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Multiply By To obtain
Length
inch (in.) 254 centimeter (cm)
foot (ft) 0.3048 meter (M)
mile (mi) 1.609 kilometer (km)
Area
acre 0.004047 square kilometer (km?)
sgquare mile (mi?) 2.59 square kilometer (km?)
Volume
acre-foot (acre-ft) 1,233 cubic meter (m®)
acre-foot per square mile (acre-ft/mi?) 476.1 cubic meter per square kilometer
(m3/km?)
Flow rate
cubic foot per second (ft¥/s) 0.02832 cubic meter per second (m?/s)
cubic foot per second (ft%/s) 646,317 million gallons per day (Mgal/d)
cubic foot per second (ft%/s) 448.8 gallons per minute (gal/min)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8.

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Altitude, as used in this report, refers to distance above the vertical datum.
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Evaluation of the Effects of Precipitation on Ground-Water
Levels from Wells in Selected Alluvial Aquifers in Utah

and Arizona, 1936-2005

By Philip M. Gardner and Victor M. Heilweil

Abstract

Increased withdrawal s from aluvial aquifers of the south-
western United States during the last half-century have intensi-
fied the effects of drought on ground-water levelsin valleys
where withdrawal for irrigation is greatest. Furthermore, dur-
ing wet periods, reduced withdrawal s coupled with increased
natural recharge cause rising ground-water levels. In order to
manage water resources more effectively, analysis of ground-
water levels under the influence of natural and anthropogenic
stressesis useful.

This report evaluates the effects of precipitation patterns
on ground-water levelsin areas of Utah and Arizonathat have
experienced different amounts of ground-water withdrawal.
Thisincludes a comparison of water-level records from basins
that are hydrogeologically and climatologically similar but
have contrasting levels of ground-water devel opment. Hydro-
logic data, including records of ground-water levels, basin-
wide annual ground-water withdrawals, and precipitation
were examined from two basinsin Utah (Milford and central
Sevier) and three in Arizona (Aravaipa Canyon, Willcox, and
Douglas). Most water-level records examined in this study
from basins experiencing substantial ground-water develop-
ment (Milford, Douglas, and Willcox) showed strong trends
of declining water levels. Other water-level records, generally
from the less-devel oped basins (central Sevier and Aravaipa
Canyon) exhibited trends of increasing water levels. These
trends are likely the result of accumulating infiltration of
unconsumed irrigation water.

Water-level records that had significant trends were
detrended by subtraction of alow-order polynomial in an
attempt to eliminate the variation in the water-level records
that resulted from ground-water withdrawal or the application
of water for irrigation. After detrending, water-level residuals
were correlated with 2- to 10-year moving averages of annual
precipitation from representative stations for the individual
basins. The water-level residual time series for each well was
matched with the 2- to 10-year moving average of annual
precipitation with which it was best correlated and the results
were compared across basins and hydrologic settings.

Analysis of water-level residuals and moving averages
of annual precipitation indicate that ground-water levelsin
the Utah basins respond more slowly to precipitation patterns
than those from the Arizona basins. Thisis attributed to the
dominant mechanism of recharge that most directly influences
the respective valley aquifers. Substantial recharge in the Utah
basins likely originates as infiltrating snowmelt in the moun-
tain block far from the valley aquifer, whereas mountain-front
recharge and streambed infiltration of runoff are the dominant
recharge mechanisms operating in the Arizona basins. It was
determined that the fraction of water-level variation caused by
local precipitation patterns becomes more difficult to resolve
with increasing effects of ground-water pumping, especially
from incompl ete records. As the demand for ground water
increases in the southwestern United States, long-term records
of ground-water levels have the potential to provide valuable
information about the precipitation-driven variation in water
levels, which has implications to water management related to
water availability.

Introduction

Ground water is among the most important of the natural
resources in the arid southwestern United States. It provides
water for drinking, irrigation, and industry in addition to
sustaining the flow in streams and rivers, and maintaining
riparian and wetland ecosystems. The demand for ground
water israpidly increasing in the southwestern United States
at the same time that climate change is predicted to affect
sources of recharge to southwestern aquifers (Dettinger and
Earman, 2007; Seager and others, 2007). Ground-water
development during the past 50 years has diminished this
resource by lowering water levels in many areas. From 1950
to 2000, total ground-water withdrawals for five southwestern
states (Arizona, California, Nevada, New Mexico, and Utah)
increased an average of 62 percent regionally, but as much as
324 percent in Nevada, 208 percent in Utah, and 147 percent
in New Mexico (Konieczki and Heilman, 2004). Total with-
drawals from all Basin and Range alluvial aquifers during the
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year 2000 were more than 6 million acre-ft (5,620 Mgal/d),
which is about 7 percent of total ground-water withdrawalsin
the United States (Maupin and Barber, 2005). Withdrawals for
irrigation accounted for more that 80 percent (4,550 Mgal/d)

of thistotal while 18 percent (1,010 Mgal/d) was for public
supply. The effects of increasing ground-water withdrawals are
evident; they have been studied and are commonly considered
in future scenarios of ground-water management. L ess obvious
are the effects of natural climatic variation on ground-water
systems.

Ground-water systems are affected by climate on a
variety of time scales. Venencio (2002) identified correla
tions of low-frequency variations between precipitation and
ground-water levelsin an unconfined aquifer in Argentina.
Sufflitaand Kern (2001) used the Palmer Hydrologic Drought
Index to successfully reconstruct variations in discharge from
springsin central Utah. Other recent reports (Hanson, Martin,
and Koczot, 2002; Hanson, Newhouse, and Dettinger, 2004;
and Hanson, Dettinger, and Newhouse, 2006) have identi-
fied variations in ground-water levels that are associated with
multi-year to multi-decadal cyclic climatic phenomena such as
the Pecific Decadal Oscillation, El Nifio/Southern Oscillation,
and the North American Monsoon. Despite this recognition,
water-management decisions that have implications for natural
systems as well as management and planning scenarios have
traditionally been based on the long-term average behavior of
aquifers. The demand for ground water as a primary source
of water supply isincreasing as surface-water supplies are
appropriated and, as this happens, margins for error in water-
resource decisions are becoming narrower. Furthermore,
aquifer response to climate variability can lead to changesin
ground-water quality and can affect contaminant transport
(Alley, 2001). For these reasons, future analysis of ground-
water systems will require more-detailed inclusion of climate-
driven variation.

Drought is the most widely recognized climatic condi-
tion related to ground-water levels (Alley, 2001). The recent
(1999-2004) drought is only one of many multi-year droughts
that affected ground-water levelsin the southwestern United
States during the last century (U.S. Geological Survey, 1991).
Tree-ring reconstructions of climate in the southwestern
United States indicate that the last 200 years have been the
wettest period in the past 2,200 years and that sustained
droughts have occurred during this time that were drier and
longer in duration than any in the 20" century (Merideth,
2000). Human-induced climate change in the coming decades
may further affect ground-water resources. Changesin ground-
water recharge (both increases and decreases) are likely to
result from changes in the annual and seasonal distribution of
precipitation and temperature.

The analysis of long-term measurements of ground-
water levels provides an opportunity to examine the effects
of drought and precipitation on southwestern aquifers and
to make inferences about the physical processes that con-
trol transient changes in aquifer storage. Natural recharge
to southwestern aquifersis generally low. During droughts,

natural recharge is reduced at the same time that ground-water
resources are increasingly being used because of the lack

of available surface water. This reduced recharge coupled
with increased ground-water withdrawal has the effect of
temporarily amplifying the decline of ground-water levels.
The opposite is true during episodes of greater-than-average
precipitation, when less ground-water pumping occurs. These
anthropogenic influences make it difficult to determine the
magnitude of human versus climatic effects on ground-water
levels. For these reasons, ground-water levels from wells

in undevel oped basins (those unaffected by anthropogenic
stresses such as pumping and irrigation) would be useful infor-
mation to have in order to evaluate the response of ground-
water levelsto precipitation patterns. Unfortunately long-term
records from undevel oped basins are rare and evaluating the
effects of drought and precipitation on ground-water levels
must be done on records where anthropogenic influences are
present.

In recognition of the need to study climatic influences on
ground water, the U.S. Geological Survey (USGS) established
a nationwide water-level monitoring network in 1998 of more
than 100 wellsin minimally disturbed aquifers (U.S. Geologi-
cal Survey, 2008). In the future, records from these wells will
provide afoundation for evaluating the effects of drought and
climate change on ground-water systems. Currently, few long-
term ground-water level records are available from undevel-
oped southwestern aquifers.

