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1 Changelog

e Versionl.1-June2001.

1. Correctedbugs.

(a) Previousversionof svdeofs()  usedadenominatoof (N-1)to com-
pute the variance,whilst the data setswere standardizedising the
samplevariance(N) in the denominatar Thus, PCswere actually
scaledby the factor sqrt((N-1)/N) and eigervalues(variances)y a
factor(N-1)/N. We areusingN in all denominatorsn this version.

(b) readdat.p is ableto handlecommentdike #Variance  of XXX
(without blank betweerthe# andVariance ), which causedhcrash
in previousversions.

2. To be ableto run properly underPython2.n, all exceptionstringshave
beenremoved and corvertedto exceptionclasses.All the exceptionsare
instancesf aroot class(PyClimateExceptionyvhich canbe printedwith
avery comprehensiemessageia the__str__ method.Theexceptionshave
analternatve methodGetException¥lue(),whichreturnshemostimport-
antdatarelevantto eachexception.

3. Thedifferentialoperatorshave beenextended.They canwork usingperi-
odic and non periodic boundaryconditionsin the longitudinal direction.
For latitudes,the previous approach(backward andforward secondorder
finite differenceschemesis usedattheborders.In thecurrentversion they
areableto work using3D (Z,lat,lon)and4D (time,Z,lat,lon)fieldsarranged
accordingto COARDS corventions,not just 2D fields, like in PyClimate
1.0. This allows to computethe operationfor all the recordsin a dataset
(if it fits into memory)or for all thelevelsin arecordatatime.

4. A nenv modulewritedat.py providessimplefunctionsto write arrays
in a way that canbe directly invertedby readdat.py . Both modules



(writedat.py andreaddat.py ) have beenincludedinto ascii-
dat.py , althoughtthey canstill be called independentlyfor backward
compatibility.

5. A new modulebpcca.py providesCanonicalCorrelationAnalysiswith
anEOF prefiltering(Barnett—Preisendorfepproach).

6. Easierinterfacefor theroutineswhichcomputeEOFsandthe SVD decom-
position of coupledfields. The input datasetscan be arbitrarily shaped,
with theonly preconditionthatthe leadingaxisis thetime dimension.The
fieldsareautomaticallyreshapedhsidetheroutinesbeforereturning.Sim-
ilarly, the eigervectorsandsingularvectorsare automaticallyreshapedo
the original shapebeforereturningto the caller Somesimple functions
have addedo thesemodules(svd.py andsvdeofs.py ).

7. A new functiongetcoefcorrelations() hasbeenaddedo svd.py
to getthe correlationsof pairedSVD expansioncoeficients.
8. A new functionpcseriescorrelation() hasbeenaddedo themod-

ule svdeofs.py  to getthe correlationpatternsbetweeneachprincipal
componenandthe original field.

9. New versionsof the manualandthe testscover the previously described
changes.

10. We have slowly startedto provide __doc__ stringsto SOME (very few, yet)
of theroutines.

11. New functioncreate_bare_ COARDS() tocreatehebareminimumof
a COARDS compliantenetCDFfile in ncstruct.py

e Versionl.0—October2000.

1. Improvedtests.They aremoreaccurateteliable informative,comprehens-
ive anduselessdisk space.

2. The packagecompilesusingdistutils . Thisfeaturehasbeenchecled
on FreeBSD Linux andOSFplatforms.

3. Someminortyposcorrectedn thedocumentation.

4. AddedKPDF.c, aextensionrmoduleto estimataunivariateandmultivariate
kernel-basegrobability densityfunctions.

5. Addeda classto computethe verticalcomponenbf the curl andthe diver
genceof anhorizontalvectorialfield in diffoperators.py

6. DCDFLIB.C is currentlydistributedwith the package.

7. KZFilter.py hasbeencorvertedinto a generalpurpose.inearFil-
ter.py  which holdsthe basicoperationof ary linearfilter. Thereare
two differentsubclassesurrently the Lanczosfilter [5] andthe previous
Kolmogoro/—Zurbenlofilter, KZFilter.py

2 Installation

2.1 Compilation

Versionl.0of pyclimate is distributedusingdistutils . Thanksto Alberto Garda
for hishelpin settingupthesetup.py  script. After downloadingthefile PyClimate-
-1.0.tar.gz , you shoulddecompress,ntarandinstall it. The UNIX commands



neededare:

gunzip PyClimate-1.0.tar.gz

tar xf PyClimate-1.0.tar

After thesesteps,go into the main directory of pyclimate and a typical installation
commands:

e Forageneralinstallation(root passwrodequired):
python setup.py install

e Foraprivateinstallation:
python setup.py install home="

In this lastcase you will have to setmanuallythe valueof the ervironmenalvariable
PYTHONPATHb be ableto accespyclimate. The script pyclimatetest.py in

thetest directoryrunsa testthat coversmary of the routinesin the package(see
subsectior®.3).

2.2 Prerequisites

Many of the functionsdevelopedin this packagehave beenbuilt over other freely
distributedpackagesndlibraries. So, beforeinstallingthis packagethe next software
is needed:

e Pythoninterpreteiitself, freely availableat:
http://www.python.oig

e TheNumericextensiongo Python, freely availableat:
http://numpy.sourcefoge net

e KonradHinsens Scientific Python, availableat:
http://starship.pthon.net/crev/~hinsen

e ThenetCDF library, freely availableat:
http://www.unidata.ucaedu

The previous versionrequiredDCDFLIB.C 1.1 library, too, which is freely avail-

ableat: http://odin.mdacc.tmc.edu/anonftp/ page 3.html . Thecur

rentversionof the packagdlistributesthe sourceanddocumentatiorof this library to

easeheinstallationof pyclimate. In casetheoriginal C files of someof theextensions
wereedited,D. Beazlg's SWIG (http://www.swig.og) will be neededo createthe
Python interfaceto the C routines.The SWIG sourcefiles (*.i ) aredistributedin the
subdirectoryswig .

