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Abstract:Acomplexsystemisinherentlyhigh-dimensional.Recentstudiesindi-
catethat,evenwithoutcompleteknowledgeofitsevolutionarydynamics,the
futurebehaviorofsuchasystemcanbepredictedusingtime-seriesdata(data-
drivenprediction).Thissuggeststhattheessentialdynamicsofacomplexsys-
temcanbecapturedthroughalow-dimensionalrepresentation.Virusevolution
andclimatechangearetwoexamplesofcomplex,time-varyingsystems.Inthis
article,weshowthatmutationsinthespikeproteinprovidevaluabledatafor
predictingSARS-CoV-2variants,forecastingthepossibleemergenceofthenew
macro-lineageQinthenearfuture.Ouranalysisalsodemonstratesthatcarbon
dioxideconcentrationisareliableindicatorforpredictingtheevolutionofthe
climatesystem,extendingglobalsurfaceairtemperature (GSAT)forecasts
through2500.
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  Virusevolutionandglobalwarmingaretypicalexamplesofcomplex,time-varyingsystems.

Evenwithoutcompleteknowledgeoftheirevolutionarydynamics,futuretrendscanbepredicted

usingtime-seriesdata(data-drivenprediction).Ourapproachreliesontheideathathigh-dimension-
alsystemsoftencontainredundantinformation,andthattheiressentialdynamicscanbecaptured

throughlow-dimensionalrepresentations[1].AccordingtoTakens'theoremondelayembedding,each

time-seriesvariableinadynamicalsystemcanbeusedtoreconstructalow-dimensionalrepresenta-
tion.Delayembeddingenablesanisomorphicreconstructionoftheoriginalsystemfromasingle
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timeseries.Thus,low-dimensionalrepresentationscanserveasgeneralizedpredictors,allowingthe

identificationoffuturedynamicsincomplexsystems[2-4].

1 EvolutionofSARS-CoV-2variants

Thecontinuousspreadofthenovelcoronavirusoverthepastfouryearshasbeendrivenbysuc-
cessivewavesofSARS-CoV-2mutations.Wepreviouslyintroducedamathematicalmodeltoanalyze

thedynamicsofCOVID-19spread[5].However,predictingtheemergenceofnewstrainsandmulti-

plemacro-lineagesremainsasignificantchallenge.Giventhecrucialroleofspikeproteinmutations

intherapidevolutionofSARS-CoV-2,weproposedamodel(theA-Xmodel)tostudytheemer-

genceofnewstrainsonthephylogenetictreeandexplainedthepatternsofSARS-CoV-2macro-line-

ages[6-7].Here,Xrepresentsasetofrandomlygeneratedsitesinthespikeprotein.Byexpandingthe

stochasticsamplingtoalargerscale,weidentifiedthestatisticalprinciplesbehindtheemergenceof

newstrains.Ourfindingsshowthattheprobabilityofamacro-lineage'semergenceislinkedtothe

number,x,ofrandomlygeneratedsiteswithintheXset.Asxincreases,theproportionsofmacro-
lineagesshift:lineageOsurpasseslineageN,followedbylineagePsurpassinglineageO,andeventu-
ally,lineageQsurpassinglineageP.Weinitiallypredictedtheemergenceofmacro-lineageP,which

hassincebeenobserved.Furthermore,wepredictedtheemergenceofmacro-lineageQwhenxrea-
chesasufficientlylargevalue[8].Theseresultsprovideacrucialtheoreticalframeworkforunder-
standingSARS-CoV-2evolution.

Fig.1showstheprobabilityofmacro-lineageemergence(PML)asafunctionofx,withthefol-
lowingdemarcationvalues(99thpercentile):Newmutant∈ Nwhenx≤20;Newmutant∈ Nor

Owhen21≤x≤30;Newmutant∈Owhen31≤x≤37;Newmutant∈OorPwhen38≤x≤62;

Newmutant∈Pwhen63≤x≤78;Newmutant∈PorQwhen79≤x≤107;Newmutant∈ Q

whenx≥108.

Fig.1 PML(ProbabilityofMacro-lineage)versusxfor61mutants

  Next,weanalyzetherelationshipbetweenthenumberofmutatedsitesxinavariantandits

samplecollectiondate.Alinearregressionofthenumberofmutatedsitesagainstthefirstsample

collectiondatewasperformed,withresultsshowninFig.2[8].TheR-squared(R2)andResidual

StandardError(RSE)are0.91and6.51,respectively.Theseresultssuggestthatthelinearregres-
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sionmodelprovidesagoodapproximationofthetrendintheincreasingnumberofmutatedsites

duringviralevolution.Theregressionslopeisdx/dt=1.268permonth,witha95%confidence
intervalof±0.103.Ifthislinearrelationshipholdsoveralongerperiod,itwillenablefurtherpre-
dictions.

