Utah State University

Digital Commons@USU

All Graduate Theses and Dissertations Graduate Studies

5-2014

Linking Montane Soil Moisture Measurements to
Evapotranspiration Using Inverse Numerical Modeling

Ling Lv
Utah State University

Follow this and additional works at: https://digitalcommons.usu.edu/etd

6‘ Part of the Soil Science Commons

Recommended Citation

Lv, Ling, "Linking Montane Soil Moisture Measurements to Evapotranspiration Using Inverse Numerical
Modeling" (2014). All Graduate Theses and Dissertations. 3323.
https://digitalcommons.usu.edu/etd/3323

This Dissertation is brought to you for free and open
access by the Graduate Studies at
DigitalCommons@USU. It has been accepted for

inclusion in All Graduate Theses and Dissertations by an /[x\

authorized administrator of DigitalCommons@USU. For /\

more information, please contact IQ‘ .()A]_ UtahStateUniversity
digitalcommons@usu.edu. ‘e~ MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/
https://digitalcommons.usu.edu/etd
https://digitalcommons.usu.edu/gradstudies
https://digitalcommons.usu.edu/etd?utm_source=digitalcommons.usu.edu%2Fetd%2F3323&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/163?utm_source=digitalcommons.usu.edu%2Fetd%2F3323&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/etd/3323?utm_source=digitalcommons.usu.edu%2Fetd%2F3323&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

LINKING MONTANE SOIL MOISTURE MEASUREMENTS TO
EVAPOTRANSPIRATION USING INVERSE
NUMERICAL MODELING

by

Ling Lv

A dissertation submitted in partial fulfillment
of the requirements for the degree

of
DOCTOR OF PHILOSOPHY

in

Soil Science
Approved:
Scott B. Jones, Ph.D. Roger K. KJelgren, Ph.D.
Major Professor Committee Member
Lawrence E. Hipps, Ph.D. Shih-Yu Wang, Ph.D.
Committee Member Committee Member
R. Douglas Ramsey, Ph.D. Mark McLellan, Ph.D.
Committee Member Vice President for Research and

Dean of the School of Graduate Studies

UTAH STATE UNIVERSITY
Logan, Utah

2014



Copyright © Ling Lv 2014

All Rights Reserved



ABSTRACT

Linking Montane Soil Moisture Measurements to Euveguuspiration

Using Inverse Numerical Modeling

by

Ling Lv, Doctor of Philosophy
Utah State University, 2014
Major Professor: Scott B. Jones
Department: Plants, Soils and Climate
The mountainous areas in the Intermountain WestW(J\Mf the North America

are considered as the major water reservoir for Western US. Summer
evapotranspiration (ET) and soil moisture are laydrs affecting the annual water yield
in the montane region of the IMW. This researchinested ET of four common
vegetation types (aspen, conifer, grass, and sagkpreal soil moisture in an advanced
instrumentation site located at the T.W. Daniel &xpental Forest (TWDEF). Among
instrumented forest research sites worldwide, TWD&Bne of a few with triplicate
measures of meteorological parameters, radiatioth sail moisture within four common
vegetation types in the IMW. This unique datasetbées study and understanding of the
ecological and hydrological responses to climagnge in Utah and the IMW region. In
a second phase of this study, summer water usestfre four common vegetation types

were simulated using a numerical simulation moésidrus-1D. The simulation was



v

informed by soil moisture measurements at thre¢hdef®.1 m, 0.25 m, and 0.5 m) and
by ET measured from an eddy covariance tower. Eselis confirmed the value of
numerical simulations as a viable alternate metiooelstimated ET where no direct ET
measurements are available. It also provided casgraof water use by these vegetation
species including both high and low water yearsthia third phase of this study, a
comparison was made between the intermediate-acedd soil moisture measured by a
Cosmic-ray neutron probe (CRNP) and the in situ Tédll moisture network at the
TWDEF site. Improved correlations were obtainedyeeglly after shallow rainfall
events, by including numerically simulated soil store above 0.1 m where no
measurements were available. The original CRNP@ion exhibited a dry bias during
spring/early summer, leading to the need for aspecific enhanced calibration, which
improved the accuracy of the CRNP soil moisturerede at the TWDEF site.

(151 pages)



PUBLIC ABSTRACT

Linking Montane Soil Moisture Measurements to Euveguaspiration

Using Inverse Numerical Modeling

Ling Lv

Evapotranspiration (ET) and soil moisture play imtaot roles in annual water
delivered from snowpack to reservoirs, lakes aneasts. Indeed, ET and soil moisture
are key factors dictating the performance of thgiomal climate models in the
intermountain west (IMW) of the USA. Water resowcmanagement and climate
modeling require accurate prediction of ET and lased moisture for reliable estimates
of ongoing and future water needs. This researsfelRamined ways to estimate ET from
four common vegetation types in the IMW (aspen,ifeongrass, and sage) using local
soil moisture measurements from an advanced instmtation network located in the
T.W. Daniel Experimental Forest (TWDEF). The TWDIS-located within the Bear
River Range of the Wasatch Cache National ForestNarthern Utah. Among
instrumented forest research sites worldwide, TWD&Rinique, providing triplicate
measures within a mixed forest system common tolth&/. Observations included
continuous meteorological measurements such asteanperature, humidity, solar
radiation, wind speed, soil moisture and others.situ soil moisture values were
measured at 0.10-, 0.25- and 0.50-m depths withah @f the four vegetation types. In
addition, areal soil moisture was measured usirf@@pamic-ray neutron probe (CRNP)

located in the middle of the site. This unique dataenables study of the hydrological
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processes in Utah and the IMW region. EstimateBTofrom aspen, conifer, grass and
sage were simulated using a numerical model. StediIBT values were compared with
measured ET from an eddy covariance tower. Resulijgest the numerical model is a
viable method to estimated ET where no direct ETasueements are available. The
simulations also enabled comparison of summer Edngnvegetation species including
both high and low water years. Finally, a comparismas made between the
intermediate-scale areal soil moisture measuredth®y Cosmic-ray neutron probe
(CRNP) and the in situ time domain transmissom@BT) soil moisture network at the
TWDEF site. Improved correlations were obtainedirgtuding numerically simulated
soil moisture above 0.1 m where no measurements aeailable. The original CRNP
calibration showed a dry bias during spring/eatdynmer, leading to the need for an
additional site-specific calibration, which impralvehe accuracy of the CRNP soill

moisture estimate at the TWDEF site.
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CHAPTER 1

INTRODUCTION

Mountain areas in the Intermountain West (IMW) eosisidered to be a major
water reservoir in the Western US. Climate stud&syan et al., 2001, 2010) estimate
future warming and drying trends in a region alsepthgued by drought. Future water
resources of the IMW are being strained and thneatdrom a rapid increase in water
demand and the projected decrease in precipitafipisodic events of extreme drought
will compound the problem of increased demand dnisl hay interact with projected
climate change in unforeseen and potentially womis ways (Wang and Gillies, 2012).
Therefore, it is important to quantify each companiavolved in hydrological processes
for water resources management. Water inputs sreégion are extensively monitored
by the Snowpack Telemetry (SNOTEL) networks. Wéies through evapotranspiration
(ET) and water storage as soil moisture have redeifar less attention. Limited
guantification of ET and soil moisture restrictd naly water resources management but
is also a significant limitation for high-resolutioclimate modeling in the IMW
(Henderson-Sellers et al., 1995; Shao and Hende&stlers, 1996; Wang et al., 2009).
The availability of replicated, plant-species-degemt, determination of ET and soil
moisture within a montane setting of the T.W. Daigperimental Forest provides a
significant resource and opportunity to better infomodels and water management
decisions.

To understand the important roles of ET and soilstace in land-atmosphere

interactions, early research mainly focused onfaineamental principles of silviculture,
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disturbance ecology and ecosystem properties atioal to succession (Anhold et al.,
1996; Ballard and Long, 1988; Clayton, 2003; Deamd &aong, 1992) in western

mountains. Only recently have appropriate instrusie@nd sensors been available to
monitor these environmental properties and makee-stiathe-art estimates of

evapotranspiration and energy balance in montagiens.

1.1  ET Assessment Techniques
Evapotranspiration is the sum of evaporation fraai and transpiration from

vegetation. Evaporation is the process of waterosnaation and removal from an
evaporating surface. Transpiration is the procdéssater vaporization in plant tissues
and the vapor removal to the atmosphere (Allenl.et1898). Direct ET observation
techniques are based on (1) water mass balandeasisoil and plant weighing lysimeter
(Andales et al., 2009) or catchment water budgetlyars (Wilson et al., 2001). (2)
Energy balance and turbulent transfer theory, aglBowen ratio (Angus and Watts,
1984; Fritschen, 1965; Tomlinson, 1996) and eddsadance (lvans et al., 2006; Shi et
al., 2008). In addition, there are techniques torege either evaporation (E), such as soil
heat pulse analysis and surface chamber chambeensys(Denmead, 1984) or
transpiration (T), including sap flow methods (Wibset al., 2001; Wullschleger et al.,
1998), plant chamber systems, and isotopic trg&amead, 1984), etc. Several studies
have reviewed the pros and cons of the existingrebsion techniques (Drexler et al.,
2004; Rana and Katerji, 2000; Shuttleworth, 200@érs#aeten et al., 2008; Wang and

Dickinson, 2012).
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At the same time, ET can be estimated indirecthadgrge number of more- or
less- empirical models. Based on the working ppilecior driving meteorological
variables, the current ET models are categorizéa Monin-Obukhov similarity theory
(Wang and Dickinson, 2012), temperature based appgs, radiation based approaches,
and combination equations including resistance gmgroaches (Bormann, 2011). The
simplest model is the temperature based approasth s Hargreaves Equation
(Hargreaves and Allen, 2003), which is recommerfdegeriods of one month or more.
The most widely applied combination equations bd&SEanodel is the Penman-Monteith
(PM) equation, which is driven by meteorologicatadaand defined as aerodynamic
resistance and canopy resistance. Obtaining relighlues of canopy resistance is
complicated and therefore for certain situatiomsits application of the PM equation
(Jarvis and McNaughton, 1986). Furthermore, refedfT is based on the PM equation
for a reference surface, which is a hypotheticakgmreference crop with an assumed crop
height of 0.12 m, a fixed surface resistance o$/f® and an albedo of 0.23 (Allen et al.,
1998). The reference ET can be converted to a&tiaby multipling a crop coefficient.
The crop coefficient varies with vegetation specisesil moisture conditions, and
vegetation growth stage, etc (Allen et al., 20@yrrently, crop coefficients are only
available for limited plant species, mainly for aomic crops and grasses. Few studies of
the crop coefficients are available for vegetatiomatural ecosystems, especially for
plants in high elevations. Radiation-based modalsh as the Priestley-Taylor model
(Priestley and Taylor, 1972) were developed tonesée ET in energy limited

ecosystems. The empirical or semi-empirical ET nwdeentioned above require local



4
calibration. Testing the accuracy and performanicéghese model is laborious, time-
consuming and costly (Allen et al., 1998).

Numerous models have been developed to estimatsutreomponents of ET.
For example, the root water uptake model of Fed@desddes et al., 2001) is a
physiological model to simulate plant transpiratibrstead of measuring meteorological
data, soil matric potential or soil moisture wasaswged within root zone. The root water
extraction was solved numerically as a sink terat thas added to the vertical water-
flow equation. Root water extraction has also beasupled within climate models, such
as general circulation models and numerical wegphediction models (Feddes et al.,
2001) or hydrologic models, such as the soil-wateresphere-plant model (Kroes et al.,
2000) and hydrus-1D (Simunek et al., 2008) (Figdrd). The soil evaporation
component could also be estimated from separatels\alich as the model expressed by

Camillo and Gurney (1986) and the advection-diffasequation (Or et al., 2013).

12 Soil Moisture Assessment Techniques

Soil moisture is the source of available water lan{s and microbes (Jung et al.,
2010) In dry lands particularly, soil moisture is one of the major controls on the structure
and diversities of ecosystems. The standard reference method for determining soil
moisture is to oven dry mineral soils at 105 [1C, or organic soils and gypsiferous soils at
70 JC (Robinson et al., 2008). In the past decade, seilv moisture measurement
technologies have been developed such as neutr@rmdhzation sensors,
electromagnetic sensors, and heat pulse sensoese Tirew soil moisture measurement

methods can be combined with wireless data trarisfemutomated, seamless, and real-
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time data collection. Such measurement methodsneehaur ability to capture the
spatial and temporal soil moisture dynamics (Abtlale 2008; Blonquist et al., 2005a,
2005b; Jones et al., 2005; Robinson et al., 2008jjle, these measurements are made at
a point-scale or involving a relatively small sedlume, atmospheric and land-surface
applications generally require large area- or vataweraged soil moisture estimation.
Therefore, point measurements must be scaled igyger areas. However, the inherent
small-scale heterogeneity of soils makes such aprgr difficult. Soil physicists have
made some progress with this issue, but it stil& iBongstanding unresolved research
problem (Jury et al., 2011). Although satellite otensensing methods are becoming
available at large scales, there are other linoiteti including shallow measurement
depth, limited capability to penetrate vegetationsoow, inability to measure soil ice,
sensitivity to surface roughness, discontinuousptwal coverage and a short life span of
satellite missions (Zreda et al., 2008). The CosmjcNeutron Probe (CRNP) is a novel
non-invasive technique (Shuttleworth et al., 20f®)measure the areal averaged soil
moisture of an effective depth on the order of oeters within a radial footprint of
several hundred meters (Zreda et al.,, 2008, 20A/2nz et al. (2012) suggested the
CRNP to be highly sensitive to the shallow subs&fsoil moisture, but a lack of

shallow (< 10 cm) soil moisture measurements lichitesir conclusions in this regard.

13 Resear ch Objectives
The dynamics and magnitude of ET and soil moistutee mountain ecosystems
in the IMW remain poorly documented, despite tlgegat importance to water resources.

The primary objective of this research was to dbscan experiment at the T.W. Daniel
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Experimental Forest (TWDEF) located in Northern Uend, to employ those data to
quantify the water use (ET) of the vegetation typesimon in this region. In addition,
numerical modeling is employed as a tool to sineuthe soil moisture content in the top
10 cm, where measurements were unavailable. Lagdycompared a point-scale soll
moisture measurement array against the Cosmic-Rayrdh Probe (CRNP) areal soil
moisture determination.

The specific objectives were to:

[ —

. Analyze environmental data from the T.W. Daniel &xmental Forest Research site.

2. Estimate evaporation and transpiration from fougetation types common to
montane areas of the IMW, using inverse numericadefing of soil moisture
measurements.

3. Compare these ET estimates with Eddy Covariancsunements at the TWDEF.

4. Determine the ability of near-surface soil moistigstimates made by a large
footprint neutron count-based soil moisture seng@., via Cosmic-ray neutron
probe) to TDR/TDT-based near-surface soil moistastimates combined with
numerical simulation of near-surface soil moisture.

The remainder of this dissertation is organizedodlews: Chapter 2 frames the
setup of instruments and measurements in the datas® compares our dataset with
existing similar datasets. Chapter 3 introducesntlv@erical simulation of the ET from
four common vegetation types across multiple grgwiseasons. The statistical
comparison of ET among vegetation types and growe@son were also discussed in

this chapter. In Chapter 4, the comparison of paotl moisture measurements
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(TDT/TDR) and the CRNP soil moisture measuremerggevevaluated in more detail.
Repetition of some formulae and facts are thus itakble in some parts of this

dissertation. | ask the disposed reader to exd¢useg¢dundancy.
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Figure 1-1. Schematic illustration of Hydrus-1D rebdo simulate evaporation,
transpiration. The Penman-Monteith equation and wader uptake were coupled in it.
Here ET is evapotranspiratiof,is volumetric soil moisturer is residual soil moisture,
0s is saturated soil moisture, Ks is saturatedvsaiér conductivityp. and n are the shape
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CHAPTER 2
T.W. DANIEL EXPERIMENTAL FOREST INSTRUMENTATION

AND MONITORING!