2.3 Test

After installingthe packagea usermaybeinterestedn knowing if it is working prop-

erly. Thereis a script which makes extensive use of the functionsin pyclimate in

thesubdirectorytest . This script(pyclimatetest.py ) comparesheresultsob-

tainedaftertheinstallationwith the onesobtainedandchecledduringthedevelopment
andextensive checkingof the package.Thus,python pyclimatetest.py runs
thetestsandcompareghe outputwith the datastoredin file reference.cdf . The

outputof thescriptis quiteinformative. Hereis shavn a excerptof the output:



XG_44_44  |hgt_eofs [ 1.00e-00 dG:-1.11022e-16
G_45 45 |hgt_eofs | : 1.00e+00 dG: 2.22045e-16
G_46_46 |hgt_eofs | : 1.00e+00 dG: 0.00000e+00

| .
I

XG_47_47 |hgt_eofs 1.00e-00 dG:-1.11022e-16
RMS Error  |hgt_lambdas 0.00e+00

Thefirst characterf eachfile may be a blank (no differencedetected)r a X, in
which case a differencehasbeendetected.Most often, thesedifferencesarenot im-
portant,and they are simply dueto the fact that the control usedis of the type if
rms!=0.0): , whichis notaccurateenough.The seconcdcolumnshavs whichis the
measureisedo evaluatethedifferencesUsually RMS errorsareused put congruence
coeficients(G.i _i ) arealsousedto evaluateerrorsin EOFs(andrelatedquantities,
like PCs,expansioncoeficientsfor SVD analysisor heterogeneousndhomogeneous
correlationmaps)dueto the factthatbothx and—x arevalid solutionsof the eigen-
valueproblem. Thethird columnstateghe nameof the netCDFvariablewhich holds
thereferencalataandthefourth columnshonsthevalueof theerrormeasurdRMS or
congruenceoeficient). For the specialcaseof congruenceoeficients,alastcolumn
(dG) shaows the differencel — |g; ;| to let the userknow the real differencefor those
lineswith a X asthefirst character
Thenew testsin versionl.1 haveincreasedhesizeof reference.cdfo 1.6 Mb. There-
fore, it is not currentlydistributedwith pyclimate , andthe distribution still fits in
afloppy disk (or two, if you downloadthereferencdile andgzip -9 it first). The
test script canretrieve the file from the URL, and, additionally the file canalways
be downloadedfrom the primary WEB sener http://www.pyclimate.org

python pyclimatetest.py -g forcesthe retrieval of the referencefile from
its URL.
python pyclimatetest.py will usuallybecalledwithoutcommandine ar-

guments,andit performsthe comparisons.However, if a userdetectsthat with her
hardwareor softwaresheis gettingdifferentresults(for instancephasesn EOFs)and
sheprefersto have her own reference.cdf file, shecanusethe commandline
option-o to overwritethereferencdile. It is not advisableto do this unlessthe cor-
rectnes®f pyclimate hasbeenexaminedat leastonceafterthe primaryinstallationin
thatplatform.

2.4 Examples

The previous manualincludedsomeexampleson the useof the code. However, we
have removed thoseexamplesfrom the currentversionof the manualto save some
trees. They canbefoundat the directoryexamples of the distribution, andyou can
print them,if you don’t mind usingpaper Anotherdifferentsourceof informationon
theuseof the packagecanbefoundin the pyclimatettest.py file, which covers
mostof thefunctionsin the packageusingreal-life datasets.



3 10 functions

3.1 ASCII files: asci i dat . py
3.1.1 readdat. py

Themaingoalof file readdat.py s to provide a setof functionsto handlelO from
ASCII files. The ASCII files mustbe written in the way gnuplot  files are, but not
all of thegnuplot —compliantfiles arereadable.Eachrow in thefile is a row of the
outputdata.Lineswhosefirst tokenis a# arecommentgor thesefunctions.No com-
mentsareallowedat thetail of aline. Emptylinesareallowed,but they arediscarded
and not usedto separatelatasetsn the file. Better supportfor thesefeaturesexists
in otherpackagedor Python, like M. Haggertys Gnuplot or the IO functionsin K.
Hinsens Scientific Python. Theinterestof this file is thatit allows to readfiles with
complex numbersandotherdatatypes,afeaturethatis not supportedy the mentioned
files. Complex numbersarewritten as: real,imag , ,imag orreal, in theinput
file, with no blankspacegnor tabs)separatinghe memberf acomple« number Ex-
amplesof useof theseroutinescanbefoundin file exiofuncs.py

Function: defreaddat(fname,typecode=None)

Readsall the datain the file fname andreturnsa bidimensionaNumPyarray of the
sameshapeasthedatain theoriginal arrayandwith atypecodegivenasFloat64 by
default(Complex64 in caseherewerecomplex elementsn thefile). If theparameter
typecodeis explicitly assignedtheoutputarrayis coercedo thattype. If thefile to be
readcontainsonly onerow or columnof datathereturnedarrayis one—dimensional.
Function: defreadcol(fname,col=1,typecode=None)

In thiscasethecol-ethcolumnis readandreturnedasaonedimensionaNumPyarray
The numberingof columnsis not accordingto Python's schemeput to gnuplot s
oneinsteadthatis, from 1 to N. Thetype coercionworksasin the previousfunction.
Function: defreadcols(fname,cols=[1],typecode=None)

Similar to readcol , but readsfrom the file fname and returnsa n—dimensional
NumPyarray wheren is the length of the sequencebjectcols The type coercion
worksasin the previoustwo functions.The columnsarereturnedn the sameorderas
they appeaiin cols.

3.1.2 witedat. py

As areaddat.py relatedtool is providedwritedat.py . A NumPyarraycanbe

directly written in away thatcanbe recoveredwith readdat.py . This providesan

easywayto passarraysfrom oneprogramto anothemwith humarreadabléntermediate
files.

Function: defwritedat(fname, matrix, header="", formatstring="%g ")

The nameof the file to be createdis passedasthe first agumentfname. If thefile

alreadyexistsit will be overwrittenwithout prompting. Oneandtwo—dimensionaar-

rayscanbewritten andthey arepassedisthe secondargumentmatrix to thefunction.

