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EXECUTIVE SUMMARY 

A barometric response analysis was performed in the Liquid Effluent Retention Facility (LERF) 

groundwater monitoring wells 299-E26-1O (downgradient) and 299-E26-11 (upgradient). The 

goal of this analysis was to assess the effect that barometric pressure fluctuations may have had 

on the results of an earlier trend-surface analysis performed to determine the magnitude and 

direction of the hydraulic gradient at the LERF. 

Pressure transducers were installed in downgradient well 299-E26-1O and upgradient well 

299-E26-11 during April 2007 to measure well water-level elevations (additional wells were 

used in the trend-surface analysis, but they had either gone dry or were not accessible). Data 

were collected at an hourly frequency until the end of July. Hourly barometric pressure 

measurements for the 200 East Area were obtained from Pacific Northwest National Laboratory. 

Multiple regression was used to analyze the well water-level responses to barometric pressure 

fluctuations. The water-level response characteristics indicated that the aquifer is unconfmed at 

well 299-E26-10 and confined at well 299-E26-11. In addition, the response for well 

299-E26-11 was consistent with a leaky confmed aquifer. 

Barometric pressure effects were removed from the time-series water-level measurements using 

deconvolution, and temporal trends that were not fully evident in the original measurements were 

revealed. At well 299-E26-1O, the water-level elevation increased during late April, declined 

slightly through late June, and then increased significantly during July. At well 299-E26-11, the 

water-level elevation was stable from late April into May, and then declined steadily through 

July. Previous work has indicated that water levels in the 200 East Area respond to discharges at 

the Treated Effluent Disposal Facility (TEDF) and may also respond to long-term changes in 

Columbia River stage. Effluent discharges to the TEDF were significantly higher during 

June 2007 than in previous months, which likely explains the increasing water-level trend 

observed at well 299-E26-10. 

Two sets of trend-surface analysis results were considered in this work; one including upgradient 

well 299-E26-11 (reported gradient of9.5 x 10-4 at 257 degrees azimuth) and one without this 

well (reported gradient of 1.1 x 10-4 at 243 degrees azimuth). Two analyses had been performed 

because well 299-E26-11 has a water-level elevation about 1 m higher than the downgradient 
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wells. The observed variability in well water levels due to barometric pressure fluctuations 

during the monitoring period was approximately 0.05 mat well 299-E26-10 and approximately 

0.08 m at well 299-E26-11. This level of variability would not have affected the trend-surface 

analysis results that included well 299-E26-11, because the observed variability is much smaller 

than the I-m water-level elevation difference between the wells. The trend-surface analysis 

results excluding well 299-E26-11 may have been affected by barometric pressure fluctuations. 

The reported gradient of 1.1 x 104 equates to a water-level elevation difference of 0.06 m across 

the study area, which is comparable to the level of variability due to barometric pressure 

fluctuations. This variability would be more important if there are significant changes to 

barometric pressure during the time period in which a set of water-level measurements is 

collected, or if there are variations in the vadose zone transmission characteristics across the 

LERF site. Two characterization wells are planned to be installed at the LERF during fiscal year 

2008. If these wells are completed as monitoring wells, it is recommended that additional trend­

surface analyses be performed that will account for temporal barometric pressure fluctuations so 

that average long-term groundwater flow conditions may be more directly determined. 

ES-2 
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then 915, then add 
multiply by 32 
519 

Radioactivity Radioactivity 

picocuries 37 millibecquerel millibecquerel 0.027 picocuries 
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1.0 INTRODUCTION 

The Liquid Effiuent Retention Facility (LERF) at the Hanford Site is a Resource Conservation 
and Recovery Act of 1976 (RCRA) treatment, storage, and/or disposal unit that serves as 
a temporary holding area for liquid effiuents prior to treatment at the Effiuent Treatment Facility 
(ETF). The aquifer beneath the LERF occurs within glaciofluvial sand and gravel of the Hanford 
formation which overlies basalt bedrock, and the depth to water ranges between 60 m and 70 m. 
The water-table elevation exhibits a long-term decline in response to the curtailment of effiuent 
discharges to ground associated with the change in the Hanford Site mission from nuclear 
materials production to environmental cleanup. Groundwater monitoring of the unconfmed 
aquifer began at the LERF in 1990. Since that time, the water-table elevation has declined below 
the top of basalt bedrock beneath parts of the facility (i.e., the unconfined aquifer is dewatering). 
Many of the LERF wells have gone dry and are no longer useable. 

In February 2004, a groundwater evaluation plan ("Liquid Effiuent Retention Facility and 
200 Area Effiuent Treatment Facility, and Approved Modifications," Attachment 34 in Hanford 
Facility Resource Conservation and Recovery Act Permit, Dangerous Waste Portion Revision 8 
IEcology 2004]) was developed for the LERF to assess the feasibility of continued groundwater 
monitoring at the facility. As part of this evaluation, the plan called for determining the 
groundwater-flow characteristics of the unconfined aquifer, including an assessment of 
barometric pressure fluctuations in the LERF monitoring wells and the potential for these 
fluctuations to affect hydraulic gradient and groundwater-flow direction determinations. 
Hydraulic properties and groundwater-flow conditions at the LERF were assessed previously in 
Results of Detailed Hydrologic Characterization Tests - Fiscal Year 2003 (PNNL-14804). 
Hydrologic testing was conducted in two of the LERF wells: 299-E26-10 and 299-E26-11 
(Figure I). The hydraulic conductivity was found to be higher at well 299-E26-1 0 (36.2 mlday 
from a constant-rate pump test) than at well 299-E26-11 (5.53 to 7.34 mlday from slug tests). 

