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Abstract&of&the&thesis!

Seasonal!streamflow!prediction!in!Northern!California!basins!using!climate!indices!and!

Principal!Component!Regression!

By!

Xin!Su!

Master!of!Science!in!Civil!and!Environmental!Engineering!

University!of!California,!Irvine,!2015!

Professor!Kuolin!Hsu,!Chair!

!

!

It!has!become!more!important!in!recent!years!to!have!a!general!estimate!on!how!much!

water! storage! there! will! be! during! the! spring! season! to! support! urban,! industrial,! and!

agricultural! usage! and! forecasting! drought.! In! this! thesis,! groundabased! data! and! climate!

indices! were! applied! to! Principal! Component! Regression! to! build! a! prediction! model! to!

estimate! seasonal! streamflow! in! spring!with!winter! temperature,! precipitation! and!other!

climate!indices.!With!data!gathered!from!PRISM,!NOAA,!CEDC,!and!USGS!and!then!testing!all!

possible!variables!and!combinations,!it!was!found!that!using!precipitation!and!temperature!

with! climate! indices! such! as! SOI! and! PNA! can! provide! useful! information! to! ! forcast!

streamflow!! in!spring! !season.
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!
1. Introduction&

Michael!H.! Glantzs! illustrated! that,! “Drought! is!when! the! government! sends! you! a!

report! telling! you! there’s! no!water,”! in! his! journal! Consequences! and! Responsibilities! in!

Drought!Forecasting.!Estimating!seasonal!water!supply!is!an!important!task!for!almost!all!

water!supply!services.!Climate!indices!are!calculated!to!describe!the!changes!of!the!climate!

system,! as! streamflow! is! closely! related! to! such! factors! as! climate! change,! annual!

precipitation! level,! and! the! individual! differences! of! reservoirs.! In! order! to! find! out! how!

strong! climate! indices! are! related! to! streamflow! prediction,! with! a! more! adequate!

forecasting! model! the! spring! season! streamflow! accumulation! can! be! estimated! more!

accurately.!

The!climate!indices!are!impelled!by!an!assortment!of!parameters,!such!as!sea!surface!

temperature,! precipitation,! and! air! pressure.! This! information! determines! which! climate!

variables!in!the!winter!season!correlate!to!streamflow!in!the!spring!season,!and!indicate!if!

climate!indices!like!the!Southern!Oscillation!Index!would!provide!information!in!estimating!

spring!season!streamflow.!The!model!will!also!test!how!different!the!simulation!results!will!

be! by! using! varied! numbers! of! climate! indices.!With! the! correlation! coefficient! between!

simulated! result! and! observed! result,! it! can! clearly! show! which! climate! index! is! more!

effective! for! forecasting!of! streamflow! in! the! spring!season! [Randall! and!Wood,!2007].! In!

this! research,! global! climate! index! can! be! used! as! a! variable! to! simulate! seasonal!

streamflow!for!a!specific!basin!that!is!to!be!tested.!!

There! have! been! extensive! streamflow! prediction! works! in! the! past,! such! as! the!

HEPEX!prediction!system!and!hybrid!forecast.!For!many!previous!works,!a!gridded!runoff!
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dataset! was! used! as! a! basic! component! [Rosenberg,! 2011].! The! goal! of! this! study! is! to!

investigate! the! potential! of! providing! an! improved! streamflow! forecast! in! spring! season!

using! information! from! the!hydrological! variables! in! addition! to!major! climate! indices! in!

winter!season! [Wei,!2010].! !Climate!variables! such!as!precipitation!and! temperature,!and!

other! climate! indices! including! Southern! Oscillation! Index! (SOI),! Pattern! Northerna

American!index!(PNA),!and!Pacific!Decadal!Oscillation!(PDO)!are!selected.!Those!variables!

are! then! integrated! in! the! regression! analysis,! mainly! based! on! Principal! Component!

Regression! (PCR),! to! test! how! those! variables! are! relevant! to! improving! streamflow!

forecasting!of!spring!season.!

&&&2.&Climatological&variables&and&Indices!

2.1&Precipitation&and&Temperature!

The! basic! data! used! in! the! research! were! collected! from! PRISM! among! the! six!

elements,! which! are! precipitation! (ppt),! minimum! temperature! (tmin),! maximum!

temperature! (tmax),!dew!point! (tdmean),!minimum!vapor!pressure!deficit! (vdpmin),! and!

maximum!vapor!pressure!deficit!(vpdmax)![Descriptions!of!PRISM!Spatial!Climate!Datasets!

for! the! Conterminous! United! States,! 2013].! From! these! six! PRISM! climate! elements,!

precipitation! and!mean! temperature!were! selected! for! use! in! this! study.! ! The! longaterm!

average!datasets!are!modeled!with!PRISM!using!a!DEM!as!the!predictor!grid,!and!they!used!

climatologically! aided! interpolation! (CAI)! to! model! time! series.! In! CAI,! the! longaterm!

average! datasets! serve! as! the! predictor! grids! [Descriptions! of! PRISM! Spatial! Climate!

Datasets! for! the!Conterminous!United! States,! 2013].!The! idea!behind!CAI! is! that! the!best!

first!guess!of!the!spatial!pattern!of!climatic!conditions!for!a!given!month!or!day!is!the!longa
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term! average! pattern.! CAI! is! robust! to! wide! variations! in! station! data! density,! which! is!

necessary!when!modeling!centuryalong!time!series![Descriptions!of!PRISM!Spatial!Climate!

Datasets!for!the!Conterminous!United!States,!2013].!

