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ABSTRACT

An examination of recharge and groundwater conditions of the
western region of the Roswell basin is presented. Recharge mecha-
nisms are proposed on the basis of several long record observation
wells. Water levels with long trends are associated with recharge
from areal precipitation. It is thought that several years of
above average rainfall are necessary to increase groundwater stor—
age significantly. A fluctuating cyclic response is associated
with channel leakage from streams in the study area. This recharge
mechanism was verified using a stochastic stream-aquifer model ap-
plied to the Rio Hondo and Rio Pefiasco drainages. With this model,
channel leakage and aquifer parameters could be estimated.

The two types of water level response are associated with char-
acteristic tritium levels. High tritium levels in wells near
streams verify a fast recharge component indicated by the model.

For wells not located near streams in the intake area and for wells
in the Principal Aquifer, low tritium values are found. These wells
indicate longer residence times than previously suggested. It seems
likely that precipitation on the region outside the Principal In-
take Area supplies a significant portion of total recharge to the

Principal Aquifer.
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INTRODUCTION

This report attempts to quantify the groundwater resources of
the Yeso and Glorieta aquifers in the western Roswell basin. The
importance of these aquifers to the overall water resources of the
basin has been suggested by several authors. M. S. Hantush (1957,
p. 8) states, "the greater precipitation on the area outside the
'principal intake area', and the principal movement of both perched
and deep water,....., suggest that significant amounts of water ul-
timately will enter the San Andres Formation and thus contribute to
the recharge of the basin'. The Principal Intake Area, as defined
by Fiedler and Nye (1933), is located just west of the confined
beds of the Principal Aquifer, where the water table is in the San
Andres Formation. As reported by Gross et al. (1976), several
years of basin~wide tritium sampling generally indicate low tritium
values for groundwater in both the intake area and the Principal
Aquifer; this suggests significant recharge from the less permeable
western region.

In this report, recharge mechanisms in the study area are pro-
posed on the basis of water level response and tritium sampling
over several years. The stream-aquifer recharge process is exam-
ined in detail using an inverse method with stochastic variables
in the model. The importance of the western region of the Roswell
basin in terms of its underflow or leakage to the Principal Intake
Area is examined, and an estimate of annual underflow is computed

to demonstrate its importance.



Section 1
SUMMARY OF HYDROGECLOGY AND PREVIOUS WORK
General

The area of investigation for this report is the western re-
gion of the Roswell basin (Fig. 1). The geographic setting of the
basin is southeastern New Mexico, bordering the Pecos River, the
principal drainage. The Capitan, Sacramento and Guadalupe Moun-
tains form the western physiographic boundary, and the east slope
of the Pecos River is the accepted boundary in the east (Fig. 2).
The Arroyo del Macho and the Seven Rivers hills are the northern
and southern limits respéctively. The western mountains are
drained by several tributaries of the Pecos. From north to south
they are: Arroyo del Macho, Salt Creek, Rio Hondo, Rio Felix, Rio
Pefiasco and Seven Rivers. Of particular importance to this inves-
tigation are the Rio Houndo and Rio Peiiasco.

The eastern groundwater boundary of this investigation occurs
where the regional water table intersects the contact between the
Glorieta Sandstone and the San Andres Formation. A rapid decrease
in the hydraulic gradient is observed as groundwater discharges
from the less permeable Glorieta Sandstone in the west to the high-
ly permeable San Andres Formation. The northern, southern and
western groundwater boundaries of the study area are assumed to co-—
incide with the physiographic boundaries of the basin.

The climate of the Roswell basin is generally semi-arid. Rain-

fall distribution over the basin is influenced by altitude, with
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the eastern plains receiving 8 to 12 inches of rain annually, and
the upland areas more than 20 inches. The majority of rainfall
occurs during the summer thundershower season, June-September.

High temperatures and low humidity combine to produce high rates

of evaporation on surface water and irrigated land. The demand for
water from municipal, farming and ranching interests has led to
large-scale development of groundwater and surface water supplies.
The significance of the western region to the overall water re-

sources of the Roswell basin is emphasized in this report.



Previous Investigations

A good deal of work has been devoted to understanding the hy-
drogeology of the Roswell basin; only a brief summary of previous
research is presented here.

One of the earliest comprehensive studies on the entire basin
was made by Fiedler and Wye (1933). This paper describes in con-—
siderable detail the geology and hydrology of the region. Renicke
(1926) gave a brief description of the geology of the western Rio
Peflasco drainage. Bean (1949) reported on the geology and hydro—-
geology of the Hondo Reservoir; and Theis (1951) outlined the ef-
fects of floodwater stdrage in the Hondo Reservoir and its relation
to the Principal Aquifer.

In 1957 a quantitative hydrologic investigation of the Roswell
basin was reported by M. S. Hantush. This study includes estimates
of hydraulic conductivity and storativity for the Principal Aquifer
and the Principal Intake Area. The latter was proposed by Fiedler
and Nye (1933) to be the area adjacent to the Principal Aquifer where
most of the recharge was supposed to take place. Motts and Cushman
(1964) appraised the artificial recharge capacities of the basin.
Mourant's work (1963) details the water resources and geology of
the Rio Hondo drainage. Kinney et al. (1968) developed a more de-
tailed picture of the subsurface geology of the basin and its con-
trol on groundwater movement. Havenor (1968) investigated the

structure, stratigraphy, and hydrogeology of the northern part of



the basin.

Rabinowitz and Gross (1972) have proposed a hydrologic model
utilizing environmental tritium as a tracer. 1In a more recent re-
port Gross et al. (1976) suggest that high tritium values near
streams in the basin might indicate fast recharge from channel
leakage, and that low tritium values in other wells away from streams
indicate a slow component of groundwater movement. Furthermore,
since low tritium values were generally found throughout the Principal
Aquifer, the slow movement of groundwater may be of greater sig-

nificance than previously recognized.



Geology and Occurrence of Groundwater

A geologic column is shown in Table I. For details, we refer
the reader to the work by Kelley (1971) and Gross et al. (1976).

The Yeso Formation of Permian age is the oldest water-bearing
unit considered in this study. It is composed of sandstone, shale,
anhydrite, limestone and salt. The formation crops out along the
southwest slope of the Sacramento Mountains, and is also found in
the river valleys which have cut the eastern slope of these moun-
tains. The Yeso ranges in thickness from 1000 to 2000 feet in the
western part of the basin.

As an aquifer the Yeso yields small to moderate quantities of
water; the quality is generally poor but suitable for stock use.
The Yeso receives most of its recharge from infiltration through
overlying beds as well as by stream leakage in the alluvial valleys.
The permeability of this unit is thought to be low but of suffi-
cient degree to allow transport down the dip of the eastern slope.

The Glorieta Sandstone of late Permian age is the basal member
of the San Andres Formation. The unit is composed of fine-grained,
well-sorted, friable sand and is easily distinguished from the red-
brown Yeso by its yellow color. Outcrops are visible along the
valleys and canyons which cut the east slope of the Sacramento Moun-
tains within the study area.

Wells in the Glorieta aquifer yield a moderate quantity of

water. Water quality is good where the aquifer is recharged by



Table I. Simplified Stratigraphic Column for the Roswell Basin.

AGE GROUPS, FORMATIONS, MEMBERS DESCRIPTION
Holocene 0-300 ft. thick
and Alluvium Caliche, gravels, sands
Pleistocene some clays.

0-250 ft. thick

Pleistocene
. Sands, clays, gravels,
and Gatuna formation .
. red color, thin layers
Pliocene
of carbonates.
Permian 0~400 ft. thick
Artesia group Upper portion:
Tansill formation Clays, sands, evaporites.
Yates formation , Lower portion:
Seven Rivers formation Clays, sands, carbonates.
Queen formation The Queen formation is
Grayburg formation usually considered to

form the aquitard.