A trend-surface analysis was also performed to assess the groundwater-flow direction using 
water-level measurements collected between 1997 and 2003 (PNNL-14804). The wells used in 
the trend-surface analysis were 299-E26-9, 299-E26-10, 299-E26-11, 299-E27-10, 299-E34-3, 
299-E34-7, and 299-E35-2 (Figure I). It was found that inclusion of wells 299-E26-ll and 
299-E34-7 had a significant effect on the trend-surface analysis results. Well 299-E26-11 has 
a water-level elevation approximately I m higher than the other wells, and the water-level 
elevation data for well 299-E34-7 are consistently lower than the water-table elevation over 
much of the 200 East Area. It is suspected that the wellbore at 299-E34-7 is significantly 
deviated from vertical, which causes the measured depth to water to be larger than the true 
vertical depth to water. PNNL-14804 calculated an average hydraulic gradient magnitude of 
9.5 x 10"" and a flow direction of 257 degrees azimuth (west-southwest) when omitting well 
299-E34-7 from the analysis, and 1.1 x 10"" with a flow direction of 243 degrees azimuth 
(southwest) when omitting both wells. The trend-surface analysis results that had included well 
299-E34-7 are deemed to be biased by the low water-level elevation in this well and are not 
considered further. 

The purpose of the present work is to assess water-level responses to barometric pressure 
fluctuations at the LERF monitoring wells to determine the effect that such fluctuations may 
have had on the trend-surface analysis results. This document discusses the barometric response 
analysis that was performed at the LERF wells. 