Fig.!1!illustrates!monthly!precipitation!pattern!time!series!for!the!time!period!from!

1981a2013.! The! pattern! shows! that! precipitation! accumulated! during! winter! time,!

especially!from!December!to!February.!During!the!spring!season!when!snowamelt!water!is!

released!to!the!watershed!is!the!major!source!of!streamflow.!Monthly!temperature!for!the!

time!period!from!1981a2013!in!Fig.!2,!shows!that!the!annual!pattern!of!temperature!is!more!

constant!than!precipitation.!

!
Figure'1'Monthly'precipitation'pattern'from'198172103(mm)!
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!
Figure'2'Monthly'temperature'pattern'from'198172013(centigrade)!

!
By! plotting! Feather! River! Mask,! and! apply! to! downloaded! dataset! from! PRISM,!

regional!average!temperature!and!precipitation!can!be!measured.!The!mask!can!be!plotted!

by! ArcaGIS.! The! resolution! of! PRISM! dataset! is! 8km.! For! other! usage,! data! of! maximum!

temperature!and!minimum!temperature!are!also!offered.!

2.2&Climate&Indices!

Climate! indices!are!calculated!to!delineate!the!state!and!the!changes! in!the!climate!

system.! Each! climate! index! describes! the! certain! climate! phenomenon.! Atmosphere!

parameters! such! as! air! pressure,! air! temperature,! precipitation! and! sea! surface!

temperature! are! all!measurable!parameters! that! influence! the! climate! system' (Integrated'

Climate'Data'Center'–'ICDC).!

The! classic! maritime! climate! that! occurs! in! the! Pacific! Coast! is! caused! by! mida

latitude! weather! systems! moving! from! west! to! east! [Kelly! and! Roy,! 1991].! Kelly! also!

claimed!that,!“Climate!sensitivity!is!further!amplified!by!growing!populations!in!urban!areas!

of!the!west,!which!are!taxing!available!water!for!municipal!and!industrial!uses.”!

2.2.1&SOI!
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The!Southern!Oscillation!Index!is!a!standardized!monthly!index,!which!is!calculated!

from! the! observed! sea! level! pressure! differences! between! Tahiti! and! Darwin,! Australia!

[Kelly!and!Roy,!1991;!Können!et!al.,!1998].!For!a!long!period!of!record,!SOI!has!been!used!as!

one!measure!of!largeascale!fluctuations!in!air!pressure!occurring!between!the!western!and!

eastern! tropical! Pacific! during! El! Nino! and! La! Nina! episodes! [Wikipedia;! NOAA! Climate!

Prediction!Center].!SOI!can!be!calculated!with!the!functions!below.!

!

!

!

!

!

!

!

Where! SLP! is! sea! level! pressure,! and! MSD! is! monthly! standard! Deviation,! while!

standard!deviation!of!sea!level!pressure.!

Kelly!(1991)!shows!the!largest!correlation!between!SOI!and!sea!surface!temperature!

in! Pacific! Northwest.! In! addition,! there! will! are! tremendous! differences! in! precipitation!

during!the!extremes!of!SOI![Kelly!and!Roy,!1991].!!
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In! Fig.! 3,! value! above! zero! (positive),! is! abnormally! cold! ocean! water! of! El! Nino!

episodes,! while! negative! shows! the! abnormally! warm! water! of! La! Nina! episodes!

[Chowdhury,!2003;!Syed!et!al.,!2006].!

!
Figure'3'monthly'Southern'Oscillation'index'over'33'years'(198172013)!

!

2.2.2&PNA!

The!Pacific!North!America!pattern!is!a!quantitative!index.!PNA!pattern!is!related!to!

presence!of!warm!water!in!the!central!Pacific![Kelly!and!Roy,!1991].!PNA!index!was!defined!

by! using! a! linear! combination! of! standardized! height! anomalies! near! the! three! nominal!

centers! of! this! pattern! [Wallace! and! Gutzler,! 1981;! Yarnal! and! Diaz,! 1986;! Sergei! R.,!

Raymond!A.,!2001].!PNA!was!slightly!modified!by:!!

!

Where! Z! (a,b)! is! 700! mbar! monthly! height! departure! from! longaterm! monthly!

averages! at! latitude! and! longitude! b! [Kelly! and! Roy,1991;! Sergei! and! Raymond,! 2001].!

When!PNA!index!is!positive,!it!means!that!there!is!an!intensified!western!ridge!and!deeper!
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troughs!in!the!Aleutians!and!the!U.S.!southeast![Kelly!and!Roy,!1991;!Sergei!and!Raymond,!

2001].! The! dryness! appears! in! Southwestern! America,! which! includes! California,! and! is!

often!associated!with!PNA,!as!in!Fig.!4,!positive!value!results!in!dryness.!

!
Figure'4'Monthly'Pacific'North'California'pattern'index'(PNA)'over'33'years'(198172013)'

! It! shows! high! correlations! ! between! PNA! index! and! temperature! during! winter!

season,!however,!correlations!are!also!shown!in!differnent!regions!in!the!country!during!the!

spring!and!autumn!season![Leathers!et!al.,!1991].!

2.2.3&PDO!

A!PDO!index!developed!by!Hare!(1996)!and!Zhang!(1996),!and!also!used!by!Mantua!

et!al.! (1997),! is! the!dominant!PC! from!an!unarotated!empirical!orthogonal! function!(EOF)!

analysis!of!monthly!residual!North!Pacific!sea!surface!temperature!(SST)!anomalies,!for!the!

