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Abstract

W present ani nt egrat ed drought i npact assessnent franmewor k t o capt uret he cascadi ngeffects

of drought onwater supply, agricul ture, andthe broader econony, usingGaifornias2020-

2022 drought as a case st udy. The assessnent was conduct ed as t he dr ought unf ol ded, appl yi ng

at op- down net hodol ogy t o est i nat e changes i nagri cul tural wat er suppl y, cropl and adapt at i on
responses, andspi | | over ef f ect s across downst reamsectors. Despitedatalimtati ons, we denon-
strateareplicabl efranework for predictinglandfal | ow ngandestinati ngecononicinpacts, rel -
evant for tinely drought assessnentsinGaliforniaandother sem-aridirrigatedreg onsworl d-
w de. Theframework | everages di verse, readi| y avai | abl e dat aset s, i ncl udi ng renot e sensi ng base
evapot ranspi rati onesti nates, records of reservoir storageandal | ocati ons, cropinsurancecl ai
andregi onal economc statistics, conbi nedw t heconom c nodel i ngtool s. Qur resul tsindicate
that i nbot h2021 and 2022, surfacewater del i veri esinthe Gentral \&l | ey decl i ned by about 43%
wthvaryingspatial footprints. Topartiall y of fset t hesereducti ons, groundwat er punpi ngroset
51% n 2021 and 41% n 2022, withthel argest i ncreases occurri ngi nthe Tul are Lake regi on. These
shiftsresul tedinanestinat ed 212 t housand hect ar es (8. 2% educt i on) of fal | oned | andi n 2021
and 282 t housand hect ar es (10. 9% educt i on) i n 2022, withdirect croprevenuel osses of $1. 2 and
$1.5billiondal lars, and8. 9and 10. 2t housandj obs | ost. Regi onal val ue added decl i ned by $1. 3 bi
lionin2021and $1.9billionin2022frombot hcrop producti onand downst reamf ood pr ocessi ng

i ndustries. Ex-post val i dati onusingnew y rel eased st at e wat er bal ance and cr op nappi ng dat aset
shows t hat aggregat e fal | ow ngandwat er suppl y i npact s wer e capt ur ed w-t18%t o +2%at

theCntral \all ey scal e, withnorevari abl e perfornance across i ndi vi dual crops and hydr ol ogi ¢
regi ons. Wehighlight boththestrengthsandlinitationsof thefraneworkwhiledenonstratingits
usef ul ness for ti nel y drought i npact assessnent and miti gati on pl anni ng.

1. Introduction

Assessing theinpacts of drought isinherently chal l engingduetoits mltidi nensional nature andthe
cascadi ng effects it generates across water systens, agricul ture, conmunities, and ecosystens. Inregio
wth sizabl e agriculture-rel ated econonic activity, tinely estination of drought inpactsis crucia for
enabl i ng ef fective adaptati onand nitigationstrategies. Earlyidentificationof potentia consequence:
can gui de nor e t ar get ed gover nnent al responses and ef fecti ve resource al | ocati on. Qne of the prinary
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obstaclesislinited dataaccessibility, particularly land use changes and economc i npacts, which are
not nonitoredinreal tineandrequire anal ytical approaches capabl e of capturing these dynanics usi ng
avai | abl e dat a on ot her factors (Aghakouchak! 2023) .

Agricultural regions worldw de are experi enci ng drought i npacts, | eadingtoland use shifts, iding,
and | and abandonnent (R chtereral 2023, Retersoretal 2024, X eet al 2024, Rer ez- Quesadeet al 2025).

Drought disruptions extend far beyond i ndi vi dual farns, ripplingthroughlocal and regi onal econonies
and i nfl uenci ng gl obal food nar kets and security (Wieel er and von Br2ii3, Leah Jones- G ankert al

2024, Gomez and Myj ia 2025). Beyond di rect econonic | osses fromdi nini shed wat er access and crop

yi el ds, prol onged droughts disrupt entireindustriesthat rely onagriculture, including food processin
transportation, and retai | (M shrd 2021). Drought di sruptions nay al sotrigger w despread j ob | osses
and economic i nstability, disproportionately affectingrural and agricul tural conmunities which al so ce
fuel broader social chall enges, includingrisingunenpl oynent, poverty, nigration, and even increased
crinerates (Geen@018, Hemng- Mifioz et al 2023, (hen 2025). Additional Iy, decliningagricul tural
activity and shiftsinland use patterns can contribute to public heal th concerns, such as i ncreased exp
uretodust andair pollutionfromfall oned fiel ds (&ynk2022, Jal al zadeh Farad al 2024, Adebi yi

et al 2025) .

The rapi d onset of clinate change, wth warner tenperatures, coupl edw th nore extreng precipit-
ationswngs alternati ng drought and fl oods ( Ssgiah 2018), of t en denands gover nnent al r esponse
at nultiplelevels. ¥et, i nadequate pl anning frequent!|y | eads t o cost|y en@r gency response neasur es,
undesi rabl e soci al and environnental i npacts, and ni ssed opport uni ties to enhance | ong-t er madapt a-
tionandresilience (WI hetel 2014, Tortaj adar al 2017, Gail eyral 2022). These chal | enges hi ghl i ght
the need for proactive, sci ence-i nforned strategi es that enhance systemw de resilience across agricul t
ecosyst ens, conmuni ties, and groundwat er resources (Dunl el 2024). Addressi ng t he grow ng and
i nterconnect ed i npact s of drought requi res adapti ve | and and wat er nanagenent, | ong-ter mpl anni ng,
and i ncreased capacity. Thi s al so presents a val uabl e opportunity to drive innovationin howpl anners
prepare for and respond to drought (G aftenal 2013, Munt eral 2016). Such strategi es are cruci al
for protecting vul nerabl e conmuni ties, groundwat er reserves, and ecosystens at greatest ri sk frompro-
| onged drought condi ti ons.

Central tothisissueis the conprehensi ve assessnent of drought i npacts. Lhder st andi ng how
drought affects different sectors and at what scal esis essential for infornming effective drought adapt -
ationstrategies. Droughts are a nul ti di nensi onal phenonenon t hat unf ol ds across space, tine, and
sectors, andis characterized by a‘ nenory’ effect, where past conditions and adapt ati ons i nfl uence sys-
t emresponses (\an Loon et al 2024). For exanpl e, agricul tural regions that have experienced recurrent
drought s nay have devel oped nore robust infrastructure (e.g. irrigationwells), greater adaptive capaci
and st ronger gover nance to respond effectivel y. Learni ng frompast droughts can al so act as catal ysts fo
systenwi de ref orns, pronpting investnents in preparedness and gover nance t hat hel p bal ance t he grow
ing conpetitionfor water anong agri cul ture, communi ties, and ecosystens (kund2018) .

A syst ens- based approach enabl es the i dentification of key drivers and f eedback | oops that anplify
or buffer drought inpacts, fornming a foundation for conprehensi ve drought i npact assessnents. These
assessnents not only reveal where i npacts are occurring, but al so can el uci dat e t he broader soci al and
econoni ¢ di nensi ons of drought i npacts. This know edgeis critical for guidinglong-termpl anni ng
efforts and policies that nove beyond cri si s response.

Inthis study, we introduce awat er—food systens framework to anal yze the nul ti di nensi onal i npacts
of drought, usingthe 20202022 drought in Gllifornias Gentral \all ey as a case study. Previous studi es
have exanined drought i npactsinGlifornia, providinginportant insightsintoagricultural econonic
| osses and vat er avai | abi ity (Howi&k 2015, Medel | i n-Azuar at al 2016, Lund et al 2018), but these
anal yses general |y rel y on retrospecti ve dat aset s t hat becone avai | abl e nont hs to years after drought
condi ti ons occur. Here, we denonst rat e howpubl i cly accessi bl e dat asets on | and use, water suppli es,
satel | ite-based evapot ranspiration (ET), and groundwat er indi cators, can support tinely drought i npact
assessnent .

Wi | e prior studies incorporate econonic and hydrol ogi cal water bal ance anal yses si nil ar tot hose
used here, they prinarily focus onindividual systemconponents. | ncontrast, we adopt anintegrated
syst ens- based franework t hat j oi ntly assesses surface wat er supplies, groundwat er punpi ng and depl e-
tion, agricultural production responses, and regional econonic inpacts, allowngustoidentify system
vul nerabi lities and cross-sectoral interdependencies that are not capturedin sector-specific assessnel

1.1. California’s Central Valley and the 2020-2022 drought
Glifornias Gentral \al ey (filduie one of the nost agricul turally productiveregionsintheworld
andthe Lhited Sates’ nost val uabl e. The contenporary agricul tural | andscape reflects along history
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Figure 1. (a) GliforniasQGntral \alleyanditsthreehydrol ogi cal regions (SacranentoR ver, SanJoaqui n R ver and Tul are Lake),
(b) total water year evaporati ve denand and preci pi tati onfroml980t 02024 and (c) percent devi ationof total water year pre-
cipitationfromhistorical average, 3year novi ngaverage (solidline), anddrought period(2020-2022) shaded. Dat awas down-

| oaded f romgr i dMET ( Abat zogl ou2013) .

of land transfornation, begi nning w th Indi genous | and st ewar dshi p practi ces, fol | owed by col oni zati on
and settl er-driven expansi on of agricul ture (AndaiCsan. Early agricul tural devel opnent convert ed

ext ensi ve rangel ands and wetl ands intoirrigated cropl and (GDadg, initially doninated by wheat

and barl ey, fol | oned by hay and cotton, and | ater transitioni ngtoward perenni al tree orchards, vine-
yards, forage crops, and rice (Q nstead and Rhatfe?0) . The wi despread adoption of micro/dripirrig-
ation has i ncreased fi el d-scal e appl i cation efficiency; however, it has not reduced basi n-scal e net wat
use because effi ci ency gai ns have been of fset by i ntensification and expansi on, incl udi ng into crops anc
[ ocations that woul d ot herw se be | ess vi abl e (Ti adal 8013, Tayl or and Zi | ber nar2017) .

As of 2023, irrigated agricul ture occupi es approxi nately 2. 7 nil |'i on hectares across the Gentral
\&l I ey, includi ng nore than one nill | i on hectares of perenni al tree orchards, prinarily al nonds, whi ch
al one exceed 600 000 hectares. H el d crops account for over 300 000 hectares, |argely forage crops such
as cornconcentratedinthe southern Gentral \alley, whilericecultivation exceeds 200 000 hect ares and
ispredomnantly locatedinthe northern Gentral \al |l ey (BIRSC). Wil e the regi on's Mediterranean
climteandfertilealluvial soils providefavorabl e conditions for highagricultural productivity, thi
temhas becone i ncreasi ngl y dependent on addi tiveinputs, including fertilizers, pesticides, and, nost
critically, irrigationwater.

