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ABSTRACT

Significant changes in popuktion and cultivation of farmland in Western U.S.
over thepast 200years has required the use of extengve irrigaionto sugain crop growth
in theregion. Thisirrigation has altered theland surface processes in theregion and
subsequently thelocal climates by increasing soil moisture levels highe than they
naturally would beif noirrigaion had taken place. Andysis of feedback processes show
both postive and negative feedbacks are present and impact climate paameters such as
surface temperature, precipitation, and albedo. Literature suggeststhat in thewestern
plainsthedomnance of postive or negaive feedback is deermined by theintengty,
spaial scale, and duration of irrigaion, aswell as synopic scale paterns

Theintermediate modd QTCM was used to simulate irrigation of Western U.S.
growing season (May-Nov) over the period of 1990-1999. Monthly climatological
sengtivity experiments were conduded over arange of irrigationforcingsfromrealistic
valuesto near saturation of thesoil. Theresults show a dight climatic respong to
realistic forcing and a significant climatic respon to saturated forcing. All experiments
indicated a postive feedback and agree with previousstudies of large scale increases in
precipitation, decreases in surface temperature, and increases in albedo over irrigated
regions Additiondly smulationssuggest tha the QTCM modd has a threshold of
sengtivity to theirrigaionforcing of 1.0 mm/day. Any forcing greater than this does not
show significantly further climatic impact in themodd.

Future work for refining theaccuracy of irrigaionforcing would indudeusng
nonruniform distribution of irrigation in a highe resolution modd, consderationsof
atitude refining of seasond dependence of crop growth, andatrend andysis. Globdly
research of regionssuch as Chinaand India have not been well explored and experience
even more irrigation than Western U.S.  Irrigation raster maps could beincorporated into
aGCM to smulate globd irrigaion and study climatic impacts of realistic forcings

1. Introduction:

The American West has undegonesignificant changes over thelast 200years. A
roughterrain of woodlands plains and wilderness has given way to an organized
pachwork of agriculture and urban areas prompted by extensve increases in popuktion
and subsequent cultivation of theregion. Climate dictates tha thewestern U.S. region
has relatively little available moisture during summer monthsin theform of precipitation.
Thisfact prompts thefarmers of the Great Plainsand western plateau regionsto use
irrigaionto water cropstha would otherwise beimpossible to grow in these areas.

Thetota amountof water used over irrigaed regionsis significant. Theareais
vast and encompasses 385 million acres, roughly 8% of thetotal land area of theregion.
Irrigaion accounts for 9.39€l3 liters per year which is 34%of thetotal groundwvater



budgé for the Western U.S. 1998estimates by the USDA (Figure 1) show tha thisis
approximately 2.81 mm/day. Accordingto daafrom Earth Observation Research Data
Center 1990study thedistribution of irrigated cropland west of the Mississippi River is
fairly evenly distributed within the Great Plains and concentrated in thevalleys of the
Sacramento River in Cdifornia, and Columbia and Snake Riversin thewestern plateau
region.

Irrigaion of land in these areas creates some obviouschanges to theland surface.
Theprocess literaly pulswater from undegroundand spreadsit over land. This
increases the soil moisture and vegetation growth during the growing season giving the
same affect asif it had rained a steady drizzle. The climatic implicationsof this
additiond forcing are not completely obvious and the next section will show competing
feedback processes tha depend on multiple parameters of the situdion.

2. Irrigation Processes
a. Feedbadks

This study focuses on the dynamic and theemodyramic consequences of
increasing soil moisture in genera. A surface roughness feedback study was omitted
because the changes in roughneas characteristics before and after irrigation took place
would have been minimal. Theroughnes difference between grassdandsand cropland
would not have been enoughto inarease the turbulence within thebounday layer any
significant amountin thisregion. Therefore two major competing feedback processes
assodated with irrigaion in theregion were compared.

Thepostive feedback processis asfollows: (1) irrigation bringswater to the
surface, (2) leading to increased soil moisture. (3) As cropsgrow the evapotrangpiration
increases dueto more available water, (4) relative humidity increases aboveirrigated
region, (5) ingabilities naturally formed contain more water vapor which leadsto more
convettive cloudformation. (5) This increases the chance for more precipitation over the
region, and (6) leadsto an increase in soil moisture. This process indicates tha the
addition of irrigated water onto theland surface would increase the precipitation process
and cloudcover.

