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The Kansas Geological Survey made a conscientitms ® ensure the accuracy of this report.
However, the Kansas Geological Survey does notagiee this document to be completely free
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1. Introduction and background

The calibration monitoring (index) well programaigilot study to develop improved
approaches for measuring hydrologic responsesdodal (section to township) scale.
The study is supported by the Kansas Water Offa&@) with Water Plan funding. It

is being undertaken because of KWQ's interest ohrasponsibility for long-term
planning of the Ogallala-High Plains aquifer in tegs Kansas. The Kansas Department
of Agriculture, Division of Water Resources (KDA-CRYis providing assistance, in
terms of personnel and equipment, as are GroundWiteagement Districts (GMDSs) 4,
3, and 1.

A major focus of the program is the developmentridéria or methods to evaluate the
effectiveness of management strategies at the sitilfeug., township) scale. Changes in
water level — or the rate at which the water léesehanging -- are considered the most
direct and unequivocal measure of the impact ofagament strategies. Because of the
economic, social, and environmental importance atewin western Kansas, the effects
of any modifications in use patterns need to béuated promptly and accurately. The
project has therefore focused on identifying artioeng the uncertainties and
inaccuracies involved in producing quantitativareates of year-to-year changes in
water-level, in order to support managers in idgimg the impacts of water-use changes
as rapidly as possible.

Now concluding its third year, the program has tegignificant steps toward achieving
the goals of understanding and measuring aquifieamycs at scales appropriate to the
definition and management of aquifer subunits, aitanately, providing cost-effective
methods for assessing the impact of long-term mamagt strategies. This annual report
of progress summarizes not just findings, but #igocurrent state of knowledge and
interpretation, and the needs, plans, and oppdresrior further study.

More detailed information on the design and incaptf the project is available from the
previous annual reports, Young et al. 2007
(http://www.kgs.ku.edu/HighPlains/OHP/OFR_2007_30alfipd) and Young et al.

2008 fttp://www.kgs.ku.edu/HighPlains/OHP/OFR_2008 29 pske also
http://www.kgs.ku.edu/HighPlains/OHP/index_progremtéx.shtmifor detailed
descriptions of the wells and access to the teleradétwater-level data. The overall
experimental design and the current field sitedaseribed in section 2. Section 3 of
this report addresses the issues and findingstéoad@cerning the measurement of
groundwater levels and the accurate determinafiovater-level elevation changes.
Section 4 summarizes the progress made towardiagghe findings to monitoring and
management at the aquifer subunit scale, and estliemaining needs and work plans.
Section 5 presents an overall summary of findingsdirections. The appendices to the
report contain more extensive and detailed datébaoskground information: Appendix
A.1 has a complete compilation of available datéahencharacteristics of all wells
involved in the study; A.2 presents precipitati@tadfor the three counties involved; A.3
supplies recent water use data in the vicinityhefindex wells; and A.4 presents
hydrographs and Barometric Efficiency Function phatr all transducer-monitored wells




at the Haskell site. Appendices B and C presethhads and background information
relating to well recovery analysis and barometaection.

2. Setting and over all experimental design

The foundation of the experimental component ofpiftgect consists of three transducer-
equipped wells, designed and sited to functioroeal Imonitoring wells, which were
installed in late summer 2007. There is one wed#lach of the three western GMDs,
with locations deliberately chosen to represerfeddht water use and hydrogeologic
conditions, and to take advantage of related pastiwent studies. Site characteristics
are described and discussed in more detail in usypublications and in subsequent
sections of this report; here we briefly introddlce sites and their characteristics.

Figure 2-1 shows the general location of the sa#shree are located in areas of
substantial groundwater depletion — the predevedpirsaturated thickness has been
reduced by a third to over half. Figure 2-2 pregdnore detailed information on
saturated thickness and recent water-level deciimgee general vicinity of each
monitoring well and Table 2.1 provides well constion details and water use data. The
Thomas and Scott county sites are both locatecemsavhere the saturated thickness is
generally 100 ft or less, with areas of less thauft Bearby. Since 50-100 ft of saturated
thickness is required to sustain high-volume itiapumping under most aquifer and
water use conditions (Hecox et al., 2002) and botlas have shown steady declines in
water level, these sites are vulnerable to resoexbaustion. The Thomas County site
has been the subject of previous water budget seslgnd is of additional interest
because of the presence of stream channels thaihfhasnce recharge and the proximity
of the site to the edge of the productive portibthe Ogallala aquifer. The Scott County
site is the only well that directly monitors thedé of the northern portion of the Scott-
Finney depression, where the aquifer is the magiensupply for Scott City. In

addition, the county has also recently been thgetaof a project that uses analyses of
drillers’ logs to determine and map the intervdlthe aquifer that readily yield water
(Practical Saturated Thickness Plus (PST+) Projéeltt)s information will be necessary
for relating aquifer lithology to well response cheteristics. Both the Scott and Thomas
sites are assumed to represent phreatic (wates;tablinconfined) aquifer conditions,
while the Haskell site represents confined aquiterditions.



Percent Change in Saturated Thickness for the High Plains Aquifer
Predevelopment to Average 2007-2009

-

Figure 2-1: The western (Ogallala) portion of tHegh Plains aquifer, with aquifer and
county boundaries shown. The colored pixels represne section (1 sg. mi.), coded to
show the degree of groundwater depletion from #giriming of large-scale development
to the average of conditions in 2007-2009. Theeloutlined areas are the calibration
well study sites, shown in greater detail in Figug2 through 2-5, and described in the

text and Table 2-1.
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Figure 2-2: Expanded views of the of the outlisid areas in Figure 2-1. The colored
pixels (legal sections) show the total saturatadkiiness (ST) of the aquifer, averaged
over 2007-2009, and the hydrographs are approxinraiges of water-level change,
averaged over the annual program wells closeshédndex site. The ST at the Thomas
and Scott county sites is at the lower end of tleskes usable for extensive irrigation;
the Haskell county site is in area of somewhat ge&T, but with high lateral variation
and rapid decline.

Figure 2-3 is an overview of the Thomas County &ita scale that shows the
surrounding network of annual program wells, ad a®lthe index and other observation
wells, and water rights within the area. Figuré grovides a similar view of the Scott
County site, which is slightly more than two milesth of the city limits of Scott City,
and three miles north of the intersection of higysvd96 and US83.
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Figure 2-3: Thomas County site, showing surrougdinnual wells, water rights, the
index well, and other wells that have recently beewill soon be equipped with
transducers. Data from the additional transduceits be used to determine exactly how
well the index well represents behavior of the ¢argrea. Note that the South Fork
Solomon River flows E-W just N of the index well.
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Figure 2-4: Scott County site, showing pointsr@umdwater diversion and the network
of annual wells around the site, as well as Scdit. CThe aquifer region monitored by
the index well supplies municipal water for they cit

The Haskell County site (Figure 2-5) representsnibst complex set of conditions. Itis
located over a rather steeply sloping section dfdiek, along a gradient in both water
use and water availability. Although the saturdteckness is large, the thickness of
intervals that readily yield water to wells is mueks. Probably as a result, well yields
have deteriorated and an impairment complaint éswithdrawn) was recently filed. It
appears that there is a two-aquifer system: annfimeaml upper aquifer zone and a thin
but productive confined aquifer zone on top of belwith a thick clay layer separating
the two. The project well was installed to sangiéy the lower confined aquifer zone
near the site of the impairment complaint; KDA-DWEs installed transducers in a
number of wells in both aquifer zones in the vitini
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Figure 2-5: (a) Haskell County site, showing theéex well, adjacent monitoring wells
and water rights. (b) Area of concentrated KDA-R&tudies. Most of the marked
wells are equipped with transducers; see text fecussion and Appendix B for
hydrograph traces.

Table 2.1: Characteristics of the index well sites

Site 2009 2009 Bedrock Screened| 2008 Water Use (AF)

WL Saturated depth interval (ft | 1-mi 2-mi 5-mi

elev. | thickness| (estimated ft| below Isf) | circle | circle circle

(ft)® (ft) below Isf)
Haskell | 2580.4 175.4 433 420-430 1825 9932 54612
Scott 2834.2 90.2 223 215-225 933 4059 16767
Thomas| 2973.2 70.2 284 274-284 879 2686 13541

% from Table 3.1



The original experimental design envisioned usthefindex wells to anchor and
calibrate the tape measurements of annual prograis in the area near an index well,
thus providing more consistency and confidencééndalculation of the water-table
surface and its changes in that general vicinftye findings discussed below led to the
realization that more extensive calibration wasessary to develop a suitable
measurement protocol. Two experimental pathwag$aing pursued to achieve this.

The Haskell site, with numerous other wells insteated by KDA-DWR (see section 4
and Appendices A.1.1 and A.4), provides one oppdstdor more extensive
comparisons over a relatively short distance. &lesnparisons are being pursued, and
initial results are presented in this report. Hegrethe fact that the producing wells at
the Haskell site may draw on and measure eithbothr of two separate aquifer units
makes it more complicated than the commonly adogied of the High Plains as a
single phreatic aquifer.

In order to complement the local site comparisdrib@Haskell site, the Thomas County
site study area has been expanded. With the coliibn of KDA-DWR and GMD4,

five additional wells (two of which are annual pram wells) have been equipped with
transducers, and a sixth has been identified alidb&/equipped when weather and
personnel availability permit.

3. Accuracy and precision of water-level determination

One major goal of the project is to use the resaflthe continuously monitored wells to
assess the accuracy and precision of tape waterfi@asurements, such as those
collected in the annual water-level program. Tias largely been achieved in terms of
diagnosis. Additional work, however, is neededdatinue to refine understanding and,
especially, to develop techniques to reduce probheith records based on tape
measurements and to increase confidence in théusioas based on transducer records.

Buddemeier et al. (2002) documented three majarcesiof inaccuracy in tape
measurements in addition to the inherent uncegtathe actual measurement:
incomplete recovery, barometric effects, and it@rice from nearby pumping wells.
All three are readily observed in a transducer neécd his section of the report
documents these effects, explains their naturexaghitude, and presents summary
comments on mitigation or correction and needethéuwork. In the discussions that
follow, we take an uncertainty of one tenth of atf(D.1 ft) as both the measurement
precision achievable by a careful and experiengeator using a steel tape, and the
accuracy and precision desired to evaluate managestrategies. At 15% specific yield,
a change of 0.1 ft represents about 10 AF per sqThis is 3-4% of the annual pumping
volume in the vicinity of the Scott and Thomassi{€able 2.1), so determinations of
water-level change based on measurements witlat¢higracy and precision have the
potential to detect changes in the amount of watenped on the order of 10% in a
single year, and smaller changes over the couradeW years.

10



Figure 3-1 shows the complete hydrographs forliheetindex wells. Since the Haskell
well has a much larger range of water-level vasiathan the others due to its confined
aquifer response characteristics, an additiondliplmcluded to show the upper parts of
the Haskell hydrograph at a scale somewhat sinal#tose used in the Scott and
Thomas hydrographs. In addition to the hourlydtarcer records, these plots show the
tape measurements made at each well (red diamamitisXthe annual program tape
measurements circled. Smooth curves overlain dreatending past the recovering
portion of the hydrograph show the current bestrege of extrapolation to the
approximate equilibrium (fully recovered) wateréév Hydrographs for the other (KDA-
DWR) wells at the Haskell site are presented inéujic A.4.
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Figure 3-1: Index well hydrographs. In all cagls blue lines represent the transducer output
converted to water-level (WL), red diamonds arestapeasurements, and circled diamonds are
annual water-level measurements. Overlays (‘egré)plots of best-fit quadratic equations
used to estimate the time and level of completevery. (a) Thomas County — high barometric
efficiency, low annual decline (&5 ft); (b) Scott County -- intermediate baronegfficiency,
higher annual decline (> 1.0 ft); (c) Haskell Courull scale --lower barometric efficiency, high
annual decline (~5 ft); (d) Expanded view of HakKelunty recovery.

3.1 Incompleterecovery

Accurate measurement of change in water level regjtihat the water level be at
equilibrium (full recovery) when measured. Substdiyear-to-year variations in the
timing and amount of pumping make it impossiblédentify a reproducible point in the

12



recovery process other than full recovery. “Fatiovery” on a local level means that the
water level is essentially stable for periods ofesal weeks to months. At a time scale of
years, there may still be equilibration betweeffedé@nt regions of the aquifer, but this

will be slow and can be ignored for the purposeassessment at the scale of townships.

Figure 3-1 shows that all of the hydrograph cuwese still rising not only when the
annual tape measurement was taken, but also asaswcfew months later when the
next season’s pumping began. In order to deterthiméull recovery level, it is desirable
to extrapolate the water-level trend to an elevaéistimated to be within 0.1 ft of
equilibrium. To accomplish this, we must be ablédentify the central trend through the
“noise” of barometric responses, which is subsshumi Thomas County, and moderate to
low in Scott and Haskell counties, respectively.

Barometric responses and corrections are discussitail in section 3.3; for the
purposes of this section, we simply note that gdssible to correct the transducer record
to remove most of the barometric-induced fluctuzsgio water levels.

Barometric correction, although desirable, is restemtial to the extrapolation if a long
enough record undisturbed by pumping is availabtéial results suggest that at least a
month, and preferably longer, is needed to be talbreake the assumption that the
barometric variations essentially average out.eAdixperimenting with various
approaches, we currently use an empirical apprbashd on fitting the recovery curve
with a second-order polynomial (quadratic) equati®he results of this approach are the
overlain lines in the curves in Figure 3-1; thegwtthe length of the curve fitted and the
duration and final elevation of the extrapolatiorapproximate equilibrium. For the
2008-2009 Thomas County recovery, two differentapalations were tested, one over
the 4.5 months preceding the onset of the nexbsé&apumping and another over the
final 3 months of the recovery period. The tworapblations agreed well on the final
elevation (within 0.04 ft), and were within 2.5 ween terms of the predicted recovery
date.

It is easy to see that the extrapolated endporetstavery different elevations from the
annual measurements or the highest average obsen@cery, and that they occur at
very different times of year in different two yeansd wells. Table 3.1 summarizes the
comparison between the extrapolated estimateshenainnual program measurements.

Table 3.1: Comparison of annual water-level chatggermined by annual tape
measurement and by transducer extrapolation.

Haskell Scott Thomas

Annual Tape| Index extrap Annual Tape Index extfapnnual Tape| Index extrap
2008 2584.50 2587.30] 2835.29, 2836.27| 2974.430] 2975.40
2009 2580.43 2580.89] 2834.23] 2834.95| 2973.235 2975.28
08-09A -4.07 -6.41 -1.06 -1.23 -1.19 -0.12
2010 2574.75 2834.14 2974.83
09-10A -6.14 -0.81 -0.45
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Although we cannot yet put an exact value on thdidence limits of the extrapolated
determinations, they are undoubtedly much morerate@and representative than the
annual tape measurements. Table 3.1 shows thahth&l tape measurements in 2008
and 2009 underestimate the groundwater declinedsgtihe two years at the Haskell
site by >2 ft, overestimate the decline at the Tasite by >1 ft, and are in good
agreement at the Scott site. These differenceshvete more than a factor of ten greater
than the target uncertainty of 0.1 ft at two of wells, clearly show that incomplete
recovery is a major factor in water-level deternimas, and must be accounted for to
approach the accuracy and precision needed foneatlananagement.

In Appendix B, we discuss our work on various methto estimate the equilibrium

water level and the results of a field comparisbthose methods at the Larned Research
Site (Pawnee County) where water levels recoveqtolibrium each year; that work is
ongoing. Calculations of the equilibrium waterdésvat the index well sites that are
tabulated in Appendix B (Table B.3-1) differ frohmose in Table 3.1, typically by a few
tenths of a foot. The two sets of extrapolatioeserdeliberately done independently by
different analysts to test reproducibility and ‘ogger effects’ in our present approach.
We consider the agreement encouraging, but arenggekimprove it further.

Steps that can be taken to improve the qualitppé twater-level measurements are
discussed in section 3.4, and additional infornmatin extrapolation-based recovery
curves may be found in Appendix B.

3.2 Pumping I nterference

Water-level drawdown caused by pumping also ocdcutise wells used for water-level
measurement that are adjacent to the pumping Wk magnitude of the effect depends
on the rate and duration of the pumping, the destdretween the wells, and the local
aquifer characteristics. The annual program measents are taken in winter under the
assumption that there will be no irrigation pumpatghat time.

Buddemeier et al. (2002) calculated that approxagat5% of the area within the High
Plains GMDs is within the zone of influence of alwath a non-irrigation water right
(industrial, municipal, stock, or domestic). Narigation wells are more likely to be
pumped year-round, and therefore to affect theityuahd consistency of winter
measurements. In addition, it is commonly obsethatlirrigation wells may be pumped
during the winter for maintenance and testingoompire-irrigation (soil-moisture build-

up).

The hydrographs in Figure 3-1 show the varioussygfepumping effects. The large
trough from spring to fall represents the irrigatseason in which many wells with high
pumping rates are operating. The abrupt upwarddamshward spikes within the trough
represent nearby wells turning off and on durirgithigation season. However, there
are also spikes in the hydrographs outside ofrtigation season that can be attributed to
pumping. For example, in the Thomas well recdrd,downward spikes in late March
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and late May 2009 are clearly brief periods of purgpnduced drawdown before the
start of the general irrigation season. Howeues, less certain that hydrograph spikes at
other times represent pumping interference. Theserrigation season spikes can,
however, impact extrapolations to full recoveryr Example, the 2009 Thomas well
extrapolation curve, fitted to a period up to mahary, shows a reasonably good fit
with the data until the March spike occurs; thelathe extrapolated line is significantly
above the data-defined curve. Such disturbansett i@ an offset in the recovery curve.
A “new” curve (i.e. curve after the March spike)yrize used for the extrapolated
determination of equilibrium if a long enough ret s available, but errors are likely if
the “new” and “old” sections are treated as a smglta set.

Another factor of importance is the variabilitymimping interference effects between
years. For example, at the Haskell site in 20@rethvas significant pumping until mid-
to late December, and pumping resumed in late Bep2008. Pumping essentially
ended around mid-October in 2008 (although therg Imae been some limited pumping
in November) and resumed by mid-February 2009. &l@r there was apparently no
pumping after mid-September in 2009. These diffees not only call into question any
generalizations about the non-pumping period, =at make it difficult to extrapolate
from similar time periods or recovery stages irietént years.

A possible approach to estimating the periodsradation pumping during a year is to
use an indicator of climate for sub-regions or sutsuaround water-level measurement
wells. Examples of climatic indicators are theral drought index, the crop moisture
index, and the Eagleman aridity index. The fiwad indices are routinely calculated and
maps displaying the indices are generated by thioiNgd Weather Service. However,
these climatic indices are determined for climdtigsions, of which there are nine in
Kansas. The area of a climatic division is muahlézge to be of use in estimating
climatic characteristics for a subunit around a sneament well. Although the first two
drought indices could be calculated for smalleasr¢he amount of sub-regional data
needed would be substantial. The Eagleman aiittiigx (Al) (Eagleman, 1971, 1976)
can be computed for a subunit area given tempexgbuecipitation, and relative
humidity, assuming some soil moisture charactesdtr the area. The Al has been
shown to have a statistically significant correatwith local variations in ground-water
salinity for selected aquifers for which recharg@am important factor in diluting mineral
intrusion (Whittemore et al., 1989). The use & &l as a climatic indicator for
estimating the start and end of the irrigation punggeason, as well as characterizing
possible changes in the intensity of pumping peridaring the irrigation season will be
examined for applicability to characterizing punginterference effects. Section 4.4
further discusses the role of precipitation anttierwater balance in causing or
characterizing variability in pumping.

If high-frequency water-level and barometric-pressmeasurements are available, the
water-level record can be tested for interfererifexts by examining the correlation
between barometric-pressure and water-level datarvals of low correlation could be
attributable to pumping interferences. Also, poleseffects on extrapolated equilibrium

15



water-level estimates can be assessed empiricaltpimparing results obtained using
different record lengths or data segments in thiapglation procedure.

3.3 Barometric effects

3.3.1 Magnitude and temporal-spatial distribution

The factors causing changes in atmospheric pressenidely understood, but the
magnitude of those changes and their effects oandatels in wells are not as
commonly understood. The average atmosphericymessompared to a vacuum, is
equivalent to that of the pressure exerted by ansolof water about 30 ft high. Thus, a
few percent change in atmospheric pressure is atpmito a change of a foot or more in
the height of the water column.

Figure 3-2a shows the patterns of variation in @pheric pressure measured by
transducers, placed just below land surface inidevell casings, at the three index well
sites, expressed in units of feet of water. Thesgure patterns are very similar, but the
values are offset because one of the major factmrgolling atmospheric pressure is
elevation. If corrected for elevation or expresasdieviations from a mean value,
pressure changes across western Kansas generatly npawithin a few hours and a few
hundredths of a foot of water as shown in Figuh3Scott County pressure record lags
the Thomas County record slightly [< 1 hr] while tHaskell County pressure record lags
the Thomas County record by 3-4 hrs). The sintyldretween the plots on Figure 3-2b
indicates that a sparse network of barometers gjeneounty to one per several counties)
across the High Plains aquifer should, when contbwni¢h elevation data, provide a
reasonable estimate of barometric pressure atamigyar well. As will be discussed
later, this has very significant ramifications &gsessing the impact of barometric
pressure on annual water-level measurements. tNateluring this one-month period,
atmospheric pressure changed as rapidly as a fegdter in little more than 24 hours
and the maximum pressure range was close to bfdniater.
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Figure 3.2 — a) Barometric pressure versus timthatthree index wells for mid-winter
2009; b) Barometric pressure at the three indeXsyelxpressed as a deviation from the
mean pressure at each site, for mid-winter 200&né B indicate time of highest and
lowest barometric pressure, respectively, in tlatadecord.