Agricultureis one of the econonic pillars of the Gentral \&lley and a n@j or source of enpl oynent,
particul arly for farmorkers and conmuni ties whose |ivelihoods are directlytiedtoagricultura pro-
ducti on and processi ng. The sector enpl oys nore t han 400 t housand peopl e each year (EH25) and
under pi ns | ocal and regi onal econon es t hrough associ at ed i ndust ri es such as food processi ng, transport
ation, equi prent nanuf act uring and agricultural input providers. This econonic reliance onagricul ture
alsocreates structural vulnerabilities, asfluctuationsinwater availability and crop productiondire
affect | abor denand, househol d i ncong, and regi onal econonic stability, disproportionately inpacting
| ow i ncone and di sadvant aged communi ti es.

Agricultureinthe Gentral \alley relies heavily on an extensi ve surface wat er storage and conveyance
system Largereservoirs and interbasi ntransfer infrastructure capture runoff fromthe S erra Nevada a
northern parts of the state and convey water toagricultural regionsinthe southern Gentral \alley, as
vel | as urbani zed areas. Despitethisinfrastructure, surfacewater supplies areofteninsufficient tor
agricultural demandin nost years, | eadingto chronic reliance on groundwat er punpi ng. Decades of
groundwat er extractionin excess of recharge have resul ted i n w despread groundwat er depl etion, | and
subsi dence, water qual ity degradation, and declining agricultural and donestic well reliability, render
ing theregion particul arly vul nerabl e duri ng drought peri ods éFalBD16, Hnak eral 2019). In
response to t hese condi tions, Galiforniaenactedthe Qustai nabl e G oundwat er Minagenent Act (SAWN
i n 2014, whi ch nandates | ocal | y | ed, integrated groundvwat er nanagenent to address chroni ¢ overdraft
andits associ atedinpacts. Athoughinplenentationremainsinits early stages, at thetine of this stu
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nany | ocal agenci es had begun adopti ng key managenent acti ons, i ncl udi ng groundwat er punpi ng caps
alignedwith sustainabl eyieldtargets, incentive prograns for | and fal | ow ng and cropl and transi ti ons,
and i nvest nent s i n groundwat er recharge i nfrastructure.

Provi si on of environnental flows and habitat protections for native species further w dens the gap
bet ween wat er avai | abl e for consunpti ve use and total systemn de denands. Exports fromwetter north-
ernregions, reservoir rel eases, and streamdi versi ons are i ncreasi ngly constrai ned by a mul ti | ayered
franework of Glliforniastate and federal regul ations, includingwater quality standards, endangered sp
cies protections, and operational rules for na or conveyance facilities (G ant hamafiM €hang
and Bonnette 2016, Durand eral 2020). ol lectively, theseregul atory requi renents |imt operational flex
ibilityinsurfacewater systens, particularly duringdry andcritically dry years, intensifyi ng conpet
tionanong agricul tural, urban, and environnental water uses (Mdel | i n- Azual 2008, Hanak and
Lund 2012).

Mil ti-year droughts have | ong shaped Galifornia s hydroclinatic variability€f) gars recent
resear ch suggest s that warning t enper at ures are i ncreasi ng drought severity through enhanced evapor at -

i ve denand (Mainn and G ei ck 2015). The 2020-2022 wat er years constitute one of the driest consecutive
three-year periods inthe noderninstrunented record. These years were characteri zed by bot h sust ai ned
precipitation deficits, anonmal ously hi gh tenperatures, and extreng at nospheri c evapor at i ve denand
across the state (figikk)). Al three Gentral \al | ey hydrol ogi c regions, the Sacranento R ver Basin,
San Joaqui n H ver Basin, and Tul are Lake Basi n, experienced hot and dry condi tions, though differences
i n basel i ne preci pi tation and wat er storage capacity produced regional |y di stinct drought dynancs.

The Sacranento R ver Basin, typicallythewettest of thethreeregions andthe prinary contributor tc
surface wat er storage and conveyance systens, experienced concurrent precipitationdeficits and el evat e
evapor at i ve denand duri ng 2020-2022 (fi gurc)). These conditi ons reduced water avail abilitytolevel s
nore conmonl y associ ated wth drier southernregions, illustrating howextrene hydroclinatic anom
alies can stress even historical |y wat er-abundant basi ns.

The 20202022 dr ought provi des an exanpl e of howconpound cl i nat e extrenes i nteract wth water
al | ocation systens, groundwater dependence, and agricul tural production patterns to generate cascadi ng
i npacts. These i npacts i ncl uded i ncreased | and fal | ow ng, shiftsingroundwater extraction, reduced agr
cultural output, |abor disruptions, andw despread wel | failures affectingrura conmunitiesreliant on
groundwat er. This case il | ustrates howdrought i npacts propagat e across i nt erconnected wat er, food, and
econoni ¢ systens, underscoringthe need for integrated and ti nel y assessnent franmewor ks.

2. Data sources and methodological approach

The anal ysi s present ed here was conduct ed duri ng t he 20202022 drought and contri buted to a pub-
lishedreport ai ned at i nforning state drought response efforts. Draw ng fromt he experi ence of con-
ducting thi s assessnent and previ ous drought i npact assessnents (Hwidlt 2015, Mdel | i n- Azuar a

et al 2016, Lund et al 2018), we present a franework to conduct drought assessnents by i ncor por at -
ingmultiplelayers of anal ysisto better capture theinterconnect edness anong drought effects inwater
supply, agricultural production, andthe econony. W& use 2019 as a basel i ne year to represent pre-
drought | and use and econonic condi ti ons. This al | ows us to assess howt he nul ti -year drought from

2020 to 2022 af fect ed surface wat er avail ability, groundwater conditions, agricul tural production, and
econonic activity, focusing particul arly on 2021 and 2022, when reduced surface wat er del i veri es i ntensi
fiedinpacts onagricul ture and t he downst r eameconony.

Inthe original anal ysis (Mdel | i n-Azeanb2022), constraints on | and use data, and net water use
toall agricultural water areas precl uded us froma nore conpr ehensi ve assessnent of what can be con-
sidereddrought landidling. Inthis paper, we underscore the val ue of undertaki ng such prel i ninary ana-
lyseswithlinted dataand al sothe benefits fromvalidation for i nproving future drought i npact predic
tions. As of early 2025, newy rel eased crop nappi ng and wat er bal ance data for the years of the origi nal
study, fromthe Galifornia Departnent of Veter Resources (D/MRS) provi ded an opportunity toretro-
spectivel y eval uat e t he accuracy of our nethods to project |and fall ow ng and refine our under st andi ng
of the drought’s broader i npacts.

2.1. Systems approach for drought impact assessment

Vit er —f ood systens are i nherently i nterconnected, with strong spatial, tenporal, and sectoral |ink-
ages betweenwater avail ability, agricultural production, groundwater resources, and regi onal econom
i es (N gglét al 2022, Shah and Gao 2025). Inirrigated regi ons worl dw de, drought events expose

these | i nkages by si mul t aneousl y reduci ng surface wat er suppl i s, i ncreasi ng crop evapor at i ve denand,
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Figure 2. Drought i npact assessnent franework usedinthi s study. B ue boxes showkey drought -i npact ed f actors, highlighted
inthisstudy, grayboxes denoteadditional outcones, and green boxes represent econonic andregul at ory dri vers i nfl uenci ng
farners’ adapt at i onand economic i npact s.

cascadi ng i n econonic | osses to agricul ture and supply chains, as wel | as rural communities and the
envi ronnent ( Midruga de Britoet al 2020, Shyr okayaet al 2023). These dynanics requi re adapt i ve
responses fromagri cul tural producers and wat er nanagers, of ten nedi at ed t hrough al | ocati on syst ens,
regul at ory nechani sns, and water narkets.

Glifornias Gentral \al | ey provides awel | -docunent ed exanpl e of such an engi neer ed wat er — cod
system Declinesinprecipitation, risingtenperatures, andincreased evaporative denand j oi ntly reduce
annual water avail ability and surface water deliveries. Inallocation-based systens such as Galifornia:
regul at ory agenci es nay i npose curtai | nents on surface wat er diversi ons during extrene drought to pro-
tect environmnental flows andwater quality, further constraini ng supply.

Wen surface wat er avai | ability declines, agricul tural producers and urban users i ncrease rel i ance o
groundwat er. Sustai ned extracti on under drought conditions can accel erate aqui fer depl etion, particu-
larlyinhistorically overdrafted basi ns. Falling groundwater | evel s rai se punpi ng costs due to i ncreas
energy requi renents and i nfrast ruct ure needs (Ga202y), whil e tighter supplies may i ncrease t he cost
of acqui ringwater through transfer narkets (Agres 2021).

H gher evapor at i ve denand under warner and dri er at nospheric conditions intensifies crop water
requi renents and can reduce yiel ds whenirrigationis constrai ned (Miygr8024). Inirrigated sys-
tens domi nat ed by perenni al crops, such as tree and vi ne crops that requi re water annual |y to renain
viabl e, producers oftenprioritizeirrigationfor theselong-1ivedinvestnents, increasingthelikelihc
that annual crops areidl ed during water shortages (kuad 2018). Landidling, cropshifting, irriga-
tionand nutrient nanagenent t heref ore becone pri nary adj ust nent nechani sns under drought. Wil e
these i npacts originate at the farmscal e, they propagat e t hrough upst reamand downst r eamsuppl y
chai ns, affecting!labor narkets, foodindustries, and broader regi onal economc activity.

The conceptual framework infigur2illustrates theseinterconnections andthe cascadi ng i npact s
of drought on water resources, agricul ture, andthe econony. A though devel oped usi ng Gal i fornia as
acase study, theframework i s designed to betransferabl eto other irrigated regi ons where conparabl e
hydrol ogi ¢, agricultural, and econonic dat asets are avail abl e.

