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SUMMARY

We explore the influence of long-term, large-scale irrigational pumping on spatial and seasonal patterns
of streamflow regimes in the High Plains aquifer using extensive observational data to elucidate the
effects of regional-scale human alterations on the hydrological cycle. Streamflow, groundwater and pre-
cipitation time series spanning all or part of the period of intensive irrigation development (1940-1980)
in the region were analyzed for trend and step changes using the non-parametric Mann-Kendall test and
the parametric Student’s t-test, respectively. Based on several indicators to evaluate the streamflow-
groundwater connection degree over the High Plains aquifer, we found a systematic decrease in the
hydraulic connection between groundwater and streamflow from the Northern High Plains to Southern
High Plains. Trends and step changes are consistent with this regional pattern. Decreasing trends in
annual and dry-season (mean July-August) streamflow and increasing trends in the number of low-flow
days are prevalent in the Northern High Plains with a gradual decrease in trend detection towards the
south. Additionally, field significance of trends was assessed by the Regional Kendall’s S test over the per-
iod of most intensive irrigation development (1940-1980). The step-change results imply that the
observed decreases in streamflow are likely attributable to the significant declines in groundwater levels
and unlikely related to changes in precipitation because the majority of precipitation data over the region
did not reveal any significant changes. Thus, it is very likely that extensive irrigational pumping have
caused streamflow depletion, more severely, in the Northern High Plains, and to a lesser extent in the

Southern High Plains over the period of study.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The terrestrial water cycle forms a vital link between natural
ecosystems and the global climate through complex interactions
among its components. Identification and quantification of link-
ages between the components of the water cycle is further compli-
cated because each component is linked to every other, either in
direct or indirect ways, via dynamic flux exchange across a wide
range of spatial and temporal scales (Fig. 1a). Thus, any change
in one of the storages will have a subsequent effect on the other
parts of the water cycle and on the natural hydrological fluxes.
However, our knowledge of the potential impacts of these changes
on the other components of the water cycle, along with their spa-
tial scales or regional significance, is still very limited yet crucial
for future climate variability prediction and water resources
management.
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Recent studies showed that, besides natural processes, human
activities distinctly alter the hydrological cycle by disturbing the
natural circulation of water over the continent (Costa et al.,
2003; Foley et al., 2005; Nilsson et al., 2005; Huntington, 2006;
Zhang et al., 2007; Adam and Lettenmaier, 2008; Barnett et al.,
2008; Sahoo and Smith, 2009). One major cause of these distur-
bances is irrigation (Alpert and Mandel, 1986; Vorosmarty and
Sahagian, 2000; Milly et al., 2005; Haddeland et al., 2006b, 2007;
Milliman et al., 2008; Gerten et al., 2008; Rost et al., 2008; Wisser
et al., 2009), which accounts for nearly 85% of the global water con-
sumption (Gleick, 2003). In fact, the primary use of water world-
wide is to irrigate the agricultural areas, which cover 40% of the
land surface (Asner et al., 2004). As the demand for food increases
along with the growing population, irrigated areas continue to
expand with an actual expansion of 70% in the last 40 years (Gleick,
2003), and consequently, surface water and groundwater resources
are being substantially exploited to comply with the corresponding
increase in water demand. Lately, the global use of groundwater
has surpassed surface water use as the primary source of irrigation
(Healy et al., 2007; Giordano and Villholt, 2007), such that the total
groundwater withdrawals for irrigation have increased from 23% of
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Fig. 1. (a) A simplified version of the terrestrial water cycle showing its reservoirs and the complex dynamic interactions among them (red arrows indicate fluxes most
directly affected by pumping; numbers 1-4 indicate impacts of pumping on local river flow, regional river flow, ET, and precipitation, respectively), and (b) objectives of this
study, showing the three components of the irrigation-induced water cycle and focus of the paper (filled area represents the High Plains aquifer).

total withdrawals for irrigation in 1950 to 42% of that in 2000 for
the conterminous USA (Hutson et al., 2004). Most of the water ex-
tracted from aquifers for irrigation is lost into the atmosphere by
evapotranspiration (ET) after it is applied to the land surface, while
the rest either runs off to a stream or infiltrates through the soil
zone becoming groundwater again. Due to the interactions among
the reservoirs of the hydrological cycle, this disturbance will have
subsequent effects on local and regional river flow (fluxes 1 and 2
in Fig. 1a), on ET (flux 3), and consequently on precipitation (flux
4). Accordingly, extensive pumping of groundwater leads to de-
pleted subsurface storages, especially in arid and semi-arid regions
where the natural aquifer recharge rates are very low. Over the last
century, groundwater levels across the United States declined sub-
stantially, generally during the dry season and in semi-arid regions,
as a result of increased groundwater usage for irrigation (Bartolino
and Cunningham, 2003). Furthermore, groundwater mining is a
growing problem throughout the world which adversely affects
major aquifer systems as well as local areas (Konikow and Kendy,
2005). One well-known case is the High Plains aquifer system of
the US Great Plains, where large-scale irrigational pumping in-
duced a depletion of more than 330 km® in the stored volume of
water, a net decrease of 8.5% of the pre-development water in stor-
age, from pre-development (about 1950) to 2007 (McGuire, 2009).

One direct effect of groundwater irrigation is the significant
reduction of surface water availability, also known as “streamflow
depletion”, due to decreased groundwater discharge to streams
and wetlands caused by excessive and prolonged pumping (Winter
et al., 1998; Sophocleous, 2002; Kollet and Zlotnik, 2003). The im-

pact can be large especially in areas where groundwater and sur-
face water systems are closely-connected, since groundwater is
the principal source of streamflow in such places. For example,
many perennial streams in western Kansas running across the High
Plains aquifer in 1961 became shorter or disconnected, or disap-
peared by 1994 as a result of large groundwater withdrawals
(Sophocleous, 2000). Additionally, the flow of streams in some
parts of Kansas, Oklahoma and New Mexico has decreased to half
of the initial recorded flow over time (Brikowski, 2008). A trend
detection study by Wahl and Wahl (1988) identified decreasing
trends in the annual mean flow, annual baseflow, and annual peak
discharge of the Beaver River in the Oklahoma Panhandle from
1938 to 1986 while precipitation records showed no trend for
the same period. Thus, they concluded that increased groundwater
pumping from the underlying High Plains aquifer was the main
mechanism generating the observed decreases in streamflow. Szi-
lagyi (1999) examined the changes in the annual mean flow of
Republican River basin where significant streamflow depletion is
observed since the late 1940s. Analyzing eight US Geological Sur-
vey (USGS) gauging stations, he verified significant decreasing
trends in the whole river basin that cannot be explained by precip-
itation variability. Subsequently, his modeling study (Szilagyi,
2001) showed that the observed streamflow depletion in the same
river basin has resulted from human-induced changes such as irri-
gation, land cover changes and reservoir construction. Similarly,
Burt et al. (2002) applied a multiple regression model to annual
streamflow data from a single gauging station in the Republican
River basin to evaluate the effect of groundwater irrigation on
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streamflow during the period 1936-1998 and found a strong in-
verse relationship between annual streamflow and the number of
irrigation wells, in addition to a 75% decline in the mean annual
flow over the same period. In a more comprehensive study, Wen
and Chen (2006) searched for trends in streamflow using data from
110 gauging stations in eight major river basins throughout Ne-
braska during 1948-2003 and detected decreasing trends at the
majority of gauges in the Republican River basin but only at a
few in the eastern part. Without any significant changes in precip-
itation and temperature for the same period, their study concluded
that groundwater withdrawal for irrigation was the primary factor
leading to depletion of streamflow in Nebraska. Also, Buddemeier
et al. (2003) reported that after the onset of extensive groundwater
pumping, portions of major rivers crossing the High Plains aquifer
experienced decreases in annual flow during the last few decades
with the Arkansas River exhibiting the greatest flow depletion
among the others.

Besides depleting the groundwater storage and reducing the
baseflow to rivers, irrigation dramatically increases soil moisture
during the warm season which may instigate indirect effects on
the key components of regional climate including increases in
ET, cooling of surface temperatures and enhancement of precipi-
tation (the fourth link in Fig. 1a) (Eltahir and Bras, 1996; Eltahir,
1998; Vorosmarty and Sahagian, 2000; Pielke, 2001; Kanamitsu
and Mo, 2003; Betts, 2004; Haddeland et al., 2006a). Several mod-
eling studies showed that an increase in soil moisture induces
higher ET and atmospheric moisture content which further con-
tributes to the formation of local convective storms via enhanced
moisture recycling over or downwind of the irrigated (or wetted
soil) regions (e.g., Segal et al., 1989; Small, 2001; Pal and Eltahir,
2002; Koster et al., 2004; Dominguez et al., 2009). One study
investigated the effect of land use changes on the regional climate
of the irrigation-dominated northern Colorado plains (Chase et al.,
1999). Their model results demonstrated that the magnitude of
forcing induced by irrigational practices were strong enough to
affect the regional temperature, cloud cover, precipitation and
surface hydrology. Other regional studies showed significant dif-
ferences in the heat and moisture fluxes between the irrigated
(wet) and non-irrigated (dry) areas over India (Douglas et al.,
2006), and Nebraska (Adegoke et al., 2007). Despite the intricacy
of this mechanism, few observational studies detected a signal of
irrigation-precipitation link over the High Plains aquifer. One
study identified an irrigation-related increase in June precipita-
tion during 1930-1970 over and near the heavily-irrigated re-
gions in the Texas panhandle when synoptic conditions allowed
low-level convergence and uplift (Barnston and Schickendanz,
1984). Another one observed an additional summer rainfall of
6-18% about 90 km downwind of the Texas panhandle during
1996 and 1997 (Moore and Rojstaczer, 2002). A third study by
Adegoke et al. (2003) found cooler surface temperatures in sum-
mer within the densely-irrigated areas in Nebraska verified by
both simulations and data analysis.

All of these earlier studies underline that irrigation significantly
influences the climate and hydrology patterns not only at local
scales but also at regional scales (Fig. 1b). Therefore, in this study,
we aim to develop a comprehensive analysis of the regional im-
pacts of irrigational pumping on the hydrological cycle to investi-
gate whether an anthropogenic regional water cycle is embedded
into the natural and continental-scale water cycle. Our research
will be reported in a series of three papers. In this first paper, we
investigate the direct effect of groundwater irrigation: streamflow
depletion. In a second study, we analyze observed precipitation
over the central US searching for signals of irrigation-enhanced
precipitation downwind of the High Plains (DeAngelis et al.,
2010). In a third report, we examine the observed groundwater
and streamflow downwind of the High Plains where enhanced pre-

cipitation has been observed (Kustu and Fan, in preparation). We
emphasize that all three studies rely on long-term observations
in groundwater, streamflow and precipitation, and that our atten-
tion is on the regional-scale hydrologic and climatic linkages and
feedbacks.

The focus of this paper is to determine the long-term, large-
scale irrigational pumping effects on the spatial and seasonal pat-
terns of streamflow regimes over the High Plains aquifer. There
have been numerous observational and theoretical studies that
investigated the groundwater-surface water interactions; how-
ever their focus of interest are the changes in small watershed
scales (e.g., Hewlett and Hibbert, 1963; Dunne and Black,
1970a,b; Tanaka et al.,, 1988; De Vries, 1994, 1995; Eltahir and
Yeh, 1999; Marani et al., 2001; Nyholm et al., 2003; Chen and
Chen, 2004; Chen et al., 2008; Zume and Tarhule, 2008). Likewise,
the aforementioned studies on streamflow trends in the High
Plains aquifer concentrated at one to a few river basins, used dif-
ferent streamflow gauges and analysis methods, over different
time periods, and, thus, lack a region-wide, methodologically con-
sistent picture of where and when streamflow depletion is signif-
icant. No systematic effort yet has been made to understand the
regional significance of groundwater pumping on streamflow de-
spite the large-scale groundwater depletion observed in the aqui-
fer since the 1930s. Hence, this paper will tie the scattered
evidence together and establish the regional pattern of stream-
flow depletion, based on streamflow observations in conjunction
with precipitation and water table data using all available records
in the USGS archive.

Moreover, detection of abrupt (step) and gradual changes in
hydrologic variables and comprehension of their likely causes are
critical for long-term water management and assessment of future
changes. The attribution of these changes to correct causes is more
crucial than ever under the presence of long-term, CO,-induced cli-
mate change trends. Most trend analysis studies attribute the ob-
served changes in streamflow to the variations in climate (e.g.,
Lins, 1985; Dery and Wood, 2005; Miller and Piechota, 2008). Here,
we hypothesize that large-scale human activities, such as the irri-
gation development in the High Plains region, may induce drastic,
regional-scale changes in the hydrological cycle in a similar magni-
tude as caused by climate variability.

The specific objectives of this study are: (1) to examine the cli-
matic, geologic, and hydrologic variabilities across the High
Plains; patterns emerging from this analysis will shed light on
where, along the climatic and hydrologic gradient, streamflow is
most likely affected by groundwater pumping, (2) to examine
the degree of hydraulic connection between the groundwater
and streamflow across the climatic-hydrologic gradient; patterns
emerging from this analysis will further pinpoint regions/settings
where groundwater pumping is most likely to affect streamflow,
(3) to quantify the streamflow depletion annually and seasonally
over selected regions along the climatic-hydrologic gradient,
using trend and step-change analysis tools, (4) to assess the field
significance of detected trends, and (5) to attribute the observed
streamflow changes to likely causes, i.e., changes in rainfall or
in groundwater storage. The results of this study will improve
our understanding and quantification of the impact of human
modifications to the water cycle at regional scales during the sec-
ond half of the last century.

The following sections first provide the background information
on the study area, followed by the description of data sources and
an outline of the methodology. Then, we discuss the observed
changes in streamflow across the High Plains region for the period
of intensive irrigational development using several indicators. We
conclude with a geographic synthesis of regional variations in
streamflow depletion caused by irrigational groundwater
pumping.
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2. The High Plains aquifer system

The High Plains aquifer, a subregion of the Great Plains, is the
largest regional aquifer system in the US, and extends under parts
of eight states from southern South Dakota to northwestern Texas
with a surface area of 450,000 km? (Fig. 2a). Flat to gently-sloping
vast plains formed by stream-deposited sediments transported
eastward from the Rocky Mountains characterize the region (Den-
nehy, 2000). The aquifer consists of several hydraulically-con-
nected geologic units of Tertiary or Quaternary age. The Brule
Formation, the Arikaree Group and the Ogallala Formation consti-
tute the upper Tertiary rocks. The Oligocene-aged Brule Formation,
a low-permeable massive siltstone with layers of sandstone and
volcanic ash, underlies parts of Nebraska, Colorado and Wyoming
and is considered as part of the aquifer only in areas where its per-
meability is increased by secondary porosity. Overlying the Brule
Formation is the Miocene- to Oligocene-aged Arikaree Group
which is composed of massive fine-grained sandstone with local
beds of volcanic ash, silt and clay underlying large parts of Nebras-
ka, South Dakota and Wyoming. Over the Arikaree Group lies the
Miocene-Pliocene Ogallala Formation of unconsolidated clay, silt,
sand and gravel. The Ogallala Formation is the principal geologic
unit of the aquifer covering 77% of the system’s area. Unconsoli-
dated alluvial deposits of Quaternary age overlie the Ogallala For-
mation on the east and constitute part of the aquifer in areas where
they are in hydraulic connection with the Tertiary deposits. Most of
the gravel, sand, silt and clay in the alluvial deposits are reworked
material derived from the Ogallala Formation in the form of sand
dunes, windblown loess and valley-fill deposits along the stream
channels (Gutentag et al., 1984; Weeks et al., 1988). In general,
the thickness of the aquifer decreases from north to south and from
central to east. The High Plains aquifer is generally underlain by
Permian- to Tertiary-aged evaporites such as anhydrite, gypsum,
halite, limestone and dolomite.

