Department of Energy
Washington, DC 20585

SEP 16 1992

Mr. Joseph J. Holonich, Director
Repository Licensing & Quality Assurance
Project Directorate
Division of High-lLevel Waste Management
Office of Nuclear Material Safety
and Safeguards
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Reference: Ltr, Roberts to Holonich, dtd 6/29/92
Dear Mr. Holonich:

In Phase I reviews of the U.S. Department of Energy's (DOE) Study
Plans 8.3.1.2.2.1, "Characterization of the Unsaturated-Zone
Infiltration," and 8.3.1.9.2.2, “"Water Resource Assessment of
Yucca Mountain, Nevada," the U.S. Nuclear Regulatory Commission
(NRC) requested that DOE provide references cited in the study
plans that are Not-Readily-Available (NRA) in the public domain
(enclosures 1 and 2).

Enclosure 3 contains the references requested for Study Plan
8.3.1.2.2.1, and Enclosure 4 contains those for Study Plan
8.3.1,9.2.2. Whe Tererence(Gibbons;—B:€+;-1986;—"The-Economig
¢ralue ot Water,- Resourgés of “the Future, ! Washington, D.C,) fdr

€tudy-Plan-87371797272 5 & copyrighted document, JAnd "DOE {5 miot
at~1iberty. to.copy and distribute-multiple copiss o it oniyy
the caVer and ¥efexence payes Are provideds A concern expressed
in NRC's Phase I review letter for Study Plan 8.3.1.9.2.2 with
respect to groundwater in human intrusion scenarios was responded

to in an earlier letter (reference).

If you have any questions, please contact Mr. Chris Einberg of my
office at 202-586-8869.

Sincerely,

John P. Réberts
Acting Associate Director for

% Systems and Compliance
600040 Office of Civilian Radioactive g
Waste Management l 02 ‘ / , [
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Enclosures:

1.
2.
3.

4.

Ltr, 5/31/92, Linehan to
Shelor, w/encl
Ltr, 5/4/92, Holonich to
Roberts, w/encl
NRA References in Study
Plan 8.3.1.2.2.1 (Not Record Material)
NRA References in Study
Plan 8.3.1.9.2.2 (Not Record Material)

. ;- b
cc: w\enclosures /?LvAQ%j L)/?ﬂ/éif

Alice Cortinas, CNWRA, San Antonio, TX

cc: w\enclosures

c.
R.
T.
M.
J.
B.
P.
G.
P.
C.
F.
V.
E.
J.
R.
J.
M.
B.
c'

Gertz, YMPO

Loux, State of Nevada.

Hickey, Nevada Legislative Commission
Baughman, Lincoln County, NV
Bingham, Clark County, NV

Raper, Nye County, NV
Niedzielski-Eichner, Nye County, NV
Derby, Lander County, NV
Goicoechea, Eureka, NV

Schank, Churchill County, NV
Mariani, White Pine County, NV

Poe, Mineral County, NV

Wright, Lincoln County, NV

Pitts, Lincoln County, NV

Williams, Lander County, NV

Hayes, Esmeralda County, NV

Hayes, Esmeralda County, NV

Mettam, Inyo County, CaA

Abrams, NRC
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Mr. Owight E. Shelor, Acting Associate Director )
for Systems and Compliance éﬂf"(’
Office of Civilian Radioactive Waste Management

U. S. Department of Energy, RW 30

washington, D.C. 20585

Dear Mr. Shelor: (Szd?g?

SUBJECT: PHASE I REVIEW OF U.S. DEPARTMENT OF ENERGY (DOE) STUDY PLAK FOR
CHARACTERIZATION OF THE UNSATURATED-ZONE INFILTRATION

On March 1, 1991, DOE transmitted the study plan entitled "Characterization of
the Unsaturated-Zone Infiltration* (Study Plan for Study 8.3.1.17.4.1) to the
U.S. Nuclear Regulatory Commission (NRC) for review and comment. NRC has
completed its Phase 1 Review of this document using the Review Plan for KRC
Staff Review of DOE Study Plans, Revision 1 (December 6, 1990).

The material submitted in the study plan was considered to be consistent, to
the extent possible at this time, with the agreement on content resulting from
the NRC-DOE agreements made at the May 7-8, 1986 meeting on Level of Detail for
Site Characterization Plans and Study Plans. The NRC staff recognizes that
some of the information required in the agreement, especially many of the
procedures for field tests and methods for analyses, cannot be provided until
the prototype testing described in the study plan is completed. The staff did
not consider that the absence of such information compromised its ability to
conduct its Phase I Review of the material provided. However, the NRC staff
requests that the procedures, methods, and other relevant details be provided
to NRC for its review as soon as they are available.

Among the references listed for this study plan are several which have not been
provided to NRC and are not readily avaflable in the public domain. We
therefore request that DOE provide to us the documents listed in the Enclosure.

A major purpose of the Phase I Review is to fdentify concerns with studies,

tests, or analyses that if started could cause significant and irreparable

adverse effects on the site, the site characterization program, or the eventual

usability of the data for licensing. Such concerns would constitute

objections, as that term has been used in earlfer NRC staff reviews of DOE's
ocuments related to site characterization (Consultation Draft Site

Characterization Plan and the Site Characterization Plan for the Yucca Mountain
site). The Phase I Review of this study plan fdentified no objections with any

of the activities proposed.
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After completion of the Phase I Review, selected study plans are to receive a
second leve! of review, called a Detailed Technical Review, based on the
relationship of a given study plan to key site-specific issues or NRC open
items, nr its reliance on unigue, state-of-the-art test or analysis methods.
We have decided not to proceed with a Detailed Technical Review of this study
plan at this time, in part because the technical details required for such a
review will not be available until the prototype studies are completed.

If you have any questions concerning this letter, please contact King Stablein
(FTS/[301]-492-0446) of my staff.

