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Deep arid system hydrodynamics
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zones
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[,] Quantifing moistux fluxes through dpdeeti sos i dcult becae of the
snwall magnitude of the fluxes and the lack of a comprehensive Itiodel to describe flow and
transport thrgh such dry material A particular challenge for such a model Is
reprodocing both observed matric potential and chloride profiles. We propose a
conceptal model for flow in desert vadoce zones that includes isothermal and
nonisothermal vapor transport and the role ofdesert vegetation in supposring a net upward
moisture flux below W- root cone. Nunerical simulations incorporating this conceptual
model atnlch typical nMatric potial ad chloride profiles. The modeling approach
thereby reconciles the paradox between the .recogized importance of plants, upward
driving forces, and vlpor flow process in desert vadose zones and the inadequacy of dhe
downward-only liquid flow assnption of the conventional chloride mass balance
approach. Our work shows tzat w r otinsport in (hick desert madose zones at steady state

bysal upward por Cow and that long response tirnes, of the order of
requirdt equilibrate to existing add wrface cotdons. Simulation

rmsults indicate that rnost thick desert vadose zones have been locked in slow drying
transients that began in respoose to a climate sbift and esublishment of desert vegetation
many thousands of ycars ago. c.YXrwMOM 11"66 Hydrology: Soi mcIsturr. 1175 Hydrologr.
VrSaturated toot KfrWVz- modclla& vapor flow. chlorde. mantc potential

9

Cltatioa: Walvoord.1.1.k. M. A. Ptumeer. F.M. PhilUps.andA. V.' WOltabe. DMe wid system hydrodynamiics. 1. Equilibrium
sesits and rsponsc times in thick desert vadose zones. WaWe Arso4r. Rct.. )Jtl21. 1SO!. do!: 10.10291200WP000824. 2002

* 1. Introduction
[vJ Risiug prcssures or population in add and seniarid

regions necessitae bence quantification of interdrainage
fluxes through desert nors Vad better pVdiCtion of' bow
thise fluxes may vary ovar ti of hunn interest. is
there significant downward moisture movenent though
intertrainage desc floor cnvironmes that will rechzrge
the aquifes below (Get andXirkham, 1914: Sone. 1984:
Stone and .4cGu. 1985; &Seph and Kqowlton. 1986:
StcpAerus. 1994r? Or do thick vadosc znes scer as efrec-
tive barriers to moisure fDow and conuminant migration
from the surtarc or ftom sa rpository.to the Water fable
Iflitograd. 1911: Refth and Thomprson. 1992]? The initial

step in addressing these questions involves understanding
the processes that control moisturc re imes in desen
vadose zones Ad the nimescalks on whkh these pwcesses
opare. Current soil water fluxes within arid unconsoli.
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dared vadose zones in interdrainage areas (regions away
from chankels aWd amyos) are generly thought lo be v'zTy

.Igw (Sciwlon et at.. 1999. perhaps negligible below the soil
troot zone.

(s) In this s$dy. we examine the existing conceptual
models invoked to explain maftic potential and chloride
profiles mewasurd in deep desert vadose zones mod offer an
alernative that better matches observed data Oc oiode}
incorpor tes vapor transport *a uses obsertionik0ftnemil-
porally invariant matric potentials At 3-S ri depths tovcr
-5 year mnonitoring periods) (Andraski. 1997: Scanlon cr
al.. 1999J as basis fbr specifying a fixed subrbot'zone
mtturic potential condition. By Mploying this condition. our
model avoids adopting the common assumption or down.
ward-vnly adection to describe the now regirmc.

1.1. Steadj State todels: fydrusttie Equ~lbriumu and
Unit Graditat

[a) Soil water moves in response to a hydraulic potential
gradient comprised predominantly of tht followi compo.-
Dents: the snvitationul potcntiwl (a). the ntuic (of pressure)
potential (v). ud the osmoic potntial (wJ [ itilit. 19801.
The ckvation above a tremece lev generally designated
as the Water table. defines the travitationu1 potentiaL The
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Po. ,. iP(m) ; mdlCntniw N ae
1tConventional htydrost equaibium nat

Acecsh Cunol (199S5 Word Valley treon). (b) Unit gradient model (modified fron Figure I in Nlmmo
et al [19941) --

nairic potential desmD thdi ineraction between the Iiquid 'w would expeet observed profiler to plot close to the
and the soltriL Caplllay and adsorptive formes a'ract ydrostdc equllWbr UDe water fues thu desert
and bind water to th matrix, theby reucIng de potential soils in knadrahag re am way s l. --
ecor below that of bulk water [Ifflid, 1980]. By cow i- [el The nh pdet Wod po a h maric poten-
vechtiou. nri Potentials in iaturanreWd soil (Le. below t tie s below- the active ro zUwe to tih tol
mgfercm atrnospheric prssurv) am etiv beobte -hydrulic in. hibiting a moc < as Illustrated on
in guyncgativcasthesoUldries [ Stephe. I9 .The the hypothetical profile in ige I n. Accordingly. she

osmotic potential describesthe reduction of soil water vapor hydraulic gradient below e root zone, or shallow NV
pressure due to the presence of solutes. Osmotic potentials . iluctuation 2o0e, equalis uaty in she vertal downward
are generally much smaller than matric potentials in arnd direction and the downwarl soil er flux equals the

* ndose zones (Walhord 2002]. - unsa.urated kydrau1ic oo yCi dner 1967; Nimmo
-Is] Two ciommon conceptual models that addres vadosc et aL, 1994 Given a unifoia soDl pr fieth stady sulc

zone potentials are he convendonal hydrosutic equflbrn unit gradient modl predicts fthe d wwsd flux below
nodel and te unit gradient model. Accodming to the hydio- the root zonc equals te flx ss Mm bc table interface.
static equzlibrim model (also earned smuc fuid distribuwon or rteca m (St. .
and gravity capillazity equilibriun) presented in text books : Metw d ma i c povatias hick ndose zones
(Le-, Baar, 19r2; doorstdo 1983; Ay d 199 1: Inwestem t Stas via fomn the
Looney and Fafra, 2000., 2000bj and papers aa deset linor profile predicacd by :equilrium model
vadose woe hydology [ie, NadoeaJ aren Co"W! and f no a aniform profile mr the unist gradient
WR, 1995; Sconlon et al, 1999; Scanon, 20001. ofw model Observed desert vad se pfile (om inter-
conditions result when the matuic:potential (V) equally dranage areas am typically rvo etrely neg tive
balanocs te gravieinl potential (z) (Fig=ur la). Assm. v nam the surface &adi epona iclumse with deipth
lagstudy seate ondioustpoteneia plot below (Figure 2). C o soc 6 V profiles to thcir
thebydrostaxicequnlibiiwnlineinFigure .1adtupward convspondazfg hydrot aic 2qubriur line in Figure 2
flqw, and cnatdc potentias that pld above indicaic down- deroonsates a pattern of dergect fl The s1opcs of the.
ward flow. If the bydrosic eqxallib model Is adequsae, total potentials Indicate an wd grudient I thc

100
rn 'w. !' ' w-' .. ,.T
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* F~gure 2. Vadose zone y profil utider deer floor environments in N and welt x
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upper pcol and a downward hydraulic radkt Maow. 0
ciptY flrm draw soil water upwad and domine flow .