Abstract. The T.W. Daniel Experimental Forest (TWHE)Es located in the Bear
River Range of the Wasatch Cache National Forelsbithern Utah in the United States.
The site represents high-elevation (2600 m) enwemtal conditions of the
Intermountain Region within a patchwork of four gweninant montane vegetation types
(aspen, conifer, grass, and sagebrush). Monitdregan at the study site in 2008 where
vegetation type has one primary and two secondaggtiver stations, each station
adjacent to three-3 x 3 meter instrumented vegetatiib-plots. Each of the four primary
automated micrometeorological towers (AMT) records temperature and air vapor
pressure, net radiation, precipitation, snow degtia, wind speed and direction as well as
snow depth every 30 minutes. Secondary towers gecar temperature and snow depth
measurements. Each subplot includes soil measutsratf0-, 25- and 50-cm depths of
temperature, electrical conductivity, dielectricrrpétivity, water content and matric
potential. An eddy covariance tower provides priggifon, net radiation, soil heat flux in
addition to water vapor and G@ux, as well as wind speed and direction. A casnay
neutron probe provides areal averaged soil moistavering the entire study area. The
USU Doc Daniel Snotel site is adjacent to the TWDEStrumented site, with data

available at http://danielforest.usu.edu/.

! Coauthored by: Ling Lv, Scott B. Jones, Jonatharisla



14
21  Introduction

Climate studies suggest Western United States &as éxperiencing a warming
trend since the late 1940s (Cayan et al., 2001yir&@mmental warming has important
consequences for the hydrological cycle in the INémnerican Intermountain Western
(IMW), where 50% - 80% of water supply for humantiates and agricultural
production rely on snow melt water (Wang et alQ20 The hydrological cycle includes
processes of snow-accumulation, -sublimation aruatan as well as melt-water
infiltration, soil water storage, soil evaporati@mnd plant transpiration. In warmer
weather, less winter precipitation falls as snowl #me melting of winter snow occurs
earlier in the spring. Both effects lead to eartiteeam peak flow, and possible drought in
summer and autumn. Historical climate data als@esigthat episodic events of extreme
drought would increase water demand in this regidfang and Gillies, 2012). In
addition, the climate warming will directly impattte function of ecosystems such as
plant physiology, frequency and duration of wild&rand distribution of species (Thomas
et al., 2004; Westerling et al., 2006). To be dblanalyze the climate and climate-proxy
data and understand the ecological and hydrologesgdonse to climate change in Utah
and the IMW, instrumentation at the T.W. Daniel Exmental Forest (TWDEF) was
installed in the Wasatch Mountains of Northern Utdhe T.W. Daniel Experimental
Forest was named after Professor Ted W. Daniel uguat of 1996 and has a long
history of research from a variety of disciplines.

The following aspects of the TWDEF site make itqua& among existing sites in

the IMW region (Table 2-1): (1) Geographical ch#éeastics: TWDEF lies on a
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mountaintops at 2600 m in the Wasatch Mountaind, artransition zone of different
climate regimes in both seasonal and inter-annone scales. Climate models yield poor
climate predictions for this region because of shertage of measured observations on
the surface boundary. These parameters can beeddrivm the TWDEF measurements;
(2) Multiple plant types are represented, namespea, conifer, grass and sagebrush,
which are the dominant vegetation in the IMW. Thesgetation types are expressed in
patchworks, which is likely the result of frequeires during the settlement period
(1870-1891) and subsequent suppression since 191h@,(1996). An closure fence was
established in 2005 around the study site wheretaéign plots were located in order to
exclude nonnative grazers. Instrumentation planamg installation began in 2006 with
environmental parameters measured within four \smet types beginning in 2008.
Although there are a number of published waterdieessbd ecological sites Table 2-1,
few of them are able to address comparison stueigarding the effects of vegetation
type on environment; (3) Replicated experimentalgie Triplicate plots containing each
vegetation type were randomly selected three stdbplere located within each plot area
to capture the heterogeneous soil and plant comditi (4) co-located with other
experimental stations: In 2007, USDA installed aCH¥L site adjacent to the fenced
exclosure. The University Novstar Consortium, (UN&®), a non-profit university-
governed consortium funded installation of a GldBasitioning System (GPS), that acts
as a snow and soil moisture sensors in an adjaceatiow to the instrumentation at the
TWDEF. In 2011, Arizona State University establdh& cosmic-ray neutron probe

(CRNP) station within the study area., A compariednTWDEF in situ soil moisture



16

sensor network measurements with the CRNP and G&Surements will be discussed
later. (5) High-density of environmental measuretseinstrumentation includes four
automated micrometeorological towers (AMT), 108l sooisture and matric potential
sensors, an eddy covariance tower, a CRNP for ac@amoisture, the USU Doc Daniel

SNOTEL site, and a GPS-based snow depth sensor.

2.2  SiteDescriptions

Location: The T.W. Daniel Experimental Forest (TWDEF) site isdted at the
Bear River Range of the Wasatch Cache National Skare Northern Utah, USA
(41.86N, 111.56W), about 15 km south of the Utah-ldaho bordematiges over an
elevation of approximately 2550-2750 m (Figure 2-Ihe site is a gently sloping
(<10%), northeast to southeast trending ridge abgphe head of a contributing watershed
to the Logan River and Bear River basin. The TWDEFaccessed by a seasonally
maintained US Forest Service road, approximatekyn8from paved Utah highway 89
and 30 km from Logan, UT. Because of the remotgeritbp location, the TWDEF site
contains no lakes or permanent streams and it keksrical power (i.e., other than solar
power) and a water supply.

History: The experimental forest site was establishe®B6lwith an area of 1036
ha, as a part of the newly created Utah State WsityeForestry program. In the past
decades, the forest was used for teaching and dgrabans (Long, 1996). Early
research efforts were aimed understanding the fuedgal principles of silviculture and
disturbance ecology and ecosystem properties atioal to succession (Anhold et al.,

1996; Ballard and Long, 1988; Clayton, 2003; Deaa bong, 1992). The site also has a
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long history of timber harvest, livestock grazimgmd dispersed recreation since the late
1800s. While there is a history of frequent fireeipto 1910, there is no evidence the site
has burned since (Schimpf et al., 1980).

Climate: Climate at the TWDEF is typical of the montanemsarid
Intermountain West with large diurnal temperatws@sngs and seasonally cool and dry
summers with cold winters accompanied by significemow accumulation. The mean
January and August temperature is -11 anéiCl, #espectively. December through March
temperatures average <&, while the growing season months of May to Septm
average 12C. Annual precipitation averages 950 mrit,y80% of which falls as snow.
Accumulation is variable due to drifting but typigapeaks between 150 and 350 cm in
depth. Snowmelt typically occurs between mid-Mag ard-June. Figure 2-2 shows that
the air temperatures from January through Augu&0d®2 were higher than other years.
The highest annual reference ET (EWas 958.1 mm, and occurred in water year 2012.
Vapor pressure deficit increases rapidly with iasiag air temperature, which results in
high ETo.

Soil: A historical soil pedon survey was conducted migiri970s, and the latest
survey happened in 2004. Soils throughout theaséaderived from the knight formation
of the Wasatch group, a Tertiary red conglomerdtguartzite, sandstone, and shale
(Long, 1996; Schimpf et al., 1980). Most soils dimee, mixed, superactive typic
haplocryalf (Boettinger et al., 2004). These sbése an organic matter- and base- rich
surface soil or mollic epipedon characteristic pfdirie soils” (Schimpf et al., 1980).

This trait is likely due to the base rich subsslibw decomposition rate, good distribution
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of fine roots in the upper 50 cm of soil, and tihghhdegree of mixing by orthopods and
mammals such as pocket gophers (Andersen et 80).19

Vegetation: The  vegetation succession represents a meadow
—aspenr>fir—»spruce-sere in the middle rocky mountains (West and ReE3@]). The
principal vegetation types are aspdpPofulus trembloides) (Gifford, 1966), conifer
(Picea engelmannii andAbies lasiocarpa) and grass/forbsAgropyron trachycaulum and
Bromus inermis leyss.) and sagebrushAftemisia tridentata) (McArthur, 1981).Picea
engelmannii and Abies lasiocarpa are the dominant late succession species throtighou
most of the forest (Reese et al., 1980). The préakmb tree stands ages range from 80 to
120 years (Schimpf et al., 1980).

Instruments. A representative montane patchwork of the fouedpminant
vegetation types was fenced in 2005 within TWDHE. gA solar-powered environmental
observatory network was gradually constructed aghb to collect data in August 2008.
The site includes an eddy covariance tower, a $mstétion and twelve instrument
clusters. The twelve instrument clusters are agdngith a primary and 2 secondary
sensor towers in each of the 4 vegetative typesdatinuous environmental monitoring
(Figure 2-1). Each tower is instrumented with desof above and below ground sensors,
recorded with a data logger (CR10X or CR1000 or @R3 Campbell Scientific, Inc,
Logan, UT). The power supply is from a solar paratery system mounted on/under
each tower. The data are wirelessly transmitted avid.4 GHz mesh radio modem
(Digi/Maxtream, Xbee Pro modem), connected via logs antenna cables (Times

LMR400) to antennas (Pacific Wireless) aimed atdheamit radio station tower, which
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transmits all data collected from the network toepeater radio on Logan Peak, near
Logan, UT. This monitoring network and transmissioethodology has significantly
reduced the time and cost for maintaining the umséntation and database from the

TWDEF instrumentation.

2.3 I nstruments and Environmental M easur ements

2.3.1 Meteorological Measurements

The locations of instrumented plots at the TWDEFewnselected based on
vegetation and soil study plots established prmrptans for instrumentation. The
locations were selected to meet the long-term rekegoals of TWDEF. The four
primary automated micrometeorological towers (ATM&re assigned to one vegetation
plot each with a pair of secondary towers (snowtldepd air temperature only) assigned
to the remaining 2 plots in each vegetation domaiower and soil instrumentation
provide measurements every 30 minutes for air teatpes, air vapor pressure,
saturation vapor pressure, wind speed, net radiagoow depth and summer-time
precipitation (Table 2-2). In Figure 2-3, a 5-dayample set of data illustrate the
variations in air temperature and air vapor pressumong the 4 ATMs while contrasting
the differences in net radiation and wind speedHeropen (grass, sage) plots relative to
the tree (aspen, conifer) covered plots. Tree dasapoderated wind speeds and change
diurnal range of net radiation. Figure 2-4 showsameegetation type-dependent snow
depth for the 2011 water year. Snow depth was ddapbde open areas (i.e. grass and

sage plots) than plots within tree canopies. THiece is a result of tree canopy
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interception as well as the western directionaldamscouring and drifting snow in open
areas (Meyer et al., 2012).

A novel measurement method for snow depth using GBS proposed and the
instrument was installed in a meadow 400 m soutifea®m the SNOTEL Site (Figure 2-
1). The GPS signal fluctuations caused by surfaeleations (GPS multipath
reflectometry) are used to measure snow depthnvakairly large sensing region (circle
radius of 10 to 20 m) (Nievinski and Larson, 2012@&14b). In Figure 2-5, we compared
the temporally varying snow depths measured by3R& estimates with SNOTEL snow
depth measurements, finding good correlation buh \&n offset due to the sheltered
environment of the SNOTEL site. This comparisonhhgits one of the challenges of
snow monitoring, where they can be significantediéhces in snow cover for sites that
are close together depending on exposure to saddation (e.g., slopes and aspect, tree
shading).

Precipitation is the main water input for montansystems in the IMW,
therefore measurement of precipitation is fundaalerio our understanding of
hydrological processes (Goodrich et al., 2008)the western high elevations of the
IMW, 50-80% of the water supply is in the form oosvfall. Data on snow pack provide
critical information to dicision makers and wateramagers throughout the West.
Although there is limited precipitation during tgeowing season, its measurement plays
an important role in studying and understandinglaggoal processes in semiarid
ecosystem (lvans et al., 2006). The Natural RessufConservation Service (NRCS)

installed, operates, and maintains the USU Doc &&8NOTEL, located approximately
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50 m away outside the southeast fence of the TW(Pkfure 2-1). The USU Doc Daniel
SNOTEL station is located within a wind-shelteréghacing in a conifer grove where data
collection began in July 2007. Two distinct pretapon devices are installed as part of
the SNOTEL station, one that measures snow wataivagent (SWE) based on a
pressure sensing snow pillow and another that messiccumulative precipitation (AP)
within a weighing precipitation gage. The SWE arfé values are corrected and reset to
zero on October®iof each year, the beginning of a water year. @6 illustrates the
significant variation in monthly precipitation aB¥WE over the 5 years data. This natural
variation in water supply should be of concern tatew managers and the public in
general, and emphasizes the need to understandetiienal and global climate

mechanisms regulating precipitation in the IMW (\Waat al., 2009).

2.3.2 Soil Moisture Measurement

2.3.2.1 TWDEF TDT Sensors Network System

Direct soil water moisture monitoring facilitatesderstanding of the soil water
status and temporal changes indicate water upttks.rTime domain transmissometry
(TDT) sensors were selected for monitoring purpceethe TWDEF site yielding soill
dielectric permittivity, soil moisture, electricabnductivity and soil temperature. The
logger and radio mesh network facilitates the we®sl data transfer for automated,
seamless, and near real-time data collection. TE Jensor offers the advantage of the
pulse generating and sampling electronics beingmealuin the head of the probe, which

allows the TDT sensor to be used with long cabled moultiplexed through SDI-12
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addressing. Another important advantage of the BBisor is the low cost, small size,
high accuracy and stable operation at Gigahertu#ecy (Blonquist et al., 2005b).
Adjacent to each primary or secondary weatherastatwer are three 3 m3 m
sub-plots (36 sub-plots total). Each subplot haseaternal 2 m buffer protection
perimeter zone space. Time-domain transmissome&my ) soil moisture sensors were
placed horizontally at 10, 25 and 50 cm depthsiwithis buffer zone. Co-located matric
potential sensors at each depth are separatedlbgsatl5 cm to minimize interference.
Depth locations are offset by 40 cm to minimizetical water and thermal interference.
The TDT sensors measure dielectric permittivityedily using travel-time analysis for
estimation of water content and provides independerasurements of soil temperature
and estimated electrical conductivity. Detailed ragien principles can be found
elsewhere (Blonquist et al., 2005a; Jones et AD52Robinson et al., 2003). The TDT
sensors were calibrated in our lab based on theadedf Seyfried et al. (2005). Figure 2-
7 illustrates soil moisture and temperature valioesr one subplot in each vegetation
type over the 2010 water year. The expected patariearly seen of increased soil water
content in the Fall, followed by relatively stableadings through the winter, with a
significant increase during snow melt followed byy ddown over the summer.
Comparing different vegetation plots, it is clelaattthe timing of snowmelt is expressed
in the timing of soil moisture increase. For exaenible grass plot leads the other 3 plots
suggesting this particular grass plot melted ouliezathan the other 3 vegetation plots,
which is consistent with visual observations oreany basis. The temperature responses

are much more consistent in comparison where damlisssimilar timing of spring snow
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melt. The soil warming is more associated with nagliation than with snowmelt water

warming the soil, where melt water temperaturéisly near 0°C.

2.3.2.2 Cosmic-ray Neutron Probe (CRNP) soil moisture measurement

Soil scientists have suggested that the intermediedle soil moisture
measurement was a key unresolved need. The apmticat the Cosmic-ray Neutron
Probe (CRNP, Hydroinnova, Albuquerque, NM) is a elotechnique to provides
estimates of average soil moisture to an effed®gth within a footprint on the order of
hundreds of meters in size (Jury et al.,, 2011; Rsdm et al., 2008). The footprint
diameter is 670 m at sea level, and increasesehgtration (Zreda et al., 2011), while the
effective depth varies with soil water content. Hasic working principle of the CRNP
lies in an inversely correlated soil moisture leweth fast neutron intensity (neutron
count) above the soil surface (Seyfried et al.,530@hich can be moderated by all
sources of hydrogen within and near the soil, sagtatmospheric water vapor, lattice
water, snow cover and vegetation. Correction ofédfiects from soil lattice water, soil
organic matter and atmospheric water vapor haven beerked out, but effects of
vegetation and snow on CRNP output require furtheestigation. The shape of the
relationship between soil moisture content and fasttron count rate is largely
insensitive to the nature of the soil, but the effis the relationship has some sensitivity
to soil chemistry (Shuttleworth et al.,, 2010). Téfere, calibration is critical during
installation (refer to Zreda et al. (2012) for matetail). A CRNP probe was first
installed at the TWDEF on Aug. 32011 as part of the COSMOS network. Calibration

was carried on the same day. Volumetric soil mogstsamples were collected at 18
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locations (along transects directed N, NE, SE, @/, @nd NW extending to radial
distances from the CRNP of 25 m, 75 m, and 200 trea&h location soil samples were
taken at 6 depths from 0-0.05 m, 0.05-0.1 m, 015-@n, 0.15-0.2 m, 0.2-0.25 m, 0.25-
0.3 m totaling 108 volumetric soil samples in allhe mean soil moisture was
0.155+0.005 m3m-3. The mean count between 16:00 to 2208ug. 13th was 13520
counts hr-1. In Figure 2-8, we compared the temp®fT network soil moisture
measurements at 10 cm with CRNP soil moisture byntiethod of Franz et al. (2012),
and found the same limitation of TDT sensors itsthiat 10 cm below soil surface,
which is insensitive to shallow rain events the GR8kes. When the TWDEF site is
covered by snow, the CRNP signal is correlated WESbut accurate estimates need

further study (Desilets et al., 2010).

