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Identifying and Removing Barometric Pressure Effects 

in Confined and Unconfined Aquifers 

by Todd C. Rasmussen' and Leslie A. Crawfonlb 

Abstract 
Failla& to occoomt for bllrometrlt pressUHdl'octsiD waterlnelmeaaremmtsCIUI IDtroduce errors by mlsestlmalloatbet_, 

bmdud by oddiDI nolle to nterlnelmeasnrements. Fordetermlnlnadlet_, bmdln u.qaifer, we...m tluottbulrpressUH 
bad ot tbentersudace iD lbe weD must be oddcd to_....... woterlevels(equhaiOIIIIo usiD&onoboolute ........,elnladucer) 
even tbou&b tbe rauJtlaa ftluos moy hove lupr temporalud spot1o1 vuiabillty tbiiD tbe oripulnterlnel meuurements. AI 
tbe Sa......., Rlnr Site iD South Corollna, the overa10 buomdrlc peeaure ....tollon Is 6 to 7 em, witb o ranae of over 30 em. 
FoDureto occ:ount for buomdrfc pressUH vuloblllty could .....,hiD miseslimotloa of the dlrecdoa ud IJUIIIIIIude oldie bydrauUc 
pdlent ot tbe lite. We otso demonstrate procedures for remov1D1 boromelric effecta, such u to reduce noise duriDaan aquifer 
pumpiDa test, ond to Identify mocbonlsms by wlllcb borometric p.....,.. aJrocts water Jnels. Three mechanisms are sumnwlzed 
IDdudin&: on ~ respome for coofiDed aquifers; • deloyed respoase due to borebole !11orqe In confined IIDd uacoofiDed 
aquifers; IIDd a deloyed rapcmse iD uncoofiDedaqutfen dne to die JIUiliO ofbllrometrlt pressUH cbiiD&n lbroulb die UDSOtnrated 
zoae. UIID& data from tbe Sa......., Rher Site, bllrometrlc ollideadea an eslbuted uslnallneu repess1on ud a .-Hicatlnn of 
Clark 'a Method. Delayed responses are estimated uslna ~ dtcoDYnludon. 'llle type of borometrlc dl'ect provides 
dlapootlc IDformollon about wbetber the aquifer Is confined oe not, die presence of borehole storaae or stiD effecta, and tbe air 
dlffuslvhy coefficient wlthiD the umatarated zoae. We otsoabow bowremooalofbllrometrlc pmonredl'octslmproreslheabDityto 
obserYe otberwtse unnoticeable effects. 

I. IJI1roductlon 
Modempressunotnnsducznonddatalogmallowground

water lewis to be monitored at ropid rates ond with c...tlcnt 
precision. While 8UIOJilalal methods have tbc po!tlltial for 
reducina measumncnt crron, systellllllic errors moy provide 
faulty estima1es of tbc total head ond hydroulic gradient (see, 
e.g., Spue ond Men:cr, 1985). Altbo1J8b it is commonly 
acknowledged tluot boromcuie prasure ciJan&es can substan
tially affect water level rncasunomcnts,little suidaDCe is awilablc 
for adjustiJ!a water Jewels to incorporate barometric prasure 
cllaaga. The objective oftbis paper is to provide a methodology 
for IIIXOUntina for barometric pnossuno cban&es wben IIIOlS1IrirJa 
and interpmin& waler lew:b in confined and uoconflllcd moni
torins wells. 
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Examples to explain and demonstrate I be methodology""' 
taken from monitorills wells at tbe U.S. DepanJDCDt of Energy's 
Savannah River Site (SRS), which is currently lll&llllged by tbc 
Wcstinshousc SaVIIDDab River Corporation. An imponant func
tion of grouod-Waler monitorin& weDs at SRS is to dctcrmino tbc 
piezometric swfaces within taraet hydroplosic units. Watcr 
lcYols ""' routinely used to determine tbc local or n:sional 
hydraulic gradient within tbe hydroplosic unit or to dctcnnine 
tbe vertical hydroulic gradient between units. Hydraulic sra
dicntJ ""' used to cstima1c tbc dan:ian nux ond fluid velocities 
within or between units. The principal concern n:latcd to fluid 
Row at any waste sitc undcrgoina remediation, or any proposed 
waste disposal site, is tbc. dctcnniDation or tbe dil'oction and 
magnitude of the dan:ian Oux ond tbe Ouid velocity. 

2. Barometric l'ressw'e, Water Levels, and Total Head 
Fluctuations in water lew:b in open weDs due to baromcuie 

prasun:cban&es were noted by Blaise Pascal in 1663, who was 
lbc first to propose tiW tbc earth's atmosphere exerted a surface 
prasun: (Pascal, 1973; sec abo Gossard and Hoou, 1975). The 
relationship between watcr ....,, and barometric pnossuno is liD 

inwrse one; increases in baromcuie pn:ssurc c:noatc dcdincs in 
observed Waler 1cvels and vice versa (sec, e.g., Freen and Otcrry, 
1979, p. 233). Baromcuie pressure measurements an: used to 
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establish the barometriccff'M:iency, which is the ratio of change in 
bydroulic bead to tbc change in barometric pressure: 

/lW 
a=---

/lB 
(I) 

when: a is tbe barometric cff'ICicncy, 4 W is tbc cbllllge in tbc 
water stuface elevation in tbc wcU durins an arbitrary unit of 
time, ond 48 is tbechange intbe barometric prasuno bead at tbc 
Waler swface durins the SIDIC time intmal. 

