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G The analysisof the climate system
Global warming during the last Century

Multi—proxy approacho temperaturehanggMannetal., 1998):
e Sedimentores
e Boreholetemperatures
e Isotopicconcentration$!®0)

e Dendrocronology
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G The analysisof the climate system Hu....-
Spatial and temporal variability of climate

Variationsarenot equalover thewholeEarth(i.e. GISStemp). Systemis 3-D.
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G The analysisof the climate system
Coupledvariability of differ ent subsystems

Mutual influencedetweendifferentsubsystemsf the climatesystem.
e Atmosphere- Ocean
e Ocean- Cryosphere

e Cryosphere- Atmosphere



D> The analysisof the climate system
Differ ent scalesof motion

Differentsubsystemshaw differentscalesof motion. Insideeachof the
subsystema)on—lineamehaiour meansabasicallycontinuousspectrum.
Differentphysical processeshaw differentfrequencies.

e Baroclinicperturbations
e Madden—Juliar©Oscillation
e Internalgravity wavesversusRosshywaves

e Low—frequeng variability
— ENSO
— NAO

Needto filter out spuriousfrequencies.



@ Data sets
Variety of data sets

Differentformatsarevery common:
e ASCII
e Native (low—endianor big—endianpinary
e NetCDF
e GRIB
e HDF, ...

It is difficult to accesall of themfrom alow level programminganguage.



& Data sets Hu....-
Huge data sets

Datasetsarehuge:
e NCEP-Reanalysi&2years,6-hourlydata,l verticallevel, 1 variable(1.6Gb)
e SeaSurfaceTemperaturemonthlydata,1860—(200Mb)

e High resolutionglobalmodeloutput,10—ensembl&inter runs,9 vertical
levels,12 hourly data,2 selectedvariableg2 Gb).

It IS necessaryo useaproperstrat@y to be ableto handlethis amountof data.



G Python—basedapproachto data analysis Hu....-
What is Python?

e Freeandmultiplatforminterpreted object—orientedhigh level languagewith
dynamicsemanticsnamespacesamedexceptions,. . ..

e Allowscomple (built—in anduserdefined)datatypesandsupportObject
OrientedProgrammindpolymorphismoperatoroverloadingandmultiple
Inheritance).

e Programsareeasyto read,write anddelug. Fastdevelopmentcycle.
e Easyto learn.Veryinterestingfor teachingstudentiow to program.

e Easilyextensibleandembeddablel-ull accesso almostary externaldevice,
library andsystemcall.



G Python—basedapproachto data analysis Hu....-
Python and scientific computing

e NumPy (NumericalPython)is anefficient C implementatiorof thetasks
neededor scientificcomputingaccesibldrom the highlevel Python language.

e Python is interpreted, but NumPy is compiledandperformsfastfor numerical
tasks.Supportof differentnumericalprecisiongFl oat 32,1 nt 8, ...).

e Supportof generaburposdibraries(LA, FFT, RNG, specialfunctions).

e Python is extensible.New librariescanbecreatedn C, C++, Fortran,
compiledassharedibrariesandintegratedaspackageto theinterpreter

e Python canbeembeddednto scientificapplicationgo make them
programmable.



G Python—basedapproachto data analysis Hu....-
Python versusC, C++, Fortran

e Executiontimeis somavhatshorterusingF77,C, C++
e Developmentime is muchshorterusingPython
e MaintainingandupgradingPythonsoftwareis easier

Thereforethereis atrade—of betweerexecutiontime anddevelopingtime. Both
timesshouldbe consideredsawhole partof thelife cycle of anapplication.

Python canbeextended.Critical partsof the codecanbewrittenusingF77,C,...

NumPy providesa completeframework for array—basedperations.



G Handling data sets Hu....-
Accessingdata under GRIB format

def getfield(ifile, shape):
datastr=ifil e.read(shape[ O] *shape[ 1] *4)
return fronstring(datastr, Fl oat 32)

def conversion(file, avevar, varvar):
os.systen("wgrib %|wgrib -i % -bin>/dev/null"%file, file))
| file=open("dunmp","r")
for imon in xrange(12):
avevar[orec] =getfield(ifile, avevar.shape[1l:])
varvar[orec]=getfield(ifile,varvar.shape[l:])

files=gl ob. gl ob("19*hgt 500")
for f in files:
conversion(f, avevar, varvar)



G Handling data sets
Replicating netCDF files (I)

# di nensi ons;

float HGI(tinme, lat, |[on) ;
HGT: m ssi ng_val ue = 9. 999e+20f ;
[/ global attributes:
: Conventions = "COARDS" ;