nsetdepthi of about 10-30 m ln tbe profiles 10 *<1
d2pctd E iu 2. cow. h hydmulk gdt reversesYucaFlat

by gravity. S1U Y SWAM diniI i4s, 20 -- uwd
(971 po tht$ In itda PU as f Of * W 1X
m any nthe southwe generally iMat in upward so0 . ( mn
driving fore for watcr move et in th IVp 20 to 40i. T -- Whediyergt flux pattern ms several coacerns, the 40st (SM
obviOuS regtrdlng the equilibrium state of dw profile. Th1e 9W - * $0 ettef WAack of a toisturv source to supply flaxes aI the plane of rct, "1
divetraflo located deep inatbe pmollk raises questions 50
regardingg the merit of a steady state usunptioao An 0 1000 2000 3000
alterntve asszmpdon is that thc divergcnt mobstut .ux lr ca -1
paua refedcts a epor pheactuenou resulting from

nusleat flow procecis [Scanion, 2000]. A Mmi o litter- FI ur 3. a z d
pretation evokes serl..questions. W bst amc tyiclenvirourants in die western United States Chlorde: vluei
hydraulc response times associated with thick desert; r eporwas ile wt cowntrAtions,
v&&os =oTs And. to what depphs do' seasonal surfaee
transients yay ppagte? The, sudy preted here-
xphcitly addresses the forome queioLan. Looz.turm Mi.a* itori stdi adess the late qustioa d report minimal trar c nly used 10 quandtiy ooil wat fluxes and a8es g i-ity in m e is below depths of based on mass bac [Allison, 1988; Ccik d aL. 1992;_3-5 ms tder deset vetato Efld4 n aL,1973; ison et aL. 199.4; MF .r. 1994: h , 1994;
- 7 Wr. 1M:92 mdrzszH, 1997; S et-a .., 199. I9991. As water kava the soil vis evapotranspioo,
During a S-yeir monitoring pedod; A draskt [19971 chlride remuinstbchby ikereasixg the pM water cances-
observed tha V under vegac d sites in die Mojaw Desert t211 Ga chlorde alS thus co$Pood to lower
remained betwe -600 u to -400 i at, 1.55 to 4.5 m 5 witefr nluxc Aswptn eotn Yed'with the simplede V d d t vadose O below a - metas chloride tass b nce (CB) approach include: (t) chbr-

fre o duzal ad seasonal surfe id is deaivd t vm atmos ritdc sourcesW oy, (2) clorid
. d he oab ded timescae . moves throvo the soil profle by on Iriwtiisi dow-

(41 Application of th* unit gradint cocpta model so wad advecti. and (3) the chlorde depositloa ste Is
to obsved prols implies that the rone of upward liquid wmat. The sfmplif ass ptoas lkad to uncata-n
flux in FRe 2 is only a tempocy phelon "Ie_ pan des In CMB age ad flux esmates (AMufY et cL, 1996;

.-fthe o lo k vi tos i thc upper zdo5 GMin and Mu pv. 1991: 1Scwk ce at.. 1997; Scanlotn.
zone). Th wouM. mquire. boever, tdat the active root2000.acne. whr chate$ in soil moistui rstrge mee rovily [t"1 An detalized chloride profile undwr steady pistonafetcd. exteuds to more thn 10 m below, dte swf&c=. flow c6oditiou with exaction of wateby V oots wouldAldtough se dmesat vegetation spcis have been docu be charmcnerized by cocentratons icreatIng with depth
awnted to eteud thei roots to depths of 15 to 25 m: 'throush the root 20a to a u ifrin vnhj below the too
[Canadeg et aL. 19961 it is unlikely that in acv wdting z .Measd chloridc pofimles 6n aid vadose zone In.
zone dcpda of this uagiatude is ubhquitous ova the bioco- the sOhhicstem Uni States dva e idealized

phcal ne of site w thes tesc poles ar pile and typically display a shallow buloe containing
meisurod. Canadell et aL (1995) reports sts avage Iiua- vaey igh coaceaustionss and much loweZ reittively uni-
imum co depth in deserts of 52 * 0.8 in. The unit gradient form concetrations at depth (Figure 3). Departurom the
concepual nodel also sufera fom the ltck of& moa Idealized profile records a violation ofw steady lw
source to sapply the downward flux unless cpisodkc hll- ait ptior (Wood. 1999] : Observed chikide inventories
tnion reaches depths of 1O mn. a supposidon contay to contained within the shallow bulge oftn c s to-1
obscrvatioas [e.g.. Eixleld et al, 1973: Thcker. 1992: kYr of kcith ladon based on longtern averag estiats
.4ndra:34 O997 . -. of chloride dtposition [Pllipt. 19944. Suptan al evidence

[PI Despitettheaordconmsregarding deappiicatioavt supports a climate- shift fioim cool. ct conditions to
the hydr qic uihbdum and uni gnadient sn ls to deep w aUrcr. drkt condhitions at IZ-l5 ha inithe soudwestendeset vadose zone pfles. direct iat ons of the United Sutn s [(UsoV tf a., 1990:.onsbown, 1991 :° Philp
data in Figure 2 suggest net upward water Movem ctit In oL et L.. 1992: A1en Iand .Andmonr. 19931. Accordingly.
depth inteval fromt 3 to -10 or2O m a. Yet whae applying .se.cet stui attribute the charer of thbrie hlotid bulge
the conventional chlorid mnass balance set of equations. a tricasud ut i outhwestml titUed Stats4 vadose zones
downward-only advective flux of liquid is asuM. . (Figure 3i to this we¢lldocumnted paLUmzd c transition

[canlon. 1991; Piuilllp:. 1994). Prtsuciaby. the shift to
1.2.Tras~en Cocepual odeat Rducd ~lowerT precipitation rates and warrner ocitag wrmm broughtll. Tr t Co tla Modeso aReduced Reau rdcoin the amont o sil moisture percolating

tad Zero Rechrgec th-ok the root tonc. ibis -rducedre=baV conceptual
(it) Choride, desitAd on the ground surface ia w!nd- modcr posits that the clrte shift trislased to a esr

blw n Mou and prfa itiorti serves a an evironental downward soil wt urfce flux resuftr it much greater-
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Chloride coetrsdon at shallow depths hT e to ose v in the soil at te base of the roit Wm Accotdingly. the
found deep in th pmrle. A mom cbtue Vaint of that - effects of episodic infiltratlo eveits auv dampened In the
explato dint ould be tmd the Ouro-rechvg model- neo-srUce soil and do not Ilnce &e deeper vadosc
proposes Ost no soll water has percolated belkw the root flow reime. Desut vegetatlon has been shown to be
zoe sine the aid climate shih at 12- 1 ka. resulting In capable of extescting soi moistune under soil V coaditions
the sc'mul6a of signifcant amount ocoride within asdryas -80om[odmilgeaL. 9174 andto be mistant to
the root one. -.. con ct daunasoil trcondiosdqyas-400Dm to

[(az In additioa to estimting soil war ages, the CMB -1000 I [Pockman e at., 19951. Mu iyer lysimeter
equations am also used to quantify current Wil water fluxn stues rom the aid stits Investigated by Gre et al.
(below th regqoa ofchidde accumulutioa) (Phills. 1,994: ( 19941 suggested t vegetation It: the pimary factor con-
Sbanlon. 2000] and paleofluxes [PhIllps 1994: Dteral.. trolling te waterbalance. GCoeeo *L11994] found that desrt
1996. CM stim of pa and present fluxes apply to' vetetation eliminated deep infiltation over the monitoring
the reducd c concepuI mnodel. More dlut chor - od U t soutweten United Sistes sites. Thc lysimeter
ide estzatioos deeper tn the prfile rmlect greater soil : s from Ge etal. 19941 armconsient with the absence
water fluxes assoed with a wetter past climaue. whreas of sessoil W transients propagating below depths of about
the grater chloride cunceuations within the bulge reflect 3-5 w under desert vegetation, based on studies in which r

much less perotation past the root zone under Ce cutf t . ws continuously measured by in-gitu soil psymronnir.
aid clicate. Adoption of the zemr-rbehr conceptual ' [cj.'..ucher. 1992; Andrasi. 1997; $Cto eC al.. 1999].
MOd limits the CMB application 10 estimates of paleo- ndra&i 1l991J eported that ioitume fiom preciufm
fluxes aId chloride'ages below the bae of the chlordc itht a ate in the upper 75 cr Is removed by evapo-
bulge. . - transpiration on a seasonal basis. and that seasonal v

s - vaoiatio remain confined to depKts above 4 M at the
13. DisparietIrca t sad Chlride Vdw Zoot ved Beaaty. NV tie. Altougs hese studies obvios.
Profile lattrpretations ' caet demoate that V at depthwof -4 w have remained

