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Objectives

Theobjectiveof this projectis to calculateerrorgrowthandpredictabilityestimates
for the operational numerical weather prediction model used by the Canadian
MeteorologicalCentre(CMC) and to comparethe resultswith similar estimatesfor the
global prediction model used at the EuropeanCentre for Medium-RangeWeather
Forecasts (ECMWF).

Background

This project is part of the ensembleKalman filter (EnKF) project that aims at
providing an ensembleof four-dimensionalanalysesfor the operational Ensemble
Prediction System(EPS) at CMC. For the EnKF, it is important to have a better
understandingof the activity of the Global EnvironmentalMulti-Scale (GEM) model
usedat CMC. The improvedunderstandingof error dynamicsthat will result from the
completionof the project is expectedto havean impacton future developmentprojects
for the GEM forecastmodel (in particularfor the diffusive processesin the forecasting
systemandfor thenumericalprecisionof thecalculations)andon thedesignof theEPS
(in particular for the simulation of the model error component).

Methodology

Due to the chaoticnatureof the dynamicsregulatingthe evolutionof atmospheric
fields,a smallerrorin the initial conditionsof a realisticmodel,or a misrepresentationof
some atmosphericphenomena(an imperfect model), can lead after a few days to
numerical solutions with little resemblanceto the instantaneousstate of the real
atmosphere.In order to help quantify the level of predictability of the atmospherefor
somegiven lengthscalerange,the modelerrordynamicsmustbe studied. In particular,
onecantakeadvantageof theroutinelyarchivedanalysesandprognosesto performerror
growth rate studies and to learn more about atmospheric predictability.

The error growth rateof an atmosphericmodelcanbe visualizedwith the help of
what is calleda “Lorenz diagram”(Lorenz1982). Thesediagramssketcha measureof
the spaceaveragediscrepancybetweentwo fields asa function of the forecastingrange
(say,in days)averagedovera givenperiodof time (say,a month). Themaincurveof a
Lorenzdiagramis a measureof the forecastskill of the model(say,E0k) asa functionof
the forecast time k.  More specifically,
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whereS is someareaof the globe,N is the numberof daysof the analyzedperiod,λ is
longitude, ϕ is latitude, � pki is the k-day prognosisvalid for date i, and � ai is the
analysis valid for date i.
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Thesubsequentcurvesof a Lorenzdiagramconstitutebranchesto the maincurve.
Thesebranchesaremeasuresof errorgrowthsasa functionof the forecastingtime. For
example, one can plot the mean difference between the one-day forecasts and the two-day
forecasts(valid for the samedates),the meandifferencebetweenthe two-dayforecasts
andthe three-dayforecasts(valid for thesamedates),themeandifferencebetweenthek
day forecastsand the (k+1)-day forecasts(valid for the samedates). This is the first
branch of the Lorenz diagram.

More generally,the jth branchof a Lorenzdiagramis a plot (asa functionof k+j)
of themeandifferenceEjk betweenthek-day forecastsandthe (k+j)-day forecasts(valid
for the samedates). The x-axis of the jth branch extendsfrom j to D days. In
mathematical terms,
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The readeris referredto Lorenz(1982) for the original presentationof the Lorenz
diagrams.  Their interpretation within the framework of the GEM model will be discussed
later in this report. Similar analysesappliedto the ECMWF forecastsystemweremade
in Lorenz (1990) and in Simmons et al. (1995).

Data

The monthsthat havebeenanalyzedseparatelyin the contextof the presentstudy
areJanuary,April, July,andOctoberof theyear2002. For forecastperiodsrangingfrom
0 to 10 daysand valid for eachday of the abovementionedmonthsat 0000 UTC, the
geopotentialat 500hPaproducedby theglobalGEM modelhasbeenextractedfrom the
archive. Notethat thezerodayforecastsaretheanalysesthatservedasinitial conditions
for the GEM model.

The readeris referredto Appendix A for an exampleof the listing of commands
executed to extract the relevant data.

The Lorenz diagramswere built with the full resolutionof 400x200grid points
(referredto as T199), as well as with a reducedresolutionequivalentto a triangular
truncationT40. This smoothingof thedatawasperformedin orderto comparedirectly
with Lorenz (1982) in which a datasetwith resolutionT40 was used. Moreover, the
diagramsfor three different areasS over the globe were drawn: the global surface
(referredto asGlobal), the areanorth of 30N (referredto asNH), andthe areasouthof
30S (referred to as SH).
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Results

The following figures are the Lorenz diagramsfor the 500 hPa geopotentialin
January(Jan),April (Apr), July (Jul), andOctober(Oct) for 2002at resolutionT40 and
T199.  Extratropical northern and southern hemispheres, and global data are shown.
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Discussion

In a Lorenzdiagram,theerror growth rateof the internaldynamicsplus the model
error causedby the model’s deficienciesis describedby the main branch(which is a
generalmeasureof modelperformance).TheGEM modelcanbedirectlycomparedwith
the ECMWF modelof 1993-1994. Simmonset al. (1995)performedthe sametype of
analysesfor the northernhemisphereextratropicalregion for the ECMWF model of
1993-1994.It turnsout that theone-dayforecastskill of the500hPageopotentialof the
ECMWF model of 1993-1994is very closeto the forecastskill of the GEM model of
2002.  The following figure is adapted from Figure 4 of Simmons et al. (1995).