This study was designed to evaluate the effects of
variations in precipitation on ground-water levelsin aluvial
aquifers from five basins in Utah and Arizona (fig. 1). A
secondary objective was to make inferences about the basin
and aquifer characteristics that control natural (climate driven)
water-level variation and our ability to resolve this variation
in areas where water-level change is dominantly controlled by
anthropogenic influences (pumping and irrigation). In order to
achieve these objectives, water-level records were examined
from wellsin avariety of hydrogeologic settings and from
basins that have experienced different levels of ground-water
withdrawal. The selected basins were intended to represent the
climatic and hydrogeologic characteristics common to many
basinsin the southwestern United States. Water-level and
precipitation data were compared across basins and hydrogeo-

logic settings.

Purpose and Scope

This report documents a comparative analysis of the
effects of local precipitation patterns on existing long-term
water-level records from wells in various hydrogeol ogic set-
tingsin five basinsin Utah and Arizona (fig. 1). The locations
were chosen such that neighboring basins in each state are
at similar altitudes and receive similar precipitation while
experiencing notably different levels of ground-water develop-
ment. The response of ground-water levels to precipitation
patterns for records from 24 wells from these basins in Utah
and Arizonais evaluated.
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Description of Study Basins

The basins discussed in this report are the central Sevier
and Milford basins in southwestern Utah and the Aravaipa
Canyon, Douglas, and Willcox basins in southeastern Ari-
zona (fig. 1). All of these basins are located in the Basin and
Range Physiographic Province (Fenneman, 1931) and contain
thick deposits of unconsolidated sand and gravel of Tertiary
and Quaternary age that were eroded from basin-bounding
mountain ranges (Planert and Williams, 1995). These basins
were selected because they are representative of hydrogeologic
and climatol ogic conditions present in many Basin and Range
areas in Utah and Arizona, as well as the spectrum of levels of
ground-water devel opment. While the Arizona basins receive
more summer precipitation from monsoonal weather patterns,
the Utah basins receive more high-elevation precipitation from
winter storms. Thisisillustrated by average monthly precipi-
tation from mountain precipitation stations located near the
study basinsin Utah and Arizona (fig. 2). Despite the differ-
ence in seasonal precipitation between the Utah and Arizona
basins, neighboring basins in each state that experience vastly
different levels of ground-water development receive similar
precipitation to one another (figs. 3 and 4). In the following
discussions, the term basin refers to the larger catchment or
surface-water drainage that includes much of the mountainous
areathat surrounds avalley and the term valley refers only to
the smaller, low-elevation aluvial portion of each basin. In
order to more evenly compare the magnitude of the effects
of pumping on ground-water levels from the basins, annual

8 T T T T T

withdrawals are normalized by the area of the valley within
each basin so that annual ground-water withdrawal is reported

in acre-feet per square mile (figs. 3 and 4).

The central Sevier basin is a northeast-trending basin of
about 1,900 mi? |ocated along the transition between the Basin
and Range and Colorado Plateau Physiographic Provinces
(Fenneman, 1931) in central Utah. The 350-miZaluvial val-
ley in the center of the basin is surrounded by the Sevier and
Wasatch Plateaus to the east and the Tushar and Valley Moun-
tains and the Pahvant Range to the west (fig. 5). Altitudes
range from about 5,100 ft on the valley floor to more than
12,000 ft in the Tushar Mountains. Average annual precipita-
tionisabout 8in. on the valley floor (fig. 3) and about 30 in.

in the surrounding mountains (Lambert and others, 1995).
The principal source of ground water in the central Sevier
basin is unconsolidated alluvium where ground water is under
unconfined and confined conditions. Unconfined conditions
exist primarily in the southern part and along the west margin
of the valley. The unconfined zones are composed of coarse-
grained sand and gravel deposits that correlate laterally with
the water-bearing units that make up the confined zonesin
the northern half of the basin. Recharge to the alluvia aquifer
occurs by infiltration of precipitation, seepage from canals,
streams, and irrigated fields, and by inflow from consolidated
rocks. The primary source of recharge is seepage from an
extensive irrigation system with the majority likely occurring
where water is applied to irrigated fields (Lambert and others,
1995). Ground water makes up only asmall percentage of the

Snotel Station number 694

AVERAGE MONTHLY PRECIPITATION, IN INCHES
~

Utah mountain precipitation, Pine Creek, 8,790 feet, National Resources Conservation Service

Arizona mountain precipitation, Mount Lemmon, 7,800 feet, Western Regional Climate Center
Station number 025732

October
November
December

January

February
March

April
May
June
July
August

September

Figure 2. Average monthly precipitation for 1971-2000 from mountain precipitation stations near central Sevier and Milford basins in
southwestern Utah and Aravaipa Canyon, Douglas, and Willcox basins in southeastern Arizona.



SRP15544

Introduction 5

25 T T T T T T

15

10

ANNUAL PRECIPITATION, IN INCHES

Richfield station (in central Sevier Valley), number 427260, average of period shown, 8.1 inches
—— Black Rock station (near Milford Basin), number 420730, average of period shown, 8.9 inches

=
=
<

Z

&
=
=
<

VA

0.30 T T T T T T

|:| Central Sevier Basin

I wilford Basin

0.25 [

0.20

0.15

0.10

0.05

WITHDRAWAL, IN ACRE-FEET PER
SQUARE MILE OF ALLUVIAL BASIN

NORMALIZED ANNUAL GROUND-WATER

L0 o %ol o Lo o el
[(=] N~ N~ [<0] (o8] D [e2]
()] (<] [} (<] )] ()] (2]
- — — —

— — -

Figure 3. Total annual precipitation for 19502003 and ground-water withdrawal (normalized by the area of the alluvial basin) for
1930-2003 from the central Sevier and Milford basins in southwestern Utah.

water used for irrigation. The 1963 to 2003 average annual
ground-water withdrawal was 18,000 acre-ft. Nearly 80 per-
cent of all ground-water discharge is by seepage to the Sevier
River, by evapotranspiration, and from springs in the northern
half of the valley. Smaller amounts occur from wells, by seep-
ageto drains, and by subsurface flow out of the basin.
Milford basin is located about 20 mi southwest of central
Sevier basin in southwestern Utah (fig. 5). The entire basinis
about 920 mi2 and encompasses an alluvial valley of around
580 mi2. The basin is bounded by the Cricket Mountains on
the north, the Black Mountains on the south, the Mineral
Mountains on the east, and the San Francisco Mountains on
the west. Most of the valley is at atitudes of about 4,850 to
5,500 ft and the bulk of the surrounding mountainous areais
between 5,500 and 9,000 ft. L ow-€elevation topographic highs
generaly delineate the basin divide where mountains are not
present. Average annual precipitation is about 9 in. on the val-

ley floor (fig. 3) and as much as about 25 in. in the surround-
ing mountains (Mower and Cordova, 1974).

The primary ground-water reservoir in Milford basinis
in unconsolidated alluvium that is generally unconfined along
the margins of the basin but becomes confined in the center
of the southern one-half of the basin where the main area of
agricultural development islocated (Mason, 1998). About 80
percent of al recharge to the ground-water system is estimated
to come from three sources: subsurface inflow from the Min-
eral Mountains, seepage of water applied to irrigated lands,
and seepage of water diverted through canals from the Beaver
River. The general direction of ground-water movement is
from south to north with a strong east-to-west component, sug-
gesting that most recharge occurs along the mountain front of
the Mineral Mountains and near Minersville where the Beaver
River enters the valley through a gap between the Mineral and
Black Mountains (Mason, 1998). The largest component of
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Figure 4. Total annual precipitation for 1930-2004 and ground-water withdrawal (normalized by the area of the alluvial basin) for 1930-
2000 from Aravaipa Canyon, Douglas, and Willcox basins in southeastern Arizona.

ground-water discharge from the Milford basin is withdrawal
for irrigation. From 1930 to 1949, annual ground-water with-
drawal averaged about 16,000 acre-ft. From 1950 to 2000, the
annual average was 48,000 acre-ft with a maximum of 70,000
acre-ft in 1974 (Burden and others, 2004). Ground-water lev-
els began to decline after 1950 in association with the increase
in ground-water withdrawals.