# time = UNLIMTED ; // (624 currently)
# lat = 73 ;

# | on = 144 ;

# vari abl es:

# double tinme(tine) ;

# tinme:units ="hours since 1948-01-15";
# float lat(lat) ;

# lat:units = "degrees North" ;

# float |lon(lon) ;

# | on:units = "degrees East" ;

#

#

#

#



G Handling data sets
Replicating netCDF files (Il)

frompyclimte.ncstruct inport *
from Scientific.lQO NetCOF inport *
dims=("tinme","lat","lon") # Copy dinensions
var_str=di ns+("HGI",) # Copy dins, attrs
var _all=dinms[1l:] # Copy dins, attrs, data
| nc=Net CDFFi | e(" ncepHGT500nont hly. nc")
onc=nccopystruct ("hgt DJF. nc", I nc,

di ns, var _str,var_all)



G Eigenvalue techniques Hu....-
Spatial and temporal variability

LetT'(r,t) beascalarfield. We areinterestedn its decompositioras

T(r,t) = T(r) + 3, ar(t)Ti(x).

Karhunen—-Lewe expansionof T' + discretizationt truncationgive the eigervalue
problem:

L
M Fiu®@i(r;) = M@ (1),
=1

with &, (r;) = Ty (r;)(AA; /A)=.

Thetime seriesn; (PCs)andtheeigervaluesT;(r) (EOFs)allow usto describethe
temporalandspatialvariability of the mostimportantmodesof thefield.



Eigernvalue techniques Hu....-
mO_u analysisby meansof SVD (singular covariance matrix)

Let X bea(centered)V x P matrixof data(P > N) andC = ~ X7 X the
correspondingovariancematrix.

Let &£ bethe matrix with orthogonalkigervectorsof the covariancematrix as
columns,CE = EA,a = XE, X = oE", andA adiagonalmatrix.

1 1
Varnla) = —a’a= —ET"XTXE =ETCE=ETEA = A
N N
Usingthe SVD decompositiorof the datamatrix X = LY R”, then
C = LRELTLYRT = LRY2RT. Thus,CR = RAif A = =~ andR = E. We
alsogeta = XE = LYR'E = LY.



G Eigenvalue techniques Hu....-
Linearly coupledvariability of subsystemsSVD and CCA
analysis

Let X = [z; ;] andY = |y, x| be centeredlatamatricescorrespondingo different
subsytem®f theclimatesystem(e.g. SSTandgeopotentiaheight)with

1 =1...N thesamples; = 1...J thenumberof oceangrid pointsand
k=1... K thenumberof atmospherigrid points.

Cry = xw,w\ = UcoV givesleft (U) andright (V) singularvectorswhich explain

the maximumcovariance betweerbothfields.

Similarly, we cantransformX andY into their EOF spacescalethemusingthe
eigevaluessothatX = aE? = ae! andY = SFT = bf1, with a; = o/ ); and
soon. UsingtheSVD of C,, = Wo™*Z, wecangetWW andZ to obtainpatterns
which explain maximumcorrelation betweerbothfields.



D> http://www .pyclimate.org ﬂu....-
Overview of PyClimate

pyclimate is a Python packagewhich performssereraltasksusefulfor theanalysis
of climatevariability. Currently it offers:

e Functionsto readASCII dataasNumericalarrays.

e Functiongo replicatethe structureof a NetCDFfile.

e Functionsandclassedo handlemonthlytime steps.

e A Python interfaceto thelibrary DCDFLIB.C

e EOFandSVD analysis.

e Multivariatedigital filters. Kolmogorov—Zurbenlo andLanczos.
e Differentialoperatorsn sphericakcoordinates.

e Kernel-basegrobabilitydensityfunctionestimation(univariateandmultivariate).



D> http://www .pyclimate.org ﬂu....-
Interface to DCDFLIB.C

pyclimate includesaninterfaceto DCDFLIB.C, aC library for directandinverse
computation®f parametersf several statisticaldistribution functions(s, binomial,
negative binomial, x?, non—centrak?, F', non—central’, I', Normal, Poissont,
non—centrat).