I 



N 

. ' k; ';~"""' rE34-3 

Illilll 
~~~~";?~. 
~" ;",''',,'',' 

::;:;: :,'~ 
"",.',:>-:' 'E27-10 

o Basalt Above Water Table 

o Waste Sites 

N Area Boundary 

• Well Monitored Fiscal 
'Year. 2002 - 2008 

Figure J. Well Locations at the Liquid Effluent Retention Facility . 

~ 

:0: 

Willi Monitored 2002 - 2006 
Now Dry 
Well Monitored 2002 - 2006 
Now Decommissioned 

~E3"2 

LERF 

~E2". [I,;::::, ~':;;':' [I":':':" 't?f 'tT 'tl' ~,ql ~@{ '[0~ 
" ..... ,. '" ,. ",.".. ... ,. ...... " 

E26-11 

eE26-10 

t. 

I 1 

o 50 100 150 200 "" 

o 150 :roo 450 eoo rt 
216-B-3_3 DitCh r- ~~~ ~ 

e..n-.ilwfO&_e7o. s.p-c.rriIeI 05, 2007 9:11 AM 

CIl 
CI 
::E , 
VJ 
V> ...., 
V> 

.'" 
~ 
<: 

o 



SGW-3S7S6, Rev. 0 

2.0 THEORETICAL BACKGROUNIY 

Well water levels typically respond to changes in barometric pressure. The relationship is an 
inverse one: increases in barometric pressure cause a decline in the well water-level elevation, 
and vice versa. To understand why this occurs, the concept oftotal head must be defined. 

Total head at a point location in an aquifer is a measure of the total potential energy available to 
induce water flow in the aquifer, and it consists of both pressure and gravitational components. 
The pressure component is the absolute pressure at the measurement point, and the gravitational 
component is usually denoted as the height of the measurement point above an arbitrary datum 
(e.g., mean sea level). Thus, the total head can be expressed as the sum of the elevation of the 
measurement point and the total pressure at that point: 

P 
H = ---1!!!.... + Z tot p.g 

(Equation I) 

where Htot is the total (freshwater) head (L), Ptot is the total pressure (M L'! r2), p is the density 
of freshwater (M L'\ g is the acceleration of gravity (L r2), and z is the elevation of the 
measurement point (L). The term Ptot / (p . g) expresses the total pressure as an equivalent 
freshwater head having units oflength (L). 

2.1 TOTAL HEAD AND BAROMETRIC PRESSURE CHANGES 
FOR UNCONFINED AQUIFERS 

For an unconfined aquifer (with a negligible vertical hydraulic gradient), the total pressure in 
Equation I is due to the height of the water column above the measurement point and the 
atmospheric pressure at the water table: 

P.ot = p. + hw . p. g (Equation 2) 

where p. is the atmospheric pressure (M L·t r2) and hw is the height of the water column above 
the measurement point (L). Substituting into Equation I gives 

H - p. h 
tot ---+ w +z 

p.g 
(Equation 3) 

The quantity, hw + z, is known as the hydraulic head, so Equation I can be expressed for an 
unconfmed aquifer as 

H - p. H 
tot ---+ hyd 

p.g 
(Equation 4) 

where Hhyd is the hydraulic head (L). Thus, the total head at a particular point in an unconfined 
aquifer is the sum of the hydraulic head at that location and the barometric pressure head. Total 

I Infonnation for this section was derived from "The Theory of Ground-Water Motion" (Hubbert 1940); "On the 
Flow of Water in an Elastic Artesian Aquifer" (Jacob 1940); "Barometric Fluctuations in Wells Tapping Deep 
Unconfmed AquifeIll" (Weeks 1979); Groundwater (Freeze and Cherry 1979); "Identifying and Removing 
Barometric Pressure Effects in Confined and Unconfined AquifeIll" (Rasmussen and Crawford 1997); Effects of 
Barometric Fluctuations on Well Water-Level Measurements and Aquifer Test Data (PNNL-13078); and 
"Considering Barometric Pressure in Groundwater Flow Investigations" (Spane 2002). 
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head is the parameter that determines groundwater flow in an aquifer. Hydraulic head is 
typically used to ascertain groundwater flow conditions with the assumption that the barometric 
pressure at the water table (P a) is constant across a given study area (Le., hydraulic head is 
assumed to be directly proportional to total head). As is explained later, this assumption may not 
always be true. 

Consider two measurement points associated with a well completed in an unconfmed aquifer: 
point A within the saturated screened interval and point B at an equivalent horizon adjacent to 
the well in the aquifer. The total head at point A (H'o'(A)) is the sum of the water-level elevation 
in the well (Hhyd(A)) and the atmospheric pressure at the water-level surface converted to an 
equivalent freshwater head (Pa(A) I [p . g]). Similarly, the total head at point B (MoI(B)) is the sum 
of the hydraulic head in the aquifer (Hhyd(B)) and the atmospheric pressure at the water table 
converted to an equivalent freshwater head (P a(B) I [p . g]). At equilibrium, 

H'o'(A) = H'o'(B) (Equation 5) 

and, therefore, 

Pa(A) Pa(B) 
--+Hhyd(A) =--+Hhyd(B) 
p.g p.g 

(Equation 6) 

Barometric pressure represents a blanket stress applied evenly at land surface over a large area. 
Consider what happens if that pressure instantaneously declines by an amount equiValent to one 
unit of freshwater head. This reduced pressure is immediately propagated through the wellbore 
to the water-level surface in the well (assuming an open well [i.e., the well cap is not airtight]), 
but does not propagate immediately through the vadose zone. Due to airflow resistance in the 
vadose zone, a time lag occurs before the barometric pressure at the water table begins to 
decline. Therefore, immediately after the barometric pressure decline, there will be an imbalance 
in the total head at points A and B, with the total head at point A being one unit-less: 

(

Pa(A) ) Pa(B) 
---1 +Hhyd(A) <--+HIryd(B) 
p.g p.g 

(Equation 7) 

The imbalance in total head (i.e., a gradient) induces a flow of water from the aquifer through the 
screen into the well. This occurs until the water level in the well increases by one unit and the 
equality of total heads is re-established. Assuming that water transmits easily into the well 
(i.e., wellbore storage effects are not significant), this process would happen rapidly so there 
would essentially be no time lag between the barometric pressure change and the initial well 
water-level response. By this mechanism, the water level in a well fluctuates in response to 
barometric pressure changes to maintain the eqUilibrium of total heads between the well and the 
adjacent aquifer. Eventually, the barometric pressure change will migrate through the vadose 
zone and change the air pressure at the water table. This will also result in a total head 
imbalance and the well water level will adjust to maintain the total head equilibrium. In 
addition, it is apparent from Equation 6 that whenever there is a difference in air pressure 
between the well and the aquifer water table, the water-level elevation in the well will be 
