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CONVERSION FACTORS

The following factors may be used to co
System) units published herein to inch-pound

Multiply metric unit By
millimeter (mm) 0.03937
cubic centimeter (cm3) 0.06102
meter (m) 3.281
cubic meter (m3) 35.31
kilometer (km) 0.6214
square kilometer (kmZ2) 0.3861
gram (gm) 0.002205

degree Celsius ( °C) °F = 1,8 oC + 32

megapascal (MPa) 10

megapascal (MPa) 10,000

calorie at 15 X (cal) 3.087

calorie at 15 € (cal) 3.970 x 1073

langley per day {ly/d = 3.6879
(cal/cm?)/d]

calories (at 15 «€) per gram 1.8005
(cal/gm)

kilometer per hour (km/hr) 0.6214

millimeter per day (mm/d) 0.03937

cubic meter per year (m3/yr) 8.107 x 1074

gram per cubic centimeter 62.43

(gm/cm3)

Sea level: In this report "sea level'" re
Vertical Datum of 1929 (NGVD of 1929)--a
general adjustment of the first-order level
and Canada, formerly called "Mean Sea Level

vi

nvert the metric (International
units:

To obtain inch-pound unit

inch (in.)

cubic inch (in3)

foot (ft)

cubic foot (ft3)

mile (mi)

square mile (mi2)
pound (1b)

degree Fahrenheit ( °F)
bar

millibar (mb)
foot-pound (ft-1b)
British thermal unit (BTU)

British thermal unit per square
foot per day [ (BTU/£t2) /d]

British thermal unit per pound
(BTU/1b)

mile per hour (mi/hr)
inch per day (in/d)
acre-foot per year (acre~ft/yr)

pound per cubic foot (1b/ft3)

fers to the National Geodetic
geodetic datum derived from a
nets of both the United States
of 1929."




DEFINITION OF TERMS

Air entry pressure — The (negative) pressure of the pore water at which
air begins to displace water, as evidenced by the first decrease
in water content in the soil-water characteristic curve.

Available water capacity - Amount of water between field capacity and
permanent wilting point that is available for plant use.

Capillary pressure (Moisture tension, matrix potential, negative pres-—
sure potential) -~ The equivalent negative pressure in the soil
water resulting from capillary and adsorptive forces in the soil
matrix. It is equal to the equivalent pressure that must be applied
to the soil water to bring it to hydraulic equilibrium, through a
porous permeable wall or membrane, with a pool of water of the same
composition.

Hydraulic-conductivity function — A function or graph showing the hydrau-
lic conductivity as a function of soil-water content or capillary
pressure.

Hydraulic head — The altitude, with respect to a specified reference
level, at which water stands in a piezometer open to a specific
point in a geologic deposit. Its definition can be extended to
strata above the water table if the piezometer is replaced by a
tensiometer. The hydraulic head in systems under atmospheric pres—
sure may be identified with a potential, expressed in terms of the
height of a water column. More specifically, it can be identified
with the sum of gravitational and capillary potentials and may be
termed hydraulic potential. For unsaturated soil, the hydraulic
heads referenced to the soil surface is equal to the soil suction
or tension (-m) at a given point plus the depth (-m) to that point,
with positive taken as upwards.

Hysteresis - Nonuniqueness in the relation between two quantities, in
particular in the relation between the soil-water content and the
soil-water capillary pressure.

Net radiation — The difference of the downward and upward solar and long-
wave radiation flux passing through a horizontal plane just above the
land surface.

Residual moisture — The minimum moisture content after the effects of
gravity drainage and evapotranspiration become negligible.

Soil texture — The relative proportions of the various soil separates in
a soil as described by the classes of soil texture shown in the
following figure:

vii
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MEASURING AND COMPUTING NATURAL GROUND-WATER RECHARGE

AT SITES IN SOUTH-CENTRAL KANSAS

By

Marios A. Sophocleous,
Kansas Geological Survey, Lawrence, Kansas
and
Charles A. Perry,

U.S. Geological Survey, Lawrence, Kansas

ABSTRACT

To measure the natural ground-water-recharge process, two sites in
south~-central Kansas were instrumented with sensors and data microloggers.
The atmospheric-boundary layer and the unsaturated and saturated soil
zones were monitored as a single regime. Data from the various sensors
were collected using microloggers in combination with magnetic cassette
tapes, graphical and digital recorders, and analog paper—tape recorders
in order to automate data collection and processing. Direct observations
also were used to evaluate the measurements.

Atmospheric sensors included an anemometer, a tipping-bucket rain gage,
an air-temperature thermistor, a relative—humidity probe, a net radiometer,
and a barometric-pressure transducer. Sensors in the unsaturated =zone
consisted of soil-temperature thermocouples, tensiometers coupled with
pressure transducers and dial gages, gypsum blocks, and a neutron-moisture
probe. The saturated-zone sensors consisted of a water—-level pressure
transducer, a conventional float gage connected to a variable potentiometer,
soil thermocouples, and a number of multiple-depth piezometers.

Evaluation of the operation of these sensors and recorders indicates
that certain types of equipment, such as pressure transducers, are very
sensitive to envirommental conditions. Extraordinary steps had to be taken
to protect some of the equipment, whereas other equipment seemed to be
reliable under all conditions. Based on such experiences, a number of
suggestions aimed at improving instrumentation of recharge investigations
are outlined.

The amounts and timing of ground-water recharge from precipitation
over an approximately 19-month period were investigated at two instrumented
sites in south—-central Kansas. Precipitation and evapotranspiration data,
taken together with soil-moisture profiles and storage changes, water
fluxes in the unsaturated zone and hydraulic gradients in the saturated
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efforts need to be undertaken to obtain more direct estimates of vertical
water fluxes at or near the water table. The approach presented in this
report involves a detailed study of the combined unsaturated-saturated
flow system. However, the problem of areal variability of recharge
remains complex, and the previously mentioned, unsaturated-saturated ap—
proach may be impractical for regional applications, given the present
state of technology, because of the large number of data-collection
sites required and the cost of instrumentation.

Purpose and Scope

The purpose of the study described in this report was to measure
natural ground-water recharge at two selected sites in south-central
Kansas with potentially significant recharge environments. To achieve
this goal, the following objectives were formulated:

(1) Evaluate and use state-of-the-art technology in onsite instru-
mentation and techniques to obtain reliable and frequent data related to
ground-water recharge.

(2) Investigate the mechanisms of natural ground-water recharge by
measuring the unsaturated-saturated flow regime as a unified system.
Emphasis would be on precipitation-related recharge processes.

(3) Measure the amount and specify the timing of recharge for two
sites in two major ground-water regions of Kansas--the Equus beds and
Big Bend regions.

This report describes the experimental aspects of ground-water-
recharge estimation. The approach followed in this study is similar to
that followed by Freeze and Banner (1970), which was to measure the
transport of moisture from the surface through the unsaturated =zone,
across the water table, and into the saturated ground-water flow system.
Such a profile of ground-water recharge would consist of measuring the
following hydrologic characteristics:

(a) Precipitation,

(b) Potential or actual evapotranspiration,

(¢) Soil-water content at various depths,

(d) Change in soil-moisture storage in the unsaturated soil profile,

(e) Water fluxes at the deepest tensiometer-nest level above the
water table and at or in the immediate vicinity of the water
table,

(f) Soil-temperature anomalies that result from recharging-water
influxes,

(g) Water-table altitudes,

(h) Saturated water fluxes or hydraulic gradients near the water
table and deeper in the ground-water flow system, and

(i) Water—level changes in the general area of the recharge sites.

Background information for recharge profiles would include soil-texture
profiles, soil-water characteristic curves (that is, the relation between
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water needs of the city of Wichita. Both the Burrton and Zenith recharge
sites are located in relatively flat, sand-dune environments. No well-
established drainage patterns exist, indicating that surface runoff may
be negligible. Rainfall either infiltrates directly into the sandy
soil or accumulates in shallow depressions. The sites are covered by
native mixed-grass vegetation.
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GENERAL HYDROGEOLOGY OF THE RECHARGE SITES

Hydrometeorological Setting

The climate at the study sites is characterized by moderate precipi-
tation, a wide range of temperatures, and moderately high average wind
velocity. Ranges of precipitation, temperature, and evaporation through-
out the year are shown in figure 2. Average annual precipitation is
approximately 738 mm. The amount of precipitation, however, varies
greatly from year to year and generally increases eastward across the
State. The lowest average monthly precipitation is 18 mm during January,
and the highest average is 113 mm during May. Approximately 72 percent
of the annual precipitation falls from April to September (Rockers and
others, 1966). Snowfall varies from year to year, but the average annual
amount is approximately 508 mm.

Mean monthly temperature minima and maxima vary from -6.7 and 5.6 °C
during January to 19.4 and 33.3 °C, respectively, during July. The mean
annual temperature is 13.4 °C. The prevailing winds are southerly, aver—
aging from 24 km/hr during March and April to 19 km/hr during July and
August (Rockers and others, 1966). Because of the abundance of warm tem—
peratures and relatively high wind speeds, pan evaporation at the city of
Wichita averages 1,630 mm/yr (Farnsworth and Thompson, 1982). Average
evaporation exceeds average precipitation for every month of the year.
However, short—term (days to weeks) precipitation may exceed corresponding
evaporation, resulting in ground-water recharge.