1900a1993! period! of! record,! poleward! of! 20°N.! Residuals! are! the! difference! between!

observed!anomalies!and!the!monthly!mean!global!average!SST!anomaly![Zhang,!et!al.,!1997;!

Mantua!and!Hare,!2002].!The!index!shows!noteworthy!tendency!for!multiayear!and!multia

decadal!consistency![Mantua!and!Hare,!2002].!
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Other!studies!also!contribute!evidence!that!PDO!variations!had!considerable!impact!

on!climateasensitive!natural!resources!in!the!Pacific!and!over!parts!of!North!America!in!the!

20th!century![Mantua!and!Hare,!2002].!

As! PDO! show! positive,! or! warm,! the! west! Pacific! becomes! cool! and! part! of! the!

eastern! ocean!warms.!While! it! shows! negative,! or! cool,! the! opposite! pattern! occurs.! The!

interadecadal!time!scale!is!usually!about!20!to!30!years![Haggag!et!al.,!2010].!During!winter!

season,!there!is!more!precipitation!than!usual!in!southwestern!United!States.!Moisture!for!

California!and!the!West!are!provided!by!the!Pacific!Ocean.!When!the!waters!are!warm,!the!

high! temperature!would! heat! the! air! above,! and! it! would! cause! rain! and! snow! over! the!

cooler!lands.!While!the!ocean!is!cool,!it!shows!the!opposite![Reynolds!et!al.,!1997].!

Sea! surface! temperature! (SST)! tends! to! be! abnormally! cool! in! the! central! North!

Pacific,! and! coincides! with! atypically! warm! SSTs! along! the! west! coast! of! the! Americas!

during! warm! PDO! phases.! Warm! PDO! sea! level! pressure! (SLP)! anomalies! have! low!

pressures! over! the! North! Pacific! for! November! through! March! averages,! which! causes!

enhanced!counteraclockwise!winds.!Fluctuations!were!most!dynamic!at!periods!in!the!15a

toa25! year! and! 50atoa70! year! bands! as! found! by! Minobe! (1999,! 2000)! when! Wavelet!

analysis! was! applied! to! indices! for! boreal! winter! and! spring! North! Pacific! SST! and! SLP!

[Mantua!and!Hare,!2002].!
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!
Figure'5'Monthly'Pacific'Decadal'Oscillation'index'(PDO)'over'33'year'(198172013)!

&& Precipitation!and! temperature!anomalies! is! correlated! to!PDO.!The!warm!phase!of!

PDO!Fig.!5!represents!anomalously!dry!periods! in!much!of!Central!America!and!northern!

South! America.! Patterns! of! November! through! April! temperature! anomalies! and! warm!

phases! Fig.! 5! tend! to! coincide! with! warm! temperature! in! northwestern! North! America!

[Mantua!and!Hare,!2002].!!

3.&Methodologies!

3.1&Previous&Work&Review!

3.1.1&Hydrological&Ensemble&Prediction&Experiment&(HEPEX)!

After! 2004,! the! development,! testing,! and! operational! management! of! forecasting!

systems,! the! Hydrologic! Ensemble! Prediction! Experiment! (HEPEX)! has! been! widely!

introduced!to!other!hydrologists!or!people!working!on!hydrology!predictions! [Schaake!et!

al.,!2007].!Currently,!HEPEX!is!coachaired!by!NOAA,!the!European!Centre!for!MediumaRange!

Weather! Forecast! and! the! European! Commission! Joint! Research! Centre! [Schaake! et! al.,!
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2007].! HEPEX! is! focused! on! the! measurement! of! soil! moisture,! snow! depth! and! water!

equivalent,! and! includes! satellite! and! radar! data! by! utilizing! an! ensemble! hydrological!

system! [Schaake! et! al.,! 2007].! In! the! streamflow! prediction! system,! HEPEX! is! within! a!

realistic! spatial! correlation! of! errors! [Schaake! et! al.,! 2007].!HEPEX! can! also! help! educate!

users!by!adapting!their!existing!practices!(discussed!in!a!2002!Bulletin!article!by!Zhu!et!al)!

[Schaake! et! al.,! 2007].! The! main! components! and! information! that! are! in! an! ensemble!

hydrologic! prediction! system! can! be! separated! into! two! parts,! the! weatheraclimate!

ensembles!and!the!landasurface!state!observations.!

!

Figure'6'Schematic'of'the'component'sand'information'flow'in'an'ensemble'hydrologic'prediction'system'
[Schaake'et'al.,'2007].!

The!process! shown! in!Fig.!6! illustrates!how!predictions!procedure! in!an!ensemble!

hydrologic!system.!

1!
• WeatjeraClimate!ensembles�
• Land!asurface!state!observations�

2�
• Meteorological!preaprocessor�
• Hydrological!Data!Assimilator�

3�
• Calibrated!weatheraclimate!ensembles�
• Calibrated!Landasurface!state!Ensembeles�

!!4�
• Hydrological!Forecast!Models�

5�
• Streamplow!Ensembles�

6�
• Hydrological!Product!Generator�

7�
• Calibrated!Streamplow!Ensembles�

8�
• Users�
• Veripication!System�
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The!procedure! for!prediction!of! the! experiment! is! to! combine! calibrated!weathera

climate! ensembles! and! a! meteorological! preaprocessor! from!weatheraclimate! ensembles,!

such!as!climate! indices.! !By!using!both!components! in!hydrologic!model,! it! structures! the!

ensembles! for! streamflow.!Another!part! is! to! calibrate! landasurface! state! ensembles! by! a!

hydrological! data! assimilator.! With! the! hydrological! forecast! models,! the! streamflow!

ensembles! can! be! calculated! in! addition! to! the! hydrological! product! generator! and!

calibrated!streamflow!ensembles.!!