200-? ft. thick

San Andres formation Upper portion:
Fourmile Draw member Evaporites, sands (Lovington
Bonney Canyon member sandstone), carbonates.
Rio Bonito member Lower portion:
Glorieta sandstone Carbonates, sands

(Glorieta sandstone), shales.

Yeso formation

Precambrian



precipitation or channel leakage, but poor quality water is found
where it is supplied by the lower Yeso Formation.

The San Andres Limestone crops out extemsively in the Roswell
basin. Within the study area the formation is above the regional
water table, but perched groundwater is apparent from springs which
discharge above major streams. Although the San Andres has been
charactexrized as a highly permeable unit, large differences in
hydraulic conductivity and porosity exist. These differences may
be explained by the variability of occurrence of solution openings
and fracturing. The dissolution of limestone is most intense along
major lines of drainage where interconnection of groundwater aﬁd
surface water is possible. The Border Hills structure trending
northeast in the western part of the study area, has little effect
on groundwater movement across the basin. However, fracturing along
this structure may influence the quantity of recharge made available
to the water table. While the San Andres Formation is not an aquifer
in the area of this study, it does have an important role with re-
spect to recharge of the Yeso and Glorieta aquifers.

Ten observation wells were drilled and completed by the Pecos
Valley Artesian Conservancy District in 1957. Tbese wells were
equipped with recording devices, and nearly continuous water level
data for most of the wells are available from 1958 to present.

The drilling of these wells was the result of a report by M. S.

Hantush (1957), to provide information on the groundwater conditions
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of the Roswell basin. Lithologic logs and water levels can be
found in State Engineer Report No. 16 (Crawford and Borton, 1958).
Location of these wells and others used in this report is found in

Figure 2.
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Drainage

The Rio Hondo and the Rio Pefiasco drainage originate in the
Sacramento Mountains and flow east to the Pecos River. The Hondo
is formed by the confluence of Rio Bonito and Rio Ruidoso at Hondo,
New Mexico. Near the junction, the Hondo is perennial but loses
most of its flow to seepage, irrigation and evaporation along the
rest of its course., The Bonito and Ruidoso are perennial over
much of their course, except for a few places where the flow is
lost to irrigation, diversion, and seepage. A water table map con-
structed by Mourant (1963) gives evidence of channel leakage and
groundwater mounding under some sections of the Hondo drainage.
This is particularly evident in the central and eastern part of the
study area. Similar to the Hondo, the Rio Pefiasco drainage loses
most of its flow between Elk and Dayton.

Hydraulic connection between the stream and aquifer has been
observed in the Hondo and Peilasco drainages. Where the water table
is at or near the level of the stream, pumping for irrigation will
lower the water table causing an increase in channel leakage and a
loss in streamflow. Along the drainages of the Pefiasco and the
Hondo, deep wells 100 to 500 feet below the stream display large
fluctuations which appear to correspond to changes in stream dis-
charge. The present report examines this response in detail.

Other streams, arroyos and channels in the basin are very

likely controlled by similar mechanisms. However, information and
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data are more complete in the llondo and Pefiasco drainages, and are

used in this report.
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Rainfall-Runoff in the Basin

In this subsection, a brief description is given of rainfall-
runoff in the study area and the importance of this process to re-
charge. Figure 3 gives the location of stream gauges maintained
by the U. S. Geological Survey in the basin. Some of the gauges
have been discontinued. In these cases only partial records are
available. The gauges of primary importance to this study are:
No. 3901 at Picacho, No. 3905 at Diamond 'A' Ranch and No. 3985
at Dayton. The data from these gauges are tabulated in Appendix A.

The major streams in the basin can generally be described as
perennial in the headwaters and ephemeral (flow in response to
rainfall) in the central and eastern parts of the basin. There
are also sections of the Pefiasco, Felix and Hondo rivers which can
be classified as intermittent; they flow in response to seasonal
sources such as snowmelt or springs.

Mean areal precipitation has been estimated by Gross et al.
(1976) using Thiessen polygons. An average figure for mean annual
precipitation over the 8200 square mile area of the basin is on the
order of 5.5 x 106 acre~feet, From 4 to 8% of this quantity is
assumed to be recharge to the groundwater basin (Saleem and Jacob,
1971). Since reliable information on areal precipitation and re-—
charge has not been developed for the basin, precise estimates can
not be given. The mechanisms which control recharge are among the

unknown quantities in the hydrologic cyele of this region.
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A simple method of describing the relationship between rainfall
and runoff is to plot rainfall versus stream discharge. Linear re-
gression between the variables gives an indication if streamflow is
directly affected by precipitation.

Rainfall records at Picacho and discharge at Diamond 'A' Ranch
were used since long records are available for both stations (the
period used was 1959-1975). Linear regression of monthly mean pre-
cipitation at Picacho and monthly mean discharge at Diamond 'A'
Ranch had a correlation coefficient of 0.50. Using an F-test the
correlation proves to be significant, but only explains 507 of the
variation. Evidently thé direct relationship between monthly rain-~
fall and runoff does not adequately describe the process. Harmonic
analysis would very likely indicate the indirect, or lagged, re-

lationship between rainfall and runoff.
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Section 2
EXAMINATTON OF GROUNDWATER AND SURFACE WATER DATA

Objective

In this section we examine available hydrologic data in the
study region and evaluate possible recharge mechanisms. The group-
ing of wells accoxrding to water level response is the first objec-
tive. The water level response is then associated with some type
of input such as precipitation and/or stream flow. The use of trit-
ium as a tracer in the hydrologic cycle is examined as an indica-

tion of the source of recharge to the groundwater system.
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Groundwater Level Response

Groundwater level fluctuations have been used by many investi-
gators to analyze the mechanism of recharge. C. E. Jacob (1944)
correlated precipitation with groundwater levels on Long Island,
New York. A more recent paper by C. Venetis (1970) presents a
different approach by treating the water level changes themselves
as indicators of groundwater recharge or discharge. The purpose
of this section is to analyze the characteristics of water level
changes in several wells in the study region to determine the cause
of these changes and their relatidnship to recharge.

Continuous well lével data were obtained from the Pecos Valley
Artesian Conservancy District for seven observation wells maintained
by their office (Nos. 1, 2, 3, 4, 7, 8, and 9 of Fig. 4 and Appen-
dix A). Because of the size of the study area, the sparsity of
wells, and the inherent sampling errors, monthly average water
levels were deemed sufficient to characterize the flow system.

A reasonable way to establish the mechanism of recharge in a
particular hydrolégic system is to associate groundwater level
changes with some causal variable or group of variables. Statisti-
cal methods and harmonic analysis are often used -to illustrate
linear or cyclic behavior of hydrologic data. A simpler and more
direct approach is a graphical representation and comparison of
input and output variables.

A graphical examination of monthly average groundwater levels
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in the study area indicated essentially two different responses.
The first group of wells (Nos. 1, 2, 3, 4, 9) displayed a long
trend of decreasing water levels from 1958-1971, with a much faster
recovery from 1972-1976. This group of wells was located away from
major lines of drainage. The second group (Nos. 7, 8) exhibited a
widely fluctuating cyclic behavior. This response was typical of
wells located near streams or arroyos. Well No. 4 exhibits cyclic

fluctuations superposed on a long-term trend.
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Long~Term Response Wells

Figure 4 shows the wells with a long-term water level response.
A surprising absence of seasonal or annual fluctuations is readily
apparent for wells No. 2 and No. 3. These wells are located on the
west and east side, respectively, of the Border Hills structure
north of Highway 380. The principal water-bearing formation of
these wells is the Yeso (Gross, et al., 1976, Appendix B). However,
some water was encountered in the Glorieta at both wells. Obser-
vation well No. 4 displays some fluctuation indicating seasonal
recharge. Despite the higher freqﬁency fluctuations in No. 4 the
"long-term response to fecharge and discharge is similar to No. 2
and No. 3.

