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Identifying and Removing Barometric Pressure Effects

in Confined and Unconfined Aquifers

by Todd C. Rasmussen® and Leslie A. Crawford®

Abstract

Falling to account for barometric pressure effects in water Jevel

can introduce errors by misestimating the total

g the t
hend and by adding noise to water level measurements. For determining the total head in an aquifer, we assert that !hulrpr:suu

1) must be added to measured water levels (equivalent to using an ab P )
head at the water surface in the wel g Sheakme b =)

even though the resulting values may have targer temporal

riation is 6 to 7 cm, with a range of over 30 em.

the Savannah River Site in South Carolina, the ge b

to fot barometric pressure variability could result in misestimation of the direction and magnitude of the bydraulic
m! at the d!e.o\tve also d. proced for ing b ic effects, such as to reduce noise during an aquifer
pumping test, and to identify mechanisms by which b affects water kvsh: Three are summarized
including: an i for confined aquifers; a delayed on: due to; rag in confined and untonﬁnﬂ}

nmﬁuuM-dmydrm;mMthdqug?:nm_e

;. <t

P ges through the
d using linear regression and a modification of

zone. Using data from the S: h River Site, bar

Clark’s Method. Delayed resp are estl d using regression d. tution. The type of barometric effect provides
di: stic inf k ’lbout rhether the aquifer is confined or not, the presence of borehole storage or skin effects, and the air
dm'.uivhycoeﬂ'ldzmwlthlnme d zone. We also show how removal of b rie p effects imp the ability to

observe otherwise unnoticeable effects.

1. Introduction

Modern pressure transducers and dataloggers allow ground-
water levels to be monitored at rapid rates and with excellent
precision. While d methods have the p ial for
reducing measuremnent errors, systematic errors may provide
faulty estimates of the total head and hydraulic gradien: (see,
¢.g, Spane and Mercer, 1985). Although it is eoml:lmty

Examples to explain and d the methodology are
taken from monitoring wells at the U.S. Department of Energy's
Savannah River Site (SRS), which is currently managed by the
Westinghouse S h River Corporation. Animp func-
tion of ground-water monitoring weils at SRS is to determine the
piezometric surfaces within target hydrogeologic units. Water
Ievelsmmuﬁulymedlodmmin:uwloulorngiopal

ack dged that b p Nges can

tially affect water level measurements, little guidance is available
for adjusting water levels to incorp bar ic p
changes. The objective of this paper is to provide a methodol?gy
for ing for b icp h when g
and interpreting water levels in confined and unconfined moni-

toring wells,
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ydrautic gradient within the hydrogeologic unit or to d

the vertical hydraulic gradient b units. Hydraulic gra-
dients are used to estimate the darcian flux and fluid velocitics
within or between units. The principal concem related to fluid
flow at any waste site undergoing remediation, or any proposed
waste disposal site, is the, determination of the direction and
magnitude of the darcian flux and the fluid velocity.

2. Barometric Pressure, Water Levels, and Total Hesd
Fluctuations in water levels in open wells due to barometric
pressure changes were noted by Blaise Pascal in 1663, who was
the first to propose that the carth's stmosphere excrted a surface
pressure (Pascal, 1973; see also Gossard and Hooke, 1975). The
relationship between water level and barometric pressure is an
inverse one; i in b ic p create declines in
observed water levels and vice versa(see, e.g., Freeze and Cherry,
1979, p. 233). B: ic p are used to
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establish the barometric efficiency, which is the ratio of change in
hydraulic head to the change in barometric pressure:

a 2B [}
where a is the barometric efficiency, AW is the change in the
water surface elevation in the well during an arbitrary unit of
time, and AB is the change in the barometric pressure head at the
water surface during the same time interval.

The barometric efficicncy is important because of the rela-

changing in the aquifer due 1o bx ic p hanges. In
fact, the water leve] in the well is responding to barometric
pressure, while the total head in the aquifer is constant and
independent of b ic p Water levels within the
open well fl b the b i on the water
surface is offset by a reduction in the height of the fluid cofumn.
This compensation maintains a constant total head in equilib-
rium with the surrounding aquifer. If the well is sealed 30 that

pheric p hanges do not affect the total head in the
well, then the water level elevation in the well does not fluctuate
in to b i h

tionship between water levels and the 1otal head qui by,
fresh water, static, pi ic or p i ic head). The
total head, H, is the sum of the barometric pressure heed, B, and
the water surface elevation head, W:

H=B+W (¢3]

where the water surface elevation head is measured with frespect
to an arbitrary vertical datum, usually mean sea level, and the

p head is d relative to an arbitrary
standard, usually the mean barometric pressure head at sea level,
Failure to for ch inthe b ic head
can result in ervors in the calculation of the itude and
direction of the h i dient for areas where the water
table is near-hori: B 3 is not the only

factor that may affect the total head. Also important are fluid
density fl ions due to sslinity, or dissolved
gasses, and even gravitational variability (see e.g., Oberlander,
1989; Spane and Mercer, 1985).