It showsthe main branch,aswell asthe lowestbranch,of the ECMWF modelof 1993-
1994for the four seasonsin the northernhemisphereextratropics.Winter standsfor the
period coveringDecemberto February,Spring for the period coveringMarch to May,
Summerfor the period covering Juneto August, and Autumn for the period covering
Septemberto November.The500hPageopotential10-dayforecastskill of theECMWF
modelof 1993-1994is slightly betterthanthe oneof the GEM modelof 2002in spring
and fall, but equivalentin winter and summer. To give an estimate,the extratropical
northernhemispherefall r.m.s.errorof theECMWF modelfor the 500hPageopotential
is about 120 meters (as compared with 135 meters for the GEM model).

A first estimateof the doublingtime of small errorsin the caseof a perfectmodel
canbe madeasfollows. In a Lorenzdiagram,the connectionof the lowestbranchwith
the main branchis a meanmeasureof the differencebetweena one-dayforecastandan
analysisvalid for thedayof theforecast. If this differenceis consideredrelativelysmall,
thentheanalysisandthe one-dayforecast(valid for the sameday) canbe consideredas
two different,but similar, initial conditions. By following how thesetwo different initial
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conditionsdivergeastheintegrationsgo by, oneis in fact following thelowestbranchof
a Lorenzdiagram. For theGEM modelin Januaryfor theglobalcase,theconnectionof
the first branchwith the main branchis at about12 meters(day one). Following the
lowestbranch,one finds that an error of 24 metersarisesat aroundday three,giving a
doubling time of two days. In fact, a doublingtime of small errorsof nearlytwo days
(or evena bit less in April) seemsto occur in all the casespresentedin the previous
section.

From the previousfigure, the doublingtime of small errorsin the ECMWF model
of 1993-1994 can be estimated, with the present method, to be very close to two days.

This way of calculating small error doubling time does not exactly reveal the
doublingtime of very smallerrors. A secondestimateof thedoublingtime of very small
errors, due to Lorenz (1982), is to model the evolution with time of the lowest branch as a
simple nonlinear process:
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andthetime it takesfor small E � E � to doubleis approximatelythesameasthe time it
takesfor finite amplitude E � � E � 
 E 	 to double. For example,the time it takesfor
finite amplitude E � E � to go from 1/3 to 2/3 (equivalently,E � � E � 
 E 	 goes from ½ to
2) is approximatelytwice thedoublingtime of smallerrors. Whenappliedto theLorenz
diagramsof the previoussection,it meansthat the time it takesfor Eij to go from 1/3 to
2/3 of the saturatedEij (very large forecasttime) is twice the doubling time of small
errors. From the figuresof the previoussection,onecanmakea second estimate for
doubling time of small errors of about 1.5-2.0 days for the GEM model.

Anotherway of estimatingthe doubling time of small errorsis to performa least
squarefit of E(t), provided by the Lorenz model, for a chosen E � . One can thus
estimate a from
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with thedoublingtime of smallerrorsgivenby � � � ln 2 	 � a. Thefollowing tablegives
thedoublingtime of smallerrorscalculatedfrom theleastsquarefit. Thefirst numberis
the doubling time in days and the number in parenthesis is the chosenE � in meters.

January April July October

Global 2.0 (120) 1.7 (110) 1.7 (100) 1.6 (110)
NH 1.7 (160) 1.7 (160) 1.7 (100) 1.6 (150)
SH 2.1 (160) 1.8 (160) 1.8 (180) 1.5 (160)

Thesesestimatesfor the 2002GEM modelaresmallerthanthosemadeby Lorenz
(1982). He quotedthedoublingtime of smallerrorsto be2.5-3.5days(ECMWF model
of 1980and1986). The next figure showsLorenzdiagramsfor the ECMWF modelof
1980 (a) and 1986 (b) in winter for the global case.

Simmonset al. (1995) also evaluatedthe doubling time of small errorsfrom the
Lorenzsimplenonlinearmodel. Their Table2 showsthat the doublingtime is between
1.5 and 2 days in the ECMWF model of 1993-1994.

In Lorenz (1982), it is arguedthat the distancebetweenthe main branchand the
lowestbranchof a Lorenzdiagramis a measureof thepossibleroomfor improvementof
a model. Indeed, if a model is unbiasedand has the samedaily variability as the
atmosphere,it would follow thelowestbranchif it weresuddenlyperfectafteronedayof
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integration. So, improving a model shouldbring the main branchcloserto the lowest
branch. Thepreviouspictureshowsthat thingsaremorecomplicated. In six years,the
ECMWF model main branchwent down, but the lowest branchwent down as well,
leavingasmuchroomfor improvement.Lorenz(1990)arguesthata betteranalysiswill
bring all the branches closer to zero.

For the case of the GEM model, it appears that the room for improvement is slightly
smaller than what is reportedin Lorenz (1990), but equivalentto what is reportedin
Simmons et al. (1995).

Summary of main results

• Theoneday500hPageopotentialforecastskill of the2002GEM modelis similar to
the forecast skill of the 1993-1994 ECMWF model.

