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Abstract. Groundwater-fed irrigation has altered surface and1 Introduction

groundwater interactions in the Republic River basin (RRB)

in the midwestern United States, where agriculture heavily

depends on irrigation. The decreasing flow trend recorded akfigation has contributed to the agricultural production in-
the RRB gauging station since the 1950s reflects the syncrease during the past decades, becoming the largest wa-
thetical effect of dynamic interactions between surface wa-t€r consumption sector throughout the world, accounting for
ter and groundwater systems, which has been enhanced @bout 70 % of the global freshwater withdrawals and 90 % of
groundwater pumping and irrigation return flow. This study consumptive water uses (Siebert et al., 2010). In the United
uses a systematic modeling approach to analyze the conjunc&tates, irrigation is located in the states where average an-
tive effects of pumping and return flow on streamflow. A wa- nual precipitation is typically less than 20 inches and thereby
tershed management model, the Soil and Water Assessmel$ insufficient for crop consumption. As the surface water
Tool (SWAT), is modified and established for the French- resources is prone to be affected by climate variability and
man Creek basin (FCB), a subbasin of RRB, to examine theollution, and needs infrastructure investment for storage
causes of streamflow changes. The baseflow component ifi-€-, reservoir) and delivery (i.e., channels), groundwater has
SWAT is linked to aquifer storage so that the model can sim-féplaced surface water as the major water source in many
ulate the combined effects of groundwater pumping and ir-places. In 2005, 13 western states consumed nearly 90 % of
rigation return flow on natural streamflow. Results show thatthe groundwater used for irrigation, among which ground-
irrigation has not only depleted streamflow but also changegvater was the primary source for irrigation in Nebraska,
the flow pattern and seasonal variability. The changes can bérkansas, Texas, Kansas, Mississippi, and Missouri (Kenny
decomposed into decrease in the slow component (baseflov@t ., 2009).

and increase in the fast components (surface and subsurface Groundwater-fed irrigation alters hydrological processes
flow). Since the fast components are subject to higher vari2Cross a range of scales. The estimated global groundwater
ability than the slow component, the annual streamflow vari-depletion since the year of 1900 is equivalent to a 12.6 mm
ability is amplified. Agricultural water use in this region also 'ise in sea level, which accounts for more than 6% of to-
has changed the groundwater storage seasonal regime frol@ll sea-level rise (Konikow, 2011). Nonrenewable groundwa-
the pattern of “summer recharge and winter discharge” in the€r abstraction contributes approximately 20 % to the global
past to “summer discharge and winter recharge” at presengfoss irrigation water demand in the year of 2000 (Wada et
This challenges the existing groundwater modeling, whichal 2012). At the regional scale, the rapid development of

usually assumes fixed recharge pattern and rates. groundwater pumping after the 1950s has changed the in-
teractions of surface water and groundwater and caused wa-

ter right conflicts between surface water users and ground-
water users in the western states of the US (Sophocleous,
2010; Gleeson et al., 2012). At a local scale, the changes

Published by Copernicus Publications on behalf of the European Geosciences Union.