The barometric response of a well can be understood by
considering the total head at two Jocations: within an open well,
and within the aquifer at some arbitrary distance away from the
wenAWhilethewtnlheadwithinmopenwellisimundy
affected by a barometric pressure change, the total head within

In cases where the well is not sealed, the total head is
estimated by simultancously measuring the barometric pressure
and water levels, An equivalent technique is the use of absolute
pressure transducers instead of gauge pressure transducers.
Absolute pressure transducers respond to the total pressure,
rather than the difference between total head and the atmo-

spheric pressure. One p dvantage of using pres-
sure transducers lies in the ability to dispense with both the vent
tube on the gauge p ducer and the b ic pres.

surc measurement, While the resulting total head measurements
may fluctuate more than gauge measurements, the total head is
the basis for computing bydraulic gradients. The principal dis-
advantage of using an absolute pressure transducer is the poorer
uuuumnmnecumylhmrslﬂnfmmthehigherw needed
to measure the sum of atmospheric and water p In
general, i y d as the range increases.

3. Barometric Pressure Response Functions

While the time series of 10tal heads at a well can be readily
determined as the sum of the barometric pressure head plus the
water level elevation, the relationship b b ic pres-
sure head changes and water level changes is not so readily
d ined. The effects of barometric pressure on water levels

the squifer may or may not be affected by b ic
changes. For cases where the total head immediately equilibrates
between the two locations (which holds in most small diameter
boreholes within aquifers), a change in water level within the well
depends upon the sensitivity of the total head within the aquifer
to barometric pressure changes,

One can postulate two extreme cases. The first case occurs
when the total head in the aquifer increases instantly and com-
pletely following a b ic p change, yielding a = 0.
An example is a shallow aquifer where the water table is close to
the surface. In this case the air pressure travels quickly through
the unsaturated zone and quickly increases the total head within
the aquifer (i.c., AH/AB = 1}, and the barometric efficiency is
2e10. A second case arises in an aquifer where the total head is
imeminivetobaroumricpmunchangu.suchuwithinadeep.
unconfined aguifer, yielding @ = 100%. If the barometric pres-
sure change does not immediately affect the total bead in the
aquifer, then the water level in the well must compensate to
maintain the constant total head:

AW _A(H-B) _4H _
AB AB  aB

for AH/AB = 0, Thus, the barometric efficiency is 100 percent
for a deep, unconfined aquifer in which the b ic

1=~1 )

can be used di ically to identify wheth an aquifer is
fined or fined, whether borehole storage or skin effects
are significant, o to determine the air diffusivity of the unsatu.
rated zone near the well,
In other situations, the effects of barometric pressure
jons must be d to identify the hydraulic response
1o & natural perturbation (e.g., rainfall) or artificial perturbation
(e.3., aquifer pump tests). The b ic p p
often confounds the identification of much smaller responses,
such as the aquifer response to pumping during the latter part of
a pumping test. In these cases, the objective is to identify the
hydraulic properties of the ground-water system. To do so we
must first remove the barometric effects using barometric pres-
sure response functions.

Three types of b p
presented for quantifying the infl
ontotal head in aquifers: an i total head response in

fined aquifers; a delayed resp dueto borehole storage or
skin effects; and a delayed total head response in unconfined
aquifers due to the transmission of the barometric pressure
perturbation through the unsaturated zone. The time depen~
dency of the barometric efficiency is provided for each of the
mechanisms.

response functions are
of b ic p

does ot affect the total head within the aquifer. For this case, an
analysis based only on water level measurements in an open well
would lead us to the erroncous conclusion that the water level is

Roj! (1988) ined the frequency resp of
water wells to b ic hanges as a function of
steady periodic fluctuations for each of the above processes, He
howed that the calculated b ic efficiency is related to the
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frequency ion Cot

in the time domain (Furtnsh mn provides an alicrnative
method to t.he hequcn:y domain unlym Convolution is used
here ip between baso-
metric pressure md water levels:

HY = i':o u(r) ABE— 1) )
or, equivalently:
H = io Au(r) B - 1) (#v)
2z

where H{t) is the 1ime serics of observed total heads, B(t) is the
obmveu um: series o! bmmnn: pressure, AB(1) is the ﬁm
nges, u(r)is
FESpONSE (O & step chlnw in barometric pressure, and Au(r) is
the barometric response to a barometric pressure pulse. For
clarity, we distinguish the time of observation, t, [rom the time
delay, v, between s barometric pressure and the water
fevel response. The step response, u, a1 & function of delay, v, is
relaled to the impuse response using:

w= I au ®

The barometric eﬁ'mency, a, is afunction of the delay, r, follow-
ing the and can be p
regponse function by noting:

a(r)=1-u(z) ©)
Thus, the barometric efficiency can be considered to bc a func-
tion of the lag time between the basometric change and the
response in the borehole. For a constant, instantancous water

confined water and aquifer skeletal marrix and that the pressure
toad within the well is borne entirely by the water. A pressure
imbalance is induced by a change in barometric pressure, which
results in an instantancous waes level change in the well In
general, the clasticity of an aquifer decreases ns the overburden
P

barometric efficiency should be 100 percent for a confined aqui-
fer with an inelastic skeleton.

The barometric efficiency for confined aquifers is readily
derermined if the changes in water level are due only to changes
in barometric pressure. One method for estimating the baro-
metric efficiency is 10 form an ordinary least-squares regression
equation between B and W:

W=-aB ®

where botb W and B have been detrended and the means have
been subtracted to remove the intercept. Equation (8) fits the
long-term Muctuations in barometric pressure; ay reflects the
change in watcr levels duc to large, persisient changes in baro-
metric pressure. An alternate approach is to form the first differ-
ences of water levels and barometric pressure head:

AW = —asaB ®
in water level and
i and

where AW and ABare
P veriables
have been detrended and their means subtracted. Equation (9)
tends 10 estirnate the short-term response of water kevel changes
induced by rapid changes in barometric pressure.

Water levels commonly respond (0 many other influences,
such as earth and ocean tides, sissmically induced stresses,
r:clw’e and cvlpolrlmplrllmn Thne lddxuoml perturba-

y difficult when
the form of these other perturbations is unknown. Clark (1967)
presented an dlmuuv: method for removing the influence of

tevel response to a barometric pressure change, u=1—aforall  the other (1993) show that
T . X Cluk‘anhodurovmvmenlh:mponselohmmwu-
the time-l between Pres- gure This method provides esti-

surc changes and water level responses in a well can be accom-
plished using regression deconvolution. A linear set of equations
is established to estimate the unknown baromstric sesponse
function. As a practical matter, the (A, B) form of equation (4b)
genzrally provides a more robusi fit to the data than the (u, AB)
form of equation (4s). The regression equation used is:

H() = 8o+ it + AucB() +
ApsBE - D+ ...+ 8pBl— 1) ™

where H(1) is the total head a1 time step 1, Bo is the regression
interoept, B, is a linear wend coefficient, Au; are the fitted
barometric respanse coefficients, R(1 — i) are observed baro-

mases thst are eonnstem with as, in part becsuse Clark's
Method is consistent with the difference. form, equation (%)

3.2 Borehole Storage or Skin Effects

‘Watet level responses 10 barometric pressure perturbations
may not be instantancous if 8 time delay is required for water to
Now between the borehale and the aquifer. The {low is induced
by the total head imbalance between the aquifer and the bore-
hole caused by the barometric pressurc change. As n result, an
incorrect estimate of the harometric efficiency in the well may

meuric pressures at lags between 0 and n, and n is the
lag. The maximum Iag is set $0 that long-ierm responscs are not
ignored,