• The ten day 500 hPageopotentialforecastskill of the 2002GEM model is slightly
inferior to the forecastskill of the1993-1994ECMWF modelfor springandfall, but
equivalent for winter and summer.

• In theGEM modelin thenorthernhemisphere,the initial 500hPageopotentialmean
error growth rate due to internal dynamicsand model deficienciesrangesfrom 10
meters per day (in July) to 18 meters per day (in January).

• A first estimateof the doubling time of small errors in a “perfect” GEM model is
about2 days(thesmall errorbeingthedifferencebetweena one-dayforecastandan
analysisvalid for thesameday). This is very similar to whatis observedin the1993-
1994 ECMWF model.

• A secondestimateof the doubling time for small errorsin a “perfect” GEM model
basedon a simplenonlinearmodelisationof theerrorgrowth(Lorenz,1982)is 1.5-2
days.  This is also very similar to what is observed in the 1993-1994 ECMWF model.
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Appendix A: rarc commands to extract the data from the archive

In order to demonstratewhich datawere extractedfrom the archive(the branch),
the code that hasbeenusedis presentedhere (examplefor January). �! #"!$&%!'#"('*)+"-,!"
reads as follows..0/21#3(4#5(1-6876  #":98,;(<-= �-% 4 <8> 18?&6  < 6-1 % =!< 1 ' <8@ 5(1-A!B!C-1 %-'8"&'!D 1  #,!" < '-E8$ ;(<-= �E!'#":F!FHG-I(JLKLM&N ;&<!= �!% 4 <&O 1 % 4 <-< ' < E"(' < �- 8" > M#P(Q-R8$&J8S-T!U&Q8VW 4-X "& <H> E =8;-Y3 < ' 5 E 7  >&=8;  < '8" 4 = 5 ) W =-<  -E!' 6 " 6 )Z� X83 ;(<  6 8,-" > A!A-A([#A!B-\([#A!\-C([#A!]-B([#A(^-_![ D B!A&[ D \!\&[ D _8C&[ D ^8B&[8B D _-[8B-\!A%!'#"( > B-A!A-B([ D [ D [#B!A-A!B&[ D [8` D7  ? <  > A;(= 6 " ;(<-= E- 6-6 > 5 =#;(= 6 ";(< 4 =-< 4 " YL>:= 5(X-485  485 E > DG!I&J< ' < EL9 4 M(N ;(<-= �-% 4 <(O 1 % 4 <-< ' < E<8@ M&N ;&<!= �!% 4 <&O 1 % 4 <!< ' < E

Then, the geopotentialat 500 hPa is extractedwith �- 8"-$(�-a0)b"!,-" (examplefor
January). Sincethe dataarearchivedwith rotatedpoles, �! #"!$&�!a0)b"!,-" alsorotatesback
the poles to their original position..0/c183&485&1!d-687W =-<H@(= 5 " 7:485:A D% =W =-< %!' Y 485:A D A!BLA-`LA!\LA-efA&_HA!]LA-CLA(^ D A D!DLD B D ` D \ D e D _ D ] D C D ^HB!AB D B-BLB!`LB-\LB!eLB&_HB!]LB-CLB(^H`!AL` D% =W =-< W =-<  -E!' 6 " 4#5:A!A-ALA!B-\LA!\!CLA-]!BLA&^!_ D B!A D \!\ D _8C D ^8BLB D _HB!\-A% = !% 4 " W 6 " B-A!A-A 9 6LB-A!A-B M&N @&= 5 " 7 O M(N#%!' Y0O A!A $(M&N W =!<  !E-' 6 " O 9-% B-A!A-B M&N @&= 5 " 7 O M&N8%-' Y*OA!A $(�-a e-A!A < $&M(N W =-<  -E!' 6 " O F!FHU(J-g%! 6!4 <  ih+9-D [-j R-k j-[ 9-D [ 9!D [8e-A!A&[ M(N W =-<  -E!' 6 " O!l%! 6!4 <  ih+9-D [&m8j K!K j![-j8n-n(j-o lU(J-g18?&6 < 1!X = E-' X-1  5!p&1 ' <8@ 5(X-483&1 @&= %! X  6!1 % 4 '!� 183&485&1 < )Z% 4 '-�8$ e ) A )ZD X-X '-�!� B-A!A-B M&N @&= 5 " 7 OM(N#%!' Y0O A!A $(�-a e-A!A < $&M(N W =-<  -E!' 6 " O 1" @-; 1 ' <#@ 5&A!B-C!1 D A D A D B&^!_#e!1 =8;  < '#" 4 = 5 ) W =!<  !E-' 6 " 6 )Z� X83 ;(<  6-1!B!A-A!B M(N @(= 5 " 7 O M(N#%!' Y0OA!A $(�-a e-A!A $(M&N W =!<  !E-' 6 " O 9 X = 5q\-A!A 9 X '#" B!A-A 9 5 ; � > 9 `-B% = 5  
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% = 5  % = 5  
Thesecodes,aswell asothercodesnot shownherethatservedto preparethedata

before the final analysis, are available at 

18?&6  < 6!1 % =-< 1 ' <#@ 5&1!A-B!C-1!`-A!\-` .
Appendix B: Fortran 77 code generating the data suitable for producing

