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1 ChangeLog� Version1.1–June,2001.

1. Correctedbugs.

(a) Previousversionof svdeofs() usedadenominatorof (N-1) to com-
pute the variance,whilst the datasetswere standardizedusing the
samplevariance(N) in the denominator. Thus, PCswere actually
scaledby the factor sqrt((N-1)/N) and eigenvalues(variances)by a
factor(N-1)/N. We areusingN in all denominatorsin this version.

(b) readdat.py is able to handlecommentslike #Variance of XXX
(without blankbetweenthe# andVariance ), which causeda crash
in previousversions.

2. To be able to run properly underPython2.n, all exceptionstringshave
beenremovedandconvertedto exceptionclasses.All the exceptionsare
instancesof a root class(PyClimateException)which canbeprintedwith
averycomprehensivemessagevia the str method.Theexceptionshave
analternativemethodGetExceptionValue(),whichreturnsthemostimport-
antdatarelevantto eachexception.

3. Thedifferentialoperatorshave beenextended.They canwork usingperi-
odic andnon periodicboundaryconditionsin the longitudinaldirection.
For latitudes,the previousapproach(backwardandforwardsecondorder
finite differenceschemes)is usedattheborders.In thecurrentversion,they
areableto work using3D (Z,lat,lon)and4D (time,Z,lat,lon)fieldsarranged
accordingto COARDS conventions,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 a recordat a time.

4. A new modulewritedat.py providessimplefunctionsto write arrays
in a way that canbe directly invertedby readdat.py . Both modules
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(writedat.py and readdat.py ) have beenincluded into ascii-
dat.py , althoughtthey can still be called independentlyfor backward
compatibility.

5. A new modulebpcca.py providesCanonicalCorrelationAnalysiswith
anEOFprefiltering(Barnett–Preisendorferapproach).

6. Easierinterfacefor theroutineswhichcomputeEOFsandtheSVD decom-
positionof coupledfields. The input datasetscanbe arbitrarily shaped,
with theonly preconditionthattheleadingaxisis thetime dimension.The
fieldsareautomaticallyreshapedinsidetheroutinesbeforereturning.Sim-
ilarly, the eigenvectorsandsingularvectorsareautomaticallyreshapedto
the original shapebeforereturningto the caller. Somesimple functions
haveaddedto thesemodules(svd.py andsvdeofs.py ).

7. A new functiongetcoefcorrelations() hasbeenaddedto svd.py
to getthecorrelationsof pairedSVD expansioncoefficients.

8. A new functionpcseriescorrelation() hasbeenaddedto themod-
ule svdeofs.py to get the correlationpatternsbetweeneachprincipal
componentandtheoriginal field.

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

10. We haveslowly startedto provide doc stringsto SOME(very few, yet)
of theroutines.

11. New functioncreate_bare_COARDS() to createthebareminimumof
a COARDScompliantenetCDFfile in ncstruct.py .� Version1.0–October, 2000.

1. Improvedtests.They aremoreaccurate,reliable,informative,comprehens-
iveanduselessdisk space.

2. Thepackagecompilesusingdistutils . This featurehasbeenchecked
on FreeBSD,Linux andOSFplatforms.

3. Someminor typoscorrectedin thedocumentation.

4. AddedKPDF.c , aextensionmoduletoestimateunivariateandmultivariate
kernel–basedprobabilitydensityfunctions.

5. Addeda classto computetheverticalcomponentof thecurl andthediver-
genceof anhorizontalvectorialfield in diffoperators.py .

6. DCDFLIB.C is currentlydistributedwith thepackage.

7. KZFilter.py hasbeenconvertedinto a generalpurposeLinearFil-
ter.py which holds the basicoperationsof any linear filter. Thereare
two differentsubclassescurrently, the Lanczosfilter [5] andthe previous
Kolmogorov–Zurbenkofilter, KZFilter.py .

2 Installation

2.1 Compilation

Version1.0of pyclimate is distributedusingdistutils . Thanksto Alberto Garćıa
for hishelpin settingupthesetup.py script.After downloadingthefile PyClimate-
-1.0.tar.gz , you shoulddecompress,untarandinstall it. The UNIX commands
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neededare:
gunzip PyClimate-1.0.tar.gz
tar xf PyClimate-1.0.tar
After thesesteps,go into the main directoryof pyclimate anda typical installation
commandis:� For a generalinstallation(rootpasswrodrequired):

python setup.py install� For a privateinstallation:
python setup.py install home=˜

In this lastcase,you will have to setmanuallythevalueof theenvironmenalvariable
PYTHONPATHto be ableto accesspyclimate. The scriptpyclimatetest.py in
the test directory runsa test that coversmany of the routinesin the package(see
subsection2.3).

2.2 Prerequisites

Many of the functionsdevelopedin this packagehave beenbuilt over other freely
distributedpackagesandlibraries.So,beforeinstallingthispackage,thenext software
is needed:� Python interpreteritself, freelyavailableat:

http://www.python.org� TheNumericextensionsto Python, freely availableat:
http://numpy.sourceforge.net� KonradHinsen’sScientificPython, availableat:
http://starship.python.net/crew/ 	 hinsen� ThenetCDF library, freelyavailableat:
http://www.unidata.ucar.edu

The previous versionrequiredDCDFLIB.C 1.1 library, too, which is freely avail-
ableat: http://odin.mdacc.tmc.edu/anonftp/ page 3.html . The cur-
rentversionof thepackagedistributesthesourceanddocumentationof this library to
easetheinstallationof pyclimate. In casetheoriginalC filesof someof theextensions
wereedited,D. Beazley’s SWIG (http://www.swig.org) will be neededto createthe
Python interfaceto theC routines.TheSWIG sourcefiles (*.i ) aredistributedin the
subdirectoryswig .