('a] Tbe wd&uCe c age and cije c a oven the past 10-I5 kyr. they do supports key
naodels Invoked to cxopln ds zone hloride profiles do assuption that v in deep desn moou n, do not eNhibI
not adequatcly explain the corresponding v profiles that significant seasonal changes as might be expected based on
indicate upward fluxes in the upper 10 plus meters. Reso- precrdents fIom vadosc zone studies In bumid meions {i.e-
ludon of this apparew disparty saves as our primary Johnst. 19873. In addition to tI* fxed subro zone y
Objective in devebtng an improved conceptsal model. condition. our conceptual model. hic we tnlam the Dcp
1e assumption of dowoWd-ouly advectim wemvoed to Arid System Hydrodynamic (DASH) model. incorporates a

qatIfy "i water flues using the CM equaIos and the e atwrc profile described by the n m wual geoter-
DiW pudient MOd appro4ch [Nima d aL. 1994] nces- inl va1ict and includes the effect'of both umpeisture and
saily ptduces positive estimates of aecbar. Such' esti. %v on vapor density an vapor flwi. Liquid andvapor 6n

ates may suppot he Idea that das rchare across Imove both upward ad downwaid, and at dffrent rts and
extsive a# of add and srmiadd s Sigon; fi s°icantdy opposing direm ah othm la asmmng a fixed
CoQtributes to the overall basin-scae wte balac. Se- subtoot zone V conditio. the DASH conceptual model does
p i [1994] prvides a s tabe of d cae not adempt to capture the seasonal i lux dyamics
estimates from 17 prvious studies tht nage from O to 100 in the upper few etes. Tos dic Would includeh for
-n mm '. seiarid and aid ties. tlhou the methods examplek, the e downward vapor f6 In the upper -1 meta
employed for quantifying the fluxes included p ical and of soil dia should rult from setaonal temperature Vaia-
dcemicsl approaches, all analytes asumed downward flow. tis ll 1996].-
lp the decp profil l efntrt& the wdia hgeo e
MOde assumes no flow past. the Ioo Moae or truhhe2±L -Mathenzatieal and NurMerial Niodr
deeper profie A nw conceptual aN numerical :model,
develiopedtestedtheextsection.providesabasisfor. Its).We 'use the finite lement heat am mmss transfer
us tO Chd* the assunptions of downward advertion or f,(FEHMI (ZYw16ssI ve at., 1997] ccnputer code for siu-
wro flow to desaibe the moisture, flow Metme in deep lating unsatu ted flow and tansor in accordanceit lbc
desert vadose zones. - DASH. reduced-recbarge. and zxro-recharge conceptual

- models. FEHM siunula nonlsothcmial. nrultiphase, mul-
component flow in porous mcdiiL FEHMt incorponaes

2. Deep Arid Svftemn Irydrodyna c Model rt ansp div byebanges invapordensityesulting
r dom a temperature gadknt (thernal vapor flux component)

2.1. Concephal blodd . . . d n dia(ohcuVapor flux componcnll.and fiom a iV gradient (isothera aprfuxcm4nn)
- [i h estimated aoes of chriride bulge in es In ' The a Gcuchte relative permeability function (wa
thc Outhwester United States indicate a link with the Genuduen. I19O] describes the relkionships bewen per-
timing of the Ioloe ew-Pldste climate shift at -12- -neability ad saturation and bewen prsrc a saturn
IS Ia. FHowever the paleomlimac enplanatlon aloneails to lion. (Further model description Is Included in the
explain the V dau 6m deep prorales that contain tbe appendix). Assumptions inherent In FEHM Include: (It
dhactristic chloride bulge. Terefore we propose that Darmy's Law appropriately describes the movement of
the trnsition to a warmer and drier climate and the replace- liquid and vapor, (2) local thermal equilibrium betwee
meat of mesic vefetation by xcic (desert) vegetation the fluid arid thd rck is m tainvd.:nd (V I slute transport
induced &h development and mintenane or very negive does rot afrect the transfer of flid or heat. Additional

LES-OS 17
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TsW I. bqw Param Used to Describe Propertie and [ill Initially. die tm set at a unlform dmward
Coedd of da Modd Dorair t BasO Case liquid afu% of 10 mm yr-. pasi the toot woe. represent-

ye of a relazlvdy *a climate [1 . et aL, 19961. The
I'. inklal solute profile cosists of a unifom chloride pore

9Z; Wzce we~ * smd waer concentration of 10 mg L-'. A pmucibed solute flux
.5 . I 45% of 100 Mn-z yr' aU the sace boiduy shulates

Patkd w * rs Wky cOniuous chloide deposidion (Tablc 2) Tlhis pvscnWl
-F .. o flux represcnts both dry asd wet chlodde depsition acd is

SAU I-, a a typcal pMsn-day valucen the U.S southwest (De.
w Li Gebta panrxims a &d n 4.5 II-. 1.9 d , 19891 Vi a tt arthouth

iadsal =d kWaM , .. ui bu tonsu of dry and wet chloride deposition Yay ova dtmne
Wkdawd '1MW )km-t in , c C 'S 1 o £

Wdak utmbe &pA Mo in response to clinuto, dzznges, die total Chloride flux,. mainly controlled by distanc to its o cank source tAmse
Mf.n vok* difisims efiucw Io-" ml a'- and Iferby, 1951J, mnains constant ImplementinS the

DASIf conceptual model, a switch to a dry climate is
-siulated by specU l f anvg precipitton rate of

aupd tions imposed in this study, but not inherent to 200 mm yr at the suface ( st te ot soie) and
FM, include (1) ItD vertical fow adequately repmenats iposinS a fixed V at 4 m depth. in aecordante wi
the dynaodyncs; (2) ak fow is negllgibl. (3) chloride observatias ho ro zones undelyi desert taion
behaves consetvativdY (Vonsblat and dCActive) and ts (Andr=HA 1997t Sombr etaL, 19a99I The fxed oo
zmvolcdk, and (4) OturM =cropa, or other Pjrefer- wonev etoditon disthingshes tIe DASH model onm the
cuia flow paths do not aect the systm Chlide is reduced-rechare and zerrecwhrge tIodels IA thcse uMU-
assumod nt to exit the soil th:ug plant sd uptake lWtioni..
since moAt plants cxclude &Wd w'ca sbobing water
through the toots (Gaofiw. 19671.. 2.4 Tati3Md the Dash Model Agaist Previo.s

23. fapot PCrameers, Bo adr Coudlts, ad [it] -U DASH model is tested against the reduced-
Inial Condtitonsi , ,, redarge ancd zerorchrge models by comparing te

