Heat transfer, evaporation and carbon dioxide transfer in soil

by

Xinhua Xiao

A dissertation submitted to the graduate faculty
in partial fulfilment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Major: Soil Science (Soil Physics)

Program of Study Committee:
Robert Horton, Major Professor
Tom Sauer
Brian Hornbuckle
Mahdi Al-Kaisi

Amy Kaleita-Forbes

lowa State University
Ames, lowa
2012

Copyright © Xinhua Xiao, 2012. All rights reserved.



Table of Contents

N 01 1 = ot SR iv

Chapter 1 General iNtrodUCLION .........cocieieiecie et st 1
Dissertation OrganiZation ..............oeevuuuuiiiiuiiiise e e e e e e e e e e e e e e e e e e e eeeees 4
S (=] =] Lo = PSPPI 7

Chapter 2 Sensible heat measurements indicate depth and magnitude of sub-surface soil

(VL = Y= T oL ] = LA ] o TR 10
ADSITACT ... e 10
(oo [1 ox 1 o o ISP 11
17723 1 o To ISP 12
ReSUItS and DISCUSSION ......cuuviiiiiiiiiiiiie e et e e e e e e e e e aaa s 17
Summary and CONCIUSIONS .........uvuuiuuiiiiiiieie e e e e e e e ee e et e e e e e e e e e eeeeeeeaennnnn 22
[ (=] 1] Lo = 24
[T T LI OF= T (o] o PR 28

Chapter 3 Cumulative soil water evaporation asafunction of depth and time................... 37
ADSIITACT ... 37
(oo [8Tod1T0] o SR PRRTSRR 38
Materials and MethodsS...........uuiii i e 39
RESUILS ... et e e e e e e e e e e e et e e e e e et e e e e e araa s 46
(0] o [od 11153 [ o RSP 50
[ (=] (=] Lo =T TP 52
FIQUIE CaPtiONS ... oottt e e e e e e e e e e e eeeseeeannnns 56

Chapter 4 Heat pulse sensor measurements of soil water evaporation in acorn fied ........ 63
ADSITACT ... e 63
(oo [8 o1 1T0] o SR PTRTRR 64
Materials and MethodsS...........uuiiiiiii e 66
RESUILS ... ettt e e e e et e e e e e e et e e e e e e e r e e e e e e araa s 72
(0] o [od 11153 [ o RSP 77
[ (=] 1] Lo =T PSP 79
FIQUIE CaPtiONS ...ttt e e e e e e e e e e e eeeseeennnnas 83

Chapter 5 Partitioning evaporation and transpiration in acorn field.......cc.cccccoevvevncennnene 95
ADSITACT ... e 95
1o o [1Tox 1 o o ISP 96
Materials and MethOdsS..........ouuiii i e 97
ReSUItS and DISCUSSION ......ccuuuiieiiiiiiiie e e e e eeeaaaaas 101
(@70 (o1 {1151 (o] 0 ST PSP RPPPPTPRR 104
ACKNOWIEAGMENTS. ... e e e e e e e e e e eeeeaereenanas 106
RS (=] (=] Lo = PR 107
FIQUIE CaptiONS ... oot e e e e e e e e e e eeeenenees 111

Chapter 6 Soil carbon dioxide fluxeswith time and depth in abarefield..........cccceevennne. 119
ADSIIACT ... 119
a1 U oo [ Tod 1 0] o [PPSR 120
Methods and INSITUMENTS .......cooiiiiiii e e 122
RESUILS and DISCUSSIONS .......cuuuiiieiiiiiiiieeee et e e e e e e e e et e e e e e e s e e e e eenaaans 126
(@0 o (o1 11153 [ o USRI 131
ACKNOWIEAGEMENT ... e e e e e e e e e e e e e eeeneneaeennnas 133
REIEIENCES ... e e e 134



FIQUIE CaptiONS .. ..ottt e e e e e e e e e e eeeeenenees 137
Chapter 7 General CONCIUSIONS........cccoiiiieieiese e e st ae b sresneeaesrennes 145

Soil water evaporation measurement: heat pulse method test and evaluation 146

Soil carbon dioxide (CO2) flux measurement ............coovvvvveiiiiiiiiiiiieee e eeeeee, 148

FULUNE TESEAICI ... e e e e e eees 149

ACKNOWIEAGEMENT ...ttt sbe s e e tesresreeneenrenneas 152



Abstract

Latent heat flux associated with soil water evaporation connects the sudt@cealance
with the surface energy balance. Soil water evaporation and soil carbon dio®i2e (C
fluxes both involve soil gas transport processes and properties, and both impact the soil
environment and physical, chemical, and biological processes occurring in the soll
Accurate and dynamic measurements of soil water evaporation and soil CO2 fluxes
enhance the understanding of water, energy, and carbon partitioning at the soil-
atmosphere interface and the mechanisms of mass and energy movement inNtostsoil.
previous work focused on measurements made above the soil surface, and igeantitat
determinations of in situ water evaporation and carbon dioxide fluxes withiprebié
were absent. The objectives of this dissertation were to accuratelynoietéransient soil
water evaporation and soil CO2 fluxes with depth in bare soil and in different

management zones of a corn field and to evaluate in situ measurement technique

Three-needle heat pulse sensors were used to measure subsurfaceiseilapairation

at depths of 3 mm and below in a bare field. The daily evaporation estimated from the
heat pulse method agreed well with the daily evaporation estimated fronn Batizce

and micro-lysimeter methods. The results showed that heat pulse sensocoaldne
accurately determine subsurface soil water evaporation with time and depturfand s
and subsurface evaporation could be accurately determined with heat puidseemeaits
combined with Bowen ratio measurements in a bare field. Newly designed 11-resgdle h
pulse sensors were used at the following locations within a corn field: within-row

(ROW), between-rows with roots (BR), and between-rows without roots (BRNR). The



findings showed that heat pulse sensors measured the dynamic soéwvegt@ration at

the three locations. The daily heat pulse evaporation estimates agteethwaicro-
lysimeter measurements of daily soil water evaporation at ROW and BRadarthéeld.

In addition to heat pulse measurements for soil water evaporation, plant aaos@nd
evapotranspiration (ET) were measured using stem flow gauges and an ealthnocev
system in the corn field. The evapotranspiration estimated from the sum of heat puls
evaporation and stem flow transpiration (E+T), eddy covariance ET, and potentia
evapotranspiration, BIestimated from the Penman-Monteith equation had similar
trends. Ef was larger than the individually measured E+T and eddy covariance ET. The
individually measured E+T and Ehad similar values but eddy covariance

measurements underestimated ET.

Bare soil CO2 fluxes were determined using a concentration gradidmaneith in situ
measured soil CO2 concentrations and model estimated gas coefficientanaituiad)

wetting and drying periods. Results showed that CO2 fluxes decreased witladept

most of the CO2 was produced at shallow soil depths. CO2 fluxes decreased viith dept
from 0 to 90 mm, and kept stable at depths of 90 to 200 mm. The gradient method
determined CO2 fluxes agreed well with surface closed-chamber me&sieitlixes.

For 10 out of 12 days the daily mean gradient CO2 flux values were within the ranges of

the closed-chamber CO2 fluxes values during a soil drying period.

The conclusions of the dissertation were that the heat pulse sensors wese able t
accurately determine soil water evaporation with time and depth in a bdrarfein

different soil management zones in a corn field. Soil CO2 fluxes and soil CO2 pooducti



Vi

rates with depth in a bare field were accurately determined using enta@ton gradient
method with in situ CO2 concentration profiles. These simultaneous soil water
evaporation and soil CO2 flux measurements could serve as a foundation for testing the
numerical models of coupled heat, water, and gas transfer in soil, and could enhance
further understanding of the complex soil system, and could guide the management of

soil properties and processes.



Chapter 1 General introduction

Soil heat, water evaporation and carbon dioxide (CO2) are interactive and ihgactil
environment and physical, chemical and biological processes occurring in thetsoit.
heat flux associated with soil water evaporation connects the surfacebalatece with

the surface energy balance. Accurate and dynamic measurementsaaitsoil
evaporation and soil CO2 fluxes enhance the understanding of water, energyband ca
partitioning at the soil-atmosphere interface and the mechanisms of massrgyd ene

movement in the soil.

Eddy covariance and Bowen ratio are widely used micrometeorological epesdar
estimating soil water evaporation and /or soil CO2 flux at field scales @Vval., 2008).
Lysimetry (van Bavel, 1961) is a long-established method to determine sail wate
evaporation directly. Chamber-based methods, including open-chamber and closed-
chamber approaches, are established ways to directly measure surfae#GCG2 local
scale (Norman et al., 1992; Pumpanen et al., 2004). However, each of the methods has
advantages and disadvantages. Eddy covariance and Bowen ratio can mdasatersoi
evaporation and / or soil carbon dioxide fluxes at high temporal resolution without soil
disturbance (Law et al., 1999). A disadvantage of the methods is that the instruments a
stationary, relatively expensive and the underlying vegetation is assumed to be
homogeneous. Lysimeter methods provide a direct way to measwetailevaporation,
but they can require significant labor and soil disturbance. Surface charetherds also
may disturb the soil environment, impacting temperature, water content, and rooting,

during the measurements. One limitation of the earlier work is that ne@asuots were



focused above the soil surface. None of the earlier methods quantitativelgidete
subsurface soil water evaporation or soil carbon dioxide fluxes in soil prdfiles
guantification of in situ surface and subsurface soil water evaporation and ko car
dioxide not only enhances understanding of the mechanisms of energy and mass
movement in the soil, but also provides useful information to aid in managing soil
properties and processes. The objectives of this dissertation were to & ooeaisure
transient soil water evaporation and soil CO2 fluxes with depth in a bare sodibnd s

water evaporation in different management zones of a corn field.

Based on conduction heat transfer theory and mathematical analysis introduced by
Carslaw and Jaeger (1946), heat pulse sensors were developed and used to measure soi
thermal properties. De Vries (1952) was the first soil scientist to messilteermal
conductivity with single-needle heat pulse sensors. Later multi-needlpulisatsensors

were introduced to measure soil thermal properties and soil properties by mgritier
temperature response after applying a controlled heat pulse to the soil. Ganabel

(1991) presented a two-needle heat pulse sensor for measuring soil heat.dapsicity

et al. (1994) reported that the two-needle heat pulse sensor also could be used ® measur
thermal conductivity, thermal diffusivity, and volumetric heat capacity. Noledral.

(1996) showed that heat pulse sensors could be combined with time domain reflgctometr
(TDR) technology, and Ren et al. (1999) developed a combined thermo-TDR sensor to
measure in situ soil thermal properties, water content, and electrical dgitgduct
Thermo-TDR sensors were extended to simultaneously measure water,doulkent

density, air-filled porosity (Ochsner et al., 2001) and soil water liquid fluxes éRal.,

2000; Ochsner et al., 2005).



Based on heat pulse theory, Heitman et al. (2008) reported that 3-needle $wat pul

sensors could be used to accurately measure transient subsurface sevaisation at

depths of 3 mm and deeper in a bare soil. The heat pulse method has several advantages,
including accurate in situ measurements, simple calculations, and minimal soll
disturbance. The method for determining the amount of latent heat involved in soil wate
evaporation requires measurement of the net sensible heat flux and the change & sensibl
heat storage of selected soil layers. Measured sensible heat ternestieaabl

determination of a sensible heat balance for each soil layer. Latefidhe@aporation is

the residual of the measured sensible heat balance. Numerical simyatiode

support for the accuracy of heat pulse measurements for sensible heat balance

determination of bare soil water evaporation with time and depth (SaMai2011).

One objective of this dissertation is to use heat pulse sensors accuratelyningeter

transient soil water evaporation at various soil depths in bare and cropped fields.

Another objective of this dissertation is to accurately determine érarsoil CO2 fluxes

at various soil depths. Tang et al. (2003), DeSutter et al. (2008) and Turcu et al. (2005)
used a concentration gradient method to estimate soil profile CO2 floxesrfeasured

soil CO2 concentrations and model-estimated gas diffusion coeffiareatsarn-soybean
rotation field, in an oak-grass savanna and in a laboratory soil column, reslyecti
However, they only measured CO2 concentrations at a few soil depths. The @imrentr
gradients and gas diffusion coefficients near the soil surface vargdylaepending on

the methods used to estimate them. DeSutter et al. (2008) used six methods te estimat

CO2 concentration gradients and three models to predict diffusion coeffiarehfeund



that some gradient method calculations of CO2 fluxes were more thawli@ddimes

larger than the CO2 fluxes measured by an automated sampling chamber. To improve
estimation of soil CO2 fluxes, use of high-resolution soil CO2 measuremiinthey
concentration gradient method was investigated. Soil CO2 concentrations weuzadea
at 13 soil depths in the 0-200 mm soil layer during natural soil wetting and dryindsge
The concentration gradient calculations of CO2 fluxes were compared withesG@st

effluxes determined by closed-chamber measurements.

Soil heat transfer, water evaporation and CO2 transfer are linked togethetesactive.
As solar radiation shines on a soil surface and the soil surface warms, hstebrees
and temperature gradients occur in the soil profile affecting soil mqisuunface
vegetation and roots in the soil. Likewise, as soil water evaporates from ohaéear
surface, soil temperature gradients increase and liquid water moves upwa&oil.

Soil temperature and soil moisture influence soil micro-organisms and spatten
which are both sources of soil CO2. Accurate measurements of in situ soil water
evaporation and CO2 fluxes enhance the understanding of water, energy, and carbon
partitioning at the soil-atmosphere interface and the mechanisms of mass gyd ener
movement in the soil. Simultaneous measurements are helpful for evaluatingimiple
heat, evaporation and CO2 transfer model and for guiding the management of saill

properties and processes.

Dissertation organization

The dissertation contains seven chapters: a general introduction (chapter tBsdéarch

papers (chapters 2, 3, 4, 5 and 6) and a general conclusion (chapter 7). The general



introduction reviews previous work on the measurements of soil water evaporation and
soil CO2, and introduces the significance of this dissertation study. The Xhegapers
in this dissertation address two topics: soil water evaporation (chapters 2, 3, 4 iatid 5) a
soil CO2 (chapter 6). | was the first author of chapters 3, 4, 5 and 6. Although | was not
the first author of chapter 2, | made significant contributions to the chapesighed the

experiment, collected the data, analyzed the data and contributed to the writing.

In chapter 2, 3-needle heat pulse sensors are used to measure the dynamicdadesubsur
soil water evaporation with time and depth from a bare field, and the heat pulse rmethod i
evaluated by comparing heat pulse evaporation estimates with Bowen ratiicamd
lysimeter evaporation estimates. In chapter 3, cumulative soil watgoreti@n from a

Bowen ratio measurement is combined with heat pulse cumulative soil wateragapor
with time and depth to indicate the dynamics of surface and subsurface soil water
evaporation in a bare field. In chapter 4, new 11-needle heat pulse sensord &ve use
measure soil water evaporation at three locations in a corn field. In chapter 5,
evapotranspiration and its components are determined, and the measurement methods are
evaluated for use in a corn field. Soil water evaporation is measured with 1&-heatl|

pulse sensors, plant transpiration is measured with stem flow gauges, and

evapotranspiration is measured with an eddy covariance system.

In chapter 6, transient soil CO2 fluxes and soil CO2 production are estimatedweaith ti
and depth in a bare field using a concentration gradient method. The concentration
gradient method is evaluated by comparing gradient method CO2 flux values with

surface closed-chamber measurements of soil CO2 fluxes.



A general conclusion in chapter 7 synthesizes all of the research results aiathsnent

future research directions.



References

Bristow, K.L., G. J. Kluitenberg, and R. Horton. 1994. Measurement of soil thermal

properties with a dual-probe heat-pulse technique. Soil Sci. Soc. Am. J. 58:1288-1294.

Campbell, G.S., C. Calissendorf, and J.H. Williams. 1991. Probe for measuring soll

specific heat using a heat-pulse method. Soil Sci. Soc. Am. J. 55:291-293.

Carslaw, H.S., and J.C. Jaeger. 1946. Conduction of heat in solids. First ed. Oxford

Unversity Press, Oxford.

De Vries, D.A. 1952. A nonstationary method for determining thermal conductivity of

soil in situ. Soil Sci. 73:83-89.

DeSutter, T.M., T.J. Sauer, T.B. Parkin, and J.L. Heitman. 2008. A subsurface, closed-
loop system for soil carbon dioxide and its application to the gradient efflux approach.

Soil Sci. Soc. Am. J. 72:126-134.

Heitman, J.L., R. Horton, T.J. Sauer, and T.M. DeSutter. 2008. Sensible heat

observations reveal soil water evaporation dynamics. J. Hydrometeor. 9:165-171.

Law, B.E., D.D. Baldocchi, and P.M. Anthoni. 1999. Below-canopy and soil CO2 fluxes

in a ponderosa pine forest. Agric. For. Meteor. 94:171-188.

Noborio, K., K.J. Mclnnes, and J.L. Heilman. 1996. Measurement of soil water content,

heat capacity, and thermal conductivity with a singer TDR probe. Soil Sci. 161:22-28.



Norman, J.M., R. Garcia, and S.B.Verma. 1992. Soil surface CO2 fluxes and the carbon

budget of a grassland. J. Geophys. Res. Atmos. 97:18845-18853.

Ochsner, T.E., R. Horton, and T. Ren. 2001. Simultaneous water content, bulk density,
and air-filled porosity measurements with thermo-time domain refle¢tpn®oil Sci.

Soc. Am. J. 65:1618-1622.

Ochsner, T.E., R. Horton, G.J. Kluitenberg, and Q. Wang. 2005. Evaluation of the heat

pulse ratio method for measuring soil water flux. Soil Sci. Soc Am. J. 696%5.7

Pumpanen, J., P. Kolari, H. llvesniemi, K. Minkkinen, T. Vesala, S. Niinistd, A. Lohila
T. Larmola, M. Morero, M. Pihlatie, I. Janssens, J. C. Yuste, J. M. Griinzweig, S. Reth.
J.A. Subke, K. Savage, W. Kutsch, G. @streng, W. Ziegler, P. Anthoni, A. Lindroth, P.
Hari. 2004. Comparison of different chamber techniques for measuring soil C@2 effl

Agric. For. Meteor. 123:159-176.