Sincerely,

it flrre

John J. Linehan, Acting Director
Repository Licensing and Quality
Assurance Project Directorate
Division of High-Level Waste Management
Office of Nuclear Material Safety
and Safeguards

Enclosure: As Stated
cc: Loux, State of Nevada

Gertz, DOE/NV

. Bradhurst, Nye County, NV

. Baughman, Lincoln County, NV
Bechtel, Clark County, NV

. Weigel, GAO

. Niedzielski-Eichner, Nye County, NV
. Thistlethwaite, Inyo County, CA

MOOVOoOOXXIVMOD



Enclosure ~

References for Study Plan 8.3.1.17.4.1 Requested by NRC

0 Abrams, M.J., Conel, J.E., and Lang, H.R., 1984, The Joint NASA/GEOSAT
Test Case Project--Final Report, Paley, H.N., editor: Tulsa, Oklahoma,
gmericinlkssogigzion of Petroleum Geologists, pt. 2, V. 1. Sections 1 and

’ P. -1 to ¢- .

o  Bouwer, H., 1961, A study of final infiltration rates from cylinder
infiltrometers and irrigation furrows with an electrical resistance
network: in Trans. Inc. Congr. Soil Sci. 7th, 6:448-456.

0 Constantz, J., and Herkelrath, W.N., 1988, field measurements of the
influence of entrapped air upon ponded infiltration rates: Infiltration
Principles and Practices, Proceedings International Conference
Inf;é;rzg;on Development and Application, January 1988, Honolulu, Hawaii,
p. - .

0 Firdaouss, M., Maalej, M., and gelin, 8., 1983, Identification of the soil
thermal diffusivity from the temperature in situ measurements in a
cemi-arid region: In R.W. Lewis, J.A. Johnson, and W.R. Smith (eds.),

Proceedings 3rd international Conference Numerical Methods in Thermal
Problems, August 2-5, 1983, Seattle, Wash.

0 Flint, A.L. and Childs, S.W.. 1987a, Modification of the Priestley-Taylo
evaporation equation for soil water Jimited conditions: In 18th
Conference on Agricultrual and Forest Meteorology, W. Lafayette, Indiana,
September, 1987, PP. 70-73.

o Hammermeister, D.P., Blout, 0.0., and McDantel, J.C., 1985, Drilling and
coring methods that pinfmize the disturbance of cuttings, core, and rock
formation in the unsaturated zone, Yucca Mountain, Nevada: Proceedings of

the NWWA Conference on Characterization and Monftoring of the Vadose
(Unsaturated) Zone: Hatfonal Water Well Assocfation, p. £07-541.

o Hevesf, J.A., Istok, J.D., and Flint, A.L., 1989a, Precipitation
estimation in mountainous terrain using multivariate geostatistical
analysis: 1-structural analysis.

o Hevesi, J.A., Flint, A.L., and Istok, J.D., 1989b, Precipitation
estimation in mountainous terrain using multivariate geostatistical
analysis: 2-applications.

(/] kneibiher, C.R.., 1985, Se{smic refraction surveys of alluvium-filled
washes, Yucca Mountain, Nevada: Reno, Nevada, Unfversity of Mevada, Reno,
unpubliished M.S. thesis, 112 p.



Morineau, Y., Simandoux, P., and Dupuy, M., 1965, Etude des
heterogeneities de permeabilities dans les milieux poreux. Compte Rendu
de Ileme Colloque de 1'Association de Recherche sur les Techniques de
Forge et de Production, Rueil, May 31-June 4:273.

Reynolds, W.D., and Elrick, D.E., 1985, Measurement of field-saturated
hydraulic conductivity, sorptivity and the conductivity-pressure head
relationship using the “Guelph Permeameter®, in Proceedings, Conference on
Characterization and Monitoring of the Yadose Zone, Denver, Colorado,
November 1985: National Water Well Association, p. 9-33.

Scotter, D.R., Clothier, B.E., and Harper, E.R., 1982, Measuring saturated
hydraulic conductivity and sorptivity using twin rings: Aust. J. Soil
Res. 20:295-304.

Schmidt, M.R., 1988, Classification of upland soils by geomorphic and
physical properties affecting infiltration at Yucca Mountain, Nevada:
Golden, Colo., Colorado School of Mines, unpublished M.S. thesis, 116 p.

Topp, G.C. and Davis, J.L., 1982, Measurement of soil water content using
time-domain reflectometry: Canadian Hydrology Symposium: 82, Assoc. Comm.
on Hydrology, National Research Council of Canada, Ottawa, p. 269-287.
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Mr. John P. Roberts, Acting Associate Director
for Systems and Compliance

Office of Civilian Radioactive Waste Management

U.S. Department of Energy

1000 Independence Avenue, SW

Washington, D.C. 20585

Dear Mr. Roberts:

SUBJECT: PHASE I REVIEW OF U.S. DEPARTMENT OF ENERGY STUDY PLAN FOR “"WATER
' RESOURCE ASSESSMENT OF YUCCA MOUNTAIN, NEVADA"

On September 20, 1991, DOE transmitted the study plan, "Water Resource Assessment
of Yucca Mountain, Nevada" (Study Plan 8.3.1.9.2.2), to the U.S. Nuclear
Regulatory Commission for review and comment. NRC has completed its Phase I
Review of this document using the Review Plan for NRC Staff Review of DOE Study
Plans, Revision 1 (December 6, 1990).

The material submitted in the study plan was considered to be consistent, to
the extent possible at this time, with the NRC-DOE agreement on content of
study plans made at the May 7-8, 1986, meeting on Level of Detail for Site
Characterization Plans and Study Plans.

Among the references 1isted for this study plan are several which have not been
provided to NRC and are not readily available in the public domain. We
therefore request that DOE provide the NRC with the documents which are listed
in the Enclosure.

A major purpose of the Phase I Review is to identify concerns with studies,
tests, or analyses that, if started, could cause significant and irreparable
adverse effects on the site, the site characterization program, or the .eventual
usability of the data for licensing. Such concerns would constitute objections,
as that term has been used in earlier NRC staff reviews of DOE's documents
related to site characterization (Consultation Draft Site Characterization Plan
and the Site Characterization Plan for the Yucca Mountain Site). It does not
appear that the conduct of the activities described in this study plan will
have significant adverse impacts on repository performance and the Phase 1
Review of this study plan {identified no objections with any of the activities
proposed.