Surficial Geology and Soil Properties

A generalized surficial geology map of the study area is shown in
figure 3. The recharge sites consist of unconsolidated deposits of pre-
dominantly Holocene and Pleistocene age overlying Permian bedrock. The
unconsolidated deposits are of fluvial origin with sand beds generally
lying between lenses of silt, clay, and sandy clay as can be inferred
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site are shown in figure 5 and for the Zenith site in figure 6. The
water table at the Burrton site is much shallower and more variable with
time than at the Zenith site, with the depth to water averaging approxi-
mately 1.2 to 1.5 m. The Zenith site is situated in soil that is similar
to the Burrton site. The depth to the water table is approximately 5.2 m.
This difference in depth to water table between the two sites is of
major significance in the estimated amounts of recharge at each site, as
will be shown. The saturated hydraulic conductivity of the soil above
the water table generally decreases with depth at both sites. This
conductivity pattern probably is due to the decreasing sand content and
increasing bulk density of the soil with depth.

Shallow Ground-Water Flow System

Approximate directions of ground-water flow along the trace of sec-
tions shown in figure 3 are depicted in figures 7 and 8. These cross
sections were drawn parallel to the general direction of flow so as to
depict true gradients. The hydraulic-head data for the Burrton area shown
in figure 7 were measured during 1978-81. A complete set of measurements
for any single time was not available. The hydraulic-head data for the
Zenith area (fig. 8) were determined from water levels measured in piezo-
meter nests and wells during March 1982, Based on these data, equipoten-
tial lines were drawn, and principal directions of ground-water flow
were indicated. From these and other more localized cross—sectional
flow nets, both the Burrton and Zenith sites were identified as being
ground-water-recharge sites (with ground water moving downwards away
from the water table). A regional water-level gradient to the east
exists in the general study area, as can be inferred also from figures 7
and 8 (see also Sophocleous, 1983).
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INSTRUMENTATION

The Burrton and Zenith sites exhibited favorable characteristics for
recharge, including a generally sandy soil under natural grass conditions,
no extensive confining clay layers, a relatively shallow water table,
and a saturated zone characterized by decreasing hydraulic head with
depth. Given these favorable potential-recharge characteristics, the
selected sites were instrumented extensively so that direct measurements
could be made of as many recharge-related characteristics as possible.

The instrumentation employed at each of the two recharge sites is
diagrammed in figure 9. The purpose of the instrumentation was to provide
integrated measurements that would allow calculation of subsurface flow on
a year-round basis. Data collection was automated as much as possible
by using battery-operated, programmable data loggers, which recorded
data on magnetic tape cassettes on an hourly and daily basis at each site.
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Through a cassette reader, these data were transferred to the office
computer for processing. In addition to the automated data collection,
neutron-moisture readings, as well as piezometer-nest, gypsum-block, and
tensiometer readings, were made manually by observers on a weekly basis.
Every effort was made to provide duplicate or alternative measurements
in case some equipment malfunctioned. Both sites were instrumented
during June 1982, and data collection was continued until December 1983.
The onsite and laboratory measurements and the instruments or techniques
used for such measurements are shown in table 1. All laboratory analyses
were conducted by the Kansas Geological Survey porous-media laboratory
(Lawrence, Kansas) under the direction of the senior author.

Gage houses were used to protect the electronic equipment and pro-
vided support for several of the atmospheric sensors (fig. 9). The
houses were located near a utility line for 110-volt alternating-current
(a.c.) power to energize the system, although the system could have
operated on batteries alone. All sensor cables outside the gage house
were inserted into polyvinyl-chloride pipe and buried.

S

NOT TO SCALE

Figure 9.--Site instrumentation (1, anemometer; 2, temperature and rela-
tive humidity sensors; 3, barometer; 4, housing unit; 5, data
loggers; 6, water-level recorder; 7, water—table well; 8, precip—
itation gage; 9, net radiometer; 10, neutron-probe access tube;
11, tensiometer nest; 12, piezometer nest; 13, thermocouple holej;
14, gypsum blocks; 15, underground connecting lines).
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Table l.==Onsite and laboratory measurements

Measurement

Instrument or technique

Onsite data — Atmospheric

Precipitation
Atmospheric pressure
Air temperature
Relative humidity
Wind speed

Net radiation

Onsite data - SubsurfaceL/
Hydraulic head

Water table
Soil-water content

Bulk density
Soil temperature

Laboratory datal/
Soil texture
Particle density
Bulk density

Soil-water characteristic

Hydraulic conductivity

Tipping—-bucket rain gage
Barometric—pressure transducer
Thermistor probe
Lithium-chloride sensor
Anemometer

Hemispherical net radiometer

Piezometer and duplicate
tensiometer nests
Water—-table observation well
Neutron probe, gravimetric
method, and gypsum blocks
Gamma probe and core method
Thermocouples

Hydrometer method

Pycnoweter method

Clod method

Hanging column, pressure plate,
pressure membrane
Constant—head permeameter,
soil-water characteristic
based methods

1 Major references: Black, 1965; American
1979.

Data Loggers

Data collection and
loggers, conventional digital and graphic
notes. The data loggers at each site consis
Scientific, Inc.) units2/.
tape cassettes that were transferred by
model 217, Datapod/Cassette Reader) to the o

2 The use of trade names in this report i
only and does not imply endorsement by ¢

Geological Surveys.
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Both data loggers

Bociety for Testing Materials,

storage were accomplished by microcomputer data

al recorders, and observers’
ted of CR-5 and CR-21 (Campbell
record data on magnetic
a cassette reader (Omnidata,
ffice computer.

s for identification purposes
ither the Xansas or the U.S.










The atmospheric sensors were checked or calibrated in the laboratory
and onsite immediately after installation using mercury thermometers, a
hydrothermograph (recording relative humidity and temperature), and baro-
graph, as well as relevant data from nearby meteorological stations.
Specified amounts of water were added to the tipping-bucket rain gage to
check or adjust the tipping of buckets to the correct amounts of water
input. From such comparative verifications, the sensors were confirmed
to perform generally within the range of their specified accuracy.

Onsite Subsurface Data

Observation Wells and Sediment Lithology

Observation wells were augered to determine the depth to water and to
confirm the sediment lithology. Test holes for piezometers also were
augered to confirm downward flow of water in the saturated zone. Augered
sanples were collected for further examination and laboratory analyses
(table 1). Gamma-ray logging of the deepest hole at each site (fig. &)
was conducted to confirm the sediment lithology and depths of sampling.

The piezometer nest for the Burrton site consisted of three piezo-
neters (fig. 4), the shallowest one (P3) screened at 12 m in sand; the next
(P2), at 17 m in clayey sediments above a clay layer; and the deepest one
(P1), at 27 m just below a clay layer. The piezometer nest for the
Zenith site consisted of four piezometers (fig. 4), the shallowest one
(P4) screened at 23 m in sand; the next (P3), at 31 m in silty clay; the
next (P2), at 43 m in sand and clay; and the deepest one (Pl), at 48 m
in red shale (bedrock). These piezometers were already in place at the
start of this study as part of a ground-water—quality monitoring program.

Soil Moisture

Neutron-probe access tubes for each site were made from 54—mm outside
diameter, 1.65~mm wall, cold-rolled electric-welded (CREW) hydraulic
tubing; the pointed lower end was sealed with a rubber stopper and a
concrete-bentonite mixture. The hydraulic tubing was pressed into a
hole made by a 54-mm coring tube, resulting in a tight fit. The neutron-
probe access tubes were approximately 6.1-m long and were installed to
a depth just below the water table. The neutron probes used in this
study were a Campbell-Pacific Nuclear, model 501 probe, with moisture
and density readings, and a model 502, probe with moisture readout only.
Weekly neutron readings of soil moisture were taken by observers at
0.15-m depth intervals.

The neutron probe was calibrated onsite. A 54-mm—-diameter hole was
drilled with a soil-coring tube and sampled continuously. The samples
were sealed in plastic bags and weighted the same day. The access tube
with a sealed and pointed end then was auger—-pushed into the hole for a
tight fit. The combination neutron—-gamma probe was inserted, and moisture
and bulk-density readings were taken every 0.23 m.
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The collected core samples then were
they were oven-dried, reweighed, and the pe
determined. These samples (together with o
used for other laboratory soil-property andg
section. Using the values of soil moisture
measured with the model 501 moisture and ¢
volumetric soil-moisture percentages werg
analysis between the sample moisture
ratios indicated a correlation coefficien

contents

taken to the laboratory, where
rrcentage of moisture by weight
ther augered samples) also were
11 yses discussed in a following
by weight and the bulk density
density probe for each sample,
2 determined. A correlation
and the neutron-count

t of 98.5 percent (fig. 12).