The High Plains region has a typical mid-latitude dry continen-
tal climate with a high rate of evaporation, limited precipitation
and abundant sunshine changing from arid to semi-arid from the
Texas panhandle to western Kansas, and to sub-humid in some
parts of central Kansas and eastern Nebraska (Gutentag et al.,
1984). The region is characterized by natural climate gradients

from east to west and north to south. Located at the center of a
transition zone, a wetter to drier precipitation gradient from east
to west, and a colder to hotter temperature gradient from north
to south prevail across the region (Fig. 2b). These precipitation
(east-west) and temperature (north-south) gradients produce a
distinctive climate condition that varies substantially from hourly
to decadal time scales. The average annual precipitation through-
out the region is 500 mm with a range of 300 mm (Rodell and Fam-
iglietti, 2002). Most of the precipitation falls as rain during the
growing season, from April to September, however large variations
in rainfall are observed both spatially and temporally due to the
common thunderstorms and extreme weather events (Weeks
et al., 1988). As a result of limited precipitation, naturally-occur-
ring fertile soils with grassland vegetation cover the region
(Kromm and White, 1992). The evapotranspiration rates are high,
because of persistent winds and high summer temperatures, and
annually average from 1500 mm in the north to 2700 mm in the
south (Weeks et al., 1988) (Fig. 2b).

The High Plains is an unconfined blanket sand-and-gravel type
aquifer with a general groundwater direction of west to east at a
rate of 0.30 m/day. The water table reaches the surface near the
rivers that are hydraulically-connected to the aquifer such as the
Platte and the Arkansas Rivers. The saturated thickness of the aqui-
fer varies from zero in the depositional areas of unconsolidated
alluvial deposits to 300 m in north-central Nebraska, with an aver-
age of 60 m (Weeks et al., 1988). In 1980, the depth to water table
was less than 30 m in about half of the aquifer, less than 60 m un-
der most of Nebraska and Kansas, and between 60 and 90 m in
parts of western and southwestern Nebraska and southwestern
Kansas. In local areas of prolonged irrigational pumping, the water
table could be found at 120 m or more below the ground (Miller
and Appel, 1997). The aquifer is recharged mainly by precipitation
and locally by seepage from streams. High evapotranspiration rates
lower the aquifer recharge rates to less than 13 mm/yr in most
parts, ranging from 0.6 mm/yr in Texas to 150 mm/yr in south-cen-
tral Kansas, except in areas such as Nebraska Sandhills, where rain-
fall infiltrates quickly through the highly permeable sand to
replenish the groundwater system (Gutentag et al., 1984). Ground-
water naturally discharges to streams and springs and directly to
the atmosphere by evapotranspiration in areas where the water
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Table 1
Total number of groundwater and streamflow sites examined for this study.

Type of sites

Number of sites in each state that has parts in the High Plains aquifer

Total number of sites

SD WY NE co OK X NM
Groundwater 7 132 56 279 205 110 183 68 1040
Streamflow 18 40 193 18 111 22 25 7 431

table is near the surface. However, most of the discharge from the
High Plains aquifer occurs by pumping for irrigational use, which
results in an imbalance between the discharge and the natural
recharge, changing the volume of storage. The total volume of
drainable water in storage was estimated to be about 4010 km?
in 1980, 65% of which is in Nebraska where the recharge rate is
the greatest (Gutentag et al., 1984).

Due to the ideal topography and productive soils, High Plains is
one of the major agricultural regions in the world, consisting of
approximately 20% of the irrigated land in the US, with the aquifer
supplying nearly 30% of the groundwater used for irrigation across
the United States (Luckey et al., 1986; Sophocleous, 2005). In the
region, water for irrigation is principally supplied from the aquifer
(81% in 1995); however surface water is also used for irrigational
use to a limited extent (19% in 1995), especially the Platte River
in Nebraska, which supplies nearly all the surface water for irriga-
tion (85%) (Dennehy, 2000). Towards the south, use of groundwa-
ter increases (~92%) (Dennehy, 2000) due to the scarcity of surface
water resources (Buchanan et al, 2009). The development of
groundwater irrigation started in the region in the 1930s in re-
sponse to a drought and expanded rapidly from South to North
by the 1960s with the invention of center-pivot irrigation systems
(Miller and Appel, 1997). The groundwater irrigation developed
first in New Mexico and Texas in 1930s, later in Oklahoma and
Kansas in 1940s, and finally in Colorado, Nebraska and Wyoming
during the 1950s and 1960s (Luckey et al., 1981). From 1940 to
1980, the total irrigated area in the region had increased from
8500 km? to about 56,000 km?, which was irrigated with 22 km®
of water by tapping approximately 170,000 wells that had been
completed in the aquifer by 1980 (Weeks et al., 1988). This
resulted in a depletion of 5% (~205 km?) of the pre-development
volume of stored water from the aquifer; 70% of which was in
Texas and 16% in Kansas (Gutentag et al., 1984). As the groundwa-
ter withdrawals escalated from 5 km?> to 23 km? from 1949 to 1974
(see insert in Fig. 2c), declines in water levels in the aquifer as
much as 30 m were common in parts of Texas, Oklahoma and
southwestern Kansas by 1980 (Gutentag et al., 1984). After 1980,
the average rate of decline in water levels has decreased across
the aquifer despite the continuous increase in the total irrigated
area attributable, in large part, to the above-normal precipitation
rates over the region between 1980 and 1994, and, in some part,
to new pumping regulations and technologies in irrigation (Dugan
and Sharpe, 1995). Water-level changes in the aquifer from pre-
development to 2009 are shown in Fig. 2c.

3. Data and methods
3.1. Data sources

Stream gauge records in the High Plains were acquired from
the USGS National Water Information System (NWIS) database
(USGS, 2009; http://nwis.waterdata.usgs.gov/nwis/sw). The entire
record, except for some gauges in Texas, is in the form of daily
measurements starting from the early 1930s to the present. How-
ever, the record period of each stream gauge differs greatly such
that some records extend back to the early 1900s while some
others start in the late 1970s or even in 1980s. Most stations,

especially the ones in Kansas and Texas, have interrupted records,
but still no filling-in the data gaps is performed. Hence, the influ-
ence of limited data availability is noted in the evaluation of the
results. Major dams and reservoirs throughout the High Plains are
listed in the National Inventory of Dams by the US Army Corps of
Engineers (USACE) (National Atlas, 2009; http://nationalatlas.gov/
mld/dams00x.html) and their effects are considered in the analy-
sis. Groundwater data come from two sources: the first is the
USGS NWIS database (http://waterdata.usgs.gov/nwis/gw), which
supplied the majority of the data, and the second is the Texas
Water Development Board database (TWDB, 2009; http://
www.twdb.state.tx.us/publications/reports/GroundWaterReports/
GWDatabaseReports/GWdatabaserpt.htm), which is used to sup-
plement the sparse USGS observations in Texas. Table 1 lists
the total number of streamflow gauges (431) and groundwater
monitoring wells (1040) explored for this study in the states of
the High Plains aquifer. Out of 431 stream gauging stations, 64
gauges were selected for the trend analysis in this study (Table 2).
These gauges are located in or downstream of the areas where
significant water table decline (>7 m) has been observed (yellow,
orange, and red! patches in Fig. 2c) and they have long and contin-
uous data covering at least part of the period of intensive irrigation
development (1940-1980). The record period of gauging stations
varied from a minimum of 12 years to a maximum of 86 years.
Of the 64, nine stream gauges that are located within each area
of significant water table decline and have continuous daily mea-
surements extending back to the 1940s were used in the step-
change analysis. A total of 17 groundwater wells were used in this
study, which were selected based on the highest number of mea-
surements for the seasonal cycle analysis, the closest location to
the stream gauges for the elevation analysis, and the longest period
of record for the step-change analysis, all discussed in detail later.
In addition to the streamflow and groundwater data, monthly pre-
cipitation totals at nine stations in the vicinity of the associated
streamflow gauges was acquired from the Global Historical Climate
Network (GHCN, 2009) station dataset (Vose et al., 1992) using the
NOAA NCDC GHCN beta version 2, accessible via IRI/LDEO Climate
Data Library  (http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/
.NCDC/.GHCN/.v2beta/). Tables 3 and 4 list detailed information
about the precipitation stations and groundwater wells used in this
study, respectively. Fig. 3 shows the spatial distribution of all
streamflow gauges, groundwater wells and precipitation stations
considered for this study together with the dams in the High
Plains.

3.2. Methodology

In this study, trend and step changes in time series of several
hydrologic variables were analyzed in an effort to evaluate the im-
pact of groundwater pumping on streamflow regimes in the High
Plains region. While trend analysis has been applied widely in
environmental sciences (e.g., Hirsch and Slack, 1984; Lins, 1985;
Lettenmaier et al., 1994; Lins and Slack, 1999; Douglas et al.,
2000; Zhang et al., 2001; Pilon and Yue, 2002), few studies

! For interpretation of color in Figs. 1-10, the reader is referred to the web version
of this article.
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http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.GHCN/.v2beta/
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Table 2
List of all stream gauges used in the trend and step-change analysis in this study.
Stream USGS ID Latitude Longitude State Drainage area Record Dam Dam constr. Number of Type of
sites number (km?) period effect year records records

1 N1 6454500 42°27'35" 103°10'16” NE 3626 1946-1994 No X 17,533 Daily

2 N2 6455500 42°27'23" 103°04'08” NE 3781 1946-1991 Yes 1945 16,437 Daily

3 N3 6457500 42°38'23" 102°12'38” NE 11,111 1945-1991 Yes 1945 16,801 Daily

4 N4 6687000 41°20'13” 102°10'29” NE 2326 1930-1991 No X 22,281 Daily

5 N5 6823000 40°04'10" 102°03'03” NE 6138 1935-2008 No X 27,011 Daily

6 N6 6821500 40°01'45" 101°58'03” NE 4403 1932-2008 No X 28,008 Daily

7 N7 6823500 40°02'22" 101°52'00" NE 445 1940-2008 No X 24,904 Daily

8 N8 6824000 40°02'32" 101°43'41” NE 61 1940-2008 No X 24,904 Daily

9 N9 6824500 40°02'04" 101°32'34” NE 12,639 1947-1994 No X 17,440 Daily
10 N10 6828500 40°08'26" 101°13'47” NE 21,238 1950-2008 No X 21,321 Daily
11 N11 6829500 40°10'00” 101°02'52” NE 21,600 1946-1993 Yes 1952 17,106 Daily
12 N12 6831500 40°25'54" 101°37'37” NE 2719 1941-1994 No X 19,631 Daily
13 N13 6832500 40°25'14" 101°30'44” NE 2953 1946-1993 Yes 1950 17,381 Daily
14 N14 6834000 40°21'06” 101°07'25” NE 3367 1950-2008 Yes 1970 21,355 Daily
15 N15 6835000 40°22/23" 101°07'01” NE 3885 1949-1994 No X 16,436 Daily
16 N16 6835500 40°14'05” 100°52'40” NE 7744 1935-2008 Yes 1950 27,004 Daily
17 N17 6836000 40°14'10” 100°48'40” NE 829 1946-1986 Yes 1987 14,732 Daily
18 N18 6827500 40°00'37" 101°32'31” NE 7097 1937-2008 No X 25,999 Daily
19 Cc1 6825500 39°34/32" 102°15’'06” Cco 694 1950-1976 No X 9632 Daily
20 c2 6825000 39°36'59” 102°14'32" Cco 3367 1950-1971 No X 7805 Daily
21 c3 6826500 39°37/26” 102°09'47” Cco 4727 1946-1986 No X 14,610 Daily
22 K1 6844900 39°40'37" 100°43'18” KS 1155 1959-2008 No X 18,039 Daily
23 K2 6846500 39°59'06” 100°33'35” KS 4191 1946-2008 No X 22,836 Daily
24 K3 6845000 39°48'47" 100°32'02” KS 2813 1929-2006 No X 28,472 Daily
25 K4 6873000 39°22/36” 99°34'47" KS 2694 1945-2008 Yes 1959 23,266 Daily
26 K5 6858500 39°01'04.32” 101°20'50.90” KS 1735 1946-1984 Yes 1964 13,819 Daily
27 K6 7138650 38°28'52" 101°29'16” KS 1942 1966-1986 No X 7213 Daily
28 K7 6859500 38°4720" 100°52'10” KS 3709 1951-1979 No X 10,410 Daily
29 K8 6860000 38°47'41" 100°51'29” KS 9207 1939-2008 No X 25,274 Daily
30 K9 7156900 37°00'40" 100°29'29” KS 22,108 1965-2008 No 1958 15,786 Daily
31 K10 7157500 37°01'57" 100°12'39” KS 2997 1942-2008 No X 24,187 Daily
32 K11 7139800 37°35'51.86" 100°00'53.79” KS 191 1968-1990 No X 8231 Daily
33 K12 7139000 37°57'21" 100°52'37" KS 70,114 1922-2008 Yes 1969 31,594 Daily
34 K13 7139500 37°44'41" 100°01'57” KS 79,254 1944-2007 Yes 1969 22,826 Daily
35 o1 7157000 36°58'33” 100°18'50” OK 22,455 1942-1965 No 1958 8401 Daily
36 02 7234100 36°38'42" 100°30'07” OK 440 1965-1993 No X 10,227 Daily
37 03 7233000 36°38'38” 101°12'38” OK 5095 1939-1964 No X 9132 Daily
38 04 7232500 36°43'17" 101°29'21” OK 5540 1937-1993 Yes 1955 20,454 Daily
39 05 7234000 36°49'20” 100°31'08” OK 20,603 1937-2008 Yes 1978 26,042 Daily
40 06 7236000 36°23'57" 99°37'22" OK 4206 1942-1976 No X 12,419 Daily
41 07 7237000 36°34'00” 99°33'05” OK 4504 1937-1993 No X 20,458 Daily
42 08 7316500 35°37'35” 99°40'05" OK 2056 1937-2008 No X 26,183 Daily
43 T1 7235000 36°14'19” 100°16'31” TX 1805 1940-2008 No X 24,946 Daily
44 T2 7233500 36°12/'08” 101°18'20” X 2787 1945-2008 No X 23,181 Daily
45 T3 7298000 34°33'34" 101°42'33” TX 490 1939-1973 No X 12,572 Daily
46 T4 7298200 34°32'36" 101°25’46” TX 2978 1964-1986 Yes 1974 8096 Daily
47 T5 8080700 34°10'44" 101°42'08” TX 3344 1939-2008 Yes 1975 25,428 Daily
48 T6 7295500 34°50'55” 102°10'32” X 5097 1939-2008 No X 25,266 Daily
49 T7 7297500 35°00'38” 101°5329” TX 8726 1924-1949 Yes 1938 9391 Daily
50 T8 8082500 33°34'51” 99°16'02" TX 40,243 1923-2008 Yes 1959 1318 Non-Daily
51 T9 8080500 33°00'29” 100°10'49" TX 22,782 1922-2008 Yes 1960 1222 Non-Daily
52 T10 8082000 33°20'02" 100°14'16” TX 13,287 1925-2008 Yes 1963 295 Non-Daily
53 T11 7297910 34°50'15” 101°24'49” TX 10,906 1967-2008 Yes 1965 412 Non-Daily
54 T12 8123650 32°15'01" 101°29'26"” TX 24,136 1959-1979 Yes 1989 7578 Daily
55 T13 8124000 31°53'07” 100°28'49” TX 39,645 1954-2008 Yes 1939 156 Non-Daily
56 T14 8123850 32°03'13” 100°45'42" TX 38,617 1980-2008 Yes 1939 160 Non-Daily
57 T15 8120700 32°28'38" 100°56'58” TX 10,132 1965-2002 Yes 1952 135 Non-Daily
58 T16 8121000 32°023'33” 100°52'42” TX 10,272 1980-2008 Yes 1952 195 Non-Daily
59 T17 8123800 32°11'57" 101°00'49” TX 25,387 1958-2008 Yes 1939 564 Non-Daily
60 T18 8133500 31°49'48” 100°59'36” TX 5807 1939-1994 No X 19,979 Daily
61 T19 7299890 34°56'08” 100°41'46” X 192 1968-2008 No X 134 Non-Daily
62 T20 7301410 35°2823” 100°07'14” TX 743 1961-2008 No X 17,213 Daily
63 T21 7301200 35°19'45” 100°36'32” TX 1966 1967-1980 Yes 1939 4749 Daily
64 T22 7301300 35°15'51” 100°14'29” X 2802 1964-2008 Yes 1939 348 Non-Daily

searched for an abrupt step change in water resources data (McC-
abe and Wolock, 2002; Costa et al., 2003; Miller and Piechota,
2008; Kalra et al., 2008). Identification of a step change is equally
important because it gives an estimate to quantify the amount of
change caused by a certain factor over two different periods of
time, especially when relatively sudden, step-like changes are
expected.