After completion of the Phase I Review, selected study plans are to receive a
second level of review, called 2 Detailed Technical Review, based on the
relationship of a given study plan to key site-specific issues or NRC open
items, or its reliance on unfque, state-of-the-art test or analysis methods.
We have decided not to proceed with a Detailed Technical Review of this study
plan.

However, there is one concern that the NRC staff has. On page 1-1 of the plan,
§¢ 1s stated that groundwater is the only resource expected to have the
potential for future inadvertent human intrusion. This statement {s premature

~ given that Yucca Mountain is located in a geologic setting that includes

current gold production and exploration for hydrocarbon resources. For
example, five new mines and prospects have been located within 48 km of the

W 27 - ENCLOSURE 2.
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“Mr. John P. Roberts -2 -

proposed Yucca Mountain site between January 1988 and July 1990 (Raney, 1990)1.
Recent oil exploration has occurred within 25 km of the proposed site (State of

Nevada, 1990)2. Based on the informatfon provided in the Site Characterization
Plan, the potential for these resources to occur at the site will be addressed
as part of Study Plan 8.3.1.9.2.1 (natural resource assessment). We are

concerned that this early conclusion concerning water resources may impact the
work being planned with respect to the natural resources assessment study plan.

1f you have any questions concerning this letter, please contact Charlotte
Abrams (FTS 964-3403, 301-504-3403) of my staff.

Sincerely,

Joseph J. Holonich, Director
Repository Licensing and Quality
Assurance Project Directorate
Division of High-Level Waste Management
Office of Nuclear Material Safety
and Safeguards

Enclosure: As stated

cc: R. Loux, State of Nevada
C. Gertz, DOE/NV
S. Bradhurst, Nye County, NV
M. Baughman, Lincoln County, NV
D. Bechtel, Clark County, NV
D. Weigel, GAO
P. Niedzielski-Eichner, Nye County, KV
C. Thistlethwaite, Inyo County, CA
V. Poe, Mineral County, NV
F. Sperry, White Pine County, NV
R. Williams, Lander County, NV
P. Goicoechea, Eureka County, NV
L. Vaughan 1I, Esmeralda County, NV
C. Shank, Churchill County, NV
T. J. Hickey, Nevada Legislative Committee

1Raney, R.G., 1990, Active mines and prospects within a thirty-mile
radius of the proposed high-level repository site at Yucca
Mountain, Nye County, Nevada, subsequent to January 1988: U.S.
Bureau of Mines, NRC FIN D1018.

2State of Nevada, 1990; 011 and gas permit notices: State of Nevada,
Department of Minerals, Permit Numbers 605-607, issued
December 14, 1990.
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References:
DeGabriele, C.D. and C.L. Wu. 1987. MWater Regquirements, Bechtel Nationq].

Inc., for Sandia National Laboratory, 52-9817.

Gibbons, D.C., 1986. The Economic Value of Water, Resources of tﬁe Future,
Washington, D.C. - '

Gollinick, C.A., 1988. Irrigation Study. Valley Electric Asscciation,
Pahrump, Nev.
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521 Enclosure

References for Study Plan 8.3.1.3#4-1 Requested by NRC

0

‘Abrams, M.J., Conel, J.E., and Lang, H.R., 1984, The Joint NASA/GEOSAT

Test Case Project--Final Report, Paley, H.N., editor: Tulsa, Oklahoma,
gmerican Assogi;:ion of Petroleum Geologists, pt. 2, v. I. Sections 1 and
. po 1-1 to - . ’

Bouwer, K., 1961, A study of final infiltration rates from cylinder
infiltrometers and irrigation furrows with an electrical resistance
network: in Trans. Inc. Congr. Soil Sci. 7th, 6:448-456.

Constantz, J., and Herkelrath, W.N., 1988, Field measurements of the
influence of entrapped air upon ponded infiltration rates: Infiltration
Principles and Practices, Proceedings International Conference
Infiltration Development and Application, January 1988, Honolulu, Hawaii,
p. 398-407. :
Firdaouss, M., Maalej, M., and Belin, B., 1983, ldentification of the soil
thermal diffusivity from the temperature in situ measurements in a
semi-arid regfon: In R.W. Lewis, J.A. Johnson, and W.R., Smith (eds.),
Proceedings 3rd International Conference Numerical Methods in Thermal
Problems, August 2-5, 1983, Seattle, Wash.

Flint, A.L. and Childs, S.W., 1987a, Modification of the Priestley-Taylor
evaporation equation for soil water limited conditions: In 18th
Conference on Agricultrual and Forest Meteorology, W. Lafayette, Indiana,
September, 1987, pp. 70-73. :

Hammermeister, 0.P., Blout, D.0., and McDaniel, J.C., 1985, Drilling and
coring methods that minimize the disturbance of cuttings, core, and -rock
formation in the unsaturated zone, Yucca Mountain, Nevada: Proceedings of
the NWWA Conference on Characterizatfon and Monitoring of the Vadose
(Unsaturated) Zone: National Water Well Association, p. S07-541.

Hevesf, J.A., Istok, J.D., dnd Flint, A.L., 19892, Precipitation
estimation 1n mountainous terrain using multivarfate geostatistical
analysis: 1l-structural analysis.

Hevest, J.A., Flint, A.L., and Istok, J.D., 1989b, Precipitation
estimation in mountafnous terrain using multivariate geostatistical
analysis: 2-applications. _
Knetblher, C.R.., 1985, Sefsmic refraction surveys of alluvium-filled

washes, Yucca Mountain, Nevada: Reno, Nevada, University of Nevada, Reno,
unpublished M.S. thesis, 112 p. o
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Morineau, Y., Simandoux, P., and Dupuy, M., 1965, Etude des
heterogeneities de permeabilities dans les milfeux poreux. Compte Rendu
de 1leme Colloque de 1'Association de Recherche sur les Techniques de
Forge et de Production, Rueil, May 31-June 4:273.