2.3.3 Eddy Covariance

An eddy covariance (EC) tower was installed in ith&trumentation meadow at
the TWDEF site, within the vegetation domain of sraand sagebrush based on the
predominant wind direction. The footprint of EC ®wvaries with the stability of
atmosphere. Figure 2-9 shows that largest footsintith a radius of approximately 500
m in a stable condition, and the smallest one ith wi radius of around 85 m in an
unstable condition. Sensors included: a CSAT3 tdireensional sonic anemometer
(Campbell Scientific, Inc, Logan, UT), a LiCor 750pen-path water vapor and €O
sensor analyzer. Sampling frequency of 20Hz wasl wgé¢h 1 hour average fluxes
determined. Sensors were managed and recordecav@R3000 dataloggers (Campbell

Scientific, Inc, Logan, UT). Instruments were math2.64 m above the ground surface.
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Solar radiation was measured using an NRO1 4-wdiomseter (HuksefluxUSA, Inc,
Manorville, NY) mounted at 3.5 m above the soilface. Air temperature and relative
humidity were measured using an HMP 45 (Vaisala Fwcland) mounted 2.5 m above
the soil surface. Soil heat flux was determinechviRadiation Energy Balance Systems
HFT3 heat flux plate in 2008 and until August 200&fter which the HFPO1
(HuksefluxUSA, Inc, Manorville, NY) has been usdthe soil heat flux plates were
buried at 8 cm and the thermocouples were placedetermine the average soll
temperature gradient between the plates and tHacsurThe Hydra probe 2 (Stevens
Water Monitoring Systems) was buried at 3 cm ancr8depths to measure the soil
moisture and soil temperatures in these two layerscipitation was measured with a
Hach 8-inch diameter tipping bucket rain gauge (H8o., Loveland, CO). The sonic
snow depth sensor (Judd Communications LLC, S&elGity, UT) was mounted at 3.3
m above the soil surface.

One-hour average fluxes of sensible and latent\weet calculated from the time
series of 3D winds, temperature and water vapositierBecause of the heterogonous
landscape, only the wind direction between2&iid 330 is determined to be effective
measurements. The procedures for this were dewklbpeanother investigator at Utah
State University. Thus, the procedure of energwiia@ closure check is necessary to
retrieve latent heat flux (LE) and sensible heak f(H). Based on the law of energy
conservation, the value of (LE+H)/(Rn-G) is equalt Where Rn is net radiation and G
is ground heat flux. However, at most flux measwetsites, this value is less than 1,

and is considered as a very good value in the rah@e8-0.9 (Cellier and Olioso, 1993).
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Otherwise, energy was force close. Hourly enerdaruz closure values were calculated
in the TWDEF site. Figure 2-10 shows a 5-day samppheod that includes measurement
of solar radiation, net radiation, soil heat flsensible heat flux, and latent heat flux. The
value of sensible heat flux and latent heat fluxasrected by energy balance closure

check.

2.3.4 Other Data

Dielectric-based soil matric potential sensors wastalled parallel to the TDT
water content sensors. These electromagnetic senseasure the apparent dielectric of
Ceramic Disks (Decagon Devices, MPS-1) (Figure &directly monitor the soil water
potential and the matric potential indirectly viaetwater retention relationship. Its
temperature operating environment ranges fronf&f 50°C. The measurement range
of the MPS-1 sensor is -10 to -500 kPa. The reswlus 1 kPa from -10 to -100 kPa, and
4 kPa from -100 to -500 kPa. Because the MPS-1 mmesshe dielectric of the wet disk,

it is unable to accurately detect the matric podtotf frozen soil conditions.

2.3.5 Data Availability

Data from the TWDEF and the corresponding metadata available for
download at the Instrumented T.W. Daniel ExperiraentForest website:
http://danielforest.usu.edu, which is maintainedtiy Department of plants, soils, and

Climate at Utah State University, Logan, UT, USA.
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2.3.6 Example of Data Application

These data may be used for a variety of applicatretated to the description and
modeling of the spatial and temporal dynamics @fasaccumulation, snow sublimation,
snow melting, infiltration, soil water content, ksavater storage, evaporation and
transpiration. Mahat (2011) has examined ways t@rave snowmelt modeling
capability to better account for vegetation caneffgcts on snowmelt and has evaluated
his model against the field data collected at théDEF site. That model enhanced the
transmission of radiation through the canopy, mmated the heat and water vapor
exchange process between snow ground and atmospimetemproved the process of
canopy snow interception and unloading. Van Miegateal. (2005) studied soil organic
carbon (SOC) pools among vegetation types withidenstion for future climate change
scenarios. They found vegetation type may influed©€ retention capacity under future

climate projections by affecting potential SOC kxssia leaching and decomposition.
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Table 2-1. Instrumented Experimental sites of maaaosystems in the Western US

Site TWDEF AND NR-C1 Betasso GLV JRB SCM RCEW NevCAN

Funding USDA NSF NSF NSF NSF NSF NSF USDA NSF E6FSC

Spatial scale Ridge-top watershed Ridge-top folothil watershed watershed watershed  watershed Slapsett

Elevation, m 2550-2750 410-1630 3021 1810-2024 3[4 2500-3050 1160- 1145-2244 900-3015

2340

State uT OR CO CO CO NM AZ ID NV

Ecosystem Aspen, conifer, Conifer conifer Conifer Conifer conifer Desert Asp conifer, salt desert, sage,
grass, sage grass, sage subalpine

Resolution 30 min Daily Daily Hourly Daily 30 miteily 10 min daily/hourly/15min 10min

Replication 3 NA NA NA NA NA NA NA NA

Tair 2008- 1958- 1952- 2009-(2&10 m)  1986- 2007- 2009- 1962-(daily) 2011--(2&10 m)

1996-(15min)

RH 2008- 1958- 1952- 2009-(2&10 m)  2000- 2007- 200 1981- (hourly) 2011-(2&10 m)

R 2008- 1972- 1952- 2009- 1986- 2007- 1981-(hourly) 2011-(2&10 m)

Ps NA 1952- 2009- 2000- 2007- 2009- 1981-(hourly) 122&10 m)

A 2008- 1988- 2000- NA 2007- 2009- 1981-(hourly) 12¢2&10 m)

Wind 2011- 1973- 1952- 2009-(2&10 m)  2000- 2007- NA 1981-(hourly) 2011-(2&10 m)

SNOTEL 2007-(hourly) NA 1981(monthly) NA NA NA NA N NA

SD /ISWE 2008- 1987-2010  2000- 2010-(10min) NA 2007 NA 1961 (biweekly)- 2011-

P 2008- 1958- 2000- 2009- NA 2007- NA 1962-1996- 1r0

SML 2008- 1990- NA NA NA NA 1976-1991 (hourly)  NA

0 2008- 1998- 1992- 2009- 2000- 2007- NA 1970(bividek 2011-

Tsoil 2008- 1987- 2000- 2009- 2000- 2007- NA 1981-19%(in)  2011-

0 2008- 1988-1994 NA NA NA NA NA NA 2011-

EC 2008- NA 1998- NA NA 2007- NA 1996- NA

Stream NA 1968- 1981- NA 1985- 2007-(daily) 2009- 963- NA

T strean NA 1957-1983 NA NA NA 2007-(daily) 2009- NA NA

Tew NA 1989-1993 NA 2011- NA NA NA 1963- NA

Reference http://danielfor  http://www  http://culter.col http://czo.colora http://czo.col http://criticalz  http://criti  ftp.nwrc.ars.usda.go http://sensor.nev
est.usu.edu/Ho .lternet.edu/ orado.edu/NW do.edu/ orado.edu/ one.org calzone.or v ada.edu/NCCP/
me.aspx sites/and T/ g Default.aspx

" TWDEF: T.W. Daniel Experimental Forest;

AND: Andre Forest Long Term Ecological Research site (LTHBR}jasso: Betasso Critical Zone Observatory (CZELV:

Green Lake Valley CZ0O; JRB: Jemez River Basin C2OM: Santa Catalina Mountains CZO; NR-C1: C1 inNwot Ridge LTER site; RCEW: Reynolds Creek
Experimental Watershed; NevCAN: Nevada climate-gdatiogical assessment networlk,Tair temperature; RH, relative humidity;, Rolar radiation; F, Barometric
pressurep, water vapor pressure deficit; SD /SWE, snow dspthw water equivalent; P, precipitation; SML, snweit lysimeter®, soil moisture; T,;, soil temperature;],
soil matric potential; EC, eddy covariance towdre&m, stream flux; Jrear, temperature of Stream wategw, temperature of Groundwater.

w
[



Table 2-2.Summary of instrumentation installed at the T.WniebExperimental Forest (TWDEF) site

Parameter Method Sensor height (cm) Sensor makiemadel Sensor location
Air temperature platinum resistance detector (PRI$0* Vaisala, HMP50 & HMP45 Primary towers
Air temperature thermistor 150* Judd Communicatibb€, ultrasonic depth sensoPrimary/secondary towers
Atmospheric water vapor capacitive polomer chip *150 Vaisala, HMP50 & HMP45 Primary towers
Solar radiation - net radiation thermopile 150* K Zoen, NR-Lite Primary towers
Solar radiation - 4 - component  thermopile 150* Hukseflux Thermal Sensors B.V., NRO1 Sage A

Snow water equivalent hypalon pillow 0 Campbelkestfic Snotel

Snow depth Sonic 200* Judd Communications LLC astinic depth sensofll towers
Snow depth Global Positioning System (GPS) 300 Big meadow
Wind - speed 3-cup anemometer - photochopper ~ 150* et ®Me Instruments, Inc. 014A Primary towers
Wind - direction vane with potentiometer 150* Men@®lnstruments, Inc. 024A Primary towers
Wind - speed & direction sonic transducer 265 Cagtigrientific,Inc. CSAT3 sonic anemometdrC tower
Atmospheric CQand HO open path infrared gas absorption 265 Li-Cor Bavses, LI-7500 EC tower
Precipitation - wet tipping bucket variable Texas Electronics, Inc. 525I Primary towers
Precipitation - wet tipping bucket variable Hach Company, 2149 EC tower
Precipitation - all 30cm diameter wet catchment 366 Snotel

Surface temperature thermocouple infrared detection150* Apogee Instruments, Inc. IRR-PN EC tower

Soil moisture, temperature, ECa time domain trassometry (-10,-25,-50) Acclima, Inc. ALL-SEN-TDT 36 plots

Soil moisture wave reflection (-3-5,-10,-20,-500) 0 Stevens Water Monitoring Systems, Hydra Prob&g tower

Soil temperature thermocouple (-2,-6) Campbell i&die, TCAV averaging probes EC tower

Soil heat flux thermopile (-8) Radiation Energyld®&e Systems, Inc. HFT3 EC tower

Soil heat flux thermopile (-8) Hukseflux Thermal Sensors B.V., HFP0O1 EC tower

Soil water potential frequency domain w/ceramikdi (-10,-25,-50) Decagon Devices, Inc. MPS-1 36 plots
Snowmelt lysimeter Pressure transducer 0 USU sgiips lab GA, AC

CNPR Cosmic-ray 300 Hydroinnova, Albuquerque, NM GC

* Approximate height above maximum snow depth. Rriymtower include Aspen BAB), Conifer A (CA), Grass C (GC) and SageB (SBhe other weather stations w
included in secondary towers. All towers represdinthe weather stations in the Figure 2-1.

A
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D TWDEF Perimeter ® Weather Station A
Aspen A TDT Subplots
Conifer %  EC tower
Grass % CRNP 0 37,5675 150 225 300
Sage Meters

Figure 2-1. The over view of the TWDEF study siteNorthern Utah and the layout of
the data collection network contained within thenced perimeter. A Cosmic-Ray
Neutron Probe (CRNP), USU Doc Daniel Snotel site] &PS station are also shown.
The labels indicated the plots in each vegetatige,t where the first letter represents
vegetation type (a=aspen, c=conifer, g=grass, asdge), the second letter stands for the

plot A, B, and C. For example, AA stands for thet@\ of aspen.
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Figure 2-2. (a) Deviation of monthly air temperatifrom 5-year average monthly air
temperature during water years 2008-2012, andniby@ accumulative precipitation
(AP), annual snow water equivalent (SWE), and ahrafarence ET (Ed) during water
years 2008-2012 period at the USU Doc Daniel Sruite] which is approximately 50 m
away from the southwest edge of the TWDEF siteeReice ETs were estimated from
the FAO-56 Penman-Monteith equation.
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Figure 2-3. Sample data for comparison of the ifajeanperature, (b) air vapor pressure
at dew point, (c) net radiation and (d) wind speethe open areas (grass and sagebrush)
and underneath the tree canopies (aspen and qotifieng the summer time when the

vegetation canopy was fully developed.
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Figure 2-4. Sample data for Comparing of the eftéstegetation canopies on snow
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Figure 2-5. Sample data comparison of (a) GPS stepth (SD) and (b) snow water
equivalent (SWE) measurements with SNOTEL and maeasurements. Taking the
GPS as the center location, the hand measuremansetts were taken four directions
(4500, 13501, 1800, 22501 ) and at distances of 2.5 m, 5m, 7.5m, 10m, 1%m and
25m.
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Figure 2-7. Thirty-minute averaged sample dataodfrsoisture (al, a2, a3, and a4) and
soil temperatures (b1, b2, b3, and b4) at depti®am, 25 cm, and 50 cm in one plot
each of aspen, conifer, grass and sagebrush diner2010 water year.
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Figure 2-8. Comparison of areal soil moisture measiby the CRNP with aggregate
estimates from the TDT-sensor network at the 1@epth. Each TDT soil moisture
measurements was distance weighted from the CRhgdscation as described in
Chapter 4.
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Figure 2-9. lllustration of footprint radius of Egdovariance (EC) tower at TWDEF site
under stable neutral and unstable weather conditvamich are 500-, 370-, and 85 m,
respectively. The EC footprint is calculation usithge Method of Hsieh et al.(2000).
Because of the heterogeneous landscape, only ackzsed within the EC footprint with

a wind direction between 257and 330 is considered acceptable data. The summer
dominant wind direction is 29@black arrow line in the graph). The footprint ad<Enic-
Ray Neutron Probe (CRNP) is estimated at 385 meaTWDEF elevation.
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Figure 2-10. Sample eddy covariance measurememibitxg the hourly energy flux
including solar radiation (Rs), net radiation (Rsgil heat flux (G), latent heat flux (LE),
and sensible heat flux (HIhe lack of LE and H on day 206 is because the wind
direction was out of the acceptable range, i.e7°-330. The LE and H are estimated
after energy balance closure check.
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CHAPTER 3
EVAPOTRANSPIRATION IN A SEMI-ARID MOUNTAIN
ECOSYSTEM FROM INTEGRATED NUMERICAL

MODELING AND ENVIRONMENTAL DATA?

Abstract. Summertime evapotranspiration (ET) playsimportant role in the
annual water yield of montane ecosystems in therdmbuntain West (IMW). Vegetation
water use for four common species was numericatigeted using Hydrus-1D over four
continuous growing seasons (2009 to 2012), infortned network of soil water content
measurements. The model simulated water transpthinvthe soil and water loss from
evaporation and transpiration processes. Simuktretied on Richard’s equation for
unsaturated flow while ET was guided by Feddest vaater uptake and soil evaporation
functions. Simulations were compared with tempahghamics of soil water content
measurements at three depths (0.1 m, 0.25 m anoh)0&hd with eddy covariance ET
estimates. The simulations were able to effectipegdict soil moisture and water uptake
of montane plant communities during summer dry dowesults suggest a given
vegetation type exhibited no significant differen@b%) in ET comparing growing
seasons, except where abnormally wet conditionsiroad. Mean cumulative growing
season ET estimates were 43.00+4.65, 40.16+2.49%728.88, 26.14+1.27, and
28.78+4.09 cm, for aspen, deep rooted conifer,|®halooted conifer, grass and sage,

respectivelyA plot of normalized ET versus soil moisture sugjgd conifer transpiration

2 Coauthored by: Ling Lv, Scott B. Jones, Lawrencélipps.
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rates fell below potential rates at much highel smisture values than aspen, grass and

sage.