the Lorenz diagrams

The following Fortran 77 codeperformsthe analysisand writes the resultsin a
format suitable for plotting with GrADS.  It reads the data from IEEE unformatted files.T-V!I&R8V-r!S:' 5 ' X Y 6  Q#S!T&s!Q-t!Q-JHu!I-u!GQ#u(J#G(R#G!V 4&[!v-[ %-' YQ#u(J#G(R#G!V @ '8, X '-� [ @ '8,&%!' YQ#u(J#G(R#G!V @&= 5 " 7*[8X '8" [#X = 5t#w!r-V!r&t!J#G!V&x B <  !�tt @ '#, X '!�zy X = 5 �! 6 " W =!<  !E-' 6 " 4#5 %!' Y 6t @ '#,(%-' Y y 5-? @ 3  <L= W %-' Y 6f4#5 " 7  L' 5 ' X Y a- !% @&= 5 " 7:{ @ '#, X '!�t @(= 5 " 7 y @&= 5 " 7L5-? @ 3  < h W <-=8@ DH" = D B lt X '#" y 5-? @ 3  <L= W X '8" 4 " ? %! 6t X = 5 y 5-? @ 3  <L= W X = 5 � 4 " ? %- 6t <  -� y2R-s W =-< R X = 3 ' X&[ u-w W =-< u =-< " 7 )|w& @ 4!6 ) [ g#w W =!< g = ? " 7 )|w( @ 4-6 )t T-r!V-r!S-G(J#G!V}h @ '8, X '-� > D A lT-r!V-r!S-G(J#G!V}h @ '8,&%!' YL> ` D { @ '#, X '!� lT-r!V-r!S-G(J#G!V}h @&= 5 " 7 > D A lT-r!V-r!S-G(J#G!V}h X '8" > B!A!A lT-r!V-r!S-G(J#G!V}h X = 5 > \!A!A lT-r!V-r!S-G(J#G!V}h <  !� >�~ g8w ~ lttLE @&= 5 " 7 y @(= 5 " 7L5!? @ 3  < h+E 7 ' < '-E8"& <&ltLE W =!<  !E-' 6 "�y W =-<  -E!' 6 " X  5 �#" 7:4#5L7 = ? < 6 W <-=8@ A-A!A h�" 7  L' 5 ' X Y 6!4-6 lt " = B!\ x @ '8, X '!��h�" 7  ~+@ '8, X '-� ~ %-' Y W =!<  !E!' 6 " ltLE!%-' Y y2%!' Y:= W " 7  @(= 5 " 7:{ @ '#, X '!�t t#w!r-V!r&t!J#G!V&x ` E W =-<  -E!' 6 "�h A y @ '#, X '!� lt#w!r-V!r&t!J#G!V&x B E @(= 5 " 7 hbD B lt#w!r-V!r&t!J#G!V&x B E-%!' Y h @ '#,(%!' Y0lU-r(J#r:E @&= 5 " 7:1 ~ A D ~ [ ~ A!B ~ [ ~ A!` ~ [ ~ A-\ ~ [ ~ A!e ~ [ ~ A&_ ~� [ ~ A!] ~ [ ~ A!C ~ [ ~ A&^ ~ [ ~ D A ~ [ ~ D-D ~ [ ~ D B ~ 1U-r(J#r:E W =!<  !E-' 6 " 1 ~ A!A-A ~ [ ~ A-B!\ ~ [ ~ A-\!C ~ [ ~ A-]!B ~ [ ~ A&^!_ ~ [ ~ D B-A ~� [ ~ D \!\ ~ [ ~ D _#C ~ [ ~ D ^#B ~ [ ~ B D _ ~ [ ~ B!\-A ~ 1V-G!r&sL% 4-6 " B([ "(' ?0[ �!a-D�h X = 5*[8X '8" l [ �!a B h X = 50[#X '#" lV-G!r&sL% 4-6 " B $ @(=#Y h A y @ '#, X '-� [#A y @ '#, X '!� l [ <  6 h @ '#, X '!� { D [ @ '#, X '!� lt#w!r-V!r&t!J#G!V&x B E-% ? @t#w!r-V!r&t!J#G!V&x!D C E W 4!X  !D [ E W 4!X  BQ#u(J#G(R#G!V:% ? @ [84-4([-v!vU-I:%!' Y!> D [ @ '#,(%-' Y% ? @-> %-' YU-I 4 > B([ D [ 9!D
