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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
acre 4,047 square meter
acre-foot (acre-ft) 1,233 cubic meter
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year
cubic foot per second (ft*/s) 28.32 liter per second
foot (ft) 3048 meter
gigawatt-hour (gWh) 3.6 x 1012 joules
inch (in.) 2.54 centimeter
kilowatt-hour (kWh) 3.6 % 106 joules
mile (mi) 1.609 kilometer
megawatt-hour (mWh) 3.6 x10° joules
square mile (mi?) 2.59 square kilometer

Degree Fahrenheit (°F) may be converted to degree Celsius (°C) by using the following equation:

°C =5/9 (°F-32).

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum derived from
a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.
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GLOSSARY

The following terms are italicized where first
used in this report.

adjusted coefficient of determination (Ra2 )—A measure

of the adequacy of a regression model. The statistic
is defined as follows:

R’ =1-((n- l)/(n—p))(l -Rf,) where n
is the number of observations, p is the number of
predictor variables in the regression, including the
intercept, and sz is the coefficient of multiple determi-
nation. The Raz-statistic, unlike the sz-statistic, does
not necessarily increase as additional predictor vari-

ables are introduced to the model (see coefficient of
multiple determination).

autoregression.—Regression of a variable on its previous
values. First-order autoregression is regression of a
variable on its immediately preceding values.

coefficient of determination (R?).—The proportion of varia-
tion in the response variable explained by regression

a2
z(y,"yi)

2
Z(y;-»
where y; is the observed i response, § ; is the predicted

with a predictor variable. R2 = 1-

i" response, and ¥ is the mean response.

coefficient of multiple determination (sz ).—The pro-
portion of variation in the response variable explained
by regression with more than one predictor variable.
sz increases as the number of predictor variables
increases. Defining equation is the same as for coeffi-

cient of determination.

collinearity—Linear relation between predictor variables.
The relation may be exact or approximate.

Durbin-Watson test—A test of the residual errors for corre-
lation between adjacent cases. The test is based on the
assumption that the errors in the regression are gener-
ated by a first-order serially correlated process and
that observations are made at equal time intervals
(Montgomery and Peck, 1982, p. 349-353).

Mallows’ C, statistic.—A statistic proposed by Mallows
(1973) for evaluating a p-term subset regression model;
C, is related to the mean square error of the fitted
value. Regression equations with little bias will
have a C,, value approximately equal to the number
of terms (p) in the regression model. For a detailed
explanation of the use of Mallows’ C statistic, see
Montgomery and Peck (1982, p. 252-254).

mean square error (MSE).—The mean square of the

n
residual errors. MSE = 2 e i2/ (n-2)
i-1

where ¢; is the i residual error and n is the number of
observations. Sometimes indicated as the error mean
square or residual mean square.

predictor variable—In a regression equation, a variable
whose value is known and which is used to predict the
value of a response variable; sometimes referred to as
an independent variable.

residual—Residual error.

residual error—The difference between the observed and
predicted values of the response variable in a regression
model.

response variable.—In a regression equation, the variable
whose value is predicted based on its statistical relation
with a predictor variable; sometimes referred to as the
dependent variable.

serial correlation.—Correlation between observations in
time-ordered sequences of observations. First-order
serial correlation refers to correlation between consec-
utive observations. Also indicated as autocorrelation.

standard error(s) of estimate.—Standard deviation of
residual errors.
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LIST OF SYMBOLS

a; First-order serial correlation coefficient.

ag All serial correlations coefficient.

By Intercept for regression model.

B;-B, Regression parameters for predictor
variables X, through X;

Brow Regression parameter for RGW.

Brpp Regression parameter for RPP.

Bgrro Regression parameter for RRO.

Brsw Regression parameter for RSW.

Bgra Regression parameter for RTA.

Br Regression parameter for T, elapsed time.

By Regression parameter for X, harmonic

¢ cosine function.
By Regression parameter for X, harmonic
g sine function.

G Mallows’ C,, statistic.

d Durbin-Watson test statistic.

dy Lower critical value in Durbin-Watson test.

dy Upper critical value in Durbin-Watson test.

€; i residual error.

GW Monthly electrical use for agricultural
purposes (gWh).

Hy Null hypothesis.

H, Alternate hypothesis.

i Observation index.

k Number of predictor variables in a regression
model.

MSE Mean square error.

m Month of the year (January = 1, February = 2,
... , December = 12).

n Number of observations.

PP Monthly precipitation (in.).

p Number of regression parameters or terms,
including the intercept, in a regression
model.

VIl  LIST OF SYMBOLS

RPP

RSW

RTA

SE,
W

wor Xgi

Coefficient of determination.

Adjusted coefficient of determination.

Coefficient of multiple determination.

Residual of GW from harmonic regression
model.

Monthly mean discharge of Saguache Creek
near Saguache #/s).

Residual of PP from harmonic regression
model.

Residual of RO from harmonic regression
model.

Residual of SW from harmonic regression
model.

Residual of TA from harmonic regression
model.

Water-level change (ft) for i month.

Standard error of estimate.

Monthly mean streamflow depletion
of Rio Grande between Del Norte and
Trinchera Creek (ft3/s).

Elapsed time (months, starting with
January 1973).

Student’s t statistic.

Monthly mean air temperature (°F).

An autoregressive error term.

Predictor variables for the i'™ observation.

A vector of predictor variables for the
i observation.

Harmonic cosine function with annual
period.

Harmonic sine function with annual period.

Response variable for the ih observation.

Significance level.

A vector of regression parameters.

Indicates a predicted value.



Regression Models of Monthly Water-Level Change
In and Near the Closed Basin Division of the
San Luis Valley, South-Central Colorado

By Kenneth R. Watts

Abstract

The Bureau of Reclamation is develop-
ing a water-resource project, the Closed Basin
Division, in the San Luis Valley of south-central
Colorado that is designed to salvage unconfined
ground water that currently is discharged as
evapotranspiration. The water table in and near
the 130,000-acre Closed Basin Division area will
be lowered by an annual withdrawal of as much as
100,000 acre-feet of ground water from the uncon-
fined aquifer. The legislation authorizing the
project limits resulting drawdown of the water
table in preexisting irrigation and domestic wells
outside the Closed Basin Division to a maximum
of 2 feet. Water levels in the closed basin in the
northern part of the San Luis Valley historically
have fluctuated more than 2 feet in response to
water-use practices and variation of climatically
controlled recharge and discharge. Declines of
water levels in nearby wells that are caused by
withdrawals in the Closed Basin Division can be
quantified if water-level fluctuations that result
from other water-use practices and climatic varia-
tions can be estimated. This study was done to
evaluate water-level change at selected observa-
tion wells in and near the Closed Basin Division.

Regression models of monthly water-level
change were developed to predict monthly water-
level change in 46 selected observation wells. Pre-
dictions of monthly water-level change are based
on one or more of the following: elapsed time,
cosine and sine functions with an annual period,
streamflow depletion of the Rio Grande, electrical
use for agricultural purposes, runoff into the
closed basin, precipitation, and mean air tempera-
ture. Regression models for five of the wells
include only an intercept term and either an
elapsed-time term or terms determined by the
cosine and sine functions. Regression models for

the other 41 wells include 1 to 4 of the 5 other
variables, which can vary from month to month
and from year to year. Serial correlation of the
residuals was detected in 24 of the regression
models. These models also include an autoregres-
sive term to account for serial correlation in the
residuals. The adjusted coefficient of determina-

tion ( Raz ) for the 46 regression models range from

0.08 to 0.89, and the standard errors of estimate
range from 0.034 to 2.483 feet. The regression
models of monthly water-level change can be used
to evaluate whether post-1985 monthly water-
level change values at the selected observation
wells are within the 95-percent confidence limits
of predicted monthly water-level change.

INTRODUCTION

The Bureau of Reclamation (USBR) is con-
structing (1992) a multipurpose water-resources
project, known as the Closed Basin Division of the
San Luis Valley project in south-central Colorado.
Construction of the Closed Basin Division was
authorized by Public Law 92-514, which was enacted
by Congress on October 20, 1972. The project was
designed on the assumption that annual withdrawal
of as much as 100,000 acre-ft of water from the
unconfined aquifer by a well field in the Closed Basin
Division would lower the water table and thereby
salvage some of the ground water that is naturally
discharged by evapotranspiration. The authorizing
legislation specifies that drawdown of the water table
that is caused by pumping of the salvage wells is lim-
ited so that it will not cause the water table for any
irrigation of domestic wells in existence outside the
project boundary prior to construction of the project
to drop more than 2 ft. In addition, operation of the
Closed Basin Division is not to appreciably affect
potentiometric levels in production wells completed in
the confined aquifer system. Prior to operation of the
well field, variations in recharge and discharge rates
in the area have caused water levels in and near the
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Closed Basin Division to fluctuate more than 2 ft.
Drawdowns that are caused by withdrawals from the
well field in the Closed Basin Division cannot be deter-
mined unless water-level changes caused by variation
in other recharge and discharge rates can be predicted.
This study was done by the U.S. Geological Survey, in
cooperation with the Bureau of Reclamation, to evalu-
ate 1978-85 water-level change in and near the Closed
Basin Division and to develop statistical models of
water-level change.

Purpose and Scope

This report describes the results of an evaluation
of water-level change in 46 selected observation wells
in and near the Closed Basin Division. Of particular
interest was the component of water-level change that
was caused by variation in regional recharge and dis-
charge conditions prior to 1986 and operation of sal-
vage wells in the Closed Basin Division. The report
presents regression models of monthly water-level
change for the selected observation wells. Simple-
linear and multiple-linear regression models of
monthly water-level change, some with autoregres-
sive terms, are shown for the selected observation
wells. Predictor variables used in the regression
analyses include elapsed time, harmonic functions
of time, and variables related to regional recharge and
discharge: streamflow depletion of the Rio Grande,
electric power use for agricultural (irrigation) pur-
poses, runoff into the closed basin, precipitation, and
mean air temperature.

Water-level data used in this study were retrieved
from computer files maintained by the U.S. Geological
Survey. Monthly mean water levels for wells equipped
with continuous recorders were computed from daily
mean values retrieved from the National Water Data
Storage and Retrieval System (WATSTORE) of the
U.S. Geological Survey. Mid-month values were used
where the record of daily mean values for a month was
incomplete. Monthly water-level measurements for
wells without continuous record were retrieved from
the Ground-Water Site Inventory (GWSI) system of the
U.S. Geological Survey. When more than one water-
level measurement for an observation well was avail-
able from GWSI for a given month, the water-level
measurement made nearest to mid-month was used.