3.1 Confined Respornse

Jacah([940) used a constant
changes in barometric pressure to changes in the water level of a
well In Jacoby model fof h-rom: :ﬂar.u on confined aqui-
fers, the ps without
attenuation through the. oonl’mmg bed to the aquifer. The model
assumes that the pressure load within the aquifer is shared by the

to relate
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ded for
aquifer-borehole equilibration. Barehole skin effects {ie., &
reduction in formation permeability near the borehole) may
exacerbate the equilibration of 10tal heads in the boreholke and
aquifer. Furbish (1991} suggests that a sicp incresse in baro-
metric pressure leads 1o conditions that are indistinguishable
fram the case where the level of the water is reised initially by
injecting a slug of water, or where the water level is lowered by
bailing water from the well. It follows that s continuously vary-
ing barometric pressure induces the equivalent of a continuouy
series of slug and bail tests, Thus, the barometric respanse

result. There is » md lhetd'om to assess the facton which
used by th

governing a slug or bail test. Furbish (1991) offers an analytical
solution that was first described by Hvonslev (l%l) The expo-

nential response function th par
unit increase in barometric pressure is:
ury=e* a0

where fincorporates the well shape and sz und aquifer hydrau-
lic properties, and 7 is the lag between the barometric pressure
change and the tota) head response.

3.3 Uncofined Response
Weeks (1979) described a phenomenon responsibie for
i b ions in wells i
aquifers. He concluded that waser levels in such aquifers are
aﬂ‘uwd by variations in barometric pressure through a mch-
i iffe

m confined aquifers wmdl unmx be exphmed by a constant,
as applied to
wmrlmlsmmnﬁmdwn{m llwmuullymdmzd water
level fluctuations resuli from me resistance to soil gas flow
imposed by th 20ne and to
the compressibility of the 30il gas within the air-filled pores.
Figures la-d summarize the total bead and water level
response in a well and aquifer to & unit change in barometric
pressure, the locations of which are shown in Figure 1a. Figure
1b displays the effect o(yrmun bolh in the w:!l and in the
aquiferin The
prmureonlhemr{mofﬂnmwrmdclhcborehohequh
the barometric pressure. There is a lag in the pressure in the
aquifer, however, because of the time required for the barometric
mmmwpmp-pwdmmo@mopenpm: in the
unsatureted zone, t, in Figures [b-d. As shown in Figure I¢, the
total head in the aquifer eventually responds to the barometric
pressure change once the pressure change reaches the water
table. In Figure [d, the water level in the aquifer, which is the
difference betwesn the total bead and the pressure at the water
surface, remains consiant. Hmver, the water level in the well

sure by first falling and then gradually rising back to the initial
water level.

The equation describing soil gas pressure, b, as s function of
depth, 1, and time, 1, in the unsaturnied zone is (sce, €.g., Woeks,
979; Shan, 195; Rojsteczer and Tunks, 1995):

o
'3lx_it un

subject to no-flow boundary conditions &1 the water table
{assurmed fixed at u constant elevation) and 8 prescribed pressure
head upper boundary, b(z = 0, 1) = B(t). The air diffusivity, Dy,
is treated as & lumped parameter that includes both the praper-
ties of ke unsatarated materials and of the soil gas. Given a
known or estimated D, the total beadt in the well, H{t), can be
st:mwdlw-knmmﬁwhmmnmmnumm
B(t), using the convolution summation where u(i) is given as
(Carslaw and Jaeger, 1959, Equation 3.3.8):
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aquiter. 3) Diagram of locations of measurement Points 1 and 2
b) pressare hasd, c) water total head, and d) water levels.

between the impulse and response, v, .nd the lluckneu of the
zone, L. A smaller results
from larger values of dimensionless diffusivity, which corre-
spond to high air diffusivities or shaliow water tables, A3 the
value of the dimensionless diffusivity decreases, the delay
increases between the perturbation and the return to the unper-
unrbog water Ip::l For an gnptrmubh cap over the aguifer, 8

=1-2 =) 2

urp=1 }So . exp(~vr'k)) 0]
whmk Ij—llndv—VD./lLl iffusivit

that i the air diffusivity, Dy, the lag

p change in the water

Icv:l, as expected.

305




o
o4 ‘Boretiole Storage Model
ol #=01
o]
o) Confined Aquifer Modst
O = 50%
e
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§ 3]
o Yertical Atr Flow Model
M7= 0.03
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ENENE
Oelay (haurs}
Fig. 3. Three types of barometrie pressure response funetions: con-
fined nquifes, borebole storags or skin, und uneonfined squifer.