Reynolds, W.D., and Elrick, D.E., 1985, Measurement of field-saturated
hydraulic conductivity, sorptivity and the conductivity-pressure head
relatfonship using the “Guelph Permeameter®, in Proceedings, Conference on

' Characterization and Konitoring of the Vadose Zone, Denver, Colorado,

November 1985: Natfonal Water Well Assocfation, p. 9-33.

Scotter, D.R., Clothier, B.E., and Harper, E.R., 1982, Measuring saturated
Rydraulic conductivity and sorptivity using twin rings: Aust. J. Soil
es., 20:295-304.

Schmidt, M.R., 1988, Classification of upland soils by geomorphic and
physical properties affecting infiltration at Yucca Mountain, Nevada:
Golden, Colo., Colorado School of Mines, unpubiished M.S. thesis, 116 p.

Topp, 6.C. and Davis, J.L., 1982, Measurement of soil water content using
time-domain reflectometry: Canadian Hydrology Symposium: 82, Assoc. Comnm.
on Hydrology, National Research Council of Canada, Ottawa, p. 269-287.
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MODIFICATION OF THE PRIESTLEY-TAYLOR EVAPORATION
EQUATION FOR SOIL WATER LIMITED CONDITIONS

Alan L. Flint and Stuart ¥W. Childs

U.S. Geological Survey
Mercury, Havada
and

Oregon State University
Corvallis, Oregon

1. INTRODUCTION

. A major limitation of many reforestation
gl{ces is & lack of vater during the groving
geason. In areas vith xeric clinates, chis is
often combined with high tempersturas vhich sct
to increase plant stress. Any assessaent of the
harshness of reforestation sites requires infor-
pation regarding both water supply and environ-
mental demand. The measuresent and evaluation of
a surface energy budget {s s useful snalytical
approach becauss ccmponents of both ths heat and
water environments are included. This approach
does, hovever, require detsiled, site specific
measurexzents.

A number of sioplificatiens of anergy
budget techniques have besn used to dacraass the
quantity and intensity of messurements zequired.
The Penman equation (Penaan, 1948) is cozmonly
used in situations vhere detailed data ars avail-
able. Ths sizpliffcations used to modsl the
serodynamic parts of the squation maks the squs-
tion useful only for calculation of potential
evapotranspiration. Furthermors, the equation
requires calibration. The Pennan-Montsith equa-
tion (Monteith, 1966) allovs ealculation of
actual evapotranspiration but requires datailed
knowledge about the resistancs to heat and water
flov at the evaperating surface. Prisstley and

" Taylor (1972) suggested a wodification of the

Penzan equaticn which requires lass extsnsive
Dessurenents: . ) o
“e - . —tm [} * -
R TR )

wvhere AE, is potential evapotranspiratien, e {s a
godel cosfficient, s {s the slops of the sstura-
tion vapor density curve, 7 18 the psychroametric
constant, Q¥ s net radiation and G is soil haat
flux. In this forzulaticn the asrodynsalc term
is modeled as (a-1)«([s/(s+7)]*(Q*-C). -This .
sioplification is succassful because the radis-’
tion tern generally doainates the asrodynamic
‘tern (Stawarc, 1983). . .o

The coefficient o for dafly calculations .
43 1.26 for freely evaporating surfaces .
(Priestley and Taylor, 1972; Stewart and Rousas,
1977). a depends on surface vegetation and -

picroclizatic conditions and ranges froa 1.57 for

conditicns of strong advecticn to 0.72 for forsst
conditions (Table 1). ’

‘and ssrodynani

Table 1. Measured valuss of the Priestley-Taylor
coefficlent, a.

a Surface cenditions Reference

1.57 Strongly sdvectiva
conditicns

1.29 Crass (soil at
field capacity) Mukannal & Neumamn, 1977

1.27 Irrigatsd ryegrass Davies & Allen, 1972

1.26 Saturated surface Priestley & Tayloer, 1972

1.26 Open water surface Priestley & Taylor, 1972

1.26 Vet meadow Stevart & Rouss, 1977 .

1.18 Vet Douglas-fir

forest McHaughton & Black, 1973

1.12 Short grass Dalruin & Holtslsg, 1982

1.05 Douglas-fir forest McRaughton & Bleck, 1973

1.04 Bare soll surface _Barton, 1979 -

0.84 Douglas-fir forsst

Jury & Tanner, 1975

Plack, 1979

Unthinned
0.80 Douglas-fir forest .
Thinnad . . Black, 1979
0.73 Douglas-fir foresst -
(Daytinse) Cilas et al., 1984
0.72 Spruce forest Shuttlevorth & Celder,
" (Daytims) . 1979

Although ths valus of ¢ for moist surface
econditions (a>1) may be & function of wind speed
e rasistance, undsr drier con-
ditions (e<l) it is related to surface resistancs
(Ds Bruin, 1983).- Actusl evapotranspiration
undsr dry conditions s lover than potential and
depends on soil water status, exchangs surface
properties and environsental desand (Black, 1979;

De Bruin, 1983; Priestley and Taylor, 1872;
Tatmer and Jury, 1975). ' :

. Methods involving calculation of surfacs
resistance have generally been based on the o
Penman-Monteith equation. Use of the Prisstley- -
Taylor equation for caleulation of sctusl sevapo- - |

." tzanspiration has fnvolved empirical relstion.

70

ships to soil watsr contant.’ Ofcan, a is rede--
finad to be a function of soil watsr coutant
(Mukamasl and Neunann, 1977, Davies and Allen,
1972, Barton, 1979). Another approach iz to
defirs & soil vater contsut belov which evapo-
czanspiration is 1imitsd and the Priestley-Tayler
equaticn is in error. This vslue vould vary

Enclosure 3
%' &' {. 2.2,.\



grsactly vwicth soil typs, vegetation and enviren-
santal dezmand but covers a much smallasr Tange
when expresssd as a psrcencags of tocal “avail-
able" sofl water (Table 2). For vegetatad
surfacss, 50 to 80 percent of the "available®
soil vatar can be extracted at the potantial
rate. Bare soil avaporaticn vas linmited vhen 40
percant of the available watsr vas rezoved. This
result is not unexpected (Tanner and Jury, 1976).