2.3 Test

After installingthepackage,ausermaybeinterestedin knowing if it is workingprop-
erly. Thereis a script which makesextensive useof the functionsin pyclimate in
thesubdirectorytest . This script(pyclimatetest.py ) comparestheresultsob-
tainedaftertheinstallationwith theonesobtainedandcheckedduringthedevelopment
andextensive checkingof thepackage.Thus,python pyclimatetest.py runs
thetestsandcomparestheoutputwith thedatastoredin file reference.cdf . The
outputof thescriptis quiteinformative. Hereis shown a excerptof theoutput:
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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

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

The first characterof eachfile may be a blank (no differencedetected)or a X, in
which case,a differencehasbeendetected.Most often, thesedifferencesarenot im-
portant,and they are simply due to the fact that the control usedis of the type if
rms!=0.0): , which is not accurateenough.Thesecondcolumnshowswhich is the
measureusedto evaluatethedifferences.Usually, RMSerrorsareused,but congruence
coefficients(G i i ) arealsousedto evaluateerrorsin EOFs(andrelatedquantities,
like PCs,expansioncoefficientsfor SVD analysisor heterogeneousandhomogeneous
correlationmaps)dueto the fact thatboth 
 and ��
 arevalid solutionsof theeigen-
valueproblem.Thethird columnstatesthenameof thenetCDFvariablewhich holds
thereferencedataandthefourthcolumnshowsthevalueof theerrormeasure(RMSor
congruencecoefficient). For thespecialcaseof congruencecoefficients,a lastcolumn
(dG) shows the difference
���� ����� ��� to let the userknow the real differencefor those
lineswith a X asthefirst character.
Thenew testsin version1.1have increasedthesizeof reference.cdfto 1.6Mb. There-
fore, it is not currentlydistributedwith pyclimate , andthe distribution still fits in
a floppy disk (or two, if you downloadthe referencefile andgzip -9 it first). The
test script can retrieve the file from the URL, and, additionally, the file can always
be downloadedfrom the primary WEB server http://www.pyclimate.org .
python pyclimatetest.py -g forcesthe retrieval of the referencefile from
its URL.

python pyclimatetest.py will usuallybecalledwithoutcommandline ar-
guments,and it performsthe comparisons.However, if a userdetectsthat with her
hardwareor softwaresheis gettingdifferentresults(for instance,phasesin EOFs)and
sheprefersto have her own reference.cdf file, shecanusethe commandline
option -o to overwrite the referencefile. It is not advisableto do this unlessthecor-
rectnessof pyclimate hasbeenexaminedat leastonceaftertheprimaryinstallationin
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 thedirectoryexamples of thedistribution, andyou can
print them,if you don’t mind usingpaper. Anotherdifferentsourceof informationon
theuseof thepackagecanbefoundin thepyclimatettest.py file, whichcovers
mostof thefunctionsin thepackage,usingreal–lifedatasets.
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3 IO functions

3.1 ASCII files: asciidat.py

3.1.1 readdat.py

Themaingoalof file readdat.py is to providea setof functionsto handleIO 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 # arecommentsfor thesefunctions.No com-
mentsareallowedat thetail of a line. Emptylinesareallowed,but they arediscarded
andnot usedto separatedatasetsin the file. Bettersupportfor thesefeaturesexists
in otherpackagesfor Python, like M. Haggerty’s Gnuplot or the IO functionsin K.
Hinsen’s Scientific Python. The interestof this file is that it allows to readfiles with
complex numbersandotherdatatypes,afeaturethatis notsupportedby thementioned
files. Complex numbersarewritten as: real,imag , ,imag or real, in the input
file, with noblankspaces(nor tabs)separatingthemembersof acomplex number. Ex-
amplesof useof theseroutinescanbefoundin file exiofuncs.py
Function: def readdat(fname,typecode=None)
Readsall the datain the file fname andreturnsa bidimensionalNumPyarrayof the
sameshapeasthedatain theoriginalarrayandwith a typecodegivenasFloat64 by
default(Complex64 in casetherewerecomplex elementsin thefile). If theparameter
typecodeis explicitly assigned,theoutputarrayis coercedto thattype. If thefile to be
readcontainsonly onerow or columnof datathereturnedarrayis one–dimensional.
Function: def readcol(fname,col=1,typecode=None)
In thiscase,thecol–ethcolumnis readandreturnedasaonedimensionalNumPyarray.
The numberingof columnsis not accordingto Python’s scheme,but to gnuplot ’s
oneinstead,thatis, from 1 to N. Thetypecoercionworksasin thepreviousfunction.
Function: def readcols(fname,cols=[1],typecode=None)
Similar to readcol , but readsfrom the file fname and returnsa � –dimensional
NumPyarray, where � is the lengthof the sequenceobjectcols. The type coercion
worksasin theprevioustwo functions.Thecolumnsarereturnedin thesameorderas
they appearin cols.

3.1.2 writedat.py

As a readdat.py relatedtool is providedwritedat.py . A NumPyarraycanbe
directly written in a way thatcanberecoveredwith readdat.py . This providesan
easywayto passarraysfrom oneprogramto anotherwith humanreadableintermediate
files.
Function: def writedat(fname, matrix, header=””, formatstring=”%g ”)
The nameof the file to be createdis passedasthe first argumentfname. If the file
alreadyexists it will beoverwrittenwithout prompting.Oneandtwo–dimensionalar-
rayscanbewrittenandthey arepassedasthesecondargumentmatrix to thefunction.
All otherargumentsareoptional.A headercanbespecified,but theusermusttakecare
of writing a# at thebeginningof eachline. Finally, theoutputformatcanbecontrolled
by passinga formatstring.Thedefault formatstringis ”%g ”.
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3.2 netCDF files