Capillary Pres

Ceramic tensiometers equipped with

pressure transducers were used to measure |soil capillary pressures.

ure

urdon dial gages and low-cost
The

pressure transducers sensed the negative pressure inside 12 jet-fill ten-

siometers (Soilmoisture, Inc., 2725 series) arranged in pairs at depths
of 0.15, 0.3, 0.6, 0.9, 1.2, and 1.5 m around the neutron-probe access
tube. The pressure transducers (National $emiconductor Corp., NSC, model
no. LX1804GBZ) had a gage-pressure range of 0 to + 1.5 MPa. Readings
5
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Figure 12,.,--Neutron-probe soil-moisture-content calibration curves.
16




from the 12 pressure transducers connected to soil tensiometers were
taken every 3 hours through the multichannel scanner of the CR-5 data
logger. A separate power supply of +12 and -5 volts and an external
circuit were needed to calibrate and operate each transducer.

Tensiometer transducers were checked against their factory—stated
specifications by comparison with the dial gage on the jet tensiometer.
The dial gage was removed from the tensiometer, and a T-shaped brass
bushing was inserted into the tensiometer gage hole. The dial gage and
tensiometer transducer then were connected to each side of the T-bushing
for simultaneous comparisons, and the tensiometer was inserted into a
plastic container filled with wetted soil. All tensiometers also were
tested in the laboratory for porous—cup conductance and response—time
constants according to procedures outlined in Danielson (1982). From
such comparative experiments or verifications of their factory-stated
performance standard, all sensors were calibrated. The sensors generally
performed within the range of their specified accuracy.

A tensiometer interface was built to convert the voltage readings
from each transducer, based on its individual calibration curve, into a
pressure reading. The interface (fig. 13) included a power amplifier
(generic) for each tensiometer in the standard inverted configuration so
that gain and offset could be adjusted independently for each tensiometer.
The scaling of the transducer voltage with this interface was of great
help in calibrating, checking, and readjusting the tranducer at the
sites. A correlation analysis between transducer and dial-gage readings
during a 2.5-month period from one of the sites resulted in a correlation
coefficient of 97.8 percent (fig. 14). However, such transducers need
periodic recalibration because of repeatability and stability errors
(National Semiconductor Corporation, 1977; 1981).

The tensiometer—pressure transducers were calibrated at the sites by

applying different tensions in each tensiometer using a hand vacuum pump
and comparing the tensiometer or vacuum—pump dial reading with the cor-

(Slope adjustment)

5000 ohms
Voltage from —— AN
pressure transducer +9 volts
1100 ohms -
From L
transducer Power |__¢ Voltage out to
+ [ amplifier
+9 volts CR-5 data logger
300

-5 volts

ohms
500 ohms < -a—

(Offset adjustment)

Figure 13.~-Tensiometer interface designed to convert tensiometer-
transducer voltage output to pressure units.
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responding reading from the data logger.
face, tension in engineering units was rea

data-logger reading was matched with the ¢t

by adjusting the two interface potentiomete
ducer, one for slope and one for offset.

Ethylene glycol solution was used in t
to avoid freezing and breaking.
in the laboratory with distilled, deaerat
ethylene glycol solution was added to the te
were calibrated by inserting one tensiometer
with the glycol solution in the same soil con
Calibration curves between the two readings
lation coefficient of 99.8 percent (fig. 15)

A series of gypsum blocks also were inst
being saturated with distilled water) to supp
Beckman gypsum blocks (model CEL-WFD) were

depths at each site and connected to the C

gypsum blocks (Soilmoisture, model 5200) we
basis.
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Water Levels

Water levels in the water-table observation well were measured by a
pressure transducer (Enviro-Labs, Inc., model PT-105V). A voltage divider
was needed to connect this pressure transducer to the CR-21 data logger.
The water~level transducer was inserted into a pipe filled with water to
check the indicated height of the water column above the transducer.

The water~level pressure transducer also was calibrated at the sites
by inserting it in the water-—table observation well to a certain depth
below the water table and raising it upwards by small increments, while
at the same time taking the corresponding voltage readings from the data
logger. From a regression analysis of pressure-transducer positions in
the water~table observation well and corresponding voltage readings, a
slope and offset were obtained, which were programmed into the CR-21
memory so that the water level was read directly from the CR-21 data
logger. An alternative method of measuring ground-water levels consisted
of a conventional float gage with a Stevens type—A graphic~stage recorder.
This recorder was connected by a chain drive to a variable potentiometer,
which in turn was connected to the CR-21.

Water levels in all other observation wells at the sites (as well as
in the water-table observation wells) were read manually on a weekly
basis using a steel tape. Water levels in nearby observation wells also
were read using a steel tape, but on a monthly basis.
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Soil Temperature

Readings from 15 soil-temperature the
spaced in a geometric progression from near
land surface were taken every 3 hours using
the CR-5 data logger. The soil-temperature
wires of copper and constantan (Omega Engin
junctions of the dissimilar metals were
coating them with an epoxy with good therm
insulation (Omegabond 100 from Omega Engineer
wires and junctions were attached, at the
stiff, and well-insulated wire, which was i
The hole was backfilled carefully with the
to maintain good contact between thermocou
The copper—constantan thermocouples were chec
mercury thermometers and generally found ac
cations.

4

ocouples at various depths,
round surface to 7.6 m below
the multichannel scanner of
hermocouples were made from
ering, Inc., PR-T-24). The
otected from corrosion by
1 conductivity and electric
ng, Inc.). The thermocouple
roper spacing, to a heavy,
serted into an augered hole.
same augered material so as
le junctions and the soil.
ed in the laboratory against
urate within their specifi-

Laboratory Determination of Soil Properties

Soil samples were

collected during observation-well and neutron-

access—tube installation and analyzed in theg laboratory for the proper-
ties shown in table 1 to supplement and check the data collected onsite.
The unsaturated hydraulic conductivity as a |function of soil-water con-
tent was determined using water-characteristic or desaturation curves in
combination with saturated hydraulic conductivity by employing a number
of hydraulic-conductivity function-predictiom techniques as will be de-

tailed in the methodology section. The soil
were determined using the hanging—column met
-0.025 MPa, the pressure plate apparatus f

~water characteristic curves
hod for low pressures up to
br up to =0.5 MPa, and the

pressure membrane apparatus for up to -1.5 M
hydraulic conductivity was measured using the

1).

Pa (table 1). The saturated
constant-head method (table

INSTRUMENTATION PROBLEMS AND SUGGESTIONS FOR IMPROVEMENT

Reliable onsite measurements can be acH
signed and calibrated instruments in combinati
involving minimal soil disturbance. Howev|
precautions, many difficulties occur 1in ag

ieved by using properly de-
lon with careful installation
er, even with appropriate
ssuring long—term accuracy.

Tensiometer System and Gypsum Blocks

Air leaks and bubbles that occur in th
placed under a partial vacuum for long periodg
humidity affects on both tensiometers and tran
in obtaining long-term measurements of matrix
included difficulties in maintaining physic

1e tensiometers as they are
, along with temperature and
sducers, caused difficulties
potentials. Other problems
al contact with the soil,
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especially with disruptions caused by repeated servicing and recalibra-
tions required for the tensiometer transducers and by plant roots that
tend to grow around the base of the tensiometers. Persistent problems
occurred with the tensiometer transducers, which are extremely sensitive
to moisture. Moisture contacting the transducers resulted in corrosion
and failure. Despite extraordinary measures taken to protect them, such
as spraying with a moisture-resistant lacquer, taping with water—~resistant
tape, covering in plastic bags, and protecting the tensiometer-transducer
system with inverted plastic buckets, most transducers eventually failed.
Another pressure transducer with moisture-resistant coating (National
Semiconductor Corp., model LX1804GBZ~1) also was tried, but the problems
persisted. Nevertheless, backup measures, such as installation of two
tensiometers for each depth and connection of a dial gage in addition
to the transducer in each tensiometer, allowed a long period of tensio-
metric readings.

Although ethylene glycol-filled tensiometers performed well during
winter, the Bourdon-type dial gages (Soilmoisture, Inc., model 2060G2)
connected to the tensiometers were sensitive to freezing conditions,
and some became ineffective after freezing. In general, several such
dial gages deteriorated with time, and moisture accumulated within the
dial gage.

With regard to the gypsum blocks, it is well known (Gardmer, 1965)
that they are low-precision instruments. In addition, these Dblocks
proved rather insensitive to moisture-content changes in the wet range
of soil-moisture content. However, the gypsum blocks that were recorded
continuously through the CR-21 data logger proved useful in indicating
significant moisture—content changes from dry to wet conditions and vice
versa, and thus useful in tracing sharp moisture-front movement as will
be shown in a later section.