Monthly values of variables related to regional
recharge and discharge were obtained from several
sources. Climatological data were obtained from
annual climatic summaries (National Oceanic and
Atmospheric Administration, 1973-85). Monthly
mean discharge of the Rio Grande and of Saguache

Creek were retrieved from WATSTORE and from the
Office of the State Engineer, Colorado Department of
Natural Resources. Monthly electric power use by
agricultural customers was provided by the San Luis
Valley Rural Electric Cooperative (REC), Del Norte
(John Sheppard, San Luis Valley Rural Electric
Cooperative, Del Norte, Colo., written commun.,
1985).

Location and Description of Study Area

The study area (fig. 1) includes the area with-
in about 3 mi of the boundary of the Closed Basin
Division. Most of the study area is in the closed basin
of the San Luis Valley of south-central Colorado. The
San Luis Valley in Colorado is the area underlain by
valley-fill deposits between the San Juan Mountains
and the Sangre de Cristo Mountains. In this report, the
term, “closed basin,” refers to the part of the San Luis
Valley north of the topographic divide between the
Rio Grande Basin and the basin of San Luis and
Saguache Creeks. The southern parts of the study area
and of the Closed Basin Division are south of the topo-
graphic divide that is the southern boundary of the

closed basin. The closed basin is about 1,615 mi?

in extent and includes parts of Alamosa, Costilla,

Rio Grande, and Saguache Counties. Land-surface
altitude in the Closed Basin Division ranges from about
7,500 to 7,650 ft.

The climate of the closed basin is arid, and
irrigation is required to grow crops in the area.
The main irrigated area in the closed basin is located
west and southwest of the Closed Basin Division.
Sources of water for irrigation in the closed basin are
surface water diverted from the Rio Grande and other
streams flowing into the closed basin and ground water
withdrawn from the unconfined and underlying con-
fined aquifers. The Closed Basin Division of the
San Luis Valley project includes an area of about
130,000 acres that is located along the topographic
low of the closed basin. The project, when completed,
will include about 170 salvage wells designed to
withdraw up to 100,000 acre-ft/yr of ground water
from the unconfined aquifer (Lawrence F. Parsons,
Bureau of Reclamation, written commun., 1990).
Authorized uses of water withdrawn by the Closed
Basin Division well field are supplementation of
flow in the Rio Grande, maintenance of wildlife
habitat, recreational use, and other beneficial uses.
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were discontinued prior to 1985, measurements were
not made on at least a monthly basis, the observation
wells were outside the study area, or data were not
available in the data bases of the U.S. Geological
Survey. The locations of the 46 selected observation
wells that were considered in this report are shown

on plate 1. The well name, land-net location, type of
aquifer(s) in which the well is screened, and construc-
tion data for the selected observation wells are listed
in table 1. (The land-net-location numbering system
is explained in the Appendix A section at the back of
the report.) Well names used in this report are based
on the abbreviated name of the collecting agency,
RGWCD or USBR, and the collecting agency’s identi-
fication numbers or names for the wells. For example,
observation well 14 in the RGWCD network is indi-
cated as RGWCD 14 and well EW 2U in the USBR
network, as USBR EW 2U.

Some of the selected observation wells are com-
pleted in the unconfined aquifer at depths considerably
below the water table; for these wells, water levels may
be slightly above or below the water table. However,
for simplicity in this report, the potentiometric surface
defined by water levels in observation wells screened in
the unconfined aquifer(s) is referred to as the water
table. Water levels in observation wells screened in
confined aquifer(s) are referred to as potentiometric
levels. The datum for all water-level measurements is
the land surface at the well.

Water-Level Changes During 1973-85

Water levels in the San Luis Valley of Colorado,
particularly in the irrigated areas in the southwestern
part of the closed basin, generally declined during the
1970’s. Crouch (1985) attributes the decline of the
water table to an increase in ground-water withdrawals
for irrigation of increased irrigated acreage and to a
decrease in surface-water diversions. Because much
of the recharge to the unconfined aquifer is from infil-
tration of water from surface-water diversions, the’
decrease in surface-water diversions results in
decreased ground-water recharge. A decrease in
surface-water diversions also may result indirectly in
increased ground-water withdrawals if ground-water
use is increased to compensate for the decrease in use
of surface water.

Water levels in the study area, although more sta-
ble than water levels in irrigated areas, have declining
trends in some wells. Because withdrawal from the sal-
vage wells were minimal prior to 1986, the changes
in water levels in the study area are assumed to
have resulted from variation in natural recharge and
discharge rates and in water use outside the Closed

Basin Division. Hydrographs of monthly depth-to-water
and monthly water-level change for eight selected wells
(figs. 2 through 9) indicate a varied response in the
study area. (Note: The scale for water-level change

in figures 2 through 9 is reversed so that water-level
declines plot below and rises above the zero-change
line.) Water levels declined in some wells, such as
RGWCD 14, RGWCD 18, RGWCD 23, USBR PW 44,
and USBR SNIPPY (figs. 2 through 4, 8, and 9) during
the 1970’s. Some wells, such as RGWCD 58 (fig. 5), had
erratic trends; other wells, such as USBR EW 19U

(fig. 7), had little long-term trend. Although water levels
in some wells began increasing during the late 1970’s and
early-to-middle 1980’s (figs. 2, 5, and 8), water levels in
others continued a downward trend (figs. 3, 4, 6, and 9).

Monthly water-level change values (figs. 2
through 9) were calculated as the depth-to-water
value for a particular month minus the depth-to-water
value for the previous month; therefore, a water-level
decline is a positive water-level change, and a water-
level rise is a negative water-level change. In a complete
series of depth-to-water values, there is one less water-
level change value than there are depth-to-water values.
Missing depth-to-water values in the series result in the
loss of additional water-level change values. (Note that
the lines connecting monthly depth-to-water values
[figs. 2 through 9] are shown only for visual reference
and cannot be used to interpolate intermediate or missing
values.)

Summary statistics of the monthly water-level
changes for the 46 selected observation wells are listed
in table 2. Because the number of monthly water-level
change observations varies from well to well, direct
comparison of the summary statistics between wells
with unequal numbers of values is not appropriate. The
number of monthly water-level change values ranges
from 20 for USBR EW 35U to 117 for RGWCD 23.
The average of the mean monthly water-level change
values for the 8 wells that have more than 80 observa-
tions (table 2) is -0.027 ft, a water-level rise. Long-term
(December 1975 to December 1985) water-level change
at the 8 observation wells that had more than 80 monthly
water-level measurements ranged from a rise of -3.29 ft
at RGWCD 14 to a decline of 12.39 ft at RGWCD 23.
Long-term water-level change at these eight wells was
an average decline of 1.05 ft. However, if water-level
change at RGWCD 23 is not included in the average,
the long-term water-level change was an average rise of
-0.56 ft. Monthly water-level change values for the
unconfined aquifer (table 2) range from a rise of —4.97 ft
(RGWCD 41) to a decline of 5.41 ft RGWCD 23).
Sample standard deviations of monthly water-level
change for the 8 wells that have more than 80 observa-
tions range from 0.422 (RGWCD 42) to 1.461 ft
(RGWCD 23).
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Table 1. Location and construction data for selected observation wells in the Closed Basin Division study area

[Land-net location numbering system is explained in Appendix A at the back of the report. Aquifer-type codes—U = unconfined aquifer with a single
contributing interval, N = unconfined aquifer with multiple contributing intervals, and C = confined aquifer with a single contributing interval. All depths
are reported in feet below land surface datum. Casing-material codes—G = galvanized iron, P = plastic, S = steel. Opening-type codes—P = perforated or
slotted and S = unknown screen. Dashes indicate data not available]

Depth Depth

Well to to Diameter
name Land-net Aquifer- Well topof  bottom of of Casing Type
(see pl. 1 location g:’: ‘(’;zt")' open open In‘:s::al materlal opo::ngs
for location) Interval Interval (Inches)
(feet) (feet)

RGWCD 14 NAO04301019BBB U 25.0 6.0 25.0 6.0 G | 4
RGWCD 15 NAO04201001AAA 8) 270 9.0 27.0 6.0 G P
RGWCD 18 NA04201007CCC 8] 57.0 20 -- 16.0 S P
RGWCD 23 NA04200936DDD2 N 240 6.0 240 6.0 G P
RGWCD 24A NA04101002ABA U 35.0 10.0 35.0 6.0 S | 4
RGWCD 27 NA04001106BBB U 20.0 - - 6.0 S P
RGWCD 41 NA03901106BBB N 270 9.0 27.0 6.0 G P
RGWCD 42 NAO04001232BAA N 30.0 - -- 6.0 S -
RGWCD 45A NAO03801202DAD2 8] 542 40.0 542 6.0 S P
RGWCD 47 NAO03801103AAA2 8) 455 440 45.5 1.25 S S
RGWCD 58 NAO03701105AAA 8] 26.0 6.0 26.0 6.0 G P
RGWCD 59A NA03701101AAA2 U 29.0 20.0 29.0 6.0 S P
USBR EW 2U NA03701113AAAl U 39.0 19.0 39.0 20 P P
USBR EW 8U NA03701201DDA U 110.0 80.0 110.0 2.0 P S
USBR EW 9U NA03801225ABB1 U 80.0 60.0 80.0 20 P P
USBREW 11U NAO03801116DDD1 8) 39.0 19.0 39.0 2.0 P P
USBR EW 12U NAO03801124CAA U 31.0 11.0 31.0 2.0 P S
USBREW 14U NAO03801206DAC1 U 36.0 16.0 36.0 20 P S
USBREW 16U NA03901236DCCl1 U 29.0 9.0 29.0 20 P P
USBREW 19U NA03901218CCD U 350 150 35.0 20 P S
USBR EW 20U NAO03901116AAAl U 39.0 14.0 39.0 20 P S
USBR EW 21U  NA03901207CAB3 U 49.0 29.0 49.0 20 P S
USBR EW 22C  NAO03901212CDD2 C 168.0 148.0 168.0 20 P P
USBR EW 23U NAO03901201AABI1 U 78.0 58.0 78.0 20 P P
USBR EW 24U  NA04001233AAAl U 39.0 19.0 39.0 2.0 P P
USBREW 26U NA04001135DCC3 U 395 19.5 39.5 20 P S
USBREW 32C NA03901001DDD2 C 113.0 93.0 113.0 40 P P
USBR EW 32U  NAO03901001DDD1 U 43.0 23.0 43.0 40 P P
USBR EW 33C NA04001024BAA2 C 143.0 123.0 143.0 40 P P
USBR EW 33U  NA(04001024BAAL1 U 43.0 23.0 43.0 40 P P
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Table 1. Location and construction data for selected observation wells in the Closed Basin Division study area--Continued