Thenegdive feedback processisasfollows. (1) irrigaion bringswater to the
surface, (2) leading to increased soil moisture. (3) As cropsgrow the evapotrangiration
increases dueto more available water, (4) which leadsto latent heat absorption, (5)
reduced temperature of theair close to the surface, and (6) the creation of a stable
environment acting to suppress convective cloudformation. (7) Thisleadsto clear skies
andfindly (8) redudionin soil moisture. This process indicates areduced surface
temperature and dry soil conditionsassodated with irrigaion.

b. Literature Reviews. GCMs

Thefeedbacks described aboveshow the hypotheses of physcal processes that
mightinfluence the climate regime of the Western U.S. Comparison of studies show not
only tha these processes are evident, but also tha these processes can be used to infer the
climatological effects of increasingirrigation.



A numerical experiment conduded by Yeh et al. [1984] explored the persistence
of soil moisture anomalies of large-scale irrigaionin the Midwest plain states and the
climatic impacts. To condud this expeiment Yeh et a. used arather smple GCM
developad by Wetherald and Manabe which incorporated a general circulation of the
aimosphee, heat and water bdance over continental regions asimple mixed-layer ocean,
and idedlized flat geography. Theexperiment focused on 19 year zondly averaged
climatologies in three regimes. 30-60N, 0-30N, and 15S15N and andyzed the
persistence of anomalies dueto initial saturation of the soil. For the purpos of this
present study the 30-60N regime was of great interest. Thesaturation of ~15am onall
continental surfaces was performed for oneday on 1 July. Figure 2 shows theresults of
the 19 year run and theimpact on three climate parameters of soil moisture, precipitation,
and surface temperature. Soil moisture increased and pesisted for several monthsat
better than hdf of theinitial value precipitationincreased dramatically and persisted for
several months and surface temperature decreased by more than 12 C, however did nat
persist for very long. Thecondusonsdrawn by Yeh et a. show tha notonly do
anomdlies persist, but aso are advected meridondly out of thezond condraints.
Enhancement can occur in areas of irrigaion and adjacent regions but persistenceis
strongest near regionsof rain bets and weak near regionsof general subsdence. This
indicates tha feedback respongss are highly latitude dependent, and irrigation can
actudly reduce precipitationin areas of subsdence.

Similar results were foundby other modding studies. Shuka andMintz[1982]
tested two globd scenariosof avery dry-soil case where there was no evapotranspiration
and very wet-soil case where evapotranspiration was aways equd to the potential
evapotrangiration. For thewet-soil case there was a precipitation increase whereas the
dry-soil case a precipitation decrease was shown. Also the surface temperature of thedry-
soil case was much highe than that of the wet-soil case. Rind[1983 compared initially
reduced soil moisture with control runson Junel across North America and foundthe
anondliesto have significant temperature increases and precipitation decreases across the
u.s.

c. Literature Review: Regional Climate Stuudies

Thoughthe GCM studies aboveindicate thevalidity of the postive feedback
processes regiond climate studies on the other hand did notfind the same condusons
when andyzing localized soil moisture feedbacks. Georgakakoset al. [1993 studied two
2000sg km basinsin lowa and Oklahoma. Usingdally precipitation and potential
evapotrangiration they smulated river dischargeove a40 year period. They foundno
precipitation feedbacks assodated with the soil moisture. Giorgi et al. [1996] argued the
same. Local recycling effects do notimpact climatic regimes. In fact, dry initial
conditionsprovideincreased sengble heat flux which leadsto more cloud development
and subsequent precipitation. Dry soil actudly produces precipitation.

However an extendve ob<ervationd study conduded by Finddl and Eltahir
[1997] showed that alargedistribution of measurements of soil moisture and rainfall
doesindicate postive feedback. Finddl and Eltahir anadyzed direct observationsof soil
moisture-rainfall feedback usgngthelllinois Climate Network (ICN). ThelCN conssts
of 19 siteswell distributed in the state that collect biweekly soil moisture data and 129



daly precipitation stations The study was conduded over a 14 year paiodto get ahigh
qudity climatology of theregion. Results show (Figure 3) a strong correlation between
initial soil saturation and rainfall in summer months with a pesk of r*2>0.4. While not
theonly physcal processinvolved, the correlation suggests a significant postive
feedback.