494 R. Zeng and X. Cai: Analyzing streamflow changes

in groundwater storage and flux affect the terrestrial envi-flow from irrigation introduced by canal in the Palleru River
ronment and fluvial biota (Alley et al., 2002). The interac- basin. They found that return flow accounts for over 50 %
tions between groundwater and lakes, wetlands, estuariesf irrigation application, much higher than the usual rule-of-
and oceans play an important role for the distribution of biotathumb value of 10—20 %. However, in many studies, return
and biogeochemical processes, such as fish spawning arefisw is simply accounted as a fixed portion of irrigation wa-
(Malcolm et al., 2008). ter application and is added back to streamflow. This will
Moreover, the aggregation of the disruption of the local probably ignore the actual quantity and temporal variation of
hydrological cycle by intensive irrigation has been found to the return flow contribution to streamflow, which might be
affect the regional climate, which would further affect the influential during growing seasons.
irrigation requirement, leading to a feedback loop. Irrigation The combined effects of the two processes, pumping and
impacts land surface processes by altering the partition of enreturn flow, on streamflow have not been well represented
ergy and water through the interactions between soil profile py the models used for the analysis. Few current groundwa-
land surface flux and groundwater depth. Studies have showter models explicitly simulate the impact of irrigation return
that irrigation increases surface latent heat flux and dew poinflow on aquifer—stream interaction; while surface hydrologi-
temperature, while decreases sensible heat flux and neacal models usually do not simulate the impact of groundwater
ground temperature (Adegoke et al., 2003; Tang et al., 2007)pumping on baseflow appropriately. Both modeling groups
DeAngelis et al. (2010) found the intensive groundwatercapture one aspect of the picture, but not the whole. For ex-
pumping for agricultural use over the Great Plains leadsample, the aquifer recharge, evapotranspiration and channel
to increased vapor, which aggregates to enhance downwintbss in groundwater models are usually decided through cal-
precipitation. According to Ferguson and Maxwell (2012), ibration and treated as fixed values during the simulation pe-
the effect of water management (e.g., pumping and irriga+iod. Attempts to simulate crop processes, such as with the
tion) on terrestrial water and energy budgets is even comfarm Process package of MODFLOW, improve the estimate
parable in magnitude to the impact of climate change (e.g.of crop water requirement (Schmid et al., 2006). However,
changes in temperature and precipitation). Thus, understandhose models usually do not simulate the soil profile, which
ing the details of how irrigation affects hydrological pro- plays an important role in determining crop growth, recharge
cesses will help in understanding hydrological alterationsand evapotranspiration (Rodriguez-lturbe et al., 1999). Some
over watershed scales, as well as providing support for consurface hydrological models have detailed representations
junctive management of surface water and groundwater reef crop irrigation requirement and soil moisture, but usu-
sources in terms of satisfying both human and environmentadlly assume that groundwater-fed irrigation has no impact on
water needs. the source (i.e., aquifer storage) (Sophocleous and Perkins,
While the complex feedbacks between irrigation and land2000). It is important to note irrigation affects spatially dis-
surface processes have been less studied because of difficatibuted hydrological processes and land-energy fluxes de-
ties in observation data, the impact of large-scale pumpingpending on the location of irrigated crops (Ferguson and
on aquifer storage and streamflow is more likely to be ob-Maxwell, 2011). The streamflow recorded at gauging stations
served (McGuire, 2009) and hence has been studied interis the result of dynamic interactions between surface water
sively since Theis (1940). Jenkins (1968) analyzed the streamand groundwater systems over different temporal and spa-
depletion volume and residual timing of pumping by intro- tial scales, where return flow plays a critical role in partially
ducing the SDF (stream depletion factor), which measuresompensating the stream depletion caused by groundwater
how fast groundwater withdrawal transfers from aquifer stor-pumping and changing the process of streamflow response to
age to stream depletion, to account for the transient effectlimatic variability through the conjunctive management of
of pumping. Kendy and Bredehoeft (2006) assessed the resurface water and groundwater systems.
sponse of streamflow to pumping wells with different dis-  Although hydrological research communities agree that
tances to the river. They found that stream depletion causedurface water and groundwater systems compose a holistic
by near-stream pumping wells quickly reaches equilibriumentity that requires an integrated modeling approach, models
and responses temporally in phase with pumping; howeveror the integrated systems are currently not well developed
far-away wells cause smaller stream depletion and seasonéBophocleous and Perkins, 2000; Sophocleous, 2010). In this
fluctuation, and a greater portion of the depletion occurs durstudy, the Soil and Water Assessment Tool (SWAT) (Arnold
ing post-irrigation season. They also examined the impact okt al., 1998), a widely used watershed management model is
irrigation efficiency on the streamflow seasonality and foundmodified by linking the baseflow component to aquifer stor-
that when the irrigation system delivers water inefficiently, age in order to simulate the complex effect of groundwater
irrigation return flow recharges the aquifer during irrigation pumping and irrigation return flow on streamflow, and to un-
season and discharges to stream during post-irrigation sealerstand the impact of irrigated agricultural development on
son, boosting fall and winter low flows. The return flow to streamflow change. The model is applied to the Frenchman
stream is a loss of irrigation water but a gain of streamflow inCreek basin (FCB), a subbasin of the Republican River basin
many cases. For example, Gosain et al. (2005) studied retur(RRB), where groundwater-fed irrigation has been developed
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Fig. 1. Accumulative number of active groundwater pump- S~