All otheragumentsareoptional. A headercanbespecifiedput theusermusttake care
of writing a# atthebeginningof eachline. Finally, the outputformatcanbecontrolled
by passingaformatstring. Thedefaultformatstringis "%g ".



3.2 netCDFfiles

To accessietCDFfiles, pyclimate usesthe excellentnetCDFpackagdn K. Hinsens
Scientific Python. Two specialfunctionshave beenbuilt ontop of K. Hinsensinter-
faceto make the useof structurechetCDFfiles easierandthey areincludedin thefile
ncstruct.py

Function: defnccopystruct(name,inc,dims,ars,varcontents)

This function replicatesthe structureof a Cornventions—complianhetCDFfile (see
COARDS corventionshttp://www.unidata.ucar.edu ). Thesecorventions
usuallyimply the definitionof asetof variabledik e latitude,longitudeor verticallevel
andsomeauxiliary attributeslik e units or the numbersassignedo the missingvalues
or scaleandoffsetvaluesfor packing.This functionhelpsin the creationof structured
outputfilesfrom aninputdatasewithout having to individually copy ALL of theglobal
attributes,auxiliary variablesandtheir attributes.In casea history  attribute existed,
it is updatedwith the dateandthe nameand argumentsof the calling program. The
functionreturnsanetCDFfile objectreadyto beused.Thisfunctionopengheexisting
netCDFfile with the'w’ flag, overwriting ary existing file with the samename.Para-
metername is the nameof the outputdatafileto be created.inc is the input NetCDF
file whosestructureis to bereplicated.dims is a sequenc®f dimensionf the input
datafilewhich areto be copiedontothe outputdatafile.vars is a sequencef variables
to be copiedontothe outputdatafilewithout copying the contentsjustthedeclaration,
type, structureandcommentsyvarcontentsis a sequencef variablesin the parameter
vars whosestructureand contentsareto be copiedfrom the input dataset.The func-
tion exiofuncsnc.py shavs examplesof useof this function.

Function: createbare COARDS(ncname,tdat=None, zdat=None, latdat=None,
londat=None)

This function createsa bare—minimumCOARDS—compliantnetCDFfile. nchameis
the nameof the outputfile thatis beingcreatedtdat is None or atuplewith first ele-
mentthe NumPyarrayof itemsto beheld (Nonefor arecordvariable)andwith second
elementin thetuplethe units attribute of the createdime variable.If tdat is None,no
time variablenor dimensionwill be created.zdat is a tuple with two elements.The
first oneis the NumPy array of vertical levels. The secondoneis the units attribute
of the verticallevels. If zdata is None, no vertical dimensionis created.latdat is a
NumPyarrayof latitudes. The units attribute is alwasysetto “degreesnorth”. If this
parameteis None, no latitudinal dimensionis created.londat is a NumPyarray of
longitudes.The units attribute is setto “degreeseast”. If this parameteis None, no
zonaldimensionis created.

4 Time handling routines

One of the problemsthat researcherin climate analysisare usually facedto is the
needto positiontheir obsenationsaccuratelyin time. Thefile JDTime.py provides
somefunctionsto facethis problem. It doesnot intendto provide a completesetof
datehandlingroutines.In particulat all the computationsasumeUTC time—zoneand
no DST functionsareincluded(M.A. Lemhurg’s mxDate providessomeof theseex-
trafeatures)JDTime.py allowsfast,accurateandeasydateprocessindgrom Python
withouttheneedof extrapackagesA veryinterestingeatureis thepossibilityof easily
usingmonthlyintervals by meansof the function monthlystep() , computedrom
thedefinitionof atropicalyearwith thesamevalueusedin Unidatasudunits.dat



sothat the time valuescreatedthis way can be correctlyreadandinterpretedby the
SDF interfacein plotting programsas GrADS. The datearithmeticis carriedout by
meanf JulianDaysstoredasdoubleprecision(Float64)numbers Conversionfunc-
tionsto datestructuresareprovidedby meansof a C extensionbasedon astronomical
algorithms[6]. Thefile exjdtime.py  providessomeexamplesof the useof these
functions. The algorithmdoesnot supportdatesbeforethe startof the Gregoriancal-
endar(1582-10-15).In particular this meansthatyou cannot properlyrecover dates
from someof the NCEP ReanalysisietCDFfiles, which startat 1-1-1,a datenot in-
cludedin the Gregoriancalendar

Class:JDTime

Integermembersyear, month, day, hour, minute.

Doublemember:second

The previousmembersanbedirectly accesseérom Python.

Function: defdate2jd(jdt)

FromaJDTime structurgdt, getthe JulianDay numberasadouble.

Function: defjd2date(jd,jdt)

GivenaJulianDayjd, getthe brokendatestructurejdt .

Function: def monthlystep()

Returnthe numberof Julian Daysin a month, that is, numberof tropical daysper
year(365.24219878)ldivided by twelve. This providesadequateaccuray for dates
during the instrumentalpart of the climate record. However, this approachposesa
problembecausef the truncationproblemthat appearsiueto the differentlength of
the months. Whenusingthis approximation somemonthsarelongerthanothersand
this meanghatoneof thetime stepsmaybein the first day of onemonthandthelast
stepon the lastday of the samemonth(if monthis longerthan30.43days). To avoid
thistruncationproblem theorigin shouldbe setto day 15thof the startingmonth. This
way, for every record,thefirst two fields of the datestructure(yearand month)will
be adequatelyesolhed by jd2date() . This canbe easily explainedwith the next
example,andits output.

from pyclimate.JDTimeHandler import  *

from pyclimate.JDTime import  *
a=JDTimeHandler("hours since  1958-01-01")
b=JDTimeHandler("hours since  1958-01-15")
mstep=monthlystep()*24

print  mstep,” in hours = "mstep/24." days"
print  a.getdatefields(0.0,3)

print  b.getdatefields(0.0,3)

print  a.getdatefields(0.0+mstep,3)," Still in January"
print  b.getdatefields(0.0+mstep,3)," In  February"
730.484397562 in hours = 30.4368498984 days
[1958, 1, 1]

[1958, 1, 15]

[1958, 1, 31] sitill in January

[1958, 2, 14] In February

Thereis asecondile thatallows thehandlingof COARDS complianttime variablesn

netCDFfiles, JDTimeHandler.py



Class: JDTimeHandler

Function: def __init __(self,units)

The creatorparsesa COARDS—typeunits attribute of the netCDFtime variable (ex:

hours since 1958-01-01 0:0) andcomputeghe offsetandthe scalefactorto getJulian
Daysfrom the netCDFtime variablefor eachrecord.