2.  OBJECTIVE AND APPROACH

The objective of this rassarch vas to
calibrats the aodiffed Priestley-Taylor squation
for soil vacer limiced conditions, This vas doene
by radefining the coefficlent, a, to be a fume-
tion of soil water content (a'). Since soil
vater status changes with depth, ve also exaained
the relationship batween o’ and s0il vater
content at different depths. Although the
original approach of Priestley and Tayler vas to
apply their formulation to largs scals environ-
zents, we apply the modifisd version o a saall
forest clearcut.

Table 2. Percentags reduction in 'ivaihbh'
vater (Rc) bafors svapotranspiration is linited.

Re Surface conditions Rsfsresnce
B2 Douglas-fir forest Black & Spittlehouse, 1530
(lov Deaand)
81 Lysimeter and :
bean crop v, Prisstley & Taylor, 1972
77 Lysimster and
£1e14 czop Priestley & Taylor, 1972
75 Lysimetsr and ’
ST2s3 cover Mukamsal & Neuzamn, 1977
66 Douglas-fir ferast
(High Demand) Blaeck & Spittlehouss, 1980
60 Douglas-fir forest Black, 1979
60 TForsst clearcut ‘Flgure 3, this paper
35 Cropped surface Davias & Allen, 1972
50 Lysimeter and :
pasturs crop Priestley & Taylor, 1972
40 - Bars soil surface Estimate from Barton, 1979
3. .. METHODS
3.1  Field Methody

Daca for this study vers obtained during
a rsforestation £1sl4 experiment {n scuthvest
Cregon [ses Flint and Childs (1987) for complets
details]. The sits had a southerly exposure, &
shallow, rocky soil and 81 percent vegetation
cover. Measursments of soil vater content and
tenperaturs vers zade at ten locations and
avezaged for the site. Data wers collectad on
tan dates betvean April and Septesber, 198).
Soil vatar content vas measured using a two probe
gamxa attsnuation devics (Model 2376, Troxler
Labs, Research Triangle Park, KC) in 0.025 m
depth intervals, ’

Soil temperaturss were measured at five ‘
depths (0.02, 0.04, 0.03, 0.16, 0.32 ) using -
2ive thermistors (YS1 #44202, Ysllew Springs - ’ N
Instrusents, Yellow Springs, OH) in a plastic j
probe. Data vers integrated for 15 ainutas and u
stored in a data logger (Model CR-S, Caxmpbell
Selentific Inc., logan, UT). Tenperaturs dacta
and 3041 heat capacitiss calculatad from soil
density and vater content ware used to calculate
s0fl heat flux using a calorimatric tachaiqus
(Fuchs, 1986).

ALr tesperaturss wvers measured at 0.2 n
and 2.0 o using therniszors (¥SI #44202) mounted
i{n radiation shislds. Dav point tezperaturss
vers asasured at 0.2 and 2.0 n using LICl dew-
cslls (Holbo, 1981). Net radiation vas measursd
using a ainiaturs all-vave net radiometsr (C. V.
Thornthwaits Assoc., Camden, NJ). Sasnsor output
vas read every 10 seconds, fntsgrated for 30
ainutes and storsd [using a Model CR-21 data-
logger (Campbell Sciencific Ine., Logan, UT)]).

3.2 Modeling Procedurs

Actual svaporation was calculated hourly

©  using the Boven ratio method:
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vhers 3, the Bowven ratis, i{s the ratioc of sen-
sibls to latent heat flux. A 1s calculatad as:

s (T, - T,)

A(sy - 29) ™.

",

vhere sCp i3 the volumetric heat capacity of alr,
A 1s ths latent heat of vaporization, T} and T2
are air tesperaturss at two heights, 53 and ”?
2re vater vapor density at the sane heights.

The Priestley-Taylor equation (Eq. 1) vas
sodified by replacing AEp and a with AE, and a*
and solving for a': . )

.n. .__

() .
alle >
s+ @0

Although the coefficient a’ could de re-
lated to any process that limits evapotranspira-
tion (e.g. sofl hydraulie resiszance, asrodynaniec
Tesistance, stomstal resistancs), ve chose o
relate o' to s0il water status in a manner
st;.l;u' to Davias and Allen (1973) and Barton
€1979): :

o' = All-axp(-B §)) (%)
B . 'y

wheze A and B are regression cosfficfents and
8/0g 18 the current volumetris soil watsr content
dividad by the value at saturation. Davies.and
Allen (1972) used s0il vwater contsnt divided by
soil water centsnt at f1eld capacity (0/0ge) - .
vhils Barton (1979) sinply used gravinatric water,
content vithout any scaling. In Eq. S the cosf-

ficient A approaches the Priastlsy-Taylor coeffi.
. elsnt (a) as tha 301l moisture content spproaches

saturation.