ing wells of Colorado, Kansas and Nebraska in RRB
(adopted from Republican River Compact Administration
http://lwww.republicanrivercompact.org/vl2p Starting in the

1960s, groundwater-fed irrigation has become the largest aquifefig 5 nonthly flow regime (monthly average flow by each decade)
water use in this region. at RRB outlet (source: USGS Station 06853500).
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in the area since the 1950s and considerable streamflow de-
pletion has been reported (Burt et al., 2002). This case studRepublican River annual streamflow has declined by 61 %
will then illustrate the streamflow change in the context of without a significant change in climate. Disputes about sur-
stream-aquifer interaction under the effects of pumping andace water and groundwater rights lead to a legal issue among
return flow. the states sharing the aquifer.
The Frenchman Creek, about 166 mi. long, flows from
Colorado to Nebraska. The average annual precipitation in

2 Study area and model description this region from 1941 to 1994 was about 443 mm according
to the Automated Weather Data Network with the High Plain
2.1 Frenchman Creek basin Regional Climate Center (HPRCC, 2010), which increases

from east to west as the effect of elevation gradient; annual
The RRB, lying above the northern Ogallala Aquifer, is potential evapotranspiration in this region is about 1100 mm.
shared by Colorado, Nebraska, and Kansas. The FCB, a sufithe crop in the basin is heavily dependent on central pivot ir-
basin of RRB, lays above the Ogallala Formation, which isrigation from pumping wells. Although lacking of well doc-
composed mainly of silt, sand, gravel, and clay-rock debrisumented groundwater consumptive use data, studies have
that have been washed off the face of the Rocky Mountainshown a strong statistical relationship between the number of
and other more local sources over the past several milliorpumping wells and stream depletion in this watershed (Burt
years (Gutentag, 1984). Recharge to the High Plains aquifeet al., 2002). In this study, the pumping is estimated from
is primarily fed by precipitation through infiltration. Natu- annual irrigated crop acreage from the National Agricultural
ral discharge from the High Plains aquifer goes to springs,Statistics Service (USDA, 1999). The FCB has experienced
seeps, and streams, as well as by evapotranspiration fluxstream depletion over the past decades. The majority of the
However, the pumping for irrigated crops now becomes a sigflow in the watershed was sustained by the Ogallala Aquifer
nificant discharge from the aquifer. The Ogallala Formationsystem. The perennial drainage section of the headwater,
has the greatest saturated thickness, and the portion in FCBnce located several miles west of the Nebraska—Colorado
ranges from 200 to 300 ft. above the Permian bedrock (Millerborder, now shrinks downstream by several miles east of the
et al., 1997). The aquifer underlying the FCB is conceptu-border.
alized as a one-layer unconfined aquifer above a non-leaky It is widely accepted that streamflow decreases in the
bedrock in the groundwater model established by the RepubRRB have been caused by extensive pumping, but the de-
lican River Compact Administration (RRCA). Groundwater- creases can also be related to climate change. We first ex-
fed irrigation since the 1950s (shown in Fig. 1 as the pump-amine the climate during the last decades to find out if the
ing well numbers) in this region has reduced aquifer storageclimate can also explain the streamflow changes. We divide
and caused stream depletion problems in the RRB as showthe climate time series into two equal lengths (pre- and post-
in Fig. 2. Groundwater storage in the High Plains aquifer 1970). The spatially averaged annual precipitation and tem-
in 2009 was about 2.9 billion acre-ft., showing a decline of perature since the 1940s are shown in Fig. 4, respectively.
about 274 million acre-ft. (or about 9 %) from predevelop- The annual precipitation exhibits fluctuation ranging from
ment storage (McGuire, 2011). Szilagyi (2001) found the 300 to 600 mm. The mean annual precipitation is 452 and
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459 mm for pre-1970 and post-1970, respectively, and the - = == Max Temperature