The barometric cff'teicncy is imponant because of tbc n:la
tionsbip bet- Waler lew:b and tbe total bead (equivalently, 
fnosh water, swic, piezometric or potentiometric bead). The 
total bead, H, is tbc sum of tbc barometric pressure bead, B, and 
the water swface elevation bead, W: 

H=B+W {2) 

where the water surf..., elevation bead is mcuunod witb nospect 
to an arbitrary ~ datum, U$ually mcu sea level, and tbe 
barometric prcssuno bead is measured relative to an arbitrary 
standard, usually tbe mcu barometric pnossuno bead at scalcYoL 
Failun: to account for cJwtses in tbc barometric prcssuno bead 
can nosult in crron in tbc calculation of tbc magnitude ond 
dircclion of tbe hydraulic aradicnt for 8le8S wbcn: tbe water 

table is ncar-horizontal. Barometric pnossuno is not the only 
factor that may affect tbe total bead. Also imponant ""' Ouid 
density Ouctuations due to tempcratuno, salinity, or dissolved 
sasses. ond even pavitational wriability (sec c.s.. Oberlonder, 
1989; Spano and Mercer, 1985). 

The barometric nosponse of a weU can be undcntood by 
considerina tbc total bead at two locations: within an open well, 
and within tbe aquifer at some arbitrary distance away from tbe 
weU. While the total bead within an open wcU is instantly 
affected by a barometric pnossuno change, tbc total bead within 
tbc aquifer may or may not be affected by barometric pnossuno 
changes. For cases where tbc total bead immcdia2tyequilibraaes 
between tbc two locations (wbicb holds in most small diameter 
bonobolcs within aquifers). a change in water level within tbe weU 
depends upon tbc sensitivity of tbe total head within tbe aquifer 
to barometric pressure changes. 

One can postulate two extnome cases. 1lte first cue occurs 
when tbc total bead in tbe aquifer increases instantly ond com
pletely foUowins a barometric pn:aure change, yicldins a = 0. 
An example is a shallow aquifer wbcno tbc wirer table is close to 
tbe stufacc. In this cue tbc air prcssuno travels quickly tbroush 
tbc unaaluratcd zone ond quickly increases tbe total bead within 
tbc aquifer (i.e., 4H/4B = 1), ond tbc barometric cff'ICicncy is 
zao. A second case arises in an aquifer wbcn: lbc total head is 
inaensitiwo to barometric prasunoclwt&ca, sucb u within a deep, 
uoconfmcd aquifer, yielclin& a= 100%. If tbc barometric pres
sun: cbllllge docs not immediately alroct the total bead in lbc 
aquifer, !ben tbe water lew:l in tbc weU must compensate to 
maintain tbc constant total bead: 

4W il(H- B) 4H 
-:iB=~=Ai-1 =-1 (3) 

for 4H/4B = 0. Thus, tbe barometric cff'tcicncy is 100 pen:ent 
for a deep, UDCOnfmcd aquifer in wbicb tbc barometric pressuno 
docs not affect tbc total bead within tbc aquifer. For this case, an 
analysis bued only on water lew:! mcasurcmcnts in an open well 
would lead us to the cnoncous conclusion that tbc waJerlevel is 

trJ1o;f 
6) 

cbangjns in tbe aquifer due to barometric pnossuno cJwtses. In 
fact, tbe water level in tbc weU is nospondin& to barometric 
pnossuno, while tbe total bead in tbe aquifer is constant and 
independent of barometric pnossurc. Water lew:ls within tbe 
open weU Ouctuate because tbe barometric pnossuno on tbc water 
surface is offRt by a nodw:tion in the beisJtt of tbe fluid column. 
This compensation maintains a constant total bead in equilib
rium with tbc surroundins aquifer. If tbc weU is ICIIIed so tiW 
atmospberic prcssuno cban&es do not affect tbe total bead in the 
wen, tbcn tbc water lew:l elevation in tbe well docs not Ouctuate 
in nosponse to barometric pnossuno c:baJI&es. 

In cues where the weU is not sealed, tbe total bead is 
estimated by simultancouliy meuunns tbc baromcuie pressure 
ond water Jewels. An equivalent technique is tbc - of aboolutc 
prcsswe transduczn inslcad of sauae prasun: transducen. 
Absolute pnossurc transdl1Ce11 nospond to tbe total pressure, 
rotbcr tbu tbc diffen:nce between total bead ond tbc atmo
spheric pn:ssun. One practical adVIlllteacof usina aboolute pn:s
suno tnnsdl1Ce111ies in tbe ability to dispense with both tbc vent 
tube on tbc sauae pressure transducer and tbe barometric pnos
suno mcasumncnt While tbc nosuJtina total bead lllCaSUI'Clllalts 
may Ouctuate mon: than sauae measurements, tbe total bead is 
the basis for computin& hydraulic gradients. The principal dis
ad\lllltaac of usins an aboolute pressuno transducer is tbe poonor 
instrumental aa:uracy tiW nosults from the biabet ranao needed 
to mcasuno tbe sum of atmospheric and watcr pressun:s. In 
general. instrument II:CW'IC)' clecrcases .. !be ....... incnoascs. 

3. Barometric Pressure Response Functlom 
While the time series of total heads at a weU can be readily 

dctcrmincd as tbe sum of tbc barometric pressuno head plus the 
water ....,lclcv.ltion,the nolationsbip between barometric pnos· 
sun: bead changes and water ....,1 cbllllges is not so readily 
dctcrmincd. The effects of barometric prcssuno on water leYcls 
can be used diaanostically to identify wbctbcr an aquifer is 
confmcd or unconfmcd, whether bonoholc storeac or skin effects 
an: sigaifu:ant, or to determine the air diffusivity of tbe unsatu· 
rated zone ncar the weD. 

In otbcr situations, tbe effects of barometric prcssuno 
fluctuations must be remcwed to identify the bydroulic nosponsc 
to a natural perturbation {e.s-, roinfall) or aniftcial perturbation 
(e.g., aquifer pump tests). 1lie bllromctric pressuno nosponsc 
often confounds tbe idcntif1C81lon of much smaller nosponscs, 
such u tbc aquifer nosponse to pumpina duringtbe latter pan of 
a pumpins test In tbcsc cases, tbe objective is to identify tbe 
hydroulic propcnics of tbe ground-water system. To do so we 
must f111t nomove !be barometric effects usins barometric pro. 
sun: raponsc functions. 