different than the actual water-table elevation in the surrounding aquifer. Thus, the only time a 
well water-level elevation equals the water-table elevation in the aquifer is when the air pressures 
are equal (i.e., a state of equilibrium exists). 

4 
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2.2 TOTAL HEAD AND BAROMETRIC PRESSURE CHANGES 
FOR CONFINED AQUIFERS 

The situation for confmed aquifers is different. As mentioned previously, the total head at 
a point in an aquifer can be expressed as the sum of the elevation of the measurement point and 
the total pressure at that point (Equation 1). The pressure in a confined aquifer is due to the 
height of the water column above the measurement point (i.e., the vertical distance to the 
confining layer) and the weight of the overlying material including the atmosphere. This weight 
is supported partly by the aquifer water and partly by the aquifer skeleton, but only the part 
supported by the water adds to the total pressure. Thus, the total pressure at a point location in 
a confined aquifer is given by 

(Equation 8) 

where Ug is the stress due to the weight of the overlying geologic units and soil moisture 
(M L·1 r2) and Ue is the weight of the overlying material supported by the aquifer skeleton 
(i.e., effective stress). The quantity Pa + Ug is referred to as the total stress. Thus, the total head 
at a point location in a confined aquifer can be expressed as the sum of the measurement point 
elevation, the height of the water column above the measurement point, and the portion of the 
total stress borne by the aquifer water (i.e., total stress less effective stress): 

H,o, 
Pa +O"g -O"e .....::._ ....... _-"- + hw + Z 

p.g 
(Equation 9) 

Like before, consider two points: point A inside the well screen and point B at an equivalent 
horizon in the aquifer. The total head in the well is given by 

H,o' =~+~(A) +z(A) 
p.g 

(Equation 10) 

where hw(A) is the height of the water column above point A (L), and Z(A) is the elevation of 
point A (L). At equilibrium, 

(Equation 11) 

and, therefore, 

p Pa+O"g -O"e 
_a_+Hhyd(A) = +hw(B)+Z(B) 
p.g p.g 

(Equation 12) 

because hw(A) + Z(A) is the hydraulic head in the well. 

For a confined aquifer, changes in the atmospheric pressure load at the surface are transmitted 
instantaneously to the aquifer (through the overlying vadose zone skeleton and confining unit) as 
a change in total stress. Thus, for confined aquifers, a unit decrease in atmospheric pressure 
(equivalent to one unit of freshwater head) causes an instantaneous decrease in total head in the 
aquifer. However, the total head decrease in the aquifer is not equal to one unit, because the total 
stress is not entirely supported by the aquifer water (some is supported by the effective stress on 
the aquifer skeleton [ueD. For example, if50% of the total stress change is borne by the aquifer 
water and 50% by the aquifer skeleton, then the total head in the aquifer (point B) would 
decrease by one-half unit. Because the total head in the well (point A) would decrease by one 
unit, there is a resulting imbalance in total heads between the aquifer and the well: 

5 
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( 
P) (p -1.p.g}+O' -(0' -OS.p.g) 

_Q- -1 + H hyd(A) < Q g.' + h,.(B) + Z(B) (Equation 13) 
p.g p.g 

Similar to an unconfined aquifer, this imbalance in total heads induces a flow of water from the 
aquifer into the well until the total heads are again in equilibrium. For this example, the water 
level in the well would increase by one-half unit instead of one unit like in the unconfined 
aquifer example. The ratio between the water-level change in the well and the atmospheric 
pressure change is known as the barometric efficiency (BE) and is a direct measure of the 
proportion of the total stress change borne by the aquifer skeleton (and 1 - BE is a measure of 
the proportion borne by the aquifer water). Barometric efficiencies usually fall in the range of 
0.20 to 0.75 (Freeze and Cherry 1979). Unlike an unconfmed aquifer, as the barometric pressure 
change migrates through the vadose zone, the total head in a confined aquifer does not change. 
Thus, there is no further water-level response in a confined aquifer to an instantaneous change in 
barometric pressure. 

2.3 CHARACTERISTIC BAROMETRIC RESPONSE FUNCTIONS 

The response of the well water level to changes in barometric pressure was briefly described in 
the previous sections but is more completely explained in this section. Three characteristic cases 
by which the water level in a well may respond to changes in barometric pressure have been 
described in the literature: an unconfined aquifer case, a confined aquifer case, and a wellbore 
storage or skin effects case. Rasmussen and Crawford (1997) provided characteristic well 
water-level response curves to a step change in barometric pressure for the unconfined, confined, 
and wellbore storage cases. These response curves are shown in Figure 2. Spane (2002) 
provided similar curves for both well water-level response and total head response and extended 
the wellbore storage case to include skin effects. 

As discussed previously for the unconfined aquifer case, a step decrease in barometric pressure 
would propagate instantaneously through the open wellbore but would be transmitted slower 
through the vadose zone to the water table due to airflow resistance in the vadose zone. This 
causes an immediate water-level increase in the well to maintain the equilibrium of total head 
between the well and the aquifer. As the decline in barometric pressure migrates through the 
vadose zone and reaches the water table, the total head in the aquifer will slowly decrease. The 
well water level will respond by decreasing slowly so as to maintain the total head equilibrium. 
This process will continue until the barometric pressure decrease is fully transmitted to the water 
table, at which time the well water level will have returned to its original position. Thus, the 
characteristic well water-level response curve for an unconfined aquifer demonstrates a time-lag 
dependence on a barometric pressure change: an immediate response to the barometric pressure 
change is followed by a slow return to the original water level (Figure 2). The rate at which the 
water level recovers depends on the vertical pneumatic diffusivity of the vadose zone, which 
depends on the intrinsic permeability of the vadose zone, the soil gas properties, and the vadose 
zone thickness. 
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Figure 2. Characteristic Well Water-Level Responses to an Instantaneous One Unit Change 