(1s. A 200-rm vrtical co represents the physical ftm smulatatons run for the fixed suboot zone V condition
system a genmalized alluviun vad zone, osed ror testing to resuls from a educed-fM boundary condition of Ql mmn
ecncepu models of 1-0 noulsothetal multphase flow vr' and a -zero-flux boundazy condition (Fable 2) The
ad tansport In arid regions. The inphq paamheter values s; tions proced for IS kyr subseque lo ft th stion
deagnted -s the 'bae cas" eiven in Table 1. The top f-&m the Ita downward flux steady state to tde lrnprod
of the veatical colwn rpresents th ground surface, and the aId condlidods idet~ied with each ccp tua z le e
botom of the column repreets dite wat tzble. Temp- IS kyr nn-time criterion is ba~wd on. typical measured
are gradlents rult fion specig tempcneratres utbe chloride inventories in southwestern United States chloride
tp and bottom bondu of lt'C and 2C based on a bulge (Pkps. 1994 Modeld d c ide profiles for
mean annual suriace temperature in the desert southwestsrn dh DASH and rmduced-rediarge and Zeocciarte coacep-
United States (top boundary) and an average geothermal tual models (Figures 4 and S) are competd to typical
radieant of 35C kIm' [Biankmnagel and Weir, 19731 observed profiles (Fires 2 and 3). The reduced-rchage
(Po= [19841 uses 30TC )aa') Base case soil properdes. model przduces a much less nigative V profle (FTgre 4a)
descnbe a homogenous sany soil teture (Table 1). A and a broader chloride profile (Figure 4b) than i eWed
realdc satsrtl=o of 10S is consistent wi data from profils (Figures 2 and 3). The zero-recbarge model FWdu.
alluvWal material at the Nevada Test Site (Vaoi t al., ces peaked ldoe profiles, rsembli obrved ptoflle,
20021. At low saturations near the. base. case reildual but generats much less nesitive maatrc potentall than
saturation (Lcr, 4.5% moisture content). the eflcotive chbor- commnly observed. In cotust both the V and chloride
ide dibsivity is -to,, ml - (Conc and M 5gAt, Im; profilesatefortheDASHodellosdlyretiblethe
Seceereal.. 19951.. observed profiles. thereby favoing the DASH conepnua

Tabit 2. Idial Boundary8 Coditiows (rc TotLg he Tbr Conceptual Modele

Wsi hn&in Ownduy wotic Bod 7 Coadatm S4JIOt Zi, condhion
COWVl Model AU .OdC 1ftbue z-o Z Ruh, . A.MS;

Sowce mm slux
tifftn'ii tO mm Yru 0.1 0. 01 mtmte' ' WA N .

WA WA .A 200 Mn Yr
sub5 goe V- ,NA WA WA -4Q0fti
WV= Iey Om Om . a at G
surace Ka; , * try, ' Irc . Irc Ci I
WSettble ftmoc IC ZC WC' 25'C I
Ct~it ft tOORMi r1 MOOINrn yr- l0O w4 t' i lOOr W4g-
Serim e e4naes 1t 10 taiV In I gL t' 10o LVI 05 l " 7

tIidzI coa4joamu aw £hN Oi 2Uwm Ib a*MU9muladou WA' igot wptied
I
II
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Figure 4. Numiically simulated w profiles for the (i) ed ed-rgcae. (b) *mrchuge. Vd (C)
DASh coceplual models. Tbe left grphs display the enirs 200 m thick vadose zone, snd ight gnphs
show only dte upper 50 n

model over the reduccd~rclarge and zerorechge concep. on thc rrduced-rchargc concqptul =odd. yields lak
tial models. downward fluxes below te root one and across the watr

able inteface (Table 3 Fuitrmom the DASH model
25. Current Trausit State .Dflux distributid thaz reflects the current condition (Figure 6)

jig] Thc DASH model moisture flux profiles below 4 m Jilustrats that the act moist=ur flux bcloir the root zoae is
for she base ase m IS kyr fom dre gwitch to a dier not equval in mr d or dection to he Jux tcross
climate represent the cusT conditions and indicute diver- the water table Intcrface. The moisture flux distribution
gent liquid and net moisnue fluxes and upward vapor clearly violates the key steady atate assumption for the
fluxes (Figure 6). The upward geothermally driven vapor con~ventonal hydrosatic equilibrium and the unit gradient
flux is sourced by evporation ftom the water uble. The models. The moisture flux distributi lsko contests the

dupward isothirmal vapor flux contributes significandy to stagnant condition assumption for the zero-recharrc
drying in the upper 25 m- Between 4 and 25 meters, vapor model. The transient sate of vadose zone profiles given
fluxes -exceed the liquid Alux by at least an order of 15 kyr to approah equilibrium with tbe fixed root anne wr
magnituce due to the very.dry conditions and thus low condition s cult an MMoey slow rpcnse of tbe
mnsaltmied pemeability. Liquid flows upward in dtc upper systcm.

13 m and downward below. Downward liquid fluxes below.
13 m incase with depth as a result of the diergent 1.4. Hydrodynantic Equ riunStattC
drying promcss. Calculated liquid and vapor fluxes in the 1--ol Simulations carried to steady atar using the DASH
reion below the fixed subroo zone V and above the water model and the base case st of parameters yield important
,tble am extremely small. on the ordr of 10- Omm yr-' insight Into the equilibrium statc of dwep vadose znes and
(Table 3). In contrast o the very small fluxes prdited response to an ard ciimate sh-iFthc lack or similarity
-ing the DASH modl cop, the CMB app bed between thc DASH model-penerated. steady state v Prfilc
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Flure s. tNumrnly simulatd chloride profiles for the (a) reduced-rechauie. (b) zeom-echag. and
(c) DASH codcepwuI todclt The left graphs display the eatirc 200 mn thick ivdose zone and right side
graphs show only tae upper SO m.

and the 'v profile required for the siteady stare conventional
hydrostaitc equilibriumn model reveals a maior imisconcep.
tiort in contenio'ml ursatured flow theoty as applied to
desert vadose zones (Figure 7&a) The DASH model produ-
ces a curved v profilc at steady stale (convex upward)
similar to mersured # profiles (Fipre 2). The curvature
indicates a divergent liquid klow pattern in which liquid
fluxes arc upward in the upper vadose zone and downward
betlw. The moisture fMu profiks show how a divozrgnt
liquid flow pptrern can describe a steady state. net upward
flux rgime (Figure 7b).! The upward theurnal vapor flu.t
sourced by evaporeion frm the water tabkt. decreases with
heghst above the water table due to the decreasrig temnpe--
au and vapor density gradicats. To maintain equiihbrium.
vapor condenses awd supplies a dowward qud lux in the
dee& vdose tone. Above sone deo (-90 mt for the base
cae) capiUar rfmm tesultini fa e swecinfed Cubroot
tone t. eCXeed raviltational orceS invprud to the liquid.

and the liquid flux dioection shifts to upward. The upward
liquid flux in the shallow vadose zone is extrenely smail
due to the dry conditons and very low unsaturated pane-
abilnty. The equilibrium state is characterized by dvnamki
interaction between vapor Wad liqvid fluxes summing to a
net upward uniform moisture flux of -0.012 mn yr tor
the base case.;

[:IJ The transient history of the base case simulation
cattied to steady state 1nests. a very slow response of
deep vadose; zones to tn add cierutxeric veetation shifl
Modeled steady state maric potentl proes dd apper
similar in character. in both shape &Ad magnitude. to
measured profiles could suggest that obscrved dcscrt
vdose zo2ns am in equilibriumwith curet surface arid
cooditiorns Howeve. exuanination of the response dtmes
associated whh the modeled steady state profiles suggs
the contary. We use the time mqulit to coneiew an e-fotd
(l -e or 63% response from intisl to Giadl stae) chae in
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44 -a WALVOORD ET AL: DEP AiD SYM HYDRODYNMICS PART I

O ntaed some of the molstuc liberated by the decreasing
.qiid Jvapor flux is dnrwo upward and out of the system througb

-: e subroot zone sick, r cdt in a drier steady state.