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E!% ? @ h 4 y 4 lZ> r(t#w!r-V�h�S-I!U}h+% ? @ [ D A x-x�h ` 9 4 l-l 1 D A x!xih B 9 4 l {!\-C l% ? @!> %!' Y 9#S!I-U�hb% ? @ [ D A x-x�h ` 9 4 l-lG-u!U-U!IE-%!' Y hb%!' Y0lc> E-% ? @G-u!U-U!IU-I 4 > A([ @ '#, X '!�U-I v > A([ @ '#, X '!�% 4-6 " B $ @(=#Y h 4([-v lc> A )G-u!U-U!IG-u!U-U!IU-I 4 > A([ @ '#, X '!�-9!DU-I v > 4!{ D [ @ '#, X '!�U!I:%-' Y->!@ '8, X '-� { D [ @ '8,&%!' YE W 4!X  !D > E @(= 5 " 7 h @(= 5 " 7 l 1-1 ~ $ ~ 1!1 E!%-' Y h+%-' Y 9 4 l 1-1 ~ $&R!k e!A-A $ ~� 1-1 E W =-<  !E-' 6 "�h 4 l 1!1 ~ )cR8V ~E W 4!X  B > E @(= 5 " 7 h @(= 5 " 7 l 1-1 ~ $ ~ 1!1 E!%-' Y h+%-' Y 9 v l 1-1 ~ $&R!k e!A-A $ ~� 1-1 E W =-<  !E-' 6 "�h v l 1!1 ~ )cR8V ~I!T-G!u}h+D A([c� Q-s8G > E W 4!X  !D [Z� I!V-S >i~+� u � I!V-S!r&J!J#G!U ~8lI!T-G!u}h+D-D [c� Q-s8G > E W 4!X  B&[Z� I!V-S >i~+� u � I!V-S!r&J!J#G!U ~8lV!G-r!U}h+D A l h-h+�-a!Dih 4!4&[!v-v l [84-4 > D [#X = 5 l [!v-v > D [#X '#" lV!G-r!U}h+D-D l h-h+�-a B h 4!4&[!v-v l [84-4 > D [#X = 5 l [!v-v > D [#X '#" l% 4-6 " B $ @(=#Y h 4([-v lc> % 4-6 " B $ @(=#Y h 4([-v l { % 4!6 " B h+�-a!D [ �!a B([#X = 50[#X '#" [ <  -� l� 1 V-G!r&s�h @ '#,(%-' Y 9 @ '8, X '-� lt!s#I(g#G�hbD A lt!s#I(g#G�hbD!D lG!u-U!U-IG-u!U-U!IG-u!U-U!IU-I 4 > D [ @ '#, X '!� { DU-I v > D [ @ '#, X '!�<  6 h 4([-v lc> A )G-u!U-U!IG-u!U-U!IU-I 4 > D [ @ '#, X '!� { D<  6 h 4&[ D lZ> g8�-V(Jih+% 4!6 " B $ @(=#Y h A([#4 9-D l-l x-D A )G-u!U-U!IU-I v > B([ @ '#, X '!�U-I 4 > v![ @ '#, X '!� { D<  6 h 4([-v lc> g#�!V&J�hb% 4!6 " B $ @&=8Y h 4 9 v-[84 9!D l!l x!D A )G-u!U-U!IU-I 4 > D [-v 9-D<  6 h 4([-v lc>(<  6 h 4&[ D lG-u!U-U!IG-u!U-U!II-T!G-u�hbD B&[Z� Q!s#G >i~Z= E8" = 3  < $ ~ 1-1 <  !� 1!1 ~ $&J!D ^!^ ~ [c� I-V!S >�~b� u � I!V-S!r&J!J#G!U ~8lU-I 4 > D [ @ '#, X '!�� V(Q-J8G}h+D B l h <  6 h v![#4 l [!v > D [ @ '#, X '!� { D lG-u!U-U!It-s8I&g8G}h+D B l� V(Q-J8G}h+x [ D ] l "&' ? h <  6&[ @ '#, X '!� lD ] � I-V!S-r(Jih ~ U = ?!3&X!4#5 �H" 4 @  W =!< 6 @ ' X!X  <!<-=!< 6 y ~ [Z�&e ) B&[ ~ %-' Y 6 ~#lG-u!ULT-V!I&R8V-r!S:' 5 ' X Y 6  
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t!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9!9-9� � u&t!J-Q8I-u:% 4-6 " B hb' [c30[c5(4([c50v-[ <  !� lQ#S!T&s!Q-t!Q-JHu!I-u!GQ#u(J#G(R#G!V 5&4([c50v-[84&[!v-[Z5 D [Z5&BV-G!r&sL'�h 5(4&[Z5*v l [Z3 h 5&4([c50v l [ % 4!6 " BV-G!r&s ; 4&[ % ; 7&4 h 50v l [ ; 7&4 h 5*v l [ ; 7(4 D [ ; 7&4!B&[ ; 7(4#3 h B!A-A lt#w!r-V!r&t!J#G!V&x B <  !�U-r(J#r ; 7&483&1 9 C&^ ) ` D `([ 9 C!C ) \-B!`&[ 9 C!] ) e-B!]&[ 9 C(_ ) _#`!A&[ 9 C!e ) ]!`-`([ 9 C-\ ) C!`&_� [ 9 C!` ) ^#`!C&[ 9 C-` ) A!\ D [ 9 C-B )cD \-`([ 9 C D0) B!\&_![ 9 C!A ) `-\!C&[ 9 ](^ ) \-e!A� [ 9 ]!C ) e-e!