Water-Level Pressure Transducers

Another problem occurred with the water-level pressure transducer
connection to the data logger. Because the CR-21 data logger accepts a
maximum signal of 2.5 volts, while the water-level pressure transducer
emits a maximum signal of 5 volts, a voltage divider was built and con-
nected to the transducer cable before connecting it to the CR-21. Graph-
ical displays of the resulting measurements indicated an unusually pro-
nounced fluctuation cyecle, very similar to the diurnal temperature cycle.
Fluctuations of temperature of the air and the interior of the housing
unit showed similar patterns. The voltage-divider resistors were temper-—
ature sensitive, thus affecting the measurements. This was checked by
heating the voltage divider and observing the corresponding changes in
the CR-21 output. However, daily averages of hourly water levels closely
matched the manually measured weekly water—table readings. To avoid any
further problems related to the temperature sensitivity of the voltage-
divider resistors, the water—level pressure transducer was connected
directly to the CR-5 data logger, thus resolving the problem. This data
logger, however, produced voltage readings that needed to be converted
to water levels.
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In addition to the problem with tempera
age divider, the pressure transducer failed
loss of data, a backup system consisting of
corder in combination with a potentiometer wi
indicate the water level on the CR-21 data 1

[

Direct—Current Power

ture sensitivity of the volt-—
a number of times., To avoid
a Stevens graphic-stage re-
ns calibrated to electrically
pgger.

Supplies

A 12-volt lead—acid battery was used f
supply to provide the extra current neede
transducers. Great care was taken to avoid
could drain the internal batteries of the ¢
power was available at the sites, a batter
programmed by the CR-21 data logger to chargé
before the hourly readings were taken. Init
minutes was set. However, with the advent
preset time was inadequate, and the battery
occasions. Thus, for winter operations, the
from 15 to 25 minutes before the hourly re;
the cassette recorders also were sluggish, an
problems were solved temporarily by using
heating units to maintain housing temperaturd
However, because of repeated battery problems
with alternating-current (a.c.) power supplie

Data Loggers

The major problem with the data loggers v
neous voltage supplies and static electricit
cient for normal, dry-weather static electr
enough for nearby lightning strikes. Both

site had to be returned to the factory for m:
Care must be taken also when conned

strike.

to guard against any cross connections be

"low" side of the analog input channels of tl

than l-volt direct current (d.c.) above th
the low side resulted in erratic reading

Internal batteries (if not rechargeabl
applying external power, or else they may
recharging.
was encountered because
exactly alike.
the cassette to the computer—-disk file,
made to the recorder that was connected to
the data cassette was played while the adju
head was turned until the audio
Then, the connecting cables were connected
data transferred to the computer.

the tape-recorder
To get the best transfer o
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Suggestions for Improving Instrument Performance

As a result of experiences gained during this investigation, several
suggestions are offered to enhance the reliability of the data-collection
system and to minimize data losses.

(1) Purchase sensors and data loggers from reputable firms with long
histories of established performance.

(2) Arrange backup systems in case of failure of one sensor or data
logger. An additional data logger, for example, will recover its cost over
the long term.

(3) Obtain electronic equipment and sensors with built—in shock and
polarity protection, or install such protection before use. This 1is
especially important with pressure transducers, which may be destroyed by
reverse connections.

(4) Have available the services of a well-trained electronic techni-
cian. Also, carefully train the onsite observers in the servicing of

equipment and in the recognition of problems.

(5) Establish two-way radio or telephone communication between dis-
tant sites and headquarters.

(6) Obtain sensors with output compatible to the data-logger input
requirements so that no additional electronic components are needed.

(7) Insulate the unit housing, the data loggers, and all electrical
connections against moisture and temperature fluctuations as much as
possible.

METHODS FOR ESTIMATING GROUND-WATER RECHARGE

Determination of Vertical Soil-Water Fluxes

The customary method of calculating ground-water recharge by multi-
plying a constant specific-yield value by the water-table rise over a
certain time interval may be erroneous. Error can be introduced if
regional ground-water inflow and outflow are not considered, if ground-
water losses attributed to pumpage or stream base flow are not properly
accounted, or if properties of the unsaturated zone are not considered
(Duke, 1972; Sophocleous, 1985). Therefore, vertical water fluxes were
calculated by employing Darcian approaches in combination with water-
balance equations as described in the methods below:

(1) The vertical hydraulic gradient was measured based on tensio-
meter readings and multiplying that gradient by the corresponding unsatu-
rated hydraulic conductivity. However, because of hysteresis effects
and frequent tensiometer malfunctions, this method was used only for
providing support in questionable cases or for backup data for filling
in gaps when using method 2.
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(2) An "average" onsite water-characteristic curve,y (6 ),
and neutron

tained from concurrent tensiometer
depth intervals. The hydraulic gradient th
curve by determining
measured neutron-moisture contents, 5, at th
that gradient was multiplied by the approp
function, K(5), to obtain the water flux at
The average soil-water-characteristic curve

direct tensiometer readings for several reasd
since it is the mean of the we

esis effects,
it avoids tensiometer failures due to leaka
and (3) neutron readings, upon which this me
liable for a long-term record than are tens
function, in turn, was estimated based on the
tivity value and the water-characteristic
several already well-established procedures
of Millington and Quirk (1959; 1961) and
will be discussed later.

(3) However, both methods 1 and 2 could
fluxes up to the depth of the deepest tensi
at Burrton and 1.5 m at Zenith. In order to
water table for the case where the water tabl
depth of the deepest tensiometers, a water-b
profile was employed. This procedure is bas
tent measurements along the soil profile (
Bavel and others, 1968). TFrom the one~dim
the water-balance equation

3%

ot

assuming negligible lateral soil-moisture flg
from depth z to depth z+dz:
z+dz

_ +
4z = 924dz
z

where q, is the vertical component of the D4
day--positive in the upward direction); © is
(cubic meter of water per cubic meter of so
computer program was written to solve equati
rated zone (land surface to the water table)
tz3. The most critical aspect in applying
water flux at a particular depth must be kna
to determine.

To avoid this difficulty,
(Kimball and Jackson, 1975). This method is
of zero hydraulic gradient and thus the zer
profile, and then summing up the changes in
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the hydraulic-head values

i1); and t is time (days).

was ob-
readings for certain
n was determined from that
corresponding to the
e required depths. Finally,
riate hydraulic-conductivity
the required depth interval.
is found advantageous over
ms: (a) it averages hyster-
tting and drying curves; (b)
pe, freezing, and so forth,
ithod is based, are more re-
iometer readings. The K (¢)
2 saturated hydraulic-conduc-
curve. For this purpose,
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Brooks and Corey (1964), as

estimate only the soil-water
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obtain the water flux at the

e was significantly below the
alance equation for the soil

ed on periodic moisture-con-
Rose and others, 1965; wvan
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this procedure is that the
wn, and this may not be easy
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based on locating the point

o reference flux in the soil

water content above or below




that point. However, this method has the disadvantage in that, during
periods of significant recharge, the hydraulic gradient is not zero any-
where in the unsaturated profile, as can be seen in figure 16. Thus,
the zero-flux plane method could not be used under these conditions.
Therefore, the Darcian flux, based on method 2 described earlier, was
used as the reference flux irn applying the water-balance equation (2)
to calculate the flux at the water table for the Zenith site. For the
Burrton site, equation 2 was not employed because the shallow depth to
the water table was within the range of the tensiometers.

Soil-Water Characteristics or Moisture-Retention Curves

The two fundamental relations that are characteristic for any given
soil and are required for the calculation of soil-water fluxes are the
soil-water characteristic, ¥ (0), and the hydraulic-conductivity, K(9),
functions. Laboratory determinations and onsite observations of simul-
taneous tensiometer and neutron-probe-based soil-moisture readings were
used to develop soil-water characteristic curves.

An example of a laboratory-determined moisture-retention curve for a
disturbed sample from the top 0.3 m of soil at the Zenith site, together
with onsite-measured pairs of neutron—-moisture and tensiometric pressure-
head values, is shown in figure 17. Similar laboratory-derived moisture-
retention curves were determined for a number of soil samples from dif-
ferent depths at each recharge site. The tensiometer data scatter is
significant, and the range of tensiometer measurements is limited to
greater than -0.1 MPa pore pressures. Because of the unconsolidated and
disturbed nature of most samples and because of the vacuum—saturation
method used to saturate the samples in the laboratory, the estimated

Burrton site Zenilh site
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Figure 16.--llydraulic-head profiles for nonrecharging and recharging
periods at Burrton and Zenith sites.



complete water saturation was greater than the maximum observed water
content measured at the site using the neutron probe. However, the
agreement between laboratory and onsite measurements, considering all
measurement errors and hysteresis effects ag well as the disturbed nature
of the samples, was considered to be satisfactory.

Onsite water—characteristic curves developed for the deepest tensi-
ometers, such as those at 1.2 and 1.5 m at the Zenith site, are shown in
figure 18 and are used to calculate hydraulic gradients for use in deter-
mining the reference flux in a water—balance equation that estimates flux
at the water table, as was explained in the| section on "Determination of
Vertical Soil-Water Fluxes." Notice that the|range of tensiometer readings
is limited and that the empirically fitted curves are only a rough approxi-
mation of the true curve, due to data scatter. Given the large width of
the soil-water characteristic envelope curve at the site (fig. 18), such
water fluxes should be considered approximate estimates.