3.3.2 Well responses

Changes in barometric pressure can produce chamgeger levels in wells. Figure 3-
3a shows the relationship between barometric pressud depth to water at the Thomas
County well. Figure 3-3b, which is a plot of detded depth to water (long-term trend
mathematically removed, average of the deviatiomfthe trend is zero) and the
deviation from the mean barometric pressure far pleiriod, more clearly depicts the
commonly observed inverse relationship betweenhdipivater and barometric pressure.
Rising atmospheric pressure forces water levelsdovkile water levels rise when

pressure falls.

The magnitude of the water-level change produced tgrtain change in barometric
pressure is heavily dependent on site conditigiithe Thomas County well, the
magnitude of the water-level change is approxinge@éPo of the magnitude of the
barometric-pressure change. The magnitude of #dtervlevel change is approximately
40% of the barometric-pressure change at the Smathty well, while approximately
30% at the Haskell well. These percentages mesdratmospheric pressure fluctuations
can potentially impose water-level changes thatiaantly exceed our target level of
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about 0.1 ft. For example, assume that the watel is being measured for the annual

measurement program in a well with the charactesisif the Thomas County well. In

the first year, the January annual water-level measent is taken when the barometric
pressure is at point B on Figure 3-2b, whereasiéx¢ year the annual January
measurement is taken when the barometric pressatepoint A on Figure 3-2b. In that

scenario, even if the water level had not actugignged between years, there would be

an apparent 1.39 ft decline because of atmosppergsure fluctuations. Clearly, the

possible impact of barometric pressure fluctuatimst be considered in the
interpretation of the annual water-level measurameRortunately, we have found that
that can be done with a sparse network of barometarpled with an understanding of
the range of water-level responses that can beupeatlby barometric pressure

fluctuations.

Although barometric fluctuations are easily meadumed water levels can be corrected
for the effects, the process is not simple, fosoea evident in Figure 3-3 and explained

below. There is generally a lag (of variable diorgtbetween the peak in barometric

pressure and the corresponding water-level peakakinough the major features of the
patterns are similar, there is a good deal of distoin detail. This is because of the
complexity of the pathways by which the baromepriessure signal is transmitted to the

groundwater.
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Thomas County index well. Note that the water lewatinued to recover over this
period; b) Detrended depth to water and baromepriessure plot.
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3.3.3 Explanation for well responses

Barometric pressure changes induce water-levelggsaim wells because they set up a
pressure gradient between the well and the formakiat causes water to flow between
the two. Barometric pressure changes are imposedlgt on the top of the water
column in a well, causing an immediate pressur@g@an the water in the screened
interval of that well. However, barometric pregsichanges are not imposed directly on
the water in the pores of the formation. Thosengka impact pore water pressures via
two mechanisms: surface loading and the downwargstnission of air pressure through
the vadose zone. The surface loading effect ikbgoas to placing a heavy load on the
roof of a building — that load is immediately tramted through the framework of the
building. In the case of the High Plains aquitkat framework consists of
unconsolidated sediments. If that framework b#asentire load, there is no change in
pore water pressures and, therefore, a large peeddterence between the water in the
well (on which the full change is imposed) and ploee water, producing water flow
between the two and a relatively large change iremtavel in the well. If the framework
is somewhat compressible, such as would be expettdunconsolidated formation,
the surface load is shared between the framewatkrenpore water, i.e. the pore water
is pressurized to bear part of the load. Thisisgaof the load results in a smaller
pressure difference between the well and the faomand smaller changes in well water
level. This mechanism is causing the modest baresponse in the Haskell County
well.

The surface loading effect is primarily seen infowed aquifers, such as the lower
aquifer zone at the Haskell site, because the valbdz serves as a “relief valve” for the
pore waters in an unconfined aquifer. In an unioeaf aquifer, the primary mechanism
is the downward transmission of the air pressuesgh to the water table. If the water
table is deep, considerable time may be requirethfoair pressure change to propagate
to it. In that case, the initial response in thedlug similar to that of the framework

taking the entire load in a confined aquifer, ke pore water pressures do not change.
This mechanism causes the large barometric respotise Thomas County well.
Eventually, the air pressure change, or a sigmficamponent of it, reaches the water
table and pressurizes the pore waters. In shallaater tables, the downward
transmission occurs more rapidly, so the respas®re modest, as at the Scott County
well. In the case of a water table very closéhtogurface, the wells will often not exhibit
a barometric-pressure-induced fluctuation becausdarometric change is imposed on
the well and the water table at essentially theesame (very rapid transmission through
the thin vadose zone). Thus, a range of watel-tegponses can be expected depending
on the nature of the hydrogeologic setting andaakk construction. Some settings of
relevance to the High Plains aquifer are illusttateFigure 3-4.

The response of a well to a change in barometdsgure can reveal important additional

information about the hydrogeologic setting. la tbllowing section, we describe our
approach for analyzing this relationship to glearthfer insights about the index wells.
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Figure 3-4 — Schematic of well settings relevaridcometric responses. The positions
of the well screens and the water table, relatovéhe surface, and the nature and
thickness of the various geologic strata, conthal speed and efficiency with which
atmospheric pressure changes are transmitted tovtter table.

3.3.4 Barometric efficiency functions and the index wells

Hydrologists have traditionally characterized takationship between barometric
pressure and water level using the ratio of theagban water level to the change in
barometric pressure head, which is termed the batranvefficiency (BE) and, by sign
convention, varies between 0 and 1 (Jacob, 19A@E value near 1 indicates that the
pore water within the formation has been virtuaihaffected by the barometric pressure
changes, while a value near 0 indicates the poterywaessure changes in a manner very
similar to barometric pressure. Although the baetia efficiency has proven to be an
effective means of characterizing the short-terspoase of a well to a change in
barometric pressure, the barometric response im{BRF) is a more effective means
for characterizing the longer-term response andiiggimportant information about site
conditions (Rasmussen and Crawford, 1997; Spar@2)2®s explained in the Year

Two Report, the BRF, which can be determined thincaigegression deconvolution
procedure (Rasmussen and Crawford, 1997; Toll asirRssen, 2007), characterizes
the water-level response over time to a step cheamigarometric pressure, essentially BE
as a function of time since the imposed load. BR& has been successfully used to
remove the effect of barometric pressure changesaber levels (Toll and Rasmussen,
2007), a critical step, for example, in the intetption of annual water-level
measurements as described previously. Given thearship between the BRF and BE,
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we have renamed the barometric response functitimedsarometric efficiency function
(BEF) for the purposes of this report. Progress made this year in refining methods
for using the BEFs to correct water-level measuréméSee Appendix C). In the
following paragraphs, we describe the BEFs detezthior each index well.

An analysis of the relationship between water Igasid fluctuations in barometric
pressure was carried out for the winter period@f&2009, which, for the purposes of
the analysis, was defined as 1/4/2009-3/9/200¢h®Thomas County well, 1/6/2009-
2/16/2009 for the Scott County well, and 11/25/200@2009 for the Haskell County
well. These specific intervals were chosen forahalysis because no pumping appears
to have occurred in the vicinity of the wells ahd tecovery trends were approximately
linear during these intervals. As explained inY@ar Two Report, linear recovery
trends enable the well records to be “detrended straightforward manner and
facilitate the analysis of the relationship betweeter levels and fluctuations in
barometric pressure. The results of a similarysmisere presented in the Year Two
Report for these same wells using one month of fdata the 2007-2008 winter period.
For each well, the plots of the 2007-2008 and 2P0@9 barometric efficiency versus lag
time (time since change in barometric pressuregssentially the same (Figure 3-5).
However, the longer periods (two to three montls€dufor the 2008-2009 analysis
resulted in improved estimates of the barometspoase, as evidenced by the much
reduced widths of the error bars for the 2008-28@8lysis plots.

As discussed in the Year Two Report, the barometsponse functions for the three
wells differ in multiple ways, reflecting the diffiences in the aquifer characteristics and
responses at the three sites. A brief summaryesfe differences is presented here.

The Haskell County well barometric response fumc(iéigure 3-5a) rises up to a value
near 0.3 and then is essentially level throughwteday lag period. This response is
consistent with a semi-confined aquifer overlairabyaquitard of relatively low
permeability. As part of work complementary tcstproject, the KGS has developed an
approach for estimating aquitard permeability flioanometric response functions in
semi-confined aquifers (Butler et al., in review).

The Scott County well barometric response funcfiigure 3-5b) rapidly rises up to a
value of 0.4 and then falls back to zero. Thipoese is consistent with a phreatic
(unconfined) aquifer with an overlying vadose ztmeg acts to slow somewhat the
downward transmission of the barometric pressuamgd. Thus, it takes close to two-
thirds of a day for the full extent of the impodstometric pressure change to reach the
water table.

The Thomas County well barometric response fundifogure 3-5c¢) rapidly rises up to a
value of over 0.9 and then diminishes. This respas consistent with an unconfined
aquifer overlain by a thick vadose zone that acdnificantly slow the downward
transmission of the barometric pressure changéhidrcase, it takes over five days for
the full extent of the imposed barometric pressin@nge to reach the water table. The
January 2008 depths to water for the Scott and Bsarounties wells were
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approximately 132 ft and 213 ft, respectively (Y&aro Report). The greater depth to
water for the Thomas County well is undoubtedly ohthe primary reasons for the
longer period that is required for the full extehthe barometric pressure change to
reach the water table at that well, as discusséaeiprevious section.
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Figure 3-5. Barometric responses of the three indelts. The upper left plot displays
the two barometric efficiency functions calculatedthe winter 2008 and 2009 analysis
periods. The lower two plots display the individwanter 2008 and 2009 functions with
the calculated error bars. BEF plots for the otlkansducer-equipped wells at the
Haskell site are shown in Appendix A.4.

3.3.5 Water-level correction

As shown earlier, barometric pressure fluctuaticars introduce “noise” into the water-
level measurement, which can potentially lead teimbérpretations of the actual yearly
change in water levels. As shown in the Year TwepdRt, that noise can be largely
removed by correcting the water-level observatiggiag the estimated barometric
efficiency functions. Figure 3.6 illustrates tleeluction of barometric noise in water-
level signals that can be achieved through thisection using modifications to the
correction procedure developed in year three asdried in Appendix C
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Figure 3-6. Water-level corrections for barometeitects on the three index wells: (a)
Haskell County; (b) Scott County; (c) Thomas Couritlge correction is applied once
the time since the start of the data record excéleelsnaximum lag time for the
barometric efficiency function for that well (tways for the Haskell County and Scott
County wells, and five days for the Thomas Coueti). w

2973.4

T 28.2

3.4 Measurement of water levels and changes: Summary and interim conclusions

The preceding parts of this section have showmgusie index well hydrographs and
their comparison with tape water-level measuremehéd each of the individual
measurement perturbations is capable of introdueing's ranging from a substantial
fraction of a foot to several feet in the deterrtimmaof water levels and year-to-year
changes. The three sources of error — incomplatervievel recovery, nearby pumping,
and atmospheric pressure variations — are complet@épendent, and therefore must be
controlled, corrected, or compensated for indivigua

Tape water-level measurements, unsupported by d#taror types of measurements,
cannot be expected to approach the accuracy asfedn measurements (~0tl ft or

at least a very few tenths of a foot) of change=quilibrium water-levels needed to
evaluate the effectiveness of special managem@nbaghes on time scales of one to a
few years. However, this does not mean that tag@sarements cannot be useful as part
of a monitoring system that also addresses thessaised here.

The evidence to date indicates that transducemdetel determinations made several
times per day have the potential to provide theledeaccuracy and precision, if the
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appropriate corrections (e.g., barometric) andagdiations (e.g., full recovery elevation)
can be made.

The fully equilibrated elevation value of the reeced water table can be
estimated from a transducer (or other quasi-contiswater-level) record that
includes periods of a month or more unaffecteddmgnt nearby pumping. The
presently used means of extrapolating the recomemye yields encouraging
results, and efforts to develop still better apphes are in progress. In addition,
it may be possible to identify sites where pumpmdiced drawdown is minimal
and the water table remains close to a local dayiulin value (e.g, see
hydrographs for wells HS 8, 10, 13, 14, and 20 ppéndix A).

Atmospheric pressure fluctuations can be remowve the record using the
hydrograph and the corresponding barometric preggword, provided both have
adequate temporal resolution (ideally 1-3 hou)e BEF of a given well is
unlikely to change rapidly, so once it has beeefcédly determined using
transducers, the result can be applied to cormestod, for example, tape-based
measurements. Barometric pressure variationsufiieisntly consistent on a
regional (e.g., county-scale) basis that a relbtifex stations can serve the needs
for barometer records over a large area.

Transient pumping disturbances can be identifiethftransducer water-level
measurements, from simple methods of logging tiofiegell operation (e.g., pipe
temperature records), or by information sharing mgriocal operators and
managers.

These issues are discussed further in the followawgion, in the context of applying
calibration well monitoring technology to areastsas aquifer subunits.

4. Application of calibration measur ementsto an extended area

4.1 Introduction

Anticipating that the calibration (or index) weparoach will be useful for some kinds of
enhanced monitoring and/or management, this seatidresses the basic question of
how to move from an index well water-level recavdatceptably accurate inferences
about aquifer behavior over a larger area. As tghwater-level measurement itself,
some aspects of answers to this critical questiersil under investigation.

4.2 Basic principles

When a volume of water is pumped from an aquifex water table is lowered in
response. A change in pumping should therefordireetly related to a change in water
level. However, a number of factors that can ierfice changes in water level must be
considered, so there are challenges to be oversomeerpreting water-level changes in
addition to those of making an accurate measurement

First, the change in water level reflects the menge in volumeAV):

AV = pumping + outflow —inflow — recharge,
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where outflow and inflow refer to groundwater mowrnout of and into the area,
respectively. Although pumping is usually the Esgterm in the equation, interpreting
changes in water level requires some knowledgssuraptions about the other factors.

Second, aquifer characteristics, specifically taagmissivity (layer permeability
multiplied by layer thickness) and the specifidgiéhe fraction of the aquifer volume
that consists of drainable pore space), influerach €@omponent of the above equation.
These characteristics vary both horizontally andicadly. Figure 4-1 shows
interpretations of drillers’ logs for the areasward the three index wells, with the
descriptions of the cuttings grouped into five skxs ranked in order of magnitude of
permeability (light colors high, dark low). Thefsgures can be used to illustrate the
concept underlying the Practical Saturated Thicki¥das (PST+) Project, which is
directed at providing an estimate of the thickrefdhie aquifer intervals that readily yield
water to a pumping well. Note that the PST+ rascdin also be used to provide
estimates of specific yield of the material in thenity of the water table.

4.3 Lithologic effects

If P, is the permeability of the most permeable layemapfifer material (light yellow in
Figure 4-1) determined from the lithology in thdldr’s log, P is the permeability of the
next most permeable layer, and so on downstdhe least permeable (dark brown) layer,
we can construct an estimate of the effective massvity of the aquifer by summing the
transmissivities (permeability times thicknessgath layer. We can then create an
estimate of the equivalent thickness of high traasivity material by dividing the
effective transmissivity by the estimated permeghbihydraulic conductivity) of the

most permeable layer. That equivalent thicknesdlean termed the practical saturated
thickness (PST) in previous work. That terminolegll be used here although the
practical transmissive thickness would perhaps @@ accurate characterization.
Table 4.1 compares the measured saturated thickB€ssand estimated PST values for
the three index wells.

Table 4.1 Index well saturated thickness and ralcsaturated thickness.

Site 2009 ST Estimated Notes
(ft) PST (ft)
Haskell 175.4 63 Lower permeable unit confined B0>ft of
continuous clay layer
Scott 90.2 54.8 Thick layer of low-K material nsarface

but has no impact on PST estimate becausge
present water table much deeper

Thomas 70.2 49.9 Numerous thin layers; nothing gl
laterally or vertically continuous

The transmissivity of the aquifer will have a sganfluence on the rates of drawdown
and recovery; whereas the specific yield of thersedts in the vicinity of the water table
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can have a strong influence on the water-levelide@er volume of extracted water.
Thus, the detailed water-level responses showimguré& 3-1 will be, in part, determined
by where the water table is with respect to theedght types of strata illustrated in
Figure 4-1.
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Figure 4.1: Aquifer lithology based on drillers’de for the (a) Haskell, (b) Scott, and (c)
Thomas county sites. Patterns show the generdbsities within sites at the scale of
the transects, and the differences between sites.
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4.4 Hydrologic similarity

For one or a few detailed water-level records toaiseful in describing and predicting the
behavior of an area with dimensions of many milles,area needs to be reasonably
homogeneous. The logs illustrated in Figure 4¢gsst that the three index well sites
are generally hydrogeologically similar over distas of one to a few miles. In most
areas of the state with significant pumping, usuaiough WWCS5 records exist on file
to at least screen for major discontinuities. Hesvedirect comparison of responses to
pumping and/or precipitation are even more relevsinte the water-level response to
groundwater extraction is typically what is beingasured and managed.

Appendix A.3 contains tables of total reported sisemed within concentric circles (1,
2, 3, 4, 5 mile radius) around each index welleSéresults show that the ratios of AF
pumped in the successive circles at a given sgganerally very close to the ratio of the
geometric areas of the circles. This suggestsoizto at least a 4-mile radius circle (8
mile diameter, or greater than a township areapsigedensity or stress on the aquifer is
relatively even across that area.

The Haskell County site, with a large number oflgvbkeing concurrently monitored by
KDA-DWR, provides a good location for a preliminayaluation of subunit
characterization approaches. We have at leasyeare(2008) for which we have both
water use reports and transducer-based waterdbaelges for most of the wells, and for
some of the DWR wells, reasonable estimates t@@0& water-level decline can also be
made. These data can be used to make well-toeaglparisons within an area. This
analysis, which requires generating recovery legéimates for the available wells in
each year, is summarized by the results for maxiree@sonal drawdown, water-level
elevation at equilibrium, and annual decline giireitable 4-2, and shows encouraging
consistency in terms of responses and estimatesatel declines.

Figure 4-2 shows estimated local water-table castatuthe Haskell site, superimposed
on regional water-level contours generated fromatireual well network. Figure 4-3
shows regional water-table contours at a largdesuad the elevation of the bedrock
surface. The three years shown in Figure 4-2 (20&2&; 2008, 4-2b; 2009: 4.2c) exhibit
consistent general trends, but high spatial anghéeah variability. Since this is
presumably the result of dealing with two differgmorly-interconnected aquifer units
subject to pumping stresses that vary in time @ade, we have estimated contours by
drawing 5 ft elevation contours that contain as ynafrthe wells with values inside that
interval as possible, and within which all of thel®r elevation values are lower than the
interval values.

This procedure produces reasonable and consistarifing contours (Figure 4-2);
significantly, all of the outliers (lower water-fakelevations) are wells identified as
“deep” — that is, penetrating the lower aquiferturiihe local contours show elevations at
least 5 ft lower than the regional contours; beedhs local values are at estimated full
recovery and the annual program measurements @balgy not, the actual difference
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may be even greater. The amount by which theayutlells are below their contour
interval varies from about 3 ft in 2007 to almo8tfiLin 2008. We suspect this is the
result of differential pumping in the two aquifeasid delayed re-equilibration, through
well bores and casings, as well as the low-pernligabonfining layer. However, at this
point we cannot rule out the possibility of a syséic head difference of up to a few feet
between the two aquifers.

It is also noteworthy that the local head gradssdms to differ from that of the regional
water table, with a stronger southward compon®&vi. think this is at least partly due to
the local effects of the steep southwestward stdpke bedrock surface in this area.
These deviations in both elevation and gradiemhftioe predictions of the annual
monitoring program further indicate the important@accurate, dedicated monitoring at
the subunit scale.

Table 4.2: Seasonal drawdown, water-level eleaatiand water-level changes at and

near the Haskell site.