Ren, T., G.J. Kluitenberg, and R. Horton. 2000. Determing soil water flux and pore water

velocity by a heat pulse technique. Soil Sci.Soc. Am. J. 64:552-560.

Ren, T., K. Noborio, and R. Horton. 1999. Measuring soil water content, electrical
conductivity, and thermal properties with a thermo-time domain reflectoietbge. Soil

Sci. Soc. Am. J. 63:450-457.

Sakai, M., S.B. Jones, and M. Tuller. 2011. Numerical evaluation of subsurface soil water
evaporation derived from sensible heat balance. Water Resour. Res. 47, W02547,

doi:10.1029/2010WR009866.



Tang J., D. D. Baldocchi, Y. Qi, and L. Xu. 2003. Assessing soil CO2 efflux using
continuous measurements of CO2 profiles in soils with small solid-state sekgacs

For. Meteor. 118: 207-220.

Turcu, V.E., S.B. Jones, and D. Or, 2005. Continuous soil carbon dioxide and oxygen
meaurements and estimation of gradient-based gaseous flux. Vadose Zone J. 4:1161-

1169.

van Bavel, C.H.M, 1961. Lysimetric measurements of evapotranspiration rates in the

eastern United States. Soil Sci. Soc. Am. J. 25:138-141.

Wolf, A., S. Nick, A. Kanat, A.J. Douglas, and L. Emilio. 2008. Effects of diffeegiaty
covariance correction schemes on energy balance closure and compaitisdins

modified Bowen ratio system. Agric. For. Meteorol. 148:942—-952.

Zhang, X., S. Lu, J.L. Heitman, R. Horton and T. Ren. 2012. Subsurface soil-water

evaporation with an improved heat-pulse probe. Soil Sci. Soc. Am. J. 76: 3: 876-879.



10

Chapter 2 Sensible heat measurementsindicate depth and magnitude of sub-surface

soil water evaporation
A paper published in the Water Resources Research

J.L. Heitman, X. Xiao, R. Horton, and T.J. Sauer
Abstract

Most measurement approaches for determining evaporation assume thantheeskite

flux originates from the soil surface. Here, a new method is described fanaheibeyin

situ soil water evaporation dynamics from fine-scale measurements of spérinre

and thermal properties with heat-pulse sensors. A sensible heat balancpugedom

using soil heat flux density at two depths and change in sensible heat storagmpetwe
the sensible heat balance residual is attributed to latent heat from emapof il

water. Comparisons between near-surface soil heat flux density and Bowemmeatly
balance measurements suggest evaporation originates below the soil svdealadsgs
after rainfall. The sensible heat balance accounts for this evaporation dymanmc

scale depth increments within the soil. Comparisons of sensible heat balance daily
evaporation estimates to Bowen ratio and mass balance estimates irichogte s
agreementrf = 0.84, RMSE = 0.24 mm). Potential applications of this technique include
location of the depth and magnitude of sub-surface evaporation fluxes, and estimation of
Stage 2-3 daily evaporation without requirements for large fetch. Epgdeations

represent new contributions to vadose zone hydrology.
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I ntroduction

Soil-water evaporation is a critical component of both the surface eneegcband the
hydrologic cycle, coupling heat and water transfer between land and atmeoipérge,

1990]. In drying technology [e.g., Segura and Toledo, 2005; Prat 2007], it is widely
recognized that control and location of drying (i.e., evaporation) depends on the balance
between heat, liquid, and vapor transport mechanisms. Shifts between atmospheric and
soil control on evaporation have been commonly referred to in the soil science and
hydrology literature as stages of evaporation [Lemon, 1956]. The inability to gquantif
near-surface soil processes has prevented a detailed, accurate erssesspar-surface

soil water evaporation [Kondo et al., 1990; Yamanaka and Yonetani, 1999]. Because the
balance of heat, liquid, and vapor mechanisms in soil is difficult to predict, measiirem
based approaches are needed to determine dynamic behavior, particularlyeid the fi

[e.g., Cahill and Parlange, 1998]. Heitman et al. [2008] introduced a measurement-base
soil sensible heat balance to determine the partitioning of latent heat witlsioiltreend
thereby account for soil-water evaporation in situ. Such an approach offers broad
potential utility because it does not require determination of coupled heat and water
transfer coefficients [e.g., Nassar and Horton, 1997], characterization-spscific

hydraulic properties [e.g., Mahrt and Pan, 1984; Wetzel and Chang, 1987], or large fetch.
Here we present a conceptual background for the soil sensible heat baléru ane

provide preliminary tests using comparison to both above-ground (Bowen Ratio) and

mass-balance (microlysimeter) estimates of evaporation.
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Method

Conceptual Background

The surface energy balance is commonly treated as

R -G=LE+H (1)

whereR, (W m) is net radiationG (W m®) is surface soil heat flux density, abB (W
m?) andH (W m) are latent and sensible heat flux densities, respectivel(CHlfer et

al., 1996]. Widely used calorimetric and combination approaches for deterr@maly

on measurement of heat flux density below the surface. A correction is thenanade f
change in sensible heat storag8(W m?), between the depth of measurement and the

surface [Fuchs, 1986].

G=G,+AS )

whereG, refers to heat flux density measured at some arbitrary sub-surface depth.

Equation (2) assumes tH&E originates at the soil surface rather than within the soil
[Mayocchi and Bristow, 1995]. This is a restrictive assumption, because asesoil dr
from the surface downward, an increasing fraction of soil water evaporatiorsdizlow
the surface [Yamanaka et al., 1998]. Micrometeorological methods (e.g., Bowweaniht
eddy covariance) account foE exclusively at the soil surface, but Gardner and Hanks
[1966] suggested that (2) could be adjusted to indiklg.e., evaporation of soil water)

in order to determine evaporation occurring within the soil.
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(G.-G,)-AS=LE (3)

whereG; andG; are heat flux densities measured at two different deptha@nd
represents the change in sensible heat storage between these depths (Fig. 1). The
hypothesis in this approach is that the residual to the balance of measurable Beasible
terms G1, Gy, andAS) represents heat partitioned to latent heat with water vaporization

in the depth interval betwe&s andG..

Instrumentation provided a major limitation for Gardner and Hanks [1966] and allowed
mostly qualitative assessment. However, development of the heat-pulse(id&) s
[Campbell et al., 1991; Bristow et al., 1994; Ham and Benson, 2004] provides new
opportunity to implement the heat balance approach. HP sensors generally consist of t
or three small (1.3-mm diam.) needles. One needle contains a resistapcédneat
applying a small heat input, while the remaining needles contain thermocauples f
measuring temperature response at a fixed distance (typically 6 mmhidradter. The
temperature response can be evaluated to determine soil thermal propeeties.
temperature sensing needles of the sensor can also be used to passivelyadeterm
ambient temperature conditions within the soil. Cobos and Baker [2003] and Ochsner et
al. [2006] discussed the use of HP sensors to meaguam@&Ochsner et al. [2007]
discussed HP sensor measurememSfAn advantage to this type of sensor is that it is
relatively unobtrusive when compared to more commonly used heat flux platesnit does
appreciably limit water vapor or liquid movement and, thus, can be installed nearer the

soil surface.
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Heitman et al. [2008] expanded on the approaches of Ochsner et al. [2006, 2007] and
Cobos and Baker [2003] to implement (3) by measuring heat flux density at two depths
(i.,e., G and G) andAS with a single three-needle HP sensor. In their approach, sensors,
oriented perpendicular to the soil surface, are used for three function8)(Fig.
measurement of ambient temperature (T, °C), volumetric heat capacityn(€0™),

and thermal conductivityy{ W m* °C™). Examples of these data (collected as described
in the following section) are presented in Fig. 3A and 3B. The vertical T gtadigdz

(°C m™), is obtained by dividing the T difference by the distance, z (m), between
adjacent needles (Fig. 3C). The gradient can then be multiplieddogpproximate the

heat flux densities (;and G) at the mid-point depths between adjacent needles (i.e.,
Fourier's Law) (Fig. 3D). The change in T with time, t (s), at the central eésed|

combined with C to determin&S according to [Ochsner et al., 2007]

N T -T .
AS:ZQ,H—,['J 1 12 (z-2.) 4)
i=1 j j-1

where the subscriptsandj are index variables for depth layers and time steps,
respectively (Fig. 3D). For these calculations, we assume a meanltpespety (i.e.C
and)) for each sensor depth increment. Having measureme@is Gf, andAS allows

implementation of (3) to determirhd.
Measurements and Field Locations

Measurements were collected at two research sites located near A, N, 93°

W), the Been field and the Brooks field. HP instrumentation at the Been field was



15

installed in May 2007 and operated for 40 d. A bare surface area (approx?)12&sm
maintained throughout the study. The soil at the site is Canisteo clay laa¥id&my,

mixed, superactive, calcareous, mesic Typic Endoaquolls). In addition to HP sensors
(described below), a Bowen ratio energy balance (BREB) measurete stas

located 30 m from the north edge of the bare area. The design of this measurement
system was similar to those of Bland et al. [1996] and Sauer et al. [2002]. An air
temperature/relative humidity probe (Model HMP45C, Vaisala Inc., Woburn, M8) wa

used to measure vapor pressure while a thermistor circuit was used to measure ai
temperature. Both sensors were mounted in aspirated radiation shields witbaah verti
separation of 1 m and were exchanged every 5 min. A second tripod was used to support
a net radiometer (Model Q*7, Radiation and Energy Balance Systems, S&4tjlat a

height of 2 m. Solil heat flux was measured with two flux plates (Model HFT3.1,

Radiation and Energy Balance Systems) at a depth of 0.06 m. Soil temperatunedeas
with type T thermocouples at 0.015 and 0.045 m depths adjacent to each plate were used
with measured volumetric water content to determine energy storage iaovgethe

flux plates [Sauer and Horton, 2006]. All sensor signals were monitored at a val inter

and 5 min averages were stored for analysis. The combined suite of instruments on the
BREB station provided estimates of, RE, H, and G. A tipping bucket rain gage was

used to record rainfall.

Experiments at the Brooks field were conducted for a 40 d measurement period
beginning in late July 2005. Soil at the site is Canisteo silty clay loard0Ar area
selected for study was cleared of all vegetation and surface residueyeled |

Estimates of soil water evaporation were obtained periodically with msmnodyers
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(MLs) [Evett et al., 1995]. The MLs were constructed from 7.5 cm ID, white polyvinyl
chloride pipe, cut to 10-cm length and milled to a wall thickness of 3 mm. The MLs were
installed with a drop hammer in the area surrounding the instrument nest and not used
until several natural wetting/drying cycles had occurred post-instelldtior

measurements, the MLs were carefully excavated, sealed at the fawsitle thin

plastic, weighed in the field with a portable balance, and replaced in the soil.
Evaporation estimates were determined from the change in mass upon rewai@4ing

h. At least eight replicate MLs were collected and averaged for eaadureenent.

HP sensors built following the design of Ren et al. [2001] were used at both figld site
The sensors consisted of three stainless steel needles (1.3 mm diam., 4 cnfixeagth)
approximately 6 mm apart with an epoxy body at one end. Each needle contained a Type
E thermocouple for measuring temperature; the central needle also contasstbace
heater for implementing the HP method. The sensors were calibrated in agiaestabi
water to determine the apparent distance between the needles [CamphelP&til

The sensors were installed via a 10 cm deep trench by pushing the needles from the
trench into undisturbed soil. The plane formed by the three needles of each sensor was
oriented perpendicular to the soil surface (Fig. 2). Sensors were instafietepths
beginning immediately below the soil surface with the central needles séiisers
positioned at 6, 12, 18, 24, 45, and 60 mm. After installation, the sensor lead wires were
routed through the trench and the trench was carefully backfilled. The sensers we
connected to a data acquisition system on the soil surface, which consisted of a
datalogger and multiplexers for the thermocouples and heaters, all housed in a

weatherproof enclosure. Power was supplied by a 12 V battery maintainedseitn a



17

panel. All heaters were controlled and measured with a single control circudticanef

a relay and X2 precision resistor. Thermal property measurements were collected eac

h. Thermal diffusivity and C were determined following the procedures deddrbe

Bristow et al. [1994] and Knight and Kluitenberg [2004], respectively. Measurements
were corrected for ambient T drift using the T measurements collectedqHP

initiation. A time-scaled change in ambient T was subtracted from the T chargeenbs
following application of the heat pulse [Jury and Bellantuoni, 1976; Ochsner et al., 2006].
Soil thermal conductivity was computed as the product of the thermal diffusivity and C.
Thermocouples in each sensor needle were used to record ambient soil T each 30 min (5-
min average). Measurements of T, C, andere used together as described above to
determine LE for a discrete depth increment with each sensor. Heitmaf2€08|

provides additional details on data handling.

Results and Discussion

Evidence of Evaporation Below the Soil Surface

The general hypothesis in the sensible heat balance approach is that evaporation occurs
below the soil surface, and therefore, can be determined by measurementsheitil.

A limitation in testing this hypothesis is the proximity to the surface irchwtiie upper-

most heat fluxz; can be measured. The practical limit @rwith the design of the heat-
pulse sensors used in these experiments is approximately 3 mm, which is thennid-poi
between needles installed immediately at the surface and the adjackatpositioned

at 6 mm below the surface (Fig. 2). This prevents measurement of evaporatisimgccur

above the 3 mm soil depth where it likely occurs in the day(s) immediately fiofjow
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rainfall or irrigation. However, if the evaporation front does penetrate degpehe soil,
it should be discernable. To test this idea we compare heat flux density measioec8l at
mm soil depth in the Been field with measurements obtained from the BREB

measurement station (Fig. 4).

Data in Fig. 4 were collected following a rainfall event on day of yeaty(DIJ2. If
evaporation occurs below 3 mm in the soll, tgrat the 3 mm depth should be
approximately equal to the sumlidE andG as treated in (1) and measured by the BREB
station. It is clear thdiE + G exceed$5; until DOY 176, suggesting that evaporation is
occurring above the 3 mm soil depth. However, on DOY Gyihicreases and begins to
exceedG. The growing peak magnitude @Gf, while still remaining less thdrkE + G,
suggests that some but not all evaporation is occurring below the 3 mm depth. DOY 177
provides an anomaly whe® actually exceedsE + G. This result is surprising and
suggests error in either the BREB statioiiserWhile the magnitude of the 3-mm heat

flux density is exceptionally large and cannot be confirmed independently, we riote tha
the magnitude of DOY 17IZE + G also differs from the general trend on DOY 176-181.
Despite similar conditions on the days before and aftencasured with the BREB on

DOY 177 was uncharacteristically large and suggests some measurameftata not
shown). DOY 177 represents a transition to evaporation below the 3 mm depth in the
soil. On subsequent days; decreases and begins to track closely with the magnitude of
LE + G. The pattern revealed by this comparison indicates that the measuremests of ne

surface heat flux density accurately dejiEt+ G following Stage 1 evaporation.

Subsurface Evaporation Patterns
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The comparison betwedrt + G andG; suggests that some evaporation is occurring
below the 3 mm depth beginning on DOY 176. To quantify this evaporation we utilize
measurements for multiple depth increments below the soil surface, vaelcbrdepth
increment include&;, G,, andAS measured by a single sensor. These data are shown for
the uppermost sensor in Fig. 3. During this time period, daily maximum anibient
generally increases after rainfall through DOY 178 at the 0, 6, and 12 mm degths (Fi
3A). Drying in the upper portion of the soil profile also produces declines inbatiu

(Fig. 3B). Accompanying these changes are shifts in the magnitudédafat the 3 and

9 mm depths. The magnitudedi/dz is similar with depth through DOY 175 (Fig. 3C).
On DOY 176, the peak magnitudedif/dz at 3 mm begins to increase and thereafter
remains relatively large. A shift also occurs at 9 mm on DOY 176, but peak magnitude
remain well below those at 3 mm until DOY 178 when the gradients begin to converge.
This indicates that drying occurs deeper in the soil. Drivetiliigz, heat flux density
demonstrates a similar pattern (Fig. 3D). The 3 and 9 mm depth heat flux densities a
nearly identical through DOY 175. However, beginning on DOY 176, divergence in the
heat flux density with depth indicates significant heat loss (> 1504\amheat is
transferred through the soil. The amount of heat partitionedstoan be quantified and
remains consistently small throughout this period (< 25 Y. ffhe difference between
heat flux density at 3 and 9 mm (i@, andG,) appreciably exceedsSthrough DOY

178 and thereby provides means for determihigagvith (3).

Results for sensors measuring the 3-9, 9-15, 15- 21, and 21-27 mm depth increments are
shown in Fig. 5. Note that data are presented as evaporatioB (ate h'), rather than

LE. To make this conversion we estimhtas a function of following Forsythe [1964].
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The evaporation rate remains near O for all measured depth increments throigh DO
175, which again indicates that the evaporation zone has not passed below the 3 mm soill
depth. All sensible heat transferred through the 3 mm depth is accounted for th&®ugh

or heat flux density at lower depths. On DOY 176, the peak magnitulenofeases to

0.3 and 0.15 mm hduring the afternoon at the 3-9 and 9-15 mm depth increments,
respectively. The peak magnitudetbtontinues to increase for both depth increments on
DOY 177 before declining on subsequent days. Despite some concerns raised above
about observations on DOY 177, the pattern here again suggests a transition. Net
evaporation rates are generally highest immediately followimfalgiassuming that
atmospheric demand is not limiting [Lemon, 1956]. Thus, the relatively IBwerDOY

176 than 177 does not necessarily suggest less total evaporation. Rather it indicates tha
evaporation is still occurring in the soil layer above the 3 mm depth on DOY 176.
Transition to evaporation at deeper soil depths is beginning to occur on DOY 176 as soil
water stored above the 3 mm depth is depleted and cannot meet atmospheric demand.
After DOY 177, measurements of the 3-mm heat flux density (Fig. 4) suggesetnbt

all evaporation occurs below the 3 mm soil depth. The shifting pattern of evaporation
continues on subsequent days as soil water storage is further depleted neaaitbe surf
and peal€ at 9-15 mm begins to exceBdt 3-9 mm (Fig. 5). The declining peak
magnitudes oE for all depth increments after DOY 177 are indicative of decreased total

evaporation as soil water becomes limiting.