The long-term changes in water level indicate a damped system.
Typlcally, a system of this type shows little or no changes in
storage from a single input (seasonal rainfall or snowmelt) while
a series of closely spaced inputs would contribute substantially to
groundwater storage. Precipitation in the Roswell basin for the
years 1959-1970 was generally below the long-term mean, while rain-
fall from 1971-1976 was generally above the mean. The distribution
of rainfall in time evidently is an important comnsideration for
recharge from areal precipitation. It is also interesting to note
that pumpage from the Artesian basin is inversely related to rain-
fall. During wet years, less aquifer withdrawals are necessary

and vice versa. Long-term trends of water levels in the recharge
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area are closely tied to this recharge/discharge (basin pumpage)
relation.

A qualitative description of the areal rainfall/recharge pro-
cess is not an adequate tool for water management in a large
groundwater basin. The long~term response of water levels to re-
charge from precipitation should be studied in detail to establish
physically based relationships. Perched groundwater systeﬁs which
discharge water from springs in the recharge area may give informa-

tion on the relation between areal rainfall and recharge.
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Fast Response Wells

The second type of well response is shown in Figure 5. These
wells show a definite effect from short-term or seasonal inputs.
Well No. 8 is located about 1000 feet north of the Rio Hondo at
Diamond 'A' Ranch while No. 7 is located approximately 500 feet
north of the channel of the Rio Peflasco. The water level changes
in these two wells are thought to be related to changes in stream-
flow, that is, channel leakage.

Iwo additional fast-response wells (Nos. 1l and 12) are dis-
cussed in Section 3 of this report.

The response in these wells appears to be less damped than in
the wells examined previously. Nonetheless, the comparison of
streamflow events with water level fluctuations, to be discussed
below, indicates that extended periods of above-average streamflow
(as opposed to sporadic floods) are required to produce appreciable
water level fluctuations, the large amplitude of which may be ac-
counted for by the intense concentration of recharge along major

channels.
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Groundwater Recharge from Channel Leakage

It has been found by several investigators that channel leakage
to the groundwater reservoir in the basin is considerable. Fiedler
and Nye (1933) observed that stream losses from the Rio Hondo and
Rio Peilasco were greater where these streams cross the Principal
Intake Area. They also noted that above the Diamond ‘'A' Ranch
headquarters the Rio Hondo normally flows, while between the Diamond
'A' headquarters and Hondo Reservoir the entire flow sinks into the
limestone. The Rio Peflasco will normally flow at Elk while the
stream gauge at Dayton (3985) has flow only after large precipita-
tion events. Bean (1949) has estimated channel losses to be on the
order of 19,000 ac-ft annually for the Hondo, and 9,000 ac-ft an-
nually for the Peilasco.

Several physical factors influence channel leakage. In the
study area, along the western flank of the basin, vertical infil-
tration in the river valleys occurs through a permeable alluvial
deposit, or directly through the limestone. Where the water table
is below the stream, a large stofage capacity for recharge exists.
Along the valleys of the Pefiasco and the Hondo irrigation water is
supplied by the stream. The quantity of water applied to crops in
excess of consumptive use will infiltrate the alluvium as recharge
or be returned to the stream. Irrigation, domestic and stock wells
along these valleys have the effect of lowering groundwater levels

and increasing the storage capacity of the groundwater reservoir.
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For an initial estimate of the amount of channel leakage from
the Rio Hondo west of the Principal Intake Area of Fiedler and
Nye and in the study area for this report, mean monthly discharge
for two gauging stations was plotted and compared using linear re-
gression. The upstream gauge was located at Picacho (No. 3901),
and the downstream gauge at the Diamond 'A' Ranch (No. 3905). The
stations are approximately 17 miles apart. Both stations are af—
fected by upstream irrigation. Two irrigation ditches above the
Picacho gauge reduce discharge at Picacho while a portion of the
flow is returned below the gauge. The measurements from these
gauges are tabulated in Appendix A.

A runoff plot between the two gauges is given in Figure 6.

The Diamond 'A' discharge is the independent variable, X and
Picacho discharge is the dependent variable, ;- From the regres~
sion equation

i = Bpx F By s
it was found that the intercept, BO = 7.61 and the slope Bl = 1.04.
The correlation coefficient was found to be 0.98. The intercept
can be thought of as an estimate of the loss between the gauges.
Initial estimates of channel loss for this section of the Hondo are

calculated to be 220 ft3/month per foot of channel.
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Tritium as a Recharge Indicator

Environmental tritium is useful as a tracer in the hydrologic
cycle. The method was applied to regional flow in the Roswell basin
by Rabinowitz and Gross (1972). Tritium (H3) has been introduced
to the hydrologic cycle by atmospheric nuclear testing. The ap-
plication to hydrology stems from the fact that pulses of tritium
from seasonal precipitation eventually reach the surface water and
groundwater reservoirs. Since the half-life of tritium is 12.4
years (Jacobs, 1968, p. 4) an estimate of the 'age' of a particular
sample can be inferred if that age is comparable to the half-life.
Tritium values for sufface water in the Rio Hondo drainage are
typically high (>20 tritium units - see Gross et al., 1976).

Several wells (Nos. 8, 11, 12) near the Hondo also show consistently
high values of tritium. However, other wells (Nos. 2, 3, 4), from

5 to 10 miles north and south of the drainage, are consistently

low. The fact that the Rio Hondo loses flow to the groundwater has
long been known and is supported by tritium sampling.

Water samples from the Rio Pefiasco near Elk are usually low in
.tritium. Exceptions to this are noticed during high runoff periods,
caused by recent rainfall or snowmelt. The typical low values (<15
tritium units) are probably explained by the many springs in the
area which discharge 'older' water from perched systems, or from
groundwater baseflow. Groundwater samples taken from observation

well No. 7, near the Rio Pefiasco, are generally low in tritium.
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Channel leakage and groundwater recharge from the river could not
be confirmed using tritium. Table II includes the tritium data of
surface water and well samples used in the study. The tritium

analyses were made at New Mexico Institute of Mining and Technology.
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Section 3
A STOCHASTIC STREAM-AQUIFER MODEL
Objective

The'purpose of this section is to estimate aquifer parameters
and to evaluate a recharge mechanism in the western region of the
Roswell basin. Although a great deal of work has been devoted to
the hydrology and hydrogeology of the Roswell basin proper, little
quantitative information is available about the water resources of
the Yeso, Glorieta and Alluvial aquifers of its western flank; their
relative importance as a groundwater reservoir is not well estab-
lished.

The interpretation of fluctuating water levels by mathemati~-
cal models has been attempted by several investigators. Jacocb
(1943) and Venetis (1971) have already been mentioned. Cooper and
Rorabaugh (1963).and Hall and Moench (1972) also investigated
aquifer models of this type. A deterministic approach was used for
the above models. Gelhar (1974) developed three analytical models
which describe the spectral response of water table aquifers. The
first and simplest case is a linear reservoir, lumped parameter
model. The second is a linearized form of the Dupuit model, and
the third is a Laplace type aquifer model. The stochastic models
proposed by Gelhar describe the spectral response of groundwater
levels to recharge and to changes in adjacent stream depth. In

this paper the groundwork is laid for applications of stochastic
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analysis to a phreatic aquifer.

The analysis of hydrologic time series using a stochastic ap-
proach has been shown to be useful where complicated physical phe-
nomena appear to be dominated by a random element. This random
element may be associated with the space or time variability of a
series. This study is concerned with the randomness of water level
and streamflow time series, and their spectral representation in
the frequency domain. A stochastic description rather than the
conventional deterministic approach implies that sequences of hy-
drologic events are characterized by probability laws.