In hydrologic trend studies, non-parametric methods that do
not rely on any assumption about the underlying distribution of
the data are preferred to the traditional parametric methods which
assume that the data are drawn from a given probability distribu-
tion. This is because hydrological data are often strongly non-nor-
mal, typically show autocorrelation and/or spatial correlation, and
usually consist of seasonal variations and, hence, do not usually
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Table 3

List of the precipitation sites used in this study.
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Precipitation sites Site name State Latitude Longitude Record period Elevation (m)
P1 Alliance 1 WNW NE 42°06'36" 102°54'36" 1895-2003 1218
P2 Imperial NE 40°31'12" 101°38'24" 1890-2005 1000
P3 Burlington Col USA co 39°17'59” 102°17'59" 1918-1989 1271
P4 Cheyenne Wells KS 38°49'12" 102°20'59” 1900-2005 1296
P5 Liberal KS 37°02'59" 100°55'12" 1907-2005 864
P6 Stratford TX 36°21'36” 102°05'24" 1911-2005 1126
P7 Miami TX 35°42/36" 100°38'24" 1905-2005 840
P8 Muleshoe 1 X 34°14'24" 102°44'24" 1921-2005 1167
P9 Garden City 1 E USA TX 31°53'59” 101°30'00” 1912-1989 802
Table 4

List of the groundwater wells used in this study. (SCA: Seasonal cycle analysis, EA: Elevation analysis, STC: Step-change analysis).

Wells USGS Well ID number State Latitude Longitude Record period Number of observations Type of analysis
GW-N1 421505103051701 NE 42°15'05" 103°05'17" 1969-2008 259 SCA
GW-N2 403235101395501 NE 40°32/35" 101°39/55” 1964-2008 2353 SCA
GW-N3 420530103104001 NE 42°05'30" 103°10'40” 1968-2008 61 EA
GW-N4 403111101405301 NE 40°31'11” 101°40'53" 1970-1996 49 EA
GW-N5 420350102502501 NE 42°03/50" 102°50'25" 1946-1987 87 STC
GW-N6 402518101270301 NE 40°25'18" 101°27'03" 1946-1973 183 STC
GW-C1 393700102150000 co 39°37'08" 102°14'55” 1956-1995 29 EA
GW-K1 392329101040201 KS 39°23/29” 101°04'02" 1947-2008 2137 SCA, STC
GW-K2 382013100583901 KS 38°20/13" 100°58'39” 1931-1998 1903 SCA, STC
GW-K3 374100101270501 KS 37°41'00” 101°27'05" 1958-1998 341 SCA
GW-K4 383046100594901 KS 38°30/46" 100°59'49"” 1944-1998 123 EA
GW-K5 370857100234601 KS 37°08'57" 100°23'46" 1939-1989 218 EA, STC
GW-01 363033101440701 OK 36°30'33" 101°44'07" 1956-1997 1754 SCA
GW-T1 TWDB-354401 X 36°11'38" 101°20'29" 1951-2007 51 EA
GW-T2 TWDB-233905 TX 36°23'12" 102°52'42" 1937-2000 85 STC
GW-T3 TWDB-1023701 X 34°38/36" 102°14'18” 1937-1998 71 STC
GW-T4 TWDB-2727301 X 32°36/40" 102°38'32” 1937-1978 37 STC

conform to the assumptions (e.g., normality, independence, and 1 Xi—x>0

linearity) of the standard parametric methods (e.g., t-test, analysis sgn(} —x)=<0 if x-x=0 2)

of variance, linear regression) (Helsel and Hirsch, 1992). Addition- 1 X — %<0

ally, non-parametric methods are found to be more robust than
their parametric equivalents, along with the advantages of having
simpler and wider applicability, and being less sensitive to outliers
in the data (Kundzewicz and Robson, 2004). While we acknowl-
edge the more sophisticated statistical tools used in the detection
of regional trends in hydrology (e.g., Katz et al., 2002; Renard et al.,
2006), in this study, we will use the non-parametric Mann-Kendall
test (Mann, 1945; Kendall, 1975) for its robustness, simplicity, and
insensitivity to missing data.

3.2.1. Mann-Kendall test

The Mann-Kendall test is a rank-based approach that tests for
randomness against trends in time-series data and has been widely
used in hydrologic and climatic trend studies (e.g., Lins and Slack,
1999; Yue et al., 2003; Burn et al., 2004; Kahya and Kalayci, 2004;
Dery and Wood, 2005; Aziz and Burn, 2006). The null hypothesis
Hj states that a sample of data (xq, Xy, . . ., X,) consists of n indepen-
dent and identically distributed random variables, whereas the
alternative hypothesis H; is that a monotonic trend exists in the
data. The test first ranks the entire observations according to time,
and then successively compares each data value to all data values
following in time by evaluating the Mann-Kendall test statistic, S,
as:

n-1 n
S=>"> sgn(x;—x) 1)
i=1 j=i+1

where x; and x; are the sequential data values, n is the number of
observations, and

The mean and variance of S, with the consideration of any possible
ties (i.e., equal-valued members in a data set) in the x values are gi-
ven by Kendall (1975) as:

E(S)=0 3)

nn—-1)2n+5) - > 1, ti(i —1)(2i+5)
4)
18
where t; is the number of ties of extent i. Both Mann (1945) and
Kendall (1975) show that when n > 10, the distribution of S tends
to normality, and a standard normal Z-score based on the S statistic
and the variance Var(S) can be computed by:

Var(S) =

S—1
N S>0
z={o0 if S=0 (5)
S+1 S<0
Var(S)

Hence, Hy should not be rejected, in a two-sided trend test, if
|Z| < zy> where o is the size of the significance level. A positive va-
lue of Z indicates an upward trend, whereas a negative value indi-
cates a downward trend. When no trend exists (Z=0), Z becomes
the standard normal distribution (Hirsch et al., 1982). In this study,
a trend was considered to be in evidence when the null hypothesis
is rejected at a significance level of 5% (i.e., « = 0.05) for a two-tailed
test. A robust estimate for the trend magnitude, determined by
Hirsch et al. (1982), is given by the slope estimator (f):

B = Median {()87:;‘)} for all j > i (6)

where x; and x; are the data values at times i and j, respectively.
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Concerns emerge for the application of the Mann-Kendall test
under the presence of positive serial correlation and/or cross-cor-
relation in the data series. It is recognized that both can increase
the probability of detecting a trend when, in fact, there is no trend,
leading to the incorrect rejection of the null hypothesis of no trend
while it is true (Lettenmaier et al., 1994; von Storch and Navarra,
1995; Yue et al,, 2002). Several approaches have been proposed
to eliminate the possibility of overestimation caused by serial cor-
relation in the hydrologic series. The most common approach is to
“pre-whiten” the series prior to applying the trend test (von Storch
and Navarra, 1995). However, opinion varies on the impacts of pre-
whitening, and other approaches were suggested (Yue et al., 2002,
2003; Bayazit and Onoz, 2007; Hamed, 2009). Here, the effect of
serial correlation is not considered, because we apply the trend test
to annual data values which are approximately independent and,
hence, do not exhibit serial correlation.

On the other hand, the effect of spatial correlation has generally
been disregarded in most hydrologic trend studies, despite the fact
that neglecting the presence of spatial dependence among sites in a
specific region might lead to misleading results (Douglas et al.,
2000; Yue and Wang, 2002; Renard et al., 2008; Khaliq et al.,
2009). In this study, we use the Regional Kendall’s S test developed
by Douglas et al. (2000) to account for the effect of spatial correla-
tion in streamflow data.

3.2.2. Regional Kendall’s S test

Douglas et al. (2000) developed a new test statistic named as re-
gional average Kendall’s S (S,,) to evaluate the field (regional) sig-
nificance of trends rather than local (at individual sites)
significance. The regional Kendall’s S is calculated as the average
of S values for all individual sites by:

_ 1 &
Sw==—"35 (7)
m mk;‘

where Si is Kendall’s S for the kth station in a region with m stations.
Under the presence of cross correlation, the variance of S,, becomes

- o? _
Var(Spm) = P [1+(m—1)px] (8)

where p, is the average cross-correlation coefficient of the region,

_ 2212:1] ?;kpk.kﬂ
i m(m—1)

9)

and py x+ i the cross-correlation coefficient between stations k and
k+1,

g2

Priit = CopSe Sen) .

Finally, the test statistic Z,, for correlated data series is evaluated as:

Zm = Sm/+/Var(Sy) (11)

In this study, the field significance of trends in mean annual
flow, mean dry-season flow, and number of low-flow days are eval-
uated at the 5% significance level (i.e., o =0.05) for a two-tailed
test.

3.2.3. Student’s t-test

The student’s t-test, used here to detect step-changes, is a clas-
sical parametric test used to check if the means of two indepen-
dent groups are statistically different. The null hypothesis Hy is
that the means of two groups are equal; whereas the alternative
hypothesis H; is that the means are not equal. Basically, the test as-
sumes that the data are normally-distributed and the time of
change is known (Kundzewicz and Robson, 2000). For two groups

with unequal variances the test statistic, t, is given by (Helsel and
Hirsch, 1992):

(%1 — %)

2 V)
S5
n ny

T= (12)

where xq, s; and n; are the mean, the sample standard deviation,
and the number of observations of the first group, respectively,
and x;, s, and n, are the mean, the sample standard deviation,
and the number of observations of the second group, respectively.
Also, the degrees of freedom, df, is calculated approximately as (Hel-
sel and Hirsch, 1992):
g — (51/m +3/m)” a3)
(st/m)” | (s3/m2)
(n=1) (ny-1)

All step-change results herein are evaluated at the 5% signifi-
cance level (i.e.,, oo=0.05) for a two-tailed test. For sample sizes
larger than 40 (n > 40), the z-test statistic is calculated instead of
a t-test statistic. For the purpose of step-change analysis, stream-
flow time series are divided into two parts: a 10-year long period
(1941-1950, pre-irrigation) and a 20-year long period (1961-
1980, post-irrigation). The first period is only 10 years due to the
lack of groundwater records before 1941, and the need to select
common periods across all stations for spatial comparison. Even
so, only nine wells with sufficient data could be found near the
stream gauges for this analysis. The interval 1951-1960 is the
transition period and was discarded to allow for a less ambiguous
step-change detection. To attribute the observed changes in
streamflow to either changes in precipitation or in groundwater,
monthly precipitation and daily water table data nearby were also
analyzed by the same approach. The streamflow, groundwater and
precipitation sites used in the step-change analysis are shown in
Fig. 4.

4. Results and discussion
4.1. Regional patterns of groundwater-surface water connection

The greatest impact of irrigational pumping is likely to be ob-
served in areas where streams are in hydraulic connection with
the groundwater system since, in such areas, streams receive a sig-
nificant portion of their inflow from the groundwater. The amount
of groundwater contribution to streamflow varies depending on
the hydrogeologic and climatic conditions. The key is whether a
stream is predominantly surface runoff- or groundwater-fed. In
arid regions with isolated summer thunder storms, surface runoff
is the primary source for streamflow, and the water table is below
the stream bed. In humid climates with frequent rain, infiltration is
favored, which recharges the groundwater and enter the streams
as baseflow long after the rain events. Controlling this partition
(surface runoff vs. infiltration) is also terrain slope and soil perme-
ability. The hydro-climatic conditions across the High Plains exhi-
bit a north-south increase in temperature, a west-east increase in
annual precipitation, a north-south and a central-east decrease in
aquifer thickness, and a heterogeneous and anisotropic distribu-
tion of horizontal hydraulic conductivity. Thus, it is likely that
there are significant spatial variations in the degree of hydraulic
connectivity between groundwater and streamflow. There are sev-
eral indicators that can tell us whether a stream is primarily fed by
surface runoff (locally or upstream) or by groundwater inflow,
based on simple analyses of precipitation, water table and stream-
flow. Streamflow stations used here were selected out of 64 sta-
tions listed in Table 2 based on the following criteria: (1) all have
continuous daily measurements, (2) all record the flows from
approximately the same size of drainage area (+15%), and (3) none
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Fig. 3. Map with all the hydrologic sites examined for this study. Base map (McGuire, 2009) shows the water-level changes in the High Plains aquifer from pre-development

to 2007.

are affected by dams. The water table data belonged to the well
with the most number of observations closest to the associated
stream gauges. The locations of the streamflow, groundwater and
precipitation sites used in the analysis of groundwater-surface
water connection are shown in Fig. 5.