3.1 Introduction

Mountain ranges of the Intermountain West (IMW) aomsidered as the major
water reservoir for the Western US. Most preciptain the IMW comes in the form of
wet winter storms that move from the Northern Radifrough most of the region, where
50-80% of the streams and rivers are fed by moargabwpack (Wang and Gillies,
2012). Annual water yield for these mountain ectesys is regulated by a variety of
physical and biological water transfer processetuding canopy interception of snow
and rain, snowpack sublimation, soil water storage evaporation and transpiration. The
research of LaMalfa et al. (2007; LaMalfa and Ry2©06, 2008) revealed that net
summertime ET played an important role in the ahwader yield in the montane region
of Northern Utah. Lacking a detailed understandiigghese processes with sparsely
distributed observation network data limit our &pito simulate and predict ET process
in Western Mountains (Bales et al., 2006).

Techniques developed for direct ET measurementadacsoil and plant weighing
lysimeters (Tian et al., 2011), catchment watergetdWilson et al., 2001), Bowen ratio
(Cellier and Olioso, 1993), and eddy covariance)(Bgproaches. The lysimeter records
weight changes. It is costly to install and mamtand are limited to shallow-rooted and
short vegetation ecosystems such as grasslandhr@ant water budget uses the same
dynamics as a lysimeter, but employs a single ass&® of annual ET for a watershed

and cannot be used at short temporal scales. TWwerBatio method incorporates energy
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budget and turbulent transfer assumptions with oreasents of vertical gradients (Leo,
1965). The Bowen ratio neglects net horizontal attea of energy and assumes the
vertical transport of heat and water vapor are e(Aregus and Watts, 1984). Under this
assumption, the Bowen ratio method requires ingnim installed in two different
vertical levels above the plant canopy, which resgiivery accurate measurements
(Tomlinson, 1996). Eddy covariance (EC) tower iscu measure and calculate vertical
turbulent fluxes within atmospheric boundary laydtrsvas proven to have high accuracy
in direct measurements of water vapor flux for khegn measurements (Goulden et al.,
1996), and provides the average ET within its faatp Complications of this technique
is its footprint size changes with time due to wihidection (Shi et al., 2008), which
requires the EC tower installed above a uniformaterwhen ET measurements need to
be taken for specific ecosystems. Moreover, iflémel surface becomes decoupled from
the atmosphere (e.g., light wind at night), it bees difficult to interpret the EC
measurements (lvans et al.,, 2006; Spittlehouse Bladk, 1980). In addition, EC
instruments are somewhat expensive and expertiseqggired to analyze the data.
Although hundreds of EC towers have been setupndrane world, few of them are
located in high elevation environments, especiatigve tree canopies.

A variety of analytical models are available fotimgting ET for cases when no
direct ET measurements are available. The mostlyaleplied model is the Penman-
Monteith (PM) equation. It is driven by observedtemological data such as solar/net
radiation, air temperature, humidity, and wind shdaut requires effects of turbulence

and water status to be expressed as aerodynanstaree and stomatal resistance. The
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magnitude of ET estimated through the PM equatiepedds on not only the climatic
conditions but also on the vegetation. The parameteaerodynamic resistance and
canopy resistance in the PM equation must be detednSince the canopy resistance is
difficult to determine, empirical models such as tPriestley-Taylor model are used or
mechanistic models such as the Todorovic modelchviias developed to enhance the
simulation ability of PM equation. Good results lwiPM equation were obtained in
several tree-stands and ecosystems such as Dougatiids on flat terrain in British
Columbia (Black, 1979), Qinghai Sprudeicdea crassifolia) Forest of Qilian Mountains
in China (Tian et al., 2011), a mixed conifer faresosystem in the Sierra Nevada
Mountains of the western US (Fisher et al., 20@bproad-leaf Korean Pine forest of the
Changbai Mountains in China (Shi et al., 2008)hiauls ecosystem in Inner Mongolia, a
shrub ecosystem in the northwestern Sierra Mads@rifihg, USA (Wilske et al., 2010),
a grassland ecosystem (Stannard, 1993; Sumner aoubs] 2005), an aspen forest
(Blanken et al., 2001; Hogg et al., 1997) and soReference ET (Ej) is calculated
from the PM equation under the assumption of aigefftly large and well-watered,
short green crop that fully shades ground, as tasstomatal resistance (Allen et al.,
1998). The ET¥ is only affected by climatic parameters and dassconsider vegetation
characteristics and soil factors (e.g., dryingsydihat may reduce the actual vegetation
ET. In order to account for these factors, addélocoefficients such as a vegetation
coefficient or a stress coefficient are requiredstale E} to actual ET (Spano et al.,
2009). Root uptake models assume the plant traatgpiris constrained by the root

uptake function.
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An alternate approach to estimating actual ET thinometeorological data and
these coefficients is to directly measure soil reohe conditions such as soil matric
potential or soil water content within the root gonn this case a root uptake model
(Feddes et al., 2001) can be solved as a sink irerthe Richards equation, which is
coupled within Soil-Plant-Atmosphere Continuum (SHAnumerical models. These
SPAC models have been used for up-scaling fromfidié- to the regional- and the
global-scales (Feddes and Raats, 2004; Guswa, Ra@hs, 2007). Some research on ET
simulation coupling root water uptake show thaséheodels can help us understand the
ET process in natural vegetation and native ecesyst(El Maayar et al., 2009; Jarvis,
2011).

Despite the available ET modeling options, deploynand operation within a high-
elevation mountainous location is challenging terape and maintain as well as to obtain
appropriate model input parameters. Consideringatbeementioned disadvantages and
deficiencies in applying direct measurement teahesqin a mountainous area of the
IMW as well as the limited availability of approgte ET model input parameters
relevant to our study area, we selected a well{deeel, physically-based numerical
modeling computer software package, Hydrus-1D (Hi&r)simulating dynamics of ET.
The simulation software couples a root water uptakelel with the Penman-Monteith
equation to inversely solve the Richards equatlm(nek et al., 2008). This requires
little or no calibration when all required inputrpmeters are experimentally determined
(Simunek et al., 2012). More important is the eagh which H1D required input data

can be determined. The H1D model has been suctigsgiplied in numerous studies to
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simulate ET processes in field and natural conatigSimunek et al., 2012). The
objectives of this study were to: (1) employ enmireental data to fit parameters of the
numerical model (H1D) and subsequently compare \&idiate simulations from the
coupled PM equation and root water uptake modekstonate evaporation, transpiration
and ET within each of the four common semi-arid taoe vegetation types (aspen,
conifer, grass/forbs and sagebrush); (2) compadevahdate the numerically-simulated
ET in the sage/grass meadow with measurements ofr&it the EC tower, and (3)
analyze, present and evaluate the different platémuse strategies to describe montane

water demand for each of these vegetation types.

3.2  Theoretical Considerations
The Hydrus-1D (H1D) model (Simunek et al., 2008)swesed to simulate the
saturated-unsaturated water flow using a mass-ldnfipear finite element scheme to

numerically solve the one-dimensional Richards aqagWaohling et al., 2008).

0 _0
ot ot

[K(h)a—h+1}—s (3-1)

0z

where, 6 is the volumetric water content [¢fom’]; h is the soil pressure head [cm,
negative for unsaturated conditions]; t is timeyjdand z is the spatial coordinate [cm];
positive downward; K(h) is the soil pressure heagehdent unsaturated hydraulic
conductivity [cm/day] and S is the sink term, aauing for plant water uptake. The soil

water conten® is described using the van Genuchten-Mualen (V@Ghbdel written

(Mualem, 1976; van Genuchten, 1980).

K(S,) = Kssgf’[l— (- s;”")’“]2 (3-2)
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where, Sis effective saturation, defined as

sezg_%z 1nm,h<0
= [1+|0‘h| ] (3-3)
S, =1, h>0

and where§, is the residual water content [ofem’]; 6s is the saturated water content
[cm®cm?]; Ks is the saturated hydraulic conductivity [cry#l anda [cm™], n and m are

empirical fitting parameters. The relationship betw n and m is described by the
assumption tham=1-1/n, (n>1). The initial hydraulic parameters were estimated

based on the soil texture determined at each o12h€WDEF site plots (Olsen and Van

Miegroet, 2010) with the Rosetta Lite v. 1.1, whista module coupled into H1D.

3.2.1 Root Water Uptake
The actual transpiration rate, T(t) is computedridggrating the sink term, S(h),

in EQ. 1 over the root zone:
0 0
T(t) = jLR S(h)dz = jLR a(h)-b(2)- T,dz (3-4)

where, T is the actual transpiration rate (cm/dayy).is the root depth (cm).,Tis the
potential transpiration rate [cm/day] angh) is a reduction coefficient for root water
uptake (Feddes et al., 1974, 2001). The reducbefficients for each vegetation type are
shown in Table 3-1. The function b(z) is the notimed root density distribution [cT,
which was estimated from the 2004 soil pedon suiBoettinger et al., 2004) and is

illustrated in Figure 3-1.
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3.2.2 Initial and Boundary Conditions

For the simulation initial conditions, we assumkd $oil profiles were saturated
with water content and the upper boundary condit{&C) was assumed as an
atmospheric BC with surface runoff, with the bottB@ (z=200 cm) set as free drainage,
suggesting in infinitely deep soil profile. The @ppBC required specifying time-
dependent precipitation [cm/d], interception [cméid reference ET (BY [cm/d]. The

interception (1) of precipitation (P) was calculdtes (Schwarzel et al., 2006):

1
| =a- LAl - 1—W (3'5)
1+

a- LAl

where, a is an empirical coefficient [cm], LAl igalf area index, and b is the soil cover
fraction, with the term surface cover fraction, SEFL-exp(x LAIl), where x is an
extinction coefficient (Simunek et al., 2008) (Tal3}2).

To model the time dependence of LAI for Aspen, Gifasbs and Sagebrush
during the growing season, we used a logistic gndanction (Yu et al., 2010).

LA, - LAl (3.6)

LAI (t) =
® LAl + (LAl __ — LAI,) -exp(-bt)

where LA} is the value of LAI at the beginning of the grogiseason (t=0), LAJaxis
the maximum LAI value, and b is an adjustable p&tam The relationship describing

the physiological stages of aspen is given as

> D= imax(l’a -50) (3-7)
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where d is the day of year, @nd d are the initial and final values of d for eachesp
physiological period of degree-day accumulatiord &gpis the daily air temperature. We
identified d for each year when the daily mean soil temperaairéhe25-cm depth
exceeded -0.2 [1C.

ETo, was calculated from Penman-Monteith equationeg@let al., 1998), and
then was partitioned into reference evaporatig) &ad reference transpirationgfusing
Beer’s Law (Ritchie, 1972).

E,(t) =ET, - 1- SCF) (3-8)

T,(t) = ET, - SCF (3-9)

3.2.3 Inverse Modeling Procedure
The aim of inverse modeling in our study was talfthe optimized VGM saill

hydraulic parameters for each monitored soil la§€r cm, 25 cm and 50 cm) with the
objective that the agreement between observed andladed volumetric soil water
contents can be optimized (Caldwell et al., 2013)e parameters are optimized by
minimizing the objective function (Simek and Hopmans, 2002) using Marquardt-
Levenberg nonlinear minimization method (Marquart®63). The goodness of the
agreement is measured by the coefficient of deratitin (K), and root mean square
error (RMSE). The closer the R-square is to 1,rttege accurate the model parameter
estimation is. The smaller the RMSE is, the moreueste the model parameter
estimation is In general, for paired simulationsl abservations, the simulation can be

regarded as a good fit if the R-square is greatar 0.8 (Vrugt et al., 2001).
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Simanek et al. (1998) found that independent measurefethe 6, parameter
could decrease the uncertainty of the soil hydcapéirameters. In our study, to reduce
the number of parameters to be optimized and tleadsice the uncertainty of the
parameter estimation, residual water contentsdoh elepth in each subplot were fixed as
the difference between mean of the minimum soilewabntent measurements of the
year of 2009, 2010, 2011, and 2012 and two timeissastandard deviation. Figure 3-3
shows the mean minimum soil moisture and the cpomding standard deviation of the
depth of 10 cm, 25 cm and 50 cm in each subplog dther four VGM hydraulic

parameterstg, o, n, Kg) were fitted in each layer.

3.3 Materials and Methods

3.3.1 Study Area and Experimental Data

The experimental data were collected from the TD&niel Experimental Forest
(TWDEF), located within the Bear River Range of Wasatch Cache National Forest in
Northern Utah, USA (41.86° N, 111.50° W). The instented part of the forest lies with
an area 200 m 400 m at an elevation of 2600 m (Figure)3Zhe climate is typical of
the montane semi-arid IMW with a mid-growing season (July) mean air temperature of
14.4 0C, with an annual mean precipitation of 950 mm, 0% of which falls as snow
(Van Miegroet et al., 2005). The soil in the TWDHS classified as fine, mixed,
superactive typic haplocryalf. The top 50 cm ofl seidisturbed by animals such as

pocket gophers.
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The vegetation cover across the TWDEF forms a paidh of 4 cover types:
aspen, conifer, grass/forbs and sagebrush (Andetsalh, 1980). The average height of
aspen standPppulus tremuloides) is 12 m and its understory is dominated by gfadsé
(rudbeckia occidentalis, Bromus carinatus and Elymus trachycaulu). The height of
conifer stands is around 10~15 m, consisting primaf Engelmann spruceP{cea
engelmannii) or Rocky mountain Fir Abies lasiocarpa), and its understory is
predominantly bare ground or needle litter. Graksminated byBromus carinatus and
Elymus trachycaulus) height is around 0.5 m at full canopy. Sagebr(attemisia
tridentata) has an approximate height of 0.8 m. The LAI afiter was measured using
Line Quantum Meter (MQ-301, Apogee) and it was 2.Zable 3-3 shows the
physiological stage of aspen, grass and sage. fags/fprbs and sage, we use the day
when snow totally melted as the start day of treewvgrg season and the LAI reached a
maximum after 60 days. For aspen, we used thehbidwvalues of cumulative degree

days (ZD ) based on air temperature to determine llysigogical stage. The aspen
canopy started to green up aEaD of 70 JC days, reached at 90% maximum LAl at
> D of 220 [IC days and reached the end of green-up @ of 300 [1C days (Barr et

al., 2004). Figure 3-1 showed the layout of the TE¥Dsite. Three plots for each
vegetation type and three subplots (triangles) iwidach plot were established in 2004,
with one automated micrometeorological station (ATamd two secondary towers for
each vegetation type (solid circles). The TWDEF diegan to have on-going data

collection in 2008. In this study, we focus on gnewing season data, which begins each
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year with the end of snowmelt through the end efwttater year (Sep 3pin 2009, 2010,
2011 and 2012 (Table 3-4).

A significant part of the monitoring network, indes 108 time domain
transmissometry sensors (TDT, Acclima, Inc, Mendi&aho, USA), used to estimate
soil water content and soil temperature within eswabplot. The TDT operation principle
employs travel-time analysis for dielectric permaity analysis, which is described in
detail elsewhere (Blonquist et al., 2005; Joned.e2005; Robinson et al., 2003). In each
of 36 subplots at the TWDEF site, the TDTs wereiitesl horizontally at depths of 0.10
m, 0.25 m, and 0.50 m by excavation, sieving anabral of larger stones and repacking
of the soil profile. The data recording is by stamtd commercial data loggers
(CR1000/CR10X dataloggers, Campbell Scientific, amgUT, USA), with data
telemetry to a storage computer on the USU campasye80 min. There is one data
collection and instrumentation system within eath2experimental plots.