Additiondly Barngon and Scickendanz[1984 studied the effects of large scale
irrigaion of thesouthern Great Plainson precipitation. They conduded EOF andysison
a1l0-year period. Thar resultsindicated a deficit of the maximum temperature of 1.7 to
2.1 C over theirrigated regions butaso throughthe EOF andysis determined the
importance of synopic features on the correlation of increased soil moisture and
precipitation. A postive feedback requires the addtiond moisture fromtheirrigated
regionsto beallowed to ascend to thecloudbase. This requires lifting mechanisms and
precipitation increases only when synopic conditionsprovide low-level convegence.
Thebest conditionswere foundto be ow moving low pressure centers or stationay
fronts.

3. Modeling Western U.S. Irrigation

These studies indicate tha theintengty and direction of irrigation feedbacks are
highly dependent on latitude theinitial conditions extent of irrigaion, special scales
synopic features, and seasondity. Smaller regions over shorter times tended to show no
feedback or even negaive feedbacks while larger areas with several years of datatended
to indicate strong postive feedbacks. Synopgic features during summer months (JJA)
will even outwhen climatologyis conduded over several years, so thefocusof this
paper@ experiments will bethelargescale features. Thefollowing modding
expeiments were conduded to show large scale effects of irrigaiion onregiond climate
zones similar to that of Yeh et al.

ca. Plan& Design

Themodd QTCM was chosen for this series of experiments. The QTCM was
developeal for andysis of tropical regions buthas proved to besufficient for use in extra-
tropical regionsfor our current purpo<e. It isacoupled land, ocean, vegetation, and
amogpheic intermediate modd with arather coarse grid resolution of 5.625X 3.75
degrees and adaly timeresolution. Being an intermediate modd the QTCM is not quite
as sophisticated as afull scale GCM, and has severa approximationsbuilt in to save
computingtime. Theseindudewindstha are divided into barodinic and barotropic
modes, long-wave and short-wave radiation schemes, and cloudscategorized into deep
convettive, high cirrus stratus, and cirrogratusamongothes. Thetreatment of soil
parameterizationswas especialy important in thechoosng this modd. Itisasingle layer
but with different depth for theenergy and water balance. Theprognosic equaionfor
groundtemperature is asfollows:
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Theprognogic equaionfor thewater budge isasfollows:
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Another motivation for choosng this modd was it@ smplicity. Theparameterizations
made computing time and power much less than running afull scale GCM. For example
to run 10 years of datarequires only ~1.5 hous. A full scale GCM may take more than
24 hoursto runthesame 10years. Additiondly itisagoodfirst agpproximationto
undestand the genera processes of this experiment.

Thebasic setup of the experimentisthis: (1) select aregionto force with
irrigaion, (2) select atime periodto form a climatology for tha region, (3) obsrve a
control runwith noforcing, (4) condud a series of runswith different magnitudes of
forcingsand (5) compae theanomalies with the control run.

Theregion of interest was the western portion of the U.S. Therefore the
boundaies of 25-50N and 95-130Wwere chosen coveinga 7X9 grid areawhich isa
total of 63 grid points. Because thegrid resolution was coarse, there would not have been
an advantage of weighing theirrigaionforcingto grid points located near highe rates of
actud irrigaionwithin theboundaies. Therefore uniform distribution of forcing was
implemented. Sinceredisticaly irrigaionwould only be used for theduration of the
growing season irrigaion forcing was turned on for the monthsof May to November and
then turned off for thewinter months

Several runswere conduded ove 11 years of 198-1999with thefirst year
reserved as a spin up year. Theatmosphee reacts rathe quickly to theforcings so the
spin up was sufficient for this current study. Therunsinduded a control run where no
irrigaionwas addal, and a series of inarementally increasing forcingsof 0.5, 1.0, 2.0,
5.0, and 100 mm/day added to theland surface. Additiondly aredlistic forcing run
based onthe USDA 1998nunbe of 2.81 Km"2*mm/day was conduded also. This
calculates to be about0.25nm/day of water added to the surface of an irrigated aress.