`&[ 9 ]-] ) _8e-e([ 9 ]&_ ) ]!e-]([ 9 ]-e ) C(_#A([ 9 ]!\ ) ^-_8B&[ 9 ]!\ ) A&_8\� [ 9 ]!` )ZD _!_-[ 9 ]-B ) B(_-^![ 9 ] D0) `!] D [ 9 ]-A ) \!]-`([ 9 _!^ ) e-](_-[ 9 _8C ) _#]!C� [ 9 _8] ) ]-C!A&[ 9 _-_ ) C!C-B([ 9 _#e ) ^8C-e([ 9 _#e ) A!C-]([ 9 _8\ )ZD C(^-[ 9 _8` ) B&^ D� [ 9 _8B ) `&^8\&[ 9 _ D0) \(^-_![ 9 _#A ) e(^#C([ 9 e&^ ) ]!A-A([ 9 e!C ) C-A!`&[ 9 e!] ) ^#A!e� [ 9 e!] ) A-A!]&[ 9 e&_ )cD A&^![ 9 e-e ) B D B([ 9 e-\ ) ` D \([ 9 e!` ) \ D _-[ 9 e!B ) e D C� [ 9 e D*) _#B D [ 9 e-A ) ]!B-`([ 9 \&^ ) C!B-e([ 9 \-C ) ^8B-]([ 9 \!C ) A-`!A&[ 9 \!] )ZD `!B� [ 9 \(_ ) B-`!\&[ 9 \-e ) `!`&_![ 9 \-\ ) \!`&^![ 9 \-` ) e!\ D [ 9 \!B ) _#\!`&[ 9 \ D*) ]-\!e� [ 9 \!A ) C-\!C&[ 9 `&^ ) ^8e-A([ 9 `&^ ) A!e-B([ 9 `-C )cD e-\([ 9 `!] ) B-e!]&[ 9 `(_ ) `-e(^� [ 9 `!e ) \&_ D [ 9 `-\ ) e(_#`([ 9 `-` ) _!_-_![ 9 `-B ) ](_#C([ 9 ` D*) C-]!A&[ 9 `!A ) ^#]!B� [ 9 `!A ) A-]!e&[ 9 B&^ )cD ]-]([ 9 B-C ) B!]&^![ 9 B-] ) `!C D [ 9 B(_ ) \-C!\&[ 9 B!e ) e-C(_� [ 9 B!\ ) _#C!C&[ 9 B-` ) ](^#A([ 9 B-B ) C(^#`([ 9 B D0) ^!^#e([ 9 B D*) A&^8]&[ 9 B!A )ZD ^!^� [ 9-D ^ ) `-A!B&[ 9!D C ) \!A-\([ 9!D ] ) e!A&_![ 9!D _ ) _8A-C([ 9!D e ) ] D!D [ 9-D \ ) C D `� [ 9-D ` ) ^ D e&[ 9!D ` ) A D ]([ 9!D B )cD B-A([ 9!D-D0) B!B-B([ 9!D A ) `-B!\&[ 9 ^ ) \-B(_� [ 9 C ) e-B(^-[ 9 ] ) _8` D [ 9 _ ) ]!`-`([ 9 e ) C!`-e([ 9 \ ) ^#`!C&[ 9 \ ) A-\!A� [ 9 ` )ZD \!B&[ 9 B ) B!\-\([ 9-D0) `!\-]([ 9 A ) \!\&^![ A ) \-\(^-[ D*) `-\!]� [ B ) B-\!\&[ ` )cD \-B([ \ ) A!\-A([ \ ) ^8`-C([ e ) C-`!e&[ _ ) ]-`!`� [ ] ) _#` D [ C ) e!B&^![ ^ ) \!B&_![ D A ) `!B-\([ D!D*) B-B!B&[ D B )ZD B!A� [ D ` ) A D ]&[ D ` ) ^ D e([ D \ ) C D `([ D e ) ] D-D [ D _ ) _#A!C&[ D ] ) e-A(_� [ D C ) \-A!\&[ D ^ ) `!A-B([HB-A )cD ^-^![HB D0) A(^#]([HB D*) ^-^8e&[HB!B ) C&^8`� [HB!` ) ]&^8A&[�B-\ ) _8C-C([HB-e ) e!C&_![HB&_ ) \!C-\([HB!] ) `-C D [HB!C ) B-](^� [HB(^ )ZD ]!]&[�`-A ) A!]-e([H`-A ) ^8]-B([H` D0) C!]-A([H`!B ) ]&_8C&[H`!` ) _-_!_� [H`!\ ) e&_8`&[�`-e ) \(_ D [H`&_ ) `!e&^![H`-] ) B!e-]([H`!C )ZD e!\&[H`(^ ) A-e!B� [H`(^ ) ^#e!A&[�\-A ) C!\-C([H\ D0) ]!\-e([H\-B ) _8\-`([H\!` ) e-\ D [H\!\ ) \-`(^� [H\!e ) `-`(_-[�\&_ ) B!`-\([H\-] )cD `-B([H\-C ) A!`-A([H\!C ) ^#B!]&[H\(^ ) C-B!e� [He!A ) ]-B!`&[�e D0) _8B D [He-B ) e D C([He-` ) \ D _![He!\ ) ` D \&[He!e ) B D B� [He(_ )ZD A(^-[�e-] ) A!A-]([He-] ) ^8A-e([He-C ) C!A-`([He(^ ) ]-A!A&[L_8A ) e&^8C� [L_ D*) \&^!