2.2. Surface water supply impacts
The Gentral \all ey is supplied by ahighly engi neered wat er systemconsi sting of reservoirs, dans, canal
and aqueduct s that deliver surfacewater toagricultural users. Surface water supplies are prinarily nar
agedthrough Gllifornia's Sate Vdter Project (S/¥), operated by DARR and the federal Gentral \al | ey
Poject (O, operated by the US Bureau of Recl amation. Together withlocal surface water systens
and groundwat er punpi ng, these proj ects formthe backbone of irrigationsupplyintheregion Boththe
S/ and OP oper at e under an al | ocat i on-based franmewor k, i nwhich actual water deliveries represent a
fraction of contracted amounts and vary annual 'y i n response to hydrocl i natic conditi ons.

W estinat ed drought-rel ated reducti ons in SAPand Cirrigation supplies by conparing reported
deliveriesin 2021 and 2022 to t he nean del i veri es over a historical basel i ne period (2000-2020), whi ch
represents average hydrocl i matic conditions. A thetine of analysis (Fal | 2022), observed del i very dat
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vwere avai l abl e for the full 2021 water year and early 2022 wat er year. Viere del i very data for was not
avai | abl e, we forecasted del i veri es usi ng publ i shed al | ocat i on announcenent s and del i very recor ds.

The S/ del i vers wat er under | ong-termcontracts that speci fy naxi numannual del i very vol unes,
known as Table A anounts. Each year, the DARannounces al | ocati on percent ages t hat det er mi ne what
fraction of these contracted vol unes w Il be delivered, withallocations varyingw dely inresponse to
hydrol ogi c conditions. Inadditionto Tabl e Adel iveries, S/ contractors nay recei ve suppl enent al
wat er t hrough nechani sns such as carryover storage fromprior years, whi ch occur when sur pl us wat er
i s avai | abl e beyond approved al | ocati ons. During drought years, however, allocations aretypically | ow
and suppl enental deliveries arelimted, resultinginsubstantial reductionsintotal surface water avai
ilityrelativeto average conditions. W used the final announced al | ocati on of 5%for Tabl e Aagri cul tur
del i veri es and assuned t hat non—Tabl e Adel i veri es were conpar abl e t o t hose obser ved duri ng 2016, a
previ ous severe drought year.

The QPincludes mul tiplecontractor typeswthdistinct allocationrules. For settlenment contractor
del i veri es were esti nat ed usi ng reported del i veri es fromJanuary t hrough My and proportional scal i ng
based on contract anounts, assumng si mlar supply conditions for the remai nder of the year. Bxchange
contractors were assuned t o recei ve 75%of thei r contracted supply, consistent wthecritically dry year
provisions. Fiant Dvisioncontractors and other /P agricul tural users were estinated to recei ve 30%
and 0%of their contract anounts, respectively, consistent wthfinal allocationannouncenents.

For | ocal surface water supplies outsidethe SAP and OP systens, we esti nat ed drought-rel ated
reducti ons using an enpirical rel ati onshi p between historical water storage and deliveries. Soecificall
ve regressed historical deliveries agai nst conbi ned reservoir storage and snowwat er equi val ent for eacl
hydrol ogi ¢ regi on usi ng data fromt he Gil i f or ni a Dat a BExchange Genter. W t hen used obser ved st or -
age condi tions as of April 1, when seasonal preci pitationaccunul ationislargely conpleteinGlifornie
toforecast | ocal reservoir deliveriesfor 2021 and 2022. I n addition, we i ncorporatedinfornationfrom
the Sate Vit er Resources Gontrol Board' s H ectronic Viter R ghts | nfornat i on Minagenent Systemt o
account for water rights curtail nents in af f ect ed wat er sheds.

2.3. Groundwater use increase
Goundwater playsacritical roleinsustainingirrigatedagricultureinthe Gentral \élley, particul arl
during drought periods when surface water deliveries decline. Hstorical estinates of groundwater punp-
ingfor irrigationwere obtai ned fromDMRs regi onal water bal ance dat aset @DARd; see figure
9.1). To estimat e drought -i nduced changes i n groundwat er extracti onin 2021 and 2022, we applied a
basi n- scal e wat er bal ance i n whi ch groundwat er punpi ng was i nferred as the resi dual necessary to sati sf
irrigationdenand after accounting for avail abl e surface water suppli es.

Basinw deirrigation denand was approxi nat ed usi ng renot el y sensed ET fromQpenET (M t on
etal 2022), aggregated by regionandirrigation season. Surface water del i veri es were i ndependent |y
estinated fromreported project al |l ocations, historical deliveryrecords, and reservoi r and snowpack
storage conditi ons. Because ET refl ects consunptive crop water use, proportional differencesin sea
sonal basi n-w de ET bet ween drought years and sel ected hi storical drought anal og years were used to
adj ust groundwat er punpi ng estinates rel ative to observed punpi ng i n t hose anal og years. Gnpl ete
accounting of all water bal ance conponents i s not consistently avail abl e (e.g. percol ation, recharge anc
returnflows) at the spatia andtenporal resolutionrequiredfor this analysis. W thereforerely onthe
two conponent s that can be robustly quantifiedinnear real tine, surfacewater deliverie®.(3ection
and basi n-wi de agri cul tural ET, and use observed punpi ng f romanal og drought years as an enpi ri cal
anchor. Thi s approach provi des a pragnati c, data-constrai ned neans of nai ntai ni ng consi st ency bet ween
surface water availability, irrigationdenand, and i nferred groundwat er extracti on.

For the Sacranento R ver regi on, 2015 was sel ected as t he ¢l osest anal og for 2021 based on com
par abl e surface water delivery constraints. Surface water availability for 2021 and 2022 was esti nat ed
as describedinsectidn2 In 2022, surface deliveries reached historic|ows whilestate constraints (e.g
Sacranent o- San Joaqui n Del ta outfl ow) increased, reducingirrigationwater availabilityrelativeto 20z
by approxi nat el y 30% Appl yi ng t he wat er bal ance framework, ET-derivedirrigati on denand i ndi cat ed
that groundwat er punpi ng i n 2022 exceeded t he previ ous peak obser ved i n 2016 by approxi nat el y 14%
correspondi ng t o a 65%i ncrease rel ati ve to 2019 basel i ne condi ti ons.

I'nthe San Joaqui n R ver regi on, 2021 conditions nost cl osel y resendl ed t hose of the 2013-2014
drought years. (hserved groundwat er punpi ng f romt hose years was used as t he basel i ne esti nat e and
then scal ed usi ng proportional differences in basin-w de cropl and ET. Because seasonal ET in 2021 was
3%l over thaninthe sel ected anal og years, groundwat er punpi ng was reduced by 3%rel ativetothe
anal og basel i ne. For 2022, a sinmlar approach was applied, wth ETindicatingirrigati on denand was 4%
lover thaninthe reference years, resultingin a4%dowward adj ust nent ininferred punpi ng.
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Inthe Tul are Lake regi on, 2021 condi tions were nost conpar abl e to t he 2015 wat er year.

G oundwat er punpi ng was i nitial i zed usi ng obser ved punpi ng fromt hat year and adj ust ed usi ng ET-
derivedirrigationdenand. Basin-w de cropl and ET i n 2021 was 22%l ower thanin 2015, leadingto a
22%reductionin punping rel ativeto the anal og basel i ne. I'n 2022, inproved surface water avail ability
relativeto 2021 | ed us to use 2013 as the anal og year; cropl and ET was 26%l ower t han in 2013, and
punpi ng was adj ust ed proportional | y.

W esti nat ed t he econonic i npl i cati ons of i ncreased groundwat er punpi ng by cal cul ating the
electricity costs of punpi ng addi tional groundwater fromthe nedi an groundvat er | evel as of 2021.
Goundwat er | evel datawas obtai ned fromnonitoring wel | s (DAR0253), and i ncreased ener gy
requi renents per unit of water punped were obt ai ned usi ng standard hydraul i c rel ati onshi ps, assum
ing a 70%effi ci ency (Reacodd®96). Hectricity prices were based onregional agricultural electricrates
dat a fromP&E, usi ng an aver age val ue of $0. 24 ki for bot h years.

2.4. Land fallowing

Fal l ow ng of croplandis akey agricultural responsetowater scarcity during drought and constitutes th
prinary driver of downstreamwater, production, and economc inpactsinthis analysis. Toestinate
drought -i nduced | and fal l owing at the fiel d scal e, we enpl oyed a parcel -1 evel ET based approach usi ng
renot e sensi ng data. Thi s enabl es consi stent spatial coverage and near-real -ti ne assessnent duri ng ongo
i ng drought conditions, when detail ed crop cl assification datasets are typical |y unavail abl e.

W& used two prinary data sources: (i) parcel-1evel cropl and nappi ng for the basel i ne year 2019 from
the (DR 2022), and (ii) daily fiel d-scal e ET esti nat es fromt he QpenET SSBop nodel (Savada
2013, Mrton eral 2022). ET was sel ected as the prinary indicator of fieldactivity becauseit directly
refl ects crop water use, crop vegetati onconditions andirrigati on nanagenent. Thi s assunptionis par-
ticularly well suitedtosem-aridirrigatedregions suchasthe Gentral \al ley, where ETduringtheirri
ati on season provi des a strong and physi cal | y neani ngf ul si gnal for detecting producti on cessati on undel
vater-limted conditions.

Parcel -specific nean dai | y ET was cal cul ated for theirrigation season (My—Sept enber) for 2019,
2021, and 2022. W eval uated ET di stri buti ons by crop type and hydrol ogi ¢ regi on (Sacranento R ver,

San Joaqui n R ver, and Tul are Lake basi ns) to establi sh crop- and regi on-specifi c threshol ds di stin-

gui shi ng acti ve production fromfal | owcondi ti ons. Because ET distributions vary substanti al |y across
crop types and regi ons, even under active nanagenent (as showninfigure S.3), asingl e absol ute ET
threshol d woul d ri sk systenati c miscl assification of | owwater-use cropswhilefailingto detect partia
| at e-season fal | owi ng i n hi gher-wat er-use crops. To account for this heterogeneity, we tested percentile
based t hreshol ds usi ng t he 2019 basel i ne ET di stribution. Rercentile threshol ds definefallowngrel ati
toeach crop s observed ET di stributionin areference year, thereby preserving physical |y neani ngful di
ferences incropwater use vhil e enabl i ng consi stent cl assification across different crops.

Based on sensitivity and calibration anal yses (figures S.5and 9. 6), we adopted the 2nd percentil e
nean dai |y ET for each crop-regi on confi nati onin 2019 as t he basel i ne fal | owthreshol d. This percentil e
represents a conservative cutof f correspondi ngto the | onest observed ET val ues for cropped parcel sina
vetter year. To account for interannual changes i n at nospheric denand, threshol ds were scal ed for 2021
and 2022 using rel ati ve changes inthe 75th percentil e of the ET distributionfor each crop and regi on,

t hereby preservi ng crop-speci fic water use patterns while adjusting for clinatic and water nanagenent
condi ti ons.