First we examine the phase relationship between the seasonal
cycle of streamflow and that of the local rainfall and water table.
Local rainfall is a good surrogate for surface runoff and should have
similar seasonal patterns. If the peak of streamflow leads the peak
of rainfall, then the latter is not likely the main source. The phase
relationships of the seasonal cycle between local rainfall and
streamflow for selected sites are shown in Fig. 6 (first column).
From north to south (a-f), a pattern seems to emerge; in the north
(Nebraska and Colorado), streamflow peaks before local rainfall, a
clear indication that the latter is not the main source for stream-
flow, and there is another mechanism causing discharge to in-
crease in early spring. The peak of rainfall in late spring/early
summer is typical since much of precipitation occurs in the form
of local thunderstorms during the growing season (April-Septem-
ber) (Weeks et al., 1988). However, the streamflow peak occurs
much earlier, in the spring, suggesting that the flow regime is con-

trolled by the groundwater which is sourced in the Rockies to the
west and responds strongly to seasonal snowmelt (Gutentag et al.,
1984). Large-scale west—east groundwater flow in the highly per-
meable Ogallala formation of the aquifer is well documented
(Gutentag et al., 1984; Weeks et al., 1988; Miller and Appel,
1997). This suggests that, in the northern part of the High Plains,
groundwater is the primary source of streamflow, and, therefore,
changes in groundwater storage will affect rivers more signifi-
cantly. This is not surprising since Nebraska is recognized as one
of the regions with the highest groundwater contribution to
streams (up to 90%) across the USA, due to the highly-permeable
sandy soils underlying the Nebraska Sand Hills that provide impor-
tant recharge areas for the aquifer (Winter et al., 1998; Chen et al.,
2003; Kollet and Zlotnik, 2003; Wen and Chen, 2006). Moving
southward, rainfall becomes gradually more in phase with stream-
flow, indicating the increasing contribution from surface runoff in
response to local rainfall events.

Second, we examine the phase relation between seasonal water
table and streamflow. If the streamflow peak more or less coincides
with the water table peak, there is further evidence that the water
table is the main source. The seasonal cycle plots of streamflow vs.
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Fig. 4. Locations of the streamflow, groundwater and precipitation sites used in the step-change analysis.

water table elevation are shown in Fig. 6 (second column). The
poor quality of the groundwater time series prevents a clear anal-
ysis, but a similar pattern can be discerned. In the north (Nebraska
and Colorado), the seasonal water table is in phase with that of
streamflow, suggesting close relationship between the two; in
the south, the water table appears to lag behind streamflow,
suggesting that the rivers are leaking and recharging the
groundwater.

A third indicator of the relative importance of local rainfall vs.
groundwater contribution to streamflow is the temporal persis-
tence or memory of the latter. Streams fed by groundwater are ex-
pected to exhibit less temporal variability at the shorter time scales
but more persistence or autocorrelation. Surface runoff-fed
streams, on the other hand, are expected to show more temporal
variability but less autocorrelation. The autocorrelation plots are
shown in Fig. 6 (third column) for the six streamflow time series.
According to this analysis, an autocorrelation plot would display
either a smoothly-decaying curve for a stream that is groundwa-
ter-fed (slow deterministic event), or a sudden-declining curve
for a stream that is dominated by surface runoff (quick random

event). Again the varying data quality prevents a clear interpreta-
tion, but the general pattern is that streams in the north (Nebraska
and Kansas) exhibit a slower decay in the autocorrelation than in
the south, suggesting a more stable source of inflow characteristic
of groundwater contributions.

Finally, we examine the relative elevation between the water
table and the adjacent stream bed along the six streams from north
to south. If the water table is higher than the stream bed, it is a
clear indicator that the former is flowing into the latter; the lower
streams function as sink drains for the groundwater. The elevation
comparisons are shown in Table 5, with the locations of the
groundwater wells, which are the closest ones to the associated
stream gauges, shown in Fig. 5 (green stars). For each well, the
average water table depth is calculated based on the period of re-
cord available. This simple and crude analysis suggests that the
streams in the north (Nebraska, Colorado, and Kansas) are most
likely to be receivers of local groundwater. Note that even at sites
where the groundwater is lower than the adjacent stream bed,
groundwater may still be a source further down the drainage gra-
dient, feeding regional rivers and wetlands. Many rivers in Texas
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Fig. 5. Locations of the streamflow, groundwater and precipitation sites discussed in the analysis of groundwater-surface water connection. (Blue and green stars indicate the

groundwater wells used in the seasonal cycle and elevation analysis, respectively.)

leak into the groundwater in the high lands, but receive groundwa-
ter in the lowlands and near the coastal regions (Schaller and Fan,
2009). It should also be noted that this analysis largely depends on
the judgment of the user since the exact elevation of a streambed is
difficult to establish. An elevation map was used on which an arbi-
trary point for the stream bed elevation was chosen based on the
best judgment.

In conclusion, all the indicators we used to determine the de-
gree of groundwater-streamflow connection in different hydro-cli-
matic settings over the High Plains reveal a systematic decrease
from north to south. Results from these analyses agree that the
strongest connection is observed in Nebraska, and the weakest is
in Texas, while parts in Colorado and Kansas act as a transition
zone connecting the two end-members. The apparent N-S trend
points out the regions susceptible to the expected effect of ground-
water pumping on streamflow. Nevertheless, it should be noted
that these results are constrained by the scarcity of groundwater
data, and the main purpose of this analysis is to qualitatively deter-
mine the phase relationships between hydrologic variables to as-

sess a general pattern
streamflow connections.

in the strength of groundwater-

4.2. Streamflow change analysis

4.2.1. Changes in annual mean streamflow

Trend analysis was first conducted on the mean annual stream-
flow of 64 gauging stations throughout the High Plains by using the
Mann-Kendall test. The results are summarized in the 4th column
of Table 6 and their spatial distribution is shown in Fig. 7a.
Decreasing trends significant at 5% level are detected at 36 stream
gauges of which 18 (50%) are in Nebraska, 1 (3%) in Colorado, 11
(31%) in Kansas, 4 (11%) in Oklahoma, and 2 (6%) in Texas. All
the stations (100%) in Nebraska exhibit decreasing trends suggest-
ing reduced annual mean streamflow over the period of record fol-
lowed by 85% of the stations in Kansas, 50% in Oklahoma, 33% in
Colorado, and 9% in Texas. The majority of stream gauges in Ne-
braska are located in the Republican River basin, where significant
declines in water table resulting from groundwater pumping are



Jo sy1ed U1 uIseq J9ALI SWeS 3y Ul sagnes weans 19ylQ ‘Sesuey pue
opel10]0) Jo sired Juadelpe ayl ul pue eyseiqaN Jo sited Ul PaAIaSqo

A[1] ‘spuai) JUedYIUSISUL 9ABY OM] ‘OpPBIO[0) Ul sagned 2aIy) Jo

SpuaI) SUISEaIdaP MOYS OS[e (£ pue ‘Zy ‘1)) sesuey|

‘

no ‘I19Aamoy

("UOIIBIASD pIBpPURIS SUO JUIsIdaI

sIeq 10113) 'sa3Is pazA[eue ay3 10 s10[d UOIIB[I1I0I0INE PUE ‘UOLIBAI[D [qEI J2IEMPUNOIS 'SA mopjweals ‘uonelidald [BI0] 'SA MO[JUIB3IIS JO SI[IAD [PUOSEIS U °9 “Sid

(a)

Mean Flow (m3/s)

(b):

Mean Flow (m3/s)

Mean Flow (m3/s)

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

24
22

S = =2 2N
® o M B ®» ®» O

N
o

o o ®

© oo oo
oNv® o ®

Seasonal Mean Streamflow (Site N1) vs. Precipitation (P1)
for the period 1946-1994

90
I { 80
7NN —
V / LT ts0
+ T [ T 1o
+ 30
r L > [
A I~ . 7
T 1 It 170
. . . . . . . . . . 0
1.2 3 4 5 7 9 10 11 12 13
Seasonal Mean Streamflow (Site N12) vs. Precipitation (P2)
for the period 1941-1994
100
490
+ 80
/ r T 170
T/ [ 1%
— 50
/ Lo
E- L - +30
r R S
T 1 T [ +10
0
1.2 3 4 5 7 9 10 11 12 13
Seasonal Mean Streamflow (Site C2) vs. Precipitation (P3)
for the period 1950-1971
- 90
=+ 80
170
Y/ 1 60
T/ - 150
| I3 t4
P 130
A TN
_ T +10
T T 0

Month

9 10 M 12

—flow —rain

1

X

Mean Precipitation (mm) Mean Precipitation (mm)

Mean Precipitation (mm)

Mean Flow (m3/s) Mean Flow (m3/s)

Mean Flow (m3/s)

1.6
1.4
1.2
1.0
08
06
0.4
0.2
0.0

2.0
1.8
1.6
14
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Seasonal Mean Streamflow (Site N1) vs. Water Table Elevation
(GW-N1) for the period 1970-1994

1259

+ 1258

1257

r 1256

r 1255

T 1254

- 1253

Month

8 9 10 1

12 13

—flow —WT elevation

Seasonal Mean Streamflow (Site N12) vs. Water Table Elevation
(Site GW-N2) for the period 1964-1994

1252

983

982

981
980

979

978
977

976

975
974

973

7
Month

8 9 10 11

12

13

972

——flow — WT elevation|

Seasonal Mean Streamflow (Site C2) vs. Water Table Elevation
(Site GW-K1) for the period 1950-1971

934

934

933

933

933

933

933

932

932

8 9 10 1

12

13

——flow ——WT elevation

Mean WT Elevation (m) Mean WT Elevation (m)

Mean WT Elevation (m)

Auto Correlation Coefficient Auto Correlation Coefficient

Auto Correlation Coefficient

. Auto Correlation Plot of Site N1 for the period 1946-1994

0.9
0.8 \

0.7 \

0.6 \

0.5
0.4 \

0.3 \

0.2

/

0.1

0
0 30 60 90

1

Auto Correlation Plot of Sitt

120 150 180 210
Lag (days)

240 270 300 330 360

e N2 for the period 1941-1994

0.9

0.8

0.7

0.6

0.5 \

0.4

0.3

0.2

0.1

0
0 30 60 90

120 150 180 210
Lag (days)

240 270 300 330 360

. Auto Correlation Plot of Site C2 for the period 1950-1971

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

o1 |

wiA

A

0 30 60 90

120 150 180 210
Lag (days)

240 270 300 330 360

vbz-zzz (010Z) 06€ A30]04pAH Jo [punof/p 32 MIsny “a'W

€€t



9913e A[[e1ouad (£ IN PUB ‘L LN ‘PN) 92143 10j 1d30xa ‘sagnes wealls
BYSBIGaN Y3 J0j SINSaI puail 3y L ‘porrad plodal 110ys J19y3 03 anp

-JIUSIS © YIIM SUOIIR)S 911 JO ISOJA "BYSBIGIN UI S98nes wealls $HSMN
2I1UD 3y pazA[eue oym (900¢) USYD PUB UIA JO 3SOUI YIM (%ES)

(panunuod) 9 814

(

Q.
e

CoOOAAasSRNNNN

o
SRS

Mean Flow (m3/s)

Mean Flow (m3/s)

Mean Flow (m3/s) D

DowodvbroO®ONDD®

=4
o

INg
IS

N
o N

000002 A=A
ohhroONMMOD®

| Mean Stre fl

(Site K7) vs. Precipitation (P4)

for the period 1951-1979

90

+ 80

70

+ 60

T 50

140

+ 30

20

~
TI~g 110

Month

b e 2

—=—flow ——rain

Seasonal Mean Streamflow (Site K10) vs. Precipitation (P5)

for the period 1942-2005

90

+ 80

r 70

r 60

50

40

— F T30

r20

r 10

I
k

1

2

Month

—flow —rain

Seasonal Mean Streamflow (Site T2) vs. Precipitation (P6)
for the period 1945-1979

90

80

70

60

50

40

v 20

~—1 110

Mean Precipitation (mm) Mean Precipitation (mm)

Mean Precipitation (mm)

Mean Flow (m3/s)

Mean Flow (m3/s)

Mean Flow (m3/s)

Seasonal Mean Streamflow (Site K7) vs. Water Table Elevation
(Site GW-K2) for the period 1951-1979

2.8 883
26 = =
24 - 1 882 £
22 <
2.0 2
18 = 1881 §
16 — H
14 F 880 Wi
1.2 - E
1.0 = !
o 879 <
04 ters 2
0.2 T L+
00—+ — R e N
1. 2 3 4 5 6 7 8 9 10 11 12 13
Seasonal Mean Streamflow (Site K10) vs. Water Table Elevation
(Site GW-K3) for the period 1958-1998
22 922
2.0 920 E
8 F 918 =
1, 916 S
1.4 I\ - / 914 8
12 // \\ / F 912 @
1.0 - 910 W
4 A AN A - 200 £
P I 7 2 I S e I ] 906
X =] c
0.4 = — = 904
0.2 - 902 =
0.0 + + + + + + +———t t t t t 900
1 2 3 4 5 6 7 8 9 10 11 12 13
Seasonal Mean Streamflow (Site T2) vs. Water Table Elevation
(Site GW-01) for the period 1957-1979
24 990.0
2.2 £
%0 1 989.5 <
8 989.0 ©
Te NI 2
14 JARNETNAAN 19885 2
1.2 / ANIVAR 988.0 Wi
2 ] AR
o 7 N\ —Jos7s &
0.6 / \ 987.0 §
()

g'; 19865 =
00 = 986.0

1 2 3 4 5 6 7 8 9 0 11 12 13

—flow ——WT elevation

Auto Correlation Coefficient Auto Correlation Coefficient

Auto Correlation Coefficient

Auto Correlation Plot of Site K7 for the period 1951-1979
1

0.9

0.8
0.7

0.6

0.5

0.4

0.3

0.2

0.1 A

V"‘M’

0 )
0 30 60 90 120 150 180 210 240 270 300 330 360

Lag (days)

Auto Correlation Plot of Site K10 for the period 1942-2008
1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2
0.1 \

0

A /'\_./\A\\/\

0

30 60 90

120 150 180 210 240 270 300 330 360
Lag (days)

Auto Correlation Plot of Site T2 for the period 1945-1979

1

0.9

0.8

0.7
06

0.5

0.4

0.3

0.2

0.1

iy

0
0

30 60

90

120 150 180 210 240 270 300 330 360
Lag (days)

vee

vbz-zzz (010Z) 06€ A30]04pAH Jo punof/p 32 nIsny @'