Function: def getdatefields(seltvalue,listien=6)

This methodscalesthe value of tvalue usingthe scalingfactor correspondingo the
units attribute andaddsthe offsetcomputedrom the units attribute, gettingthe Julian
Day correspondingo the time coordinatetvalue. The Julian Day valueis usedto

createa brokendatestructure andits values(yearmonth,dayhour,minute,secod) are
returnedasalist, with asmary membersasthoserequestedby listlen.

Function: def gettimevalue(selfdatefields,listlen=6)

This functionis theinverseof the previousone. It createsa JulianDay from thevalues
in thelist datefields (asmary valuesasthevalueof listlen), computeghe offsetfrom

the origin of coordinatesand scalesthe valueto the units correspondingo the units
attribute of the time variableusedto cretaethe instanceof this class. Due to some
truncationswhich appearduring the floating point operations.this function is only
accurateto about12 significantfigures. So, if you are creatinga netCDFfile from

scratch,t is moreaccurateandfastjust to addequaltime intervals usinga fixed time
stepfrom recordto record.

5 Distrib ution functions

DCDFLIB.C 1.1is a library of C Routinesfor Cumulative Distribution Functions
developedby Barry W. Brown, Jamed_ovatoandKathy Russell,Departmenbf Bio-

mathematics;The University of Texas, M.D. AndersonCancerCenter The library

allows the determinatiorof cumulative distribution functions,inversesandthe para-
metersof the following statisticaldistributions: Beta, Binomial, x2, Noncentraly?,

F, NoncentralF", GammaNegative Binomial, Normal, PoissonStudents ¢t andNon-

centralt. Thefile pydcdflib.py providesaccesgo this library from Python. For

eachone of thesedistributions, a classhasbeencreatedthat wrapsthe parameterén

the call to the functionsof this routine and someC functionsthat wrap the original

C callsto make themavailableto the Python interpreter The samenameshave been
usedn thewrappingof theparameterssothatthe original documentatioof the DCD-

FLIB.C library is valid for eachof the classesn this Python extension. The classis

passedo a function with the samenameof the original one (with py prependedo

the nameof the wrapperfunction). Thefields of eachclassare updatedby the wrap-
per functions. The codeof the original C library is untouched.Exampleson the use
of thesewrapperscanbe obtainedfrom thetestDCDFLIB.py  scriptin the source
directoryof the distribution andfrom the enclosedexdcdflib.py file. Thereis an
errorwhencomputingthe parametergor the F distribution usingthevaluewhich=3 .

This seemdo be linked to the propertiesof the F distribution and,in caseit werea
bug, it alsoexistsin theoriginal DCDFLIB.C , asthe sameproblemappearaisingthe
Cfile testF.c , providedin the sourcedirectory The documentatiorof the original

DCDFLIB.C library is distributedwithin thedoc subdirectoryof the distribution.



6 Simple multivariate statistical tools

The main goal of file mvarstatools.py is to provide someroutinesthat are be-
ing usedby otherslike svdeofs.py . However, someof themmay beinterestingoy
themseles,andthey arethusdocumentedh this section.

Function: def center(dataset)

Given aninput multivariatedatasewith arbitrarydimensionsg; (with the restriction
that first dimensionis time), this function returnsthe centereddatasett; = z; — u,

$t

with u thesampleaveragey = =t—
Function: def standardlze(dataset)

Given aninput multivariatedatasetvith arbitrarydimensionse; (with the restriction
thatfirst dimensionis time), this functionreturnsthe standardizedataset:, = ”“T;/i

_ 2
with o, the samplestandardieviationo,, = 1/ Zi(w%

Function: def covariancematrix(X,Y)

Giventwo input datasetsX andY’, with first dimensiontime andseconddimension
spacethis functionreturnsthe S—-modecovariancematrix S = %
Function: def correlationmatrix(X,Y)

Giventwo input datasetsX andY’, with first dimensiontime andseconddimension
space this function returnsthe S—modecorrelationmatrix S = % from the stand-
ardizedr andy datasets.

Function: defdetrend(dataset,talues,order=1)

Fromtheunivariate time serieglataset thisfunctionreturnsatuple(detrended,trend-
coefs) Thetrendis computedadjustingby meansof linearleastsquares polinomial
z(t) = M a;t’ to thedata,where M is order. Thetuple holdsthe detrendedime
seriesasthefirst memberandthethetrendcoeficientsa; asthe seconcelemeniof the
tuple.

Function: def congruence(pattenl,pattern2)

Giventwo sanaIpatternspatternl (€1) andpattern2 (e3), this function returnsthe
congruenceoeficient g, » = |€1He2‘ [3,13].

7 EOF analysis

A subroutineis providedin thefile svdeofs.py  to performthe decompositiorof a
datasetin its spatialeigervectorg EmpiricalOrthogonaFunctions EOFs) thefraction
of varianceexplainedby eachmodeandits temporalexpansioncoeficients[11, 15]

(PCs). Oneof the problemsof this techniquein climatologicalanalysisis the singu-
larity of covariancematriceswhenthe numberof spatialdegreesof freedomis bigger
than the numberof temporalsamples. To avoid this problem, the routine is based
on the SVD decompositiorof the datamatrix X = [z;;]. For this implementation,
i = 1...N meansatemporalsampleandj = 1...M agrid pointor observingsite.
Correctionglerivedfrom quadraturer areafactorg2, 10] mustbeappliedprior to this
routine. Thereis anexampleon the useof thesefunctionin file exsvdeofs.py

NEW: Sinceversionl.1, the input datasetmay be arbitrarily shapedwith the only

restrictionthatthe leadingaxis mustbethetime axis.