Aravaipa Canyon basin is a northwest-trending basin that
occupies about 550 miZin southeastern Arizona (figs. 1 and
6). The surface-water divide that defines the basin follows the
crest of the Galiuro Mountains to the southwest and the Santa
Teresa and Pinaleno Mountains to the northeast. A topographic
high to the southeast marks the surface-water divide between
Aravaipa Canyon basin and Willcox basin to the south. The
alluvia extent of the basin is a 240-mi2valley that ranges from
4,300 to 3,100 ft in altitude and is surrounded by mountains
with altitudes of as much as 7,500 ft. Average annual precipi-

tation for al three Arizona basins ranges from about 12 to 14
in. on the valley floor (fig. 4) and is about 25 in. in much of
the surrounding mountains (Spatial Climate Analysis Service,
2004).

There are two aquifersin Aravai pa Canyon basin: an
unconfined aquifer in streambed alluvium and a confined
alluvia aquifer (Neuman and Adar, 1983). The upper, uncon-
fined aquifer is the source of most water in the basin and is
where the wells used in this study are located. Water levelsin
this aquifer range from about 10 to 100 ft below land surface
and indicate that ground-water movement is from the sur-
rounding mountains to the valley floor and then through the
valley toward the northwest (Arizona Department of Water
Resources, 2005). Mountain-front recharge and streambed
infiltration of runoff are the major sources of recharge to the
unconfined aquifer. Water is discharge from the aquifer by
ground-water pumpage and as base flow to Aravaipa Creek.
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Figure 5. Location of selected wells and precipitation stations in the central Sevier and Milford basins in southwestern Utah.
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Most ground water is used for irrigating small fields located
near Aravaipa Creek in the center of the valley. Since 1957,
annual ground-water withdrawals have remained fairly
steady at about 3,100 acre-ft with about 2,400 acre-ft coming
from the unconfined aquifer (Arizona Department of Water
Resources, 2005).

Willcox basin occupies about 1,700 mi? south of Ara-
vaipa Canyon basin in southeast Arizona (figs. 1 and 6). Itisa
closed basin surrounded by topographically higher areas and
is considered to be a solitary watershed. All surface drainage
isinternal and flows toward the Willcox Playain the central
part of the basin (Arizona Department of Water Resources,
2005). The alluvia extent of the basin is about 1,200 mi?and
is bounded by the Pinaleno Mountains to the northeast, the
Dos Cabezas and Chiricahua Mountains to the east, and the
Dragoon and Winchester Mountains to the west. Altitudes
range from 4,130 ft at Willcox Playato more than 10,700 ft at
Mount Graham.

Alluvia deposits are the primary source of ground water
used mostly for irrigation in Willcox basin. Alluvium in Will-
cox hasin consists of a mixture of stream and lake deposits.
Where wells withdraw water from coarse-grained stream
deposits, they yield more than 2,000 gal/min. Lake deposits
consisting of mostly clay are interbedded with stream depos-
itsand act as a confining layer that creates localized artesian
conditions near Willcox Playa (Arizona Department of Water
Resources, 2005). Mountain-front recharge and streambed
infiltration of runoff are the major sources of recharge to the
aquifer in Willcox basin. Nearly all ground-water discharge
from Willcox basin is by pumpage. Ground-water withdrawals
averaging about 300,000 acre-ft/yr during 1967—75 resulted
in substantial ground-water declines in developed parts of the
basin. Prior to extensive ground-water withdrawals, the direc-
tion of ground-water flow in the basin was generally from the
basin perimeter toward Willcox Playa near the basin center. By
1975, large cones of depression had devel oped and the direc-
tion of ground-water flow was toward the pumping centersin
the agricultural areas along the valley floor (Mann and others,
1978). Ground-water withdrawals peaked in the early to mid
1970s and have declined since then as farmland has been taken
out of production (Arizona Department of Water Resources,
2005).

The Douglas basin covers about 1,200 mi? between the
Willcox basin to the north and the State of Sonora, Mexico to
the south (figs. 1 and 6). The basin is bounded by the Swis-
shelm, Pedrogosa, and Perilla Mountains on the east and
the Mule and Dragoon Mountains on the west. The basinis
bounded on the north by an area of unnamed hills and on the
south by the International Boundary with Mexico. Between
the mountains that border the basin on the east and west is
abroad, southward-sloping aluvial valley of about 860 mi2.
Altitudes range from about 3,900 ft in the valley bottom
along the International Boundary to 7,200 ft in the Swisshelm
Mountains. All surface-water channels within the basin are
ephemeral and flow only in response to local rainfall (Arizona
Department of Water Resources, 2005).
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Douglas basin has no reliable surface-water supplies and
is entirely dependant on ground water (Arizona Department
of Water Resources, 2005). Most ground water in the Douglas
basin comes from sand and gravel lensesin the alluvia aquifer
and is used to supply large-capacity irrigation wells. The
presence of aregiona water table indicates that the sand and
gravel lenses are generally interconnected and that the aquifer
is mostly unconfined (Coates and others, 1955). Confined con-
ditions do exist in the southern part of the basin at depths of
more 500 ft; however, no wells used in this study are screened
in the confined aquifer. Mountain-front recharge derived from
mountain precipitation is the primary source of recharge to the
alluvia aquifer and has been estimated to average 20,000 acre-
ft/yr (Coates and others, 1955). Rainfall on the valley floor
provides almost no recharge to the alluvial aquifer because of
high evaporation rates and the presence of |ow-permeability
caliche layers. Most ground-water discharge from the basin is
by pumpage with minor amounts occurring as evapotranspira-
tion, base flow, and underflow. Prior to ground-water develop-
ment for irrigation in the late 1940s, ground water moved from
mountain-front recharge areas toward the center of the basin
and then south toward Mexico. Ground-water pumpage for
irrigation has since created several cones of depression that
have reversed the direction of ground-water flow in the south-
ern part of the basin from south to north (Mann and English,
1980). From 1950 to 1990, annual ground-water withdrawals
from Douglas basin averaged 72,000 acre-ft with a maximum
of 138,000 acre-ft in 1974.

Methods

Time-series data of ground-water levels and precipitation
were used to evaluate the effects of precipitation patterns on
ground-water levels. The methods used in this study employ
readily available data from national or regional databases
and are appropriate for making broad but meaningful (first-
order) interpretations without performing detailed hydrologic
studies on particular basins. Water-level and precipitation
data are referred to by local identifiers that allow reference
back to their respective databases. Precipitation stations were
referenced by their name and six-digit station number from
the Western Regional Climate Center online database (http://
www.wrcc.dri.edu) in figures 3 through 6. Wells were identi-
fied by their public land survey system (PLSS) coordinates,
which are composed of the township, range, section, quarter-
guarter-quarter section, and a sequence number within that
quarter section, from the USGS National Water Information
System (NWIS) database (http://waterdata.usgs.gov/nwis/gw).
The PLSS well numbers are provided in table 1 and cross-
referenced to a basin identifier (for example, CS1 through CS7
for the seven wellsin the central Sevier basin) used elsewhere
in this report.


http://www.wrcc.dri.edu
http://www.wrcc.dri.edu
http://waterdata.usgs.gov/nwis/gw
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Prior to analysis, the following steps were performed: 4. water-level datawere pre-processed to yield aregular
time-series of annual water levelsto alow for quantitative
comparisons (correlation) to simple moving averages of

annual precipitation,

1. annua ground-water withdrawals for each basin were nor-
malized by the areal extent of the corresponding alluvial
valley,

5. processed water-level data were analyzed for long-term
trends likely caused by anthropogenic stresses (for
example, ground-water withdrawals or application of
surface-water for irrigation), and

2. water-level and precipitation data were selected based on
the location of the well or precipitation station and the
length and completeness of their record,

3. selected wells were categorized according to their aquifer
condition and hydrologic setting within the basin,

Table 1. Wells used in analysis, level of development (pumping) that has occurred in each basin, information about the quality of the
water-level record for each well, and aquifer condition and hydrologic setting for wells in central Sevier and Milford basins in Utah and
Aravaipa Canyon, Douglas, and Willcox basins in southeastern Arizona.