in Barometric Pressure (after Rasmussen and Crawford 1997). 
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It was also discussed previously that for a confined aquifer, a step decrease in barometric 
pressure would propagate instantaneously through the wellbore as well as to the aquifer, and the 
well water level would respond according to the barometric efficiency. There is no time-lag 
dependence associated with this response. The barometric pressure change will slowly migrate 
through the overlying sediments to the confining unit, but this merely changes the manner in 
which the load is transmitted to the aquifer; the total load due to the barometric pressure decrease 
does not change. Thus, the characteristic well water-level response curve for a confined aquifer 
consists of a constant response equal to the barometric efficiency (Figure 2). 

The third case is that of well bore storage or skin effects. Wellbore storage is a function of the 
well volume and aquifer characteristics and refers to the ease (or difficulty) by which water can 
move between the well and the aquifer through the well screen and filter pack. Well skin refers 
to the altered formation around the wellbore damaged during the well installation process, and 
which has different hydraulic properties than the surrounding undamaged formation. Wellbore 
storage or skin effects act to delay the equilibration of total head between the aquifer and the 
well. Figure 2 shows a theoretical water-level response associated with wellbore storage effects. 
The initial response is no water-level change followed by a slowly changing water level over 
time in response to a step change in barometric pressure. A skin effects response would be 
similar. The wellbore storage or skin effects response does not constitute a stand-alone case, but 
instead modifies the ideal response of either the unconfined or confined cases. 
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As stated by Rasmussen and Crawford (1997), "The effects of barometric pressure on water 
levels can be used diagnostically to identify whether an aquifer is confined or unconfmed, 
whether borehole storage or skin effects are significant, or to determine the air [vertical 
pneumatic 1 diffusivity of the unsaturated zone near the well." This is accomplished by analyzing 
a time series of well water-level elevations and barometric pressure data to determine the water­
level response to a step change in barometric pressure. This response curve is then compared 
with the characteristic response curves in Figure 2 to determine whether an aquifer is confined or 
unconfmed and to assess wellbore storage or skin effects. 

As stated previously, even though total head is the parameter that governs groundwater flow, 
hydraulic head (as observed in wells) is typically used to determine the hydraulic gradient and 
groundwater flow direction with the assumption that it is directly proportional to total head. 
However, as stated by Spane (2002), this assumption may not be realistic in areas exhibiting 
variable vadose zone characteristics. For an unconfined aquifer, changes in the vertical 
pneumatic diffusivity of the vadose zone across a study area results in different barometric 
response characteristics for different wells. Thus, the relationship between hydraulic head in 
a well and total head in the aquifer may vary from well to well. In addition, the barometric 
pressure may change during the time in which the measurements are being collected, and this 
would introduce more variability into the data. Furthermore, variable pneumatic diffusivities 
will lead to differences in total head across a study area in response to barometric pressure 
changes. This may produce measurable, temporal changes in groundwater flow conditions, 
particularly in low-gradient areas. Therefore, to determine long-term, average groundwater flow 
conditions, the effect of barometric pressure fluctuations may need to be accounted for. This is 
accomplished by determining the barometric response function for each well and using that 
response to remove the effects of barometric pressure changes from the water-level data. 

2.4 DETERMINATION OF BAROMETRIC RESPONSE FUNCTIONS 

The first step in determining a well-specific barometric response function is to determine the 
quantitative relationship between total head and barometric pressure. This is accomplished using 
multiple regression on time-series measurements for total head and barometric pressure. The 
regression equation is given by Rasmussen and Crawford (1997) as: 

(Equation 14) 

where Hto,(t) is the total head (L) at time t,po is the offset coefficient (L),Pl is the linear trend 
coefficient (LIT), l1u. are the barometric response coefficients for time lags of 0 to n (L/L), and 
B(t - n) are the barometric pressure measurements for time lags of 0 to n expressed as equivalent 
freshwater heads (L). Once the barometric response coefficients are determined, the response 
function to an instantaneous unit change in barometric pressure is found using the following 
equation (Rasmussen and Crawford 1997): 

T 

u(r) = Ll1u; (Equation 15) 
;=0 

where u is the total head response to an instantaneous unit change in barometric pressure as 
a function of the time lag (t). Thus, for a time lag of zero, u(O) = l1uo; for a time lag of one, 
u(l) = l1uo + I1Ul, and so on. The well water-level response is 1 - u(t). The maximum time lag 
(n) is chosen such that the total head response curve (for an unconfined aquifer) goes to one (or 
the well water-level response curve goes to zero). 
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2.5 REMOVAL OF BAROMETRIC PRESSURE EFFECTS 

Barometric pressure does not change in discrete steps, but instead varies continuously. The total 
head (or well water level) also varies continuously in response to barometric pressure variations. 
The relationship between total head and barometric pressure is expressed using a convolution 
integral: 

/ 

Ml/o/(t) = Ju(r).B(t-r)dr (Equation 16) 
r=O 

where !lif,o/ is the change in total head from an arbitrary starting time of t = 0, and 1: is the time 
lag between a differential barometric pressure change and the associated total head response. 
This equation essentially applies the barometric response function to each differential change in 
barometric pressure (i.e., the barometric pressure change over an infinitesimally small time step) 
and sums the results to compute the net change in total head for a particular time. Since the 
barometric response function (u) is empirically derived and the barometric pressure (B) varies 