3.4 Summeary of Response Functions

Fi 2 summarizes the lag-dependent nature of the baro-
metric efficiency for the three models described above; 8 constant
‘barometric efficiency for the confined aquifer model developed
by Jacob (1940); a borehole storagr or skin effect modef devel-

South
Carolina

Fig. 3. Location of sty arexs a1 the Savannsh River Site.
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Northwest

Flatiden-Midville Aquifer Syatem
lf
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Aqulter @ System
s
5 Altendale
e s > & Contining
° System
NcQueen Branc! % Migviile
Aqutt 2 Aquiter System
Appleton Contining System
Flg. & anits In the S Coastal Phain
Hydrogealogic Province.

oped by Hvorslev (1951); aod an unconfined, vertica) sirflow
@odel developed by Weeks (1979). Values of model parameters
shown in Figure 2 arc presented for comparison purposes only.

The step barometsic response function for a confined aqui-
feris aconstant, u(r)= | = ae, for ali lags, v, set equaltoa = 0.5
in the figure. In this exarple, the barometrically induced water
fevel {luctuations are in phase with the barometric change and
are a constant fraction of the barometric fluctuations. The bore-
hole storage or skin model assumes a value of 8 = 0.1. The
vertical airflow model assumes & value of D, /L’ =0.03. A1 can
be noted from the figure, each af the relationships have a sub-
stantislly different shape, which should provide diagnostic
information for identification of processes and parameters in
aquifers.

4. Application

Darn for deronstrating methods to estimate the cffects of
hnmmnnc pressure chnp on mns\ued wnm levels were

Savannah Rives
U.S. Department of Encrgy and has been managed by lhe
Westinghouse Savannsh River Corporstion since 1989. The site
is located in South Carotina (Figure 3) and occupies an area of
approximaiely 770 k', SRS kirs on the Atlantic Coastal Plain
and is undertain by a seawand thickening wedge of unconsoli-
dated and semiconsolidatcd strata that tanges from lae
anevus Io Holou:ne (Figure 4). The saquence thickens [rom
he norther edge of SRS 10 3

loutl\tmbmmduy 'I"
southeast, gveraging 6 m km™ (Aldhnd 1993). Because the

regional dip of the top of the pre-Cretacrous basement is 9 m -

km™, the sedimentary wedge is thickening at s rotc of approxi-
mately 3 m k™.

4.1 Data Collection
Monnoruu w:u. near the X-area Acid-Canstic Basin wm
selected f for L levels in thi

measuremesits were taken befoce the transducess were placed in
the wells. A barometric pressure sensor (80 to 106 kPa range,
% 0.03 kPa accuracy) collected barometric pressure readings.
‘Water level and barometric pressure data were collected usinga.
datalogger every two hours for 21 days at K-Area wells, and for
29 days at F-Ares wells. A calibralion program internal to the

and | ions, The KAC wells
mnwnd\hemmmbmwhnbnhundmtbe
of K-Area. The basin, y 19501,
is-nuxdimdpnlhnmwdddmsuuunucidu:dndmm
hydroxide solutions. The basin provided an ares for the mixing
and acutralization of dilute solations before their discharge to
nearby streams, The monitoring wells were installed 10 observe
water levels in the unconfined, surficial squifer. The wells are
sereened 81 the water table which occurs approximately 14 m
below ground surface. A clay lens is generally present beneath
the site at same depth ‘table; the water 1able
mmm:hykmnwmmmlmmmchy
lens in other wells, Water levels monitored on a quarterly basis
have fluctuated more than & meter during the course of & year,
and have fluctuated more han three meters duriag the 10-year
period of record. Four wells (KAC-| to KAC4) were installed in
theearly 1980s while five (KAC-5t0 KAC-9) were installed in the
early 1990s.
A second study ares was selected in the F-Area to investi-
gate me effects of barometric pressure fluctuations on vertical
lients and alt i he behsvior of water
Jevels in confinsd hydrogeologic units. This cluster was installed
in the mid-1970s as part of a baseline hydrogeolagic siudy. Wells
FC-2E and FC-2F monitor the unconfined Upper Three Runs
Aquifer and Well FC-2B mom(uu the lnul.ly eunﬁned Gordon
aquifer. The depth lothe water 20
meters. The P28 well chuster & he FC.2 well cf
and itors d . The deepest weil,
P28-TA, monitors u;- Midville .qulfer syltem ‘Well P23-TE is
completed in the overlying Dublin aquifer system. Well P28-TC
is completed in the McQueen Branch confining unit which
separutes the Dublin and Midville systems,
‘Water level were obtained
1ype pressure transdugers vented to the armosphere, Themm-
ducers were lowered 1o a depth of betwern 0.310 3.0 m below the
water surface in each well. The ranges of the pressure transducer
varied from 3.5 10 7 m of water. The wells caps were removed 30
that the welly weree apen to Lhe atmosphere. Manual wates level

) KA Baromevic Pressere

was used to convert pressure readings 10 equivalem
water depths. A laptop computer was used te collect data from
the datalogger. Daily precipitation data were abtained from the
SRS weather department.