Well # | Well Deep/ Meas® Draw- WL WL WL A (ft) A(ft)
HS- Type | Shallow down, ft | Elev (ft)° | elev (ft) | elev (ft) | 07-08° | 08-09
2007 2008 2009

1 Irrig. D X-X >115 2595.95 2589.92 2584.64 -6.03 -5.28
2 Irrig. D X-x ~25 2593.4 2588.27 | 2583.82 -5.13 -4.45
3 casing S X-p ~5 2596.1 2591.2 2587.2 -4.9 -4
4 obs. D X-X ~115 2583.59 2579.84 -3.75
5 obs. S X-X 10-13 2596.9 2592.32 2588.67 -4.58 -3.65
6 obs. S? X-x 12-14 2594.2 2589.13 | 2584.67 -5.07 -4.46
7 Irrig. D X-X >60 2595.5 2590.91 2586.51 -4.59 -4.4
8 obs. S X-p 7-8 2601.2 2597 2592.9 -4.2 -4.1
9 Irrig. S? X-X 20-25 2596.57 2591 2587.15 -5.57 -3.85
10 casing S X-p 4-5 2600.1 2595.3 2591 -4.8 -4.3
11 Irrig. D? X-p 12-15 2601 2596.5 2592.3 -4.5 -4.2
12 casing ? X-X 5-6 2597.3 2593 -4.3

13 casing S X-p 3-5 2597.4 2593.1 2590.8 -4.3 -2.3
14 Irrig. D X-p ~5 2594.9 2589.7 2586 -5.2 -3.7
15 casing S X-X ~7 2597.2 2592.17 -5.03

16 Irrig. D

17 casing ? X-X 1-7 2596.9 2591.4 2590.56 -5.5 -0.84
18 Irrig. D X-x >100 2597.1 2592.8 2586.67 -4.3 -6.13
19 Irrig. D

20 Irrig. S X-p 20 2600.8 2596.5 2592.3 -4.3 -4.2
21 Irrig. S X-p 22 2597.5 2592.9 -4.6
“ o S T (Jan) “ 2597.72 2593.15 -4.57
22 ? T (Jan) 2604.95 2600.35 2595.78 -4.6 -4.57
23 Irrig. S? T (Jan) 2657.67 2656.28 - -1.39

24 ? T (Jan) 2629.79 2629.47 | 2624.93 -0.32 -4.54
25 S T (Jan) - - -

26 ? T (Jan) 2578.86 2573.01 2565.93 -5.85 -7.08
27 monitor D T (Jan) ~120 2584.50 2580.43 -4.07
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" G D XX " 2587.31 | 2580.91 6.4
28 ? ~2?

29 (NEW)S | X-p ~55 2583.5

30 ? X-p ~65 26015 | 2597.3 | 25933 | -4.2 4
31 (NEW)D | X 0-5 2603.7 | 2598.6 | 25986 | -5.1 0

a. X =transducer, T = tape, x = extrapolatecctovery; p = picked from trace.
b. 2007 elevations were estimated from the higlezstrded early value for those wells
with transducer records beginning in May, 2007 eSehshould be treated as minimum

estimates; actual recovered elevations could hega higher.

Irrig = a well actually pumped
Casing = a formerly pumped well
Obs = irrigation type well installed by DWR

Monitor = designed monitoring well
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Figure 4-2 Local and regional water-table contourkaskell Site. (a) 2007 (b) 2008 (c)
2009. See text for explanation of contouring témie and explanation of low elevation
outliers. Note that “Local” contours are from estates of equilibrium water levels while
“Regional” contours are from annual program measonents.
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Figure 4-3 Regional bedrock and water-table contptiaskell Site. Note that the SSE-
trending bedrock gradient is generally a good mdtatthe local water-table gradient in
Figure 2-2, but agrees less well with the regiomater-table gradient.

Table 4-3 compares the relationship between themelof water pumped from the 2-
mile circle around each well and the decline obseiim that well. The practical specific
yield (PSY) is estimated from the ratio of the watse over the volume of dewatered
aquifer within that 2-mi. circle. Typical specifygelds for the High Plains aquifer
average around 0.15 (15%) with a range from abdutd0.2 for productive formations.
The fact that the calculated PSY values are clo$ki$ range suggests that most of the
water withdrawn is the result of the local aquifeing dewatered; a much larger value
indicates that lateral inflow is making a signifit@ontribution to water-level responses.
Note that the comparisons are on an arbitrary saakeof a 1.8 rather than a 2-mile
circle for the water-use calculation would center distribution of estimated PSY values
on the expected range for the High Plains aquifdso, care must be used in interpreting
the PSY values in their current form because themne of dewatered aquifer is based
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solely on the drawdown at the well in question.u3,hf the drawdown at the well is
much lower than at the surrounding wells in thatif circle, the PSY calculation will
yield a physically implausible value (e.g., HS-2D@8) and HS-24 (2007) in Table 4.3).

Table 4.3: Water-level decline — water use refetiops near the Haskell site.
PSY = Practical (field-estimated) specific yfeld

Well # | Well Deep/ A () A(f) 07 Water 08 Water 2007 2008
HS- Type | Shallow 07-08° 08-09 | Use (AF) Use (AF) PSY PSY
1 D -6.03 -5.28 8756.78 8406.61 0.181 0.198
2 D -5.13 -4.45 8723.78 8431.61 0.211 0.236
3 S -4.9 -4 8443.78 8147.61 0.214 0.253
4 D -3.75
5 S -4.58 -3.65
6 -5.07 -4.46 8397.86 8179.64 0.206 0.228
7 -4.59 -4.4 7378.93 7313.22 0.200 0.207
8 S -4.2 -4.1 6816.2 7163.61 0.202 0.217
9 -5.57 -3.85 10468.46 10793.43 0.234 0.349
10 S -4.8 -4.3
11 D? -4.5 -4.2 8104.91 7946.61 0.224 0.235
12 -4.3 7380.58 7319.37 0.213
13 S -4.3 -2.3 6374.29 6431.4 0.184 0.348
14 D -5.2 -3.7 8287.79 7822.5 0.198 0.263
15 S -5.03
16 7313.85 7466.19
17 -5.5 -0.84 10462.46 10462.72 0.237 1.549
18 -4.3 -6.13 6998.14 7264.19 0.202 0.147
19
20 S -4.3 -4.2
21 annual S -4.6 6423.2 6772.61
“ ‘o S 6423.2 6772.61
22 annual -4.6 -4.57 6673.11 6539.71 0.180 0.178
23 annual -1.39 1668.94 2049 0.149
24 annual -0.32 -4.54 6066.12 6721.46 2.357 0.184
25 annual
26 annual -5.85 -7.08 6072.16 5828.96 0.129 0.102
27 Index D -4.07
“ mo D -6.4
28
29 (NEW)
30 -4.2 -4
31 (NEW) -5.1 0 8130.44 7821.54 0.198

a. Based on decline at the specific well and wagerin a 2-mi circle around the well.
b. 2007 elevations were estimated from the higleestrded early value for those wells
with transducer records beginning in May, 2007 esghshould be treated as minimum
estimates; actual recovered elevations could hega higher.

37




For the PSY estimates in Table 4-2 to be reasonabbteirate water levels are required.
Since we have only two to three years of such @ai@mnining similarity over time, as
well as space, requires a different approach.ttismpurpose, we can use the annual
program data if we only look at the general tremdater level over a period of 5-10
years. Figure 4-4 illustrates such an approadte plots show the annual water use
within a 2-mile circle around each of the studylwek the Haskell site (Figure 2-5). In
both graphs, the bold red line represents the imddkand the bold blue line is the
average of all the graphed 2-mile circle valuegufe 4-4a also shows the average
water-level trend (bold light blue line) as detamed by combining the measurements
from all of the annual wells shown in Figure 2-Bddigure 4-4b shows the annual
growing season (March-September) precipitatiortfercounty (bold green line).

The individual well water use patterns are gengradry similar, with only a few

outliers. Furthermore, the average behavior ked very closely by conditions at the
index well. Although year-to-year variations irage remain very similar, the overall
usage trend is downward over the 20-year periodirdeg from an average of about
11,000 AF to around 7,500 AF. The usage declimeks the water-level decline over the
first ten years, but since about 2000, the watezlleas been dropping much more
rapidly.

The outliers that fall below the family of curves the closely spaced wells are
instructive: these (HS 23 and a well midway betwi#enindex well and HS 23) are wells
to the northeast of the cluster of study wellsafTik in the direction of rising bedrock
elevation and decreasing water availability likélye to a decrease in saturated thickness
(see Figure 2-2).
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Figure 4.4 Plots of the total water used (AF) witli 2-mi circle around each of the
identified Haskell site wells in each year. Thé&dtark blue line is the average over all
values and the bold red line shows the value feritldex well. (a) Regional average of
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the water-level change, determined from the surdinghannual monitoring wells, is
shown by the bold light blue line. (b) The boldegréine shows the growing season
(Mar-Sep) precipitation for each year.

Figure 4-4 illustrates a probable explanation faichof the pattern of use variation; the
high usage years generally correspond to drierstimveereas high rainfall is associated
with lower use. This is a reasonable expectagome the crop’s moisture source is the
combination of precipitation and irrigation wateks we attempt to analyze smaller-scale
effects with higher precision, it will be necesstarylevelop some criteria for deciding
whether or not groundwater recharge is also affigatiater levels, in addition to
variations in pumping.

4.5 Potential implementation strategies

The index wells yield a wealth of information, aguire investment in well construction
(the major cost) and instrumentation. The optinway to gain the benefits of such
information in a cost-effective fashion will varyittvthe nature of the problem being
addressed, the local hydrogeology and water userpat and local approaches to
management and oversight. Two end-member casdsecdentified.

» Assituation in which stakeholders can agree toarseindividual monitoring well
as a benchmark for evaluating conditions and prograln some areas this might
be even more economical if a suitable existing '"eEbpportunity” can be
identified instead of drilling a new one. This apgch can be expected to work
where the hydrogeology can be shown to be consistean the area of interest,
water users are experiencing the same kinds ofittonsl and problems, and
relationships are generally amicable.

» The opposite end of the spectrum might be a netebdesigned monitoring
wells, spaced at 2-4 mile intervals. This wouldelspensive, probably justifiable
only where stakes are high and relations advetsaria

However, a wide range of options exist betweertloecases described above. A
middle-ground approach might be to install a céimtdex well and acquire several
transducer-logger units. These additional unitddbe rotated around to characterize
other supplemental wells of opportunity in termshair barometric responses and
recovery behaviors. Suitable wells could thennmeiiporated into the local “network”
with either carefully made and corrected tape memseants, or longer-term installation
of the transducers.

5. Summary, conclusions and plans

In the course of three years, the index well ptdpes installed, equipped, and monitored
water levels in three observation wells (in HasKatlott, and Thomas counties), and has
cooperated with KDA-DWR in monitoring and analysfsiumerous others (in Haskell
and, more recently, Thomas counties). Observatnmhanalysis have led to several
significant conclusions with regard to the measw@eihand use of water-level elevation
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changes as components of a groundwater manageys¢eiins These findings are being
developed into tools and protocols to improve thality and sensitivity of water-level
measurements.

The parameter of interest is the estimated elewatiahe fully recovered water table. To
determine the effects of changes in pumping wilso@able confidence and on a time
scale of one to two years, water-level measurenweititsaccuracy and precision of at
least a few tenths of a foot (preferably 0.1 f§ sequired.

One-time measurements of water level, such ag/fheal tape measurement for the
annual program, are subject to errors from thremsaurces (in addition to the inherent
accuracy and precision of the measurement its&liese are: barometric pressure
fluctuations, pumping interferences, and incomptet®very from the drawdown of the
previous pumping season. Barometric pressurelgatuéte around its mean value by a
range that is the equivalent >1.0 ft of water, wlasrtransducer hydrographs show that
the other two sources can induce errors of upveraéfeet. Uncertainties of these
magnitudes help explain why the annual water-lpvegjram is generally viewed as
useful for discerning trends over fairly large splaf> township) and temporal (at least 5-
10 year) scales. In the absence of calibratiacomections based on additional data or
knowledge, tape water-level measurements cannosde to reliably determine
management effects on an annual scale. The udip@ential utility of tape
measurements depends on the nature of well respomater use patterns, and the
amount and type of supporting information availahla given area, but are unlikely to
be effective for the accurate representation adllconditions.

Techniques for the correction and/or avoidancée$e errors have been identified and
are being developed into tools (calculational tpoptstocols, and design principles) for
application to subunit management. The progrestswhs made in the third year of the
program on the correction of errors introduced asometric pressure fluctuations is
particularly noteworthy.

The influence of aquifer lithology and precipitation water use and water-level
responses is under active investigation to progidemprehensive understanding of
water-level variations and responses to pumping.

The multi-well Haskell site is being used to expl@sues of similarity, differences, and
prediction over a limited local area. Because $itis involves both a shallow unconfined
aquifer unit and a deep confined unit, observatairtte Thomas site (unconfined aquifer
only) are being expanded to provide similar infotiorain a more typical High Plains
locale.

In summary, major conclusions and findings of theggxt to date are:

* In addition to withdrawal and recharge of water|lwater levels are influenced
by barometric pressure, the degree of recoveryrbwgdrostatic equilibrium,
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and pumping of other wells in the vicinity. All dfese can potentially introduce
water-level errors or uncertainties on the orddeet.

» Barometric pressure and incomplete recovery effemtsbe corrected, and the
nature of the effects provides additional inforrmatabout characteristics of the
well and the aquifer.

* One-time tape measurements of water level arecpéatly vulnerable to errors,
and water-table changes based on widely-spacedabmaasurements are
unlikely to accurately represent local (e.g., sut)wonditions.

» A calibrated budgetary approach involving accuyatigtermined water-table
changes, water use, and precipitation or an apiatepvater availability index
appears to have strong potential for predictingraoditoring the effects of
management on groundwater resources.

Major activities and objectives for 2010 will inde:

* Refinement of barometric response interpretatiorascampletion of
development and dissemination of correction toonts methods.

» Further research on optimizing techniques of extatpn to fully recovered
water-levels.

» Characterization and response analysis at botH#&s&ell and expanded Thomas
sites.

» Evaluation of the potential effects of lithologianations and precipitation on the
relationships between water use and water-leveigha

* Initial development of (draft) comprehensive guide$ for monitoring and
interpreting water-level change over an enhancethgement aquifer subunit.
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Appendix A: Data and Calculations

A.1 Well Characteristics

The following tables contain the assembled inforamaabout all of the wells used or expected to $elun the study.

A.1.1 Haskell County: Wells HS1 through HS31, 20que data columns

Table A.1.1-1. Well identification data for wellsferred to in the Index Well Study, Haskell Co.

Water
SITE ID | LEGAL Well Type USGS ID OTHER IDENTIFIER Right WWC5
HS1 NE NE NW 36 27-31 | Irrigation HS3 new, 8157 8157 385288
SW SW SW 25 27-
HS2 31 Irrigation 25275 new 25275 - 00 | 385642
SE SW SW 25 27- Irrigation
HS3 31 (ret?) 25275 old casing 25275 - 00 | 28165
SE SW SW 25 27- 25275 observation
HS4 31 Monitoring we 25275-00 | 390016
10467 observation
HS5 NE NW NE 36 27-31 | Monitoring we 389767
SE SW SW 36 27- 8157s observation
HS6 31 Monitoring we 389768
SE SE NE 36 27-
3lor NE NE SE 36
HS7 27-31 Irrigation 11750 320718
18715 observation
HS8 SE SE NW 25 27-31 | Monitoring we 395017

A-1




Water

SITE_ID | LEGAL Well Type USGS ID OTHER IDENTIFIER Right WWC5
SW SE NW 35 27-
HS9 31 Irrigation 19542 19542 363947
Irrigation
HS10 SE SW NE 26 27-31 | (ret?) 1207 old casing 1207 28170
NE SW NE 26 27-31
or NW SE NE 26 27-
HS11 31 Irrigation 1207 new 396941
SE SW NW 31 27- Irrigation
HS12 30 (ret?) 11750 old casing
SE SE SE 25 27-
31/SW SW SW 30 Irrigation
HS13 27-30 (ret?) 10035 old casing
Irrigation
HS14 SE SW SE 36 27-31 | (ret?) 8157s old casing 341913
Irrigation
HS15 NE NE NW 36 27-31 | (ret?) HS3 old casing, 8157
HS16 SE SW SE 25 27-31 | Irrigation 10467 28168
SE SW NW 35 27-
HS17 31 19542 old casing
HS18 SW SE NE 25 27-31 | Irrigation 19032 304615
SE SW SW 30 27-
HS19 30 Irrigation 10035 319354
HS20 SE SE NW 25 27-31 | Irrigation 18715 28166
SW SE SW 24 27-
HS21 31 Irrigation 374044100395001 | 6281 6281 - 00 28160




Water

SITE_ID | LEGAL Well Type USGS ID OTHER IDENTIFIER Right WWC5
SW SW NW 31 27-

HS22 31 373929100453601
NE NW NW 08 27-

HS23 30 Irrigation 374319100375801 GY 025 114859
NW NW NW 08 27-

HS24 30 374317100375501
SW NW NW 23 27-

HS25 30 374125100344101
NE NW NW 17 28-

HS26 30 373709100374701
SW SE NW 36 27-

HS27 31 Monitoring 373925100395301 | Index Well 406332
NW SW NE 35 27-

HS28 31 21985 or 21985 new
NW SW NE 35 27-

HS29 31 Irrigation 21985 or 21985 new 416154
NW NW SE 23 27-

HS30 31 casl6212
NW NW SE 23 27-

HS31 31 Irrigation 16212 302391




Table A.1.1-2. Well construction data for wellsae€&d to in the Index Well Study, Haskell Co. Elewas, depths, and screened
intervals are in ft.

ELEVATION
SURF EOH EOH WELL ELEV SCREENED SCREENED | Gravel | Casing BH
SITE_ID | ELEV DEPTH ELEV DEPTH DEPTH INTERVAL INTERVAL Pack Dia. Dia.
398-418, 418-
HS1 2854.24 | 435 2419.24 | 428 2426.24 428 2456-2426 20-428' | 16"
370-390, 390-
HS2 2823.98 | 420 2403.98 | 410 2413.98 410 2454-2414 20-410
HS3 2838.76 | 340 2498.76 | 284 2554.76 145-284' 2694-2555 10-284' | 16" 28"
HS4 2827.57 | 420 2407.57 | 420 2407.57 380-400,400-420 | 2448-2408 20-420
HS5 2853.43 | 420 2433.43 | 420 2433.43 240-280' 2613-2573 20-420' | 2"
425-445, 445-
HS6 2846.74 | 465 2381.74 | 465 2381.74 465 2422-2382 20-465
HS7 2845.99 | 435 2410.99 | 430 2415.99 411-531" 2435-2315 20-411' | 16"
HS8 2828.66 | 320 2508.66 | 305 2523.66 240-300' 2589-2529 20-305' | 2"
318-338, 358- 2529-25009,
HS9 2847.17 | 405 2442.17 | 398 2449.17 378, 378-398 2489-2449 20-398' | 16"
HS10 2822.94 | 300 252294 | 255 2567.94 195-255' 2628-2568 16" 26"
HS11 2817.54 | 425 239254 | 420 2397.54 250-420' 2568-2398 20-420' | 16"
HS12 2848.75 ?