To accessnetCDFfiles, pyclimate usestheexcellentnetCDFpackagein K. Hinsen’s
Scientific Python. Two specialfunctionshave beenbuilt on top of K. Hinsen’s inter-
faceto make theuseof structurednetCDFfiles easier, andthey areincludedin thefile
ncstruct.py .
Function: def nccopystruct(name,inc,dims,vars,varcontents)
This function replicatesthe structureof a Conventions–compliantnetCDFfile (see
COARDS conventionshttp://www.unidata.ucar.edu ). Theseconventions
usuallyimply thedefinitionof asetof variableslike latitude,longitudeor verticallevel
andsomeauxiliary attributeslike unitsor thenumbersassignedto themissingvalues
or scaleandoffsetvaluesfor packing.This functionhelpsin thecreationof structured
outputfilesfromaninputdatasetwithouthaving to individuallycopy ALL of theglobal
attributes,auxiliaryvariablesandtheirattributes.In caseahistory attributeexisted,
it is updatedwith the dateandthe nameandargumentsof the calling program. The
functionreturnsanetCDFfile objectreadyto beused.This functionopenstheexisting
netCDFfile with the’w’ flag,overwritingany existing file with thesamename.Para-
metername is thenameof theoutputdatafileto becreated.inc is the input NetCDF
file whosestructureis to bereplicated.dims is a sequenceof dimensionsof the input
datafilewhichareto becopiedontotheoutputdatafile.vars is a sequenceof variables
to becopiedontotheoutputdatafilewithoutcopying thecontents,just thedeclaration,
type,structureandcomments.varcontentsis asequenceof variablesin theparameter
vars whosestructureand contentsareto becopiedfrom the input dataset.Thefunc-
tion exiofuncsnc.py showsexamplesof useof this function.
Function: createbare COARDS(ncname,tdat=None, zdat=None, latdat=None,
londat=None)
This functioncreatesa bare–minimumCOARDS–compliantnetCDFfile. ncname is
thenameof theoutputfile thatis beingcreated.tdat is None or a tuplewith first ele-
menttheNumPyarrayof itemsto beheld(Nonefor arecordvariable)andwith second
elementin thetupletheunitsattributeof thecreatedtime variable.If tdat is None,no
time variablenor dimensionwill be created.zdat is a tuple with two elements.The
first oneis the NumPyarrayof vertical levels. The secondoneis the units attribute
of the vertical levels. If zdata is None, no vertical dimensionis created.latdat is a
NumPyarrayof latitudes.Theunitsattribute is alwasysetto “degreesnorth”. If this
parameteris None, no latitudinal dimensionis created.londat is a NumPyarrayof
longitudes.Theunitsattribute is setto “degreeseast”. If this parameteris None, no
zonaldimensionis created.

4 Time handling routines

One of the problemsthat researchersin climate analysisare usually facedto is the
needto positiontheir observationsaccuratelyin time. Thefile JDTime.py provides
somefunctionsto facethis problem. It doesnot intendto provide a completesetof
datehandlingroutines.In particular, all thecomputationsasumeUTC time–zoneand
no DST functionsareincluded(M.A. Lemburg’smxDate providessomeof theseex-
tra features).JDTime.py allowsfast,accurateandeasydateprocessingfrom Python
withouttheneedof extrapackages.A veryinterestingfeatureis thepossibilityof easily
usingmonthly intervalsby meansof thefunctionmonthlystep() , computedfrom
thedefinitionof atropicalyearwith thesamevalueusedin Unidata’sudunits.dat ,
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so that the time valuescreatedthis way canbe correctly readandinterpretedby the
SDF interfacein plotting programsasGrADS. The datearithmeticis carriedout by
meansof JulianDaysstoredasdoubleprecision(Float64)numbers.Conversionfunc-
tionsto datestructuresareprovidedby meansof a C extensionbasedon astronomical
algorithms[6]. Thefile exjdtime.py providessomeexamplesof the useof these
functions.Thealgorithmdoesnot supportdatesbeforethestartof theGregoriancal-
endar(1582-10-15).In particular, this meansthatyou cannot properlyrecover dates
from someof theNCEPReanalysisnetCDFfiles, which startat 1–1–1,a datenot in-
cludedin theGregoriancalendar.
Class: JDTime
Integermembers:year, month, day, hour, minute.
Doublemember:second.
Thepreviousmemberscanbedirectlyaccessedfrom Python.
Function: def date2jd(jdt)
FromaJDTime structurejdt , gettheJulianDaynumberasa double.
Function: def jd2date(jd,jdt)
Givena JulianDay jd , getthebrokendatestructurejdt .
Function: def monthlystep()
Returnthe numberof Julian Days in a month, that is, numberof tropical daysper
year(365.242198781) divided by twelve. This providesadequateaccuracy for dates
during the instrumentalpart of the climate record. However, this approachposesa
problembecauseof thetruncationproblemthatappearsdueto thedifferentlengthof
themonths.Whenusingthis approximation,somemonthsarelongerthanothersand
this meansthatoneof thetime stepsmaybein thefirst dayof onemonthandthelast
stepon the lastdayof thesamemonth(if monthis longerthan30.43days).To avoid
this truncationproblem,theorigin shouldbesetto day15thof thestartingmonth.This
way, for every record,the first two fields of the datestructure(yearandmonth)will
be adequatelyresolved by jd2date() . This canbe easilyexplainedwith 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] Still in January
[1958, 2, 14] In February

Thereis asecondfile thatallowsthehandlingof COARDScomplianttimevariablesin
netCDFfiles,JDTimeHandler.py .
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Class: JDTimeHandler
Function: def init (self,units)
The creatorparsesa COARDS–typeunits attribute of the netCDFtime variable(ex:
hours since 1958-01-01 0:0) andcomputestheoffsetandthescalefactorto getJulian
Daysfrom thenetCDFtime variablefor eachrecord.
Function: def getdatefields(self,tvalue,listlen=6)
This methodscalesthe valueof tvalue usingthe scalingfactorcorrespondingto the
units attributeandaddstheoffsetcomputedfrom theunitsattribute,gettingtheJulian
Day correspondingto the time coordinatetvalue. The Julian Day value is usedto
createa brokendatestructure,andits values(year,month,day,hour,minute,second) are
returnedasa list, with asmany membersasthoserequestedby listlen.
Function: def gettimevalue(self,datefields,listlen=6)
This functionis theinverseof thepreviousone.It createsaJulianDay from thevalues
in thelist datefields(asmany valuesasthevalueof listlen), computestheoffsetfrom
the origin of coordinatesandscalesthe valueto the units correspondingto 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 arecreatinga netCDFfile from
scratch,it is moreaccurateandfastjust to addequaltime intervalsusinga fixedtime
stepfrom recordto record.