Fig.2 Linearregressionofthenumberofmutatedsitesversusthefirstsamplecollectiondate.Observational

dataareshownbycycles.The95%confidenceintervalsarerepresentedbythedottedlinesaroundthestraightline

  BasedontheresultsfromFigs.1and2,wepredictthatbythe62ndto63rdmonth(starting
fromDecember2019),thenumberofmutatedsiteswillreachfromx=78.25±3.76to79.52±
3.85,andbythe86thmonth,itwillreachx=108.69±6.07.Usingthedemarcationvaluesx1=79
(initialemergenceofmacro-lineageQ)andx2=108(strongoutbreakofmacro-lineageQ)from
Fig.1,weforecastthatmacro-lineageQwillemergearoundFebruary2025(whenx≈79)and,after
approximately23months,willreachthestrongoutbreakstage(whenx≈108)[8].

Inconclusion,thespikeproteinmutationsprovideessentialdatafordata-drivenpredictions.By
integratingthenovelstrainemergencedatafromtheA-Xmodelandtheassumptionthatthelinear

relationshipbetweenxandtholds,wepredictthatmacro-lineageQwillemergearoundFebruary
2025(whenx≈79)andreachastrongoutbreakstageabout23monthslater(whenx≈108).

Note:IfotherviralinfectionsoccurconcurrentlywithSARS-CoV-2in2025and2026,the

potentialforcompetitivespreadbetweentwoormorevirusesinaregionshouldbeconsidered.To

accuratelysimulatethecross-spreadoftwoviruses,itisessentialtoaccountforthedifferencesin

theCumulativeNumberofInfections(CNI)functionsofeachvirusandtheirinteractions.Detailed

discussionscanbefoundinref.[5].

2 CO2concentrationasanindicatorofglobalsurfaceairtemperature

Globalwarmingposesasignificantchallengetoearth'secosystem[9-10].Numerousstudieson

climatechange,throughobservationaldataandattribution,consistentlypointtohumanactivities,

particularlyCO2emissionssincetheindustrialrevolution,astheprimarydrivers[11-14].TheIntergov-
ernmentalPanelonClimateChange(IPCC)hassynthesizedthisdata,confirmingthathumanemis-
sionsareamajorcauseofclimatechange.Thisconsensushasdrivenglobaleffortsbyscientistsand

policymakerstodevelopmitigationstrategies.

Traditionally,climatechangeresearchhasfocusedonunderstandinghowgreenhousegases
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affecttheatmosphericenergybalanceandthephysicalmechanismsoftheglobalcarboncycle.How-
ever,duetothecomplexityofthesesystems,accountingforeverydetailremainschallenging.We

proposeanalternative,data-drivenapproach.OuranalysisrevealsthathistoricalCO2concentration

datacanbeeffectivelymodeledbyexponentialgrowth.Usingtheexponentialfunction:

C=A·exp[B(t-T0)]+C0,(A=55.408,B=0.016581,C0=258.61,T0=1958) (1)

wesuccessfullysimulatedtheannualvariationofCO2concentrationsfrom1958to2023attheMau-
naLoaObservatory(Fig.3)[15].

Fig.3 SimulationofthevariationofCO2concentration

  Historicalsimulationsplayakeyroleinunderstandingthefutureclimatedynamics.TheIPCC

introducedseveralSharedSocio-economicPathways(SSPs)toprojectfuturegreenhousegascon-
centrationsfrom2015onward[10].AccordingtoTakens'theoremondelayembedding[2],historical

datacanbeintegratedwithfutureprojectionswithintheframeworkofthesefiveSSPs.Bysynthesi-
zinghistoricalandprojectedCO2concentrationdatafrom2015to2500,weidentifiedtwodistinct

time-dependentpatterns.

Before2015(denotedasy0)andafteracriticaltimepointy(whichvariesbetween2140and
2235acrossthefiveSSPs),theconcentrationfollowspureexponentialgrowth.Before2015,the

exponentialmodelshowsanincreasingtrend,whileaftery,itshowsadecreasingtrend.Thesecond

patterncapturesthetransitionfromexponentialgrowthtoexponentialdecaybetween2015andy.
Thistransitionismodeledbyamodifiedexponentialfunction(Eq.2),whichreflectstheimpactof

socio-economicpathwaysandpoliticalconditions:

C=a·exp[α(t-y0)-β(t-y0)λ],t∈ [y0,y] (2)

whereparametersα,β,andλarederivedfromsimulationsunderdifferentscenarios
[15].

Globalwarming,definedasthelong-termchangeinglobalaveragetemperaturefrom1850to

2020,doesnotfollowaconsistentannualincrease.Usinghistoricaldata,weestablishedalinearrela-
tionshipbetweentemperatureanomaliesandCO2concentrationsoverextendedperiods(sevenyears

ormore).Basedonthis,usingCO2concentrationdatawepredictedglobaltemperaturechangesup

to2500undereachSSPscenario[15].Thepredictedtemperatureanomaliesfrom2015to2300align

withtheprojectionsintheIPCCSixthAssessmentReport(AR6)[10].Furthermore,thisapproach
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extendstheforecastofglobalsurfaceairtemperature(GSAT)upto2500,offeringvaluableinsights

intothetrajectoryofglobaltemperatureanomaliesandinformingproactiveclimatechangemitiga-
tionefforts.