J



4. RESULTS AND DISCUSSION

One of the ten ¢furnal data sets analyzed
is shown in Figure 1. The peasured values (Bowen
ratio) and the modeled data (modified Priestley-
Taylor equaticn with caily sverage ¢’) are in
close agreezent at micliy. The spparent error in
peasured values of AE; occurs when the Bowen
ratio (A) is near -1 (0700, 1800 and 1900.hours,
Figure 2). In order to aveid the large variaticn
in a' calculated vhen the Bowen ratioc methed is
unstable (Jury and Tanner, 1975), daily average
valuss of a’ vere calculated using midday values
of a’ vhen £ > 0. The magnitude of error asso-
ciated wich applying the midday average of a’ to
early and lste pericds of the day is soall be-
cause the value of (Q*-G) is szall, The Bowen
ratio technique could also be improved by smooth-
. ing or averaging f. Ve preferred, hovever, to
use the Priestley-Taylor equaticn because of the
spaller data requirements,

by e—e¢ Priestiey -Taylor

; S500 | «—= Bowen Ratio 9
T 250 \ <
w

I .

e o Aot
w ‘
-

< ‘

- -250 I L 1 [y L e

3 6-9 12 15
TIME, HOURS

Figure 1. Rasults of latent heat flux using the
Bowen ratic technique and the Priestley-Tayloer
technique with the daytime average value of the
podified Priestley-Taylor coefficisnt a' for
August 12, 1983, (a’=0.53).
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Figure 2. Values for the Bowen ratic (8) and for
the ratic of latent heat (AE) to (s/s+7)+(Q*-C)
vhich is equated to the Priestley-Taylor coeffi-
cient e’ for nonsaturated conditions.

The regression coefficients A and 8 in
EG. 5 were estimated using nonlinear regression
of a' against #/f;. The values for § and #; vere
deterzined for five different ‘total soil profile
depth increments (Table 3).

Table 3. Resulcts of a series of regressions
betveen e’ and #/#g (Eg. 5). SSQ is cthe error
sum of squares.

_ cocse §/lg ~oeee
Depth (m) - A 3 £SO

All data points

18 21 24

0-0.1 1.08 4,06 0.1178
0.-0.2 1.09 4,20 0.1243
0-0.3 1.18 -3.41 0.1017
0-0.4 1.17 -3.38 0.0922
0-0.5 1.27 -2.83 0.0831
ceeee §/8g =oone

Depth (m) _A 3 $s0

All data points where Q* > 12 MJ -2

0-0.1 0.89 -6.30 0.0559%
0-0.2 0.88 -6.63 0.0642
0-0.3 0.93 «5.42 0.0490
0-0.4 0.968 4,82 0.0378
0-0.5 1.00 -4.18 0.0371

The effect of depth of vater content
measurement on regression results showed distince
trends. Incraased profile depch reduced the
error sum of squares (SSQ) in the regressiens.
The coefficient A, which should approximate the
Priestley-Taylor ccefficient (e) ranges from 1.08°
to 1.27 as the sofl thickness goss frem 0.1 to
0.5 . This large varistion iz wichin the range
cozmonly measured (Table 1) but ths sansitivity
of this valus to depth of measurement ef soil
water content discourages attaching any signifi-
cance to the valus of A.

The relationship of e’ to soil water con-
tent is given in Figurs 3 for a profile depth of
0.50 m. The regression fits the data well except
at higher sofl vatar contents. One of thess
outlier points represents a day with lov enviren-
pental demand. Black (1579) suggested that it
pay be inappropriate te use the nodified
Priestley-Taylor epproach en such days becauss
evan soils with lov water content can supply
enough vater for potential avapotranspiration.
Ve reanalyzed cur data excluding values vich &
total radistion lcad of <12 KJ a2 day-l (one
data point is noted in Figure 3). The Tesulting
waluss of A (0.89 to 1.00 over the depth range,
Table 4) wers sinilar to the values of ¢ found by
Black (1979, Teble 1), Excluding the one dats
point <12 M o2 day*l, would yield an estimite
of A = 0.85 wvhen ths soil is nsar field espacicy
(0/8g = 0.6).

A sizplified formulation of e’ would be
to sat an upper lizmit of a' = 0.85 vhere AEp =



AEq. a’ could bs reduced vhen soil watsr ¢ontant
falls below some critical valus of #/84 vhars
soil water supply limits avapotranspiracion. 3y
sstizating tocal availabla vatsr content as the
difference betveen field capacity (0/04 = 0.60)
and drisst ssasonal water content (8/05 = 0.18)
it can be ssen that wvhen mors than 60 percanc of
this- total available watar {s used, (0/05 = 0.35,
Figurs 3), soil vater becomes linfting. This
valus is in general sgresment with the data in
Table 2. Although furcther analysis is neadad to
Properly svaluata a’ when the sofl i{s at fisld
capacity for our soil, ths relationship bdetwsen
a’ and #/0g below field capacity would remain tha
sare,

1.2 Y T v T N R
1.0

0.8
q' 0.6
0.4
0.2

Q'+ 1.27[1-e

-2.832
(-2.833 1]

" [ &

] i 1 A

n 1
0 . 0.2 0.4 0.8 0.8 . 1.0
6/6

Figurs 3. Modifled Priestley-Taylor coefficfent
a' versus percentage of saturation (2784, 0-

0.5 m). The circlad point indicatss data for a
day with Q*<12 MJ n-2 day-1,

S. CONCLUSIONS

The Prisstlay-Taylor squation can ba used
to eslculats actual evaporation by incerporating
a’, & variabls depandent on soil vatsr content.
The relationship to 301l vater content is expo-
nential. The cosfficisnts A and B depend on the
depth of neasurenent for soil watar comtent and
ths environmental demand. The best results for
our data vers achieved wvhen 30fl water content
vas averaged from the surface to 0.50 » and any
data point with total yadiation lass than 12 MJ
2°2 day-l vas excluded. .
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IDENTLIFICATION OF TIHF SOIJ. THERMAL DIFFUSIVITY FROM TIHE
TEMPERATURE IN SITU MEASUREMENYS IN A SEMI-ARID REGION
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ABSTRACT

The purposc of this study is to predict the apparent ther—
mal diffusivity of the soil from the temperature in situ measu~
- Tements. It can be determined as & constant from an analytical
approach based on Fourier analysis, or as varying with the soil
térperature by & numericel identification., The results of nune-
rical resclution of the heat diffusion eguation utilizing aiff-
erent valucs, of the diffusivity are compared to the observed
temperaturcs. We note that the cmaller differences arc obtained
vhen the diffusivity used for computations varics as a second
order pelyncmial function of temperature. In gll the cases the
wean relative absolute difference docsn't execd 0.33°C .().)4%).
This confirms that the diffusion-bazed heat flow model gives
quite acceptable simulations of the soil temperature.