Comparison of Heat Balance Daily Evaporation to I ndependent Estimates
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An advantage of the heat balance approach is that it allows observartimsitof
evaporation for multiple depth increments below the soil surface, whereas othedsne
such as Bowen ratio and lysimeters only provide indication of total net evaporatipn. Yet
this also provides some difficulty for verifying the data presented in Figevib nfieans

are available for temporal comparison to fine-scale soil water evaporagasurements.

In order to provide a means for comparison, we take a daily sum of the values from (3)
for all measured depth increments to obtain an estimate of total daily ev@pofraese
estimates are compared to total daily evaporation determined by micnolgters at the
Brooks field and the Bowen ratio approach at the Been field in Fig. 6. We agsume
priori that measurements from the heat-pulse sensors do not capture evaporation
occurring above the 3 mm soil depth immediately after rainfall as discussed &bosge

comparisons in Fig. 6 preclude measurements taken in the first 3 d after rainfall.

Daily evaporation estimates from the independent estimates (micretgsiand Bowen
ratio) ranged from 3.29 to 0.57 mm (Fig. 6). Regression analysis indicates strong
correlation between the heat-balance and independent estimateS=t96 and RMSE

= 0.20 mm for 20 d of measurements. The regression relationship is also near 1:1 with
slope of 0.91 and intercept ©f16. Treated independently, the relationship between heat-
balance and microlysimeter estimates (available on 9 d) gave slghdy RMSE (0.11
mm). The range of the compared observations from the microlysimetelsnitad to <

1.5 mm daily evaporation by environmental conditions during the Brooks field
experiment. However, the increased strength of this relationship may enthieat

improved accuracy of the method under predominantly water-limited (i.e., soil-

controlled) evaporative conditions. Overall, comparisons between heat balance and
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independent estimates of total daily evaporation indicate the potential of tHealzseste
method. Though indirect, these comparisons also provide support for the fine time and
depth scale measurements of evaporation from which the heat-balance daayesst

were derived.

Summary and Conclusions

Few if any measurement approaches are currently available ésmil@hgin situ soil

water evaporation. However, developments in the HP measurement technique provide a
new opportunity to implement such an approach. Here, measurements of soil temperature
and thermal properties obtained with HP sensors were used to determine the keasibl
balance below the soil surface. Heat that cannot be accounted for directly by
measurement, the residual to the soil sensible heat balance, is attributedttbdat

with evaporation of soil water. Comparisons of measured near-surface hedrikity

with LE + G in the traditional surface energy balance indicate that the soil heat flux is
partitioned ta_E below the surface, particularly several days after rainfall events.
Combination of heat flux density measurements at multiple depths below the sasl allow
the location and magnitude of evaporation to be quantified, thereby revealing the
dynamic evolution of soil water evaporation following rainfall eventsialntbmparisons
between daily estimates of heat balance evaporation compare favoithbdyandard
independent methods for determining daily evaporation. However, unlike standard micro-
meteorological methods, large fetch is not a requirement. Because of itditafmabi

measure evaporation with depth and time in field conditions, which is not available
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through other current approaches, the sensible heat balance method promises to be a

practical and valuable addition for a wide range of vadose zone hydrology iatiessg
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Figure Captions

Figure 1. Conceptual model of the heat balance for a soil layer (see BgaBdG; are
sensible heat flux density at two depthS§,andLE are the change in sensible heat

storage and the latent heat flux, respectively.

Figure 2. Heat-pulse sensor measurements for implementing Eq. (3). Temgera
temperature gradient, volumetric heat capacity, and thermal conducte/tgpesented

asT, dT/dz, C, and, respectively. The sensor is not drawn to scale.

Figure 3. Measurements obtained with a heat-pulse sensor for computing Eq. (3): A. soil
temperatureT), B. volumetric heat capacitZ] and thermal conductivityf, C.

temperature gradientiT/dz), and D. heat flux densitie&{ andG,) and change in

sensible heat storagag). Data were collected from the Been field following rainfall on

day of year 172.

Figure 4. Comparison of heat-pulse measured heat flux density for the 3-mnp#uoil de
(Gy) and independent measurements of latent heat flux debBiXya(d surface soil heat
flux (G) obtained with the Bowen ratio energy balance measurement station at the Been

Field.

Figure 5. Evaporation determined by heat balance (Eq. 3) using heat-pulse.deatsor

were collected from the Been Field following rainfall on day of year 172.

Figure 6. Comparison of daily evaporation obtained by the heat balance and two

independent methods (Bowen ratio and microlysimeters). Data included in the figure
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were obtained 3 or more days after rainfall events. Data from DOY 177 a¢énefiBld

have been omitted.
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Figure 1. Conceptual model of the heat balance for a soil layer (see Eg,. @)dG, are
sensible heat flux density at two depthS§,andLE are the change in sensible heat

storage and the latent heat flux, respectively.
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Figure 2. Heat-pulse sensor measurements for implementing Eq. (3). Temperature,
temperature gradient, volumetric heat capacity, and thermal conducte/tgpesented

asT, dT/dz, C, and), respectively. The sensor is not drawn to scale.
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Figure 3. Measurements obtained with a heat-pulse sensor for computing Eqg. (3): A. soil

temperatureT), B. volumetric heat capacitZ] and thermal conductivity}, C.
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temperature gradientiT/dz), and D. heat flux densitie&{ andG,) and change in
sensible heat storagag). Data were collected from the Been field following rainfall on

day of year 172.
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Figure 4. Comparison of heat-pulse measured heat flux density for the 3-mm soil depth
(Gy) and independent measurements of latent heat flux debEXy(d surface soil heat

flux (G) obtained with the Bowen ratio energy balance measurement station at the Been

Field.
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Figure 5. Evaporation determined by heat balance (Eg. 3) using heat-pulse sensors. Data

were collected from the Been Field following rainfall on day of year 172.
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Chapter 3 Cumulative soil water evaporation as a function of depth and time

A paper published in the Vadose Zone Journal

X. Xiao, R. Horton, T.J. Sauer, J.L. Heitman and T. Ren

Abstract

Soil water evaporation is an important component of the surface water balance and the
surface energy balance. Accurate and dynamic measurements of soéwegigration

enhance the understanding of water and energy partitioning at the land-atmosphere
interface. The objective of this study is to measure the cumulative soil evajgoration

with time and depth in a bare field. Cumulative water evaporation at the soileswidac
measured by the Bowen ratio method. Subsurface cumulative soil water evapoesi
determined with the heat pulse method at fine scale depth increments. Followialy, rai

the subsurface cumulative evaporation curves followed a pattern similar tofdez sur
cumulative evaporation curve, with approximately a 2-d lag before evaporation was
indicated at the 3 and 9 mm soil depths, and several more daysrmeeeper soil layers.

For a 21-d period in 2007, the cumulative evaporation totals at soil depths of 0, 3, 9, 15
and 21 mm were 60, 44, 29, 13, and 8 mm, respectively. For a 16-d period in 2008, the
cumulative evaporation totals at soil depths of 0, 3, 9, 15, and 21 mm were 32, 25, 16, 10,
and 5 mm, respectively. Cumulative evaporation results from the Bowen ratio and heat
pulse methods indicated a consistent dynamic pattern for surface and sugsartir
evaporation with both time and depth. These findings suggest that heat pulse sensors can

accurately measure subsurface soil water evaporation over seveiadaegtng cycles.
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I ntroduction

As a key component of both the surface water balance and the surface energg, bala

soil water evaporation impacts water and energy distributions at the fandgditere
interface. Soil water evaporation is a dynamic process. However, manyissi have

divided the process into three major stages (Hide, 1954; Lemon, 1956; Idso et al, 1974).
The first stage is evaporation at the wet soil surface being controllethbggteric

demand; the second stage is evaporation extending from the drying surface to subsurface
soil being controlled by upward water movement toward the soil surface; and the third
stage is evaporation occurring below the surface where water vapor muss thifough

a dry surface layer to the atmosphere. The techniques for measuring epil wat
evaporation include energy balance (micrometeorology) and water bagroaches

(Hanks and Ashcroft, 1980; Hillel, 1980). Bowen ratio (Fritschen and Fritschen, 2005)
and eddy covariance (Meyers and Baldocchi, 2005; Moncrieff et al., 1997) are widely
used micrometeorological methods for estimating surface soil wateoragi@n over an
adequate fetch area. The automatic weighing lysimeter method (valh Bat/E Robins,
1965; Tanner, 1967), the manual weighing micro-lysimeter method (Boast and Roberson,
1982), and the soil water depletion method (B6hm et al., 1977) are established ways to
determine evaporation by measuring changes in soil water storage and otheneois

of the water balance. However, none of the methods can accurately measore ggila
water evaporation with time and depth in the field, especially at shallow depitihae

soil surface. The reason they cannot measure soil water evaporation withrakfihea

is because they do not measure the mm-scale soil water moving up to the zone of

evaporation. Based on sensible heat balance theory, Gardner and Hanks (1966), Heitman
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et al. (2008a, 2008b) developed a new heat pulse method to measure subsurface (3-mm
depth and below) soil water evaporation with time at fine-scale depth incremeants i

bare field over an hourly time period. They reported that daily soil water exteyor

from the heat pulse method agreed with Bowen ratio and micro-lysimeter.results

However, comparisons of soil water evaporation among the three methods have been
limited to daily evaporation for a few discrete days. It is not yet known if thiepuse

method can be used to accurately measure evaporation with depth and time over an entire
drying period following a rainfall event. There is a need to evaluate they afithe heat

pulse method to estimate soil water evaporation over consecutive days thantepres

wetting-drying sequences.

The objective of this study is to measure the surface and subsurface cumalbtates
evaporation with depth and time in a bare field including wetting-drying sequences. The
cumulative evaporation from the soil surface is measured with the Bowen ratiodnet
The subsurface cumulative soil water evaporation is determined at finelsptie
increments with the heat pulse method. The cumulative evaporation measurements are
used to examine the development of a soil water evaporation zone with time and depth

for natural wetting-drying processes in a bare field.

Materialsand Methods

Experiment location description
The study was performed during the summers of 2007 and 2008 in a bare field (125
mx 125 m) located near Ames, lowa (41.98°N, 93.68°W). The solil at the site was

Canisteo clay loam (fine-loamy, mixed, superactive, calcareous, mesic Typi
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Endoaquolls). The surface soil bulk density was 1.15 MgThe soil consisted of 44%
sand, 30% silt and 26% clay, and the topography was relatively flat (slope < 2%6). Thi
field was tilled each year and kept bare by spraying herbicides for weedlcdhtee-

needle heat pulse sensors were installed to measure subsurface cumulatigeesoil
evaporation at several depth increments. About 20 m away from the heat pulse sensors, a
Bowen ratio energy balance (BREB) measurement system was ingtethesl bare field

to measure surface cumulative soil water evaporation. The BREB systeposaitioned
toward the northeast part of the field in order to optimize the fetch for the prevailing
southwesterly winds. This provided fetch of approximately 100 m to the south, 130 m to
the southwest, and 90 m to the west. The lower sensor was at 25 cm (top at 125 cm).
Thus, fetch to upper sensor height ratios were approximately 80:1, 104:1, and 72:1 for

wind from the south, southwest, and west, respectively.

I nstrument description and installation

Heat pulse sensors used in this study are identical to those used by Ren et ahr{@003)
Heitman et al. (2008a, 2008b), which consisted of three parallel stainless stibet nee
(1.3-mm diameter, 40-mm length) with about 6 mm spacing between the needtes. Eac
needle contained a chromel—constantan thermocouple for measuring temperahere. |
middle needle there was also a resistance heater wire, through which eusreall

could be applied to generate a heat pulse, leading to temperature increasestrt
needles. The distances between neighboring needles were determined frpoideeat
measurements made in agar-stabilized water (8)dpefore experiments (Campbell et

al., 1991).
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Ten sensors at each of two locations were installed in the bare field eactoyeeasure

in situ subsurface cumulative soil water evaporation at several depth%)(Hige two
locations were within 20 m of each other. At each location a narrow trench wasdug, a
the sensors were inserted at multiple depths into the undisturbed 0 to 40 mm soil layer.
Heitman et al. (2008a and 2008b) reported that evaporation was not detected at depths
below 30 mm. The trench was carefully back filled with soil. The heat pulse sensers wer
installed individually in 2007. To improve the accuracy of sensor placement depths, three
sensors were glued together before installation in 2008. The thermocouples and heater
wires of the heat pulse sensors were connected to multiplexers (AM16/32 and AM416,
Campbell Scientific, Inc., Logan, UT), which were controlled by a Carhb&l0X
data-logger. On the data-logger, the thermocouple reference was connertgkéto s

ended channel 1 (1H), excitation channel 3 (E3) and analog groundTA&dlata-

logger was powered by a 12-volt battery, which was recharged by a solarSmhel

thermal diffusivity and volumetric heat capacity measuremagrte performed every 4 h.
The measurement sequence for each heat pulse sensor consisted of 30 s background
temperature measurement, 8 s heating duration at the middle needle, and 72 sulempera
measurements after heating. So the temperature response of a totalltifies afith a 2-

Hz sensing interval at the two outer needles and the power applied to the middle needle
during the 8 s heating period were recorded in the sequence. The 30 s background
temperatures were used to correct for temperature drift (Ochsner et 8)., [B0ddition,

ambient soil temperature at each needle position was measured and recardé&eheve

The BREB system used in this study was the same as that of Heitman et al.,(2008b)

was similar to those of Bland et al. (1996) and Sauer et al. (2002). On a tripod, two air
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temperature/relative humidity probes (Model HMP45C, Vaisala Inc., Woburn, MA) w
thermistor circuits were installed to measure vapor pressure and aira&mgeTl he
sensors were mounted in aspirated radiation shields with a vertical sapafatim.
Sensor elevation positions were exchanged every 5 min. On another tripod, a net
radiometer (Model Q*7, Radiation and Energy Balance Systems (REBRi)eS@&7\)
was installed at a height of 2 m. Soil heat flux was measured with two heat tiex pla
(Model HFT3.1, REBR) at a depth of 60 mm. Soil temperatures ahd3¥5-mm depths,
adjacent to each plate, were measured with type T (copper-constantan) thergscoupl
The measured soil temperature and estimated volumetric soil water coatenised to
determine energy storage changes in soil above the flux plates (Sauer amj 2QH5).
All of the sensors were connected to a Campbell CR500 data-logger, and data were
collected at a 5-s interval and the 5-min averages computed. The BREB systatadgr
estimates of net radiation, latent heat flux, sensible heat flux and soil hea flpping

bucket rain gage was used to record rainfall.

Basic theory of heat pulse method

The theory for measuring soil water evaporation is based upon the sensible imest bala

of a soil layer (Gardner and Hanks, 1966; Heitman et al., 2008a and 2008b). A heat pulse
sensor can be used to measure the sensible heat balance terms, for a,seiyjlaye

sensible heat in, sensible heat out and change in sensible heat storage (Fig. 2)

(H,—H,)-AS=LE [1]

whereH, andH, are soil sensible heat fluxes (W?jrat upper and lower boundaries,

respectively, of a specified soil lay&S (W m®) is the change in sensible heat storage of
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the soil layerL (J mi°) is the volumetric latent heat of vaporization &g evaporation
rate (m &). For a specific soil layer, we assume that the difference between the net
sensible heat transferred and the change in sensible heat storage is equaldntthe
heat. If the difference is positive, then some of the soil layer sensible be#atgs
partitioned to latent heat indicating that some of the water in the soil fageaporating.
If the difference is zero, then all of the soil layer sensible heat is accdantedicating
that no water is evaporating and no water is condensing in the solil layer. Iff¢éherdié

is negative, then some of the soil layer sensible heat must be deriving teatrhizat as
water vapor condenses and latent heat becomes sensible heat in the soil layersklea
measurements in conjuction with Eq. (1) are used to calculate soil water evaporati

similar to the approach presented by Heitman et al. (2008a, 2008Db).

The temperature response with time at the outer needles of a heat pulseosiesbeat
pulse from the middle needle was used to determine soil thermal diffusivitpidnd s

volumetric heat capacity.

Soil thermal diffusivity ¢, m? s*) was computed as (Bristow et al., 1994):
2
a=t |t | Lo 2]
4t -1, t, — 1,

where for a given sensor,(m) is the spacing between the middle and outer netgdée,

the heating duration (8 s), atgl(s) is the time from the beginning of heating to when the
maximum temperature occurred. Thermal diffusivities for soil betweemith@éle needle

and the upper needle/() and for soil between the middle needle and the lower needle
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(«,) were obtained from the outer needle temperature responses to middle needle heat

inputs for each heat pulse sensor.

Soil volumetric heat capacit(J m® °C*) was computed using the following equation

(Knight and Kluitenberg, 2004):

T
C= q2° (1—igz—ig3—ig4—i55j [3]
ernrT, 24 24 128 192

whereTr, is the maximum temperature increase (°g)the applied heating power per

unit length of heater (W 1), ande¢ the ratio of heating duration to the time

corresponding to the maximum temperature increaset(/t,,). The soil volumetric
heat capacities for soil between the middle neadtethe upper needl€() and for soil
between the middle needle and the lower needlWere obtained from the outer needle

temperature responses to middle needle heat ifgpueach heat pulse sensor.