Table 5

M.D. Kustu et al./Journal of Hydrology 390 (2010) 222-244

List of the streambed and mean water table elevations and their connection status.
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Stream gauge Well ID number Well name Mean WT elevation (m) Streambed elevation (m) Connection to stream
N1 420530103104001 GW-N3 1247 1223 Yes
N12 403111101405301 GW-N4 981 954 Yes
c2 393700102150000 GW-C1 1126 1122 Yes
K7 383046100594901 GW-K4 901 804 Yes
K10 370857100234601 GW-K5 718 660 Yes
T2 TWDB-354401 GW-T1 898 903 No
Table 6
Trend test results of mean annual flow, dry-season flow and number of low-flow days. (Stream sites in bold represent the ones under the dam effect.)
Stream sites Record period Annual mean flow trends Dry-season mean flow trends Low-flow days trends
1 N1 1946-1994 Decreasing Insignificant Decreasing
2 N2 1946-1991 Decreasing Insignificant Decreasing
3 N3 1945-1991 Decreasing Decreasing Insignificant
4 N4 1930-1991 Decreasing Decreasing Insignificant
5 N5 1935-2008 Decreasing Decreasing Insignificant
6 N6 1932-2008 Decreasing Decreasing Insignificant
7 N7 1940-2008 Decreasing Decreasing Increasing
8 N8 1940-2008 Decreasing Decreasing Insignificant
9 N9 1947-1994 Decreasing Insignificant Insignificant
10 N10 1950-2008 Decreasing Decreasing Increasing
11 N11 1946-1993 Decreasing Decreasing Decreasing
12 N12 1941-1994 Decreasing Decreasing Increasing
13 N13 1946-1993 Decreasing Insignificant Increasing
14 N14 1950-2008 Decreasing Decreasing Increasing
15 N15 1949-1994 Decreasing Decreasing Increasing
16 N16 1935-2008 Decreasing Decreasing Increasing
17 N17 1946-1986 Decreasing Insignificant Decreasing
18 N18 1937-2008 Decreasing Decreasing Increasing
19 C1 1950-1976 Insignificant Insignificant Insignificant
20 Cc2 1950-1971 Insignificant Insignificant Increasing
21 c3 1946-1986 Decreasing Insignificant Insignificant
22 K1 1959-2008 Decreasing Insignificant Insignificant
23 K2 1946-2008 Decreasing Decreasing Increasing
24 K3 1929-2006 Decreasing Insignificant Insignificant
25 K4 1945-2008 Decreasing Decreasing Insignificant
26 K5 1946-1984 Insignificant Insignificant Increasing
27 K6 1966-1986 Decreasing Insignificant Insignificant
28 K7 1951-1979 Decreasing Insignificant Insignificant
29 K8 1939-2008 Decreasing Decreasing Increasing
30 K9 1965-2008 Decreasing Decreasing Increasing
31 K10 1942-2008 Decreasing Decreasing Decreasing
32 K11 1968-1990 Decreasing Decreasing Increasing
33 K12 1922-2008 Insignificant Insignificant Insignificant
34 K13 1944-2007 Decreasing Decreasing Increasing
35 01 1942-1965 Insignificant Insignificant Decreasing
36 02 1965-1993 Insignificant Insignificant Insignificant
37 03 1939-1964 Insignificant Insignificant Insignificant
38 04 1937-1993 Decreasing Decreasing Increasing
39 05 1937-2008 Decreasing Decreasing Insignificant
40 06 1942-1976 Decreasing Insignificant Decreasing
41 07 1937-1993 Decreasing Decreasing Decreasing
42 08 1937-2008 Insignificant Insignificant Decreasing
43 T1 1940-2008 Insignificant Insignificant Insignificant
44 T2 1945-2008 Decreasing Insignificant Increasing
45 T3 1939-1973 Insignificant Insignificant Increasing
46 T4 1964-1986 Insignificant Decreasing Increasing
47 T5 1939-2008 Insignificant Insignificant Insignificant
48 T6 1939-2008 Insignificant Insignificant Insignificant
49 T7 1924-1949 Insignificant Insignificant Insignificant
50 T8 1923-2008 Insignificant Insignificant -
51 T9 1922-2008 Insignificant Insignificant -
52 T10 1925-2008 Insignificant Insignificant -
53 T11 1967-2008 Insignificant Insignificant -
54 T12 1959-1979 Insignificant Insignificant Decreasing
55 T13 1954-2008 Insignificant Insignificant -
56 T14 1980-2008 Insignificant Insignificant -
57 T15 1965-2002 Decreasing Insignificant -
58 T16 1980-2008 Insignificant Insignificant -
59 T17 1958-2008 Insignificant Insignificant -
60 T18 1939-1994 Insignificant Insignificant Insignificant
61 T19 1968-2008 Insignificant Insignificant -
62 T20 1961-2008 Insignificant Insignificant Insignificant
63 T21 1967-1980 Insignificant Insignificant Insignificant
64 T22 1964-2008 Insignificant Insignificant -
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Fig. 7. Spatial distribution of trend analysis based on (a) mean annual streamflow, (b) mean dry-season streamflow, (c) number of low-days, and step-change analysis based
on (d) long-term streamflow, (e) dry-season streamflow, (f) number of low-flow days (¥: stream gauge with decreasing trend, a: stream gauge with increasing trend, ¢:

stream gauge with no trend, and *: stream gauge with % change).

icant decreasing trend are located in the Republican River basin,
which coincides with the results of Szilagyi (1999), who also ob-
served streamflow depletion in the same basin. Likewise, the
trends detected at the gauges in the Oklahoma panhandle (02,
03, 04, and 05) support the results of the Wahl and Wahl (1988)
study. Texas is the state with the most insignificant trends, which
is expected since rivers in this region are primarily fed by summer
surface runoff as shown earlier.

We analyzed the step-changes in the monthly discharge time
series by using Student’s t-test. Detailed results are shown in Ta-
ble 7, and Fig. 7d illustrates the percent change in streamflow at
each gauge from period 1 (1941-1950) to period 2 (1961-1980).
The rate of streamflow change varied from 23% more flow at gauge
T3 to 76% less flow at gauge O8 between the two periods. The only
stream gauge displaying increased streamflow from period 1 to
period 2 is T3; but it does not have a substantial number of mea-
surements for the second period. Gauge O8 in western Oklahoma
shows a significant step-change and the largest decrease in
streamflow; however no significant long-term trend could be de-
tected by the Mann-Kendall test. This is because the rate of decline
in annual streamflow is very steep from the 1940s to the 1970s,
but has leveled off since.

The observed changes in streamflow can be related to either
changes in precipitation or in groundwater inflow or both. Table 8
summarizes the step-change results of monthly mean precipita-
tion, streamflow and groundwater data grouped for the same re-
gion. Although precipitation did not change significantly between

the two periods, streamflow in the Republican River basin (gauge
N12), in the Smoky Hill River basin (gauge K8) and in the Cimarron
River basin (gauge K10) decreased between the pre-irrigation and
post-irrigation periods. In contrast, groundwater data in the same
regions exhibit significant decreases between the two periods
implying that pumping is the major cause of the observed stream-
flow depletion in these regions. In fact, the decline in water levels
is significant at all groundwater sites analyzed, but the attribution
is not apparent in all cases. For example, although both discharge
(gauge K2) and water table elevation decreased significantly in
the Beaver Creek, a tributary of the Republican River basin, precip-
itation also decreased from the first period to the second, hence the
main cause of reduced streamflow is unclear. Despite the signifi-
cant reduction in groundwater levels, no statistically significant
trends could be detected at the Texas stream gauges, which con-
firms our earlier findings that these rivers are not connected to
the groundwater system. This is reasonable, since Texas was one
of the states where irrigational pumping had started in as early
as 1900s with a rapid increase between the mid-1940s and 1959,
followed by a much slower rate of increase between 1959 and
1980. The area of irrigated land in 1980 on the High Plains of Texas
was approximately equal to the 1959 level as a result of reduced
groundwater availability in the Southern High Plains (Ryder,
1996). Therefore, the connection of groundwater with the local riv-
er system was already lost by the 1960s, so that pumping did not
exert further influence on streamflow after that time. Nonetheless,
this does not rule out that streamflow farther down the gradient,
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Table 7
Step change test results of monthly mean streamflow.
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Stream Period 1 (1941-1950) Period 2 (1961-1980) Z p- Two-tail Change in means (%)
sites statistic Value test
Mean Variance Number of Mean Variance Number of Trend (5%)
Observations Observations
N4 1.979 0.909 120 1.938 1.0227 240 0.376 0.7067  Insignificant -21
N12 2.050 0.099 120 1.575 0.302 240 10.402 0.0000  Significant -23.2
K2 0.726  1.121 56 0.320 0.760 240 2.670 0.0076  Significant -56.0
K8 1.176  9.692 120 0312 1.2319 240 2.947 0.0032  Significant -73.4
K10 1.672 9.147 96 0.797 2.665 240 2.683 0.0073  Significant -52.3
T2 0.694 9.597 60 0481 3.459 225 0.508 0.5619 Insignificant —30.6
08 1.638 9.231 120 0.397 0.684 240 4.394 0.0000  Significant -75.8
T3 0.068 0.065 120 0.084 0.283 156 -0.326 0.7459  Insignificant 234
T18 0346 2.205 120 0.166 0.575 240 1.247 0.2124  Insignificant —52.0
Table 8

Summarized step-change test results of monthly mean streamflow, precipitation, and water table elevation.

Precipitation sites Annual trend results (5%) Stream sites

Annual trend results (5%)

Groundwater sites Annual trend results (5%)

P1 Insignificant N4 Insignificant GW-N5 Significant
P2 Insignificant N12 Significant GW-N6 Significant
P3 Significant K2 Significant GW-K1 Significant
P4 Insignificant K8 Significant GW-K2 Significant
P5 Insignificant K10 Significant GW-K5 Significant
P6 Insignificant T2 Insignificant GW-T2 Significant
P7 Significant 08 Significant -

P8 Insignificant T3 Insignificant GW-T3 Significant
P9 Insignificant T18 Insignificant GW-T4 Significant

where the water table does rise above the streambeds, can be af-
fected because groundwater not only sustains local streams but
also regional streams, particularly in arid environments (Schaller
and Fan, 2009).

Additionally, we assessed the regional significance of trends in
annual mean streamflow using the Regional Kendall’s S test for
the period of most intensive irrigation development (1941-
1980). The study area was divided into two main regions as “Re-
gion 1 (North)” and “Region 2 (South)” based on the observed pat-
terns in groundwater-surface water connection. That is, the first
region included streams in Nebraska, Colorado, and Kansas (the
first 34 gauges from N1 to K13) which were revealed to be predom-
inantly influenced by groundwater, while the second region con-
tained the remaining 30 gauges in Oklahoma and Texas (from O1
to T22) that were mostly surface runoff-fed. Results indicated that
identified trends at individual sites in Region 1 are field significant
at the 5% level, confirming that there is a regional decreasing trend
in annual streamflow in the north of the study area in response to
pumping. On the other hand, the observed annual decreases in
streams in Region 2 were not field significant, and, thus, stream-
flow depletion is not regionally consistent. Nevertheless, it should
be noted that substantial dissimilarities in record periods of stream
gauges in Region 2 most likely have affected the analysis results.

In summary, all trend, step change and regional analysis of
mean annual streamflow reveal a significant flow reduction in
the North and less so in the South. This is consistent with the regio-
nal patterns emerged from the earlier analysis of streamflow-
groundwater connection, that is the effect of irrigational pumping
is more prominent on the rivers in the Northern High Plains with a
gradual decrease towards the Southern High Plains. Also, we note
that the results of step and trend changes are not affected by data
gaps in the time series since both the Mann-Kendall and Student’s
t-test are insensitive to missing data (Kundzewicz and Robson,
2000).

4.2.2. Changes in dry-season streamflow
In the High Plains, irrigation is applied most intensively from
late June through August due to low precipitation and high crop

water demand (Moore and Rojstaczer, 2001). Therefore, the effect
of pumping is likely to be more clearly observed on July and August
streamflow. For this reason, mean annual July and August, referred
to as “dry-season” hereafter, streamflow time series of the same 64
gauging stations are analyzed using the Mann-Kendall trend test.
The resulting trends are shown in the 5th column of Table 6 and
Fig. 7b shows their spatial distribution. Surprisingly, the number
of stations with significant downward trends decreased from 36
in mean annual streamflow to 24 in dry-season streamflow. Of
the 24 stream gauges with decreasing trends, 13 (54%) are in Ne-
braska, 7 (29%) in Kansas, 3 (13%) in Oklahoma, and 1 (4%) in Texas.
No stream gauges in Colorado had significant trends.

Among the 12 stream gauges that went from decreasing trend
in the mean annual flow to no-significance in the dry-season flow,
four (N2, N13, C3, and T15) are under the influence of dams. (The
regulated stream gauges over the study area are emphasized in
bold in Table 6.) Hence, it is possible that summer discharge rates
measured at these gauges have been affected by flow regulations
which tend to dampen seasonal variability and increase dry-season
flow (Haddeland et al., 2006b). As for the other gauges, the high
natural variability of streamflow during the summer months might
be hampering the detection of trends by relatively simple statisti-
cal methods (Miller and Piechota, 2008). Widespread thunder-
storms and extreme weather events across the region from April
to September lead to large variations in rainfall as well as runoff,
especially in the Southern High Plains where streamflow is main-
tained mainly by rainfall-generated surface runoff. This might be
the reason why Kansas is the most affected state with noticeably
fewer number of trends in dry-season as compared to the number
of annual trends; further south, summer thunderstorms dominate
both annual and summer streamflow. Fig. 8 shows the mean July-
August time series of those gauges that fail to show significant
trends in dry-season flow but have decreasing trends in annual
flow. The time series of each of these gauges clearly show a
decreasing trend, however the decrease is not statistically signifi-
cant. Although most of these gauges have missing or relatively
shorter period of records, this can not be the main reason of insig-
nificant dry-season trends, since there are gauges with similar
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record periods that show significant decreasing trends both in an-
nual and dry-season flow.

One other possible explanation for the decrease in the number
of dry-season trends might be the lag between groundwater
pumping and streamflow reduction. That is, summer pumping
may lead to a fall and winter streamflow depletion; hence the
pumping signal is stronger in the annual flow and can not be de-
tected in dry-season flow. It should be noted that this is the case
if the water table is lowered over large regional scales and the
groundwater is feeding the downstream rivers.

The difference in the size of drainage area among the gauges
could be another factor, because the larger the river basin, the
longer are the flow paths, and hence the longer the response time
between the groundwater and the river signals. However the plot
of Mann-Kendall Z-scores against the drainage basin area indicates
no such relationship (not shown).

Hantush (1964) recognized that there are two components
leading to total streamflow depletion: reduced baseflow and in-
duced streamflow infiltration (or seepage to the groundwater be-
low). Earlier studies argue that although both components are
caused by seasonally-pumped wells, the impacts of the former
continue during the non-pumping period, while the residual ef-
fects of the latter disappear as the pumping stops (Chen and
Yin, 2001; Chen and Shu, 2002). Chen and Yin (2001) show that
as the hydraulic head difference between the stream and the
aquifer increases, i.e., as the water levels continue to decline,
the rate of baseflow reduction also increases, but the streamflow
infiltration does not occur until a reversed hydraulic gradient is
established between the two. Hence, it is reasonable to assume
that the rivers that fail to show a significant trend in the dry-
season, but significantly decrease annually, are affected only by
the first component of total streamflow depletion which is base-
flow reduction. The pumping-induced stream infiltration does
not happen in these rivers; most probably because a reverse
hydraulic gradient is not established due to the high rate of
summer pumping which lowers the water table so quickly that
the connection between the river and the aquifer is lost. After
summer, when the pumping stops, the rivers re-connect with
the aquifer as the water levels start to recover; nevertheless
streamflow continues to be depleted during the non-pumping
period as a result of ongoing baseflow reduction. Since the water
levels cannot recover fully back to the previous conditions before
the beginning of the next pumping season, total depletion will
tend to increase after each pumping season. Additionally, pump-
ing effect of the wells farther away from the rivers also kicks in
during the post-pumping period further reducing the annual
streamflow (Chen and Yin, 2001).