Threshol d sel ecti on was eval uat ed usi ng USDA Far mSer vi ce Agency (FSA) prevented pl anti ng dat a
for rice (Sacranento R ver regi on) and cotton (San Joaqui n R ver and Tul are Lake regi ons). The FSAis a
US federal agency that administers agricul tural insurance and di saster assi st ance prograns and report
county-1 evel of insured cropl and that coul d not be pl anted due t o weat her-rel at ed condi ti ons such as
drought. Aseparate anal ysi s usingthe historical FSAreportsis shownin suppl enental infornation (3)
sectior8, whererice and cotton historical |y account for nore t han 95%o0f prevented acreage inthe
Sacranent o R ver and Tul are Lake regi ons respectively. These crops al so represent substantial basel i ne
producti on shares, rice accounted for 26.5%of total cropl andinthe Sacranento R ver region, whil e cot-
ton accounted for 5. 6%and 3. 5%of total croplandinthe Tul are Lake and San Joaqui n R ver regi ons,
respectively, in 2019.

A the 2nd percentil e, EI-based estinates differ fromFSAreported prevented area by 20%on aver -
age across crop-year conbi nati ons. Hwever, hi gher percentil e threshol ds systematical |y i ncreased total
fallowed area at boththe crop and regi onal |evels, produci ng nagni t udes that diverged substantially
fromFSA report ed acreage and ot her i ndependent checks. Sensitivity anal ysis further shows that regi ona
total s increase di sproportionately at threshol ds above the 2nd percentil e, exceedi ng | evel s consi stent
obser ved | and use patterns duri ng the previ ous droughts (see 9 section 3). Inadditiontoquantitative
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conpar i sons, the spatial distributionof fallowngat the 2nd percentilealignswthreported regional
drought i npacts and conmodi ty- | evel responses docunented in conversati ons wth state and | ocal offi-
cial's, conmodity groups and researchers.

F el ds wi th seasonal nean dai | y ET bel owt he adj ust ed t hreshol d were cl assi fi ed as fal | ow(as shown
infigure 9.2). Because sone cropped parcel s i nthe 2019 basel i ne year exhi bited | owET val ues due to
nanagenent differences or fieldheterogeneity, drought-induced fallow ngin 2021 and 2022 was quant i -
fiedasthenet increaserel ativetobaselineareathat woul d have been cl assified as fal | owin the basel
rather than absol ute fal l owextent. This net change was propagat ed t hr ough econoni ¢ anal ysi s.

Alimtationof this approachisthat it focuses onidentifying parcel s that transitionfromcropped
tofallowrelativetothe 2019 basel i ne and does not explicitly nodel other | and-use dynamcs that nay
occur, includingfall owto-crop and crop sw tching. For these cases, thereis alack of real-tineinforn
ation onwhat specific croptype shoul d be assignedto these fiel ds whichis necessary for the econonic
i npact estinates. Hwever, the EI-based nethod rel i ably detected cropto fal |l owdynamcs; refer to sup-
pl enental infornation section6for noreinfornation.

2.5. Economic impacts

After estinmating drought-induced landfallow ng, we quantifieddirect crop revenue |l osses usi ng basel in
econonic data fromthe UBDAGAl i fornia Agricul tural Gonmassi oners’ reports (2016-2019), whi ch

provi de crop-speci fic yi el ds and pri ces per acre. Thi s range was chosen t o avoi d skew ng due to acute
shifts inthese val ues that can occur fromyear-to-year. These basel i ne aver ages were appl i ed to esti nat
net fal | oned acreage by crop category to cal cul at e foregone gross producti on val ue. For naj or perenni al
crops (al nonds, pi stachi os, and wal nuts), productiontrends at the tine of anal ysi s were revi ewed usi ng
datafromthe Galifornia A nond Board, the Adninistrative Gmattee for B stachi os, and the USDA

pj ect i ve Masurenent Reports, refer to suppl enental infornati on section4for nore detai | s on how
thisinfornationwas incorporatedinour anal ysis.

To eval uat e broader econonic consequences beyond di rect farml evel | osses, we enpl oyed a regi onal
i nput - out put nodel i ng franewor K. | nput - out put nodel s quant i fy howchanges i n econoni ¢ out put
i n one sector propagate throughinterlinkedindustries via services and supply chai ntransacti ons and
househal d spendi ng. Changes i nagricultural output duetofallow ngrepresent direct effects. These dir-
ect 1 osses generate indirect effects through reduced purchases fromupst reami ndustries (e.g. agricul tu
servi ces, financia services, input suppliers), downstreamindustries (e.g. food, beverage and packi ng
i ndustries) and i nduced ef fect s t hrough reduced househol d spendi ng associ ated w th decl i nes i n | abor
i ncone. The sumof direct, indirect, andinduced effects represents the total regional econonic i npact.

W i npl enented thi s anal ysi s usi ng the | MALAN (1 npact Anal ysi s for A anni ng) i nput - out put nodel
(IMLANGoup LLC  2019), whichis w dely used for regi onal econonic i npact anal ysis. | MLANi s
based on the North Anerican Industry Q assification System(NNCS andintegrates datafromthe US
Departnent of Agriculture, US Gensus Bureau, Bureau of Labor Satistics, and Bureau of Economc
Analysisto construct region-specific nultipliersthat describeintersectoral |inkages. W used t he 201
| MLAN dat aset to nat ch t he basel i ne year of agricul tural production and construct ed separ at e regi onal
nodel s for the Sacramento R ver, San Joaqui n R ver, and Tul are Lake regi ons usi ng county-1 evel data
aggr egat ed t o each regi on.

G op categories fromthe fal | ow ng anal ysi s were napped t o correspondi ng NN CSagricultural sec-
torswthin|IMPLANcategories (fieldand grain, al falfaand pasture, trees and vi nes, and veget abl es anc
non-treefruits). Estinated direct revenue | osses were used as direct out put shocks to t he correspondi ng
sectorsin | MPLANwhere mil tiplierswerethenusedtocal culatetotal inpacts on downstreamfood and
bever age i ndustri es, val ue added (@P), and enpl oynent .

2.6. Ex-post assessment of aquifer response and well impacts
G ven t he cascadi ng nat ure of drought i npacts across water, agricultural, and community water supply
systens, eval uating aqui fer response and wel | vulnerabilityis essential for understandi ng broader sys-
temconsequences i n Gal i forni a, whi chinsights can support other heavily irrigated regi ons vorl dw de
(Wnal e et al 2016, Rerrone and Jasechk@017, MacDonal d et al 2019).

A though the anal yti cal franework devel opedinthis study is designedfor rapiddrought assessnent,
ve use groundwat er | evel observations, well conpl etion and donestic dry wel |l s records herein an ex-
post capacity to eval uate the cumil ative aftermat h of the drought. Wil e the newagricultural wells and
vel | noni toring dat aset s were i ncorporated to cal cul at e the groundwat er augnent ati on costs. The obj ect -
ive of this assessnent isto eval uate whet her observed aqui fer responses, well construction patterns, ar
donestic wel | failures are consistent withthe nagnitude and spatial distributionof estimated!and fal -
| owi ng and surface wat er shortages. Thi s ex-post anal ysi s t heref ore conpl enents the real -ti ne approach
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by exanini ng broader and | onger -t er mcascadi ng ef f ect s on groundwat er syst ens and communi ty wat er
i nfrastructure.

Dataonnewydrilledirrigationwells were obtai ned fromD/MRVel | Gonpl eti on Reports and com
pi | ed dat asets (824, DR 2025¢). Wl s classifiedfor agricultural productionwth conpl etion
dat es bet ween Januar y 2020 and Decenber 2022 were extract ed and spati al | y assi gned t o each regi on.

For conparison, wel | constructiontotal s were al so sunmari zed for previ ous years, incl udi ng ot her
drought periods for reference. Reported donestic wel |l failures were obtai ned fromthe DARRDy Wl |
Reporting System(D/MAR 2025b). Records were filtered for 2020-2022 and surmar i zed by regi on. New
donestic and publ i c supply vel I s were identifiedfromWl | Gonpl eti on Reports over the sane peri od
and simlarly aggregat ed by regi on. Thi s anal ysi s eval uat es regi onal -1 evel patterns of net inpacts of
donest i ¢ groundwat er access usi ng wel | fai |l ures and newdonesti c wel | constructi on.

Goundwat er | evel observations were obtai ned fromDMRnoni tori ng wel | dat aset s (DAR253) .

W | s with consi stent neasurenent s spanni ng ear |y 2020 t hrough | at e 2022 wer e sel ect ed. G oundwat er

| evel change was cal cul ated as the di ff erence between wat er | evel s neasured at t he begi nni ng and end of
the period and sunmari zed by regi on. Satial patterns of drawdown were napped to eval uate spati al

het erogenei ty i n aqui f er response.

Thi s ex- post assessnent provi des i nsights of the cascadi nginpactsidentifiedinthewater system
Wi | e t hese dat asets were not avail abl e for real -ti ne@ nodel i ng, they illustrate howreductionsin sur-
face wat er suppl y and i ncreased rel i ance on groundwat er can propagate i ntowel | constructionactivity,
donestic wel | failures, and neasur abl e groundwat er decl i nes.

3. Results

3.1. Drought-induced declines in water supply
Short ages vere driven by reducti ons across the three naj or sources of surface water, S/ QR and
local supplies. S¥Pagricultural deliveries declined by approxi nat el y 40%i n 2021 and 60%i n 2022
relativetohistorical averages, wththe Tul are Lake regi on bearing the | argest inpact. C/Pagricul ture
deliveries fell by 55%i n 2021 and nearly 70%i n 2022, w t h shortages concentrated i nthe Tul are Lake
and San Joaqui n R ver regions. Qur estinates show |ocal surface water deliveries declined by 35%in
2021 and 20%i n 2022 rel ati ve to 2019 condi ti ons, w th nore pronounced reducti ons i n the Sacranent o
R ver regionin2022. Total surface water supplies across the Gentral \al | ey decreased by 43%i n bot h
2021 and 2022 (tabl €1). Reducti ons were observed across al | three hydrol ogi ¢ regi ons, with the | argest
| osses i n the Tul are Lake regi on i n 20214052 Mn %) and i n t he Sacr anento R ver regi on i n 2022
(—3223 Mn 3).