5 Distrib ution functions

DCDFLIB.C 1.1 is a library of C Routinesfor Cumulative Distribution Functions
developedby Barry W. Brown, JamesLovatoandKathy Russell,Departmentof Bio-
mathematics,The University of Texas, M.D. AndersonCancerCenter. The library
allows the determinationof cumulative distribution functions,inverses,andthe para-
metersof the following statisticaldistributions: Beta,Binomial, ��� , Noncentral��� ,�

, Noncentral
�

, Gamma,NegativeBinomial,Normal,Poisson,Student’s � andNon-
central � . Thefile pydcdflib.py providesaccessto this library from Python. For
eachoneof thesedistributions,a classhasbeencreatedthatwrapsthe parametersin
the call to the functionsof this routineandsomeC functionsthat wrap the original
C calls to make themavailableto thePython interpreter. Thesamenameshave been
usedin thewrappingof theparameters,sothattheoriginaldocumentationof theDCD-
FLIB.C library is valid for eachof theclassesin this Python extension.Theclassis
passedto a function with the samenameof the original one(with py prependedto
thenameof thewrapperfunction). Thefieldsof eachclassareupdatedby thewrap-
per functions. The codeof the original C library is untouched.Exampleson the use
of thesewrapperscanbe obtainedfrom the testDCDFLIB.py script in the source
directoryof thedistribution andfrom theenclosedexdcdflib.py file. Thereis an
errorwhencomputingtheparametersfor theF distributionusingthevaluewhich=3 .
This seemsto be linked to the propertiesof the F distribution and, in caseit werea
bug, it alsoexistsin theoriginal DCDFLIB.C , asthesameproblemappearsusingthe
C file testF.c , providedin thesourcedirectory. Thedocumentationof theoriginal
DCDFLIB.C library is distributedwithin thedoc subdirectoryof thedistribution.
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6 Simplemulti variate statistical tools

The main goal of file mvarstatools.py is to provide someroutinesthat arebe-
ing usedby otherslike svdeofs.py . However, someof themmaybeinterestingby
themselves,andthey arethusdocumentedin thissection.
Function: def center(dataset)
Given an input multivariatedatasetwith arbitrarydimensions��� (with the restriction
that first dimensionis time), this function returnsthe centereddataset �!�#"$���&%(' ,

with ' thesampleaverage')" *,+.- +/ .
Function: def standardize(dataset)
Given an input multivariatedatasetwith arbitrarydimensions� � (with the restriction
thatfirst dimensionis time), this functionreturnsthestandardizeddataset � � " - +1032465 ,

with 7 - thesamplestandarddeviation 7 - " 8 * +:9;- +10<2>=�?/ .
Function: def covariancematrix(X,Y)
Given two input datasets@ and A , with first dimensiontime andseconddimension

space,this functionreturnstheS–modecovariancematrix BC" 9;D 0 D =FE 9HG 0 G =/ .
Function: def correlationmatrix(X,Y)
Given two input datasets@ and A , with first dimensiontime andseconddimension
space,this function returnsthe S–modecorrelationmatrix BI" - E -/ from the stand-
ardized� and J datasets.
Function: def detrend(dataset,tvalues,order=1)
Fromtheunivariate timeseriesdataset, thisfunctionreturnsatuple(detrended,trend-
coefs). Thetrendis computedadjustingby meansof linear leastsquaresa polinomial��K�LNMO" *,PQHRTS�U Q L Q to thedata,where V is order. Thetupleholdsthedetrendedtime
seriesasthefirst memberandthethetrendcoefficients U Q asthesecondelementof the
tuple.
Function: def congruence(pattern1,pattern2)
Given two spatialpatternspattern1 ( WX>Y ) andpattern2 ( WX.Z ), this function returnsthe
congruencecoefficient [ Y�\ Z " ]^`_�a ]^ ?b ]^ _ bcb ]^ ? b [3, 13].

7 EOF analysis

A subroutineis providedin thefile svdeofs.py to performthedecompositionof a
datasetin its spatialeigenvectors(EmpiricalOrthogonalFunctions,EOFs),thefraction
of varianceexplainedby eachmodeandits temporalexpansioncoefficients[11, 15]
(PCs). Oneof the problemsof this techniquein climatologicalanalysisis the singu-
larity of covariancematriceswhenthenumberof spatialdegreesof freedomis bigger
than the numberof temporalsamples. To avoid this problem, the routine is based
on the SVD decompositionof the datamatrix @d"fe � Qcgih . For this implementation,j "lknmimomNp meansa temporalsampleand qr"lknmomim`V a grid point or observingsite.
Correctionsderivedfrom quadratureor areafactors[2, 10] mustbeappliedprior to this
routine.Thereis anexampleon theuseof thesefunctionin file exsvdeofs.py .
NEW: Sinceversion1.1, the input datasetmay be arbitrarily shaped,with the only
restrictionthattheleadingaxismustbethetime axis.
Function: def svdeofs(dataset,pcscaling=0)
Given a two dimensionaldatasetptsuV asdescribedabove, this function returnsa
tuple v , w , x . v�"ye z Y�{ mimom { z6| h is a pfs~} matrix, whereeachcolumn z>� is a vector
of length p andis the � –ethPCof thefield. Eachelement�<� in theonedimensional
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array � , is the varianceaccountedfor by the � –ethcomponent.Finally, the matrix����� �������o�i�.� ���!�
hasascolumnseachof theeigenvectors(EOFs)of thedataset.The

maximumnumberof EOFs( � ) will be ���H���F�I���~� , dependingon therankof thedata
matrix. If thepcscaling is setto 0 theoutputeigenvaluesarescaledasvariances,the
PCs �>� arescaledsothattheir varianceis thevarianceaccountedfor by eachcompon-
ent,andtheeigenvectorsareorthonormal,i.e.  ¡�6�¢���o£¥¤ ��¦ �`£6§¨£ , � �ª© � £ �«¦ �`£ . If
thepcscalingis setto 1 theoutputPCshave unit varianceandtheeigenvectorsareno
logerorthonormalbut just orthogonal.The input datasetis centered(meanremoved)
insidetheroutine.

