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Comparison of Two Approaches for Determining
Ground-Water Discharge and Pumpage in the
Lower Arkansas River Basin, Colorado, 1997-98

By Russell G. Dash, Brent M. Troutman, and Patrick Edelmann

Several sections of this report contain detailed mathematical derivations and statistics. To facilitate
reading and use of this report, the report is organized in a manner that presents the primary results first,
then the detailed mathematical derivations and statistics in the sections that follow titled “Details of
Analysis and Results”. For those readers who are interested only in the primary results, rather than
the derivations and details, they may wish to read the sections titled “Primary Results” and skip the
sections titled “Details of Analysis and Results”.

EXECUTIVE SUMMARY

Introduction

In March 1994, the Colorado Division of Water Resources (CDWR) adopted “Rules Governing
the Measurement of Tributary Ground Water Diversions Located in the Arkansas River Basin”

(Office of the State Engineer, 1994); these initial rules were amended in February 1996 (Office of the
State Engineer, 1996). The amended rules require users of wells that divert tributary ground water to
annually report the water pumped monthly by each well. The rules allow a well owner to report the
pumpage measured by a totalizing flowmeter (TFM) or pumpage determined from electrical power data
and a power conversion coefficient (PCC) (Hurr and Litke, 1989).

Opinions by representatives of the State of Kansas, presented before the Special Master hearing
a court case [State of Kansas v. State of Colorado, No. 105 Original (1996)] concerning post-Compact
well pumping, stated that the PCC approach does not provide the same level of accuracy and reliability
as a TFM when used to determine pumpage.

In 1997, the U.S. Geological Survey (USGS), in cooperation with the CDWR, began a 2-year
study to compare ground-water pumpage estimates made using the TFM and the PCC approaches. Tl
study area was along the Arkansas River between Pueblo, Colorado, and the Colorado-Kansas State lir
(fig. 1).

The two approaches for estimating ground-water discharge and pumpage were compared for more
than 100 wells completed in the alluvial aquifer of the Arkansas River Basin. The TFM approach uses an
inline flowmeter to directly measure instantaneous discharge and the total volume of water pumped at &
well. The PCC approach uses electrical power consumption records and a power conversion coefficier
to estimate the pumpage at ground-water wells.

EXECUTIVE SUMMARY 1
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Figure 1. Map showing location of study area and irrigation-wells used in the study, 1997-98.

This executive summary describes the results of the comparison of the two approaches. Specifi-
cally, (1) the differences in instantaneous discharge measured with three portable flowmeters and
measured with an inline TFM are evaluated, and the statistical differences in paired instantaneous
discharge between the two approaches are determined; (2) short- and long-term variations in the PCC’s
are presented; (3) differences in pumpage between the two approaches are evaluated, and the statistical
differences in pumpage between the two approaches are determined; (4) potential sources of discrepancy
between pumpage estimates are discussed; and (5) differences in total network pumpage using the two
approaches are presented.

During the irrigation seasons of 1997 and 1998, instantaneous discharge and electrical power
demand were measured at randomly selected wells to determine PCC'’s. At more than 100 wells, the
PCC'’s determined during the 1998 season were applied to total electrical power consumption data that
was recorded between the initial and final readings at each network well site in 1998 to estimate total
ground-water pumpage.

At each site, an inline TFM was installed in a full-flowing, acceptable test section of pipe on the
discharge side of the pump where the measurement of discharge was made. Measurements of instanta-
neous ground-water discharge also were made using three different types of portable flowmeters. The

2 Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the
Lower Arkansas River Basin, Colorado, 1997-98



average velocity multiplied by the cross-sectional area of the discharge pipe was used to compute
the discharge in gallons per minute. Whenever possible, discharge measurements were made at each
network site using all three types of portable flowmeters.

Comparison of Instantaneous Ground-Water Discharge Measurements

Instantaneous discharges measured using portable flowmeters were compared to instantaneous
discharges measured using TFM’s. The analysis is based on 747 paired measurements taken at 105 we
during a 2-year period. A mixed analysis of variance model with both fixed and random effects was
applied. The overall mean difference in discharge measurements between portable flowmeters and
TFM’s was 0.00 percent, indicating no difference on average between the two approaches for the entir
network of wells. More than 80 percent of the differences in the paired discharge measurements were
less than 10 percent.

Temporal Variations in Power Conversion Coefficients

Analysis of variations in PCC’s measured during the 1998 irrigation season indicated that
58 percent of 104 wells had less than 10-percent change, and 86 percent of 104 wells had less than
20-percent change in the well PCC's. Seasonal variations in PCC'’s generally were not evident for the
measurements made during the 1998 irrigation season. Thirty-seven of the 41 wells with PCC’s
measurements in 1997 had at least one PCC in the same range as 1998 PCC measurements. The com,
ison of the 2 years of data indicate that PCC measurements were similar in 1997 and 1998. About
48 percent of available pre-study State-approved PCC’s made during 1994-97 were within 10 percent o
the 1998 site average PCC'’s, and about 67 percent of the pre-study State-approved PCC measuremel
made during 1994-97 were within 20 percent of the 1998 site average PCC's.

Comparison of Ground-Water Pumpage Estimates

Pumpage estimates computed using the PCC approach were compared to pumpage measured |
a TFM at network wells. PCC pumpages were computed by applying each PCC obtained during a site
visit in 1998 to the total 1998 electrical power consumption. The analysis was based on 553 paired
pumpage estimates at 103 wells. The overall mean difference in pumpage between the TFM and PCC
approach was 0.01 percent for the entire network of wells, indicating no significant difference on
average between pumpage measured by a TFM and pumpage computed by the PCC approach. Abou
80 percent of the differences in the paired pumpage estimates were less than 10 percent.

Sources of Discrepancy Between Pumpage Estimates

There are several potential sources of discrepancy between pumpage as measured by a TFM an
pumpage as computed by the PCC approach. One potential source is temporal variability of the PCC.
The analysis indicated that the year-to-year variance component was about nine times the date-within-
year variance component and represented a standard deviation of about 15 percent, indicating that the
year-to-year variability was a major component of overall variability for this PCC data set.

EXECUTIVE SUMMARY 3



Estimation of Total Network Pumpage

Differences in the total or aggregated pumpage for a network of wells was estimated by dividing
the range of TFM pumpage into equal subdivisions based on the magnitude of TFM total pumpage.
Because the correct number of subdivisions (strata) is not known with information now available, the
mean and standard deviation of differences in the total pumpage was determined conditionally for
several numbers of strata. For a network of 103 wells and a number of strata greater than 10, the
resulting mean and standard deviation indicates that, for any given year, there is a 95-percent probability
that the difference in aggregated pumpage between the TFM and PCC approaches would be between
about-3.41 and 1.59 percent. The analysis indicates that the difference in aggregated pumpage would be
expected to be smaller as the total number of wells becomes larger.

4 Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the
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INTRODUCTION and reliability as the TFM’s when used to determine
annual ground-water pumpage. Thereafter, the
Irrigation is the largest use of water in south-  Colorado State Engineer proposed a study to deter-
eastern Colorado, and ground water is a supplementghine the comparability of estimates of ground-water
source for irrigators in the Arkansas River Basin pumpage using the TFM and PCC approaches. In
because surface-water supplies in the basin are inadagg7, the U.S. Geological Survey (USGS), in coopera-
quate to meet irrigation demand. During the past  tjon with the Colorado Department of Natural
40 years, ground-water withdrawals were occasionallyresources, Division of Water Resources, Office of
measured (Luckey, 1972) but were not routinely the State Engineer (CDWR), began a 2-year study to
metered. Some estimates of ground'Water Withdrawal%ompare ground_water pumpage estimates made using
were reported (Litke and Appel, 1989). However, the the TFM and PCC approaches. The study area was
accuracy of the ground-water withdrawal estimates  the Arkansas River alluvial valley between Pueblo,

were not known. Colorado, and the Colorado-Kansas State line (fig. 1).
In March 1994, the Colorado Division of Water

Resources (CDWR) adopted “Rules Governing the

Measurement of Tributary Ground Water Diversions Purpose and Scope

Located in the Arkansas River Basin” (Office of the _ _ _

State Engineer, 1994); these initial measurement rules 1 hiS report provides a comparison of two
were amended in February 1996 (Office of the State approaches for determining ground-water discharge

Engineer, 1996). The “Amendments to Rules and pumpage. Specifically, this report:

Governing the Measurement of Tributary Ground 1. Evaluates differences in instantaneous discharge
Water Diversions Located in the Arkansas River between TFM’s and three portable flowmeters
Basin” were approved in June 1996 and require that used with the PCC approach, and determines
about 1,600 wells that divert tributary ground water if differences in instantaneous discharge for
must annually report the water pumped monthly by the TFM and PCC approach are statistically
each well. The rules allow a well owner the option of significant;

reporting pumpage measured by a totalizing flowmeter . Evaluates short- and long-term variations in PCC's,
(TFM) or estimated using electrical power consump- including whether seasonal variations in PCC’s
tion data and a power conversion coefficient (PCC) were evident:

(HL.W and Litke, 1989). The inline TFM and the PCC 3. Evaluates differences in ground-water pumpage
rating must be checked at least once every 4 years by a estimated with the TFM and PCC approaches
person approved by the State Engineer. A TFM is an and determines if differences in ground-water7

|nI|Ine rov¥me'E[er that dlrzc]:dy mfﬁsurelsls t?ﬁ topt‘élc pumpage estimated with the TFM and PCC
volume ot water pumped from th€ Well. The approaches are statistically significant;

approach uses measurements of instantaneous ground- ) _
water discharge, hereinafter referred as instantaneou8: Evaluates potential sources of discrepancy between
discharge, and instantaneous electrical power demand, ~PUMpage estimates; and
hereinafter referred as power demand, to determine 5. Estimates differences in total network pumpage
the number of kilowatthours of energy required to using the two approaches.
pump 1 acre-foot of water. Since 1994 when the rules One hundred and six irrigation wells that are
became effective in the river basin, most well owners powered by electric pumps were selected for this study
have chosen to use the PCC approach to determine from about 1,300 irrigation wells in the study area.
ground-water pumpage from their irrigation wells.  The network of 106 irrigation wells consisted of
Opinions by representatives of the State of 11 wells that had TFM's installed prior to the study
Kansas, presented before the Special Master of the and 95 randomly selected wells that had new TFM's
U.S. Supreme Court hearing a case (State of Kansas nstalled during 1997-98. During the irrigation season
State of Colorado, No. 105 Original (1996)) of 1997, instantaneous discharge was measured at
concerning well pumping after approval of the 46 wells (43 of which had TFM’s in 1997) and, during
Arkansas River Compact of 1948, stated that the PCQ998, at 105 wells. One irrigation well was dropped
approach does not provide the same level of accurac§rom the network following the 1997 irrigation season

INTRODUCTION 5



because the well owner had reconfigured the dischargdischarges; (5) determination of PCC's; (6) computa-

distribution system and combined the plumbing of two tion of ground-water pumpage using TFM and PCC

wells together. This activity created a complex well approaches; and (7) analysis of data.

that was not suitable under the amended rules for Initially, the CDWR identified more than

Rule 3.6 analyses (Office of the State Engineer, 1996)1,300 large-capacity irrigation wells (wells that

making the well unacceptable for the continued appli-discharge more than 50 gal/min) in the Arkansas

cation of a PCC to determine ground-water pumpageRiver Valley between Pueblo, Colorado, and the
During the study, PCC’s were calculated each Colorado-Kansas State line for which the PCC

time a portable flowmeter measurement of the instanapproach might be used to determine ground-water

taneous discharge and power demand were made at pumpage under the amended rules established by the

well. At 104 of the wells, PCC’s determined during the Office of the State Engineer (1996). This initial list of

1998 irrigation season were applied to the total elec- wells was decreased to about 800 potential sites for

trical power consumption recorded between the initial TFM/PCC consideration based on the following

and final readings at the site in 1998 to estimate totalcriteria:

ground-water pumpage for the period. The total 1 The well was reported as active and was connected
pumpage estimate derived using the PCC calculation to a power source.

then was compared to the total pumpage measured )

using the TFM at 104 wells. However, pumpage data 2 1 "€ Well used an électric motor, as opposed to an
from one well were omitted because it was determined  Intérnal combustion engine.

that the existing TFM (make R) was not working prop-3. The well had at least 10 acre-ft of reported annual
erly, which resulted in 103 wells that were used for pumpage at least once since 1994.

comparison of ground-water pumpage. A computer program (Scott, 1990) was used to
randomly select one primary and four alternative sites
for each potential well in the TFM/PCC network. Each
Acknowledgments primary site was evaluated by CDWR and inventoried
to determine its suitability for inclusion in the
'"TEM/PCC study. If a primary site was rejected, a
X X T . randomly selected alternative site was evaluated and
(Dan) DiRezza, W.A. (Bil)) Richie, WW (Bl Tyner, so on down the list of alternatives until a suitable site
and R.L. (Bob) Plese, Jr., who obtained well-owner Vﬁas found. During 1997, CDWR evaluated 107 wells

_pl)_le;rlvlrrl’lssnons, arrzn_ge;j tr:e purch?fe ﬁnd mstallaﬂ_c:jn 3a r potential TFM installation; in 1998, CDWR evalu-
eIectrs'é:;Tlle?Jsu(erEC()lrr:z anq atnoenO;J:coL?j(; ?;%isrape)(rjo;{:elg ted 122 wells for additional TFM installations. The

ical pow umpti P €19 most common reasons for rejection and the total
measurements, and provided the USGS with electronic

data that were used for this study. Without their dedi- ”é"?o?lirwif well sites rejected during 1997-98 were
cated work, the study could not have been completecf.1 '

The authors acknowledge the support of the Coloradd- The site was determined to be a complex system

The authors wish to thank the CDWR personnel
specifically, Keith Kepler P.E., G.R. Barta P.E., D.G.