Measured parameters at each ATM include air tenyperand relative humidity,
wind speed, net radiation and precipitation. Sitiee ATMs in Aspen and Conifer
communities were located under the canopies, theesarements from these two towers
reflect the understory conditions and are not gmpate for ET estimation of the canopy.
For consistency of meteorological observations, sueanents from the ATM above the
grass/forbs plot with an elevation of 2631 m, wasduto represent weather conditions at
the TWDEF site. In case of instrument/sensor malioned at the grass/forbs ATM,
measurements from the sage ATM at an elevation6862n was used to fill missing

values. Year-round precipitation data from the U3&t Daniel SNOTEL station, which
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is just east of the perimeter of fenced study awess used to validate or fill missing
values of precipitation. Because the net radiatiepends on vegetation and location, we
chose to use solar radiation measurements at theo®€r, whose data were recorded
using dataloggers, i.e., models CR3000 and CR10Alatyers (Campbell Scientific,

Logan, UT, USA).

3.3.2 Eddy Covariance Measurement

Instruments. An eddy covariance tower (EC-tower) was installedhe center of
TWDEF instrumented site, where the domain vegetatmverage is a mixed grass and
sagebrush meadow. The instruments included a CS#iF8e-dimensional sonic
anemometer (Campbell Scientific, Inc, Logan, UT,AYy&nd a Li 7500A open-path
water vapor and C{analyzer (Li-Cor, Inc, Lincoln, NE, USA). Sensavere sampled at
20Hz.One-hour average fluxes of sensible and latentwes calculated from the time series of
3D winds, temperature and water vapor densgnsors were controlled and recorded with a
CR3000X datalogger. Instruments were mounted 2.6&bowve ground surface. Solar
radiation was measured using NRO1 4-way radion{eteksefluxUSA, Inc, Manorville,
NY, USA) mounted at 3.5 m above the soil surfac&. #@®mperature and relative
humidity were measured using HMP 45 (Transcat, Rachester, NY, USA) mounted
2.5 m above the soil surface. Soil heat flux watemened with Radiation Energy
Balance Systems HFT3 heat flux plate (Campbellr8ifie, Logan, UT, USA) between
2008 and August 2009. An HFPO1 (HuksefluxUSA, Manorville, NY, USA) has been
used since then. The soil heat flux plates wereetat 8 cm and the thermocouples were

placed to determine the average soil temperatundigmt between the plates and the
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surface. Two Hydraprobe Il (Stevens Water Monitgi8ystems, Inc, Portland, OR, USA)
water content sensors were buried at 0.03 m irsgaad sage patches and one sensor at
10 cm in the west side of EC tower to measure tile®isture and soil temperatures in
these two layers. Summertime precipitation was oreaswith a Hach 8-inch diameter
tipping bucket rain gauge. The sonic snow deptsae@udd Communications LLC, Salt
Lake City, UT, USA) was mounted at 3.3 m above sbé surface to measure snow
depth and air temperature.

Energy balance closure check: Examining closure of the energy balance is a very
useful check on the overall consistency of lateaathflux and sensible heat flux
measurements using the eddy covariance methodefiérgy balance closure is defined
as (H+LE)/ (R-G), where, H is sensible heat flux, LE is lateeahflux, R is net
radiation, and G is soil heat flux. Perfect measwmets would result in a value of 1.0,
however, in practice, values are typically lowerthe range of 0.8-0.9 is considered a
very good value (Twine et al., 2000). We partitidriee missing energy into LE and H
using the measured ratio of H/LE (Angus and Wdt®84) when H/LE was out of the
range of 0.8-0.9. During the nighttime, eddy cosace does not work well (De Bruin
and Holtslag, 1982; Law et al., 2000; Stannard,3)9But since ET value was close to
zero at night, we did not include the nighttimeifr 1900 MST to 0500 MST next day)
EC measurements, comparing only the daily measkfedvith the simulated ET by

numerical modeling in the grass and sage site.
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34  Statistical Analysis
To assess annual variability of water use and ftfexteof vegetation type on
water use, the evaporation, transpiration and Hillegawere regressed on clay content
for each vegetation type over 2009, 2010, 2011,2401?. This study was arranged in a
completely randomized design. The PROC MIX funct{der. 9.3, SAS Inc, Raleigh,

NC, USA) was used to analyze the simulated evajporaranspiration and ET.

35 Results and Discussions

3.5.1 Precipitation

The TWDEF experiences hot, dry summers and coldengnwith most of the
annual precipitation falling in the form of snowtérmittent rain events occur in the
spring and summer. Figure 3-4 shows the annualigit&ion at the TWDEF being
1122.7 mm in the 2009 (2008-2009) water year, 982 in 2010, 1503.7 mm in 2011
and 835.7 mm in 2012. The snow melt-out date vangd years, vegetation, location,
etc. With the deepest snow in water year 2011, sdepletion extended until the
beginning of July, 2011. Wind drifted snow depositshe open areas of the upper slope
at the TWDEF instrumented meadow significantly giglg final melt-out (e.g. at the
Grass A site) (Meyer et al., 2012). Because ofatawh interception within conifer, snow

in those plots usually melts later than in the otregetation.

3.5.2 Soil Moisture and Water Transport Calibration
The H1D numerical model optimizes the van Genuck@hhydraulic parameters in

order to match simulated soil moisture with TDT-sw@&d soil moisture to an acceptable
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accuracy (R>0.8). Model calibration, or parameter optimizatiénan indirect approach
for estimating soil hydraulic parameters from swedter transport data. In this study, the
observed soil moisture at 3 different depths irheadividual vegetation subplot over the
4 growing seasons (water years) of 2009, 2010, ,2&dd 2012 was used to calibrate the
model by optimizing the van Genuchten hydrauliapzaters.

The Figure 3-5 shows simulated and observed sasgtome values at 10 cm, 25 cm,
and 50 cm for four vegetation types over three sieSimulated and observed water
contents are well matched in most instances, itidigathat the model was able to
simulate time-series boundary flux, suggesting adgfit between the simulated water
contents and observed water content at differgpihde Correlations were also developed
for simulated and observed soil moisture at 10 285n¢m, and 50 cm for four vegetation
types. All r-squared values were above 0.8. Thensied correlation and root mean
square error (RMSE) values were around 0.95 artbh®/m?, respectively, indicating a
very good fit for model simulations. The optimizbgdraulic propertiesog, o, n, Ko
including their 95% confidence interval were caitatl by the Hydrus-1D for each
simulation. Example of soil water retention curvel daydraulic conductivity curve with
95% confidence intervals were shown in Figure 3H¥e smaller confidence intervals
were obtained, and the highest uncertainty occustteeh the solil is close to saturation.

On Sep 1%, 2011, a Giddings soil hydraulic rig was used ftrast soil core
samples to 2 m depth where possible, in the viciaft each plot. High rock content
common in areas of the TWDEF site led to varied@araxtraction depths (Figure 3-7).

Sample length and bore hole depth were compareddount for compaction effect on
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soil water content determinations from oven dryiBgil samples were cut into 10 cm
sections and placed in labeled containers, then dved in the soil physics lab at Utah
State University. Volumetric soil moisture was cddéted and compared with simulated
values on the same day. Variation of soil moistargpace is widely recognized. Both
observed and simulated volumetric soil water castemowed increased trends with
depth. The absolute difference between observed amedaged simulated soil water
contents (mean of 3 subplots) along whole soilifg®fvaried between 0#m?® and 0.06

m°/m3,. indicating the simulated and observed wateremstfollowed a similar trend.

3.5.3 Comparison of Simulated and Measured ET

The availability of eddy covariance estimates of Within the grass/sage
dominated footprint provides a means to comparesthmilated values of ET for the
grass and sage vegetation plots. The only uséfolgh not ideal, fetch around the EC-
tower is limited to a swath based atind direction between 257 [1 and 330 [J passing
over grass and sagebrush meadow northwest of thenBi@mental tower. These
limitations stem from the height of EC tower, sumding vegetation and topographical
constraints in the instrumented domain. We compdhed H1D simulated ET to a
processed set of EC-tower estimated ET daily valuesn possible (Figure 3-8). For
example, in the 2009 growing season data, only dys @¢ould be checked for good
daytime ET measurements. The reason for this issthieheat flux plates and soil
moisture sensors failed due to rodent damage, éxgunuch of the annual data. Based
only on a minimum R-squared value of 0.74 in 20th2, model performed reasonably

well in simulating ET. The RMSEs were 0.33 mm/day2D09, 0.59 mm/day in 2010,
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0.50 mm/day in 2011, and 0.74 mm/day in 2012. ThB lhodel slightly underestimated
ET compared to the EC-tower measurements. Thendasdhe ET difference between
H1D simulation and EC-tower measurements may reBoln: (1) the imperfect
representation of reality in the H1D model wherdyadd soil layers were used in the
inverse fitting of soil hydraulic parameters abave 50 cm depth. In the forward
simulations, the soil profiles were divided into maahan 6 layers in the top 2 m.
Additionally, although root branching pattern aengtically determined, environmental
factors modify the characteristics of root systgd@hnson and Aguirre, 1991; Zobel,
2011). Therefore, root distribution and densityiegiconsiderably in terms of the spatial
distribution and among species and even amongithdils within a species (Webster,
1978). In our simulation, the root density disttibn for each plot was assumed to be
static in both space and time. (2) The incompatybbf the horizontal scales for EC
instruments: the typical horizontal scale of ECtesysis 10 m for the net radiation
measurement, 0.1 m for the soil heat flux measungna@d 100 m for the latent heat flux
and sensible heat flux (Foken, 2008). In our stsitly, the EC tower was located at the
center of the meadow, which was surrounded byttalts (Figure 3-2). Part of the
meadow fell into the shadow of trees due to thengbaof the solar zenith angle, which
resulted from variations in the incident solar atidin and soil heat flux across the
footprint of the EC tower. (3) The measurement uagety of soil heat flux (G): Several
potentially significant errors can occur when usflux plates to measure G, including
heat flow distortion near the plate, liquid waterdavapor flow divergence and poor

contact between the plate and soil matrix (Cobab Baker, 2003; Sauer et al., 2003).
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Soil heat flux measured by soil heat flux plateasisted of two components: The heat
flux density through the plate ({pand the soil heat storage (S). Studies (Heusldkete
al., 2004; Sauer et al., 2007) showed that the disédrtion effect of soil heat plates
would consistently underestimate,®y 20% to 25% in dry sand due to heat flow
distortion. Novel sensors or correction technigaesrequired to minimize the heat and
water flow distortion. There may also have beerepil errors in the soil storage
component due to variation in soil moisture cont@md /or large spatial and temporal
heterogeneity in soil heat flux across the stuty @ieuning et al., 2012).

Although we have no direct ET measurements forragpe conifer in our study,
compiled ET estimates from studies in similar eowments give confidence in our
estimates shown in Table 3-5. LaMalfa and Ryle &08pplied the water balance
equation to study the summer water use of asperc@mter in a high-elevation montane
watershed also in the Northern Wasatch MountaingTf The results showed that the
measured total ET was 451 mm for aspen and 343 onroohifer in 2006. Among our
four-year simulations, the model estimated totalf&@Twas about 430 mm for aspen, 402
mm for the conifer site with root depths extendid® cm (drC), and ET was 287 mm for

the conifer sites with rooting depths less tham®s(srC).

3.5.4 Plant Water Use Characteristics

Conifer may transpire on favorable days even intevtrme (Sanna et al., 2006),
for example the two-year paired study of (LaMalfal &yle, 2008) in aspen and conifer
stands showed the total transpiration of conifes \ess than 28 mm/yr during spring

snow melt prior to aspen leaf flush and in the Fdler aspen leaf senescence. Our
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statistical analysis of the simulated ET resultsvahin Table 3-6 demonstrate that in any
year aspen exhibit the highest ET, followed by deepted conifer, shallow rooted
conifer and sage and grass. This agrees with thatsefrom other studies (Flerchinger et
al., 1996; Johnston, 1969; LaMalfa and Ryle, 2088pen and deep rooted conifer have
significantly higher (p<0.05) water use than shalloooted conifer, grass and sage.
Conifer with shallow rooting depth showed similaater use compared to grass and sage.
The total of ET for the same vegetation varies frmme growing seasons to another, but
without any significant differences (Table 3-7) egtfor aspen and sage in the growing
season of 2009. Generally for most of the year, BN@xperiences a wet winter and dry
summer, and water from snow melt at the TWDEF sésily recharges the entire soil
profile to saturated water content at the beginmhgach growing season. Likewise, the
vegetation regularly use up most of that waterhgyend of the growing season each year.
An additional note that June 2009 was an abnormably month, which may have
contributed to significantly higher water use byes and sage in 2009 (Wang et al.,
2010).

Several observations can be drawn from Figure 8¢ganding the variations in
daily evaporation rates, transpiration rates and&&s during the four growing seasons
studied. First, the start date of transpirationesfrom year to year and among species.
The spring of 2011 was cool and unusually wet, #ral vegetation started actively
transpiring much later than in the other three yeByy contrast, temperatures in 2012
were record-breakingly high, and the vegetationiletdd earlier start of transpiration

compared to the other years (Harris, 2012). Thaspi@ation rates and ET rates of aspen,
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grass, and sage showed a parabola-shaped variati@ne the highest ET rates for the
aspen, grass and sage occurred after leaf fludh yessar. Conifer employed a different
water use strategy where the initial rise in watesle was less than Aspen and
transpiration rates diminished during the remaindérthe growing season. The
transpiration pattern of conifer can be explaingdtiiie nearly constant LAI and the
seasonal soil moisture depletion, which essentiallgonsistent with the precipitation
characteristics in the IMW. Precipitation in theWVexhibits a cold season regime from
the wettest month of May to the driest month ofyJ@Wang et al., 2009). Soil
evaporation rate throughout the growing seasofminsand ranges from 0 to 4 mm/day
(Figure 3-9). For aspen, grass and sage, the msnsabf soil evaporation rate and
transpiration rate are antipodal due to the caraguelopment and soil moisture decline
(Or et al., 2013). The average soil evaporatiore nander the conifer canopy was
approximately 0.67 mm/day, and exhibited a neaolystant trend throughout the study

period.

3.5.5 ET and Soil Moisture

Soil moisture is the key variable which synthesitks atmosphere forcing,
vegetation response and surface evaporation thraligin a water-limited condition, ET
undergoes a transition from near potential ratestd a state of water stress where rates
are significantly reduced as seen in Figure 3-9silnly the water stress, we quantified
the relationship between daily-integrated ET raie soil moisture in the near surface for
the four vegetation communities. The daily-integdaET rates were normalized by the

associated reference ET values, which were sindiiatéhe numerical model using the
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Penman-Monteith equation. The actual soil moistlyieamics were measured at the 10
cm depth using the TDT sensors.

Figure 3-10 shows normalized ET rates from the mspenifer, grass and sage.
The aspen, grass and sage transpired at poteatesd during each study year until a
repeatable soil moisture threshold was reached. ddie moisture thresholds were
approximately 0.25 #fm? for aspen and 0.1 #m? for both grass and sage. Below these
thresholds daily ET rates of grass and sage droppsdpitously and approached zero.
The daily ET rate of aspen was 90% of referencenla&€n soil moisture reached 0.25
m’/m3, and it declined precipitously and approached néren soil moisture was below a
second threshold, 0.123m>. In comparison, conifer exhibited a nearly continsly
decreasing pattern with soil moisture reductionotiher words, conifer exhibited more
sensitivity to soil moisture than the other vegetattypes, especially when it had a
shallow rooted system. Research on the physiolbgasponse of plants to drying soll
and subsequent water stress has grouped plant ibehas isohydric (having tight
stomatal control and a minimum threshold of watgteptial that cause stomata to close)
and anisohydric (having loose stomatal control anddiscernable threshold of water
potential maintenance) (Tardieu and Simonneau, J1998nifer exhibited an isohydric
behavior. In contrast, aspen, grass and sage shawadisohydric behavior, which does
not depend on soil moisture status until plantsewstressed (Tardieu and Simonneau,
1998). The same behavior was also observed in sthdies (Pataki et al., 2000; Ponton

et al., 2006).
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36  Conclusions

The focus of this paper was on ET estimation irr fommmon vegetation types
found in Montane ecosystems of the IMW. The apgroamployed the Hydrus-1D
numerical model, which employed conventional meikgical data and additional
measurements of soil moisture as inputs. The gasdoé hydraulic parameter inverse
fitting was evaluated by TDT measured soil moistafrelepths of -10 cm, -25 cm, and -
50 cm in addition to independent soil moisture peo€omparisons. The modeled ET
values in the study area for the growing season2068, 2010, 2011, and 2012 were
consistent with the directly measured ET by theyeti/ariance system and with studies
carried out in similar ecosystems. The consistemplies that the numerically simulated
estimates show potential as a method to estimata Bigh elevation mountainous areas
yielding high temporal resolution, depending ondkailability of monitoring sites.