_ e f a- I 3. Sensidvlty Analysis
R }; t v , .1l] We palbrin a senitivity zanayis by systerru licay

r100 ; . vaing parameters and comparing results to the base caseI , soluion. The senuivity analysis serves three purposes.
.First vary* param,-rs within Vypcal range'ormeasured

015 r values helps evaluate whether the DASH model broadly
4V f . applies to desert vadose zones or is narrowly limited to

-spcial case. Second, nsults flmn a seitivity analys

200 indicate which parameters, exert Primary inflaence on flow
200 -. aW nd trpn In dee desr vdove =ne. Such an ev"

-0.04 0.02 0.00 0.02 tio may chizad future retsarc efForu to bcner cbmtt er-
ise tbe more sensiive parters. And third, the range of

Moisture Flux (mm yri) respons obtained though the scasidvity analysis provides
a basis rw the uncrlmy ed with apply-

Figure 6. Moysturc 1fux 5rortl clow 4 m) M1 l S iog the DASH cnceptual model to field sites at which
cubsequent to t hf from *biflux several key parameters tmy be poorly conmne. Variah
condidions to a fixed subot ezone V ;cot (DASH - bles considered in Ihe 5scsifvity, avalyses Include geo-
model). Negaive values Indicate d rd fluxes. thermal gdkt, soil type (Table 4 water table dph

specified srdoot zone - and vapor difflusio rate- Sirm-
lat*:ws caried to steady state geneat a nge of response
times associated with each variable.

the snaiuic potential pronfie to, defin the equilibrium.
ospe. The calculated response timeof g0 eexcecds 3.1. Geothermal Girisent

typical titnescales of loog-term climte ehange, which ame. _.. I] Sinc t ili bise cms maistrc nlux 6w0iWi On' US 91
oan the order of 10 to I5 kyr. Consequently, we would DASH model demoonstrtcs the impotance of tn=Ibe vapor
expect deep desert vadm ces with simi aaerport n d sse, w c te magnitude of die

the base case to tIl be in a vry slow transition towa& teoteMl gradient to exat a mao control on the aqUll-

steady state, but zeerthdess to be far from thc' tuc" btnrzi state of degp desert vadose zoae. Simulatio resuls
stuady VtAU. f!m- ter (O'C km7') and low (15C km'1) th igh high

[nj Tbe moisurc fux tets (Figur 7Tb) show lthat (6C k ) othernal gadets [eE;,B naudgen r d

vapor transport contrls the Izydrodynanics at steay state. Wclr, 1973) coriboraw this iexpectaiou (FiTgw 9). Incrtas-
CamarisoQ of steady sBse I profiles for a fixed subeoot iu goohermal. gradients Induce greter thermal vapor
Zone Vr of -200 m gscuated with and without ihotal fluxes, there reducing' e depth of liquid tlux divergeace
v na ther.i va flux ad total vapor flux ctnpha- and enhancing the curv ucf The profile. The uqer Do

se this pont (fg t). ,The hydrotatic vqizlbr=n -upward moisture fluxes ssociated with higher eothernsal
ear profile descrbes the steady state if the thermal vapor gradients reslt in faster ose times (Table 5). lbe zero

ux is ne~glected. rdless of wheteror not theotiermnal. geoh al gradient ca produs a neArly lnear % pmfile
flux s ¢cI a vd profiles desbe (Figue 9).

the Pnoniotrmnal steady sra=, e the nonuniform
ttermal poT nlux Jqim5a t, tg moistlu fl . 32. HydraulIc Properies
Tbe vprofih displays 1o te ace curvature (dined hereas zu] To asse the steady state fowv regimes and response

deree ofdevia finu &he niar pofile) th aec of times for various son types, we otvar simulation results
an isotbermal vapor flux (FIgure 8), and thus descnles a for sand (base case). sit, ad sild y clay. Saturated bydrulic
wete steady stae Withouthe isodemal vapor flux, all of permeability and van Gcnucbten fitting parameters are
the moistue libted by the deceing (with e t varied (Tble 4), whereas thermal conductivity, and rock
Iad height above the water table) thermal vpor flux. spedfiC heat reman cOUStant. t latter two parmnetehs do

condenses and sumpplies. a nonuniform, downward liquid Mot vary siplgicantly over the ange measured in typical
flux. However, wen isothernal vapor cffects g orpo- alluvial sedunents. -

Table 3.* Compaiso of "w tl Mobiur Fluxes (in Ce Y-r) fo( 6e Bar Ca Esdmted Using a CMB'Appvach and the DASH
-Model Results'

DASHH DASHI Model - DA41tiMade DASH Mode
Modemom ho~iA . I: lbctm* No Maimmf

.. - LjUQnw .ddfalW w ,..mu lu h

Wsw bitb~leafae -1. .. 4 ~ t0.013 -- '0.031

Ne~aivt *alues inkQae dT~-ad lu%".
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(a) a ,

25

I o

(b) 1
21
5' °1 1. i

10?6-~~~~Sf~t10 10 8
125112

275 00 tI.
-500 -400 -00 200 - 100 0 4.005 0.000 0.005 0.0O 0.015

Mta POWa (Cl Mo-l~sbi FhU (tn yr t ),

Fitgumr 7. Compriso of tady stat v pol pdcted by dt DASH model mad die lin v profile
dtcribed by the conyvional hydmttie equililcium model. The uait gadioent model (Dot thown hew.
see exatnple in Flgure lb) predicts a uniorm y profiles below the oot zone. (b) Steady state moisture
flux profiles predicted by the DASHt model fegtivt vaiues indicate downward fluxes.-

[!fl Simulatlon results in the form of steady state y tie poosity ot 0. so 0.6 (but without ch:mzing sawtion
profiles show 11W. vadatoii avnoag the dti soil "apes or oosity) showed dAt response times decrease only
(Figure 10). Howev, the rspoe times vay dramatically slightly with deasin porosiy (1ble 5) To attim a dry
(Table 5). The sialWaed swd respoa& faster than tbosilit seady satec, a toll with low pocosity requires es iolstra
and silty clay systems for scical rea m Maiy. the higher remova than does a soil with high porosity. The reduction in
satrfated pCiea ty of t:e saad, relative to the sit and noisture remnoval overrides tbe deremes Ic vapor flux
silty clay. contributes to a shorterte required for tie thlc- connected with the reduced ps-phse volume of the lwr
v.d.se zone o drain and equilibrate so the sWcfed day prosity materials.
coaditom bdowv the root =oe. Si lt results gemen d
by emying the saturated pmeability over severa ordas of 33. Water Tablh Dtptk
a*maiitude for th sand confirm de e of liquld (i] Since t awte blesesasdie lower tbotda In
peraeabilily on deep vadose zone dg esponse times the DASH aodel, te depth to water tabe st rgy sdrcts
(Table 5). lbc drier azrtcedet (t 5 0) m ure coidos thc ty of mohmr Alu regimne that develops in desert
for the sand relative to the- finer-palined soil types also vadose rones. Figure II dlsplays results fmm a seties of
favors a faster rponse In the' nd, since less moimure DASH rmodel simulaios Or watr table depths rngiS
neds t be removed to rch di new steady statc However.. fom 25 m to 400 wn The o l-grated v profIles for
this factor appears to be scvndars to permeability in vadose zone thicknesses of 25. 50., and, 100 m show
centauling the response tim. Simulations in which we vary decreased curvature with twcased vadose zone thkle

rflccting the decreased overall v grdient (Figure lIa).
Vadosemnes ithicia esexceeding l0 m txhb Ull

0sc stivity to Inctas 'a water table &iA as showm by
their overtappingyr les (Figure l lbl siamia anet upward
.t(.y saefruxesFiue 121) and Identical spos t

' ' (Table S)'Th mdy state divergent liquid flux pattern
.. . .described in sction 16 does oot develop for simulations

in which the water table i >100 t deep (Figue 12) Ths
100 observation Is consistent with the 92-m depth of the plaC of

divegence for the 200-cm vadose zone base cae sliulazi
a Still. vapor trnport doamiates the steady stae moisture

150 VW VSo' Au flux regm e or water table depths exceeding 25 u 1Tbe
n*O*> lO p upward vao flux generally exceeds the upward liquid flux
- wpby at ks an order of nailtude ror thick (>25 m) deseet

200 ..
-250-200-150-100 -60 0

Matdc Potentlal (m)

Fl:ure 8. Comparisot of steady state v pofiles predicted
whea both isothenual d themal vapor Wazspont ae
included (DASH. trianes). only tmal vapor flux is
included (cirles). only isothermal vor flux is includcd
(squas), and widut var flux (Hrom proflk with

.msc)

Table 4. Parunra, Used In te Sauitiity Anqysis for Thlle
Soi Types

Saegiw "A C." Wme Sol Mnk=M
Soat Typ" Pusbaiy- Pbmem a .r mvivs

Sad I m ir-"' * 4j r*. 1. I M% f%
SW S 1 10.@4" z 1A S-. 1A m 94%
Sfy day 7d l I , 16% 96-. 1.1 1 4% 96%
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Varlablc Geothermal Gradient
° - - I .