_-[f_#B ) `(^#\([L_#` ) B(^ D [L_#\ )cD C&^![L_8e ) A-C!]&[L_8e ) ^#C!e� [L_!_ ) C-C!B&[f_#] ) ]!C-A([L_#C ) _8]-C([L_-^ ) e!]&_![H]!A ) \-]!`&[H] D*) `-] D� [H]!B ) B&_!^-[�]-` )cD _-_![H]-\ ) A(_#\([H]-\ ) ^!_#B([H]!e ) C&_8A&[H](_ ) ]-e!]� [H]!] ) _#e!e&[�]-C ) e!e-`([H]&^ ) \!e-A([HC-A ) `!\-C([HC D*) B-\(_-[HC!B )ZD \!`� [HC!` ) A-\ D [�C-` ) ^8`-C([HC-\ ) C!`&_![HC-e ) ]!`-`([HC(_ ) _#`!A&[HC!] ) e-B!]� [HC!C ) \-B!`&[�C&^ ) ` D `L1; 4 > B )cx8r&g!Q#u�hbD0) lU-I v > D [c50v; 7(4 h v lZ>-; 7&483 h v l x ; 4-1 D C!A )G-u!U-U!I% ; 7&4 hbD lc> A ) e x ; 4!{-A ) e xih ; 7&4 hbD l { ; 7(4 h B l!lU-I v > B([c50v 9!D% ; 7&4 h v lc> A ) e x�h ; 7&4 h v8{ D l 9 ; 7&4 h v 9-D l-lG-u!U-U!I% ; 7&4 h 50v lZ> A ) e x ; 4 9 A ) e x�h ; 7(4 h 5*v 9-D l { ; 7(4 h 5*v l-lQ � h <  !�*)+G-��) ~ R-s ~#l J8w-G!u; 7(4 D > 9 ; 4!1-B ); 7(4-B >L; 4!1-B )5 D > D5&B > 50v
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G&s!g#G:Q � h <  -�0)bG!�i) ~ u!w ~8l J8w-G!u; 7(4 D >L; 4!1&_ ); 7(4-B >L; 4!1-B )U-I 5 D > 5*v![c50v#1!B-{ D [ 9-DQ � h ; 7&4 h 5 D l )cs!J*) ; 7&4 D l R8I&J8I:DG-u!U-U!ID 5(B > 5*vG&s!g#G:Q � h <  -�0)bG!�i) ~ g8w ~8l J8w-G!u; 7(4 D > 9 ; 4!1-B ); 7(4-B > 9 ; 4!1&_ )U-I 5(B > D [Z5*v81-B 9-DQ � h ; 7&4 h 5(B l )cR!J*) ; 7&4!B l R8I&J8I BG-u!U-U!IB 5 D > DG-u!U&Q �% 4!6 " B > A )U-I 4 > D [c5(4U-I v > 5 D [Z5&B% 4-6 " B > % 4-6 " B!{ h+'ih 4([-v l 9 3 h 4&[!v l!l x!x B� x!t#I(g�h ; 7&4 h v l-l x-% ; 7(4 h v l 1 V!G-r(sih 5&4 l� 1 hbg!Q8u}h ; 7(4-B l 9!g-Q8u}h ; 7(4 D l-lG-u!U-U!IG-u!U-U!IG-u!U � � u&t!J-Q8I-u:% 4-6 " B� � u&t!J-Q8I-uL"(' ? h <  6([ @ '#, X '-� lQ#S!T&s!Q-t!Q-JHu!I-u!GQ#u(J#G(R#G!V @ '8, X '-�V-G!r&s <  6 h @ '#, X '!� { D [ @ '8, X '!� lV-G!r&sH, 3 ' < [ , B83 ' < [ Y 3 ' < [ , Y 3 ' < [  485 WV-G!r&sH"(' ?Q#u(J#G(R#G!V 4
 485 W > D C-A ), 3 ' <8> A )Y 3 ' <8> A ), B83 ' <#> A ), Y 3 ' <#> A )U-I 4 > D [ @ '#, X '!�, 3 ' <8> , 3 ' < { V-G!r&s�h 4 l 1 V-G!r(sih @ '8, X '-� l, B83 ' <#> , B83 ' < { V-G!r&s�h 4 x 4 l 1 V!G-r(sih @ '8, X '-� lY 3 ' <8>-Y 3 ' < { s#I(Rih <  6 h 4-{ D [#B l 1 hb 4#5 W 9 <  6 h 4-{ D [8B l!l-l 1 V!G!r&s�h @ '#, X '!� l, Y 3 ' <#> , Y 3 ' < { V-G!r&s�h 4 l x� s8I&R�h <  6 h 4-{ D [8B l 1 h+ 485 W 9 <  6 h 4!{ D [#B l-l!l 1 V!G-r(sih @ '8, X '-� lG-u!U-U!I"&' ? > s#I(Rih B ) l x�h�, B#3 ' < 9#, 3 ' < x#, 3 ' <&l 1 h�, Y 3 ' < 98, 3 ' < x Y 3 ' <(lG-u!U � � u&t!J-Q8I-uL"(' ?