Accordingly, soil thermal conductivities (W t™°C?) from the middle needle to the

upper needle,) and from the middle needle to the lower need|g (vere computed as

the product ofe andC:

A =a,C

u u~u ! ﬂ’l :al CI ][4
The temperature gradients (°CndT, /dz, anddT, /dz, at soil layer boundaries were

determined from the measured ambient temperatliye$,( T3, °C) and the calibrated

distances (or depths; m) between the needles. Usingand4, together with thermal
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gradients, theensible heat fluxes (W H ,andH,, at the mid-depths of the adjacent

needles were calculated with Fourier’s law,

dT dT,
H, =-4,—2, H =—-4 — 5
s =g 5]

The change of sensible heat storA§avas calculated from the value ©f(C was the
average o2, andC)) and the middle needle temperature changes waith (AT, /At, °C
s1) for a given soil layer with thicknesaz (m) (Ochsner et al. 2007):

as=c 2Tz, 116
At

Latent heat of vaporizatidnfor a given soil layer was calculated as a fumctibthe

middle needle temperatufe (Forsythe 1964)

L = 2.49463x10° — 2.247x10°T, [7]

Soil thermal properties were calculated using E&1g], and sensible heat fluxes,
changes in sensible heat storage, and latent lstabations were calculated using Egs.
[5-7]. Soil water evaporation rates were determingidg Eq. [1]. In 2007 individual heat
pulse sensors were installed in the soil to datexrsoil water evaporation rates in the 3-
9, 9-15, 15-21, 21-27 mm soil layers (see Figli8R007, the soil water evaporation was
calculated for each separate sensor. In 2008 dier @0 improve sensor depth accuracy,
the heat pulse sensors were glued together beébdaristallation. The 2008 heat pulse
sensors were used to determine the soil water extqo rates in the 3-9, 9-15, 15-21,
21-27 mm soil layers (see Fig. 3). Heat pulse oreasents represented identical soil
layers in 2007 and 2008. Reported values of ewadioor for each soil layer represent the

average of replicated heat pulse measurements.
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Evaporation rates are integrated over time to deter cumulative evaporation for
specific depths. The cumulative evaporation atezi§ip depth is the sum of evaporation
rates for all of the soil layers below that deftbegrated in time. For example, the
evaporation rate at the 3-mm depth is the sum @penation from the 3-9, 9-15, 15-21
and 21-27 mm soil layers, and the cumulative e\atpmr is determined by integrating

the evaporation rates over time.

Results

Cumulative soil water evaporation with depth and time

We obtained consecutive measurements for 21-d0i aad for 16-d in 2008. Figure 4
shows the volumetric soil water content(m®) for the 0-60 mm soil layer, the daily net
radiation (MJ rif), the net cumulative evaporation (mm) at 0-, 3-18-, and 21-mm soil
depths, and the daily rainfall (mm) for the 2007aswement period. Water content for
the 0-60 mm soil layer represents the average wateent of several soil layers
measured by the heat pulse sensors. Since ak ohéasurements were made in a bare
field, the cumulative evaporation from the Bowetioraneasurements included the net
soil water evaporation occurring at and below thiessirface (0O-mm depth). The
cumulative evaporations at 3-, 9-, 15- and 21-miindepths were measured by heat
pulse sensors. During the measurement period, Wenetwo rainfall events, day of year

(DOY) 172 through 173 and DOY 190.

Surface cumulative evaporation from the Bowen raté&thod increased continuously
over the 21-d measurement period. Following the fainfall event (20-mm) on DOY

172 through DOY 173, cumulative evaporation at atflase depths did not increase for
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2 days. On the third day (DOY 176), the cumula@vaporation curve at the 3-mm depth
began to increase. One day later, the cumulatigpaation curve at the 3-mm depth
began to parallel the surface cumulative evaparatiove until the next rainfall event on
DOY 190. The cumulative evaporation curves at thdS-, and 21-mm depths behaved
similarly to the curve at the 3-mm depth, withradilag of one day at the 9-mm depth
and several days at the 15- and 21-mm depths. @Gtineievaporation curves at the
various soil depths indicated the development bfvgater evaporation zones with time
and depth following a natural drying process inlibee field. In wet soil, soil water
evaporation occurred at the soil surface and fitogrstrface to a depth of 3-mm within
two days after the rainfall event (i.e., first stagyaporation). The zone of evaporation
shifted downward to the 3- and 9-mm soil depthessh\days later, and even later to the
15- and 21-mm soil depths (i.e., second and thages of evaporation). Our results
indicate that following rainfall, soil water evajtion is a continuous process not

necessarily identified as having three separatesta

In the summer of 2008, three rainfall events o@mlin a 16-d period: DOY 240 through
241, DOY 248 through 249, and DOY 252 (Fig. 5).f8e cumulative evaporation from

the Bowen ratio method increased continuously thinout the measurement period.

Following the first rainfall event (21 mm) on DOY@ through DOY 241, cumulative
evaporation at depths of 3, 9, 15, and 21 mm, aiiine-lag pattern similar to the results
from 2007, increased with time until the startled second rainfall event (DOY 248).
After DOY 243, the cumulative evaporation curvetfoe 3-mm depth began to parallel

the surface cumulative evaporation curve untilseond rainfall event from DOY 248
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through 249. The cumulative evaporation curve ef3hmm depth was further delayed to
DOY 244 before it began to parallel the cumulagvaporation curves of the soil surface
and 3-mm depth. The cumulative evaporation cur¥ésenol5-and 21-mm depths
behaved similarly, with only a few days delay. ®iticere were only two days between
the second and the third rainfall events, no olwioarease in subsurface cumulative
evaporation curves was noticed following the seaaimfall event, indicating that the
depth of evaporation shifted back to the soil ssgf&imilar to 2007, the cumulative
evaporation at various soil depths in 2008 inditéte development of a soil water
evaporation zone with time and depth. When thevgad wet following a rainfall,
evaporation occurred first at the soil surface theth advanced from the surface to the
shallow subsurface. When the soil surface stadeftyt, the evaporation zone shifted

downward.

Cumulative evaporation curves from the soil surfiacehe Bowen ratio measurements
and the subsurface from the heat pulse measuremergsconsistent from year to year
and depth to depth, in both magnitude and times Tihding is particularly interesting
because the measurement scales for Bowen ratibeatgulse methods differ
considerably. Although both involve one-dimensicagproximations, the Bowen ratio
measurements occur above the ground surface antienajiuenced by a land area of
several hundred square meters, while the heat patssors are buried below the soil
surface and are influenced by the surroundingagoim- to cm-scale. The data obtained
from the independent techniques of different scalasirprising consistent for 2007 and
2008. For a 21-d period in 2007, the subsurfaceutatie evaporation at soil depths of

3,9, 15 and 21 mm from the heat pulse method Wag3 13, and 8 mm, accounting for
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73%, 48%, 21% and 13%, respectively, of the Boveio surface cumulative
evaporation (60 mm). For a 16-d period in 2008 siliesurface cumulative evaporation
at soil depths of 3-, 9-, 15- and 21-mm was 25-, 16-, and 5-mm from the heat pulse
method, accounting for 74%, 50%, 30% and 16%, sy, of the Bowen ratio result
(32 mm). In both years, the results showed thatateeof cumulative evaporation

decreased gradually from shallow to deeper soil.

Comparison between years

The 2007 and 2008 measurement periods had similants of rainfall (21 mm in 2007
and 22 mm in 2008). In the same bare field, howeherdevelopment of the soil water
evaporation from the soil surface to the subsurémoeirred differently in 2007 and 2008.
Part of the difference was associated with the teaiglistribution of the rainfall and net
radiation, and part was due to the differencesitial soil water content. Other weather
factors (such as air temperature and wind spee siilar during the two

measurement periods (data not shown).

For soil water evaporation, soil water is the sewtwater and net radiation is the main
energy available for evaporation. In the days feilg rainfall events, initial soil water
content and net radiation at the soil surface dtfesignificantly between 2007 and 2008
(Figs 4. 5). The initial water contents of the Or6fh soil layers were about 0.21%)
and 0.17 (Mm™) prior to the first rainfall events in 2007 andd8Qrespectively. The
difference in initial soil water content was caubgdhe difference in timing and amount
of rainfall prior to the first measurement peri@infall event. The greater initial soil

water content in 2007 than that in 2008 was lilgyt of the reason for the larger
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evaporation rate in 2007 than in 2008. The meadly daiface evaporation for 7 days

following the initial rainfall event was 2.8 mm 2007 and 1.6 mm in 2008.

The first rainfall event in 2007 was 20 mm on DOR2%hrough 173, and the daily net
radiation totals for the following two days (DOY4.@nd 175) were 9.5 and 4.5 M¥m
The first rainfall event in 2008 was 22 mm on DOA02hrough 241, and the daily net
radiation totals the following two days (242 an@Pwere 11.5 and 9.9 MJ'm
respectively. For the days following rainfall, tti&ily total net radiation was larger in
2008 than in 2007. Following the first rainfall ewen 2007, there was almost no
subsurface cumulative evaporation increase fotwbedays (174 and 175). Cumulative
evaporation began to increase on DOY 176 at then3depth. In 2008, however,
subsurface cumulative evaporation showed somedsershortly after the rain. These
data indicate that net radiation affects the tiagedf evaporation shifting from the
surface to the subsurface following a rainfall éyerich is physically consistent with

more energy available for depletion (evaporatidrgail water.

Additional future data observations may lead todbeelopment of a quantitative

expression of the time series of soil water evapmrdollowing rainfall.

Conclusions

Bowen ratio and heat pulse measurements of cumellatiter evaporation from bare soil
were consistent in magnitude and time. The cunudatvaporation clearly followed
rainfall events with the zone of soil water evapiorashifting from the surface

downwards. Cumulative evaporation over time shotheddevelopment of a soil water
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evaporation zone, revealing the time and depthmyesgof bare-field evaporation. The
rates and the time lag of evaporation with depthevifluenced by initial water content
and net radiation. The heat pulse method enab&ddtermination of cumulative
evaporation over consecutive days and wetting-drgiriods, and the heat pulse

cumulative evaporation values were consistent thighBowen ratio results.
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Figure Captions

Figure 1: A cross-sectional view of the heat pglisesor installation designs in 2007 and
2008. White rectangles are the sensor bodies frhdse sensors; dark-colored circles
within rectangles indicate the position of senssdies. Numbers beside each sensor

indicate the middle needle depth (mm).

Figure 2: Diagram of heat pulse sensor measuremapptiged to determine sensible and
latent heat of a soil layer, whetkeis sensible heat fluxySis change in sensible heat
storagelE is latent heaf is temperaturez is depth is thermal conductivityC is
volumetric heat capacity, and the subscriptsd | represent upper and lower,

respectively

Figure 3: Diagram indicating the 2007 and 2008 peéte sensor placements used to
calculateLE (latent heat). Each rectangular shape represéhitseadle heat pulse sensor,
and the solid circles in the rectangles indicatertéedle positions. In 2007, individual
heat pulse sensors were inserted into the soiliraR@08, in order to improve depth
placement accuracy, heat pulse sensors were gigether before being inserted into
soil. The numeric subscripts indicate soil deptsal layer (mm). The exact same depths
and layers were represented in 2007 and 2008.yrhkds in the diagrams refer to
temperature (T), depth (z), volumetric heat cagd€ly, thermal conductivityX(),

sensible heat flugH), and change of sensible heat storags).(
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Figure 4: 2007 values of average soil water cor@nrt60 mm), daily net radiation,
cumulative evaporation for the surface and forasisubsurface soil depths, and daily

rainfall.

Figure 5: 2008 values of average soil water cor@@rt60 mm), daily net radiation,
cumulative evaporation for the surface and forauasisubsurface soil depths, and daily

rainfall.
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2008. White rectangles are the sensor bodies firhdse sensors; dark-colored circles

within rectangles indicate the position of sensedies. Numbers beside each sensor

indicate the middle needle depth (mm).
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Figure 2: Diagram of heat pulse sensor measurerapptied to determine sensible and
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Figure 3: Diagram indicating the 2007 and 2008 peéte sensor placements used to
calculateLE (latent heat). Each rectangular shape represéhiteadle heat pulse sensor,
and the solid circles in the rectangles indicatertéedle positions. In 2007, individual
heat pulse sensors were inserted into the soiliraRB@08, in order to improve depth
placement accuracy, heat pulse sensors were gigether before being inserted into
soil. The numeric subscripts indicate soil deptsal layer (mm). The exact same depths
and layers were represented in 2007 and 2008. yrhbdls in the diagrams refer to
temperature (T), depth (z), volumetric heat cagd€), thermal conductivityX(,

sensible heat flugH), and change of sensible heat storagg).(
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Chapter 4 Heat pulse sensor measur ements of soil water evaporation in a corn field

X. Xiao, R. Horton, T.J. Sauer, J.L. Heitman andR&n

A paper submitted in the Soil Science Society of America Journal

Abstract

Latent heat fluxes from cropped fields consistaf water evaporation and plant
transpiration. Accurate measurement of soil wataperation in a cropped field is
challenging. Heat pulse sensors have been usedasure subsurface (3 mm and
below soil surface) soil water evaporation fromebi&elds, however, the applicability
of heat pulse sensors to measure soil water evia@ora the 0-3 mm soil layer and
the applicability of the heat pulse sensors inopped field are still uncertain. In this
study, we used 11-needle heat pulse sensors torieéetransient soil water
evaporation at the surface and the subsurfaceanraea mays L.) field. Soil water
evaporation fluxes were measured during naturdiseiting and drying periods in
the summer of 2009 at the following locations witthe corn field: within-row
(ROW), between-rows with roots (BR), and betweensravithout roots (BRNR). In
addition to the heat pulse sensor measurementsggimeters were used to
measure daily soil water evaporation at ROW andd@@tions. During the rainy
days, there was no obvious net soil water evaoratetected at the three locations.
Following rains, the majority of net soil water @esation occurred in the 0-3 mm
soil layer for about 9 days, before the soil wateaporation noticeably shifted to

deeper soil layers. The heat pulse sensor measnreprevided realistic estimates of
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the soil water evaporation dynamics at the varloaations. The cumulative soll
water evaporation at the BRNR location was sliglatger than at the ROW and BR
locations which were very similar. Soil water evegimn estimates from heat pulse
and micro-lysimeter methods were similar, with thial differences in 9 days
cumulative for evaporation being 0.5 mm out of iz and 0.8 mm out of 5.9 mm at
the ROW and BR corn field locations, respectivélyus, the heat-pulse method is a
promising approach for measuring soil water evapmraat different management

zones in cropped fields.

I ntroduction

Soil water evaporation is a significant compondrthe surface water balance and the
surface energy balance. Soil water evaporationrsaiithe soil surface when soil is wet,
but as soil dries the evaporation rate declinessaifts its location downward being
limited by water flow rates from deeper soil towénd soil surface (Jury and Horton,
2004). Soil water evaporation is a transient preegsl it varies with time and depth. The
most common techniques for measuring soil watep@nadion include water balance and
energy balance (micrometeorology) approaches (Han#sAshcroft, 1980; Hillel, 1980).
Evaporation pans, lysimeters (van Bavel, 19dbins, 1965; Tanner, 1967; Boast and
Roberson, 1982), and soil moisture depletion (Béhad., 1977) are long-established
methods to determine evaporation directly. Eddyadance (Meyers and Baldocchi,
2005; Moncrieff et al., 1997) and Bowen ratio erydoglance (Fritschen and Fritschen,
2005) are widely used micrometeorological methad®§timating evaporation over an

adequately fetched area by using meteorologicaaemounted above the surface.
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However, none of the methods are able to measamsiént soil evaporation rates with
time and depth. In cropped fields, furthermorel waier evaporation is often combined

with plant transpiration in a measurement of eviag@piration (Petersen, et al., 2010).

The heat pulse method has been introduced as asrteeareasure subsurface soil water
evaporation in bare fields over time and depth withimal disturbance to the soil.
Heitman et al. (2008a, 2008b) and Xiao et al. (20&forted that bare field soil water
evaporation determined by 3-needle sensors agrekavith daily evaporation values
determined by micro-lysimeters and Bowen ratio gnéxalance techniques. Based on
numerical simulations of bare soil conditions, Satal. (2011) reported that the
Heitman et al. (2008a, 2008b) heat pulse metholtl@mcurately estimate subsurface
soil water evaporation. Thus, there exists a lichamount of observational and
numerical evidence indicating that the heat pulséhod can determine subsurface

evaporation in bare field conditions.

However, soil surface layer soil water evaporafi®3 mm soil layer) has not been
measured with heat pulse sensors, and heat puserséhave not been used to determine
evaporation at different soil management locatiargopped fields. Thus the objectives
of this study are 1) to extend the heat pulse niktbadhe soil surface by measuring soil
water evaporation from the 0-3 mm soil layer withld-needle heat pulse sensor, and 2)
to compare heat pulse daily soil water evaporatanes with micro-lysimeter daily soil

water evaporation values measured in a corn field.
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Materialsand Methods
Experiment location description

The study was performed in a corn field located Aeaes (41.98°N, 93.68°W), lowa
during the summer of 2009. This field had beenteldm a corn-soybean rotation for
many years. The soil at the site was Canisteolokay (fine-loamy, mixed, superactive,
calcareous, mesic Typic Endoaquolls). The surfaitdslk density was 1.2 Mg th The
soil consisted of 44% sand, 30% silt and 26% cay, the topography was relatively flat

(slope < 2%).

Heat pulse sensors were installed at within-row\(R{between-rows with roots (BR),
and between-rows without roots (BRNR) in the figdde Fig. 1). The BRNR location

was a small area of 2 m x 0.45 m in between-row&(th row spacing). On each side of
this area, 0.5-m deep narrow trenches were dugandtimin saw. Plastic sheets were
placed in each trench before back-filling the tregwith soil. This was done when the
corn leaf area index was approximately 2. The la$ieets served as barriers to prevent
roots from growing into the BRNR area. In the saomn field close to the three
locations, there was a weather station tower, whiehsured and recorded the rainfall,

net radiation, air temperature, air humidity, atplesic pressure and wind speed.

