, the OKMesonet soil

moisture content underestimates the modeled soil moisture. Two possible explanations

can be considered. The first explanation is that this results from the underestimation of

OKMesonet soil moisture content during calibration and the second is that the ETA

model generates unnaturally uniform rainfall events over large regions. The first

explanation is less possible than the second explanation, because 95% of saturated water

contents of 37 stations are in the range between 0.3529 and 0.3758 which seems to be

reasonable for the imaginary soil type with 47.5% sand, 36.8% silt, and 15.7% clay. This

imaginary soil composition is calculated from the arithmetic average of 37 soil

compositions and fits into the category of loam in the soil classification diagram.

Although the rainfall data from ETA was not available for this study, it is believed that

the ETA model generates spatially uniform rainfall throughout Oklahoma and thus

creates similar temporal patterns of soil moisture contents at individual stations. In fact,

considering OKMesonet rainfall observations, summer rainfalls in Oklahoma are

spatially variable with many local storm events, considering OKMesonet rainfall
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assumption is that valid empirical constants can be estimated from the plot showing the

signature of the retention curve derived from the estimated volumetric soil moisture

content based on the ETA modeled soil moisture content. The ranges of empirical

constants, estimated by fitting soil-water retention curve, fall within reasonable bounds.

The saturated water content ranges between 0.33 and 0.45, while the residual water

content between 0.07 and 0.14.

The 4th  is that the modeled soil moisture content has the same residual

and saturated water content as the actual values of soil water retention curve. To assure

this, it is also assumed that 37 Mesonet stations received enough rainfall to saturate the

soil at least once during summer season. With the exception of one station at HULL,

there was enough rainfall at 36 stations. At HULL, there was only one brief period of

rainfall (3.2 mm in 21 hours). However, it is not clear that the estimated residual and

saturated soil moisture content do represent those of actual average conditions over each

grid area. This remains questionable until more laboratory data is obtained.

Therefore, estimates of the OKMesonet soil moisture content from the modeled soil

moisture content and OKMesonet matric potential are believed to be valid given these

assumptions.

2. Intercomparison between modeled and OKMesonet soil moisture contents

The intercomparison between temporal and spatial patterns of modeled and

OKMesonet soil moisture content are described in Chapter 5. The spatial pattern of soil

moisture content from the OKMesonet shows a strong correlation with the modeled soil



CHAPTER VI. DISCUSSION

1. Validity of assumptions in soil moisture estimation

To identify the possible reasons for the differences between modeled and 01CMesonet

soil moisture contents, it is necessary to re-examine the methods used to estimate the

OKMesonet soil moisture content from the sensor temperature response. Estimation of

volumetric soil moisture content was made from several assumptions.

First of all, the observed OKMesonet soil moisture content was estimated from the

OKMesonet soil matric potential by assuming that soil moisture content of the ETA

model represents the same events as the OKMesonet observations. This assumption was

made because the soil matric potential calibration for the OKMesonet data could not be

obtained. As shown in Figure 4-5 (b), this assumption is only partially valid. Typically

there are three groups of points: those that follow the expected trend, those from dry

observed but wet modeled data, and those where the soil/model responses do not agree.

This assumption must be restricted to the first group of points.

Second, OKMesonet soil matric potential at each station is assumed to be

representative over an ETA grid cell sized area, centered on the station's location. In

other words, the model assumes homogeneity on each grid cell by taking an average.

Since each station was installed at a location, where the physical properties such as soil

type, vegetation, and topography seem to be representative of the grid, the point

measurement of matric potential is hopefully representative of the grid cell. The third
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assumption is that valid empirical constants can be estimated from the plot showing the

signature of the retention curve derived from the estimated volumetric soil moisture

content based on the ETA modeled soil moisture content. The ranges of empirical

constants, estimated by fitting soil-water retention curve, fall within reasonable bounds.

The saturated water content ranges between 0.33 and 0.45, while the residual water

content between 0.07 and 0.14.

The 4th assumption is that the modeled soil moisture content has the same residual

and saturated water content as the actual values of soil water retention curve. To assure

this, it is also assumed that 37 Mesonet stations received enough rainfall to saturate the

soil at least once during summer season. With the exception of one station at HOLL,

there was enough rainfall at 36 stations. At HOLL, there was only one brief period of

rainfall (3.2 mm in 21 hours). However, it is not clear that the estimated residual and

saturated soil moisture content do represent those of actual average conditions over each

grid area. This remains questionable until more laboratory data is obtained.