[Level of ground-water development for each basin is categorized by peak normalized annual ground-water withdrawals: Low = 0 to 0.1 acre-foot per square
mile, Moderate = 0.1 to 0.15 acre-foot per square mile, High = more than 0.15 acre-foot per square mile. Percent of record that is complete is the number of
years within the period of record for which thereis at least one measurement divided by the number of yearsin the period of record. Number of measurements
examined is the number of non-pumping season water levels. Aquifer condition — hydrologic setting: C — confined, U — unconfined, MB —middle basin, MF —
mountain front, PC — pumping center; for example, C — MB is confined — middle basin. —, no data]

Depth of
. . Well i‘lliv:el Ie't roI;ﬁl‘:ie-lv:l);ter I::z;:z :eo-' P(::(::z[rll‘i o Period co‘:ll(]ililtiif: r: -
Basin Well name Site number ientfier  below  development  ments that is ofrecord \irologic
land in basin examined complete examined setting
surface
Central Sevier, Utah  (C-19- 1)23bcc- 1 390834111534301  CSl1 194 Low 70 100 1936-2005 C-MB
(C-21-1)27aad-1  385702111570201  CS2 211 47 100 193682  U-MF
(C-23-2)15dch-4  384757112002201  CS3 75 70 99 1936-2005 C-MB
(C-23-2)19bcd-1  384701112035801  CS4 199 49 9% 1957-2005 C-MB
(C-23-2)26cdb- 1 384618111593001  CS5 48 53 92 193688 C-MB
(C-24-2) Thac-2  384357112035001  CS6 131 49 76 1957-2005 C-MB
(D-20- 1)20acc- 2 390324111492401  CS7 66 61 98 1936-96 C-MB
Milford, Utah  (C-28-10)30cdc-2  382020113012101 M1 160 moderate 50 100 1956-2005 C-PC
(C-28-10)19add-3  382138113003303 M2 160 51 100 1955-2005 C-PC
(C-28-10)18cab-1  382231113012001 M3 193 55 100 1951-2005 C-PC
(C-28-11)22dab-2  382137113040002 M4 72 40 95 193877 U-PC
(C-28-11)25dcd- 1 382020113015701 M5 431 54 100 1951-2004 C-PC
(C-29-11) dbaa- 1 381925113054001 M6 68 65 95 1941-2005 U -MB
(C-30-10)10abb-1  381317112574601 M7 320 49 100 19562004 U - MB
(C-30-10)12ach-1 ~ 381258112553101 M8 100 47 100 1956-2002 U - MF
AravdpaCanyon. (p.09.22)10dcc  323753110080601 Al 278 low 65 90 19542002 U-MB
(D-08-21)18daa  324413100135501 A2 140 44 80 1955-2001 U -MB
(D-07-20)21bdb ~ 324902110184901 A3 150 46 83 19542001 U-MB
Willcox, Arizona  (D-16-28) 4bbb ~ 320445109302401 W1 — high 39 60 1950-2002 U - MF
(D-13-24)16bbb  321834109543001 W2 1,356 203 9% 1946-2002 C-PC
(D-16-25)13cdd ~ 320213109451601 W3 381 44 81 1953-2000 C-PC
Douglas, Arizona  (D-21-26) 2baa 313826109402301 D1 125 high 54 9% 19492002 U-PC
(D-19-26)33cda 314358109414801 D2 252 49 84 1953-2002 U-PC
(D-18-26)16bbb  315231109423901 D3 200 47 77 19522002 U-PC




6. water-level time series that exhibited significant trends
were detrended by subtraction of alow-order regression-
fitted polynomial.

Records of annual ground-water withdrawals are gen-
erally complete and continuous for the period of time over
which they are available in each basin. The annua sum of
ground-water withdrawals for each basin was normalized by
the areal extent of the corresponding aluvial valley (figs. 3
and 4). This provided a measure of the level of ground-water
development that each basin has experienced that was compa-
rable across basins. Each basin was a so categorized according
to its peak (normalized) annual withdrawal asfollows; Low =
0t0 0.1 acre-ft/mi2, Moderate = 0.1 to 0.15 acre-ft/mi?; High
= more than 0.15 acre-ft/mi? (table 1). With the exception of
the central Sevier basin, nearly all water used for irrigation
in these basins is supplied by pumping wells located within
theirrigated areas. Therefore, theirrigated areasin Milford,
Aravaipa Canyon, Willcox, and Douglas basins indicate the
genera location of the pumping center in each valley (figs. 5
and 6).

Water-level datavary in their period of record (POR) as
well asin their temporal resolution (regularity of measure-
ments) from one site to another. The USGS NWIS database
(http://waterdata.usgs.gov/nwis/gw) was searched for ground-
water-levels from wells in agricultural basins in Utah and
Arizonathat had at least annual water-level measurements
dating back more than 50 years. In select cases, both of these
requirements were relaxed somewhat to include potentially
valuable records. The constraints were intended to ensure that
the records capture water-level responsesto climatic variation
over various multi-year time scales and to include a period of
time where the water levels were unaffected by ground-water
pumping. Declines in ground-water levels resulting from
pumping were minimal prior to the early 1950sin most areas
because ground-water withdrawals were negligible prior to the
introduction of high-capacity submersible turbine pumpsin
the mid-1940s to early 1950s (Burden and others, 2004).

The physical characteristics of an aquifer and the location
of awell relative to sources of recharge and discharge influ-
ence patterns of water-level variation. Therefore, wells were
categorized by their aquifer condition and hydrologic setting
as proposed by Hanson, Dettinger, and Newhouse (2006).
Each well is assigned an aquifer condition of confined (C) or
unconfined (U) and a hydrologic setting related to its loca-
tion within the basin. Hydrologic settings for the wells used
in the study were grouped into mountain front recharge (MF),
middle basin (MB), and pumping center (PC) (table 1).

Water-level data were processed to transform all time
seriesinto auniform format suitable for quantitative com-
parison (correlation) to simple moving averages of annual
precipitation. At many locations, annual pumping of irriga-
tion wellsresultsin local drawdown during theirrigation
season. Recovered water-level measurements, made at times
of the year when irrigation-related pumping is not occurring,
best represent the state of the aquifer with respect to climate-
related or long-term pumping-induced changes. Often, the best
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available measurements are those made at the end of winter
and prior to the annual onset of pumping from irrigation wells.

The majority of ground-water withdrawals for irriga-
tion in these basins generally occurs between May 1% and
September 30", Therefore, the first step in preprocessing the
selected water-level records was to remove any measurements
made during the irrigation season for each year. The removal
of measurements may not always be necessary for basins with
minimal ground-water withdrawals. However, in order to treat
all dataequally, this step was performed on water levels from
all wells. Water-level data were then transformed into regular
time-series of annual values by using a cubic-spline interpola-
tiontofill in small data gaps (typically 1 to 3 years) and obtain
aseries of regular annual water-level residuals for all records.
Cubic-spline interpolation is aform of interpolation where the
interpolant is a special type of function defined by piecewise
polynomials.

Natural recharge rates are generally low in the arid
southwestern United States, and pumping in many basinsis
responsible for atrend of declining water levels over the past
60 years. Conversely, in areas unaffected by pumping, uncon-
sumed water from inefficient irrigation may enhance recharge
and result in atrend of increasing water levels. In order to
evaluate water-level variation caused only by changesin pre-
cipitation, the trends resulting from pumping or irrigation must
be identified and removed. Water levels were examined for
long-term trends by using the Mann-Kendall trend test (Helsel
and Hirsch, 1992). A Mann-Kendall test is commonly used to
detect time-series trends in environmental sciences (Hipel and
McL eod, 2005; Prinos and others, 2002; Fenelon and Moreo,
2002). The Mann-Kendall test statistic for atime series{Z,, k
=1,2,..., njof datais defined as:

T=>sgn(Z,-Z,) €
j<i
Lf x>0
where
sgn(x) =4 0,f x=0
-1f x<0

The value reported (Mann-Kendall test statistic, T) is
normalized by the standard deviation of the water-level series
tested and the sign of T indicates the direction of the trend
(positive T indicates increasing depth to water and thus atrend
of decreasing water levels). Trends are statistically significant
at the 1-percent level if the p-value is less than 0.005 (two-
sided statistical test). Trends of either increasing or decreasing
water levels that were determined to be statistically significant
were assumed to be caused by pumping or irrigation. It is pos-
sible, however, that the trends detected by the Mann-Kendall
test are actually part of larger natural cycles than those exam-
ined in this study.


http://waterdata.usgs.gov/nwis/gw
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In order to compare water-level records that have been
influenced to varying degrees by pumping or irrigation, each
record with a statistically significant trend was detrended.
Detrending was accomplished by subtracting a low-order,
regression-fitted polynomial from the spline-interpol ated
water-level seriesto obtain a series of water-level residuals.
Trend-adjusting water-level time-series data by this method
has been used to successfully eliminate anthropogenic effects
such as changes in pumping or irrigation over time (Prinos and
others, 2002; Hanson, Newhouse, and Dettinger, 2004). Resid-
uals were obtained for water-level records from wells where
no trend was detected (CS3, C4, CS6, and M7, table 2) by
subtracting the average water level from the entire POR. This
was done so that annual water-level residuals from records that

required detrending, as well as those that did not, indicate the
variation about a central value (the mean or trend), making
them more directly comparable for the following discussion.
No climate or drought index exists that directly reflects
changes in ground-water levels or storage. Water-level residu-
als were compared to a selection of time-series indicators of
local or regional climate to determine which of these indica-
tors best reflected changesin ground-water levels over time.
Water-level residuals were compared to annual precipitation,
cumulative departures of annual precipitation, the Standard
Precipitation Index (SPI) calculated for various time scales
(Guttman, 1998), the Palmer Hydrologic Drought Index
(PHDI) (Guttman, 1991; Guttman, 1998), and simple moving
averages of annual precipitation. Comparisons were assessed

Table 2. Results of Mann-Kendall trend test on water-level records for wells in central Sevier and Milford basins in Utah and Aravaipa

Canyon, Douglas, and Willcox basins in southeastern Arizona.