ELEVATION

SURF EOH EOH WELL ELEV SCREENED SCREENED | Gravel | Casing BH
SITE_ID | ELEV DEPTH ELEV DEPTH DEPTH INTERVAL INTERVAL Pack Dia. Dia.
HS13 2848.74 ?
415-435', 435-
HS14 2845.63 | 461 2384.63 | 455 2390.63 455 2431-2391 20-455' | 16"
HS15 2855.85 ?
2598-2548,
256-306', 326- 2528-2518,
HS16 2854.25 | 506 2348.25 | 411 2443.25 336', 371-411' 2483-2443 20-414' | 16" 24"
HS17 2847.45 ?
HS18 2835.12 | 390 2445.12 | 390 2445.12 235-390' 2600-2445 20-390' | 16" 30"
2538-2518,
305-325, 347- 2496-2426,
417, 472-482, 2371-2361,
HS19 2843.22 | 660 2183.22 | 540 2303.22 497-537' 2345-2306 20-540' | 16" 24"
HS20 2828.57 | 315 2513.57 | 300 2528.57 220-300 2609-2529 16" 26"
220-280, 350- 2601-2542,
HS21 2821.67 | 502 2319.67 | 383 2438.67 380 2472-2442 16"
HS22 2893.22 ?
HS23 2789.93 | 195 259493 | 186 2603.93 166-186 2624-2604 20-186 | 16
HS24 2792.27 ?
HS25 2771.18 2771.18




ELEVATION
SURF EOH EOH WELL ELEV SCREENED SCREENED | Gravel | Casing BH
SITE_ID | ELEV DEPTH ELEV DEPTH DEPTH INTERVAL INTERVAL Pack Dia. Dia.
HS26 2818.32 ?
325-
HS27 2837.85 | 460 2377.85 | 432 2405.85 420-430 2417-2408 460
HS28
342-362, 362-
HS29 490 382 382 20-382 | 16"
HS30 2813
216-256, 296-
HS31 2812 350 2462.00 | 336 336 20-336 | 16" 26"
Table A.1.1-3. Database information for wells regdrto in the Index Well Study, Haskell Co.
Wizard Water Water Water
SITE_ID | Years Use '06 | Use'07 | Use'08 | WIMAS WIZARD WWC5
http://hercules.kgs.ku.edu/geo http://abyss.kgs.ku.edu/pls/aby
hydro/wimas/pd_list_direct.cfm ss/wwc5.wwcsd2.well_details?
HS1 113.6 158.76 187.54 ?pdiv_id=72530 well id=385288
http://hercules.kgs.ku.edu/geo http://abyss.kgs.ku.edu/pls/aby
hydro/wimas/pd_list_direct.cfm ss/wwch.wwc5d2.well_details?
HS2 66 101 89 ?pdiv_id=72546 well id=385642
http://abyss.kgs.ku.edu/pls/aby
ss/wwch.wwebd2.well details?
HS3 well id=28165
http://abyss.kgs.ku.edu/pls/aby
ss/wwceb.wwcebd2.well_details?
HS4 well id=390016




SITE_ID

Wizard
Years

Water
Use '06

Water
Use '07

Water
Use '08

WIMAS

WIZARD

WWC5

HS5

http://abyss.kgs.ku.edu/pls/aby
ss/wwcb.wwesd2.well_details?
well id=389767

HS6

http://abyss.kgs.ku.edu/pls/aby
ss/wwces.wwcesd2.well_details?
well id=389768

HS7

349

256

287

http://hercules.kgs.ku.edu/geo
hydro/wimas/pd list.cfm

http://abyss.kgs.ku.edu/pls/aby
ss/wwceb.wwce5d2.well_details?
well id=320718

HS8

http://abyss.kgs.ku.edu/pls/aby
ss/wwch.wwcesd2.well _details?
well id=395017

HS9

330

264

184

http://hercules.kgs.ku.edu/geo
hydro/wimas/water right_list.cf
m?wr_id=19905

http://abyss.kgs.ku.edu/pls/aby
ss/wwceb.wwesd2.well_details?
well id=363947

HS10

http://abyss.kgs.ku.edu/pls/aby
ss/wwch.wwcebd2.well details?
well id=28170

HS11

212.16

228

211

http://abyss.kgs.ku.edu/pls/aby
ss/wwch.wwesd2.well_details?
well id=396941

HS12

NA

HS13

NA

HS14

http://abyss.kgs.ku.edu/pls/aby
ss/wwcb.wwe5d2.well_details?
well id=341913

HS15

NA

HS16

http://abyss.kgs.ku.edu/pls/aby
ss/wwch.wwesd2.well_details?
well id=28168

HS17

NA

HS18

257

185

174

http://hercules.kgs.ku.edu/geo
hydro/wimas/water right_list.cf
m?wr_id=19390

http://abyss.kgs.ku.edu/pls/aby
ss/wwch.wwebd2.well details?
well id=304615




Wizard Water Water Water
SITE_ID | Years Use '06 Use '07 Use '08 | WIMAS WIZARD WWC5
http://abyss.kgs.ku.edu/pls/aby
ss/wwcb.wwesd2.well_details?
HS19 well id=319354
http://abyss.kgs.ku.edu/pls/aby
ss/wwcb.wwesd2.well_details?
HS20 253 221 219 well id=28166
http://hercules.kgs.ku.edu/
http://hercules.kgs.ku.edu/geo | geohydro/wizard/wizardwe | http://abyss.kgs.ku.edu/pls/aby
1991- hydro/wimas/pd list_direct.cfm | lldetail.cfm?usqgs_id=3740 | ss/wwc5.wwc5d2.well details?
HS21 2009 250 166 205 ?pdiv_id=6471 44100395001 well id=28160
http://hercules.kgs.ku.edu/
geohydro/wizard/wizardwe
1948- lidetail.cfm?usgs_id=3739
HS22 2009 29100453601 NA
http://hercules.kgs.ku.edu/
geohydro/wizard/wizardwe | http://abyss.kgs.ku.edu/pls/aby
2005- lidetail.cfm?usgs_id=3743 | ss/wwc5.wwc5d2.well_details?
HS23 2009 19100375801 well id=114859
http://hercules.kgs.ku.edu/
geohydro/wizard/wizardwe
1964- lidetail.cfm?usgs_id=3743
HS24 2004 17100375501 NA
http://hercules.kgs.ku.edu/
geohydro/wizard/wizardwe
1993- lidetail.cfm?usgs_id=3741
HS25 2009 25100344101
http://hercules.kgs.ku.edu/
geohydro/wizard/wizardwe
1959- lidetail.cfm?usgs_id=3737
HS26 2009 09100374701 NA
http://hercules.kgs.ku.edu/
geohydro/wizard/wizardwe | http://abyss.kgs.ku.edu/pls/aby
lidetail.cfm?usgs_id=3739 | ss/wwc5.wwc5d2.well_details?
HS27 NA 25100395301 well id=406332
http://hercules.kgs.ku.edu/geo
hydro/wimas/pd_list_direct.cfm
HS28 205 110 0 ?pdiv_id=44189




Wizard Water Water Water

SITE_ID | Years Use '06 Use '07 Use '08 | WIMAS WIZARD WWC5
http://hercules.kgs.ku.edu/geo http://abyss.kgs.ku.edu/pls/aby
hydro/wimas/pd_list_direct.cfm ss/wwch.wwesd2.well _details?

HS29 NA NA 159 ?pdiv_id=75355 well _id=416154
http://hercules.kgs.ku.edu/geo
hydro/wimas/pd_list_direct.cfm

HS30 0 0 0 ?pdiv_id=1668
http://hercules.kgs.ku.edu/geo http://abyss.kgs.ku.edu/pls/aby
hydro/wimas/pd _list_direct.cfm ss/wwch.wwebd2.well details?

HS31 319 261 298 ?pdiv_id=63077 well id=302391




A.1.2 Thomas County
Table A.1.2-1. Well identification data for wellsferred to in the Index Well Study, Thomas Co.

Water
SITE_ID | LEGAL Well Type USGS_ID OTHER IDENTIFIER | Right WWC5
NW NW NW 33 09-
TH1 33 Monitoring 383132100543101 NA 403943
TH2 SE NE NE 35 09-33 | Irrigation 391355100574901 4418 - 00
SW NW NW 06 10-
TH3 33 Irrigation (ret) 391303101031701 | 10-33-06BBC
NW NE NW 11 10-
TH4 33 Irrigation 391217100583201 18679 - 00
SE SW NW 12 10-
TH5 34 Irrigation 391200101041601 9144 - 00 329448
SW SW SW 11 09-
TH6 34 Irrigation 391646101052901 32652 - 00 88967
TH7 NE SE NE 12 09-34 | Irrigation 391718101032301 | 09-32-12ADA 31070 - 00
H-West, 09-33-
TH8 NE SW NE 28 09-33 | Irrigation (ret) ? 28?77 20218 | 422589
SE NW NW 27 09-
TH9 33 Irrigation (ret) ? H-East, 09-33-27??? 22814 | 422588
NW NW SW 36 09- Domestic
TH10 33 (abd) ? 09-3306CBB
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Table A.1.2-2. Well construction data for wellsaeéd to in the Index Well Study, Thomas Co.

WELL Grvl Casing BH

SITE_ID | SURF_ELEV | EOH_DEPTH | EOH_ELEV | DEPTH ELEV_WELL_DEPTH | SCRN INT ELEV_Screen | Pck Dia. Dia.
250-

TH1 3187.44 294 2893.44 286 2901.44 | 274-284 2903-2913 284 2.5"

TH2 3145.31 244 2901.31

TH3 3191.91 316 2875.91

TH4 3139.87 299 2840.87
20-

TH5 3220.55 306 2914.55 293 2927.55 | 213-293 2927-3007 293 16" 28"

135-195,

TH6 3179.13 215 2964.13 | 195-215 2964-3044

TH7 3202.16 ?

TH8 ? ? ? ? ? ? ? ?

TH9 ? ? ? ? ? ? ? ?

TH10 ? ? ? ? ? ? ? ?
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Table A.1.2-3 Database information for wells rederto in the Index Well Study, Thomas Co.

Water | Water | Water
SITE_ | Wizard Use Use Use
ID _Years '06 ‘07 '08 Notes: WIMAS WIZARD WWC5
http://hercules.kgs.ku.e http://abyss.kgs.ku.ed
du/geohydro/wizard/wiz | u/pls/abyss/wwcs.ww
Note: well drilled to ardwelldetail.cfm?usgs c5d2.well details?wel
TH1 2007-2009 0 0 0 | 294, last 10' shale id=383132100543101 | id=403943
http://hercules.kgs.ku.e
du/geohydro/wizard/wiz
149.1 ardwelldetail.cfm?usgs
TH2 1964-2009 5 73 69 id=391355100574901
http://hercules.kgs.ku.e
du/geohydro/wizard/wiz
ardwelldetail.cfm?usgs
TH3 1971-2009 id=391303101031701
http://hercules.kgs.ku.e http://hercules.kgs.ku.e
du/geohydro/wimas/pd du/geohydro/wizard/wiz
list_direct.cfm?pdiv_id= | ardwelldetail.cfm?usgs
TH4 1992-2008 191 90 154 41294 id=391217100583201
Note: well drilled to http://hercules.kgs.ku.e http://hercules.kgs.ku.e http://abyss.kgs.ku.ed
306', last 22 feet du/geohydro/wimas/pd du/geohydro/wizard/wiz | u/pls/abyss/wwc5.ww
yellow ochre-black list direct.cfm?pdiv_id= | ardwelldetail.cfm?usgs c5d2.well_details?wel
TH5 1964-2009 140 | 171.3 125 | shale 66955 id=391200101041601 | id=329448
http://hercules.kgs.ku.e http://hercules.kgs.ku.e http://abyss.kgs.ku.ed
Wizard/WWC5 du/geohydro/wimas/pd du/geohydro/wizard/wiz | u/pls/abyss/wwc5.ww
137.6 | 156.3 depths disagree. list direct.cfm?pdiv_id= | ardwelldetail.cfm?usgs c5d2.well_details?wel
TH6 1984-2006 3 6 133 | Same well? 35372 id=391646101052901 | id=88967
http://hercules.kgs.ku.e http://hercules.kgs.ku.e
du/geohydro/wimas/pd du/geohydro/wizard/wiz
267.1 list_direct.cfm?pdiv_id= | ardwelldetail.cfm?usgs
TH7 1979-2009 6 247 283 45398 id=391718101032301
http://hercules.kgs.ku.e http://abyss.kgs.ku.ed
du/geohydro/wimas/pd u/pls/abyss/wwc5.ww
list_direct.cfm?pdiv_id= c5d2.well details?wel
TH8 NA 21.82 0 0 11312 |_id=422589
http://hercules.kgs.ku.e http://abyss.kgs.ku.ed
du/geohydro/wimas/pd u/pls/abyss/wwc5.ww
list_direct.cfm?pdiv_id= c5d2.well_details?wel
TH9 NA 117 0 0 48404 | id=422588
TH10 NA 0 0 0
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A.1.3 Scott County
Table A.1.3-1. Well identification and constructidata for wells referred to in the Index Well Stu8ygott Co.

SITE Water WELL ELEV WELL

ID LEGAL Well Type USGS ID Right SURF ELEV | Wizard Years | DEPTH DEPTH
NE NE NE 01 18-

SC1 33 Monitoring | 391404101010701 2967.15 | 2007-2009 227 2740.15
NW SW SW 03 18-

SC2 33 Irrigation 383053100573701 | 17206 - 00 3009.10 | 1951-2009 182 2827.1
NW NW NW 25 18- SC 50 - 00,

SC3 33 Irrigation 382803100552301 | 8057 - 00 2974.82 | 1951-2009 180 2794.82
NW SW NE 14 17-

SC4 33 Irrigation 383448100555801 | 29967 - 00 3016.81 | 1969-2009 202 2814.81
NW NW NW 16 17-

SC5 32 Irrigation 383501100520601 | 17478 - 00 2980.82 | 1971-2009 231 2749.82
NW NW NW 27 17- | Irrigation

SC6 32 (ret) 383316100505801 | 6789 - 00 2989.24 | 1965-2009 185 2804.24
NE NW NE 17 18-

SC7 32 Irrigation 382947100522902 | SC 16 - 00 2974.56 | 1981-2009 135 2839.56

SC7 NE NW NE 17 18-

old 32 382947100522901 | 28129 - 00

Table A.1.1-2. Database information for wells regdrto in the Index Well Study, Scott Co.

SITE_ | Water Water Water
ID Use '06 Use '07 Use '08 | WIMAS WIZARD
http://hercules.kgs.ku.edu/geohydro/wizard/
wizardwelldetail.cfm?usgs_id=39140410101
SC1 0701
http://hercules.kgs.ku.edu/geohydro/wizard/
http://hercules.kgs.ku.edu/geohydro/wimas/pd_list wizardwelldetail.cfm?usgs _id=38305310057
SC2 58.92 84.84 67.84 | direct.cfim?pdiv_id=4361 3701
http://hercules.kgs.ku.edu/geohydro/wizard/
http://hercules.kgs.ku.edu/geohydro/wimas/pd_list wizardwelldetail.cfm?usgs _id=38280310055
SC3 0 0 0 | direct.cfm?pdiv_id=47736 2301
http://hercules.kgs.ku.edu/geohydro/wizard/
http://hercules.kgs.ku.edu/geohydro/wimas/pd_list wizardwelldetail.cfm?usgs _id=38344810055
SC4 166 155 231 | direct.cfm?pdiv_id=54891 5801
http://hercules.kgs.ku.edu/geohydro/wizard/
http://hercules.kgs.ku.edu/geohydro/wimas/pd_list wizardwelldetail.cfm?usgs _id=38350110052
SC5 193.31 158.26 205 | direct.cfm?pdiv_id=15886 0601
http://hercules.kgs.ku.edu/geohydro/wizard/
http://hercules.kgs.ku.edu/geohydro/wimas/pd_list wizardwelldetail.cfm?usgs _id=38331610050
SC6 0 0 0 | direct.cfm?pdiv_id=32431 5801

A-13




http://hercules.kgs.ku.edu/geohydro/wimas/pd_list

http://hercules.kgs.ku.edu/geohydro/wizard/
wizardwelldetail.cfm?usgs id=38294710052

SC7 56.68 3.25 9.13 | direct.cfim?pdiv_id=15168 2902
SC7ol http://hercules.kgs.ku.edu/geohydro/wimas/pd_list
d 0 0 0 | direct.cfm?pdiv id=47593
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A.2 Precipitation, inches, 2000-2009

A.2.1 Thomas county

Mar-  Mar-

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year Oct Sep
COLBY 1 SW 2000 0.12 0.78 244 1.07 0.18 2.06 3.12 088 096 325 1.12 0 1598 13.96 10.71
COLBY 1 SW 2001 147 065 038 3.01 335 041 3.08 1.71 3.03 045 0.98 0.09 18.61 15.42 14.97
COLBY 1 SW 2002 057 022 016 042 139 142 149 417 123 253 0.06 0 13.66 12.81 10.28
COLBY 1 SW 2003 0 04 138 224 233 452 042 3.03 0.02 023 0.18 0.09 14.84 14.17 13.94
COLBY 1 SW 2004 0.07 068 074 27 095 32 412 123 259 125 251 0.03 20.07 16.78 15.53
COLBY 1 SW 2005 0.2 034 074 362 375 312 235 289 008 252 0.23 0.08 19.92 19.07 16.55
COLBY 1 SW 2006 055 0.03 205 0.64 1.03 3.17 168 244 211 3.14 0.02 423 21.09 16.26 13.12
COLBY 1 SW 2007 063 061 063 345 1.15 161 273 3.25 198 0.24 0.1 0.87 17.25 15.04 1438
COLBY 1 SW 2008 0 0.2 084 0.7 333 093 354 3.05 3.06 354 0.74 0.65 2058 18.99 15.45
COLBY 1 SW 2009 0.15 0.49 01 344 553 369 41 333 155 3.11 25.49 2485 21.74

Normal* 03 035 117 156 367 3.17 316 204 1.7 105 0.61 0.36 19.14

New Normal?® 0.4 0.46 1.2 1.93 3.6 296 395 247 139 124 081 0.36 20.77
Colby 1 SW, Kansas (14699)ttp://www.hprcc.unl.edu/cgi-bin/cli_perl_lib/cliMIN.pl?ks1699
MINGO 5 E 2000 0.08 0.64 2.61 1 061 16 473 047 058 44 147 0.05 18.24 16 11.6
MINGO 5 E 2001 1.08 0.97 0.6 243 419 0.13 483 1.78 272 0.23 093 0.25 20.14 16.91 16.68
MINGO 5 E 2002 0O 016 022 044 123 076 049 235 061 339 007 M 9.72 9.49 6.1
MINGO 5 E 2003 0.05 0.17 131 1.77 286 296 0.17 232 0.14 0.29 0.2 0.3 1254 11.82 11.53
MINGO 5 E 2004 0.17 04 123 325 088 337 282 161 236 092 193 0.06 19 16.44 15.52
MINGO 5 E 2005 05 075 098 394 393 268 225 266 0.1 29 053 0.08 21.3 19.44 16.54
MINGO 5 E 2006 0.25 0.02 125 055 1.17 3.18 0.64 239 151 231 0.03 507 18.37 13 10.69
MINGO 5 E 2007 0.9 0.3 069 374 169 152 159 278 063 0.09 0.15 0.84 1492 12.73 12.64
MINGO 5 E 2008 0.35 0.3 079 187 452 1.03 5.01 357 142 0.92 19.78 18.21 18.21
MINGO 5 E 2009 0.07 0.17 0.02 0 416 312 39 375 3.16 3.33 21.68 21.44 18.11

Normal* 039 037 1.2 176 332 305 263 207 172 114 077 041 18.83
New Normal®  0.41 0.44 122 1.83 305 257 358 258 139 12 099 0.35 19.61
Mingo 5 E, Kansas (145353)ttp://www.hprcc.unl.edu/cgi-bin/cli_perl_lib/cliMiN.pl?ks5355
1 “Normal” is a 30-year average covering 1961-1990.
2 “New-Normal” is a 30-year average covering 19700
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Mar-  Mar-
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec VYear Oct Sep
REXFORD 1 SW 2000 0.04 058 238 095 035 146 3.04 063 1.11 3.15 1.03 0.02 14.74 13.07 9.92
REXFORD 1 SW 2001 1.09 059 044 298 555 406 3.14 411 15 0.4 1.05 0.03 2494 22.18 21.78
REXFORD 1 SW 2002 0.37 0.07 024 024 139 14 191 396 204 3.08 0 0 147 1426 11.18
REXFORD 1 SW 2003 0O 034 107 282 316 434 092 128 0.15 0.25 0.06 0.24 1463 1399 13.74
REXFORD 1 SW 2004 0.07 0.23 1.1 23 0.76 253 7.17 0.68 2.78 0.7 221 0.03 20.56 18.02 17.32
REXFORD 1 SW 2005 0.04 0.4 1.4 3.36 3.02 341 4.78 3.65 0 283 037 0.25 2351 2245 19.62
REXFORD 1 SW 2006 0.25 0 0.8 0.47 069 3.05 224 256 132 3.71 0 3.15 18.24 14.84 11.13
REXFORD 1 SW 2007 095 0.15 1.03 392 159 196 3.02 282 139 0.32 0 1.17 18.32 16.05 15.73
REXFORD 1 SW 2008 0.02 0.21 064 173 455 261 498 354 3.09 363 074 041 26.15 24.77 21.14
REXFORD 1 SW 2009 0.06 0.22 0 0 572 437 286 5.08 3.07 3.54 2492 2464 21.1
Normal* 042 049 136 181 351 3.02 276 213 158 1.15 0.76 0.49 19.48
New Normal?® 045 054 139 21 364 286 359 265 118 1.13 094 0.45 20.92
Rexford 1 SW, Kansas (14678n}tp://www.hprcc.unl.edu/cgi-bin/cli_perl_lib/cliMiN.pl?ks6787
County Average
Normal* 042 048 1.27 195 343 28 371 257 132 119 091 0.39 2043
New Normal? 0.37 04 124 171 35 3.08 285 208 167 1.11 0.71 0.42 19.15
2000 0.08 067 248 101 0.38 1.71 3.63 0.66 0.88 3.6 1.21 0.02 16.32
2001 1.21 0.74 047 281 436 153 368 253 242 036 099 0.12 21.23
2002 031 015 0.21 037 134 119 13 349 1.29 3 0.04 0 12.69
2003 0.02 03 125 228 278 394 05 221 0.1 026 015 0.21 14
2004 01 044 102 275 086 3.03 47 117 258 096 222 0.04 19.88
2005 0.25 05 104 364 357 3.07 313 3.07 006 275 038 0.14 2158
2006 0.35 0.02 137 055 096 3.13 152 246 1.65 3.05 0.02 4.15 19.23
2007 083 035 078 37 148 1.7 245 295 133 022 0.08 0.96 16.83
2008 0.12 0.24 0.76 143 413 152 451 339 252 359 0.8 053 2354
2009 0.09 0.29 0.04 115 514 373 3.62 4.05 259 3.33 24.03

L “Normal” is a 30-year average covering 1961-1990.
2 “New-Normal” is a 30-year average covering 197020
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A.2.2 Scott county

Mar-

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year Mar-Oct Sep
SCOTT CITY 2000 0.29 032 4.06 153 082 087 332 146 125 254 155 0.25 18.26 15.85 13.31
SCOTT CITY 2001 097 053 0.87 222 7.22 052 312 1.26 0.83 0 021 0.05 17.8 16.04 16.04
SCOTT CITY 2002 0.35 0.08 0.02 2.59 0.7 239 084 255 059 292 0.04 0.11 13.18 12.6 9.68
SCOTT CITY 2003 0O 051 118 186 355 505 1.32 283 0.24 0.06 0.06 0.29 16.95 16.09 16.03
SCOTT CITY 2004 0.06 0.57 0.8 264 026 7.38 244 373 256 0.82 1.27 0.08 22.61 20.63 19.81
SCOTT CITY 2005 0.79 132 0.74 129 361 164 251 265 398 354 0.09 0.21 2237 19.96 16.42
SCOTT CITY 2006 0.25 0 1.27 054 278 325 155 239 119 296 0.01 558 21.77 15.93 12.97
SCOTT CITY 2007 0.74 0.14 246 2.62 1.13 3.09 2 289 235 002 0.1 102 1856 16.56 16.54
SCOTT CITY 2008 0.16 0.24 033 2.02 225 171 166 179 1.08 56 0.91 0.2 17.95 16.44 10.84
SCOTT CITY 2009 0.16 0.04 0.7 0 1.71 136 269 272 164 219 13.21 13.01 10.82

Normal* 0.6 063 139 169 3.09 3.04 296 227 201 1.04 096 0.62 20.3

New

Normal® 0.7 0.64 1.52 1.7 3.01 283 319 262 166 1.09 1.14 0.6 20.7

Scott City, Kansas (14727 1ttp://www.hprcc.unl.edu/cgi-bin/cli_perl_lib/cliMi.pl?ks7271

1 “Normal” is a 30-year average covering 1961-1990.