Barometric pressures and daily precipitation data collected
during tate 1993 a1 K-Area wells are presented as Figure $, and
sclected water level measurements for the same period are pre-
sented as Figure 6. Similar dats for data collected at F-Area wells
during a sampling period in early 1994 are shown in Figures 7
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199) Jotkn Duse 199 1o Daw

Fig. 6. Water level mensurements
b) KAC-
umeonfined

at K-Area wells: a) KAC-1;
KAC-3: and d} KAC-S. Al wells are completed in an
squifer,

) PAna Baremetric e

Premare Head (cm)
Depen (ma}

Premare Hest (o)

W
1993 Man O 199 s D
Fig. 5. K-Aren a) barometric pressure and b) daily preeipltation.
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a = unconfined squifer.

and8. i i 7em
for bolh periods, with a maxjmum range nfm 30 cm. Water
levels in the unconfined units (all K-Ares wells and FC-2F and
FC-2E) show & downward trend. Waler levels in confined units
(i.e.. FC-2B and P28-TE) tend to be smoother than water icvels
in unconfined units.

4.2 Barometric
Lmur Tegression estimates of -qu-f:x ‘barcmetric efficien-
ided in Table 1. Th both
equ-uom (8) and (9) 1o determine the fong-term, oy, and short-
term, ay, responses 1o bmnmnc prmure. respectively. Also
presented in Table 1are estimated using

expected, the diagnostic rules conciude that the remaining wells
(FC-2B, P28-TC, and P28-TA) are confined. We can also see
possible borehole storage or skin effects in the wells, especially in
Well P23-TA. Because the well diarmeters are relatively smalt
(<25 cm) and are completed in relatively productive nqual.
1he possibility of b light. Yet,

were construeted using mud drilling techniques, they may be
subject to skin effects. Regardiess, the diagnastic nnalysis indi-
cates the possibility for decreased response in Well P23-TA.

4.1 Barometric Response Functions

Regression deconvolution is used 1o estimate the baro-
metric response functions at K-Arca and F-Arca wells. The
objective of this exercisc is 10 demonstrate the wtility of the
response functions for identifying well response behavior.
Figures 93-d present the barometnc response functions, along
with their standard emrors, for K-Area wells. The response func-
tions for these wells, installed within the surficial, unconfined
aquifer, are similar. A stcp change in barometric pressure causes
2 quick change of ly 60 percent of the
change, and » slow recovery over several hours (o the pre-step
water level. The slow recovery is an indication that the air
pressure wave is being iransmitted through the unsaturated
zone, and the pressure head on the water table is slowly equiti-
brating with the air pressure on the water surface in the well.

In the F-Arca, the shallowest well, FC-2F (Figure 10a),
shows a similar, initial response in water levels of approximately

= 0.5, which means thar a sicp decrease of 1 cm in barometric

pressure results in 8 water level increase of 0.5 ¢m in the well.
Over time the water level in the weil retwrns to zero as the
barometric pressure change reaches the water table and tota}
pressures equilibrate. The slow recovery (decline) in water sevels
«ccaches a minimum a1 2 hours, but increases to another maxi-
mum at 24 hours. The water kevel then declines to zero by 40
hours. The peak at 24 hours is purzling, and may be attributed to
daily oscillations in barometric pressure or to earth tides. This
type of unusual dehavior was nol observed in other wells.

Table |. Efficiencies
{Expected Valoe + One Standard Esvor)

Clark's Method as modified by Davis and Rasmussen, Ascan be
noted in the table. the Modified Clark’s Method provides esti-
mates that arc not significantly differeat from the short<erm
estimates. Substantial differences between the short- and long-
1erD responses {as and v, vespectively) are seen in the table,
which can be explained by the nmedd.y meded lonhe nqun‘er
and well od

LUinear regression Clark'y
Aqiifer — . method
welt 17pe - as ac

KAC-l Unconfined 0.139 £0.013 047420028 0453 £ 0.184
KAC-| Uncanfioed 0.14( £0015 047120030 0442 £ 0.1
KAC-3 Unconfined 0.144 4 0016 0497 4 0.027 0.492 1 0.136
KAC-S Unconfined 0.211 £0.018 0.668 + 0.029 0.643 £ 0.125
KACS Unconfined 0.164 £ 0.017 0,614+ 0.028 0.59 + 0,142

aquifers wnhno borehole ot storage or skin effects, should
be no difference between the two measures. For unconfined
aquifers, the short-term response should be larger than the tong-
term response. For a delayed yicld response in a confined
aquifer, the short-term response should be smaljer than the
{ong-term response.