Water Conservation Board, and in particular Steve and was found unsuitable for Rule 3.6 analyses,
Miller. The authors also appreciate the cooperation or the site was determined to be a compound

of many private landowners in the basin who allowed system, or the owner indicated future modifica-
their irrigation wells to be used in this study. tions were planned that would make the site

unsuitable for continued application of the PCC
approach. Compound system means that more
than one electrical device is being operated from

METHODS OF INVESTIGATION .
the same electrical power meter. (38 wells

Data collection and analysis consisted of several ~ rejected)
phases: (1) Identification of potential sites; (2) selec- 2. The discharge pipe was in poor physical condition,

tion of sites for TFM/PCC comparisons; (3) installa- the pump surged or was unable to maintain a full
tion of the TFM’s; (4) measurement of instantaneous pipeline of flow at a measurement section, or
6 Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the
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there was inadequate upstream or downstream distribution outlet locations. Well-identifying data
distances available to correctly install a TFM.  were recorded from the motor, pump, and electrical

(32 wells rejected) meter nameplates during the visit.
3. The well owner declined to participate in the The CDWR made an onsite identification of the
TFM/PCC study. (19 wells rejected) type of discharge distribution system at each of the

wells in the network, based on a visual observation of

the discharge plumbing during the initial visit, which

was confirmed before making subsequent field

5. The well appeared to be inactive, and the owner measurements. For this study, four major types of
indicated it was not used. (9 wells rejected) discharge distribution systems were identified. The

6. The discharge pipe was not a correct size for instawell network included 65 open-discharge, 18 low-
lation of a Signet TFM (one of the brands of ~ pressure, 10 sprinkler, and 12 complex discharge
TFM used in the study). Pipe was smaller than distribution systems. Hereinafter, the open-discharge
8-inch diameter during 1997, or smaller than  distribution system type is referred to as type O, the
6-inch diameter during 1998, or was larger than low-pressure discharge distribution system type is
12-inch diameter during either year. (24 wells  referred to as type L, the sprinkler discharge distribu-
rejected) tion system type is referred to as type S, and the

complex discharge distribution system type is referred

to as type C.

According to the CDWR, well sites that are
classified as complex systems will vary the total

4. The well had less than 10 acre-ft of pumpage
reported the previous year. (12 wells rejected)

In 1997, permission to measure discharge at
46 wells was obtained, including 11 wells that had
pre-existing TFM’s and 35 wells where new TFM's

were planned to be installed during the 1997 irrigation ) X N
season. During 1997, discharge measurements of dynamic head (TDH) at the pump during the irrigation

installed TFM’s were made at 43 of the 46 wells in the S€aSON- The change in TDH may result from wells that

monitoring network. One new TFM was not installed d_ischarge _into a pipeline With multiple outlet loca-
until the end of the 1997 irrigation season, and two oft'pns.’ multiple wells that discharge into one common
the new TFM's were returned to the factory for cali- pipeline, or wells where the method of water delivery

bration and were not reinstalled until after the 1997 changes between different types of distribution

irrigation season. One pre-existing TFM well was systems, such as open-discharge and sprinkler

reconfigured to a complex system after the 1997 irri- systems. The complex discharge sites that were

) . _included in the study network were sites where the
gation season and was dropped from the study. Durln%vells discharged into a pipeline with more than one
1998, permission to install TFM’'s and measure 9 PIp

. . . point of discharge (multiple outlet locations). As such,
d;]scharge at 6|O g‘qd"";.”a'lwe”s.wa‘.s obtamedk Tpe these sites qualified for use of the PCC approach
changes resu_te n allna monitoring networ 0 pursuant to Rule 3.6 of the amended rules (Office of
105 wells having TFM s. However, upon eval_uauon the State Engineer, 1996). For such sites, a PCC
of the data, an electrllc power met_er a_t one site Was o asurement was determined under the high TDH
found to be malfunctioning, resulting in 104 wells

. X . . . discharge point and a second PCC measurement deter-
being used for analysis of var|e_1t|o_ns in PCC’s; an_d @ mined under the low TDH discharge point; and a
TFM was found to be malfunctioning at another site, gy qtem PCC was calculated that was weighted on the
resulting in 103 wells being used to compare ground-yo«is of the PCC’s at the discharge points and the

water pumpage. - ~ expected crop water demand at each discharge point.
Each well in the network was visited to identify

discharge system characteristics and to confirm that

the PCC approach could be properly applied at the Totalizing Flowmeter Measurements

well in accordance with the amended rules (Office

of the State Engineer, 1996). When possible, well The accuracy of many factory-calibrated TFM’s
owners and operators were interviewed and informa- is reportedly 2 to 3 percent of discharge (M.H. Noffke,
tion was collected about normal operating conditions,Great Plains Meter, Inc., written commun., 1998). To
flow ranges and pressures, and number of discharge obtain an accuracy of 2 to 3 percent of discharge, a

METHODS OF INVESTIGATION 7



TFM must be installed correctly, following the manu- 10 values. The volume of water pumped between site

facturer’s specifications. At each selected well, a TFMvisits was determined by recording the register dials

was installed inline in a full-flowing, acceptable test of the TFM at the beginning of each visit. The total

section of pipe on the discharge side of the pump  volume of water pumped at a study site during 1998

where the measurement of water velocity was made. was determined as the difference between TFM read-

The flowmeter location was in a straight, constant- ings made at the beginning and the end of the moni-

diameter length of pipeline without turbulence- toring period.

inducing obstructions (elbows, valves, pumps, and

changes in pipe diameter) for a certain distance

upstream and downstream from the flowmeter installaPortable Flowmeter Measurements

tion point. The distances required usually were related

to the diameter of the discharge pipe at the measure- During each site visit, electrical power measure-

ment location. The desired distance upstream for anyments and other onsite information were recorded, and

flowmeter without a straightening vane installed was measurements of instantaneous discharge were made

10 pipe diameters and for flowmeters with a straight- Using as many as three different types of portable flow-

ening vane was 5 pipe diameters. At some wells, slighineters—a manometer, an ultrasonic flowmeter, and a

plumbing modifications, such as adding a pipe elbow,Propeller-type meter. These portable flowmeters

were made to the discharge pipe downstream from th@rOVided three different methods to determine the

flowmeter measurement location to maintain the ~ average velocity of water flowing through the

required full-flowing condition in the pipe. discharge pipe. The average velocity, multiplied by the
Two types of TFM's installed during this study cross-sectional area of the discharge pipe, was used to

were: (1) the propeller flowmeter manufactured by ~ compute the discharge in gallons per minute. When-

McCrometer, hereinafter referred to as make M; and €ver possible for the PCC tests, instantaneous

(2) the rotating-blade flowmeter manufactured by discharge measurements were made using all three

Signet Scientific Corporation, hereinafter referred  Portable flowmeters during each site visit. All PCC

to as make S. The pre-existing types of TFM’s test measurements were made after the drawdown of
were: (1) the propeller flowmeter manufactured by ~ the pumping water level had stabilized.

McCrometer, hereinafter referred to as make X; To compute well discharge for two of the three
(2) the propeller flowmeter manufactured by the portable flowmeter types (manometer and ultrasonic
Badger Corporation, hereinafter referred to as flow meters), the inside pipe diameter was needed;

make B; and (3) the propeller flowmeter manufacturedtherefore, throughout the study, inside pipe-dimension
by the Rockwell Corporation, hereinafter referred to measurements were made consistently. The pipe-wall
as make R. thickness was measured during each site visit using an
Twenty of the TFM’s installed during this study ultrasonic thickness gage. The outside circumference
were a prototype, rotating-blade flow sensor develope®f the discharge pipe was determined using a thin,
by the Signet Scientific Company (Tim Quinlin, flexible metal tape.
George Fischer Inc., oral commun., 1999). Because of The first type of portable flowmeter, a manom-
design-development limitations, the 10 Signet TFM'’s eter, measures differences in water pressure in an
installed in 1997 were in irrigation wells that had a  upstream and downstream direction and could be used
discharge pipe with a diameter of 8 in. or more, and in all the discharge pipe sizes in this study. A device
the 10 installed in 1998 were in wells that had a referred to as a “Collins Meter”, hereinafter referred to
discharge pipe with a diameter of 6 in. or more. as method “C”, was used to determine the average
The cumulative volume pumped, as indicated bywater-velocity distribution across the inside of the
readings of the TFM’s, was recorded on an irregular discharge pipe. A pitot tube that had two orifices (one
basis. During a site visit, a well discharge measure- oriented upstream and one oriented downstream) was
ment was made by reading the register dials of the inserted across the diameter of the discharge pipe and
TFM and timing the index wheel for one complete  a manometer used to measure the pressure difference
revolution, then dividing the indicated volume by the between the dynamic (upstream) and static (down-
elapsed time; the procedure was repeated nine morestream) orifices at two different points in the pipe’s
times; the recorded discharge was the average of thecross section. The measured pressure difference is

8 Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the
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proportional to the water velocity, and mean water 10 complete disk revolutions to measure the rate per

velocity multiplied by the cross-sectional area of the revolution. This rate measurement was repeated three

pipe is the instantaneous discharge. times and used to determine the average rate of a disk
The second type of portable flowmeter was revolution. Power demand, in kilowatts, was calcu-

an ultrasonic flowmeter. Typical accuracy of an ultra- lated from the equation:

sonic flowmeter is reportedly 1 to 5 percent (Omega

Engineering Inc., 1992). An ultrasonic flowmeter

manufactured by Polysonic, hereinafter referred to

as method “P”, was used in this study and uses the

transit-time method for flow measurement. Two trans- i i L

ducers were mounted on the outside of the discharge ~ '21€ = average time of disk revolution, in

pipe and functioned alternately as a transmitter and a revolutions per second,

receiver of ultrasonic signals sent upstream and down- 3.6 = conversion factor (kilowatt seconds

power demand = (rate)(3.6)x (Kh factor), (1)

here

stream through the pipe. The time difference between per watthour), and
the signals, averaged in the upstream and downstreah, factor = watthours per revolution (imprinted
directions, is proportional to the velocity of water flow. on the front of power meter).

The flowmeter was programmed to process the infor-
mation and output a discharge value every minute.
Generally, 10 or more of the discharge readings were
averaged to obtain the instantaneous discharge. Diadf—J
nostic menus were used to determine the acceptability
during each test. Diagnostic parameters such as sign lcul
strength and a difference count were supplied by the
equipment and had to be within specified limits to be aPCC = (power demand) (5433)/(well discharge), (2)
valid well discharge measurement.