From version1.1 pyclimate supportsmultidimensionaldatasetprovided that
the first dimensionkeepsbeingthe temporalone. In that casethe EOFsarereturned
storedasgeneralized columns (ie: they canberecoveredas ¬ �;�H�;� �`­6®°¯ ±T²<³µ´�­.¶ � instead
of ¬ �¸· �¹­6®°¯ ±T²<³µ´�­.¶ � ) and their spatialshapeis that of the original field. This
approachis backwardscompatiblewith previousversionsbut is moreflexible for the
user.
Function: def getgencol(a,ncol=0)
Returnsthencol-th generalized column of a, i.e. º �;�H�;� �N±¼»½®>¾ � .
Function: def pcseriescorrelation(pcs,eofs,dataset)
Calculatesthe correlationbetweenthe pcs and the dataset time seriesat eachgrid
point. Theeofsmustbesuppliedbecauseit usesacalculussaving formula:¿ ®6¶6¶��F�6À��NÁ#£.� �ÃÂ¸��� À �Â¸��Á#£.� ¬ÄÀÅ£
where Á £ is thetime seriesat the Æ -th site. Thecorrelationfieldsof theoriginal time
serieswith eachPCarereturnedasgeneralized columns.
Function: def getvariancefraction(lambdas)
Fromthearray � returnedby thepreviousfunction(lambdas), returnsthefractionof
variancē>À � §!À1ÇnÈ ���É � §<� associatedto eachof theeigenvalues.
Function: def bartletttest(lambdas,temporalsamples)
TestthehypothesisthatthelastÊ&Ë#� eigenvaluesareequalby meansof thestatistic[8]:ÌÎÍ � ËOÏ ÐÑ£`É��½Ò �!Ó ���Ô§ £ �¼ÕÖÏT�×ÊØËC��� Ó �ÚÙ È Ð ÀHÉ���Ò � § ÀÊ¥ËC� Û (1)

It is distributedasa Ì Í with
�Í �ÅÊ¥ËC�ÜÕ,Ý.�o�ÅÊ�Ëu�¹ÕÖÞ�� degreesof freedom.Ï is thede-

greesof freedomof thecovariancematrix. lambdas ( § À ) aretheeigenvaluesreturned
by svdeofs (array � ) and temporalsamplesis the numberof temporalsamplesin
thedataset.Thefunctionreturnsa tupleof arrays(eachof themoneitem shorterthan� ), ( Ì À ,Ê�ß�à ). Thefirst elementof thetuple is anarraywith thevaluesof Ì Í obtained
from eqn(1), while the secondelementholdstheir probabilities. This test is usually
too liberal andtendsto overfactor[8].
Function: def northtest(lambdas,temporalsamples)
Givenasinputtheeigenvalueslambdas( � fromsvdeofs ) andthenumberof samples
in the dataset(temporalsamples), teststhe degeneracy of eigenvaluesaccordingto¦ §�Àâáäã Í�å àã æ . It returnsthe arrayof values çè� �êé.¦ §�ÀNë . In casethat for a pair of
eigenvalues§!À�Ë ¦ §�ÀÎáì§!ÀHÒ � Õ ¦ §�À;Ò � , bothmembersof thepair shouldbemantained
or removedsimultaneouslyin thefactorization[10].
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 dataset and (pos-
sibly, someof) the EOFsof the whole datasetas returnedby svdeofs()(eofs), this
functionbuilds severalsubsampleschosingthe recordsin theoriginal datasetat ran-
dom. Thesubsamplesareof length length, which mustbesmallerthanthe lengthof
theoriginal dataset.Thefunctionreturnsa Numericarrayof shape(subsamples,
eofs.shape[-1])) whichholdsthecongruencecoefficientsof themasteri(whole
sample)andperturbed(subsample)eigenvectorsfor eachsubsampleandeigenvector.

8 SVD of coupleddatasets

TheSVD decompositionof thecovariancematrixof two datasetsis oneof thesimplest,
yetpowerful, methodto analyzethelinearrelationshipbetweentwo coupledgeophys-
ical datasets[1, 4, 9, 15]. Somefunctionsthat implementmostof the computations
usuallyneededfor this analysisareprovidedin thefile svd.py . Oneexampleon the
useof thesefunctionsis in thefile testsvd.py .
Function: def svd(xfield,yfield)
Giventwo fields í (xfield) and î (yfield), definedasin section7 (first dimensionof
the array is the temporalone), this function returnsthe SVD decompositionof their
covariancematrix ïñðiòrófô�õ�ö÷ . It returnsa tupleof threearrays ø , ù and ú . Each
column û�ü holds the ý –ethsingularvectorof the left ( í ) field. Sameconventionis
followedby theorderingof elementsin ú . ù is a one–dimensionalarraywhich holds
thesingularvaluesþ!ü . Thesingularvectorsareorthonormal( ûÎü¼ÿiû��¹ó��¼ü�ÿ����ªó��iü�� )
andcanbeusedto linearlyprojecteachof thefieldsto definetheexpansioncoefficients	 ü�

��� ó���

���ñÿ°ûÎü and �oü�

��� ó���
���� ÿ��¼ü whosecovarianceis the sameasthe singular
valueassociatedto thatmode � 	 ü�� � ü�� ó þ ü . Thedatasetsarecentered(samplemean
is removed) insidethe function prior to the SVD computation.NEW: Sinceversion
1.1,thedatasetsmayhavearbitrarydimensions,but theleadingonemustbetime.