standard deviation remain unchanged at around 95 mm. The 20 -
annual average minimum temperature slightly increases from
1.96 to 2.13C; the annual average maximum temperature
slightly decreases from 18.07 to 17382 Standard devia-
tion of the both remain unchanged at around°@7More-
over, the seasonality of climatic variables was examined by
averaging the monthly data for each decade; it is found that
the pattern remains unchanged, i.e., the rainfall season is still
in phase with the warm season. Actually, a slight decrease is ’\"W""""VV\/"’WW\
found in the diurnal temperature range (difference between
daily maximum and minimum temperature), which can be 1941 1951 1961 1971 1981 1991 2001
the result of irrigation. Irrigation leads to increased evapo-
transpiration and humidity above farmland, converting more
radiative energy into latent heat, which results in redistribu-Fig. 4. Annual precipitation (left) and maximum/mininimum tem-
tion of surface energy between latent heat, sensible heat ariggrature (right) in FCB. The climate exhibits no significant change
ground heat flux. Adegoke et al. (2003) compared the Surfacguring the last s_everal deca_des. The _sli_ght _decrease in diurnal tem-
energy budget between irrigated and non-irrigated farmlancperature_ rapge.lmplles the impact of irrigation on land surface en-
in Nebraska. They found that due to the “cooling effect”, ir- ergy redistribution.

rigation contributes to a 15% decrease in sensible heat and

1.2°C decrease in near-ground temperature. Thus, based on |, \yatersheds with intensive irrigation, irrigation return
the observed data and some relevant analyses, changes 4@ is an important human-induced hydrologic process, but
climate forcmg. capnot explain the significant decrease Nit is usually ignored or oversimplified in some existing agri-
streamflow, which is then mostly likely due to other factors cultural watershed models. Irrigation return flow includes

such as land use and water use in the region. both a vertical and a horizontal component. The vertical
component infiltrates through the soil profile and recharge
aquifer, which will then affect aquifer storage and further
SWAT, a semi-distributed, physically based Watershedt?aseflow' Thg horizontgl component moves in the soil'pro-
model, includes components such as weather, hydrolog)f,"e and contributes to rivers as_subsurface flow. The differ-
sediment transport, crop growth, water quality, and agricul-€Nt réturn flow paths result in different processes and travel
tural management, and has been widely applied to assessirjjn€S- Moreover, irrigation changes soil moisture, and in turn
water quantity and quality, land use and climate change imin€ soil moisture dynamics affects the timing and quantity
pacts, and agriculture management in heterogeneous watePf irrigation return flow. SWAT simulates runoff from sur-
sheds (Gassman et al., 2007). Irrigation is simulated by ari@ce flow, subsurface flow and baseflow, separately. Thus the
auto-irrigation subroutine, i.e., irrigation is applied when the SWAT model is chosen to simulate the effect of irrigation re-
soil moisture of a crop field is below the prescribed irrigation tUrn flow on all components of runoff, i.e., the baseflow and
triggering threshold during the crop growing season. the fast flow components.
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2.2 Watershed management model
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In the SWAT model the baseflow is calculated by the fol- model over years will capture the temporal variability of
lowing equation: groundwater storage and then streamflow; the spatial vari-
ability of groundwater storage, baseflow and the total stream-
Qgw,i = Qgui-1EXp(—Al) + Wrchrgi[1 = Bxp(—ADL (1) i related to the spatial distribution of irrigation pumping
wherei is the simulation dayAz is the time step (i.e., one over the spatial units of the SWAT model (i.e., hydrologic re-
day), Qgw,; is the baseflowWchrg is the shallow aquifer sponse units represented by watersheds of a certain stream
recharge from soil profile, and is the baseflow recession order).
coefficient. In Eq. {), baseflow depends on the baseflow To calibrate the model for the FCB, the outlet of the water-
from the previous day (representing recession process) anshed is chosen at the upstream of Enders Reservoir (USGS
recharge (representing the effect of rain-induced rechargsitelD 06831500) to exclude the impacts of surface water
on baseflow). However, the process reflecting the impact ofegulation on streamflow. The model is calibrated and val-
groundwater pumping on streamflow is missing in Ef. (  idated for the periods 1981-1985 and 1986-1990, respec-
Groundwater pumping first captures aquifer storage, if thetively, with a multiple-objective genetic algorithm. The root-
storage is not fully recovered, then the induced water tablemean-square error (RMSE) and logarithm of the RMSE of
gradient would change the discharge (i.e., baseflow), causingtreamflow are chosen as calibration criteria to consider both
stream depletion. To represent this process, alternatively, thhigh flow and low flow. The SWAT model is calibrated by the
baseflow component in SWAT has been modified based onotal streamflow (i.e., including both baseflow from aquifer
the shallow (unconfined) aquifer water storag§e,) discharge and surface runoff). The RMSE of crop yield is
also set as criteria, mainly to calibrate the auto-irrigation
Qgwi =& Sshi, ) trigger parameter, thus the water management activity (i.e.,
and storage is updated through shallow aquifer water balpumping amount and timing) is retrieved through flow and
ance: crop data. It is worth noting that the best calibration result of
the original SWAT model does not even capture the stream
decline trend. For details on model data, parameters, and cal-
whereWievapis the water evapotranspirated from the shallow ibration procedures, the reader is referred to Zeng (2012).
aquifer by deep root vegetatiolpymp is the water pumped
from aquifer for irrigation use, which is based on the soil
moisture content. Note that Eq. (2) represents a linear stors Results