Determining the PCC combines a concurrent measure-
ment of well discharge (in gallons per minute) with the
ower demand of the pump (in kilowatts).

The PCC, in kilowatthours per acre-foot, is then
ated from the equation:

The third portable flowmeter was a typical where
propeller-type flowmeter manufactured by 5433 = conversion factor (in gallon hours
McCrometer, hereinafter referred to as method “M”. per acre-foot minutes), and

The propeller-type flowmeter was mounted to the end : .
. o . - well discharge = instantaneous ground-water

of a section of plastic pipe with sufficient upstream discharae. in aallons per minute
length and attached with a rubber coupler to the open ge.ing .p '
end of the discharge pipe to make a discharge A PCC was computed for every instantaneous
measurement. During each site visit, well discharge discharge measurement that was made at a well. The
measurements were made with a method M portable PCC’s derived in 1997 and in 1998 were used to eval-
flowmeter by reading registers dials of the TFM and uate temporal variations in the PCC data. However,
timing the index wheel for one complete revolution, because the majority of PCC's were measured late in
and dividing the indicated volume by the elapsed the 1997 irrigation season, only the PCC’s determined
time. Generally, 10 readings were made at each site from the 1998 measurements were used to compute

and the recorded discharge was the average of the ground-water pumpage estimates for each well and to
10 values. compare differences in total pumpage between the

TFM and PCC approaches.
Pumpage estimates were calculated using every

Power Conversion Calculations and PCC measurement made at a well during 1998. This
Computations of Pumpage was done by dividing the total 1998 power consumed,
in kilowatthours, by each unigue PCC measurement
The PCC is defined as the number of kilo- made at the well during 1998. The number of kilo-

watthours required to pump 1 acre-ft of water. Elec- watthours used between onsite visits was determined
trical power meters contain a disk that revolves as by reading the electric meter at the beginning of a site
electricity passes through the meter. During a site  visit. The total electrical power used was determined
visit, the meter disk was timed with a stopwatch for from readings of the electrical meter at the beginning

METHODS OF INVESTIGATION 9



and end of a monitoring period. The same TFM moni- In addition to these quality-control measures,
toring period was used with each PCC in 1998 for  the three types of portable flowmeters used in the
determining the TFM pumpage at each site. study were tested at the Great Plains Meter, Inc.,
facility in Aurora, Nebraska, before the start of the
1998 irrigation season. The accuracy of the method P
Quality Control of Data portable flowmeter was checked by releasing a known
volume of water three times through the test apparatus
Data for this study were collected by CDWR 4t the facility, while total elapsed time was measured
personnel and transmitted to the USGS in electronic to calculate an average rate of discharge_ The
and paper files for data analysis. Several procedures discharge measured by the method P portable flow-
were used to check the quality of the data. Quality- meter for each timed release ranged from 99 to

control checks consisted of developing aform 101 percent of the known discharge. The accuracy of
(referred to as a field form) to be completed onsite  the method C portable flowmeter was checked by
during each site visit, making periodic site visits maintaining a constant flow of water through the test

with CDWR personnel to observe onsite data collec- section at the facility. The method C portable flow-
tion, reviewing field forms for completeness, and ~ meter was installed in a straight length of pipe, and
comparing electronic data to written data recorded  manometer readings were taken at two points in the
on the field forms. cross section of the pipe. The instantaneous discharge
Personnel from the USGS visited the sites to  measured by the method C portable flowmeter ranged
ensure that TFM's were installed according to the  from 103 to 104 percent of the discharge measured by
manufacturer’s specifications. In addition, USGS a flowmeter installed in the test section at the facility.

personnel periodically visited selected sites with The test facility did not make any calibration adjust-
CDWR personnel to ensure that field techniques wergnents to either the method P or the method C portable
being used correctly. During these visits, USGS flowmeters. Because the measurements using

personnel checked that (1) site information and essemmethod P and method C portable flowmeters were

tial test information were documented on field forms, within 5 percent of known values, no adjustments

(2) multiple water-level measurements were made to were made to the well discharge data collected with

confirm that the pumping water level had not changedhese portable flowmeters.

more than 10 percent in the hour prior to making a The accuracy of each method M portable

well diSCharge measurement and COIIeCting the PCC flowmeter was checked using a one-point flow test

data, (3) portable flowmeter discharge measurementsng then calibrated using a three-point flow test.

were done properly, (4) consistent methods were usegthe rate of flow used during these tests ranged from

in measuring TFM discharge, and (5) electrical powerapout 100 gal/min for the 4-in. flowmeter, to about

meter measurements were consistently determined. 3 0oo gal/min for the 10-in. flowmeter. After calibra-
Field forms were used to document various  tion adjustments, the flows measured by the method M

characteristics of network wells. Site identifier, test portable flowmeters ranged from 98 to 102 percent of

date, and test methods used at each well during a PCge known flows.

measurement also were recorded on field forms. Other

data recorded on the field forms included a description

of the discharge test procedures used and any type o©Overview of the Statistics Used for

problem during the measurement, instantaneous Comparing Discharge and Pumpage

discharge (pumping rate), static and pumping water-

level measurements, and PCC'’s determined for each A statistical procedure known as analysis of

portable flowmeter method used during a site visit.  variance was used to make comparisons of well

Personnel from the USGS reviewed the field forms fordischarge and pumpage made using the TFM’s and the

completeness, tabulations, and consistency with estaBCC approaches. These comparisons were made by

lished collection procedures. About 10 percent of the computing the differences in well discharge and

electronic data were verified against copies of the origpumpage between the two different approaches. The

inal field forms, and all electronic data were scruti- analysis of variance evaluates whether the average or

nized for anomalous data. mean difference in values is statistically different and
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identifies the sources of variation in the data set (Imarresults of the analysis of variance was then done,
and Conover, 1981). A necessary assumption about resulting in estimates of the mean or central tendency
the analysis of variance model is that the probability of the distribution of differences in pumpage.
distribution of the data is normal. This is a common However, data outliers may well have a significant
assumption made when applying statistical models, effect in situations for which properties of the proba-
but it is an assumption that may not be true for many bility distribution other than central tendency are
water-resources data sets. One reason a normality important.

assumption is useful is that the normal distribution is The natural logarithmic transformation that was
characterized by the mean and variance (which is theapplied to the data has another useful property that
standard deviation squared). The mean is a measure ohakes it appropriate for analyzing this data set. Differ-
central tendency of the random variable, and the vari-ences in logarithmically transformed variables are
ance is a measure of magnitude of random variabilityequivalent to relative or fractional differences rather
Given the mean and variance, probability statements than to absolute differences. Relative differences are
may be expressed in terms of these parameters; for an informative way to evaluate differences in well
example, a normally distributed random variable is  discharge and pumpage. In essence, for small differ-
with probability 0.95 within 1.96 standard deviations ences, the relative differences, which is the difference
of the mean. Another necessary assumption about thim natural log transformed variables, multiplied by
analysis of variance model is that the variances are 100 times, is nearly equivalent to percent difference.

constant. Tornqvist and others (1985) provide a more complete
During data analysis, differences for every discussion of the advantages of using the log transfor-

well discharge and pumpage estimate initially were mation to evaluate relative differences.

computed by subtracting the well discharge or During data analysis, various site characteris-

pumpage estimates associated with the PCC approatits, hereinafter called fixed effects (method of

at each well from the well discharge or pumpage assaischarge measurement, make of TFM, and discharge
ciated with the TFM measured at the same well on thedistribution type) were identified as sources of varia-
same date. An analysis of the differences computed tion. Additionally, the site, date, and random error,

in this manner indicated that the assumptions of hereinafter called random effects, were identified as
normality and equal variances were not met. There- sources of variation. Therefore, it was necessary to
fore, a transformation of the differences was done take these additional sources of variation into consid-
by subtracting the natural logarithm of well discharge eration when making comparisons of well discharge
or pumpage associated with the PCC approach from and pumpage.

the natural logarithm of the well discharge or pumpage

associated with the TFM. The resulting differences

were normally distributed, and the variances were  COMPARISON OF INSTANTANEOUS

equal for well discharge. However, the differences GROUND-WATER DISCHARGE
in pumpage were not normally distributed. Thus, MEASUREMENTS

a rank transformation was performed on the differ-

ences in pumpage. This consisted of ranking all of A comparison of the instantaneous discharge
the individual differences, and then applying the anal-neasurements using the TFM’s to those using the
ysis of variance model to the ranks. The rank transforthree portable flowmeters was made by evaluating the
mation for a sample of observations replaces the differences between the measurements and by deter-
smallest observation by the integer 1 (called the rank) mining whether the differences are statistically signifi-
the next smallest by rank 2, an so on until the largest cant. Because it was determined that the method of
observation is replaced by rankUsing ranks dimin-  discharge measurement, make of TFM, discharge
ishes the influence of the outlying values on the final distribution type, and the site, date, and random error
results. A consequence of doing this is that the final were identified as sources of variation, an additional

results of the analysis reflect the behavior of the level of data analysis was required.
majority of the data points, but the influence of the This section of the report presents (1) the
outlying values has been diminished. An inverse magnitude in differences in well discharge; (2) an esti-

rank transformation (linear approximation) to the mate of the overall mean difference in well discharge
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and whether the overall mean difference is signifi-  variability in differences to increase §  increases.
cantly different from zero; (3) an estimate of the meanThat is, although untransformed differences generally
differences for each combination of portable flow tend to be centered around an average value of zero,
meter, make of TFM, and discharge distribution type, the variance of untransformed differences tends to
and whether these mean differences are significantly increase with the magnitude of the discharge. In
different from zero; and (4) how much of the variation contrast, the differences in log-transformed discharges
in the differences is attributable to the site-to-site, date have variance that is much more nearly constant

and random error components. The comparison of  for the entire range of well discharge values
ground-water discharge measurements was based offfig. 24).

747 paired measurements taken at 105 wells during a

y As mentioned earlier in the report, the natural
2-year period.

logarithmic transformation of the discharges allows
diffQ to be interpreted as a relative or fractional differ-
ence between discharges, and for small differences

Primary Results betweenQ an@®
Analysis of variance was used to evaluate loga-
rithmically transformed differences between instanta- 0-0_0-0
neous discharge measured with portable flowmeters diffQ= T = S 4)

and instantaneous discharge measured with a TFM.
The analysis was applied to 747 paired discharge
measurements made at 105 wells during the 2-year Thus,diffQ multiplied by 100 may be interpreted as a
period. More than 80 percent of the differences were percent difference. 5

less than 10 percent. The overall mean difference was Each measurement @ a@ is made under

0.0 percent, indicating no difference on average certain conditions; changes in these conditions may
between portable flowmeter and TFM discharge cause the distribution (that is the mean and variance)
measurements. For varying site characteristics (the of diffQ to change in a systematic way. Each discharge
method of portable flowmeter, the make of TFM, measuremen® is made with a particular type of
and type of discharge distribution system), mean flowmeter. There are three portable flowmeters used,
differences range from4 percent to 4 percent. resulting in three “levels” associated with this factor.