2 “New-Normal” is a 30-year average covering 19700
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A.2.3 Haskell county

Mar-

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year Mar-Oct Sep
SUBLETTE 2000 0.22 0.02 44 192 273 158 204 058 0.05 312 0.62 0 17.28 16.42 13.3
SUBLETTE 2001 1.14 0.84 1.07 0.75 35 13 143 198 0.34 0 0.17 0.11 12.63 10.37 10.37
SUBLETTE 2002 0.46 0.12 0O 156 062 156 094 261 087 256 0.05 051 11.86 10.72 8.16
SUBLETTE 2003 0O 043 101 068 259 382 0.1 209 285 0 0O 041 13.98 13.14 13.14
SUBLETTE 2004 0O 065 1.85 1.53 0 412 493 237 181 114 3.15 0 21.55 17.75 16.61
SUBLETTE 2005 1.77 0.8 1 189 247 38 119 432 132 253 035 0.08 21.52 18.52 15.99
SUBLETTE 2006 0 0O 083 032 333 215 282 348 438 1.64 0 535 243 18.95 17.31
SUBLETTE 2007 0.61 0.3 226 29 149 089 049 095 116 0.12 0.2 1.04 1241 10.26 10.14
SUBLETTE 2008 0.11 0.31 0.15 052 0.77 292 024 541 0.14 4.2 0.15 0.11 15.03 14.35 10.15
SUBLETTE 2009 0.07 0.12 1.18 0 078 442 259 192 057 2.86 14.51 14.32 11.46

Normal* 0.35 048 1.23 144 321 322 259 235 21 1.11 0.81 0.38 19.27

New

Normal® 046 044 144 15 319 294 259 232 171 1.27 094 0.42 19.22

Sublette, Kansas (147922t p://www.hprcc.unl.edu/cgi-bin/cli_perl_lib/cliMIN.pl?ks7922
1 “Normal” is a 30-year average covering 1961-1990.

2 “New-Normal” is a 30-year average covering 19700
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A.3 Water use total AF in circles of 1, 2, 3, 4, and 5-mile i@laround each of the index
wells for the years 2005-2008. Two estimates ofwgng season precipitation from Appendix
A.2 are also tabulated for comparison.

A.3.1 Comparative data on circles used to evalwater use

Table A.3.1-1:
Radius (mi) 1 2 3 4 5
Area (mi?) 3.14 12.56 28.26 50.24 78.5
area ratio
tor=1mi 1 4 9 16 25
area ratio
tor=2mi 0.25 1 2.25 4 6.25
Haskell year Water use, AF/A
1 mi 2mi 3mi 4 mi
2005 1200 8550 17919 31660
2006 1927 9304 20421 37773
2007 1642 8764 18304 34228
2008 1825 9932 22703 40185
Avg 1648.5 9137.5 19836.75 35961.5
Ratio to 2 mi circle 0.18 1.00 2.17 3.94
Scott
1 mi 2mi 3mi 4 mi
2005 1027 4765 10019 14390
2006 1034 3739 9571 13452
2007 901 3175 8474 11660
2008 933 4059 10231 13896
Avg 973.75 3934.5 9573.75 133495
Ratio to 2 mi circle 0.25 1.00 2.43 3.39
Thomas with Colby precip
1 mi 2mi 3mi 4 mi
2005 974 2662 5927 9567
2006 1220 3455 7693 11999
2007 808 2710 6205 9651
2008 879 2686 6152 9458
Avg 970.25 2878.25 6494.25 10168.75
Ratio to 2 mi circle 0.34 1.00 2.26 3.53
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5mi
43580
51492
45983
54612
48916.75
5.35

5mi
19355
19188
16767
19551
18715.25
4.76

5mi
14330
17149
13997
13541
14754.25
5.13

Precip

Mar-Oct
18.52
18.95
10.26
14.35
15.52

Mar-Oct
19.96
15.93
16.56
16.44

17.2225

Mar-Oct
19.07
16.26
15.04
18.99
17.34

Mar-Sep
15.99
17.31
10.14
10.15

13.3975

Mar-Sep
16.42
12.97
16.54
10.84

14.1925

Mar-Sep
16.55
13.12

14.8
15.45
14.98



Thomas with Mingo precip

1mi
2005 974
2006 1220
2007 808
2008 879
Avg 970.25
Ratio to 2 mi circle 0.34

2 mi
2662
3455
2710
2686

2878.25
1.00

3mi
5927
7693
6205
6152
6494.25
2.26
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4 mi
9567
11999
9651
9458
10168.75
3.53

5 mi
14330
17149
13997
13541

14754.25

5.13

Mar-Oct
19.44
13
12.73
18.21
18.21
15.845

Mar-Sep
16.54
10.69
12.64
18.21
18.21
14.52



A.4 Haskell site hydrographs and BEF plots

The text box accompanying each group of plots (be)grovides the following information:

Well number (this study; see Appendix A.1.1 for tdoeresponding numbers used by DWR in the
Haskell study site) — this is the identifier usegroject reports.

USGS ID: useful for searching for the well in (¢ the WIZARD database.

Legal location (PLSS) — see Appendix A.1.1 fortiate and longitude or other location information.

WWCS identifier, for searching in the well log dasese.

Well type and/or use

Water levels for the years of the study, in feehvabmean sea level. “est-recov” are the best
estimates of fully equilibrated recovery; “Wiz-Eleare the tape WL measurements (also feet asl)
at the time of the annual survey.

Surface Elev. = feet asl, ground surface at thé lvehtion.
Bedrock Elev. = feet asl, approx bedrock surfaceddl site.

EOH (“Extent of Hole") = total drilled depth, ft lmav surface.
Well Depth = completed (cased) well depth, feeblweturface.
Depth Elev. = Surface Elev — Well depth

Screen Elevation = feet asl of the screened inl@&)via the casing.
Gravel Pack: borehole depth interval packed witvek.

Casing diameter

Borehole diameter

Water Use:

WU = acre-feet pumped from this well in the indezhyear

WU (2mi-totirrac) = total irrigated acres from albints of groundwater diversion located within the
2-mile radius circle around this well.

WU (2mi-AF) = total acre —feet of water pumped frathpoints of groundwater diversion located
within the 2-mile radius circle around this well.

WU (2mi- AF/irrac) = acre-feet pumped per irrigatette within the 2-mile circle.

'06 WU (2mi- AF /ac) = acre feet per total acreshivi the 2-mile circle in 2006.

Growing season precipitation = county rainfallmehes during the indicated year (Note: one inch =
0.083 AF/ac, or 670 total AF within the 2-mile ¢&l
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HS-27 (Index Well, Haskell)
USGS ID: 373925100395301
SW SE NW 36 27-31
WW(C5: 406332

Well Type: Monitoring

'07 WL(est-recov): NA

'08 WL (est-recov): 2584.5
'09 WL (est-recov): 2580.43
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): 2584.77
'09 WL(Wiz-Elev): 2580.43

Surface Elev.:2837.85
Bedrock Elev: ?

EOH: 460’

Well Depth: 432’

Depth Elev: 2405.85
Screen: 420-430’
Screen Elev: 2407-2417
Gravel Pack: 325-460
Casing Diameter: 2.5”
Borehole Diameter: 2.5”

'06 WU: 0

'07 WU: 0

'08 WU: 0

'06 WU (2mi-totirrac): 6735
‘07 WU (2mi-totirrac): 3475
'08 WU (2mi-totirrac): 7755
'06 WU (2mi-AF): 9304.02
'07 WU (2mi- AF): 8764.01
'08 WU (2mi- AF): 9931.71
'06 WU (2mi- AF/irrac): 1.38
'07 WU (2mi- AF/irrac): 1.35
'08 WU (2mi- AF firrac): 1.28
'06 WU (2mi- AF /ac): 1.16
'07 WU (2mi- AF /ac): 1.09
'08 WU (2mi- AF /ac): 1.23

Mar-Sep Precip
'06: 17.31”
'07: 10.14”
'08: 10.15”
'09: 11.46”




HS1 07-08, WL(ft) vs time

2610 HS-1 (HS3 new, 8157)
~ A USGS ID: ?
2590 | NE NE NW 36 27-31
| ' / (1| PN N WWC5: 385288
i [ Well Type: Irrigation
2550 1
‘07 WL(est-recov): 2595.95
2530 '08 WL (est-recov): 2589.92
T 1T 1 1 ' N 11 { '09 WL (est-recov): 2584.64
2510 I '07 WL(Wiz-Elev): NA
—_— |_ '08 WL(Wiz-Elev): NA
'09 WL(Wiz-Elev): NA
2470 g y [ ] ———
S S S 5 88585 S5 S s 5 5 &5 8 8 38 8 8 8 8 SurfaceElev.:2854.24
S 25 F 5 282888 88§ 8§ 8 8§ 8 & I 3 BedockElev:?
L EOH: 43%’
: EOH Elev: 2419.24
2500 HS1 08-09, WL(ft) vs time Well Depth: 428’
Y e § m Depth Elev: 2426.24
o ) V|| A 1AL | Screen: 398-418, 418-428
Screen Elev: 2426-2456’
2550 [ Gravel Pack: 20-428'
1 |’ Casing Diameter:16”
- ‘ Borehole Diameter: ?
[ \\ [
25101 '06 WU: 113.6
'07 WU: 158.76
2490 '08 WU: 187.54
it '06 WU (totac): 6526
o '07 WU (totac): 6453

'08 WU (totac): 6714

'06 WU (2m-af): 9374.03
'07 WU (2mi-af): 8756.78
'08 WU (2mi-af): 8406.61
Haskell Well 1 BRF for 11/25/2008 00:00 - 01/06/2009 23:30 '06 WU (2mi-per irrac): 1.44
'07 WU (2mi-per irrac): 1.36
'08 WU (2mi-per irrac): 1.25
'06 WU (2mi-perac): 1.17
'07 WU (2mi-perac): 1.09
'08 WU (2mi-perac): 1.05

6/1/08
711107
7/31/08
8/30/08
9/29/08 4
10/29/08
11/28/08 -
12/28/08
1/27/09
2/26/09 4
3/28/09 4
4/27/09
5/27/09
6/26/09
7/26/09
8/25/09
9/24/09 4
10/24/09
11/23/09
12/23/09

o
o]
1

o
(o))
|

Mar-Sep Precip
M l lnn I 1 |

Barometric Response Function (-)
= S
N I
——
—

\! l I - h L nh 06: 17317
'07: 10.14”
'08: 10.15”
'09: 11.46”
I I
3 4

T T
0 1 2 5
Lag (Days)
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B HS 2 07-08, WL(ft) vs time HS-2 (25275new)
e | USGS ID: ?
I NN | il SW SW SW 25 27-31
) e \4 ‘ i i "\.4\/ \l WWC5: 385642
2560 \ f | \ Well Type: Irrigation
2540
2520 \“ | | ” ‘07 WL(est-recov): 2593.4
- | v '08 WL (est-recov): 2588.27
| \ '09 WL(est-recov): 2583.82
2450 ».AJ | '07 WL(Wiz-Elev): NA
2460+ — 11 '08 WL(Wiz-Elev): NA
2440 ‘ '09 WL(Wiz-Elev): NA
2420'5 5 5 55555555055 8 8 8@ 8 ® 8 x| Surface Elev.:2823.98
EOH Elev: 2403.98
HS 2 08-09, WL(ft) vs time Well Depth: 410’
. L Depth Elev: 2413.98
2580 A 4 % Screen: 370-390, 390-410
2560 l’ o v Screen Elev: 2413.98-2453.98
2540 Gravel Pack: 20-410
2520 Casing Diameter: ?
[ Borehole Diameter: ?
2500 l
2480 '06 WU: 66
2460 ‘07 WU: 101
2440 '08 WU: 89
- '06 WU (totac): 6444
'07 WU (totac): 6389
e L s s s s s 83838 a2geas s g g 08WUoac6632
= = = 0 8 © ® ® K © ® R K © © ® ¥ ¥ © o/l '06WU(2m-af):9253.03
" R3I3IS§SETIFTI ST B o N> 06 S ¢ &07WU(ERMaN8T23.78
'08 WU (2mi-af): 8431.61
Haskell Well 2 BRF for 11/25/2008 00:00 - 01/06/2009 23:30 '06 WU (2mi-per irrac): 1.44
1 '07 WU (2mi-per irrac): 1.37
'08 WU (2mi-per irrac): 1.27
0.8 '06 WU (2mi-perac): 1.15
'07 WU (2mi-perac): 1.08
'08 WU (2mi-perac): 1.05
0.6
Mar-Sep Precip
R - : l '06: 17.31
\j V '07: 10.14”
. \NW M \ | (M | '08: 10.15”
: 1 V uu v |N I \ 09: 11.46
0 T T T T
0 1 4 5

Lag (Days)
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2597

2596 |
2595 |
2594
2593
2592

2591

2590 1
2589 A
2588

2589.0

2588.5

2588.0

2587.5

2587.0

2586.5

2586.0

2585.5

S =]
) ©

S
a~

Barometric Response Function (-)
o
)

HS 3 07-08, WL(ft) vs time

1/1/07
3/2/07
4/1/07

1/31/07

5/1/07

5/31/07

6/30/07

7/30/07

8/29/07 -

9/28/07
10/28/07 4+~
11/27/07
12/27/07

I

S 3 08-09, WL(ft) vs time

1/26/08

2/25/08

3/26/08

4/25/08 -

5/25/08

6/24/08

7/24/08

6/1/08
7/1/07
7/31/08
8/30/08

9/29/08

10/29/08

11/28/08

12/28/08
1/27/09
2/26/09
3/28/09
4/27/09 -
5/27/09

6/26/09

7/26/09

8/25/09

Haskell Well 3 BRF for 11/25/2008 00:00 - 01/06/2009 23:30

9/24/09

10/24/09

11/23/09

12/23/09

HS-3 (25275 old casing)
USGS ID: ?

SE SW SW 25 27-31
WWC5: 28165

Well Type: Irrigation (ret.)

‘07 WL(est-recov): 2596.1
'08 WL (est-recov): 2591.2
'09 WL (est-recov): 2587.2
'07 WL(Wiz-Elev): NA
'08 WL(Wiz-Elev): NA
'09 WL(Wiz-Elev): NA

Surface Elev.:2838.76
Bedrock Elev: ?

EOH: 340’

EOH Elev: 2498.76
Well Depth: 284
Depth Elev: 2554.76
Screen: 145-284’
Screen Elev: 2555-2694’
Gravel Pack: 10-2874’
Casing Diameter:16”
Borehole Diameter:28”

'06 WU: 0?

'07 WU: 0?

'08 WU: 0?

'06 WU (totac): 6268

'07 WU (totac): 6207

'08 WU (totac): 6450

'06 WU (2m-af): 8923.03
'07 WU (2mi-af): 8443.78
'08 WU (2mi-af): 8147.61
'06 WU (2mi-per irrac): 1.42
'07 WU (2mi-per irrac): 1.36
'08 WU (2mi-per irrac): 1.26
'06 WU (2mi-perac): 1.11
'07 WU (2mi-perac): 1.05
'08 WU (2mi-perac): 1.01

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”

Lag (Days)
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HS 4 07-08, WL(ft) vs time

2620 HS-4 (252750bs)
USGS ID: ?
2600 =i SE SW SW 25 27-31
Ao WWCS5: 390016
2580 Y N \ . .
N M/ \\ Well Type: Monitoring
25601 » - - - : ’[/\ :
M '07 WL(est-recov): NA
2540 e ||‘ '08 WL (est-recov): 2583.59
! '09 WL (est-recov): 2579.84
2520 '07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

e tL || ‘09 WL(Wiz-Elev): NA
2480 T T T T T

55555555 55555 888 8 8 8 g SurfaceElev.:2827.57

S 25 F 5 2 888 & & &8 § & & §& & & & § BedockElev:?

HS 4 08-09, WL(ft) vs time EOH Elev: 2407.57
= Well Depth: 420
2580 e .
o P \ Y Depth I.Elev. 2407.57
g M V1Y Screen: 380-400, 400-420
- 7 \ Screen Elev: 2407.57-2447.57
[ Gravel Pack: 20-420

2540 X i
2530 l Casing Diameter: ?
2520 / Borehole Diameter: ?
2510 ’
2500 ’ '06 WU: 0
2490 | '07 WU: 0
2480 L I’ '08 WU: 0
2470 '06 WU (totac): 6444
2460 ; '07 WU (totac): 6389

'08 WU (totac): 6632

'06 WU (2m-af): 9253.03
'07 WU (2mi-af): 8723.78
Haskell Well 4 BRF for 11/25/2008 00:00 - 01/06.2009 23:30 '08 WU (2mi-af): 8431.61

6/1/08
7/1/07

7/31/08
8/30/08
9/29/08
10/29/08
11/28/08
12/28/08
1/27/09
2/26/09
3/28/09
4/27/09
5/27/09
6/26/09
7/26/09
8/25/09
9/24/09
10/24/09
11/23/09
12/23/09

'06 WU (2mi-per irrac): 1.44
E '07 WU (2mi-per irrac): 1.37
208 '08 WU (2mi-per irrac): 1.27
g '06 WU (2mi-perac): 1.15
S b8 ‘ '07 WU (2mi-perac): 1.08
g '08 WU (2mi-perac): 1.05
Q
5 0.4 N | h Mar-Sep Precip
g Af\,\ u \ '06: 17.31"
- N '07: 10.14"
2 ,'V ' '08: 10.15"
©
= '09: 11.46”
ot T T T T

Lag (Days)
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2598

HS 5 07-08, WL_elev (ft) vs time

2596

2594

2592

2590

2588

2586

2584

-
N

2582

1/1/07

2590

1/31/07 4

3/2/07

4/1/07
5/1/07

5/31/07
6/30/07
7/30/07
8/29/07
9/28/07
10/28/07

11/27/07

12/27/07
1/26/08
2/25/08
3/26/08 -
4/25/08
5/25/08
6/24/08
7/24/08

HS 5 08-09, WL _elev (ft) vs time

2589

2588
25874
2586+
2585+

2584

2583+

2582

2581

6/1/08

7/1/08

7/31/08

8/30/08
9/29/08

10/29/08
11/28/08

12/28/08
1/27/09
2/26/09
3/28/09
4/27/09
5/27/09
6/26/09
7/26/09
8/25/09
9/24/09

10/24/09

11/23/09

12/23/09

Haskell Well 5 BRF for 11/25/2008 00:00 - 01/06/2009 23:30

0.8+

0.6

0.4

",

Barometric Response Function (-)

VMM/\VA ;A

Lag (Days)
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HS-5 (104670bs)
USGS ID: ?

NE NW NE 36 27-31
WWC5: 389767

Well Type: Monitoring

‘07 WL(est-recov): 2596.8
'08 WL (est-recov): 2592.32
'09 WL (est-recov): 2588.67
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.:2853.43
Bedrock Elev: ?

EOH: 420’

EOH Elev: 2433.43
Well Depth: 420
Depth Elev: 2433.43
Screen: 240-280’
Screen Elev: 2573-2613’
Gravel Pack: 20-420’
Casing Diameter: 2"
Borehole Diameter: ?

'06 WU: 0

'07 WU: 0

'08 WU: 0

'06 WU (totac): 5436

'07 WU (totac): 5386

'08 WU (totac): 5510

'06 WU (2m-af): 8221.21
'07 WU (2mi-af): 7313.85
'08 WU (2mi-af): 7466.19
'06 WU (2mi-per irrac): 1.51
'07 WU (2mi-per irrac): 1.36
'08 WU (2mi-per irrac): 1.36
'06 WU (2mi-perac): 1.02
'07 WU (2mi-perac): 0.91
'08 WU (2mi-perac): 0.93

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”




2596

HS 6 07-08, WL _elev (ft) vs time

2594

25921
2590+

2588

2586

Ab

2584

£

2582+

2580

-—

2578

s 5 =52 =X 8§ 2 ¥ =21 |5 =20 5 £ &£ 58] T 20 3232 5;2 =23 52 =5 =2 =2 =79

J Bedrock Elev: ?