As in the caseof EOF decompositionthe fields can also be enteredas more–
than–two–dimensionalarraysandthe returnedmatriceswill be accordinglyreshaped
to avoid theuserto careabouttheinternaluseof two–dimensionalmatrices.TheSVD
patternsarereturnedasgeneralized columns in thesensedescribedin theEOFsection.
Function: def getcoefs(data,svectors)
Given a datasetdata ( í or î ) and the correspondingsetof singularvectors( ø orú ) returnedby svd() , this function returnsthe expansioncoefficients(	 ü or �iü ) up
to the orderstatedby the evaluationof svectors.shape[-1])) . This, in fact,
meanstruncatingtherepresentationof thefield at this number. This sameapproachis
usedin thenext two routines.TheoutputNumericarrayshold thecoefficientsin each
column.Thatis, theexpansioncoefficientsassociatedto the i –ethsingularvectorare:
coefs[:,i] .
Function: def getcoefcorrelations(scoefs,zcoefs)
Giventheleft andright SVD expansioncoefficientsreturnsanone–dimensionalarray
containingthepairedcorrelationof thecorrespondingcoeffients.
Function: def homogeneousmaps(data,svectors)
From the input datasetdata and the array svectors, returnsan array with as many
homogeneouscorrelationmaps( �(í � ûÎü � or � î � �¼ü � ) asendingsubarrays(singu-
lar vectors)arein svectors. Eachsubarraythemaps[...,imap] is the imap –eth
map.
Function: def heterogeneousmaps(xdata,ycoefs)
Fromtheinput datasetxdata andthearrayof expansioncoefficientsycoefs, it returns
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an array with as many heterogeneouscorrelationmaps( ���! �"$#&% or �(') +*�#,% )
ascolumns(expansioncoefficients)arein ycoefs. Theorderingof themapsis asde-
scribedin previousroutine.
Function: def SCF(sigmas)
This functionreturnsthesquaredcovariancefractionassociatedto eachsingularvalue,

scf#.- /�01243 / 01 from thearray 5 returnedby svd() .

Function: def CSCF(sigmas)
This functionreturnsthecumulativesquaredcovariancefractionassociatedto a setof

singularvalues,cscf#6- 2 #798�: /�0;2 3 / 01 , from thearray 5 returnedby svd() .

Function: def makemctest(Um,Vm,ldata,rdata,itimes,ielems)
This function performsa Monte Carlo test on the stability of the left singularvec-
tors Um andthe right singularvectorsVm obtainedfrom svd() or truncatedto the
leadingones(Um.shape[-1]==Vm.shape[-1] ). It computesitimes simultan-
eoussubsamples(ielems long each)of eachdatafieldldata, rdata, andevaluatesthe
congruencecoefficient of the mastersingularvectorsto thosederived from the sub-
samples.It returnsa tuple of NumericalPythonarrays(ucoefs,vcoefs) which
hold the congruencecoefficient for eachsampleandeachU/V mastersingularvec-
tor (ucoefs.shape=(itimes,Um.shape[-1]) ). ielemsmustbesmallerthan
len(ldata) .

9 CCA (CanonicalCorr elation Analysis)

Canonicalcorrelationanalysiscanbeperformedby bpcca.py . This techniquegets
thepatterndecompositionof two fieldssuchthatthecorrelationbetweenthetemporal
coefficientsof pairedpatternsis maximum.TheBarnettandPreisendorfer[1] approach
hasbeenimplemented.In thisapproachanEOFprefilteringis performedandtheCCA
is carriedout in EOF–coordinates.Theuserneverdealswith thesecoordinatesbut can
customizesomefeaturesof theEOFdecomposition.

Theresultsarescaledfor thecanonicalexpansioncoefficientsto haveunit variance.
If the columnsof < and = arethe canonicalexpansioncoefficientsand > and ? are
thecanonicalpatterns,thefields @ and A canbepartially (dueto theEOFprefiltering)
recoveredas: B@C-4<D>.EBAF-F=G? E
The internalcalculusarecarriedout by meansof singuarvaluedecompositionof the
principalcomponentcrosscovariancematrix.
Class: bpcca
Function: def init (sfield,zfield, retainedeofs=None)
Giventwo two–dimensionaldatasetsthisconstructorperformstheCCA decomposition
of the fields. sfield andzfield arethe left andright fields respectively. 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: def leftpatterns()
Thismethodreturnsanarraywhichcolumnsaretheleft (thoseassociatedto thesfield)
canonicalpatterns.
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Function: def rightpatter ns()
Idemfor theright patterns.
Function: def leftexpcoeffs()
Thismethodreturnsanarraywhichcolumnsaretheleft (thoseassociatedto thesfield)
canonicalcanonicalexpansincoefficients.
Function: def rightexpcoeffs()
Idemfor theright coeffiients.
Function: def correlation()
Givestheorderedcanonicalcorrelationsof theexpansioncoefficientsasanarray.
Function: def getvariancefractions()
Returnsa tuple containingthe variancefraction explainedby eachcanonicalpattern.
The first elementof the tuple is the arrayof fractionscorrespondingto the left field.
Thesecondoneis thatof theright field.

10 Multi variate linear filters: LinearFilter.py

Filters areusedin climateanalysisto atenuatecomponentsof irrelevant frequencies
from abroadbandsignalandto selectthefrequenciesof interestfor theproblemunder
consideration.The simplestof thesefilters arethe linear filters andtwo of themare
provided: the Kolmogorov-Zurbenko filter andthe Lanczosfilter. In the currentver-
sion,thefilter doesnot handlemissingvalues.
Both of themfilter thedataby weightingtheinput with coefficients HJI thatdependon
thefilter: KML�N OPIRQ�S O HTIVU�IXW L
This commonpart of the computationis carriedout by subclassingthe LinearFilter
class.
Class: LinearFilter
Method: LinearFilter .getfiltered(ifield)
Givenaninput field, thefunctionreturnsthefiltereddatacorrespondingto eachinput
record. This function mustbe called in an iterative way. The filter hasbeenimple-
mentedwith performancein mind,sothat,in orderto avoid several iterationsthrough
a possiblylong dataset,it iteratesjust once,performinga multivariatefiltering to each
record.Thismakesthatduringtheinitializationphase,theinternalrunningbuffer must
beinitialized (filled) until valid valuescanbeobtained.During theinitializationphase
of thefilter, this functionreturnsNone. After theinternalbuffer is ready, thefunction
returnsvalid filteredfieldsuntil theuserarrivesat thefinal recordof theiteration.
Method: LinearFilter .reset()
Thismethodresetsthelinearfilter sothatit is ableto startcomputingwith adatasetof
a differentshapeavoiding thecreationof a new instanceof theclass.