Function: def svdeofs(datasetpcscaling=0)

Givenatwo dimensionaldatasetN x M asdescribedabove, this function returnsa
tupleZ,AE. Z = [#]...|zz] isa N x L matrix, whereeachcolumnz;, is a vector
of length N andis the k—ethPC of thefield. Eachelement\;, in the onedimensional



array A, is the varianceaccountedor by the k—eth component. Finally, the matrix
E = [e4] ... |er] hasascolumnseachof the eigervectors(EOFs)of the dataset.The
maximumnumberof EOFs(L) will bemin(M, N), dependingn therankof thedata
matrix. If the pcscalingis setto 0 the outputeigervaluesarescaledasvariancesthe
PCsz;, arescaledsothattheir varianceis the varianceaccountedor by eachcompon-
ent, andthe eigervectorsareorthonormal,.e. < zx,2; >= 0gjAj, e - €; = ;. If

thepcscalingis setto 1 the outputPCshave unit varianceandthe eigervectorsareno
loger orthonormalbut just orthogonal. The input dataseis centeredmeanremoved)
insidetheroutine.

Fromversionl.1 pyclimate  supportsmultidimensionaldatasetprovided that
the first dimensionkeepsbeingthe temporalone. In that casethe EOFsarereturned
storedasgeneralized columns (ie: they canberecoveredaskE]..., eof .number] instead
of E [ :, eof_-number]) andtheir spatial shapeis that of the original field. This
approachs backwardscompatiblewith previousversionsbut is moreflexible for the
user
Function: def getgencol(ancol=0)

Returngthencol-th generalized column of &, i.e. af..., ncol].

Function: def pcseriescorelation(pcs,eofs,dataset)

Calculatesthe correlationbetweenthe pcs and the datasettime seriesat eachgrid
point. The eofsmustbe suppliedbecausét usesa calculussaving formula:

o(z)

Corr(z;, X;) = o (X;)

whereX; is thetime seriesat the j-th site. The correlationfields of the original time
serieswith eachPCarereturnedasgeneralized columns.

Function: def getvariancefraction(lambdas)

Fromthearray A returnedby the previousfunction (lambdas), returnsthe fraction of
variancef; = \;/ Z],;ZI A, associatedlo eachof theeigervalues.

Function: def bartletttest(lambdas,temporalsamples)

Testthe hypothesighatthelastp — k eigervaluesareequalby meanf thestatistic[8]:

Ef:k-i—l )‘i]

P (1)

P
Y2 =—v Z In(A;) +v(p—k)In [
j=h+1

It is distributedasa x? with (p — k + 1)(p — k + 2) degreesof freedom.v is thede-
greesof freedomof the covariancematrix. lambdas ()\;) arethe eigervaluesreturned
by svdeofs (arrayA) andtemporalsamplesis the numberof temporalsamplesn
the dataset.Thefunctionreturnsa tuple of arrays(eachof themoneitem shorterthan
A), (xi,py;)- Thefirst elementof thetupleis anarraywith the valuesof x* obtained
from eqn (1), while the secondelementholdstheir probabilities. This testis usually
too liberal andtendsto overfactor[8].

Function: def northtest(lambdas,temporalsamples)
Givenasinputtheeigervaluedambdas(A from svdeofs ) andthenumberof samples
in the datasettemporalsample9, teststhe degenerag of eigervaluesaccordingto
0N = ﬁ—\/]% It returnsthe array of valuesAA = {6);}. In casethatfor a pair of
eigervaluesh; — d\; & Aiyr1 + 641, bothmemberof the pair shouldbe mantained
or removedsimultaneouslyn thefactorization10].

Function: def mctesteofs(dataset,eofs,subsamples,length)

This function tests,by meansof a Monte Carlo test[3], the stability of the EOFsto
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temporalsubsamplingof the original dataset. Given the original datasetand (pos-
sibly, someof) the EOFsof the whole datasetas returnedby svdeofs()(eof9, this
function builds several subsampleschosingthe recordsin the original dataseft ran-
dom. The subsampleareof lengthlength, which mustbe smallerthanthe lengthof
the original dataset.The function returnsa Numericarrayof shapeg(subsamples,
eofs.shape[-1])) which holdsthecongruenceoeficientsof the masteri(whole
sample)andperturbed subsamplegigervectorsfor eachsubsampleandeigervector

8 SVD of coupleddatasets

TheSVD decompositiorf thecovariancematrix of two datasetss oneof thesimplest,
yet powerful, methodto analyzethelinearrelationshipbetweertwo coupledgeophys-
ical datasetgl, 4, 9, 15]. Somefunctionsthatimplementmostof the computations
usuallyneededor this analysisareprovidedin thefile svd.py . Oneexampleonthe
useof thesefunctionsis in thefile testsvd.py

Function: def svd(xfield,yfield)

Giventwo fields X (xfield) andY (yfield), definedasin section? (first dimensionof
the arrayis the temporalone), this function returnsthe SVD decompositiorof their
covariancematrix Cy, = % It returnsa tuple of threearraysU, ¥ andV. Each
columnu; holdsthe i—ethsingularvector of the left (X) field. Samecorventionis
followedby the orderingof elementsn V. ¥ is a one—dimensionarraywhich holds
thesingularvaluess;. Thesingularvectorsareorthonormalu; - u; = v; - v; = d;5)
andcanbeusedto linearly projecteachof thefieldsto definetheexpansiorcoeficients
pi(t) = z(t) - u; andg;(t) = y(t) - v; whosecovarianceis the sameasthe singular
valueassociatedb thatmode< p;, ¢; >= o;. Thedatasetarecenteredsamplemean
is removed) inside the function prior to the SVD computation.NEW: Sinceversion
1.1,thedatasetsmay have arbitrarydimensionshut the leadingonemustbetime.