Three types of barometric pn:ssun nosponsc functions ""' 
presented for quantifyins tbc inOucnce of barometric pressuno 
on total bead in aquifcn: 1111 instantaneous total bead nosponsc in 
confmcd aquifers; a delayed nosponsc due to bonoho~ st01'18C or 
skin effects; ond a delayed total bead response in unconfined 
aquifers due to tbc transmission of tbe baromcuie prcssuno 
perturbation tbroush lbc UDSaluratcd zone. 1lte time depen
dency of tbc baromcuie cff'tcicncy is provided for each of tbe 
mecbanisms. 

Rojstac:zer (1988) cll8lllincd tbc fn:qucncy nosponsc of 
water wcUs to barometric prasuno ciJan&es u a function of 
steady periodic fluctuations for cacb of tbe abcM: processes. He 
showed tiW the calculated barometriccff'M:iencyis related to tbc 
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frequency of the barometric: pressure pertutbatioiL Con.Yolution 
i.D the tUDe domain (Furbish, 1991) pnMdes an altmlatiw: 
metbod to the frequcucy domain analysis. Convolution is used 
bere to uamine the time-dependem relatiomhip between baro. 
metric pressure and Water kveJs: 

H(t) = i u(r) .48(1- r) (4a) ,., 
or, equiYalently: 

H(t) = i 4u('1') 8(1- r) (4b) 
r=O 

wbere H(t) is lbe time !trio of oblen'ed total heW, B(t) ill tbc 
observed time series of barometric pressure, AB(t) ill tbe rmt 
diffrnnoeofbarornetric preuuRchanga., u(r} is the barometric 
response: to a nep clLanp in barometric pn:sure, and 4u(r) is 
t~ barometric response to a baromeuic preiSUJ'C pulse:. For 
clarity, we distiDJUish lhe time of obserw.tion.t, from the time 
delay, r, bet~ a barometric: pressure cba.n.ae RDd the water 
level response. The step mpome, u, 1.! a function of delay, r, is 
relaltd to tbe impube response usinJ: 

u(r)= i: Au(i) (5) 
i=O 

The barometriceff'tciency, tr, is a function oft he delay, r, foUow
ing lhe barometric pn:aun c:hanp, and can be related to tbc step 
m:ponx function by noting: 

a(r)= 1-u(r) (6} 

Thus, the baromdric dfk:iency c:an be considered to be a f1llll> 
tion or the laa time bet-• the barometric c:hanp: and the 
l'eSJ)Onst in W Mrthole. For a constaDt, instantaneous wattr 
in'el mpome to a barometric pi'CSSUR c:huae. u = I -a for all 

E.stimatina the time-lag response between barometric pm
sure chanaes and water lew~ responses in a we(] r.ara be aa:om
plilbcd usinz rc~n deconY"'ution. A linear set of equations 
ill establ.lshtd to estimate the unknown buotn=tric response 
function. As a pBCIJcal muter, the(du. B)fonn of cquation( .. b) 
ameraUy provi.de!ll a mom roburl fit to the data tbu the (u, AB) 
form of equation {4a). The repeaion cq~Uon used is: 

H(t) = /Jo + IJ•t + A"oB(t) -t-

A,~.B(c- I)+ .. + b".B(t- a) (7) 

whcrt H (t) is the tota1 head at time ttep l, Po is tiM! ~on 
inten:ept. /J• is a linear lftl'ld coefficient., 4u; are the fitted 
barometric rt:~ponse coeff'aden.ts, 8(1 - i) are observed bafo.. 
mc:uic pressures at II&' becwcen 0 and n., and n is lhe maximum 
lq. The maximum lq is set 10 that long-term responses are not 
ip~ored. 

J.JC_R_ 
Jaca b ( 1940) used a constant barometriceffkimcy to mate 

c:hanacs in barometric pressure to cttanaes in 1be waler level of a 
well In Jacob's model for barometric dl'a:ts on confuxd aqui
feR, the pn:ssure dt.aqe is tnnsmiU..cd l.nstantaneousJy withoU1 
attmualionthm!Jiblheconflninabed to the aquifer. The model 
USUmt3 tblll the prasv.re load within the aquifer isS~ by the 

confiDed water and aquifer skeletal mlllrii aDdthatthcpJtsiure 
load withia tilt well d borne entirely by 1he water. A pressure 
imbalance Is iiJduced by a change ill barometric ~we. which 
resulu in an instantaneout water ieOJtl chan,r in the 'ftD. In 
gmnal, the elasticity of an aqulfer decreases IIlii the DYn'burdm 
pressure increases., thut incteasina 1hc: bamnu:ui~ efficicnc:y. The 
baromdric efficiency should be 100 pen:mt for a confined aqui
fer witb an iDdutic skek:ton. 

The batoiiX'Iri£ efrlriency fOI' oonfuml aquifen is readily 
determined if the dw!Ff in watn level are due only to ehaqes 
in barometric pres.sun:. Ont method for esti.matirJa tbe baJ&. 
melric: efrlciency is 10 form an ordinary least-squares regression 
equation between B and W: 

(8) 

wbnt botb Wand B have been detrended and the means haw: 
been subl:racted to remove the inte~pL Equation (I) fits the 
~ons-Cerm Ouctuations in barometric prasure; mt. rerJects the 
ch~UJ~e in water levtls due to Jarse, penistcnt chanaes in baro
metric: pres:suR. An alternate approech is to rorm the r~ntdiffer
ences of Wale!' levels and barometric pressure head: 

AW = -m,AB (9) 

where dW and AB ~ thccbanses in Wll!rr level and baromtUic 
pressurebetweenmeauremt:ntl.ra:pcctivdy,andbotbvariabk:s 
have been dctrended and their meam subtracted. Eqoll!ion (9) 
tenda to estimak tbe short-term ~RJe of water kw1 chansa 
induced by rapid than~t~lu barometric pl'a$W'e. 