Likewise, the TFM’'s made by different manufacturers
may affect the distribution @fiffQ. Finally, each pair
Details of Analysis and Results of measurements is made on a particular type of
discharge distribution system, so any systematic effect
For each paired discharge measurement, the = of this factor also may be important. Therefore, the
difference in well dischargelffQ) was computed as:  effects associated with these three factors: portable
flowmeter method, make of the TFM, and type of
_ ~ discharge distribution system were included in the
diffQ = log(Q) —log(Q), (3)  analysis of variance. (These three factors will herein-
. after be referred to as simply method, make, and type.)
whereQ denotes an instantaneous discharge measure- |y addition to method, make, and type, there are
ment made using a portable flowmeter at a particular g other conditions that can affetiffQ; these are
site on a particular date, a@l  denotes a corre-  sjte and date. For example, it is important to know
sponding (paired) instantaneous discharge measure-hetherdiffQ at a certain site tends to be consistently
ment made using a TFM at the same site on the sam@yrger or smaller than values at other sites. Similarly,
day. (All logarithms in this report are base e.) there may a tendency fdiffQ to be larger or smaller
The relation betweediffQ andQ is shown in on certain dates at a given site. In analysis of variance,
figure 27, and the relation between differences in the effects may be treated as either random or fixed. The
untransformed discharg —-Q , a@d is shown in site and date effects are treated as random, whereas the
figure B. There is a marked tendency in figur fr method, make, and type effects are treated as fixed,
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and the overall model fatiffQ is, therefore, known as The mathematical model fdiffQ may be

a mixed model. (See, for example, Snedecor and  written as

Cochran (1967) for a more detailed discussion of the

distinction between fixed and random effects.) The

random effects associated with site and date each have diffQjjmn = K+ + B +Yy (5)
a variance (known as variance components), and the +S. +C. +e.
variance ofliffQ thus is the sum of three constituent km = =jkmn = Fijkmne
terms: the site variance, the date variance, and an error

variance, which represents variability (such as where
measurement error) that is not accounted for by any M is the intercept term,
known factors. a, is the effect (fixed) for the portable flowmeter
Therefore, a mixed analysis of variance model methodi,
:‘,(\glltlgvsgtjl’::ze'[ﬂrzgdfi;ir:jd?nnc:nerZ?l(c:itij\;aesﬁzitps“i? as B; is the effect (fixed) for totalizing flowmeter
: makej,
interest were: (1) method, with levels P, C, and M; . . o
(2) make with(le)vels M., S, X, and B: and (3) type Y is the effect (fixed) for distribution system

with levels O, L, S, and C. The eight values for typek,

make R were not included in the analysis because ~ Sikm 1S the effect (random) for site of wells with
the differences in instantaneous discharge were so makej and typek,

much greater in magnitude than all the other values. Cjxmn is the effect (random) for makend typek
Boxplots for all the discharge data pooled and for each on dayn at sitem, and

level of the three fixed effects are shown in figure 3. e, is a random error term.

More than 80 percent of the differences in the paired

disch ts for th i twork of In this model, the random terr8s C,ande are
ISCArge measuremerts Tor the entire NEWOTK o1 assumed to be independent and normally distributed

wells W(_ere less than 10 percent, more than 50 percentith mean 0 and variance® o2 ,aod |, respec-
of the differences were less than 5 percent, and the tjyely. The analysis of variance provides estimates of
median difference was less than 1 percent (#). 3 the fixed effects and of the magnitudes of these three
The dI.StI’IbUtIOH of the differences varied amon_g the variances (known as “variance components” because
three fixed effects (method, make, and type) (fi§s. 3 they constitute a partitioning of the random variability
3C, and D). of diffQ) as well.

In addition to the fixed effects, two random The three fixed effects were included in order to
effects were included in the analysis: (4) site and (5) determine if average valuesdiffQ tend to change
date. The sites were classified as to make and type; fosystematically with method, make, or type. The
example, each site was associated with one and onlyrandom effects for site and date were included to
one make and type. Thus, random factor site (4) is sai@ccount for the correlation among measurements taken
to be nested under fixed effects make (2) and type (3)& the same site and on the same day. In most cases,
Likewise, random factor date (5) was nested under more than one portable flowmeter method was used at
fixed factor site (4). The portable flowmeter methods a given site on the same day. In many cases, t_he well

. . discharge measurements made at the same site on the

[factor (1)] were applied at all sites, and often two or

. same day by portable flowmeters clustered together
more methods were applied at the same well on the y Oy P g

_ : and exhibited similar deviation from the TFM
same date, so there was no nesting used for this faCtOEIischarge. This clustering tendency is shown in

This analysis of variance design is referred to as a  figyre 4, which shows howiffQ varies with site.
split-plot design, with “plots” corresponding to a given The magnitude of the tendency for differences to
site on a given day. Snedecor and Cochran (1967) angluster is evaluated by the site-and date-variance

Helsel and Hirsch (1992) provide more in-depth components. The site variancg  is a measure of the
discussion of fixed and random effects and of nestedtendency for all the measurements made at a well to
(or hierarchical) designs. exhibit a systematic discrepancy between portable

14 Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the
Lower Arkansas River Basin, Colorado, 1997-98



(747) (247) (287) (213)

0.25 C ] 0.25 T *
o A % ] "By ¥ ] EXPLANATION
= L ] [ ]
= 0.20[~ 7 0.20F B
o L ] [ ]
= [ ] L ]
|:I—: r 1 r q (247) Number of observations
g 0151 ] 0.151 . D "
< r 1 r B * ata values outside the
8 [ ] [ ] 10th and 90th percentiles
g 0.10 } { 0.10 :— { 90th percentile
ui r ] r q 75th percentile
Q [ ] L ]
% 0.05— N 0.05 f Median
8) L ] [ ] 25th percentile
a L ] [ ]
%) o — — — — 7 or — — — — 10th percentile
Q C ] N ]
3 L ] [ ]
2 t j L ]
£ -0.05[- 4 oo0sF ]
e ' r 1 L 4 PORTABLE FLOWMETER METHOD:
'f. L i L ] P= Polysonic; C= Collins; M= McCrometer
5 L ] [ ]

-0.10— — - — —
= ] ol0p ] MAKE OF TOTALIZING FLOWMETER:
* L ] [ ] M=McCrometer, S= Signet;
§ -0.15F . 0155 * N X= preexisting McCrometer; B= Badger
% L ] L * ] TYPE OF DISCHARGE DISTRIBUTION SYSTEM:
w |- - . 4 —_ . —_ . — H
& 020 N 0200 * b O= open; L= Io_w pressure; S= sprinkler
a r § ] N ] C= complex

0258 ‘ 1 o5t ‘ L]

ENTIRE c M
NETWORK PORTABLE FLOWMETER METHOD
(504) (161) (36) (46) (449) (93) (85) (120)
0.25 r T T T ] 0.25 r * T T T ]

g 1C § 1 D * 1
= L ] L ]
S 0.20— — 0.20— —
o Tt ] ? ]
S [ ] [ ]
z L ] [ ]
& 0151 « = 015 ¥ .
) r ] x ]
9 L ] L * ]
Z 0101 i 0.10[ jé .
) r g r 1
© r ] r % ]
< 0.05 — 0.05 b
I r 4
o L ] L ]
@ |- N - 4
a r ] L ]
o OoF - — — — - o —| - — - — — —
@ L B r ]
o [ ] L ]
4 L ] F i
< 005+ - 005 7]
g i * ] i 1
< L ] 3 % B
5 L i L 4
z -0.10[ 9*% . -0.10[ .
Z r 1 [ ]
s L i r ]
6 -0.1sF * 1 -oasf ]
2 L , r ]
w r 4
o F ] F ]
& r 1 L ]
& -0.20 4 020 .
a L ] r § R

0.25 : \ ! ! ! ] 0250 ‘ ‘ ‘ ‘ ]

' M s X B o L S c
MAKE OF TOTALIZING FLOWMETER TYPE OF DISCHARGE DISTRIBUTION SYSTEM

Figure 3. Boxplots showing differences in instantaneous ground-water discharge between portable flowmeters and
totalizing flowmeters (A) for the entire network, (B) by portable flowmeter method, (C) by make of totalizing flowmeter,
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flowmeter and TFM discharge measurements, and theesiduals versus fitted and normal quantile-quantile
date variances?  is a measure of the deviation of  plots for the three random terms in the model. These
TFM discharge from the average of the discharges foplots indicated no serious violation of model assump-
portable flowmeters at the same site on the same daytions that would adversely affect final results.

The error variance®  is a measure of the internal Final estimates of the means and the differences
consistency of discharge measurements by different j, means associated with the fixed effects are
portable _flowmeters at the same site and same day. 'fpresented in tables 1-3. [See Graybill (1976) for a
the consistency of measurements among portable  giscyssion of important technical estimability issues
flowmeters at the same site on the same day indicategggqciated with these estimates]. A standard error is
an accurate estimate of true discharge, the magnitudeg; e, for each of the values in these tables, and values

i 2 2 i . g . .
of ftlhet_varl_ancesy S %”‘iﬁ T?ﬁy dbe ;\nterpreted a5 that are significantly different from zero (i.e., greater
re e;: |n|g macICl:_rac%/ I?h f | IScharge measure- yan 2 standard errors from zero) at the (approxi-
ment value relative o the true vaiue. mately) 5-percent level are noted.

The initial analysis of variance indicated a Final est f1h q I
significant difference (at the 5-percent level) between ina estimates of the grand mean (overq
average difference @hiffQ) and fixed effects are listed

all pairs of portable flowmeter methods, between ) ) _
makes M and S, and between types O and C. To assed3 table 1. The grand mean is 0.0000; the uncertainty

appropriate pooling of the different makes, makes B !N this number as measured by the ;tandard error is
and X were compared to make M and make S using arf-0045 or 0.45 percent. The mean difference for
estimated difference divided by the standard error of method C is about 1.1 percent, for method M is

the difference, revealing that the makes B and X data0-0 percent, and for method P is abelifl percent.
could be pooled with the make S data. This pooling The positive sign on the mean for method C indicates
resulted in two levels for the make factor: M and other that instantaneous discharge measured by portable
(B, S, X). Similarly, it was determined that types L and flowmeters tends to be greater than instantaneous

S could be pooled with type C, resulting in two levels discharge measured by TFM’s, and the opposite holds
of type: O and other (C, L, S). The analysis was for method P. The mean differences for each method
redone using the same mathematical model but are very comparable to the differences measured
with only two make levels, M and (B, S, X), and two during the quality-control checks done at the Great
type levels, O and (C, L, S). Diagnostic plots were  Plains Meter facility (see “Quality Control of Data”
examined following the analysis, including a plot of section).

Table 1. Estimates of mean differences in instantaneous ground-water discharge between portable flowmeters and totalizing
flowmeters for the grand mean and fixed effects of method, make, and type

[NS, mean is not significantly different from zero at the 5-percent significance level; S, mean is significantly different from zero at the 5-peficantsig
level; the mean and the standard error can be expressed as a percent difference by multiplying the respective value by 100]

Significance at the

Mean differences Mean Standard error 5-percent level
Grand mean 0.0000 0.0045 NS
Method of portable flowmeter (fixed)
C .0109 .0047 S
M .0000 .0048 NS
P -.0108 .0047 S

Make of totalizing flowmeter (fixed)
M -.0152 .0047 S
BSX .0152 .0075 S

Type of discharge distribution system (fixed)
(0] -.0130 .0054 S
CLS .0131 .0067 NS

COMPARISON OF INSTANTANEOUS GROUND-WATER DISCHARGE MEASUREMENTS 17



Table 2. Estimates of mean differences in instantaneous ground-water discharge between portable flowmeters and totalizing
flowmeters among fixed effects of method, make, and type

[NS, mean is not significantly different from zero at the 5-percent significance level; S, mean is significantly different from zero at the 5-peficantcsig
level; the mean and the standard error can be expressed as a percent difference by multiplying the respective value by 100]

Significance at the

Mean Differences Mean Standard error 5-percent level
Method of portable flowmeter
M-C -0.0109 0.0026 S
P-C -.0217 .0025 S
M-P .0108 .0027 S
Make of totalizing flowmeter
BSX-M .0304 .0088 S
Type of discharge distribution system
CLS-O .0261 .0082 S

Table 3. Estimates of mean differences in instantaneous ground-water discharge between portable flowmeters and totalizing
flowmeters for each combination of fixed effects of method, make, and type

[NS, mean is not significantly different from zero at the 5-percent significance level; S, mean is significantly different from zero at the 5-peficantsig
level; the mean and the standard error can be expressed as a percent difference by multiplying the respective value by 100]

Significance at Significance at
the 5-percent Method Mean Standard error the 5-percent
level level

Standard
error

Method Mean

Discharge distribution type = O
Make of totalizing flowmeter = M

Discharge distribution type = O
Make of totalizing flowmeter = BSX

C -0.0174 0.0060 S C 0.0130 0.0081 NS
M -.0283 .0060 S M .0021 .0080 NS
P -.0391 .0060 S P -.0087 .0080 NS
Discharge distribution type = CLS Discharge distribution type = CLS
Make of totalizing flowmeter = M Make of totalizing flowmeter = BSX
C .0088 .0067 NS C .0392 .0093 S
M -.0022 .0070 NS M .0282 .0094 S
P -.0130 .0068 NS P .0174 .0093 NS