Therefore, estimates of the OKMesonet soil moisture content from the modeled soil

moisture content and OKMesonet matric potential are believed to be valid given these

assumptions.

2. Intercomparison between modeled and OKMesonet soil moisture contents

The intercomparison between temporal and spatial patterns of modeled and

OKMesonet soil moisture content are described in Chapter 5. The spatial pattern of soil

moisture content from the OKMesonet shows a strong correlation with the modeled soil
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moisture content when it is averaged for 3-months. However, the values of modeled soil

moisture contents are everywhere systematically higher than those measured by the

OKMesonet. This does not, however, imply that the ETA model simply overestimates

changes in soil moisture content everywhere uniformly. If only the local, unaveraged

temporal patterns of all 37 stations are considered, some peak events of modeled and

OKMesonet soil moisture content show almost the same amplitude and curve shape. This

match is partially an artifact of the previously discussed calibration precedure. It is

clearly shown that by increasing the size of the averaging area, the OKMesonet soil

moisture content underestimates the modeled soil moisture. Two possible explanations

can be considered. The first explanation is that this results from the underestimation of

OKMesonet soil moisture content during calibration and the second is that the ETA

model generates unnaturally uniform rainfall events over large regions. The first

explanation is less possible than the second explanation, because 95% of saturated water

contents of 37 stations are in the range between 0.3529 and 0.3758 which seems to be

reasonable for the imaginary soil type with 47.5% sand, 36.8% silt, and 15.7% clay. This

imaginary soil composition is calculated from the arithmetic average of 37 soil

compositions and fits into the category of loam in the soil classification diagram.

Although the rainfall data from ETA was not available for this study, it is believed that

the ETA model generates spatially uniform rainfall throughout Oklahoma and thus

creates similar temporal patterns of soil moisture contents at individual stations. In fact,

considering OKMesonet rainfall observations, summer rainfalls in Oklahoma are

spatially variable with many local storm events, considering OKMesonet rainfall
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observations. Therefore, the cause of this overestimation is the presence of other ETA

soil moisture events, which do not appear in the OKMesonet soil moisture estimation.

3. Correlation between variables

Soil compositions (percentage of sand, silt, and clay) and empirical constants such

"n" and "a" of 37 stations were analyzed to identify the correlation. Descriptive statistics

of them are obtained (Table 6-1). Sand composition is the highest and most variable,

while clay composition is lowest and less variable. Sand composition is less positively

skewed than clay composition. The coefficients of variation of these values are all similar

with the exception of n and cb, which is lower.

Soil bulk density is related to the slope of soil water retention curve, such that the

slope increases as the mean pore space decreases. Soil matric potential is more negative

for smaller pore spaces, which results in a slower dehydration rate in the pore. In coarser

soils, saturated water content (cb) is less than in a fine soil. Thus, one might expect high

correlations between qs and clay and n and silt. However, there is almost no correlation

between topsoil composition and empirical constants or saturated and residual water

contents.

One explanation of these statistical results is that our parameter selection procedure

blurred or was not sensitive to texture. Another explanation is that the estimated values

are more likely constant over Oklahoma with small standard deviations (Table 6-1),

implying that the variant soil types, vegetation covers, and land use does not affect much



69

on the model calculation. This corresponds well with the fact that ETA model tends to

generate almost invariable soil moisture events.

Table 6-1. Descriptive statistics of soil compositions and empirical constants ("n" and

"a") of 37 OKMesonet stations.

Sand
(%)

silt (%) clay (%) n a gr gs

Mean 47.506 36.823 15.671 1.623 -0.305 0.106 0.364
Std Deviation 23.075 16.854. 9.907 0.164 0.198 0.025 0.034
Range 79.870 65.555 38.352 0.900 1.190 0.130 0.200
Minimum 16.770 1.565 1.794 1.400 -1.200 0.020 0.250
Maximum 96.640 67.120 40.146 2.300 -0.010 0.150 0.450
Coefficient of Variation 0.48 0.46 0.63 0.10 0.65 0.23 0.09