Table 9 shows the step-change analysis statistics and t-test re-
sults for the monthly dry-season flow and Fig. 7e marks the per-
cent change at each gauge from period 1 (1941-1950) to period
2 (1961-1980). The results are similar to the trend results in that
less number of sites with significant changes is detected than the
annual mean step changes. Between the two periods, the rate of
streamflow change varied from 48% more flow at gauge T3 to
90% less flow at gauge 08; larger than the observed annual step
changes for the same gauges in both directions. The increase in
flow at gauge T3 during the dry-season is twice of the annual flow
increase indicating that the river is mostly recharged in summer.
Significant step changes between pre- and post-irrigation periods
are observed only at gauges N12 and 08, which are unlikely related
to changes in precipitation since corresponding data do not reveal
any significant step-changes. However, it is also not certain if the
observed streamflow depletion is caused by groundwater pumping
due to insufficient summer records (Table 10). All Kansas gauges
(K2, K8, and K10) with significant annual step-changes fail to do
so in dry-season flow consistent with the trend results. Still, the
flow rate at all three gauges has decreased at least more than
50% from the earlier period to the later. It is particularly interesting
that despite significant decreases in both precipitation and ground-
water levels, no significant changes could be detected at gauge K2,
likely because of the limited summer records during the first
period.

Again, the regional significance of trends in annual dry-season
streamflow was assessed by the Regional Kendall’s S test for two
regions (Region 1 and Region 2) over the period of 1941-1980. Re-
sults showed that trends in dry-season were not field significant in
both of the regions implying that the individually detected
decreasing trends might have occurred by chance.

4.2.3. Changes in the number of low-flow days

The third and last hydrologic variable analyzed for streamflow
reduction is the annual number of low-flow days in the discharge
records. To establish a statistically significant low-flow value for
the streamflow time series, a typical 7-day 10-year (7Q10) low
flow index is used which is computed by finding the lowest aver-
age discharge that occurs over any 7-consecutive days at a recur-
rence interval of 10 years (Gupta, 1995; Smakhtin, 2001; Risley
et al., 2008). The number of days with a flow record equal to or less
than the 7Q10 statistic in each year is counted within the time ser-
ies data and the total number is subjected to the trend and step-
change analysis. Since a reliable 7Q10 value could not be deter-
mined for non-daily time series, the stream gauges without daily
records are discarded from the analysis reducing the total number
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Fig. 8. Time series of mean July-August flow at the gauges that fail to show significant trends in dry-season flow but have decreasing trends in the mean annual flow.
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Table 9
Step change test results of monthly dry-season (mean July-August) streamflow.

Stream Period 1 (1941-1950) Period 2 (1961-1980) t Degrees of p- Two-tail Change in means
sites Statistic freedom Value  test (%)
Mean Variance No. of Mean Variance No. of Trend (5%)
observations Observations
N4 0.749  0.370 20 0.441 0.296 40 1911 35 0.0642 Insignificant —41.1
N12 1.754  0.030 20 1390 0.279 40 3956 53 0.0002  Significant -20.8
K2 1.107  0.566 10 0516 0.976 40 2.076 18 0.0525 Insignificant —53.4
K8 2719 25929 20 0.611 2.5056 40 1.809 21 0.0848 Insignificant —77.5
K10 2.285 15.561 16 0.729 1.392 40 1.550 16 0.1406 Insignificant —68.1
T2 0.692 1.222 10 0.731 0.645 38 -0.105 12 0.9181 Insignificant 5.7
08 1.099 1.177 20 0.109 0.028 40 4058 19 0.0007  Significant -90.1
T3 0.050 0.019 20 0.073 0.032 26 -0.505 44 0.6161 Insignificant 47.6
T18 1.169 11.708 20 0.195 1.273 40 1.240 21 0.2287 Insignificant —-83.3
Table 10

Summarized step-change test results of monthly mean dry-season streamflow, precipitation, and water table elevation.

Precipitation sites Dry-season trend results (5%) Stream sites

Dry-season trend results (5%)

Groundwater sites Dry-season trend results (5%)

P1 Insignificant N4 Insignificant GW-N5 NaN

P2 Insignificant N12 Significant GW-N6 Insignificant
P3 Significant K2 Insignificant GW-K1 Significant
P4 Insignificant K8 Insignificant GW-K2 Significant
P5 Insignificant K10 Insignificant GW-K5 NaN

P6 Insignificant T2 Insignificant GW-T2 NaN

P7 Insignificant 08 Significant -

P8 Insignificant T3 Insignificant GW-T3 NaN

P9 Insignificant T18 Insignificant GW-T4 NaN

of stations from 64 to 53. The 7Q10 values at 38 of these stations
are equal to zero.

The Mann-Kendall test results of the number of low-flow days
are shown in the last column of Table 6 and the spatial distribution
of trends are depicted in Fig. 7c. There are 10 (19%) stream gauges
with decreasing, 19 (36%) with increasing, and 24 (45%) with insig-
nificant trends. The number of increasing trends is nearly twice the
number of decreasing trends. Of the 19 gauges with significantly
increasing trends, 8 (44%) are in Nebraska, 1 (33%) in Colorado, 6
(46%) in Kansas, 1 (13%) in Oklahoma, and 3 (27%) in Texas. Almost
half of the stations in Nebraska and Kansas exhibit increasing num-
ber of low-flow days indicative of rivers with less flow for longer
periods. The majority of stations with significantly increasing
trends is grouped in and around the Republican River basin, where
significant decreasing trends in annual and/or dry-season stream-
flow are also observed earlier. Among the stations with signifi-
cantly increasing number of low-flow days, there are only three
gauges (C2, K5, and T3) without any significant trends in either an-
nual or dry-season flow. From our earlier findings, Colorado and
Kansas are already recognized as transition zones where local riv-
ers are fed by both surface runoff and groundwater, hence, the ob-
served increases in the number of low-flow days at these gauges
have probably resulted from the decreasing summer precipitation
detected at the nearby rainfall station P3 (Fig. 9b). However, the
precipitation data associated with gauge T3 shows no such trend,
therefore, the increase detected at this station might be related
to an increase in temperature or a decrease in the number of heavy
rain events since streamflow in Texas is known to be dominated by
summer thunderstorms. The small drainage area of T3 might be an
additional factor in shortening the response time to the changes in
climate.

The greatest percentage of insignificant trends (67%) is observed
in Colorado, followed by Texas (64%), Kansas (46%), Oklahoma
(38%), and Nebraska (33%). Excluding Colorado, which has only
three stations with relatively short periods of record, it is noted
that the number of trends that could be detected significantly are

lowest in the South with a gradual increase towards the North. This
is also in agreement with our earlier results of streamflow-ground-
water connection degree, that is, the Northern High Plains rivers
are primarily fed by groundwater whereas the Southern rivers rely
more on surface runoff. Of the 24 stations with insignificant trends,
11 have no significant trends in neither annual nor dry-season flow
and are located in Colorado, Kansas, and, mostly, in Texas. The fact
that Texas is the state with the greatest number of insignificant
trends in number of low-flow days, as well as in annual and dry-
season flow, is further indicative of the weak groundwater-
streamflow connection in this region.

Out of 10 stream gauges with significantly decreasing number
of low-flow days, 4 are in Oklahoma (50%), 4 in Nebraska (22%),
1 in Kansas (8%), and 1 in Texas (9%). Most of these gauges are
located away from the areas of significant groundwater decline
and three of them (N2, N11, and T12) are regulated. Hence,
the observed decreases in low-flow days at these three stations
are probably results of flow regulations. The decline in low-flow
days at the Nebraska gauge N1 despite the significant decreases
in annual streamflow and annual precipitation (Fig. 9a) indicates
that the river is sustained by groundwater throughout the year.
Because, even the total volume of flow decreases over the period
of record, the days in which the flow rate drops below the 7Q10
value are not reduced. Unlike the other gauges in the Republican
River basin, N17 shows a decreasing trend, likely because of the
missing data after the 1980s (1946-1986). Low-flow rates gener-
ally appear after the 1980s in the records of most stations in the
Republican River basin even though the annual groundwater
pumpage did not increase much between 1974 and 1995 (see
the insert in Fig. 2c) and the annual precipitation shows no sig-
nificant trend (Fig. 9a). The reason of this might be the increased
sensitivity of streamflow to depletion resulting from the contin-
uous groundwater exploitation year after year (Chen and Yin,
2001) or the more significant use of surface water for irrigation
in Nebraska as mentioned earlier. On the other hand, the gauges
in the Oklahoma panhandle (01, 06, 07, 08, and K10) that exhi-
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Fig. 9. Spatial distribution of trend analysis based on: (a) total annual precipitation, (b) total dry-season (mean July and August) precipitation (¥: precipitation station with

decreasing trend, and ¢: precipitation station with no trend).

bit decreasing trends in the number of low-flow days are located
in areas where small declines in groundwater levels (<3 m) are
observed. Hence, any changes in streamflow have probably been
minor.

Step-change analysis statistics and t-test results of the number
of low-flow days are shown in Table 11 and the percent change at
each gauge from the first period (1941-1950) to the second (1961-
1980) are displayed in Fig. 7f. The results show that the number of
low-flow days increased between the two periods at almost all
stream gauges, but the increase is significant at only four (K2, T2,
T3, and T18) of them. The only gauge that shows a decrease in
the number of low-flow days from the first period to the second
is K8 (—17.3%), but this gauge is regulated; again low-flow rates
likely have been altered by flow regulations. The percent of in-
crease is greatest at gauges K2 and T2 (100%), followed by the
gauges T3 (86.3%), T18 (60.7%), 08 (59.3%), and K10 (18.5%). It is

Table 11
Step change test results of annual number of low-flow days.

remarkable that all gauges in Texas exhibit significant increases
in the number of low-flow days despite no significant step-changes
could be detected at any of them in annual and dry-season flow as
well as in the precipitation data. In fact, this further indicates that
rivers in Texas are sustained by surface runoff since, although the
total volume of flow has not changed, the low-flow frequency has
increased. If these rivers were also sustained by groundwater, then
they would show decreases in annual and/or dry-season stream-
flow as well. It has been already recognized that summer thunder-
storms dominate streamflow in the Southern High Plains.
Therefore, the increase in low-flow days at these gauges is most
likely related to the changes in the number of extreme rainfall
events.

Although precipitation and water table data could not be exam-
ined for such a step-change, earlier results of the corresponding an-
nual step-changes in precipitation and groundwater can be used as

Stream Period 1 (1941-1950) Period 2 (1961-1980) t Degrees of p- Two-tail Change in means
sites Statistic  freedom Value test (%)
Mean  Variance No. of Mean  Variance No. of Trend (5%)
observations observations
N4 1.300 6.678 10 2.050 7.103 20 —0.742 19 0.4671 Insignificant 57.7
N12 0.000 0.000 10 0.150 0.239 20 —-1.372 19 0.1860 Insignificant -
K2 13.40 218.80 5 190.30 18546.75 20 —-5.677 21 0.0000 Significant 100.0
K8 4340 326493 10 3590 1523.15 20 0374 13 0.7144 Insignificant —-17.3
K10 17.00 647.00 9 20.15 381.29 20 -0.330 12 0.7471 Insignificant 18.5
T2 45.33 1211.47 6 125.89 10046.77 19 —-2.980 23 0.0067 Significant 100.0
08 70.20 2515.51 10 111.80 4982.06 20 —1.859 24 0.0753 Insignificant 59.3
T3 169.70 6801.34 10 316.08 470.91 13 —5.469 10 0.0003 Significant 86.3
T18 172.70 794446 10 277.50 7148.79 20 —3.088 17 0.0067 Significant 60.7
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an analogy. Thus, the significant step-changes in the low-flow days
at gauge K2 from pre-irrigation to the post-irrigation period has
probably resulted from the significant decreases both in precipita-
tion and groundwater levels between the two periods since it has
already been shown that rivers in Kansas are sustained by both
surface runoff and baseflow.

Finally, the regional significance of identified trends in the num-
ber of low-flow days were evaluated over 1940-1980 for Region 1
and Region 2 resulting in a lack of field significance for both re-
gions. Hence, the possibility that they might have occurred by
chance could not be eliminated.

5. Summary and conclusions

The High Plains aquifer, in the Great Plains of USA, has under-
gone substantial declines in groundwater levels since the onset
of widespread irrigational pumping in the 1940s. This study exam-
ined the annual and seasonal impacts of this long-term, large-scale
groundwater pumping on streamflow regimes in the High Plains at
the regional scale. We analyzed trends and step-changes in annual
streamflow, dry-season flow and in the number of low-flow days at
64 and 9 stream gauges, respectively, in conjunction with changes
in precipitation and water table. Also, we assessed the field signif-
icance of trends in those variables using a regional average test sta-
tistic to evaluate the effect of spatial correlation among the stream
gauges studied.

Several indicators revealed spatial differences in the degree of
hydraulic connection between groundwater and streamflow based

23% and 21% decreases in annual, and
dry-season flow, respectively, and an
insignificant increase in the number of

on the hydro-climatic gradients across the High Plains. There is a
systematic decrease in the degree of groundwater-streamflow
connection from the Northern to the Southern High Plains. The
trend and step-change results in mean annual streamflow confirm
this spatial tendency: streamflow depletion is more significant in
the North, gradually becoming less apparent towards the South.
However, fewer gauges are detected with significant trends and
step-changes in dry-season (mean July-August) flow. Various fac-
tors could have contributed to this such as: (1) dam regulations
might have affected the summer flow rates, (2) large variations
in summer rainfall might have impeded the trend detection, partic-
ularly in Kansas and Texas, (3) rivers downstream from the irri-
gated area might reflect the pumping signal later in the year due
to the lag between groundwater level and streamflow response,
and (4) rivers in areas of large water decline become disconnected
from the aquifers due to extensive summer pumpage, and re-con-
nect after summer when the pumping stops and water levels start
to recover. The spatial distribution of the dry-season trends is in
agreement with that of the annual trends; the largest number of
significant decreasing trends is in Nebraska, and the greatest num-
ber of stations with insignificant trends is in Texas while both
decreasing and insignificant trends are detected in between.
Namely, the Republican River basin, the Arkansas River basin,
and the Oklahoma panhandle are the regions with the most signif-
icant declines in annual and dry-season streamflow. A different
pattern emerges in the spatial distribution of trend and step-
change results of the number of low-flow days; not only decreasing
but also increasing trends are observed. Increasing trends are
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mostly grouped in the Republican River basin and a few are ob-
served in the Arkansas River basin; however the Oklahoma Pan-
handle is dominated by decreasing trends. More stream gauges
with significantly increasing number of low-flow days are detected
in Texas, likely resulting from changes in the frequency of extreme
weather events that, as the findings of this study indicate, sustain
the local streams in Texas. The significant increases in the number
of low-flow days at the Texas gauges, which fail to show any signif-
icant step-changes in annual and dry-season flow, from the pre-
irrigation period to the post-irrigation further supports this
argument.