Estimates of differences among fixed effects make (B, S, X) and type (C, L, S), however, are
are all less than 5 percent and are listed in table 2.  all positive, with a mean difference for method C
The means in this table may be obtained by computingportable flowmeters of about 3.9 percent. Overall,
differences using the means in table 1. All the differ- for particular combinations of method, make, and
ences in table 2 are significant at the 5-percent level. type, mean differences range from abedippercent

Estimates of combined effects (that is, effects t0 4 percent.
associated with each different combination of levels Estimates of the variance components (vari-
of the fixed factors) are listed in table 3. For example,ances of the site, date, and error random terms) are
for type O distribution systems and make M TFM'’s, listed in table 4. The sum of the variance components
method P portable flowmeters have a mean differencés 0.002639. The relative magnitude of the three vari-
of about-3.9 percent, and mean differences are ance components indicates what fraction of the vari-
negative for other methods as well. Differences for ance ofdiffQ is associated with each of the random

18 Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the
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terms in equation 5. Site-to-site variability accounts is assumed, about 95 percent of the differences
for about 53 percent (1000.001399/ 0.002639) of between the measurements taken with the two
the sum of the variance components, the date within portable flowmeters will be betweeb.48 percent
site variability accounts for about 27 percent of the and 7.64 percent.

sum of the variance components, and the random error The small size of the random error variance

terms accounts for the remaining 20 percent. component is indicated by the precision with which
differences among portable flowmeters can be esti-
Table 4. Estimates of the variances of the site, date, and mated in table 2. The standard errors for portable flow-
error random terms in discharge measurements meter differences range from 0.25 to 0.27 percent,
— — which is considerably smaller than standard errors for
an Osn:t;erms angizgg make differences (0.88 percent) or type differences
' (0.82 percent). A strength of the design for this data
Date .000701 . s e h
collection was the application of multiple portable
Error .000539
- —_— flowmeter methods at the same well on the same date
Sum 0.002639 during a short period of time.

The total variance aliffQ around the
overall mean (that is, the variancediffQ without TEMPORAL VARIATIONS IN POWER

a model) is 0.003037, which indicates that the CONVERSION COEFFICIENTS

fixed effects account for about 13 percent [equals
100x (0.003037- 0.002639) / 0.003037] of the vari-
ance ofdiffQ. This is a relatively small part of the total

variabili_ty,_ but th_e d_a_ta set i_s large enc_Jugh '_[o result ing;apje. However, over time, hydrologic and pump
the statistically significant differences listed in tables 1operating conditions may change, thus altering the

through 3. Similarly, the site, date, and error variancepcc relation to well discharge and power consump-
components expressed as a percent of the total vari- yjon As examples, depth to ground water may increase
ance are 46 percent, 23 percent, and 18 percent,  after an extended period of pumping or pump effi-
respectively. Overall, the largest portion of the ciency may decrease as the irrigation pump ages. Any
variance ofliffQ is accounted for by site-to-site well operation that results in significant variations in
variability. the PCC over time can result in errors when using the

The random error variance (0.000539 in table 4)pcc approach to estimate ground-water pumpage.
measures the amount of variability among different

portable flowmeter measurements applied on the

same day at the same site. The error variance can beShort-Term Variations in Power

used to determine the range in expected differences Conversion Coefficients

between (logarithmically transformed) instantaneous

discharge measured using two different portable flow- Multiple PCC measurements repeated at the
meters. The estimated variance of the difference will well sites during 1997 and 1998 are used to indicate
be 2x 0.000539 because the variance of the differencahe temporal variability in PCC’s during one and two
between two independent random variables is the sunirrigation seasons. The range in PCC's at 104 sites

of their variances. This translates into a standard deviduring 1998 is shown in figure®s The PCC’s for most
ation of about 3.28 percent. When this measure of thaites (86 percent) did not fluctuate more than

random component of the difference is considered in 20 percent throughout the 1998 irrigation season;
conjunction with the systematic differences in table 2 however, for unknown reasons, a wide range in PCC'’s
for different portable flowmeter methods, an estimate occurred at about 14 percent of the network sites. At
of the total error can be determined. For example, if some wells, a lower than expected PCC measurement
measurements are made using P and M portable (site 5) or several lower than expected PCC measure-
flowmeters, the systematic bias (M—P) is 1.08 percentnents (site 27) resulted in the wide range in PCC’s
with a standard deviation of 3.28 percent. If normality that were measured. The percent difference for the

The use of PCC'’s to estimate ground-water
pumpage from wells is most accurate when the rela-
tion of well discharge to power consumption remains

TEMPORAL VARIATIONS IN POWER CONVERSION COEFFICIENTS 19
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Figure 5. Power conversion coefficients (PCC) determined at network sites during 1998: (A) range in PCC and
(B) percent difference.
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total range in PCC's determined during 1998 is shownstudy, including the removal of the cases where the
in figure B. The equation used to determine percent PCC's change under Rule 3.5 (Office of the State

difference shown in figurebbis: Engineer, 1996) due to a change in pump or motor.
The equation used to compute the percent differences
Percent difference = 100(maximum shown in figure B is:

PCC- minimum PCC)/site average PCC. (6)

Percent difference = 100(State-approved

Percent differences in PCC data at wells ranged from PCC- site average PCC)/site average PCC,  (7)

less than 1 percent (sites 21 and 88) to more than
150 percent (site 27). The data indicated that

58 percent of the site comparisons had less thana ) )
10-percent change and 86 percent of the site compar‘?—'te average PCC = the arithmetic mean of all PCC’s

where

sons had less than a 20-percent change in PCC'’s determined at each site in 1998.
throughout the 1998 irrigation season. Fifty comparisons of 103 PCC measure-

The PCC measurements made during the ments (about 48 percent) had less than 10-percent
1998 irrigation season were evaluated for systematic difference between the State-approved PCC’s and
seasonal variations. Figure 6 shows that for the the site average PCC measured during 1998 and

majority of instances, there are no evident seasonal about 67 percent of the State-approved PCC measure-
patterns in the PCC measurements made during 199hents were less than 20 percent of the PCC’s during
Comparisons of PCC'’s to depth to ground water did 1998 (table 5). Twenty-one of the 103 site compari-
not reveal any systematic relation between changes igons indicated a positive percent difference of more
PCC's and depth to water. than 20 percent in PCC’s, and 13 site comparisons

_ The PCC measurements made at 41 network  jnqicated a negative percent difference of more than
sites during 1997 were compared to PCC measure- 5 harcent. A positive percent difference indicated

ments made during 1998 at the same 41 sites (fig. 7)that the 1994-97 State-approved PCC was greater
to evaluate temporal variations during two irrigation than the site average PCC in 1998

seasons. Thirty-seven sites (90 percent) had at least .
one PCC measurement made in 1997 that was less The percent dlffere:nce between the State-
than the range of PCC’s made in 1998 (fig. 7): 16 of @Pproved 1994-97 PCC's and the average 1998
the sites (39 percent) had all 1997 PCC'’s less than thBCC ranged from aboub7 to 211 (table 5). The
range of PCC’s made during 1998. Only sites 83 andlargest range in percent difference was between the
87 had a large difference between the 2 years of dataState-approved PCC’s measured in 1995 and the
Overall, the 2 years of data indicate that the PCC 1998 PCC’s. A comparison of the percent differences
measurements were similar between 1997 and 1998.computed using the State-approved PCC's from
1997 to the average 1998 PCC'’s indicated that

o _ 78 percent of the sites were within 10 percent and

Long-Term Variations in Power 89 percent of the sites were within 20 percent.

Conversion Coefficients During well operation, the PCC is generally

State-approved PCC measurements collected a(%onstant for a specific discharge pressure and a
the network sites during 1994 to 1997 for complianceStaPle pumping water level. Because the water level
with State rules (Office of the State Engineer, 1994 N @ Well often declines rapidly during the initial
and 1996) were used to evaluate temporal variability P€"0d of pumping, the PCC also changes rapidly
that occurred in PCC’s during the 4-year period. The Until the pumping water level stabilizes. A potentially
long-term variability between PCC's for wells in the ~important change made in the Colorado amended
1998 network and corresponding State-approved  rules in 1996 (Office of the State Engineer, 1996)
PCC’s during 1994-97 is shown in figur&. 8mplicit required PCC measurements be made only after the
in this comparison is the assumption that the State- pumping water level had not changed more than
approved PCC's determined during 1994-97 are of thelO percent in the hour prior to making the PCC
same quality as the PCC’s determined during this  measurement.
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Figure 6. Seasonal distribution of power conversion coefficients (PCC) for network sites during 1998.
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Figure 8. Power conversion coefficients (PCC) at network sites: (A) 1994-97 State-approved PCC and 1998
PCC, and (B) percent difference between 1994-97 State-approved PCC and 1998 PCC.
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Table 5. Comparison of State-approved power conversion coefficient (PCC) measurements (1994-97) to the site average
PCC measurements made during 1998

[PCC, power conversion coefficient]

Number of PCC Number of PCC
State-approved PCC Numberofpee | MRIRAE  SCTEEE 20 percent of 1098 e
measurement year comparisons difference average PCC average PCC
Number Percent Number Percent
1994 37 -57 18 49 25 68
90
1995 26 -37 8 31 11 42
211
1996 22 -46 10 45 17 77
27
1997 18 -18 14 78 16 89
73
1994-97 103 -57 50 48 69 67
211
COMPARISON OF GROUND-WATER these mean differences are significantly different from
PUMPAGE ESTIMATES zero. The comparison of ground-water pumpage was
based on 553 paired measurements made at 103 wells
A comparison of ground-water pumpage during 1998.

measured using TFM's to ground-water pumpage esti-

mates determined by the PCC approach was made by

evaluating the differences in pumpage and deter- Primary Results

mining whether the differences are statistically signifi-

cant. The pumpage estimates were calculated using The analysis of variance on the differences in

PCC measurements made at network sites during  pumpage was performed using a rank transformation

1998. This was done by dividing the total 1998 poweron 553 paired pumpage measurements made at

consumed at each site during the monitoring period, in103 wells during 1998. About 80 percent of the

kilowatthours, by each unique PCC measurement  differences in pumpage between the TFM and PCC

made at that same well site during 1998. The TFM  approach were less than 10 percent. The overall mean

derived pumpage measurement at each well was detedifference in pumpage was 0.01 percent, indicating no

mined as the difference between TFM readings madssignificant difference on average between pumpage as

at the beginning and the end of the monitoring period.measured by TFM and pumpage as computed by the

The monitoring period was the same for the TFM andPCC approach. For varying site characteristics (the

PCC approach. Because it was determined that the method of portable flowmeter, the make of TFM, and

method of portable flowmeter, make of TFM, type of discharge distribution system), mean differ-

discharge distribution type, and the site, date, and  ences in pumpage were generally less #8percent

random error were identified as sources of variation, and, for most instances, the mean differences in total

an additional level of data analysis was required.  pumpage were not significantly different from zero at
This section of the report presents (1) the the 5-percent level.

magnitude in differences in ground-water pumpage

between TFM and PCC estimates; (2) an estimate of

the overall mean difference in pumpage and whether Details of Analysis and Results

the overall mean difference is significantly different

from zero; (3) an estimate of the mean differences for For each paired pumpage measurement made at

each combination of portable flow meter, make of  a well, the difference in ground-water pumpadjéP,

TFM, and discharge distribution type, and whether was computed as:
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iR = loa(V) —loa(V clearly that there is a small proportion of the differ-
d 0g(V) ~log(V). ® ences for whicldiffP tends to be outside the range