INTRODUCTION

In the hot summer soil temperature becomas too high and

thig greatly affects the growth of roots ¢f plants and micro-
organisms living ic the soil. Tha daily differcnces between .
.maximum and wisfimm values of the soil temperature near the

surface are about 30°C, Knowledge of the therwal and hydraulic
charactéristics of the soil pluys an importent role im the
determination of the rate of evaporstion of water, which is o

rare element especfally in arid regions. In this study we have

teken into consideration the thermal eharacteristics related

to thia problesn. . . : .
. The, temperatures of the natural gsoil in sovuthern Tunicia .

had been measured at éifferent depths below the surface snd

Tecorded at 3'min intervals during five different cime pericd

of a year, Thic so0il is practieally a homogenasus wixtuce of

nuddy sands down to a depth of | m. We ghow tliat the prediction

of the thermsl characteristics of the goil ie poscible from the

.-61%0\12l1" )
Em\obofe S
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in situ uweasurements of cthe soil tenperature cither by &n ana-
lytical approach based on Fourier analysis, or by a auzericeal
identificacion on polynomizl forms.

FOUKIER ANALYSIS i

The ID'heat conduction in the soil is tiodelled with the

cquation .
pem B a-taen 2Ly oW

where:T {8 tewperature in K, ¢ is the spceific heat capacity
(3 X7 g7y, p is the densicy ( ¢ 5"%), A iz the thermal con-
ductivity (W o™'k71), £ f¢ depth (), t {5 ciwe (sec). _

- If vo consider the variation with respect to the tempera~
ture of the heat capacity c(I) and thermal conductivity A(T)
negligeable, and by introducing the thermal diffusivity a=)/pe
equation (1) can be rewritten av : o

. 2 -

. Feedd @

If we suppose that the boundaxy econdition near the surface of

the goil to be of the ferue :

T(egt) =Ty (r,) + I Mo cocliaetetea))  (3)

and gt the bottom as ¢

ToT, whon pre . ' (4)

The soil temperature.can be approxiwated aaalyticelily in o
Fourier cerjes a3 below 3 - )

© .
T(z,t) -r¢<=)+k2‘ak(rox exp{~(2-ro) 0}, cos{itt—(z~10) /D ~¢r(zo))

(5)

the constant D is called the &émpinz depth. It is velated to
the thermal diffusivity of the eoil and the frequency of the

varfetions as follows s
: : D = YZa/k0 . (6)

"In Eqs S, Ap(z)=Ay(zo).expl=(z=z0)/D} represents’ the amplitude

of the soll temperaturc of an order of maguitude k, end
O3 (e)=(e~20) /D ¢ ¢y (xo) 18 the corresponding phase shift,

_The table J presents the temperature amplitudes and phase
shifts of the first and cecond order. The deviopment fs restri-
cted to the second order because Lhe ‘amplitude of the third
order are rather negligeable. Tho decrcase of the amplitude
vith depth and the incrensing phase lag are typical for the

" propagstion of the periodic tewperature variatfon in a goil.

At 2 depth.ra)6,2 em, the smplitude (first oxder) fc 0.18 times
the amplitude at g=lem; fit {3 only about 0.06A;(z,) at s=30cm. .
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This confirme that the diurnal variation does not penetrates
below 50 em.

second order

o v

first order

z, em | Ta(2),°C | Ay(2),%C | ¢ (2), xd A?(z)o.c_ $2(x), xd
1.0 25,13, 11.78 . 3.593 3.68 0.834
2.3 | 28.%8 10.09 3,718 3.24 .01
4.2 | 28.63 7.82 3,922 2.31 1.275
8.3 28.10 4,70 4.349 1.78 1.810
16,2 27,41 2.2 5,105 | 0.38 2.896
30.0| 26.71 0.77 6.110 0.102 4,347

100,0 | 24,86 0.12 12,532 0.008 8.284

Table 1 : Valucs of the'mean soil temperature, the amplitudes
-and the phase chifts of the first and sccond order,
at different depths ‘

The mean thermal diffusivity of the soil ie obtained by &
linear regression of the curves Log{Ap(x) /AL (7o)} =F(z) ond
¢k (2) ¢k (%o) »G(2). The diffucivities dotermined with respect
to the amplitudes are :

2(A;) ~ 10.492 ew’/h  for the first order
and a(p,) =11.181 co®/h for the second oxder

With respect to the phase shifts they dre given by s

2(g,) *13.260 crl/h  for the first order
and a(g,) =14.394 em®/h for the second order

« .fhe diffusivities are relatively the same whether they
axe celculated with the first or second order. But these values
arc vather different when calculated with the phace shifts and
th‘fic is 25 X more important than that cbtained from the ampli-
tudes,

HWMERICAL STHULATION
The dircet problem (Eq. 2) is then solved numerically by

en implieit ccheme utilizing the values of diffusivity. The

observed temperatures at the depth of | em and 100 em axe taken
respectively as the upper and the lower boundary conditions,
The time step £s taken to be 1S min and the space discretiza=
tion is varicdle, . .

The results are compared to the observeéd temperatures as
can be shown {a the ¥igures ) end 2 at depths of 2.3 em, 4.2,
6.3, 16,2, and 30 em. The differences are initially gere ( at
t=0h), incresse around noon, and deecrcase again after the soil

.temperature fn & given depth rcaches fts maxioum, and are

negligesble ot the end of the cycle ( t=24h.).