The trend results in annual and dry-season streamflow provide
observational evidence of decreased streamflow across the High
Plains region consistent with the regional pattern of streamflow-
groundwater hydraulic connection. The similarities in step-
changes of streamflow and groundwater at select locations imply
that the observed trends in streamflow variables are attributable
to changes in groundwater levels. The disagreement between the
precipitation and streamflow trends further supports this argu-
ment. Extensive irrigational pumping causes depletion, more se-
verely, in the Northern High Plains streams, and to a lesser
extent in the Southern streams. Recently, Krakauer and Fung
(2008) reported that the trends in annual mean streamflow are
well-correlated with the trends in precipitation over the United
States for the period 1920-2007. However, of all regions in the
US, they identified the Great Plains as the only region where
streamflow was least sensitive to the variations in precipitation.
Therefore, the observed decreases in streamflow, especially in Ne-
braska, can be confidently attributed to the pumping of groundwa-
ter as opposed to any change in precipitation. This is also
supported by the results of regional analysis which revealed that
identified trends in annual streamflow in Nebraska, Colorado,
and Kansas (Region 1) were field significant at the 5% level for
the period of irrigation development (1941-1980). However, we
can not eliminate the possibility that trends in annual streamflow
in Oklahoma and Texas (Region 2), and trends in dry-season flow
and the number of low-flow days in Region 1 and Region 2 might
have happened accidentally as they were not field significant at the
5% level.

The results of this study may have important implications
regarding the extents of the impacts that human beings exert on
the regional water resources. The findings point out to a more
notable impact of groundwater pumping on regional streamflow
than a corresponding impact of precipitation in the High Plains re-
gion. Fig. 10 summarizes the observed changes in streamflow vari-
ables over the High Plains by earlier studies together with new
contributions from this study. The consistency of the streamflow
depletion over such a large area indicates the regional characteris-
tic of the streamflow trend. Despite the reported increase in pre-
cipitation over the Great Plains during the last two decades of
the 20th century (Garbrecht and Rossel, 2002; Garbrecht et al.,
2004), our results indicate that streamflow depletion persists in re-
cent decades with a possibility of becoming worse in the subse-
quent years due to the increasing tendency of streams to deplete
as a consequence of prolonged and excessive withdrawal of
groundwater year after year.

The results presented here in general agree with the previous
findings, and also fill the spatial gaps using as much information
as possible and a consistent methodology throughout the region.
Spatial differences in the occurrence and direction of trends reveal
that a systematic analysis of trend detection for the entire aquifer
is crucial to establish the regional significance of groundwater
pumping on surface water resources. By focusing on regional pat-
terns and end-members, this study serves as a synthesis of stream-
flow depletion induced by large-scale and long-term groundwater
pumping over the High Plains aquifer.

Acknowledgments

This research is supported by NSF Grant ATM-0450334. The
authors would like to thank two anonymous reviewers whose
helpful comments and suggestions improved the paper
substantially.

References

Adam, ].C, Lettenmaier, D.P., 2008. Application of new precipitation and
reconstructed streamflow products to streamflow trend attribution in
northern Eurasia. J. Climate 21 (8), 1807-1828.

Adegoke, ].0., Pielke, R.A., Eastman, J., Mahmood, R., Hubbard, K.G., 2003. Impact of
irrigation on midsummer surface fluxes and temperature under dry synoptic
conditions: A regional atmospheric model study of the US High Plains. Mon.
Weather Rev. 131 (3), 556-564.

Adegoke, ].0., Pielke, R., Carleton, A.M., 2007. Observational and modeling studies of
the impacts of agriculture-related land use change on planetary boundary layer
processes in the central US. Agr. Forest Meteorol. 142 (2-4), 203-215.

Alpert, P., Mandel, M., 1986. Wind variability - an indicator for mesoclimatic change
in Israel. J. Climate Appl. Meteorol. 25, 1568-1576.

Asner, G.P., Elmore, AJ., Olander, L.P., Martin, R.E., Harris, A.T., 2004. Grazing
systems, ecosystem responses, and global change. Annu. Rev. Environ. Resour.
29, 261-299.

Aziz, O.I.A., Burn, D.H., 2006. Trends and variability in the hydrological regime of the
Mackenzie River Basin. ]. Hydrol. 319 (1-4), 282-294.

Barnett, T.P., Pierce, D.W., Hidalgo, H.G., Bonfils, C., Santer, B.D., Das, T., Bala, G.,
Wood, A.W., Nozawa, T., Mirin, A.A., Cayan, D.R,, Dettinger, M.D., 2008. Human-
induced changes in the hydrology of the Western United States. Science 316,
1080-1083.

Barnston, A.G., Schickendanz, P.T., 1984. The effect of irrigation on warm season
precipitation in the southern Great Plains. J. Climate Appl. Meteorol. 23, 865-
888.

Bartolino, J.R., Cunningham, W.L., 2003. Ground-water depletion across the nation.
Fact Sheet 103-03, US Geol. Survey, Reston, VA.

Bayazit, M., Onoz, B., 2007. To prewhiten or not to prewhiten in trend analysis?
Hydrol. Sci. J. 52 (4), 611-624.

Betts, A.K., 2004. Understanding hydrometeorology using global models. Bull. Am.
Meteorol. Soc. 85 (11), 1673-1688.

Brikowski, T.H., 2008. Doomed reservoirs in Kansas, USA? Climate change and
groundwater mining on the Great Plains lead to unsustainable surface water
storage. . Hydrol. 354 (1-4), 90-101.

Buchanan, R.C., Buddemeier, R.R., Wilson, B.B., 2009. The High Plains Aquifer. Public
Information Circular 18, Kansas Geol. Survey, Lawrence, KS.

Buddemeier, R.W., Whittemore, D.O. Young, D.P., Wilson, B.B. Hecox, G.R.,
Townsend, M.A., Macfarlane, P.A., 2003. Data, research, and technical support
for Ogallala-High Plains aquifer assessment, planning, and management. Open
File Report 2003-41, Kansas Geol. Survey, The University of Kansas, Lawrence,
KS.

Burn, D.H., Cunderlik, J.M., Pietroniro, A., 2004. Hydrological trends and variability
in the Liard River basin. Hydrol. Sci. ]. 49 (1), 53-67.

Burt, O.R., Baker, M., Helmers, G.A., 2002. Statistical estimation of streamflow
depletion from irrigation wells. Water Resour. Res. 38 (12), 1296.

Chase, T.N., Pielke, RA., Kittel, T.G.F., Baron, ].S., Stohlgren, TJ., 1999. Potential
impacts on Colorado Rocky Mountain weather due to land use changes on the
adjacent Great Plains. ]. Geophys. Res. — Atmos. 104 (D14), 16673-16690.

Chen, X.H., Chen, X., 2004. Simulating the effects of reduced precipitation on ground
water and streamflow in the Nebraska Sand Hills. ]. Am. Water Resour. Assoc. 40
(2), 419-430.

Chen, X.H., Shu, L.C,, 2002. Stream-aquifer interactions: evaluation of depletion
volume and residual effects from ground water pumping. Ground Water 40 (3),
284-290.

Chen, X.H,, Yin, Y., 2001. Streamflow depletion: modeling of reduced baseflow and
induced stream infiltration from seasonally pumped wells. J. Am. Water Resour.
Assoc. 37 (1), 185-195.

Chen, X., Chen, X.H., Rowe, C,, Hu, Q., Anderson, M., 2003. Geological and climatic
controls on streamflows in the Nebraska Sand Hills. J. Am. Water Resour. Assoc.
39 (1), 217-228.

Chen, X.H., Burbach, M., Cheng, C., 2008. Electrical and hydraulic vertical variability
in channel sediments and its effects on streamflow depletion due to
groundwater extraction. J. Hydrol. 352 (3-4), 250-266.

Costa, M.H., Botta, A., Cardille, ].A., 2003. Effects of large-scale changes in land cover
on the discharge of the Tocantins River, Southeastern Amazonia. J. Hydrol. 283
(1-4), 206-217.

DeAngelis, A., Dominguez, F., Fan, Y., Robock, A., Kustu, M.D., Robinson, D., 2010.
Evidence of enhanced precipitation due to irrigation over the Great Plains of the
United States. J. Geophys. Res., in press. doi:10.1029/2010JD013892.

De Vries, J.J., 1994. Dynamics of the interface between streams and groundwater
systems in lowland areas, with reference to stream net evolution. J. Hydrol. 155
(1-2), 39-56.

De Vries, ].J., 1995. Seasonal expansion and contraction of stream networks in
shallow groundwater systems. J. Hydrol. 170 (1-4), 15-26.

Dennehy, K.F., 2000. High Plains regional ground-water study. Fact Sheet FS-091-00,
US Geol. Survey, Reston, VA.


http://dx.doi.org/10.1029/2010JD013892

M.D. Kustu et al./Journal of Hydrology 390 (2010) 222-244 243

Dery, S.J., Wood, E.F., 2005. Decreasing river discharge in northern Canada. Geophys.
Res. Lett. 32, L10401. doi:10.1029/2005GL022845.

Dominguez, F., Villegas, J.C., Breshears, D.D., 2009. Spatial extent of the North
American Monsoon: increased cross-regional linkages via atmospheric
pathways. Geophys. Res. Lett. 36, L07401. doi:10.1029/2008GL037012.

Douglas, E.M., Vogel, R.M.,, Kroll, C.N., 2000. Trends in floods and low flows in the
United States: impact of spatial correlation. J. Hydrol. 240 (1-2), 90-105.

Douglas, E.M., Niyogi, D., Frolking, S., Yeluripati, J.B., Pielke Sr., RA., Niyogi, N.,
Vorosmarty, C.J.,, Mohanty, U.C., 2006. Changes in moisture and energy fluxes
due to agricultural land use and irrigation in the Indian Monsoon Belt. Geophys.
Res. Lett. 33, L14403. doi:10.1029/2006GL026550.

Dugan, J.T., Sharpe, ].B., 1995. Water Level Changes in the High Plains Aquifer, 1980
to 1994. Fact Sheet 215-95, US Geol. Survey, Reston, VA.

Dunne, T., Black, R.D., 1970a. An experimental investigation of runoff production in
permeable soils. Water Resour. Res. 6, 478-490.

Dunne, T., Black, R.D., 1970b. Partial area contributions to storm runoff in a small
New England watershed. Water Resour. Res. 6, 1296-1311.

Eltahir, E.A.B., 1998. A soil moisture rainfall feedback mechanism 1. Theory and
observations. Water Resour. Res. 34 (4), 765-776.

Eltahir, E.A.B., Bras, R.L., 1996. Precipitation recycling. Rev. Geophys. 34, 367-378.

Eltahir, E.A.B., Yeh, P., 1999. On the asymmetric response of aquifer water level to
floods and droughts in Illinois. Water Resour. Res. 35 (4), 1199-1217.

Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R,, et al., 2005.
Global consequences of land use. Science 309 (5734), 570-574.

Garbrecht, ].D., Rossel, F.E., 2002. Decade-scale precipitation increase in Great Plains
at end of 20th century. J. Hydrolog. Eng. 7 (1), 64-75.

Garbrecht, J., Van Liew, M., Brown, G.0O., 2004. Trends in precipitation, streamflow,
and evapotranspiration in the Great Plains of the United States. J. Hydrolog. Eng.
9 (5), 360-367.

Gerten, D., Rost, S., von Bloh, W., Lucht, W., 2008. Causes of change in 20th century
global river discharge. Geophys. Res. Lett. 35, L20405. doi:10.1029/
2008GL035258.

GHCN, 2009. Global Historical Climate Network. <http://iridl.ldeo.columbia.edu/
SOURCES/.NOAA/.NCDC/.GHCN/.v2beta/> (accessed 23 September).

Giordano, M., Villholt, K.G., (Eds) 2007. The Agricultural Groundwater Revolution:
Opportunities and Threats to Development. Comprehensive Assessments of
Water Management in Agriculture No. 3. IWMI/CABI.

Gleick, P.H., 2003. Water use. Annu. Rev. Environ. Resour. 28, 275-314.

Gupta, R.S., 1995. Hydrology and Hydraulic Systems. Prentice Hall, New Jersey.

Gutentag, E.D., Heimes, FJ., Krothe, N.C, Luckey, R.R. Weeks, ].B., 1984.
Geohydrology of the High Plains aquifer in parts of Colorado, Kansas,
Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and Wyoming.
Professional Paper 1400-B, US Geol. Survey, Reston, VA.

Haddeland, I., Lettenmaier, D.P., Skaugen, T., 2006a. Effects of irrigation on the water
and energy balances of the Colorado and Mekong river basins. J. Hydrol. 324 (1-
4), 210-223.

Haddeland, 1., Skaugen, T., Lettenmaier, D.P., 2006b. Anthropogenic impacts on
continental surface water fluxes. Geophys. Res. Lett. 33, L08406. doi:10.1029/
2006GL026047.

Haddeland, 1., Skaugen, T., Lettenmaier, D.P., 2007. Hydrologic effects of land and
water management in North America and Asia: 1700-1992. Hydrol. Earth Syst.
Sci. 11 (2), 1035-1045.

Hamed, K.H., 2009. Enhancing the effectiveness of prewhitening in trend analysis of
hydrologic data. J. Hydrol. 368 (1-4), 143-155.

Hantush, M.S., 1964. Depletion of storage, leakance, and river flow by gravity wells
in sloping sands. J. Geophys. Res. 69 (12), 2551-2560.

Healy, RW., Winter, T.C, LaBaugh, JW., Franke, O.L. 2007. Water Budgets:
Foundations for Effective Water-Resources and Environmental Management.
Circular 1038, US Geol. Survey, Reston, VA.

Helsel, D.R., Hirsch, R.M., 1992. Statistical Methods in Water Resources. Elsevier,
Amsterdam.

Hewlett, ].D., Hibbert, A.R., 1963. Moisture and energy conditions with a sloping soil
mass during drainage. ]. Geophys. Res. 68, 1081-1087.

Hirsch, R.M.,, Slack, J.R., 1984. A non-parametric trend test for seasonal data with
serial dependence. Water Resour. Res. 20 (6), 727-732.

Hirsch, R-M,, Slack, J.R,, Smith, R.A., 1982. Techniques of trend analysis for monthly
water quality data. Water Resour. Res. 18 (1), 107-121.

Huntington, T.G., 2006. Evidence for intensification of the global water cycle: review
and synthesis. J. Hydrol. 319 (1-4), 83-95.

Hutson, S.S., Barber, N.L., Kenny, J.F., Linsey, K.S., Lumia, D.S., Maupin, M.A., 2004.
Estimated use of water in United States in 2000. Circular 1268, US Geol. Survey,
Reston, VA.

Kahya, E., Kalayci, S., 2004. Trend analysis of streamflow in Turkey. J. Hydrol. 289
(1-4), 128-144.

Kalra, A., Piechota, T.C., Davies, R., Tootle, G.A., 2008. Changes in US streamflow and
western US snowpack. ]. Hydrolog. Eng. 13 (3), 156-163.

Kanamitsu, M., Mo, K.C,, 2003. Dynamical effect of land surface processes on
summer precipitation over the southwestern United States. ]J. Climate 16 (3),
496-509.

Kastner, W.M., Schild, D.E., Spahr, D.S., 1989. Water-level changes in the High Plains
aquifer underlying parts of South Dakota, Wyoming, Nebraska, Colorado,
Kansas, New Mexico, Oklahoma, and Texas - Predevelopment through
Nonirrigation Season 1987-88. Water-Resources Investigations Report 89-
4073, US Geol. Survey, Denver, CO.

Katz, RW., Parlange, M.B., Naveau, P., 2002. Statistics of extremes in hydrology. Adv.
Water Resour. 25 (8-12), 1287-1304.

Kendall, M.G., 1975. Rank Correlation Methods. Charles Griffin, London.