I nstrument description and installation

To improve measurement resolution of in situ s@tev evaporation, 11-needle heat
pulse sensors (Zhang et al., 20012) were usedsistiindy (Fig. 2). The sensors were a

modification of the 3-needle heat pulse sensord bhgdren et al. (2003). Each sensor
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consisted of four long parallel stainless steetite=e(1.3 mm diameter, 40 mm length)
and seven short parallel stainless steel needigsnh diameter, 20 mm length). Two
short needles were off-set from the top short reeedh ‘T’ shape with a vertical spacing
of 1 mm between each of the top 3 needles. Theldogrneedles and the other five short
needles alternated in a straight line in an ep@dybwith about 6 mm spacing between

the adjacent needles.

Each needle contained a chromel—-constantan (tygeeEpocouple for measuring
temperature. In each long needle there was alssistance heater wire, through which a
small current could be applied to generate a hdaepleading to temperature increases
at the adjacent short needles. The precise disdreteieen neighboring needles were
determined from heat pulse measurements made irstaalized water (6 g't) before

installation in the field (Ren et al. 2003).

Two 11-needle heat pulse sensors were installeddt of the three locations: ROW, BR,
and BRNR. To install each sensor, a narrow trengh dug and a sensor was inserted
vertically into the undisturbed soil profile withe top sensor needle at the soil surface
and the bottom sensor needle at a depth of 48 mmtrénch was then carefully back-
filled with soil. The thermocouples and heater wio# two heat pulse sensors were
connected to one Campbell AM16/32 multiplexer and AM416 multiplexer,
respectively (Campbell Scientific Inc., Logan, UtaBoth multiplexers were controlled

by a Campbell CR10X data-logger. The data-logger paavered by a 12-volt power

supply.
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Heat pulse sensor measurements of soil thermaisdrfty and volumetric heat capacity
were performed with each heating needle every 8shdine heating sequence for the
pair of heat pulse sensors at each location wapyity a heat pulse at hours 1, 3, 5, and 7
from top to bottom to individual heater needle®é heat pulse sensor, and at hours 2, 4,
6, and 8 from top to bottom to individual heateedies of the other heat pulse sensor.
The sequence for each heat pulse measurementtednsisS80 s background temperature
measurement, 8-s heating duration at the heatdieyemd 72-s temperature
measurements after heating. Thus, the temperaspemse at the adjacent thermocouple
needles during heat pulse measurements was redorgdbotal time of 110 s with a 2-

Hz sensing interval. The 30-s background tempesatwere used to correct for
temperature drift (Ochsner et al., 2006). In additambient soil temperature at each

needle position was measured and recorded every(lbefore initiating heat pulses).

Heat pulse measurements were made for 21 consedais. During the measurement
period micro-lysimeters were used to measure dailywater evaporation at the ROW
and BR locations for 9 days (DOY 235 to 236, anil @4247). There were no micro-
lysimeter measurements made at the BRNR locatioause of the limited area for
BRNR treatment (0.9 i The micro-lysimeters were the same type useSibger et al.
(2010). They were white polyvinyl chloride cylinget0O0 mm long by 76 mm inner
diameter, and wall thickness of 3 mm. Before rdimf@ents, micro-lysimeters were
tapped into soil with a hammer at the three locatiwith the top rim level with the soil
surface. One day after a rainfall event, five @f thicro-lysimeters were dug out from the
soil at each location to measure the mass of eaio4tysimeter in the morning around

8:00 am. Each micro-lysimeter was cleaned of soihe outside, trimmed even at the
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bottom, sealed on the bottom end with a thin plagtieet, and then weighed with a
balance. The micro-lysimeters were then put batheir original positions and the
surrounding soil was carefully packed around th&wenty-four hours later, the micro-
lysimeters, with ends still sealed, were removedifthe ground and reweighed. Each
micro-lysimeter was used for two consecutive daygsthen discarded. The difference in

mass for consecutive days was assumed to be tlyerndder loss due to evaporation.

The daily soil water evaporation (mm) from the raitysimeters was the ratio of the
difference of mass (g) of two consecutive daysdsidiby liquid density (g mt),

divided by the cross-sectional area (fhof the micro-lysimeters.

Based on energy conservation principles, the retdmering or leaving a soil layer
through conduction, through liquid water flow, thgh water evaporation or
condensation, and the change in water contenu@nul heat associate with plant water
uptake) should equal to the change in heat stavbthee soil layer. Our calculations
indicate that the net sensible heat flakj is much larger than the change in sensible
heat storageAS) of a soil layer. The change in sensible heabg@®due to soil water

flow and plant water uptake is even less th&nThus, in this study our analysis of the
heat pulse measurements assumes that the effestig whater flow and root water uptake

on the heat balance method are negligible.

Soil water evaporation at the three corn field tmres was determined from the net
sensible heat fluxes, ai of specific soil layers was measured by 11-nebds pulse
sensors based on sensible heat balance (Heitnahn2008a and 2008b, Xiao et al.,

2011, Zhang et al., 2012). With an 11-needle heksepsensor installed vertically from
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the surface to a depth of 48 mm, latent heat fibmsier evaporation was determined for
specific soil layers (3-9, 9-15, 15-21, 21-27, &{-33-39 and 39-45 mm) according to

measured temperature and thermal properties freritineedle heat pulse sensors.

Soil latent heat flux(E) for soil water evaporation at the soil surfaceswhtained based

on surface energy balance:
LE=R,-G-H [8]

whereR, is surface net radiation measured by a tube deimeeter (TRL, Delta-T
Devices, Burwell, Cambridge, UK) installed 15 cnoab the soil surface in the corn

field, Gis the soil surface heat flux ahtlis sensible heat flux.

G was calculated from the soil heat flux at the 3 depth (53) and the heat storage
change in the 0-3 mm soil layex%.3), whereG; andAS,.;3 were determined from the
soil temperature at 0-, 1-, 2- and 6-mm depthssanidhermal properties at 3 mm depths

measured by heat pulse sensors (Xiao et al., 2011).
G =G,+AS, ; [9]

H is sensible heat flux calculated as sensible fheatransport between soil and

atmosphere (Campbell and Norman, 1998).

H=-9,.C, (T.-T,) [10]

where g is heat conductance (mol#st') between the soil surface and a height z of 5

cm above the soil surface, @ specific heat of air (29.3 JMSC™?), and T and T, are
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soil surface temperature and air temperature (°€xsured with chromel-constantan

thermocouples 6 cm above the soil surface.

0.42,5 u(2) [11]

R e

We assumed stable flow (momentum and heat correfaiors equal to zero

(P, =¥, =0), zero plane displacement d=0, molar density b &i44.6 mol nt),

roughness length for momentum at soil surfage0z4 cm, and roughness length for heat

z4=0.2 @v) (Hansen 1993)

Wind speed at the soil surface u(z=0) was correftted wind speed above the canopy
u(h=3 m) with the attenuation coefficierd equal to 2.0 (from Cionco, 1972) in the

corn field:

u(z=0)=u(h) ex;{a{ﬁ —1ﬂ [12]

Similar to earlier studies (Heitman et al. 2008aijtian et al., 2008b), in this study
evaporation was not detected at depths below 27Remorted values of evaporation
rates for each soil layer represented the averbiyeoaeplicated heat pulse
measurements. The cumulative evaporation at afgpsail depth was the sum of
evaporation rates for all of the soil layers betbat depth, integrated over time. For
example, the cumulative evaporation at the sofaserwas the sum of evaporation from

the 0-3, 3-9, 9-15, 15-21 and 21-27 mm soil layers.
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The evaporation in the 0-3 mm soil layer was edgeh&om the difference of the surface
soil water evaporation determined with Eq. 8 aredslim of heat pulse subsurface soil

water evaporation at 3-9, 9-15, 15-21 and 21-27guitlayers.

Results

Soil water evaporation rates in the 0-3, 3-9, #3221 and 21-27 mm soil layers were
estimated using 11-needle heat pulse sensors at, BBVEnd BRNR locations in a corn
field. The heat pulse sensor measurement periosisted of 21 consecutive days during
natural soil wetting and drying periods from dayeér (DOY) 233 to 253 in the summer
of 2009. Micro-lysimeter measurements were madé fiays (DOY 235 to 236, and 241
to 247) at the ROW and BR locations. A rainfall@3 mm) occurred from DOY 230
through 233 just before starting the measuremantsa rainfall event (30 mm) occurred

from DOY 237 through 239 during the measuremenbger

Dynamic soil water evaporation

Figure 3 shows the observed soil temperature vatesrious depths at ROW, BR, and
BRNR locations within the corn field. The diurnahtperature fluctuations at different
depths were similar at the three locations. Saiperatures ranged from 10 to 25 °C at
ROW and BR locations and ranged from 10 to 24 “BRNIR location. The differences

in soil temperature amplitude between the surfacetlde 6 mm depth were about 2 °C,
and amplitude differences were relatively small aghthe 12 mm to 36 mm depths at the

three locations.
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Using the measured ambient soil temperatures vepithdand time, and soil layer thermal
properties determined by heat-pulse measuremaeriltsyater evaporation rates were
calculated with time and depth for different sajérs at each of the three locations (Fig.

5).

During the rainfall event (DOY 237 through 239)ith was no obvious net soil water
evaporation observed at the three locations. Tigedh soil water evaporation occurred
in the 0-3 mm soil layer and a relatively small ammioof soil water evaporation was
observed in the soil layers below a depth of 3 nnthe days between the two rainfall
events (DOY 234 to 236) at each of the three looatiFollowing the second rain event,
soil water evaporation occurred mostly in the 0+8 soil layer with a relatively small
amount of soil water evaporation in the soil layeeow the 3 mm depth for a week
before large increases in evaporation occurreddbiayers below the 3 mm depth.
Diurnal variations including positive and negatsal water evaporation rates were
detected in all of the soil layers, which indicathdt both evaporation and condensation

occurred.

ROW and BR locations had similar soil water evapongpatterns. The daily net
evaporation increased rapidly in the 0-3 mm sgefebut slowly in the 3-9 and 9-15 mm
soil layers for one week after the second rain ev&rboth locations, the major net soill
water evaporation occurred in the 0-3, 3-9 and @abbsoil layers, and the evaporation
rate in the 0-3 mm soil layer was larger than en3F9 and 9-15 mm soil layers early in
the measurement period. The 11-needle heat puisersecombined with above ground

measurements, were able to detect the developrhestter evaporation zones at the
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ROW and BR locations. Soil water evaporation waalkduring the rainy days, and
increased rapidly in the 0-3 mm soil layer andéased slowly in the soil layers below a
depth of 3 mm for about a week after rainfall, #meh the evaporation zone shifted to the
3-9 and 9-15 mm soil layers. The soil water evatameat the BRNR location was
similar to that at the ROW and BR locations with thain difference being that the
daytime evaporation and nighttime water condensatiadhe soil layers below the 3 mm
soil depth occurred several days earlier thaneaBRRNR location, and little water
condensation was observed in the 0-3 mm soil lafter DOY 248. A possible reason
for this difference was that there were no plantsdo take up water at the BRNR
location. Thus, the soil was slightly wetter at BRNR location than at the ROW and
BR locations which resulted in slightly larger ewegtion occurring in the 0-3 mm soil

layer.

Compared with the soil water evaporation in a lii@td reported by (Heitman et al.,
2008b), the soil water evaporation rates withindben field were much smaller and the
evaporation zone shifted downward more slowly. Ammaason for the difference was

that bare field had much larger net radiation tthigincorn field.

Overall the heat pulse sensor measurements prothéedevelopment of soil water
evaporation dynamics at the ROW, BR and BRNR loaatwithin the corn field. There
was no obvious net soil water evaporation durimgyrdays. Relatively large early soll
water evaporation occurred in the 0-3 mm soil layet relatively small amounts of soil
water evaporation were observed in the soil lagetsw the 3 mm depth for up to a

week.
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Cumulative soil water evaporation

Cumulative soil water evaporation with time for ROW, BR and BRNR locations in
the corn field is shown in Fig. 6. The amountswhalative soil evaporation during the
measurement period were 10, 10 and 14 mm at the FBRMnd BRNR locations,
respectively. The BRNR location had cumulative evapon comparable to the ROW
and BR locations when the soil was relatively wefobe DOY 246, but BRNR had larger
cumulative evaporation than the ROW and BR locatasthe soil dried after DOY 246.
The BRNR location did not have root water uptaké s@ad more available water for

evaporation than did the ROW and BR locations.

Cumulative soil water evaporation at various sejpiths (0, 3, 9, 15, 21 mm) of the ROW,
BR and BRNR locations of the corn field are showikig. 7. Large cumulative
evaporation differences were observed at 0 and 3anchsoil water evaporation
occurring in the 0-3 mm soil layer accounted fogéa portions at the BRNR location
than at the ROW and BR locations. The ROW and BRtions might be subjected to
more root water uptake leading to slightly smadleit water evaporation than at the
BRNR location. The cumulative evaporation differemat 3 and 9 mm (soil water
evaporation occurring in the 3-9 mm soil layer) &ahd 15 mm (soil water evaporation
occurring in the 9-15 mm soil layer) were small gamed with the difference at 0 and 3
mm, and even smaller cumulative evaporation diffees were observed for deeper soil

depths at the three locations.

Comparison of heat pulse and micro-lysimeter daily soil water evaporation
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A comparison was made between heat pulse and hygiroeter estimates of daily soil
water evaporation at the ROW and BR locations fdags (DOY 235 to 236, and 241 to

247) (Table 1 and Fig. 8).

Heat pulse estimates of daily evaporation rangaa 0.1 to 0.9 mm and 0.2 to 1.1 mm
at the ROW and BR locations, respectively. Micrshtyeter estimates of daily
evaporation ranged from 0.1 to 1.0 mm at the ROWRKR locations. Heat pulse
estimates of daily water evaporation were simieathte micro-lysimeter estimates at the
ROW and BR locations, with the total differencesumulative evaporation for 9 days of
measurements being 0.5 mm out of 5.4 mm and 0.&utraf 5.9 mm at the ROW and

BR corn field locations, respectively.

The differences between heat pulse and micrio-lggmestimates of daily water
evaporation varied each day during the measurepeegitd, but the differences were
within 0.4 mm at both ROW and BR locations. ThelB&ation had slightly larger heat-

pulse and micro-lysimeter evaporation than the RIO¥&tion.

Comparisons were made between the heat pulse and-tysimeter daily soil water
evaporation at ROW and BR in the corn field, andlie corn field data combined with
bare field data reported by Heitman et al. (20@8bg Fig. 9). The heat pulse and micro-
lysimeter daily soil water evaporation at ROW aril iB the corn field showed a linear
trend, with B=0.50 and slope=0.74, but the relatively smallydeilaporation values had
noticeable day to day variations within the smatige of values. When the corn field
results were combined with bare field results,latireely large range of daily evaporation

values existed, and a favorable linear comparisas faund for heat pulse daily
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evaporation and micro-lysimeter and Bowen ratizigs) with B=0.96 and slope=0.93.
Thus, the heat-pulse method appears to be a pragvaly to accurately measure diurnal

water evaporation in bare and cropped soils.

Conclusions

Soil water evaporation estimated with heat pulss@es revealed the dynamics of the
development of evaporation during natural soil nigyand wetting periods at the ROW,
BR and BRNR corn field locations. During rainy daysere was no obvious net soill
water evaporation detected at the three locatiotisnithe corn field. A major portion of
the soil water evaporation originated in the 0-3 swuih layer for a week before
evaporation shifted to deeper soil layers. Soilewataporation rates were similar at
ROW and BR location beneath the corn crop canopg.sbil water evaporation at the
BRNR location was slightly larger than at the ROWd 8R locations. Soil water
evaporation estimates from heat pulse and miciobt®r methods were consistent with
the total daily soil water evaporation being witBid mm and 0.8 mm for a 9 day period
at the ROW and BR corn field locations, respecyivéhe heat pulse sensors provided an

accurate representation of soil water evaporatidghe corn field.
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Figure Captions
Table 1: Daily and cumulative soil water evaponatimm heat pulse (HP) and micro-

lysimeter (ML) methods from DOY 236 to 237, and 24247. HP-ML was the

difference of daily evaporation between the he&gand micro-lysimeter methods.

Figure 1: Heat pulse sensor installation at the RBR/and BRNR locations.

Figure 2: Photo and side view configuration of &megedle heat pulse sensor (photo

courtesy of Pukhraj Deol).

Figure 3: Soil temperature (°C) with time of vaisadepths (soil temperatures at 6, 18, 24

and 36 mm not shown here) at the ROW, BR, and BRg&ions in the corn field.

Figure 4: Soil water content frm) (0-30 mm soil layer) measured by heat pulse
sensors at the ROW, BR, and BRNR locations (Fig.4&) radiation Rn (W f) below

the canopy (Fig.4B).

Figure 5: Soil water evaporation dynamics (0-3, 3495, 15-21, 21-27-mm soil depth)

at the ROW, BR and BRNR locations in the corn field

Fig 6: Cumulative surface soil water evaporatiothatROW, BR and BRNR locations in

the corn field.

Figure 7: Cumulative soil water evaporation at ®asi soil depths at the ROW, BR and

BRNR locations in the corn field.
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Fig. 8: Daily surface soil water evaporation froeahpulse and micro-lysimeter methods
at the ROW and BR locations in the corn field.debvars represent standard deviation of

the micro-lysimeter measurement).

Fig.9: Comparison of heat pulse daily soil wateagwration estimates with micro-
lysimeter and Bowen ratio daily soil water evaporaestimates. Bare field measurement

data are from Heitman et al. (2008b).
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Table 1: Daily and total soil water evaporatiomirbeat pulse (HP) and micro-lysimeter
(ML) methods from DOY 236 to 237, and 241 to 24P-ML was the difference of daily

evaporation between the heat pulse and micro-lytsinmethods.