Depth

Depth

Well to to Diameter
name Land-net “‘:;"':” d:’;::. topot  bottom of o;’fm Casing Type
'o(soe pl. 1 location code (feet) open open Interval material openings
r location) Interval Interval
(feot) (feot) (Inches)
USBREW 34C  NA04001016DDC1 C 113.0 93.0 113.0 40 P P
USBREW 34U NA04001016DDC U 43.0 23.0 43.0 4.0 P P
USBREW35C NAO04001010AAA2 C 123.0 103.0 123.0 4.0 P P
USBREW 35U NAO04001010AAA1 U 43.0 23.0 430 4.0 P P
USBREW 39C NA04101015CCC2 C 128.0 113.0 128.0 4.0 P P
USBREW 39U NA04101015CCC1 U 430 23.0 43.0 40 P P
USBREW40C NA04101032ABB2 C 125.0 115.0 125.0 4.0 P P
USBREW 40U NA04101032ABB1 U 43.0 24.0 43.0 4.0 P P
USBRPW 1-7  NA03701101CCD1 C 109.0 99.0 109.0 4.0 P S
USBRPW 24  NA03901224CCCl1 C 138.0 127.0 137.0 4.0 P S
USBRPW2-5 NA03801202CCCl1 C 124.0 114.0 124.0 4.0 P S
USBR PW 4-1 NA04201017ADC1 C 107.0 97.0 107.0 4.0 P S
USBRPW44  NA04101016BBB1 C 124.0 114.0 124.0 4.0 P S
USBRPW4-5 NA04101013ABD1 U 105.0 95.0 105.0 4.0 P S
USBRPW5-2  NA04200924DAD1 U 105.0 95.0 105.0 4.0 P S
USBR SNIPPY  NA03801216DDB1 U 72.0 10.0 72.0 16.0 S P
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Figure 2. Monthly depth to water and monthly water-level change at observation well RGWCD 14,
closed basin of San Luis Valley.
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Figure 3. Monthly depth to water and monthly water-level change at observation well RGWCD 18,

closed basin of San Luis Valley.
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Figure 4. Monthly depth to water and monthly water-level change at observation well RGWCD 23,
closed basin of San Luis Valley.
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Figure 5. Monthly depth to water and monthly water-level change at observation well RGWCD 58,
closed basin of San Luis Valley.
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Figure 6. Monthly depth to water and monthly water-level change at observation well USBR EW 2U,
closed basin of San Luis Valley.
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Figure 7. Monthly depth to water and monthly water-level change at observation well USBR EW 19U,
closed basin of San Luis Valley.
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Figure 8. Monthly depth to water and monthly water-level change at observation well USBR PW 4—4,
closed basin of San Luis Valley.

14 Regression Models of Monthiy Water-Level Change In and Near the Closed Basin Divislon of the San Luis Valley,
South-Central Colorado



USBR SNIPPY
75 T T T T T | T T T T T

NOTE: Lines connecting values are shown
only to indicate trends and cannot be used
to interpret intermediate (less than
monthly) or missing values

©

o
I
|

MONTHLY DEPTH TO WATER, IN FEET
BELOW LAND SURFACE
b
o
|
|

95 —

10.0

-1.0 T T T T T T T T T T

-0.6 —

0.4 | =

i ﬁM%MN M 5

0.2

DECLINE | RISE

0.4 |- -

0.6 |~ —

MONTHLY WATER-LEVEL CHANGE, IN FEET

0.8 ]

| | | | | ] | | | | ] ]
1.0
1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985

Figure 9. Monthly depth to water and monthly water-level change at observation well USBR SNIPPY,
closed basin of San Luis Valley.
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Table 2. Summary statistics of monthly water-level changes for selected observation wells in the Closed Basin Division
study area, 1973-85

[Negative values for mean monthly water-level change and minimum water-level change indicate water-level rises; positive values indicate water-level
declines. Well names of wells completed in a confined aquifer are preceded by an asterisk, *]

Number

el il e Mean Sovistion  vam” Mvaloa”

observations observations (feet) (feet) (feet)

RGWCD 14 89 67 —0.01 0.426 -1.66 1.25
RGWCD 15 98 58 -.001 549 -2.74 1.65
RGWCD 18 97 59 -019 434 -2.01 1.25
RGWCD 23 117 39 024 1.461 —4.79 5.41
RGWCD 24A 62 94 -.010 400 -1.02 1.98
RGWCD 27 101 55 -.034 440 -1.29 1.66
RGWCD 41 102 54 -.125 1.181 —4.97 245
RGWCD 42 114 42 -.030 422 -1.70 1.34
RGWCD 45A 61 95 -.004 234 -79 .83
RGWCD 47 63 93 -002 d11 -.24 .36
RGWCD 58 107 49 -.022 698 -2.56 1.66
RGWCD 59A 58 98 -.002 519 -93 1.61
USBR EW 2U 50 106 026 .208 -29 .53
USBR EW 8U 40 116 048 056 -13 .19
USBR EW 9U 31 125 .038 080 =21 22
USBR EW 11U 30 126 -.071 533 -1.71 .61
USBR EW 12U 29 127 -038 219 -54 57
USBR EW 14U 37 119 -.027 050 -.14 09
USBR EW 16U 36 120 -.017 208 =76 .79
USBR EW 19U 46 110 -.006 .093 -.11 22
USBR EW 20U 36 120 -.029 11 -33 23
USBR EW 21U 36 120 027 206 =21 43
*USBR EW 22C 24 132 -.049 .309 -1.10 42
USBR EW 23U 34 122 -.064 374 -1.27 1.10
USBR EW 24U 29 127 027 177 =21 34
USBR EW 26U 48 108 -.036 074 =25 11
*USBR EW 32C 28 128 -.036 463 -.60 1.55
USBR EW 32U 23 133 062 592 -1.30 1.40
*USBR EW 33C 22 134 -012 2.123 —4.17 5.29
USBR EW 33U 30 126 -.120 216 -.64 41
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Table 2. Summary statistics of monthly water-level changes for selected observation wells in the Closed Basin Division
study area, 1973-85--Continued

Well Number N"'::’“ Mean Standard Minimum Maximum

name of missing (feet) deviation value value
observations observations (feet) (feet) (feet)

*USBR EW 34C 24 132 0.241 3.751 -9.44 9.28
USBR EW 34U 33 123 .002 .206 =22 44
*USBR EW 35C 22 134 -.588 1.727 -5.38 1.60
USBR EW 35U 20 136 -.027 402 =75 1.09
*USBR EW 39C 24 132 -.026 173 -.28 40
USBR EW 39U 22 134 -.007 .103 -.16 25
*USBR EW 40C 30 126 -.158 .381 -92 .64
USBR EW 40U 27 129 -.024 223 -41 .56
*USBR PW 1-7 36 120 .016 147 =21 39
*USBR PW 24 64 92 .003 .184 -20 49
*USBR PW 2-5 42 114 -.004 .087 -11 .35
*USBR PW 4-1 65 91 .009 .200 =51 47
*USBR PW 44 75 81 .002 327 -.63 1.12
USBR PW 4-5 35 121 -.019 272 -.46 . M
USBR PW 5-2 56 100 .090 372 -.61 .96
USBR SNIPPY 78 78 .025 .268 -.38 .78
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REGRESSION MODELS OF WATER-
LEVEL CHANGE

Regression models of monthly water-level
change were developed for each of the 46 selected
observation wells. Regression methods, rather than
deterministic methods, were used to model water-level
change because rates and spatial distribution of
recharge and discharge, processes that strongly affect
water levels in the closed basin, are not well known. In
addition, regression models do not require prior knowl-
edge of the distribution of the hydraulic and storage
characteristics and boundary conditions of the aquifer
system. Numerical and analog models, which previ-
ously have been used to simulate ground-water flow in
the San Luis Valley (Emery, 1970; Emery and others,
1975; Huntley, 1979; Hearne and Dewey, 1988;
Leonard and Watts, 1989), were designed to simulate
average water-level change for relatively large areas,
and they generally are not sufficiently detailed to pre-
dict water-level change at specific points (observation
wells).

Linear Regression and Predictor Variables

Simple-linear regression models are based on a
statistical-linear relation between a response variable
and one predictor variable. A mathematical expression
of a simple-linear regression equation is given by
Montgomery and Peck (1982, p. 9) as:

VA =B0+B1 x1i+ei,i= 1,2,....n 0]

where
y; = the value of the response variable for the

jth observation,
B( and B, are regression parameters: By is the
intercept and B is the slope of the

regression line,
Xj; = the value of the predictor variable for the

ih observation,
€; = an error term, and
n = the number of observations.

The basic assumptions of linear regression are:
(1) e; is arandom error with mean zero and unknown,
but constant, variance; and (2) e; and e;, i # j, are uncor-
related.

Multiple-linear regression models (eq. 2) are
similar to simple-linear regression models (eq. 1),
except that multiple-linear regression models include
more than one predictor variable. A mathematical

expression of a multiple-linear regression equation is
given by Montgomery and Peck (1982, p. 110) as:

Yi= Bo + leli + B2X2i +..+ kaki+ €,
i=12,...,n 2)

where
B, ... By are regression parameters for the x; ... Xy;,

the multiple predictor variables.

The predictor variables considered in the regres-
sion models of water-level change are: (1) Elapsed
time (T), in months, where T = 1 for January 1973;
(2) a cosine function (X)) with an annual period;

(3) a sine function (X;) with an annual period;

(4) monthly precipitation (PP), in inches; (5) monthly
mean air temperature (TA), in degrees Fahrenheit;

(6) monthly mean discharge of Saguache Creek near
Saguache (RO), in cubic feet per second; (7) monthly
mean depletion of the Rio Grande between Del Norte
and Trinchera Creek (SW), in cubic feet per second;
and (8) monthly electric power use for agricultural pur-
poses by customers of the San Luis Valley REC (GW),
in gigawatt-hours. The variation of the predictor vari-
ables PP, TA, RO, SW, and GW was assumed to be
related to the variation of ground-water recharge and
discharge rates; however, data are not available to ver-
ify the validity of this assumption.