In this study time changes of groundwater levels and stream
discharge are regarded as stochastic processes and then modeled as
a stream-aquifer system. By treating the time series of streamflow
(input) and water level (output) as random processes, it is possible
to describe the input-output relationship in terms of the individual
spectra. The usefulness of this approach is that the aquifer param-
eters, hydraulic conductivity and effective porosity, can be esti-
mated and values for recharge to the groundwater system can be in-
ferred. A detailed description of the mathematics of spectral

representations of time series is found in Jenkins and Watts (1968).
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A General Two Dimensional Model

The partial differential equation of groundwater flow for a

water table aquifer in two dimensions can be written as

b _ 3y, 2h) , 8f . 3k
S 3t - 3X[Kxh ax] +By[Kyh ay} + E(Xsy’t) » (l)

where Kx and K_ are hydraulic conductivities in the x,y directions,
h(x,y,t) is the hydraulic head, S is the storage coefficient or
effective porosity, and E(x,y,t) is the recharge rate to the aqui-
fer. To linearize Eq. (1) assume KX = Ky =K and Kh = T or trans-
missivity. The term h denotes an average value of hydraulic head.
As long as changes in h(x,y,t) are small compared to the thickness
of the aquifer, the effect of assuming a constant transmissivity
will be negligible. For simplicity, the assumptions that S is a
constant and E is independent of the distance y along the stream is
made. Eq. (1) is now written as

2 2
g p B L r 2B ) 2)

ox? 9y2

In the study area it is known that losing streams contribute
recharge to the deep water table. Figure 7 is a schematic of this
process. The inflow E is handled as a Dirac delta function §(x) at
x = 0. It can be thought of as a line source of recharge in the
direction of the stream, such that E(x,t) = q(t)§(x). If the re-
gional water table gradient dh/3y is approximately constant, its
derivative vanishes, and Eq. (2) is further simplified to

2 )
s - 2B 4 g8, (3)

ox
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which represents the governing flow equation for the proposed model.
Integration of (3) over a small interval (-Ax, Ax) results in the
boundary condition

o1 20 = —q(t) , (4)

ox <=0

where q(t) is the recharge rate from the stream. A linear rela-
tionship is assumed between stream discharge Q(t) and recharge
q(t)

qt) = a Q) , (5)
where the parameter a is a constant fraction of discharge repre-
senting the amount of channel loss to the aquifer. The effect of
the unsaturated zone is not explicitly taken into account in the

proposed model.
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Spectral Representation of the Model

To apply the properties of a stationary random process to the
water level and recharge series, it is necessary to describe them
in terms of mean values h, a, and the fluctuations about the mean,
h', ¢q', such that

h = h+h'

_ (6)

qg = q+dq' .
Figure 8 demonstrates the separation of the mean and the fluctua-
tions about the mean for a single water level series. The dif-
ferential equation of the mean values is

T 2%h +q 68(x) = 0 . (7N

ax2

By substitution of Eq. (6) into the original differential Eq. (3)

and subtracting the differential equation of the mean Eq. (7), a

new equation is derived which governs the fluctuations about the

mearn
1 21, t
S&— = T?_h.;.q' 8(x) (8)
ot X

with boundary conditions

ot 2B = —q' = -aqQ'(t) . (9

X <=0
The stream discharge Q'(t) is also represented as a zero mean ran-

dom process.

From the representation theorem of Fourier time series analy-—

sis (Lumley and Panofsky, 1964, p. 16), a random stationary process
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can be described by a stochastic Fourier-Stieltjes integral
[==] . t
' (x,t) = [ et dz (u,%) (10)

(<]

Q' () = [ et 4z @) (11)

-

where w is angular frequency and th, dZQ are the Fourier ampli-

tudes of the process which have the following properties
o, 0y # W,

. % —
E[dzh(wl,x) th(mz,x)] . _ (12)
¢hh(w,x)dw > Wy =W,

The asterisk indicates complex conjugate and ¢hh(m,x) is the spec-
tral density function of h'(x,t). Substituting Eqs. (10) and (11)
into Eq. (8), a solution in terms of the Fourier amplitudes is

found

dz (war . . ks
= 9 " | T _|iws
th(w,x) 5T [iws} exp [ I T %_ . (13)
From the properties of Eq. (12) the spectral density for the out-

put of the system can be written

¢ ~a’ )
_.QQ 2uwS
4>hh(w,X) = Gwsy &P [-X[—T ]} (14)

The result in Eq. (14) describes the input-output relation-
ship of recharge and water level in terms of their individual spec~
tra. The parameter x is distance from the well to the stream and
a is the stream leakage parameter.

Following the same approach the cross—spectrum ¢Qh can be

found from
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. o, wy # Wy
E[dZQ(ml) . th(mz,x):l = , (15)

and the cross spectrum becomes

¢Qh(w’x) = ¢QQ(N) * B exp [}%; o + i[%? a + %}] (16)

where

1 1
3 “3
_ a|T _ wS
B = ZT[wS] and o = xﬁﬁ?} . (17)
The spectral density function or spectrum ¢{w) of h'(x,t) and
q'(t) is related to the autocovariance function R(r) by the Fourier

transform and inverse transform respectively

o0

- iwt
R = [ e o (0,x)dw (18)
1 ® _igr
bpp (@o%) = 27r_{°e R, (D)dt . (19)
In the same sense the cross spectral density function ¢Qh(m,x) is
related to the cross—covariance function RQh(T) by its Fourier
transform and inverse transform
_ iwT
RQh(T) = l;e ¢Qh(m,x)dw ¢1s))
_ 1 ® —iwr
¢Qh(w,x) = 5= [ e RQh(T)dT ; (21)

The autocovariance and cross—covariance are only functions of

7, the time differences or lag. This results from the property of
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stationarity in time series. If the autocovariance of a particular
time series is independent of time, the process is said to be sté—
tionary, and spectral analysis is applicable. A more detailed dis-
cussion of this property of time series analysis and its implica-
tions is given in Appendix A,

It is often convenient to define the input-output spectrum
using ordinary frequency, f, (cycles/time interval), where w = 2rf,

The spectral relationship between head and stream leakage in terms

of £ is then given by

¢hh(f ,X) aZ [ [ S ;’ﬁ}
———— = o——— exp |[-x|47f -] s (22)
¢QQ(f) 8wfST T

and the cross-spectrum is

o, (£,%)
Qh _ /2 V2 il
W = B exXp [‘”‘i—' o + i[—i" o + 4]} (23)
where
Y Y
B = %[-2%-8-] and o = x[ZTrf %] X (24)

For ease of presentation all equations have been derived in
continuous form. Discrete representations for the spectral esti-
mators ¢QQ and ¢hh’ as well as the covariance estimators th(T),
RQQ(t), RQh(T), were accomplished using the U.C.L.A. biomedical

computer program BMDO2T (Dixon, 1976).
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Phase Relationship or Lag Property

The cross-spectrum of a bivariate random process [h'(x,t),
Q' (t)] leads to another useful aspect of time series analysis, the
phase spectrum GQh(f,x) or, simply, the phase. It demonstrates the
time lag between the frequency components of the two processes

h'(x,t) and Q'(t). The cross-spectrum can be written

¢Qh = AQh exp ith:l (25)

where A h is the amplitude spectrum and th is the phase (Jenkins

Q
and Watts, p. 347). The cross-spectrum Eq. (23) of this analysis

in the general form given by Eq. (25) is

/3
¢Qh = ¢QQB exp [....52. ] exp I:i[goc+%]:| (26)
where
! Y
al T 7% g
SR AT R

The argument of the complex function in Eq. (26) is the phase in

radians.