Daily evaporation E (mm) Toatal
Day of year 2009 E (mm)
Location Method 236 237 241 242 243 244 245 246 247
HP 08 01 08 03 06 07 09 09 06 57

ROW ML 07 01 10 05 07 06 06 05 o0op 5Sp
HP-ML 01 00 -02 -02 -01 01 03 04 0 05
Difference % 12 32 27 44 13 17 44 50 36 9

HP 1.1 02 09 04 06 06 09 10 07 63

BR ML 07 01 10 05 08 06 06 06 O0p 558
HP-ML | 04 01 -01 -01 -02 00 03 03 0 08
Difference% 48 46 15 23 29 4 34 42 28 14

Note: difference %* : The ratio of the absolute daily evaporatioerdifice from heat pulse and

micro-lysimeter methods and the average daily evaporation from the tWwodsaet
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Figure 1: Heat pulse sensor installation at the RBR/and BRNR locations.
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Figure 2: Photo and side view configuration of &mgedle heat pulse sensor (photo

courtesy of Pukhraj Deol).



88

Soil temperature with depths (° C)

233 235 237 239 241 243 245 247 249 251 253

DOY 2009

Figure 3: Soil temperature (°C) with time of vaisadepths (soil temperatures at 6, 18, 24

and 36 mm not shown here) at the ROW, BR, and BRd&ions in the corn field.



89

e

G

€

Q

[

o

(]

o)

©

=
O T T T T T T T T T T
233 235 237 239 241 243 245 247 249 251 253
200

@150*
100 ﬂ l

c

o

ks

o .
g 50
o

P

o
.

_50 T T T T T T T T T T
233 235 237 239 241 243 245 247 249 251 253

DOY 2009

Figure 4: Soil water content fm®) (0-30 mm soil layer) measured by heat pulse
sensors at the ROW, BR, and BRNR locations (Fig.48) radiation Rn (W i) below
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90

ROW b f

Soil water evaporation with depths (mm{)h

DOY 2009

Figure 5: Soil water evaporation dynamics (0-3, 395, 15-21, 21-27-mm soil depths)

at the ROW, BR and BRNR locations in the corn field
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Figure 7: Cumulative soil water evaporation at @asi soil depths at the ROW, BR and

BRNR locations in the corn field.
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Chapter 5 Partitioning evaporation and transpiration in a corn field

A paper to be submitted in the Agronomy Journal

X. Xiao, T.J. Sauer, J.W. Singer, R. Horton, J.kithhan and T. Ren

Abstract

Evapotranspiration (ET) is a major component oftth@rological cycle. It consists of
soil water evaporation (E) and plant transpirafibh Accurate partitioning of ET into E
and T is challenging but can improve water balatetermination at the field and
regional scales and help quantify components ohyfladeological cycle. In this study, we
measured soil water E using heat pulse sensorsing stem flow gauges, and ET using
an eddy covariance system in a cafea(mays L.) field. Potential evapotranspiration &£T
was also calculated with the Penman-Monteith eqnaburing a 12-day measurement
period, ET was estimated from the sum of individualeasured heat pulse E and stem
flow T, eddy covariance measurements, and from Rervtonteith calculations. All
three estimates of ET had similar trends, withdagd values on sunny days, and small
ET values on rainy days or with relatively small ragliation. E] was larger than the
individually measured E+T and eddy covariance Eddyecovariance ET was
consistently lower than the individually measured Eand the potential ETduring the
measurement period. E, T, E+T and eddy covariaficadeounted for 13%, 77%, 90%
and 61% of E{, respectively during the 12-day period. The tlwegs for estimating ET
tracked similar in time but compared to the otwery methods the eddy covariance

measurements consistently underestimated ET.



96

I ntroduction

Evapotranspiration (ET) is the sum of soil watesygwration (E) and plant transpiration
(T). E and T processes occur simultaneously, aisdviéry challenging to distinguish
these fluxes. The common approach for partitioifigs to measure ET and its
components. Measurements of ET and one of the Ejponents are enough to partition
ET. The lysimeter method (van Bavel, 19&la direct way to measure soil water E by
measuring the water loss of lysimeters buried énsthil. The heat pulse method has been
used recently as a means to measure soil wateel&iowe and depth with minimum
disturbance to soil based on sensible heat balgteigman et al., 2008a, Heitman et al.,
2008b, Xiao et al., 2011). Sap flow gauges use &eattracer for sap movement to
determine plant T based on heat balance (SakurB®&di; Heilman and Ham, 1990;
Steinberg et al., 1990). Eddy covariance and Bowgao are widely used
micrometeorological approaches for estimating EDIfWt al., 2008). Stable isotopes
have been used to measure ET components by cofesaimples of soil water, plant
water and vapor at different depths and tracinggbmpic compositions of soil water E

and plant T at steady state conditions (Williamalgt2004; Rothfuss et al., 2010).

Several studies in various locations have beerpegd to partition ET into E and T.
Tuzet et al. (1997) partitioned ET in a sparse pgrixy measuring ET with eddy
covariance and T with the sap flow method. Theyibthat the partitioning of ET
varies considerably with soil surface water avdlityb Jara et al. (1998) measured
ET and its components in a corn field and found &mgneement between E estimates

from micro-lysimeters and E from the differencevietn Bowen ratio ET and sap
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flow T. Compared with eddy covariance and sap fl@¥illiams et al. (2004) found
that stable isotopes were able to partition ET Exeand T in an irrigated olive orchard.
Singer et al. (2010) measured soil water E fronrorigsimeters and leaf T from the
portable open path infrared gas analyzer (IRGA) soybean field. They reported

that the sum of E and T did not agree well withyedolvariance ET.

Most efforts to partition ET only included measuests of two of the three values
ET, E and T, with the third value being calculatiexin the two measured values.
Such an approach does not provide enough informatidully evaluate the methods.
In this study, we measured ET and its componentsdtiring wetting-drying periods
in a corn field. We measured soil water E with hmdse sensors, T with stem flow
gauges, ET with an eddy covariance system, andstiraaed potential Ejlwith the
Penman-Monteith equation. Our objectives were tasuee ET and its components

and evaluate the consistency of the measurements.

Materialsand Methods

The study was performed in a corn field with aré@ 8 by 1000 m located near Ames,
lowa (41.98°N, 93.68°W) during the summer of 20D9e field had been planted in a
corn-soybean rotation for several years. The sdiasite was Canisteo clay loam (fine-
loamy, mixed, superactive, calcareous, mesic Tpidoaquolls). The surface soil bulk
density was 1.2 Mg i The soil consisted of 44% sand, 30% silt and 269, and the

topography was relatively flat (slope < 2%).

Heat pulse sensor measurements
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Based on sensible heat balance, the heat puls@d@dttermines latent heat for soll
water evaporation by measuring the net soil semsibat flux and the heat storage
change of selected soil layers. Soil sensible theats at the boundaries and the heat
storage of a soil layer are determined from theteermal properties and the ambient
soil temperature measured by heat pulse sensoitsn@ieet al., 2008a and 2008b; Zhang

et al., 2012; Xiao et al., 2012).

Eleven-needle heat pulse sensors were installedtltinRow (within rows) and BwRow
(between rows) locations with the top sensor neaidiee soil surface and the bottom
sensor needle at a depth of 48 mm. The 11-needtephése sensors used in this study
were the same as those reported by Xiao et al2§20he heat pulse sensor consisted of
four long parallel stainless steel needles (1.3dameter, 40 mm length) (at soil depths:
6, 18, 30, 42 mm) and seven short parallel stasrde=el needles (1.3 mm diameter, 20
mm length) (at soil depths: 0, 1, 2, 12, 24, 36i48).There was a chromel-constantan
thermocouple in each needle for measuring ambéempérature at various depths. In
each long needle there was also a resistance haetethrough which a small current
could be applied to generate a heat pulse, ledditemperature increases at the adjacent
short needles. The temperature increases withdtritee adjacent short needles were
used to determine the thermal properties betwesheht needle and the short needles
(0-6, 1-6, 2-6, 6-12, 12-18, 18-24, 24-30, 30-3B42, 42-48 mm). Using the measured
ambient soil temperatures with depth and time aildas/er thermal properties
determined by heat-pulse measurements, soil weégoeation rates were determined
with time and depth for selected soil layers (345, 15-21, 21-27, 27-33, 33-39 and

39-45 mm). The soil water evaporation in the 0-3 was estimated from net radiation,
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sensible heat flux and soil heat flux at the swifece based on energy balance

calculations (Xiao et al., 2012).

The heat pulse E used in this study was the averageat InRow and BwRow locations.
E was not detected at depths below 27 mm, so #teeBch location was the sum of E

from the 0-3, 3-9, 9-15, 15-21, 21-27 mm soil |ayer
Stem flow gauge measurements

Whole-plant transpiration was measured from Rlc{Ri et al., 1993) to physiological
maturity (R6) using 19 mm Dynagage Sap Flow Sen&ysamax Inc., Houston, TX,
USA). Sensors were installed on six consecutiveengiants approximately 0.3 m above
the soil surface. Lower maize leaves and sheaths rgenoved to enhance sensor
placement on the maize stem. Sensors were inswlatiedloam and covered with foil to
minimize environmental fluctuations. Input voltagas set at 4.5 V for all sensors. Stem
diameter was determined by averaging two measursmeropposite sides of the stem
with electronic calipers approximately 0.3 m abtwe soil surface. Sap flow was
measured using an energy balance method detertmyn@donstant heat source
(Sakuratani, 1981). Sap flow was measured eves/&@tl averaged every 12 min with a
CR5000 datalogger (Campbell Scientific, Inc.). Daallected from 0700 to 1900 h were
used to calculate daily plant T. Sensors were mowedimes during the measurement
period to refresh the plants and to increase tingoen of plants involved in the study.
The sensors were always deployed on six consequiives. A total of 18 plants were
measured during the field study. Data were conddrtem g day to mm water depth by

multiplying by the plant density (average = 6.7npéam?).
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Eddy covariance system

An eddy-covariance flux station was positionedhi@ field 1.6 m above the soil surface
or 1 m above the canopy when the canopy heightwa6 m. This station consisted of a
fast-response open path@®vapor analyzer (LI-7500, LICOR Biosciences lhngcoln,
NE), a three-dimensional sonic anemometer (CSAmeell Scientific, Inc., Logan,
UT), a net radiometer (CNR 1, Kipp and Zonen, Délfte Netherlands), and two soil
heat flux plates (HFT-3, Radiation and Energy Be¢aSystems, Seattle, WA) 0.1 m
below the soil surface. Pairs of soil thermocosimpper-constantan) were placed 2
and 8 cm below the surface near each soil heaptlbe. Soil water content in the top 0.1
m at each site was measured with a soil moisturesséML2X, Delta-T Devices,
Burwell, Cambridge, UK). Signals from all sensorr&recorded at 10 Hz, and 15-min
averages stored in a datalogger (CR 5000, Cam@biglhtific Inc., Logan, UT).
Turbulent fluxes were corrected following the dénsbrrection of Webb—Pearman—
Leuning (Webb et al., 1980). Soil heat flux plat¢adwere corrected for heat storage in

the surface soil layer using measured soil tempezatnd water content (Sauer, 2002).

Data were screened for anomalous values beyonsgieeted ranges. With the exception
of rainy periods, intervals of missing data werp @ied using an iterative interpolation
technique (Hernandez-Ramirez et al., 2009). Theggrimlance was forced closed

following Twine et al. (2000)

Penman-Monteith equation predicted potential ET

Potential ET could be estimated from Penman-Monteith methote(Aét al., 1998).
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whereRn is the net radiation at the crop surface (W), is the soil heat flux density
(W m®), Tis the air temperature at 2 m height (°@)is the wind speed at 2 m height (m
s 7, esis the saturation vapor pressure (kRa)s the actual vapor pressure (kRg)s

the slope of the relationship between saturatigrovaressure and air temperature (kPa

K™ andy is the psychrometric constant (0.067 kP8 C
Results and Discussion

Measurements were performed in 12 consecutive (@Y% 233 to 245) in the summer
of when corn leaf area index (LAI) values were ledw 4.0 and 4.3. Daily values of the
measurements used in this study included the suaydime values from 7:00 to 19:00
each day. Two rainfall events occurred during te@asarement period: DOY 230 to 233

(33 mm), and DOY 237 to 239 (30 mm).

ET partitioningintoEand T

E obtained from the heat pulse sensor measurermagrasd well with E from micro-
lysimeters methods in the corn field (Xiao, et 2012). Values of daily heat pulse E,
stem flow T, E+T, percentage ET components, raid,reet radiation over the canopy are
shown at Table 1. During the measurement periatdéunted for a small portion of the
total E+T. Branged from 0.01 to 1.08 mm with an average dailye of 0.56 mm, and
stem flow T ranged from 0.29 to 5.29 mm with anrage daily value of 3.34. Eand T

accounted for 1-18% and 82-99% of the total meaishrel, respectively. E and T were
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relatively small (Fig. 2) when the net radiationswelatively small£10 MJ n¥, e.g.,
DOY 233, 237 to 239 and 242) and E and T wereivelgtlarger when the net radiation
was relative large (e.g., DOY 234 to 236, 240 th, 2hd 243 to 245) (Fig. 1A). The
increase of T was larger than E when the net riadiaicreased. The T-fraction was
larger at large net radiation than at low net rizoiia The fractions of E and T to ET vary
with crop system, crop growth stages, surfacecawitlition, and climatic and
environmental conditions. When the available ndiation was small €8 MJ ni%), the
fraction of E (E%) was smalk{1%) even when the soil was wet on DOY 237 to 239
and 242. The fraction of E (E%) was large (betwEand 18%) when the net radiation
was large (R8 MJ ni?). Jara et al. (1998) reported comparable partitipresults

when the leaf area index was 3.9 in a corn fielteyTreported that E was <25% of ET as

determined with micro-lysimeters and Bowen ratiaswements.
Comparison of ET estimates from different methods

ET estimates were obtained in three ways, the iddially measured E+T, the eddy
covariance measurements of ET and the potentigt&€ulated from the Penman-

Monteith equation.

The diurnal ET estimates from the three methodslaogvn in Fig. 3. All three estimates
of ET had similar trends, with large ET values anrsy days, and small ET values for
rainy days or for low net radiation days. The Efineates for the rainy days (DOY 233,
237, 238, 239) were lower than those for the sutayg during the measurement period.

Although no rain occurred on DOY 242, the ET estanavere relatively small because
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the Rn (8 MJ i) relatively was small (Fig. 1A). Zhang et al. (20found that daily sap

flow T increased linearly with solar radiation iviaeyard.

Slightly different daily ET values were obtained &ach day. Individually measured
daily E+T ranged from 0.32 to 6.18 mm with an agerdaily value of 3.90 mm, eddy
covariance ranged from 0.06 to 4.60 mm with anayedaily value of 2.63 mm, and
potential ET from the Penman-Monteith equation ranged from 101210 mm with an
average daily value of 4.32 mm. PotentiabEdpresents the ET rate of a short green
crop, completely shading the ground, with uniforeight and adequate water status in
the soil profile. Thus, it was reasonable fopE@lues to be larger than the individually
measured E+T and eddy covariance ET. During thesanement period, individually
measured E+T and eddy covariance ET accountedféraéhd 61% of EJ(Fig. 5).
Individually measured E+T was close togoh rainy days or on low net radiation days,
and the difference between E+T antyEHicreased with increasing net radiation and soil
drying (Fig. 3 and Fig. 4). Eddy covariance ET wassistently lower than individually
measured E+T and potential &The disparities between eddy covariance ET amd th
other two ET measurements may be due to combinefiacttors. One possible reason
was difference in spatial scales among the methodidual measurements of E+T
from heat pulse and stem flow methods represerdtarracale while eddy covariance ET
and potential EJ estimation represent hundreds of m scale. Indalicheasurements of

E and T at a small spatial scale may not repredkeat the corn plants within the
footprint of the eddy covariance flux measuremelnideed, in the corn field we
observed variation in LAI. Corn plants close to tieat pulse sensors and stem flow

gauges had LAl of 4.1 while LAI at the other fidbdtations was only 3.7. Thus, the corn
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samples we chose for stem flow gauge measuremdninafy not fully represent the
entire area sampled by the eddy covariance sy&ddy. covariance measurements may
underestimate ET, or individual component measunésnaf E and T may overestimate
ET due to measurement errors or bias that we hatvget discovered. During the
measurement period, the soil was wet and therdittlasvater stress in the soil-plant
system, but the ET estimates from the eddy covegiamasurements were consistently
lower than the EJ. The cumulative ET was 61% of ' Eddy covariance ET also was
consistently lower than individually measured Eafid the cumulative ET was 68% of
E+T during the measurement period. These are exédethat the eddy covariance tended
to underestimate ET. Singer et al. (2010) repahateddy covariance ET
underestimated individually measured E from migigirheters and T from the portable

open path IRGA method.

Although the disparities existed among the threthous, the individually measured E+T
was highly correlated with eddy covariance ET aiitti ®T, (Fig. 6). Eddy covariance
ET was lower than the individually measured E+Thvif=0.95, slope=0.79 and
intercept=-0.47 mm. And ETvas slightly larger than the individually measukeer

with R?=0.95, slope=0.97 and intercept= 0.52 mm.