Water levels commonly mpond 10 many other irtflucnm, 
aucb u earth and ocean tides, ~mic:ally iDdua:d stresaes., 
re<:harfe, aad nrapotranspiTation. 'l"hete additional pa1urba· 
lions mate estimation oftbc barometricdflcimcydiff'ICillt when 
the: (arm of these Oltlrl pel'tw'bal.ioftll is unkna.rm. Clart {1961) 
pmcutcd an allttftalive method for mnarina thr infiumc:e of 
tbe other perturbations. Davis and Rasmussen (1993) show that 
Oart's Method is robust when the rcsponsr to barometrit: rna
sure perturbations is instantaneous. This method provide. esti
mucs tbat are consistent with o-s. in part beca\UI! Ouk'! 
Method is comistent witb the difJerenoe form, equation (9). 

3.1 ~St~ e~S.tbtE/J«U 
Water level rcspoosa: to barometric preuWI: perturbations 

maoynot be instantaneous if a time delay is required for water to 
flow between tbr borehole and the aquikr. The Oow is induced 
by the total bud imbalance between the aqoifrr and the bore
hole CllLtOd by the barometric pre:uu~ cbanp. As a ~nult. an 
incoma atimate of the baromwic dJ'ICiency iD the weD may 
mule. Tbe~ il a need, therefore, to assess the factors whith 
controllbe Mrtbolcstonp" delay caused by tbe time needed for 
8quikr-borehole equilibration. Borehole skin dl'ecu {i.e .• a 
reduction in formation permeability ncar the borehole) may 
exacerbatt tiH: equilibration of total heads in tbc botthole and 
aquifer. Furlri:sb (1991) sugests that a step iocreae in~ 
metric preuure Uds to conditions lhal an: indisti.Dglai.!babk 
from the case wheR the level or the wll!er it raised initially by 
ifY«tinaadusofwater, or when! the Willer level is~ by 
bailinJ water from the well It follows that a c:outinuoualy vary
in~ barometric pressure induces tbe equi\lllk:nt of a continuOU! 
leries of slu.a: ud bail tests. Thus, the barometric mpome 
function can be determined from solutions to tbt: set of equatiom 

scrvemina a 1\UJ or bail test. Furbish (1991) offen an an.alytical 
IO!ution thlo! was rm described by Hvon.kY (1911). The expo
nentiaJ nspon~t function that describes the aquifnmponseto a 
unit increase in beromc:tric: pmsure is: 

u(.,.)=e-lf (ID) 

where /1 incorporates tbe weUshape Uld liD: llDd aquifer hydrau
lic: propenicl, and r is tbe lq between the barometric ptasW"C 

chan&e and tiM! total head respome. 

3.3U~RGpO#f# 

Wa:lu (1979) described a phenomenoll rt:~ponsiblc (or 
bU"Ometrically iuduocd Ruc:tuatiom in welb tappill& unconfmcd 
aquif'm. He collcluded tbat wuer ~b in such aquilcn are 
affected by l'Viations in baroiDtb'ic pn:uure t.brOLJ&h a mech
anism substantiaUydiffermt from that Clusiftj such Oucnwions 
in confmed aquifm which cannot be eltplained by a constant, 
instantaneous b.vometric df'x:ieney comaion u applied to 
Wiler ltw:ls in confiDed aquifeq, Barometrieally induczd Wiler 
tc:Yel fluctuations resUlt from the resistance to IOiJ ps flOW 
imposed by the materials composing the Wll8tUtaled zone and to 
the compttStibility of the aoil au widUn the air-f'Wed pores. 

FtgWU ta-d SWIIDll.rize the total bead and water lcvcl 
respcnuc in a MD and aquifer to a unit chanae in baromnric 
preuure,the lotaliow of which are shown in F"ll\lre IL F'IIUR 
I b displays the effect or pmsure botb in the weD and in the 
aquifer in responae to a step iDCZ"eUe in barometric: pressure. The 
PJUWre on the surface of lbe water imide the borehole equals 
the barometric prc:sstrt 'lbcR is a lla in the prtS$Uft in the 
aquifer, b~. becauxofthetime required for the barometric 
pre$SUJ'e WIIYC 10 propaptc down throup the OpeD pora in the 
unsatuntcdzone, t, in F'~g~~rrslb-d. A! shown in F~JUtt le, tbe 
total head in tlte aquifer eventually reapo1Jd1 to the barometric 
PrtiSllft chansc once the pressure thanae readies the water 
table. In Faaure ld, the water level in the aquifer, which is the 
diffrrmce between the total bead and tbe pr'CIISUR at lbe water 
surf.ce, ttnWns constant. However, the water levd. in the weU 
responds instantMcously to the step increase in b&rometric pru
CW'C by rtm l'alling and tben lf'8duaDy rum, back to the iftitial 
waterlevrl 

The equation dcsaibina soil gas praswt, b, as a function of 
depth,t, and time, t. in the unsaturated moe is (see, e.a., Weeks, 
1979; Shan, 199S: Rojstac:zer IIDd Tunb, 1995): 

rb 4b 
o."il= ii {II) 

subject to ao.now boundary conditions at the wuer table 
(IIIIWilCdf'IIodllaconstantelnuioa)a.nd aptcscribedpn:uure 
~ad upper bounduy, b(z = 0,1) = B~t), The air difl'usivity, D., 
11 treated as a lumped puamct.cr that includes both the proper· 
dca of tbe unlaturated materials and of tbe IOi..l ps. Oiven a 
known or estimated D., the total bead in tbe well, H{t), ean be 
estimated for 1 known IM'f~ barometric pre:mtre timHerica, 
B(t), usift& \be COnYOiution summation wbert u(i) is Jiw:ll IIlii 

(Canllw and J~epr, 1939, Equal.ion 3.3.8): 

U(•)= 1-~ I !.::_l[.,p(-u1k1) (12) 
lrj<:>O k 

wberek=2j-l aDdY=r0./4Llisadimensio~diffusivity 
coefficient that incorporates the air difl'usivity, 0.., the~ 
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between the impulx ll1d rapon:!t:, r, and the thk:kDCSJ or the 
unsaturated zone, LA •rnaller barometric pt'Qiuredfec:t rcsu1tl 
rrom larscr ~ues of dimcns.ionless diffusivity, wtuch a~m
spond to hi&h air difJUii.vilies or lhallow water tables. As the 
~ue of the dimemionless difl'usivity decreases, the delay 
lftCiaSeS between the perturbation and tbt mum to the unper
turbed water level. For an impmneable cap a."CC' the aquifer, a 
step chaftse in the perturbation causes a step cbanp: in the wata 
left~ uexpecred. 