L
6 = x[ﬁ§J £y (27)
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Estimation of Aquifer Parameters and Recharge

If the process of recharge from a losing stream to the aquifer
is represented by the proposed model, the spectral relationship of
: P Y
Eq. (22) should be linear in 2n[¥(¢hh/¢qqi] and £°, the dependent

and independent variable, respectively. Eq. (22) can be written

~

¢ 1
hh
n{f —— = _31 _f:"5 + BO , (28)

*aq
where BO = 4n [a2/87ST] and Bl = x(éﬂ%)%. From this equation,
notice that Bl has dimensions of vtime.

With Eq. (28) and the spectral estimates &hh(f,x) and &QQ(f),
linear regression can be performed and the adequacy of the model
determined. The coefficients 61 and BO from regression are used
to estimate the parameters S/T and a. The coefficient B, is used
to estimate S/T,

S/T = (By/x)%/(4m) (29)
and BO is used to estimate a
a2 = 8uST exp {60} . (30)

It is important to establish confidence intervals on the mean
of the spectral relation as well as on the parameters S/T and a.
This will indicate the applicability of the model. The 95%‘con-
fidence interval on the mean of Eq. (28) can be computed from

1
(x, - x)? E
% + e , (31)

z
(X."X)
=1 L
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and the 957 confidence intervals on the parameters 80 and Bl are

given by
t S
b % 0.025 ,
n - li
Z x, - x)2
=1 *
(32)
Tl
2
€0.025 © .lei]
b, * S ,
n )3
[ n) (x, - x)2 ]
. i
{ i=1
where
bl,b0 = estimates for 81,80
v, = predicted v for a given x
tO 025 = € distribution at the 957% confidence level
n = number of data points
- _ 1
x = mean of independent variable (f)’5

S

estimated standard deviation

The degrees of freedom of the estimate are n-2. The 95% confidence

intervals on

=10

and

the parameters S/T and a can also be constructed since

b.]2
= |1
= [l ] b4y (33)
exp (bo/2)

= ‘“1};7"“—' 4v/2 7 81 (34)
1

where § 1is assumed to be a constant.

The phase th(f,x) may be used to estimate the parameter S/T,
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as well as to indicate how much one series leads or lags the other.

1
The linear relationship between 8 and £? is expressed by

Qh

1
th(f,x) = bf*+g ) (35)

The coefficient b is related to S/T by the following,
S 2
7 = ®/&Ym (36)

where the coefficient b has dimensions of vtime. For a linear as-
sociation between frequency and phase, the time lag tf at each

frequency f can be computed by

te = th/(an) . ' (37)
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Analysis of Data

Water level series of four wells were used in the analysis.
Three wells are located along the Rio Hondo (Nos. 8, 11, 12), and
one well (No. 7) is near the Rio Pefasco (see Fig. 2). U.S.G.S.
Diamond 'A' stream gauge No. 3905 was used because of its long
record and location, which is relatively close to the Rio Hondo
wells. Records from observation well No. 7 near the Pefiasco and
the U.S.G.S. Dayton gauge No. 3985 provided data in the southern
drainage.

Well No. 8 (P.V.A.C.D. observation well) is located 2 to 3
miles upstream from the Diamond 'A' gauge and is approximately 1056
feet north of the easterly flowing Rio Hondo. The Hondo meanders
at this location, so that the measured distance from the well to
the stream is approximate.

Figures 9a and 9b display the monthly average water level
(feet) and streamflow (cfs) series. Figure 9c is a graph of the
dependent variable Qn[%(éhh/$qu} and the independent variable
fli from Eq. (28). The regression coefficients BO and Bl along
with the correlation coefficient, p, are listed; the dashed lines
indicate the 957 confidence interval for the mean (Eq. (31)).

Further details of the calculations are given in Appendix B.

The correlation coefficient p was found to be 0.92, indica-
ting that the model describes the stream-aquifer system at well

No. 8 quite satisfactorily. Introducing the slope of the regression
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Fig. 9: Spectral analysis of well response to streamflow.

(a) Water level series at Well No. 8

«Q

(b) Streamflow at Diamond 'A' Ranch
(¢) Linear form of spectral demsity function (Eq. (28)).

Dashed lines: 95% confidence interval.
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line, b,= —~6.31, into Eq. (29) the ratio S/T was found to be 8.52

1

X 10_5 day/ftz. The 957 confidence interval on the estimate bl

and therefore S/T (Mood and Graybill, 1963) is given by

-7.68 < bl < -4.94 (38)

where bl has units of vmonth. TFor the usual units of T (ft2/day),

the 95% confidence interval for S/T is

5.22 x 107° < S/T < 1.26 x 1074 [day/ft2] . (39)

The parameter a, or the fraction of streamflow that is re~-
charge, can be computed from Eq. (30) if either S or T is known.
Assuming the effective porosity, S, to be 0.10 the recharge param-

eter a was found to be 24.3 (iL- Sec

)
——>-|+ An approximate value for
ft month

recharge g per foot or channel near well No. 8 can be computed
from,

q = aQ (40)
where Q is the average discharge in cfs. Using the mean discharge
at Diamond W (20 cfs) q was found to be 16.2 ft3/day per foot of

channel. Confidence intervals on b, and a are given by

0
4,31 < bO < =5,71 (41)
and
1 sec
17.12 < a < 34.48 [‘f—E m] . (42)

Two other wells along the Hondo (No. 1l and No. 12) were used
in the analysis. These wells were measured bi-monthly during the
period 1956-62 by the U. S. Geological Survey. Since their loca-

tion is 15 to 17 miles upstream from the Diamond 'A' gauge, some
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error is expected.

Well No. 11 (R. 0. Anderson well) is located approximately
1980 feet south of the Hondo near Picacho, New Mexico. Figures
10a and 10b are the water level and streamflow series, and Figure
10c is the regression from Eq. (28). The much lower correlation
coefficient of 0.51 indicates that the model does not completely
describe the process. Since this well is some distance (~2000 ft)
from the stream, recharge from excess irrigation and precipitation
are probably affecting water levels.

Well No. 12 (also an R. 0. Anderson well) is 515 feet north
of the Hondo near Picaého. The original series and regression re-
sults are given in Figure 11. A correlation coefficient of 0.89
indicates good agreement with the proposed recharge mechanism of
the model.

A tabulation of Rio Hondo wells, their location, and estimated
parameters are given in Table III. It has been mentioned that
prior knowledge about effective porosity, S, or transmissivity, T,
is required to determine the parameter a. Since no hydrogeologic
data are available in this region, a cannot be computed with cer-
tainty. To arrive at an estimate of a, the effective porosity §
was assumed to be 0.10 for all cases. The average effective por-
osity of the Yeso and Glorieta aquifers probably does not exceed
0.20, and in general, it is likely to be much less.

The amount of recharge q at well No. 12 is estimated to be
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15.5 (ft3/day - ft), indicating a similarity with results from
well No. 8. However, recharge at well No. 11 is computed to be
much higher, 28.1 (ft3/day - ft). The parameters calculated for
No. 11 are more likely to be in error because of the low correlation
coefficient in that case. It is also important to note that re-
charge g at a particular location depends on the stream discharge
at that location, and estimates at any one location may not be
representative of the entire channel length.

Using the mean recharge computed at wells 8, 11, and 12 with
an approximate chammel length of 20 miles (Tinnie to Diamond 'A'
Ranch), an approximate estimate of total recharge is 17,425 acre-
ft/yr. Bean (1949, p. 24) estimated 19,400 acre-ft/yr on the
basis of the 1944 streamflow data.