Using these diagnostic rules as a guide, it is clear that the
uwonﬁmd lqum include lll KAC wells and W:lla FC-2Fand
FC-2E. Th with our apri
ingof the site, If’ faced with here the de;
of confinement was unknown, then this simple diagnostic test
would allow us o determine the degree of confinement. As
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FC-3F Unconfined  0.231 £ 0027 0456 0.039 0.339 + 0.07S
FC-2E Unconfined 0400 £0030 0.7512 0022 0.783 & 0064
Confined 031320015 0.157£0.003 0.150 £ 0.021

P2B-TE Confined 0.241 £0.035 0.1571 0015 C.156 £ 0.034
PZB-TC Confined -0028 £ 0.064 0.007 +0.018 0027 + 0.028
P2B-TA Confined 1.077 4 0.086 0,456 + 0.097 G478 + 0.085
Notes:

oy estimated observed barometric pressures and water tevels.

‘g estimated using first differences of barometric pressures and water

Tevels.
ac estimated using modified Clark's method (Davis and Rasmussen,
1993y,

SwBLEAC), | wwaine:

[ ]
DELAY (hown)

EAYGowy T
Fig. 9. Barometric response functions (% one standard error)
K-Area wells: o) KAC-1; b) KAC- l,c)lAC -3; and d) KAC-S,

For the next deeper well, FC-2E (Figure 10b), also in the
unconfined aquifer, thc resporise statts st & !nlh:r vah-e ap~
0.85,and overtime.
aro smali for the esimated values of the barometric response
function, the function was used to fit the observed water level
record, with residual errors less than | em. To estimase the
opﬁmﬂ value of the air diffusivity, 8 le-suq\mu approach was
used in this unconfined well, The minimum error is found a1
approximately D, = 2t m'/hy. This value of vertical diffusivity

D, ranged (rom 610 25
m*/ ) at & site in the same hydrogeologic province (Rojstaczer
and Tunks, 1995). A residusl error of approximately 3 cm
remaing after fitting this value of diffusivity 10 the data.

The next decper well, FC-2B (Figure (0c), demonstrates a
‘behavior which is consistent with a combination of 8 confined
squifer response along wnlh [} bowholeswrm orskin rupun:e
The confined iciency is 0.4 based
on the long-term vesponse. Yet the borehole storage ar skin
<component causes the initia) cesponse to be approximately 0.1.
The slow change from 0.1 to 0.4 over the course of approxi-
mately 24 hours results from the equilibration in tota) head
between the well and the aquifer. The deepest well, P28-TE
(Figure 10d), ioe similar to FC-2B,
large errors abount the estimated response values preciudes any
definitive statements. In general, the response function tends to
change with time to a vaiue of approximately 0.4.

Comparison of Table | with the Figures 0a-3 demonsirates
the infloence of lag on the estimated barometric efficiency.
Barometric cfficiencics cstimated using changes in water levels,
ay, or using Clark's Method, ac, are generally consistent with
the zero-delay barometric efficiency. Also, barometric efficien-
cies estimated using observed water levels and barometric pres-

sures, oy, are generally consistent with the vatue of the baro~
metric efficiencies after a longer lag, Appronmmly 10 hours,
Thie high and Jow freque ncy pressure
fluctuations induce different responses in confined and water-
table aquifers.

As 8 general rule, uaconfined aquifers show a decrease in
the barometric efficieacy with lag due to the delay required for
the barometric pressure change to travel through the unsatu-
nud zome. Canﬂned aquifers, on the other hand, show a con-

efficiency what is i dent of lag. 1a both
cnsel. the additional influence of bosehole storage or skin com-
plicates the analysis by reducing 1he calculated barometric effi-
ciency for the eatly period. Thus, a confined aguifer chat also
exhibits a sirong borehole siorage or skin component would
have & coupled response of small values of barometric efficiency
at short lags that eventually siabilizes a1 a constent vajue of
barometrit efficicncy at larger lag times.