~ . of the majority of the data.
hereV denot timated Iculated b
anere it A e Boxplots ofdiffP for all the data pooled and for

the PCC approach, afidenotes a correspondin .
P P g n(gach level of method, make, and type are shown in

total pumpage as measured by a TFM. As with instan: b t the diff :
taneous discharge measurements, a log transformatigipure 10. About 80 pbercent 0 ;] eTFllvleren(;:t;sclg
was used, so that the variable of interest is the differ- pumpage estimates between the an

ence between the log-transformed values. ggproach }[Nefrtehlezsﬁthan 10 percerllt, m?rze théan ¢
BecausdliffP is a random variable likaiffQ, percent otine aierences were fess than 6 percent,

the probability distribution must be characterized. a_nd the medlan.dlffere_nce was abput 1 percent
However, as mentioned earlier in the report, unlike (fig. 104). The d'Str.'bUtlon of the differences varied
diffQ, the distribution fodiffP deviated significantly ~ Somewhat depending on method, make, and type
from normality. There are a number of data values (figs. 1B, 10C, apd 1D). _ ,

found outside the range of the majority of data values, ~_ 1N€ analysis of variance model was first

and such a deviation from normality can cause seriou£PPlied using all levels of each of the fixed factors:
problems with analysis of variance. Therefore, a rankMethod, make, and type. Significant differences
transformation was performed on the data before ~ 0ccurred between all pairs of methods, but not
performing the analysis, and an inverse rank transforetween different makes or types. However,
mation (linear approximation) to the results of the ~ P00ling the pumpage data in the same manner
analysis of variance provided estimates of the central@S the discharge data allows direct comparisons
tendency of the distribution @fiffP. Use of the rank between results of the two analyses. Such comparisons

transformation in analysis of variance is discussed by2® useful and can be used to determine how errors
Iman and Conover (1981), Helsel and Hirsch (1992). I instantaneous discharge measurements affect errors
Kepner and Wackerly (1996) and Hora and Iman in pumpage calculations. Th_us, the analys]s was
(1988). Rank transformation does not render the ~ rédone using the same pooling described in the

test truly nonparametric, but asymptotic normal theory COmparison of Instantaneous Ground-Water

should be more applicable than would be the case if Pischarge Measurements” section. Diagnostic

using untransformed data. Rank transformation mini-Pl0ts again indicated satisfactory adherence to

mizes the influence of very large outliers so that the the analysis of variance assumptions.

analysis better reflects the central tendency of the Final results of the analysis of variance are

data. Evaluating the data without the influence of  listed in tables 6 through 8 and are analogous to the
extreme outliers was essential in understanding the results for the instantaneous discharge data presented
data, and the results of this analysis indicated the type# tables 1 through 3. As stated earlier, results from the
of errors in estimation of pumpage expected at a analysis of variance is in terms of ranks, so a linear
typical site under typical circumstances. Because a approximation to the rank-transformation curve near
typical-site analysis is inadequate when analyzing  the median was used to back-transform and obtain
aggregated pumpage for a number of wells, a separatésults in terms ofliffP. Differences in estimates of the
analysis of this problem is discussed later in the reporimean differences listed in tables 6 through 8 that are

in the section titled “Estimation of Total Network more than 2 standard errors from zero again are indi-
Pumpage”. cated as being statistically significant.
The overall pattern of differences betwééand The overall grand mean difference for all

V are illustrated in figure/AQ which is a plot ofliffP possible pairs of pumpage in table 6 is 0.0001
versusV, and in figure 8, which is a plot of the differ- (0.01 percent), again almost zero. The estimates
ence in untransformed pumpage verguBhese plots  for the portable flowmeter method effects were: for
are analogous to the plots in figurk @nd B for method C, 0.73 percent; for method M, 0.22 percent;
discharge. Variability about the mean tends to be moreand for method P;0.93 percent. These effects are
nearly constant in figurefthan in figure 8 for most  comparable in magnitude to portable flowmeter

of the data, so making a logarithmic transformation onmethod effects for the well discharge data in table 1.
the variables is reasonabléhese plots also show Similarly, signs of the make and type effects are the

26 Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the
Lower Arkansas River Basin, Colorado, 1997-98



20+ =

15 —

1.0

0.5+ =

DIFFERENCES IN GROUND-WATER PUMPAGE, IN LOGARITHMIC UNITS

]
243
‘Za
o&'.
iy
=
&£
:
4

05t | P | | [ | P | | P
0.05 0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 1,000

60 — — T ——

401~ .
L .

! S
201~ s . go |

[ e 3 . ,
el 5B
or — = - — — — e —ee— —8 o — o8 & o © st s — — -
y-o % A .*ii i ..l i ;
(] . ‘I
201 tloet . -
-40 [~ . —
-60 — 7
-80— B
-100— B
-120— B

-140+ i

DIFFERENCES IN GROUND-WATER PUMPAGE, IN ACRE-FEET

-160— =

-180— *

_200\\\\\ | [ | || | [ R L [ B
0.05 0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 1,000

TOTALIZING FLOWMETER PUMPAGE, IN ACRE-FEET
Figure 9. Relation of ground-water pumpage from inline totalizing flowmeter to the differences in pumpage esti-

mates between power conversion coefficient approach and totalizing flowmeters, expressed (A) in logarithmic
units and (B) in acre-feet.
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Figure 10. Boxplots showing differences in ground-water pumpage estimates between power conversion coefficient
approach and totalizing flowmeters (A) for the entire network, (B) by portable flowmeter method, (C) by make of totalizing
flowmeter, and (D) by type of discharge distribution system, 1998.
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same as for the discharge analysis, but the magnitudéen table 8 is-2.63 percent for type O, make M, and
of the effects for pumpage estimates is somewhat method P. Both of these extreme values are statisti-
smaller. Most of the differences shown in table 6 are cally significant, but most other combined effects in
not statistically significant. table 8 are not.

In table 7, estimates of mean differences among A linear approximation for the back-
the three fixed effects are less theh04 percent. The transformation from ranks provided good results
small standard errors for these differences reflect thefor the estimated mean values in tables 6 through 8
increase in precision due to use of more than one  because these values were all near zero. However,
portable flowmeter method at the same well on the such a linearization technique applied to variances

same day. is questionable because of increasing effects of non-
The largest positive value for the combined linearity for errors far from zero. Therefore, estimates
effects (table 8) is 2.44 percent for type (CLS), of the variance components for the pumpage analysis

make (BSX), and method C. The most negative valueare not presented.

Table 6. Estimates of mean differences in pumpage between power conversion coefficient approach and totalizing flowmeter
for the grand mean and fixed effects of method, make, and type

[NS, mean is not significantly different from zero at the 5-percent significance level; S, mean is significantly different from zero at the 5-peficantsig
level; the mean and the standard error can be expressed as a percent difference by multiplying the respective value by 100

Significance at the

Mean differences Mean Standard error 5-percent level
Grand mean 0.0001 0.0046 NS
Method of portable flowmeter (fixed)
C .0073 .0047 NS
M .0022 .0048 NS
P -.0093 .0047 NS

Make of totalizing flowmeter (fixed)

M -.0101 .0048 S
BSX .0103 .0077 NS

Type of discharge distribution system (fixed)

(0] -.0068 .0053 NS
CLS .0070 .0069 NS

Table 7. Estimates of mean differences in pumpage between power conversion coefficient approach and totalizing flowmeter
among fixed effects of method, make, and type

[NS, mean is not significantly different from zero at the 5-percent significance level; S, mean is significantly different from zero at the 5-peficantsig
level; the mean and the standard error can be expressed as a percent difference by multiplying the respective value by 100]

Significance at the

Mean differences Mean Standard error
5-percent level

Method of portable flowmeter

M-C -0.0052 0.0021 S
P-C -.0166 .0020 S
M-P .0114 .0023 S

Make of totalizing flowmeter
BSX-M .0204 .0089 S

Type of discharge distribution system
CLS-O .0138 .0082 NS
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Table 8. Estimates of mean differences in pumpage between power conversion coefficient approach and totalizing flowmeter
for each combination of fixed effects of method, make, and type

[NS, mean is not significantly different from zero at the 5-percent significance level; S, mean is significantly different from zero at the 5-peficantcsig
level; the mean and the standard error can be expressed as a percent difference by multiplying the respective value by 100]

Significance at Significance at

Standard Standard

Method Mean the 5-percent Method Mean the 5-percent
error error
level level

Discharge distribution type = O Discharge distribution type = O
Make of totalizing flowmeter = M Make of totalizing flowmeter = BSX

C -0.0097 0.0058 NS C 0.0106 0.0080 NS

M -.0149 .0059 S M .0055 .0080 NS

P -.0263 .0059 S P -.0060 .0080 NS
Discharge distribution type = CLS Discharge distribution type = CLS
Make of totalizing flowmeter = M Make of totalizing flowmeter = BSX

C .0040 .0068 NS C .0244 .0094 S

M -.0011 .0070 NS M .0192 .0096 NS

P -.0126 .0069 NS P .0078 .0095 NS
SOURCES OF DISCREPANCY BETWEEN Specifically, this section of the report discusses
PUMPAGE ESTIMATES (1) possible sources of discrepancy that result in

differences between ground-water pumpage as
The analysis of variance procedures applied to measured by a TFM and ground-water pumpage as
instantaneous discharge and pumpage data providedpptained by the PCC approach; and (2) with available
information on the mean differences in well discharge gata, how might the temporal variability of PCC’s

(diffQ) and pumpaged{ffP) and on the variance of effect the differences in pumpage.
diffQ. It is clear, however, that these analyses are not

independent of each other. Part of the discrepancy

between total pumpage computed by the PCC Primary Results

approach and pumpage measured by the TFM comes

from differences between measurements made by There are several potential sources of discrep-
portable flowmeters and TFM'’s and differences ancy between pumpage as measured by a TFM and

between these meters are reflected in differences  ,ympage as computed by the PCC approach. These
between the paired instantaneous discharge measuréqcyde errors in instantaneous discharge as measured
ments. In other words, one would expect that part of by a TFM and a portable flowmeter, TFM pumpage
the variability indiffP is being caused by variability in STERE. ErTEE I e eleaite] powe; . AT

S?HQ. Howevgr,t;[:;ere z;\r? ?ther possiblbetspuré:ebs ?:] temporal variability of the PCC. Each may account for
Iscrepancy between otal pumpage oblained by the portion of the discrepancy between pumpage as

two approaches. The follqwmg section of t_he report measured by a TEM and pumpage as computed by the
enumerates several possible sources of discrepancy. . . :
; PCC approach. It is not possible with data currently
For most of these sources, data are not available to lable 1o o liabl fimat Fih tude of
estimate exactly how much of the discrepancy is avariable 1o give refiable estimates ot the magnitude o
leach of the components of pumpage error. Additional

coming from each source. Nevertheless, itis importand q uati fth q ded to def
to explicitly discuss what the possible sources of errordata and evaluation of these data are needed to define
long-term temporal variations in PCC’s and TFM’s, as

are, possibly providing guidance for future data- = - k
collection efforts. One important source of potential Well as defining other sources of discrepancy in
discrepancy that is discussed in some detail is pumpage estimates.

temporal variability of the PCC. Some data are avail- Limited data are available to provide an estimate
able to obtain an estimate of the contribution of this of errors caused by temporal variability of PCC’s. The
component to the difference between pumpage by thetandard deviation associated with year-to-year vari-
two approaches. ability of these PCC’s was estimated to be about
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15 percent, and the year-to-year variance was about however, the true values;  awg are generally
nine times the date-within-year variance. This indi- unknown, soPt also is unknown.

cates that year-to-year variability of the PCC may Again, logarithmic transformations are used to
make a significant contribution to errors in the PCC express all errors; that is, an error is the difference
approach for estimating pumpage. The conclusions between a log-transformed quantity that is measured
based on this analysis are based on an assumption that estimated and the log transform of the corre-

the State-approved PCC’s made from 1994-97 are ofsponding true value. Hence the errors are defined as:

U, = log(A) —log(Ay) =electrical power meter
Details of Analysis and Results ) error,

U = log(p) —log(py) = errorinthe estimated

To determine total pumpage for some specified PCC.
period of time, such as one pumping season, at a givene relation of interest is the error in the PCC
well, the following terms are used: approach, given by
V; =true total pumpage volume for the monitoring
period, ~
log(V) —log(Vy) = U,-U3 , (11)

V = pumpage volume as measured by a TFM,

V' =pumpage volume as estimated by the PCC  {he difference between power meter error and PCC

approach, error. This relation is derived using the definitions and
A; =true electrical power consumption for the equations 9 and 10.
period, If the estimated PCC is obtained using a

measured instantaneous discharge, as in the data set
analyzed in the section “Comparison of Ground-Water
Pumpage Estimates”, and if measurements are made at

A =total electrical power consumption as
measured by a meter,

py = true PCC for the period, and some single time, the following can be defined:
p =estimated PCC Q;(t) = true instantaneous discharge at time
True values in these definitions cannot be measured  Q(t) =instantaneous discharge as measured by a
directly, but are still assumed to exist. Total pumpage TFEM,

estimated by the PCC approa(fh () iscomputed using é(t)
metered power consumptiorA( ) and the estimated
PCC (p ) from the equation

= instantaneous discharge as measured by a
portable flowmeter,

ar(t) =trueinstantaneous electrical power
consumption at timég

) a(t) =instantaneouselectrical powerconsumption
' determined from a power meter,
_ . _ pr(t) = true instantaneous PCC, and
(The conversion f:_:lctor to account for dlfferer_1t u_nlts_of P =PCC estimated with one instantaneous
measure will for simplicity be taken to be unity in this discharge measurement.
section.) Thus, p is calculated b
At this point, no assumption is made about how P y
p is obtained. The true PCCRr ) is the value that, by

V =

<>

definition, yields a correct value for total pumpage + _ a(t) 12
when divided into true power consumption, or P = 6—(—6 (12)
A and total pumpage estimated by the PCC approach is

(10)  equation 9 withp used fgp . The true instantaneous

Pr = (VAR . ,
T PCC is defined to be
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ar(t) The expression fadiffP in equation 17 has
pr(t) = —=. (13) one additional component, namdll,  , that is not
Qq (1) contained in the actual error for the PCC approach
(that is, the error relative to true total pumpage) given
Using instantaneous measurements introduces by equation 15. That is, TFM errors in an actual appli-

four new errors: cation of the PCC approach would not be observed.