"" 
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Fir,. 1. Tbfft IJpa of barOBtetrk p,_re response I~U~ctlon.r. con
finrd aquifer, borebok stomp or ltJn, ud WKcmfto.d squlftt. 

3.4 Slllflmtll'y of Rapocw FrmctiorP 
F'~ 2 5UIIlDWizes the Jq-dcpcodent n.ture of the baro

metric effttiency for the three modeb described above; • constant 
barometric efficiency for the confmed aquifer model developed 
by JKOb (1940); a borehole storqc or akin dTect model devt:l-

fll. J. J.otlltton of sn.dJ ueu at tbl! Sn.111Mh Rivt'l' Site. 

Nonhwosl Southeast 

Up ... 

Steed Pond Thr .. Auns il Aqulhr Aquifer 

~ h 
Gordon Aqult• -....1C:::,. : ~ 

1-:=<::2 ..., .. 
! Br-;h """"("" Branch 

~~~ 
Confining 

Syldem 

.! ! Oublln 

i Crouc:h BranCh Aquifer 
Aqulf• ., ..... 

I ~y Allendale 

~'ll.""'..J:!:L Confining 
Syldern 

McQueen Braneh 
~ 

i Uldvllkl 
AqUifer AqullerSyatem 

Appleton Confining System 

f'lt:. 4. H,drostnlfplphk uatb Ill tbt Soutbtlldera Coataf PtllD 
H,~opc PrcMace. 

oped by HvorsleY (1951); and lUI unconfanat, vertical airflow 
model developed by Weeb( 1979). Va!IJCS of model parameters 
shown in Figure 2 ue pmented for compariron purposes only 

The step baromeuic n:sponsc function for a confiDed aqui
ferisacoMtant,u(T)= 1- tre,foralllqs.F,&etequaltotr=O.S 
in the rtgttte. lo this e.-cample, !be bammetrically induced water 
level fluaualiotl! m in plwe with thr: barometric chaose and 
are a constant fraction of the barometric fluctuations. The bore

hole rtorqe or skin model assume~ • value o( fJ = 0.1. lbt: 
vend airflow model usumes • value of D./ La= 0.03. Ai can 
be noted from tbe r110re. each of the tt'laciollShi.ps haYC • sub
sWitially difrmnt shape, which should providt diagnostic 
infonnation for identifiCation of pi'OOI'!!.Sel and parametm in 
aquifm. 

•· Application 
Data Cor dcmonstratins methodJ to cslimatt the eftecta of 

barometric pressvR' changa on measured water kvtb were 
collectedatthcSavaunah Ri\'er Site(SRS). SRSis cnr.omd by the 
U.S. Department of EntriY and hu betn ~Mnaaed by the 
WestinahOUIC Savannah Ri~ Corporation since 1989. The silt 
is located io South Cuolina (Fi&u~ l) and occupies an area of 
approximately 770 tm1

• SRS lies on Lbe Atlantic Coastal PlaiD 
aad is Ulldcrlain by • aeawwd thicktnios -"lip: of unconsoli
dated and semiconsolidelc:d Jlrata tbtt ranacs from lete 
Cn:t.accous to Holocene (F'IJU"4). The11111ueoc:e thideru from 
approllimalelylOOmatthcnotthernedseoiSRStol65mattbe 
southtrn boundary. Tbe rqiona! dip ohhe land mrlaceisto the 
southeast. IIVtragina 6 m km"1 (Aidland, 1993). Becatue the 

regional dip of tbe top of the pR-Cretaceous basement is 9 m 
km"1 ,lhesedimentarywedp islhicteninaat a rate ofappro:U
ma&elyl m km-1

• 

4.1 0tn Co&alDa 
Monitorina ~IJJ near the K-area Acid-Caustic Buio were 

seltcud for investia;ation because water lcveb in thb area exhibit 
substamial .euonall!ld loDa-tmD fluctuatioDS, The K.ACwells 
sutroundtbeAcid-Caustie_,..basillwbicbilloc:a&edilltbe 
eatempanofK-AJea. Tbebasin,COIIItrul;tediDtbeeatlyi9SOs. 
i:J an unliaDd pit. that received 4ihu:e su.lfwic acid aod sodium 
hydroxide IOiutiom. The buln provided an area ror lbe mWna 
and IKUlrlliz.aliou of dilute: solutions befon: lbeir discharp to 
nearby weams. The monitorina weU. were installt.d to observe 
water levels in the WJCOnfwd, surf'lcial aquifer. The weDs an: 
screened at the water table which oocun appro~ly 14 m 
below around IUrlace. A clay lens i! genenlly present bencatb 
tbesiteat about theumcdepth uthewatertable; the Wata"'-ble 
Jyiq within the clay lens at some wells, IIDd lying above the clay 
lens in other Vo'efi!. Water leveb monitom:t on a quartmy basis 
bavc fluctuated more than • metndurina Ute COill1e or a year, 
aod h....c fluctuated mon: than ti~Re meten durins the 10-year 
period o( record. fourwells(KAC-1 to KAC.C)•reinstaiJed in 
theearty J980swhile(m(KAC-5toKAC-9)wm:installediDtbe 
early 1990s. 

A second study area wu seltcud in the F-An:a to iDwsti
pte the effects of buometric: pressure fiuttuations 011 vertiea1 
hydraulic Jl'ldieuts and also to invc:sti.ple lhe behavior of wa.tu 
kms in andlDed bydropolo&ic uoiu. nil clumr wu installed 
inthemid-1970s upatt ohbueliDcbydrogeologicstudy. Welh 
FC2E and FC2F monitor the unconfmed Upper Thn:e Runs 
Aquifer and Well FC2B monitors the loca.lly confmed Gordon 
aquifer. The avenee deptlltothe watertableQ approJtimaldy20 
meter1. The P28 well duster lies adjacent to the FC2 weUclustu, 
and moniton deeper hydrDSlrBliJraphic: units. The deepest well, 
P28-TA, moniton the Midville aquifer system. WeU P28-TE is 
completed intbc avetlyinaOublinaquiferS)'Jtem. Well P28-TC 