Selection of the “best” subset of predictor vari-
ables for a multiple-linear regression model is a com-
plex task because of two conflicting objectives of
regression models, because of collinearity of predictor
variables, and because of serial correlation of the
response and predictor variables. One objective of
regression analysis is to include as many predictor vari-
ables as possible so that their information content can
affect the prediction of the response variable. A con-
flicting objective of regression analysis is to include as
few predictor variables as possible because the vari-
ance of the predicted value increases as the number of
predictor variables increases.

Collinearity occurs when predictor variables are
highly correlated, and it may adversely affect the least-
squares fit of the regression model. Strong collinearity
between predictor variables results in large variances
and covariances for the least-squares estimates of
the regression parameters, and it also may produce
parameter estimates that are too large in absolute value
(Montgomery and Peck, 1982). Collinearity also may
cause problems in using regression models for predic-
tion if future values of the predictor variables are out-
side the range of the joint space of the predictor
variables that were used to generate the regression
model. A primary cause of collinearity in the predictor
variables that were used in this analysis is assumed to
be the seasonal effect of climate. In an attempt to
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isolate the seasonal effect on water-level change from
other causes of variability and to decrease variance

in predictor variables due to seasonal fluctuation, the
regression analysis is approached in two stages. In
the first stage, variables defined by measured data,
which hereinafter are called first-stage predictor vari-
ables, are regressed with annual-period harmonic
functions of time, using a monthly time increment.
Seasonality in the first-stage predictor variables is eval-
uated by regression of the first-stage predictor variables
with a cosine function of time [X = cosine (2rm/12),

where m is an integer between 1 and 12 correspond-
ing to the month of the year] and a sine function
[X; = sine (2rm/12)]. For each measured value, a first-

stage residual is computed as the difference between
the measured value and the value predicted using the
harmonic regression model. In the second stage, the
first-stage residuals are used as predictor variables in a
regression analysis to predict water-level change in
specific wells. In addition to the first-stage residuals,
the second-stage regression analysis includes the
annual-period harmonic functions (X, and X;) and

elapsed time (T) as predictor variables. Predictor vari-
ables used in the second stage of the analysis herein-
after are called second-stage predictor variables. A
second-stage residual is defined as the difference
between a measured value of water-level change in a
well and the value predicted using the second-stage
regression equation developed for that well.

Harmonic Variation of Variables Related to
Recharge and Discharge

Variation in rates of natural recharge and dis-
charge and in water-use practices causes water levels
to fluctuate. Since 1950, the rates of recharge and dis-
charge in the closed basin have varied primarily as a
result of changes in water-use practices and variation of
surface-water supply. Withdrawals of ground water for
irrigation increased during the 1950’s, and many irriga-
tion systems were converted from flood and subirriga-
tion to sprinkler irrigation during the 1970’s and 1980’s
(Davis Engineering Services, Inc., 1983).

Ground-water recharge to, and discharge from,
the aquifers in the closed basin are affected by climate,
deep percolation of excess irrigation water, surface-
water runoff into the closed basin, vertical flow among
the unconfined and confined aquifers, and ground-
water underflow. Variations in the rates of recharge
and discharge are assumed to be related to variations
in precipitation, evapotranspiration, streamflow
depletion of the Rio Grande between Del Norte and
Trinchera Creek, electrical energy use for irrigation,

and surface water (runoff) from a part of the contributing
drainage area. These data, except for evapotranspiration
rates, are collected on a routine basis by Federal and
State agencies and by utility companies. Vertical flow
among the unconfined and confined aquifers and
ground-water underflow are proportional to hydraulic
gradients and, therefore, are dependent on water levels.
Consequently, vertical flow and underflow were not
used as predictor variables in the regression models.
Because the response variables (water-level change)
were monthly mean or mid-month values, the predictor
variables for the previous month were assumed to cause
the water-level change. Therefore, the predictor vari-
ables used in the regression equations were lagged

1 month.

Precipitation and Air Temperature

Precipitation in the closed basin is less than
potential evapotranspiration. Average annual precipita-
tion in the closed basin for the period 1973-85 was
about 0.7 ft, and average seasonal (April-October) pan
evaporation was an estimated 4.5 ft. Monthly precipita-
tion for the closed basin (fig. 10) is estimated as
the average of monthly precipitation at four weather
stations in or near the closed basin (pl. 1). The four
weather stations (Alamosa WSO AP—station 0130;
Center 4 SSW—station 1458; Del Norte—station 2184;
and Saguache—station 7337) were selected based on
completeness of record and proximity to the study area.
The monthly precipitation values, lagged by 1 month,
are plotted as point values in figure 10A. The line plot-
ted in figure 10A is a seasonal harmonic model of
monthly precipitation. The regression equation for the
harmonic model is:

PP, = 0.666 — 0.133Xyy — 0.398X

where
PP, = the predicted value of monthly precipi-
tation, in inches;
Xcm = cosine (2rm/12);
m = the number of the month (January = 1,
February =2, ..., December = 12); and
Xim = sine (2rm/12).
The point values plotted in figure 10B are the residual
errors, the difference between the measured precipita-
tion values and the value predicted from the harmonic
model (RPP; = PP, - PP,)).

Potential evapotranspiration cannot be measured
directly, but it generally is assumed to be proportional
to evaporation from a class-A pan. Pan evaporation
is measured seasonally (April through September or
October) at Alamosa WSO AP, and it can be assumed to
be zero during the colder months (November through
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March). However, missing values in the 1973-85
climatological record preclude the use of pan evapo-
ration as a predictor variable. An analysis of monthly
mean air temperature and monthly pan evaporation at
Alamosa WSO AP was done to determine the degree
of correlation between the two variables. Monthly
pan evaporation was assumed to be zero during the
months November through March. For the period
1973 through 1985, mean temperature is available for
all 156 months, and (non-zero) pan evaporation val-
ues are available for 51 months. Assumed values of
zero for 65 months resulted in a total of 116 months
for which pan evaporation values were included in
the analysis. For this data set, the Pearson correlation
coefficient for correlation between monthly mean air
temperature and monthly pan evaporation is 0.90.
Because of the large correlation of monthly mean
air temperature and the monthly pan evaporation,
monthly mean air temperature was assumed

to be directly related to potential evapotranspira-
tion; therefore, evapotranspiration was not used

as a predictor variable. Monthly mean air tempera-
ture, lagged 1 month, is shown as point values

in figure 11A, and a seasonal harmonic model of
monthly mean air temperature is shown as a solid
line. The linear regression model for monthly mean
air temperature with the harmonic functions is:

TA,, = 40.91 — 20.339X,,,, — 12.627 X,

where

TA_, is the predicted monthly mean air tempera-

ture at Alamosa WSO AP, in degrees Fahrenheit,
for month m, and X, and X, are as previously

defined. The regression model is used to predict

the monthly mean air temperature. The residual
values, the differences between measured monthly
mean air temperature and the values predicted

from the harmonic model (RTA, = TA; - TA,),

are assumed to be the random component of air tem-
perature and are shown in figure 11B. The close

fit of the harmonic model to monthly mean air tem-
perature indicates that monthly mean air temperature
varies little from the seasonal harmonic, except in
some extremely cold winter months.

Discharge of Saguache Creek

Runoff from the mountains into the closed
basin was estimated to average 266,000 acre-ft/yr
during 1924-69 (Emery and others, 1973, pl. 1).
Of this amount, about 47,000 acre-ft/yr, or about
18 percent, was estimated to have come from
Saguache Creek, which is measured at gaging

station 08227000 near Saguache, Colo. Many of

the smaller streams that flow into the closed basin
either are not measured or have incomplete discharge
records for the 1973-85 period. Monthly mean
discharge of Saguache Creek near Saguache (fig. 12)
is assumed to be proportional to runoff into the closed
basin as a whole. Mean annual discharge of Saguache
Creek near Saguache was 44,400 acre-ft for calendar
years 1973-85, and annual discharge ranged from
19,700 acre-ft in 1977 to 73,800 acre-ft in 1984.
Runoff from the mountains is seasonal, and peak run-
off, which principally is caused by snowmelt, generally
occurs in May, June, or July. Runoff generally infil-
trates into the valley-fill deposits within a few

miles after entering the closed basin (Huntley, 1979,
p. 1217), but runoff occasionally does reach the topo-
graphic low of the closed basin. In years when runoff
does reach the topographic low, large areas are inun-
dated until the water evaporates or infiltrates into the
ground. Point values in figure 12A are the monthly
mean discharge of Saguache Creek, lagged 1 month.
The solid line in figure 12A is predicted from linear
regression of monthly mean discharge of Saguache
Creek, lagged 1 month, with the harmonic functions
of time. The regression model for monthly mean
discharge of Saguache Creek near Saguache is:

ROy, = 61.194 — 42.869X ., — 29.224X ¢,

where
RO,, is the predicted monthly mean discharge, in

cubic feet per second, for month ), and X, and X,

are as previously defined. The residual values are
assumed to be the random component of runoff into
the closed basin. The point values in figure 12B repre-
sent the residual differences between measured values
and the values predicted from the seasonal harmonic
model (RRO, = ROi - ROm)

Streamflow Depletion of the Rio Grande Between
Del Norte and Trinchera Creek

Surface water diverted from the Rio Grande
was the primary source of irrigation water in the
closed basin prior to 1950. Estimated annual
volume of surface water diverted in the San Luis
Valley, which includes the closed basin for the period
1940-79, was 500,000 acre-ft in 1977 and was more
than 1,600,000 acre-ft in 1941, 1952, 1957, and 1965
(Emery and others, 1972, table 10; Crouch, 1985,
sheet 1). The average annual surface-water diversion
for the period 1940-79 was about 1,107,000 acre-ft.
Huntley (1979, table 2, p. 1200) estimated annual
surface-water diversions into the closed basin to be
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266,000 acre-ft. Although Huntley did not specify
the period for which he estimated the water budget of
the closed basin, if Huntley’s estimate is based on an
equivalent historical period (1940-79), then surface-
water diversions into the closed basin were about

24 percent of the 1940-79 average annual surface-
water diversions in the San Luis Valley. Temporal
variation in diversions of surface water from the

Rio Grande into the closed basin is indicated by the
record of depletion of flow (fig. 13) in the Rio Grande
between Del Norte (gaging station 08220000) and the
mouth of Trinchera Creek near La Sauses (gaging
station 08240000). (See pl. 1 for locations of gaging
stations.) Negative values of streamflow depletion are
common in winter months when flow near La Sauses
is larger than flow near Del Norte. Estimated average
annual surface-water diversions into the closed basin
(Huntley, 1979) are about 60 percent of the 1973-85
average depletion of the Rio Grande in the reach
between Del Norte and Trinchera Creek. Annual
(calendar year) depletion of the Rio Grande in the reach
between Del Norte and Trinchera Creek ranged from
about 165,000 acre-ft in 1977 to about 573,000 acre-ft
in 1973 and 1979, and it averaged 440,000 acre-ft for
1973-85. Surface-water diversions peak in May, June,
or July (fig. 13). The point values shown in figure 13A
are the differences in monthly mean discharge at the
gaging stations, lagged 1 month. The solid line in
figure 13A is predicted from a regression model of
monthly depletion of the Rio Grande with the harmonic
functions of time. The regression model is:

SW,, = 600.52 - 769.93X ., — 586.07X,,

where

SW,, is the predicted difference in monthly mean

discharge of the Rio Grande between gaging
stations 08220000 and 08240000, lagged 1 month,
in cubic feet per second. The residual values are
assumed to be the random component of streamflow
depletion. The residual is shown in figure 13B; the
residual is the difference between measured stream-
flow depletion and the value predicted from the har-
monic model (RSW; = SW; - SW,).