Theclimatic respon® was evaluated usng the parameters of surface temperature,
precipitation, andleaf areaindex (LAl). TheLAl isameasure of thegreenness of the
land surface and infers an albedo for that grid point in thefollowing equéion:

A=0.38" 0.31" e"L)
b. Results

In order to make sure tha the area within the designated boundaies was correctly
assignead and that the modd would be sendtive enough,a spaial distribution check was
conduded. Figure 4 shows soil wetness for both the control run and the mog extreme
case of 1.0 mm/day. Theadditiond surface forcingisevidentintheS_10run marked by
a high saturation across thewestern U.S. This also indicates that the choice of forcings
will impact climate paametersin theregion.



Figures 5-7 show area averaged time series of surface temperature, precipitation,
and LAI over theten-year peiodfor different values of forcingin the Great Plains This
was condudced to check the congstency of the data and ensaure tha theforcingsdid not
induce numerically undable results. Thetime series clearly showtheforcing signaures
ontheclimate parameters. Figure 6 shows a significant increase in precipitation ove the
region, especially in the summer months Figure 7 does appear to have adight
nonlinearity inthefirst 5 years. Thiswas dueto the dower reaction of the vegetation to
theirrigationforcing and was expected. To correct this, alonge spin up time needed to
beimplemented. However thedaa clearly shows thesignificantincrease in LAl as
irrigdaionin theregionisincreased.

Because the summer season (JJA) showed the mog visible changesin theclimate
fieldswith the addition of theirrigaion, the next step was to andyze the JA anomelies
of the sengtivity runsfromthecontrol run. For thisthree only three forcingswere
represented: S.25-Contral, S1-Control, and S10-Control. Figures 8-10 showthesignd of
theredlistic S.25-Control is very weak in al three parameters, but S1-Control anomelies
arevisble. Surface temperatures are reduced by as much as-2 C in some places
indicating a highe percentage of cloudsin theregion. Precipitationisincreased by 1to 3
mm/day in theregion and also thereisafairly strong precipitation signd onthe east
coast. This precipitation tongueis mog likely assodated with the prevailing windsover
the continent and the synopic wave paternsthat develop. Inredlity it isundear if this
could be physcal because as shown by Nigam[2006] almog al of theatmosheic
moisture in the Midwest does not advect out of theregion during summer months butis
recycled vialocal precipitation. LAI anomalies show significantincreasesin foliage at
the S1 forcing. For al parameters the S10 anomelies display a maximum changefor
those parameters.

Sengtivity of themodd to forcing was shown to be determined by the parameter
being observed where each parameter had a different response. Figures 11-13 displays
the seasond respons of surface temperature, precipitation, and LAl versustheforcing
values. Thoughtheresponsgs were different, all three parameters had the biggest
respon® in theforcing values bdow 1.0 mm/day. Figures 14-16 show the percent
changes during the summer monthswere largest for values bdow thethreshold of 1.0
mm/day. Thisisbecause abovethisforcing valuethemodd beginsto saturate. Thereis
alimit to how much precipitation will occur and likewise cloud cover which will control
the surface temperature and LAI values. Abovethisthreshold runoff processes will
trangort the excess surface water out of theregion when the groundis clos to
saturation.

c. Analysis

This smple experiment demongrated tha large scale irrigaion would have
impactsontheloca climate. Modd results show an increase in precipitation, a decrease
in surface temperature, and adecrease in albedo inferred by increase in LAI. Depending
ontheamountof irrigaion forcing the degree of respons could betrace or subgantial.
Also it ispossible tha largescaleirrigaionisresponsble for impacts on climate in
adjacent regionsbecause of advection.



Thedaaindicated aredlistic forcing value of 0.25 mm/day for the Western U.S.
but this did not appear to significantly impact theclimate in theregion. Theforcing of
1.0 mm/day did however showastrongsignd. Zenget al. [200q indicated tha the
QTCM has an overly fast runoff process tha tendsto dry up the soil soone than it
should. Figure 17 shows themodd precipitation-runoff time series for the Mississippi
River compared with the observed precipitationrunoff. In general themodd daa
undeestimates this value which would lead highe soil moisture beng needed in the
modd to compensate for thefast runoff. Therefore therealistic value of 0.25 mm/day of
irrigaionforcingistoo low for thismodd. A value closer to 1.0 mm/day would be more

appropriate.
4. Future Work

For future study there are several improvements that could be madeto this modd
study. Choos a more sophisticated modd with asmaller grid size and compare results
with current study. Refinetheredigtic irrigaion data by weighing data distributionto
reflect actud dendty of irrigation networks, altitude consderations and refine seasond
dependence of crop growth. Additiondly atrend andysis would beinteresting to study
theimpacts of inaeasing irrigation over theregion.