Khaliq, M.N., Ouarda, T., Gachon, P., Sushama, L., St-Hilaire, A., 2009. Identification
of hydrological trends in the presence of serial and cross correlations: a review
of selected methods and their application to annual flow regimes of Canadian
rivers. J. Hydrol. 368 (1-4), 117-130.

Kollet, S.J., Zlotnik, V.A., 2003. Stream depletion predictions using pumping test data
from a heterogeneous stream-aquifer system (a case study from the Great
Plains, USA). J. Hydrol. 281 (1-2), 96-114.

Konikow, LF., Kendy, E. 2005. Groundwater depletion: a global problem.
Hydrogeol. J. 13 (1), 317-320.

Koster, R.D., Dirmeyer, P.A., Guo, Z., Bonan, G., Chan, E., Cox, P., et al., 2004. Regions
of strong coupling between soil moisture and precipitation. Science 305 (5687),
1138-1140.

Krakauer, N.Y., Fung, 1., 2008. Mapping and attribution of change in streamflow in
the coterminous United States. Hydrol. Earth Syst. Sci. 12 (4), 1111-1120.
Kromm, D.E., White, S.E. (Eds.), 1992. Groundwater Exploitation in the High Plains.

University of Kansas Press, Lawrence, Kansas.

Kundzewicz, ZW., Robson, AJ., (Eds.) 2000. Detecting Trend and Other Changes in
Hydrological Data. World Climate Programme—Water, World Climate
Programme Data and Monitoring, WCDMP-45, WMO/TD No. 1013. World
Meteorological Organization, Geneva, Switzerland.

Kundzewicz, Z.W., Robson, A.J., 2004. Change detection in hydrological records - a
review of the methodology. Hydrol. Sci. J. 49 (1), 7-19.

Kustu, M.D., Fan, Y., 2010. Large-scale water cycle perturbation due to irrigation
pumping in the US High Plains: Observational evidence of increased summer
streamflow downwind, manuscript in preparation.

Lettenmaier, D.P., Wood, E.F., Wallis, J.R., 1994. Hydro-climatological trends in the
continental United States, 1948-88. J. Climate 7 (4), 586-607.

Lins, H.F., 1985. Streamflow variability in the United States: 1931-78. J. Climate
Appl. Meteorol. 24 (5), 463-471.

Lins, H.F., Slack, J.R., 1999. Streamflow trends in the United States. Geophys. Res.
Lett. 26 (2), 227-230.

Luckey, R.R,, Gutentag, E.D., Weeks, ].B., 1981. Water-level and saturated-thickness
changes, predevelopment to 1980, in the High Plains aquifer in parts of Colorado,
Kansas, Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and Wyoming:
Hydrologic Investigations Atlas HA-652, US Geol. Survey, Reston, VA.

Luckey, R.R., Gutentag, E.D., Heimes, FJ., Weeks, ].B., 1986. Digital simulation of
ground-water flow in the High Plains aquifer in parts of Colorado, Kansas,
Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and Wyoming.
Professional Paper 1400-D, US Geol. Survey, Reston, VA.

Mann, H.B., 1945. Non-parametric tests against trend. Econometrica, 245-259.

Marani, M., Eltahir, E., Rinaldo, A., 2001. Geomorphic controls on regional base flow.
Water Resour. Res. 37 (10), 2619-2630.

McCabe, G.J., Wolock, D.M., 2002. A step increase in streamflow in the conterminous
United States. Geophys. Res. Lett. 29 (24), 2185. do0i:10.1029/2002GL015999.

McGuire, V.L, 2009. Water-Level Changes in the High Plains Aquifer,
predevelopment to 2007, 2005-06, and 2006-07. Scientific Investigations
Report 2009-5019, US Geol. Survey, Reston, VA.

McGuire, V.L., Johnson, M.R., Schieffer, R.L., Stanton, ].S., Sebree, S.K., Verstraeten,
LM., 2003. Water in Storage and Approaches to Groundwater Management,
High Plains Aquifer, 2000. Circular 1243, US Geol. Survey, Reston, VA.

Miller, J.A., Appel, C.L., 1997. Groundwater Atlas of the United States: Kansas,
Missouri, and Nebraska. Hydrologic Investigations Atlas 730-D, US Geol. Survey,
Reston, VA.

Miller, W.P., Piechota, T.C., 2008. Regional analysis of trend and step changes
observed in hydroclimatic variables around the Colorado River Basin. ].
Hydrometeorol. 9 (5), 1020-1034.

Milliman, ].D., Farnsworth, K.L., Jones, P.D., Xu, K.H., Smith, L.C., 2008. Climatic and
anthropogenic factors affecting river discharge to the global ocean, 1951-2000.
Global Planet. Change 62 (3-4), 187-194.

Milly, P.C.D., Dunne, K.A., Vecchia, A.V., 2005. Global pattern of trends in streamflow
and water availability in a changing climate. Nature 438 (7066), 347-350.
Moore, N., Rojstaczer, S., 2001. Irrigation-induced rainfall and the Great Plains. ].

Appl. Meteorol. 40 (8), 1297-1309.

Moore, N., Rojstaczer, S., 2002. Irrigation’s influence on precipitation: Texas High
Plains, USA. Geophys. Res. Lett. 29 (16), 1755. doi:10.1029/2002GL014940.
National Atlas, 2009. <http://nationalatlas.gov/mld/dams00x.html> (accessed 16

June).

Nilsson, C., Reidy, C.A., Dynesius, M., Revenga, C., 2005. Fragmentation and flow
regulation of the world’s large river systems. Science 308 (5720), 405-408.
Nyholm, T., Rasmussen, K.R., Christensen, S., 2003. Estimation of stream flow
depletion and uncertainty from discharge measurements in a small alluvial

stream. J. Hydrol. 274 (1-4), 129-144.

Pal, J.S., Eltahir, E.A.B., 2002. Teleconnections of soil moisture and rainfall during the
1993 midwest summer flood. Geophys. Res. Lett. 29 (18), 1865. do0i:10.1029/
2002GL014815.

Pielke, R.A., 2001. Influence of the spatial distribution of vegetation and soils on the
prediction of cumulus convective rainfall. Rev. Geophys. 39 (2), 151-177.

Pilon, P.J., Yue, S., 2002. Detecting climate-related trends in streamflow data. Water
Sci. Technol. 45 (8), 89-104.

Qi, S.L., Konduris, A., Litke, W.D., Dupree, ]., 2002. Classification of irrigated land
using satellite imagery, the High-Plains aquifer, nominal date 1992. Water-
Resources Investigations Report 02-4236, US Geol. Survey, Denver, CO.

Renard, B., Garreta, V., Lang, M., 2006. An application of Bayesian analysis and
Markov chain Monte Carlo methods to the estimation of a regional trend in
annual maxima. Water Resour. Res. 42, W12422. doi:10.1029/2005WR004591.


http://dx.doi.org/10.1029/2005GL022845
http://dx.doi.org/10.1029/2008GL037012
http://dx.doi.org/10.1029/2006GL026550
http://dx.doi.org/10.1029/2008GL035258
http://dx.doi.org/10.1029/2008GL035258
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.GHCN/.v2beta/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.GHCN/.v2beta/
http://dx.doi.org/10.1029/2006GL026047
http://dx.doi.org/10.1029/2006GL026047
http://dx.doi.org/10.1029/2002GL015999
http://dx.doi.org/10.1029/2002GL014940
http://nationalatlas.gov/mld/dams00x.html
http://dx.doi.org/10.1029/2002GL014815
http://dx.doi.org/10.1029/2002GL014815
http://dx.doi.org/10.1029/2005WR004591

244 M.D. Kustu et al./Journal of Hydrology 390 (2010) 222-244

Renard, B., Lang, M., Bois, P., Dupeyrat, A., Mestre, O., Niel, H., Sauquet, E.,
Prudhomme, C., Parey, S., Paquet, E., Neppel, L., Gailhard, J., 2008. Regional
methods for trend detection: assessing field significance and regional
consistency. Water Resour. Res. 44, W08419. doi:10.1029/2007wr006268.

Risley, J., Stonewall, A., Haluska, T., 2008. Estimating flow duration and low-flow
frequency statistics for unregulated streams in Oregon. Scientific Investigations
Report 2008-5126, US Geol. Survey, Reston, VA.

Rodell, M., Famiglietti, ].S., 2002. The potential for satellite-based monitoring of
groundwater storage changes using GRACE: the High Plains aquifer, Central US.
J. Hydrol. 263 (1-4), 245-256.

Rost, S., Gerten, D., Heyder, U., 2008. Human alterations of the terrestrial water
cycle through land management. Adv. Geosci. 18, 43-50.

Ryder, P.D., 1996. Groundwater Atlas of the United States: Oklahoma, Texas.
Hydrologic Investigations Atlas 730-E, US Geol. Survey, Reston, VA.

Sahoo, D., Smith, P.K., 2009. Hydroclimatic trend detection in a rapidly urbanizing
semi-arid and coastal river basin. J. Hydrol. 367 (3-4), 217-227.

Schaller, M.F., Fan, Y., 2009. River basins as groundwater exporters and importers:
implications for water cycle and climate modeling. ]. Geophy. Res. 114 (21),
D04103. doi:10.1029/2008]D010636.

Segal, M., Schreiber, W., Kallos, G., Pielke, R.A., Garratt, J.R., Weaver, ]., Rodi, A.,
Wilson, J., 1989. The impact of crop areas in northeast Colorado on midsummer
mesoscale thermal circulations. Mon. Weather Rev. 117, 809-825.

Smakhtin, V.U., 2001. Low flow hydrology: a review. ]. Hydrol. 240 (3-4), 147-186.

Small, E.E., 2001. The influence of soil moisture anomalies on variability of the
North American monsoon system. Geophys. Res. Lett. 28 (1), 139-142.

Sophocleous, M., 2000. From safe yield to sustainable development of water
resources - the Kansas experience. J. Hydrol. 235 (1-2), 27-43.

Sophocleous, M., 2002. Interactions between groundwater and surface water: the
state of the science. Hydrogeol. J. 10 (1), 52-67.

Sophocleous, M., 2005. Groundwater recharge and sustainability in the High Plains
aquifer in Kansas, USA. Hydrogeol. J. 13 (2), 351-365.

Szilagyi, J., 1999. Streamflow depletion investigations in the Republican River basin:
Colorado, Nebraska, and Kansas. J. Environ. Syst. 27 (3), 251-263.

Szilagyi, ]J., 2001. Identifying cause of declining flows in the Republican River. J.
Water Resour. Plan. Manage. 127 (4), 244-253.

Tanaka, T., Yasuhara, M., Sakai, H., Marui, A., 1988. The Hachoji experimental basin
study-storm runoff processes and the mechanism of its generation. J. Hydrol.
102, 139-164.

TWDB, 2009. Texas Water Development Board. <http://www.twdb.state.tx.us/
publications/reports/GroundWaterReports/GWDatabaseReports/GWdatabaserpt.
htm> (accessed 19 January).

USGS, 2009. National Water Information System (NWIS). URL <http://
nwis.waterdata.usgs.gov/nwis/> (accessed 28 August).

von Storch, H., Navarra, A., 1995. Analysis of Climate Variability: Applications of
Statistical Techniques. Springer, New York.

Vorosmarty, CJ., Sahagian, D., 2000. Anthropogenic disturbance of the terrestrial
water cycle. Bioscience 50 (9), 753-765.

Vose, R.S., Schmoyer, R.L,, Steurer, P.M., Peterson, T.C., Heim, R., Karl, T.R., Eischeid,
J., 1992. The global historical climatology network: long-term monthly
temperature, precipitation, sea level pressure, and station pressure data.
ORNL/CDIAC-53, NDP-041. Carbon Dioxide Information Analysis Center, Oak
Ridge National Laboratory, Oak Ridge, Tennessee.

Wahl, K.L, Wahl, T.L, 1988. Effects of regional groundwater level declines on
streamflow in the Oklahoma Panhandle. In: Proceedings of Symposium on
Water-Use Data for Water Resources Management. AWRA, Tucson, AZ, August,
pp. 239-249.

Weeks, ].B., Gutentag, E.D., Heimes, F.J., Luckey, R.R., 1988. Summary of the High
Plains Regional Aquifer-System Analysis in Parts of Colorado, Kansas, Nebraska,
New Mexico, Oklahoma, South Dakota, Texas and Wyoming. Professional Paper
1400-A, US Geol. Survey, Reston, VA.

Wen, FJ., Chen, X.H., 2006. Evaluation of the impact of groundwater irrigation on
streamflow in Nebraska. ]. Hydrol. 327 (3-4), 603-617.

Winter, T.C., Harvey, ].W., Franke, O.L., Alley, W.M., 1998. Ground Water and Surface
Water A Single Resource, Circular 1139, US Geol. Survey, Reston, VA.

Wisser, D., Fekete, B.M., Vorosmarty, C.J., Schumann, A.H., 2009. Reconstructing
20th century global hydrography: a contribution to the Global Terrestrial
Network - Hydrology (GTN-H). Hydrol. Earth Syst. Sci. Discuss. 6, 2679-2732.

Yue, S., Wang, C.Y., 2002. Regional streamflow trend detection with consideration of
both temporal and spatial correlation. Int. . Climatol. 22 (8), 933-946.

Yue, S., Pilon, P, Phinney, B., Cavadias, G., 2002. The influence of autocorrelation on
the ability to detect trend in hydrological series. Hydrol. Process. 16 (9), 1807-
18209.

Yue, S., Pilon, P., Phinney, B., 2003. Canadian streamflow trend detection: impacts of
serial and cross-correlation. Hydrol. Sci. J. 48 (1), 51-63.

Zhang, X.B., Harvey, K.D., Hogg, W.D., Yuzyk, T.R., 2001. Trends in Canadian
streamflow. Water Resour. Res. 37 (4), 987-998.

Zhang, X.B., Zwiers, F.W., Hegerl, G.C., Lambert, F.H., Gillett, N.P., Solomon, S., Stott,
P.A., Nozawa, T., 2007. Detection of human influence on twentieth-century
precipitation trends. Nature 448 (7152). 461-U4.

Zume, ]., Tarhule, A., 2008. Simulating the impacts of groundwater pumping on
stream-aquifer dynamics in semiarid northwestern Oklahoma, USA. Hydrogeol.
]. 16 (4), 797-810.


http://dx.doi.org/10.1029/2007wr006268
http://dx.doi.org/10.1029/2008JD010636
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWDatabaseReports/GWdatabaserpt.htm
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWDatabaseReports/GWdatabaserpt.htm
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWDatabaseReports/GWdatabaserpt.htm
http://nwis.waterdata.usgs.gov/nwis/
http://nwis.waterdata.usgs.gov/nwis/

	Large-scale water cycle perturbation due to irrigation pumping in the US High Plains: A synthesis of observed streamflow changes
	Introduction
	The High Plains aquifer system
	Data and methods
	Data sources
	Methodology
	Mann–Kendall test
	Regional Kendall’s S test
	Student’s t-test


	Results and discussion
	Regional patterns of groundwater–surface water connection
	Streamflow change analysis
	Changes in annual mean streamflow
	Changes in dry-season streamflow
	Changes in the number of low-flow days


	Summary and conclusions
	Acknowledgments
	References