Electric Power Usage for Agricultural Purposes

Because ground water and surface water are used
in a complementary way for irrigation in the closed
basin, ground-water withdrawals generally increase
when the surface-water supply decreases. Annual
ground-water withdrawals for irrigation in the San Luis
Valley in the 1940’s were estimated to range from
3,000 acre-ftin 1941 to 125,000 acre-ft in 1946 (Emery

and others, 1972, table 10, p. 146). Increasing numbers
of large-capacity wells withdrew ground water from
the unconfined and confined aquifers underlying the
San Luis Valley during 1950-79. In the drought year
of 1977, an estimated 1,000,000 acre-ft of ground
water was used for irrigation in the San Luis Valley
(Crouch, 1985, sheet 1). Increased withdrawals

of ground water for irrigation also have resulted indi-
rectly from changes in methods of irrigation. About
1,800 irrigation systems in the San Luis Valley were
converted from flood irrigation or subirrigation to
sprinkler irrigation in the 1970’s and 1980’s (Davis
Engineering Services, Inc., 1983). Because sprinkler
irrigation is less labor intensive than flood irrigation,
it is more likely to be used and results in increased
ground-water withdrawals. Some sprinkler methods
of applying ground water are substantially affected
by evaporation losses before the water reaches the
soil and also may result in an increase in ground-
water withdrawal.

Ground-water withdrawals from the aquifers
of the San Luis Valley are not metered, but most irriga-
tion wells in the San Luis Valley have electrically pow-
ered pumps and irrigation systems. Ground-water
pumpage in the San Luis Valley has been estimated
from empirical relations between withdrawals and
electric power usage (Emery and others, 1972; Crouch,
1985; Hearne and Dewey, 1988). Hearne and Dewey
(1988, p. 74) estimated pumpage in the San Luis
Valley; they assumed power-to-water conversion
factors of 300 kWh for sprinkler systems and 100 kWh
for gravity systems to pump 1 acre-ft of ground water.
The annual maximum monthly electric power use for
agricultural purposes, principally irrigation, by the
San Luis Valley REC (fig. 14) substantially increased
in the period 1973-82. The annual maximum monthly
electric power use was less than 7.5 gWh for 1973, and
it was more than 25 gWh for each year of the period of
1980-82. Part of the increase resulted from increased
use of sprinkler-irrigation systems during the 1970’s.
The drop in electrical usage from 1982 to 1985 coin-
cides with an increase in surface-water diversions
for the period. Negative values of electrical usage,
shown in figure 14 for February 1973, November
and April 1975, November 1976, February and
December 1979, and December 1980, result from
a time differential between the billing dates of the
wholesale supplier of electricity to the REC and the
dates the electrical consumers’ meters were read by
the REC. The electric power usage for agricultural
purposes by consumers of the REC includes usage for
nonirrigation purposes and electrical usage outside the
closed basin, but it does not include electric power sup-
plied by other utility companies. Seasonal and long-
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term variation in electric power usage for agricultural
purposes is assumed to be related to withdrawals of
ground water for irrigation and, consequently, to
water-level change in the closed basin. The solid line
in figure 14A is predicted from a linear regression of
electric power usage for agricultural purposes with the
harmonic functions of time. The regression model is:

GW,, = 5.346 — 6.192X,,, - 5.676X,,

where

GW,,, is the predicted amount of monthly electric

power use for agricultural purposes in gigawatt-hours
and X, and X, are as previously defined. The resid-

ual error is assumed to be the random component of
electrical use for agricultural purposes. The large
residual values (fig. 14) in the late 1970’s and early
1980’s indicate an increase in pumpage. The point
values in figure 14B are the differences between actual
electrical usage and the seasonal harmonic function
(RGW, = GW‘ - G_Wm)

Predicted Monthly Values and Residuals

Monthly values of the first-stage variables were
predicted using the regression equations provided in
the section entitled “Harmonic Variation of Variables
Related to Recharge and Discharge.” Regression mod-
els that use X, and X to predict PP, TA, RO, SW, and

GW have adjusted coefficients of determination (Raz)
of 0.30 for PP, 0.94 for TA, 0.40 for RO, 0.51 for SW,
and 0.61 for GW. The larger the value of Raz, the larger

the proportion of the variance of the first-stage variable
predicted by regression with the harmonic functions.
Residuals from these regression models of PP, TA, RO,
SW, and GW with X and X, hereinafter are referred
to as RPP, RTA, RRO, RSW, and RGW, respectively.
Values of X1, Xgms PPy TAms ROy, SWp, and
GW,,, form = 1 to 12, where the “~” symbol indi-
cates a predicted value, are listed in table 3. First-stage
residuals are computed as the observed value minus the
predicted value; for example, RSW; = SW; - SW_.

Table 3. Monthly values for the harmonic functions X, and X and predicted monthly values of PP, TA, RO, SW, and GW for

the Closed Basin Division study area

[m, numeric value of month; X, and X,, harmonic functions; PP, predicted precipitation for the previous month, in inches; TA, predicted mean air
temperature for the previous month at Alamosa WSO AP, in degrees Fahrenheit; RO, predicted discharge of Saguache Creek at station 08227000 for the
previous month, in cubic feet per second; SW, predicted depletion of the Rio Grande between stations 08220000 and 08240000 for the previous month, in
cubic feet per second; GW, predicted electrical usage for agricultural purposes, in gigawatt-hours}

m %o X, PP TA RO swW GW
1 0.866 0.500 0.36 17.0 9.5 -359 -2.85
2 .500 .866 27 19.8 14.5 292 -2.67
3 .000 1.000 .29 28.3 32.0 14 -33
4 -.500 .866 42 40.1 573 478 353
5 —-.866 .500 .61 522 83.7 974 7.87
6 -1.000 .000 .83 61.3 104.1 1,370 11.54
7 -.866 -.500 1.00 64.8 1129 1,560 13.55
8 -.500 -.866 1.09 62.0 107.9 1,493 13.36
9 .000 -1.000 1.06 53.5 90.4 1,187 11.02
10 .500 -.866 94 41.7 65.1 723 7.17
11 .866 -.500 74 29.6 38.7 227 2.82
12 1.000 .000 .53 20.6 18.3 -169 -85

X, = cos(2rtm/12), where m is the number of the month.
2Xs = sin(21tm/12), where m is the number of the month.
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Correiation Among Variabies

Pearson correlation coefficients describing cor-
relation among the first-stage predictor variables PP,
TA, RO, SW, and GW (table 4) indicate that these vari-
ables are linearly related at 0.02 or less exceedance
probability. The variables PP, TA, RO, SW, and GW
also are linearly related to the harmonic functions X

and X at 0.03 or less exceedance probability. The vari-

ables GW and RO are linearly related to elapsed time
(T) at 0.05 or less exceedance probability. Pearson cor-
relation coefficients for correlation among the first-
stage residual variables RPP, RTA, RRO, RSW, and
RGW generally are smaller than the Pearson correla-
tion coefficients for correlation among the correspond-
ing first-stage predictor variables. Pearson correlation
coefficients for correlation between RSW and RTA,
between RGW and RRO, between RGW and RTA,
between RRO and RPP, between RRO and RTA, and
between RPP and RTA indicate that the first-stage
residuals from the regression of PP, TA, RO, SW, and
GW with the harmonic functions X and X, either are

not linearly correlated or exhibit less linear correlation
than the corresponding first-stage predictor variables.
Not only are the first-stage predictor variables
(PP, TA, RO, SW, and GW) correlated with each other,
but they also are serially correlated. Pearson correla-
tion coefficients describing correlation between the
first-stage predictor variables PP, TA, RO, SW, and
GW and their own values for the previous 12 months
(fig. 15) indicate that the variables are serially corre-
lated to various degrees. The serial correlation proba-
bly results from seasonal variation due to climatic
influence. The close correspondence between the
curve of Pearson correlation coefficients for serial cor-
relation of air temperature and that for the harmonic
functions (fig. 15) shows that air temperature approxi-
mates a harmonic function. The first-stage predictor
variables GW (electrical use for agricultural purposes)
and SW (stream depletion of the Rio Grande) have a
fairly large serial correlation at a lag of 12 months. The
regressors PP (monthly precipitation) and RO (dis-
charge of Saguache Creek) have the least serial corre-
lation coefficient at a 12-month lag; a small serial
correlation indicates greater variation between years.

Seiection of Variables

Eight second-stage predictor variables (T, X,
X, RPP, RTA, RRO, RSW, and RGW) were consid-

ered for inclusion in a regression model for each well.
Each of the final models includes a subset of these eight

variables. The “best” subset of second-stage predictor
variables was selected as the one that resulted in the
subset model in which the adjusted coefficient of deter-
mination (Raz) was maximized and for which the value
of Mallows’ C), statistic was approximately equal to
the number of second-stage predictor variables in the
subset model. Statistics for each model were computed
using the RSQUARE procedure (SAS Institute Inc.,
1985, p. 711-724). Models that include one, but not
both, of the harmonic functions X, and X were not
considered; therefore, 128 possible subset models were
considered for each well. A total of 5,888 regression
models were considered for the 46 selected observation
wells.