-10 T T v T T T T T L
EXPLANATION
ZENITH SITE

T T

PRESSURE HEAD

I

(Sandy loam, 0- to 0.3-meter depth
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B Pressure head from (O.15-meler

onsite tensiometer
-10

Fud

O Pressure head from laboratory
desaturation experiments
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-1¢ — :
0.8 1.0
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Figure 17.--Comparison of onsite- and labpratory-determined capillary
pressure-head measurements for [top 0.3 meter of soil at
Zenith site.
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Hydraulic—-Conductivity Function

Application of the previously mentioned methods for calculating ver-
tical water fluxes depends on the success of accurately determining the
hydraulic-conductivity function, K(8), which is one of the most difficult
recharge characteristics to determine directly at a site. In addition,
the K(9) function is one of the most spatially variable characteristics
(Warrick and Nielsen, 1980), compounding the measurement problem. To
overcome some of the estimation problems, a number of techniques to
predict the X(6) function were used. These techniques are based on
easily measured recharge characteristics, such as saturated hydraulic
conductivity and soil-water characteristic curves.
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Because of the unconsolidated nature of the sandy deposits, continu-
ous, undisturbed core samples could not be obtained from either recharge
site. Therefore, all soil analyses were performed on disturbed samples,
which were compacted to onsite bulk density as determined using the
combination neutron—-density probe. A computer program reported by Nielsen
and others (1973) was modified for calculating the K(f) function using
four methods developed by the following: (1) Childs and Collis-George,
19503 (2) Marshall, 1958; (3) Millington and Quirk, 1959; 1961; and
Jackson and others, 1965; and (4) Kunze and others, 1968. A fifth method
developed by Brooks and Corey (1964) was added to the program (Shaukat
and Sophocleous, 1983). Sixteen pore classes, obtained by dividing the
soil-water characteristic curve into a number of volumetric-moisture
and pressure-head intervals, were used Ffor all such determinations.

Evaluation of the five different methods versus measured data from
the literature (Shaukat and Sophocleous, 1983) indicated that the Brooks
and Corey (1964) method most closely approximated the measured values.
Therefore, the Brooks and Corey (1964) method was adopted in this study.
The fact that the soils at the recharge sites are sandy makes the choice
of the previously mentioned capillary flowrbased approaches, such as the
Brooks and Corey method, appropriate for c¢alculating the K(6) function.
Also, the fact that the K(8) function is usefl to calculate reference fluxes
at some appreciable soil depth (1.2-1.5 m), where the observed moisture
contents were not as dry as the near—-surface soils, makes the estimation

of the K(8) function approach more meaningf

ul.

Examples of hydraulic-conductivity functions, K(6), determined by the

five different methods, are shown in figun
figure 19a correspond to locations near

recharge periods at the Burrton site, while
pond to the deepest tensiometer depths at t
decrease in unsaturated hydraulic conducti
soil moisture. The horizontal segment in t
presents the fact that the water saturation
pressure [derived by trial and error acco
(1964) technique] is appreciably different

corresponding to zero capillary pressure

The Brooks and Corey method is based on the
conductivity at capillary pressures less t
pressure is equal to the saturated hydrauli
why the Brooks and Corey curve is horizon
content corresponding to the range from ain
lary pressure {(full saturation).

For the Burrton site, the average v¢
interval of 0.3-0.9 m (which corresponds to
table during March to July 1983) was approx
moisture corresponds to a value of unsaturs:
6.5 x 1074 m/d using the Brooks and Corey
average soil-moisture content at the depth
corresponds to the depth of the deepest te
cent for the Zenith site during March to J
K (8) curve for that depth (by extrapolat
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tal for the range of moisture
~entry pressure to zero capil-
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the average depth to the water
imately 22 percent. This soil
ated hydraulic conductivity of
curve (fig. 19a). Because the
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19b by more than one

q?iometers) was about 12.4 per-

ing fig.




_IN METERS PER DAY X 1072

HYDRAULIC CONDUCTIVITY

400 T T T T T - T
A f ] B d
r BURRTON SITE / 3 ZENITH SITE 7
(Sandy loam, ! (Sandy loam,
100~ 0-to 0.6-meter I g F 09 to 1.2-meter E
. depth interval) i 1t depth interval) .
. 10 1
L {1t E
L - L -
10 |~ - —
r = 3
i 1 f N
4 F 4
1.0 — e
1 :
0.1 e = F -3
F 1t 3
0.01 | N " s . v )
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5

VOLUMETRIC MOISTURE CONTENT (FRACTION)
EXPLANATION
METHODS USED
Childs and Collis-George, 1950 —_———
Kunze and others, 1968
Marshall, 1958

Millington and Quirk,
1959 and 1961

Brooks and Corey, 1964

Figure 19.--llydraulic—-conductivity functions estimated using five differ-
ent methods for (a) Burrton and (b) Zenith sites.

log cycle) resulted in an unsaturated hydraulic conductivity of 3.0 x
1070 m/d. This large difference in unsaturated hwlraulic conductivity
between the two sites will resuit in significant water-flux differences
in those depth intervals as will be shox1 in the next section.

Potential Evapotranspiration

Potential evapotranspiration (PET) at the recharge sites was esti-

mated to better explain observed moisture distributions in the soil
profile during different time periods, especially the occurrence or
nonoccurrence of recharge, as well as its relative amounts. PET was

calculated using the combination methods of Penman (1948; 1963) and of
van Bavel and Businger (van Bavel, 1966; Businger, 1956) and the radi-
ation method of Jensen and Haise (1963; see also Jensen, 1966; Jensen and
others, 1970). 1In a comprehensive comparison of measured and estimated
evapotranspiration values using 16 different methods, it was concluded
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(Jensen, 1973) that for inland,
Businger method (with a roughness parameteq
Jensen and Haise method provided the best
Penman method provided the next-best estimat

Because net radiation was measured at t

semiarid environments the van Bavel and

2.5 mm) and the
while the

r of z,
estimates of PET,
el

he recharge sites, a correla-

tion was determined between the measured net radiation and total solar
radiation measured at the Sandyland Experiment Station (25 km west of

the Zenith site, fig. 3) for use in the J

ensen and Haise method. The

linear regression equation developed using a sample of 126 daily values

is as follows:

Rg = 92.2750 + 1.

4003 Ry, (3)

where Ry (langleys per day) is the total solar radiation, and R, (langleys

per day) is the net radiation. This linear 1

relation coefficient of 0.86.

A computer program was written to solve
ation equations listed in table 2. All PET
in table 2 were calculated in langleys pe
equivalent depth of evaporation by assumi
vaporization of water is 585 cal/gm. The ¢
considered negligible in this study because
and it tends to average out over a 24-hour p

Comparison of potential-evapotranspirat
nation and radiation methods mentioned prex
sites the Jensen and Haise evapotranspira
smaller than the Penman and the van Bavel
of which were reasonably close to each ot
The reason for the closeness of the Penman a
estimates lies in the fact that both formu
net radiation and wind effects (equations 4 a
tly taken into account, while the Jensen
explicitly consider wind effects.
larger the observed discrepancy is between t
on the one hand, and the Penman and the van
on the other.

GROUND-WATER-RECHARGE

Burrton Site

The more

egression equation has a cor-

the potential-evapotranspir-
estimates from the equations
r day and then converted to
ng that the latent heat of
laily soil-heat flux, G, was
it is wusually quite small,
eriod.

ion estimates using the combi-
yiously showed that for both
tion estimates were mostly
and Businger estimates, both
her, as shown in figure 20.
nd the van Bavel and Businger
1lations are similar in that
nd 5 of table 2) are explici-
and Haise estimate does not
¢ rapid the wind speed, the
he Jensen and Haise estimate,
Bavel and Businger estimates,

ESTIMATES

The ground-water-recharge profile, wh
recharge period of February 10 (Julian day, J
for the Burrton site, is shown in figure 21.

the data logger, which stored the hydrologic

the site, failed. Therefore, the average t

six nearby meteorological stations (shown i

Burrton site. The distribution of total
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ptal precipitation data from
n fig. 3) were used for the
precipitation during various




time intervals between site visits is shown as a bar graph (fig. 2la).
The resulting volumetric moisture content at 0.3-m~depth intervals for the
upper 0.9 m of soil is shown in figure 2lc. The moisture content at the
0.9-m depth from April to July 1983 approaches the saturated water content
for that depth because the depth to the water table was less than 1 m
during the period. The moisture storage integrated at 0.15-m intervals
for the soil profile from the land surface to 2.0-m deep is shown in figure
21d. This total assumes that the moisture content at 0.15 m is represent-
ative of the layer from the land surface to 0.23-m deep, the 0.30 reading
is representative of 0.23 to 0.38 m, and so forth.