Table 6-2. Correlation coefficients between 7 parameters

Sand silt clay n a gr gs

Sand 1.0000
Silt -0.9236 1.0000
Clay -0.7580 0.4500 1.0000
n 0.0195 -0.0345 0.0132 1.0000
a 0.0883 -0.1380 0.0292 0.1970 1.0000

ar 0.0340 -0.0559 0.0157 -0.1031 -0.1143 1.0000

qs 0.1073 -0.0858 -0.1039 -0.1428 -0.0174 0.8194 1.0000



CHAPTER VII. SUMMARY AND CONCLUSIONS

1. Motivation and scope of study

A broad-scale soil moisture observation project began at the Oklahoma Mesonet sites

in January 1998 as a part of the Global Energy and Water Cycle Experiment (GEWEX)

Continental-scale International Project (GOP) Enhanced Observing Period (EOP). Since

the variation of soil moisture content significantly influences observation and calculation

of vertical and horizontal energy and momentum fluxes, the multiyear GC1P soil

moisture observations are expected to be an important component in evaluating the

performances of the current generation of atmosphere models. This study attempts to

compare and analyze ground and modeled soil moisture content values and patterns.

The ETA model was selected for the comparison between modeled and OKMesonet

soil moisture contents in Oklahoma because it is known to forecast precipitation more

precisely and its grid mesh is much smaller than other regional models.

2. Estimation of volumetric soil moisture content from OKMesonet sensor temperature

change

The observed soil moisture data was derived from soil sensor temperature changes,

which were converted into a reference sensor temperature change, soil matric potential,

and finally, a volumetric soil moisture content to compare with ETA modeled soil

moisture content. The conversion from the reference sensor temperature change to soil

matric potential normally requires extensive field and lab measurements.
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The OKMesonet soil moisture content was estimated from an artificial soil water

retention curve, obtained by plotting the OKMesonet soil matric potential against

modeled soil moisture content. The residual water content was chosen to be the minimum

value of modeled soil moisture content and two empirical constants ("a" and "n") were

derived from 01CMesonet soil moisture contents through an iterative procedure so as to

fit as many of the modeled soil moisture events as possible. It is assumed that the

OKMesonet soil moisture content corresponds to the same events as the modeled soil

moisture content. However, OKMesonet soil moisture contents do not show all the six

events recognized in the ETA modeled soil moisture content throughout Oklahoma. It is

believed that the direct measurement of soil moisture content will eliminate the

uncertainty that results from the conversion processes.

3. Comparison between modeled and OKMesonet output

The modeled and observed soil moisture content was then compared for temporal and

spatial patterns. Three-hour average values of OKMesonet soil moisture content were

calculated and ETA soil moisture content for the 37 Oklahoma stations were read from

the closest node to each station. For the analysis of the spatial summer pattern, both

modeled and OKMesonet volumetric soil moisture contents were averaged for 3-months.

They both have higher values in eastern Oklahoma and lower values in the west. This

trend corresponds with the spatial pattern of seasonal average rainfall. The values of

average summer modeled soil moisture contents are higher than the observed

OKMesonet soil moisture contents everywhere, which implies that the ETA model
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predicts more uniform rainfall events throughout Oklahoma. The temporal patterns of

modeled and OKMesonet soil moisture content were also analyzed and clearly show that

the ETA model shows more consistency in the pattern of peak events than is observed.

Modeled ETA soil moisture content produces 6 peak events at all 37 stations while

observed OKMesonet moisture contents typically have fewer numbers of peak events at

each station. This suggests that the ETA model is overestimating the number of rainfall

events in Oklahoma. However, the amplitude and shape of the peaks are relatively well

predicted when the event occurs in both modeled and OKMesonet soil moisture contents.

By plotting the different spatial averages in the time series, it is shown that soil moisture

events are better predicted but overestimated in the ETA model by increasing the size of

averaging area. This again implies that the ETA model produces anomolously uniform

storm events throughout Oklahoma. Therefore, it appears that model reformulations that

result in smaller scale rainfall events need to be generated in the ETA model to agree

more reasonably with observed soil moisture.

4. Recommendations for future study

This study focused only on summer soil moisture contents of 1998. The full year

comparison study of soil moisture content and furthermore multi-year intercomparison

will help verify the results of this study. A direct soil moisture measurement technique

needs to be developed to get more reliable soil moisture data. To verify the estimation

methods used in this study, the calibration data from OKMesonet need to be obtained.
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The rainfall events generated from the ETA model need to be re-examined to assure that

the ETA model produces broader storm events, as-is assumed.
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Soil moisture Estimations of 37 Okmesonet stations
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Rectangles are Eta, and circles are Okmesonet. Rainfall is from Olcmesonet.
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