is completed in the McQueen Branch confinina unit which 
Kpanltcs the: Dublin and Midville systems. 

Water level measuremenu were obtlli.oed usins strai.n-pae 
type pra..1W" uusdueen vented to tile aun01phert. Tbe trall5-

ducen were lowered to a depth ofbetweenO.l to ].0 m bclowlhe 
wattr lutf&CIC ill ellth wtll. The ranaa oft be pl"eS!!Urttransducer 
varied from 3.Sto7 m of water. 'Thewdll.caps wtrtmnoved so 
thai the wells were open to !.hi! atmosphere. Manual water levtl 

fl&. 5. K-Ana a) barometric pnaure and b) daiiJ predplladoo. 

roea!UI't1'nent wm: taken before the transdw:en vme placed in 
lbe wells. A barometric pn:uUR sezuor (80 to 106 tPa ranar:. 
± 0.03 kPa IICCW'K)'} coJ.Iccu:d barometrK: pressure readinp. 
Watn kYel and barometric pressuR data wm:: collmcd usina a 
dataloger ew:ry two hom for 21 days at K·Area wcUs, and for 
29 dt)'l at F-Area MliL A calibration program internal tc the 
dlllaJoacr wu uxd to coDVm pressurt rtad.ift8!1to equivaltnt 
water depdu. A laptop t:amputer wu used to collect data from 
tbt daufoqer. Daily precipitation data were obtained (rom the 
SRS weather deputmm\. 

Barometric prasures ud daily pnx:::ipitation data collcc:u.d 
during late 1993 aJ Jc:-AJ'ea ._Ill art presented u f"~~UR S, and 
aclcctcd water ltvel measuremtniS for tie same period are prc
tmted 11 f"IIUJ'C6. SimiJardata(otdatacolkctedat F-Aft:a well~ 
duriq a !amplina: period in early l'it!M are 1hown in Fi1JU11$ 7 
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and 8. Barometric pmsun:dJanr;a •Yef118tapproximately 7 c:m 
for bolh pniocb, with a mWmum ranp: of OYer 30 em. Water 
lcw:ls in the unconfined units (all K·ArH we:lb and FC-2F and 
FC-2E) show a downwllTd mod. Walu lc'-'Cit jq confined units 
(i.e., FC-28llld P28-TE) ttnd to be smoother than WJIIer levels 
i.n.unconfinc:d units. 

<.1-E.Iflclnod« 
Linear regrasion es.timat.es of aquifer- barometric err!Cien

eits are provided in Table I. The repuion procedUR used both 
equations (8) and (9) to detemtine the loq-trnn., CI'L, and lOOn
term, as, responses to barometric pressure, respectivtly. Aho 
pmcnted in Table I ore barometric efficiencies estimated usins 
Oark's Method asmodifitd by Davis and Rasmussen. Aican be 
noted in the tlble. the ModifiCd Out's Mechod provides esti
mate~ that an: not signiftc:a~~tly different from the short~nn 
estimateS. Substantlal ditkrau:es between the short- ud Jona
tcrm raponscs (as and crt. respa:tiw:ty) 11ft Ken in the tlble. 
wtriclt can be explained by the time-delay needed for the aqlliter 
and weU to ra:pond to barometric preuun.chansez.lneanfllled 
aquifen wi111 no boreholeorstonp: orstineflcc:b, then= should 
be no difference between the two measures. For unconfined 
aquifen.., the lhort-termmponsc 1hould be largtr than tht lana
term response. For a delayed yield response in a confined 
aquifer, the short-term response should be unaller than the 
lofll"'lmnrcsponsc. 

UainJ these diapostic ruks as a guide, it is clear that the 
UDCOnfmcd aquifers inc:lude Ill KAC wells and Wdls FC-2F and 
FC2E. This infcrenceu consistent with our a priori uftderctand
ing of the site. If we were faced with a situation where the degree 
of conftne~Dmt was unknown, then this simple diagnostic: test 
would allow us to determine the degree of confmnncnt. A! 

l08 

expccted,tbc diagnostic ru~ conclude lhal the remaining wells 
(FC-28, P23-TC. aad P2.8-TA) are confined. We can also see 
possible boreholt stora&e or skin cfi'CCIS in tbc wells, especially in 
Well P28-TA. Bt.c::ausc the well diameters are n=latively am.ill 
(<25 ~)and m comp)cu:d in relalivcly productive aquifers. 
the posllbility of boreholedorqe isdigbt. Vet. bceaUJethc wells 
VA!tt corlltrUCted usins mud drillina tedmiquo. they may be 
subject to skin efferu. IUprdkss, the diaplastic analysis indi
c:atcs the possibility for dm'cased response in Well ~ TA. 

4.3 ~llupolt# Flllllt:tiola 
ReareWon dccoavolution is U5Cd to estim11te tht baro- ..-r 

metric respoaa:e fW'IttiODS at X·Atca and F-..\rQ wcib. The 

::.: ;!!:O:,":::C id~~~~=o::-':at~tili~h~:r~ ---~ ~ 
Figures 9a-d present the batomctnc r6pctllSe functions, along 
with their standard errors, forK-Area wclb. Tbe response func
tious for these wells, installed widtin the surflcilll, unconfined 
aquifer, arc similar. A step change io baromctricpn:ssun:causcs 
a quick change of approlti.matcly 60 perocnt of the barometric 
chanse, and 1 slow tf.ltO\.'!ry OYer several boun to the pte-!ltep 
water level. The slow rte'O'o"tfY is an indication that the .U 
pressure wave is beina transmitted throuab the unsaturated 