Conclusions

E accounted for a small portion of the individuatigasured E+T (1-18%) values
while T accounted for a large portion of E+T (82€9uring the measurement
period. The trends of eddy covariance ET, indivijuaeasured E+T and EBTwere

similar, with small ET estimates observed on theyrdays and on low net radiation
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days, and large ET estimates observed on sunny tagsddy covariance ET was
consistently smaller than the individually measuged and both were smaller than
ETo from the Penman-Monteith equation. Individuallyasered E+T and eddy
covariance ET accounted for 90% and 61%, respégtiobET, during the
measurement period. The measured E and T accolant&d% and 86%,
respectively, of the sum of the total measured BH+Hls, we concluded that the three
methods for ET estimations tracked similar withejrbut the eddy covariance

measurements consistently underestimated ET.
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Figure Captions

Table 1: Heat pulse daily soil water evaporatiostgm flow daily transpiration T, E+T
(mm), percentage of E and T of E+T (E%, T%), deaip(mm) and daily net radiation

(MJ m*?) from day of year, DOY 233 to 245.

Fig. 1 A: daily net radiation (Rn, MJ fhand daily rain (mm), B: soil water content at O-

30 mm (cmi cm®), and C: air temperature (°C) and VPD (vapor presdifference, kPa)

Fig. 2: Measured heat pulse E and stem flow T,cbaated for a major portion while E

accounted for a minor portion.

Fig. 3: Diurnal ET estimates (mnthfrom the sum (E+T) of measured heat pulse E and

stem flow T, eddy covariance ET and potentiah E®m Penman-Monteith method.

Fig. 4: Daily ET estimates (mm) from the sum ofividually measured E+T from heat
pulse sensors and stem flow gauges, Eddy covarteéh@nd potential Ejifrom the

Penman-Monteith equation.

Fig. 5: Cumulative ET (mm) components during measwant period (E from heat pulse
sensors, T from stem flow gauges, ET from eddy Gamee system, E +T is the sum of
heat pulse E and stem flow T, potentiaLbEdm the Penman-Monteith equation), E, T,

E+T accounted for 13%, 61%, 77%, 90% respectivepotential ET.

Fig. 6: Relationships between individually measufedlT and eddy covariance ET and

between potential BTand E+T (the dash lines are 1:1).
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Table 1: Heat pulse daily soil water evaporatiostEm flow daily transpiration T, E+T
(mm), percentage of E and T of E+T (E%, T%), deaip(mm) and daily net radiation

(MJ m?) from day of year, DOY 233 to 245.

mm % mm MJ m?
DOY | Heat pulse E | Stem flow T E+T E% | T% | Rain | Net radiation
233 0.47 2.61 3.08 15 85 1 10
234 1.08 4.95 6.03 18 82 20
235 0.89 5.29 6.18 14 86 20
236 0.91 4.70 5.60 16 84 20
237 0.16 2.55 2.70 6 94 1 8
238 0.01 0.86 0.87 1 99 23 4
239 0.02 0.29 0.32 7 93 7 4
240 0.56 3.51 4.07 14 86 14
241 0.83 4.07 4.90 17 83 14
242 0.36 2.84 3.20 11 89 8
243 0.58 4.03 4.61 13 87 13
244 0.62 3.84 4.46 14 86 14
245 0.85 3.82 4.67 18 82 17
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Fig. 1 A: daily net radiation (Rn, MJ fhand daily rain (mm), B: soil water content at O-

30 mm (cmi cm®), and C: air temperature (°C) and VPD (vapor presdifference, kPa)
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sensors, T from stem flow gauges, ET from eddy Gamae system, E +T is the sum of
heat pulse E and stem flow T, potentiabEBm the Penman-Monteith equation), E, T,

E+T accounted for 13%, 61%, 77%, 90% respectivepotential ET.
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Chapter 6 Soil carbon dioxide fluxeswith time and depth in a barefield

A paper to be submitted in the Agricultural and Forest Meteorology

Journal

X. Xiao, T.J. Sauer, R. Horton

Abstract

Soil carbon dioxide (CO2) efflux is an importantqmonent of the terrestrial carbon
cycle, and the amount of CO2 emitted from soiltta@sphere has significant effects on
the soil-atmosphere system. The objectives ofdfidy are 1) to determine bare soll
CO2 fluxes with time and depth with a concentraticadient method that uses measured
soil CO2 concentrations and estimated gas diffusaafficients, 2) to estimate CO2
production with time and depth in a bare soil,Bfdmpare surface CO2 effluxes
determined by the gradient method and by a clobadiber method. Soil CO2
concentrations were measured by solid-state ser@bsgrved CO2 concentrations were
used with a gradient method to calculate soil Cld2ek with time and depth. Surface
CO2 fluxes were also measured automatically witigdterm chambers. Results showed
that soil CO2 concentrations increased with sgitlklewhile soil CO2 fluxes decreased
with soil depth. For a 12 day period, 8% of the aolative soil CO2 was produced below
a depth of 175 mm, 2% was produced in the 100-1m5swil layer, and 90% was
produced in the 0- 100 mm soil layer. The CO2 cotre¢ion gradient effluxes and the
closed-chamber CO2 effluxes agreed well of theigradiaily mean CO2 fluxes within

the range of the closed-chamber measurements oatI® days. Thus, there is evidence
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that the concentration gradient method was abéetarately measure bare field soil

CO2 fluxes and soil production rates with time degth.

I ntroduction

Soil CO2 efflux is an important component of thebca cycle that influences global
climate and soils (Neung et al., 2005). Severahout have been developed for
measuring soil CO2 efflux (Hutchinson and Livingst@002). Two common techniques
for measuring soil CO2 fluxes from the soil surface chamber-based (Pumpanen et al.,
2004) and eddy covariance methods (Tang et al3)2@hamber-based methods include
open-chamber and closed-chamber approaches thbeassed to directly measure CO2
efflux at a small scale (Norman et al., 1992). Rédgelong-term chambers have been
developed to automatically and continuously mea@®@@e efflux simultaneously at
several locations in order to monitor the spatnal semporal variation of CO2 efflux
distribution (Savage and Davidson, 2003; Xu et2411,0). Eddy covariance can provide
continuous measurements of soil CO2 efflux withdisturbing the soil (Law et al.,

1999).

Chamber-based measurements and eddy covariancarsreasts do not provide
information on CO2 fluxes with depth in soil prel Soil CO2 concentration can impact
plant growing conditions in agricultural or foregttings, and the CO2 efflux is
generated by a combination of biotic, chemical pingsical processes that take place in
the soil (Tang, et al. 2003). Soil temperature switimoisture are two main factors that
impact these soil processes and the movement ofiC®2 soil (Davidson et al., 1998;

Treonis et al., 2002).
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A concentration gradient method, based on FicKkfsision law, is able to estimate CO2
fluxes within the soil profile. Tang et al. (200B)eSutter et al. (2008) and Turcu et al.
(2005) used a concentration gradient method tonasti CO2 fluxes in the soil profile by
measured soil CO2 concentrations and model estihgate diffusion coefficients. Tang
et al. (2003), DeSutter et al. (2008) and Turcal ef2005) only measured CO2
concentrations at a few soil depths, and the exyaaris were conducted in a corn-
soybean rotation field, in an oak-grass savannaraadaboratory soil column,
respectively. Since CO2 concentrations at onlyadepths were measured, the
concentration gradient and gas diffusion coefficiegar the soil surface varied largely
depending on the methods for estimating them. DeBSet al. (2008) used six methods to
estimate CO2 concentration gradients and three imtaleredict diffusion coefficients
and found that some gradient method CO2 fluxes weee a hundred times larger than

the CO2 fluxes measured by an automated samplizigloér.

In order to accurately measure soil CO2 fluxessmdCO2 production rates with time
and depth, in this study, the concentration gradiethod, detailed below, was used to
estimate soil CO2 fluxes with time and depth iragelfield. We measured soil CO2
concentration at 13 soil depths, from the surface depth of 200-mm during a natural
wetting and drying period. In situ measurementsodfwater content and soil
temperature were also made. The objectives obthidy were 1) to determine bare soil
CO2 fluxes with time and depth with a concentraticadient method that used measured
soil CO2 concentrations and estimated gas diffusaificients with time and depth, 2)

to estimate CO2 production with time and deptthagoil 3) to compare surface CO2

effluxes determined by the gradient method witlsetbchamber measurements.
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Methods and I nstruments

Site description

The study was performed in a 125 m by 125 m batd focated near Ames, lowa
(41.98°N, 93.68°W) during the summer of 2008. Thieat the site was a Canisteo clay
loam (a fine loamy, mixed, superactive, calcaremesic Typic Endoaquoll). The
surface soil bulk density was 1.2 MgiiThe soil consisted of 44% sand, 30% silt, and
26% clay, and the topography was relatively fliage <2%). Prior to this study the field
was tilled, and during the study it was kept baresgraying herbicides to control plant

growth.

Gradient method for determining CO2 fluxes

Thirteen solid-state sensors (GMT 222 and GMT 2/2lsala, Finland) with three
measurement ranges (GMT221, 0-1%; GMT221, 0-3%; &22Z] 0-10%) were used to
measure CO2 concentration from the soil surfa@d@mm depth. Probes with a range
0-1% were buried at depths of 0- and 3-mm, prokb#sawange 0-3% were buried at
depths of 9-, 15-, 21-, 27-, 33-, 45-, 57- and *&;rand probes with a range 0-10% were
buried at depths of 100-, 150-, and 200-mm. Fob@iastallation, a narrow trench was
dug, a probe was placed horizontally at a seled¢gth and the probe was covered with
soil. A CO2 analyzer (SBA-4, PP Systems, Inc., Aooeg, MA) was used as a standard
to calibrate all of the solid-state sensors beifios&allation. Each sensor was calibrated at

5 known CO2 concentrations in a laboratory gas dfgsm
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The solid-state CO2 sensors consisted of thres:garemote probe, a transmitter body,
and a cable connecting the probe to the transniitgrla). Probes are cylindrical with a
length of 15.5 cm and a diameter of 1.85 cm. Theee5 narrow slits around the probe to
allow CO2 to diffuse into the sensor. To gain mamecise measurement in the soil, we
covered 4 of the 6 slits with 3M 5413 polyimiderfitape (Fig. 1b) (one slit at the bottom
view and three slits at the top view of the prolegercovered). By keeping only two
probe slits open, the vertical sampling thicknessfch probe was limited to 5 mm.
Each probe was covered with a porous Teflon capallaved CO2 gas to move freely
into the uncovered probe slits but prevented wiaben entering into the probe. Probes
were connected to a 24v DC power source (two regeladnle batteries connected in series,
and each battery recharged by one 12v solar panéla data-logger that recorded the
CO2 concentrations by measuring the voltage drgpafes. Two 21X data-loggers
(Campbell Scientific Inc., Logan, Utah) were use@antact and monitor the 13 buried
sensors in this study. To conserve power and aweading of the surrounding soil, a
relay was used to regulate the 24v DC power sawiitel0 min on (including 8 min
warm up time, and 2 min measurement time) and $0affieach hour. The average CO2
concentration during the 2 min measurement peno@dch probe was recorded. The
transmitter bodies and data-loggers were protdobed environmental conditions by

keeping them in a plastic box in the field.

Using measured CO2 concentrations, CO2 fluxes,() at various soil depths were

calculated with Fick’s diffusion law (EqQ.1):

AC
Feop =—Dy—— 1
CO2 s Az [ ]
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where AC and Azrepresent the differences in CO2 concentrationdififetences in soil
depth, respectively. Moldrup et al. (2004) analygederal models for predicting soil gas
diffusion coefficients D,) and found that Millington and Quirk (1961) mogelrformed
best in undisturbed soil. Soil gas diffusion caséits (D,) were estimated with the

Millington and Quirk (1961) model with a temperatwffect included (Eq.2):

103 (2731547, . "
D :(D & ( fleld] [2]

° 7 o? 29515

[3]

e=0-¢ [4]

where Q3 and Q are CO2 diffusion coefficients in free air (16Eaés™) and in soil (rf

s 1), @ is total porosity, and is air-filled porosity® was calculated from the measured
bulk density fp) (EQ.3), and: was calculated from volumetric water conte)tgnd®
(Eq.4).ppwasmeasured by oven-drying soil samples collecteteérbare field. One
meter away from the buried CO2 sensors, heat gelsgors were installed in the soil to
measure soil water evaporation (Xiao et al., 20¥8)umetric heat capacity (C) was
determined from heat pulse sensor measurementghamnd Kluitenberg, 2004), afd

could be calculated from C apd (Eq.5) (Fig. 2b).

0 =(C-0.85x10° p, )/(417x10°) [5]



125

Trielq IS SOil temperature measured with time and d€j@th (Fig. 2a). Soil temperatures
between the surface and 48-mm soil depth were meghsuith chromel-constantan (type
E) thermocouples in the heat pulse sensors arngbtheemperatures between 48-mm and
200-mm soil depths were measured by chromel-cotestdtype E) thermocouples

buried in the soil.

CO2 produced in a soil layeP{o,) can be estimated from the net soil layer CO2 flux
(the difference oFcoz at upper and lower boundaries of a soil layegpf)1-(Fcoz)2) and

the storage change of CO2r,) in the soil layer (Eq. 6).

Peos = [(Fcoz )1 - (Fcoz )2 ] +AS¢, 1[6

The amount of CO2 stored in a soil layer is reltivsmall compared witkcop, SO the
Pco2in a soil layer was estimated from the differemceumulative CO2 emitteat the

soil layer boundaries (Risk et al., 2002).
Closed-chambers for measuring CO2 flux

Adjacent to the soil CO2 sensors, eight long-telosed-chambers (LI-8100-104, LI-
COR Inc., Nebraska, USA) were installed in a linteansect 3.5 m apart to automatically
measure bare soil surface CO2 efflux. The eigtgezlechambers were connected to an
infrared gas analyzer (LI-8100) system and a miekigr (LI-8150), which were both
powered by a power supply (LI-8150-770) connectetilt0O AC power in the field. PVC
collars (with a height of 11.4 cm and a diamete2@B cm) were inserted in the soil with
2-4 cm height of each collar above the soil surfattsets) to allow for a closed system

when the chamber moved automatically and coveretoih of the collar. The combined
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LI-8100 and LI-8150 Multiplexer system controlldgetCO2 flux measurements. The LI-
8150 Multiplexer contained a pump-driven circudttiransported the sample gas from
each of the 8 chambers to the infrared gas anailyzbe LI-8100. This circuit provided
air flow to and from the chamber while maintainthg ambient pressure in the analyzer.
The analyzer measured CO2 concentrations wherhdralzers were closed, and the
concentrations with time were then used to caleu®2 flux. Measurements on the
eight closed-chambers were performed sequent@il$6 min every hour with 2 min for

each chamber (including 25 s deadband time andpdisge time).

Results and Discussions

CO2 concentration measurementsin the soil profile

Soil CO2 concentrations at various depths 200 mne weeasured July 28 (DOY 209) to
Aug 9 (DOY 224) in the summer of 2008. There were tainfall events during the

measurement period (DOY 209, 23 mm; DOY 211, 14 mm)

Figure 3 shows the measured hourly CO2 concentiaibvarious soil depths: the
surface and 9-mm soil depth concentrations arégn3da, the 15- to 45-mm soil depths
concentrations are in Fig. 3b, and the concentrati®low a depth of 45-mm are in Fig.

3c.

CO2 concentrations increased with soil depth. Tdlees of CO2 concentration were less
than 0.12% at the 0 and 3 mm soil depths, ranged €.02 to 0.2% at the 9 mm soil
depth, from 0.1 to 2.1% at soil depths betweenritb4b mm, from 0.2 to 2.2% at soll

depths between 57 and 100 mm, and 0.8 to 2.4%p#t=l@50 and 200 mm, respectively.
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There were no living roots in the bare field, stb socrobial respiration was the main
source of CO2 in this field. Diffusion is a majathbway for CO2 efflux from the soil.

CO2 diffuses from the soil to the atmosphere al@PD2 concentration gradient.

Soil CO2 concentration distribution was influendsdhe rainfalls. CO2 concentrations
at all of the soil depths below 3 mm increased ihiately after each rainfall event,
reached maximum values about one day after a Ha@vient, decreased rapidly one day
later and then slowly decreased as the soil dRath did not cause CO2 concentrations
to increase at the 0- and 3-mm soil depths dueet@toximity of the soil-atmosphere
interface. The large increase of soil CO2 concéntrat the 9-mm depth soon after the
rainfall events may be caused by surface sealinthdwet soil surface layer decreasing
gas diffusion between soil and atmosphere, andy amcreased CO2 production due to
enhanced microbial activity in the wetted soil (Gle¢ al., 2005; Jassal et al., 2005;
DeSultter et al., 2008). Following the rainfall, C@shcentrations at the 9-mm depth and
below began to decrease because the soil was dwimch increased the air-filled pore

space for CO2 gas diffusion from deep soil to iméese.

Soil temperature can influence soil CO2 distribaitfpavidson et al., 1998). Soil CO2
concentrations demonstrated diurnal changes abiallepths. The patterns of the CO2
concentrations below the 33-mm soil depth (FigaBt 3c) were similar to the surface
soil temperature (Fig. 2a), with the values inargas the early morning, reaching a
maximum value in the early afternoon, and decregigsira minimum value near
midnight. However the pattern of the CO2 concermmnatbetween 0 and 33 mm (Fig. 3a

and 3b) was out of phase with the surface soil &gatpre, with peak values occurring in
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the night and low values occurring in the daytiRelatively large CO2 values observed
in the daytime below the 33 mm depth were due lapeed soil microbial activity with
high temperatures. Possible reasons for the low €@2entrations peak at daytime and
large nighttime CO2 concentrations in the shallowrmsay be 1) larger CO2 diffusion in
the 0-33 mm soil layer prevented CO2 build-up & é¢arly afternoon. In the early
afternoon, the atmospheric CO2 concentrations atieveurrounding cropped fields
were relatively low due to photosynthesis. Fluxéoweasurements indicated that the
CO2 concentrations at night were sometimes 2 tiarger than the CO2 concentration

in the afternoon. The atmospheric CO2 concentratimve the bare field might be very
low also because the atmosphere above the badteniéed well mixed with the
surrounding atmosphere at high wind speed andteessun a large concentration gradient
early in the afternoon. 2) CO2 production ratey necrease as soil temperature exceeds
a certain high temperature. CO2 production ratesansitive to high soil temperature.
The soil surface temperature exceeded 50 °C iepdHg afternoon, which may decrease
CO2 production rates. Tang et al. (2003) obserlredimilar soil CO2 concentration
distribution pattern. They found CO2 concentratiithe 80- and 160- mm soil depths
had the same diurnal trends with the surface swiperature while the CO2
concentration at the soil depth 20 mm had a diuread with opposite that of the surface

soil temperature.