The R.ﬂ,2 statistic is the coefficient of determina-

tion (R2 ) adjusted for the number of predictor varia-
bles in the regression model. Maximizing R, is
equivalent to minimizing the mean square error
(MSE). Although the R? statistic increases as the
number of predictor variables in a regression model
increases, the Ra2 statistic does not necessarily

increase as additional predictor variables are intro-
duced into the model (Montgomery and Peck, 1982,
p. 251).

Mallows’ C,, statistic (Montgomery and Peck,

1982, p. 252-254) is a measure of the bias of a model
that includes a subset of the predictor variables in the
full model. Regression models with little bias have
G statistics approximately equal to the number of pre-
dictor variables. Small values of C,, generally are pref-
erable. The Cp statistic for a full model, the model
which includes all predictor variables, will equal the
number of predictor variables plus one; for a full model
that includes seven predictor variables, C, equals 8.
The C,, statistic is most easily evaluated by plotting C,,
as a function of the number of predictor variables (k) in
a subset model. Subset models that have values of C,,
near the line, Cp =k, have the least bias. According to
Montgomery and Peck (1982, p. 254), “If the full
model has several regressors that do not contribute sig-
nificantly to the model (zero regression coefficients),
then MSE(K+1) will often overestimate 0'2, and conse-
quently the values of C, will be small.” MSE(K+1) is

the mean square error and o2 the variance of the full
model. Where the full model included predictor vari-
ables with zero regression coefficients, the Mallows’
Cp statistic was not used in model selection.
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Table 4. Pearson correlation coefficients and exceedance probabilities for the predictor variables used in regression models of
water-level change in the Closed Basin Division study area

[Note: The number of observations is 155 for variables SW, RO, PP, RSW, RRO, and RPP, and 156 for variables T, X, X;, GW, TA, RGW, and RTA. The
upper numbers are the Pearson correlation coefficients; the Jower numbers are the exceedance probabilities. Exceedance probability is the probability of
getting a larger sample correlation coefficient when the population correlation coefficient actually is zero. An exceedance probability less than 0.05 indicates
a significant linear correlation between variables)

Vari- Time-related variables First-stage predictor variables Second-stage predictor variables

able Xe X, PP TA RO SW  GW RPP RTA RRO RSW RGW
T 1 002 -0.06 0.12 0.04 0.17 0.06 0.16 0.12 0.10 0.21 0.08 0.22
0 . A3 .61 .04 4 .05 13 22 .01 32 .01

X, 1 0 -17 -.83 -52 -.56 -.58 0 0 0 0 0

0 1 03 <01 <.01 <01 <01 1 1 1 1 1

X 1 -.53 -.51 =35 —-43 -53 0 0 0 0 0

0 <01 <.01 <.01 <.01 <.01 1 1 1 1 1
PP 1 .40 21 .19 .29 .83 -.10 -09 -20 -.14
0 <.01 <01 .02 <.01 <01 .23 28 .01 .08
TA 1 .60 .68 5 -.02 .24 -.02 -.02 <.01
0 <.01 <.01 <.01 76 <.01 .82 .34 95
RO 1 .87 53 -.08 -.08 78 .61 .07
0 <.01 <.01 31 33 <.01 <01 42
SwW 1 .68 -17 -.07 .55 .70 20
0 <.01 03 40 <.01 <.01 01
GW 1 -11 .01 .05 17 .62
0 .18 .88 54 .03 <.01
RPP 1 -.10 -10 -24 -17
0 .20 .20 <01 03
RTA 1 -.08 -.07 .02
0 32 .38 .81
RRO 1 78 .08
0 <.01 33
RSW 1 .28
0 <.01

RGW 1
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Figure 15. Serial correlation of first-stage predictor variables X, X,

PP, TA, RO, SW, and GW for regression models of water-level
change in the Closed Basin Division study area.

Statistics for Model Evaluation

The adequacy of the regression models of
monthly water-level change was evaluated based on
the following statistics: (1) R,2, the adjusted coeffi-
cient of determination; (2) SE,, the standard error of
estimate; and (3) d, the Durbin-Watson test statistic for
first-order serial correlation of the residual errors
(Draper and Smith, 1981, p. 162—-169). Brief descrip-
tions of the test statistics are provided in the following
paragraphs. Detailed discussions of the testing of
regression equations and regression coefficients, and
tests for serial correlation, are provided in most statis-
tics textbooks, including Montgomery and Peck (1982)
and Wonnacott and Wonnacott (1984).

The adjusted coefficient of determination, R,2,

is the square of the multiple correlation coefficient,
adjusted for the number of predictor variables included

in the model. R,? is the proportion of the variance
of the response variable explained by the model,
and (1 - Raz) is the proportion of the variance of the

response variable not explained by the model. As Ra2
increases, the model explains more of the variance in
the response variable. The standard error of estimate
(SE,) of the regression is the standard deviation of the
residual errors from the model. The smaller the stan-
dard error of estimate, the better the model is at predict-
ing the response variable. The standard error of

estimate is minimized as R, is maximized.
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The Durbin-Watson test (Draper and Smith,
1981) is used to detect serial correlation in the residu-
als, e;. If the residuals are normal, independent, ran-
dom variables, then all serial correlations ag, are zero,
where a; = correlation between observations s steps
apart in the time series. For the Durbin-Watson test,
the null hypothesis is Hy: ag = 0, and the alternative

hypothesis is H,: ag = a%, where a # 0 and lal < 1.
The test statistic, d, is computed as follows:

d=7Y (e;-e; /Y et 3)
i=2

i=1

Montgomery and Peck (1982, table A.6, p. 478)
provide tables showing lower and upper critical values,
dy and dy, for various sample sizes (n =15 to 100), for
1 through S predictor variables, and for 3 significance
levels. A significance level, o, of 0.05 was used in this
study for evaluation of the d statistic. If the sample size
was larger than 100, or if the number of predictor vari-
ables was greater than 5, the values of d;_and dy; were
graphically estimated.

If the Durbin-Watson d statistic is less than 2.0,
the test is for positive serial correlation, and if the d
statistic is greater than 2.0, the test is for negative
serial correlation. The Durbin-Watson test for positive
serial correlation (H,: a; > 0) of residuals indicates
(1) if d < dy, d is significant and Hy: ag = 0 is rejected;
(2) if d > dy, d is not significant and Hy: ag = 0 is
not rejected; and (3) if dy < d < dy, the test is inconclu-
sive. The Durbin-Watson test for negative serial corre-
lation (H,: a5 < 0) of residuals is similar, except 4-d
is evaluated instead of d. For the purposes of the
Durbin-Watson test, the harmonic functions X, and
X, are considered to be a single second-stage predictor

variable because they were included in, or excluded
from, the models as a unit and because they are
functions of a single variable, m. For example, for
well USBR EW 2U, the d statistic is 1.76, the sample
size, n, is 50, and the number of predictor variables, k,
is 3. The lower critical value, d;, and upper critical
value, dyj, are obtained from a table of such values
(Montgomery and Peck, 1982, table A.6, p. 478) for
n=350,k =3, and o = 0.05, d| =1.42 and dyy = 1.67.
Because the d statistic for the regression model of
water-level change at USBR EW 2U is 1.76 and is
larger than dyj, the null hypothesis (Hy: ag = 0) is

not rejected, and the residuals are not serially corre-
lated. In another example, the d statistic for the regres-
sion model of water-level change at well RGWCD 27

is 2.30, a value that indicates a possible negative serial
correlation of the residuals. Forn =101,k =3, and
o =0.05,d = 1.61 and dyy; = 1.74. Because d is greater

than 2, the null hypothesis is evaluated by subtracting
d from 4. Because the result, 1.70, is between dy,

and dy, the test is inconclusive and does not indicate
whether or not the residuals are serially correlated.

Results of the Durbin-Watson test for first-order
serial correlation of the models listed in table 5 are indi-
cated by a “+” when the null hypothesis (Hy: ag = 0)

is not rejected, and by a “?” when the test is inconclu-
sive at o0 = 0.05. None of the regression models had
d statistics smaller than lower critical level (d ) at

a = 0.05; therefore, none of the final regression models
had residuals that were identified as serially correlated.

Parameters of Regression Models

The Durbin-Watson test for 24 of the 46 prelim-
inary second-stage regression models of water-level
change indicated that these regression models had seri-

ally correlated residual errors. In addition, the Ra2 sta-

tistics for many of the preliminary second-stage models
indicated that only a small part of the variance in
monthly water-level change was explained by the mod-
els.

The preliminary second-stage regression models
that had serially correlated residuals were modified to
decrease the effect of serial correlation. The revised
models are linear or multiple-linear regression models
with first-order autoregressive terms. These models
can be expressed in vector form:

yi=xB+v;,i=1,2,..,n (C))
where

y; = the response variable;

X; =a vector of predictor variables;

B = a vector of regression parameters;

v; = an autoregressive error term for
observation i, defined as: v;=¢;fori=1
and v; =¢; -a; v;; fori>1;

a; = the first-order serial correlation coefficient;

e; =anormally distributed residual error for the
i™ term; and

n = the number of observations.

(Note: The sign convention in the preceding equation
for v, is reversed from that cited in some literature.)
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The regression models of water-level change for
the 46 selected observation wells were computed using
the AUTOREG procedure (SAS Institute Inc., 1988,
p. 171-200). The maximum-likelihood method was
used with the AUTOREG procedure because the series
of water-level changes for most wells had missing val-
ues. Statistics for evaluating the models, regression
parameters, and first-order serial correlation coeffi-
cients for the models are listed in table 5.

The standard errors of estimate (SE,) of the mod-

els range from 0.034 ft for well USBR EW 19U to
2.483 ft for well USBR EW 34C (table 5). The SE, of

5 regression models exceeds 1.0 ft, but SE, is less than

0.5 ft for 39 of the regression models. Of the 39 regres-
sion models with SE, values less than 0.5 ft, 14 regres-

sion models have SE, values less than 0.1 ft. Two
R, statistics are listed for each model in table 5, the

R,2-regression and the R,2-total. When the first-order
serial correlation coefficient, a;, equals zero, these sta-
tistics are equal. When a; is not equal to zero and the

model is termed an autoregressive model, the auto-
regressive term is the product of a; and the residual

error of the previous predictor. For autoregressive
models, Raz-regression is a measure of the fit of the
structural part of the model; the part not including the
autoregressive term. Raz-total is a measure of how well

the next value of the response variable can be pre-
dicted using the structural part of the model and the

autoregressive term. In some cases, R,%-regression is

larger than R,-total. R,2-total for the 46 regression

models of water-level change ranges from 0.08 for
well RGWCD 15 to 0.89 for well USBR EW 21U.