arbitrarily with time, there is no analytical solution to Equation 16 and this integral must be 
analyzed numerically. The following equation is a numerical approximation of Equation 16 
(modified from Rasmussen and Crawford 1997): 

• 
Ml/o/(t) = Lu(r).AB(t-r) (Equation 17) 

1';;0 

where n is the chosen maximum time lag and AB is the change in barometric pressure 
(equivalent freshwater head) over successive time steps. Equation 17 is used to determine the 
change in total head (or well water level) in response to a time series of barometric pressure 
changes. The change in total head can then be subtracted from the observed total head values 
(i.e., deconvolved) to produce a time series of total heads where barometric pressure effects have 
been removed (i.e., the time series of total head that would have occurred if the barometric 
pressure were constant). This technique of analyzing and removing barometric pressure effects 
is known as multiple regression/deconvolution. 

3.0 METHODOLOGY 

The multiple regression/deconvolution technique described above was used to assess barometric 
pressure fluctuations at the LERF monitoring wells. Four of the seven wells used for the 
trend-surface analysis in PNNL-14804 have since gone dry (299-E26-9, 299-E34-3, 299-E34-7, 
and 299-E25-2), and one well (299-E27-1O) is in a radioactive contamination area. Thus, 
only wells 299-E26-1O and 299-E26-11 were available for this study. Well 299-E26-1O is 
a downgradient LERF monitoring well screened across the water table to approximately 0.5 m 
into the uppermost basalt flow, the Elephant Mountain basalt. The aquifer thickness at well 
299-E26-10 (from the water table to basalt) is only 0.9 m. Well 299-E26-11 is an upgradient 
well with a 1.7 -m screen entirely within the Elephant Mountain basalt flow top. The water level 
occurs 1.0 m above the top of the screen. 
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Wells 299-E26-10 and 299-E26-11 were instrumented with pressure transducers and data loggers 
to collect a time series of well water-level elevations. Data collection began on April 12, 2007, 
at hourly intervals and continued until the end of July 2007. Manual water-level measurements 
were taken periodically to assess transducer accuracy. Hourly barometric pressure 
measurements were obtained from Pacific Northwest National Laboratory for the 200 East Area 
meteorological tower (station #6), located in the northeastern portion of the 200 East Area. The 
pressure transducer measurements were collected at the top of each hour to coincide with the 
barometric pressure measurements. 

The water-level barometric response function for each well was calculated using Equations 14 
and 15 with I-hour time steps after converting the barometric pressure measurements to 
equivalent freshwater heads. The response functions were initially calculated using the time­
series data from April 15, 2007, through May 30, 2007. However, after removing the barometric 
effects from the water-level data, it was found that temporal fluctuations were evident in the 
water levels for well 299-E26-10 during April, and the water-level data had shifted by 
approximately 0.02 m on May 7, 2007. In addition, small water-level data shifts were also noted 
for well 299-E26-11 on April 23, 2007, and again on June 25, 2007. These shifts may be due to 
a slight repositioning of the transducers in the wells. The final barometric response functions 
were computed using the time-series data from May 15,2007, through June 24, 2007, to avoid 
any effect the temporal fluctuations or data shifts may have on the response curve results. 

Prior to performing the multiple-regression analysis using Equation 14, a linear regression was 
performed on the water-level elevation data over the May 15,2007, to June 24, 2007, time period 
for each well. The results showed water-level decline rates of 0.08 rnJyr for well 299-E26-10 
and 0.17 rnJyr for well 299-E26-11. Using these rates, the water-level data were detrended prior 
to calculating the total head values used in Equation 14. Linear regression was also performed 
on the barometric pressure data, but no significant trend was found. The detrended water-level 
elevations were then added to the observed barometric pressures to obtain the total head time 
series used in Equation 14. By using detrended water-level elevations with no trend observed in 
the barometric pressure data, the linear trend coefficient (fh) in Equation 14 was essentially zero. 

The barometric response functions were calculated using Equation 15. Experimentation with 
different lag times showed that 60 hours was sufficient to represent the response functions. An 
assessment of the confined or unconfined nature of the aquifer and the significance of wellbore 
storage or skin effects was then made by comparing the response functions to the characteristic 
functions shown in Figure 2. Finally, Equation 17 was employed, using I-hour time steps, to 
remove the barometric pressure effects from all the transducer data allowing for a comparison 
between the corrected and uncorrected well water-level elevations. 

4.0 RESULTS AND DISCUSSION 

The time series of well water-level elevations and barometric pressures for wells 299-E26-1O and 
299-E26-11 (shown in Figures 3 and 4, respectively) indicate that water levels in both wells 
respond to changes in barometric pressure (i.e., declines in pressure correlate with increases in 
well water-level elevation, and vice versa). Long-term temporal trends are evident in the water­
level data. At well 299-E26-1 0, the water level appears to be slowly declining through the end 
of June, followed by an increasing trend during July. The overall trend at well 299-E26-11 is 
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a decline with no increasing trend distinguishable during July. It is also apparent that the water­
level fluctuations are larger in well 299-E26-11 than in well 299-E26-1 O. The barometric 
pressure fluctuated over a range of 0.23 m (equivalent freshwater head) during the study period, 
while the well water-level elevations fluctuated over ranges of 0.05 m for well 299-E26-1 0 and 
0.08 m for well 299-E26-11 . 

The calculated barometric response function for well 299-E26-1 0 (Figure 5) ranges from 
approximately 0.2 for short time lags to less than 0.05 at 60 hours. This response function does 
not agree very well with the theoretical curves shown in Figure 2. The decline in the response 
function over time, approaching zero, is indicative of an unconfined aquifer response. However, 