As in the caseof EOF decompositiorthe fields can also be enteredas more—
than—two—dimensionahrraysandthe returnedmatriceswill be accordinglyreshaped
to avoid the userto careabouttheinternaluseof two—dimensionamatrices. The SVD
patternsarereturnedasgeneralized columnsin the sensalescribedn the EOF section.
Function: def getcoefs(data,sgctors)

Given a datasetata (X or Y) andthe correspondingetof singularvectors(U or
V') returnedby svd() , this function returnsthe expansioncoeficients(p; or ¢;) up
to the order statedby the evaluationof svectors.shape[-1])) . This, in fact,
meandruncatingthe representationf thefield at this number This sameapproachs
usedin the next two routines.The outputNumericarrayshold the coeficientsin each
column.Thatis, theexpansioncoeficientsassociatedo thei —ethsingularvectorare:
coefs[:,i]

Function: def getcoefcorrelations(scoefszcoefs)

Giventheleft andright SVD expansioncoeficientsreturnsan one—dimensionarray
containingthe pairedcorrelationof the correspondingoefients.

Function: def homogeneousmaps(data,ectors)

From the input datasetdata and the array svectors, returnsan array with as mary
homogeneousorrelationmaps(< X, u; > or < Y, v; >) asendingsubarraygsingu-
lar vectors)arein svectors Eachsubarrayjthemapsy...,imap] is theimap —eth
map.

Function: def heterogeneousmaps(xdata,ycoefs)

Fromtheinput datasekdata andthe arrayof expansioncoeficientsycoefs it returns
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an array with as mary heterogeneousorrelationmaps(< Y, or< )
ascolumns(expansioncoeficients)arein ycoefs The orderingof the mapsis asde-
scribedin previousroutine.

Function: def SCF(sigmas)
Thisfunctionreturnsthesquaredovarianceractionassociatetb eachsingularvalue,

scf fromthearray returnedby svd() .

Function: def CSCF(sigmas)
This functionreturnsthe cumulative squaredcovariancefraction associatedo a setof

singularvalues cscf —, fromthearray returnedbysvd() .

Function: def makemctest(Um,Vm,ldata,rdata,itimes,ielems)

This function performsa Monte Carlo teston the stability of the left singularvec-
tors Um andthe right singularvectorsVm obtainedfrom svd() or truncatedto the
leadingones(Um.shape[-1]==Vm.shape[-1] ). It computestimes simultan-
eoussubsamplegielemslong each)of eachdatafieldldata, rdata, andevaluatesthe
congruencecoeficient of the mastersingularvectorsto thosederived from the sub-
samples.It returnsa tuple of NumericalPythonarrays(ucoefs,vcoefs) which
hold the congruencecoeficient for eachsampleand eachU/V mastersingularvec-
tor (ucoefs.shape=(itimes,Um.shape[-1]) ). ielemsmustbe smallerthan
len(ldata)

9 CCA (Canonical Correlation Analysis)

Canonicalcorrelationanalysiscanbe performedby bpcca.py . Thistechniquegets
the patterndecompositiorof two fields suchthatthe correlationbetweerthetemporal
coeficientsof pairedpatternss maximum.TheBarnettandPreisendorfefl] approach
hasbeenimplementedIn this approactan EOF prefilteringis performedandthe CCA
is carriedoutin EOF—coordinatesThe usernever dealswith thesecoordinatedut can
customizesomefeatureof the EOF decomposition.

Theresultsarescaledor thecanonicakxpansiorcoeficientsto have unit variance.
If thecolumnsof and arethecanonicalexpansioncoeficientsand and are
thecanonicabatternsthefields and canbepartially (dueto the EOF prefiltering)
recoveredas:

The internal calculusare carriedout by meansof singuarvalue decompositiorof the
principalcomponentrosscovariancematrix.

Class: bpcca

Function: def __init __(sfield, zfield, retainedeofs=None)

Giventwo two—dimensionatiatasetshis constructoperformsthe CCA decomposition
of thefields. sfield andzfield arethe left andright fields respectiely. The usercan
specify the numberof EOFsto be retainedin eachfield asa tuple retainedeofs If
no retainedeofsis specified70% rule is used: EOFsareretaineduntil a 70% of the
varianceis explained.

Function: defleftpatterns()

This methodreturnsanarraywhich columnsaretheleft (thoseassociatedb the sfield)
canonicalpatterns.
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Function: def rightpatter ns()

Idemfor theright patterns.

Function: def leftexpcoeffs()

This methodreturnsanarraywhich columnsaretheleft (thoseassociatedb the sfield)
canonicakcanonicakxpansincoeficients.

Function: def rightexpcoeffs()

Idemfor theright coefiients.

Function: def correlation()

Givesthe orderedcanonicakorrelationsof the expansioncoeficientsasanarray
Function: def getvariancefractions()

Returnsa tuple containingthe variancefraction explainedby eachcanonicalpattern.
The first elementof the tuple is the array of fractionscorrespondingdo the left field.
The secondneis thatof theright field.

10 Multi variate linear filters: Li near Fil ter. py

Filters are usedin climate analysisto atenuatecomponentf irrelevant frequencies
from abroadbandaignalandto selectthefrequencie®f interestfor the problemunder
consideration.The simplestof thesefilters arethe linear filters andtwo of themare
provided: the Kolmogorov-Zurberko filter andthe Lanczosfilter. In the currentver-
sion,thefilter doesnot handlemissingvalues.

Both of themfilter the databy weightingthe input with coeficients thatdependn
thefilter:

This commonpart of the computationis carriedout by subclassinghe LinearFilter
class.