50--' j' R v.

CD Case
5 -0-- 35-base

150 i:-.- 55
.r- 6

xtperiments conducted on unaturted mataial [Phili am
d. fWles, 19571 and at the port scae (SitWUma, 1999:
repozt vpor diffitsioo rates tht exceed t tl nc p tedlod bi

Fick's Law. Phlip and de Vries [19S7j hypothesized th
this vapor diffusion ahancemau is p nimaly due to tht

presence of.quid islands In partially stu ed porou:
media. where vapor Is transfred essentially kistantae
ously firom one side of the liquid slaWd to the rxt WU
explore the influetce of enhanced vapor diffusion ot
response times by varying a vapor diffusion enhancemen

*fictarB I rom 0.5 to IO although 3> 4 lis vmabi!
unllkely under field conditions [S~ltrmar. 1999]. Increase

.- 00 -400 -300 -200 -100 0 in 5 yield reduced response times (Table 5), emphasizin
* Matric Potential (m)

Figur 9. Steady state i profiles for vaablk geothermal
gradient using tie DASH model. - -Tble 5. SuDmay of Equilibnum Resps Times C uto

From DASH Modd SeiskhiryAnalyisu

- -iosc wonns. In contm, dhe u'pwca d 6quid flux exceeds the
vwapor flux below Io M mfor the $!=wbon it which Sit

the water a* Is at v depth ot25 m (Figure 12). Capillarsty 400
dr¢ws enough vesr upward fmm the miter table in thinner :5il9 dlay 2
vadse zones to siglficanmly inc e the inunturved pcsa- ID-'i L. t
-mcailv. and coasequently incsthe net upward mots- In Otl

- mre flux. Model-cslculated equilibriuni rsponse limes toi - so
reflect the influcnce of the water sable on the flow egimte 10-:- 175

. for thinner vadose zones (rable 5). Response tines are very 1mit - . 275
sbot for thin vadose tones but increase apidly with inreas- P°2' ¢ 65
ing thickness and rdc an ayptonc value of about 0.3 72
kyr for adose zos thickr than about 1SO 0.4 77

i .. ,5,, - ' . ' '. 0.45' * 10t
34. Flxed Subroot Zone Matric Potential :- -u

OA
.[i1 Vcgetation type and $oil moisture avallability Qeo&crml V," E4nd s (IC k

st;-. i y'coctrol the mntric potntl that fine plant roots ' 2J0
must sustain within the root zone to urviv. A seuies of Is - -
simulations in which The fixed subtoot zone Vr i5 ed 2s 143

-'i ustrtes the smsi ofte stae flw and -- 4

response limes to the fixed y value. Repnslimes . 41
decrsse witb incrsing (klss negaive) t aznne V 65 - 29
(Table S).Although dhe driving force in-the upper pait ofthe uW Sibk d"b Z, (mO
profile decraes with ina subrt zonc y values, the 25
steady stweprofiles aiv closer to the inhial v profile 5 - 47
(Figure 13). Lss mnoistwt noods to be removed from the ISO t0
profles maintaied by' less negatie sutrot ncr W 10 2004 . s0
attain steady state. theby tuluing less tire for equilibra-, 400 t

Flixed mot woo mantic powduit %r. (ml
tion. owevcr. point is m ched (at about -5W m for ttls 0 31
set of simulations) it which inaeasingly negtive subroot _ - -- 45
zone V vaues have vesy little effect on the equilibrium --200 4f
response time (Table 5). At the dry end of the inge. large -400 s0
changes In v comspond to var small diff'eences in -6J0 87
moisture content. Thcrefore hie amount of moisture v 0o0- Omb wE m
required for rimoayl for equlUbmion so a subroot onv o-.5 122
of -500 m Is very close o the amxunt for siubroot 2one y 0.75 ?

0-S 0 tn. Di.. so,5

3.5. Eabaucid Vapor Difusion t 4.0 37
1[a] Water vipor fluxes result fSom paial variions in 5.0

vapor density. which is a function of both tempeature 3' __ _ _ 16
and mntric potential. Vapor diffsion, 4cribed by Fick's e Wd b= t . ne.
LAw, becomes Increasingly important to the ovcrall tans- "Fmno vdaw W VVr diftcim rWe desied $y Fild's Law: tlw
port or moisture ts the porous medium dries. Laboratory > t spsold to eri- v umn dif-ioni
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Vartablo: Soi Type control on late d6 diing when most of the moisture

0 I ndistulbuton is ln the vapor phase.

5 _ .4. Tra.sItion Reveral mad Res' use to Episodic
50%s 

[uflElatloni

*[II noe sensitivity reults described above demortrate
:R 100 ha under a range of typical conditim and soil pmrictcrs,

X - ,nd OASGCASE thick alluv ia deit vadose zones amod slowly to a
an S chut in surfacc bonday conditions repremtative of a

so , ft d cay transition fomc a ica adc ad e l t
o xexa vegetation. We exexpc the response la "IC reverse

200 dir.ction to be considerably PAstei In order to ealuate the

400 -300 -200 -100 0 reSponse desert vadose zooes to a prolonged period of
Matri400 o300 (200 --00 0l we sime several transition reversals (dyyto-

-Maticl (m) wets sfsThe rtnse to as s on rtived episoda ltrati
-vent is also addrbsed by simulating a dry-t*_wcvtoydry

Figure 10. Steady state profiles forvariabte soil tpe sequence. Specically. we ae interested id the behavior of

using the DASH modeL Soil textue properties are uprided- pise ofiltng wahpas itbpaaw depdtand

in Table 3. O}.er base ceu parameters are given i I. the time required for profls to equilibrate to thk change id

the upper bowdy conditio. The iarnfdation cvent ulmu-
lation addnoues the wettg and drying behavior in the upper

the c contl of vapor transpr on moisture rediStrib. vadose zone and e timo qzured t restablisih the pm-

ution im deep vadose zones undergoing drying. pmltcularfy Iafilttion e
in the t er stages. (U T condition for the dry-to-wet transitions

-.6. Sum ary In n FFigres 14a ad i4b consists o the dry y eady
3.C Su maxa y ofl edit A s bstate bute cm Mudn (6mm Fgu.? a his inSal eow-

(so] Results from the sn ity analysis Suggest that li difion sves so und the high end of calculated esponse

DASH concepwal model applaes to a broad range of thick. times. Another Initial ondition (ao t Uiltrated la Fle 14)

uncsOIIdgted vzdose zones under desrt vegetation in we ust is that established aftr l S kyr ofdrying (see Figures

interdrulnp rgioci. Similar lqOId and vapor flux paters 4c mod 6) The boudary condidon fix the wetting period In

devd op in desert vegetated V dOS zones with deep water C Si ulations osift a scifd do wad flux

tables for a lU rge ranpe of variables. ith the excepio of ranging *m I to 10 m m y -. Table 6 6 OrdS t he Inal

reli vely thin (<SO in) vado zones, the hydmaulic drying and bouxdary condition combinatlon sand th e correspond-

response time exceeds the timescale of major climate ing simulation response times. As fo the previous transient
cha ge. Altough the hydraulic rolt of dese t vcetation silaulations, we define the respose tirne. by an e-fold

is aquably the key component In the DASH conep ctual changc i te & v profile from initial to En l states. In all

model, the sensitivity analysis results indicate that, the dry-Wet sMulatioys. the tem tsponds. raly (Table

mapiitude of the r ibroot zone matic potential (-S r tO' 6) conpared to the wet-o-dry transitionst for the base cse