age model (Chow et al., 1988). If there is no recharge, i.e. .
- ) . . 3.1 Streamflow change due to land use and pumping
evapotranspiration and pumping, baseflow is an ordinary dif-

ferential equation and Eql), originally used in SWAT, can  tne SWAT model is applied to three land use and water
be derived from Egs. (2) and (3). Thus the baseflow recessiof,anagement scenarios, all under historical climate forcing
parameter is consistently used in the original and modifiedyata: (1) no agricultural development in this region; (2) land
model. However, the modified equation requires one Morg,qe change is represented by historical crop area but no ir-
parameter, the initial storage, which needs to be callbrateqigation (i.e., rain-fed crop): (3) historical crop area with
from model outputs. Note that Eq. (3) assumes groundwateg . ngwater pumping simulated by auto-irrigation in SWAT.
lateral flux is negligible in the water balance equation. Thisthg 5yto-irrigation module of SWAT calibrated to the case
assumption is validated by checking the water table contougy, gy watershed is used to determine the irrigation schedul-
in the study area. The water table contour in 1979 and 199%g, including the water application timing and amount. By

are obtained from the Conservation and Survey Division;omparing the results from these scenarios, the impacts of
in the University of Nebraska (Swinehart and Richmond, |34 yse and groundwater irrigation can be identified.

1994). Those contours show that the groundwater in FCB | the “ng agricultural development” scenario, the land use
flows from west to east following the topographic gradient. js fixed as the level in the 1940s, when most of the land
Since the water table contour is generally perpendicular (q.qyer in the region was either grassland or ranch land and
the boundary of the FCB within Nebraska, the groundwatery )y 4 small fraction of the land was used for irrigated agri-
lateral flow exchange with the adjacent aquifer is negligible. culture, which is negligible compared to the large irrigation

The irrigated cropland acreage over years is an importang aer consumption after quick development in the 1960s and
model input, which determines the timing and location of 19705 Under this “natural” scenario, the mean streamflow is
groundwater pumping for irrigation. Since irrigation is the 3.24 and 3.08 fs~! during pre-1970s and post-1970s peri-
major water use in this watershed, the spatial and tempora(l)d& respectively, showing a very small change. This small
expansion of irrigated crop water use affects the spatial hetyejine may also be caused by agricultural activity because

erogeneity and temporal variability of groundwater storageggme parts of the basin were used for crop production before
change through pumping, which further affects the interac- 1940s.