Our modeled results found that for each growingsseathe aspen showed
significantly higher total ET than grass and sdgiéowed by the deep rooted conifer. For
the same vegetation type, the total ET had no feignit difference among growing
seasons except for deviations during an abnormatygrowing season. The mean ET
rates were 4.1 mm/day, 3.9 mm/day, 2.6 mm/daypr@day and 2.3 mm/day for aspen,
deep root conifer, shallow root conifer, and grasd sage, respectively. Regardless of
the differential snowpack accumulation, the growsegson ET removed at least 50.8%,
42.5%, 32.8% and 33.3% of the total annual preatipih for aspen, conifer, grass, and
sage, respectively, for the driest year of 2012nmared to 30.3%, 23.1%, 16.9% and

17.7%, respectively, of total precipitation for thettest year of 2011.
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By comparing the relative ET with diminishing saioisture we concluded that
conifer showed more sensitivity to soil moisturartithe other vegetation types. Aspen,
grass and sage roots ceased water uptake fronoitheh&n soil moisture dropped below
about 0.1 rYm® at the 10 cm depth, while conifer, on the othenchawas able to

continue to transpire at low rates under very danyditions.
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Table 3-1. Feddes Parameters defining root watkegeduction coefficienty(h) for
studied vegetation types (Havranek and Beneckeg;¥4lliher et al., 1993; Kolb and
Sperry, 1999; Running, 1976; Ryel et al., 2002;IRyeal., 2010; Taylor and Ashcroft,

1972)

Vegetation hl [cm] h2 [cm]  h3h [cm] h3l [cm] hamit  Tpiow Tehigh
[cm/d] [em/d]

Aspen 0 0 -330 -2000 -15000 0.5 0.1

Conifer 0 0 -5100 -12800 -21500 0.5 0.1

Grass/forbs 0 0 -300 -1000 -15000 0.5 0.1

sagebrush 0 0 -400 -5100 -33000 0.95 0.1

Table 3-2. Albedos and extinction coefficients ¥ DEF plants types (Betts and Ball,
1997; Black et al., 1991; Brantley and Young, 200fen et al., 1997; Kiniry et al.,
2011)

Parameters Aspen Conifer Grass Sagebrush

albedo 0.15 0.13 0.21 0.18
Extinction coefficient 0.42 0.52 0.38 0.52




Table 3-3. Vegetation physiological stages for pleypes at the TWDEF. The LAland
LAl max Were from previous studies (Barr et al., 2004 yKCkend Seyfried, 2001; Gifford et al.,
1984; Lecain et al., 2000)

Date of the vegetation phonological stages

Green up 90% of LA LAl s, LAl LAl ey
Aspen 2009 May-29 Jul-3 Jul-12 0.01 5.6
2010 Jun-24 Jul-9 Jul-17
2011 Jun-24 Jul-10 Jul-18
2012 Jun-01 Jun-24 Jul-1
Grass/Forbs 2009 Jun-05/Jun-16 Jul-20/Jul-31 Aug-01/Aug-15 0.01 2.3
2010 Jun-14 Jul-29 Aug-13
2011 Jul-09 Aug-23 Sep-07
2012 May-15/Jun-01  Jul-01/Jul-15 Jul-14/3ul-31
Sage 2009 May-25 Jul-09 Jul-24 0.01 2.3
2010 Jun-14 Jul-29 Aug-13
2011 Jul-09 Aug-23 Sep-07
2012 May-15/Jun-01  Jul-01/Jul-15 Jul-14/Jul-31

* LAl max is the total LAl of overstory and understory.
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Table 3-4. The snow ablation date for differentatagon sites in water year of 2009,
2010, 2011, and 2012. Drifted and accumulated sgemerally builds up on grass A
and sage A plots resulting in later snowmelt corapgdo grass and sage plots

2009 2010 2011 2012
Aspen Jun-01 Jun-14 Jun-28 Jun-01
Conifer Jun-12 Jun-27 Jul-06 Jun-01
Grass/Forbs Jun -05/ Jun-16 Jun-14 Jun -28/ Jul-09 May-15/May-30

Sagebrush May-25 Jun-01 Jun-28/ Jul-09 May-15/May-3




Table 3-5. The total ET (averaged from 4-year satioih) of aspen and

from the literature

conifer as compiled

Site Lat °) Lon. () h* (m) Averaged total ET(cm) Citation
Aspen Conifer
Reynolds creek  43.20 -116.75 1840- 45.60 (Flerchinger et al.,
2036 1996)
Bear river 41.34 -111.43 2515 45.10 34.30 (LaMalfa and Ryle,
mountain 2008)
Northern Utah 2750 40.140.74 33.080.23 (Johnston, 1969;
mountain 1970)
TWDEF 41.87 -111.51 2650 43.00t4.65 40.162.49 (drC¥) This study

28.67:1.88 (SIC*)

# h is elevation.
* drC: conifer has deep rooted at plot CA and Q&:: £onifer is shallow rooted plot CC.

LL



Table 3-6. Significance testing of total evaponatiwmanspiration, and ET for each vegetation typamgared for the same
growing seasons (confidence levelbef.05). Units are in cm of water loss

. 2009 2010 2011 2012

Vegetation _— _— _— _—
E T ET E T ET E T ET E T ET
Aspen 6.48b 43.36a 49.84a  4.95a 34.97a  39.92a b4.8337.06a 41.89a ©.36a  34.95a  40.3la
drc* 7.60b 35.77b  4337b  7.5la  33.3la 40.82a  8.12829.70b 37.82a 7.4la  31.23a  38.64ab
SIC* 7.39b 21.93c 29.32c  4.39a  22.25b  26.65b  4.44123.30c 27.73b 5.6la  25.35b  30.96b
Grass 6.72b 20.30c 27.02c  6.73a 18.37b  25.10b  6.3448.66c 24.99b 7.73a  19.71b 27.44b
Sage 7.86a 26.93c 3479c 573a  20.51b  26.24b  8.67h7.45c 26.12b 6.50a  21.47b  27.97b

* drC: conifer has deep rooted at plot CA and Q& £onifer is shallow rooted plot CC.

8.



Table 3-7. Significance testing for each vegetatyge during the four simulated growing season208, 2010, 2011, and 2012
(confidence level 06=0.05). Units are in cm of water loss

Vegetation

Aspen drC* srC* Grass Sage
Year E T ET E T ET E T ET E T ET E T ET
2009 6.48a 43.36a 49.84a 7.60a 35.77a 43.37a 7.32R93a 29.32a 6.72a 20.30a 27.02a 7.86a 26.93a 9&84.7
2010 4.95a 34.97b 39.92b 7.51a 33.3la 40.82a 4.323a.25a 26.65a 6.73a 18.37a 25.10a 5.73a 20.51b 4126.2
2011 4.83a 37.06b 41.89b 8.12a 29.70a 37.82a 4.423.30a 27.73a 6.34a 18.66a 24.99a 8.67a 17.45b 2126.1
2012 5.36a  34.95b 40.31b 7.4l1a 31.23a 38.64a 5.6la &5.380.96a 7.73a 19.7la 27.44a 6.50a 21.47b  27.97b
4-yr 541 37.585 42.99 7.66 32.50 40.16 5.46 23.21 28.676.88 19.26 26.14 7.19 21.59 28.78
aver
age
* drC: conifer has deep rooted at plot CA and QR £onifer is shallow rooted plot CC.

6.
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Figure 3-1. Root distribution density in the vegieta, aspen = A, conifer = C, sage = S,
and grass = G for plots A, B, and C. Root densstyadunction of depth was interpreted
from the 2004 soil pedon surveys. Because the depth of the conifer plot C did not
extend below 62 cm while the other two went beyarim., we separated the analyses
to shallow and deep rooted plots.
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Figure 3-2. The T.W. Daniel Experimental Forest (@®F) site located in Northern
Utah, illustrating the data collection network distited within the study site. The site is
surrounded by a perimeter fence with 12 primarysdary weather stations and
associated subplots. The Doc Daniel Snotel sitwdated at the Eastern edge of the
TEDEF enclosure. The source of the DEM was fromUl® Geological Survey (USGS)
in spatial resolutions of 1 arc-second (30 m).
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Figure 3-3. The mean and standard deviation of munm soil moisture measured by
TDT sensor in water years 2009, 2010, 2011, an@ 26rleach subplot at 10-, 25-, and
50 cm depths. The x-axis designates each subplogrenthe first letter represents
vegetation type (a=aspen, c=conifer, g=grass, asdge), the second letter stands for the
plot A, B, and C, and the last number represemstioplots number, i.e. 1 through 3.
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2011, and 2012.
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Figure 3-5. Example simulated soil moisture catibres from measured values at 10-,
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study periods of 2009, 2010, 2011, and 2012.



85

05
--------- lower 95% confidence interval

s0il moisture
________ .~ —— upper 85% confidence interval

=
=

=
w

0.2

Soil Moisture [cm*/em’]

0.1

Ofu L L 1 i i i
10 (L3 107 10° 1w 10° 100 107

Matric Potential [- cm]

101 o (b)

=== |ower 95% confidence intenal
| — hydraulic conductivity, K
gLVl SR upper 95% confidence interval

1.0.11‘ [ [ 1 1 1
100 10" 107 10 10°  10% 108 107

Matric Potential [- cm)]

Figure 3-6. Example of simulated hydraulic prometiand corresponding 95%
confidence intervals for (a) soil moisture and liigfiraulic conductivity (K) for the top
layer of AA1, which is subplot one of plot A in a&sp



86

0 .
g — ac1
p o AY e acz
50 ] -——- ac3
—e— obs
100
150
200
0
50 "u., . | A o | = -—--1:——:
v, A |
100 s
4
150 ¢....... 'i
T i
L. 200 t
g 0 :
i)
(]
50
100
— gci
150 ........ 302
——=s gC3
200 —+— obs]
0 "
50
100
— sci
150 \ -+ 8¢c2
\ —-——-sc3
200 ‘ —s— obs]

0.0 0.1 0.2 0.3 0.4 0.50.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Soil Water Content [cm3/cm3]

Figure 3-7. Comparison of soil core sampled witldkg-1D simulated soil moisture
distribution profiles among the four vegetationdgplots (aspen, conifer, grass/forbs,
and sagebrush) on Sep. 14th, 2011. The first lettlrgend represents vegetation type
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Figure 3-10. Normalized daily ET rate (ratio oflg& T rate to reference ET rate) as a
function of soil moisture in the near surface lafig cm depth) for aspen, conifer (deep-
rooted conifer = drC, shallow-rooted conifer = sr@’ass and sage during the growing
seasons of 2009, 2010, 2011, and 2012.
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CHAPTER 4
MEASURED AND MODELED SOIL MOISTURE COMPARED
WITH COSMIC-RAY NEUTRON PROBE

ESTIMATES IN A MIXED FOREST

Abstract. Soil moisture is a key variable in mastieonmental processes and the
Cosmic-ray neutron probe (CRNP) fills a niche nBdntermediate-scale soil moisture
measurements. In this paper, the CRNP estimatédsisture was compared with a soil
moisture measurement network including 108 time-@lomtransmissometry (TDT)
probes. We also employed a Hydrus-1D numerical lsitian of the vertical soil
moisture profile at targeted locations. The ressittswed that near-surface soil moisture
estimated by the numerical simulation improved toerelation between the sensor
network and the CRNP estimation during rainfall rege The CRNP estimates of soll
moisture exhibited a dry bias at the beginning hed snow-free period because of a
distinctly different seasonal soil moisture disttibn, being nearly binary when wet in
the early summer and nearly Gaussian under dryittomsl Using a combination of soll
moisture measurements and near-surface simulaien€RNP output was recalibrated
to capture the wetter conditions, resulting in a$840.012 iYm®) of less than half the

original calibration RMSE (0.025 H#m®).

4.1. Introduction
Soil moisture is an important variable impacting smoecological and

environmental processes. It significantly affedte tongoing exchange of water and

% Coauthored by: Ling Lv, Trenton E. Franz, DavidRabinson, Scott B. Jones
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energy between the land and atmosphere (Wang,204l5; Seneviratne et al., 2010).
Antecedent soil moisture governs the generatiorunbdff and resulting flooding due to
its effect on infiltration capacities (Minet et ,aR011). Reliable simulations of these
processes require areal averages of soil moistaesuaned at intermediate or larger scales
(Ochsner et al., 2013; Robinson et al., 2008). dloee the compatibility of soil moisture
model- and measurement-scales dictates the quélibe resulting simulations (Scipal et
al., 2005). The degree of soil moisture variabihtyt only depends on the static factors
such as solil texture, soil organic matter, solictire etc., but also on dynamic factors
such as vegetation, weather conditions, etc. (Rdgn@970). Due to greater variation in
topography and vegetation cover, non-uniform littgrut, and less uniform soil mixing
inherent in plowing (i.e., as opposed to bioturdya)i the soil moisture distribution in a
natural ecosystem exhibits more heterogeneity coedp an agriculture system (Flinn
and Marks, 2007; Hawley et al., 1983), requiringgéa sampling size. Regarding the
scale of soil moisture determination, the pointesdsas made major advances with a
broad selection of precise, affordable in situ sensvailable (Blonquist et al., 2005a,
2005b; Bogena et al., 2007; Jones et al., 2005inRob et al., 2003a; Rosenbaum et al.,
2010; Vereecken et al., 2008), while at the langanote sensing scales, capabilities
continue to improve, though presently with lessuaacy at regional and continental
scales. A glaring intermediate-scale gap for saisture assessment remains (Ochsner et
al., 2013; Robinson et al., 2008). But the develepihof the Cosmic-ray Neutron Probe
(CRNP, Hydroinnova, Albuquerque, NM) offers abégito assess scales of hundreds of

meters.
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The CRNP is a novel non-invasive technique (Shutiféh et al., 2010; Zreda et
al., 2008;) to measure the areal averaged soiltarei®f an effective depth on the order
of decimeters within a radial footprint on the ardé several hundred meters (Zreda et
al., 2008; Zreda et al., 2012). This techniquenigl@gous to the neutron probe used for
down-hole soil moisture measurements (Kramer et ¥92), but the equilibrium
intensity of fast neutrons are measured with thé&lEfhstead of thermalized neutrons as
with the down-hole method. This causes the resptmbe inversely, instead of directly
correlated. It is known that secondary cosmic-riaysract with nuclei of atoms in the
atmosphere, water, vegetation and soil, leadinthéoemission of fast neutrons in the
atmosphere, and fast neutrons mainly moderated/tigogen atoms (Zreda et al., 2011).
Franz et al. (2012) suggested the CRNP is hightgisee to the shallow subsurface soil
moisture, but a lack of shallow (< 10 cm) soil ntoise measurements limited their
conclusions in this regard. The radial footprintlod CRNP is over a surface diameter of
about 600 m at sea level in dry air, but that sensliameter increases with increasing
elevation and decreases with increasing atmosphenudity (Desilets and Zreda 2013).

The objectives of this research were to comparestimmmer-time CRNP soil
moisture estimates using a horizontal and deptlghwted averaging approach with (1)
measurements from a network of 108 time-domainstrassometry (TDT) soil moisture

sensors, and (2) 36 numerically simulated soil wabatent profiles.

4.2. Theoretical Considerations
The CRNP measures the moderated neutron countseeondls totals every hour.

Using a neutron particle transport model, Desiletsal. (2010) found a theoretical
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relationship between relative neutron counts and moisture in homogeneous sand

(SIOy):

9g(N):{ﬁ—a2}. (4-1)

where, 84(N) (g/g) is the average gravimetric soil moistuend empirical fitting
parameters are given by=8.0808, &0.372, and &0.115. The neutron counting rate,
N, is output from the CRNP in counts per hour (¢pithich is presented on the
COSMOS website under data level 2 (http://cosmosanzona.edu/) and Nis the
neutron counting rate over dry soil under the saaference conditions and needs to be
estimated with at least one independent soil mstalibration.