- 800 m tw d) contributes oaly a minor Influence on the (80 k7% Table 5). 1 shi to weter codioons yields

moIstue n ux regime and response to .Soil W hydraulic espons times mn ging from 50 yn for the 10 mm yr-'
pararseten, particulary the saturated permeability. exest the i filtraion rate applied to the initial condition representin
strongest infuen on erly time drying when a lag IS kyus of dying,.to 375 years, or the I mm yt
percentage of the drying is accoznn odated by gravity drain- infiltration t e appli to the dq y steady state Initial
age. Parameters eLad to vapor moverest. such Ls guo-. coditlon. The fprortiles de%4loped after various nwe"ing
thernal gradient ad vapor enhancerneut. exert a Major tines suggest that even eatively sbax t periods of infiltrn -

(a) 0o- (b) 0

20 o0
- 100

40 150O
2 w--w.t 200m

6 80 w.t26m 2 250 ASE CASE t
W.I uS0M 2 _ w.t =150m

B0 o W Al a5 loom 3 00 -^ - W t . 400 n1

350
100 400

-S0-400-300-200-100 0 *500-400-300-200-100 0
MaIic Potentil (m) Matric Potentld (m)

Figure ll. Steady sute qt profilet for vable wsterble depts of(a) 2t -100 m ad (b)ISO-400 m.
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Fu 12. -Stuady stae tkiqud vapor (sotheunal and thermalj. and ne moisture flux poie o

cfeof scale on botom axis for the too left grmph amd the bootnom izu Emph.

tion past tbe toot zone inducc * significant resp in V
profiles (Figurs 14i and 14b). Infilhtraion could bc
hypothesized to result froim re. episodtc. cldiate or
Weathe emnb, but the vmy Jong tsitescales tecessay to
reesabish the highly negative V profiles aues *aainst

such events dring the Holocene In plas whr tese
neg.the profiles mobserved This point i.suphasized

-by a simnulation in which waer kifiltrates past the root
zoe at nte of5mm yrt ovcr a pcriod of 10 yea usit
the base csc Th initial oodtion for.dK
simulatiou.consists of that devloped after 15 kyr of
doing (Figure ISi). hie lation pces for te ys
with a Cins Infiltrtion rife of 5 mm yr' at tde
srface. After ten yeam. the wetIng fivt bas propapled
to a dqe or about 10 meters (Figure 153). At this point
'tbc dy hydraulic codiio a 4 :a ame resuroed (ixed V -
-400 n) avd the profile reeqilibtes (Figure Sb).
Recstablishment of the preinfiltrutioa profile require
SOOO yars of persistent drying.

5. mplikations
- ] The DASH model challenges Sote of tbc conven.

tiocoa concepual nwodds of vadose Zone fow Nd trmnspozl
as applied to aid to searid regions. Questioned assump-
tins include'(1) the cdrt flow tvgim in deep vadose
zones ca be desozibed by a small downward advectve flux
(riduccd-rcharge model) or a hydrostatic condition (1cm.
re iae model) and (2) vyapo uxes are nelUzibk comprd

so liqwd fluxes in deep vadose zons Tbc DASH cOWpa
model proposes tht the mtjor most icc climate chnce at
.12 -S ka bad a lrger Impact on the vadose zae hydrology
of the arid and semiarid outbwea U.S ta has previ.
ously been cousiderud. At Jeast in intwrainage dtcsoltfloor

nrromentsX the chnge to drier climate and associated si
to more eic vegtation actly reesd mosur fluxes
just below the toot zone. from downward lo upward. This has

major implicstions for conuminant migrtion and environ-
mental tracer studis In arid vdose zones.

[s41 Quantifying diffusc recharle by estimating liquid
fluxes below tbe root zone and assuming dIot they arc
equivalent lo groundwater rocharge. Le., fluxes acwss the
water table interikae, may ot be applicable in semilrd and
ar'd regions.The Uwork described in this paper PMgges that
Pot only ae moisture fluxes just below the root zone

'ueoqal to recharc. they ay be opposing vem in direc-
'toin. Furherwore, downward moiture fluxes Ioss the
'waer table (as drainage of Pwaer) tio

,u1n the DASH model am sevesal orders of umpittude
Smaller than estimates obtained by using the CMD
spprvocb. Thuismnplies a uekfigb c0orbution to tround-
water rcba through dese iloor in intetrinae areas
and supports the Idea that. in the absence of prferential
flowparis. thick desert vadose zone serves as an effective

Variable: Fhxeid Sub'Root-Zone V
-0

t-100 e- 2 Iny

.- O - 4O0rmBaseCase
' - 1S -y f COom , ,

: :20O ..

:-80 -600 -400 ,-200 0

* . / .. .matric Potentlil (m)

Figure 13. Stuady state profiles for variable fixed subroo
zone v values (at a depth or 4 i) using the DASH model
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Figure 14. Transient v profil using the DASH modl and recordg the switch from the base as dry
smdy stat t spedce downward flx of(&) I m6n yf-' and (b) 10 mma y8.

b r erto p n d a e H ow ev r nace desest i cta i c ia w isbrmiure flux belo irtewo z -szt ql n, snistre m blowthe mot zone, I not equivalect 1t%
Criticl maalng upward uxes blow dw rot e,, ,a id oricton to d flux ss thoe wer table.
the presce or absence of native vegetadon; and the iit
to =aumm a vegeua conamlm must Pe consiatec I
wasto repostoay, iito ansessment aod emWII t pM=ce-
d= leI

6. Coiaduslons .
(, j 1 In e it n fed obsed oa wi th model *siowla-

dons emph es d ie Io ot rin both liudd
and vspor flow probesS When detmhag e do waS
ad dfiacd of mcoist f*= below 6e root 20c. jU
abilito reliaby M Dake ucb de t Ls F Itkcl io
qwadatg rzre b-ah tve dest v tda and to
asess1Ag 0ftainantansPor risks. Modeled duxes can
be extrmely usc&t In interpreting Memeasured Mac
potental iad chloride PMUS.tixa we proposm, have
evolved sine tbe Pe o lOcene clitO transitdon.

tN4 The Deep Aid System Hydrodynic (DASH)
modei _ M= ls Ihe paradox between upward hydrsulic
potential gradlents measured in aid and scmiarid ' se
zons sad ft downward liquid Haw assumptioa ppled
when tLt chlotide ma baace approac Is used to Inutt
pret coresloondig chide pnfil. ne DASH model
pMescriCS Ac mt low 'V ]uat below de root mme. he
presence of thIs persisting sick in the system which is
supPOeed by field data, knplis diS dest vjetaton
effcevively intercet ad downward kn m ctig ruipltatlon
and difs much or dhe prexisting moism reon die uppe
vadose zwNWt tine, the upwud th a Vapor flX,
driven by tho gedxhrmald tadicat. domiaes de 1ydro.
dcynaics of tbe deepv dose on The grvitationaly
driven return of the liquid water thu results from the
cooling add condation of upward zriag yapoe pfodu-
Cm the Chmrcteristic nerly uniform atoric.potedal profile
Of the deeper vgdose zooc. II acbyx t, this steady state
conditiod may be rarely achievd In eb vass mone
regjme since response tMes 8erly exceed tie typka
tinesulc of Mlo0 eCUMa cae Mor lkely. desert
"ados zones u lockd in son ubtrm dryi4 nants tzat

gm"ad thd tbey appear t be at seady tae- The
DASH model ru. suggt th cm= ne mo1s0111

ulwtes below desert sUrns am sawmay upward.
groundwace rechare Is cxtromely smll, ad th net