tion between surface and ground water, especially the con-
tribution of baseflow to river streams. Running the SWAT

Ssh,i = Sshi—l + Wrchrgi - QgW,i - Wrevap;‘ - Wpumpi, (3)
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the mean streamflow is 3.05 and 1.93sn! during pre-
1970s and post-1970s periods, respectively. Note that the
streamflow from the pre-1970s periods is not significantly
different among these scenarios, since large-scale agricul-
tural development and groundwater pumping had just started
at that time. Comparing the flow pre-1970s under the three
scenarios shows that groundwater pumping amounts to a
0.84n? s~ decrease in streamflow, more than twice as that
caused by land use at 0.38871.

3.2 Flow component change

The SWAT model simulates three flow components (i.e.,
baseflow, subsurface flow and overland runoff), which en-
able us to decompose the effect of groundwater-fed irriga-
tion on streamflow. In Fig. 5, the surface flow, subsurface
flow from the soil profile, and baseflow from the aquifer dis-

O //////////zz////////////////z////////////////z////////////////z////////////////z///////////////.—

1950 1960 1970 1980 1990
Year

charge are denoted as SUR, SUB and GW, respectively. As
mentioned earlier, streamflow is decomposed to a slow com-
ponent (corresponding to a sustained baseflow from aquifer)
and a fast flow component (corresponding to runoff from
Fig. 5. Surface flow (SUR), subsurface flow (SUB) and base- surface and unsaturated zone), which has a shorter travel
flow (GW) for the non-irrigation (left) and irrigation (right) cases. time and is more prone to climate variability. Although the
Groundwater-fed irrigation decreases the slow flow componentstreamflow decreases under both scenarios (land use only,
(GW) and increases fast flow components (SUR and SUB), leadingand use and irrigation), the changes on the different flow

to a streamflow more subjected to climate variability. The conver- components are significantly different. In the non-irrigation

sion from natural grassland to irrigated cropland leads toadecreasgCenarlo all flow components decrease, especially for the
of slow components, due to depletion of aquifer discharge by pump

ing. The increased soil moisture during growing season mcreasegumurface flow, which is nearly zero after the 1970s. For the
subsurface lateral flow and surface runoff during storm events. groundwater-fed irrigation scenario, the decrease is mainly
from aquifer discharge (i.e., from 2.56 to 1.43 s11), while
surface flow decreases slightly from 0.177 to 0.154mnt
and subsurface flow increases from 0.311 to 0.388Th.

As a result, return flow from irrigation partially compensates
the stream depletion by groundwater pumping. This also im-
lies that ignoring irrigation return flow would overestimate

tream depletion by aquifer pumping.

The streamflow under agricultural development is shown
in Fig. 5 with only land use change (non-irrigation sce-
nario) and with both land use change and irrigation (irri-
gation scenario). For the non-irrigation scenario, the mea
streamflow is 3.22 and 2.77%a! during pre-1970s and
post-1970s periods, respectively. For the irrigation scenario,
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age change before the 1950s is not simulated in this model and is
adapted from the RRCA).