the response for short time lags is nowhere near unity. This observation might be interpreted as 
being due to significant well bore storage or skin effects, which would act to delay the well 
water-level response to changes in barometric pressure. If this were the case, however, the initial 
response should be an increase at the short time lags transitioning later into a decline. In 
addition, PNNL-14804 reported on detailed hydrologic testing conducted in this well and no 
mention was made of well bore storage or skin effects being present, even though the 
methodology employed should have detected such effects. It was noted that this well rapidly 
recovers from a slug withdrawal test (90% recovery within 7 seconds), which is inconsistent with 
the presence of significant well bore storage or skin effects. 

Figure 3. Time Series of Well Water-Level Elevations at Well 299-E26-1 0 and Barometric 
Pressure in the 200 East Area, Spring and Summer 2007. 
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Figure 4. Time Series of Well Water- Level Elevations at Well 299-E26-ll and Barometric 
Pressure in the 200 East Area, Spring and Summer 2007. 
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Figure 5. Water-Level Barometric Response Function for Well 299-E26-l O. 
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The most likely explanation for the initial small barometric response at well 299-E26-10 is that 
changes in atmospheric pressure are being propagated quickly from the wellbore to the vadose 
zone through the unsaturated portion of the well screen above the water table (F. A. Spane, 
personal communication). Well 299-E26-10 has a 4.S-m screen, but the aquifer is adjacent to 
only the lower 1.4 m. Thus, most of the well screen is adjacent to the unsaturated sediments 
above the aquifer. This allows the wellbore to act as a short circuit for the transmission of the 
barometric pressure change to the vadose zone. In this case, a unit change in barometric pressure 
results in less than a unit difference in air pressure between the wellbore and the vadose zone 
above the water table immediately surrounding the well, which leads to a smaller initial water­
level change. 

The barometric response function for well 299-E26-11 (Figure 6) shows a decline from 
approximately 0.5 to approximately 0.3 during the first 12 hours and then remains relatively 
constant thereafter. This response also does not agree precisely with the theoretical curves in 
Figure 2. However, since the response function does not approach zero, it is clear that the 
aquifer at this location occurs under confining conditions. This conclusion is supported by 
observations of the well water level made during drilling in 1990. Water was fust encountered 
beneath a mud layer and the water level then rose approximately 2.4 m up the borehole, 
indicating that the water was under pressure. The borehole log recorded by the well site 
geologist indicated that "the aquifer may be partially confined" (Borehole Completion Data 
Package for the Liquid Effluent Retention Facility [WHC-MR-0235]). Over the interval from 
12 to 60 hours, the response curve averages 0.29, which is interpreted to be the long-term 
barometric efficiency. 

Figure 6. Water-Level Barometric Response Function for Well 299-E26-ll. 
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The initial decline in the response function at well 299-E26-11 is opposite to what would be 
expected if wellbore storage or skin effects were significant; this would result in an initial 
increase in the response function. The best explanation for the decline is that the aquifer is 
a leaky confined aquifer (F. A. Spane, personal communication). For a leaky confined aquifer, 
the confining layer is much less permeable than the aquifer material, but not impermeable 
(Freeze and Cherry 1979). As with a confmed aquifer, the stress due to the atmospheric pressure 
change propagates immediately to the aquifer confming unit through the vadose zone skeleton. 
Some of this stress is borne by the aquifer skeleton and some by the aquifer water. In a leaky 
confined aquifer, however, some of the load due to the pressure change is eventually transferred 
from the aquifer skeleton to the water, once the pressure change migrates through the pore space 
of the leaky confining layer. This results in a decline of the barometric efficiency over time 
(recall that barometric efficiency is a direct measure of the amount of the total stress change 
borne by the aquifer skeleton). 

Equation 17 was used to remove the effects of barometric pressure fluctuations from the time 
series of well water-level elevations (when applying this equation to well 299-E26-11 , the 
response function was assumed to continue indefinitely beyond 60 hours at a constant value of 
0.29, the long-term barometric efficiency). The results show features of the data that were not 
evident otherwise. For well 299-E26-1O, a 0.02-m shift in the transducer measurements on 
May 7, 2007, is evident in the corrected water levels, but is masked by barometric pressure 
fluctuations in the original measurements (Figure 7). The corrected water levels for well 
299-E26-10 show an increasing trend during late April and early May, followed by a slow 
decline through June, and then an increasing trend of about 0.04 m during July. Previous work 
has shown that the water-table elevation in the 200 East Area responds to effluent discharges at 
the Treated Effluent Disposal Facility (TEDF) (located about 3 krn southeast of the LERF) and 
may also respond to long-term changes in Columbia River stage (The 2002-2003 Fluctuation of 
the Water-Table Elevation in the 200 East Area and Vicinity: Evaluation of Potential Causes 
[PNNL-SA-49780]). Discharges to the TEDF were significantly higher during June 2007 than in 
previous months, which likely explains the increasing water-level trend observed during July. 

Similar features are visible in the corrected water levels for well 299-E26-11 (Figure 8). 
A 0.02-m shift in the transducer data occurred on April 23, 2007, which was not apparent in the 
original water levels. Another shift in the data of about 0.01 m occurred on June 25, 2007. From 
late April to early May, the water-level trend is stable. This is followed by a declining trend 
throughout the remainder of the study period. The increasing water-level trend during July at 
well 299-E26-10 was not seen at well 299-E26-11. 

No attempt was made to estimate the vertical pneumatic diffusivity of the vadose zone at the 
LERF. More theoretical work is needed to address the water-level barometric response 