TheU.S. isnottheonly county engagingin largescaleirrigaion. Chinaand
India are even more heavily irrigaed then Western U.S. Theincorporation of digital
mapping of irrigated regionsglobdly could be used to study irrigaiond effects on globd
circulation and climate regimes. TheFoodand Agriculture Organization has developed a
high resolution (5 min) raster map of irrigated land areas. Information has been compiled
from govenment reparts where possible and statistical interpolation where notpossible.
Figure 18 shows theraster map with concentration of irrigaed areas. Digital mapscan be
integrated into GCM modding experiments. Thiswill supply morerealistic globd
forcing, and provideingghtinto howfar reachingirrigationd impacts are to regiond and
globd climates.

5. Conclusion

Largescaleirrigation forcingisresponsble for a podtive feedback onaregiond
level caugngincreased precipitation and decreased temperature. Literature suggests
dependence on spatial scales, distribution and intendty of irrigation, climatic regimes,
and synopic conditions butover alarge spatia scale and sufficiently longtimescales,
thedependency is merely ontheamountof irrigaion forcing tha is applied.

Theredigtic forcing value of 0.25 mm/day is nearly undeectable uang QTCM,
and mug beincareased within this modd to compensate for fast runoff processes.



Total irrigated acres and water distribution by state for 1998 FRIS irrigated farms.

Acre feet Km2A2*mm
State Acres Km~2 (1000)/season /day
Arizona 873,589 3,535 4,117.7 0.15
California 8,139,834 32,941 25,154.9 0.93
Colorado 2,942,230 11,907 5,052.9 0.19
Idaho 3,188,406 12,903 6,030.7 0.22
Kansas 2,650,486 10,726 3,589.6 0.13
Montana 1,740,873 7,045 2,887.1 0.11
Nebraska 5,692,215 23,036 4,975.3 0.18
Nevada 694,930 2,812 1,939.4 0.07
New Mexico 720,319 2,915 1,729.9 0.06
North Dakota 164,741 667 140.6 0.01
Oklahoma 451,788 1,828 677.2 0.02
Oregon 1,534,961 6,212 3,255.7 0.12
South Dakota 297,205 1,203 311.8 0.01
Texas 5,237,584 21,196 7,474.5 0.28
Utah 1,076,346 4,356 2,701.4 0.10
Washington 1,554,813 6,292 3,364.8 0.12
Wyoming 1,533,468 6,206 2,780.1 0.10
Total: Western States | 38,493,788 155,779 76,183.6 2.81

Figure 1. USDA 1998 Estimates Farm and Ranch Irrigaion Survey (FRIS)
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Figure2. Latitudetime distribution of thezond mean difference (15am-Control)
of soil moisture, precipitation, and surface temperature. Yeh et al. [1984]
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Initial Soil Saturation vs. Summer Precipitation
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Figure 3. Correlation of soil saturation and precipitation for JA. Finddl andEltahir
[1997]
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Figure4. Spatial andintengty test: Soil wetness increased dramatically from the control
run (left) and the S10run (right) where 10 mm/day of water was added to theentire
western region.
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Monthly Mean Precipitation Sensitivity
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Figure 11. Monthly mean prec sengtivitiesto irrigaion forcings
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Figure 12. Monthly mean sfc temp sengtivitiesto irrigaionforcings
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Figure 13. Monthly mean LAI sengtivitiesto irrigation forcings



JJA Mean Sfc Temp Percent Change
Climatology 1990-1999 25N-50N 95W-110W
180.0
160.0
140.0 ——
120.0 || =810
& ES 5
5 100.0 m— S 2
S s0.0 | s10
& 600 | ms.0s
S_0.25
40.0 - —
20.0 +—— —
0.0
SUMMER

Figure 14. JJA % changeof mean sfc temp by each forcing.
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Figure 16. JJA % changeof LAI by each forcing.
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Appendix Al: Digital global map of irigated areas 1995

Cenler for Environmental Systems Research
University of Kassel, Germany
April 19849

Fig. Al.l: Digital global map of irrigated areas. Map shows the fraction of the area of each 0.5% by 0.57 cell that was equipped for irrigation in
1995,

Figure 18. Digital globd map of irrigated areas. FAO [1995]
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