To of fset these surface water deficits, groundwat er punpi ng i ncreased substanti al 'y. G oundwat er
extraction rose by 5106 M (51% in 2021 and 4109 Mn 3 (41% in 2022 rel ati ve t o basel i ne condi -
tions, wththelargest increases inthe Tul are Lake region. Despitethis substitution, total water supp
(surface pl us groundwat er) still declined by 2253 (n3% i n 2021 and 3163 Mn 2 (11. 7% i n 2022
rel ativetothe 2019 basel i ne.

Wsing the Vit er A an Vit er Bal ance dat aset (DAR2025d), we estinat ed t he preci si on of our estim
ates (sunmarizedintable 9.1). Wunderestimated total suppliesin 2021 by 5% and overesti nat ed
total supplies by 2%i n 2022, therefore overestinati ng the drought ef fects in 2021 and underesti nati ng
the effects in 2022. The precision of the estinates i s<g¥f( error) at the aggregate regi onal | evel
whi ch shows the val i dity of the water bal ance approach. For individual hydrol ogi c regi ons and wat er
source estinates we found arel ativel y good preci std%of error i n average) except inthree cases:
(1) we overestinated t he punpi ng i n 2022 f or t he Sacr anent o Regi on; (2) we al so overestinated the
surface deliveriesinthe Tulare Basinin 2022, that were conpensat ed by (3) the underestination of the
groundwat er punpi nginthis sane region. Note that the renai nder of this article focuses on our estim
ated wat er bal ance val ues, as these weretheinfornationavailableat thetine of study and were usedto
support other el enents of anal ysi s.

3.2. Estimated land fallowing

i ng our ET anal ysis and i nfornationavail abl e at the tine the anal ysi s was perforned, we estinated
atotal of 212 000 and 282 000 hectares for 2021 and 2022 respectively inthe Gentral \al | &) (tabl e

In 2021, the Sacranento R ver region had the greatest | and fal | ow ng w th 82 000 hectares fol | owed by
Tul are Lake wi th 108 000 hect ares and San Joaqui n H ver experi enci ng onl y 22 000 hect ares of fal | ow ng.
In 2022, the estinated fal | owi ncreased by 72 000 hectares i n Sacranent o R ver yet renai ned simlar in
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Table 1. Sur f ace and groundwat er suppl y i npact s sunmary for the Gentral \al | ey’ s hydrol ogi ¢ regi ons f or 2021 and 2022.

Type of wat er suppl i es Basel i ne (MrF) Change i n 2021 (Mn 3) Change i n 2022 (Mn 3)
Qurf ace Vit er 17103 —7361(—43% —T7273(—43%
Sacranent o R ver 6555 —1795 —3223

San Joaqui n R ver 4711 —1515 —1515

Tul are Lake 5837 —4052 —2535

G oundvat er 10048 5106 (+51% 4109 (+41%
Sacranent o R ver 2087 852 1358

San Joaqui n R ver 2787 1252 1210

Tul are Lake 5174 3002 1541

Total water supplies 27151 —2253(—8% —3163 (—12%

Table 2. 2021 and 2022t ot al proj ectedfal | oned | and conpar ed t 0 2019 basel i ne | and use (t housand hect ar es) .

Hydr ol ogi c regi on Basel i ne cropl and 2019 Land fal | ow ng 2021 Land f al | ow ng 2022
Sacranent o R ver 699 82(—11. 7% 154 (—22. 0%

San Joaqui n R ver 787 22(—2.8% 26(—3.3%

Tul are Lake Basi n 1,111 108(—9. 7% 101(—9.1%

Central valleytotal 2597 212(-8.2) 282 (—10. 9%

other regi ons. Thi s regi on experienced the nost drastic reductionin surface water deliveries and experi
enced vater transfers fromrice and other field crops to urban coastal areas and hi gh-val ue cropsinthe
San Joaqui n \al | ey. Additionally, thisregion has | ess devel oped groundwat er punpi ng i nfrastructure
conpar ed to the San Joaqui n \al | ey, constrai ningthe ability to punp groundwat er to nake up for | ost

sur f ace suppl i es.

These regi onal hotspots reflect the varyinglevel s of groundwater reliance, water transfer dynanics,
and overal | regi onal water shortages across Galifornid s najor agricultural regions. Farners in sone aré
particularlyinthe San Joaqui n R ver and Tul are Lake regi ons, have adapt ed hi storical |y to drought con-
di ti ons through a conti nat i on of i ncreased groundwat er suppl y i nfrastructure and ot her i nvest nent s.
Previous drought s (e. g. 2012-2016) i nfl uenced t hese | ocal adapt ati ons, shapi ngthe capacity tomtigate
the extent of drought inpacts (Lungal 2018), as the case of the studi ed drought. nthe ot her hand,
regions wth nore linited groundwat er access or greater dependence on surface water del i veries, such as
the Sacranent o R ver region, experienced hi gher rates of fall owing, highlightingthe uneven capacityto
cope w th surface wat er shortages.

H gure3 shows the cropl and di stribution of our baseline (f8gaypandfall owing patternsin
Glifornias Gentral \alley for 2021 and 2022 (figUnesnd (c)). These figures highlight notabl e fal -
| owi ng hot spots inthe Sacranento R ver region, particularlyinrice-gronng areas, andinthe western
part of the San Joaqui n R ver and Tul are Lake regi ons, where fi el d and grai n crops and processi ng veget -
abl es are coomon. As observed, the extent of fallowngincreasedin 2022, particularlyinthe Sacranentc
R ver regi on, wth 2021 seeing siml ar hotspots for land fallownginthe southernpart of the Gentral
\al | ey.

Qur fall owl and esti nat i on net hod enabl es a conpari son of resul ts summari zed by naj or crop cat -
egories (figurg. For ahigher resol utionviewof theresults, refer tofigure 9.4 inthe suppl enent -
ary infornation. Inboth years of anal ysis, the nost i npacted coomodi ty group was fieldand grain
crops, particularlyriceinthe Sacramento R ver regi on, wth 59 000 hectares i n 2021 and 125 000 hec-
taresin2022. This was fol |l oned by fieldand graincrops (nai nly cotton) i nthe Tul are Lake regi on,

W th 48 000 hectares i n 2021 and 47 000 hectares i n 2022, and fol | oned by corninthe sane regi on,

w th 24 000 hectares i n 2021 and 21 000 hectares i n 2022. The fal | ow ng behavi or observedinricein
the Sacranent o R ver region, and cotton and corninthe San Joaqui n R ver and Tul are Lake regi ons,
refl ects a conmon adapt ati on by farners, who typical ly fal | owt hese annual crops ( Gebr enircliael
2021, Rodriguez-H oresal 2021).

W val i dat ed t he ET-based fal | ow ng esti nat es usi ng st at ew de cropl and nappi ng for 2021 and 2022
rel eased by (D/MR 2025c). To nai ntai n net hodol ogi cal consi st ency, we preserved t he 2019 parcel bound-
ariesusedinour fallow ng anal ysi s and rast eri zed t he 2021 and 2022 crop naps ont o t hose sane fi el d
pol ygons. For each 2019 fi el d, the domnant (n@j ority) crop category was assi gned based on t he crop
classification. Fallowinginthe validationdataset was defined as parcel s that were classifiedasirric
cropland in 2019 but were either falloned or transitionedtoanon-agricultural |and usein 2021 or 2022.
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Figure 3. (@) 2019 cropl andinGentral \al | ey used as basel i ne (R2R2) and proj ectedfal | owedin(b) 2021 and (c) 2022.

Figure 4. Esti nat ed fal | owl and by crop cat egor y i n 2021 and 2022 conpar ed t o basel i ne.

Acres were t hen aggregat ed by hydrol ogi ¢ regi on and crop category (table 9.2) toal | owdirect conpar-
isonw thour EI-based esti nates. Sone parcel s that transitionedfromirrigated croplandto fal l owdur-
i ng t he drought nay have done so as part of a planned rotati onal cyclethat was unrel ated to the ongo-
i ng drought .

The val idationindicates that the EI-based net hod captures total drought-induced fallowngwth
good accuracy at the regi onal scal e, differingfromvalidated tetl@4iloy2021 and +2%i n 2022
across the Gentral \alley. Hdrol ogi c regi ontotal s showdevi at-+886t of +14%i n t he Sacr anent o
R ver and—18%to —8%i n Tul are Lake, for 2021 and 2022 respectively, wthlarger devi ationsinthe
San Joaqui n R ver regi on11%to —33%. The EI- based appr oach perforns nost robustly at the
regi onal and Gentral \a&l | ey-w de scal e, whi ch under pi ns t he econonic i npact estinates. The val i da-
tionanal ysis further all ows us to quantify broader | and- use dynanics beyond drought -i nduced f al | ow
ing (tableS.3). Across the Gentral \&l | ey, cropped-to-fallowtransitions accounted for 9%of parcel ar
in 2021 and 10%i n 2022 rel ative to t he 2019 basel i ne fi el d boundaries. Incontrast, fall owto-cropped,
out si de of the scope and capaci ty of our net hodol ogy, transitions represent ed 2%and 3%of total area,
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Table 3. Enpl oynent and val ue added di rect i npact s f romerop producti on. \al ues i nparent hesi s gi ve t hereducti onfrombasel i ne
(2019) direct revenue.

D rect revenue ($V Enpl oynent ( Jobs) \&l ue added ($V)
Hydr ol ogi c regi on 2021 2022 2021 2022 2021 2022
Sacranentori ver 358 (—8% 659 (—15% 2312 3698 213 438
San Joaqui nri ver 157 (—2% 184 (—2% 1562 1793 102 139
Tul arel ake 667 (—4% 621 (—4% 4992 4685 418 449
Total 1182 (—4% 1464 (—5% 8867 10176 733 1026
Sacramento River San Joaquin River Tulare Lake

Alfalfa and
Pasture

. 2021
. 2022

Corn

Other Field and
Grain

Trees and Vine

144
134

Vegetable and
Other Fruit

0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
$ Million

Figure 5. O rect economc i npact as gross revenues (ml | ions of dol | ars) by crop cat egory i n 2021 and 2022.

respectivel y, and nay enconpass | ands transitioning as part of anornal rotationthat incl udes periods o
fal | ow ng.