characteristics for wells screened across the water table or completed in leaky confmed aquifers, 
before the response functions from such wells could be used to determine the vertical pneumatic 
diffusivity. 
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Figure 7. Water-Level Elevations in Well 299-E26- 1 0 Before (Blue) and After (Gn:en) 
Removal of Barometric Pressure Effects. 
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Figure 8. Water-Level Elevations in Well 299-E26-11 Before (Blue) and After (Green) 
Removal of Barometric Pressure Effects. 
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4.1 POTENTIAL EFFECTS OF BAROMETRIC PRESSURE FLUCTUATIONS 
ON THE TREND-SURFACE ANALYSIS 

As previously described in Section 1.0, a trend-surface analysis was perfonned on water-level 
elevations collected from seven wells in the LERF vicinity between 1997 and 2003 to detennine 
the magnitude and direction of the hydraulic gradient (PNNL-14S04). Two wells were found to 
have a significant effect on the trend-surface results: well 299-E34-7, which is suspected to be 
significantly deviated from vertical; and well 299-E26-11, which has a water-level elevation 
approximately I m higher than the other wells. Two hydraulic gradient results were presented in 
Section 1.0, one including well 299-E26-11 (gradient of9.5 x 10-4 at 257 degrees azimuth) and 
one without this well (gradient of 1.1 x 10-4 at 243 degrees azimuth). Both results excluded well 
299-E34-7. 

Barometric pressure fluctuations are not expected to have affected the trend-surface result that 
included well 299-E26-11. The range of water-level elevation response to barometric pressure 
changes was found to be approximately 0.05 m in well 299-E26-10 and approximately O.OS m in 
weIl299-E26-11. This variability is much smaller than the I-m water-level elevation difference 
observed between well 299-E26-11 and the other wells used in the trend-surface analysis. Thus, 
differences in the well water-level elevations of up to O.OS m between wells will not affect the 
trend-surface results. This conclusion assumes that the variability observed in wells 299-E26-1 0 
and 299-E26-11 is representative of the other wells used in the trend-surface analysis. Time­
series water-level elevation measurements for 10 wells at Low-Level Waste Management Area 1 
(located in the northwest comer of the 200 East Area) indicate a variability of 0.05 to 0.10 m, 
which closely matches the variability observed at the LERF. This conclusion is also supported 
by the results in PNNL-14S04, where trend-surface analyses were perfonned separately on seven 
sets of water-level measurements (when including well 299-E26-11) with very consistent results 
(the standard deviation of the gradient direction was only 3.5 degrees and the standard deviation 
of the gradient magnitude was more than an order of magnitude lower than the average). 

The trend-surface analysis result that excluded well 299-E26-11 may have been affected by 
barometric pressure fluctuations. The reported gradient was 1.1 x 10-4, and the wells used to 
obtain that result are approximately 500 m apart in the downgradient direction. This results in 
a water-table elevation difference across the study area of 0.06 m, which is within the range of 
variability observed in the time-series water-level data. In addition, there was much greater 
variability in the trend-surface results when omitting well 299-E26-11 from the analysis. The 
trend-surface analysis was perfonned on four data sets, and the gradient direction ranged from 
192 to 257 degrees azimuth with a standard deviation of35.! degrees, and the standard deviation 
of the gradient magnitude differed from the average by less than a factor of two (PNNL-14S04). 
This variability could well have been caused, at least in part, by barometric pressure fluctuations. 

Two characterization wells are planned to be installed at the LERF during fiscal year 200S. If 
these wells are completed as monitoring wells, they would then be available for use in 
perfonning another trend-surface analysis to confinn the results ofPNNL-14S04. It is 
recommended that a barometric response analysis be perfonned on the new wells and barometric 
effects be removed from the water-level data prior to perfonning the trend-surface analysis. This 
would enable a more direct detennination oflong-tenn average groundwater flow conditions 
(Spane 2002). 
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5.0 CONCLUSIONS 

The water-level elevation in wells 299-E26-10 and 299-E26-ll at the LERF respond to changes 
in barometric pressure. The variability in well water-level elevations was found to be 
approximately 0.05 mat well 299-E26-10 and approximately 0.08 m at well 299-E26-11. The 
water-level barometric response function for well 299-E26-10 indicated that the aquifer is 
unconfined. However, the water-level response is subdued in this well because the unsaturated 
portion of the well screen above the water table acts to quickly equilibrate air pressure 
differences between the atmosphere and the vadose zone surrounding the well. 

The water-level barometric response function for well 299-E26-ll demonstrated that the aquifer 
in the Elephant Mountain flow top at this location occurs under confining conditions. 
Furthermore, the specific shape of the response function suggests that the aquifer may be best 
described as a leaky confined aquifer. The long-term barometric efficiency for this well was 
found to be 0.29. 

The trend-surface results in PNNL-14804 that included well 299-E26-ll in the analysis were not 
affected by barometric pressure fluctuations because the variability in the well water-level 
elevations is much smaller than the relief of the interpreted water table. Barometric pressure 
fluctuations probably did contribute to the variability of the trend-surface results when well 
299-E26-ll was excluded from the analysis. In this case, the variability of well water-level 
elevations is approximately the same as the interpreted water-table relief. If this variability 
differs from well to well due to varying vadose zone characteristics, then accounting for 
barometric pressure fluctuations may be important when determining groundwater flow 
conditions at the LERF. If two new characterization wells (due to be installed at the LERF 
during fiscal year 2008) are completed as groundwater monitoring wells, then another trend­
surface analysis can be performed in which barometric fluctuations are accounted for allowing 
for a more direct determination of long-term groundwater flow conditions. 
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