10.1 KZ filter: KZFilter.py

TheKolmogorov–Zurbenkodigital filter is a verysimplebut powerful digital filter. Its
featuresaredocumentedelsewhere[7, 12].
Class: KZFilter
Method: KZFilter . init (self,points,iterations,lowpass=1)
Default (andonly) constructor. points is an odd integer representingthe numberof
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pointsin themoving average,while iterations is anintegerrepresentingthenumberof
timesthat theaverageis iteratedto geta betterdampingof thesecondarymaximums.
Whentheflag lowpassis false,thefilter instanceworksasa high–passfilter.
Method: KZFilter .getcoefs(self)
This functionreturnsthecoefficientsthatarebeingusedin thefilter.
Method: KZFilter .cutofffr equency()
Returnstheapproximatecutoff frequency of thefilter.

10.2 Lanczosfilter: LanczosFilter.py

The Lanczosfilter is anothervery commonfilter andits mathematicalpropertiesand
thealgorithmsfor thecompilationof thecoefficientscanbefoundfor instanceat [5].
Class: LanczosFilter
Method: LanczosFilter. init (self,filtertype=’bp’, fc1=0.0,fc2=0.5,n=None)
Default constructor. filtertype specifiesif the filter is low (’ lp’), high (’hp’) or band
(’bp’) pass.Thecut-off frequenciesfor thebandpasscasearesetin fc1 andfc2. If the
filtertype is setto ’ lp’ or ’hp’ bothcut-off frequenciesmustbeequal.Band–passfilter
will be assumedif the frequenciesaredifferent, regardlessyou have specifiedother
typeof filter!
Thenumberof differentcoefficientsto becalculatedis setwith theparametern. Even
thoughit hasa default value that is appropiatein the band–passcase,it is strongly
recommendednottousethedefaultvaluein any othercase(high–passor low–pass)[5].
Method: LanczosFilter.getcoefs(self)
As in section10.1this functionreturnsthecoefficientsthatarebeingusedin thefilter.

11 Differ ential operators: diffoperators.py

Someroutinesto computedifferentialoperatorson thespherespeciallysuitedfor cli-
mateanalysisareprovided.By now, they only processregularlatitude–longitudegrids.
Theoperatorsmake thecomputationsby meansof centereddifferences,exceptat the
borders,wherethey usebackward or forward differences.Periodicboundarycondi-
tionsaresupportedin thezonalaxis. All theoperatorsassumethattheinput fieldsare
organizedaccordingto theCOARDS scheme([latindex,lonindex]), with otherdimen-
sions(time,verticallevel) prependingthelatitudeandlongitudeaxisof thearrays.
Class: HGRADIENT
Method: HGRADIENT . init (self,lats,lons,asdegrees=1,PBlon=0)
This is the constructorfor the horizontalgradientcalculator. lats is a NumPyarray
whichholdsthelatitudescorrespondingto thegrid points,lonsholdsthelongitudesof
thegrid pointsandif theoptionalparameterasdegreesis setto true,it meansthat the
input angularvariablesareexpressedasdegrees,not radians.PBlon is trueif periodic
boundaryconditionsare to be appliedin the longitudinalaxis. In this case,second
ordercentereddifferencesareusedin thewholezonaldomain.
Method: HGRADIENT .hgradient(self,hfield,R=6.37e6)
Given asinput the horizontalfield hfield ( Y ), get asa resulta tuple which holdsthe
zonalandmeridionalcomponentsof thegradienton thesphere( Z[]\_^+`Vacbedbef , Z[gbedb a ). R
is assignedby default theradiusof theEarth.
Class: HDIVERGENCE
Method: HDIVERGENCE. init (self,lats,lons,asdegrees=1,PBlon=0)
Default constructor, with parametersdefinedasfor thegradientoperator.
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Method: HDIVERGENCE.hdi vergence(u,v,R=6.37e6)
From the zonal(u) andmeridional(v) componentsof a vectorialfield, find the hori-

zontaldivergence hi]j_k�lVmonRpeqpVrts pvu9w j_k+l�myxp m z . Thefunctionreturnsabidimensionalarray

with thedivergencefield.
Class: VCURL
Method: VCURL. init (self,lats,lons,asdegrees=1,PBlon=0)
Default constructor, with parametersdefinedasfor thegradientoperator.
Method: VCURL.vcurl(u,v ,R=6.37e6)
Fromthezonal(u) andmeridional(v) componentsof avectorialfield, find thevertical

componentof thecurl operatoron thesphere, hi{j_k�l�m n pewpVrg| pvu9q j_k+lem}xp m z . Thefunction

returnsa scalarfield with theverticalcomponentof thecurl of thevectorialfield.