[—, no significant trend; >, greater than; <, less than]

Level of s Strength of
Statistically trend
Basin Wellname G0 et Palue  sionifcant (SRR gveeton(T]<3=weak
in basin N (;= strong) '
Central Sevier, Utah Cs1 Low <0.005 Yes -3.00 Increasing Moderate
Cs2 <0.005 Yes 291 Decreasing Weak
CS3 0.15 No 1.43 — —
C+4 0.3 No -1.03 — —
CS5 <0.005 Yes 7.33 Decreasing Strong
CS6 0.78 No 0.28 — —
Cs7 <0.005 Yes -4.62 Increasing Moderate
Milford, Utah M1 Moderate <0.005 Yes 6.75 Decreasing Strong
M2 <0.005 Yes 6.6 Decreasing Strong
M3 <0.005 Yes 8.62 Decreasing Strong
M4 <0.005 Yes 8.25 Decreasing Strong
M5 <0.005 Yes 8.14 Decreasing Strong
M6 <0.005 Yes 10.33 Decreasing Strong
M7 0.74 No -0.33 — —
M8 <0.005 Yes -4.12 Increasing Moderate
A ravii Fr)g c()jna;yon, Al Low <0.005 Yes -6.14 Decreasing Strong
A2 <0.005 Yes 8.31 Increasing Strong
A3 <0.005 Yes -2.92 Increasing Weak
Willcox, Arizona w1 Very high <0.005 Yes 6.26 Decreasing Strong
W2 <0.005 Yes 14.91 Decreasing Strong
W3 <0.005 Yes 5.29 Decreasing Strong
Douglas, Arizona D1 High <0.005 Yes 6.80 Decreasing Strong
D2 <0.005 Yes 9.59 Decreasing Strong
D3 <0.005 Yes 9.54 Decreasing Strong




by calculating correlation coefficients between each of the
indicators and each water-level residual time series. The
exercise was conducted to choose a drought index or indicator
of local or regional climate that is easily calculated or read-
ily available and already widely used as a drought assessment
tool for water management and planning. Obvious patterns
were apparent in many of the comparisons. For example, most
water-level records responded similarly in time to periods of
drought indicated by the SPI or PHDI. However, the best cor-
relations were consistently seen between water-level residuals
and the moving averages of annual precipitation calculated
over various time scales.

Simple moving averages of precipitation were calculated
by using averages of from 2 to 10 years for the precipitation
record from each basin. For example, the 10-year moving
average value for aparticular year, A,, is equal to the total
annual precipitation for that year, P,, divided by the average
annual precipitation for the previous 10 years, (P, , . +P, ,+...
P)/10. Correlation coefficients were calculated between each
of the resulting 2- to 10-year moving averages of annual
precipitation and each water-level residual time series for
all wellswithin abasin. Correlation coefficients generally
declined when moving averages were calculated from more
than 10 previous years of annual precipitation data. The cor-
relation coefficient, strictly speaking, provides a measure of
the strength of alinear relation between the moving average of
precipitation and the water-level residual. Although the physi-
cal relation between precipitation and water level isnot likely
to belinear at most wells, precipitation patterns do influence
ground-water levels to varying degrees and the correlation
coefficients do provide a uniform metric to describe thisrela
tion. Furthermore, the number of years used to calculate the
moving average of annual precipitation that is best correlated
with the water-level residuals provides some indication of the
time period over which water levels respond to precipitationin
the various basins and settings.

Water-Level Records

Seven wells from central Sevier basin and eight wells
from Milford basin were chosen for analysis. Wells were
chosen that had the most complete water-level records and
longest POR in an attempt to look at water-level fluctuations
prior to the onset of the high levels of pumping that gener-
ally began around 1950. Five of the seven wells from central
Sevier have complete water-level measurements dating back
to 1936 and have a minimum of one measurement per year for
at least 92 percent of the POR (table 1, fig. 7). Although all
eight of the wells chosen from Milford basin have a minimum
of one measurement per year for at least 95 percent of their
PORs, only two wells from this basin (M4 and M6) have
relatively complete records prior to 1950. Pre-1950 water-level
records are less common in the three Arizona basins (Aravaipa
Canyon, Douglas, and Willcox) and many wellsin each basin
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were observed to show similar patterns of water-level fluc-
tuation after about 1950. As aresult, three wells from each

of the Arizona basins were chosen that best meet the criteria
described above. The wells (A1-A3, D1-D3, and W1-W3)
have PORs that begin during 1946-55 (table 1, fig. 7). Water-
level records from the Arizona basins were less complete, with
only one well from each basin having a minimum of one mea-
surement per year for at least 90 percent of its POR. Spline
interpolations were performed on all water-level time series
and successfully generated a complete record for analysis
consisting of representative annual water levels for most of the
wells. Multiple-year data gaps that could not be bridged with
the spline interpolation exist in the water levels measured in
wells A3, W1, and W3 (fig. 7).

Trend Detection and Record
Adjustment

Each water-level record was tested for statistically
significant trends in order to determine if the record required
adjustment. The Mann-Kendall test statistic, T, was calculated
for the entire POR for each well and is listed along with the
corresponding p-value in table 2. The sign and magnitude of T
indicate the direction and strength of the trend.

Three water-level records (CS3, C$4, and CS6) from
the central Sevier basin, where ground-water development is
minimal, show no long-term trends; two water-level records
(CS2 and CSb) show trends of decreasing weater levels; and
two water-level records (CS1 and CS7) show trends of increas-
ing water levels (table 2, fig. 7). One of the wells (CS5) with
atrend of decreasing water levelsis a shallow, confined,
middle-basin well that was once artesian (table 1, fig. 7). It
islikely that either ground-water withdrawals or the diver-
sion of surface water away from arecharge area affecting
thiswell has caused this water-level decline. The other well
with atrend of decreasing water levels (CS2) is an uncon-
fined mountain-front well with a POR from 1936 to 1982
that exhibits only aweak trend (table 2, fig. 7). Althoughitis
possible that the weak trend of declining water levelsin CS2
isaresult of ground-water withdrawals, the trend may also be
an artifact of the water-level record spanning a period of time
with less-than-average precipitation. Wells CS1 and CS7 are
confined middle-basin wells located down gradient from most
of theirrigated areain the basin (table 1, fig. 5), suggesting
that the increasing trend in ground-water levelsis the result of
increased recharge from surplus irrigation water.

Six of the eight wells (M1, M2, M3, M4, M5, and M6)
from the Milford basin showed strong, long-term trends of
declining water levels, one well (M7) showed no long-term
trend; and one (M8) showed a moderate trend of increasing
water levels (table 2, fig. 7). All of the wells with long-term
trends of decreasing water levels are located in or adjacent
to the main pumping center in Milford basin (table 1, fig. 5)
and are undoubtedly affected by ground-water withdrawals.
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Figure 7. Spline-interpolated water-level records from central Sevier and Milford basins in Utah and Aravaipa Canyon, Douglas, and
Willcox basins in southeastern Arizona, 1936—2005.
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Figure 7. Spline-interpolated water-level records from central Sevier and Milford basins in Utah and Aravaipa Canyon, Douglas, and
Willcox basins in southeastern Arizona, 1936—2005.—Continued
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Figure 7. Spline-interpolated water-level records from central Sevier and Milford basins in Utah and Aravaipa Canyon, Douglas, and
Willcox basins in southeastern Arizona, 1936—-2005.—Continued
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Well M8 islocated where the Beaver River delivers water to
Milford basin for irrigation above an unconfined portion of
the aquifer (table 1, fig. 5). The increasing water-level trend in
thiswell is probably caused by seepage from the Beaver River
recharging the aquifer.