Class: LinearFilter

Method: LinearFilter .getfiltered(ifield)

Givenaninputfield, the functionreturnsthefiltered datacorrespondingo eachinput
record. This function mustbe calledin aniterative way. The filter hasbeenimple-
mentedwith performancen mind, sothat,in orderto avoid severaliterationsthrough
apossiblylong datasetit iterategust once,performinga multivariatefiltering to each
record.This makesthatduringtheinitialization phasetheinternalrunningbuffer must
beinitialized (filled) until valid valuescanbe obtained.During theinitialization phase
of thefilter, this functionreturnsNone. After theinternalbuffer is ready thefunction
returnsvalid filteredfields until the userarrivesat thefinal recordof theiteration.
Method: LinearFilter .reset()

Thismethodresetghelinearfilter sothatit is ableto startcomputingwith a datasetof
adifferentshapeavoiding the creationof a new instanceof theclass.

10.1 KZ filter: KZFi | ter. py

TheKolmogoraor—Zurberko digital filter is a very simplebut powerful digital filter. Its
featuresaredocumenteelsavhere[7, 12].

Class: KZFilter

Method: KZFilter .__init __(self,points,iterations,lonvpass=1)

Default (and only) constructor points is an odd integer representinghe numberof
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pointsin themoving average while iterations is anintegerrepresentinghe numberof
timesthatthe averageis iteratedto geta betterdampingof the secondarynaximums.
Whentheflag lowpassis false thefilter instancenvorksasa high—pasdilter.

Method: KZFilter .getcoefs(self)

This functionreturnsthe coeficientsthatarebeingusedin thefilter.

Method: KZFilter .cutofffr equency()

Returnghe approximatecutoff frequeng of thefilter.

10.2 Lanczosfilter: LanczosFilter. py

The Lanczosfilter is anothervery commonfilter andits mathematicapropertiesand
thealgorithmsfor the compilationof the coeficientscanbefoundfor instanceat [5].
Class: LanczosFilter

Method: LanczoskFilter.__init __(selffiltertype="bp’, fc1=0.0,fc2=0.5,n=None)
Default constructor filtertype specifiesif thefilter is low (’Ip’), high (hp’) or band
('bp’) pass.Thecut-off frequenciedor thebandpassasearesetin fcl andfc2. If the
filtertype is setto'lp’ or’hp’ bothcut-off frequenciesnustbe equal.Band—paséilter
will be assumedf the frequenciesare different, regardlessyou have specifiedother
type of filter!

Thenumberof differentcoeficientsto be calculateds setwith the parameten. Even
thoughit hasa default valuethat is appropiatein the band—pasgase,it is strongly
recommendedotto usethedefaultvaluein any othercasg high—pas®rlow—pass]5].
Method: LanczosFilter.getcoefs(self)

As in section10.1this functionreturnsthe coeficientsthatarebeingusedin thefilter.

11 Differential operators: di f f oper at or s. py

Someroutinesto computedifferentialoperatorson the spherespeciallysuitedfor cli-
mateanalysisareprovided. By now, they only processegularlatitude—longitudeyrids.
The operatoranake the computationdy meansof centereddifferencesexceptat the
borders,wherethey usebackward or forward differences.Periodicboundarycondi-
tionsaresupportedn the zonalaxis. All the operatorsassumehattheinputfieldsare
organizedaccordingto the COARDS schemg[latindex,lonindex]), with otherdimen-
sions(time, verticallevel) prependinghe latitudeandlongitudeaxis of thearrays.
Class: HGRADIENT

Method: HGRADIENT .__init __(self lats,lons,asdegees=1,PBlon=0)

This is the constructorfor the horizontalgradientcalculator lats is a NumPy array
which holdsthelatitudescorrespondingo the grid points,lons holdsthelongitudesof
the grid pointsandif the optionalparameteasdegeesis setto true,it meanghatthe
input angularvariablesareexpressedsdegreesnot radians.PBlon is trueif periodic
boundaryconditionsare to be appliedin the longitudinal axis. In this case,second
ordercenteredlifferencesreusedin thewholezonaldomain.

Method: HGRADIENT .hgradient(selfhfield,R=6.37e6)

Givenasinput the horizontalfield hfield ( ), getasa resulta tuple which holdsthe
zonalandmeridionalcomponent®f the gradienton the spherg —,—).R
is assignedy defaulttheradiusof the Earth.

Class: HDIVERGENCE

Method: HDIVERGENCE. __init __(self,lats,lons,asdegees=1,PBlon=0)

Default constructorwith parameterslefinedasfor the gradientoperator
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Method: HDIVERGENCE.hdi vergence(u,yR=6.37e6)

Fromthe zonal (u) and meridional(v) component®f a vectorialfield, find the hori-
zontaldivegence—— — ——— . Thefunctionreturnsabidimensionahrray
with the divergencefield.

Class: VCURL

Method: VCURL. __init __(selflats,lons,asdegees=1,PBlon=0)

Default constructorwith parameterslefinedasfor the gradientoperator

Method: VCURL.vcurl(u,v,R=6.37¢e6)

Fromthezonal(u) andmeridional(v) component®f avectorialfield, find thevertical
componenbdf the curl operatoron the sphere, . Thefunction
returnsa scalarfield with the vertical componenbf the curl of the vectorialfield.

12 Multi variate and Univariate Kernel basedProbab-
ility Density Function Estimation: KPDF. ¢

Histogramsreusefulandsimpleestimatorgor theProbabilityDensityFunction(PDF)
associatedvith physicalor modellingexperiments.However, the estimationof PDFs
by meansof histogramspresentsomedrawvbackslik e the instability to the selection
of the bins (bin numberandbin origin) or the lack of derivability. Thus,it hasbeen
proposed14] the useof a kernelbasedapproacho the estimationof the PDF. This

moduleprovidesfunctionsto performunivariateandmultivariatePDF estimation.The
relevantequationdor this moduleare(2) for univariatedensityestimationand(3) for

multivariateseries.