The effect of sofl d!tfusivlty used to solve pumerically
Eq. 2 g shown by comparisons between Figs. ) end 2. The



" differences and their relative values arc egually presented.’
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differcnces are quite smaller when the diffusivity is dete;znin.ed
from the amplitudes (a=10,49cm®/h) than when it 42 detcrmimed
from the phase,shifts (a=13,26cnt/Li). -

In the table 2 are give'n the maximun values of the absolute
differcnces between the observed and the computed soil tempe-
rature. The corresponding rolative valucs (X), the absolute mean

AT vte “7‘?3’5 ahgelute. '{-““{ﬁtgw
d g .

difference ﬁ}gcrcgee 3}.2&}:’:3& ditference

a(6,)=13.26| 1.63 °C | 4.87 X | 0.830 °C | 1.141 %

l(Ag)'lO.49 1.08 °C 3,35X 0.275 °0_1 0.982 %

Teble 2 3 Values of the maximum or mesn, aboolute or relotive
differcnces botwoen the obyerved sofl temperature
and the computed ona usinpy tho diffusivity determined
by the phase shifts a¢g,) or by the amplitudes acy,)




-analytically from the amplitudes.
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The mean relative differences are about 1 2 and are of the
same order as the experimental error induced by the thermo-

couples (10,5 X).
NUMERICAL IDENTIFICATION

By minimizing the differences between experimental results
and these obtained by numerical resolution of Eq, ) it ie °

. possible to idcncify the apparent diffusivity of the soil
knowing the thermal profiles at differnet instants of the cycle. .

The vater content of the soil {8 supposed to be known, then it
i¢ possible to calculatc at cach instant the specific heat for
different depthe. Thic problem then leads to identification of
the apparent thermal éonductivity of the sofl which can be
determined from the follewing equation :

opeent) c AL - i i) )
end we eearch the value of ¥ which nizes the following
: 5{5“,}-1'(‘3")1‘-{1",.‘}'

function : ‘ {
£y =37 (8
. nfi (r?)’ :

vhere T} i¢ the experimental value of the &oil temperature at
any poifit zg and at any instant t, of the cycle, Q) is
th: temperature computed with A eand correspends to the same
po nt. .
« + Noreover, we assume that

]i’gd’) -.-:gl ~0 Vin (%

end A, & R‘ma‘m VT detined oz T, €TET,
% is expressed as o polynemial funetion of T as 3
*('r) - ; Y] obi €9)

The nftfel estimation of X is that obtaincd from the
analytical solution. The numerical fdentification utilizes a
scquential augmented lagrangian methed. The minfuization
problem 18 colved by & newton mothod, )

Ve show in figure 3 the varictions of the apparent
thermal diffusivity function of the tempersture. These
diffusivities are supposed go be of the form : awete, A(T)wA+BT,
a(T)=A+B.T4C.T>, a(T)=A+B.T", valuables for 20 °C € T €44 °C.

We notc that the diffusivity determined by numerical fdenti-
fication as a constant £z closc to the valuc determined
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Figure 3 ¢ Yeriation of thc apparent thesmal diffusivity of the
soi) as & function of the texparature .

COMPARTSON OF THE RESULTS

In figures 4, S, 6, 7 the cxperimental xesulte arc compared
at different depths to the results of ‘numerical solution of .
the direct problem (Rq. 4) ueilizing the diffusivity expressed
+ by differcnt pelynomial forms. We note that the differencas
/U ‘#re the gmaller when the diffuniviry fs aceumed to vary with
: tezperatyre. In this casc appesr successively under-cstimatione
and over-sstimations of the temperature when time increasecs.
Remember that vhen the diffusivitics &rc aseumed to be constent -
(Figs. 1, 2, 4), the computed temperatures arc alvays more
-important than the observed. :

. - o thaerved
- . === gomputed

Tinz oF mAY, |'zouns
- ' ] 1,
(-] [ ] 12 " ®

S |

- 1 £ the clrayved #0f) Qymperatute and the computed :
Tigue &4 :ﬁ:f;rtge Sitfusivity detemined by auncrical S&entificatlon .

48 A gonstants
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Finally we show in table 3, vhen the diffusivitics are
determined by numerical fdentification, the seme differcnces ne
in table 2. Onc notes that the sbsolute mean difference ebtagned
with the polynomie) of the sccond order is 0.22 *C, and ic 1.5
times smaller than in easc of diffusivity deternined from the
phase shifts ( 0.33 °c ),

maximum " [maxitam - |mean MeAD
abgolute Eﬂftive srsolute relative

difference erence|{difference [difference
a = cte 1,09 *c | 3.472 | 0,281 °c | 1.0 %
&(T)=A+B.T 0.80 "c | 2.54 % | 0.228 *c | o0.832 %
n(‘r)-Mn.rac.'r’ .73 °c | 2.33% | 0.220°c | 0.796 2
a(M=rse1” | _0.79 ¢ | 2.53% | 0.227 °c | 0.628 2

Table 3 : Values of the maximum ox sican, abeeolute or rolative
differences between the obzerved goll temperature
and the computed one using the diffusivity deter-
mined by a numericsl identification.

..CONCLUSION

In the present work we propose a numerical method te
identify the apparent thermal diffusivity of & sofl from the
experimental field tewperature. The diffusivity ean Le
determined cither as a constant or varying with temperature.

' The differences betwean the observed and the computed
temperatures are small, and are of the game order as the
experimentel error {nduced by the thermocouples, .

The diffusivity which $nduces the smaller errors seams to

be the second order polynomial as a(T)=4.52+0.5767-0,0121T2
: The mean sbsolute difference ic in this case found to Be 0.22°c "
and the ebsolute difference does not execd 0.7°C in a maximom,

The proposed methed was tested on ono day cycle and will
bo applicated to other daily eycles. Now it seams possible that
this analysis can be extended to other type of soils, which
contains water and where the hydraulic .non lincaritics will be
prepondarants, .

- "REPERENCES .
W. R, VAN WLIK end D.A. DE VRIES = Feriodfc Temperaturc

Variationz in o Momogencous Seil, Physice of Plant
™ -Enviroament, Notrth Molland Pub. Co, AMSTERDAM, 1963

H, FIRDAOUSS and M. MAALEJ - Mcasurement fn situ and Numerical
Simulation of Thermal Profile in a Semi Arid Xeglon, Hoat
Transfer 1982, Procesdinge of the Seventh Interpational loat'
'ransicr Conference ~ MUNCHEN = YMed, Rep. of Cormany = 1962