Table 2.--Evapotranspiration equations

ET, = -2 (R, +G) + Y 15.36(1.0 + 0.0062u,) (e ~ e ) (4
(Penman, 1948)
2 u o
vB-B Aty (Rp+ ©) Aty P In(z/z )2 z z
(van Bavel, 1966; Businger, 1956)
ETj-g = C7(T - T,) Rg (6)

(Jensen and Haise, 1963)

where
A = change in saturation vapor pressure with temperature
(millibars per degree Celsius);
Y = o P _ psychrometer constant (millibars per degree Celsius);
0.622)
P = atmospheric pressure (millibars);
A = latent heat of vaporization of water (calories per gram);
cp = specific-heat capacity of air at constant pressure
(calories per gram per degree Celsius);
R, = net radiation (langleys per day);
G = heat conducted to soil surface (langleys per day);
up = wind speed at 2 m from ground (kilometers per day);
20 = gaturation vapor pressure at height z (millibar);
e, = vapor pressure at height z (millibar);
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Table 2.--Evapotranspiration

equations --Continued

density of air (grams per cubic

centimeter);

0o =
k = von Karman constant (=0,41);
u, = wind speed at height z (centimeters per day);
z, = roughness parameter (centimeters);
CT = 1 = temperature coefficient;
C]_ + C2 CH
Cl] = 38 - (2 € x elevation, in meters/305);
Cg = 50 millibars :
(eg —e1)
ey = saturation vapor pressure at mean maximum temperature for
warmest month of year in area (millibars);
e] = saturation vapor pressure at| the mean minimum temperature
for warmest month of year in area (millibars);
T = air temperature (degrees Celsius);
Ty = =2.5 - 0.14 (ep - ey) degrees Celsius/millibars - elevation,
(in meters)/550; and
Rg = solar radiation (langleys per day).
S 12 L e e e
22 4o .
= -
icd 8 ]
ELo 3
Z2E :
- <<~
ocuw 4 -
o '5 = .
ER: ]
;:2 oL .. o 1. 1. 1 -1 _J
Yz 168 192 216 240 2 312
1982 JULIAN DA
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Figure 20.—-Estimates of 1982 potential

site calculated by Penman,
Jensen and Haise methods.
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Calculated vertical water fluxes betweeén 0.9 and 1.2 m (fig. 2le) and

at the water table (fig. 21g) indicate down

rated by the depression in soil temperature
(not shown) due to the near-freezing temper
snowmelt waters. As a result of flow to th
rose nearly continuously during the effecti
figure 21h. The saturated hydraulic gradiet
low gradient, fig. 21i) are nearly constant

in the water—table observation well was ac
level rise in the shallowest piezometer (P

ard movement. This is corrobo-
at 1.04 m (fig. 21f) and 1.34 m
ature of infiltrating rain and
e water table, the water table
ve—-recharge period, as shown in
nts near the water table (shal-
because any rise in water level
companied by a similar water-
3). This is in contrast with

the hydraulic gradient between piezometers P3 and P2 (deeper gradient,

fig. 21i), which shows more variable grad!
did not respond readily to water-level rise
observation well and piezometer probably
content of the deeper sediments (fig. 4
shallower saturated flux is influenced by g
than the flux indicated by the deeper piez
level rises, therefore, are due to precipi
influxes.

To further support the last statement
tuations in nearby observation wells (sha
and at the Burrton site indicates that we
not affected by irrigation withdrawals.
observation wells did not recover when irr
September or October 1982 to January 1983
affected by irrigation in south-central K4g
observation wells declined from July 1982
January to July 1982 and from January to J
levels declined during the summer and fal
buted to the absence of effective recharge
charge area, such as the Burrton area, a w
during periods without recharge. Note
located west of the Burrton site nor wit
Irrigation wells are present south and sout
tion pumpage there is fairly small, geners:
of less than 245 x 103 m3/yr (64 Mgal/yr)
that relatively few irrigation wells exist
and that their pumpage is fairly small sup
water—level observations at the Burrton si
by irrigation pumpage.

The resulting time distribution of effe
10 (JD41) to May 26 (JD146), 1983, is shown
profile. The subsequent period of May 2
1983, although not contributing to higher
still be considered as a recharge period

already achieved were maintained for the most part.

fents. The deeper piezometers
s in the shallower water—table
because of the increased clay
). This indicates that the
recipitation much more readily
zometers. The observed water—
tation and not due to lateral

, a study of water-level fluc-
wn by triangles in figure 3)
11s in the area probably were

Water levels in the nearby
igation pumpage stopped during
, as 1s observed in aquifers
nsas. Water levels in nearby
to January 1983 and rose from
nly 1983, The fact that water
1 1982 and 1983 may be attri-
during that period. For a re-
ater—-level decline is expected
hat no irrigation wells are
hin 5 km north of the site.
heast of the site, but irriga-
111y with water appropriations
per well. Therefore, the fact

in the vicinity of the site
ports the contention that the
te may not have been affected

rctive recharge during February
in figure 21g of the recharge
7 (JD147) to July 5 (JD186),
water levels at the site, may
in that the high water levels
After July 5 (JD186),

1983, a steady water—level decline followed (fig. 21h), which is coinci-

dent with little precipitation (fig. 2la)

rates (fig. 21b).

34

and rapid evapotranspiration




During February 10 (JD41) to May 26 (JD146), the water level rose by
2.1 m, as a result of 133.4 mm of effective recharge due to 296.9 mm of
precipitation during that period. The effective-recharge estimate was
calculated by summing all the products of point-flux measurements (fig.
2lg) and the length of the associated recharge~time interval, which was
chosen as the midpoint interval between point-flux measurements.

Snow depth on the ground during February 1-13 (JD32-44) progressively
decreased from approximately 254 mm on February 2 (JD33) to 51 mm on
February 13 (JD44)., Since January 1983 was mostly dry (less than 10 mm
of total precipitation from January 1 to 30), the total precipitation of
343 mm from January 31 (JD31) to May 26 (JD146), 1983, can be assumed
safely to have contributed to the calculated 133 mm of effective recharge.
Therefore, approximately 39 percent of the total precipitation during
January 31 (JD31) to May 26 (JD146), 1983, was inferred to have contri-
buted to the estimated effective recharge. Subsequently, during May 27
(JD147) to July 5 (JD186), 1983, an estimated 21 mm of additional direct
recharge to the water table resulted from 158 mm of rainfall.

However, a significant part of this aquifer-recharge gain (approxi-
mately 68 percent, fig. 2lg) from February 10 to July 5, 1983, was lost by
an upward flux of water from September to mid-November. During the summer
and fall of 1983, the evaporation front continued progressively deeper in
the soil profile, as can be seen by (1) the drying of the soil profile
during this period (fig. 2lc and d), and (2) the large upward water flux in
the 0.9-1.2 m soil layer (fig. 2le), which eventually continued downward to
the water table (fig. 2lg). Note the time lag and attenuation of the evap-
oration front as it spread from approximately the l-m to the 2-m depth, as
shown in figures 2le and 2lg, respectively. Also note the reversal of the
saturated hydraulic gradient (fig. 21i) between piezometers P2 (screened
at approximately 17 m) and P3 (screened at approximately 12 m) from
September to November 1983, indicating a transformation from a recharge
to a discharge regime at the P3-P2 depth interval during the fall of
1983. However, such a reversal was not observed during the fall of
1982.

Zenith Site

The ground-water-recharge profile for the effective recharge period
of April 7 (JD97) to June 29 (JD180), 1983, for the Zenith site is shown
in figure 22. Because the data logger malfunctioned during most of the
period from July 1983 onwards, precipitation values for the Hudson meteor—
ological station, approximately 21 km northwest of the site (fig. 3),
were used to supplement the Zenith site record after July 3 (JD184),
1983 (fig. 22a).

Two distinct periods of effective recharge can be recognized during
this time interval. The first one caused a water-level rise of 0.l17 m
during April 7 (JD97) to 12 (JDI102), 1983 (fig. 22h). This recharge event
resulted from almost daily precipitation from March 19 (JD78) to April 12
(JD102), 1983, totaling 86 mm (fig. 22a). The water flux at the 1.2- to
1.5-m level, based on tensiometer readings, was downward, totaling less
than 0.1 mm during this 6-day period. The flux at the water table during
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this same period (fig. 22g) could not be estimated because of a malfunction
of the neutron probe.

This first period of recharge was followed by a water—level decline,
reaching its lowest point on May 19 (JD139), 1983 (fig. 22h). After
April 12 (JD102), precipitation was not as frequent, reaching a total of
20 mm by April 30 (JD120), followed by no precipitation until May 17
(JD137), 1983 (fig. 22a).

A second period of recharge caused a water—level rise of 0.22 m from
May 19 (JDI39) to May 27 (JD147) and resulted from 72 mm of precipitation
during May 17-27 (JD137-147). The flux at the water table during this
second recharge period totaled approximately 0.9 mm. This rise in the
water level was followed by a small decline (fig. 23h) until June 4
(JD155), 1983, after which a gradual, small rise (0.05 m) in the water
levels was observed until about June 29 (JD180), 1983, probably due to
63 mm of precipitation from May 28 (JD148) to June 13 (JDl64), 1983;
only 8 mm of rain occurred after then until June 29 (JD180).

Although the two relatively sharp water-level rises observed at the
Zenith site (fig. 22h) most probably were caused by local recharge, the
gradual water-level rise from June 4 to 29 (JD155-180), 1983, probably
was due to a combination of local recharge and regional flow from the west
(refer to figure 8) because a gradual water-level rise during this period
was observed in the deeper piezometers (P2, P3, P4) as well, without any
noticeable time lag in the piezometer responses. Rainfall amounts for
June 1983, were lowest at the site (67 mm), increasing westward with 85
mm at Pratt, approximately 58 km west-southwest, and 168 mm at Larned,
approximately 60 km west-northwest from the Zenith site.