— — )

det -~

®3)

with  the numberof points, a scalarwhich holdsthe bandwidthusedin the estim-
ation, and theexperimentalpoints, and thepointswherethe PDFis being
estimated, is thefunctionusedasthekerneland is the scalingmatrix which can
optionallybe usedin the multivariateestimatorsusually the covariancematrix.
Function: def UPDFEpanechnikov(edata,gdata,h)

Returnsa NumPyarraywith the PDFassociatedo the experimentaddataedataevalu-
atedat pointsgdata (NumPyarray too) usinga bandwidthh. For this andnext func-
tions,edataandgdata mustbe NumPyarraysandthefunctionreturnsa NumPyarray
of typecodd-loat64.Thekernelusedin theestimations aEpanechnikv one. It raises
TypeError if edataor gdatais nota 1-D NumPyarraylt raisesMemoryError  if
it is unableto allocatethereturnedarrayor sometemporalarrayswhich areneededas
working space.

Function: def UPDFBiweight(edata,gdata,h)

Sameasthe previousfunction, but usea biweightkernel,instead(S86, Table3.1). It
raisesTypeError if edataor gdatais nota1-D NumPyarraylt raisesMemoryEr-
ror if it is unableto allocatethe returnedarray or sometemporalarrayswhich are
internally neededasworking space.

Function: def UPDFTriangular(edata,gdata,h)

Sameasthe previous function, but usinga triangularkernelfunction (seeS86, Table
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3.1) It raisesTypeError if edata or gdata is not a 1-D NumPy array It raises
MemoryError if it is unableto allocatethe returnedarray or sometemporalarrays
which areinternallyneededasworking space.

Function: def UPDFOptimumBandwidth(edata)

Getanapproximatiorto theoptimumbandwidthby meanof equatior3.28(S86).Un-
lessthereis abettersuggestionit canbea goodstartingpoint. edatais, aspreviously,
aNumPyarray(internallyworksasFloat64).1t raisesvValueError  if edatais nota

sourcesequence.
Function: def MPDFEpanechnikov(edata,gdata,h,Sm1=None,K=0)0
Givenamultidimensionaldimension currently)experimentabdatasetedata

(NumPy array), evaluatethe PDF at each -dimensionalpoint in the NumPy array
gdata, usingaradially symmetrichandwidth . TheoptionalparameteEmlis a
matrix (NumPYy array too) which canbe usedto scaleeachof the directionsin the
edata and gdata arrays. Usually, the inverseof the covariancematrix of edatais a
good selectionfor this parameter It canalsobe None, in which case,no scalingis
appliedto the directionsin the —dimensionakpace.K is a renormalizingconstant
which mustbe computedaccordingto the scalingdefinedby Sm1 If the inverseof
the covariancematrix is selectecasSm1 andthe squareroot of the determinantf the
covariancematrix is input asK, then,a Fukunagaestimatoris being usedin the es-
timation (S86,Eq. 4.7). This function usesa multidimensionaEpanechnikv kernel
(S86,Eq. 4.4) for the estimation. It raisesValueError  if edata or gdata arenot
NumPyarrays.It raisesTypeError if h is notanumber It raisesValueError  if
thedimensionalityof the datasetsedataandgdatais not correctbecausehey exceed
theimplementedtapability they arenot”compatible” (for instancepneis 2-D andthe
otherone3-D), or the scalingmatrix is not of the adequateange( ).

Function: def MPDFGaussian(edata,gdata,hnSm1=NoneK=0.0)
SameasMPDFEpnechnikv, but usinga Gaussiamultivariatekernel(S86,Eq. 4.3).
It raisesvalueError if edataorgdataarenotNumPyarrays.It raisesTypeError

if hisnotanumber It raisesvalueError  if thedimensionalityof thedatasetsedata
andgdatais not correctbecausehey exceedtheimplementedtapability they arenot
"compatible” (for instancepneis 2-D andthe otherone3-D), or the scalingmatrix is
not of theadequateange( ).

Function: def MPDFOptimumBandwidth(edata)

Providesafirst guesgo theoptimumbandwidth(S86,Eq. 4.14). 1t raisesvalueError

if edatais notasourcesequencer if its dimensiongexceedcurrentcapabilities.
Function: def MPDF2DGrid2Array(xdata,ydata ,fastestdim=0)

This function returnsan array of shape(len(xdata)*len(ydata),2) which
holdsin a linear fashionthe grid definedby arraysxdata andydata. The optional
parametefastestdim allows the selectionof the dimensionwhich grows faster(outer
oneby default) or inneroneif it is nonzero.

This functionality canbe obtainedby meansof otherstandardPythontechniqueslik e
usingcomple callsto replicate() , concatenate() andmap() , or the new
featureof List comprehension in Python2.0. However, this functionis muchmoreef-
ficient. Function: def MPDF3DGrid2Array(xdata,ydata ,zdata,fastestim=0)

This function s similar to MPDF2DGrd2Array in the sensethatit returnsan array
shapedik e (len(xdata)*len(ydata)*len(zdata), 3) whichholdsin alin-
earfashionthegrid definedby arraysxdata, ydata andzdata. Theoptionalparameter
fastestdim allows the selectionof the dimensionwhich grows faster(outer one by
default) or inneroneif it is nonzero.

16



13 Other links

There are other packageghat can be combinedwith Python, pyclimate, and the
other packageghat have beenmentionedpreviously andwhich allow to easily build
powerful data analysistools and programs. To namea few, for graphics,for in-
stancethereexiststheposibility of usingDISLIN (http://wwwlinmpi.mpg.de/dislin/),
free for someplatforms. Thereis anothersetof statisticalfunctionsby G. Strang-
man (http://www.nmr.mgh.hanard.edu/Neural SystemsGroup/gary/gthon.iml). A
completerepositoryof Python programscan be found at the official WEB sener
(http://lwww.python.og) or Starship(http://starship.pthon.netthesenerfor thecom-
munity of Python contributorsanddevelopers.

Speciaimentiondeseretwo otherPython packageslesignedo work with climate
data.Oneof themis CDAT, developedby theLawrencelivermoreNationalLaboratory

(http://sourceforge.net/projects/c dat ), andtheotheroneis mtaCDF
developedatthelnstitut fir MeereskundeKiel (http://www.ifm.uni-kiel.de -
/to/sfb460/b3/Products/mtaCDF.html ).
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