Forecasting! uncertainty,! extending! predictability,! better! analysis! and! prediction!

elements!are!considered!in!HEPEX.!Model!resolution!cannot!be!infinitely!improved!due!to!

the!limitation!of!computer!resources.!The!major!problem!in!HEPEX!is!how!to!link!the!model!

resolution! to!ensemble!prediction! systems.! In!order! to! create!a!high! resolution!ensemble!

forecast,!HEPEX!relies!on!a!single!mode!deterministic!forecast!to!keep!the!balance!between!

lowaresolution!ensemble!forecasting.!!

3.1.2&Hybrid&Forecast!

Hybrid! forecast! is! the! forecast! skill! that! uses! a! physically! based! hydrologic!model!

with! the! regressionabased!methods! applied!with! combined! initial! conditions! [Rosenberg,!

2011].!Gridded!observed!precipitation!and!modelasimulated!snow!water!equivalent!(SWE)!

are!utilized!in!a!hybrid!framework!as!predictors!in!a!regression!model,!transferred!from!an!

operational! forecasting!environment![Rosenberg,!2011;!He!et!al,!2011].! In!hybrid!models,!

the! forecast! is! based! on! the! comparison! of! grid! point! simulated! data! as! surrogates!with!

groundabased!observing!stations!data!on!observed!counterparts![Rosenberg,!2011;!He!et!al,!

2011].!The!hybrid!model’s! forecasting!has!a!better!performance!with!a! larger!selection!of!
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grid!points.!Physically!based!hydrologic!models!provide!more!detailed!information!than!the!

point!observations!alone![Li!et!al.,!2009;!Wood!and!Lettenmaier,!2006;!Rosenberg,!2011;!He!

et!al,!2011].!!

In!order!to!estimate!the!target!period!of!streamflow!for!a!specific!study!area,!both!

DWR!and!NRCS!use!the!snow!water!equivalent!(SWE),!runoff!(RO),!and!accumulated!

precipitation!(P)!as!three!general!components![Rosenberg,!2011;!He!et!al.,!2011].!The!DWR!

and!NRCS!statistical!forecasting!models!can!be!represented!as:!

! ! = !(!"#,!,!")!

In! hybrid! models,! unlike! DWR’s! methodology,! many! predictor! variables! were!

missing!for!some!time!period,!and!the!useable!ones!would!be!at!the!time!of!forecast.!In!the!

study,! for! example,! the! forecast! on! 1! April! was! thus! for! the! entire! AprilaJuly! season,!

however,! for! 1!May!was!made! just! for!MayaJuly! [Rosenberg,! 2011;! He! et! al,! 2011].! VICa

simulated! SWE,! gridded! precipitation! forcing! data! and! runoff! predictors! collected! from!

California!Data!Exchange!Center!(CDEC)!were!used!in!the!hybrid!model.!By!expanding!the!

watershed! boundaries! by! either!¼o,!½o,! or!¾o! in! latitude! or! longitude,! the! catchment! of!

watershed!would!cover!more!points,!in!case!there!exists!unmonitored!points!of!the!whole!

basin! (DWR!Division! of! Flood!Management,! personal! communication,! 2008)! [Rosenberg,!

2011;!He!et!al.,!2011].!

3.2&Principal&Component&Regression&(PCR)!

Principal!component!regression!is!the!method!that!was!built!to!select!principal!components!

that!could!estimates!regression!coefficients!with!low!mean!squared!error![Gene!et!al.,!2002].!

The!major!component!of!principal!component!regression!method!is!eigenvalues.!!
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The!regression!model!is!of!the!form!y=Xβ�ε,!as!y!represents!the!m*1!vector!of!dependent!

variables,! X! represents! the! m*p! matrix! of! independent! variables,! β! is! a! p*1! vector! of!

regression!parameters,!and!ε!is!the!m*1!vector!of!error!terms![Jon!et!al.,!1992;!Tapani!et!al.,!

2010].!X!can!be!described!by!three!matrices,!U,!Σ,!and!V,!such!that!X=UΣVT.!U!symbolizes!an!

m*m! orthogonal! matrix,! Σ=diag! (σ1…! σn)! is! an! m*p! matrix,! and! V! represents! the! p*p!

orthogonal!matrix![Jon!et!al.,!1992;!Tapani!et!al.,!2010].!

The!following!equation!shows!how!the!basic!relationship!of!y!and!X!can!be!solved:!

! = 1
!!!

!

!∈!
!!!!!!!!!

The! vector! XTy! belongs! to! the! column! space! of! XT,! and! therefore! is! a! linear!

combination!of!the!vector!Vi.!As!the!covariance!of! can!be!computed!by:!

!"# ! = !! 1
!!!

!

!∈!
!!!!! !

The! equation! implies! that! small! singular! values! are! not! desired! since! they! can!

increase!the!variance!of!![Gene!et!al.,!2002].!