Observation well No. 7 is located about 13 miles east of Elk,
New Mexico. The well is positioned 500 feet north of the Rio
Pefiasco channel. The only long~record stream gauge on the river
is ~36 miles downstream at Dayton, New Mexico (No. 3985). Dis-
charge at Dayton is observed only during the summer rainfall sea-
son or for large rainfall events (Appendix A). Since a good deal
of the river flow leaks to the groundwater reservoir between well
No. 7 and the Dayton gauge, estimates of aquifer parameters and
recharge were not made. However, Figure 12c indicates that stream-
bed leakage is a significant source of groundwater recharge in the

Pefiasco system also.
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Fig. 12: Spectral analysis of well response to streamflow,
(a) Water level szeries at Well No. 7

(b) Streamflow at Dayton
(¢) Linear form of spectral demsity function (Eq. (28)).
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It has been shown that the phase distribution with frequency
for water level and streamflow series can be used to estimate S/T
from Eqs. (35) and (36). Figure 13 is a graph of the phase esti-

~

mate GQh(f,x) versus f% (Table IV), computed from the cross—spectrum
of water levels at well No. 8 and discharge at Diamond 'A'. The
slope b1= 0.52 of the fitted line is substituted into Eq. (36)

with a resulting S/T ratio of 9.15 x 10_5 day/£t%2. This result
compares favorably with the previous result at well No. 8 (Table
I1I), and thus demonstrates a useful application of the cross-—
spectrum and phase analysis to parameter estimation. The inter-
cept value of 56.5° is reasonably close to the theoretical value
(Eq. (35)) of n/4 (or 45°),.

Equation (37) may be used as an indication of time lag be-
tween the frequency components of the water level and streamflow
series. It was found that the streamflow at Diamond 'A' leads
the water level at well No. 8 by O to 6 months for most of the in-

dicated frequencies. For further details, the reader is referred

to Appendix B.
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Table IV. Phase Relations Used in Spectral Computations.

Frequency (f) Phase in Fractions
(cycles/month) of a Circle (360°) Vi
0.0 .1883 0.0
.025 .2020 .158
. 050 .2268 224
.075 .2913 274
.100 .3269 .316
.125 .2848 .354
.150 .3305 .387
.175 .3840 .418
.200 . 4063 447
.225 L4671 L4748
.250 L4677 .500
.275 . 4437 .524
.300 . 4955 .548
.325 .5153 .570
.350 .5804 .592
.375 .3985 .612
400 .3248 .632
425 .4360 .652
.450 . 6099 .670
475 .4298 .689
.500 L4175 .707
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Section 4
IMPORTANCE OF THE YESO AND GLORIETA AQUIFERS

Estimated Underflow to the San Andres Aquifer

In order to estimate the contribution of groundwater from the
Yeso and Glorieta to the Principal Aquifer (the San Andres), it is
necessary to make some restrictive assumptions. It is an unusual
case where an individual aquifer can accurately be regarded as iso-
tropic and homogeneous. Furthermore the sparsity of hydrogeologic
data such as hydraulic conductivities, porosities, aquifer thick-
nesses and water level measurements creates a large uncertainty in
this type of hydrologic estimation.

Table V is a listing of wells used in this report, giving
their location, elevation, depth to water and aquifer thickness.
On the basis of 8 wells located in a north-south line along the
eastern boundary of the study area, an average aquifer thickness
was found to be 82 feet. The gradient of the water table in this
region is about 70 feet/mile, and the width of the aquifer was as-
sumed to be 100 miles. Figure 14 is a schematic representation of
the proposed underflow to the San Andres formation. Using Darcy's

equation the approximate discharge from the western aquifers can be

computed:
Q = TBJ = 133,000 ac-ft/year
wherein
T =Kh =2.28 x 103 ft?/day (see Table III);
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=~}
i

100 miles

dh/dx = 0.01326 ft/ft = 70 ft/mile .

C
i

More reliable estimates can be forthcoming only when more de~
tailed hydrogeologic data are available. These figures, along with
generally low tritium values found in the Principal Intake Area,
indicate the importance of possible large~scale underflow into the

San Andres aquifer from the west.
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SUMMARY AND CONCLUSIONS

The water level response of long-record observation wells in-
dicates two mechanisms of recharge in the study area. Water levels
with long-term trends are associated with recharge from regional
precipitation. Several consecutive years of above average rainfall
are necessary to significantly increase storage. A fluctuating,
cyclic response is associated with channel leakage from major
streams in the study area. This recharge mechanism was analyzed
using a stochastic stresm-aquifer model applied to the Rio Hondo
and Rio Pefiasco. As a result of the model, estimates of channel
leakage and aquifer parameters could be inferred for three loca-
tions in the Rio Hondo drainage. The location of the Rio Pefiasco
stream gauge was too far downstream from observation well No. 7 to
get reliable estimates of S/T and a, but the model results indicate
recharge from channel leakage is occurring in the Peflasco drainage
also.

The two types of water level response are associated with
characteristic tritium levels. High tritium levels in wells near
streams verify a fast recharge component indicated by the model.
Low tritium levels are generally found in wells not located near
streams or large arroyos in the study area. These low levels of
tritium are also found through most of the Principal Intake Area,
and would appear to indicate longer residence times of groundwater

than previously suggested (Rabinowitz and Gross, 1972). Although
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more study is required, it is likely that precipitation on the re-
gion outside the Principal Intake Area supplies significant recharge

to the basin.
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RECOMMENDATIONS

The importance of basic data to the management of a large
basin is well known. In order to better understand the ground-
water conditions of the western region of the Roswell basin, more
detailed hydrogeologic data are necessary. An inventory of wells
and construction of a detailed water table map of the western re-—
gion would be an important first step. Compilation of all avail-
able lithologic logs could be used to delineate aquifer boundaries,
determine thicknesses and better describe the geology. The aquifer
parameters of porosity and permeability, and their spatial distri-
bution, need to be better defined by pumping tests or other means.
Perched groundwater systems in suitably definable locations could
be useful in determining the rainfall/recharge relationship from a
physical standpoint. The continuation of tritium sampling, as
well as general chemistry, should lead to more information about
the space~time distribution of recharge. It is likely that the
western aquifers are significant to the water resources of the en~
tire Roswell groundwater basin.

Note on modeling of the basin

When more detailed hydrologic and geologic data are available
for the study region, an assessment of the water resources of the
entire basin in the form of a model may be possible. The numerical
models developed, respectively, by the U.S.G.S. (Trescott et al.,

1976) and by Prickett and Lonnquist (1971), could be useful for
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predicting water levels in response to pumping, and for the general
management of the groundwater basin. A transport model incorpora-
ting tritium could be used with the aquifer model to further charac-

terize the hydrology of the basin.
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APPENDIX A

STREAM DISCHARGE AND WELL LEVELS
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A.I. Monthly Mean Discharge at Picacho (No. 3901), cfs.