Thirty of the regression models have Raz-total greater

than or equal to 0.5. A relatively small R,>-total statis-
tic indicates a lack of fit of the model, whereas a rela-
tively large Ra2-total statistic indicates a good fit of the
model. Lack of fit of some of the models may result
from spatial variation in rates of recharge and dis-
charge; for example, an observation well near a large-
capacity production well likely would have been
affected more by nearby pumpage than by regional
recharge and discharge processes.

Regression models that have relatively small
SE, and a relatively large R,2-total statistic closely

predict monthly water-level change. Regression mod-
els for 18 wells completed in the unconfined aquifer
(RGWCD 59A, USBR EW 2U, EW 11U, EW 12U,

EW 16U, EW 19U, EW 20U, EW 21U, EW 24U,
EW 26U, EW 32U, EW 34U, EW 35U, EW 39U,
EW 40U, PW 4-5, PW 5-2, and SNIPPY) have SE,

less than 0.5 ft and R,2-total greater than or equal to

0.5 (table 5). Regression models for eight wells com-
pleted in confined aquifers (USBR EW 32C, EW 39C,
EW 40C, PW 1-7, PW 24, PW 2-5, PW 4-1, and
PW 4-4) also have SE, less than 0.5 ft and R,?-total

greater than or equal to 0.5 (table 5). In addition,
regression models for wells USBR EW 33C, EW 34C,

and EW 35C have R,2-total greater than 0.5 and SE,
greater than 0.5 ft; the relatively large SE, for the mod-

els for these wells is a result of the relatively large
range in monthly water-level change values for wells
completed in the confined aquifers (table 2).

To allow visual evaluation of serial correlation
in the residuals, a graph of residual errors plotted ver-
sus time is provided for each of the regression models
(figs. 16 through 24 and Appendix B). For many of
the models, the variance of the residuals appears to be
heteroscedastic (of changing variance) with respect to
time (figs. 18B and 23B). The range of residuals
before 1983 is larger than after 1983 for figure 18B
and is larger after about 1983 for figure 23B. The
cause of heteroscedastic variance in the residuals is
unknown, but it could be related to long-term variation
in local recharge and discharge conditions.

The estimated regression parameters for each
model are listed in table 5. A value of O for any of the
regression parameters indicates that the corresponding
second-stage predictor variable does not significantly
affect the prediction of the response variable. The first-
order serial correlation coefficient, a;, is a measure of

the correlation between successive residuals from a
least-squares regression. The first-order serial correla-
tion coefficients for the 26 models that have serially
correlated residuals ranges from -0.742 for well
USBR EW 26U to 0.528 for well RGWCD 59A
(table 5).

Elapsed time, T, is a significant second-stage
predictor variable in the regression models for four
of the wells (USBR EW 20U, USBR EW 26U,
USBR EW 40U, and USBR PW 4-5). The harmonic
functions X and X are significant second-stage pre-
dictor variables in 40 of the regression models, RPP in
4 models, RTA in only 1 model, RRO in 6 models,
RSW in 19 models, and RGW in 26 models. By infer-
ence, regional water use (represented through RSW
and RGW) is a more important control on water-level
change than regional climatic factors (represented
through RPP, RTA, and RRO).
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Figure 16. (A) Observed and predicted monthly water-level change and confidence limits; and

(B) residual errors for observation well RGWCD 14, closed basin of San Luis Valley.
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Figure 18. (A) Observed and predicted monthly water-level change and confidence limits; and
(B) residual errors for observation well RGWCD 23, closed basin of San Luis Valley.

REGRESSION MODELS OF WATER-LEVEL CHANGE 37



-2.6
-2.4
-2.2
-2.0

RGWCD 58

I I
A
95% Confidence

[~ Interval of Prediction

| I I T L2 I
NOTE: Regression line is shown to indicate
®trends. Intermediate {less than monthly) values
cannot be interpreted from the line

-1.8 .
1.6 - '
1.4 o
-1.2 ' '

-1.0 .
.0.8 |~ Regressionline
0.6 (prediction) ~—™——

0.4
0.2
0
0.2
0.4
0.6 k
0.8 .
1.0 .~
12
1.4 | ) \
1.6 ‘ L

MONTHLY WATER-LEVEL CHANGE, IN FEET
DECLINE | RISE

18
20 ' 3 , p
2.2 | | | | |

-1.8 T T T T T T T T T % 7T
1.6 |

14 -
a2 b . .
10 -
08 | . -
0.6 [ -
0.4 * .
02

0 [ ] rY

02 °* o ® L
°

0.4 — .. ° ' ® —

0.6 —

0.8 — ° . —

10 b [ ] [ ] [ ]

RESIDUAL, IN FEET

12 —
14 -
16 -
18 . -
2.0 1 | I L I 1 I 1 ! | I !
1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984

1985

Figure 19. (A) Observed and predicted monthly water-level change and confidence limits; and
(B) residual errors for observation well RGWCD 58, closed basin of San Luis Valley.
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Flgure 20. (A) Observed and predicted monthly water-level change and confidence limits; and
(B) residual errors for observation well USBR EW 2U, closed basin of San Luis Valley.
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Figure 21. (A) Observed and predicted monthly water-level change and confidence limits; and
(B) residual errors for observation well USBR EW 19U, closed basin of San Luis Valley.
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Figure 22. (A) Observed and predicted monthly water-level change and confidence limits; and
(B) residual errors for observation well USBR EW 26U, closed basin of San Luis Valley.
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Figure 23. (A) Observed and predicted monthly water-level change and confidence limits; and
(B) residual errors for observation well USBR PW 4—4, closed basin of San Luis Valley.
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43

REGRESSION MODELS OF WATER-LEVEL CHANGE



Hydrographs of observed and predicted monthly
water-level change for 9 selected wells are shown in
figures 16 through 24, and for the other 37 wells in
figures B—1 through B-37 in Appendix B. Wells
shown in figures 16 through 24 were selected to repre-
sent a wide geographic distribution and to represent
typical responses in the study area. (Note: The scale
for water-level change in figures 16 through 24 and
B-1 through B-37 is defined so that water-level
declines plot below zero, and water-level rises plot
above zero.) Where the model statistics (table 5) indi-
cate a lack of fit (relatively large SE, and relatively

small R,2-total), little of the variance in the response

variable is explained by the model. Where the model
statistics indicate a relatively good fit (relatively small

SE, and relatively large R,2-total), most of the variance

in the response variable is explained by the regression
model. Of the 5 regression models based on at least
100 observations, only the regression model for well

RGWCD 23 had an R,%-total of at least 0.5. The wells

with more than 100 monthly water-level change values
generally are located in areas in which water levels
may have been strongly affected by local recharge and
discharge; for example, near drains, streams, or irriga-
tion wells.

PREDICTING POST-1985 MONTHLY
WATER-LEVEL CHANGES WITH
REGRESSION MODELS

The regression models (table 5) can be used to
predict post-1985 monthly water-level changes at the
46 selected observation wells for comparison with
measured post-1985 monthly water-level changes. Ifa
measured monthly water-level change is outside the
95-percent confidence limits, one can conclude that the
change has been effected by conditions of recharge or
discharge, or both, that differ from conditions that pre-
vailed during the period of record on which the corre-
sponding regression model is based. The differing
conditions may be local or regional in scale.

A predicted monthly water-level change for an
observation well can be computed, using the regres-
sion parameters listed in table 5, if values for the first-
and second-stage predictor variables used in the regres-
sion models are available. Computation of predicted
monthly water-level change and of the upper and lower
95-percent confidence limits of prediction is most eas-
ily done by use of a statistical package and a computer,
but also can be done manually.

A generalized second-stage regression model
for prediction of monthly water-level change may
be expressed as:

c s

+ BRT ARTA; + BRRORROi + BRSWRSWi
+ BRGWRGW - al(Si_] - §i-l),
where _
S; and S, are the predicted water-level changes for
months i and i-]; Bo, BT, BX , BX , BRPP BRTA’
(4 s

Brros Brsw» and Bgrgw are the second-stage regres-
sion parameters; X ., X¢m, RPP;, RTA;, RRO;,
RSW;, and RGW; are the second-stage predictor
variables; a; is the serial correlation coefficient; and
S;.1 is the observed water-level change for month i-1.

Because this model incorporates an autoregressive
error term, it is an autoregressive model. Regression
parameters for second-stage predictor variables that are
not included in individual models are shown as zero in
table 5. Similarly, for regression models that do not
have serially correlated residuals, the serial correlation
coefficient (a;) is zero. The 95-percent confidence lim-

its can be calculated as follows:

upper limit =§; + t oo 5 [SE.2 (1 + X;'VX)]'?
lower limit = §; — t w2,np [SE.2 (1 + X{VX))?

where
S; =predicted water-level change, in feet;
t 2,n-p = student’s t statistic for o, n-p;

o = significance level;

n =number of observations on which model
is based;

p = number of (non-zero) regression parameters
in model;

SE, = standard error of estimate;

X; =[1TX_X; RPP RTA RRO RSW RGW ¢, ;];

X, = transpose of X;; and

V =a(p x p) matrix calculated as the inverse of
the product of X’ and X, where

X =an (n x p) matrix of the values of the
predictor variables and X’ is the transpose
of X. The V matrix for each regression
model is listed in Appendix C.

As an example of use of one of the models, pre-
dicted monthly water-level change and the 95-percent
confidence limits of prediction for observation well
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USBR SNIPPY for January 1986 (i = 157, m = 1) may
be computed from the regression model for which
parameters are listed in table 5 as:

5, =-0.013 - 0.167 Xy — 0.195 X, + 0.024 RGW,;

where
S, = predicted water-level change, in feet;
i =157,
m=1;
X = 0.866;
Xsm =0.5; and

RGW,5; = 2.90 gWh.

[Note: RGW157 = GW157 - WI, GW157 =
0.05 gWh, GW, = -2.85 gWh, from table 3;
RGW 5, = 0.05 (-2.85) = 2.90 gWh.]

For this example,
S157 =-0.013 - 0.167(0.866) — 0.195(0.5)
+0.024(2.90),
S157 = -0.186 ft, a water-level rise.