Water levels started declining slowly after June 29 (JD180), 1983
(fig. 22h). This water—level decline is coincident with the drying soil
profile (figs. 22c, d, and f) and upward moisture flow (figs. 22e and g).
The flux at the water table during May 28 (JD148) to June 29 (JD180) was
approximately 1.2 mm (fig. 22g). Thus, a total of 2.1 mm of recharge
occurred during May 19 (JD139) to June 29 (JD180) as a result of 153.9
mm of precipitation since May 17 (JD137). Thus, only l.4 percent of
this precipitation resulted in recharge. As was observed also at the
Burrton site, a part (although smaller than at Burrton) of this aquifer-
recharge and soil-moisture-storage gain was lost by evaporative fluxes
during August through October 1983, as can be seen from figures 22c¢
through h.

The hydraulic-head gradient near the water table (fig. 22i) was
fairly constant during the period of record, with two peaks coinciding
approximately with the two reported recharge periods. The hydraulic
gradient between piezometers P4 at the 23-m depth and P3 at the 3l-m
depth increased during summer and fall due to the steeper water-level
decline in the deeper piezometer P3 compared to that of P4, which follows
the water—level decline more closely. The thick clay layer in the verti-
cal interval between piezometers P4 and P3 (fig. 4) seems the likely
reason for this observation. The nearby observation wells (fig. 3) at
the Zenith site show a consistent water-level rise for January to June
1983, followed by a water—level decline.
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Comparison of Recharge Estimates and

Possible Sources of Error

The large difference between the estir
site (154 mm) and the estimated recharge at
expected as a result of 159 mm more preci
piration at Burrton. However, to check th
ductivity corresponding to the average moi
l1.2-m depth interval at the Zenith site (s
ductivity Function") and thus the referet
depth interval were increased by one orde
then was employed to calculate the fluxes
May 19 to June 29 (JD139-180), 1983, rec
recharge amount of 3.0 mm during this time

nated recharge at the Burrton
the Zenith site (2.1 mm) was
pitation and less evapotrans-
is result, the hydraulic con-
sture content at the 0.9- to
ee section on "Hydraulic—-Con-
nce-flux values at the same
r of magnitude. Equation (2)
at the water table during the
harge period. The resulting
amounted to approximately 1.9

percent of the total precipitation (153.9 mm) during the same time inter-

val, compared to approximately 1.4 perce
nunber which still is very small compared
the Burrton site.

Table 3 summarizes the significant d
related variables for the Burrton and Ze
recharge period of March 1 (JD60) to June 3
was greater for the Burrton site-—414 mm (
site~-255 mm (fig. 22a), and the estimg
evapotranspiration during the same time per:
site (4.4 mm/d, fig. 22b) than for the Burrt
Finally, note that the approximate average
upper 1.2 m was greater (265 mm) for the Buj
the Zenith site (193 mm, fig. 22h). As a t
moisture content for the top 1.2 m of soil a
imately 21.7 percent as compared to 15.8
Precipitation at the Zenith site during thi
percent of the precipitation at the Burrton
recharge for the Zenith site amounted to 1
estimated for the Burrton site.

Table 3.--Comparison of recharge-related vax
Zenith sites

nt calculated previously, a
to the recharge estimate at

lifferences between recharge-
nith sites during the major
D (JD81), 1983. Precipitation
Fig. 21a) than for the Zenith
ted average daily potential
{od was greater for the Zenith
ton site (3.7 mm/d, fig. 21b).
soil-moisture storage in the
rrton site (fig. 21h) than for
esult, the average volumetric
t the Burrton site was approx—
percent at the Zenith site.
s period was approximately 62
site; however, the estimated
less than 1.5 percent of that

riables for the Burrvton and

Recharge period March 1 (JD60

Precipitation (millimeters)

Potential evapotranspiration
(millimeters per day)

Depth~to~water range (meters)

Soil-moisture storage in upper 1.2 meters
(millimeters)

Average volumetric soil~water content
(tave.) in upper 1.2 meters
(dimensionless)

Unsaturated hydraulic conductivity
at gyye. (meters per day)

~ June 30 (JD181), 1983

)

Burrton site Zenith site

414 255
3.7 4.4
1.75-0.15 5.30~5.05
265 193
.217 .158
6.5 x 1074 3 x 1076
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The reliability of ground-water-recharge estimates depends on the
accuracy of estimated soil-water characteristic functions and unsaturated
hydraulic-conductivity functions for the vadose zone. Soil-water measure-
ments with a neutron probe can be precise to less than 1 percent with
correct use. The main sources of error in neutron-probe usage are in-
accurate calibration, soil damage from access—tube installation, damage to
surface soil and vegetation, water traveling along the access tube or
seeping into the access tube, relocation error, random-count error, large
temperature differential between the probe that is lowered into the access
tube and the surface unit containing counting and display circuit batteries,
and inherent soil variability. Sources of error in tensiometry are entrap-
ped air bubbles and leaks, variations with temperature, loss of porous—cup
contact with the soil, water traveling along the shaft, and errors in
reading the dial.

Hysteresis effects preclude accurate determination of onsite soil-
water characteristic curves for the unsaturated zone. The error probably
is compounded further by the use of mean characteristic curves to trans-
late neutron-moisture readings to hydraulic-head values. Determination of
unsaturated hydraulic-conductivity functions, as was mentioned earlier, is
difficult and time consuming both onsite and in the laboratory, with the
difficulty and uncertainty increasing with increasing soil dryness. These
problems are compounded by the inherent large degree of spatial variability,
which precludes the application of the hydraulic-conductivity function for
a given soil to any other location.

Because neither replicate hydraulic—conductivity or desaturation ex-
periments were conducted on the same samples nor were sufficient samples
from the same depth interval collected and analyzed for these physical
properties, statistical-error analysis could not be performed. Further-
more, because no onsite hydraulic-conductivity experiments for comparison
with laboratory experiments were conducted, assessment of the hydraulic-
conductivity error component was not attempted.

The key to increasing the reliability of ground-water-recharge esti-
mates lies with the determinations of the hydraulic-conductivity and
soil-water characteristic functions. Because of the sources of error
mentioned earlier, recharge estimates, such as the ones presented here,
should only be considered as approximate. .

RELATION OF METEOROLOGICAL AND SOIL-WATER CONDITIONS

TO RECHARGE EVENTS

A certain amount of moisture buildup in that part of the soil zone
that is influenced by evapotranspiration is needed for effective ground-
water recharge to occur. In a comprehensive study on the mechanisms of
ground-water recharge, Freeze (1969) concluded that of all the factors
controlling ground-water recharge, the antecedent soil-moisture regime
probably is the most important. The driest and wettest soil-moisture
profiles for both recharge sites, as well as the moisture profiles just

39



prior to effective recharge, are presented

in figure 23.

The driest pro—-

files, which occurred after a long period of little or no precipitation

and significant evapotranspiration,
residual-moisture profiles;

DEPTH BELOW LAND SURFACE, IN METERS

Figure 23.--Driest

may
that is,

be

considered as approximating

T T VR
Oct. 14, . Feb. 10,
/ 1983 ‘

Burrton site

1983 L>/1983
C< B

I
Apr. 7,

5.5

Zenith site

! ! L L

1983

and

1982-83 for Burrton and

0.10 0.2
VOLUMETRIC MOIS

CONTENT (FRACT
EXPLANATIO!
SOIL-MOISTURE PRO

A Driest
B Wettest

C Just prior to rec

wettest observed

40

4] 0.30
TURE
ON)

N
FILES

harge

soil-moisture
Zenith sites.

profiles

minimum-moisture profiles after the
effects of gravity drainage and evapotranspiration become negligible.
moisture profiles observed just before e
may be reasonably assumed to have reache

The

ffective recharge was initiated
d their water-holding capacity.

during



Late November to mid-February represents the period during which the
already-dry moisture profiles effectively built up moisture at the Burrton
site. The January and early February 1983, moisture profiles can be reason-
ably assumed to closely approximate their water-holding capacity, which in
water—depth-equivalent terms for the top 2 m of the profile totaled about
369 mm. Since the driest observed profile of October 14 (JD287), 1983
(fig. 24), can be assumed to represent the residual-moisture profile
totaling 261 mm, the moisture buildup required before initiation of effec—
tive recharge for Burrton is approximately 108 mm.

For the Zenith site with the longer unsaturated soil profile (approxi-
mately 5.03 m), the overall choice of the driest or wettest profile is made
by calculating the equivalent depth of water stored in the entire profile.
This choice is made because individual sections of the soil profile may be
wetter or drier than the selected one at different times. The driest pro—
files for both 1982 and 1983 for the Zenith site are shown in figure 23.
The November 1982, profile represents the driest one for the 1.2- to 3.0-m
depth interval, while the September 1983, profile represents the driest one
for the 0- to 1.2-m depth interval. The moisture mounding at approximately
the 2.4-m level (fig. 23) above the sandy clay loam and clay loam layers
(fig. 6), even during the 1983 driest overall profile, indicates the par-
tially confining nature of that layer.