Appendix A: FEB1 Model Descriptlon
.i The toodels 80d soltao algoihms r FEM c

cribed in del by nettg "d 4oksU P .000 and
Z)WloH et at (1997]. ( is shdy, one dimensa
colhm ae uisulaled with fict elen= grids of vatiable
verial souacing Each rystent con"derd Is modeled wfth a
500(2 x 2 5 0) od , 24 et np la le en r id.l nt easd
soltio ,s pi na o n ies st coarser esoutio

Is pr y te rl e bc lb . bd m d z e o n thes e gri ds ar
applied us lows. lb. preu s on bottoth bondary

s ifi at unospec prwssure to represent watr
table coditiocs A cowstant mass a of war at th upper
boundary node serves as a cocituus ftd soures and

presen tidi precipitation oc eflt ' preip auo,
speciclc. Here, efttive prtcitat refen to the residual
soil, water au CIA. p It minus evapotrsnspa-
doo). A. specifed sohie boaceoiraton at the sour nodeNs)
(upper bounday) producms avcmstt sobhte flux. Fixed
tctpestu .t the top and boto bomdies estbi a
Izat flux dw is uIlluMO t1u the VeaIcal cehrW for the
examples provided in is s since the low fud flw
t es do wot sgnifica y pe te ut l u th pr.

re profile. A bow mnc poetia Is applied to the nodes
3-4 below die e d u as a ik foor wier to
treste n t one hydrulic conditions. T. sink
nodes take up aU water pecolatinS down kom the suface

Table . Summiry of Eqailidbum Reose Thns Calcuaed
From Ue DASH Modd Tranition Reverwsl Silulanious Usin teh
oute Cae Pmet

cm" A"os rw o.i

buUM Cwmd V. rw , rla 14

D qy WyM I An.e 375 14a
D qy "too Ott* s_ ' 170
Dry $WWdI a to IQ a)v'! 1 20 24b
1S kr f. wa'mm .ub I 175
to kr y ky efao1a =Y5n" $
ts ly rdry as v Om 1 amWI' so
tS-c Tabk 1 l 50

*sZ nbw 1.
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- b)(a) weum respos to Irnfltvon (b) Dg1 response poaetlkaon

30

10 -- 1- sew la *fto;

40 tV 5 t" 40 t. . ....- ..Oyr

50 a
.SOO.400o.20o.iw o -a 400M00.200.100 0

Matrc Potmnte l (m) Ma'lc PotenUat (m)

Figure IS. Transient v profiks using the DASH model sDd recording the (a) tening response frm the
15 kyr dsy ticat sate to a I af inilbdon of 5 in yr= ' and (b) the dryig response subsequent to
the infilitio evea. -- -

and dwaw waler from below as well,'but do not save as a. computed from th soluUon ofthe fluid flow quatio In this
solute unLt T'h solute species is prevead f(i extin; the_ sudy, a moistwrc-depedet D.n,.based on the function
systu throush the subeot zoe sink nodes in FEHOM developed in Concna d NKl [i992, Is employed.
speclieaon Is critcal for milatin chlodde btebat. ("J All sinuations conducted in this Std use m 's

[iS] Th colser tin Of water mas s.fluid-medium S pu impliait Iiatlon (*aime Euler)
nea. and dsi le gas massequaions am solved for discrtiilon of the tine derivatives. Ups=am weight.

D It quasicouped forulaton w th Ibe solute mass trans- ing is used In the spatial dixretizadotn usia FEHM's finite-
t .qUziOnS. Neqely, the aspot etions use te flow volumc formulation. Full detail on the linear equation solvcr

ntes and temperatus o ned in the heat. and mass (e.g.,thegeaealizedmhriduan etbod)isprovided
tisresolution t ecwh time step. Threfor fully coupled by neag and Zyvwloski [2000] and Zywvoski d aL [19971.
how and vawpor (without fee & bum the tbnsport

solution) Is approsbinye bj usitn smnal the steps nb the r f doaal
simulados Some of the q modeling eowpom SW Fd (g L£AX461419 FMO) d NSF O4mte
implmeted In this study in cble enhanced waW vapor Fdmnb Fanwjifp w)4 Ttb mat k buS ow wtk P4VWd
diffiio, vporpmssur lowering, and M-nt t pmt by L M (Sua bw of semid 5y&*p nd Hrd n
solate dilsion. In FEHM. the molecular. Amu) wda ih STC ?rVp ef 1ow Ne"a ieced FfaftorL
water spor in air. D.,, is given by:.. at..nat EAR-97680. eatbon w-a l 6W* 8Ocoq ZyEak1cski.

rMO ScUnffersand SrCM .ONOM hen Los Aim6 W-Wom Laborsir
- - - -. - wbo VIoVOW Imuaabh asste tvid& FEW4 tEddIM .

0.10325 r+27.13

- :Aum 3. v. aXd L Y. AAii. O.hEV&Z i fto Norb A;taic
'tte" * is lorsity factor, 0, is c vapor content, ir opw sb& ia crew wnrg tw Lant opea sw Str.
ind D° is the value of D,, at standard conditi, p is NEO. 2M-1923. M.
vapr deasity, Ti teinperaftm sad P is prese. Thk value Alflst 0. .. A reevew et som ofth physical. chAc ad haw~c

of bD. is set to 2.4.x 10-5 n2 Cawas set to 2.34, ad te Of N f w Gro * P .d 3 le 1S p 4s-r..
torstosity fitor is an input *te Increasing th q'N aeltheeD.dAt." NOoXgI dd .
tomoti above th sandard value of. .66 is used An. G. D.. W. W. M. .Tyl . c A f
to drmulate vapor diffhsion anhancement as dcribd by e tp vitd d oms.
PkIUFur cad de~rid [1957]. -A vapor piessur wring ASg AAsL . .A. 6-14. IvwM to.nltc d 1e

roUtine a FEHM allows for isCOrmal vpor tinsfcr. i... A mu-tipyr fied study It ft Mcm Der Ntvada.
VApor dcenitY dependence on PICssue The mdified vapor 0 P... P.. ii. 1PO1-19JJ 1997.

is gven b8r. J. Dpvs%[creY' bcW, Pa"t U aw.Da; cok N. Yaw 9.Y. -
-, '' al L. V. V .by F -L L Dom 1I Ujok C. G 0. 5 S.

Robinson. 0. .SmWI. ta S. Sm Ch'oakay e9 um ao d cc-
- I8(r.. Pf) * i (p of tGw 1e4as c8te xystay de pst 35.000 ,.

P-W) fM %. p,(T+ 273.S) ' -iausioL deeoreo.o 71.241-2. 1990.
Skanmemact .IL . ud. L SW. O bkvoka of Oe mv pAr iot-ant -ea )dn Tlatd S15 ?4y Cony NY. U. SY G6eoL Sw. prn9a

where P is the new vapor pessurc of wateir, P., is the Pat7Mc Ncvd p Tp. $19 7. Caq. NV U S OW SW P--
capilIery pressre U, molecular mass of war, pi is the CoAdd& J.. it. D. JaBkm. VAd J. it. D eriaj. Maofiwum ,ta deTib
dianit of wserv. tad R is the r catinL In the solute g "a a gi a . 0. 5-.
trnsport equations, FEFHM us a sandd ematical; Coaes 3. L. and. Lwik DCwtot anow In vavdsol and wW IL

formulition for the solute dispersion coefficient. so. G W. 1,5-24. B.0oLP .. W. 5.1 Ednsinds md C. U. Gayt. EaiPuwoPrrciWT'1
D,,: De - DA + OJU, where DA, is moleclar soMe . wuarte e an tr nc eR.I
diffsion coefficient, ow ts dispcruivty. v' is i~he Daryvelocity ' m2-27. 1992.'
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