By! comparing! with! other! regression! models,! principal! components! of! the!

explanatory! variables! are! used! as! repressors! instead! of! other! models! regressing! the!

dependent!variables!on!the!explanatory!variables!directly.!Often,!the!principal!components!

with! higher! variances! (the! ones! based! on! eigenvectors! corresponding! to! the! higher!

eigenvalues! of! the! sample! varianceacovariance! matrix! of! the! explanatory! variables)! are!

selected!for!regression.!However,!in!predicting!models,!the!principal!components!with!low!

variances!may!also!be!important.!
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In!addition,!PCR!can!effectively!result!in!dimension!reduction!through!substantially!

lowering!the!effective!number!of!parameters!characterizing!the!underlying!model.!Usually!

regression!is!performed!on!a!subset!of!all!the!principal!components![Sutter!et!al.,!1992].!In!

hydrologic!prediction!models,! selecting!major!parameters! is! the!most! important,!as! there!

are! a! lot! of! uncertainties! based! on! various! climate! phenomenon,! making! reduction! of!

parameters!very!important.!In!previous!work!and!until!now,!DWR!used!a!PCRa!based!model!

to! do! streamflow! prediction! with! VICasimulated! SWE! and! gridded! precipitation! dataset!

[Rosenberg,!2011].!

According!to!the!basic!theory!of!PCR,!the!major!work!that!should!be!done!is!to!select!

all! possible! variables.! By! applying! the! variables! to! PCR,! the! regression! will! reorder! all!

variables! (the! top! variables! perform! almost! all! the! prediction),! which! allows! the! most!

important!variables!to!represent!the!observed!data.!Before!all!steps,!the!dataset!should!be!

normalized.! Since! the! result! shows! a! logarithmic! curve,! the! normalized! observation! data!

should!be!exponentiated!before!doing!the!fitting.!!

3.3&Case&Study!

In!the!thesis,!groundabased!observation!station!data!and!climate!indices!collected!by!

CDEC! were! used.! Both! datasets! have! a! strong! correlation! with! seasonal! accumulated!

streamflow,!as!accumulated!precipitation!has!a!direct!influence!on!streamflow!change!as!it!

can! be! presented! in! the! monthly! pattern.! According! to! previous! work,! streamflow! in!

Northern! California! basins! is! influenced! by! snow! water! equivalent! (SWE)! [Rosenberg,!

2011],! while! temperature! is! one! key! variable! highly! relevant! to! snow! accumulation! and!

melt.!!
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Climate! indices,! such! as! El! Nino! Southern! Oscillation! (ENSO)! indices,! Southern!

Oscillation! Index! and! ENSO! precipitation! index! are! frequently! used! to! describe! the!

variability!and!changes!of!climate!system![Stenseth!et!al.,!2003].!!These!climate!indices!may!

have!an!indirect!connection!to!the!available!fresh!water!for!streamflow!response!in!Spring!

Season!over!the!Northern!California!region![Huntington,!2006].&&&!

3.3.1&Study&Area!

In! California,! the! most! notable! water! supply! systems! are! the! State!Water! Project!

(SWP)!operated!by!DWR,!and!the!Central!Valley!Project!(CVP)!operated!by!the!U.S.!Bureau!

of!Reclamation![Rosenberg,!2011].!

North!Fork!Feather!River!is!the!watercourse!of!the!northern!Sierra!Nevada!in!the!U.S.!

state! of! California! [Lindgren! and! Knowlton,! 1991].! North! Fork! Feather! River! flows!

southward!from!its!headwaters!near!Lassen!Peak!to!Lake!Oroville,!the!reservoir!formed!by!

Oroville!Dam! in! the! foothills!of! the!Sierra!where! it! runs! into! the!Feather!River.!The! river!

drains!about!2,100!square!miles!(5,400!km2)!of!the!western!slope!of!the!Sierras![Wikipedia].!

It!is!the!largest!tributary!of!the!Feather!River!by!discharge![Wikipedia].!!

For! global! hydrological! and! climatological! data! such! as! precipitation! and!

temperature,! the!Water!Resources!Data!System! (WRDS)! is! a! clearinghouse! [Wilson!et! al.,!

2000;! Brekke,! 2009].! The!Wyoming! State! Climate!Office! (SCO)! is! a! branch! of!WRDS,! and!

together! they! provide! a! variety! of! services! ranging! from! the! development! of! enhanced!

droughtamonitoring! products! to! the! online! dissemination! of!water! resource! publications.!

WRDS!and!the!SCO!are!also!helping!to!coordinate!longaterm!monitoring!efforts!throughout!

the! region.! In! both! upstream! and! downstream,! there! are! two! dams,! which! have! a! huge!
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effect!on!streamflow.!For!some!stations!along!the!north!Fork,!the!record!can!be!dated!back!

to!early!1900s,!but!there!are!some!missing!data!for!current!years.!

The!monthly!streamflow!shows!a!random!pattern!for!33!years!(1981a2013)!in!Fig.!7,!

with!peak!values!indicating!flood.!In!the!study,!the!goal!is!to!catch!the!peak!and!the!pattern!

of! seasonal! trend.! Fig.! 8! illustrates! Feather! River! North! Fork! Basin,! both! upstream! and!

downstream.!The!station!in!the!case!study!is!located!in!the!upstream!area!of!the!catchment,!

with! the! downstream! data! collected! being! unreliable,! or! the! records! were! incomplete.!

Station!data!that!was!used!as!case!study!in!this!research!is!shown!in!Fig.!8.!!

!
Figure'7:'monthly'streamflow'for'Feather'River'north'fork'the'station'number'of'11404500'from'USGS'ground'

data'base'with'the'unit'of'(cfs)!
!
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!
Figure'8'North'Fork'Feather'River'Basin,'upstream'and'downstream'[Sacramento'watershed'program]!

3.3.2&Basin&conditions!

According! to! the! integrated! regional! water! management! plan,! Upper! Feather!