12 Multi variate and Univariate Kernel basedProbab-
ility DensityFunction Estimation: KPDF.c

Histogramsareusefulandsimpleestimatorsfor theProbabilityDensityFunction(PDF)
associatedwith physicalor modellingexperiments.However, theestimationof PDFs
by meansof histogramspresentssomedrawbackslike the instability to the selection
of the bins (bin numberandbin origin) or the lack of derivability. Thus,it hasbeen
proposed[14] the useof a kernelbasedapproachto the estimationof the PDF. This
moduleprovidesfunctionsto performunivariateandmultivariatePDFestimation.The
relevantequationsfor this moduleare(2) for univariatedensityestimationand(3) for
multivariateseries. ~�������� �������h���h ��� � |C���� ��� (2)~��
���!�

det����������� �� h���h ��� � �$� �
� |¡ ¢� �¤£ � � h �
� |C ¥� ��¦ � (3)

with � thenumberof points, � a scalarwhich holdsthebandwidthusedin theestim-
ation, � � and   � theexperimentalpoints,

�
and

�
thepointswherethePDFis being

estimated,
�

is the functionusedasthekerneland � is thescalingmatrix which can
optionallybeusedin themultivariateestimators,usually, thecovariancematrix.
Function: def UPDFEpanechnikov(edata,gdata,h)
Returnsa NumPyarraywith thePDFassociatedto theexperimentaldataedataevalu-
atedat pointsgdata (NumPyarray, too) usinga bandwidthh. For this andnext func-
tions,edataandgdatamustbeNumPyarraysandthefunctionreturnsaNumPyarray
of typecodeFloat64.Thekernelusedin theestimationis aEpanechnikov one.It raises
TypeError if edataor gdata is not a 1-D NumPyarrayIt raisesMemoryError if
it is unableto allocatethereturnedarrayor sometemporalarrayswhich areneededas
working space.
Function: def UPDFBiweight(edata,gdata,h)
Sameasthepreviousfunction,but usea biweightkernel,instead(S86,Table3.1). It
raisesTypeError if edataor gdata is nota1-D NumPyarrayIt raisesMemoryEr-
ror if it is unableto allocatethe returnedarrayor sometemporalarrayswhich are
internallyneededasworkingspace.
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 returnedarrayor sometemporalarrays
which areinternallyneededasworkingspace.
Function: def UPDFOptimumBandwidth(edata)
Getanapproximationto theoptimumbandwidthby meansof equation3.28(S86).Un-
lessthereis abettersuggestion,it canbea goodstartingpoint. edata is, aspreviously,
a NumPyarray(internallyworksasFloat64).It raisesValueError if edata is not a
sourcesequence.
Function: def MPDFEpanechnikov(edata,gdata,h,Sm1=None,K=0.0)
Givenamultidimensional(dimension§©¨¡ª «­¬�®M¯ currently)experimentaldatasetedata
(NumPy array), evaluatethe PDF at each § -dimensionalpoint in the NumPy array
gdata, usingaradiallysymmetricbandwidth° . TheoptionalparameterSm1is a §G±{§
matrix (NumPyarray, too) which canbe usedto scaleeachof the directionsin the
edata andgdata arrays. Usually, the inverseof the covariancematrix of edata is a
goodselectionfor this parameter. It canalsobe None, in which case,no scalingis
appliedto the directionsin the § –dimensionalspace.K is a renormalizingconstant
which mustbe computedaccordingto the scalingdefinedby Sm1. If the inverseof
thecovariancematrix is selectedasSm1andthesquareroot of thedeterminantof the
covariancematrix is input asK , then,a Fukunagaestimatoris beingusedin the es-
timation (S86,Eq. 4.7). This functionusesa multidimensionalEpanechnikov kernel
(S86,Eq. 4.4) for the estimation. It raisesValueError if edata or gdata arenot
NumPyarrays.It raisesTypeError if h is not a number. It raisesValueError if
thedimensionalityof thedatasetsedataandgdata is not correctbecausethey exceed
theimplementedcapability, they arenot ”compatible”(for instance,oneis 2-D andthe
otherone3-D), or thescalingmatrix is not of theadequaterange(§©±²§ ).
Function: def MPDFGaussian(edata,gdata,h,Sm1=None,K=0.0 )
SameasMPDFEpnechnikov, but usinga Gaussianmultivariatekernel(S86,Eq. 4.3).
It raisesValueError if edataor gdataarenotNumPyarrays.It raisesTypeError
if h is notanumber. It raisesValueError if thedimensionalityof thedatasetsedata
andgdata is not correctbecausethey exceedtheimplementedcapability, they arenot
”compatible”(for instance,oneis 2-D andtheotherone3-D), or thescalingmatrix is
not of theadequaterange(§©±G§ ).
Function: def MPDFOptimumBandwidth(edata)
Providesafirstguessto theoptimumbandwidth(S86,Eq. 4.14).It raisesValueError
if edata is not a sourcesequenceor if its dimensionsexceedcurrentcapabilities.
Function: def MPDF2DGrid2Array(xdata,ydata ,fastestdim=0)
This function returnsan array of shape(len(xdata)*len(ydata),2) which
holds in a linear fashionthe grid definedby arraysxdata andydata. The optional
parameterfastestdimallows theselectionof thedimensionwhich grows faster(outer
oneby default) or inneroneif it is nonzero.
This functionalitycanbeobtainedby meansof otherstandardPythontechniques,like
usingcomplex calls to replicate() , concatenate() andmap() , or the new
featureof List comprehension in Python2.0. However, this functionis muchmoreef-
ficient. Function: def MPDF3DGrid2Array(xdata,ydata ,zdata,fastestdim=0)
This function s similar to MPDF2DGrd2Array in the sensethat it returnsan array
shapedlike(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.
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13 Other links

There are other packagesthat can be combinedwith Python, pyclimate, and the
otherpackagesthat have beenmentionedpreviously andwhich allow to easilybuild
powerful data analysistools and programs. To namea few, for graphics,for in-
stance,thereexiststheposibility of usingDISLIN (http://www.linmpi.mpg.de/dislin/),
free for someplatforms. Thereis anotherset of statisticalfunctionsby G. Strang-
man(http://www.nmr.mgh.harvard.edu/NeuralSystemsGroup/gary/python.html). A
completerepositoryof Python programscan be found at the official WEB server
(http://www.python.org)or Starship,(http://starship.python.net)theserverfor thecom-
munityof Python contributorsanddevelopers.

Specialmentiondeservetwo otherPython packagesdesignedto work with climate
data.Oneof themisCDAT, developedby theLawrenceLivermoreNationalLaboratory
(http://sourceforge.net/projects/c dat ), andtheotheroneis mtaCDF,
developedattheInstitüt fürMeereskunde,Kiel (http://www.ifm.uni-kiel.de –
/to/sfb460/b3/Products/mtaCDF.html ).
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