Month 1957 1958 1959 1960 1961 1962

Jan 9.65 17.4 14.2 14.0 12.8 7.61
Feb 7.5 14,0 14.0 10.4 14.0 26.3

Mar 6.81 52.1 7.94 8.73 13.3 12.1

Apr 7.32 159. 6.72 9.71 5.11 82.1%

May 12.8 116. 5.04 8.09 0 34.4

Jun 5.13 6.29 13.2 36.7 1.60 3.5

Jul 40.8 10.8 9.83 22.0 6.41

Aug 83.0 21.3 58.2 3.26 1l4.6

Sep 32.1 60.3 9.79 6.54 25.4

Oct 27.8 49.1 4.82 3.78 .83

Nov 24,7 29.1 5.69 4,97 5.93
Dec 21.7 19.5 11.3 9.04 5.77
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cfs,

1965

Monthly Mean Discharge at Dayton (No. 3985)

A TTIT,

1967 1968 1969 1970

1966

1959 1960 1961 1962 1963 1964

Month

Jan
Feb

Mar

17

Apr

154
1.79

41.0

May

19.4 6.1 9.1
3.2

9.71

Jun
Jul

221

1.7

52.4

48.1

45

10.5

7.42

328

1.0

37.6

2.5

Aug

76

48,7

3.5

Sep

Oct

Nov

Dec
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A.IV. Observation Well No. 1, Monthly Average Water Levels, Feet Below Well Collar.
Month 1961 1962 1963 1964 1965 1966 1967 1968
Jan 451.75  451.97  452.35 452.70 453.23  454.32  455.38  456.49
Feb 74 452,00 .34 74 .38 .38 .49 .60
Mar .78 451.96 A .85 .45 .54 .55 .67
Apr .81 452.02 .35 .68 .50 .61 .60 .76
May .81 .01 .35 .51 .62 A .72 .82
Jun .81 .08 .36 .51 .73 .78 .83 .94
Jul .85 .09 41 .63 .80 .89 .89 .08
Aug .89 .15 .46 .92 .92 455,07  456.06 L 40%
Sep .88 .17 47 .75 .91 .17 .21 . 46%
Oct .88 .19 .37 .93 .65 .22 .23 .51%
Nov .90 .28 .58 453.02 .70 .31 .31 . 34%
Dec . 9% .34 .55 12 454,22 .19 .38 AT
A.IV. Continued.

Month 1969 1970 1971 1972 1973 1974 1975
Jan 457.51% 454,347 454,70 459,14  459.10 459.48  460.38
Feb . 58% .35 .74 .16 11 .50 .34
Mar . 58% .35 .78 .16 .14 .52 .34
Apr .59% 42 .83 .18 .17 .36 .40
May . 66% .45 .85 .21 .21 .39 A
Jun 457.57 .48 455,137 .21 .19 .50 .48
Jul .57 43 459,237 .22 .16 .51 47
Aug .57 L4l .25 .18 .17 .56  461.10"
Sep .15 47 .25 .19 .19 .66
Oct 455.56 .62 52t .03 .25 .68
Nov 454.01 .67 .49 458.96 .32 .62
Dec .12 .70 .36 .99 .43 459,49
*

Interpolated

+Measured
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A.XI. Well No. 11, Bimonthly Average Water Levels,
Feet Below Well Collar.

Depth
Date to Water
10~26-55 54.14
12-10-55 54.51%
1-25-56 54.88
3-20-56 54.48
5-15-56 54.28
7-24~56 55.17
9~24-56 58.30
11-28-56 57.48
1- 2-57 56.04
3~26-57 55.18
5=15-57 54,75
7-23-57 56.68
9-25-57 57.26
11-15-57 58.87
1-15-58 57.14
3-26-58 57.20
5-20-58 56.30
7-24~58 57.75
9-16-58 58.96
11-25-58 59.31
1-15~59 60.18
3-25-59 57.30
5-26-59 56.70
7-24~59 57.45
9~25-59 : 57.84
11-25-59 58.35
1-13~60 57.39
3-23-60 55.56
5-26-60 57.17
7-22-60 57.39
9-23-60 58.32
11-23-60 57.85

*Two-point average to synthesize missing data

Continued
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A.XI. Continued.

Depth
Date to Water
1- 3-61 56.14
3- 4-61 56.32#%
5~ 3-61 56.50
7-28-61 58.10
9~-28-61 59.70
11-16-61 55.47%
1- 3~62 51.23
3~ 3-62 51.84%
5- 1-62 52.45
7~ 8-62 54,55%
9-14-62 56.65
11~ 8-62 57.05%
1- 2-63 57 .45

* Two-point average to synthesize missing data
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A.XII. Well No. 12, Bimonthly Average Water Levels,
Feet Below Well Collar.

Depth
Date to Water
5-12-55 45.90
1-25-56 51.14
3-21-56 53.20
5-15~56 52.25
7-24~56 49.65
9-24~56 51.94
11-28-56 55.50
1- 2-57 55.07
.3-26-57 : 55.66
5-15-57 54.66
7-23-57 54.00
9~25-57 55.48
11-25-57 57.60
1-15-58 598.76
3~26-58 60.80
5-21-58 57.40
7-24~58 55.20
9-16-58 54,08
11-25-58 56.72
1-15-59 57.43
3-25-59 58.44
5-26-59 59.00
7-24~59 59.89
9-25~59 55.67
11-25-59 58.30
1- 7-60 60.13x%
3-23-60 61.95
5-26-60 58.70
7-22-60 58.36
9-23-60 56.85
11-23~60 56.47

*Two-point average for missing data synthesis

Continued
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A.XII. Continued.

Depth
Date to Water
1- 3-61 57.69
3- 4-61 57.61%
5- 3-61 57.52
7-28~-61 47.65
9-28-61 47.82
11-15-61 50.67%
1- 3-62 53.52
3~ 3-62 48.86%
5~ 1-62 44,20
6-25-62 ' 44,59
9-14-62 40,90
11- 8-62 47.57%
1- 3-63 54.24

*# Two-point average for missing data synthesis
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APPENDIX B
SPECTRAL REPRESENTATION OF TIME SERIES

AND THEIR ESTIMATORS
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SPECTRAL REPRESENTATION OF TIME SERIES

In a statistical sense a time series can be considered a ran-
dom or non-deterministic function which, because of its inexact
nature, is necessarily described by probability laws. To describe
the function statistically it is convenient to regard a particular
time sefies as one realization of another set of functions called
a stochastic process. The most important assumptions about the
time series are that the associated stochastic process is station-
ary, and the stationary process is adequately described by the
lower moments of its probability distribution, i.e., the mean,
variance and covariance.

The mean can be written as

(-]

x = E[x(t)] = [ xpx) dx B.1

~00
where p(x) is the probability density function.

The covariance is expressed as

(==~ <]

R () = Elx() x(t+D] = [ ] x,x, p(x;,%,)dxdx, B.2 ,

where x, and X, correspond to x(t) and x(t + t), respectively,
and p(xl,xz) is the joint probability density function. At t = 0

Rxx(o) becomes the variance.

The classical Fourier representation of series or integrals
does not apply to random functions since they are neither period-

ic nor integrable. But there does exist a random process z(w)
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from which a time series x(t) can be expressed as

[+

x(t) = f eimtdz(m) B.3

Equation B.3 is known as a stochastic Fourier-Stieltjes integral
(Lumley and Panofsky, 1964).

The differences dz(w) are the complex Fourier amplitudes of the
process, z(w), with frequency w. The process z(w) has the property
of nonoverlapping increments or,

0,w,#u
* _ 1772
Eldz(w) *+ dz (u,)] = $W)du, =, B.4

where the star denotes a complex quantity.
and

&3]
F(w) = [ ¢(w)dw , B.5

with F(w) denoting the power spectral distribution.
The derivative of the power spectral distribution can be used

to arrive at the autocovariance,

RXX(T) = f eiwfd F(w) = f eiMT¢(m)dw B.6

¢$(w) is the spectral density function of x(t), or simply the
spectrum, and is related to the autocovariance by the Fourier

transform pair given in B.6 and B.7

@©

d(w) = g%- f eﬂiMTR(T)dT . B.7

-—O0
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A stationary random process, then, is simply described by its
autocovariance, or the Fourier transform of the autocovariance, the

spectrum. The spectrum shows how the variance of the process is

distributed with frequency w.
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Estimators and Confidence Intervals

This subsection is devoted to the procedure of estimating the
spectrum and covariance functions from observed time series. It
is quite often not possible or feasible to obtain continuous hydro-
logic data, so discrete estimations are necessary. The sampling
interval, At, must contain the desired information if the modeling
experiment is to be successful. For example, the water level data
used in this report were available at 8 hour intervals for nearly
20 years (Well No. 8). However, these finely spaced data were
examined and found not to contain additional information with re-
gard to the recharge problem. A time interval, At, of one month
was considered adequate. By averaging the 8 hour data over each
month the resulting covariance and spectral estimates were smoothed
or filfered, thus improving results. The sampling interval, At,
then, is of considerable importance, since too finely spaced data
would greatly increase computation time and cost, while data too
widely spaced would cause errors by actually losing information.
The loss of data from too large a time interval is called alia-
sing.