Watershed! supplies! approximately! 3.2! million! acreafeet! per! year! for! downstream! water!

users!(urban,!industrial,!and!agricultural).!North!Fork!Feather!River!Basin!provides!over!60%!

drainage! of! the! whole! basin,! with! average! daily! flow! into! Oroville! of! 3,200! cfs! [Seckler,!

1971].!

3.3.3&Data&used&in&this&study!
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To! achieve!PCR!approach! in! the!Feather!River! region!and! to! combine! the! grounda

based!climate!indices!and!statistical!model,!variables!need!to!be!selected!during!prediction!

[Rosenberg! et! al.,! 2011].! Gridded! precipitation! and! temperature! dataset! from! PRISM!

climate! group! were! selected.! Climate! indices! as! additional! variables! were! selected! in!

simulation,! including!Southern!Oscillation!Index!(SOI),!Pattern!of!Northern!America!Index!

(PNA),! and! Pacific! Decadal! Oscillation! (PDO).! The! target! simulation! is! spring! season!

streamflow,!with!monthly!precipitation!of!the!months!of!December,!January!and!February!

along!with!the!accumulated!precipitation!of!December!through!February!used!as!variables.!

[Jeong! and! Kim,! 2005;! Nijssen! et! al.,! 2001].! In! addition! to! monthly! data! for! December,!

January,! and! February,! average! temperature! for! winter! season! (December,! January,! and!

February)! was! also! used.! The! climate! indices,! along! with! the! monthly! average! data! for!

December,!January!and!February!are!utilized!as!variables![Kennedy!et!al.,!2009].!Variables!

from!1981a2005!are!used!to!do!model!calibration!and!for!validation,!with!variables!used!for!

the!simulation!from!2006a2013.!

From! principal! component! analysis! (PCA),! principal! components! are! transferred!

variables.!As!physical!variables,!precipitation!and!temperature!are!not!transferred!variables.!

Independent!variables!in!regression!model!can!be!defined!as:!!

X=[X1,!X2,X3….X11]!

Where! X1! is! accumulated! precipitation! for!winter! season! (December,! January! and!

February!(DJF)!(mm),!X2!is!average!temperature!for!winter!season!(DJF)!(Co).!X3!is!monthly!

precipitation! for! December,! X4! is! monthly! precipitation! for! January,! X5! is! monthly!

precipitation! for! February,! and! X6! is! monthly! average! temperature! for! December,! X7! is!

monthly!temperature!for!January,!X8! is!monthly!average!temperature!for!February.!As!for!
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climate!indices,!X9!is!average!value!of!SOI!(DJF),!X10!is!average!value!of!PNA!(DJF),!and!X11!

equals! to! average! value! of! PDO! (DJF).! The! above! variables! constitute! the! independent!

variable! in! regression! model.! While! dependent,! which! is! also! predicted,! variable,! is!

Y=average!streamflow!for!March,!April,!and!June!(cfs).!Basic!variables!in!regression!model!

can!be!defined!as:!!

Xb=[X1,X2,!X3,!X6]!

The! variables! include! accumulated! precipitation! for! DJF,! average! temperature! for!

DJF,! and! monthly! precipitation! and! temperature! for! December.! To! compare! different!

contribution! of! other! climate! indices! in! PCR,! it! can! be! achieved! by! adding! it! on! to! basic!

variables.!

Xa=[Xb,!Xi,!Xj,!Xk!…!etc.]!

3.3.4&Evaluation&Statistics&!

variables! Notation! Correlation! Bias! RMSE! NSE!
Basic!Variables! [Xb]! 0.6875! 1.6023ea16! 0.5138! 0.4726!
Basic!Variables!

with!SOI! [Xb,!SOI]! 0.7105! 1.1824ea16! 0.4979! 0.5048!
Basic!Variables!
with!PNA! [Xb,!PNA]! 0.7009! 2.2358ea17! 0.5047! 0.4912!

Basic!Varibales!
with!PDO! [Xb,!PDO]! 0.6880! 1.9377ea16! 0.5135! 0.4734!

Basic!Variables!
with!PNA!and!

PDO!
[Xb,!PNA,!PDO]! 0.7134! a4.099ea17! 0.4958! 0.5090!

Basic!Variables!
with!PNA!and!

SOI!
[Xb,!PNA,!SOI]! 0.7382! 1.4533ea16! 0.4773! 0.5449!

Basic!Variables!
with!SOI!and!

PDO!
[Xb,!SOI,!PDO]! 0.7106! 1.0706ea16! 0.4978! 0.5050!

Basic!Variables!
with!SOI!and!
PNA!and!PDO!

[Xb,!Soi,!PNA,!
PDO]! 0.7474! 2.5339ea16! 0.4701! 0.5586!

All!Variables! [x1,!x2,!…,!x11]! 0.8171! 1.6396ea16! 0.4079! 0.6677!
Table'1'different'combination'of'climate'indices'used'in'the'model,'the'correlation,'bias,'root7mean7square'error,'

and'Nash7Sutcliffe'error!
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!
Figure'9'Correlation'curve'of'using'different'climate'indices!

!
Figure'10'NSE'RMSE'Bias'curves'of'different'indices'used'in'the'model!