Despite the lack of substantial ground-water develop-
ment in Aravaipa Canyon basin, water-level records from
this basin exhibit trends in both directions (table 2, fig. 7).
Well A1, located near the border with Willcox basin showed
astrong, long-term trend of declining water levels (table 2,
fig. 7). Although the level of pumping isminimal in Aravaipa
Canyon basin, thiswell is thought to be affected by the very
high levels of ground-water withdrawal in the neighboring
Willcox basin (table 1, fig. 4). Wells A2 and A3 are uncon-
fined, middle-basin wells that show trends of increasing water
levels. The increasing water levelsin these wells may be the
result of irrigation that occurs along Aravaipa Creek in the
center of the valley (Arizona Department of Water Resources,
2005). It is also possible that they are the result of a multi-
decadal climatic trend of increasing precipitation not explicitly
examined in this study. All wells from Douglas and Willcox
basinsin Arizona show strong trends of declining water levels
and appear to be affected by high levels of pumping (tables 1
and 2, fig. 7).

Water-Level Residuals and
Precipitation Patterns

Time series of water-level residuals were compared to
moving averages of annual precipitation from selected pre-
cipitation stations in order to examine what effects precipita-
tion has on the water levels and to make inferences about the
physical processes that control transient changes in aquifer
storage. Water-level residuals from central Sevier basin were
compared to precipitation from the Richfield station (427260)
in central Sevier Valley and water-level residuals from Milford
basin were compared to precipitation from the Black Rock sta-
tion (420730) located at the north end of Milford Valley (figs.
3 and 5). The period of record for each of these stationsis
19502003 and 1952-2003, respectively. Precipitation records
are incomplete for the stations located nearest to Aravaipa
Canyon basin (Fort Grant station, 023110) and within Douglas
basin (Douglas station, 022659) (fig. 4). Therefore, water-level
residuals from all Arizona basins were compared to mov-
ing averages of annual precipitation from the Willcox station
(029334), which recorded similar patterns of annual precipi-
tation to the Fort Grant and Douglas stations for periods of
record that each have in common (fig. 4). The period of record
for the Willcox station is 1898—2004.

Moving averages of precipitation were calculated by
using average annual precipitation for 2- to 10-year time
periods for each precipitation station as discussed above. The
water-level residual time series for each well was matched
with the 2- to 10-year moving average with which it was best
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correlated (fig. 8). It isworth noting that the moving averages
of precipitation shown in figure 8 begin at different years than
the precipitation record for a particular precipitation station.
Thisis because the first value for a 10-year moving average,
for example, cannot be calculated earlier than 10 years after
the start of the precipitation record for that particular station.
Water-level residuals and moving averages of precipitation

are negatively correlated because el evated precipitation causes
water levelsto rise and thisisindicated by negative water-level
residuals. For the purposes of this discussion, the strength of
correlations between the water-level residual time series and
moving averages were classified by their correlation coeffi-
cient asfollows: -1t0 -0.5 = good, -0.49 to -0.3 = fair, -0.29 to

-0.1 = poor, and -0.1 to 0 = no significant correlation (table 3).

Water-level residuals from all wellsin the central Sevier
basin show good correlations (-0.72 to -0.51) to moving aver-
ages of annual precipitation from the Richfield station (fig.

8, table 3). Water-level residuals from five of the seven wells
from the central Sevier basin (CS2, CS3, C$4, CS6, and CS7)
were best correlated with 8-year moving averages of annual
precipitation; and residuals from two wells, CS1 and CS5,
were best correlated with 9- and 10-year moving averages of
annual precipitation, respectively. Six of the seven wells from
central Sevier basin (CS1, CS3, C4, CS5, CS6, and CS7) are
located along the central axis of the valley and are categorized
as C-MB. Onewell (CS2) islocated a ong the boundary of
the alluvial deposits and categorized as U-MF (fig. 5, table

3). Ground-water levelsin the central Sevier basin are less
affected by anthropogenic stresses than ground-water levels
in any of the other study basins as indicated by the results of
the Mann-Kendall trend tests (table 2). The good correlations
between water-level residuals from al wellsin this basin and
moving averages of annual precipitation indicate that precip-
itation-driven variations in ground-water levels can clearly be
seen in areas that are not overly influenced by anthropogenic
stresses. The fact that al of the water-level residual time-
series, including six from C-MB wells and one from aU-MF
well, were best correlated with 8- to 10-year moving averages
of annual precipitation suggests that the entire ground-water
system in the central Sevier basin responds similarly in time to
local precipitation.

Water-level residuals from three wells in the Milford
basin show good correlation (-0.50, -0.51, and -0.65 for M1,
M5, and M7 respectively) to moving averages of annual pre-
cipitation from the Black Rock station (fig. 8, table 3). Water-
level residuals from four wells show fair correlations (-0.37,
-0.45, -0.43, and -0.32 for M2, M3, M6, and M8, respectively)
and water-level residuals from one well (M4) showed no
significant correlation to moving averages of annual precipita-
tion from the Black Rock station. Water-level residuals from
six wellsin the Milford basin are best correlated with 7- to
10-year moving averages of annual precipitation asfollows:
M2 and M3 residuals are best correlated with 7-year moving
averages, M1 and M5 residual s are best correlated with 8-year
moving averages, and M6 and M7 residuals are best correlated
with 10-year moving averages. Water-level residuals from
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Figure 8. Water-level residuals for wells and moving averages of annual precipitation from weather stations in the central Sevier and
Milford basins in Utah and Aravaipa Canyon, Douglas, and Willcox basins in southeastern Arizona, 1936—2005.
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Figure 8. Water-level residuals for wells and moving averages of annual precipitation from weather stations in the central Sevier and
Milford basins in Utah and Aravaipa Canyon, Douglas, and Willcox basins in southeastern Arizona, 1936—2005.—Continued
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Figure 8. Water-level residuals for wells and moving averages of annual precipitation from weather stations in the central Sevier and
Milford basins in Utah and Aravaipa Canyon, Douglas, and Willcox basins in southeastern Arizona, 1936-2005.—Continued
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Figure 8. Water-level residuals for wells and moving averages of annual precipitation from weather stations in the central Sevier and
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Figure 8. Water-level residuals for wells and moving averages of annual precipitation from weather stations in the central Sevier and
Milford basins in Utah and Aravaipa Canyon, Douglas, and Willcox basins in southeastern Arizona, 1936—2005.—Continued

well M8 are best correlated with a 2-year moving average of
annual precipitation. Of the eight wellsin Milford basin, five
are located near the pumping center in the middle of the valley
and are categorized as C-PC (M1, M2, M3, and M5) or U-PC
(M4) depending on their depth; two (M6 and M7) are located
away from the main pumping center and confining layersin
the center of the valley and are categorized as U-MB; and one
(M8) islocated near the alluvial boundary where the Beaver
River entersthe valley and is categorized U-MF (fig. 5, table
3). Mann-Kendall trend tests indicate that ground-water levels
in the Milford basin are affected significantly more by anthro-
pogenic stresses than ground-water levels in the central Sevier
basin. Thisismostly aresult of higher levels of pumping that

cause strong trends of declining water levelsin many water-
level records (table 2, figs. 3 and 7). Fewer good correlations
exist between water-level residuals and moving averages of
annual precipitation suggesting that, even after detrending,
precipitation-driven variations in ground-water levels become
more difficult to see as ground-water levels become increas-
ingly influenced by anthropogenic stresses. Six out of seven
of the water-level residual time series that show fair to good
correlations were best correlated with 7- to 10-year moving
averages of annual precipitation, similar to nearby central
Sevier basin. Water-level residuals were best correlated with
a 2-year moving average of annual precipitation at well CS8,
suggesting that the ground-water system in this area responds
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Table 3. Correlation coefficients between water-level residual time series and moving averages of precipitation, number of years used
to calculate moving average, and aquifer condition and hydrologic setting for wells in central Sevier and Milford basins in Utah and
Aravaipa Canyon, Douglas, and Willcox basins in southeastern Arizona.