3.3. Economic impacts

3.3.1. Direct economic impacts

Wing fal l owl and esti nates, we assessed di rect econonic i npacts by i ncorporating crop yi el ds and
prices. Theresults reveal significant variations across regions and crop cl asses. As slipsnintabl e
total agricultural revenue | osses across the Sacranento R ver, San Joaqui n R ver, and Tul are Lake regi on
i ncreased from$1. 18 bil i onin 2021 (a 4%reduction from2019) to $1.46 billionin 2022 (a 5%r educ-
tionfrom2019). Amng the regi ons, the Sacranento R ver experienced the largest total direct revenue
loss, rising from$358 mllionin 2021 (an 8%reduction from2019) to $659 nil lionin 2022 (a 15%
reduct i on from2019).

Among crop categories, fieldand grai ncrops experienced the | argest i ncrease i nrevenue | osses
(figur&), risingfrom$409 mllionin2021to $660 mllionin 2022. This trend was prinarily driven by
asharpriseinwater supply | osses i nthe Sacranento H ver regi on, where revenue | osses i ncreased from
$228 mil lionto $482 mllion, largely duetoreductionsinrice production. The second | argest revenue
| osses occurredinthe Tul are Lake regi on where fieldand grai n crops (nai nly cotton) constitute nost of
the $156 millionin 2021 and $145 mil lionin 2022. S nilarly, revenue | osses for trees and vi ne i ncreasec
from$409 mllionto$423 mllion, wththe nost notabl e decline occurringinthe Tul are Lake regi on.

Land f al | ow ng had econonic i npact s across regi ons, di srupting not only on-farmrevenues but al so
enpl oynent and val ue added. Enpl oynent | osses total ed 10 176 jobs i n 2022, reflecting al oss of critical
livelihoodsinrural communities. The Sacranento R ver regi on experienced 3698 j ob | osses, an i ncrease
of 1386 conpared to 2021, highlightingthe region s reliance onfarmlabor. Incontrast, the San Joaqui n
R ver and Tul are Lake regi ons experi enced 6478 j ob | osses, a slight decline fromthe previ ous year.

\Al ue- added | osses fromcrop producti on (tald)e or neasure of contributionto the econony,
reached $1.03 billionin 2022, withthe Sacranento R ver region contributi ng $438 mllion, tw ce as
nuch as i n 2021. The San Joaqui n R ver and Tul ar e Lake regi ons account ed for $520 nil | i on and
$588 nil ['ionin 2021 and 2022, respectively. These results highlight the regional disparitiesinhow
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Table 4. Esti nat ed i npact of fal | owl and onf ood and bever age processi ngi ndustri es.

Enpl oynent G oss revenue \Al ue added

(Jobs) (MIlion$) (MIlion$)
Hydr ol ogi ¢ regi on 2021 2022 2021 2022 2021 2022
Sacranentori ver 2499 4794 1172 2223 294 549
San Joaqui nri ver 465 536 259 265 60 63
Tul arel ake 1892 2036 978 979 235 235
Central valleytotal 4856 7366 2409 3467 589 846

Table 5. Esti nat ed i ncreasei ngroundwat er punpi ng and punpi ng costsinthecentral val | eyin2021 and 2022. Reproducedwi th
per ni ssi on f rom\édel | i n- Azuar ar al (2022) .

G oundwat er punpi ng augnent ati on (Mn 3) Addi tional energycosts (mllion$)
Hydrol ogi ¢ regi on 2021 2022 2021 2022
Sacranmentori ver 852 1358 14.9 23.8
San Joaqui nri ver 1252 1210 28.2 27.3
Tul arel ake 3002 1541 140. 4 72.1
Gentral valleytotal 5106 4109 183.6 123.1

drought -rel at ed crop producti on | osses i npact | ocal econonies, w ththe Sacranento R ver region bear-

i ng a nor e pronounced burden. Such di fferences refl ect the uneven vul nerability of agricul tural systens
towater shortages. Lhderstandi ngtheseindirect econonic i npacts of drought is essential for inform
ingtargeted and equitabl e strategi es that support farmdependent cormuniti es and gui de adapti ve
approaches to | and and wat er nanagenent .

3.3.2. Food and beverage processing industry economic impacts

QG op production | osses cascade i nt o bot h upst reamsect or s (t hose provi di ng goods and servi ces to agri -
cul ture) and downst reamsectors i ncl udi ng dai ri es, beef, and food processi ng. Econonic | osses i ncl ude
job losses in processing, transportation, and other sectors that depend on agricul tural production.
Additional |y, reduced agricultural activity |eads to declinesinval ue-added contributions, which repre
ent the overal | econonic out put generated by processi ng, and suppl y chai n activities.

G oss revenue | osses (tablei nthe foodindustry sectorsincreased from$2. 41 billionin2021to
$3.47 billionin2022, drivenprinarily by the Sacranento R ver regi on, where | osses near|y doubl ed fron
$1.17billionin2021to $2. 22 billionin 2022. I ncontrast, the San Joaqui n R ver and Tul are Lake regi on
sawan i ncrease, from$L 24 billionto$L.25hbillion. These findi ngs underscore t he cascadi ng econonic
effects of agricultural landfallowng, highlightingthe need for targeted policies and support nechani
tomtigateinpacts onrural economes and f ar m dependent conmuniti es.

The total enpl oynent i npact rose from4856 j obs in 2021 to 7366 j obs i n 2022, with the
Sacranento R ver regi on experiencing the | argest i ncrease, from2499jobsin 2021 to 4794 jobs i n 2022.
Thistrendalignswiththe sharpriseinagricul tural revenuelossesintheregion, particularlyinQhe
Feldand Gaincrops (riceinSacranento). Snilarly, val ue-added | osses escal ated from$589 mllionir
2021 to $846 mllionin 2022, wththe Sacranento R ver regi on seei ng the nost si gni fi cant rise, increas
ing from$294 mllionto $549 mllion. Marwhile, the Tul are Lake regi on experienced $235 ml |ion
val ue added | osses i n bot h years.

3.3.3. Increase in groundwater pumping costs

W estinated i ncrenental groundwat er punpi ng of 5106 Mn® i n 2021 and 4108 Mn 3 i n 2022 f or

the Gentral \alley. The i ncreased punpi ng costs were esti nat ed based on the energy requiredtolift
wat er fromnedi an groundwat er | evel s, as reported by the DR periodi ¢ groundwat er | evel neasure-

nents (DR 2024). The esti nat ed augnent ati on costs were $183.6 ml i onin 2021 and decreased t o
$123. 1 mllionin 2022 (takbe Thisreductionin2022is attributedtoinproved surface water con-
ditionsinthe Tul are Lake basi n, where groundwat er | evel s are usual | y deeper. Additionally, increased
punpi ng i n the Sacramento \al | ey i ncurs | ower costs due to shal | oner groundwat er dept hs.

It isinportant tonotethat these water supply costs nay be partially of fset by reduced surface wat et
expenses. Hwever, innany Gliforniairrigationdistricts, surface water supplies have fixed costs base
on | and assessnent s. Beyond t he direct costs associ at ed wi th i ncreased groundwat er extracti on dur-

i ng droughts, growers nay encounter additi onal, often overl ooked expenses. ne si gnificant cost ari ses
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2021
Employment (Jobs x 10) Gross Revenues ($M) Value Added ($M)
Sacamanio B 451 1,545 507
River x
San Joaquin
River 202 444 162
Tulare Lake 688 1,785 653
2022 . Crop Production
- Processing
. Pumping Costs
Sacramento
River 849 2,906 987
San Joaquin
River 233 202
Tulare Lake 672 1,672 684
0 1,000 2,000 3,000 0 1,000 2,000 3,000 0 1,000 2,000 3,000
Figure 6. Total regi onal econonic i npact s f romt he 2020-2022 dr ought .

fromthe necessity to activate unused vel I's, deepen exi stingwel | s or drill newones as groundwat er | evel
decline. Satew de, approxi matel y 930 newagricultural wells aredrilled annual |y under typi cal condi-
tions. During drought periods, this nuner i ncreases substantially. For exanpl e, 1447 newagri cul tural
vel | s were constructed stat ew de i n 2021. Across t he 20202022 dr ought peri od, approxi nat el y 4200
newagricultural wellsweredrilledwthinthe Gentral \&l | ey al one (se8.<gectiimml cat i ng sust ai ned

i nf rast ruct ure expansi on i n response t o surface wat er short ages.

3.3.4. Total economic impacts

The regi onal -w de econonic consequences of the drought, includi ng | osses fromcrop production, food
processi ng, and i ncreased punpi hg costs, are depi cted i n fa.glihese esti nat es hi ghl i ght the varyi ng
econonic burdens across Gilifornia s agricultural regions. I'n 2021, the San Joaqui n R ver &Tul are Lake
regi on experi enced t he nost si gni ficant econonic i npact, with $2.2billioninrevenue | osses and 8920
jobs lost. The Sacranento R ver region, while affected, faced al ower total economic loss of $1.5billio
and 4810 jobs l ost. Qverall, Gentral \elley facedatotal of $3.8 billionin gross revenue | osses, $1.3 b
lioninval ue added | osses, and 13 720 j obs | ost due to drought i npacts i n 2021.

The econonic i npact s shifted in 2022, with the Sacranento R ver regi on experienci ng t he hi ghest
losses at $2.9 billion, | eadingto 8490 job | osses. Mearwhi | e, the San Joaqui n R ver & Tul are Lake regi on
sawan estimated $2. L billionintotal revenue | osses and 9050 j ob | osses. These fi ndi ngs under score t he
shi fting econonic i npact of drought across regions, withincreasedinpactsin 2022, particularlyinthe
Sacranento Rver \al ley. Qreral |, the 2022 drought inpactsinthe Gentral Valley ledto$5.1billionin
gross revenue | osses, $1.9 billionin val ue-added | osses, and 17 540 j ob | osses.

3.4. Ex-post assessment of agricultural wells, domestic wells, and groundwater depletion
Thi s ex-post assessnent results, using publicly rel eased data fromrecent years, hel pstoidentify hot sy
of drought inpacts, including farner adaptation strategies, conmunity water shortages, and groundva-
ter level changes. Acommon formof farner drought adaptationisthedrillingof newwells, reflecting
howgrover s responded t o reduced surface wat er (Mdel | i n- Azuaral 2015, Gai |l e2023). For com
nmuni ties, thefailure of donestic wells represents one of the nost critical consequences of drought, wt
signi ficant soci 0-econonmi ¢ and wat er access (Gairlady2022, Rodriguez-H ores al 2024). FHnal ly,
changes i n groundwat er | evel s provi de a broader viewof the drought’s cunul ati ve effects on aqui fers.