2586

07
07

5/18
6/27
717
10/25,
11/14

07 4
07
07
07
08
08+
08
08
08
08

12/4
12/24

HS 6 08-09, WL _elev (ft) vs time

081 o
08 -

113,

2/2
2/22
3/13

4/2,
4/22
6/21

7111

2585
2584

25831

2582

2581

2580

2579

2578+

2577

2576
2575+
2574 1

2573

“E;_N\

6/1/08

7/1/08 4
7/31/08
8/30/08

10/29/08

11/28/08 4

12/28/08
1/27/094

2/26/09
3/28/09
4/27/09
5/27/09 1
6/26/09
7/26/09
8/25/09 1

Haskell Well 6 BRF for 11/25/2008 00:00 - 01/06/2009 23:30

9/24/09
10/24/09
11/23/09
12/23/09

1
709

L2os8

o
c

5 0.7
w

So06
[

gos
7]

& 04

503

A

““ M MA/\ /M

602
m 0.1

n "
M T e A

1

HS-6 (8157s obs)
USGS ID: ?
SE SW SW 36 27-31

| WWC5: 389768

Well Type: Monitoring

‘07 WL(est-recov): 2594.2
'08 WL (est-recov): 2589.13
'09 WL (est-recov): 2584.67
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.:2846.74

EOH: 465’

EOH Elev: 2381.74

Well Depth: 465’

Depth Elev: 2381.74
Screen: 425-445, 445-465
Screen Elev: 2382-2422
Gravel Pack: 20-465’
Casing Diameter: ?
Borehole Diameter:?

'06 WU: 0

'07 WU: 0

'08 WU: 0

'06 WU (totac): 6237

'07 WU (totac): 6197

'08 WU (totac):6392

'06 WU (2m-af): 8588.91
'07 WU (2mi-af): 8397.86
'08 WU (2mi-af): 8179.64
'06 WU (2mi-per irrac): 1.38
'07 WU (2mi-per irrac): 1.36
'08 WU (2mi-per irrac): 1.28
'06 WU (2mi-perac): 1.07
'07 WU (2mi-perac): 1.04
'08 WU (2mi-perac): 1.02

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”

2.5 8 3.5 4
Lag (Days)
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HS 7 07-08, WL_elev (ft) vs time

2600
2595 A
2590

2585

/ﬂ\r"\».,.J'

2580
2575
2570
2565
2560

2555

-
————t

2550

5

2545

1/1/07

2590

1/31/07
3/2/07
4/1/07

5/1/07

5/31/07
6/30/07
7/30/07
8/29/07
9/28/07
10/28/07
11/127/07
12/27/07 -
1/26/08

HS 7 08-09, WL_elev (ft) vs time

2/25/08 -

3/26/08

4/25/08

5/25/08

6/24/08 -

P i a

2585
2580

2575

2570
2565

2560

2555

2550

6/1/08

7/1/08 -
7/31/08

8/30/08

9/29/08 -

10/29/08 -
11/28/08 -
12/28/08 -
1/27/09

2/26/09
3/28/09 -
4/27/09
5/27/09

6/26/09

7/26/09

8/25/09

9/24/09

Haskell Well 7 BRF for 11/25/2008 00:00 - 01/06/2009 23:30

10/24/09

11/23/09 A

12/23/09

0.9

0.8

0.7

o AN

0.6

0.5

VHVV?\,LM
T T

0.4

0.3

0.2

Barometric Response Function (-)

0.1

15 2 25
Lag (Days)
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7/24/08

HS-7 (11750)
USGS ID: ?

SE SE NE 36 27-31
WWC5: 320718
Well Type: Irrigation

‘07 WL(est-recov): 2595.5
'08 WL (est-recov): 2590.91
'09 WL (est-recov): 2586.51
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.: 2845.99
Bedrock Elev: ?

EOH: 435’

EOH Elev: 2410.99
Well Depth: 430

Depth Elev: 2415.99
Screen: 411-531
Screen Elev: 2315-2435
Gravel Pack: 20-411’
Casing Diameter: 16"
Borehole Diameter: ?

'06 WU: 349

'07 WU: 256

'08 WU: 287

'06 WU (totac): 5490

'07 WU (totac): 5289

'08 WU (totac):5352

'06 WU (2m-af): 8601.09
'07 WU (2mi-af): 7378.93
'08 WU (2mi-af): 7313.22
'06 WU (2mi-per irrac): 1.57
'07 WU (2mi-per irrac): 1.40
'08 WU (2mi-per irrac): 1.37
'06 WU (2mi-perac): 1.07
'07 WU (2mi-perac): 0.92
'08 WU (2mi-perac): 0.91

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”




2602

HS 8 07-08, WL(ft) vs time

2601
2600
2599 +
2598
2597

2596

2595 +
2594

2593

2592
2591 +
2590

p—

1/1/07

1/31/07
3/2/07
4/1/07
5/1/07 A

5/31/07 -

6/30/07 -

8/29/07

9/28/07

10/28/07

1/27/07

1/26/08 -

2/25/08

3/26/08 -

4/25/08

—

8 08-09, WL (ft) vs ti

» 7/30/07 4

H

T
N~
o
=
~
N
=
N
-

m

e

5/25/08

6/24/08
7/24/08

2594
2593.5

2593
2592.5

2592 A
2591.5
2591 +
2590.5

2590

2589.5
2589 -

2588.5

=
p—

L

2588

6/1/08

-

7/1/08 4

T
©
o
<
<
X
o

7/31/08
8/30/08
9/29/08
10/29/08 4
11/28/08
12/28/08
1/27/08
2/26/08
3/28/08
4/27/08 A
5/27/08
6/26/08
7/26/08
8/25/08

Haskell Well 8 BRF for 11/25/2008 00:00 - 01/06/2009 23:30

10/24/08 -

11/23/08 4
12/23/08

0.9 '\

0.8

0.7

0.6

0.5
0.4

0.3

0.2
0.1

Barometric Response Function (-)

o 4
VWV\WN\A..A ‘Ar\n(h\ : ~ — W I

7

T W TR T T
| V d | A\ j\
VPN AW

A
v alVY 1l

05 1 25 3

Lag (Days)

3.5 4
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4.5

HS-8 (18715 obs)
USGS ID: ?

SE SE NW 25 27-31
WWC5: 395017

Well Type: Monitoring

‘07 WL(est-recov): 2601.2
'08 WL (est-recov): 2597
'09 WL(est-recov): 2592.9
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.: 2828.66
Bedrock Elev: ?

EOH: 320’

EOH Elev: 2508.66
Well Depth: 305’
Depth Elev: 2523.66
Screen: 240-300’
Screen Elev: 2529-2589’
Gravel Pack: 20-305’
Casing Diameter: 2"
Borehole Diameter: ?

'06 WU: 0

'07 WU: 0

'08 WU: 0

'06 WU (totac): 6170

'07 WU (totac): 6189

'08 WU (totac):6305

'06 WU (2m-af): 7984.87
'07 WU (2mi-af): 6816.2

'08 WU (2mi-af): 7163.61
'06 WU (2mi-per irrac): 1.29
'07 WU (2mi-per irrac): 1.10
'08 WU (2mi-per irrac): 1.14
'06 WU (2mi-perac): 0.99
'07 WU (2mi-perac): 0.85
'08 WU (2mi-perac): 0.89

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”




HS 9 07-08, WL(ft) vs time

2600 HS-9 (19542)
2598 s USGS ID: ?
erl SW SE NW 35 27-31
2592 WWC5: 363947
2590 ca Well Type: Irrigation
2588 (
Sen | '07 WL (est-recov): 2596.57
2582 '08 WL(est-recov): 2591
2580 i '09 WL(est-recov): 2587.15
Ariky l '07 WL(Wiz-Elev): NA
2574 4 | r‘ '08 WL(Wiz-Elev): NA
2572 - " ¥ || '09 WL(Wiz-Elev): NA
2570
2568 A 'E,l 'Sl 'Sl E e B E R g‘ é é 2 g 2 é o Surface Elev.:2847.17
S 553555533 5888885 3 J Bedockelen?
TS YY 5 6 R & 6 6 =& = & o ¥ v o & EOH 405
- T EOH Elev: 2442.17
HS 9 08-09, WL(ft) vs time Well Depth: 398’
2590 Depth Elev: 2449.17
2588 r: e Screen: 318-338, 358-378, 378-398
2586 4 M {| /1 T T i Scrn Elv: 2449-2489, 2509-2529
2584 Gravel Pack: 20-398’
2582 - Casing Diameter: 16”
2580 Borehole Diameter: ?
2578
2576 ‘06 WU: 330
2574 - ‘07 WU: 264
2572 ‘08 WU: 184
2570 '06 WU (totac): 7643
5588 ,"w 1 | '07 WU (totac): 7657
2566 ! . ! ! ! ! ‘08 WU (totac):8133
©® N~ ® ©® ©® ® ®W WP o0 o o o o 06WU(E2m-af):12012.39
o o o o o o o o o o o o o o o o o o o g .
ST T - S 8 &% ® ® K ® I KN N © © ®» ¥ ¥ » o '07WU (2mi-af): 10468.46
N © o § = § - N ® F B & K ® o § = g '08 WU (2mi-af): 10793.43
'06 WU (2mi-per irrac): 1.57
1 Haskell Well 9 BRF for 11/25/2008 00:00 - 01/06/2009 23:30 8; WB gm:gg: :::28 ig;
0.9 '06 WU (2mi-perac): 1.49
T '07 WU (2mi-perac): 1.30
§ 08 \\ '08 WU (2mi-perac): 1.34
2 07 1M
t s W\ Mar-Sep Precip
P LAY '06: 17.31"
g Wy, '07: 10.14”
= 0% il I '08: 10.15"
£ 03 WA '09: 11.46"
§ 02 WN\ A
. 0.1 ! /’f f “]l\ ‘1\4v /ﬂr L ?M,‘w ‘ "“A MK‘A 7 Y‘l“'r'\‘A T oA "‘ﬁ‘
0 I 1A A PP T PRI
0 0.5 1 15 2 25 3 35 4 45 5

Lag (Days)
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2601

HS 10 07-08, WL(ft) vs time

2600
2599

2598
2597

2596

2595

2594 1
2593

4/8/07

2594.5

5/8/07

6/7/07 -
7/7/07
8/6/07
9/5/07 A
10/5/07 A
11/4/07 -
12/4/07
1/3/09 -
2/2/08
3/3/08
4/2/08 -
5/2/08 A
6/1/08
7/1/08 1
7/31/08

HS 10 08-09, WL(ft) vs time

2594 4
2593.5 1
2593 4
2592.5 4
2592 4
2591.5

2591

2590.5 -
2590

6/1/08

-

7/1/07 -

7/31/08
8/30/08
9/29/08
10/29/08
11/28/08
12/28/08 -
1/27/09 A
2/26/09
3/28/09 -
4/27/09 A
5/27/09 A
6/26/09

Haskell Well 10 BRF for 11/25/2008 00:00 - 01/06/2009 23:30

V1

A
yJ\’v\/\VMﬁ A H fa A ) A \*‘ /"\\ A | \“\ N r”“\y P‘ﬂ ljl\ f\ A ‘/‘)._ N ““"\A\,\\i‘\/\
JVM‘/UW \[F U\ M

A e L
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HS-10 (1207 old casing)
USGS ID: ?

SE SW NE 26 27-31
WWC5: 28170

Well Type: Irrigation (ret?)

‘07 WL(est-recov): 2600.1
'08 WL (est-recov): 2595.3
'09 WL (est-recov): 2591
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.: 2822.94
Bedrock Elev: ?

EOH: 300’

EOH Elev: 2522.94
Well Depth: 255

Depth Elev: 2567.94
Screen: 195-255’
Screen Elev: 2568-2628’
Gravel Pack: ?

Casing Diameter: 16"
Borehole Diameter: 26"

'06 WU: 0?

'07 WU: 0?

'08 WU: 0?

'06 WU (totac):

'07 WU (totac):

'08 WU (totac):

'06 WU (2m-af):

'07 WU (2mi-af):

'08 WU (2mi-af):

'06 WU (2mi-per irrac):
'07 WU (2mi-per irrac):
'08 WU (2mi-per irrac):
'06 WU (2mi-perac):
'07 WU (2mi-perac):
'08 WU (2mi-perac):

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”
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HS-11 (1207 new)
USGS ID: ?

NE SW NE 26 27-31
WWC5: 396941
Well Type: Irrigation

‘07 WL(est-recov): 2601
'08 WL (est-recov): 2596.5
'09 WL(est-recov): 2592.3
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.: 2817.54
Bedrock Elev: ?

EOH: 425’

EOH Elev: 2392.54
Well Depth: 420’
Depth Elev: 2397.54
Screen: 250-420’
Screen Elev: 2398-2568’
Gravel Pack: 20-420’
Casing Diameter: 16"
Borehole Diameter: ?

'06 WU: 212.16

'07 WU: 228

'08 WU: 211

'06 WU (totac): 6545

'07 WU (totac): 6179

'08 WU (totac):6597

'06 WU (2m-af): 9364.87
'07 WU (2mi-af): 8104.91
'08 WU (2mi-af): 7946.61
'06 WU (2mi-per irrac): 1.43
'07 WU (2mi-per irrac): 1.31
'08 WU (2mi-per irrac): 1.20
'06 WU (2mi-perac): 1.16
'07 WU (2mi-perac): 1.01
'08 WU (2mi-perac): 0.99

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”
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HS-12 (11750 old casing)
USGS ID:?

SE SW NW 31 27-30
WWC5: ?

Well Type: Irrigation (ret?)

‘07 WL(est-recov): 2597.3
'08 WL (est-recov): 2593
'09 WL(est-recov):

'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.: 2848.75
Bedrock Elev: ?

EOH: ?

Well Depth: ?

Depth Elev: ?

Screen: ?

Screen Elev: ?

Gravel Pack: ?

Casing Diameter: ?
Borehole Diameter: ?

'06 WU: 0

'07 WU: 0

'08 WU: 0

'06 WU (totac): 5365

'07 WU (totac): 5284

'08 WU (totac):5347

'06 WU (2m-af): 8376.09
'07 WU (2mi-af): 7380.58
'08 WU (2mi-af): 7319.37
'06 WU (2mi-per irrac): 1.56
'07 WU (2mi-per irrac): 1.40
'08 WU (2mi-per irrac): 1.37
'06 WU (2mi-perac): 1.04
'07 WU (2mi-perac): 0.92
'08 WU (2mi-perac): 0.91

Mar-Sep Precip
'06: 17.31”
'07: 10.14”
'08: 10.15”
'09: 11.46”
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HS-13 (10035 old casing)
USGS ID: ?

SE SE SE 25 27-31
WWC5: ?

Well Type: Irrigation (ret?)

‘07 WL(est-recov): 2597.4
'08 WL(est-recov): 2593.1
'09 WL(est-recov): 2590.8
'07 WL(Wiz-Elev): NA
'08 WL(Wiz-Elev): NA
'09 WL(Wiz-Elev): NA

Surface Elev.: 2848.74
Bedrock Elev: ?
EOH: ?

Well Depth: ?

Depth Elev: ?
Screen: ?

Screen Elev: ?
Gravel Pack: ?
Casing Diameter: ?
Borehole Diameter: ?
WWC5: ?

'06 WU: 0

'07 WU: 0

'08 WU: 0

'06 WU (totac): 4660

'07 WU (totac): 4648

'08 WU (totac):4732

'06 WU (2m-af): 7247.95
'07 WU (2mi-af): 6374.29
'08 WU (2mi-af): 6431.4

'06 WU (2mi-per irrac): 1.56
'07 WU (2mi-per irrac): 1.37
'08 WU (2mi-per irrac): 1.36
'06 WU (2mi-perac): 0.90
'07 WU (2mi-perac): 0.79
'08 WU (2mi-perac): 0.80

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”
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HS-14 (8157s old casing)
USGS ID: ?

SE SW SE 36 27-31
WWC5: 341913

Well Type: Irrigation (ret?)

‘07 WL(est-recov): 2594.9
'08 WL (est-recov): 2589.7
'09 WL (est-recov): 2586.51
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.: 2845.63
Bedrock Elev: ?

EOH: 461’

EOH Elev: 2384.63

Well Depth: 455

Depth Elev: 2390.63
Screen: 415-435, 435-455’
Screen Elev: 2391-2431’
Gravel Pack: 20-455’
Casing Diameter: 16"
Borehole Diameter: ?

'06 WU: 0

'07 WU: 0

'08 WU: 0

'06 WU (totac): 5751

'07 WU (totac): 5873

'08 WU (totac):5939

'06 WU (2m-af): 8495.75
'07 WU (2mi-af): 8287.79
'08 WU (2mi-af): 7822.5

'06 WU (2mi-per irrac): 1.48
'07 WU (2mi-per irrac): 1.41
'08 WU (2mi-per irrac): 1.32
'06 WU (2mi-perac): 1.06
'07 WU (2mi-perac): 1.03
'08 WU (2mi-perac): 0.97

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”
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HS-15 (HS3 old casing, 8157)
USGS ID: ?

NE NE NW 36 27-31

WWC5: ?

Well Type: Irrigation (ret?)

‘07 WL(est-recov): 2597.2
'08 WL (est-recov): 2592.17
'09 WL(est-recov):

'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.:2855.85
Bedrock Elev: ?

EOH: ?

Well Depth: ?

Depth Elev: ?

Screen: ?

Screen Elev: ?

Gravel Pack: ?
Casing Diameter: ?
Borehole Diameter: ?

'06 WU: 0

'07 WU: 0

'08 WU: 0

USED HS1 VALUES BLW:
'06 WU: 113.6

'07 WU: 158.76

'08 WU: 187.54

'06 WU (totac): 6526

'07 WU (totac): 6453

'08 WU (totac): 6714

'06 WU (2m-af): 9374.03
'07 WU (2mi-af): 8756.78
'08 WU (2mi-af): 8406.61
'06 WU (2mi-per irrac): 1.44
'07 WU (2mi-per irrac): 1.36
'08 WU (2mi-per irrac): 1.25
'06 WU (2mi-perac): 1.17
'07 WU (2mi-perac): 1.09
'08 WU (2mi-perac): 1.05

Mar-Sep Precip
'06: 17.31”
'07: 10.14”
'08: 10.15”
'09: 11.46”
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HS-17 (19542 old casing)
USGS ID: ?

SE SW NW 35 27-31 WWC5;
WWC5: ?

Well Type: Irrigation (ret?)

‘07 WL(est-recov): 2596.9
'08 WL(est-recov): 2591.4
'09 WL (est-recov): 2590.56
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.: 2847.45
Bedrock Elev: ?

EOH: ?

Well Depth: ?

Depth Elev: ?

Screen: ?

Screen Elev: ?

Gravel Pack: ?

Casing Diameter: ?
Borehole Diameter: ?

'06 WU: 0

'07 WU: 0

'08 WU: 0

'06 WU (totac): 7873

'07 WU (totac): 7869

'08 WU (totac):8363

'06 WU (2m-af): 12075.39
'07 WU (2mi-af): 10462.46
'08 WU (2mi-af): 10462.72
'06 WU (2mi-per irrac): 1.53
'07 WU (2mi-per irrac): 1.33
'08 WU (2mi-per irrac): 1.25
'06 WU (2mi-perac): 1.5

‘07 WU (2mi-perac): 1.3

'08 WU (2mi-perac): 1.3

Mar-Sep Precip
'06: 17.31”
'07: 10.14”
'08: 10.15”
'09: 11.46”
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HS-18 (19032)
USGS ID: ?

SW SE NE 25 27-31
WWC5: 304615
Well Type: Irrigation

‘07 WL(est-recov): 2597.1
'08 WL (est-recov): 2592.8
'09 WL (est-recov): 2582.67
'07 WL(Wiz-Elev): NA

'08 WL(Wiz-Elev): NA

'09 WL(Wiz-Elev): NA

Surface Elev.: 2835.12
Bedrock Elev: ?

EOH: 390’

EOH Elev: 2445.12’
Well Depth: 390

Depth Elev: 2445.12
Screen: 235-390’
Screen Elev: 2445-2600’
Gravel Pack: 20-390’
Casing Diameter: 16"
Borehole Diameter: 30"

'06 WU: 257

'07 WU: 185

'08 WU: 174

'06 WU (totac): 6120

'07 WU (totac): 6070

'08 WU (totac):6194

'06 WU (2m-af): 8362.42
'07 WU (2mi-af): 6998.14
'08 WU (2mi-af): 7264.19
'06 WU (2mi-per irrac): 1.37
'07 WU (2mi-per irrac): 1.15
'08 WU (2mi-per irrac): 1.17
'06 WU (2mi-perac): 1.04
'07 WU (2mi-perac): 0.87
'08 WU (2mi-perac): 0.90

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”
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USGS ID: ?
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Well Type: Irrigation
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'08 WL(Wiz-Elev): NA
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Bedrock Elev: ?
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Gravel Pack: ?
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HS 28 08-09 only, WL (ft) vs time
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HS-28 (21985)

USGS ID: ?