CO2 fluxes with time and depth

There were no obvious soil CO2 concentration irsgsabserved at the soil surface and

a depth of 3 mm, but large CO2 concentration irsgeavere observed at all of the soil
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depths below 3 mm during the rainfall events anel a@ewy after. This indicates that
surface sealing and the increase of water contagtlra the main reasons for increasing
the subsurface Concentrations (Chen et al., 2005; Jassal €@05; DeSutter et al.,
2008). Concentration gradient may not be the orilyrdy force for CO2 diffusion from
the soil to atmosphere. The simple Fick’s diffusiaw equation is not able to accurately
describe the CO2 movement in the soil during tieyrdays. Soil CO2 fluxes during soil
drying period (DOY 213 to 224) were estimated frilv@ measured CO2 concentrations
and estimated gas diffusion coefficients at diffiieisil depths with a concentration

gradient method.

CO2 fluxes at the 1.5-, 4.5-, and 9-mm soil depitfesshown in Fig.4a. Fluxes at the 15-,
21-, 30-, 45-, 60-mm soil depths are shown in EigHuxes at the 88-, 100-, 150- and
175- mm soil depths are shown in Fig. 4c. The AO%&E showed diurnal variations in
the 0-60 mm soil layer, and the diurnal variatidmsinished with soil depth. At the 1.5-
mm soil depth, large variation in CO2 fluxes webserved and the values ranged from
1-10umol mi’s™. The variation was relatively stable during theaswgement period. At
soil depths from 4.5 to 21-mm, significant diurmatiations were observed. The values
of CO2 flux ranged from -2t0 9, -1.5t0 5, -15t& and -0.5 to imol m“s* at the soil

depths 4.5-, 9-, 15-, and 21-mm, respectively.

At soil depths from 30 to 60 mm, the diurnal fluation of CO2 fluxes decreased to a
peak value of 1.5imol m?s™. At a soil depth of 88-mm and below, CO2 fluxesave

stable at about 0,6mol m’s™.

The CO2 flux distributions indicated that CO2 d#&a from the soil to the atmosphere

and the CO2 production rates varied with soil depth
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CO2 production with time and depth

Figure 5 shows cumulative CO2 fluxes emitted atower soil depths during the soill
drying period from DOY 213 to 224. During the 1&/d®il drying period, the

cumulative emitted CO2 was 3.78 mof mt the soil surface from the closed-chamber
measurement, and the cumulative emitted CO2 wére,£2.91-, 2.04-, 1.69-, 0.65-,
0.44-, and 0.35- mol hat soil depths of 1.5-, 4.5-, 15-, 21-, 60-, 180d 175-mm,
respectively, from the concentration gradient métfidne cumulative gradient method
CO2 emitted at the 1.5 mm soil depth overestimttedlosed-chambers surface CO2 by

15%.

CO2 fluxes varied with depth because CO2 productwes varied with depth. Most of
the CO2 was produced at the shallow soil deptlisignbare field. A small portion (8%)
of CO2 was produced below a depth of 175-mm, 2%pm@duced in the100-175 mm
soil layer, and 90% was produced in the 0-100 miiiasger. Nakadai et al. (2002)
reported that 70% of CO2 was produced in the OraG0soil layer in a bare field in
Japan. The reason that Nakadai et al. (2002) haer I6O2 production in the 0-100 mm
soil layer might be that their field was maintairfeda longer time (over 20 years) than

this bare field (two years).

Comparing concentration gradient and closed-chamber CO2 effluxes

As soil CO2 concentrations were being measured, €fth&kes were measured

automatically with eight closed-chambers in theelfggid from DOY 213 to 224. The
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concentration gradient method CO2 flux at the shadkt depth of 1.5 mm was chosen to

compare with CO2 effluxes measured with closed-d®method.

The gradient method and closed-chambers (averag@ee@iOxes of the eight chambers)
CO2 fluxes are shown in Fig. 6a. The gradient nethiarnal fluctuations of CO2 flux
tracked well with most of the closed-chamber mettliodnal fluctuations with large
peaks occurring early in the afternoon and low pemicurring during midnight of each

day.

We also compared daily average values of CO2 floaé=ulated from the concentration
gradient method with the minimum, and maximum valokthe daily average CO2 flux
from the eight closed-chambers (Fig 6b). We obsksane variation in the eight closed-
chambers, with the standard deviation ranging foéd to 2.52imol m?s* and the CV
ranging from 28 to 52% during the measurement gefiable 1). The values of daily
CO2 flux from the gradient method were generallthimi the range of the eight closed-
chambers (between the minimum and maximum valudsibf average CO2 flux), with
only two daily mean gradient values larger thanntaimum values of the closed-

chamber daily average CO2 flux.

Conclusions

Soil CO2 concentrations increased with soil defthl CO2 concentration increased
immediately after rainfall events and decreasethdwsoil drying. Soil CO2 fluxes
decreased with soil depth in the 0 to 90 mm sgérdaand the fluxes were about 0.6
umol mi*s* below a depth of 90-mm. The distribution of irusBO2 concentrations was

useful for computing soil CO2 fluxes and soil CQ&dguction rates with depth.



132

The diurnal fluctuations of the gradient CO2 fluxeeye similar to the diurnal
fluctuations of the chamber fluxes. The gradienthoe CO2 efflux agreed well with the
surface closed-chamber CO2 efflux, with 10 dayhefdaily mean of gradient CO2
efflux within the range of 12-day of closed-chamB€»2 effluxes. Thus, the
concentration gradient method was able to measreefleld soil CO2 fluxes and soil
CO2 production with time and depth as the soildrieurther studies on a range of field
moisture and management conditions are needectoate and improve the
determination of vertical CO2 concentration gratieerd in situ CO2 diffusion

coefficients at the soil surface.
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Figure Captions

Fig. 1:

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Configuration of a CO2 solid sensor, arstafiations in the ground.

Soil temperature and water cont@yiat various depths.

CO2 concentrations measured at varioushddpt CO2 sensors.

Soil CO2 fluxes with time and depth.

Cumulative soil CO2 emitted with time arepth.

a: Diurnal CO2 fluxegunol m*s?) from the gradient and chamber methods.

b: Daily mean CO2 fluxes from gradiergthod and maximum and

minimum CO2 fluxes from eight closgltambers.

(Gradient method flux was at 1.5 mm soil depth).
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Table 1: Descriptive statistics of CO2 flux fronglei closed-chambers.

DOY Mean Min Max SD CV (%)
(umol mi“s™)
213 3.83 2.00 6.52 1.35 35
214 4.92 2.09 6.75 1.79 36
215 4.85 2.11 9.77 2.52 52
216 3.28 191 4.88 1.12 34
217 4.59 2.07 6.86 1.83 40
218 4.10 1.55 6.37 1.70 41
219 3.52 1.60 541 1.32 38
220 3.92 1.46 6.46 1.76 45
221 2.84 1.60 4.06 0.80 28
222 3.30 1.44 4.95 1.19 36
223 4.01 1.37 6.14 1.64 41
224 2.05 0.96 2.77 0.61 30
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Fig. 1: Configuration of a CO2 solid sensor, argtatiations in the ground.
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Fig. 2. Soil temperature, water contetjtdnd CO2 coefficient at various depths.
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Fig. 3. CO2 concentrations measured at varioushddpt CO2 sensors.
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Fig. 4. Soil CO2 fluxes with time and depth.
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Fig. 5. Cumulative soil CO2 emitted with time arepth.



Hourly CO2 flux (umol m '25'1)

Fig. 6.

144

12
- = = =gradient
10 - a 8
chamber
8 : '
L] a 1 .
II ! ! al ] n ‘Il‘ll .
6* LR h I‘l Ii’ e II'I :
':"".' :' 1 :}-\ | g' ! - --"."“fi." ':I,‘n”
41 Ty nma ot Th 1/ p
47‘.‘ v y "ll ':" NRFAR ] (T, ‘?,.: " 'I
Ty ‘II l "
2 1y ' /
0 _|
-2
12 "
o - -~ - Chamber_max
e 10 7 , ¢ —— Gradient
§ g S - -A- - Chamber_min
=
=
= 6
o
(@]
G 4
(]
&
>
©
()]

2 -"'"~.‘—"..‘--‘-.‘--‘~-‘--‘..

0 -

213 215 217 219 221 223
DOY 2008

a: Diurnal CO2 fluxesunol m?s?) from the gradient and chamber methods
b: Daily mean CO2 fluxes from gradierdgthod and maximum and
minimum CO2 fluxes from eight closgthmbers.

(Gradient method flux was at 1.5 mm soil depth).
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Chapter 7 General Conclusions

Soil heat, water vapor and carbon dioxide (CO2)rateractive and impact the soil
environment and physical, chemical, and biologiratesses occurring in the soil.

Latent heat flux associated with soil water evaponaconnects the surface water balance
with the surface energy balance. Accurate and digamasurements of soil water
evaporation and soil CO2 fluxes can enhance therstahding of water, energy, and
carbon partitioning at the soil-atmosphere intexfand the mechanisms of mass and
energy movement in the soil. The overall objectiwkthis dissertation were to accurately
determine transient soil water evaporation in Isafeand in different management zones
of a corn field using heat pulse method and detegraoil CO2 fluxes using a
concentration gradient method in bare soil and/&duate in situ measurement
techniques. For those purposes, chapters 2, 3] 8 #otused on the topic of soil water
evaporation measurements, and chapter 6 focusedpiasof soil CO2 flux

measurement. For soil water evaporation specijicaliapters 2 and 3 evaluated the heat
pulse method for determining surface and subsudaitevater evaporation with time

and depth by using 3-needle heat pulse sensorBaressoil. Using improved 11-needle
heat pulse sensors, chapters 4 and 5 further egdltlze heat pulse method for
determining soil water evaporation in different agement zones of a corn field and in
partitioning evapotranspiration in a corn field.clmapter 6, concentration gradient
method was used to determine soil CO2 fluxes aadymtion rates with time and depth
and the method was evaluated. General conclusren@esented by topics and by

chapters.
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Soil water evaporation measurement: heat pulse method test and evaluation

The hypotheses of chapters 2, 3, 4, and 5 werdhtbdteat pulse method could
accurately and dynamically measure soil water enajom with time and depth in bare
and cropped soil. To test those hypotheses, 4estultiscribed in 4 chapters were

conducted.

In chapter 2, the heat pulse method was used teurehare field subsurface soil water
evaporation with time and depth with 3-needle Ipedde sensors. Comparisons between
daily estimates of heat pulse evaporation with Bovegio and micro-lysimeter estimates
agreed well. This work demonstrated that heat méssors could accurately determine

bare field subsurface soil water evaporation wittetand depth.

In chapter 3, the heat pulse method was furthéedesnd evaluated in a bare soil with
regard to determining cumulative surface and sdiseiwater evaporation. Cumulative
water evaporation was calculated over 20 consexdthys in each of two years and
compared with Bowen ratio measurements. The reslutte/ed that heat pulse and
Bowen ratio measurements of cumulative water eajoor from bare soil were
consistent in magnitude and time. Combined with Bowatio measurements, heat pulse
measurements of cumulative evaporation with tinveaked the dynamics of surface and
subsurface soil water evaporation that developedidare field. These findings indicated
that heat pulse sensors could accurately detercoimeilative evaporation over

consecutive days and wetting-drying periods.
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From studies reported in chapters 2 and 3, thefhés¢ method was tested and evaluated
in bare soil. Because of its capability to measwaporation with depth and time for

field conditions, and because of its capabilitpéourately determine surface and
subsurface cumulative evaporation, the heat puktbod promises to be a practical and

valuable tool for a wide range of vadoze zone higdipinvestigations..

In chapter 4, the heat pulse method was evaluatedetermining soil water evaporation
in three different management zones of a corn:figithin-row (ROW), between-rows
with roots (BR), and between-rows without roots [lBR. Improved heat pulse sensors,
11-needle sensors, were used in this study. Thétseshowed that the heat pulse sensor
measurements provided realistic estimates of thevater evaporation dynamics at the
various locations. The cumulative soil water evagion at the BARE location was larger
than it was at the BRNR location which was slighaisger than evaporation at the ROW
and BR locations. Soil water evaporation estimatea heat pulse and micro-lysimeter
methods were consistent, with the total differeincevaporation of 0.5 mm out of 5.4
mm, and 0.8 mm out of 5.9 mm for 9 days at the R&WW BR corn field locations,
respectively. Therefore, this work demonstratestti@heat-pulse method is a promising
approach for measuring soil water evaporationféréint management zones of cropped

fields.

In chapter 5, the heat pulse method was applibe o partition evapotranspiration (ET)
in a corn field. ET is a major component of the imjaigical cycle and consists of soll
water evaporation (E) and plant transpiration [fi)a corn field, soil water E was

measured with improved 11-needle heat pulse seriBoras measured with stem flow
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gauges, and ET was measured with an eddy covarsgstem. Potential
evapotranspiration Ewas also calculated with the Penman-Monteith egualhe
results showed that all three estimates of ET mades trends and that E, T, E+T and
eddy covariance ET accounted for 13%, 77%, 90%6486 of ET,, respectively, during
the measurement period. This work demonstratedhbédteat pulse method could be
applied for evapotranspiration partitioning in amped field. Heat pulse sensors hold
promise for providing accurate partitioning of Eifd E and T and to improve water
balance determination at the field and regiondescand help quantify components of

the hydrological cycle.

Sail carbon dioxide (CO2) flux measurement

The hypothesis of chapter 6 was that soil CO2 8wauld be accurately determined with
time and depth in a bare field by concentratiordignat method. To test this hypothesis,
transient soil CO2 fluxes and soil CO2 producti@revestimated with depth using a
concentration gradient method. The concentratiadignt method was evaluated by
comparing gradient method CO2 flux values with acefclosed-chamber measurements
of soil CO2 fluxesThe results showed that thesitu observed soil CO2 concentrations
provided realistic CO2 distributions, and that €602 fluxes kept stable below a depth
of 90 mm with most of the CO2 produced in shall@i. 9 he gradient method calculated
CO2 fluxes were compared with the surface closeuntier CO2 efflux and they agreed
well. This work applied high-resolution sensorsal profile, and was the first effort to
guantifyin situ CO2 fluxes and production at a fine (mm) scaldelhonstrated that the

concentration gradient method was able to accyratehsure soil CO2 fluxes and
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production with time and depth in a bare soil, @qfomises to be a practical and

valuable addition for a wide range of CO2 flux gmdduction investigation.

Overall, this dissertation focused on heat trangfesporation and CO2 transfer in soil.
Specifically, for studying heat transfer and wageaporation in soil, the heat pulse
method for measuring soil water evaporation inosiapplications was evaluated. The
heat pulse method was able to accurately measiingager evaporation with time and
depth in a bare field, in different management sarfea corn field, and it enabled
accurate evapotranspiration partitioning in a detd. For CO2 transfer in soil, a
concentration gradient method for determining CI02 &nd production in a bare soill
was evaluated. The concentration gradient methadake to accurately determine CO2
fluxes and production rates with time and depth bare soil. Overall, the evaluations
indicated that the heat pulse method for deterrgimiater evaporation and the
concentration gradient method for determining CI0f &re practical and valuable tools
for a wide range of vadoze zone investigations.uBameous soil water evaporation and
soil CO2 flux measurements are helpful for evahgatioupled models for heat,
evaporation and CO2 transfer in soil and for gugdimre management of soil properties

and processes.

Futureresearch

Accurate and dynamic measurements of soil watgrarasion and soil CO2 fluxes can
help to enhance the understanding of water, enargycarbon partitioning at the soil-
atmosphere interface and the mechanisms of massn@ngy movement in soil. While

this dissertation has evaluated some techniquegetermining in situ soil water
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evaporation and CO2 fluxes in various soil manageroenditions and made adequate
progress in determining these soil gas fluxesethee some potential research topics

remaining to be explored in the future.

In this dissertation, soil water evaporation measwants using the heat pulse method
were limited to the subsurface while surface evafpam was not determined. Accurate
determination of soil water evaporation in the vehebil profile can provide a fuller
insight of mass and energy balance in the soithéaresearch could include two parallel
directions: instrument design improvements and migaleanalysis. By applying multi-
needle heat pulse sensors with denser needlesheesuil surface, or combing sensors
with new detectors for surface thermal properiieproved measurements at the soil
surface might be obtained. Alternatively, numera@lysis combining with surface and
subsurface measurements could be used to inferceushd subsurface soil water
evaporation. In addition, the heat pulse method us¢his study to measure soil water
evaporation in bare and cropped fields may be eegto determine solute transport and

water flow under unsaturated, unsteady conditions.

In this dissertation, subsurface soil CO2 fluxed @2 productions rates with depth
were determined with a concentration gradient neetipplied to drying soil in a bare
field condition. Further studies on a range offigloisture and management conditions
are needed to improve the determination of vert@@P concentration gradients and in
situ CO2 diffusion coefficients at the soil surfaoed during rainfall events and in a more
complex cropped field. Further research topics khaddress the determination of

surface and subsurface soil CO2 flux in more comptel management conditions.
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Numerical models used in conjunction with carefelasurements provide a means to
increase understanding of the complex soil sysiéra.transfer of heat, water, and CO2
in soil is coupled and interactive. Using and/oreleping models for use in conjunction
with soil heat, water and CO2 measurements shealdl o improve understanding of the

mechanism of heat and mass transfer in soils.
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