U, = log[Q(t)] —log[Q(t)] = error in instanta- The differing signs in these expressions indicate
neous discharge measured with TFM, that some of the errors can be compensating. A posi-

Ug = log[Q(t)] - log[Q;(t)] = error in instanta- tive error in one term may cancel a negative error in

another, giving a smaller overall error. While such
cancellation may hold for certain pairs of terms, other
pairs of errors may be independent of each other. For
log[a(t)] —log[ar(1)] =errorininstantaneous  example,U , the error in instantaneous discharge
power meter reading, measured with a portable flowmeter, would not be
U, = log[ pr(t)] —log(p;) = error in instantaneous expected to be related td; , the error in instanta-
PCC, or the difference between true instan-neous power meter reading. For variables that are
taneous PCC, and true PCC for the perioduncorrelated, the signs make no difference in the
Therefore, when the PCC is estimated using equa- con_tribution to total variance, because the vgriancg of
tion 12, the PCC errdd,  may be broken down into a difference of two uncorrelated random variables is
three components, the same as the variance qf t_he sum. _
The errorsU, (error in instantaneous discharge
measured witha TFM) andg  (error in instantaneous
Us = Ug—Ug+U,, (14) discharge measured with a portable flowmeter) repre-
sent deviations of instantaneous discharge from true
discharge. Because true discharge is unknown, there is
no estimate of size of these component errors. Data are
available only fodiffQ, which, in equation 16, is the
difference between these two individual errors. The
values in table 4 indicate bounds on the variance of
U under different conditions. If consistency between
Iog(\7) —log(Vy) = U,—Ug+Ug—U,. (15) o (or more) portable flowmeter methods is an indi-
cation that the methods are both accurate, in the sense
of being a good estimate of the true instantaneous
discharge, then the error variance (0.000539) from
table 4 would be a good estimate of the variance of
5. In this case, the site- and date-variance compo-
nents in table 4 would be mostly attributable to error in
the TFM, U, . However, an upper bound for the vari-
; - p _ - _ ance ofUg would be the sum of variance components
diffQ = log{ QNI ~log[QY] = Us=U,. (16) in table 4, or 0.002639. Use of this value as an esti-

o _ mate of the variance df;  would assume that the
Similarly, the difference between log-transformed 1M is error-free.

pumpage computed by the PCC approach and TFM The errorU, (error in instantaneous PCC) in
approachdiff) may be computed by subtracting the gquation 17 represents deviation of the instantaneous
TFEM error (U, ) from both sides of equation 15t0  pcc from some long-term true value, which is
yield assumed to be constant. Thus, the average magnitude
of U, depends on how much temporal variability
: Y exists in the time seri t . An in-depth stud

diffP = log(V) —log(V) (A7) of temporal variabilityegfptTh(e)lgCC, including trends),/

= Up=Ug+Ug-U7-U;. seasonality, and magnitude of serial correlation, would

neous discharge measured with a portable
flowmeter,

C
o
I

which again is shown using the definitions of the
various errors. Combining equations 11 and 14 gives
the final expression for the error in total pumpage as
estimated by the PCC approach,

The difference in log-transformed instantaneous
discharge diffQ) as measured by a portable flowmeter
and a TFM may be expressed as the difference of tw
errors,
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need detailed data drp;(t)} , which are not availableconsumption, respectively. The first erroi)
for any of the sites. Therefore, a simpler approach wasvould result from a TFM that is malfunctioning and
used to obtain an idea of the short- and long-term variproviding consistently biased readings, and the second
abilities in PCC. This approach uses the State- error U,) would result from a malfunctioning elec-
approved PCC’s made from 1994—-97 together with thetrical meter. Although no data are available for evalu-
PCC'’s made in 1998 as part of this study. One poten-ating the magnitude of these errors, one or both may
tial fallacy in this approach is the implicit assumption be at least partly responsible for the extreme differ-
that the quality of the State-approved PCC’s made ences in pumpagdiffP) seen in figure . Compo-
from 1994-97 is the same as the quality of the PCC’snentU,; (TFM pumpage error) would not be present
made during this study. If this assumption is acceptedwhen comparing PCC-estimated pumpage to true
then the temporal variability in PCC can be evaluated.pumpage (eq. 15). Finally, errots,  abg , inte-
If the PCC data are not of the same quality, then errorgrated and instantaneous power meter error, may
not associated with temporal variability could be somewhat compensate for each other if the errors
attributed to the errors in temporal variability in the  result from a malfunctioning power meter.
following analyses, resulting in an inflated estimate of
the year-to-year variability.

A nested variance-components analysis using ESTIMATION OF TOTAL NETWORK
random terms for site, year within site, and date PUMPAGE
within year and site, was performed using all the log-
transformed PCC values, including the 1998 values The analysis presented earlier in the report,
and 106 State-approved PCC’s from 1994-97. Once in the “Comparison of Ground-Water Pumpage
again, fixed effects (method, make, and type) were noEstimates” section, provided estimates of the mean
included in the analysis. Such a nested model that hasy average differences between the log-transformed
terms representing variability at different time scales isPCC-estimated total pumpage and TFM-measured
one way of modeling temporal correlation. The esti- total pumpagedliffP, at a well. However, it also is
mate of the variance for the year componentwas  important to quantify the differences in the total or

0.02297, for the date-within-year componentwas  aggregated pumpage for a network of wells.
0.00254, and for the residual variance was 0.00077.

The year component represents about a 15-percent

standard deviation (obtained by taking the square rooPrimary Results

of the variance and multiplying by 100). This indicates

that the year-to-year variability could be a major An analysis of the pumpage data was done to
component of variability for this PCC data set; the  determine differences in the total or aggregated

year variance component is about nine times the varipumpage between the TFM and PCC approach for a
ance of date-within-year component. The PCC valuesietwork of wells. The difference in pumpage between
used in this analysis contained uncertainty due to  the TFM and PCC approach varied with the volume of
errors in instantaneous discharge as measured by thevater pumped during the 1998 monitoring period.
portable flowmeter as well as errors in instantaneous Some wells that recorded small pumpage exhibited
power meter reading (see eq. 14). This means that amarger percent differences than wells with larger
estimate of the variance &d,  (error in instantaneouspumpage. Because of these unequal differences with
PCC) using this analysis is inflated somewhat. Basedrespect to total pumpage, it was necessary to group
on the estimates given in the preceding paragraph, or stratify the data based on the magnitude of total
however, errors in discharge as measured by a portableumpage for the 1998 monitoring period. Because the
flowmeter would not account for much of the year-to- correct number of groupings, or strata, is not known

year variability in the PCC (fig.B. To accurately with the information available, the mean and standard

quantify the temporal variability in the PCC, long- deviation of differences in the total pumpage was

term time series PCC data are needed. determined conditionally for several numbers of strata.
ErrorsU; (TFM pumpage error) andi, For a network of 103 wells and a number of strata

(electrical power meter error) represent errors in the greater than 10, the resulting mean and standard devia-
long-term integrated values of discharge and power tion leads to a conclusion that, for any given year,
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there is a 95-percent probability that the difference necessitates using a stratification scheme. The effect
in aggregated pumpage between the TFM and PCC of using the logarithmic transformation also must be
approach would be between abe8t41 and considered. Specifically, analysis of how the errors
1.59 percent. The analysis indicates that the differencédifferences) at individual wells is propagated to total
in aggregated pumpage would be expected to be network errors (differences) requires that three rele-
smaller as the number of wells becomes larger. vant issues be considered in some detail: the effect of
Assuming the distribution of total TFM pumpage is the logarithmic transformation, the effect of changes
the same for 1998 data set, there is a 95-percent probaf the distribution of differences depending on volume
bility that the difference in aggregated pumpage pumped at a well, and the effect of nonnormality of the
between the TFM and the PCC approach for any giverdistribution of differences between (logarithmically
year for a network of 1,000 wells would be between transformed) TFM and PCC pumpage volumes.The
—-1.71 and-0.11 percent. This assumes that the large effect of the logarithmic transformation becomes an
differences in pumpage are confined to wells with  issue because, when computing total network
smaller pumpage. It also is important to emphasize pumpage for a number of wells, it is the untrans-
that only 1998 pumpage data were used for this analformed values that need to summed. Thus, results
ysis, so the effect of temporal variations (over a periodfrom analyses using logarithmically transformed
greater than 1 year) of PCC's on total network data first need to be back transformed. This back-
pumpage is not known. transformation results in a so-called transformation
bias. If the differences between the log-transformed
pumpage volumes were identically and normally

Details of Analysis and Results distributed, then estimating the magnitude of this
bias would be straightforward. However, as shown
The difference in total pumpage between in figure 9, there is indication of a tendency of the
the PCC and TFM approaches fowells, D, , is distribution of differences to change depending on
denoted as, total pumpage and of nonnormality. Therefore, stratifi-

cation is used to account for changes in the distribu-
tion of differences, and a parameter-estimation
procedure that does not rely on an assumption of
Z Vi- Z Vi Z Vi -V . (18 normality is used.
=1 i=1 Much of the problem is associated with the rela-
tively few number of paired measurements that have a
whereV; denotes the PCC-estimated total pumpage ahych larger difference in pumpage than most of the
welli (i =1, 2,...,n),andV; is the corresponding value data (fig. @). The rank transformation that was used
of TFM-measured total pumpage at well in the analysis of variance down-weighted the effect of
To determine the difference in total pumpage for these differences and, therefore, produced results that
nwells,D, , it may be assumed tHa,  is approxi- are representative of the central tendency of the data.
mately normally distributed. Once the mearDof However, when summing volumes over all wells in a
and the standard deviationbf,  are defined, proba- network, the small number of data that have large
bility statements may be made on the likely magnitudedifferences will be included; therefore, the potential
of network differences from year to year. It is assumedeffect of these data cannot be ignored. The data associ-
that TFM-measured pumpage valugs  are fixed  ated with the large differences were examined, and a
(non-random), and the meanDf,  and the standard valid reason for deleting them from the analysis was
deviation ofD,, are expressed relative to total networknot found. In addition, the nature of the data did not
TFM-measured pumpage. lend itself to fitting a common probability distribution
Complications arise in computing the mean or to description of the exact pattern of the non-
and standard deviation &,  primarily because of theuniform variations in the distribution with respect to
nonnormality of the individual well differencedffP, pumpage. Thus, the approach taken below is essen-
and the fact that these differences appear to have a tially nonparametric and should be viewed as an
tendency to vary in magnitude depending on how  attempt to explore the sensitivity of total network
large ground-water pumpagé,is. This variation pumpage to these large errors (differences).
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Even though it is not assumed that the differ- E(\~/i ~V)
ences at individual site§/; —V; , have any particular —
distribution, the network differencg,)) , which is i
the sum of a number of independent random variables,
will, under some general conditions, be approximately If EdiffP; = 0 then it may be shown that
normally distributed. This follows from central limit ~ E€”""'>1, or E(¢"™_1)>0. Thus, even if
theory, and, because of the stratification that is appliedhe errors in the log-transformed variables have mean
below, central limit results for random variables that Z€ro, there is a positive bias when looking at untrans-
are not identically distributed need to be used. Experiformed variables. This is important because, when
ments at randomly selecting values from the stratifiedooking at network-wide aggregates, the untrans-
population of total well pumpage to estimate network formed variables need to be summed, so the absence
pumpage indicate that normality is a good approxima©f b?as in the Iog-tr_ansformed vafiables does not auto-
tion for total network pumpage. Given th&,  has an matically translate into a lack of bias for network-wide
approximately normal distribution, only the mean andaggregates. Bias in the present situation, however, is
variance (or standard deviation) need evaluation. Thenot limited to bias caused by the logarithmic transfor-
main purpose of the analysis that follows is to obtain mation. Additional bias is introduced by large positive
expressions for the mean and standard deviation. ~ €rrors that reflect nonnormality aiffP;  (fighp