[Aquifer condition — hydrologic setting: C — confined, U — unconfined, MB — middle basin, MF — mountain front, PC — pumping center; for example, C—MB is
confined — middle basin. Number of yearsin best correlated moving average, correlation coefficient; for example, “9, -0.63” indicates a 9-year moving average
and a correlation coefficient of -0.63]

Well 1 Well 2 Well 3 Well 4 Well 5 Well6 Well 7 Well 8
Central Sevier basin, | C-MB U-MF C-MB C-MB C-MB C-MB C-MB
uT 9,-0.63 8,-0.53 8, -0.51 8,-0.57 10, -0.51 8, -0.67 8,-0.72
Miltord basin UT Cc-PC Cc-PC Cc-PC U-PC Cc-PC U-MB U-MB U-MF
' 8, -0.50 7,-0.37 7,-0.45 10, -0.03 8, -0.51 10,-043 | 10,-0.65 2,-0.32
Aravaipa Canyon U-MB U-MB U-MB
basin, AZ 3,-0.03 3,-0.49 3,-0.41
. . U-MF c-PC c-PC
Willcox basin, AZ 1 6" 19 5, -0.41 4,-0.07
. U-PC u-PC u-PC
Douglasbasin, AZ | )" ) 35 8,-0.25 4,-0.24

Strength of correlation
-1to-0.5 = good correlation
-0.49t0 -0.3 = fair correlation
-0.29t0 -0.1 = poor correlation

-0.1 to 0 = no significant correlation

to shorter-term precipitation patterns. Well CS8 is an uncon-
fined, mountain-front well that may be more directly con-
nected to recharge occurring on the valley floor or originating
as seepage from the Beaver River channel.

In Aravaipa Canyon basin, water-level residuals from two
wells (A2 and A3) showed fair correlations (-0.49 and -0.41,
respectively) to 3-year moving averages of annual precipita-
tion from the Willcox station and residuals from one well (A1)
showed no significant correlation (fig. 8, table 3). The fact
that the best correlations are seen between water-level residu-
als and 3-year moving averages of annual precipitation in this
basin implies that the ground-water system responds more
quickly to local precipitation patterns than was seen in the
Utah basins. All three Aravaipa Canyon basin wells (A1, A2,
and A3) are located along the center of avalley with very little
pumping and were categorized as U-MB (fig. 6, table 3). The
best correlation is seen in well A2 which tested negative for
any long-term trends (table 2). It is noteworthy that well A1
islocated near the boundary between Aravaipa Canyon and
Willcox basins and the high level of pumping in Willcox basin
islikely the cause of the long-term water-level decline seenin
that well (table 2, fig. 7).

Willcox and Douglas basins are more similar in their size,
climate, and level of ground-water devel opment than any of
the other basins considered in this study. Water-level residuals
from one well in Willcox basin (W2) showed fair correlation
(-0.41) with a 5-year moving average of annual precipita-
tion from the Willcox station and residuals from another well
(W1) were poorly correlated (-0.19) with a 6-year moving

average of annual precipitation (fig. 8, table 3). Water-level
residuals from well W3 displayed no significant correlation
to moving averages of precipitation. Well W1 isashalow
well located on an alluvial fan coming off of the Dos Cabezas
Mountains and was categorized as U-MF. Wells W2 and W3,
categorized C-PC, are both relatively deep (1,356 ft and 381
ft, respectively) and located within pumping centers along the
central axis of Willcox Valley. Water-level residuals from one
well in Douglas basin (D1) showed afair correlation (-0.33)
to a4-year moving average of annual precipitation from the
Willcox station and residuals from two other wells, (D2 and
D3) showed only poor correlation to 8- and 4-year moving
averages of annual precipitations, respectively (fig. 8, table 3).
All three wellsin Douglas basin are located along the central
axis of the valley and are categorized as U-PC.

Willcox and Douglas basins have experienced substan-
tially higher rates of pumping than any of the other basins
considered in this study and water-level records from all of
the wells from both of these basins exhibited strong trends of
decreasing water levels (table 2, fig. 7). Thus, the lack of any
good correlation between water-level residuals and moving
averages of precipitation (and only fair correlation at two of
six wells) reinforces the idea that precipitation-driven varia-
tions in ground-water levels become more difficult to see
as ground-water levels become increasingly influenced by
anthropogenic stresses. The best correlations are seen between
water-level residuals for W2 and D1 and moving averages of
annual precipitation from the Willcox station. It is worth not-
ing that these two wells have the most complete water-level
record of all wells examined in both of these basins (table 1).
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Evaluation of the Effects of
Precipitation

Theinitia intent of the study was to develop a method, or
to utilize existing methods, to separate the fraction of water-
level variation caused by climate from the fraction of water-
level variation caused by anthropogenic stresses that would
have broad application by using existing records of ground-
water levels and afamiliar climate index. During the course
of the study, data constraints were encountered and the study
objectives had to be modified. Familiar climate indices (such
as Palmer Drought indices) are not designed to account for
variations in ground-water storage and are not generally well-
correlated with water-level variation. Most existing records of
ground-water levels are not sufficient in their length, com-
pleteness, or temporal resolution to successfully apply quan-
titative frequency analysis methods (such as Chen and others,
2002; Hanson, Newhouse, and Dettinger, 2004). Finally, any
method used to remove long-term trends from a water-level
time seriesisimperfect. The non-linear relation between
ground-water levels and the physical factors that control them
make it impossible to know if detrending removed only the
fraction of water-level variation imparted by anthropogenic
stresses, if it removed all of that variation, or if it aso removed
parts of natural, climate-driven cycles. Despite these problems,
precipitation-driven patterns in annual water-level variations
do exist that permit meaningful interpretation of existing data.

In acompletely undeveloped southwestern basin, most
variation in ground-water levels should be directly driven by
precipitation that becomes recharge of one form or another.
Records of ground-water levels were processed with the intent
of minimizing the water-level variation resulting from anthro-
pogenic stresses, thereby enhancing patterns that arise from
these precipitation-driven stresses. Water-level responses to
precipitation patterns might be delayed to varying degrees by
factors such as the location and mechanisms of recharge or the
storage capacity of the aquifer. For example, water levelsin
wells near a stream channel might respond rapidly in response
to focused infiltration through the streambed. Conversely,
middle-basin wells might respond slowly to recharge that
originates as diffuse infiltration of snowmelt over a neighbor-
ing mountain block where the time it takes for infiltration to
reach the water table islong and the storage capacity of the
mountain block is large.

Water-level residuals from wells where correlations
in table 3 are fair or good were examined with the goal of
making inferences about the physical factors that control
precipitation-driven variations in ground-water levels. These
wellsinclude CS1, CS2, CS3, C$4, CS5, CS6, and CS7 from
central Sevier basin; M1, M2, M3, M5, M6, M7, and M8 from
Milford basin; A2 and A3 from Aravaipa Canyon basin; W2
from Willcox basin; and D1 from Douglas basin (table 3).
Most water-level residuals from wellsin the Utah basins are
best correlated with 7- to 10-year moving averages of annual
precipitation while al of the water-level residuals (with fair to

good correlations) from the Arizona basins are best correlated
with 3- to 5-year moving averages of annual precipitation.
The Utah basins appear to respond more slowly to precipita-
tion patterns than the Arizona basins. This difference may be
related to the dominant recharge mechanisms in the basins.
The Utah basins receive more high-altitude precipitation from
winter storms, resulting in diffuse infiltration of snowmelt in
the mountains. This process involves slow percolation through
deep unsaturated zones. Furthermore, the water-level response
to thisrechargein valley wellsis buffered by the large stor-
age capacity of the mountain block. A larger fraction of the
annual precipitation in the Arizonabasinsis supplied by the
summer monsoons. Hanson, Dettinger, and Newhouse (2006)
determined that a substantial percentage of the variation in
ground-water level time series from southern Arizona basins
was correlated with monsoonal-like periods. Mountain-front
recharge and streambed infiltration of runoff are the major
sources of recharge to all of the Arizona basins. These types of
recharge, more focused and episodic, occur closer to the valley
water table and likely result in ground-water level responses
that are less buffered by aquifer storage and that occur over
shorter periods of time.