Original C prototypein DCDFLIB.C:

voi d cdfchi (int *which, double *p, double *q, doubl e *x, doubl e *df,
I nt *stat us, doubl e *bound) ;



D> http://www .pyclimate.org
Accesso DCDFLIB.C from Python (1)

[*** W apper for cdfchi() ***/
t ypedef struct {
I nt whi ch;
doubl e p;
doubl e q;
doubl e x;
doubl e df;
| nt st at us;
doubl e bound;
} CDFChi
extern int pycdfchi( CDFChi *sptr );



D> http://www .pyclimate.org
Accesgso DCDFLIB.C from Python (I1)

frompyclimte. pydcdflib inport *
cht ab=[ ]
for I 1 n xrange(3):
chi 2=CDFChi ()
chi 2. whi ch, chi 2. p=2, 0. 9+i *0. 025
cht ab. append( chi 2)
for df Iin xrange(5, 30):
print "%d"%df,),
for ch in chtab:
ch. df =df
pycdf chi (ch)
print "99.5f(%d)"%ch. x, ch. status),
print



G http://www .pyclimate.org ﬂu....-
Eigenvalue techniques: EOF, SVD

pyclimate providesmodulesto perform:

e EOFanalysisgettingtheeigervalues/eigevectorsandgiving numerical
estimationdor truncationrules(BartletttestandMonte Carloanalysishased
ontemporalsubsampling)lt is basedon the SVD decompositiorof the data
matrix.

e SVD decompositiorof the covariancematrix, obtainingtheleft andright
singularvectors, homogeneouandheterogeneousorrelationmaps,the
singularvalues the covarianceandsquaredctovariancefractionsandMonte
Carlotestonthereliability of the singularvectorsbasedontemporal
subsampling.



G Examples
Computation of EOFs ()

| nport math

fromScientific.lQO NetCDF i nport *
from pyclimte. svdeofs inport *
frompyclimte.ncstruct inport *

I nc = Net COFFi |l e("ncepsl p.djf.nc")
slp = inc.variables["djfsl|p"]
lats = math. pi/180.*inc.variables["lat"][:]
areafactor = sqrt(cos(lats))
slpdata = (slp[:,:,:,:] *

ar eaf act or [ NewAxi s, NewAxi s, :, NewAxi s])
ol dshape = sl pdat a. shape
sl pdat a. shape = (ol dshape[ 0],

ol dshape[ 1] *ol dshape][ 2] *ol dshape[ 3])



D> http://www .pyclimate.org
Computation of EOFs (ll)

pcs, | anbdas, eofs = svdeof s(sl pdata)

ds = ("lat", "lon")

onc = nccopystruct("firstECF. nc", inc, ds, ds, ds)

eof 1 = onc.createVari abl e("eof 1", Float32, ds)

eof 1.1l ong _nane = "First SLP EOF"

eof1[:,:] = ( reshape(eofs[:,0], oldshape[2:]) /
areafactor[:, NewAxi s] ). astype(Fl oat 32)

onc. cl ose()

Input file size: 1 Mb

Alpha Workstation 700MHz 190MbRAM: 0.06sec.
Laptop AMD K6 380MHz 64MbRAM: 0.55sec.
Pentium Il 450MHz 512MbRAM: 0.19sec.




G http://www .pyclimate.org ﬂu....-
Differ ential operators over the sphere

They work over regularlongitudex latitudenon—periodigridsarrangedasin the
CQARDS conventions.

e Thehorizontalcomponenbf thegradientof a scalar(i.e. geostrophiavind)

e Thedivergenceof atwo—dimensionaVvectorfield (i.e. thebalanceEvaporation
minusPrecipitationfrom the vertically integratedmoisturetransport)

e Theverticalcomponenbf thecurl of avectorfield (i.e. vertical velocity atthe
bottomof the oceanicEkmanlayerdueto thewind stress)



G Examples
Useof differ ential operators (1)

frompyclimte. diffoperators inport *
fromScientific.lQO NetCDF i nport *
frompyclimte.ncstruct inport *

| nc = Net CDFFi | e( " NCARr eanal 200. nc")

hgt = inc.variables["hgt"]
lats = inc.variables["lat"]
| ons = inc.variables["]on"]

hgtdata = hgt[O0,:, :]

grad = HGRADI ENT(lats[:], lons[:])

geosfact = 1.486e-5 * sin(lats[:] * 0.017453)
geosfact = geosfact[:, NewAxi s] *ones( hgt dat a. shape)
geosfact = geosfact + equal (geosfact, 0.0)

hg = grad. hgradi ent (hgt dat a)

w nd = (-hg[1]/geosfact, hg[0]/geosfact)



D> http://www .pyclimate.org
Useof differ ential operators (Il)

ds = hgt. di nensi ons

onc = nccopystruct ("gw nd200. nc", inc, ds,
onc.title = "Geostrophic w nd"

gw u = onc. createVari abl e("gw u", Float 32,
gw u.units = "ms"

gw Vv = onc. createVari abl e("gw v", Float 32,
gw v.units = "ms"

gw u[O0,:,:] = wind[0].astype(Fl oat 32)

gw Vv[O,:,:] = wind[1l].astype(Fl oat 32)
onc. cl ose()

ds, ds)
ds)

ds)

Input file size: 20Kb

Alpha Workstat. 700MHz 190MbRAM: 0.02sec.
Laptop AMD K6 380MHz 64MbRAM: 0.3sec.
Pentium Il 450MHz 512MbRAM: 0.25sec.