As described i n our water supply anal ysi s, groundwat er punpi ng i ncreased substantial 'y (by an
esti nat ed 409%50% during the drought to conpensate for reduced surface water supplies. Thi s expan-
si on was achi eved through greater use of active wells, reactivationof previouslyid ewells, andthe co
struction of newwel I s across the Gentral \al | ey (fi)guifke extent of these responses depended on
existinginfrastructure and prior water conditions. | nnany cases, farners neededtoinstal |l additional
punpi ng capacity, whileinothers, well failures caused by declini ng water | evel s required repl acenent .
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Figure 7. Newi rrigationwel | sdril | ed bet ween 2020 and 2022. Dat a adapt ed f rom@D24) and DAR( 2025€) .

Additional Iy, constructing newwel | sis aburdensone expense for growers and construction ti nef ranes
vere reported y exacer bat ed during t he recent drought by drilling conpani es bei ng over whel ned by a
surge of custoners.

Across the Gentral \al | ey, about 4200 newwel | s were const ruct ed duri ng t he 2020-2022 dr ought ,
conpar ed t o roughl y 6900 duri ng t he 2013-2015 drought, indicatingadeclineindrillingactivityinthe
nore recent period. Across regions, over 860 wel s weredrilledinthe Sacranento R ver region, 910in
t he San Joaqui n R ver region, and 2600 i n the Tul are Lake regi on. Satial hotspots, shown i A(E)gure
indicatethat the west side of the Tul are Lake basi nwas the prinary area of newwel | constructi on.
Athoughdrillingactivity renained substantial, it nay have been partially curtail ed due to newpernit-
ting requirenents that alignnewwel lswthloca drought preparedness and groundwat er sustai nability
pl anni ng.

ne of the nost severe consequences of drought inthe Gentral \alleyisthe effect on drinki ng water
vellsinsnall coomunities (figu@)). Wingdatarel eased after our initia analysis, we notethat dur-
i ng t he 2020-2022 drought nwore t han 2400 donesti c wel | s were reported dry (fi Gibe), exceedi ng
t he nunioer reported duri ng t he 2013-2015 drought by 501 wel | s. Regi onal patterns showover 560 dry
vel Isinthe Sacranento R ver region, nore than 770 i nthe San Joaqui n H ver regi on, and over 1090 i n
the Tulare Lakeregion. Smlar toagricultural well drilling, nost donestic well failures were concen-
trated onthe west side of the Tul are Lake basi n (figgb)¢, where the overl ap between newirrigation
vel I's and dry drinki ng wel | s suggest s | ocal i zed punpi ng pressures. Because donestic wel ls aretypical ly
shal | over, they are nore vul nerabl e t o groundwat er decl i nes driven bot h by drought - rel at ed rechar ge
reducti ons and by i nt ensi ve punpi ng fromagri cul tural wel | s (Rerrone and Jaséghko Paul oo
et al 2020) .

A common adapt at i on for af f ect ed househol ds and communi ti es dependent onwelIsisdrilling
deeper repl acenent vel |'s. However, for nany snal | and di sadvant aged conmuni ties, this represents a
financi al burden, given capital, operating and nai ntenance costs. During the 2020-2022 drought, over
9400 newdri nki ng wat er wel | s were constructed, incl udi ng over 3500 i nthe Sacranent o R ver regi on,
2900 i n t he San Joaqui n R ver region, and 2900 i n t he Tul are Lake regi on. However, newdri nki ng wel |
constructionisnot linmtedto drought years. I nthe 2017-2019 peri od, there were cl ose t o 6300 new
dinkingwel Isinthe Gentral \alley (figfime. A though the nunier of newwel Is drilled during
the drought exceeded reported wel | failures, this does not neanthat househol d wat er i nsecurity was
resol ved. The disparity reflects the unequal abilitytoinvest incostlywell infrastructure, wth nany
| ow i ncone househol ds and di sadvant aged communi ti es unabl e to bui | d deeper wells. Inadditionto
drilling, many conmunities often rely on engrgency neasures such as bottl ed wat er, water haul i ng, or
t enpor ary storage t anks (Londomt al 2018) . These responses under score the structural vul nerability of
donest i ¢ and communi ty wat er systens, whi ch are often underfunded and | ack the capacity to w thstand
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sust ai ned shortages (K asi 8/ 2022). The burden fal | s di sproportionatel y on | owincone rural com
nuni ties, conpoundi ng exi sting soci o-envi ronnental vul nerabi | ities and wor seni ng wat er access chal -
[ enges and publ i ¢ heal th ri sks (Dobbirml 2023, MNeel ey et al 2025).
Goundvat er | evel changes duri ng t he 2020-2022 drought reveal both the uneven spatial distribu-
tionof inpacts and the risks posed by sust ai ned decl i nes across the CGentral \al | €9) ( fHgyned( a)
shows total changes in groundvater | evel s fromearly 2020 to | ate 2022, indicating that nost nonitoring
vel | s recorded total declines of |essthan 3 m across the Gentral \all ey, whil e several areas experience
nuch greater drandowns. I nparticul ar, |arge portions of the southern Tul are Lake regi on (Kern Gounty)

16



10P Publishing

Environ. Res.: Water 2 (2026) 025006 J MRodr i guez- H or egt al

exhi bi ted decl i nes exceedi ng 12 m and parts of the west side (Tul are Gounty) showed noder at e decl i nes
of upto 9 m Local i zed decl i nes were al so observed i n t he nort hwest er n and sout hwest er n Sacr anent o
\al ley. Hgur@b) summari zes the distribution of changes by hydrol ogi c region, highlighting deeper
declines and greater variabilityinthe Tul are Lake regi on conpared to t he Sacranent o and San Joaqui n
\al | eys.

Goundwat er | evel declines can have nultipleinplications. Lower water tabl es can cause wel | fail -
ures, as shal l owwel | s nay be unabl e t 0 access deeper groundwat er and nay require costly rehabilitation.
Deeper punpi ng al so i ncreases ener gy denands and oper ational costs for water extracti on. Rersistent
groundwat er depl etionrai ses additional concerns about | and subsi dence: prol onged or i ntensi ve punp-

i ng can conpact fine-grained aquifer naterials, leadingtoirreversibl ereductionsin groundwater stora
and damage tocritical infrastructure such as canal s, | evees, and roads. These subsi dence i npacts, whi ct
have hi storical | y been concentrated i nthe sout hern regi ons, renai nasignificant risk during droughts
when rel i ance on groundwat er i ncreases. Additional Iy, giventheincrease of agricultural wells activity
t her e wer e subsi dence hot spots i nthe Sacranento R ver regi on that nay have i npact ed federal and | ocal
wat er conveyance canal s as shown i n suppl enentary i nf ornat i on section 9.

4. Discussion

4.1. Advancing timely drought impact assessments

A though the anal ysi s present ed here was conpl eted in Fal | 2022 usi ng t he best publicly avail abl e data
streans at that ting, it was later validatedin 2025 using newy rel eased state-reported datasets (inclu
crop nappi ng and wat er bal ance data). The franework presented here can be transferredtoother irrig-

at ed regi ons wher e conpar abl e hydrol ogi ¢, renote sensi ng, and econonic dat asets exi st. For exanpl e,
outside Galifornia, nationally consistent crop products such as the USDA G opl and Dat a Layer, coul d
serve as the basel ine crop classificationinput for applyingthis franework, whilethe QoenET data are
avai | abl e across the contiguous Lhited Sates. Smlarly, publicly available reservoir storage records,
allocationreports, and crop statistics areincreasingly accessi bl e.

Drought i npact anal ysisis constrai ned by several datalimtati ons. Year to year | and use cl assifi ca-
tionerrors canintroduce uncertainty and errors i nour net hodol ogy, as shown by Espinozg?023) .

The sel ection of a basel i ne year nay al so i ntroduce bi as due to year-to-year differences inwater avail al
ity, croprotations, andclinatic variability. Inaddition, econonic inpact estinates depend on basel i ne
assunpt i ons regardi ng crop prices, vyields, and revenues, whichreflect regi onal averages rather than
par cel - speci fi ¢ condi ti ons.

Despitethese linitations, our anal ysi s denonstrates t he val ue of renot e sensi ng based ET as a scal -
abl e and spatial | y-explicit indicator of drought response. ET enabl es near-real -ti ne assessnent of irri
ationreductions at bothfieldand basinscales, providingabasis for estinatingincrenental drought -
induced fall owng and first-order irrigation denand changes w thin aregi onal water bal ance franewor k.
Hovever, renot e sensi ng-based ET esti nmat es vary across nodel s and depend oninput dataquality. In
this study, we used t he QprenET ensenfl e product, whi ch reduces nodel - speci fi ¢ bi as and has denon-
strated strong agreenent with fl ux tower observations i n cropl andds\il R024) .

Qur approach highlights the chal | enges of interpretingvalidatingfallowland estinates and t he need
for conpl enent ary ground- based or authoritative datato refine classification. Future anal yses coul d be
st rengt hened by show ng howot her data or tool s coul d be usedinthis type of analysis. Systenatic real -
tinereporting of drought i npacts by federal, state, or | ocal agencies, for exanpl e, docunenting preven-
ted acres for uni nsured crops not reportedtothe FSAor providing higher-resaol utionreal -ti ne account -
ing of surfacewater curtail nents, woul d enhance tinel y eval uati ons and hel p cal i brat e drought i npact
assessnent franeworks. Additional Iy, other renote sensing based netrics can provideinfornationto
i nprove t he robust ness of drought i npact assessnent s (Aghakouchekal 2023).