Aquifer discharge provides streams with a stable flow (i.e.,
slow flow component) and is relatively insensitive to cli- file percolation. Figure 7 shows the soil percolation, which
mate variation; while surface and subsurface flow is proneis considerably higher under the irrigation scenario than the
to climate variability (i.e., temperature, and vapor pressure)on-irrigation one. Especially after 1973, the soil profile per-
through soil moisture dynamics, vegetation water use or hucolation is nearly zero in the non-irrigation case, since soil
man water management (Harman et al., 2011). Thus, sumoisture in a large portion of the watershed is lost to the at-
face and subsurface flow convert the climatic variability into mosphere through crop evapotranspiration. While for the ir-
streamflow variability and exhibit as fast flow components. rigated case, irrigation maintains soil moisture and then soil
The baseflow index (BFI, ratio of baseflow in total stream- profile percolation over the years.
flow) is shown in Fig. 6 for irrigation and non-irrigation sce-  Aquifer storage change results from the combined effect
narios. The BFI decreases from 95 to 75 % due to groundwaef aquifer recharge, pumping, aquifer discharge to river and
ter pumping and irrigation return flow. As shown in Fig. 6, other fluxes (i.e., deep root vegetation evapotranspiration).
the baseflow accounts for 70-80% of the total flow. The The monthly aquifer storage change regime is averaged by
baseflow indices calculated from a recursive digital filter decades, as shown in Fig. 8. During periods when irriga-
(Santhi et al., 2008) and the US Geological Survey 1kmtion intensity is low, the aquifer is recharged during sum-
baseflow index data set (Wolock, 2003) show similar valuesmer from May to July due to precipitation-dominant recharge
to our results (i.e., between 69 and 76 %). and discharged in winter to sustain the baseflow in streams
The effects of stream depletion and irrigation return flow since the precipitation is relatively low in winter. Recharge
change the ratio of the fast and slow flow components into the aquifer in summer from 1920 to 1950 is also shown
stream, leading to changes in streamflow variability. The co-by the RRCA groundwater model. With agricultural devel-
efficient of variation (CoV) of streamflow under the irriga- opment, aquifer storage experiences significant decreases in
tion case is 0.077 and 0.151 for pre- and post-1970s periodshe crop growth season (June-September, which covers the
respectively. In watersheds with intensive agricultural activ-whole summer in the region) due to pumping and high evapo-
ities streamflow components are affected by crop water contranspiration. However, aquifer storage recovers during win-
sumption and water management. Thus besides climatic variter and spring by the return flow, which is delayed from irri-
ability, human interference (irrigation, return flow) is also an gation application in summer. The maximum monthly stor-
important factor to affect the stream variability by changing age decline occurs in August, when pumping is most in-
the dynamics of surface water and groundwater interaction. tensive. Figure 9 shows the declining trend of aquifer stor-
age during the period of 1951-1994. Since the SWAT model
3.3 Aquifer recharge—discharge pattern change does not simulate the water table, the aquifer storage is ex-
pressed in equivalent water depth (i.e., millimeter) by averag-
Associated with the streamflow changes, the pumping for ir-ing the groundwater storage of all subbasins annually. Since
rigation and return flow also change the temporal pattern ofate 1960s, the accumulative groundwater storage has de-
aquifer storage. The increased soil moisture by irrigation ap-clined about 5500 mm in equivalent water depth. The actual
plication increases subsurface flow. Meanwhile the increaseavater table change can be estimated by dividing the aquifer
soil moisture also helps recharge the aquifer through soil prostorage change by the specific yield. The typical value of
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1000 - compensates the decrease in streamflow, the stream deple-
— tion trend due to groundwater pumping has been revealed by
O PHATIe the model as comparable to the observed. However, the fast
'E 1000 flow component (surface and subsurface flow) increases due
E to return flow and the slow flow component (baseflow) de-
E 2000 - creases due to groundwater pumping. As a result, the stream-
& P flow is altered from a baseflow dominant regime to one that is
3 more influenced by surface and subsurface flow. The change
= 4000 - among baseflow, subsurface and surface flow components
due to human interferences is modeled for the first time, ac-
A cording to our knowledge, which allows a close examination
6 of the streamflow variability, rooted with climatic variability