= E(?Pi—1). (22)

Assume that the/;  are a set of fixed and the variance of these errors changes With
(nonrandom) values, and that the deviatioWpf which motivates the need for the stratification that
from V; is described by a random error. The differ-  follows.
ence between log-transformed PCC-estimated The mean, or expected, difference (also referred
pumpage and log-transformed TFM-measured to as bias) is given by

pumpage at wellis

diffP, = log(V;) —log(V,) . (19) Z ViE(e""-1), (23)
i=1
These errors are all assumed to be associated with
different wells, so they will be assumed throughout
to be independent.
Exponentiating both sides of equation 19 gives n
the relation Var(D,) = Z vavar(e'™y. (24)
i=1

and the variance is given by

Y iffP,
Vi = Vied | (20) To deal with the error distribution dependence
on total pumpage, the population of wells is stratified
between the untransformed variables. The additive with respect to the magnitude of total pumpage at a
error on the log-transformed variables becomesa  well, V;, and it is assumed that the errors within
multiplicative error on the untransformed variables. each stratum are identically distributed. Equation 23
The mean difference between the PCC and the TFM leads to

pumpage volume for wellis

E(Vi-V,) = V,E€"Pi_v.

K
n = z By My (25)
- V.E(EP 1) (1) k=1
whereK is the number of strat®,  is the sum
whereE denotes mathematical expectation, or mean, of the V; for all wells in théth stratum, and
andV, is assumed to be fixed. If the mean deviation isly = E(e Pi —1) for each weli in thekth stratum.
expressed as a fraction of TFM pumpage ,itis  Likewise, equation 24 yields
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K

Var(D,) = Z T,0?
k=1

(26)

where T, isthe sum of th&?  for all wells in theh
stratum ando? = Var(ed'ffpi) for each welin the
kth stratum.

If the number of strati=1, that is, if the

assumption of identical distribution holds, equation 25

gives

ED

D = E(ediffP_1) . (27)

The important implication in this equation is that, if

from equation 26, relative to total network pumpage,
will still tend to grow smaller as number of weltg (
increases, again roughly in proportion1s./n

Use of equations 25 and 26 requires estimates of
the parameterg, amm, . Lef  be the number of
measurements from theh stratum, and denote these
measurements bdiffP,, diffP,, ..., diffP,, . Ifit
can be assumed that these observations are normally
distributed, there are special widely used techniques
based on this assumption that can be used to estimate
the parameters. Because the normal assumption is not
a good one, however, the parameters are estimated by

Nk
~ -1 diffPy;
o= 5y (@i (29)

i=1

the differences have the same distribution, bias in the

difference in total network pumpage relative to the
magnitude of total (TFM) network pumpage is the
same magnitude as relative bias for an individual
well given in equation 22. For example, a 5-percent
bias per well translates into a 5-percent bias for the
total network. IfK is greater than 1, then according
to equation 25, network relative bias is a pumpage-
weighted average of the individual stratum biases
M1 Hos - B -

Likewise, if K=1, the standard deviation of total
network error as a fraction of total network pumpage
is given by

|2
SB) | 4= SD( &iffP) . (28)

i=1

In this equation, the ratio involving;  on the right-
hand side tends to decrease as the number of wells
(n) increases. The rate of decrease is in proportion

o

Ny
_ (1 diffPy 1 12
« = Jnk_z (M™i-1-0)2.  (30)

=1

Equations 29 and 30 are the ordinary sample mean
and sample standard deviation of #%¢fP —1  values
in thekth stratum. These estimates are essentially the
“smearing estimates” for nonparametric retransforma-
tion discussed by Duan (1983) in the context of
regression.

TheK strata for this analysis are formed by
dividing the range ofog(V,;) values for the
553 paired-pumpage measurements for 1998Knto
equal intervals. The number of wells was 103. The
diffP,; used for estimating the mean and the standard
deviation in equations 29 and 30 consist of the differ-
encedog(V;) —log(V;) for all théog(V;) in thith
stratum. The correct or most appropriate valuk &f
not known, so computations in equations 25 and 26
were done using parameter estimates from equa-
tions 29 and 30, faK ranging from 1 to 50. AK
increases, the outcome of this analysis is essentially

to 1/./n . Thus, the random component of difference equivalent to randomly selecting a PCC-estimated

in total network pumpage tends to decrease and

become less important compared to the bias compo-

nent, represented in equation 25, which does not
diminish with number of wellg). If K>1, it may be
shown that the standard deviation®f , computed
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value at each well for computing pumpage at that site.
Results are shown in figure 11. Wher 1, the
tendency for error magnitude to diminish for larger
pumpage is ignored, so that large pumpage could
conceivably have errors as large as 239 percent (the

Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the



maximum value in the data set; see fi§y),an error the standard deviation levels off frgreater than 4 at
that, in the actual data set, is associated with a well about 1.25 percent. The fact that the mean becomes
that contributes little to total network pumpage. The negative wheiK is greater than 4 indicates that the
results of permitting large errors to be associated witHarge positive errors at a small number of wells have
wells having large pumpage are severe, yielding a little effect on total network pumpage; it is instead the
mean of about 9.3 percent and standard deviation of influence of negative errors for large-pumpage wells
about 11.9 percent f&¢ = 1 (fig. 11). FoK = 2, the (see figure 9) that is causing the mean to become nega-
mean decreases to 2.70 percentor 3, it decreases tive asK increases. Imposing the restriction that

to 0.77 percent; for K = 4, it decreases to less than number of strat& be larger than 4 prevents the few

0 percent; foK greater than about 10, the mean tendsvery large positive errors from being associated with
to level off at approximately0.91 percent. Likewise, wells that have large pumpage.
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Figure 11. Graph showing relation of the mean and standard deviation of total network pumpage, in percent, to
the number of strata.
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The approximate normality of the difference in
network-aggregated pumpa@g, can be used with
the mean and the standard deviation to make proba-

For varying site characteristics, mean differences
in well discharge range from-& percent to
4 percent.

bility statements about likely differences in total 2. Variations in PCC’s measured during the 1998 irri-

network pumpage obtained by TFM and PCC
approach. Using a mean-69.91 percent and a stan-
dard deviation of 1.25 percent, for example, results
in a conclusion that, for any given year, there is a
95-percent probability that the difference in aggre-

gation season indicated that 58 percent of the
wells had less than 10-percent change, and

86 percent of the wells had less than 20-percent
change. Systematic seasonal variations in PCC’s
generally were not evident for the measurements

gated pumpage between the TFM and PCC approach made during the 1998 irrigation season.
would be between abot8.41 and 1.59 percent for a 3. Ninety percent of the sites had at least one PCC
network of 103 wells. measured during 1997 that was less than the

To predict the difference in aggregated pumpage range of PCC’s measured in 1998, indicating the
for a larger network, the distribution of total TFM range in PCC’s measured at majority of sites
pumpage (the values o ) will be assumed to be the  between 1997 and 1998 were similar.
same, the estimate of the mean remains the same 4. About 48 percent of the State-approved PCC's
(-0.91 percent), but the standard deviation decreases made between 1994 through 1997 were within
in proportion to the square root of the ratio of numbers 10 percent of the 1998 site average PCC's and
of wells. Forn= 1,000 wells, the 1.25 percent standard about 67 percent of the State-approved PCC
deviation for 103 wells decreases by a factor % : measurements made between 1994 through 1997
resulting in an estimated standard deviation ofo were within 20 percent of the 1998 site average
0.40 percent. Therefore, for a network of 1,000 wells, PCC'’s.
there is a 95-percent probability that the difference in5. About 80 percent of the differences in pumpage
aggregated pumpage between the TFM and the PCC between the TFM and PCC approaches were less
approach for any given year would be betwegrr1 than 10 percent. The overall mean difference in
and-0.11 percent. pumpage was 0.01 percent, indicating no signifi-
cant difference on average between pumpage as
measured by TFM’s and pumpage as computed
by the PCC approach. For varying site character-
istics, mean differences in pumpage were gener-
ally less thart3 percent and, for most instances,

CONCLUSIONS

This report compares two approaches for

determining instantaneous ground-water discharge
and pumpage. The data collected and analyzed as
part of this study included (1) logarithmically trans-

the mean differences in pumpage were not signif-
icantly different from zero at the 5-percent signif-
icance level.

formed differences of well discharge computed from 6. There are several potential sources of discrepancy
747 paired discharge measurements made at 105 wells  petween pumpage as measured by a TFM and
during 1997 and 1998; (2) power conversion coeffi- pumpage as computed by the PCC approach.
cients (PCC's) derived for 104 wells during 1997 With data currently available, it is not possible
and 1998; (3) ranked, logarithmically transformed to give reliable estimates of the magnitude of
differences of pumpage computed from 553 paired each of the potential sources of pumpage error.
pumpage comparisons made at 103 wells during 1998,  However, using available data, an estimate of
and (4) State-approved PCC's that were made from errors caused by temporal variability of PCC’s
1994-97. can be made. The year-to-year variance was
Given the data analysis presented in this report, about nine times the date-within-year variance,

the main conclusions are: indicating that year-to-year variability of the
1. More than 80 percent of the differences in PCC'’s may make a significant contribution to

well discharge were less than 10 percent. The error in the PCC approach for estimating

overall mean difference in well discharge for all pumpage. This conclusion is based on an

sites was 0.0 percent, indicating no difference assumption that the State-approved PCC’s

on average between TFM’s and portable flow- from 1994-97 are of the same quality as the

meter instantaneous discharge measurements. 1998 PCC's.

38 Comparison of Two Approaches for Determining Ground-Water Discharge and Pumpage in the
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Graybill, F.A., 1976, Theory and application of the linear

(logarithms of TFM total pumpage divided into
equal subdivisions) greater than 10, the resulting
mean and standard deviation indicates that, for

7. For a network of 103 wells and a number of stratalman, R.L,. and Conover, W.J., 1981, Rank transforma-

tions as a bridge between parametric and nonpara-
metric statistics: American Statistician, v. 35, no. 3,
p. 124-129.

any given year, there is a 95-percent probability Kepner, J.L. and Wackerly, D.D., 1996, On rank transforma-

that the difference in aggregated pumpage
between the TFM and PCC approach would be
between about3.41 and 1.59 percent.

expected to be smaller as the number of well sites
becomes larger. Assuming the distribution of
total TFM pumpage is the same for 1998 data set
there is a 95-percent probability that the differ-
ence in aggregated pumpage between the TFM
and the PCC approach, for any given year, for a
network of 1,000 wells would be betweeh.71
and-0.11 percent. This assumes that the large
differences in pumpage are confined to wells
with smaller pumpage. It also is important to
emphasize that only 1998 pumpage data were
used for this analysis, so the effect of temporal
variations of PCC'’s on total network pumpage is
not known.
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