Residuals from well M8 in the Milford basin are best
correlated with only a 2-year moving average of annual pre-
cipitation. This shallow, mountain-front (U-MF) well isin an
unconfined part of the alluvia aquifer (tables 1 and 3, fig. 5)
located near the Beaver River. It isthe only one of the Milford
wells exhibiting atrend of increasing water levels (table 2,
fig. 7) suggesting that it isin an area recharged by seepage of
surface water delivered for irrigation through the Beaver River.
Water-level residuals from thiswell are best correlated with
amoving average of annual precipitation calculated over a
much shorter period of time than other wellsin thisbasin (all
7- to 10-year moving averages), suggesting that water levelsin
this area are responding to streambed infiltration. Despite the
indirect relation between ground-water levels and multi-year
moving averages of precipitation, this relation provides useful
information based on existing data.

The results of this study do not yield quantitative esti-
mates of the amount of water-level rise or declinethat is
associated with particular precipitation events or patterns.
However, visua inspection of figure 8 illustrates that water-
level residuals generally mimic moving averages of annual
precipitation, which are essentially smoothed and time-
delayed versions of the original time series of annual precipi-
tation. Selected peaks in precipitation records from the Utah
and Arizona basins are discussed as examples. In the Utah
basins, three multi-year periods with generally averageto
greater-than-average precipitation are: 196169, 1980-88, and
19942000 (fig. 3). In the Arizona basins, more year-to-year
variation is seen in the annual precipitation records. Example
periods of greater-than-average precipitation in the Arizona
basins are: 196167, 1977—78, 1980-88, and 1990-94 (fig. 4).
Peaks that reflect these high-precipitation years are seenin all
water-level residual time series with fair to good correlations
(CSL, CS2, CS3, C4, €SB, CS6, CS7, M1, M2, M3, M5, M6,



M7, and M8 in the Utah basins; and A2, A3, W2, and D1 from
the Arizona basins). Methods do exist that have had some suc-
cess quantitatively relating variation in ground-water levelsto
particular climatic events (Hanson, Dettinger, and Newhouse,
2006) or predicting the amount of expected water-level change
based on precipitation records (Chen and others, 2002). How-
ever, these methods rely on water-level data of substantially
higher temporal resolution to perform successful frequency
analysis or to determine coefficients used in empirical models.
Wells with water-level residuals that showed no correla-
tion or poor correlation to moving averages of annual pre-
cipitation include M4 from Milford basin; A1 from Aravaipa
Canyon basin; W1 and W3 from Willcox basin; and D2 and
D3 from Douglas basin (table 3). It is not possible to resolve
precipitation-driven variation in ground-water levels from
these wells. Two factors appear to be responsible for the lack
of correlation to moving averages of annual precipitation in
these wells: ahigh level of ground-water development and a
short or incomplete water-level record. The best correlations
were seen in the Utah basins where ground-water develop-
ment exists at low to moderate levels (less than 0.15 acre-ft/
mi?) and water-level records for 14 out of 15 wells had annual
measurements for at least 92 percent of their POR (tables 1
and 3, figs. 3 and 8). In the Arizona basins, no good correla-
tions were determined at all and water-level residuals from
only onewell in Willcox basin and one well in Douglas basin
were determined to have fair correlation to moving averages
of precipitation. Historically, Willcox and Douglas basins
have experienced substantially higher levels of ground-water
development than any of the other study basins and the wells
with the best correlations are generally those with the longest
and most complete water-level records (tables 1 and 3, figs.
4 and 8). Well A1, showing no significant correlation, isan
exception in that it is located within the minimally developed
Aravaipa Canyon basin and has a 90-percent complete POR
(table 1). However, water-levels from this well exhibit a strong
declining trend (table 2, fig. 7) and appear to be affected by
pumping in the neighboring, highly developed, Willcox basin.
The one well from Milford basin that showed no correlation
(M4) has a POR that is coincident with the corresponding
precipitation record for only 17 years (1961-77) (fig. 8).
Although these conclusions are based on data from few wells,
and although there may be other factors contributing to poor
correlations, it seems clear that high levels of pumping can
obscure precipitation-driven water-level variation and that
short or incomplete water-level records are insufficient for
examining these patterns.

Summary and Conclusions

Increased withdrawals from alluvial aquifers of the
southwestern United States during the last half century have
magnified the effects of drought on ground-water levelsin
valleys where withdrawals for irrigation are greatest. Further-
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more, during wet periods, reduced withdrawals have exagger-
ated the response to natural recharge observed in ground-water
levels. In order to manage water resources more effectively,
analysis of ground-water levels under the influence of natural
and anthropogenic stressesis useful.

This report evaluates the effects of local precipitation
patterns on water-level records from wells in various hydro-
geologic settingsin five basins in Utah and Arizona. Precipi-
tation-driven variation is evident in existing records of annual
ground-water levels, including those that have been influenced
to varying degrees by anthropogenic stresses. These records
can be used to make general inferences about the physical
parameters controlling ground-water systems within abasin
and across various hydrologic settings. These records can
also be used to examine the time span over which parts of an
aquifer are affected by precipitation patterns. The methods
described in this report could be used to investigate how many
years of drought of a particular magnitude, for instance, are
required before ground-water levelsin abasin are substantially
impacted with and without the influence of ground-water
pumping.

Hydrologic data were examined from two basinsin Utah
(Milford and central Sevier) and three in Arizona (Aravaipa
Canyon, Douglas, and Willcox). Records of ground-water
levels and basin-wide total annual ground-water withdrawals
were examined along with simple moving averages of annual
precipitation from valley precipitation stations. Water-level
records were transformed into regular time series of annual
water-level measurements by first removing pumping-season
measurements and then performing spline interpolations.
Mann-Kendall trend tests were performed and showed that
most water-level records from heavily developed basins
exhibit strong trends of declining water levels caused by
pumping. A few water-level records from the less-devel oped
basins showed trends of increasing water levelsthat are likely
related to the infiltration of unconsumed irrigation water.
Water-level records were detrended by subtracting a regres-
sion-fitted low-order polynomial in an attempt to eliminate the
variation that results from these anthropogenic effects. Water-
level residuals were then correlated with 2- to 10-year moving
averages of annual precipitation from representative stations
from the various basins. The water-level residua time series
for each well was matched with the 2- to 10-year moving aver-
age of annual precipitation with which it was best correlated
and the results were compared across basins and hydrologic
settings.

Correlations between water-level residuals and moving
averages of annual precipitation examined in this study sug-
gest that precipitation-driven variation in ground-water levels
is strongly influenced by the dominant mechanism of recharge,
by the time required for infiltration to reach the water table,
and by the storage capacity of the aquifer. Water-level residu-
alsfrom most wellsin the Utah basins were best correlated
with 7- to 10-year moving averages of annual precipitation,
suggesting that they respond to recharge originating as diffuse
infiltration of snowmelt in the mountains. Recharge originat-
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ing over the mountains may involve slow percolation through
deep unsaturated zones, and water levelsin valley aquifers
are buffered by the large storage capacity of the mountain
block. Water-level residuals from one well in Milford basin
(Utah), in an arearecharged by streambed infiltration from
the Beaver River, were best correlated with 2-year moving
averages of annual precipitation. Water-level residuals from
wellsin Arizona basins, where the major source of recharge
occurs along the valley margins as streambed infiltration, were
best correlated with 3- to 5-year moving averages of annual
precipitation. Mountain-front recharge and streambed infil-
tration in these basins generally occur along valley margins
where aquifers are unconfined, allowing infiltration to reach
the water table and causing ground-water levelstorisein less
time than from mountain-block recharge.

The ability to resolve precipitation-driven water-level
variation is limited by the degree to which the water levels are
influenced by pumping, by incomplete water-level records,
and by data of low temporal resolution. Correlations between
water-level residuals and annual averages of precipitation were
generaly better from wellsin basin that had experienced lower
levels of ground-water development and from wells that had
at least one water-level measurement per year over the POR.
Detrended water-level records from wells that experienced
substantial long-term water-level declinesin heavily pumped
basins were not well correlated with precipitation records.

Climate change is predicted to affect sources of recharge
to southwestern aquifers as the demand for ground water
increases in the southwestern United States. In order to
improve the utility of water-level records for making water-
resource decisions, improvements should be made in rela-
tion to the location of monitoring wells and measurement
frequency. Monitoring wells located both in and away from
pumping centers, but from otherwise similar hydrologic set-
tings, would allow water-level records from wells heavily
influenced by pumping to be correlated with wells similarly
affected by precipitation but less influenced by pumping.
Long-term monthly or quarterly water-level measurements
would allow application of more-rigorous and quantitative
methods. Despite the limitations of existing data, the results of
this study should aid in the future examination of water-level
records in other basinsin the southwestern United States.
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