NW SW NE 35 27-31
WWC5: ?

Well Type: Irrigation (ret.)

'07 WL(est-recov):
'08 WL (est-recov):
'09 WL(est-recov):
'07 WL(Wiz-Elev): NA
'08 WL(Wiz-Elev): NA
'09 WL(Wiz-Elev): NA

Surface Elev.: ?
Bedrock Elev: ?
EOH: ?

Well Depth: ?

Depth Elev: ?
Screen: ?

Screen Elev: ?
Gravel Pack: ?
Casing Diameter: ?
Borehole Diameter: ?

'06 WU: 205

'07 WU: 110

'08 WU: 0

'06 WU (totac):
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‘07 WU (2mi-perac):
'08 WU (2mi-perac):

Mar-Sep Precip
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HS 29 08-09 only, WL (ft) vs time
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HS-30 (cas 16212)
USGS ID: ?

NW NW SE 23 27-31
WWC5: ?

Well Type: Irrigation (ret)

‘07 WL(est-recov): 2601.5
'08 WL (est-recov): 2597.3
'09 WL(est-recov): 2593.3
'07 WL(Wiz-Elev): NA
'08 WL(Wiz-Elev): NA
'09 WL(Wiz-Elev): NA

Surface Elev.: 2813 (est)
Bedrock Elev: ?

EOH: ?

Well Depth: ?

Depth Elev: ?

Screen: ?

Screen Elev: ?

Gravel Pack: ?

Casing Diameter: ?
Borehole Diameter: ?

'06 WU: 0

'07 WU: 0

'08 WU: 0

Below From HS-31:

'06 WU (totac): 6400

'07 WU (totac): 6374

'08 WU (totac):6394

'06 WU (2m-af): 9008.42
'07 WU (2mi-af): 8130.44
'08 WU (2mi-af): 7821.54
'06 WU (2mi-per irrac): 1.41
'07 WU (2mi-per irrac): 1.28
'08 WU (2mi-per irrac): 1.22
'06 WU (2mi-perac): 1.12
'07 WU (2mi-perac): 1.01
'08 WU (2mi-perac): 0.97

Mar-Sep Precip
'06: 17.31"
'07: 10.14”
'08: 10.15”
'09: 11.46”




HS 31 07-08, WL (ft) vs time
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Appendix B: Well Recovery Studies

B.1 Estimation of water-level elevation at full reovery and the date of recovery

It is clear by inspection of the detailed well hydgraphs produced by the transducers at each
of the index wells that water levels are ofterl s8ing when the next season’s pumping starts
(Figure 3.1). Ideally, the most accurate and imfative measurements of water level and
water-level change would be based on a fully recexVgvell. That is not practical or possible
in many cases, so, as part of this project, welaveloping methods for estimating the
elevation to which the water level in a well woudtover if full recovery could be attained.

Our major focus for this period has been on twohoes: an extension of a method that was
originally developed for estimating full-recoveryrination pressures in oil reservoirs from
pressure data collected following a period of purgpand an empirical approach that
involves fitting a quadratic expression to the remg data. The first method (the Horner
method; Streltsova, 1988) is itself an extensiothefTheis recovery method (Batu, 1998), an
approach commonly used by groundwater hydrologgséstimate transmissivity from water-
level data collected during the recovery periotbfeing a pumping test. We will briefly
describe both approaches in this appendix anddéeronstrate the approaches in Appendix
B.2 using three years of data from the long-tern8<@Id site in Pawnee County along the
Arkansas River just northeast of Larned (LarnedeResh Site). This site is utilized for the
demonstration because water levels fully recoveh @anter prior to the next pumping
season. Thus, we can check the estimates prodyabe methods against the actual
recovery levels.

In this section, we will present the basic founalasi of the first approach using the water-
level recovery from a single pumping well. We wiien extend the approach to the more
general case, but we will not present a derivatiere. The full derivation is presented in
Appendix B.4.

We will begin by considering a single well pumpigiiga constant rate (Q) for a finite period
in a homogeneous, unbounded confined or thick uimgesh aquifer. The water-level
elevation [h(r,t)] in the recovery period followirtiige cessation of pumping can be written as:
h(rt)=h, = g(rt;)
(B.1.1)

where

ho = water-level elevation at full recovery;

s(r,b) = residual drawdown (drawdown still remainingeafbump is cut off) at
location r and timeyt

r = radial distance from pumping well to well abieh water level is measured,;

t and ¢ = time since some reference time and time sinogpmy began, respectively.

A short time after pumping has ceased, the residi@down from that time on can be

approximated using image well theory and the Codpepb semilog truncation of the Theis
equation (Batu, 1998):

B-1



225t 225Tt,
s(r,tp)=4?ﬂ_log( pj Q Iog( j

r’s 45 r’s
(B.1.2)
where

T = transmissivity of the aquifer;

S = storage coefficient of the aquifer;

t; = time since pumping stopped.

Equation (B.1,2) can be simplified by using a ldgntity:

Q L
rt, )=——logl —
s(r.t,) 2 09 3
(B.1.3)
Equation (B.1.2) is the Theis recovery equation ihv@aommonly used for estimating aquifer
transmissivity from recovery period data. Subsitiuof (B.1.3) into (B.1.1) produces the
equation for estimating the water-level elevatiofull recovery with the Horner plot method:

-n . Q t
h(r,t)=nh, = Iog(tr j
(B.1.4)

As the time since the cessation of pumpiRgritreases, the ratio in the log term approaches
one and the log of that ratio approaches zero. Hdreer plot approach is similar to the Theis
recovery method except that the water-level elewat) is plotted versus the log ratio
instead of residual drawdown(s). In either cdse rélationship should be linear in the
semilog plotting format. Given that one often @& able to continue to measure water levels
until full recovery, the head at full recovery dam estimated by projecting the best-fit straight
line to a p/t; ratio of 1 (log ratio is zero). The correspondivater-level elevation value is the
water level at full recovery ghn equations (B.1.1) and (B.1.4)).

We have extended the Horner plot approach to the igeneral case of an arbitrary number
of wells pumping periodically over an irrigationesen. The resulting extension of equation
(B.1.4) can be written as:

)
h(r,t)=h, - Alog T
rf
(B.1.5)

where

A = constant coefficient depending on pumping eaté schedule, number of wells,
transmissivity, etc.

tor = time since the start of the final (f) period einpping;

tr = time since the end of the final (f) period of gaing.

Although the value for A will typically not be knawthe key point is that the plotting
relationship is still linear in the water-level edion versus log ratio format. Thus, the
projection of the best-fit straight line to At ratio of 1 (log ratio is zero) can still be dowe t
estimate the water-level elevation at full recoveiye full development of equation (B.1.5)
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is given in Appendix B.4. A major assumption ofstpproach is that inflow from more
distant regions of the aquifer is the source obathe pumped water. We are currently
exploring modifying the approach for applicatiorctinditions where virtually all of the
pumped water comes from local aquifer storageageifer dewatering in the vicinity of the
well, so that the approach is more consistent thighcommon conditions in the High Plains
aquifer in the three western GMDs.

The second approach that we are pursuing is thelesifitting of a curve to the smoothest part
of the recovery plot, covering as long a time asspine, but clearly between any noticeable
effects of pumping. We have tested various stahdwthematical functions, and find that
the simple quadratic (second order polynomial) ewwonsistently provides a good fit to the
water-level data. The best-fit curve is extrapadai its maximum value, which is taken as
the elevation at full recovery, and the correspogdime is taken as the date at which full
recovery would be attained. Given that the recpdata generally plot as a smooth curve
with a monotonically decreasing slope and no inib&cpoints on a water-level elevation
versus time plot, a quadratic expression shouldigeoa reasonable fit to the data in most
cases. The key question that we are currentlyoeixygl is how much reliability can we place
in the elevation and recovery date estimates waithbising this approach.

B.2 Methods comparison at the Larned Research Site

To demonstrate these methods and assess thelitgliabihe estimates obtained with them,
we used water-level data from four wells at thenkegirResearch Site over the three
consecutive winters between 2004 and 2006 (Butlal. 2008). An example winter season
for a well in this data set is shown in Figure B.2Both the extended Horner method and the
curve-fitting method were used to calculate theewsgvel elevation at full recovery for each
of the three years. These calculations were paddrboth before and after correcting the
water-level data for fluctuations in barometricgsere. We also estimated the water level at
full recovery and the approximate date at whickias attained from a visual inspection of the
data plots.

For the extended Horner method, the end of thé finmping period was set at the time
where the water-level elevation during that perieached a minimum. The start of the final
pumping period was set four days before this taneasonable duration of pumping for
irrigating a complete circle by the central-pivgstems used in the Larned area. Values for
tor and k, as well as the ratio of the total time since pungegan to the recovery time
(toi/tir), were calculated for 15-minute intervals througithe recovery period. Water-level
elevation was plotted against this ratio on a logjes (Figure B.2-2). A straight line was fit to
the final part of this curve (the portion of thenoeiwhere i/t < 1.1) and extrapolated tg/t;s
=1 (value can also be obtained by adding the shodeintercept). The water-level elevation
at t/tir = 1 is the water level that would be reached ifwiedl had unlimited time to recover.

For the curve-fitting method, a quadratic curve Wa® the final portion of the recovery data
(where i/t < 1.1), producing a very shallow, downward-facinga®la (Figure B.2-3). The
maximum of this curve is assumed to be the wataragion at full recovery and the time of
the maximum is assumed to be the date on whichidativery would be reached.
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The results of these calculations are shown indBlil-1. The calculations were performed
using the original water-level data, as well amdhat had been corrected for fluctuations in
barometric pressure. There was good agreementbetthe recovered water levels
calculated using the extended-Horner and curviagitinethods. In all cases, the results from
the two methods agreed to within about 0.1 ft. a@erage, the extended-Horner method
produced slightly higher static water elevatiorutessthan did the curve-fitting method. The
estimates of the water level at full recovery agreell with a visual estimation from the data
plot. When compared to the recovered water ledelsrmined by visual inspection, the
extended-Horner method results differed by an @eecd 0.08 ft, and the curve-fitting

method results differed by an average of 0.0%bwever, the recovery dates obtained using
the curve-fitting method varied widely and did metcessarily correspond to the section of the
recovery curve where water level appeared to sabilThis suggests that quadratic curve-
fitting is not an effective way to determine recgvdates, although it did appear to provide a
reasonable approximation of the water elevatidulatecovery for this field demonstration.

A further check on these methods was performecdtbyoving the data for the last half of the
interval used in the analysis and repeating théysisdor all three years for well LWC 2.

This exercise, the results of which are presemtédable B.1-2, was done to assess
performance when wells are further away from comeplecovery. These results indicate that
the methods are still useful. The extended Hommethod is less sensitive to the removal of
the late recovery data, producing results withfeva hundredths of a foot of those obtained
using the full data set. The curve-fitting metlveals more sensitive to this change but still
produced water-level results within 0.15 ft of tagseviously calculated.
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Figure B.2-1Corrected water-level elevation at well LWC 2, tenseason 2005-2006.
Pumping ceased in October, and the water level/ezed until pumping began again at the
end of February.
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Figure B.2-2Horner method for well LWC 2, winter season 20@®&. A straight line is fit
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Figure B.2-3.Quadratic curve fit to corrected water-level etevadata from well LWC 2,
winter season 2005-2006. The heavier line shoetintion of the data to which the curve is
fit, and the quadratic curve-fit line is superimgd®n that. The maximum of the quadratic
curve is the fully recovered water level.



Table B.1.1.Estimated water levels at full recovery and recpwiates at the Larned

Research Site.
2003-2004

LwC 2
LWPH 4C
LEAS
LEC 2

LWC 2 corrected
LEA 5 corrected
LEC 2 corrected

2004-2005

LwC 2
LWPH 4C
LEAS
LEC 2

LWC 2 corrected
LEA 5 corrected
LEC 2 corrected

2005-2006

LwcC 2
LWPH 4C
LEAS
LEC 2

LWC 2 corrected
LEA 5 corrected
LEC 2 corrected

Water level at full recovery (ft)

Horner method

Curve-fitting

Visual

method

1945.03
1944.47
1944.26
1941.49

1944.88
1944.22
1941.47

1944.93
1944.49
1944.27
1941.55

1944.80
1944.14
1941.43

inspection
1944.95

1944.44
1944.24
1941.48

1944.82
1944.18
1941.44

Water level at full recovery (ft)

Horner method

Curve-fitting

Visual

method

1944.84
1944.32
1944.04
1941.25

1944.75
1943.92
1941.18

1944.81
1944.25
1944.04
1941.25

1944.81
1943.82
1941.06

inspection
1944.75

1944.25
1943.98
1941.17

1944.65
1943.88
1941.10

Water level at full recovery (ft)

Horner method

Curve-fitting

Visual

method

1943.98
1943.49
1943.24
1940.57

1943.98
1943.15
1940.43

1943.86
1943.41
1943.18
1940.49

1943.96

1943.12
1940.39
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inspection
1943.90

1943.40
1943.15
1940.50

1943.90
1943.04
1940.35

Recovery date

Curve-fitting

Visual

method
12/18/2003
2/19/2004
2/12/2004
2/19/2004

2/19/2004
2/13/2004
2/3/2004

inspection
1/23/2004

1/2/2004
1/24/2004
12/24/2003

12/25/2003
1/9/2004
12/24/2003

Recovery date

Curve-fitting

Visual

method
2/7/2005
3/8/2005
12/18/2004
1/29/2005

3/29/2005
12/18/2004
1/27/2005

inspection
12/5/2004

12/27/2004
12/2/2004
12/15/2004

12/16/2004
12/15/2004
12/13/2004

Recovery date

Curve-fitting

Visual

method
3/19/2006
2/26/2006
2/28/2006
2/14/2006

3/18/2006
3/3/2006
2/11/2006

inspection
2/11/2006

1/21/2006
1/11/2006
1/7/2006

1/30/2006
1/5/2006
1/6/2006



Table B.1.2.Estimated water levels at full recovery at well L\VE@corrected for barometric
pressure).

Water level at full recovery (ft)

Horner method  Curve-fitting method

2003-2004  Full recovery curve, tpf/trfS 1.1 1944.88 1944.80
Removed last half of data 1944.88 1944.80
2004-2005  Full recovery curve, o/t < 1.1 1944.75 1944.81
Removed last half of data 1944.73 1944.66
2005-2006  Full recovery curve, i/t < 1.1 1943.98 1943.96
Removed last half of data 1943.95 1943.84

B.3 Estimates of water level at full recovery forhe index wells

Calculations of water level at full recovery wetsaaperformed for the three index wells,
using uncorrected water-level data from the wint$r2007-2008 and 2008-2009 (Table B.3-
1). For the Scott County well, results from theridy method and the curve-fitting method
agreed to within 0.1 ft. There was poorer agredrwrthe other two index wells, with
discrepancies of up to 3 ft in the results fromttlie different calculation methods. For the
Haskell County well, part of this discrepancy wag tb a brief interval of pumping that
occurred during the middle of the recovery perivdhen only the portion of the recovery
curve after this mid-recovery pumping was considetiee discrepancy between the two
methods was reduced from 3 ft to 2 ft. Overallexd¢vel changes from year to year are
clear using either method. Between the winter2087-2008 and 2008-2009, the water level
dropped about 5 ft at the Haskell County index wé&he water level dropped about 1.2 ft at
the Scott County well, and it remained about threesat the Thomas County well. We are
currently investigating the factors that could bsponsible for the larger differences between
the estimates from the two methods for the Haskelinty and Thomas County wells.

Table B.3-1.Estimated water levels at full recovery at theexavells (no barometric
pressure correction).
Water level at full recovery (ft)
Horner method  Curve-fitting method

Haskell County

2007-2008 2587.49 2586.58

2008-2009 2582.91 2579.98

Change -4.58 -6.60
Thomas County

2007-2008 2975.62 2975.35

2008-2009 2974.69 2975.82

Change -0.93 0.47
Scott County

2007-2008 2836.42 2836.24

2008-2009 2835.15 2835.08

Change -1.27 -1.16
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B.4 Derivation of Horner plot (Theis recovery) appoach to estimate head at full
recovery

We will start with a single well pumping at a canstrate for a finite period (Section I). We
will then extend the approach to n wells pumpinthatsame rate for the same period
(Section II). We will then extend the approaclthe entire pumping season by representing
the season as a series of pumping periods andiafjaifferences in the number of pumping
wells and the pumping rate between periods (Seditipn

I. Single well pumping at a constant rate (Q) fdinge period in a homogeneous, unbounded
confined or thick unconfined aquifer

The head [h(r,t)] in the recovery period followitige cessation of pumping can be written as:
h(r,t)=h, =s(r,t,)
(B.4.1)
where
ho = the head at full recovery;
s(r,t) = the residual drawdown at location r and tige t
r = radial distance from pumping well,
t and } = time since some reference time and time sinogpmyg began, respectively.

A short time after pumping has ceased, the residi@adown from that time on can be
approximated using image well theory and the Codpeob semilog truncation of the Theis

equation:
Q 225Tt, Q (225I’tj
rt )= lo - lo .
Lrt,) a7 g r’s a7 9 r’s
(B.4.2)
where

T = the transmissivity of the aquifer;
S = the storage coefficient of the aquifer,;
t, = time since pumping stopped.

Equation (B.4.2) can be simplified by using a ldgntity:

= Q jogl e
s(r,tp)~47ﬂ_log(tJ

(B.4.3)
Equation (B.4.3) is the Theis recovery equationbssitution of (B.4.3) into (B.4.1) produces
the equation for the Horner plot method for estingahead at full recovery:

ch =2 o e
h(r,t)=nh, 477T|09(trj

(B.4.4)
As the time since the cessation of pumping incigdbe ratio in the log term approaches one
and the log of that ratio approaches zero. Thenetoplot approach is similar to the Theis
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recovery method except that aquifer head (h) itgroversus the log ratio instead of residual
drawdown (s). In either case, the relationshipughbe linear in the semilog plotting format.
Given that one often is not able to continue tosneawater levels until full recovery, the
head at full recovery can be estimated by projgdtie best-fit straight line to gtt ratio of 1
(log ratio is zero). The corresponding head vaube head at full recoverydin equation
(B.4.1)).

II. An arbitrary number (n) of wells pumping at @nstant rate for a finite period in a
homogeneous, unbounded confined or thick unconfauguffer

If there are multiple pumping wells but all welleatarting to pump at the same time and are
pumping for the same duration, then equation (B.da2 be extended to the n-well case:

225Tt 225Tt
STt ) Q og 2251, ) . Q log St} Q log 2251t |
r’s r’s A7t r’S 47T 7S

2231t ) Q 225Tt,
5 - log 5
r°S 4t °S
where

R = a one-dimensional array with the distancesifeach pumping well to the well at
which the water level is being measured g, ....).

- Q
(Rt,)= P Iog(

Using log identities, equation (B.4.5) can be ré&em as:

S(R,tp)=4]Qﬂ_ log (2n25rtp)n —Iog(znzi’)n - %IOQ(EJ _ img[(t_pn
[I_ll risz" (” riZJS”

= o te
S(Rt,)= - Iog(tr J

(B.4.6)

Equation (B.4.4) can therefore be rewritten forh&ell case as:
Qn L
h(R,t)=h, - ——log| —
(Rt)=h, A 9( s
(B.4.7)
Thus, the extended Horner plotting approach famedion of the fully recovered head is also

equally valid for the n-well case when each wepusnping at the same rate for the same
period of time.
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lll. Representation of entire pumping season asia@sof m individual pumping periods of
the same length during which an arbitrary numbewvelfs are pumping at the same constant
rate in a homogeneous, unbounded confined or timcknfined aquifer

For this case, equation (B.4.6) can be generatzed

SR, t,)= Q n b, I LA, | L+, +..+n | ty + B
, n, lo n, lo n, lo n, lo
altp )= T g t » 109 t +, 3109 t +2, g tr+Am—l

(B.4.8)

where

ni = number of pumping wells in period i (by conventiperiod 1 is the last period of
the pumping season);

Rai = the radial distance from a pumping well in aryipd to the point at which head
is measured, i.e. the R of equation (B.4.5) expdndenclude all pumping periods;

Ai1 = the time difference between the start of thalfpumping period and the start of
the ith pumping period.

a) Assume the number of pumping wells is not chamgetween periods (nza MR =...=
Nm):

On t, t, +4, t,+4, . Ony t, +4,
R, ,t,)=——|log| — |+loO +lo | = ==
LR tp) 47fr{ g[t It +A, I t +A, ﬁrZ(; t, +A,

(B.4.9)
For the pumping periods expected in western Kafthese to six days in duration) and for
late in the recovery perioduffy < 1.1), equation (B.4.9) can be approximated by:

(R )~—Iog[t—"]
(B.4.10)

where

x = a multiplication factor that depends on lengtipumping period and number of
periods in the season.
Although the value for x will typically not be knawthe key point is that the plotting
relationship is still linear in the head versus tago format.

b) Assume the number of pumping wells does chargeden periods but that the average

over the pumping season of the number of pumpiritsivean individual period () is a
reasonable value for any particular period:

t,
S(Ry .t )~ = |09( j
(B.4.11)
c) Assume the number of pumping wells does chaegeden periods and that the number of

wells pumping in individual periods cannot be rejerged well by the average over the
pumping season £y):
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In this case, we can simplify the development lsuasng that the number of wells in a
particular pumping period can be reasonably reptedeby one of a small number of average
values (v, Nz Nava,..) that represent the number of pumping wellsafparticular set of
pumping periods. Then equation (B 4.11) can b(e@irzed to:

Qn 1X1 Qn X5 Qna\/i XJ' th'
t)=~a1l|q < 272 +.. 4~ |og| 2
Rty )= 9 trl am 9\t t,2 a9 t,

(B.4.12)

where

tpi = the time since pumping began for final pumpieggd in which B,; wells were
pumped;

ti = the time since pumping stopped for final pumgaegod in which g, wells were
pumped;

j = total number of averages used to represenbeuf pumping wells in various
periods during pumping season;

= multiplication factor for g,; pumping wells.