The 95-percent confidence interval for this example is
calculated as:

8i 25—t g ;2.np [SEe> (1 + X' 157 VXy57)] 12

Si <SS+ tgpnp [SEZ (1+X' 157 VX;57)] 12
where
t w2,n-p = 2.00 for o =0.05, and n-p =74;
SE. =0.114, in feet;
X,57 =[1 0.866 0.5 2.90]; and

1
0.866
0.5
2.90

X'i57=

V matrix for USBR SNIPPY from Appendix C is:

0.0001732855 —0.0000074462 0.0000183419 —0.0000060730
—0.0000074462 0.0003470687 0.0000240450 0.0000119798
0.0000183419 0.0000240450 0.0003506743 0.0000073374
—0.0000060730  0.0000119798 0.0000073374 0.0000070180

V=

X'157 V X157 = 000064
S; 2 -0.186 — 2.00 [0.013 (1 + 0.00064)] 2 = —-0.414 ft,
S; < -0.186 +2.00 [0.013 (1 + 0.00064)} /2 = 0.042 ft.

The 95-percent confidence limits for the pre-
diction of S;57 =-0.186 ft are —0.414 and 0.042 ft.

A measured value of water-level change outside the
95-percent confidence interval might indicate a change
in local recharge or discharge conditions, or both, near
USBR SNIPPY. The actual value for water-level
change (S157) at USBR SNIPPY from December 1985

to January 1986 was -0.14 ft, which is within 0.046 ft
of the predicted value and is well within the 95-percent
confidence interval of -0.414 to 0.042 ft.

If the water-level changes (drawdown) outside
the boundaries of the Closed Basin Division are equal
to or larger than those at boundary wells, then with-
drawals outside the Closed Basin Division probably
are at least partially responsible for changes at the
boundary. Twenty-one of the selected observation
wells are completed in the unconfined aquifer and
are located within 1 mi of the boundary of the Closed
Basin Division (pl. 1). These 21 observation wells can
be considered to be index wells for monitoring water-
level change in the unconfined aquifer at or near the
boundary. These index wells are: RGWCD 15, 23,
42, and 45A, and USBR EW 2U, EW 9U, EW 11U,
EW 12U, EW 14U, EW 16U, EW 19U, EW 20U,
EW 21U, EW 23U, EW 24U, EW 26U, EW 33U,
EW 35U, EW 39U, PW 5-2, and SNIPPY. Similarly,
eight of the selected observation wells are completed
below confining units and are within 1 mi of the bound-
ary (pl. 1). These index wells are: USBR EW 22C,
EW 33C, EW 35C, EW 39C, PW 1-7, PW 24,

PW 2-5, and PW 44,

LIMITATIONS AND USE OF THE MODELS

The regression models developed in this study
can be used to predict monthly water-level change if
data for the predictor variables are available. Compar-
ison of predicted water-level change with measured
changes provides a basis for deciding if a water-level
change is larger than would normally be expected.
Most (39) of the regression models have standard
errors of estimate less than 0.5 ft, and confidence inter-
vals of prediction for these models are relatively small.
Regression models with Ra,2 near 1 and small standard
error are the best predictors of water-level change. In
general, the regression models that are based on rela-
tively short periods of record are less likely to accu-
rately predict future water-level changes than models
based on longer periods of record. The accuracy
of predicted water-level changes also likely will be
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decreased in instances in which one or more values of
predictor variables are outside the ranges of those vari-
ables on which the particular regression model is
based.

The accuracy of the predictive models devel-
oped for this report is limited by the following factors:
(1) The period of record for most observation wells is
relatively short, less than 50 months prior to 1986,

(2) data within the time series of water levels are miss-
ing; and (3) data to define local variation in recharge
and discharge are not available. If detailed information
on recharge and discharge, particularly ground-water
pumpage, is collected, then deterministic analytical or
numerical methods may provide more accurate predic-
tions of water-level change.

SUMMARY

Water-level declines that result from with-
drawal of unconfined ground water in the Closed
Basin Division of the San Luis Valley are limited by
the legislation that authorized the project to a maxi-
mum of 2 ft in irrigation or domestic wells outside the
boundaries of the Closed Basin Division that existed
prior to construction of the Closed Basin Division.
Long-term and seasonal water-level changes in the
area around and in the Closed Basin Division during
1973-85, a period that predates extensive withdrawals
by the Closed Basin Division, have been greater than
2 ft in most of the Closed Basin Division study area.
The average monthly water-level change at eight wells
with more than 80 months of record during 1973-85
was arise of -0.027 ft. These water-level changes can
be related to temporal and spatial variations in surface-
water supply, ground-water pumpage, and natural vari-
ation in climatically controlled recharge and discharge
conditions. A two-stage process was used to develop
regression models to predict monthly water-level
change in 46 selected observation wells in or near the
Closed Basin Division. In the first stage, harmonic
functions with an annual period were used as predictor
variables in regression models of precipitation, mean
air temperature, discharge of Saguache Creek, monthly
streamflow depletion of the Rio Grande, and electric
power usage for agricultural purposes. In the second
stage, elapsed time, annual-period harmonic functions,
and residuals from the first-stage models were used as
predictor variables in regression models of monthly
water-level change.

The adjusted coefficients of determination of the
regression equations range from 0.08 to 0.89. The
standard errors of estimate of the models are less than
0.1 ft for 14 models and is more than 1 ft for 5 wells;
this statistic ranges from 0.034 to 0.50 ft for 39 of the
regression models. Autoregressive methods were used
in 24 of the models to decrease serial correlation in the
residuals. The regression models shown in this report
can be used to predict future monthly water-level
changes. A method for calculating the 95-percent con-
fidence interval for predicted values also is shown. If
actual water-level changes are outside the 95-percent
confidence interval of predicted water-level change,
then changes in regional recharge or discharge condi-
tions, or both, or in local recharge or discharge condi-
tions, or both (such as withdrawals by nearby salvage
or irrigation wells), may have affected the water levels.
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Appendix A—System of Numbering Wells

The well locations in this report are given numbers based on the Bureau of Land Management system of land
subdivision and show the location of the well by quadrant, township, range, section, and position within the section
(fig. A-1). The first letter S preceding the location number indicates that the well is located in the area governed
by the Sixth Principal Meridian. The second letter indicates the quadrant in which the well is located. Four quad-
rants are formed by the intersection of the base line and the principal meridian—the letter A indicates the northeast
quadrant, B the northwest, C the southwest, and D the southeast.

The first three digits of the number indicate the township, the next three digits the range, and the last two
digits the section in which the well is located. The letters following the section number locate the well within
the section. The first letter denotes the quarter section, the second letter the quarter-quarter section, and the third
letter the quarter-quarter-quarter section. The letters are assigned in a counterclockwise direction, beginning with
(A) in the northeast section and within each quarter-quarter section in the same manner. Where two or more loca-
tions are within the smallest subdivision, consecutive numbers beginning with 1 are added in the order in which
data from the wells were collected.
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Figure A-1. System of numbering wells in Colorado.
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Appendix B—Hydrographs of Observed and Predicted Water-Level Change, Upper and Lower
Confidence Limits, and Residual Errors for Selected Observation Weiis in the Closed Basin
Division Study Area
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Figure B—1. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well RGWCD 15, closed basin of San Luis Valley.
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Figure B—2. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well RGWCD 24A, closed basin of San Luis Valley.
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Figure B-3. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well RGWCD 27, closed basin of San Luis Valley.
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Figure B—4. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well RGWCD 41, closed basin of San Luis Valley.
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Figure B-5. (A) Observed and predicted water-level change and confidence limits; and (B) residual

errars for observation well RGWCD 42, closed basin of San Luis Valley.
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Figure B—6. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well RGWCD 45A, closed basin of San Luis Valley.
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Flgure B—7. (A) Observed and predicted water-level change and confidence limits; and (B) residual

errors for observation well RGWCD 47, closed basin of San Luis Valley.
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Figure B-8. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for abservation well RGWCD 59A, closed basin of San Luis Valley.
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Figure B-9. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 8U, closed basin of San Luis Valley.
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Figure B—10. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 9U, closed basin of San Luis Valley.
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Figure B—11. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 11U, closed basin of San Luis Valley.
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Figure B—12. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 12U, closed basin of San Luis Valley.
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Flgure B—13. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for abservation well USBR EW 14U, closed basin of San Luis Valley.
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Figure B—14. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation welt USBR EW 16U, closed basin of San Luis Valley.
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Figure B—15. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 20U, closed basin of San Luis Valley.
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Flgure B-16. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 21U, closed basin of San Luis Valley.
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Figure B—17. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 22C, closed basin of San Luis Valley.
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Figure B—18. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 23U, closed basin of San Luis Valley.
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Figure B—19. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 24U, closed basin of San Luis Valley.
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Figure B—20. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 32C, closed basin of San Luis Valley.
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Figure B-21. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 32U, closed basin of San Luis Valley.
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Figure B—22. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 33C, closed basin of San Luis Valley.
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Figure B—23. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 33U, closed basin of San Luis Valley.
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Figure B—24. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 34C, closed basin of San Luis Valley.
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Figure B—25. (A) Observed and predicted water-level change and confidence limits; and (B) residual

errors for observation well USBR EW 34U, closed basin of San Luis Valley.
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Figure B—26. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 35C, closed basin of San Luis Valiey.
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Figure B-27. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 35U, closed basin of San Luis Valley.
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Figure B—28. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 39C, closed basin of San Luis Valiey.
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Figure B—29. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 39U, closed basin of San Luis Valley.
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Figure B-30. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errars for observation well USBR EW 40C, closed basin of San Luis Valley.
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Figure B—31. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR EW 40U, closed basin of San Luis Valley.
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Flgure B-32. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR PW 1—7, closed basin of San Luis Valley.
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Figure B-33. (A) Observed and predicted water-level change and confidence limits; and (B) residual

errors for observation well USBR PW 2—4, closed basin of San Luis Valley.
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Figure B~34. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR PW 2-5, closed basin of San Luis Valley.
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Figure B-35. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR PW 4—1, closed basin of San Luis Valley.
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Figure B—36. (A) Observed and predicted water-level change and confidence limits; and (B) residual
errors for observation well USBR PW 4-5, closed basin of San Luis Valley.
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Figure B—37. (A) Observed and predicted water-level change and confidence limits; and (B) residual

errors for observation well USBR PW 5-2, closed basin of San Luis Valley.
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Appendix C—V Matrices for Regression Models of Water-Level Change in the Closed Basin
Division Study Area
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