Insummary,ouranalysisshowsthatthecarbondioxideconcentrationisaneffectiveindicator

forclimatesystemevolution.Sincehigh-dimensionalsystemsoftencontainredundantinformation,

andkeyfeaturescanbecapturedinlow-dimensionalrepresentations,ourdata-drivenpredictionsof

globaltemperatureanomaliessuggestthatlow-dimensionalembeddingisapowerfulmethodfor

studyingtheclimatesystem,similartotechniquesusedinothercomplexsystems[1-4].

3 Remarks

3.1 Fluctuationanalysis

Inthelinearregressionbetweenthenumberofmutatedsitesandthefirstsamplecollection

date(Fig.2),thefluctuationisestimatedbycalculatingtheconfidenceintervalofthepredictedval-
uesintheregressionmodel.BothCO2concentrationsandtemperatureanomaliesexhibitsignificant

short-termfluctuationsinclimatewarming.Forexample,carbondioxidelevelsattheMaunaLoa

Observatoryfluctuatemarkedlyfrommonthtomonth.Similarly,naturaltemperaturevariationsfol-
lowirregularcyclesof2to7years,asseenintheElNiño/LaNiñaphenomena.Tobetterunder-
standthesefluctuationsinissuessuchasvirusevolutionandclimatevariation,anewanalytical

approachisnecessary.

Asiswellknown,chemistryandbiologyoftenstudymolecules,eachofwhichhasnumerous

internaldegreesoffreedom.Stochasticpopulationkineticsoffersamoreaccurateandrealisticmodel

ofthebiologicalworld.Quaternions,discoveredbytheIrishscientistHamiltonin1843,extended

complexnumbersbyintroducingthreedimensionsinsteadofone.Applyingquaternionstodescribe

stochasticpopulationsystemscouldprovidemoremeaningfulinsights.Adeeperunderstandingof

quaternionphasesandtheirrelationtofluctuationswasdiscussedinref.[16]where,asanexample,

thequaternion-basedmodelexplainedboththeoverallprofileandfluctuationpatternsofdailyvirus

infectiondata.Itisanticipatedthattheconceptsandmethodsoutlinedin[16]canbeappliedtoana-
lyzethefluctuationsobservedintheevolutionofbothvirusandclimatesystems.

3.2 CO2emissionfromland-usechanges

Carbondioxide(CO2)emissionsarisefromtwomainsources:fossilfuelcombustionandindus-
trialactivities,aswellasland-usechanges.Tohighlighttheroleofland-usechangeinCO2emis-

sions,considerthecaseofChilechuanPrairieinInnerMongolia,northernChina.Covering10km2,

thisprairiehasundergonerestorationsince2012andhasbecomeaprominentscenicspotby2023
(Fig.4).

Soilcarbonsequestrationplaysacrucialroleinthecarbonbalanceofterrestrialecosystems,

storingover90%ofthecarbonfoundinvegetation.Followingitsrestoration,theprairiesequesters

between15000tonsand45000tonsofcarbonannually,equivalentto55000tonsto165000tonsof

CO2.

GiventhatglobalCO2emissionstotalapproximately40GtCO2peryear,therestorationefforts
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atChilechuanPrairiehighlightthepotentialforlarge-scaleemissionmitigation.Specifically,thecar-
bonsequestrationachievedby2.42×105to7.26×105grasslandsofsimilarsizetoChilechuanPrai-
riecouldoffsetcurrentglobalCO2emissions.

However,whencomparingthispotentialtothenear-zeroCO2emissiontargetsfor2050,it

becomesclearthatscalingupsuchrestorationprojectsisvital.Theestablishmentof100grasslands

ofsimilarsizetoChilechuanPrairiecouldsignificantlyreduceCO2emissionsfromfossilfuelcom-
bustionandindustrialactivities,contributingtoclimatechangemitigation.

Thisexampleemphasizesthecriticalroleofland-usechanges,suchastherestorationofdegrad-
edecosystems,inreducingcarbonemissionsandcombatingclimatechange.Projectsliketherestora-
tionofChilechuanPrairieofferpracticalsolutionsforachievingcarbonneutralityandpromoting
sustainableenvironmentalpractices.

Fig.4 ChilechuanPrairiein2012(left)and2023(right):

   Comparisonbeforeandafterecologicalrestoration
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复杂系统的数据驱动预测
———新冠病毒演化和全球气候变暖*

罗辽复1,吕 军2

(1.内蒙古大学物理科学与技术学院,呼和浩特010021;

2.内蒙古工业大学理学院,呼和浩特010051)

摘要:对于实际复杂系统,由于内在机制过于复杂,在无法获知其完整动力学方程情况下,可

以通过演化产生的时间序列来进行预测。本文对两个复杂系统进行数据驱动预测。对新冠病

毒演化问题,依据病毒刺突蛋白的氨基酸突变数据进行突变株的谱系预测,发现新的 Q谱系

可能在最近产生。对全球气候变暖问题,证明二氧化碳浓度是一个好的气候演化指标,由此出

发将全球地表温度预测一直推广到2500年。

关键词:数据驱动预测;复杂系统;新冠病毒演化;全球气候变暖
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