The discrete estimation formula for the autocovariance, ﬁh’
is given by

1 N-j

W0 = w5 L { (Byh) (g y=h) } ’ o

where j represents the lag, N is the sample size and E_is the mean
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of the variable.
By recalling the Fourier transform pair described earlier (B.6,

B.7), the spectrum ¢h(w) can be estimated by

N N M.
by () = = | RO + sl RO) con Gu| B.9

where hats denote estimators.

In order to obtain consistent values of $h(m) it is necessary
to smooth the spectral estimator using a set of weighting factors
which is usually called a spectral window; the Hamming window is
used in the BMD program.

The number of degrees of freedom for the smoothed spectral
estimate is given by

v = 2.78 N/M , B.10
where N is the length of record and M is the maximum lag (Jenkins
and Watts, p. 252). Equation B.10 results from the 'window' used
to smooth the spectral estimate (Hamming window). The degrees of
freedom can now be used to construct confidence intervals on the-
spectral estimates.

The distribution of the smoothed spectral estimator is approxi-~
mately chi-square, x% » with v degrees of freedom. The l-o confidence

interval is given by

Y ~

_V$(w) B.11

_vo(w) -
xﬁ(l—a/Z) A x%(a/Z

Eq. B.1ll gives a confidence interval for ¢(w) at a particular
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frequency only. Rewriting B.1ll in terms of natural logarithms

makes the confidence interval a constant value given by

In ¢(w) + In _XV_(.IXGT):: In :i\)(w) < Lnﬁg)(w)

+ Ln B.12

—_—
xv(a/z) :
Eq. B.12 was used to establish confidence intervals on the spectral
estimators given in this subsection. Table B.I. is a listing of
pertinent data used.

Figures B.1l through B.4 are graphs of the spectral estimates,
on the In scale, of water levels and stream discharges plotted
against frequency (cycles/month) which were used in the stochastic
model. The parameters used are given in Table B.I. Spectral es-
timates are given in Tables B.II through B.IV.

The solid line in each case represents the stream discharge
spectrum and the dashed line indicates the water level spectrum.
The streamflow spectrum for each graph is characteristic of an un-
correlated random process or white noise. On the other hand the
water level spectrum illustrates the typical response of a highly
damped groundwater system in that high~frequency components of the
water level spectrum are attenuated. This can also be explained as
a filtering of the input spectrum‘(streamflow) which reduces the

output spectrum (head) at high frequency.
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Jiz. 2.7 Spectral estimates of water level at Observation Well No. 8

(In ¢hh) and discharge at Diamond 'A' Ranch (Ln ¢Qq), versus
frequency. Data listed in Table B.II.
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Fig. B.2: Spectral estimates of water level at Well No. 11 (Ln ¢h )
and discharge at Diamond 'A' Ranch (Ln ¢QQ), versus
frequency. Data listed in Table B.III.
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Figure B.3: Spectral estimates of water level at Well No. 12

0.25

(Lo ®pn) and discharge at Diamond 'A' Ranch (Ln $QQ).

versus frequency. Data listed in Table B,.III.
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Table B.II. Listing of Spectral Estimates and Ln Spectral

Estimates for Well No. 8 and Stream Discharge at
Diamond ‘'A' Ranch.

Observation Well No. 8

Frequency
(eycles/month) Spectral Estimates

Phi R

0.0 21.11 3.05
0.025 21.30 3.06
0.050 13.15 2.58
0.075 3.90 1.36
0.100 ' 1.48 .389
0.125 , .824 - .194
0.150 .578 - .549
0.175 .460 - 777
0.200 .245 ~1.409
0.225 .154 -1.868
0.250 .154 -1.868
0.275 .078 ~2.55.
0.300 .053 -2.94
0.325 . .038 -3.28
0.350 .040 -3.21

' 0.375 .035 ~3.34
0.400 ‘ .025 ~3.68
0.425 .016 ~4,17
0.450 .010 ~4,61
0.475 .007 -4.94
0.500 .024 -3.75

Continued



107

Table B.II. Continued.

Discharge at Diamond 'A' Ranch

Frequency
(cycles/month) Spectral Estimates

*qq 2%0q
0.0 206.35 5.33
0.025 273.71 5.61
0.050 303.68 5.72
0.075 287.62 5.66
0.100 238.32 5.47
0.125 205.29 5.32
0.150 180.11 5.19
0.175 104.91 4.65
0.200 52.60 3.96
0.225 70.57 4.26
0.250 96.82 4,57
0.275 125.14 4.83
0.300 106.94 4,67
0.325 69.32 4.24
0.350 103.71 4.64
0.375 110.62 4.71
0.400 76 .14 4.33
0.425 68.46 4,22
0.450 65.56 4,18
0.475 61.06 4.11

0.500 61.95 4.13
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Table B.III. Listing of Spectral Estimates and Ln Spectral
Estimates for Wells No. 11, 12 and Stream Discharge
at Diamond 'A' Ranch (9 Lags).

Well No. 11

Frequency Spectral Estimates
(eycles/month) ¢hh Ln¢hh
0.0 3.29 1.189
0.031- 2.77 1.020
0.063 2.46 .900
0.094 1.68 521
0.125 ‘ 422 - .864
0.156 ‘ .163 -1.817
0.188 | .163 -1.812
0.219 .1306 -2.035
0.250 .0839 -2.478

Well No. 12

Frequency Spectral Estimates
(cycles/month) ¢hh Ln¢hh
0.0 31.470 3.448
0.031 19.48 2.969
0.063 7.253 1.980
0.094 4.915 1.592
0.125 1.946 .666
0.156 1.128 .120
0.188 .675 ~ .3937
0.219 ' .567 - .567
0.250 .399 - .9178

Continued
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Discharge at Diamond 'A' Ranch

Frequency
(cycles/month) Spectral Estimates

%o Lataq
0.0 227.590 5.427
0.031 269.784 5.598
0.063 270.007 5.598
0.094 198.073 5.289
0.125 151.213 5.019
0.156 116.130 4,755
0.188 78.796 4,366
0.219 84.871 4.441
0.250 87.907 4,476
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Table B.IV. Listing of Spectral Estimates and Ln Spectral
Estimates for Well No. 7 and Stream Discharge at

Dayton.
Observation Well No. 7
Frequency Spectral Estimates
(cycles/month) ¢hh Ln¢hh
0.0 8.31 2,117
0.042 5.31 1.669
0.083 1.369 .313
0.125 .209 -1.566
0.167 .0404 -3.208
0.208 .0108 -4,525
0.250 - .0014%
0.292 .0041 -5.476
0.333 - .0035%*
0.375 .00219 -6,122
0.417 - .0030%
0.458 .0020 -6.,19
0.500 - ,0015%*

*Note: Negative spectral estimates are not used.

Continued
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Table B.IV. Continued.

Discharge at Dayton

Fregquency Spectral Estimates
(eycles/month) ¢QQ LR¢QQ
0.0 102.577  4.631
0.042 161.140 5.082
0.083 206.333 5.329
0.125 200.622 5.301
0.167 198.578 5.291
0.208 195.499 5.276
0.250 193.269 5.264
0.292 191.168 5.253
0.333 189.847 5.246
0.375 189.146 5.242
0.417 188.248 5.238
0.458 188.535 5.239

0.500 187.93 5.236