rone, aDd the prasure bald on the water t.abk iJ slowly equili
bn~tins with the air preuure on the water surfiiiiZ in the well. 

In tbe F-Area, the JhallOwt:St well FC·2F (F~g~.~n: lOa), 
shows a slmilu, initial response in water levels tlf approximately 
a= 0.5, wbK:b means tbaJ a step decreuc of I em in barometric 
pra~URrewltsin a water lc\oel increase olO.Scm in the well. 
Over time lhl: water kvel in the well mwru to mo a the 
barometric: pressure ch:anae reaches the water t.able and total 
prt:ssun:s equilibrate. The slow n:ccJ\Ief)'(declint) in water levels 
reaches a minimum a1 20 houn, but increase~ to antlther maxi
mum at 24 hours. lbt water level then declines to nro by «t 
houn. The peak at 24bours is puzzlina,and may be attributed to 
daily oscillations in buometric prt'$SUf1: or to canh tides. This 
type of umasual behavior was not observed in other welb. 

w.o 

Tahir 1. 8aromdrk UDdtndes 
(EJptetrd Vlllm ± 0.. Stan4ar4 F.mlt) 

KAC-1 Uneonfincd 0.139±0.013 0.474±0.028 0.4~::1:0.114 
~AC·I UnconfiDcd 0.141±0.015 0.471±0.0300442±0.134 
l.AC-3 UIIICODfiD«< 0.14A±0.016 0.497±0.027 0.492::1:0.116 
lAC-! Unconftntd 0.211 ±0.018 0.668±0.029 0.64, ±0.125 
ltAC~ UIIOOII1lncd 0.164±0.017 0.614±0.021 0.596:1:0.142 

FC2F Uamllf"med 0.131±0.027 O.C56±0.0l9 0.319±0.07$ 
FC·lE Unooofmed O.COO±O.O.JO 0.753::1:0,022 0.133±0.064 
FC·2B Conftntd 0.313±0.015 0.157±0.013 0.150±0.021 

P2&-TE Confanoed 0.141 ±O.OJS O.IS7±0.0U 0.1"±0.034 
P2l-TC CoDIIncd ~.028 ± 0.064 0.007 ± 0.018 0.027 :1: 0.026 
P'28-TA Confined t.on±0.086 O.C~±0097 0.471±0.08$ 

"""" OL estimated 1111111 obsnved hlromctric pautwa and wam lew:b. 
a~usiqfintdiffacncaorbaro~nttricprn~~~mand~n~er 

oc rstii'Dlted using mndifiCd Clart'&mtthod (OaviJ and Rumus:ttn, 
1993). 
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ForthentxtdccperweU. FC2E(ftpre lOb), also intbe 
unconf'med aquifer. the response staru at a biJber value, oo ... 
0.85,and dem:asessJGWlyovertimc. Because de standard errors 
aR small for tht estimated values of tbe barometric responsr 
function, the: funetion wu used to fit the observed wlller level 
record, wilh residual errol'1 lea thaD I em. To estimate the 
optimaJYIIue of the airdifTusivity, aleast~ares appro.c:b was 
used in this unconfmed well The minimum error d found at 
approximately 0. = 21 m1fhr. 1'hili value of vertical difl'lm:ivity 
compares favorably with mcuurcments(O. raneed from6to 2S 
mJ/br) at a site in the same hydropolosic prcMnc:c (Rojstacm' 
m:t Tunb, 199S). A residllal CtTOr of approximacely 3 em 
remaiN a!tcr Ciflina this value of diffusivity to the dilL 

The next deeper well, FC2B (f"lgllft IDe). dcmonstn.ta a 
behavior which U QlnsULCllt witb a combination of a conrtaed 
~quilcr mpome alona; with a bormole storqe or skill response. 
nc confined bartlmetric cff1ciency is approxima&ely 0.4 baed 
on the lon,t-tmn mponae. Yet lhe borehole atorqe ar akin 
componnn cause~ the initial rupcnse to be approx.irn.atcly 0.1. 
The slow tbanF from O.tto 0.4 O¥er lbe counc of approxi
awdy 24 bow1 raulll from the equilibration m totaJ bead 
between the wtU and the aquifer, The deepest well, P28· TE 
(F'IJllre IOd), also 5hOWI behavior similar to FC2B, aMou&h the 
latp .e~ about the estimated ttq10n1e values precludes any 
ddiruuw swemears..ln tmeral. the response fuac:r.ion tends to 
chanp with time to a Yllut of approximately 0.4. 

Comparison ofT able 1 with the F'agwes lOa-d dcrncnstr:Mes 
the ~ o~ ~ on the estimated barometric efficiency. 
~ dlicicucic::s cstinW:ed uRna: thanps in water~. 
a1, or usma: Clark\ Method, ac, ate ammilly couiltctlt with 
the tao-(]elay barometric effacimcy. Also, barometric effacim· 
cies estimated usiJaa: obmved water leveb ud baromct~ pres-

lUttS, DL, 4lC Fncrally consistent with the value Of the baJo. 
mctn.: cffu:i.mcies after a tonaer 1aa. approx.imatcly 10 hoW"I, 
The hl&h and low rrequcacy compoocntt ofbartlmct.ric prasure 
fluctuations inchaoe different responses Ln coafmed and water
t.ableaquifm. 

As a scneraJ nile, uneont'tned 1quifen show a decreuc in 
the barometric effu:ie.o.cy with lag due to the delay required for 
the barometric pressure chanac to travel lbrougb the unwu
ratcd zone. Conftned aquifers, on the other hand, &bow 1 co~ 

scant buonxtric dfaciency tllat d lndepcndcat of lq. In both 
casa, the additional i.nflucnoc cL borehole Porqe or skin eom
plica!es the analysis by reduciiiJ the calcWated barometric em
cicncy !or the early period. Thus. a coftfmcd aquiler chat also 
exhibits a strOfll borehole storqe or skin component would 
have a coupled response of small w.Jues of b&romctric efficiency 
at abort lap that eventually stabilizes at a constant value of 