Mid-November to March represents the period of effective soil-moisture
buildup for the Zenith site. Note that during this time period, evapotran-
spiration-moisture losses are at their minimum (fig. 22b). The May 1983
moisture profiles can be assumed to closely approximate their water-holding
capacity, which in depth-water-equivalent terms totals about 881 mm.
Since the driest overall moisture profile of September 11 (JD754), 1983
(fig. 23), can be assumed to approximate the residual-moisture profile
totaling approximately 767 mm, the moisture buildup required for initiation
of effective recharge for Zenith is approximately 114 mm. The generally
sandier nature of the Zenith soil profile (fig. 6) down to the 3-m depth
level and the nearly constant moisture distribution beyond that depth
during the study period may help explain the relatively small moisture
buildup required for the Zenith profile before effective recharge can take
place.

During most of this study, the moisture profiles in general were
nearly constant below approximately 0.9 m for Burrton and 2.7 m for Zenith,
with both depth levels corresponding to a transition from sandy loam to
sandy clay loam. 1In general, evapotranspiration losses below these depths
were relatively minor. However, during severe dryness, these evapotranspi-
ration-depth levels could move downward as was observed, particularly at the
Burrton site, during the dry period of July through October 1983 (fig. 21).

The most effective way to build up soil moisture in the profile is
through frequent rainfall over a period of time with relatively small evapo-
transpiration losses, as occurs during winter and early spring. In addition
to rainfall, snowmelt is effective in building up so0il moisture. For
example, the first recharge period observed at the Burrton site during
mid-February 1983, was due predominantly to the melting of accumulated
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snow on the ground at the site.
approximately 178 mm was observed on Februar
was observed on February 17, 1984 (JD48).

itation fell at the site or on the surroundf

peratures were recorded at the site and in t
10 (JD41), after which snowmelt started.
water—table rises during this and subsequen
unusually depressed soil temperatures observ
support these observations.

Significant summer rainfall or thunderst
not contribute to recharge during the study

During sit

T]

e visitation, a snow depth of
y 10, 1983 (JD41), and no snow
During this period no precip-
ing area. Also, freezing tem-
he general area up to February
he observed soil-moisture and
t periods, together with the

ed after snowmelt (fig. 21f),

srms at both recharge sites did
period.

The effect of summer

and fall precipitation for July 1 (JD182) tq October 15 (JD259), 1982, at
the Zenith recharge site, for example, 1is [analyzed in figure 24. Two
major storms occurred during this period (fig. 24a), one on August 16

(JD228), totaling 15.0 mm, and one on September 16 (JD259), totaling 28.2

mm. These storms clearly penetrated only the
at the Zenith site and did not affect the O.
clearly by observing the gypsum—block respon
(fig. 244 and e).

At both recharge sites the excess water
accumulate in numerous shallow depressions,

¥

top 0.3 m of the soil profile
-m depth level as can be seen
e at the 0.3- and 0.6-m depth

during storms was observed to
thus forming ephemeral ponds

that evaporated quickly under the prevailing rapid potential-evapotranspira-

tion enviromment (fig. 24b).

readings also are shown (fig. 2é4c).

The tensiometeér—transducer data for 0.15-m
depth averaged over a daily period together

with time-instant dial-gage

Soil-moisture depletion during the

hot, dry periods of summer and the temporary moisture buildup during storms

also are shown in figure 24f,

Longer duration high- or low-intensity
effective ground-water recharge.

rainfalls may contribute to

For examplej, the high-frequency and high-

intensity rainfall combination at the Burrton site during March 26 (JD85)

to April 5 (JD95), and May 11 (JD131) to May
nearly a constant rate of ground-water rechar
at the Zenith site during March 19 (JD78) to
tributed to effective recharge during April 77
served period of effective recharge at Zenith
1983, was not preceded by a high-frequency or h
caused almost solely by a practically continu
58.9 mm on May 20 (JD140). The resulting wa
by frequent high-intensity rainfall immedia
(JD150) to June 13 (JD164).

If one considers the record of Hutchinsg
(fig. 3), which is approximately equidistant
presentative of precipitation at the study si
total precipitation of approximately 676 mm is

of 729.0 mm, while the 1983 total precipitat]
The major moisture buildup during D

average.
1983, in the soil at both sites as implied by
oligical stations was characterized by great

(113-mm average at the Hutchinson 10SW stat

long-term average) and contributed to the ob
sites.
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igh-intensity rainfall but was
ous 24~hour rainfall totaling
ter—table rise was maintained
tely following from May 30

n 10SW meteorological station
between the two sites, as re-
tes, then that station’s 1982
less than the 1960-83 average
lon of 785 mm 1is greater than
ecember 1982 through February
the records at nearby meteor-
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Figure 24.--Effect of 1982 summer and fall precipitation on ground-water

recharge at Zenith site.
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CONCLUSTIONS

The goal of this study, which was th
and time distribution of ground-water rechs
specific sites in south-central Kansas,
occurred only during late winter and spring
summer and fall, and the estimated rechar
different for the two recharge sites, rangir
Burrton to less than 2.5 mm at Zenith. Howe
predominantly springtime recharge was lost by
summer and fall, especially at the Burrton
its shallow water table.

Both sites are located in sand-dune 4
recharge areas (as opposed to discharge ar
characterized by underlying, relatively th
south-central Kansas. The reader 1is cauti
estimated recharge rates found in this studj
results represent only two relatively short-
extensive sand-dune areas of south-central
estimates presented here should be regarded

The main cause of the large differential
at the two sites was the greater precipitati

transpiration at the Burrton site. Another
of the unsaturated zone and the smaller av
zone at Zenith.

ing in the unsaturated zone, such as the
sandy clay loam to clay loam at the Zenith si
part in facilitating or restricting downward

This smaller moisture conte
decrease in the average unsaturated hydrauli
average unsaturated hydraulic conductivity at the Burrton site.
progression from sandy loam to

e determination of the amount
airge from precipitation at two
has been achieved. Recharge
3 no recharge occurred in late
pe amounts were significantly
1g from approximately 154 mm at
ver, a significant part of this
evapotranspiration during late
site (68 percent) because of

reas in natural ground-water-
eas) with similar sandy soils
in clayey layers, typical of
oned against generalizing the
y over large areas because such
+term point measurements in the
ansas. Therefore, the recharge
bnly as approximate.

in recharge estimates observed
on and lesser potential evapo—
cause was the greater thickness
erage moisture content in that
nt resulted in a corresponding
¢ conductivity compared to the
Soil layer-

te (fig. 6) played an important
water movement.

For studies such as this one, where hysteresis effects have not been

analyzed in detail,
based on site-derived "

average'" soil-water

more advantageous than using tensiometer data for flux calculations.
cases of predominantly vertical umnsaturated

reference water flux in the upper soil prof

one~dimensional water—-balance equation was f
translating an upper-layer flux to a deeper-
requires a neutron
below the water table and its expected range g
of soil-water characteristic curves and sat
provided a relatively simple way of predict

This procedure, however,

conductivity functions used in this study,

calculation of water flluxes in the unsaturated zone

characteristic curves may be
For
water fluxes and a measured
ile, simple integration of the
ound to be an effective way of
water flux at the water table.
probe access tube penetrating
f fluctuation. The combination
turated hydraulic conductivity
ing the unsaturated hydraulic-

given that the onsite water

content at the soil depths at which flux calculations were carried out was

not near the extreme dry-moisture ranges an
clayey.

Despite the numerous instrumentation p
sensors performed satisfactorily.
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All atmospheric
the CR-21 data logger operated within expectations,

d that the soils were not too

roblems discussed, most of the
sensors connected to
as did the neutron
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probe. The water—level pressure transducer performed well after wiring
problems were corrected, as did the Stevens graphical recorders. Never-
theless, the tensiometer system was not very reliable over long periods of
time, and periodic recalibrations of the system were required. However,
the dual system for each depth worked to provide long-term records. The
pressure transducer used with the tensiometers needs to be made less
sensitive to environmental conditions. Several suggestions for improving
instrument performance and minimizing data losses resulted from this study.

The built-in programmable memory of modern data loggers was valuable
for data manipulation and interpretation. Such data loggers can provide
on—- and offsite data—-processing capabilities, such as calculating maximum,
minimum, and mean values over specified time intervals, plotting histograms,
and obtaining standard deviations and times of extreme events. They can
interface with cassette tapes, telephone lines, radio transmitters, and
even satellites. These data loggers are portable, have small power require-
ments, and are quite versatile.

Theoretical advances in hydrosciences have exceeded advances in experi-
mental research. Coupled mass and energy flow of multiphase fluids in
unsaturated-saturated porous media can be numerically simulated, but ap-
preciable difficulties are encountered during onsite measurement of the
required characteristics to implement these models. For example, consider-
able difficulties are recognized in obtaining onsite and laboratory measure-
ments of unsaturated hydraulic conductivity over a wide range of moisture
contents; or in obtaining continuous long-term tensiometer records, or just
simple tensiometer records at depths greater than 2 m. Perhaps through
specific research in perfecting experimental measurements, onsite measure-
ments will be improved and simplified.
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