Toget her, these el enent's can be understood wi thi n a wat er bal ance franework uni fying structure
all ow ng hydrocl inatic, water supply, and water denand (e.g. crop ET) infornationto estinate regi on
w de drought i npacts. Interns of water supply, our approach consi dered precipitationdeficits, reser-
voi r storage, announcenents of naj or water supply proj ect deliveries, andwater rights curtail nents. Qu
groundwat er capaci ty assunptions are based on hi storical punpi ng w thinthe water supply portfolios
by hydrol ogi cal regi on. However, not havi ng readi |y accessi bl e data has nany linitations and whilethis
wat er bal ance approach provi des a broad approxi nati on of systenmn de dynanics, it nay mss the finer-
scalevariability observed | ocal ly. Further research coul d devel op nore refined drought i ndi cators that
l'ink hydrocl i nati c and wat er supply conditions that coul d support inproved real -tine drought assess-
nent s (Escri va- Bowet al 2025).
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FHnal ly, ex-post assessnment of groundwater |evels, agricultural well construction, donestic well fai
ures, and subsi dence under scores t he i nt er connect ed and cascadi ng nat ure of drought i npact. W& show
howagricul tural adaptation strategi es can propagat e uni nt ended consequences to t he aqui fer and com
nuni ty wat er systens. Thoughinthis study, theseindicators were eval uated retrospectivel y to under-
stand t he broader afternath of the drought. Future research coul d nove beyond by i ntegrati ng ground-
vater | evel s, wel | conpl eti on data, and subsi dence nonitoringinto operational drought indicators, allo
ing for earlier detectionof energing vul nerabilities. Inproved data continuity, standardi zed reporting
and reduced | ag ti nes i n groundwat er nonitoring | evel s and wel | dat aset s woul d enhance bot h dr ought
noni toring and rapid nitigati on response. Inadditionto physical inpacts, our anal ysi s al so quantified
di rect and associ at ed econom ¢ consequences, i ncl udi ng regi onal QP out put | osses and enpl oynent
effects. Future research coul d further expand thi s framework by i ntegrating nore detail ed soci a i ndi cal
ors, such as incone distribution, drinkingwater affordability, and denographi c characteristics of affe
conmuni ties, to better capture uneven drought burdens.

4.2. Land use dynamic considerations
It isinportant to distinguishbetweentheincrenental drought-induced fallow ngestinatedinthis stud
(andvalidationdata), andtotal irrigated and fall owarea derived fromrecent!y rel eased crop nappi ng b
DMR Qur approach hol ds 2019 parcel boundari es constant and neasures fiel ds that wereirrigatedin
2019 but subsequent |y becane fal | owesti nat ed renot e sensing ET. | ncontrast, conparingtotal acreage
across years fromD/MR crop naps capt ures net change, whichreflects not only crop fal | ow ng but al so
croprotation, cropswtching, and newplantings. As aresult, differences between ET based fal | ow ng an
val idation esti nat es and aggregat e DR acreage total s nay refl ect structural shifts in cropping pattern:
Afull breakdown of ex-post | and use derived directly fromD/MRcrop nappingis providedintable 9.3
andfigure §.9. Thesetotal s reflect net changesinirrigated area and t herefore i ncor porat e bot h droug
inducedidingandstructural shiftsincroppingpatterns, suchas substantial increasesinrecent tree
acreage (@l et al 2024) .

Fut ur e resear ch coul d expl ore net hods to explicitly i ncorporate crop swtching and rotational
dynamcs i nt o rapi d drought assessnent franeworks. These net hodol ogi cal i nprovenent s coul d i ncl ude
[ ong-t ermassessnent of individual parcel stodeterminerotationpatterns that woul d support distin-
gui shi ng bet ween pl anned and drought -i nduced | and fal | ow ng. Hwever, assi gni ng speci fic crop typesto
parcel s that transition between fal | owand production or parcel s that sw tch between crops renai ns chal -
lenging, asit requires crop classificationacross nany years and careful differentiation of crop phenol
andirrigationregines, thegranularity for which nay be | ackingincurrently avai | abl e renwot e- sensi ng
dat aset s.

Aninportant dinensionnot fully addressedinthis study isthedistributional inpact of drought.
Adapti ve capacity vari es anong farners and conmuni ties, and snal | er or resource-constrai ned produ-
cers nay face greater barrierstoinvestingingroundwater i nfrastructure or other adaptati on neasures.
Broader soci oecononmic det er minants, incl udi ng access to credit, |abor conditions, andinstitutional suf
port, al so shape resilience. Future research shoul d nore explicitly integrate these soci al and econonic
di nensi ons to better eval uat e howdrought responses af fect different groups and to i nformnore equit-
abl e pol i cy desi gn.

4.3. Drought compounding effects and other interacting factors
Inadditiontodrought, lingeringeffects of the G4 D 19 pandenic, inflationary pressures (especially
for food and energy), disruptionsinthefood supply chain, gl obal price changes, and ot her factors infl
enced crop choi ces for Giliforniagroners (Mshird 2021). S rong cormodi ty prices for ani nal
products not only i ncreased demand for irrigated feed cropsincludingalfalfa, silage cornandirrigat e
pasture, but al soincreasedtheir cost dueto a hi gher opportunity cost of water. A20 year drought in
the @l orado R ver Basin, where at | east 70%of theirrigated areaisinfeed crops, further i ncreased
price pressure on feed crops. Feed crops typically anong the | oner val ue crop conmodi ties constitute
a systemn de constraint for water supply often overseeninintegrated vwater and food systens (Mdel | i n-
Avuara et al 2024). Record hi gh prices for processing tonat oes, in part because of reduced cropl andin
2021, notivated farners to pl ant noderatel y, sone of whi ch suffered froml at e season heat wave crop
danage i n 2022. These dynamics illustrate that drought inpacts cannot beinterpretedinisol ationfrom
broader narket signal s, pricevolatility, andclinate extrenes. |ncorporating suchinteracting econonic
and clinmatic factorsintoanoperational assessnent franework renai ns chal | engi ng but coul d be furt her
studied for inproving tinely i npact eval uation.

An addi tional chal | enge i n conducti ng drought i npact assessnent is setting arepresentative baseline
and reconcilingtrends in price and other productiontrends. For exanpl e, inthis study we choseto
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drawconpari sons to | and use condi ti ons from2019 but used a bl end of years to represent water sup-

ply and crop prices and yi el ds inthe basel i ne. Duringthe drought prices for nany preval ent crop com
noditiesinthe Gentral \élley varied dranatical |y fromtheir pre-drought (2016-2019) average. A nonds
and wal nut s sawsi gni fi cant price declines inthe drought years due to hi gh stock and ot her factors,

whi | e prices of nany other crops incl udi ng oranges, alfalfa, corn, rice, and processi ng t onat oes were up
(LA 2025). Land use considerations al so play aninportant rol e indrought study desi gn. Gonpari ng

| and use to a basel i ne wat er year with uncharacteristical |y wet or dry conditions nay over- or understat
drought - i nduced | and use changes. Longer-termshiftsinland use, includi ng t he expansi on of tree crops
inrecent years, create additional uncertaintiesinestinatingnet inpacts as these trends nay of f set ec
nom ¢ | osses fromdrought fall owing w th hi gher revenues for | ands renai ni ng i n producti on.

4.4. Nuances of the 2020-2022 drought impacts and comparison with previous droughts

Agricultural land fallow nginthe 2012-2016 drought was esti nat ed to be up to 225 t housand hect ar es
per year, wth sone years faci ng shal | oner reductions in cropl and (lowilt2015, Medel | i n- Azuar a

et al 2016, Lund et al 2018). Fal | ow ng duri ng t he 2021-2022 drought was estinated inthi s study at

about 247 t housand hect ares per year on average and was val i dat ed at about 260 t housand hectares with
recently availabl e | and use data. Inthis sense, the nagnitudes of Galifornias nost recent two droughts
vere rel ativel y conparabl e. However, the spatial distributionof inpacts andthe particul ar conmodit -
iesthat were nost af fected differed narked y between the two periods. Drought i npacts inthe 2012—
2016 drought were concentrated nore i nthe Tul are Lake Basi n and were | ess severe i nthe Sacranent o

\&l | ey regi on, whereas i n 20212022 t he Sacranent o \al | ey experi enced t he hi ghest fal | ow ng i ncreases
and economic i npacts. Thi s pattern underscores the extent to whi ch regional water i nfrastructure, nan-
agenent practices, and adapti ve capaci ty devel oped duri ng previ ous drought s enabl ed nany regi ons t o
better w thstand t he nost recent event’s inpacts. Srengt heni ng coordi nati on anong agenci es, farners,
conmmuni ti es, and groundwat er sustai nabi | ity agenci es coul d further enhance thi s adapti ve capaci ty and
i nprove drought resilienceinfuture events.

5. Conclusion

Qur results denonstrate that tinely, spatially resol ved estinationof |andfall ow ng, water supply redu
tions, and associ ated econonic i npacts i s feasi bl e usi ng publicly avai | abl e dat asets. This study illust
howan i ntegrat ed f ranewor k can be appl i ed duri ng an unf ol di ng drought to approxi nat e cascadi ng
i npact s across wat er supply, agricul ture, and regi onal econonies. By |inki ng surface wat er shortages,
groundwat er substitution, | and-use change, and econonic ripple effectswithinaunifiedstructure, the
franework reveal s the i nterconnect ed nat ure of drought inpacts across water, | and, and soci oeconom c
systens. Early indicators, including surface water allocationreductions, changes in ET, and groundwat e
| evel declines, can provide actionabl e signal s for anticipatinglocalizedinpacts.

Integrating awat er-food syst ens- based f ranewor k such as t he one presented here i nto water pl an-
ni ng coul d al so support a coordi nated approach toirrigated agricul ture nanagenent i n a warning and
increasingly variabl e clinate. Drought responsew || requireirrigationsystens that can adapt across
cycl es of water abundance and scarcity, noderating water consunption during dry periods whil e sus-
taining agricul tural production, the econony and conmunity water security. perationalizing such an
appr oach depends not onl y on techni cal, nodel i ng and data tool s but nost inportantly oninstitutional
coordi nati on i ncl udi ng wat er agenci es, agricultural institutions, and comnmunity stakehol ders. Enbeddi n
drought inpact indicators wthinplanning structures canfoster | earning across drought events, i nprove
al i gnnent bet ween suppl y and denand nanagenent, and strengt hen anti ci patory pl anning. Inthis way,
drought assessnent noves beyond ret rospective i npact quantification toward supporting adaptiveirriga-
tion and wat er nanagenent .

A though t he st at ew de econonic i npact s of t he 2020-2022 drought were not cat astrophi c, they
vere substantial at regi onal scal es and exposed uneven resil i ence across hydrol ogi ¢ regi ons. Agricul tur
producti on was sust ai ned i n many areas t hrough i ncreased groundwat er punpi ng, but this buffering
strategy el evat ed punpi ng cost s, increased risks to househol d water security, and contributedto aquife
decl i ne and subsi dence. H nal |y, basins subject to SGWAhaveinitiated atransitiontoward sustai nabl e
groundvat er nanagenent, yet heavy rel i ance on groundwat er renai ns central to short-ter mdrought
response. @nti nued groundwat er decl i nes, donestic well failures, and subsi dence suggest that transl ati
long-termsustainability goal sintooperational drought-resilient irrigationand groundwat er nanagenen
renai ns an ongoi ng chal | enge.
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