This code, as well as the code used to convert the extracteddata from RPN
Standard file format to IEEE format ( W 6 " B � < '!% 6 ) W ), are available at

1?(6  < 6!1 % =-< 1 ' <#@ 5&1!A-B!C-1!`-A!\-` .
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Appendix C: GrADS code producing the Lorenz diagrams

The plotting tool that hasbeenusedto generatethe Lorenz diagramsis GrADS
(freely availablefrom the World Wide Web). The following examplecodeis valid for
the January panels. 5 ' 3&X  ;&< 4#5 " v ' 5-? ' <8Y=8;  5zv ' 5-? ' <8Y $(R-s8$&J \-A )cE8" X=8;  5zv ' 5-? ' <8Y $!u-w!$&J \-A )cE8" X=8;  5zv ' 5-? ' <8Y $(g#w!$&J \-A )cE8" X=8;  5zv ' 5-? ' <8Y $(R-s8$&J!D ^!^ )ZE#" X=8;  5zv ' 5-? ' <8Y $!u-w!$&J!D ^!^ )ZE#" X=8;  5zv ' 5-? ' <8Y $(g#w!$&J!D ^!^ )ZE#" X6  #":� < '!% 6 = W-W6  #":� < 4 % = W!W6  #" ; ' <  -'LD0) B!eL\ ) C ) A D A ) e6  #" p < ' 5 �! A D _8A6  #"L,('#, 4-6LA D A D6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:A%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p D%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:B%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:`%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:\%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:e%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz_%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:]%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:C%L 0)cD6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz^
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%L 0)cDx!% < '#�L, X ' 3 U&' Y 6% < '8� Y X ' 3 G0� 3(4&v � 5 h @  8"& < 6 l% < '8�L" 4 " X  L�-' 5 )2R X = 3 ' X J \!A6  #" ; ' <  -'LD0) B!eL\ ) \ ) eL] )6  #" p < ' 5 �! A D _8A6  #"L,('#, 4-6LA D A D6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:A%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p D%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:B%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:`%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:\%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:e%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz_%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:]%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:C%L 0) B6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz^%L 0) Bx!% < '#�L, X ' 3 U&' Y 6% < '8� Y X ' 3 G0� 3(4&v � 5 h @  8"& < 6 l% < '8�L" 4 " X  L�-' 5 )|u!w:J \!A6  #" ; ' <  -'LD0) B!eL\ )2D0) AL` ) e6  #" p < ' 5 �! A D _8A6  #"L,('#, 4-6LA D A D6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:A%L 0) `6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p D%L 0) `
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6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:B%L 0) `6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:`%L 0) `6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:\%L 0) `6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:e%L 0) `6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz_%L 0) `6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:]%L 0) `6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:C%L 0) `6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz^%L 0) `% < '8�L, X ' 3 U(' Y 6% < '8� Y X ' 3 G0� 3(4&v � 5 h @  8"& < 6 l% < '8�L" 4 " X  L�-' 5 )2g8w:J \!A6  #" ; ' <  -' e ) C ) C ) A D A ) e6  #" p < ' 5 �! A D _8A6  #"L,('#, 4-6LA D A D6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:A%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p D%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:B%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:`%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:\%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:e
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%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz_%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:]%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:C%L 0) \6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz^%L 0) \x!% < '#�L, X ' 3 U&' Y 6x!% < '#� Y X ' 3 G*� 3&4(v � 5 h @  #"( < 6 l% < '8�L" 4 " X  L�-' 5 )2R X = 3 ' X J-D ^!^6  #" ; ' <  -' e ) C ) \ ) eL] ) A6  #" p < ' 5 �! A D _8A6  #"L,('#, 4-6LA D A D6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:A%L 0) e6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p D%L 0) e6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:B%L 0) e6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:`%L 0) e6  #":E!E = X =!< D6  #"�E @ ' < d D6  #" X  p:\%L 0) e6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:e%L 0) e6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz_%L 0) e6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:]%L 0) e6  #":E!E = X =!< D6  #"�E @ ' < d D6  #" X  p:C%L 0) e6  #":E!E = X =!< D6  #":E @ ' < d D
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6  #" X  pz^%L 0) ex!% < '#�L, X ' 3 U&' Y 6x!% < '#� Y X ' 3 G*� 3&4(v � 5 h @  #"( < 6 l% < '8�L" 4 " X  L�-' 5 )|u!w:J-D ^-^6  #" ; ' <  -' e ) C )2D0) AL` ) e6  #" p < ' 5 �! A D _8A6  #"L,('#, 4-6LA D A D6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:A%L 0) _6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p D%L 0) _6  #":E!E = X =!< D6  #"�E @ ' < d D6  #" X  p:B%L 0) _6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:`%L 0) _6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:\%L 0) _6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:e%L 0) _6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz_%L 0) _6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:]%L 0) _6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  p:C%L 0) _6  #":E!E = X =!< D6  #":E @ ' < d D6  #" X  pz^%L 0) _% < '8�L, X ' 3 U(' Y 6x!% < '#� Y X ' 3 G*� 3&4(v � 5 h @  #"( < 6 l% < '8�L" 4 " X  L�-' 5 )2g8w:J-D ^-^;(< 485 "
This GrADS script, as well as the files with the extension “.ctl”, can be found at 

1?(6  < 6!1 % =-< 1 ' <#@ 5&1!A-B!C-1!`-A!\-` .
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