Table!1! summarizes! the! correlation!between! the! simulated!and!observed!variable,!

showing!the!linear!relationship!between!the!two!variables.!Based!on!Table!1,!Fig.!9!gives!us!

a!visualized!image!of!how!climate!indices!in!the!model!correlate.!With!more!variables!in!the!

model,!the!result!is!much!more!accurate.!In!this!model,!there!are!six!major!variables!used,!

with! the! SOI! &! PNA! showing! the! best! result.! Fig.! 10! visualizes! bias! target! variable! and!

observed! variable! values,! and! the! rootameanasquareaerror! (RMSE)! shows! the! difference!

between! the! estimator! and!what! is! estimated.! The! RMSE! is! a! good!measure! of! accuracy,!

with!a!smaller!RMSE!the!veracity!of!the!model.!From!Table!1,!by!adding!climate!indices!to!

physical! variable! the!RMSE!value!decreases,!which! shows!with!more! variables! the! target!

variable!can!be!better!predicted.!For!NashaSutcliffe!error,!the!closer!the!model!efficiency!is!
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to! 1,! the! more! accurate! the! model! is.! The! model! with! all! variables! showed! the! highest!

correlation!coefficient,!the!lowest!RMSE!and!the!highest!NSE.!!

4.Result!

4.1&Prediction&Analysis!

Based! on! Principal! Component! Regression! model! that! applies! multiple! climate!

variables,!there!are!two!basic!components!that!have!more!influence!in!the!prediction,!which!

are! accumulated! precipitation! and! mean! temperature! for! the! three! months! before! the!

spring![Rosenberg!et!al.,!2011].!Feather!River!Basin’s!major!source!of!streamflow!is!rainfall!

and!snow![Kim,!2005].!For!spring!season!streamflow!prediction,!streamflow!is!mainly!from!

snowamelt!water!from!winter!snow.!In!Northern!California,!precipitation!in!winter!months!

can! be! in! solid! or! liquid! forms!depending! on! surface! temperature! [Asztalos! et! al.,! 2006].!

Compared!with!monthly!forecasting,!seasonal!forecasting!reduced!uncertainty!as!seasonal!

streamflow!is!much!more!consistent.!For!example,!in!a!colder!year,!snow!melt!water!will!be!

released!later!to!the!watershed!than!a!warmer!year.!The!seasonal!storage!could!be!similar!

on!average,!however!monthly!storage!will!have!a!huge!difference!due!to!this![Unterfrauner,!

2009].! After! selecting! all! possible! variables! to! simulate! streamflow,! by! calculating! the!

eigenvalue,!the!contribution!from!each!variable!can!be!found.!With!the!reordered!variables,!

Fig.! 11! shows! the! top! six! variables! after! transfer,! which! accounts! for! 95%! variance!

explained.!!!
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!
Figure'11'Number'of'principal'components'used'in'regression'model'and'the'percent'variance'explained'in'the'

hold'variables!

As! accumulated! precipitation! in! winter! season! has! a! high! correlation!with! spring!

streamflow,! it! can!be! assumed! that! accumulated!precipitation! is! the!major! component! in!

the! regression!model.! !However,!winter! season! temperature! has! an! important! impact! on!

streamflow![Kelly!and!Roy,!1991].!The!basic!two!variables!before!simulation!can!be!set!as!

precipitation!and!temperature!to!test!monthly!data!and!climate!based!indices!contributed!

in! regression,! and! the! result! is! in! Fig.! 12.! The! curve! in! Fig.! 9! illustrates! the! number! of!

principal!components!used!in!the!regression!model,!and!the!eigenvalue!of!each!component!

is!the!contribution!of!reordered!variables.!With!only!one!variable,!the!percent!variance!that!

explains!X!is!around!57%.!By!adding!on!variables,!the!independent!variable!X!can!be!well!

explained.!
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Figure'12'Standardized'observed'streamflow'and'simulated'streamflow'with'11'variables'using'the'Principal'
Component'for'25'years'(198272005)!

PCR!is!used!to!reorder!the!correlated!variables!by!calculating!the!contribution!score!

of!each!variable,!and!the!eigenvalues!show!the!number!of!components!that!are!necessary!to!

represent! the! observed! data! [Helland,! 1990].! For! example,! by! using! the! first! three!

components,! it! can! account! for! almost! 95%! of! simulation.! In! this! case,! according! to!

eigenvalues,!the!observed!streamflow!can!be!represented!by!six!main!components!instead!

of!using!all!eleven!components.!In!PCR,!it!only!shows!the!reordered!eigenvalue.!Given!this!

information,!variables!need!to!be!manually!reduced.!The!basic!components!for!regression!

are! accumulated! precipitation! for! the! winter! season,! which! is! December,! January,! and!

February,! mean! temperature! for! the! same! three! months! and! monthly! precipitation! and!

temperature!in!December.!The!result!is!shown!in!Fig.!10.!In!December,!precipitation!is!the!

major! source! of! storage,! while! temperature! tells! us! if! precipitation! will! produce! runoff!

before! the! spring! season! or! remain! in! storage! as! snow! for! spring! water! usage.! Higher!

temperature!during!December!means!most!of!the!precipitation!turns!into!runoff!instead!of!

keeping!the!shape!of!snow!for!spring!usage.!
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!
Figure'13'Standardized'observer'streamflow'and'simulated'streamflow'with'4'components'using'PCR'by'using'
accumulated'precipitation'of'Dec,'Jan,'and'Feb,'and'monthly'precipitation'of'Dec,'and'mean'temperature,'and'

monthly'temperature'for'Dec'for'25'years'(198172005)!

By! comparing! different! combinations! of! basic! variables! and! climate! indices,! the!

results! are! slightly! different,! according! to! the! table! of! correlation! coefficient! between!

simulated!streamflow!and!observed!streamflow.!Table'1!shows!the!different!contributions!

of!each!climate!index.!For!different!regions,!climate!indices!may!have!different!influence!on!

prediction.!According!to!different!combinations!of!variables,!variables!after!regression!can!

generally!follow!the!pattern!of!the!observed!streamflow!dataset!(after!normalization).!