40Mb
2'30"
3'18"
2'23"
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http://www .pyclimate.org Hu....-
Observed versuscomputedwinds

Noo BU @moﬁvoﬁmso_o_ height surface and real wind
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D> http://www .pyclimate.org ﬂu....-
Linear filters for hugedata sets

Givenaninputdataset X;, ageneralinearfilter involvesthe operation:

n

Y = M a; Xiyi-

1=—n

This basicoperatiorhasbeenimplementedasa baseclasswhich derivesdifferent
kinds of filters by meansf the constructorgdifferenta; coeficients). Thus,the
basicfilter canbe easilyextendedoy redefiningthesecoeficients.

KZFilter

LinearFilter

LanczosFilter




D> http://www .pyclimate.org ﬂu....-
Useof linear filters (I)

| nport math
from pyclimte. LanczosFilter inport *
twopi = 2. * math. pi
def f(x):
return sin(twopi * 0.01 * x)+0.75 * sin(twopi * 0.05 * x) +\
0.50 * sin(twopi * 0.20 * Xx)
a = f(arrayrange(1000)) # [f(0) f(1) ... f(999)]
a. shape = (1000, 1)
npoi nts = 50
| p = LanczosFilter('Ip’, 0.025, 0.025, npoints)
bp = LanczosFilter(’  bp’, 0.025, 0.08, npoints)
hp = LanczosFilter(’  hp’, 0.18, 0.18, npoints)



D> http://www .pyclimate.org
Useof linear filters

for i Iin range(len(a)):
|fa = Ip.getfiltered(ali])
bfa = bp.getfiltered(ali])
hfa = hp.getfiltered(a[i])
1 f | fa:
print "%l % % %" %
| -npoints, |Ifa[0], bfa[0], hfa[0])

Filtering of 1000points:

Alpha Workstation 700MHz 190MbRAM: 0.5sec.
Laptop AMD K6 380MHz 64MbRAM: 2.8sec.
Pentium Il 450MHz 512MbRAM: 0.72sec.




“m http://www .pyclimate.org Hu....-
Synthetic and obsewed Zx, filter ed data (2.5-10days)
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G Challenging tasks Hu....-
Outgoing Longwave Radiation and the NAO

e Istropicalforcingin the Atlantic to triggeranatmosphericesponse?Donget
al., 2000)

¢ In theAtlantic basin,nonlinearwave interactionsaremoreimportantthan
tropicalforcing (Blade, 1999;Hanseretal., 1997)

e Theoreticabasis
1. Rossbysourceterm: S = —V - (v, - () (SH,1988)
2. Corvective anomaliesoverthe Caribbearareableto produceeuroatlantic
blockings(FMP, 1994)
3. Rossbywave propa@tiondepend®nthezonalspeedat highlevels
(Hendonetal., 2000)

4. OLR is agoodproxy for tropicalconvection(divergence)andit is difficult
to evaluateproperly S in the Tropics(HZG98; LMGKWM98)



B OLR-NAO
DJ Zonal wind speedat 200hPa

U200 — DJ — (10S,40N)
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D OLR-NAO Ky
Detectionmethod

OLR daily: 0=0-0
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OLR-NAO B
Rossbywavespropagatetowards the Tropicsfrom the
extratr opics

Dec — d0+0 — HGT Dec — d0 - OLR
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What next?
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D> http://www .pyclimate.org ﬂu....-
Conclusions

e Python is apowerful free multiplatformhigh level language.
e Python is extensibleandhasafastNumericalArray extension.
e Thosefeaturesallow fastdevelopmentof codefor dataanalysis.

e A setof routineshasbeendevelopedto performsomefrequenttasksduringthe
analysisof climatedatasets

e Thoseroutinesmake easierfastdataanalysisof big datasets.

e |t isinterestingo getthis computingparadigmworking underparallel
architecturesaswell, to achiee betterperformance..



PYTHON
pouer-ed

e http://www .python.org
e http://numpy.sourceforge.omy

e http://www .pyclimate.org