Late in the recovery period,{t; < 1.1), the log ratio terms should be approxinye¢gjual as
long as the final pumping periods for each seturhping wells are reasonably close in time.
Equation (B.4.12) can then be rewritten as:

S(Rytp) = A

(B.4.13)

Q( nalel+ Iﬁlav2x2 av] J )Iog(: j
rl

Although the values for g and x will typically not be known, the key point is thitie

plotting relationship is still linear in the headrsus log ratio format. Note that the time ratio
used in equation (B.4.13) does not necessarily tabe the ratio for the final pumping
period but use of the final pumping period is canigeat when working with field data. Also
note that the approach used in these last twoosectian also be used for the case of the
pumping rate varying between periods while the nemab pumping wells does not. In that
case, Q and n, along with the notation, are switécheequations (B.4.11)-(B.4.13).

d) Assume that both the number of pumping wellstaedpumping rate change between
periods and that neither the number of wells fonaividual period nor the pumping rate can
be reasonably represented by the pumping seasoagaes(p, and Q,, respectively):

Assume the same set of assumptions as in sectlout c@lax the assumption of the same
constant pumping rate. Instead, assume that eadp of pumping wells @) has its own
pumping rate (@i). Then, equation (B.4.12) can be generalized to:

N, % Q,..Nn,,X t p2 QuiNyi X, t.
S( t ~ avl avl |0 + av2” av2 2|0 +...+ - ay |0 bl
Rate) =4 g[trlj 47 g[ter ar O,

(B.4.14)
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Late in the recovery periodti < 1.1), the log ratio terms should be approxinyadgjual as
long as the final pumping periods for each seturhping wells are reasonably close in time.
Equation (B.4.14) can then be rewritten as:

Ry tp)= e .

(B.4.15)

( Qavlnalei + QavznaVZXZ to. Qavj naVJ Xj Iog(til]

Although the values for £, n.i and x will typically not be known, the key point, as it
equations (B.4.10) and (B.4.13), is that the pigttielationship is still linear in the head
versus log ratio format. Note that equations (B4%(B.4.15) should also be applicable for
pumping periods of different durations given thealidifferences in duration expected in
western Kansas. This extension, which is not ptesemere, requires additional notation but,
other than that, is straight-forward.

All of the extensions of the Horner plot approaddtdssed in this section can be written as:

)
h(r,t)=h, - Alog ©
rf
(B.4.16)

where

A = constant coefficient depending on pumping eaté schedule, number of wells,
transmissivity, etc.

tor = time since the start of the final (f) periodpefmping;

tr = time since the end of the final (f) period ohmring.

Although the value for A will typically not be knawthe key point is that all of these
approximate extensions result in a plotting retashap that is linear in the water-level
elevation versus log ratio format. Thus, the g of the best-fit straight line to g/t
ratio of 1 (log ratio is zero) can still be doneegiimate the water-level elevation at full
recovery.

The developments in this section are based oniessarassumptions that enable us to
simplify the expressions to the relationship gireequation (B.4.16). We are currently
assessing the appropriateness of these assumfaiamditions commonly met in western
Kansas. As stated in Appendix B.1, a major asswnpf this approach is that inflow from
more distant regions of the aquifer is the soufadl®f the pumped water. We are currently
exploring modifying the approach fro applicatiorctinditions where virtually all of the
pumped water comes from local aquifer storageageifer dewatering in the vicinity of the
well, so that the approach is more consistent thighcommon conditions in the High Plains
aquifer in the three western GMDs.

B-14



B.5 An Excel-based approach to analyzing recoveurves by the Theis curve

As described above, a Theis recovery curve caefresented as:

h(t)=h, - solo{t—pJ =h, - solo{t n tO]
t t-t,

where h, is the head at full recovery, is ratio incorporating pumping rate and aquifer
transmissivity,t, is an effective time since beginning of pumping &nis an effective time

since beginning of recovery. On the righf,andt, are represented as differences between

the observation time, and the effective beginning times of pumping eewbvery,t, andt,,
respectively.

The term “effective” here means that the quantitggsesent integrated measures of the
influence of the variations of the pumping recorndtioe particular recovery record being
analyzed. Thus, althougy, t,, andt, have unambiguous physical interpretations when
applied to the ideal case of recovery from constat@ pumping at a single well, they should
not be interpreted too literally when applied ie firesent context of recovery from an
unknown record of variable pumping at an unspeatifiember of wells. Nevertheless, the
hope is that after a certain point in the recowemyve, the effects of the variable pumping
record can be reasonably accurately represented tiemse effective parameters, allowing for
prediction of the remaining recovery.

If t, andt, are known, theﬂ\og(tp /tr) can be computed with certainty and the recoveny ca

be represented as a linear model vewegép/tr), with slope-s, and intercept,, as

described in the previous section. Whegmndt, are not known with certainty, one could
attempt to estimate them by adjusting them to impithe match between the observed and
modeled recovery records versyswith the modeled head given by the equation abdves
estimation problem is nonlinear, due to the nomlirdependence di(t)on t, andt,.
Nevertheless, is it reasonably straightforwardetoup a set of equations in an Excel
spreadsheet allowing for fitting of a recovery mecthrough either manual adjustmentrgf

Sy, 1y, andt, or automated adjustment of those parametersgobset of them) using Excel’s
Solver add-in.

Once a satisfactory fit is obtained, thiepprovides an estimate of the head at full recovery.
However, the form of the model dictates that tl@adhvalue is only approached
asymptotically; it is never actually attained. this case, it is reasonable to estimate a time to
recovery as the time at which the residual drawdown

€)=sloq 78]
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reaches some specified small valge, Using the estimated values gf t,, andt,, this time
can be computed as

t - ytl B tO
Cc y—l
where y=10(%/%),

Here we present an example of a spreadsheet $et g analysis of the 2007-2008
recovery data from the Scott County index wellshibuld be noted at the outset that this
example demonstrates some problematic aspectsg @ftthg and prediction process, at least
in this particular case. Nevertheless, we will tee example to illustrate the setup of the
spreadsheet, in the hopes that this approach meNepto be of greater use in other cases.

The workbook, Scott0708.xls, contains the Scottr@pindex well data between Dec. 4,
2007 and April 27, 2008, including the winter reepwrecord and the beginning of the

pumping season. The screen shot below is an @we i the spreadsheet including a fit
(heavier smooth line) to the recovery portion & tbserved heads (thinner jagged line).

&0 SLOLLDFOB.x]s
= A B 3 D E F H 1 K L M N &
1 Fuamp e fittirg Sentt Ga 2AN7-2MN8 memuery., grh, 05 1an 7m0 m
2

4

o 237,97 (I} z837.08
3 0 4.88 0 4,82
) a¥lewsy  ofufls 23iea 3wEERUL LU/LUAWS UL W SH1DLUU H UL uiug

3 0 39330.00 2/5/07 0:00  39406.00  11/20/07 0:0C (Y 3933000 5,07 0:00
9 5qr £18
10 s_tarest 0.10 :_thrash .
11 cammz 1.0:8272€85 qamma 1046272335
12 t thresh 11720017 0:58 t_thrzsh 11917 1318
12
14
15 |Date!T rme ©bs mead  Odg sim head s I tplty logltpltr) Fesic dd (F) Zirn head (# residual ifE) ssqr (H52) saqrl (RS2
16 12f=/07 0:00 2038, 285 2CI8.24 270 01 20,00 2,00 047713067 2,200<2087% I03E 22 c.o03 E1C4S_E102 2 20425234
17 1z/=/07 1:00 2530, 20 ZE3ZT.Z4 270 03 20,04 300 047700463 2,32377807% 2833 22 c.o03
18 Lzfef0T 2100 1533, 26 ZE3ZT. i ZT0 0% 20,08 300 0. 4TESTOTL 2,32512138% 2833 22 c.o4
19 10y S0 ELERL) P ERRLY ZrU1e U138 SUU U 4rESEBRE 2odEenEElL PEEEE Lo
20| 1z/ei07 4 ¥ £ B B a a1 FEr B
21 1zf¢f07 500
22| 1z/¢f07 | 2036.50
23 1zf¢f07 7.0
24 12f2/07 8101 e
25 1207 90 o
26 1z/4/07 10:0 h e
27| 1z2/4/07 130 i A J
28| 1z/4/07 12:0{ 2p36.00 1 {MA’{
29| 1z/4/07 13:0 T ! ‘
30/ 1zf4/07 1310 A
31| 1zfaius 13w 4r
32| 1z/4407 1810 l'
33| 1z/4/07 1710 Y
34 1z/4f07 180 Rt |
35 12407 13:0 283550 L) T
36 M’rw

e o ot

o] ’ — Simulated

10 }]

41| 1z/3/07 Lin Loyt

42 1/afUs 2 2635.00 Vﬁ

43 12/5/07 3:0 ]

44| 12/5/07 4.0

45| 12/5/07 5:0 )

46| 12/5/07 6.0

47 12f5/07 701

48| 1zfs/n7 mn| 283450 T

49| az/s/07 20

50/ 12/5/07 1010

51| 1z/5/07 11:0

2| az/g/o7 1z0

5| 1zf3fo7 130

3 Waering e

56 12!5[0; 16;0 11/14/C7 1244007 12/24/07 1/13/08 2/2/08 0:00 2/22/08 3/13/C8 4/2/08 2:00 4/22/08 5/12/08

57 1245007 17:0 0:00 2:00 0:00 0:00 0:00 0:00 0:00 0:0C

8 12/5/07 1810

9 12/5/07 19:00 283525 2635.26 271 80 91.79 2,96 047145014 2302646978 283525 oo 1

1 Sheet? T Shest | e <M

Although the fit to the recovery record looks vgood, it has unfortunately been obtained
with fairly unrealistic values of, andt,, the effective beginning times of pumping and
recovery, respectively, and the resulting predictar the recovery time (in 2017, using

s. =0.1 ft) is of no practical utility.
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The screen shot below focuses in on the cells oontathe adjustable parameters and the
data columns containing the model computations:

800 "] Scott0708.xls
< E F G H [ J K L M =
4
5 |ho 2837.55 ho 2837.332 m
6 |=0 4,88 =0 4.82
7 |to 29149.99 3807 23144 39365.00 10/10/07 0:00 0 39150.00 3/9/07 0:00
8 |t1 39330,00 35(07 0:00 39406,00 11/20/07 0:00 t1 39330,00 /507 0:00
9 ss5qr 5.18
10 |s_thresh 0,10 s_thresh 0.1
11 |garmmma 1.0452726585 gamma 1.045272535
t_thresh 11/20/17 0:58 t_thresh 11/19/17 19:19
13
14
15 tp tr tp/tr logitp/tr) Resid dd (ft)  Sirn head (ft residual (Al ssqr (f£~2) ssqr2 (ft~2)
16 270,01 90,00 2.00 0.48 2,32 2835.22 0.0z 5.164515182 2,20425234
17 270,035 90,04 2.00 0.48 2,32 2835.22 0.0z
18 270,09 S0.08 2.00 0.48 2,32 2835.22 0.04
19 270,14 90,132 2.00 0.48 2,32 2835.22 0.0z
20 270,18 90,17 2.00 0.48 2,32 2835.22 0.0z
21 270,22 o021 2.00 0.48 2,32 2835.22 0.0z
22 270,26 90,25 2,99 0.48 2,32 2835.22 0.04
23 270,20 90,29 2,99 0.48 2,32 2835.22 0.04
24 270,34 90,332 2,99 0.48 2,32 2835.22 0.0z
25 270,39 90,38 2,99 0,48 2,32 283522 0.0z
26 270,432 90,42 2,99 0.48 2,32 2835.23 0.0z
27 270,47 o046 2,99 0.48 2,32 2835.23 0.0z
28 270,51 90,50 2,99 0.48 2,32 2835.23 0.05 &
29 270,55 90.54 2,99 0.48 2,32 2835.23 0.0& v
k k[ Sheetl | She [ : ] 4 Im
Ready QSCRL | ©CAPS | @NUM

The four adjustable parameters are in cells F5aki8, their labels (hO, sO, t0, and t1)
immediately to the left in column E. Date/timewad in Excel are actually just numbers,
representing days since Jan 1, 1900 (unless the d&@ convention has been checked in
Excel’'s options). The values for tO and t1 in€&l6 and F7 are formatted as numbers, since
they are easier to adjust in this format. The-flateatted versions of these numbers are
shown immediately to the right, in cells G7 and (& up by formula link, so they adjust
automatically with changes in cells F7 and F8)ll<0& and I8 represent dates that have been
copied to the spreadsheet for guidance; they des d@ct. 10 and Nov. 20, 2007) that seem
to correspond to the beginning and end of the faegiod of pumping in 2007, based on
visual inspection of the data record. Cells H7 Hi8dcontain the number-formatted versions
of theses dates, providing guidance for determipiagsible values for tO and t1 in F7 and
F8. Note that the values of tO and t1 had to lpeséed to much earlier dates (here, March 8
and Sept. 5, 2007) in order to obtain the fit t tbcovery record shown above. In fact, a
wide variety of combinations of tO and t1 can yielde fits to the observed recovery record,
but the values had to be adjusted to significagditfier dates than October 10 and November
20 to obtain a match to the entire record. No&t, thased on the “fitted” values of t0 and t1,
the resulting values for tp/tr (column G, rows 1§ are significantly larger than 1.1, calling
into question a key assumption made in the devetopmf this approach, namely, that the
observation times are late enough in the recoverpg to allow the representation of the
pumping history using a single effective sO valsee(development of equations 10, 13, and15
of this appendix).

To continue with the explanation of the spreadshetimns E through K, rows 16 on,

contain the sequence of computations, all linkéidnakely to the parameter values in cells
F5-F7, so that adjusting the parameters changdgtéddecurve. The labels (row 15) for
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columns E-H should be fairly self-explanatory. @uh | contains the computed residual (in
the sense of remaining) drawdowrs), column J contains the simulated heads,

h(t) = h, - (t), and column K contains the residuals from theditfobserved minus
simulated heads). Cell J16 contains the sum adreglresiduals computed over most of the
recovery record, from Dec. 4, 2007, through Feh2288. The formula for this cell is
“=SUMSQ(K16:K2127)". This represents an “objectiuaction” for the fitting process.

The aim is to find parameter values that minimias function. Due to the formula links in
the spreadsheet, the value in this cell will autiiwally update to reflect changes in the
parameters. The parameters can be changed maaualijusted automatically using Solver,
illustrated briefly below.

The value in cell M16 is the sum of squared redgljust for the month of February, 2008,
the latter part of the recovery record. The scid®t below shows a fit aimed to minimize
this “late time” objective function — that is, jugting the February data — keeping the
beginning time of recovery fixed at Nov. 20, 200i.this case, the estimated value of hO is
2836.75 feet, sO is 2.86 feet, t1 is estimatedegu. S, 2007, and the projected recovery date,
usings, = 0.1, is in April 2010.

8No Scott0708.xls

<> A B = D E F G H 1 K M =
1 Example fitting Scot Co 2007-2J0F recavery, qcb, 15 Jan 2010 m
5 ho 2036.73 ho 2637.52
6 0 276 0 4,62
7 o 33330.00 5/3/07 000 39383.00  _0/L0/07 0:00 W 32132.00
2 " RANANN 11PAINT AN RI0A.ON - 1/20/07 Menn &1 R9z37.00
9 ssqr 518
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12/4/07 5100 z835.26 2023 1423 5,33 0.8015323T  2,205738L6E 293432 073
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In the attempts to fit this data record using tb&/&, it was found that Solver’s automated
fitting algorithm never adjusted tO and t1 sigraftly from the user-specified initial values.
Instead, it just adjusted hO and sO to give theé tmasch given tO and t1. So, the estimated
values of t0 and t1 have been determined prim#rilpugh manual adjustment in both cases
shown, somewhat defeating the purpose of emplayiagolver’s nonlinear estimation
procedure. Nevertheless, it is possible that theabive function would be more sensitive to
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t0 and t1, increasing Solver’s ability to find reaable values for these parameters, in other
cases.

To use Solver, sele&olver... from theTools menu. (You may first need to install Solver;

see the Excel help.) You will then be presentett widialog box like the following, here set
up for the fit to the February 2008 data illustcaédove:

Solver Parameters

Set Target Cell: FM516 = Solve
— — 1 { Y
Equal To: () Max @) Min () Value of: |0 5 Close .
1
By Changing Cells: w
§F35 8F56 _ Guess [ ResetAll )
Subject to the Constraints: r Help Y
iF35 == 2836.2 e — — r
iFi6 == 0.9 A—dd
~ Change
~ Delete

TheTarget Cell is the cell containing the value that we want &ximize, minimize, or

adjust to some specified value. Here it is $M$h6,cell containing the sum of squared
residuals for the February data, which we want itmmize (Min). We are trying to achieve
this minimum by changing the values in cells $Ff8 8F$6, containing hO and sO. Here we
have also added constraints that hO should equedaared 2836.2 feet, essentially the
maximum observed head in the recovery record, @rsthguld equal or exceed 0.9. The
constraints were added to maintain sensible restlé&n we were also trying to adjust tO and
t1 using Solver. They are probably unnecessarnnwband t1 are not included as
parameters in the automated fitting process, asisthere.

Clearly, the proposed fitting process has not @eltesults of practical utility in this

particular case. We will investigate other datords and possible modifications to the
process to determine whether the procedure coutd bge in some situations.
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Appendix C: Water-level correction

C.1 Atmospheric pressure effects

Barometric pressure fluctuations can introduce sabinto the water-level signal. As shown

in the Year Two Report, that noise can be largetgaved by correcting the water level
observations using the estimated barometric regpfumetions. Figure 3.5 illustrates the
reduction of barometric noise in water level sigrthlat can be achieved through this
correction. There are two changes in the corregiocedure between that used here and that
used in the Year Two Report.

First, a different formula was used for the watarel correction. In the previous report, the
correction was done using the following expression:

Wogrecedt) =W(E) + >0 (i)AB(t 1) (1)
i=0
whereWeorrectedt) andW(t) are the corrected and uncorrected water levdirfoet,
respectivelya(i) is the impulse response function of water leatdhgi, mis the maximum
lag, andAB(t—i) is the change in barometric pressuBg) @t timet-i,

AB(t-i)=B,(t-i)-B,(t-i-1) )

This formula is essentially identical to what Talld Rasmussen (2007) used. We have found,
however, that it formula leads to corrected waggels that are dependent on the period over
which the correction is used. This dependencesaliseause there is not a reference
barometric pressure, so the corrected water lerelslependent on the starting point of the
period for which the correction is applied. As aule of the recognition of this dependence, a
new formula was developed and is now used for thiemlevel correction:

W ecedt) = W) + S t(i)B(: - i) @)

i=0

whereB(t—i) is the difference between the barometric pres&8yet timet—i and a reference
barometric pressur&yo, which is a long-term average for the site:

B(t-i)=B,({t-i)-B, (4)

The corrected water level obtained using the nemita is not dependent on the period for
which the correction is performed.

Second, the correction for the Thomas County wall done using a barometric response
function that has a maximum lag of five days indtefthe two days used in the previous
analyses. The justification for using a longerikaglear from Figure 3.4c, as the function
continues to decrease beyond two days. Using tgerlanaximum lag enables the correction
to take into consideration the effects of atmosigh@essure for a longer period of time,
resulting in a slightly different corrected watevél signal.
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C.2 Earth tide effects

Earth-tide effects on the water level records vese examined for the 2008-2009 water
level observations. The earth tide (gravity) pasdatwere generated for the three index wells
using TSOFT, which is a public domain code for gatieg synthetic earth tide records for a
given location (Van Camp and Vauterin, 2005). Wéteel observations were corrected for
changes in earth tide potentials using the syrtlestith tide records. However, the correction
for earth-tide effects was minimal at all three laighe maximum water-level correction was
0.018 ft for the Thomas County well, 0.010 ft foetScott County well, and 0.038 ft for the
Haskell County well. Based on these results, welcie that earth-tide effects on water
levels can be ignored at these three wells.
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