In natural ecosystems, the hourly neutron countiate in equation 4-1 is
influenced not only by soil moisture, but also lygdiogen in other water-related sources
which include, soil lattice water, water in soilganic matter, atmospheric water vapor,
and water in or on vegetation. Previous researaed@ et al., 2012) suggests a
methodology to correct for lattice watand water in soil organic matter by partitioning
them from total moisture, and correct for atmosghevater vapor by assigning a

correction factor to the hourly neutron countintgra
N'=N-C,, - (4-2)
where, N’ is water vapor corrected neutron coute (eount i), Gwy is the atmospheric

water vapor correction factor (Rosolem et al., 20a8d written as

Co =1+00054 (p, - pi¥). (4-3)
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where,p, is the measured absolute water vapor f};/mref is the absolute water vapor
(g/m°) at a reference condition (here we use drypif' = 0 g/n).

Finally, the soil moisture), (m*m®), is written as

0, {m—az (P tp) [Py (40)
where, p; is the weight fraction of lattice water in dry s¢9/9), poc IS the weight
fraction of soil organic carbon water equivalentdny soil (g/g) ,pp is soil bulk density
(g/cnt) and N is the corrected value of gNNg'=N gxCwv.

In the subsurface, we assume that the CRNP measntesupport volume is a
cylinder with a depth that varies with soil poretara@®,), lattice water ¢;), soil organic
carbon fsod, and soil bulk densitypg). Franz et al. (2013b) calculated the effective

depth, z(6), using the following equation

£ (0) - 0.058 4-5)
" Py (P + Peoc) + 6, +0.0829

4.3. Materialsand Methodologies

4.3.1. Study Area

The study area lies within the Utah State Univgr3itw. Daniel Experimental
Forest (TWDEF), located approximately 30 km Norgteaf Logan, UT (41.86°
N,111.50° W) (Figure 4-1). The Climate there isitgb of the montane semi-arid
intermountain West with a mid-growing season (Juhgan temperature of 14°€, and

mean precipitation of 950 mm™y 80% of which falls as snow. Snowmelt typically
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occurs between mid-May and mid-June. The mean gigpweason occurs between May
and September when mean rainfall totals are 277 with, July and August typically
getting less than 20 mm (Van Miegroet et al., 2005 site is a gently sloping (<10%)
northeast to southeast trending ridge top at ttesl leg a contributing watershed to the
Logan River and Bear River basin. The study site &a area of 86,000 %vand an
elevation around 2600 m. The soil is formed in @eotleposits overlying residuum and
colluvium from the Wasatch formation (Woldeselassteal., 2012). The forest soils
(aspen and conifer) were classified as fine to sméwamy to loamy-skeletal
haplocryalfs, and the rangeland soils (sage andsynaere classified as fine-loamy to
loamy-skeletal haploxeralfs (Olsen and Van Miegr@6et0). Additionally, conifer forest
soil had characteristic O horizons (less than ®)3and aspen forest and non-forest soil
lacked an O horizon (Olsen and Van Miegroet, 2010).

The landscape is a patchwork of four dominant \egget communities common
to the Intermountain Region. Forest communitieduite aspen Hopulus trembloides)
and conifer, predominantly Engelmann Sprueieda engelmannii), subalpine fir Abies
lasiocarpa). The tree size distribution in the site is shoimnTable 4-1. Non-forest
communities include grasses and forbs (dominatedBrmynus carinatus and Elymus
trachycaulu, et al.), and sagebrushrf{emisia tridentata) (McArthur, 1981; Olsen and
Van Miegroet, 2010). The percentage of vegetatmmrmunities within the TWDEF site
are: 21% aspen, 43% conifer, 18% grass, and 18 ¢é. skhe percentages of aspen,

conifer, grass, and sage within the CRNP footpairg 33%, 47%, and 9% and 11%,
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respectively. All vegetation communities are chteazed by similar elevation, aspect,

climate, geomorphology, and geology (Van Miegrdedle 2005).

4.3.2. TDT Soil Moisture Sensor Network

Time-domain transmissometry (TDT, Acclima, Inc, Mign, Idaho, USA) sensors
provided travel-time measurements of dielectricnp#ivity to estimate soil moisture,
with soil temperature and electrical conductivitgasurements also provided. The TDT
operation principles can be found elsewhere (Blastcgt al., 2005a; Jones et al., 2005;
Robinson et al., 2003a), and its calibration tosthwoe relies on the method of Topp et al.
(1980). The TDT method offers the advantage of f@avihe pulse generating and
sampling electronics mounted in the head of thé@raevhich allows TDT to be used
with longer cable lengths and without the neednaiitiplexers, relying instead on sensor
addressing and SDI-12 communications. The most itapbbenefits are that TDT has
developed as a low cost, small size, high stabiityd accuracy for measuring
permittivity (Blonquist et al., 2005b). The TDT tnsment provides a reliable
measurement of relative permittivity, similar ton&@ domain reflectometry (TDR), and
therefore of soil moisture with a resolution £6.02 nim® (Topp et al., 2001). In our
study site, 3 plots (Figure 4-1) for each dominasgetation type were randomly selected
and 3 subplots (5mx5m) within each plot were setugsfatistical measures. Within each
subplot, TDT sensors were installed horizontallgepths of 0.10 m, 0.25 m, and 0.50 m,
beginning measurements in September 2008. The T id recorded with commercial

data loggers (CR1000/CR10X dataloggers, Campbéd#ingfic, Logan, UT, USA) and



97
data is relayed via telemetry every 30 minutes bdack data storage computer at Utah

State University.

4.3.3. Portable TDR Soil Moisture Measurements

The portable TDR consists of several componentRIW (Campbell scientific
Inc, Logan, UT, USA), CR1000 data logger, two-ra€ees$ detecting probe with 0.1 m
length, LED screen with control button, and 12wdxgt We first calibrated the portable
TDR in water and in air (Robinson et al., 2003by ahen used it to measure soil
moisture within the TWDEF site. Soil moisture wasasured along five transects, which
began near the CRNP and ended at the perimetee f#fnihe TWDEF site. The TDR-
based soil moisture measurement campaigns wereemgpited during the growing
season of 2012. The first field campaign was tedfégr snowmelt (June 07, 2012), when
soil was expected to be wettest. Thereafter, tilersmsture was measured monthly, on
July 06, August 01, and September 02, 2012. Th&R Jampling events recorded the
soil moisture status during relatively wet, mediuand dry conditions. A CR1000
datalogger recorded volumetric soil moisture areldbrresponding GPS location during

sampling.

4.3.4. Soil Texture Mapping

By following the method of Abdu et al. (2008), gefarenced apparent electrical
conductivity (ECa) measurements were taken nonsinely using a DUALEM-1S
(Dualem, Milton, ON, Canada) ground conductivitgtnument coupled with a Trimble
(Trimble, Sunnyvale, CA, USA) ProXT GPS unit. Elxl sensors are particularly

suited to soil measurements because the eleatocaluctivity of soil is highly dependent
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on the ECa of the clay percentage, soil solutiah\aater content (Friedman, 2005). The
EMI instrument was held approximately 40 cm abowveugd while traversing the
instrumented area with an approximate penetratiepthd of 60 cm and measurement
volume of about 0.6 t The ECa data was acquired using a handheld geluigra
information system (HGIS, StarPal Inc, Fort CollirGO, USA) program within an
Allegro CX handheld field computer (Juniper Systerhggan, UT, USA). The EMI
mapping process required a few hours with the E&ta being collected every second.
The ECa data were subsequently checked for cotytimmd anomalous values using a
time-series view of the data. Anomalous values,ctvidgan be caused by buried metal
fragments, wires, pipes, etc., were identified asmdoved from the data set as a quality
control measure.

The EMI data were subsequently corrected and aedlyrsing geostatistical
analysis techniques (Abdu et al., 2008), includirgging, normal score transformation,
sequential Guassian simulation. The spatial siexgen algorithm in the ESAP software
package (Lesch et al., 2000) was used in ordeictoqut twelve calibration sites where
soil was sampled for subsequent lab analysis df teature and EC. The selection
algorithm that uses response surface methodolo§M(Rvas developed by Lesch et al.
(1995) to predict field scale soil salinity from &Gurvey data using multiple linear
regression (MLR) models and a limited quantity afileration samples. We adopted the
site-selection technique to predict field-scaleygt@rcentage due to the high correlation
between soil textural properties and ECa in low BG#s such as those found in our

study site.
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4.3.5. CRNP Calibration

The CRNP probe (CRS 1000, hydroinnova, Albuquerdiid, USA) was first
installed at the TWDEF on Aug. 132011 as part of the national CRNP network.
Calibration was carried out on the same day dunhgh soil samples were collected at
18 locations along six compass transects (i.e.NHE, SE, S, SW, and NW) at radial
distances from the CRNP probe of 25-, 75-, and ®0&Gamples were collected at each
location at 6 depths of O - 0.05-, 0.05 - 0.1-,-00115-, 0.15 - 0.2-, 0.2 - 0.25-, and 0.25 -
0.3-m for a total of 108 soil samples. For each @amsoil-water content and -bulk
density were determined by oven drying at 205 Soil lattice water and soil organic
matter content (SOC) measurements in 1g subsames taken from each of the 108
calibration samples. The 108 aggregate samples went¢ to Actlabs in Canada
(http://www.actlabs.com) to measure the latticeavaind SOC. The mean count reading
from CRNP between 16:00 to 22:00 on Aug™ 1&s 135220 counts ht, and the mean
absolute water vapor density was 6 y(fable 4-2).

The hourly fast neutron count of the CRNP autonadlticcorrects the temporal
changes in air pressure and incoming neutron fluxith data posted at

http://cosmos.hwr.arizona.edu/Probes/StationDatifdéx.php It is also important to

consider correction for other hydrogen source éffetich as atmospheric water vapor,
lattice water, SOC and so on, to get an accurdiem@son of the average areal soil
moisture. With the installation date of the CRNPAgust 2011, our study period was

focused on the growing seasons of 2011 and 201220t 3 used as a validation year.
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4.3.6. Numerical Model Simulation of Near Surface Soil store

Franz et al. (2012) suggested the CRNP is highhgitee to shallow subsurface
soil moisture, but lack of soil moisture measuretsedown to 0.1 m limited their
conclusions regarding near-surface correlationl \Bater content dynamics above 0.1 m
were simulated using numerical simulation softwaigdrus-1D (H1D), which is a soil
process modeling software package (Simunek e@08). The code combines a root
water uptake model, the Penman-Monteith equati@hRichards Equation (Simunek et
al., 2008) to simulate the soil water contents inittihe soil profile including the near
surface for each subplot (36 subplots total). Basedsoil surveys at the TWDEF site
(Boettinger et al., 2004), vegetation rooting deptfere determined down to 1.2 m with
no ground water found within their 2 m sampling ttheplherefore, we set the H1D
domain to be a 2 m vertical column with a resolutaf 0.01 m. The soil profile was
further discretized into three layers accordinghi® soil Genetic horizon samples (Olsen
and Van Miegroet, 2010) for each plot and ensutimgt each layer included a soill
moisture sensor. Due to the lack of a soil moisagesor within the top 10 cm, e.g., the
litter layer in conifer plots, we used the simuth®oil moisture at 0.03 m to represent
pore water of litter layers. The lower boundary ditobn was set as a free drainage
boundary. The upper boundary condition was an ghhmxsc boundary condition with
surface runoff possible when excess water builboghe surface. The meteorological
measurements were monitored at each climate toslas (n Figure 4-1) and used to
compute the upper boundary condition. We usedvgaier content measured at 0.1 m,

0.25 m, and 0.5 m depth as inputs to inverselyestdv soil hydraulic parameters at each
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location and with these soil hydraulic parametsisiulated soil moisture at 0.03 m and

0.05 m depths over the growing seasons of 201 2amha.

4.3.7. Comparison of CRNP with Distributed Sensor Network

To compare the CRNP areal soil moisture with thé TiDsitu distributed sensor
network measurement, or with the numerically sinedasoil moisture values, the point
soil moisture measurements or simulations were coegpwith a horizontal and vertical

averaging weight function given by (Franz et al12)
ézzmn(z)-[zmn(r)-a(z)} (4-6)
i=1

where, 6 is average areal soil moisture measurenfehedDT network or the Hydrus-
1D simulation for the TWDEF site, wt(z) is a linedepth weight factor at a depth of z,
which is proven to be have good agreement with limear (Bogena et al., 2003) method
(Hawdon et al., 2014). wt(r) is horizontal weighcfor at a distance r from the CRNP,
6i(2) is the measured/simulated soil water contentdspah of z in subplot i; n is the total
number of subplots (i.e. n=36).

Vertical weighting, wt(z), is calculated using adar depth weight function

(Franz et al., 2012):

{VVt(Z) =a, (1_ #Z*) 0<z<7Z7 (4-7)

wt(z) =0 z>7

where,a; is a function in which the weights sum to unitgfided as:
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J.a —7/7 )dz=1 (4-8)

Horizontal weighting was obtained from a relatiopshetween the cumulative
fraction of counts and the CRNP footprint radiuse@@ et al., 2008). This relationship is
simplified as follows

{Wt(r) =a,(1-r/R) 0<r<R (4-9)

wt(r) =0 r>R

where,a, is a constant defined as before by the conditiamh the weights sum to unity

R
Iar 1-r/R)dr=1 (4-10)
0

where, R is the footprint radius of 385 m for th&/DEF site andx, = 0.0052.

44. Resultsand Discussions

In comparing the CRNP estimates of near surfadersmisture with the TDT-
soil moisture sensor network, we had a brief anslgfthe effect of vegetation structure
and soil texture on heterogeneity of soil moistuithin the instrumented domain. We
also analyzed seasonal change of soil moisturg, fighich are included in the effect of

horizontal heterogeneity on the CRNP output.

4.4.1. Soil Moisture Comparison of CRNP with the TDT Netkwo
In order to compare soil moisture measurements fteenTDT network with the

estimated soil moisturedf) from the CRNP using equation 4-4, we computed TDT

weighed average areal soil mOiStUéTE(T ) by assighiogzontal weight factors for

each subplot and vertical weight factors to eaclssedepth. The comparison was shown
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in Figure 4-2 (a). The RSME and® Retweenfwr  and, were 0.011 fim® and 0.74,

respectively in 2011, and 0.023%m® and 0.81, respectively in 2012. The difference

betweenfr and, was as high as 0.08%m® over the growing season of 2012. The
CRNP averaged areal soil moisture response wasytsghsitive to small rainfall events

in the late summer, however, due to the 10 cm epeéeburial depth of the TDT soill

moisture sensors, the TDT weighted soil moisturgpoese was very insensitive to
rainfall events at the TWDEF site (Figure 4-2 (a)).

Franz et al. (2012) concluded that the CRNP is mserssitive to soil moisture at
shallow depths. To estimate soil moisture valueshim near surface, we applied the
Hydrus-1D (H1D) numerical model to predict the v@anuchten soil hydraulic
parameters in soil locations where TDT sensors westalled. Table 4-3 illustrates a few
examples of the soil hydraulic parameters estimatgdg inverse simulation with the
numerical model. Using these parameters, we egtlagbil moisture estimates at 0.03 m

and 0.05 m depths using forward numerical simuteti?®e then used the same methods
to compute the areal averaged weighted soil mcaa's(tamo) based on our simulations.
Compared t@wor , théuw  showed marked improvement in moisture estimates
during rainfall events (Figure 4-2 (b)). The abseldifference betwee®, and Ouio was
less than 0.02 #m® when rainfall occurred. The RSME and Betweerd, and Guio is

0.021 n/m® and 0.84. The considerable high differences betwgeand Onio at the

beginning of the growing season of 2012 still exist
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As we noted, bottfwor  anduin agreed well whh during relatively dry
periods. The RMSE was 0.009/m> and B was 0.96, when th@, less than or equal to
0.1 n¥/m>. For 6, greater than 0.1 ffm® the CRNP estimate of soil moisture under
predicts the independently determined methods. @ossible explanation for this
discrepancy may be a result of the timing and sailsture distribution during the field
calibration of the CRNP, yielding the constantsduseequation 4-4 (i.e.pa 0.0808, a
= 0.372, and 2= 0.115). We therefore felt it was necessary texamine the calibration

and soil moisture impacting the CRNP at the TWDEE s

4.4.2. Vegetation Related Soil Moisture Distribution Wiilthe TWDEF Site

As stated previously, the TWDEF site is a patchwafrkour dominant vegetation
types. The CRNP was installed near the center efntbadow, which is surrounded by
trees. To explore the spatial organization of swilisture at the TWDEF site resulting
from vegetation structure, soil moisture was meediny the portable TDR was divided
into four groups based on the dominant vegetatimMerage.