!
!
(a)! ! ! ! ! ! ! !!!!!!(b)!

!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(c)! ! ! ! ! ! ! !!!!!(d)!
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! !!!!!!!!!!!!!!!!!!!!!!! !
(e)! ! ! ! ! ! ! !!!!!(f)!

!!!!!!!!!!!!!!!!!!!!!!!  
(g)!

'

Figure'14'a)'basic'variables'with'SOI'b)'basic'variables'with'PNA'c)'basic'variables'with'PDO'd)'Basic'variables'
with'SOI&'PNA'e)'Basic'variables'with'PNA&PDO'f)'basic'variables'with'SOI&PDO'g)'basic'variables'with'

SOI&PNA&PDO'(cfs)!

By!comparing!all!seven!plots!in!Fig.!15,!the!slight!difference!between!combinations!

of!variables!demonstrates!different!information.!However,!the!pattern!of!simulated!results!

are!not!the!same.!For!example,!Fig.!15(d)!and!Fig.!15(e),!as!basic!variables!works!with!SOI!

and! PNA,! and! the! peak! is! not! the! same! as! basic! variables!with! PNA! and! PDO.! To! have! a!

better! understanding! of! the! difference! between! the! results,! the! correlation! coefficient!

expresses!how!close!the!simulation!is!to!observation.!!!
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With!the!basic!concept!of!PCR!for!streamflow!prediction,!the!first!thing!to!consider!is!

which!of!the!components!should!be!used!for!prediction.!The!identified!components!are!the!

accumulated! precipitation! and! the! average! temperature! for! three! months! before! the!

prediction!season.!!

By! comparing! numbers! shown! in! Table! 1,! the! correlation! between! simulated!

streamflow!and!observed!streamflow!shows!that!the!simulated!streamflow!changes!in!the!

same!pattern!as!the!observed!data!changes.!As!we!have!the!NSE!between!0!and!1,!the!more!

variables!used,!the!better!predictor!the!model!will!be.!However,!the!model!shows!that!with!

six!variables!it!can!cover!almost!all!information!for!prediction.!

Based! on! the! result! above,! the! best! components! are! basic! precipitation! and!

temperature!with!SOI!and!PNA.!While!PDO!does!contribute,!PDO!does!not!provide!a!better!

indicator!than!the!other!two!variables.!Fig.!15!shows!the!evaluation!of!the!PCR!model!with!

six!components.!

4.2&Validation&!

!
Figure'15'Model'Validation!

To!validate!the!model!when!using!eleven!variables,!the!result!shows!the!correlation!

coefficient!between!simulated!data!and!observation!is!0.94!during!the!specific!time!period!

of!2006a2013.!However,!it!is!not!necessarily!the!model!that!should!be!used!for!streamflow!
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forecasting.!DWR!and!NOAA! [Rosenberg! et! al.,! 2011]!have!been!using!HEPEX!and!hybrid!

model! for! streamflow! forecasting!using! simulated!gridded!dataset,! and! the!predictor! that!

has! been! often! utilized! has! been! snow! water! equivalent! (SWE).! In! this! study,! as!

temperature! has! a! direct! coherence! with! snowmelt! water! accumulation,! it! is! a! major!

variable! in! regression! model.! In! the! case! study,! it! is! demonstrated! that! the! proposed!

approach! can!work!well! for! forecasting! streamflow!over! spring! season! for! the! test! basin!

(the!North!Fork!of!the!Feather!River).!!

5.&Summary&and&Conclusions!

The! result! shown! in! Fig.! 14! demonstrated! information! from! climate! variables! in!

winter! season! are! correlated! to! spring! season! streamflow! forecasting.! Physical! variables!

(precipitation! and! temperature)! correlated! to! streamflow! changes! in! spring! season,!with!

precipitation! types! (snow! or! rain)! and! average! temperature! affecting! when! water! is!

released! to! streamflow.! By! adding! climate! indices! to! streamflow! prediction! regression!

model,!the!result!is!better!than!just!predicting!with!physical!variables.!With!more!variables!

in!the!regression!model,!the!result!is!better.!By!using!principal!components!with!the!largest!

variances,! PCR! effectively! reduces! the! dimensionality! of! streamflow! estimation! [Ozkale,!

2009].!Following!the!regression!progress,!the!principal!components!are!selected!after!they!

are! reordered! and! scored.!With! the! eigenvalue,! each! variance! of! principal! components! is!

explained.!

! Other! basins! would! require! different! forecasting! information,! due! to! climate!

conditions!in!the!individual!geographic!region.!Information!regarding!climate!indices!would!

contribute!to!the!forecasting!progress,!and!increase!the!accuracy!of!forecasts.!As!variables!
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are! selected! around! the! Feather! River! Basin,! the! model! and! selected! variables! can! be!

utilized!regionally.!To!test!if!the!approach!can!be!utilized!throughout!California!or!for!all!U.S.!

basins,! more! station! information! is! needed.! Additional! testing! of! gauge! conditions! can!

contribute!to!the!regression!model,!and!can!be!enhanced!and!potentially!utilized!in!a!wider!

basin!region.!!

In!conclusion,!it!was!found!that!adding!on!climate!indices!to!physical!variables!like!

precipitation! and! temperature! indicated! a! higher! correlation! coefficient! between! the!

simulated!and!observed!data.!!

!

!
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