barometric cffacicncy at larger laa timea. 

4.1 RtmtwU., B1tromtrtrit £/I«U 
The previous ~ettian focused on understanding the effects 

of barometric pressure on water 1~1 nuctuatiom. If, instead 
our objectM: ls to examine some underlying process that is no; 
othenri!c appARnt, then we need to I'CmO'Ye these effects. A 
baromc:trit-corm=ted bead can be obtained by mnoving tbe
baronw;tric influence. Givm an estimate of the barometric cffi. 
cicncy (i.e., Dt. 01, or oc). we obtain tile concc:ted, or residual 
bead, R, usin,: 

R(t) = H(t)- (I- a) B(t) = W(t) + aB(t) (13a) 

and usina the lwometric n:!lponsc function: 

R(t) = H(t) - [A.~o~o B(t) + 
4.~o~• B(t- I)+ ... + AJ<~o B(t- n)] (13b) 
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It should be stressed that the raidual head should not be UICd to 
cak:uJate bydraulic sraclients.. or for plottiag a piezometric sur
face. Tbree.US(KAC-1, FC2E,andP28-TE)lftftseJr.ctedto 
demonstrate the use of this appro.cb.. F'i~Wft 11-lllhow for 
eaeh wdl, rapectiw:ly, how the comction reduces the baro
metric dfecu. E..:h (agure shows: (A) tht: on,inal water leveb, 
(8) toW beada, aad residual heads c.lc:ul.wta usina (C) the 
modified Clart\ method, (D) tht abort-term (dilfmnce) bar. 
metric efficimc.y, (E) the long-term barometric di"Jeieftcy, and 
(f) the barometric response correction. Forclarity,lhe individ
ual plotl have been shifted downward by the coostant wlue 
iDd.Daed on the plot to the r\abl of the line. 

From F'IJ!lre II (WeD KACI). it is clear lhallhe residual 
bead calculated utina: the b&romctrit: response l\l.nction (UDe F) 
issubstantially&mootberltwl the ori&inaJ. Raidual heedscaJcu. 
lalecllltiDa coftltant barometric di"ICieaciQ do not fare aa weD. 
and show substantial mnaiaifta barometric cffcctJ. f'liUre 12 
('M:H FC-2E) lbows a similar dramatic reduction iD tbe noise of 
the ofi&inll water level meuwtmetlb. In ftct. a smaU. c:ha.np 
around day 21 i:adeuty ap~nt in lint f, which WUDOI visible 
iD the ol'ilinal data (line A). F~pre ll (WeD ~TE) ill u 
example iD wbida the laidual tad (Lina CF) art • noisy u 
the 0fiaina1 water leveb. Yet lbe raidual n:sponse could be a 
uxful indicator of the response of the system to nonbarometric 

"""""""'· 
5. Summary ud Coochzslons 

Water level meuumnents in wells an routitlely used with
out correction at tbe Sll\'alU'lah River Site (SRS) to determiot 
the mqnitude IUid din:c:tion of hydnulic lf'Adicnts, and to 
interpret aquifer ptl.ft'lpinJ tesu. In most casc:!ltbe water ~ems ~m 

,. 
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used u an estimate of the total head within the hydrostrati
grap!Uc unit. This paper demoRIU"IItel that nlJCtUIItiom in bat~ 
met:ricpmsurt at SRS~;~.usc wateriiMis in wells to deviate from 
me total head withinaquifen_ Bec:aUSII! the magnitude aDd dirte
tion of the p1:1uOO-water gradient is based on apatial dJan&es in 
total belld, raiJ~m: to incorporate barometric pte:SS~m mcuu~ 
rne:nts when obtainin& W81er lewis can cause tyatematic mort ill 
lhegradntcakulation,Thisis~n:la!.ivelylarppcnurb .. 
tions an: induced by barometric: prcssUR fiuctuations, which 
averqe 1 em of Willer head and can exceed lO em 11 SRS. 

To IJlininUu erron ln the ealculatioa of the hydrllulic 
gndieru,il is recommended thai the total head(tbe1umofwate:r 
~I plWI barometric Prtmlft) be used to calculate both vertical 
lllld horizontal around-WIICU IJIIdien.u. The adjUillnent d 
recommended especially in ca!eS when: wells aR doseJy lpaced, 
form fii:Ute trtan&les, and where the grlldicrn is small. With the 
adva~t of modern pressure transduoen, this means that ab&olute 
pressure tnnsduccn should be used instead of differential or 
PUF trusdua:n. 

This paper also lbows thai 'NiuioM in barometric prasun: 
can be used diagnostically to distinpish confUJOd rrom uncon
fined aquifers, and to estimate the unaaturatcd zone airditTusiv
ity near 11 well ia an unconfined aquifer. Estimation of aquifer 
properties is made possible using • be.romc:tric response func
tion, which relllleS a change in barometric pre:uure to the: 
observed chanac ln water leYd wilhln lhe wen. Tbree typa of 
models (conflncd respO«lle, tmCOttfined response, and borehole 
storqc or skin) m eumioed and compared to observed baro
metric raponse functions. 

RemoYal of barometric effects til UJeful when tryins to 
identify the hydraulic mponse to ninfall or during aquifer 
pwnping tat&. In most cases examined in tllis study, residual 
water levels are shown to behave more smoothly when baro
metricefTectsa.n:mnCIYed. 
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