1950 1960 1970 1980 1990 but aggravated by human interferences (groundwater pump-
ing and return flow). Agricultural water use in this region has
shifted the groundwater seasonal regime from the pattern of
Fig. 9. Accumulative aquifer storage change. “summer recharge and winter discharge” in the past to “sum-
mer discharge and winter recharge” at present. This could
affect the ecosystems that depend on the streamflow regime.
specific yield inthe area is 0.175 (the value used in the RRCAMoreover the shift challenges existing groundwater model-
model). Thus the average water table decrease in the FCB igg, which usually assumes fixed recharge patterns and rates.
about 31.5m, which is validated by the area-weighted aver- Although the modified model can simulate streamflow re-
age from observation wells (McGuire, 2009). Aquifer stor- sponse to groundwater pumping, it only represents one way
age depletion started in the 1960s, reached the maximurof the stream—aquifer interaction, that is, flow from aquifer to
during the 1970s, and remained stable since then. Duringtream. This limits the model to simulate the situation where
the 1980s, the aquifer storage depletion recovers slightlygroundwater pumping inverses stream-aquifer interaction.
which corresponds to the irrigation regulation within the re- This model is valid in a headwater zone such as FCB, where
gion started in the late 1980s. According to the records of thebaseflow is sustained by the aquifer, but may not be appli-
US Geological Survey (USGS), the water table in the aquifercable to areas where streamflow recharges the aquifer. Also,
remains in a declining trend but at a slower rate in recentthe SWAT model is semi-distributed, that is, each hydrolog-
years (McGuire, 2012). The decline of the aquifer storageical representative unit is only connected with each other by
during the period 2009-2011 is estimated as 2.8 million acretiver network and no interaction exists due to the water table
ft., equivalent to 0.1ft. decline in the water table. Thus, thegradient. Thus, the assessment of aquifer storage is averaged
intensive pumping reverses the natural seasonal groundwdrom all subbasins. Improvement of the subbasin aquifer stor-
ter recharge pattern, from “summer recharge and winter disage connection would provide the spatial impact of ground-
charge” under natural conditions to “summer discharge andvater movement. If spatial information (e.g., impact of the
winter recharge” under the human interferences. location of pumping wells relative to streams, the location of
drawdown cones, etc.) is included, the groundwater move-
ment under human interferences can be better understood.
4 Conclusions We admit that the model presented (even with our modifi-
cation) is not ideal for simulating the sophisticated relation-
Streamflow change is a result of climate forcings, catch-ship between irrigation pumping and streamflow, which in-
ment properties and human activities in watersheds aroundolves the dynamic interactions of surface water and ground-
the world. At the study site discussed in this paper, streamwater. As discussed in the introduction, both surface hy-
flow records at the gauging stations reflect the syntheticallrology and groundwater communities assess the stream-—
effect of dynamic interactions between surface water andaquifer interaction from different aspects. Simulation mod-
groundwater systems, which are enhanced by groundwatezls from both communities have a different focus with re-
pumping and return flow with heavy groundwater-fed irri- spect to their interests. However, surface water and ground-
gation. In this study, a modeling analysis based on a modwater are a holistic entity that requires an integrated mod-
ified SWAT model is applied to analyze the conjunctive ef- eling approach, which is currently not well developed. We
fects of pumping and irrigation return flow on streamflow. By believe the modification of a widely used watershed manage-
relating baseflow to shallow aquifer storage through a lin-ment model (SWAT) can serve the purpose of analysis, espe-
ear reservoir model, the streamflow response to groundwaeeially for the understanding of agricultural development and
ter pumping is explicitly simulated, and the synthetic effects streamflow change. Our study presents an effort to improve
of two types of human interferences (i.e., pumping and re-the watershed model to better assess basin-wide surface wa-
turn flow) are assessed. While irrigation return flow partially ter and groundwater interaction with intensive agricultural
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activities. Indeed the model results provide some insights orGutentag, E. D.: Geohydrology of the High Plains aquifer in parts
the impact of irrigation on streamflow through a highly non-  of Colorado, Kansas, Nebraska, New Mexico, Oklahoma, South
linear process. From a modeler’s perspective, both the im- Dakota, Texas, and Wyoming, Geological Survey professional

provement and the limitation of this model provide experi- Paper, 1400-B, 1984. , _ - I
ences for further development of an integrated surface waterfarman, C. J., Troch, P. A., and Sivapalan, M.: Functional mode
of water balance variability at the catchment scale: 2. Elasticity

groundwater model. o .
of fast and slow runoff components to precipitation change in

the continental United States, Water Resour. Res., 47, W02523,
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