4.4 Removing Barometric Effects

The previous section focused on understanding the effects
of barometric pressure on water level fluctuatiom. If, insiead,
our objective is to examine some underlying process that is not
otherwise apparent, then we need 10 remove these cffects. A
barometric-corrected head can be obtained by removing the
basomciric influence. Given an esiimate of the barometric effi-
ciency (i.£., o, o, OF aic), we obtain the eorrected, or residual
bead, R, using:

RO=HM ~(I—a) B = W)+ aB() (13a)

and using the barometric response function:
R() = H{) — [Ago B +
Ap BU~ N+ ...

+ apu Bt - ) (130)

») WBLL FC2F ) WELL FC2R

Burmetsic Resporse

8 2 EE
.§
=

2
F
3; ,

6N W e £
DELAY (hours) DELAY (howr)

Flg. 10. Baroretric response functions (1 ane standard ereot) for
F-Area wells: ) FC-2F; b) FC-2F; ¢) FC- II and d) P28-TA.
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Fig. 1. Wel) KAC-1: A) water levels; B) total beads; und corrected

Fig. 12. Well FC-28; A) water lovels; B) tota) brads; and corveeted

ac, D)shont:

as, £} loag-term, ..
»(7h. Plots me-nlmdu--mby indlcated constant
for clarity,

11 should be stressed that the residual head should not be used 1o
calculate hydraulic gradients, or for piotting a piczometric sur-
{ace. Three wells (KAC-1, FC-2E, and P23-TE) were selected to
demonstrate the use of this approach Figures 11-13 show for
cach well, respectively, how the cornection reduces the baro-
metric effects. Each figure shows: (A) the original water levels,
(B) total heads, and residual heads calculating using (C) the
modified Clark’s method, (D) the short-term (difference) baro-
roetrie efficiency, (E) the long-term barometric efficiency, and
{F) the barometric response correstion. For clarity, the individ-
ual plots have been shifted downward by the constant valuc

Mﬂlﬂ’ml}lplmlnlhen[hloflhelim
From Fi‘un 11 (Well KAGI). it is clear that the residual
usingthe function(L m'p)

lmulumn;commhnmmﬁmeﬂ'mnnudonmlmuwl
and show substantial remaining barometric effects. Figure 12
(Welt FC-2E) shows a similar dramatic reduction in the noise of
the original water level measurements. In fact, a small change
around day 27 is clearly apparent in Lint F, which was not visible
in the original dats (Line A). Figure 13 (Well P23-TE) is an
example in which the residual head (Lines C-F) are as noisy s
the original water levels. Yet the residua) response could be a
useful indicator of the response of the system to nonbarometric
influences.

§. Suromary and Conclusions

Water fevel measurements in wells are routinely used with-
out correction at the Savannah River Site (SRS) to determine
the m-puwxle and duumon al‘ hydraulic graditnts, and to
interpret ag water levels are
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@c, D)short-term, s, E) loog-term, o, and F) barometric response
funetions, ;| ,ymmrmmum«u,mumn

Ve Lo (@) - S by Conmtit

pOv a S A NELE

1900 Tnkun Do
Fig. 13. Well PI3-TE; A} water leveh; B) total beads: und corvected

ac, D) short-term, as, E) long4erm, a... and F) beyometric respotise:
functions, 4 (7). Plots B-F are shifted downward by Indiested constant
{for charity,

used as an estimate of the tota) head within the hydrostrati-
graphic unit. This paper demonstrates that fluctuations in baro-
‘metric pressure a1 SRS causc water levels in wells to deviate from
the tLatel head within aguifers. Because the magnitude and direc-
tion of the ground-water gradient is based on spatial changes in
tota) head, l‘ulure © incorporate barometric pressure fmeasure-
ments when obtaining water

the gradient cakuation, This is because retatively arge perturba-
tions are induced by barometric pressure fluctuations, which
average 7 cm of water head and can exceed 30 cm ar SRS,

To mininize erran i the calculation of the hydraulic
gradient, it is recommended that the total hend (the sum of water
hwlplubmmncpmn)bemedwahlhmbmhmw

gradients. The odjl s
mommmded espccmlly in cases where wells are closely spaced,
form ncute triangles, and where the yur:em is small. w‘lh the
advent of mods
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