The seasonal evolution of the soil moisture forheaegetation type is shown in
Figure 4-3. During the wet period (Jun 07), the maad standard deviation (SD) of soil
moisture for each vegetation type were 02845 mi/m®, 0.2450.062 ni/m’
0.14£0.052 m/m?, and 0.1%0.050 ni/m*for aspen, conifer, grass, and sage, respectively.
Through processes of evapotranspiration and desipadye, the soil moisture gradually
decreased to a minimum value. In the dry periodg(®l), the mean and SD of soil

moisture were 0.05.006 ni/m°, 0.052:0.007 ni/m°, 0.0420.008 ni/m°, and
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0.044:0.007 mi/m?® for aspen, conifer, grass, and sage, respectiddan soil moisture
values underneath tree canopies were significdngllger (P<0.005) than values in grass
and sage. One possible reason for this is the dome of soil clay content associated
with trees compared to grass and sage (Figure #hé) relationship between clay content
and soil moisture is illustrated in Figure 4-5. Wieo looked at the relationship between
TDT sensors installation location and soil clay teo, where clay content was grouped
into three categories: High clay content (>17%)dmm clay content{10% and17%),
and low clay content (<10%). As expected, for aegisampling date, locations with a
higher clay content exhibited higher soil water teo. Soil moisture at locations with
clay contents greater than 17%, showed signifigamtjher (P<0.05) soil moisture than

the other two groups over time.

4.4.3. Seasonal Change of Soil Moisture Distribution

We used variograms of soil moisture distributionasieed using a portable TDR
to characterize the seasonal change of soil meistuthe TWDEF research site. The
nugget, sill, range and ratio of nugget to silldgat contribution) are listed in Table 4-4.
The range in June was more than 100 m. The apparegé decreased in July, and was
virtually gone in August. In other words, soil moie exhibited strong spatial structure
in early summer when the soil profile was wet bhdttstructure became random by
August in agreement with observations of soil moispatterns made by others (Western
and Grayson, 1998). Rainfall in September brougatkbspatial structure of soll
moisture, which had a longer range but was morelaanthan August soil moisture

because the nugget contribution was higher.
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This evolution of the soil moisture’s structure etiger with vegetation related soil
moisture patterns implied that the spatial soil shaie surrounding the CRNP had a near
binary (dry-wet strip-like) soil moisture distribah at the beginning of the study period.
This soil moisture distribution evolved from binaoward a Gaussian distribution as the
soil was getting drier. This suggested that the ERNtput was biased dry at the start of
the growing season and those biases were mininaize¢de soil was drying (Franz et al.,

2013a).

4.4.4. Recalibration of CRNP for the TWDEF Site

For specific site conditions, it is critical to aklish local CRNP calibration
functions. We attempted to re-fit parameters inagignm 4-4 (g, &, and a) in order to
improve the CRNP estimates for our site, givenrmeasured and modeled seasonal soil
moisture. Using the solver in Excel, an objectivadtion was established to minimize
the sum of squared errors (SSE) between the CRINRsyand the numerical simulated

values including the important near surface estmaffhe RMSE and Rfor this

optimization was 0.012 #m® and 0.95 betweeéHlD during 2012 and the soil magstur
0,’, computed from recalibrated parameters of equadiagl with 3=0.012, g=0.367, and
8=0.227.

Compared to the parameters published by Desilet$. €2010), the newly fitted

parameters yield soil moisture estimates whichraveh better correlated as shown in

Figure 4-6. To evaluate our recalibration, we clalad 6, and Ot for the growing

season in 2013 using the same procedures as 2012048, and compared them wii}i
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during the same period of 2013 (Figure 4-7). In20defore recalibration the RMSE and

R? betweerp, and 91 were 0.025 fim® and 0.87, respectively. And after recalibration
the RMSE and R changed into 0.011 #fm® and 0.97, respectively. The results

demonstrate the improved CRNP correlation with tieasured soil moisture values,

especially during the wet season with ahvRlue betweer®,’ and &t of 0.95. This
strengthens the case for checking calibration fanstonce seasonal data are available,
whether through soil moisture array, modeling omoe measurements of soil moisture

in the near surface.

45. Conclusions
In this study, we compared the CRNP soil moistueasaurements and in situ

distributed TDT sensor soil moisture network measwents. Lacking TDT water content
measurements in the near-surface (> 10 cm) we gmgloumerical simulations of soll

moisture to provide estimates of shallow soil moist We evaluated the relationship
between soil moisture distribution patterns and tegiure as well as vegetation structure
within the study site. We found soil moisture undath trees to be significantly higher
than soil moisture beneath sage or grass, whiclwath@orrelation to soil texture as well.

The CRNP location in the central portion of the dwa at the TWDEF site, turned out
to be a relatively dry location (i.e., coarse-teztl) sandy soil). We used manual
sampling of soil moisture to characterize the sealsochange of soil moisture distribution
with time revealing a nearly-binary distributiorrigan the growing season when the soll
was wet and we saw a shift toward reduced strucaume a Gaussian soil moisture

distribution as the soil dried out. This leads to observation that the original CRNP
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calibration yielded an underestimate of soil mawstin wet conditions. A recalibrated
CRNP function between neutron count and a comlmnaif soil moisture measurements

and near-surface simulations was established bgdithe parameterspa 0.120, a=

0.367, and &= 0.227. Compared to the RMSE andiiRtweendor  and, in 2013, the
recalibration reduced the RMSE from 0.028/mi to 0.012 nym?®, and increased R
from 0.8 to 0.97. Our study implied that multiplalibrations attribute to improve the
determination of the parameters involved in theibcation function. The timing
distribution of each calibration was according the tchange of soil moisture

characteristics in a specific CRNP site.
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Table 4-1. Tree size distribution and charactesstietermined from seven-10G plots
at the TWDEF research site, and the estimated gbowed and root biomass (Jenkins et
al., 2003)

Tree Mean stem Tree Stem  Root ratio to Root distribution Dry Dry RB
diameter height density total biomass fraction above AGB above 0.3
(m) (m) (#/ha) (%) 0.3 m (%) (kg/m?)  m (kg/nf)

aspen 0.025 4.83 24 255 40 0.002 0.0002
0.075 7.16 33 20.5 40 0.04 0.004
0.125 9.48 33 19.6 40 0.15 0.01
0.175 11.81 61 19.3 40 0.62 0.05
0.225 14.13 66 19.1 40 1.22 0.09
0.275 16.46 24 18.9 40 0.72 0.05
0.325 18.78 24 18.9 40 1.07 0.08
0.375 21.11 9 18.8 40 0.56 0.04
0.425 23.43 14 18.8 40 1.18 0.09

conifer | 0.025 7.38 67 27.3 40 0.01 0.0008
0.075 9.11 34 22.9 40 0.05 0.004
0.125 10.84 74 22.1 40 0.34 0.03
0.175 12.57 60 21.7 40 0.60 0.05
0.225 14.30 54 215 40 0.96 0.08
0.275 16.04 27 214 40 0.77 0.07
0.325 17.77 13 214 40 0.55 0.05
0.375 19.50 13 21.3 40 0.76 0.07
0.425 21.23 7 21.3 40 0.55 0.05
0.475 22.96 13 21.2 40 1.33 0.11

Total 11.48 0.93
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Table 4-2. Summary of measured and derived parasnesed in the universal
calibration function (equation 4-4)

No. Parameters Names Units Values
1 b soil bulk density g/crh 0.93

2 0, Weighted soil moisture on the calibration day  */mi 0.134

3 Z'(6,) Effective depth on the calibration day m 0.23
4 Psoc Soil organic carbon a/g 0.017
5 IR Lattice water content a/g 0.028
6 Py Water vapor density on the calibration day Y/m 6

7 N Neutron count on the calibration day cph 1352
8 No' Site specific constant cph 2189
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Table 4-3. Examples of numerically fitted (Hydrud)Isoil hydraulic parameters for
each vegetation type

vegetation  Depth (m) or (m¥m®) 0s (M/m®) o (m?) n Ks (m/day)
Aspen Al 0.10 0.059 0.794 0.444 2.106 2.159
0.25 0.059 0.444 0.214 1.901 0.086
0.5 0.04 0.490 0.228 1.632 0.046
Conifer A1 0.10 0.045 0.442 0.338 1.333 0.121
0.25 0.051 0.430 0.231 1.408 0.477
0.5 0.044 0.428 0.099 1.642 0.014
Grass Al 0.10 0.01 0.400 0.943 1.402 0.460
0.25 0.053 0.600 0.441 1.761 0.012
0.5 0.066 0.636 0.357 2.207 0.563
Sage Al 0.10 0.015 0.513 0.966 1.665 1.113
0.25 0.018 0.629 2.420 1.556 4,797

0.5 0.045 0.68 0.4053 2.704 1.430
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Table 4-4. Variogram nugget and sill from soil ntoie measurements for each of four
different sampling dates. The variogram was fittisthg an exponential model. To the
soil water moisture measurements obtained by aaplerttime domain reflectometry

(TDR)

Date mean Nugget Sill (m%m°) Range (m) R  Nugget
(m¥md) (m®/m°) contribution
Jun 07 0.175 0.001023 0.01053 137 0.92 0.09
Jul 06 0.088 0.000105 0.00243 90 0.91 0.04
Aug 01 0.046 0.000171 0.00033 -- -- 0.34

Sep 02 0.094 0.00133 0.00068 195 0.93 0.66
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Figure 4-1. The overview of the TWDEF study sitehe Northern Utah and the layout
of the data collection network contained within tfemced perimeter. A Cosmic-ray
Neutron Probe (CRNP) and its associated footpniatadso shown. The time domain
transmissometry (TDT) soil moisture sensors arenshas triangles around each plot
weather station. The clay content (%) distributioside the TWDEF site is displayed on
the right upper corner.
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Figure 4-2. (a) Comparison between TDT weightedaye soil moisture of 0.1 m, 0.25

m, and 0.5 m depthéor ) and the average areal soil moisture measuredRIYFCE,)
during the growing seasons of 2011 and 2012. (b)ng&wison between Hydrus-1D

weighted soil moisturednio ) of 0.03 m, 0.05 m, 0.10125 m, and 0.5 m depth and the
average areal soil moisture measured by CRWPduring the growing seasons of 2011
and 2012. The soil moistures at 0.03 m and 0.05are wextracted from the Hydrus-1D
estimation. The soil moistures at 0.1 m, 0.25 nd Qb m were measured by TDT
Sensors.
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Figure 4-3. The seasonal evolution of soil moistuneler the four vegetation types as
measured by the portable time domain Reflectom@BR) probe on June 07, 2012,
July 06, 2012, August 01, 2012, and September @22 2t the TWDEF site.
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Figure 4-6. Comparison of CRNP-based soil moisestmates as a function of fast
neutron intensity using the parameters publishedDegilets et al. (2010) against
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Hydrus-1D weighted average areal soil moistuée:6 nd the relative fast neutron
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CHAPTER 5

SUMMARY AND CONCLUSIONS

51  Summary of Findings

The results presented in the body of this disgertahcluded the descriptions of
T.W. Daniel Experimental Forest (TWDEF) instrumeatsl monitoring, and numerical
ET simulations for four vegetation types (aspennifes, grass, and sage), and ET
characteristics of each vegetation type. Furthegemibre estimation of areal-averaged soil
moisture in the TWDEF using Cosmic-ray neutron pr@BRNP) was studied, improving
the accuracy and capability of CRNP areal soil toogsestimation in a site as complex
as the TWDEF.

In Chapter 2, | described a unique dataset obtaimitkin the T.W. Daniel
Experimental Forest (TWDEF), which is located ie #asatch Mountains of Northern
Utah. The TWDEF represents a high-elevation enviremtal research site collocated
with the USU Doc Daniel SNOTEL site run by the USDWRCS. Environmental
measurements were made within four common montagetation types of Northern
Utah, namely: Aspen, conifer, grass, and sagebrlible. data set consisted of: (1)
meteorological measurements from four primary aati@eh micrometeorological towers
(AMT) including air temperature and relative huntylinet radiation, precipitation, snow
depth, and wind speed and direction as well as stepth from the four primary AMT
towers and eight secondary towers; (2) soil mogstamd temperature from 36 plots at
depths of 10 cm, 25 cm, and 50 cm; (3) precipitgtsmlar radiation, and water vapor and

CO; flux from an eddy covariance tower; (4) areal-aged soil moisture from a CRNP
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sensor. This unique dataset is applicable to aetyardf applications related to the
description and modeling of the spatial and temlp@@ow accumulation, snow
sublimation, snow melt infiltration, soil water sage, as well as enabling understanding
of the ecological and hydrological responses toctheate change in Utah and the IMW
region.

In Chapter 3, we used the meteorological data ainadmisture data measured in
the TWDEF site to simulate the summer water us¢heffour vegetation types. The
numerical model we chose in our study was Hydrus-Mdich is coupled with the
Penman-Monteith equation and with the Feddes ratemuptake functions used to solve
Richards equation through inverse fitting of thenA@enuchten hydraulic parameters.
The Hydrus-1D numerical model was determined ta baluable resource for simulating
missing details of near-surface soil moisture aftgerse fitting the model parameters to
measured temporal records of soil moisture. Sulesggsimulations of soil moisture
proved invaluable for extending the information twm of the soil profile and for
simulating the soil evaporation and root water kptéo estimate ET. The simulated
results showed that aspen had the highest wateduwigeg the growing seasons, followed
by deep rooted conifer. The mean daily ET ratesewkd-, 3.9-, 2.6-, 2.3- and 2.3-
mm/day for aspen, deep rooted conifer, shallow edotonifer, grass and sage,
respectively. The typical hydrology of the TWDEI[Elumde a complete wetting of the soil
profile by snowmelt followed by dry-down of the kqirofile containing roots, with
periodic rewetting of the surface by summer ra@ar study period included a record-

breaking cool-wet year in 2011 and a recordingfkiren dry-hot year in 2012. The
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comparison of vegetation water use between thggas showed that the percentage of
water use to total precipitation in the dry yearsvidgher than in the wet year, likely a
result of the shorter ‘dry’ season in the wet ydaonsidering the driest (2012) and
wettest (2011) water years analyzed, the growiragae ET relative to the total annual
precipitation ranged from 50.8% to 30.3% for asph5% to 23.1% for conifer, 32.8%
to 16.9% for grass/forbs and 33.3% to 17.7% foresakhis highlights the impact of
vegetation water use on montane water availabiitere in dry years aspen consume
half of the annual water. Although the conifer sjpination can potentially take place
year-round, the summer-time ET is nearly 10% |bss taspen. Aspen, grass and sage
senesced or lost leaves, terminating water uptakea &oil when soil moisture dropped
below approximately 0.1 #fim® at the 10 cm depth each year. In contrast, théfezon
appeared to transpire at low rates even underazadddry conditions.

In Chapter 4, the comparison between the CRNPnsoi$ture measurements and
in situ distributed TDT sensor soil moisture netkvareasurements in this study showed
that the near-surface soil moisture simulated by Hydrus-1D could improve the
correlation of these two soil moisture datasetpeeislly during rainfall events. The soill
moisture distribution field and relative placementhe CRNP influence the readings of
the CRNP. Soil moisture at the TWDEF site exhilstsong spatial structure (with a
correlation length more than 100 m) during laterggearly summer following snowmelt,
and tends to have a spatial Gaussian-like distabuvhen soil becomes dry. In addition,
the CRNP was placed in a relatively dry spot inTNeDEF research site. As a result, the

CRNP exhibited a dry bias at the beginning of thewsfree period. A site-specific
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calibration function was employed for the CRNP ke tTWDEF site, yielding a
recalibrated function with coefficients of;=#.120, @=0.367, and &0.227. The
recalibration resulted in a RMSE (0.012) of lesantthalf the original calibration RMSE

(0.025).

52  Conclusions

From the ET simulations of the continuous four-ygeowing seasons, and their
comparisons with observed soil moisture and edawaigance measured ET, this research
demonstrated that numerical simulation was a viaternative method for the ET
estimates for trees (e.g. aspen and conifer) anetnees (e.g. grass and sage). From the
statistical analysis of the four-year simulated B& found that when snowmelt fully
recharges soil moisture, the total ET during th@agng season for each vegetation type
did not depend on the length of growing seasorherdepth of snowpack but primarily
on the timing and amount of summer precipitatioprir® rainfall events had no

significant effect on increasing total ET.
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